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A B S T R A C T   

Membrane separation technology is of great research interest in industry owing to its unparalleled merits such as 
high selectivity with unsuppressed permeability, reduced carbon footprint, small capital investment, and low 
energy consumption in comparison to traditional separation techniques. In the last few decades, polyamide 
membranes dominate the membrane industry until the porous organic polymers (POPs) get a ticket into the area 
of membrane separation. POPs bearing rich pore architectures and feasible functionalization are ready for 
fabricating novel membranes for rapid and precise molecular sieving. Here, a background overview of separation 
technology is provided, followed by a brief introduction of various POP-based membranes and the fabrication 
approaches of these membranes. Then, recent advancements of POP-bases membranes in energy-saving appli
cations including gas separation and liquid separation are highlighted together with discussions about membrane 
design and generation involved. Finally, a concise conclusion with our perspective and challenges remaining for 
the future development of POP-based membranes are outlined.   

1. Introduction 

Separation technology, as one of the most primitive skills held in 
hands by human beings, has driven social development in a very pro
found way for ages [1]. Thanks to this skill, our ancestors were able to 
refine and extract copper from the unexploited minimal ores and make 
tools for production from bronze, ushering in an age of humans working 
with metals for the first time. Besides, the extraction of medicine from 
natural herbs was another remarkable progress in the utilization of the 
separation technology in ancient agricultural society, saving the lives of 
countless people. As its definition, separation is the process of dis
tinguishing required components from a mixture containing two or more 
distinct substances and obtaining the enriched one or more constituents 
from the mixture. In the modern industrial manufacturing, a significa
tive separation is generally considered to completely divide a mix, 
whether it be in solid, liquid, or gas, into pure constituents via physical, 
chemical, or physicochemical methods depending on the differences of 
components of the mixture in chemical or physical properties, such as 
chemical affinity and reactivity, molecular structure, melting and 
boiling points, solubility, density, mass, etc. Not only has separation 
technology widely applied in industry, but it is also commonly seen in 
daily lives. For instance, the extraction of coffee is the act of pouring hot 

water over the coffee grounds to dissolve soluble compounds out of 
coffee and separate the liquid from the mixture of undrinkable coffee 
grains by filter paper. During this process, the amount of water used, the 
brewing time, and the temperature of the water would determine the 
flavor of coffee, namely, these factors would influence the leaching of 
chemical constituents from the coffee [2]. The separation of coffee 
extract from the coffee grounds herein is a physical process via a simple 
filtration of liquid from a heterogeneous mixture mixed with solid. Be
sides, the methods such as precipitation, evaporation, centrifugation, 
and sublimation, which are employed to separate desired products from 
the heterogeneous mixtures are also summarized as physical separa
tions, in which no chemical reaction is observed [3,4]. However, these 
separation methods normally cannot be implemented on a mass basis, 
which is hindered by large equipment and space requirements, costly 
initial investment, and huge off-site disposal of residuals after the sep
aration [5]. Therefore, tremendous efforts have made to establish the 
large-scale separation from homogeneous mixtures. Notice, however, 
the physical separation from heterogeneous mixtures is also important 
and irreplaceable in some particular applications. For example, centri
fugation is widely used in diagnostic laboratories for blood and urine 
tests [6,7], and also in the enrichment of uranium-235 from natural 
uranium which is the major fuel source for nuclear power plants [8]. 
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Still and all, the separation of target components from homogeneous 
mixtures is favored in the modern industry, and we will focus on our 
discussion on such separation technology as follow [9–14]. 

The purification of constituents from the chemical mixtures via a 
simple and effective separation is critical in industry, and it is calculated 
that nearly half of industrial energy is used by this process [15,16]. 
Thus, developing a method that could separate industrial feedstocks and 
products efficiently and economically might be the potential solution to 
reduce energy consumption and greenhouse gas emission; and newer 
separation using solid media is gradually taking place of the high-cost 
traditional separation technology [17–30]. For example, thermal sepa
ration as a typical separation technology is deprecated gradually, 
because it requires a cooling and heating process and consumes a lot of 
energy [31]. One of the most promising technologies for advanced 
separation is membrane technology which has been widely applied to 
the separation of chemical mixtures nowadays. In the late 1960s, the 
first commercial breakthrough of a membrane-based separation system 
was successfully made by Loeb and Sourirajan [32], and the asymmetric 
reverse osmosis (RO) membrane developed by them was used for 
large-scale water desalination since then water purification by RO 
membrane had come into reality. One decade later, Monsanto realized 
H2 separation by commercial membrane for the first time, indicative of 
the arrival of a new era of commercialized gas separation in industry 
[33]. Membranes with a uniform surface can be functionalized as thin 
barriers with selective cognization for specific chemical components 
that allow certain chemical species to permeate and separate from the 
mixtures. As a forward-looking technology [34], membrane separation 
owns the merits, such as high energy efficiency and gentle environ
mental footprint, making it the key enterprise towards a sustainable 
energy future. Over the past few decades, the optimization of mem
branes was processed in both structure construction and space func
tionalization; [35,36] and currently, various intelligent membranes 
have been successfully developed for gas and liquid separation [37–43]. 
For the accomplishment of effective separation of certain chemical 
constitution from the homogeneous mixture, the tunable nanochannels 
constructed from the nano and micro voids in membranes play very 
crucial roles, otherwise, the dense thin film without any cavities might 
stop or slow down the chemical permeation. Based on this principle, 
there are diverse porous materials that could be chosen to construct 
porous membranes, such as metal-organic frameworks (MOFs) [44–47], 
covalent organic frameworks (COFs) [48–51], and amorphous porous 
organic polymers (POPs) [52–60]. These framework materials with 
micropores are built up from the small building blocks via the linkage of 
various bonds. Particularly, COFs are classified as a branch of POPs with 
crystalline structures [61–65], which have much more ordered and 
uniform nanostructures as compared to amorphous POPs. In addition, 
both COFs and POPs are synthesized from organic monomers and con
nected via covalent bonds, while the organic ligands of MOFs are linked 
through the coordination bonds between metal nodes and organic units. 
Thus, MOFs are a class of typical organic-inorganic hybrid porous ma
terials, distinguishing them from POPs. In this review, we look at the 
recent development of POPs and will briefly discuss the MOF-based 
membranes when in need in the following content. 

Porous organic polymers are an emerging class of porous materials 
constructed by lightweight elements, such as H, B, C, N, O, and Si, the 
microporosity of such materials gives them rigid pore architectures and 
opportunities for pore engineering. Besides, POPs normally connected 
and extended by strong and irreversible bonds have higher thermal and 
chemical stability than organic-inorganic hybrid porous materials 
[65–70]. Therefore, POPs have demonstrated promising potential in a 
range of applications due to their permanent porosity and ease of 
functionalization, which includes, but are not limited to, gas storage and 
separation [71–74], heterogeneous catalysis [75–83], chemical sensing 
[84–89], energy conversion and storage [90–95], drug delivery 
[96–100], and environmental remediation [101–106]. Although cova
lent organic frameworks are a part of POPs, they are mostly formed by 

reversible covalent bonds, allowing reversible condensation between 
monomers, and this fact, then, results in their crystalline structures from 
molecular levels with highly ordered pore shapes and sizes. Another 
type of crystalline porous material with tailored porosity, MOFs, has 
been widely reported and employed in the fabrication of membranes, 
showing superior molecular sieving capacity as compared to traditional 
polymer membranes. However, the disadvantages of MOF-based mem
brane are also apparent, several challenging problems of this type of 
membranes, such as weak interaction with substrate support, low 
structural/chemical stability in a humid environment, harsh fabrication 
conditions of the large-area membrane, and short operating lifetime, 
must be addressed constructively before the large-scale utilization of 
MOF-based membrane in the real industrial process [107–110]. Other 
than improving the MOF-based membrane performance and optimizing 
its growing process, another option is using much more stable and 
scalable POPs to prepare advanced membranes for effective chemical 
separation, especially in liquids. Apart from crystalline POPs, the study 
of various amorphous POPs, such as conjugated microporous polymers 
(CMPs) [111–114], hypercrosslinked polymers (HCPs) [115–119], 
polymers of intrinsic microporosity (PIMs) [120–123], porous aromatic 
frameworks (PAFs) [124–126], and porous organic cages (POCs) 
[127–132], are also developed rapidly, stimulating significant 
cutting-edge research of such area in the past decades (Scheme 1). 

A mass of recent research on POP-based membranes is focusing on 
gas separation and chemical separation from liquids. In contrast to 
conventional materials for synthetic membranes, POP-based membranes 
with continuous microporous frameworks in structure can be designed 
and functionalized more conveniently according to the behavior study 
of chemical transportation in pore environment, overcoming the long- 
term existing problem of trade-off between permeability and selec
tivity of membranes: (1) rich porous structure and higher specific sur
face area combined with short transport distance promise the high 
permeability in these membranes; [48,49] (2) the microporosity existing 
in POPs is well matched with the kinetic diameters of gas and liquid 
molecules, closing the deal of achieving size-selective separations in the 
membranes; [52,53] (3) massive building blocks and various synthesis 
reactions can be selected to produce versatile porous organic polymers, 
affording a huge reserve of precursors to choose from for the fabrication 
of POP-base membranes; [54,57] (4) microenvironments of the pore can 
be nicely tuned via covalent or noncovalent modifications [133,134], 
amplifying the capacity of chemical recognition and facilitating the 
transport of permeated species; (5) rigid polymeric frameworks con
necting by strong bonds provide the resulting membranes with robust 
chemical, mechanical, and thermal stability, and thus improving their 
durability, even under complex operational conditions [55,59]. Given 
the rapid evolution of POP-based membranes and their ever-extended 
applications, herein, we provide a comprehensive overview of the 
development of advanced porous organic polymer membranes. Subse
quently, the fabrications and modifications of POP-based membranes, 
such as membrane preparation methods, pore architecture engineering, 
and task-specific functionalization will be discussed in detail, followed 
by a particular summary of the energy-saving applications of POP-based 
membranes. Finally, a concise conclusion, current challenges, and our 
outlook toward advanced POP-based membranes will be outlined, as 
well, hoping to provide some useful guidelines for the future design and 
fabrication of POP-based membranes, and then satisfy the needs of 
advanced applications in industrial processes. 

2. POP-based membranes: chemistry and fabrication 

A membrane is generally regarded as a thin barrier or spacer layer 
which could allow the selective transportation of analytes from a gas/ 
liquid mixture at different diffusion rates driven by an external force, 
enabling the successful retention of the analytes that are repelled 
chemically or physically by membranes. Based on this concept, mem
branes could cover a wide range of applications including gas 
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separation, water treatment and purification, oil/water separation, 
pervaporation, and fuel-cell technology. Specifically, the physical pore 
size in the matrix material determines the degree of selectivity of a 
membrane, which can be classified as nanofiltration (NF), ultrafiltration 
(UF), and microfiltration (MF), thus, pore size control is the first key 
property to think about while designing a task-specific membrane sep
aration system. In addition, hydrophilicity/hydrophobicity is another 
crucial property that can influence the performance of the resulting 
POP-based membrane in various separations significantly. What’s more, 
in some cutting-edge areas such as desalination and ion nanofiltration, 
the surface charge of the membrane is playing a key role; and the 
electrostatic interactions between the free-moving ions and contact 
surface determine the permeability of the neutral solvent as the result of 
the rejection of solutes. Usually, membranes will be directly exposed to 
various harsh environments at work, meaning the stability of the 
membrane should be evaluated overall before the employ of such 
membrane in the real-world application. To sum up, it is crucial to 
consciously choose suitable POPs for membrane separation compared to 
other applications. In this section, the key properties of POP-based 
membranes would be summarized in detail combined with the princi
ple of selecting suitable POPs for the membrane fabrication. 

2.1. Key properties of POP-based membranes 

2.1.1. Pore structure 
The porosity of the matrix material has a direct bearing on the 

membrane permeability due to the size exclusion, especially in POP- 
based membranes. The pore size of the POPs selected as the mem
brane basement would affect the pore size contribution of POP-based 
membranes either directly or indirectly, determining the membrane 
permeability and application afterward. On the other hand, the pore 
structure of POPs would also influence the membrane permeability to a 
certain extent. For example, the micropores have ordered 3D structures 
will be preferential for separation applications, because the well- 
organized pores with infinite extension in all directions will provide a 
short transport distance and plenty of transport pathways for the 
permeation of analytes, and the 3D structure also affords more oppor
tunities for target molecules to diffuse into the pores and then go 
through the membrane more easily with the equal possibility in each 
direction, thus achieving higher chemical permeances as compared to 
the POP-based membrane with 2D pores. Most POPs possess 3D mi
cropores, but only COFs among these porous organic polymers are 
connected and extended with well-constructed basic units, forming 
uniform pore geometry. Besides, the regular stack of pores in COFs forms 
aligned 1D nanochannels which support the smooth transport of mole
cules or ions along the 1D nanochannels. By contrast, the rest of the 
POPs are amorphous with irregular micropore shapes, so they usually 
have various pore geometries in structure and wider pore distribution, 
which afford them owning lower transport resistance and better 
permeances. 

For most of POPs, they have plenty of micropore space, and the 
corresponding membranes fabricated by POPs are usually filled with 
micropores. This fact meets the requirement of the dimensions of UF and 
NF membranes that are widely applied in some separation-related ap
plications, such as desalination [135], water purification [136], perva
poration [137], and oil/water separation [138]. However, as it branched 
out into detailed requirements for UF membranes (2 – ca. 100 nm) [139] 
and NF membranes (0.5 – ca. 2 nm) [140], the average pore size of POPs 
which is suitable for the UF membrane would not qualify for NF mem
brane applications such as desalination, thus, the selection of POPs for 
membrane fabrication should be individually targeted. Fortunately, we 
have vast stores of reported POPs with a wide range of pore sizes, and we 
can screen and choose the most suitable POPs for the task-specific 
membrane fabrication from this huge POPs reservoir. Besides, the 
pore size of the POP-based membranes could be also nicely tuned at the 
design stage via the manipulation of the length and shape of the organic 

building blocks, and subsequently, the pore structure will be influenced 
by these basic units. Especially for COFs construction, the pore size can 
be greatly changed if the length of linear links is increased or reduced. 
Additionally, the dimensions of the pore in COF can also be transformed 
when applying building blocks with different geometries in the COF 
synthesis (Fig. 1). For example, 1,3,5-triformylphloroglucinol (Tp) as 
the trigonal planar linker combined with a linear link such as 2, 
2′-bipyridine-5,5′-diamine (Bpy) could be condensed as a 2D COF with 
extended hexagonal pores [141–142]. However, a 3D COF can be ob
tained if the trigonal planar linkers are replaced by tetrahedral organic 
nodes, such as COF-300 which was synthesized from tetra-(4-anilyl) 
methane and terephthaldehyde (PDA) [143]. 

Apart from manipulating the structure of linkers, the pore size of 
POPs can also be adjusted by the attachment of side groups to the pore 
walls, either attaching the side groups to the monomers before the 
condensation [144,145] or repainting the voids after the formation of 
the network via post-synthetic modification [146–148]. This method 
has been widely used in the functionalization of MOFs and COFs to 
endow them with different functions in the same sort of material. A 
prominent work of the pore attachment modification of COF-based 
membrane was conducted by Wang and co-workers [149], they 
designed a series of linear monomers with various alkoxy side chains 
and placed them into the skeleton of COFs which were constructed by 1, 
3,5-tris(4-aminophenyl)benzene (TAPB) and linear links to afford 
analogous COFs with different pore sizes and moisture resistance. In this 
study, the pore sizes of the TAPB-TPOCx-COF (x = 1, 4, and 6) were 
calculated as 3.2, 2.6, and 2.4 nm along with the increment of length of 
alkoxy side chains. What’s more, the representative cumulative pore 
volume changed more significantly, showing the values like 0.863, 
0.507, 0.107 cm3 g–1 for TAPB-TPOC1-COF, TAPB-TPOC4-COF, and 
TAPB-TPOC6-COF, respectively. The above example indicates that the 
subtle modification of alkoxy chains of the monomers will result in a 
significant blocking effect, having a striking influence on the pore size 
control of the porous networks and subsequently affecting the chemical 
permeation in membranes. Post-synthetic modification is another useful 
toolbox to tailor the pore environment in porous materials, which was 
originally proposed by Hoskins and Robson in 1990 [150], and then 
applied to the functionalization of MOFs by Wang and Cohen in 2007 
[151]. Subsequently, the feasibility of post-synthetic modification in 
porous materials was approved by the successful implementation of such 
method in CMPs [152,153], PAFs [154], and COFs [155–157]. The 
pioneering work of applying post-synthetic modification to function
alize COFs via covalent bond formation was carried out by Jiang and 
co-workers [158]. They first designed the linear monomers with the 
azide groups attached, which were later condensed with hexahydroxy
triphenylene (HHTP) to afford an azide-functionalized COF with an 
identical hexagonal skeleton to that of COF-5. The azide units in the 
resulting COFs can be clicked with various alkynes for pre-designable 
functionalization, not only would it change the pore size of COFs 
through the attachment of groups with different lengths and shapes, but 
it also introduces various functions to the COFs, offering them great 
potential in a variety of applications (Fig. 2). Soon after, the same group 
extended the click chemistry in COFs and successfully altered the orig
inal COFs as a platform for multipurpose including chiral organo
catalysts and CO2 adsorbents [159]. The above facts suggest that the 
modification of pore walls in porous organic materials can be obtained 
by either bottom-up strategy or post-synthetic modification of the 
resulting networks, which can serve as the guideline for the pore control 
of POP-based membranes, as well. 

2.1.2. Hydrophilicity/hydrophobicity 
In some membrane separation applications such as oil/water sepa

ration and organic pervaporation, the pore hydrophilicity/hydropho
bicity of the POPs is of vital importance, thus, the adjustment of such 
property of POPs is the key point of optimizing the aqueous and solvent- 
based separation performance of POP-based membranes [160]. A 
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membrane bearing hydrophilicity means that it enables the favored 
diffusion of water molecules through the micropores in the membrane 
and retains the organic solvent on the membrane surface [161]. 
Therefore, to obtain successful separation of water from the mixture of 
aqueous and organic solvent in a POP-based membrane, the coating of 
the contact surface with hydrophilicity is of the essence, meaning that 
the tailoring of POPs with hydrophilic pores is necessary. To introduce 
the pore hydrophilicity in POPs, there is a basic approach that is all set 
up for the employ according to the design and synthesis of POPs [162], 
that is the attachment of the building blocks with hydrophilic functional 
groups such as hydroxyl groups or polar functional groups (amines and 
alkoxy groups) that can also enhance the pore hydrophilicity. These 
functional groups can be introduced to POPs via de novo synthesis of the 

monomers or post-synthetic attachment to the pore walls via covalent 
bonds. Besides, the introduction of open metal sites in the matrix ma
terial is another scalable way to improve its hydrophilicity, but mostly in 
MOFs rather than in POPs [163]. Hydrophobicity of the POPs could also 
be tuned following the above methods by the introduction of hydro
phobic functional groups such as fluorine-containing chains [164,165]. 
Our group reported the first example of imparting superhydrophobicity 
on COFs by grafting 1H,1H,2H,2H-perfluorodecanethiol chains onto a 
vinyl-functionalized COF via a thiol-ene click reaction (Fig. 3a) [166]. 
The resulting COF-VF demonstrated superhydrophobic behavior with 
the maintenance of the microporosity and crystallinity of the parent 
COF-V. We integrated COF-VF with various substrates such as melamine 
foam, paper, and magnetic liquid, to test its superhydrophobicity. In the 

Fig. 1. Types of building blocks for the design of 2D and 3D COFs with various topological diagrams. Reproduced with permission [185]. Copyright 2020, American 
Chemical Society. 

Fig. 2. Synthesis of COFs with azide-integrated walls and their capabilities for post-synthetic modification. Reproduced with permission [158]. Copyright 2011, 
Springer Nature. 
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oil-sorption experiments, the COF-VF@foam exhibited outstanding 
removal ability of organic solvents from its mixture of water together 
with excellent recyclability with a great sorption capacity retention after 
ten cycles of sorption, suggesting that COF-VF decorated by 
fluorine-containing chains would have great potential in the separation 
applications such as aqueous/organic solvents separation. Furthermore, 
it also indicates that grafting hydrophobic functional groups to POPs to 
obtain hydrophobicity is feasible as well as POP-based membranes. 
Besides, the hierarchically porous structures in porous polymers could 
also enhance their hydrophobicity, which has been completely proven in 
our previous study of superhydrophobic porous frameworks [167]. In 

this report, we synthesized a phosphite-POP with hierarchical porosity, 
which was confirmed by scanning electron microscopy (SEM) and ni
trogen sorption isotherms at 77 K (Fig. 3b). The superhydrophobicity of 
phosphite-POP was characterized by the contact angle of a water droplet 
on its surface, which was as high as 152◦. Generally speaking, if the 
contact angle is higher than 90◦, the water molecules will be repulsed by 
the surface of the material and not allowed to pass through the mem
brane pores even though the pore size of the membrane is much larger 
than the kinetic diameter of water molecules. 

Fig. 3. (a) Schematic illustration of imparting superhydrophobicity on COF-V. Reproduced with permission [166]. Copyright 2018, Elsevier. (b) Synthetic route of 
Phosphite-POP and corresponding characterization. Reproduced with permission [167]. Copyright 2016, Elsevier. 
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2.1.3. Surface charge 
Given the great potential of advanced POP-membranes in some 

cutting-edge research areas such as desalination and ion nanofiltration, 
the surface charge of the membrane including charge type and charge 
density is becoming an important property. While the membrane is 
applied in these applications, the effect of physical size sieving and 
electrostatic interactions (namely, the Donnan effect) would cooperate 
and contribute to the rejection of unfavored solutes. When the mem
brane processes the same charge with the solutes, the rejection between 
the membrane surface and contact solutes will be amplified significantly 
combined with better antifouling properties. Therefore, it is a consid
erable factor in the design and fabrication of novel membranes. To 
confer the POP-based membranes with charge as expected, there are two 
universal methods for us to select, one is to nicely design and synthesize 
the linking monomers, and the other is to graft specific charged sits to 
the membrane via covalent or noncovalent bonds after it is produced. 
For the ionic POPs synthesis, the design starting from the linking 
monomers is also called the bottom-up method, which requires us to 
carefully choose ionic precursors according to the concrete requirements 
for the particular application. Some monomers with charges have been 
widely used for the construction of ionic COFs (iCOFs) and ionic POPs, 
for example, ethidium bromide (EB) (3,8-diamino-5-ethyl-6-phenyl
phenanthridinium bromide), the commercially available cationic dye 

commonly used in the DNA areas, was first reported for the construction 
of iCOFs by Zhang and Li in 2016 [168]. After they got the pristine 
charged COF with Br–, the counterions were subsequently changed to be 
F, Cl, and I via ion exchange processes, hence changing the pore envi
ronment of EB-COFs. Some other ionic monomers, such as tri
aminoguanidinium chloride (TGCl) [169,170], 2,5-diaminobenzene-1, 
4-disulfonic acid (DABDA) [171,172], 5,6-bis(4-formylbenzyl)-1, 
3-dimethyl-benzimidazolium bromide (BFBIm) [173], 3,8-diami
no-5-[3-(diethylmethylammonio)propyl]-6phenylphenanthridinium 
diiodide (PI) [174], and 2,5-diaminobenzenesulfonic acid (Pa-SO3H) 
[175], were designed and applied to the synthesis of iCOFs and 
iCOF-based membranes. In 2018, the first example of positively charged 
COF-based membranes was stressed by Li and Ma [176], and Li-Oakey 
[177] introduced the first negatively charged COF-based membranes 
almost at the same time (Fig. 4). These two initial works inspired the 
development of the charged COF-based membranes, and a mass of iCOFs 
has been used for the fabrication of membranes afterward. Additionally, 
the surface charge of the amorphous POP-based membranes can also be 
introduced and modified handily by careful selection of coupling re
actions or special design of monomers. Zhu and co-workers picked up 
4-pyridinylboronic acid and cyanuric chloride as the building blocks to 
synthesize the ionic PAF via in situ quaternarization of pyridine in the 
resulting framework [178]. And then Ag+ ions were settled down in the 

Fig. 4. (a) Schematic representation of the interfacial crystallization process used to synthesize the EB-COF:Br nanosheets. Reproduced with permission [176]. 
Copyright 2018, Royal Society of Chemistry. (b) Schematic illustration for the fabrication of mixed-matrix ultrafiltration membrane of 2D COF and PAN. Reproduced 
with permission [177]. Copyright 2019, Elsevier. 
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cavity of synthesized PAF-50 after contacting with the Cl− ions inside. 
Finally, the powder AgCl-PAF-50 was mixed with poly(methyl methac
rylate) (PMMA) to produce mixed-matrix membrane (MMM) and used 
for antibacterial coatings in accordance with requirements. Lai et al also 
contributed a lot in the field of POP-based membranes and reported an 
example of ionic CMP-based membrane very recently [179]. The soft 
ionic CMP monomer they used was constituted of an electroactive 
carbazole moiety and a long alkyl chain with an ionic end group; and the 
generated ionic CMP-based membrane revealed superior performance 
for the fast and selective ion transport thanks to its flexible ionic centers. 
Beyond designing charged POP-based membranes via bottom-up syn
thesis, the subsequent introduction of charged sites to the synthesized 
network is another widely adopted method for charging the POP-based 
membranes. Sun and co-workers report a 3D COF-based membrane 
encapsulated with charged dye molecules, and various dye molecules 
were immobilized in the robust 3D COF membrane, COF-300 [180]. The 
resulting membranes processing excellent permselectivity and low 
membrane resistance demonstrated great potential for harvesting 
salinity gradient energy. This strategy was also used to place ionic sites 
in soluble PIM-based membranes. Zhang and co-workers prepared the 
uniform solution containing PIM and ionic liquid first, and casted the 
target membrane from the solution [181]. In this way, the PIM mem
brane could be charged conveniently and effectively. 

2.1.4. Stability 
The stability of the POP-based membranes in harsh conditions is vital 

for long-term operation. Although the crystalline POPs, COFs, have 
many advantages in the pore engineering and functionalization as 
compared to amorphous POPs, such as CMPs, PAFs, HCPs, and PIMs. 
The stability of COFs, however, is usually lower than that of the rest of 
POPs due to their weak and reversible connecting bonds of organic 
monomers. To obtain the ordered pore structures, the reversibility of the 
connecting bonds is crucial, offering sufficient space for the self-healing 
of unordered units. Though most of the resulting COFs own rigid 
structures and the stability of the framework is greatly enhanced by the 
extended conjugated networks, those amorphous POPs constructed by 
stronger and irreversible covalent bonds are more able to sustain 
structure stability. Nowadays, some ultrastable COFs which were linked 
by stronger covalent bonds, even irreversible bonds, have been reported, 
joining the family of COFs (Fig. 5) [182–186]. The development of these 
ultrastable COFs greatly supports the COF-based membranes to partic
ipate in more toilsome membrane separations. However, the study of 
ultrastable COF-based membranes is still in its infancy, calling for more 
attention and effort. From the foregoing, the selection of POPs for the 
membrane fabrication should be in line with the specific working con
ditions, and we should achieve a balance between the performance and 
stability of the membrane. As we know it, the well-organized pore 

structures in MOFs and COFs offer them great opportunities for superior 
molecule sieving, however, the order of those crystalline porous mate
rials would be receded even destroyed after long-time exposure to the 
complex working environment, thereby degrading their performance. 
Therefore, the amorphous POP-based membranes with uncontrollable 
pore structures but higher stability such as PAFs, CMPs, and HCPs are 
still playing crucial and critical roles in practical separation applica
tions, even though we have seemingly fancier COFs with better perfor
mance as an alternative. For instance, if a membrane must be placed in 
the extremely acidic or basic surroundings, its stability would be the first 
principle to consider instead of its performance in terms of economics. 
We will discuss different POP-based membranes in the following content 
and the criterion of how to choose suitable POPs as the matrix material 
for the membrane fabrication. 

2.2. Choices of porous organic polymers 

2.2.1. COF-based membrane 
Covalent organic frameworks, as one of the most popular porous 

crystalline materials after zeolites and MOFs, demonstrated their supe
rior performance over conventional polymer materials after their first 
introduction to the world [187]. The skeleton of COFs which is sup
ported by lightweight elements is full of porosity and accessible surface 
area, offering enough chemical space for the pore engineering and 
functionalization [188,189]. Inspired by these merits, COFs come under 
the spotlight, emerging as ideal candidates for a variety of applications 
including gas storage/separation, catalysis, drug delivery, sensors, 
environmental remediation, and energy storage and conversion [190]. 
The first two 2D COFs were reported by Yaghi in 2005, which were 
connected by reversible boroxine and boronate ester. However, the 
pioneer COFs constructed by such covalent bonds were very sensitive to 
acid, base, and even water. The poor chemical stability of these COFs 
impeded the application of such beautiful porous crystalline frameworks 
until the first 3D COFs linked by imine bonds were introduced by the 
same group in 2009 [191]. The crystalline imine-linked COFs have 
stronger connections and more rigid structures than the borox
ine/boronate ester-linked COFs, demonstrating excellent resistance to 
acid, base, water, and various organic solvents. Thus, the research of 
COFs applications reached a new development stage, giving the op
portunity to handle the COFs in a state other than solid, such as mem
brane applications. To obtain an imine-linked COF membrane, some 
scalable fabrication strategies including in situ casting or growth and 
interface-assisted synthesis have been well studied and widely applied. 
Additionally, a bunch of reversible covalent organic bonds other than 
imine bonds to synthesize powder COFs, such as triazine, hydrazone, 
imide, olefin, ether, and oxazole [192], were subsequently employed to 
produce COF-based membranes using the mentioned fabrication 

Fig. 5. (a) Reactions and (b) building blocks for the synthesis of sp2 carbon covalent organic frameworks (COFs). Reproduced with permission [182]. Copyright 
2021, Elsevier. 
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methods. On the other side, the research on the crystalline structures of 
COFs has also been advanced greatly from the atomic level to the bulk 
scale. The first single-crystal evidence of 3D COFs was obtained by Yaghi 
and co-workers in 2013 [193], and the single-crystal structure of 
COF-300 was determined by single-crystal 3D electron diffraction using 
the rotation electron diffraction (RED) method. The breakthrough of 
growing single crystals of COFs was reported by Yaghi, Wang, and Sun in 
2018 [194]. It was the first report of the general approach using aniline 
as a modulator to grow high-quality single-crystal 3D COFs that were 
large enough for single-crystal x-ray diffraction (SXRD). Subsequently, 
several groups also developed novel methods for growing single crystals 
of 2D COFs. Wei [195] and Zhao [196] successfully obtained the 
large-scale single crystals of rod-like and rhombus plate-like 2D COFs, 
respectively (Fig. 6). 

A variety of synthetic approaches for COF preparation has been 
developed over the past years. Thereinto, solvothermal synthesis is the 
most popular method for obtaining COFs where a sealed vessel with 
deoxygenation is required, and the type and ratio of solvents should be 
carefully selected in line with the solubility of monomers. Additionally, 
the reaction time and temperature, type of catalyst, and quantity of 
solvent and catalyst are all important to offer an ideal COF with uniform 
pore size, large surface area, and high crystalline. The 3D COF reported 
with the largest surface area was given in solvothermal synthesis, and a 
calculated Brunauer–Emmett–Teller (BET) surface area of 4210 m2 g–1 

was achieved [197]. Furthermore, ionothermal synthesis is another 
communally used method for preparing COFs, especially covalent 
triazine frameworks (CTFs) which is a branch of the COFs linked by 
triazine. In 2008, Thomas et al. firstly got a crystalline triazine frame
work via the cyclotrimerization of 1,4-dicyanobenzene in molten ZnCl2 
under 400 ◦C, named CTF-1 [198]. In this reaction, ZnCl2 plays a crucial 
role in the successful polymerization of CTFs, which not only serves as 

the reaction catalyst but also as the solvent. CTF-1 bearing sheet-like 
structure with hexagonal pores and excellent chemical and thermal 
stability together with a high BET surface area of 791 m2 g–1 is of great 
potential for separation applications in complex working conditions. 
However, the synthetic process for most of CTFs is very harsh, and 
amorphous CTFs would be obtained as a rule. Thus, fabricating a 
membrane based on CTFs should be well-designed and avoid fussy re
action conditions. Usually, the CTF-based membranes are firstly blended 
with other matrix polymers and produced via traditional membrane 
fabrication methods then. As for other methods for the fabrication of the 
COF-based membranes, further discussion will be given in detail in the 
next section. 

2.2.2. CMP-based membrane 
The most significant characteristics of CMPs are their permanent and 

rigid microporosity and extended π-conjugated networks, which make 
them unique as compared to other porous organic polymers. Though 
CMPs are a class of typical amorphous POPs, they are much more well- 
organized with regular 3D pore structures. The microporous structures 
of CMPs can be adjusted and functionalized easily through the design of 
linker and grafting of required functional groups, being similar to the 
pore engineering of COFs. Thus, CMPs were used for the gas storage 
when they were reported for the first time by Cooper and co-workers, 
just as other pioneer porous materials [199]. The strong chemical or 
physical affinity of the pore walls to the gas molecules in CMPs was 
further employed as the molecular sieving for gas separation. Being 
different from other POPs, the extended π-conjugated skeleton existing 
in CMPs endows them with the capacity to apply in the fields, such as 
photocatalysis, light emittance, chemical sensing, and energy storage 
[200]. Besides, Cooper et al. reported the first soluble CMP networks in 
2012 by the means of grafting tert-butyl-functionalized groups to the 

Fig. 6. (a) Schematic illustration of the single-crystal polymerization of 2D COFs in supercritical CO2 (sc-CO2). Reproduced with permission [195]. Copyright 2021, 
Springer Nature. (b) Schematic illustration of the growth of 2D COF single crystals via template polymerization. Reproduced with permission [196]. Copyright 2022, 
Springer Nature. 
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skeleton to offer a hyperbranched CMP network (Fig. 7) [201]. This 
soluble CMP network could be dispersed and dissolved in the solvent 
and then the CMP-based membrane could be cast from the solution. 
Soon after, Patra [202] and Hu [203] et al. developed another two 
soluble CMP networks based on this approach, respectively, and ob
tained two new CMP-based membranes from the CMP solutions. How
ever, the major of CMPs is usually synthesized in powder form and 
insoluble in any common solvent, and only a few examples of the soluble 
CMPs are reported, demonstrating that the in suit casting of CMP-based 
membranes from the CMP solution is limited by the recent synthetic 
strategy and novel technological methods are required to fabricate 
CMP-membranes. 

The functionalization of CMPs in their linkers and skeletons can be 
manipulated at the molecular level, giving them great potential in ap
plications except for gas storage and separation. Combined with the 
intrinsic property of extended π-conjugation in structure, CMPs usually 
could serve as a bifunctional platform for advanced application [111]. 
Varying from other POPs, the π-conjugation of the CMPs can be easily 
and greatly altered via the subtle modification of connecting bond types 
and monomer linkers. Take the synthetic reactions of CMPs construction 
as an example, several well-known reactions, such as Sonogashir
a–Hagihara reaction, Yamamoto reaction, Friedel–Crafts reaction, 
Suzuki cross–coupling reaction, Heck reaction, phenazine ring fusion 
reaction, cyclotrimerization reaction, and oxidative coupling reaction, 
have been employed to connect the building blocks of the CMPs [204]. 
COFs could also be considered as a special type of CMPs with crystalline 
structures, although the connecting bonds of imine-linked COFs syn
thesized via Schiff-base reaction have less π-conjugation than that of the 
typical CMPs, the regular basic units joined together widely extend the 
π-conjugation of COFs, the trade-off between π-conjugation and ordered 
structures enable the COFs working in some π-conjugation-favored ap
plications, as well. As we’re aware, there are two principles for material 
functionalization to introduce the required group sites to the CMPs. One 
is to synthesize the building blocks with well-designed active sites and 
then the functional sites can be carried to the skeleton during the con
struction of the CMPs. The other way would be much easier than de novo 
synthesis of the monomers, that is post-synthetic modifications for the 
resultant backbone in CMPs. There is a mass of methods to graft the 
needed functional groups to the networks with the help of diverse 
chemical reactions. Usually, the extra introduction of the functional 
groups would take place of the pore space and then shrink the pore 
volume, thus reducing the pore size and lowering the surface area. 

Therefore, considering carefully for the CMPs selection for the fabrica
tion of molecular sieving membranes according to the kinetic diameter 
of the chemical molecules is significant. 

2.2.3. PIM-based membrane 
As mentioned above, the rare soluble CMPs are superexcellent matrix 

materials to cast defect-free membranes from solutions. Thus, as a kind 
of soluble organic polymers with microporosity, polymers of intrinsic 
microporosity (PIMs) are the ideal candidate for membrane fabrications 
[205,206]. The microporosity of PIMs originates from the inefficient 
packing of the polymer chains due to the stiff and distorted backbone 
structures. Meanwhile, the rigid polymer structures existing in PIMs can 
stop the free bond rotation and chain motion, thus maintaining the 
microcavities of PIMs. In contrast to other POPs, the origin of the 
porosity in PIMs is much more intuitive than that of COFs or CMPs 
without the formation of permanent pores. For COFs or CMPs, the 
framework is supported by the continuous pore structures, the pore 
structure of PIMs, however, is the result of the contortion of the polymer 
chains. Thus, such a unique mechanism of porosity formation offers vast 
choices of organic monomers and reaction conditions for the successful 
synthesis of soluble PIMs, which are ideal candidates for membrane 
processability. Most PIM-based membranes can be directly processed 
from a PIM solution via a simple casting or surface coating [207]. To 
date, various soluble PIMs have been reported and applied in the 
membrane sieving, such as gas separation. The first example of 
dioxane-linked PIM and the correlative membrane was reported by 
McKeown and co-workers in 2004 [208], and subsequently a lot of 
attention of the design and synthesis of functional PIMs and PIM-based 
membranes was received. In this work, the resulting linear PIM-1 was 
synthesized by the non-network polycondensation of 3,3,3′,3′-tetra-
methyl-1,1′′-spirobisindane-5,5′,6,6′-tetrol and 2,3,5,6-tetrafluoroph
thalonitrile, all monomers of which are commercially available. The 
porosity of PIM-1 was measured by an N2 adsorption/desorption 
isotherm, giving a high BET surface area of 860 m2 g− 1. Besides, PIM-1 
could be directly dissolved in polar aprotic solvents such as tetrahy
drofuran (THF), which allowed the easy fabrication of membrane by 
evaporating solvent, affording the self-supported PIM-1 membrane 
(Fig. 8) [209]. The porosity of the glassy membrane was also measured, 
giving a lower BET surface area of 620 m2 g− 1. The PIM-1 membrane 
was applied to the pervaporative removal of phenol from an aqueous 
solution, exhibiting competitive permeation behavior with that of other 
commercial membranes. Later, McKeown et al. replaced the relatively 
flexible spirobisindane (SBI) component of PIM-1 with more rigid spi
robifluorene (SBF) to synthesize PIMs with greater shape persistence, 
and a PIM-based membrane with high gas permeability and enhanced 
selectivity was successfully obtained for the challenging gas separation, 
such as O2/N2, CO2/CH4, CO2/N2, and H2/N2 [210]. Apart from 
replacing the flexible portions in PIMs, this group also designed a new 
synthetic strategy to prepare the rigid PIM, applying two new monomers 
with bridged bicyclic rings to the PIM synthesis. They designed and 
synthesized two rigid units, called 2,6(7)-diamino-9,10-dimethyletha
noanthracene and 5,5′,(6),(6′)-diamino-3,3,3′,3′-tetramethyl-1,1′-spi
robisindane, to process the polymerization reaction, yielding two novel 
PIMs with the similar structures like PIM-1, named as PIM-EA-TB, and 
PIM-SBI-TB, respectively [211]. These much more rigid PIMs were also 
used for fabricating microporous membranes which were mounted for 
the multiple gas separation. The PIM-based membranes can also be 
prepared by supporting the thin film of PIMs, forming composite 
membranes. Livingston and co-workers reported a novel method to 
transport ultrathin PIM-1(35 nm thick) which was obtained from a spin 
coating of PIM-1 chloroform solution on a glass substrate to poly
acrylonitrile (PAN) UF or alumina supports [212]. The resulting com
posite membrane exhibited excellent performance in organic solvent 
nanofiltration, rejecting hexaphenylbenzene (HPB) about 90% in 
heptane. 

The functionalization of PIMs can be easily processed via the 
Fig. 7. Schematic representation of the synthesis of soluble CMP networks. 
Reproduced with permission [201]. Copyright 2012, John Wiley and Sons. 
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conversation of nitrile groups of PIMs, which can be chemically replaced 
by other functional groups including amine [213], tetrazole [214], 
carboxyl [215], thioamide [216], and amidoxime [217]. The diversity of 
the function groups grafting in PIMs endows them with the capacity for 
versatile membrane applications. Smith et al. synthesized a family of 
functionalized PIM-1 via the tailor of nitrile moiety for better gas 
sorption [218]. Firstly, the pristine PIM-1 was treated with borane 
dimethyl sulfide complex to afford PIM-NH2, the − CN groups of which 
were converted to − NH2. Then, the resulting insoluble PIM-NH2 was 
further reacted with di-tert-butyl decarbonate in a solid-state to afford 
PIM-t-BOC. In comparison with the parent PIM-1, PIM-NH2 demon
strated improved CO2 sorption performance due to a strong affinity 
between the − NH2 group and CO2. In 2008, McKeown and Budd utilized 
the formation of polyimide to connect the ladder-like units to yield the 
so-called PIM-polymides (PIM-PI) [219]. These microporous polymers 
bearing high surface area and adjustable pore size together with rigid 
polymer backbone promised that the corresponding porous membranes 
could be cast from these PIM-PIs with good performance of gas perme
ation. To date, the three types of polymerization reactions mentioned 
above were widely used for the construction of PIMs, offering PIMs with 
three major linkages including dibenzodioxin, Tröger’s base (TB), and 
imide [123,220]. In addition to the change of linking bonds of PIMs to 
adjust their pore size and pore shape, the variation of the topology of the 
building blocks is another effective method to manipulate the micro
porosity of the resulting PIMs. Pinnau et al. designed two 
triptycene-based monomers with rigid 3D structures for PIM polymeri
zation [221]. The resulting PIMs, called TPIM-1 and TPIM-2, were 
substituted with isopropyl/propyl at 9,10-bridgeheads, respectively, all 
exhibiting high separation performance for H2/N2, H2/CH4, and O2/N2 
gas pairs, which indicated the importance of the topology of monomers 
in the pore size control for selective gas permeation. Later, based on this 
knowledge, McKeown et al. developed a 2D ribbon-shaped polymer, 
PIM-TMN-Trip, bearing inefficient packing of 2D chains, which 
demonstrated ultrapermeability for gasses [222]. The monomer, 
TMN-Trip was firstly synthesized and then reacted with tetra
fluoroterephthalonitrile to offer PIM-TMN-Trip which owned a high BET 
surface area of 1050 m2 g− 1. The physical characterization and gas 
permeability tests of PIM-TMN-Trip indicated that the disrupted packing 
of 2D chains would enhance intrinsic microporosity and polymer 
ultrapermeability. The last but not least, the polymerization of organic 
units via the connection of ether bonds is also applied in the ultrastable 
COFs construction. Fang [223] and Yaghi [224] reported an example of 
dioxin-linked COFs synthesized by the condensation of 2,3,6,7,10, 
11-hexahydroxytriphenylene (HHTP) and tetrafluorophthalonitrile 
(TFPN) independently. The resulting dioxin-linked crystalline polymers 
processing permanent and robust pore structure has ultrahigh chemical 
and thermal stability combined with high surface area. Besides, the 
existence of nitrile groups in the skeleton which are ready for the con
versation to other functional groups can be reacted with a variety of 

chemicals to offer the COF with a wide range of applications. For 
example, after the treatment with hydroxylamine, the − CN groups can 
be completely replaced by amidoxime functionalized substitutions, of
fering the COF with the capacity for uranium sequestration. 

2.2.4. HCP-based membrane 
As early as the 1970s, hypercrosslinked polymers were successfully 

synthesized by Davankov and Tsyurupa [225]. HCPs represent one of 
the earliest examples of organic porous materials, and after decades of 
development, HCPs are still playing vital roles in gas adsorption and 
separation. In comparison with conventional crosslinked polystyrene, 
HCPs bearing highly crosslinked and compactly packed polymer chains 
have much more robust pore structures, thus forming permanent 
microporosity with a higher surface area. The significant feature of HCPs 
as compared to the other POPs with rigid porosity is the feasible syn
thesis for large-scale production. Most of the monomers used for the 
polymerization of HCPs are commercially available and easy to be 
modified. Besides, the synthesis conditions of such polymers are more 
moderate than that of other POPs. The overwhelming majority of HCPs 
are crosslinked via Friedel-Crafts alkylation, but the formation of 
extended HCP networks can be divided into three major techniques 
including direct polymerization of monomers, post-crosslinking of 
polystyrene-based unites, and external crosslinking [226]. At first, 
Davankov and Tsyurupa obtained the hypercrosslinked polystyrene via 
the crosslinking of dissolved linear or lightly crosslinked precursor in a 
thermodynamically compatible solvent. The solvent would occupy the 
swollen space between the polymer chains and then catalysts (Lewis 
acids, such as SnCl4, FeCl3) would be introduced to generate crosslinks 
between chains and halogen-containing compounds to immobilize the 
voids. After removing the solvent in vacuum, the occupied space by the 
solvent would be maintained and formed micropores. Thus, a hyper
crosslinked polystyrene network is synthesized with a rigid structure 
and robust pore. This method, however, is limited by the restricted 
accessible liner precursors. Alternatively, one-step crosslinking of 
well-designed monomers for HCPs synthesis is much favored. The small 
bischloromethyl monomers such as dichloroxylene (DCX) and 4,4′-bis 
(chloromethyl)-1,1′-biphenyl (BCMBP) were used to synthesize novel 
HCPs via the self-condensation, which was reported by Cooper and 
co-worker, and the resulting HCP owning a high BET surface area of 
1904 m2 g− 1 was unitized for hydrogen storage [227]. What’s more, Tan 
et al. developed a low-cost versatile approach to connect rigid aromatic 
building blocks including benzene, biphenyl, 1,3,5-triphenylbenzene, 
methylbenzene, chlorobenzene, and phenol via a novel method called 
“knitting” strategy [228,229]. With the action of FeCl3 as the catalyst, 
the benzene rings could be crosslinked by the formaldehyde dimethyl 
acetal as the bridge. Inspired by this success, a massive of HCPs via the 
direct crosslink of aromatic monomers under mild synthesis conditions 
have been reported, widely extending the family of HCPs. Due to the 
wide selection of aromatic monomers, the pore structure of HCPs can be 

Fig. 8. Schematic illustration of the synthesis of PIM-1 and corresponding membrane cast from the PIM-1 solution. Reproduced with permission [209]. Copyright 
2012, John Wiley and Sons. 
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further controlled as required through the rational design of basic 
building blocks with specific geometry and functionality, affording the 
resulting HCPs with diverse applications, such as metal ions sorption 
and isolation from the water, which is a popular research area for the 
study of HCP applications. 

Just as other POP-based membranes, the initial application discov
ered for HCP-based membranes is the gas separation by taking advan
tage of the nanoscale channels existing in the membranes. Dai and co- 
workers reported a polymeric molecular sieve membrane via an in situ 
crosslinking strategy to construct hierarchical and tailorable porosity in 
the HCP-based membrane [230]. They immersed polystyrene (PS) 
membrane as the substrate support in the 1,2-dichloroethane solution of 
formaldehyde dimethylacetal (FDA) as the cross-linker and FeCl3 as the 
catalyst; and the system was heated to 80 ◦C for 24 h without disturbing 
(Fig. 9). Then, the resulting wet membrane was washed with acetone, 
hydrochloric acid, and pure water in sequence to remove any unreacted 
chemical components, and dried at 60 ◦C under vacuum for 24 h to 
afford the final nanoporous membrane. Gas permeability measurements 
were performed after the membrane was mounted in a test chamber 
afterward, finding that the resultant porous polymeric membrane pro
cessed particularly high CO2 permeability and CO2/N2 selectivity. 
Additionally, they also declared that the CO2 permeabilities of the 
membranes were in line with their enhanced hierarchical porosity and 
higher surface areas. HCP-based membranes are also widely employed 
in ion separation, such as nanofiltration. Zhang et al. introduced a series 
of composite membranes assembled by PAN and the HCP thin film 
[231]. The novel NF membranes functionalized by a hypercrosslinked 
polyamide barrier layer exhibited high efficiency for Na+/Mg2+ selec
tive separation with considerable permeate flux. 

2.2.5. PAF-based membrane 
Porous aromatic frameworks are a type of special porous framework 

which is directly linked by the carbon–carbon-bonds from aromatic- 
based building blocks. Thus, most of PAFs are constructed via covalent 
coupling reactions between monomers, such as Yamamoto reaction, 
which is also the first coupling reaction used for the formation of PAFs. 
In 2009, Zhu et al. reported the targeted synthesis of a porous solid with 
a rigid pore structure and ultrahigh surface area of 5600 m2 g− 1, named 

PAF-1 [232]. The resulting polymer was polycondensated by tetrakis 
(4-bromophenyl)methane with the existence of bis(cyclooctadiene) 
nickel(0) (Ni(COD)2) as the catalyst, forming a diamond-liked frame
work. After that, numerous PAFs with different coupling bonds and 
various framework topologies are artificially created. PAF-2 was 
designed immediately after the first introduction of PAF-1 which was 
synthesized based on the triangular triazine ring fusing of tetrakis 
(4-cyanophenyl)methane, the coupling reaction of which is the same 
for CTFs construction [233]. The surface area of PAF-2, however, was 
much smaller than that of PAF-1, only being 891 m2 g− 1. From this, we 
can find the selection of coupling reactions for PAF synthesis would 
influence the resulting surface area of PAFs even though the basic 
building blocks share the same geometry and similar molecular size. 
Later, more reactions, such as oxidative Eglinton reaction, nucleophilic 
substitution reaction, Suzuki–Miyaura coupling reaction, Sonogashir
a–Hagihara reaction, Scholl reaction, Friedal–Crafts reaction, and 
imidization reaction, are applied to self- or copolymerization of building 
blocks to yield PAFs (Fig. 10) [125]. The monomers with diverse ge
ometries are designed on purpose to form the aromatic frameworks with 
various topologies, and the decorated tetraphenylmethane blocks are 
the most preferred monomers yet. 

PAFs consisting of 2D/3D rigid periodic aromatic frameworks are 
supported by the robust aromatic skeletons, featured ultrastable 
porosity together with high surface areas and chemical and thermal 
stability, which offer PAFs the great resistance under harsh chemical 
treatments. Thus, the post-synthetic modification of resulting PAFs to 
afford them specific functions is scalable. Our group synthesized a series 
of modified PAF-1 which were obtained by easy treating the pristine 
PAF-1 with various chemical reactants. We first functionalized PAF-1 
with the acid group, such as –SO3H, to introduce the catalytic site in 
the PAF-1 skeleton for the polymerization of furfuryl alcohol (FA) [234]. 
Then, the H+ was ion-exchanged by Ag+ to afford a metal-doped 
framework, named as PAF-1-SO3Ag. The successful doping of Ag+

allowed the introduction of π‑complexation with the carbon–carbon 
double bonds of olefin molecules to PAF-1, and the modified PAF-1-
SO3Ag was used for the selective adsorption of ethylene over ethane, 
indicating that PAF-1-SO3Ag had the capacity to separate ethane from 
the mixture of ethylene and ethane. PAF-1 can also be functionalized as 

Fig. 9. Schematic illustration of (a) the preparation procedure for the porous polymeric membranes and (b) the non-equilibrium diffusion at the interface in 
membrane by Kirkendall effect polymerization. Reproduced with permission [230]. Copyright 2014, Springer Nature. 
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a metal ions adsorption platform by grafting various groups with a 
strong affinity to specific ions. Depending on the accessible chlor
omethylation of PAF-1, we successfully introduced –SH group [235], 
–CH2N+(CH3)3X– (OH–, Cl–) group [236,237], –CH2AO group [238], and 
–NH(CH2)2AO group [239] to the backbone of PAF-1 for task-specific 
adsorption of metal ions, such as Hg+, AuCl4– and Au(CN)2

–, ReO4
–, and 

UO2
2+. 
By contrast to COFs, the powder PAFs are commonly synthesized by 

irreversible reactions and the formation process was under kinetic 
control. This fact hinders the production of PAFs in another state of 
solid, such as membranes. Usually, to obtain a PAF-based membrane, it 
is necessary to combine it with other polymeric supports to afford 
MMMs, which is also a general technology to produce CMP containing 
MMMs. Zhu et al. mechanically mixed the PAF-56P particles and glassy 
polysulfone (PSF) in N-Methyl-2-pyrrolidone (NMP) to obtain a homo
geneous suspension [240]. Then the PAF-56P/PSF solution was spun to 
cast the MMMs through the dry jet-wet method. The gas separation 
performance of the PAF-56P/PSF membrane was evaluated in a sealed 
membrane chamber, demonstrating selective permeance for CO2 when a 
binary CO2/N2 gas mixture passed through the membrane. Recently, 
PAF-based membranes could also be obtained via in situ grow on the 
modified surface, and the same group successfully grown the iPAF-5 on a 
reactive surface to obtain a continuous PAF membrane [241], which 
demonstrated great potential for gas separation. 

2.2.6. POC-based membrane 
Porous organic cages are a type of unique porous materials without 

permanent porosity and infinite networks or framework. Each porous 
organic cage stands for a single molecular, and the porosity of such 
material is built from discrete organic cage molecules. In contrast to 
other crystalline porous materials whose porosity originates from the 
intrinsic pores, such as MOFs and COFs, the porosity of the POCs is 
extrinsic and is constituted between neighboring molecules. Broadly 
defined, some chemicals including macrocycles and cage-like com
pounds, such as cyclodextrin, polyhedral oligomeric silsesquioxanes 
(POSS), and Noria, are also regarded as organic cage molecules [242]. 
These molecules have been known for some time and studied, however, 
the concept of POCs was established until Cooper et al. stressed the first 
synthetic organic cage molecules which were synthesized via the Schiff 
base formation of aldehyde and amine groups [243]. After that, the 
discovery of such unique porous materials has been carried out rapidly, 

not only in the synthetic strategies but also in the applications devel
opment. A distinguishing feature of this type of artificial organic cage 
molecules is that they are discrete organic molecules and bear good 
solubility in a variety of organic solvents relative to COFs and CMPs 
[244]. This characteristic feature of POCs allows them to be suitable for 
solution-processable techniques, such as free-standing membranes or 
thin films fabrication. POC-based membranes can be simply produced by 
the self-assembly of resulting organic cage molecules during the 
controlled evaporation of the solvent. Additionally, POC-based mem
branes can also be built up from the interfacial polymerization (PI) of 
organic cage molecules, which is also used commonly for the 
free-standing COF-based membrane fabrication nowadays. Cooper’s 
group reported the first casting of continuous and defect-free POC-based 
thin films via a solution-processing method without the addition of other 
support polymers (Fig. 11) [245]. The synthesized POCs including CC3, 
CC13, ASPOC, RCC3, and FT-RCC3 were firstly dissolved in chloroform 
or solvent pair (methanol/dichloromethane) to obtain a homogenous 
POC solution, and then thin films were fabricated via spin-coating the 
cage solution and drying on different substrates to prepare microporous 
films. The defect-free thin films with a designed film thickness can be 
formed using the technique of spin-coating, which is facile, adjustable, 
and reproducible. Moreover, the alteration of substrates offers the 
POC-based thin films the capacity for versatile applications. But being 
different from the self-assembly of COFs, organic cage molecules exist
ing in POC membranes are packed together by van der Waals forces or 
hydrogen bonds, which are weaker than other intermolecular forces, 
such as covalent, ionic, or coordinative bonds. Therefore, mixing POCs 
with polymeric matrix or other POPs such as PIMs is also widely re
ported to support functionalized POCs in the membranes. As for the 
preparation of POC-based membranes, an interesting example of the in 
situ growth of free-standing membranes needs to be stressed. Chung 
et al. introduced a strategy of the interfacial polymerization between 
cyclodextrin (CD) and trimesoyl chloride (TMC) to prepare the porous 
membrane [246]. The resulting membrane processes a novel property, 
that is, the pores formed during the connection of CDs with the TMCs as 
the bridges are hydrophilic while the pore surface inside the cavities of 
CDs is hydrophobic. Thus, this membrane demonstrated high perfor
mances in both nonpolar and polar solvents, widely extending its ap
plications. Accordingly, POSS- and Noria-based POC membranes were 
also fabricated by applying a similar synthetic strategy [242,247]. 

Fig. 10. Schematic representation of commonly used coupling reactions for the synthesis of porous frameworks. Reproduced with permission [125]. Copyright 2020, 
American Chemical Society. 
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2.3. Fabrication of POP-based membranes 

Over years of development of conventional polymeric and advanced 
POP-based membranes, several widely used methods for membrane 
fabrication have been well-known and studied, such as in situ casting or 
growth, interface-assisted synthesis, blending, and layer-by-layer 
stacking (Scheme 2). Soluble POPs including PIMs, POCs, and rare 
CMPs, can be directly dissolved in organic solvents, forming homoge
nous polymer solutions. Then the spin-coating technology will be pro
vided to cast thin films or membranes from the solution with tailored 
thickness. Those membranes obtained by this method usually have 
defect-free surfaces and uniform thickness. However, COFs, HCPs, and 
most of CMPs are usually insoluble in any common solvent after being 
yielded in the state of solid. Thus, delicate methods for manipulating 
solid-state POPs to another state of solid (thin film or membrane) are 
urgently required. In the following content, both bottom-up strategy and 
top-down strategy for casting POP-based membranes will be discussed 
and evaluated in detail. 

2.3.1. In situ casting or growth 
Various POPs in the state of solid powder have been commonly used 

for molecular sorption benefiting from their controlled pore structure 
and versatile pore environment. However, the bulk porous materials 
required a laborious regeneration process each time after the accom
plishment of the adsorption. Besides, massive well-designed POPs 
should be used to fill the chromatographic column to obtain good sep
aration performance. Membrane technology, distinguishing from pow
der separation, depends on the thin barrier to allow the selective 
transportation of analytes from the mixture and reject unfavored ana
lytes to permeate into the porous membrane. Thus, for preparing the 
membrane, only very few matrix materials are needed to form the thin 
film and the set-up membrane usually has a long-life cycle with high 
efficiency. For POP-based membrane synthesis, the preferential method 
of fabrication is in situ growth of the thin film or membrane. Using this 
method, a membrane with a continuous POP surface can be obtained 
successfully with high permselectivity which is rare in the blending 

membranes, enabling the membrane to fully take advantage of the pore 
structures of POPs for membrane separation. It follows that synthesizing 
continuous POP-based membranes by this strategy is in great demand 
for better separation performance. In terms of in situ approach for 
membrane fabrication, it can be divided into two specific strategies: (1) 
in situ casting of membrane from solution; (2) in situ growth of an ul
trathin POP film on the modified support. The first strategy is limited by 
the physical property of POPs, such as solubility. Only a few types of 
POPs, such as soluble PIMs and POCs, would be suitable for this method 
to obtain a continuous defect-free porous membrane. For example, 
Jansen et al. obtained the POC and PIM composite membrane employing 
in situ crystallization of POC molecules from a homogeneous solution 
prepared by CC3 and PIM-1, then generated the membrane in situ via the 
solution casting method [248]. 

For most insoluble POPs, such as COFs, the in situ growth of an ul
trathin COF film would be a promising way to fabricate the continuous 
membrane with a defect-free surface. The first example of growing COF 
thin film on the surface of porous substrates was stressed by Lu and Ge in 
2014 [249]. They functionalized the porous α-Al2O3 ceramic support 
with 3-aminopropytriethoxysilane (APTES) and 4-formylphenylboronic 
acid (FPBA) in sequence to offer accessible boronic acid units for the 
formation of COF-5. Then, the modified α-Al2O3 ceramic support was 
immersed into the solution containing 1,4-benzenediboronic acid 
(BDBA) and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) to grow 
uniform particles of COF-5 seeding from the boronic acid units attached 
on the support surface. The closely associated particle formed contin
uous membranes, however, the surface of this COF-5 based membrane 
was irregular and the interspace between COF particles was ubiquitous. 
Technically, it couldn’t be referred to as the in situ growth of COF film. 
The year was 2017 and Banerjee et al. creatively added aromatic 
diamine to the aqueous solution of p-toluene sulfonic acid (PTSA) to 
form an organic salt firstly, then Tp was mixed with the salt under 
vigorous shaking to get the dough (Fig. 12) [250]. Later, the suspension 
was knife-cast on a clean glass plate and dried at 60–120 ◦C for 12–72 h. 
Finally, the synthesized COF-membrane was peeled off from the glass 
plate and washed with distilled water and acetone to remove any residue 

Fig. 11. (a) Schematic illustration of the synthesis of POCs. (b) Schematic illustration of the fabrication of POC-based membrane. Reproduced with permission [245]. 
Copyright 2016, John Wiley and Sons. 
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including PTSA, unreacted reagents, and monomer fragments. Signifi
cantly, the thickness of these COF-based membranes can be nicely 
controlled by adjusting the interval between the knife and the sup
porting glass plate. Thus, a series of M-TpBD of thickness ranging from 
~200–700 μm were generated by this means. In contrast to the COF-5 
membrane mentioned above, the M-TpBD membrane had a contin
uous surface without defects and cracks from the aggregation of layered 
COF nanosheets, which was verified by the SEM images. The NF per
formance of synthesized membranes was evaluated for the permeation 
toward acetone and acetonitrile afterward. The results demonstrated 
that the acetonitrile flux provided by M-TpTD was 2.5 times magnitude 
higher than that by current reported NF membranes made by poly
amides with a similar solute rejection (~99%). Inspired by this success, 
this strategy was further employed to generate TpBD(Me)2, TpAzo, and 
TpBpy based proton exchange membranes by slightly optimizing the 
casting of the precursor of COF membranes on a mold rather than a glass 
plate [251]. Soon after, Caro et al. developed a COF-COF bilayer 
membrane with a layered-stacking structure that bears an interlaced 
pore network to pile molecular sieves in order with larger and smaller 
holes, thus giving the novel membrane with excellent sieving selectivity 
for gas separations [252]. The dual-amino-Al2O3 disk was chosen in this 
report to support the COF-COF bilayer membrane and then was 

immersed in the solution containing 1,3,5-triformylbenzene (TFB), 
p-phenylenediamine (PA), and hydrazine hydrate to synthesize the 
target membrane. The container was left at room temperature for 72 h 
for the formation of COF-LZU1 which was produced from the poly
condensation of TFB and PA followed by the heat process to form 
ACOF-1 on the surface of COF-LZU1. Finally, COF-LZU1–ACOF-1 com
posite membrane supported on a porous Al2O3 disk was washed with 
dioxane and ethanol to get rid of the residual unreacted reactants 
retaining in the pores of synthesized COFs. The novel COF-COF mem
brane exhibited higher permselectivity for binary gas mixtures, such as 
H2/CO2, H2/N2, and H2/CH4 than that of the individual COF-LZU1 and 
ACOF-1 membranes owing to the interlacing of various pore networks, 
and the overall performance surpassing the Robeson upper bounds. 
Additionally, the composite membrane with MOF-in-COF structure was 
also reported by Caro and co-workers [253]. They took advantage of the 
porosity of COFs to install Co2+ on the pore walls, then 2-methylimida
zole was introduced into the Co2+ loaded COF membrane to synthesize 
ZIF-67 inside the 1D channels of TpPa-1 to form hierarchical pore 
structures. The resulting MOF-in-COF membrane supported by α-Al2O3 
substrate was then mounted with a homemade apparatus for 
gas-separation measurement and the N2 was used as the sweep gas. The 
results demonstrated that this hierarchical porous membrane could 

Fig. 12. (a) Schematic representation of the COMs (M-TpBD) fabrication. (b) Comparison of the experimental PXRD patterns of COMs with that derived from 
simulated eclipsed stacking models. (c) Space-filling packing model of M-TpBD hexagonal framework. (d) Comparison of N2-adsorption isotherms of all six COMs 
presented in this work. Reproduced with permission [250]. Copyright 2016, John Wiley and Sons. 
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selectively sieve H2 from a binary gas mixture, such as H2/CO2, H2/CH4, 
H2/C3H6, and H2/C3H8, which was mixed with gasses bearing distinct 
kinetic diameters. 

The COF-based membrane supported by a polymeric matrix features 
the great potential for liquid separation such as nanofiltration. Jiang 
et al. reported a bottom-up strategy to coat the ultrathin sulfonated 
imine-linked COF layer (SCOF) on the PAN support [254]. The matrix 
PAN support was loaded by ultrathin polydopamine layer at first which 
served as a medium to offer accessible nucleation sites for COF forma
tion. Then, the support was placed in the solution prepared by Tp and 
Pa-SO3H at room temperature for 72 h to afford the formation of SCOF 
followed completely wash with 1,4-dioxane, ethanol, and DI water to get 
SCOF/PDA/PAN membrane. The filtration performance of the resulting 
composite membrane was evaluated for dye rejection in an aqueous 
solution using a dead-end stirred cell filtration device under the stable 
pressure which originated from compressed nitrogen gas. The results 
indicated that the SCOF layer in the composite membrane acted as a 
selective barrier which only allowed the permeation of pure water and 
rejected the entrance of dye molecules to the channels in the membrane. 

PAF-based freestanding membranes can also be generated via the in 
situ casting from the solution, which was reported by Zhu and co- 
workers [255]. They first modified the PAF skeleton with flexible 
monomers 1, 3, 5-tri(4-cyanophenoxy)-benzene which contained ether 
groups to enhance the structural flexibility, and after, the target PAF 
could be synthesized from the polycondensation of 1,3,5-tri(4-cyano
phenoxy)-benzene as the building blocks by using a super acid of tri
fluoromethanesulfonic acid (CF3SO3H) as the catalyst according to the 
previous work reported by Dai et al. [256]. And they modified this 
process specifically to generate the PAF-based membrane via this 
one-step acid-catalyzed reaction. After the addition of CF3SO3H to 1, 3, 
5-tri(4-cyanophenoxy)-benzene and the mixture was stirred at − 5 ◦C 
under argon for 2 h, followed by pouring the solution onto a glass plate. 
The polymerization of PAF-97 would be finished after heating the liquid 
at 100 ◦C for half an hour, then the transparent and free-standing PAF-97 
membrane was obtained. Cooper et al. proposed a soluble CMP by a 
two-sept type Suzuki-catalyzed aryl-aryl coupling copolymerization and 
then cast freestanding membrane based on the synthesized SCMP [201]. 
The dichloromethane solution dissolved SCMP was tiled on a glass plate, 
followed by slow evaporation of the solvent. Finally, the transparent and 
yellow SCMP film could be peeled from the glass plate. Tang and 
co-workers developed a surface-initiated polymerization strategy 
through C–C coupling reactions to generate CMP-based membranes in 
situ [257]. 1,3,5-triethynylbenzene (1,3,5-TEB) with three different 
dibromobenzenes, 1,4-dibromobenzene, 1,3-dibromobenzene and 1, 
2-dibromobenzene, respectively, together with as-grafted silica wafers 
were added into the solution mixture of toluene and triethylamine 
containing tetrakis(triphenylphosphine)palladium and CuI as the cata
lysts to perform the fabrication of CMP-based membranes at 100 ◦C. 
The bromobenzene groups grafted on the surface of silica wafers acted as 
the seed of membrane growth. Then the synthesized CMP was protected 
by a thin layer of PMMA via typical spin-coat processing. 

2.3.2. Interface-assisted synthesis 
The research of interfacial polymerization has been studied in depth 

and this technology is the most commercial approach for the synthesis of 
thin-film composite (TFC) membranes with polyamide or polyester 
separating layers. This method allows the large-area generation of thin 
continuous films with the defect-free surface, especially being capable 
for advanced COF-based membrane production [258]. A pioneering 
work of generating continuous COF-based membranes by interfacial 
polymerization was proposed in 2017. Banerjee et al. utilized a 
liquid-liquid interface as a synthetic template under ambient conditions 
for COF thin film preparation [259]. During this process, the control 
over the rate of the Schiff base reaction is of great importance to form a 
crystalline COF rather than amorphous polymers. As we all know, the 
self-healing of amorphous structures into ordered structures is a 

thermodynamic process, thus requiring enough time to complete it. In 
this work, a salt-mediated technique to form amine-p-toluene sulfonic 
acid (PTSA) salt dissolved in the aqueous phase was used to react with 
the aldehyde in the organic phase, rather than using free amine directly. 
The H bonding within the as-prepared PTSA-amine salt effectively re
tards the diffusion rate, thus slowing down the diffusion of precursors 
through the interface. Finally, the nucleation of target COF can be 
thermodynamically controlled by a lower rate of the Schiff base reac
tion. Beyond that, they extended this strategy of using PTSA to react 
with the monomer with amine groups before the crystallization to 
various COFs, generating a series of 2D COF thin films with different 
pore sizes at room temperature [260]. Recently, the field of fabricating 
3D COF membranes is rising rapidly. Jiang et al. reported their work on 
the synthesis of COF-300 membrane via the interfacial polymerization 
method (Fig. 13a) [261]. The typical monomer for constructing 3D 
COFs, tetrakis(4-aminophenyl) methane was chosen as the building 
blocks, and p-phthalaldehyde as the bridge was used to connect tetra
phenylmethane units. The amine monomer solution was prepared in the 
acetic acid aqueous solution and transformed into the beaker. Then, the 
mesitylene solution dissolved aldehyde monomer was added carefully 
on the top of the amine monomer solution, forming an aqueous/organic 
solvent interface. Afterward, the beaker would be sealed and placed into 
the oven under 65 ◦C without any disturbance. After 24 h later, the COF 
thin film was formed at the liquid interface and then taken out, followed 
by the wash with N, N-Dimethylformamide and 1,4-dioxane. They 
treated the synthesized COF thin film with etidronic acid as proton 
carriers to afford it with proton conduction capacity, evaluating by a 
two-point-probe method. 

More recently, a new approach using Sc(OTf)3 (Lewis acid catalyst) 
as a catalyst for Schiff base reaction is proposed to form COF-base 
freestanding membranes through interfacial polymerization. Dichtel 
et al. was the first group to use Sc(OTf)3 to synthesize imine-linked COFs 
and then employed this catalyst in the production of imine-linked COF 
membranes [262]. In their report, they presented a novel method to 
synthesize the COF thin films via liquid-liquid interfacial polymerization 
(Fig. 13b) [263]. They dissolved TAPB together with PDA in a 1,4-diox
ane/mesitylene solution to obtain homogenous solutions, and the 
resulting solution was layered on the top of the aqueous solution of Sc 
(OTf)3. After three days of polymerization, the freestanding membrane 
was grown on the interface and transformed out from the container. 
Then, they modified the reactions by shorting the reaction time to get a 
thin film of TAPB-PDA COF and transferred it onto the surface of a sil
icon wafer or a carbon grid to get substrate-supported membranes. 

Generating the polyamide film at the liquid/air interface is another 
established method, and wildly used for the fabrication of continuous 
COF thin films recently. Lai et al. first utilized this strategy to synthesize 
an ultrathin COF film which was constructed from the polycondensation 
of Tp and 9,9-dihexylfluorene-2,7-diamine (DHF) through the Lang
muir–Blodgett (LB) method [264]. DHF and TFP were respectively dis
solved in toluene to prepare the stock solutions. Then, DHF and TFP 
solutions are well mixed and slowly spread on the water surface which 
was filled in the LB trough in advance. The surface layer was compressed 
after the evaporation of toluene, followed by the addition of trifluoro
acetic acid dropwise into the solution to start the polymerization. When 
the reaction is completed, a continuous TFP-DHF ultrathin film with a 
thickness of 3 nm is grown at the water-air interface. They also intro
duced two methods to transfer the synthesized COF films on the support 
surface, named as Langmuir–Blodgett (vertical) method and the Lang
muir–Schaefer (horizontal) method, respectively. Subsequently, the 
same groups modified this method by using Sc(OTf)3 as the catalyst 
instead of trifluoroacetic acid to prepare 2D COF membranes with 
different pore sizes by controlling the alkyl chains attached in monomers 
[265]. 

Transferring the fragile COF thin films to the specific support to 
improve the mechanical strength of membranes to meet the re
quirements for real-world separation applications is tricky. To solve this 
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Fig. 13. (a) Schematic illustration of the fabrication of the COF-300 membrane via interfacial polymerization. Reproduced with permission [262]. Copyright 2021, 
Royal Society of Chemistry. (b) Interfacial polymerization of TAPB-PDA COF using Sc(OTf)3 as the catalyst. Reproduced with permission [263]. Copyright 
2018, Elsevier. 
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problem, the porous substrate was placed at the liquid-liquid interface, 
forming a liquid-solid-liquid interface for the ready formation of COF- 
based membranes. Sun and our group have reported several COF- 
based membranes which were prepared via this method [266–271]. 
Taking the COF-EBxBDy/PAN membranes as an example, we used a 
multivariate (MTV) strategy to readily manipulate the charge density of 
synthesized membranes in one COF. A series of membranes of 
COF-EBxBDy constructed by the addition of various ratios of EB and 
benzidine (BD) were directly formed on the surface of an asymmetric 
PAN ultrafiltration membrane via the liquid-solid-liquid interface 
polymerization [266]. The PAN support was vertically mounted in the 
connection of two chambers of the homemade diffusion cell. Afterward, 
the aqueous solution of EB and BD with different rations and p-tolue
nesulfonic acid was poured into one of the chambers. On the other side, 
a CH2Cl2 solution dissolved Tp was introduced. The diffusion cell was 
sealed and kept at 30 ◦C without disturbing for four days. The resulting 
composite membrane can be easily taken out from the diffusion cell and 
be ready for separation test after the wash with methanol and air-dry. 
Additionally, Wang et al. proposed a similar method to synthesize 
COF and polysulfone (PSF) composite membrane [272]. In their report, 
the PSF support was fixed on a membrane holder firstly, and PA aqueous 
solution was dropped to the PSF substrate to load PA inside the sub
strate. After the Pa-saturated substrate was obtained, Tp hexane solution 
was gently poured onto the surface. The interface polymerization of the 
COF, TpPa, would happen during draining off the hexane solution. The 
color of the membrane surface changed immediately along with the 
permeance of Tp solution, indicating the rapid formation of COF on the 
surface of the PSF substrate. Then the wet membrane was heated to 60 
◦C for 5 min to improve the adherence between TpPa and substrate. In 
this process, the aqueous solution filled in the support voids, PSF sub
strate, and organic solution above the support surface formed a micro 
liquid-solid-liquid interface. Subsequently, the same group further 
developed the liquid-liquid interface polymerization for COF mem
branes, some novel methods, such as unidirectional diffusion synthesis 
[273], secondary growth [274], and pressure-modulated synthesis 
[275] have been well studied to generate advanced COF/porous sub
strate composite membranes for dye removal and desalination. 

2.3.3. Blending 
The blending (or mixing) of POPs with the polymer solution to cast a 

composite membrane is a straightforward and cost-effective method, 
which is suitable for all types of POPs either soluble or insoluble. It has 
been widely used to fabricate conventional polymetric membranes, and 

currently, these traditional membranes by blending (or mixing) with a 
certain ratio of functional POPs during the forming process might be 
given with a superior separation performance compared with the pris
tine membrane. One of the most used COFs in the wedding with poly
mers to cast porous membranes is SNM-1, which is a type of 3D COF with 
rich imine groups constructed by Melamine and PDA. Jiang et al. was 
the first group to propose this COF for the fabrication of MMMs [276]. 
Sodium alginate (SA) and PIM-1 were added to the suspension of SNM-1 
particles, respectively, to cohere SNM-1 and from uniform membranes 
after the evaporation of solvents. The resulting MMMs with hydrophi
licity, permanent microporosity, stable structure, and ordered nano
channels exhibited improved permeability with stable long-time 
running. Additionally, COF-LZU1 incorporated into poly(vinylamine) 
(PVAm) [277,278], NUS-2/NUS-3 blended with poly(ether imide) 
(Ultem) or polybenzimidazole (PBI) [279], ACOF filled in polyimide 
Matrimid® 5218 [280], TpPa-1 dispersed in polyether-block-amide 
(PEBA) [281], were also developed to cast MMMs via the induced phase 
inversion when the support coated with blending being immersed in 
water to form a membrane. To avoid the hydrolysis of COFs when being 
treated in water for a long time, Xu and co-workers selected TpPa-2 as 
the nanofiller to prepare MMMs and used the synthesized membrane for 
water purification (Fig. 14) [282]. With the slight modification of the 
aldehyde monomer with the attachment of methyl groups, the synthe
sized TpPa-2 sharing a similar topology and pore structure with TpPa-1 
exhibited exceptional resistance to hydrolysis and high chemical sta
bility in a wide range of pH. TpPa-2 particles were further blended with 
PSF and PEG400 to obtain a homogeneous casting solution with 
vigorous stirring. The solution was then cast onto a glass plate carefully 
by a casting knife. Finally, the MMMs would be produced via 
non-solvent induced phase inversion by immersing the coating glass 
plate in deionized water. The pure water permeability of the resulting 
membrane was tested by using a homemade cross-flow UF setup, sug
gesting enhanced nanofiltration capacity as compared to a pure PSF 
membrane. In addition, the hydrolytic and chemical stabilities of TpPa-2 
which was produced via microwave synthesis were also evaluated via 
immersion test in organic solvent (n-hexane) and aqueous solution 
including deionized water, natural seawater, NaOH solution, and HCl 
solution. Zhao et al. reported two powder COFs, NUS-9, and NUS-10, 
which were functionalized by sulfonic acid groups in their frameworks 
[171]. The synthesized sulfonated COFs were blended with noncon
ductive polymer support to generate a series of MMMs with proton 
conductivity up to 1.58 × 10–2 S cm–1. In this work, polyvinylidene 
fluoride (PVDF) was used to disperse the COF particles and the 

Fig. 14. Schematic illustration of fabrication and structure of TpPa2CNs/PA membranes. Reproduced with permission [282]. Copyright 2020, Elsevier.  
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composite membranes were prepared through solution casting. With the 
increased loading of sulfonated COF in the MMMs, the performance of 
proton conductivity of MMMs has improved accordingly, suggesting 
that the sulfonated nanovoids in MMMs stemmed from COF particles 
contributed to the formation of nanochannels for proton transformation. 
However, further increase of COFs in MMMs was limited by the brit
tleness of obtained MMMs. Thus, the rational blending of COFs and 
polymer support with an optimized ratio is crucial to obtain robust and 
stable MMMs with optimal performance. 

PIMs, a typical class of glassy polymers, are considered as the ideal 
matrix to incorporate with other functional fillers to produce MMMs. 
Pure PIM-based membranes are vulnerable to physical aging, the 
blending strategy to cast PIMs-based MMMs would be an effective 
technique to prevent or slow down the physical aging of PIMs, 
improving the performance of such membranes in separation applica
tions. Very recently, Hill and Freeman incorporated PAF-1 to PIM-1 
membrane to enhance the gas separation performance [283]. PIM-1 
polymer was first dissolved into anhydrous chloroform and the 
pre-prepared PAF-1 nanoparticles then were added to the PIM-1 solution 
with complete stirring. Afterward, the thin MMM could be fabricated by 
the spin coating method. HCP can also be used as the nanofiller to mix 
with PIM polymer solutions to form thin-film nanocomposite (TFN) 
membranes with enhanced organic solvent nanofiltration. Cooper and 
co-workers described the formation of MMMs from the blending of 
PIM-1 and HCP-Polystyrene via an emulsion polymerization process 
[284]. With the addition of the prepared submicron-sized HCP particles 
to PIM-1, they could obtain an HCP suspension with a homogeneous 
distribution of particles. The suspension was later cast on a glass or 
Teflon mold to prepare the MMMs which processed fewer surface defects 
and cracks due to the good dispersion of smaller HCP particles in PIM-1 
as compared to the previous MMMs fabricated with the mixing of PIM 
and larger HCP particles. What’s more, the preparation of MMMs by 
blending PIM polymer with POCs was also given with a slight modifi
cation of the method discussed above [285,286]. 

2.3.4. Layer-by-layer stacking 
Most of 2D COFs bearing planar nanosheets or monolayers can be 

exfoliated for the fabrication of membranes via a layer-by-layer (LBL) 
stacking strategy. This approach was firstly developed for the synthesis 
of membranes stacked by graphene and graphene oxide monolayers. 
Generally, a homogenous suspension of nanosheet dispersions will be 
obtained firstly by chemical or physical exfoliation of bulk materials in 
water or organic solvents. Subsequently, the nanosheets will be stacked 
on the surface of a porous support matrix with the assistance of pressure 
or vacuum-assisted filtration, or dip coating, thus forming the contin
uous thin films. The exfoliation of 2D COFs has been well studied in the 
past years, and various approaches are used to get few- or single-layer 
COFs. 

Dichtel et al. proposed a solvent-assistant method to exfoliate the 
hydrazone-linked 2D COF by immersing it in specific solvents, such as 
dioxane, H2O, and DMF. Soaking COF-43 to mentioned solvents for 2 h 
under room temperature without sonication, they surprisingly found the 
crystallinity loss of COF-43 which was confirmed by PXRD measure
ments [287]. On the contrary, COF-43 after being exposed to THF, 
CHCl3, MeOH, and toluene retained the crystallinity. The impossibility 
of the crystallinity loss as the result of the hydrolysis of acyl hydrazone 
linkages within COF-43 was confirmed by the Fourier transform infrared 
spectroscopy (FTIR), and no obvious difference was found from the 
spectra. Selected area electron diffraction (SAED) of these multilayers 
exhibited a hexagonal diffraction pattern, which was in line with their 
polycrystalline, hexagonally ordered structure. Those results indicated 
that the exfoliation of COF-43 could happen in specific solvents. And 
recently, Ogale and co-workers reported a novel COF with 
self-exfoliated ability which was synthesized by introducing flexibility 
into the framework [288]. The asymmetrical triazole-based monomers 
as the building blocks were used to react with Tp to afford less ordered 

COF. This COF would grow into self-exfoliated covalent organic nano
sheets (CONs) even during synthesis. A chemical stripping strategy was 
reported to obtain exfoliated few-layered COF nanosheets (E-TFPB-COF) 
by Wang and co-workers [289]. They used KMnO4 to exfoliate bulk 
TFPB-COF via a strong oxidant intercalation process, and the exfoliated 
E-TFPB-COF/MnO2 composite would be filtered after the reaction was 
completed. Then HCl aqueous solution was prepared to dissolve and 
remove the MnO2 intercalated between monolayers of the COF and 
afforded E-TFPB-COF. Exfoliated COFs can also be prepared via me
chanical exfoliation by using ball milling at room temperature without 
additional exfoliating agents. Wang and Feng employed this method to 
exfoliate a series of DAAQ-COFs [290]. The exfoliated DAAQ-ECOF was 
mounted as the cathode material for lithium-ion batteries exhibiting 
better rechargeability and faster charge-discharge ability as compared to 
the pristine COF due to the faster diffusion of lithium ions between 
few-layered nanochannels of exfoliated COFs. Diverse imine-based 2D 
COF nanosheets in large scale and high yield are also prepared by Jiang 
and co-workers [291]. They proposed a scalable bottom-up strategy to 
generate 2D imine-linked COF nanosheets via an imine-exchange syn
thesis by the addition of a large excess amount of 2,4,6-trimethylbenzal
dehyde (TBA) as the modulator into the reaction system. During the 
process of COF formation, massive bulky 2,4,6-trimethylphenyl groups 
would be attached to the edge of the COF nanosheets, thus hindering the 
axial π-π stacking of the COF nanolayers into bulk COF material and 
allowing anisotropic growth of the single COF layer along with the 
planar directions. Finally, the COF nanosheets constructed by a few 
layers together with large lateral sizes were synthesized in situ with a 
high yield. The crystallinity of imine-linked 2D COF nanosheets was 
confirmed by the sharp SAED pattern, suggesting the feasibility of 
TBA-assistant synthesis of COF nanosheets. With this strategy in hand, 
they successfully synthesized ultrathin nanosheets for COF-366, 
COF-367, COF-367-Co, TAPB-PDA COF, and TAPB-BPDA COF. 

Dichtel et al. proposed the process of casting COF thin films on the 
porous substrates from exfoliated COF suspension (Fig. 15) [292]. 
BND-TFB COF synthesized by the condensation of TFB and N-benzidine 
benzophenone imine was treated by trifluoroacetic acid in the solvent 
mixture of acetonitrile and tetrahydrofuran. After complete stirring, a 
suspension on exfoliated BND-TFB COF would be obtained which was 
ready to deposit onto the surface of the various substrate. The wet sur
face was exposed to air allowing the evaporation of solvent until the 
coated COF layer became homogeneous and viscous, followed by the 
spin program which was initiated to form the continuous COF thin film. 
The thickness of the resulting films could be controlled by the modifi
cation of both the concentration of COF suspensions and the spin speeds 
during the thin film formation. Additionally, several MMMs are pro
duced by in situ growth of COF nanosheets on the porous substrates, such 
as graphene oxide (GO), under solvothermal conditions. Jiang [293] and 
Zhang [294] developed the approach to fabricate GO/COF composite 
membranes from GO/COF nanoheterojunctions via various filtration 
technologies. 

3. Energy-saving applications 

Membrane separation involving gas separation and liquid separation 
is attracting incomparable research interests due to its obvious advan
tages such as high selectivity with unsuppressed permeability, reduced 
carbon footprint, small capital investment, and low energy consumption 
as compared to other separation technologies including chromatog
raphy and thermal separation (Scheme 3). Additionally, POP-based 
membranes exhibit their promising applications in energy storage, 
sensing, and electro/photo-catalysis, as well [50]. For example, a variety 
POP-based thin films have been mounted in lithium-ion batteries to 
provide the reduced ion/electron migration length and improved ion/
electronic diffusion; [95,295] and CMP and COF-based membranes are 
also popular in capacitor and fuel cell design [296,297]. In this section, 
the significant progress of a typical energy-saving application (molecule 
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sieving) of POP-based membranes is highlighted and discussed in detail. 

3.1. Gas separation 

Membrane-based separation technology used for feedstock gas pu
rification has served as an essential tach in the whole production supply 
chain. However, conventional polymeric membranes suffer from some 
inherent flaws, such as disordered pore structure and inconsistent pore 
size. Besides, the separation performance of old-fashioned membranes is 
limited by Robeson upper bounds, meaning the trade-off between 
permeability and selectivity [298]. The emerging porous organic poly
mers with uniform pore structure and controllable pore size would be 
preferred for the fabrication of advanced membranes to fine-tune the 
relationship between permeability and selectivity during molecular 
sieving (Table 1). The feasibility and accessibility of functionalizing 
POP-based membranes with diverse chemical or physical properties 
allow the further manipulation of membrane surfaces for task-specific 
gas separation. One of the most common gas separations is the purifi
cation of H2 from other gasses based on the fact that H2 always has a 
much smaller kinetic diameter than that of other gasses. The membrane 
separation of hydrocarbon gasses, such as CH4, from CO2 or N2, is also a 
popular research area to provide cleaner and economic feedstock gasses 
for industrial applications. 

Hydrogen is a class of typical sustainable and clean energy source, 
which is supposed to replace conventional fuels gradually, thus miti
gating environmental concerns. The purification of produced H2 in in
dustry is necessary due to the unwanted gasses blended during the 
production process. Microporous membranes fabricated by all types of 
POPs can be used for H2 separation from other gasses in theory. But it is 
also widely accepted that POP-based membranes process lower selec
tivity as compared to MOF-based membranes whose aperture sizes can 
be precisely tuned according to the kinetic diameter of H2 molecular 
(0.289 nm), which is far smaller than the typical pore size of COFs 
(0.8–5 nm). In a pioneer study reported in 2015, Gao et al. generated a 
COF/Al2O3 composite membrane by growing the COF-320 on the NH2- 
mofided α- Al2O3 porous support in situ [299]. The fabricated novel 3D 
COF-320 membranes were tested for H2 separation from CH4 and N2, 
representing a lower separation factor of 2.83 for H2/CH4 and 3.74 for 
H2/N2. Later, a comprehensive computational study was carried out in 
2016 to discuss the feasibility of COF-based membranes for gas sepa
ration based on the electron density overlaps between gas molecules and 
skeleton [300]. The report demonstrated that monolayer CTF-0 based 
membrane possessed an exceptionally high selective permeation of H2 
from the gas mixtures such as H2/CO2, H2/N2, H2/CO, and H2/CH4 with 

the separation factor up to 9 × 1013, 4 × 1024, 1 × 1022, and 2 × 1036, 
respectively. The experimental data, however, showed a much lower 
separation factor than the theoretical value for separation of H2/CO2, 
H2/CH4, and H2/N2, which was 31.4 [279], 140 [301], and 84 [252], 
respectively. This difference might be the result of experimental 
COF-based membranes bearing increased thickness than monolayer COF 
membranes. 

Ben and co-workers creatively synthesized a COF-MOF composite 
membrane for gas separation with enhanced separation selectivity of 
H2/CO2 gas mixtures [302]. The polyaniline (PANI) coated SiO2 disk 
was used to support the first fabrication of COF-300 membrane through 
solvothermal method. Then one side of the SiO2 disk grown COF-300 
was further treated in the DMF solution of zinc nitrate hexahydrate, 
terephthalic acid, and 1,4-diazabicyclo[2.2.2]octane under heating to 
grow MOF layer on covering the pre-synthesized COF layer. The 
resulting composite membrane exhibited higher selectivity of the 
H2/CO2 gas mixture as compared to the individual COF and MOF 
membranes, giving a higher separation factor of 12.6. Subsequently, 
they fabricated a 2D COF layer on the as-synthesized MOF layer to 
generate a COF-MOF composite membrane [303]. A similar synthetic 
strategy with slight modifications as compared to the above method was 
employed in this recent report. The UiO-66 was synthesized on the PANI 
coated SiO2 disk at first, and then H2P-DHPh COF which was obtained 
from the polycondensation of 5,10,15,20-tetrakis(4-aminophenyl) 
porphyrin and 2,5-dihydroxyterephthalaldehyde was grown on the 
MOF layer. The selectivity of the H2/CO2 gas mixture with this COF/
MOF composites membrane surpassed the previous work reported by 
them with a separation factor up to 32.9, which also outperformed the 
present Robeson upper bound. Caro and Meng developed another 
composite membrane with excellent separation of hydrogen with high 
selectivity via taking advantage of both COFs and MOFs (Fig. 16) [253]. 
They introduced ZIF-67 structures to the synthesized TpPa-1 membrane 
by the confined growth inside COF pores. The separation performance of 
ZIF-67-in-TpPa-1 membrane supported by α-Al2O3 processing uniform, 
compact, and the defect-free surface was envaulted for the H2 separation 
from equimolar various gasses, demonstrating better separation selec
tivity as compared to that of the single TpPa-1 membrane without the 
introduction of ZIF-67 with a separation fact as high as 34.9, 33.3, 
110.5, and 192.7 for H2/CO2, H2/CH4, H2/C3H6, and C3H8, respectively. 
Caro’s group also proposed a strategy to grow COF films layer by layer 
with the composition of two types of COFs with different pore sizes to 
generate interlaced pore networks, thus improving separation selectivity 
for H2 [252]. COF-LZU-1 was firstly fabricated on the NH2-modified 
Al2O3 substrate and ACOF-1 with a smaller pore size was covered on the 

Fig. 15. Schematic illustration of the acid-exfoliation and film-casting procedures for BND-TFB COF. Reproduced with permission [292]. Copyright 2019, John 
Wiley and Sons. 
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surface of COF-LZU-1 as followed. The sequential formation of the 
COF-LZU1 layer and the ACOF-1 layer was confirmed by SEM with 
detectable morphological changes. The gas separation tests were con
ducted in H2/CO2, H2/N2, and H2/CH4 gas mixtures, and the corre
sponding separation factor for the bilayer membrane reached 24.2, 83.9, 
and 100.2, respectively. 

Zhao et al. went a step further to fabricate the COF/COF/COF 
composite membrane with narrowed apertures at the COF-COF 

interfaces via a multi-interfacial engineering strategy (Fig. 17) [304]. 
The COF-LZU1 membrane bearing a larger pore size was synthesized via 
interfacial polymerization and then transformed to the support. Subse
quently, various COF layers including TpPa-SO3H and TpTGcl were 
formed on the COF-LZU1 surface via the liquid-solid-liquid interface 
polymerization in sequence. The apertures at the COF-COF interfaces 
could also be further narrowed by overlaying more TpPa-SO3H/TpTGcl 
layers. The separation selectivity of this novel composite membrane was 

Table 1 
Summary of gas separation performance of representative POP-based membranes.  

Membrane Name Thickness (µm) Separation Selectivity Permeability 

COF COF-320 [299] ~4 H2/CH4 2.83 5.67 × 10− 7 mol (m2 s Pa)− 1    

H2/N2 3.74 
COF COF-300-Zn2(bdc)2(dabco)302 ~97 H2/CO2 12.6 1.3 × 105 Barrer 
COF COF-300-ZIF-8 [302] ~100 H2/CO2 13.5 1.1 × 105 Barrer 
COF H2P-DHPh COF-UiO-66 [303] 120 H2/CO2 32.9 108,341 Barre 
COF ZIF-67-in-TpPa-1 [253] 0.9 H2/CO2 34.9 ~3800 GPU    

H2/CH4 33.3 
COF COF-LZU1–ACOF-1 [252] 0.5− 1 H2/CH4 100 2.4 × 10− 7 mol (m2 s Pa)− 1 

COF TpTGCl@TpPa-SO3H/COF-LZU1 [304] 0.155 H2/CO2 26 2163 GPU 
COF TpEBr@TpPa-SO3Na Icon [305] 0.41 H2/CO2 22.6 2566 GPU 
COF ACOF [280] 30− 50 CO2/CH4 32 5.01 × 10− 13 mol (m2 s Pa)− 1 

COF ACOF-1 [306] 8 CO2/CH4 86.3 9.9 × 10− 9 mol (m2 s Pa)− 1 

COF TpPa-1@SBR TFC [307] ~2 C3H8/N2 15 311 GPU    
C3H6/N2 20 463 GPU 

COF Ag-IL@TpPa–SO3H [308] 0.24 C2H4/C2H6 120 135 GPU 
COF 20 wt%NUS-2@PBI [279] 50–100 H2/CO2 31.4 4.08 ± 0.01 Barrer 
COF TpBD(50)@PBI-BuI [301] 47–80 CO2/CH4 48.7 14.8 Barrer 
PIM PIM-6FDA-OH309  H2S/CH4 29.9 ~35 Barre 
PIM AO-PIM-1 [310] 50− 60 H2S/CH4 75 4000 Barrer 
PIM PIM-TMN-Trip [311] 161 ± 13 SO2/N2 29 28,300− 29,900 Barrer 
PIM CANAL-Me-Me2F [312] 50 H2/N2 134 2380 ± 90 Barrer    

H2/CH4 185    
O2/N2 7.8 139 ± 6 Barrer    
CO2/CH4 46 590 ± 20 Barrer 

PIM SBF-PIM [210] 180 CO2/N2 12 10,400 Barrer    
CH4/N2 4.3 754 Barrer    
H2/N2 0.15 5240 Barrer    
O2/N2 1.0 1950 Barrer 

PIM PIM-EA-TB [211] 181 CO2/N2 12 7140 Barrer    
CH4/N2 4.3 699 Barrer    
H2/N2 <0.06 7760 Barrer    
O2/N2 1.1 2150 Barrer 

PIM PIM-SBI-TB [211] 157 CO2/N2 13 2900 Barrer    
CH4/N2 4.6 450 Barrer    
H2/N2 <0.20 2200 Barrer    
O2/N2 1.35 720 Barrer 

PIM PIM-1 [218] 53–70 CO2/N2 18.0 ± 0.5 7200 ± 600 Barrer 
PIM PIM-NH2 [218] 51–82 H2/N2 10.8 ± 0.6 1450 ± 70 Barrer 
PIM PIM-tBOC [218] 67–75 H2/N2 36 ± 3 130 ± 10 Barrer 
PIM PIM-deBOC(thermal) [ 218] 54–82 CO2/N2 20 ± 3 2300 ± 500 Barrer 
PIM PIM-deBOC(acid) [ 218] 65–95 H2/N2 10 ± 1 1700 ± 300 Barrer 
CMP CMP film [313] 0.008 H2/N2 36 ~4 Barrer 
CMP CMT [314] 1 H2/CO2 ~6.3 28,280 Barrer    

H2/N2 ~11.3    
H2/CH4 ~10.9    
H2/C3H6 ~12.1    
H2/C3H8 ~12.5 

PAF iPAF-5 [241] 0.12 H2/N2 72.7 51,844 GPU    
CO2/N2 60.0 23,058 GPU 

PAF iPAF-8IL [315]  CO2/CH4 223 1002 Barrer 
PAF PAF-97 [255] 30 CO2/CH4 22.48 2.90 × 10− 7 mol (m2 s Pa)− 1 

HCP porous polymeric membranes [230] 97 CO2/N2 29.6 ± 0.4 222.2 ± 5.9 Barrer 
HCP PTMSP/p-DCX [316]  CO2/N2 12 44,000 Barrer 
HCP PI/HCPs-NH2 MMMs [317]  CO2/CH4 22.44 5.16 Barrer    

O2/N2 4.01 17.91 Barrer 
POC CC3 [245] 0.05 H2/N2 30 1.53 × 10− 6 mol (m2 s Pa)− 1 

POC CC3 [318] 2.5 He/Xe 13 2114 GPU    
CH4/Xe 12 1962 GPU    
CO2/Xe 10.5 1705 GPU    
Kr/Xe 4.8 773 GPU 

POC CC3 MMM [319] 82 C3H6/C3H8 12.1 390 Barrer 
POC 10 wt% CC1135/Matrimid [320] ~50 CO2/N2 27.1 29.5 Barrer    

CO2/CH4 29.3    
N2/SF6 69.0 1.09 Barrer  
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measured for H2 purification from H2/CO2 gas mixture, and the best 
separation factor of 26 was obtained from the optimal membrane. The 
charge of the membrane for H2 separation was also studied by Zhao et al. 
[305]. They select two COFs with different ionic frameworks to fabricate 
the COF/COF composite membrane via the LBL assembly. The cationic 

CONs constructed by Tp and EB and anionic CONs built up from Tp and 
Pa-SO3Na were synthesized aforehand via the air-water interface poly
merization. The resulting CONs then were transformed on porous 
α-Al2O3 support by LBL assembly using the LS method, and the com
posite membrane with narrowed apertures was successfully generated. 

Fig. 16. (a) Scheme depicting ZIF-67-in-TpPa-1 membrane synthesis and schematic of single pore structure. Top-view (b–d) and cross-sectional (e–g, i) SEM images 
of porous α-Al2O3 substrate (b, e), supported TpPa-1 layer (c, f) and ZIF-67-in-TpPa-1 membrane (d, g, i). (h) Optical photograph of membranes. (j) EDXS mapping 
and elemental distributions corresponding to (i). Reproduced with permission [253]. Copyright 2021, Springer Nature. 
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The electrostatic interactions between layered iCONs were conducted by 
surface zeta potentials. The cationic TpEBr nanosheet membrane dis
played a positive surface zeta potential of +36 mV at pH 8.0 while 
anionic TpPa-SO3Na processed a negative value of − 58.9 mV. After the 
assembling of two iCONs, however, the surface zeta potential of the 
hybrid membrane of two iCONs was almost neutralized at pH 8.0 with a 
value of − 7.1 mV, suggesting the strong electrostatic interactions be
tween these TpEBr and TpPa-SO3Na nanosheets, which might contribute 
to the formation of the compact dense membrane structure. The H2/CO2 
separation experiment of this iCONs-based membrane was conducted at 
423 K, and a separation factor of 22.6 was reached. 

A few COF-based membranes have been used for CO2/CH4 separa
tion. Gascon and co-workers reported the application of azine-linked 
COFs MMMs in CO2/CH4 separation in 2016 [280]. The synthesized 
A-COF-1 particles were dispersed into THF first to obtain homogenous 
suspension following the addition of Matrimid®, and the MMM was 
fabricated by knife casting later. The resulting MMM containing 16 wt% 
of ACOF-1 had an increased CO2 permeability (5.01 × 10− 13 mol m− 2 

s− 1 Pa− 1) with a mild increase of selectivity of 32 as compared to the 
pure Matrimid® membrane. Caro et al. also tried to separate CO2 from 
CH4 by ACOF-1-based membrane [306]. In their report, an optimal 
MMM was generated by directly growing ACOF-1 on the NH2-modified 
surface of Al2O3 support with a thickness of 8 μm. This MMM exhibited a 
high selectivity of 86.3 in CO2/CH4 separation combined with favorable 
permeance of about 9.9 × 10− 9 mol m− 2 s− 1 Pa− 1 for CO2. 

The separation of various hydrocarbons is also a crucial industrial 
process but is full of challenges due to the similar physicochemical 
properties and close kinetic diameters between unsaturated hydrocar
bons and the corresponding saturated hydrocarbons. Kharul and co- 
workers blended TpPa-1 with a styrene-butadiene rubber (SBR) poly
mer to fabricate COF MMMs with various ratios of TpPa-1 and SBR via 
the dip-coating method [307]. The resulting MMM with loading 50 wt% 
TpPa-1 demonstrated an appreciable reverse selectivity for C3H8/N2 and 
C3H6/N2, which was 15 and 20, respectively. More recently, Jiang et al. 
introduced ionic liquids containing Ag+ into the COF membrane in
ventively to enhance the capacity of ethylene/ethane separation [308]. 
In this report, the prepared solution mixture from ionic liquid solution 
and silver nitrate aqueous solution was spun onto the synthesized 
TpPa-SO3H membrane, the final membrane was vacuum-dried for the 
following test. The gas permeation experiments were conducted in the 
gas mixture feed using ethylene/ethane (50 : 50 %vol) and propylene/
propane (50 : 50 %vol), respectively. During the gas separation, the 
confinement layer rooted in the introduction of silver ion-containing 
ionic liquid played a vital role in the reduction of the nanochannel 

size in the membrane, thus allowing high ethylene permeance by the 
primary confinement effect. The channel size via the modification of 
Ag+-IL rationally could be sharply reduced to 0.87 nm, and an excellent 
separation performance was achieved with a high ethylene/ethane 
selectivity of 120 together with the ethylene permeance of 135 gas 
permeation unit (GPU). 

PIM-based membranes are also employed in the gas separation, such 
as O2/N2, H2/N2, CO2/N2, and CO2 /CH4. Besides, functional PIMs can 
be synthesized with a wide range of conventional polymer monomers 
and fabricated to membranes by many methods, allowing the great 
potential in more industrial processes, such as toxic gas separation and 
gas emission purification. Koros et al. modified PIM-6FDA with hydroxy 
groups to afford PIM-6FDA-OH, and the corresponding membrane was 
cast from the PIM-6FDA-OH solution [309]. Gas permeation experi
ments were conducted in the gas mixture with 15/15/70% 
H2S/CO2/CH4 as the feed, and a high separation factor up to 29.9 for 
H2S/CH4 was recorded during the measurement, which was higher than 
that of many commercial polyimide membranes. Koros and co-workers 
functionalized PIM-1 with the amidoxime groups by converting − CN 
to − AO in the building unit of PIM-1 (Fig. 18) [310]. The introduction of 
the basic group might be preferred by the “sour” gas such as H2S. The 
permeation experiments were carried out in a ternary gas mixture with 
20/20/60% H2S/CO2/CH4 under a feed pressure of 77 bar. The results 
showed that AO-PIM-1 membrane had remarkable H2S/CH4 selectivity 
up to 75 together with an ultrahigh H2S permeability which was higher 
than 4000 Barrers. SO2 separation from other gasses was also studied, 
and Izak et al. selected PIM-TMN-Trip membrane to realize effective 
removal of SO2 from the binary gas mixed with N2 [311]. PIM-TMN-Trip 
membrane was prepared from the solution casting method with a 
compact and continuous surface. A high selectivity was obtained from 
the permeation test by using SO2/N2 as the gas feed, which was up to 29. 
Additionally, a low selectivity of around 1.8 was observed when the gas 
feed was changed to SO2/CO2. The gas separation performance of 
PIM-based membranes can also be enhanced via physical aging. Xia and 
Smith reported a library of microporous ladder polymers constructed by 
repeat norbornyl enzocyclobutene units [312]. Upon aging, the result
ing PIM-based membrane, CANAL-Me-Me2F, exhibited better gas sepa
ration performance due to the more ordered and compact pore structure 
as compared to the fresh PIM-based membranes with excess free volume. 
Such transformation is commonly observed for PIMs after the certain 
contortion of polymer chains in PIMs as time passed. The separation 
selectivity for several industrially relevant gas pairs including H2/CH4, 
CO2/CH4, H2/N2, H2/CO2, and O2/N2 was improved greatly in com
parison with fresh PIM-based membranes. 

Fig. 17. Schematic illustration of the fabrication and gas separation application of the ultrathin COF membranes with narrowed apertures using a multi-interfacial 
engineering strategy. Reproduced with permission [304]. Copyright 2021, John Wiley and Sons. 

Y. Song et al.                                                                                                                                                                                                                                    



EnergyChem 4 (2022) 100079

23

Fig. 18. (a) Structures of PIM-1 and amidoxime-functionalized PIM-1 (AO-PIM-1). (b) Void morphology in AO-PIM-1. (c) Pure-gas permeability/selectivity (CO2/ 
CH4) trade-off curve comparison of PIM-1 and AO-PIM-1 to other polymeric materials. (d) Pure-gas permeability/selectivity (H2S/CH4) trade-off curve comparison of 
PIM-1 and AO-PIM-1 to other polymeric materials. (e) CO2/CH4 performance of AO-PIM-1 for long-term continuous active feed of 20 mol% H2S/20 mol% CO2 and 60 
mol% CH4 at feed pressure of 8.6 bar at 35 ◦C. (f) H2S/CH4 performance of AO-PIM-1 for long-term continuous active feed of 20 mol% H2S/20 mol% CO2 and 60 mol 
% CH4 at feed pressure of 8.6 bar at 35 ◦C. Reproduced with permission [310]. Copyright 2019, American Association for the Advancement of Science. 
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3.2. Liquid separation 

The vast majority of POPs reported so far have higher chemical and 
water stability than that of MOFs which always tend to decompose when 
being treated in aqueous for a long time. Thus, POP-based membranes 
are regarded as the rising candidates for liquid separation. The feasi
bility of functionalizing POPs further allows the employ of POP-based 
membranes in task-specific applications in liquid. In the following sec
tion, recent progress for some relevant applications, such as water 
treatment, nanofiltration, and electrodialysis, will be summarized and 
discussed. 

Water pollution is a serious problem along with the rapid develop
ment of the society and sharp increase of the population. Apart from 
keeping water resources away from pollution emissions, cleaning 
reclaimed water for daily use is another sustainable approach to solve 
the problem of global water shortages. Comparing with conventional 
water treatment technologies including distillation and evaporation, 
membrane separation is more effective and cost-saving due to its low 
energy consumption and durability. The trade-off effect during separa
tion, however, is still existing in the traditional polymeric membrane 
when being applied in the water treatment because of the irregular 
apertures. Advanced POPs usually processing much ordered pore 
structure and pore size are regarded as the perfect candidate at present 
to avoid the effect caused by the trade-off between permeation and 
selectivity. Especially COF-based membranes, which have the most 

uniform pore structures and most diverse functions, are widely used for 
molecular sieving. 

Banerjee and co-workers firstly reported a series of Tp-based COF 
membranes via the solid-state casting method with PTSA as the catalyst 
[250,251]. The free-standing membranes had high water and organic 
solvent permeability and were used for dye removal from the aqueous 
solution. It demonstrated that the complete rejection of dyes could be 
easily achieved in these COF-based membranes. Since then, a great 
number of COF-based membranes have been applied for the removal of 
various dyes. A facile molecularly soldered strategy was proposed by 
Shao et al. to fabricate the defect-free ultrathin COF membranes with 
strong interlamellar interaction in situ (Fig. 19) [321]. Dopamine (DA) 
was added into the solution with excess Pa to obtain a homogenous 
solution, following the mixing with the pre-prepared Tp solution. The 
polyimide substrate was placed into the mixed solution before the 
initiation of polymerization. In the process of membrane production, a 
novel free radical reaction happened to start the oxidation polymeriza
tion of DA, and the reactive oxygen species (ROS) that occurred during 
the formation of pDA polymer would promote the synthesis of TpPa. 
Meanwhile, the hydroxy groups in pDA would react with one of the 
amines groups of PA to connect TpPa units, thus molecularly soldering 
pDA polymer to TpPa COF and forming the continuous pDA/TpPa 
(W/E)-COF membrane with narrowed apertures. The resulting mem
brane exhibited outstanding separation performance for organic solvent 
nanofiltration with permeances that were higher than 86 L m− 2 h− 1 

Fig. 19. Schematic illustration of in situ molecular soldering engineering to fabricate COF membranes. Reproduced with permission [321]. Copyright 2021, 
American Association for the Advancement of Science. 
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bar− 1 combined with more than 95% rejections for various dyes. 
Additionally, pDA/TpPa(W/E)-COF membrane also demonstrated high 
rejection for ions, that is, 99.5% Na2SO4 retention could be obtained, 
surpassing most of the state-of-the-art membranes. Jiang and co-workers 
recently developed a COF membrane that had high rejection of salts via 
the adhesion of TpPa-SO3H nanosheets and TpTTPA nanoribbons [322]. 
In the resulting membrane, TpTTPA nanoribbons were served as the 
“adhesive tape” to hold TpPa-SO3H nanosheets together via electrostatic 
and π–π interactions. They mixed TpPa-SO3H colloidal solution with 
TpTTPA colloidal solution with sonication first, and the COF dispersion 
would be deposited on the polytetrafluoroethylene (PTFE) substrate 
under vacuum-assisted self-assembly to form a defect-free and ordered 
COF membrane. In comparison, TpPa-SO3H membrane prepared 
without the addition of TpTTPA was defective and fragmentary, which 
would degrade the membrane performance for rejecting ions. The 
optimal COF membrane was used for the seawater desalination, and an 
ultrafast water flux of 267 kg m− 2 h− 1 combined with excellent rejection 
of NaCl (99.91%) was recorded, suggesting the scalability of using such 
COF composite membranes for water purification. 

COF-LZU1 is a popular selection for the fabrication of high- 
performance COF-based membranes. Caro and Meng prepared an ul
trathin COF-LZU1 membrane on alumina tubes by in situ solvothermal 
syntheses [323]. The compact COF-LZU1 membrane demonstrated 
excellent stability with more than 90% rejection for most of the dyes. 
Bruggen and Jia proposed a COF-LZU1/PAN composite membrane by 
stoichiometric spraying layer-by-layer self-assembly [324]. The stag
gered pores in the thin COF-LZU1 membrane could reject more than 
90% of dyes with a high permeance of 400 L m− 2 h− 1 MPa− 1. Addi
tionally, GO/COF composite membranes are also favored for dye or salt 
separation. Zhang and Wang cooperated and successfully intercalated 
COF-1 nanosheets on the interlayers of graphene nanosheets to form 
GO/COF-1 thin films which were coated on the porous polymeric sub
strate via a dead-end filtration device [298]. The intercalation of COF-1 
between GO layers produced an extra passageway for water penetration, 
thus improving the water permeability as compared to the pristine GO 
membrane which has narrowed interlayer space. In the separation ex
periments, the GO/COF-1 composite membrane showed a high rejection 
for water-soluble dyes up to 99% together with a rapid water perme
ability over 310 L m− 2 h− 1 MPa− 1. Sun et al. also selected GO to blend 
with COFs to obtain a composite membrane assembled by GO and COF 
nanosheets layer by layer via hot pressing. Being different from inter
calating COF nanosheets into the GO layers, Sun and co-workers mixed 
GO and COF-TpPa first, then fabricated the membrane through vacuum 
filtration onto a polymeric support after well sonication and dispersion 
[325]. The heating process was conducted to mitigate the interface voids 
between GO and COF-TpPa to produce a compact membrane. The thin 
composite film supported on nylon substrate had a high dye rejection 
rate for various dyes, for example, 97.05% methylene blue dissolved in 
water could be rejected after water permeability. Additionally, a water 
permeance of 166.8 L m− 2 h− 1 bar− 1 was recorded in the test. The 
self-standing and flexible COF membrane was generated for dye removal 
as well. Chung et al. fabricated the transparent ultrathin COF films via 
the interfacial reaction between tris(4-aminophenyl)amine (TAPA) and 
Tp or TFB [326]. The thicknesses of resulting COF membranes could be 
adjusted precisely from as low as 5 nm to as high as 300 nm in accor
dance with the interfacial reaction time from 1 min to 24 hours. Before 
applying these membranes in permeation experiments, the thin film 
would be transformed onto the anodized aluminum oxide (AAO) sub
strate. The high-polar channel environment of TAPA-TFP allowed 
effective superhighways for polar molecules, thus polar solvents such as 
methanol, could penetrate the membrane with a high permeance of 
241.9 L m− 2 hour− 1 bar− 1, which was nearly four times higher than the 
reported polyamide-based nanofiltration membrane. However, when 
the membrane was used for water permeance, various dyes could be 
completely rejected by TAPA-TFP thin film except for rose Bengal, 
which has a smaller kinetic diameter (11.2 to 12.4 Å) than the pore size 

of TAPA-TFP (11.7 to 12.5 Å). 
The POP-based membrane can also be used as an adsorbent during 

the water treatment rather than rejecting barrier. Dichtel et al. proposed 
the thick and polycrystalline COF membranes as an adsorption layer to 
reserve dye molecules during the water penetration, rather than 
rejecting dye molecules outside the channels via size-sieving [327]. The 
thick TAPB-PDA COF membrane showed high rejection for most dyes 
when the flow rate of the aqueous solution is low, over 99% of dyes 
would be adsorbed by the pellet-like TAPB-PDA COF membrane. While 
the rejection would keep decreasing when the flow rate is increased, 
which was in accord with the adsorption mechanism. PIM-based mem
branes can also be used as an extraction media for metal ions adsorption. 
Wen et al. proposed the fabrication of a bioinspired hierarchical porous 
membrane from PIM-1 through non-solvent-induced phase separation 
(NIPS), generating interconnected multiscale channels with three 
different scales in the synthesized membrane by taking advantage of the 
unordered packing of the polymer chains in PIMs (Fig. 20) [328]. Then 
PIM-1 can be converted to AO-PIM-1 with the uranium-specific binding 
sites. During the sorption of uranium in AO-PIM-1 membrane, two-step 
adsorption of uranyl occurred, allowing more efficient and sufficient 
sorption for uranium from the seawater. In natural seawater, AO-PIM-1 
membrane can extract measurable uranium with a capacity of 9.03 mg 
g− 1 after four weeks. Significantly, an uptake capacity of 6.63 mg g− 1 

could be obtained after only one week, suggesting the high efficiency of 
AO-PIM-1 membrane in seawater uranium extraction. The PAF-based 
membrane can also be functionalized as an adsorptive membrane to 
capture ions from an aqueous solution. Long et al. reported a family of 
PAF-1-based MMMs with diverse functional groups and their applica
tions in various ions adsorption [329]. PAF-1 was first converted to 
PAF-1-CH2Cl via chloromethylation, then diverse moieties including 
− SH, − SMe, − ET, and − NMDG, were functionalized to PAF-1-CH2Cl to 
form corresponding functional PAF-1. The functional PAF-1-based 
MMMs were fabricated by blending with sulfonated polysulfone 
(sPSF) via a solvent evaporation approach. Then the resulting MMM 
would be clamped between two half-cells to serve as an adsorptive 
barrier. While the voltage was applied on two sides of the membrane, 
target ions could be attracted by the electric field and swim to the 
elaborate membrane. During the electrodialysis, the target ions would 
be selectively captured. In this electricity-assistant way which they 
called IC-DC, a variety of ions, such as Hg2+, Cu2+, Fe3+, and B(OH)3, 
were selectively extracted from the water feed containing various 
competing ions. 

COFs bearing uniform pore size and tunable pore environment are 
preferential for nanofluidic membranes fabrication. The resulting 
membranes usually demonstrate good ion permselectivity, which allows 
them to be assembled in nanofluidic devices and make more aggressive 
moves at the cutting-edge research, such as valuable metal ion separa
tion and osmotic energy production. Sun and our groups reported a 
series of charged Tp-COF membranes with various ratios of EB and BD as 
amine monomers (Fig. 21) [266]. The thin COF film was grown on the 
surface of PAN via the interfacial synthesis method to prepare nano
filtration membranes. The highest Li+/Mg2+ selectivity via electrodial
ysis of 385 was achieved by COF-EB1BD1/PAN from the simulated 
Yiliping brine with Mg2+ and Li+ concentrations of 0.83 and 0.031 mol 
L− 1, respectively. By contrast, a selectivity of only 0.0377 could be 
observed without applying the current. Sun et al. also proposed another 
effective method to narrow down the pore aperture size via the intro
duction of lithiophilic chains with different lengths into the pore space 
[268]. With the longer chain existing in the pore, the flux for Li+ and 
Mg2+ were both decreased due to the size-exclusion effect, however, the 
selectivity for Li+ and Mg2+ would be increased sharply from 6 for 
COF-OMe/PAN and 3 for COF-OHep/PAN to 64 because of the stronger 
binding between lithiophilic oligoether moiety and Li+ existing in 
COF-4EO/PAN. 

More recently, Lai et al. reported the construction of the pH-gating 
nanofluidic transport based on the well-designed COF [330]. The 
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Fig. 20. Biological inspiration and schematic of the bioinspired hierarchical porous membrane. (a) Hierarchical networks of blood vessels in living organisms. (b) 
Branched tube-based model inspired by the mammalian circulatory system. Increasing the number of branch points while reducing the branch diameter allows for 
efficient substance transfer at low energy consumption. (c) Schematic illustration of the bioinspired hierarchical porous membrane. It contains pores with sizes on 
three different scales, including intrinsic micropores. (d) Working principle of the hierarchical porous membrane for uranium adsorption. Amidoxime functionali
zation provides specific binding sites. Reproduced with permission [328]. Copyright 2022, Springer Nature. 

Fig. 21. Synthetic scheme illustration of COF-based membranes with varied charge densities via interface polymerization. Reproduced with permission [266]. 
Copyright 2021, John Wiley and Sons. 
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precursor solution comprising (2,5-dihydroxy-1,4-benzenedicarbox
aldehyde (DHTA) and TAPB was prepared first, followed by the growth 
of COF-DT membrane on a SiO2/Si wafer via slow nucleation and ori
ented growth. Subsequently, the free-standing thin film would be 
transferred to a track-etched polyethylene terephthalate support to 
prepare for the electrical measurements. The drift-diffusion I-V curves of 
COF-DT membranes were conducted in the homemade electrochemical 
cell with the mounting of the COF-DT membrane in the middle of two 
separated cell chambers. The representative I-V curves were measured 
by introducing a KCl concentration gradient of 10 on two sides of the 
membrane. Then, the diffusion potential (Ediff) generated by the selec
tive transport of ions through the COF-DT membrane could be recorded 
by the electrochemical station. The ultrahigh transmembrane ion flux 
was found from the drift-diffusion I-V curves, more significantly, the 
COF-DT nanofluidic membrane was ion-selective under different pH 
ranges, which allowed anion penetrating in the low pH range while 
cation was preferred in the high pH range. Jiang et al. prepared the COF 
membranes with ultrafast anion transport via the introduction of various 
quaternary ammonium (QA) groups that had different organic spacers 
(Fig. 22) [331]. A series of hydrazide building units containing QA 
groups with different chain lengths were reacted with TFB to form 
colloidal COFs via phase-transfer polymerization. The self-standing 
COF-QAs membranes bearing densely packed structures were pro
duced in the COF colloidal suspension, and the transparent COF mem
branes could be assembled during solvent evaporation. The resulting 
membranes were named as COF-QA-2, COF-QA-4, COF-QA-6, and 
COF-QA-EO according to the organic spacers (ethyl, butyl, hexyl, and 
diethyl ether spacers) attached to the hydrazide monomers. They found 
that COF-QA-2 membranes with shorter and more hydrophilic moiety 
are favorable for improving the anion conductivity among four 
COF-QA-based membranes. 

The diffusion potential generated by the ion-selective permeation 
through nanofluidic membranes can be used for harvesting salinity 
gradient (blue) energy, which is a popular topic of osmotic energy 
production. Sun and co-worker presented a strategy to confine cationic 
and anionic dyes in the same 3D COF skeletons, respectively, to prepare 
a pair of the cation- and anion-selective membranes (Fig. 23) [180]. 
COF-300 was selected in the report to immobilize ionic dyes. The 
HB67.7@COF/PAN charged by an anionic dye (hydroxynaphthol blue) 
and JG80.1@COF/PAN encapsulated by Janus green B (cationic dye) 
were used as the pair for the salinity gradient energy generation. The 
membranes were mounted in a three-compartment conductive cell to 
investigate their osmotic energy conversion efficiency. The salinity 
gradient was established by a standard simulated seawater (0.5 M NaCl) 
and river water (0.01 M NaCl) solution, and a power density of up to 
51.4 W m− 2 was recorded in the measurement. The previous study by 
Sun et al. has proven that the charge density of the nanofluidic mem
branes would affect the ion permselectivity, thus causing a difference in 
salinity gradient energy production [266]. Accordingly, Sun and our 
group contributed a strategy for the manipulation of charge population 
in the COF membranes to obtain the highest harvesting of osmotic en
ergy [270]. 2,2′-((2,5-di(hydrazinecarbonyl)-1,4-phenylene) bis(oxy)) 
bis(N,N,N-trimethylethan-1-aminium) iodide (BTA) and 2,5-bis 
(2-(dimethylamino)ethoxy)terephthalohydrazide (BTH) were used to 
adjust the charge property in the resulting membranes via the multi
variate strategy to fabricate a family of COF membranes, and the content 
of ionic sites can be precisely tuned from 0 to 0.18 C m− 2 in terms of this 
method. An optimal power density of up to 54.0 W m− 2 was obtained in 
COF-BTA3BTH2/PAN when being tested at a 50-fold salinity gradient. 
More recently, Tang and Li proposed a novel strategy to homogeneously 
distribute atomic charges across the COF-based membranes via the 
bottom-up method to enhance the output power density [332]. The 

Fig. 22. (a) Schematic illustration of the de novo synthesis of COF-QAs. (b) Schematic of anion transport through the 1D channel of COF-QAs. (c) Schematic of COF- 
QAs membrane fabrication process. (d) GIWAXS data of the COF-QA-2 membrane. Reproduced with permission [331]. Copyright 2020, John Wiley and Sons. 
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recorded power density herein is higher than any reported value of 
porous monolayer membrane, which was over 200 W m− 2 at the salinity 
gradient between artificial seawater and river water. To immobilize the 
positive metal ions with a homogenous distribution, amine-ended zinc 
tetraphenylporphyrin (ZnTPP) monomers was screened as the building 
blocks to anchor Zn2+ in the resulting ZnTPP-COF membrane. Further
more, the positive charge intensity in COF-based membrane could also 
be manipulated by coordinating various metal centers, such as Cu2+ and 
Ni2+. The decreased selectivity of NiTPP-COF (2.9 mC m− 2) and 

CuTPP-COF (1.7 mC m− 2) as compared to ZnTPP-COF (4.1 mC m− 2) was 
observed due to their relatively low surface charge density. 

The diffusion potential variation can be observed along with the 
disturbance of temperature [269], thus, the osmotic power density can 
also be influenced by the temperature difference. Sun and co-workers 
developed a series of iCOF-based membranes with varied charge den
sity and then applied these membranes in the thermo-osmotic energy 
conversion to study the feasibility of the direct conversion of the 
low-grade heat (<100 ◦C) and the Gibbs free energy from salinity 

Fig. 23. (a) Diagrammatic sketch of a pair of the cation- and anion-selective membranes mounted in a three-compartment conductive cell to harvest osmotic energy. 
(b) Bottom-up assembly of ionic dye modified COF-based nanofluidic membranes. Reproduced with permission [180]. Copyright 2021, American Chemical Society. 

Scheme 1. Timeline of the development of advanced porous organic polymers.  
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Scheme 2. Schematic illustration of four well-known strategies for POP-based membrane fabrication.  
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gradients into electricity [271]. COF-(SO3Na)x/PAN was directly grown 
on the PAN support by the interfacial polymerization of Tp and the 
mixed amine monomers of sodium 2,5-diaminobenzenesulfonate and 
benzene-1,4-diamine with various ration. The results demonstrated that 
the highest power density of about 231 W m− 2 could be achieved while 
the measurement was conducted under simulated estuary conditions 
which processed a temperature difference of 60 K. Additionally, Sun and 
our group also found that the evolution between open-circuit voltage 
(Voc) and the temperature change in solutions could be fitted with the 
linear model with correlation coefficients over 0.99 [267]. A high 
thermosensation sensitivity of 1.27 mV K− 1 was observed due to the 
superior permselectivity in the resulting nanofluidic membranes, which 
surpassed any known natural system. 

4. Conclusion and outlook 

The prosperity and the welfare of people cannot be divorced from the 
progress of technology and industrial process. Advanced membrane 
technology for industrial separations is playing a significant role in the 
whole production supply chain. The development of commercial mem
branes with high performance is flourishing over the past few years, and 
tremendous porous membranes fabricated from advanced POPs have 
been designed and utilized in real-world separation applications. A large 
amount of artificial porous powders has been used in the gas separation, 
especially MOFs, which have diverse pore structures and smaller pore 
sizes than other porous materials and been well studied for challenged 
gas separation on the bench-scale, showing unparalleled performance 
for the selective capture of gasses. However, the long-time regeneration 
of column fillers, costly synthesis, and poor durability impeded their 
large-scale applications in the real world [107–110]. Unlike the appli
cations of porous polymer solids used for separation technology, the 
future of using porous membranes for molecular sieving in industry is 
more promising and realistic. Whereas the fabrication of POP-based 
membranes is much more technically challenging. A qualified mem
brane should own two basic properties, such as defect-free and contin
uous surface, and then, more considerations are required to meet the 
specific demand before the fabrication of the membrane. Herein, a 
compressive overview of the recent development of POP-based mem
branes has been given, from the key properties of advanced porous 
membranes to the fabrication methods. 

Challenges remain for the employ of POP-based membranes in 
practical applications. In comparison with conventional polymeric 
membranes with pores, the novel POP-based membranes are more 
fragile and expensive. Therefore, the modification of traditional poly
meric membranes to enhance their performance is also favorable. 
Recently, Sandru and Spontak proposed a hybrid-integrated membrane 
strategy to graft the membrane surface with CO2-philic chains [333]. 
The commercialized polymer for CO2 separation, polydimethylsiloxane 
(PDMS), was selected to coated with a layer of benzophenone followed 

by the polymerization of glycidyl methacrylate (GMA), the modified 
membrane surface was further reacted with ethylene diamine (EDA) in 
aqueous solution to introduce CO2-philic groups. All the materials used 
are commercially available and cheap. Besides, another commercialized 
polymer, polytetrafluoroethylene (PTFE AF), was also used for the 
modification of CO2-philic chains on the surface. The CO2 separation 
tests were conducted in a mixed 10/90 CO2/N2 gas feed (at 100% 
relative humidity) to create the most common conditions for CO2 sep
aration. Both modified membranes exhibited enhanced CO2 selectivity 
by more than ~150-fold as compared to that of the pristine membranes, 
and much of their high CO2 permeability could be retained after the 
modification. Commercial polyamide membranes were also modified for 
improved water purification. Zhang et al. reported a strategy to 
construct nanoscale Turing structures on the surface of the membrane 
interfacial polymerization to enhance the water-salt separation perfor
mance [334]. The resulting membrane with unique Turing structures on 
the surface was evaluated in saltwater desalination, demonstrating an 
excellent water permeability of 125 L m− 2 h− 1 with high rejection of 
various salts, which was superior to the upper-bound line of traditional 
desalination membranes. Therefore, to advance POP-based membranes 
as industrial-scale products and surpass conventional polyimide mem
branes in performance, the following concerns must be addressed: (1) 
reducing the cost of synthesizing POP-based membranes; (2) developing 
a scalable method for the preparation of larger-area POP-based mem
branes; (3) improving the durability and prolonging the life cycle of 
POP-based membranes. 

The rapid development of crystalline POPs like COFs has pushed 
forward the study of high-performance membrane design and their 
cutting-edge applications since the generated membranes formed by 
COFs usually have ordered nanochannels, controllable pore structures, 
sizes, and tailorable chemical or physical membrane surface. With a 
huge stock of monomers to choose from to synthesize COFs, the pore 
aperture and functional pore environment can be precisely customized 
according to the specific requirements of the membrane-based applica
tions, by either predesigning organic precursors or introducing required 
functionality via post-synthetic modifications. Beyond that, the huge 
effort made by researchers for the evolution of COF synthesis also 
facilitate the manufacturing improvement of monomers, allowing the 
fabrication of advanced COF-based membranes with more convenient 
synthesis and lower cost. In addition, the fabrication of COF-based 
membrane to obtain better morphology and performance is also at the 
center of such a research area, which is discussed in detail in this review 
with our perspective. The modification of membrane preparation is also 
crucial for its practical application. As we known, COF-based free- 
standing membranes are usually fragile, and it turns out that growing 
such membranes on the liquid-solid-liquid interface would be a more 
promising method to produce more robust and larger membranes than 
the membrane grown between the interface of two liquids without 
support. This strategy could also be applied to other POP-based 

Scheme 3. Schematic diagrams of gas separation (a) and liquid separation (b) using POP-based membranes.  
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membrane fabrication to realize the goal of producing large-scale and 
tough membranes. Apart from the discussion of COF-based membranes, 
some other POP-based membranes are introduced with our own evalu
ations, as well. For example, PIM is a type of atypical POPs with intrinsic 
microporosity and rigid polymer structure but can be dissolved in an 
organic solvent to form a homogenous polymer solution. After the 
evaporation of the solvent, the porosity of PIMs will be reproduced. It is 
worth mentioning that the porous structure of PIMs could be controlled 
by the non-solvent-induced phase separation (NIPS). Wen et al. took 
advantage of this feature of PIMs to fabricate an AO-PIM-1 membrane 
with multiscale nanochannels, thus greatly increasing the flow path in 
the membrane and enhancing the adsorption capacity [317]. PAFs 
which are synthesized by the direct connection of aromatic groups 
usually have the highest stability among POPs, therefore, PAF-based 
membranes are competent for the tough tasks in complex working 
conditions [321]. Looking forward, the potential and opportunity of 
those novel POP-based membranes are enormous, and we strongly 
believe that the day of large-scale application of such materials is 
approaching. 
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N. McKeown, P. Izak, Flue gas purification with membranes based on the polymer 
of intrinsic microporosity PIM-TMN-Trip, Sep. Purif. Technol. 242 (2020), 
116814. 

[312] H.W.H. Lai, F.M. Benedetti, J.M. Ahn, A.M. Robinson, Y. Wang, I. Pinnau, Z. 
P. Smith, Y. Xia, Hydrocarbon ladder polymers with ultrahigh permselectivity for 
membrane gas separations, Science 375 (2022) 1390–1392. This work reported 
the great progress of aged PIM-based membranes for enhanced performance 
of gas separations. 

[313] P. Lindemann, M. Tsotsalas, S. Shishatskiy, V. Abetz, P. Krolla-Sidenstein, 
C. Azucena, L. Monnereau, A. Beyer, A. Gölzhäuser, V. Mugnaini, et al., 
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