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Abstract 

Synthetic membranes play an increasingly critical role in various energy and 

environment-related applications such as carbon capture and water purification. 

Owing to the great promise in solving the permeability/selectivity trade-off and the 

separation performance/stability trade-off, heterogeneous membranes primarily 

including mixed matrix membranes and composite membranes have become a 

prevalent membrane configuration in various membrane processes. For heterogeneous 

membranes, interfacial interaction is an essential factor, which governs the 

nano-/molecular-scale assembly of membrane materials, tunes the hierarchical 

structures and enhances the comprehensive properties of membranes. This review 

highlights the recent advances in manipulating interfacial interactions of 

heterogeneous membranes with the focus on two kinds of typical interfaces: the 

separation layer-support layer interface in composite membranes and the polymer 

matrix-filler interface in mixed matrix membranes. Common methods for interfacial 

interactions manipulation of heterogeneous membranes are extensively summarized. 

The applications of manipulating interactions at membrane interfaces in energy and 

environment-related realms are briefly introduced. Finally, the future directions of 

manipulating interfacial interactions of heterogeneous membranes are tentatively 

identified. 
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Nomenclature  

6-FDA hexafluoroisopropylidene dianhydride 

AA acryla-mide 

APTES 3-aminopropyltriethoxysilane 

APTMS γ-aminopropyltrimethoxysilane 

BMA butyl methacrylate 

CMSt 4-chloromethyl styrene 

CNTs carbon nanotubes 

COFs covalent organic frameworks 

CP carbopol 

CS chitosan 

DBES Doppler broadening energy spectroscopy 

DETA diethylenetriamine 

DHPPA (3-(3,4-dihydroxyphe-nyl)propionic acid) 

EDA ethylene diamine 

FFV fractional free volume 

FIB-SEM focused ion beam scanning electron microscopy 

GG guar gum 

GO graphene oxide 

HA hyaluronic acid 

HAADF-STEM high-angle annular dark-field scanning-transmission electron microscope 

Hmim 2-methylimidazole 

H-PAN hydrolyzed PAN 

LTA Aluminosilicate zeolite 

MAA methacrylic acid 

MF microfiltration 

MFI pure-silica zeolite 

MMMs mixed matrix membranes 

MOFs metal-organic frameworks 

MOPs metal–organic polyhedras 

MPD m-phenylenediamine 

MPS 3-(meth-acryloxy)propyl 

trimethoxysilane 

MPTMS γ-Mercaptopropyltrimethoxysilane 

MWCNTs multiwall carbon nanotubes 

NIPAM n-isopropyl-acrylamide 

NIPS non-solvent induced phase separation 

OTES n-octyltriethoxysilane 

PAA polyacrylic acid 

PAH poly(allylamine hydrochloride) 
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PALS positron annihilation lifetime spectroscopy 

PAN polyacrylonitrile 

PBI polybenzimidazole 

PC polycarbonate 

PCP polycarbophil calcium 

PDA polydopamine 

PDMS polydimethylsiloxane 

PEG@POSS poly(ethylene glycol)-polyoctahedral oligomeric silsesquioxanes 

PEG-b-PDMS poly(ethylene glycol)-b-poly(dimethylsiloxane) 

PEI poly(ethylene imine) 

PEM proton exchange membrane 

PEMFC proton exchange membrane fuel cell 

PEO polyoxyethylene 

PES polyethersulfone 

PI polyimides 

PIMs polymer of intrinsic microporosity 

PMCs polymer microcapsules 

PMHS poly(methylhydrosiloxane) 

POCs porous organic cages 

poly(VDF-co-HFP) poly[(vinylidene fluoride)-co-hexafluoropropylene] 

POSS polyhedral oligomeric silsesquioxane 

PPO polyoxypropylene 

PS polysulfone 

PSP photoinduced postsynthetic polymerization 

PSS poly(sodium 4-styrene-sulfonate) 

PTFE poly(tetrafluoroethylene) 

PVA polyvinyl alcohol 

PVAm polyvinylamine 

PVDF poly(vinylidene fluoride) 

RTIL room temperature ionic liquid 

SA sodium alginate 

SAXS small-angle x-ray scattering 

SEM scanning electron microscope 

SHMOs sulfonated lithium ion-sieves 

St styrene 

S-ZrO2 sulfated zirconia 

TA tannic acid 

TB Tröger’s Base 

TEOS tetraethoxysilane 

TEM transmission electron microscope 

TMC trimesoyl chloride 

UF ultrafiltration 

UV ultraviolet 

VI vinylimidazole 
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VP 4-vinylpyridine 

VPA vinylphosphonic acid 

ZIF zeolitic imidazolate framework 

 

1. Introduction 

Membrane technology provides a novel separation technology using a selectively 

permeable membrane as a mass separation agent. It achieves separation, purification, 

enrichment or concentration of components in feed stocks under the certain driving 

force (such as pressure difference, concentration difference, or electric potential 

difference) between two sides of the membrane. Owing to the low energy 

consumption, environment-benign, compact design and facile operation attributes, 

membrane technology plays an increasingly critical role in energy and environment 

relevant applications, such as carbon capture, fuel cell, alcohol fuel production, 

wastewater treatment and desalination [1-3]. 

Synthetic membranes are the core part of membrane technology. Compared with 

homogeneous membranes, heterogeneous membranes which contain at least two 

different kinds of materials within membrane bulk structure have found more and 

more applications in diverse membrane processes [4-9]. The superiority of a 

heterogeneous membrane lies in its inherent capability to integrate the discrepant 

features and its high freedom degree to manipulate the multiple interactions and the 

synergistic effect. Typical heterogeneous membranes consist of the composite 

membranes comprising of a separation layer and a support layer, as well as the mixed 

matrix membranes (MMMs) comprising of a polymer matrix and a filler. A composite 
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membrane with dense separation layer and porous support layer is an ingenious 

configuration adopted by several membrane processes such as gas separation [7, 8], 

pervaporation [10, 11] reverse osmosis [12, 13] and nanofiltration [14]. The 

separation layer and the support layer can be separately optimized to simultaneously 

achieve high separation performance and desirable stability. Particularly, the 

fabrication of composite membrane with a ultrathin separation layer is deemed as a 

delicate strategy to achieve highly permeable membrane, which is one of the most 

important pursuits of membrane technology [15-19]. A MMM is a popular and 

intricately-structured membrane configuration owing to its merit of coupling the good 

flexibility and processability of polymers with the regular topological structure as 

well as the tunable chemistry and functionalities of the fillers  [20-24]. Impermeable 

fillers such as silica particles, graphene oxide nanosheets and organic/inorganic 

nanorods can induce a distortion of chain alignment leading to the improvement of 

free volume property, or induce the construction of long-range, ordered transport 

channels [25]. Permeable fillers such as metal-organic frameworks (MOFs), covalent 

organic frameworks (COFs), and zeolite can afford additional transport pathways and 

mechanisms including molecular sieving and selective adsorption [10, 11, 26]. 

Heterogeneous membranes present interfaces between different components and 

moieties. The interaction at such interfaces is one of the critical factors governing 

membrane performance [21, 23, 27]. On one hand, interfacial interactions have great 

impact on the nano-/molecular-scale assembly of membrane materials during 

membrane formation process, conferring tunable hierarchical structure (i.e., free 
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volume property) of membranes [28]. On the other hand, interfacial interactions have 

great impact on the rational manipulation of the synergistic effect between materials 

with discrepant features during membrane operation process, conferring the favorable 

physical/chemical properties of membranes [29, 30]. Therefore, the manipulation of 

interfacial interactions is deemed as a vital strategy to design high-performance 

membranes. Due to the diverse chemical structures of membrane materials, the 

interactions at membrane interfaces may be of different types with varied strengths, 

such as covalent bond, metal-organic chelation, hydrogen bond, electrostatic 

attraction, π-π interaction and hydrophobic interaction. At present, tresearch on 

manipulating interfacial interactions is primarily focused on dense membranes. For 

porous membranes (such as ultrafiltration/microfiltration membranes), the surface 

properties and the pore structures are more important than the membrane interface on 

the separation performance.  

This review highlights the recent advances in manipulating interfacial interactions 

of heterogeneous membranes with the emphasis on two kinds of typical interfaces: the 

separation layer-support layer interface in composite membranes and the polymer 

matrix-filler interface in mixed matrix membranes. Common methods for interfacial 

interactions manipulation of heterogeneous membranes are extensively summarized. 

The applications of manipulating interfacial interactions in probing 

structure-performance-processing relationships are illustrated using examples in 

typical energy and environment-related membrane processes such as gas separation, 

pervaporation and fuel cells. Finally, the tentative perspective on the possible future 

ACCEPTED M
ANUSCRIP

T



 

directions of manipulating interfacial interactions is briefly presented. 

Figure 1. 

2. Impact of manipulating interfacial interactions on membrane structure and 

separation performance 

2.1 Separation layer-support layer interface in composite membrane 

Composite membranes are generally fabricated via two steps: the preparation of a 

support layer and the formation of a separation layer on the support layer surface. 

Although the interface in composite membrane is macroscopic in scale, the interfacial 

properties are determined by microscopic molecular interactions. The manipulation of 

interfacial interactions between the separation layer and the support layer has a great 

impact on membrane structure and separation performance, in both membrane 

fabrication and membrane application processes. First, after casting the solution 

containing separation layer materials on the support layer surface, the difference in the 

surface properties of the two layers may generate a high interfacial tension during the 

solvent evaporation process. The interfacial tension subsequently leads to the uneven 

coating of separation layer and the formation of structural defects. For example, the 

separation layer materials in water-selective membranes should be hydrophilic to 

confer high affinity toward water, while the support layer materials should be 

relatively hydrophobic to confer sufficient mechanical strength and long-term stability. 

In this case, high interfacial stress/tension is often induced when hydrophilic 

membrane materials (dissolved in a polar solvent) are deposited on the hydrophobic 
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support layer. To address this issue, interfacial interactions should be finely 

manipulated to improve the interfacial compatibility and decrease the interfacial 

stress/tension. Second, when depositing the separation layer on the support layer 

surface, the interfacial interactions between the two layers affect the assembly of 

polymer chains and the resulting membrane structure. Last, during the membrane 

operation process, the interactions between permeating molecules and membrane 

materials often cause membrane swelling, and the separation layer generally exhibits 

much more pronounced swelling than that of the support layer. If the interfacial 

interactions are lower than the interfacial stress induced by the discrepant swelling 

properties of the two layers, the composite structure would become unstable, leading 

to deteriorated and variable membrane performance [31, 32].  

To sum up, manipulating the interfacial interactions in composite membrane is 

closely related to both the membrane structure and the separation performance: (i) 

enabling the formation of a uniform and defect-free separation layer via increasing 

interfacial compatibility; (ii) optimizing the membrane structure (free volume 

property) via interfacial cross-linking; (iii) elevating the membrane stability via 

enhancing interfacial bonding strength.  

In recent years, there is a tendency to fabricate the separation layer as thin as 

possible to achieve high permeation flux [15, 16, 33]. This tendency puts forward 

much more stringent requirements on manipulating interfacial interactions in the 

composite membrane since: (i) the separation layer is more liable to generate defects 

due to the lower concentration or quantity of the casting solution for a thinner 
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membrane; (ii) the interfacial zone takes up a larger proportion in the whole 

membrane; and (iii) the thinner membrane is much more affected by swelling. 

Therefore, it is recognized that manipulating interfacial interactions favors the 

formation of a robust ultrathin separation layer in the composite membrane [27]. 

2.2 Polymer matrix-filler interface in mixed matrix membrane 

The manipulation of interfacial interactions between the polymer matrix and the 

filler could improve the interfacial morphology, the filler dispersion, and the structural 

stability of MMMs, which subsequently lead to an enhanced separation performance.  

First, the incorporation of a filler generates an interfacial zone with a structure 

distinct from that of the polymer matrix. The interfacial morphology plays a key role 

in determining the transport process of the permeating molecules. There are four types 

of well-known interfacial morphologies: (i) ideal interfacial morphology, 

corresponding to the ideal Maxwell model prediction [34], (ii) interfacial voids or 

defects, (iii) interfacial rigidification (the surrounding polymer become rigidified), 

and (iv) pore blockage [20]. When the interfacial interaction between the polymer 

matrix and the filler is lower than the interfacial stress induced by their surface 

properties difference during the solvent evaporation process, non-selective interfacial 

voids are often formed, leading to a decrease in selectivity and an increase in 

permeability [35-38]. Moreover, the mobility of polymer chains in the interfacial zone 

can be restricted when the interfacial interactions are too strong, which results in an 

interfacial rigidification and a concomitant decrease in permeability [20, 38, 39]. 
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Usually, the rigidified polymer chains surrounding the particles will increase the 

diffusion selectivity because the free volume of the polymer matrix is decreased [40]. 

The phenomenon of chain rigidification can be confirmed by measuring the glass 

transition temperature (Tg). In most cases, pore blockage could also be caused by too 

strong interfacial interactions when a porous filler is used, that is, the polymer chains 

intrude into the pores of filler, and reduce the pore size. Pore blockage always leads to 

a decrease of permeability,  and usually will increase the selectivity when fillers with 

a pore size larger than that of the slow gas are utilized [40-42]. In contrast, pore 

blockage could decrease the selectivity when fillers with a pore size comparable to 

that of the fast gas are utilized [41, 42]. To some extent, the interfacial interaction 

governs the interfacial morphology and the transport behavior of the permeating 

molecules.  

Second, the aggregation and uneven distribution of fillers may occur when the 

polymer-filler interactions are insufficient to compete with the filler-filler interactions. 

In consequence, non-selective voids appear between the fillers and then decrease 

diffusion selectivity [43].  

Last, the strong interfacial interactions between the filler and the polymer are able 

to achieve highly efficient loading transfer from the polymer matrix to the fillers and 

inhibit the swelling of the polymer matrix [26, 29, 44]. In this case, the membrane 

stability and the mechanical strength can be enhanced after incorporating inorganic 

filler.  

The trend of fabricating thinner membrane also puts forward more stringent 
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requirements on manipulating the interfacial interactions in MMMs. (i) The filler in 

thinner membranes should have a smaller size [23], which possesses a higher specific 

surface area and a larger contact area with the polymer matrix. Therefore, the 

interfacial morphology has a more pronounced effect on membrane separation 

performance [29, 45, 46]; (ii) Fillers with a small size are more prone to aggregate 

due to the higher surface energy [22, 43, 45]. (iii) Thinner membranes often confront 

a more severe challenge in maintaining structural stability. 

3. Methods of manipulating interfacial interactions between the separation 

layer and the support layer 

Among the studies related to the composite membranes, many researchers focus on 

the manipulation of interfacial interactions to acquire an ultrathin separation layer, a 

hierarchical and robust membrane structure, and a superior separation performance. In 

general, the methods of manipulating interfacial interactions between the separation 

layer and the support layer fall into two categories: the separation layer modification 

and the support layer modification. Apart from the chemical compositions of the 

separation layer and the support layer, the morphological structure of the support layer 

(such as the surface roughness and the pore size) and the viscosity of the separation 

layer casting solution [47, 48] also have impact on the interfacial bonding strength via 

mechanical interlocking or pore intrusion. The relevant considerations are not 

described in detail in this review. 
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3.1 Modification of the support layer  

Support layer modification mainly refers to introducing functional groups on the 

support layer surface, thus tailoring the interfacial interactions and improving the 

structure in the interfacial zone. Based on the interactions between a modifier and the 

support layer, modification methods for the support layer can be further divided into 

physical methods (with non-covalent bonds between the modifier and the support 

layer, such as surface coating and surface segregation) and chemical methods (with 

covalent bonds between the modifier and the support layer, such as surface grafting 

and surface chemical treatment). Generally, most of the support layers are 

ultrafiltration/microfiltration (UF/MF) membranes. Therefore, most of the strategies 

for surface modification of the UF/MF membranes may be directly borrowed to 

manipulate the interfacial interactions between the separation layer and the support 

layer.  

3.1.1 Surface coating 

$$$Surface coating refers to depositing an intermediate layer on the support layer 

surface, which possesses favorable compatibility with both the separation layer and 

the support layer. The improved interfacial compatibility is in favor of alleviating the 

properties difference of adjacent materials and decreasing interfacial stress. The 

specific methods include dip-coating, spin-coating, or spray-coating. It is noteworthy 

that the introduction of intermediate layer has also been reported as an efficient 

approach to inhibit pore intrusion through reducing the pore size of support. In this 
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case, highly-permeable materials are always employed to avoid a remarkable decrease 

in permeance; and the intermediate layer does not perform the function of 

manipulating interfacial interactions. Moreover, for manipulating interfacial 

interactions, a very thin intermediate layer is always used, which does not have a 

considerable effect on inhibiting pore intrusion. Therefore, the role of inhibiting pore 

intrusion by the intermediate layer is not discussed in this review. Morelos-Gomez et 

al. [49] coated a ultra-thin polyvinyl alcohol (PVA) intermediate layer to increase the 

interfacial adhesion between the polysulfone support layer and the graphene oxide 

(GO) separation layer. The esterification reaction during the thermal treatment process 

introduces covalent bonds between PVA and GO. Consequently, the composite 

membrane with PVA shows a significant enhancement in membrane stability, as 

evidenced by the result of cross-flow test. In the previous studies performed by our 

group, carbopol (CP) [32], polycarbophil calcium (PCP) [50] and guar gum (GG) [51] 

have been employed as intermediate layers bridging chitosan (CS) separation layer 

and polyacrylonitrile (PAN) support layer. For example, in the CS/CP/PAN composite 

membrane [32], both the hydrophilicity and solubility parameter of CP lie between 

those of CS and PAN, ensuring a prominent improvement of interfacial compatibility. 

The interfacial peeling strength increases by four times after incorporating the CP 

layer. According to the molecular simulation results, the interfacial energy increases 

from -32.145 kJ/mol of CS/PAN interface to -77.020 kJ/mol of CS/CP interface and 

-156.802 kJ/mol of CP/PAN interface (higher absolute value implies stronger 

interaction). GG is a natural bioadhesive extracted from cyamposis tetragonolobus, 
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having a high viscosity even at a low concentration. Wu et al. [51] incorporated GG 

into the interface between CS and PAN, leading to a remarkable improvement in 

interfacial adhesion. 

The biomimetic adhesion inspired by the robust and non-specific adhesive behavior 

of mussels provides an elegant paradigm for surface coating method with exceptional 

universality [52]. Biomimetic adhesives bearing similar chemical structures to the 

functional constituent in adhesive protein (catecholamine) can conduct the 

simultaneous chemical polymerization process and physical assembly process under 

mild conditions, leading to the formation of a robust and ultrathin coating on diverse 

substrates [53, 54]. The biomimetic adhesion can be applicable in almost all kinds of 

membrane materials, ranging from inorganic ceramic to organic polysulfone (PS), and 

from hydrophilic CS to hydrophobic polydimethylsiloxane (PDMS) [55-58]. For 

example, Huang’s group  [57, 59-61] developed a generic method to facilitate the 

fabrication of continuous MOF membranes on various types of support layers via 

depositing polydopamine (PDA) as the intermediate layer (Fig. 2). The MOF building 

units (metal ions or organic ligands) can be adsorbed on the PDA surface via covalent 

and/or non-covalent bonds, thus promoting the nucleation of MOFs and the growth of 

well-intergrown MOF membranes. Zhang et al. [62] modified polycarbonate (PC) 

support with PDA prior to the GO assembly process to enhance the adhesion between 

the PC support and the GO layer. Furthermore, the chemically multi-functional 

properties of catecholamine structure allow for large variety of chemical reactions, 

which broadens the application scope and manipulation freedom of biomimetic 
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adhesion [28, 63-66]. Our group co-deposited biomimetic adhesive dopamine and 

poly(ethylene imine) (PEI) on PAN support layer, and then coated sodium alginate 

(SA) as separation layer [28]. PEI is anchored onto PAN surface through its Michael 

addition or Schiff base reactions with dopamine during the PDA formation process, 

thus introducing stronger electrostatic attractions (between PEI and SA) and hydrogen 

bonds (between PDA and SA) into the interfaces replacing the weaker hydrogen 

bonds between PAN and SA (Fig. 3). Meanwhile, the co-deposition of dopamine with 

PEI inhibits the generation of large PDA nanoparticles and forms uniform surface, 

which is in favor of depositing ultrathin separation layer. Zhang et al. [67] proposed a 

similar strategy to modify the PS support via the co-deposition of tannic acid (TA) 

and diethylenetriamine (DETA). The robust and ultrathin TA/DETA coating exhibits 

much higher wettability with the water contact angle approaching 0o. Thus, the 

diffusion of piperazidine during the interfacial polymerization process is greatly 

promoted to form thinner separation layer. 

Figure 2. 

Figure 3. 

 

For the surface coating of nanoparticles on a support, sol-gel coating is a 

preferential choice, which can deposit a tightly anchored thin layer with a large 

surface area and a nanoscale roughness on various supports [68]. The modified 

surface topological structure can greatly enhance the interfacial interactions. Chen’s 

group reported a simple low-temperature hydrothermal sol-gel coating technique to 
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deposit an ultrathin layer of TiO2 on hollow-fiber poly(vinylidene fluoride) (PVDF) 

support, followed by the amination of the TiO2 layer (Fig. 4) [68]. ZIF-8 membrane is 

deposited on the modified support by direct immersion in the working solution. The 

simultaneous improvements of both the topological structure and the chemical 

structure of the support surface ameliorate the interfacial compatibility between the 

support and the ZIF-8 membrane. Furthermore, the nucleation of ZIF-8 is also 

promoted to form a high-quality, ultrathin (1 µm) ZIF-8 membrane.  

Figure 4. 

 

Surface coating is a facile process which includes solution coating and solvent 

evaporation. Although the incorporated intermediate layer between the separation 

layer and the support layer renders an additional mass transfer resistance to some 

extent, the improved interfacial compatibility is in favor of the fabrication of an 

ultrathin and defect-free separation layer. Consequently, the incorporated mass 

transfer resistance of the intermediate layer can be partially offset. Currently, surface 

coating is one of the most commonly utilized methods to manipulate interfacial 

interactions between the separation layer and the support layer. 

3.1.2 Surface segregation 

Surface segregation is an in-situ surface modification method for the support layer 

fabricated via non-solvent induced phase separation (NIPS) [69-72]. Li et al. [69] 

utilized amphiphilic block copolymer Pluronic F127 as a segregation modifier to tune 

the surface composition of polyethersulfone (PES) support layer (Fig. 5). During the 
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membrane-formation process, F127 is dragged onto membrane surface by the 

hydrophilic polyoxyethylene (PEO) segments (the orange chains in Fig. 5) due to its 

higher affinity toward non-solvent water than that of PES. The abundant PEO chains 

exposed on the support layer surface (with a surface coverage of ~18%) are highly 

compatible with the PEO segments in Pebax (separation layer). Meanwhile, the 

hydrophobic polyoxypropylene (PPO) segments (the green chains in Fig. 5) form 

hydrophobic interactions with PES, thus anchoring F127 on the membrane surface. 

The enrichment of PEO segments on the support layer surface achieves a considerably 

higher interfacial bonding strength in comparison with Pebax/PES control membrane 

especially in swollen condition (as evidenced by a T-peeling test).  

Figure 5. 

 

The most remarkable advantage of the surface segregation method is that the 

nanopores on the membrane surface will not be blocked or covered as often occurred 

in the surface coating or the surface grafting methods, thus avoiding the additional 

transfer resistance for the permeating molecules. Although the simultaneous 

implementing of the membrane formation process and the surface modification 

process in surface segregation method seems simplifies the membrane fabrication 

process, the segregation modifier needs to be synthesized via copolymerization [70], 

post-grafting [71], or post-modification [72]. Therefore, the overall process of 

membrane fabrication is complicated. The major challenges and problems of the 

surface segregation method lie in: (i) the surface segregation method is generally used 
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for the hydrophilic modification of the support surface, and is suitable for the 

composite membrane with a polar/hydrophilic separation layer; (ii) the types of 

commercial modifiers for the surface segregation is limited, whilst the synthesis of 

novel modifiers is complicated and expensive; (iii) the weak noncovalent interactions 

between the modifier and the polymer matrix often leads to an insufficient long-term 

stability. 

3.1.3 Surface grafting 

Surface grafting refers to incorporating modifier molecules with target groups on 

the support layer surface via covalent reactions. For a ceramic support layer, the 

abundant hydroxyl groups on the surface can be utilized to react with various groups 

such as carboxyl, aldehyde or siloxane [73-75]. Huang et al. developed a simple 

seeding-free route to fabricate ZIF membranes via grafting 

3-aminopropyltriethoxysilane (APTES) on ceramic support layer surface as covalent 

linker [74, 75]. The amino groups on APTES could coordinate to the free Zn2+ centers 

and react with some functional groups on organic ligands (such as the aldehyde group 

of ZIF-90). As a result, the growing ZIF nanocrystals are anchored on the ceramic 

surface, forming a robust and continuous ZIF layer. However, most of the polymeric 

support layer materials possess a high chemical inertness, and can not be directly 

modified via common reactions. In these cases, an external assistance such as 

ultraviolet (UV) irradiation, ozone  [76], or plasma treatment [27] is often required. 

Zhou et al. [27] immobilized poly(methylhydrosiloxane) (PMHS) on PAN support via 

argon plasma and then fabricated the composite membrane by coating PDMS solution. 
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The mechanical interlocking and the chemical bonding between the PDMS layer and 

the modified PAN support confer an enhanced interfacial stability, as verified by the 

results of a crosshatch tape adhesion test and the decreased PDMS swelling degree. 

Liu’s group [77] modified poly(tetrafluoroethylene) (PTFE) support surface via 

plasma polymerization of ethylene diamine (EDA) and then conducted interfacial 

polymerization of EDA and trimesoyl chloride (TMC) to form a polyamide separation 

layer. The incorporated amino groups generate a chemically cross-linking structure 

between the separation layer and the support layer. 

3.1.4 Surface chemical treatment 

Surface chemical treatment refers to converting the existing groups on the support 

layer surface into other favorable functional groups via chemical reactions such as 

hydrolysis, sulfonation and plasma treatment. Among these reactions, the facile 

hydrolysis reaction of cyano groups under alkaline conditions and the formed 

carboxyl groups make PAN one of the most frequently utilized support layer material 

in various composite membranes with hydrophilic separation layers [78-80]. Zhang et 

al. [78] employed hydrolyzed PAN (H-PAN) as a support layer to induce the 

subsequent electrostatic interaction-driven layer-by-layer self-assembly process and 

form a separation layer on the H-PAN surface. Ma et al. [79] investigated the impact 

of PAN hydrolysis on the interfacial interactions of hyaluronic acid (HA)/PAN 

composite membranes. After PAN hydrolysis, the conversion of cyano group to 

carboxyl group increases the surface hydrophilicity of the support layer, subsequently 

improving the compatibility with HA. The increased interfacial peeling strength 
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(tested via a T-peeling experiment) and interfacial binding energy (calculated via 

molecular simulation) confirm the stronger interfacial interactions in the HA/H-PAN 

composite membrane. Besides the hydrolysis of PAN membrane, plasma is also a 

common chemical treatment method to modify the support layer surface. For example, 

Zhao and coworkers [81] conducted an air plasma treatment to introduce polar groups 

(such as hydroxyl groups) on PVDF membrane surface. The reaction of polar groups 

with the acyl chloride groups of TMC generates considerable reaction sites for the 

subsequent assembly of SiO2-NH2 and SA. Furthermore, covalent bonds are formed 

between the PVDF support layer and the SA/SiO2 mixed matrix separation layer. 

Compared with physical modification methods, the covalent bonds between the 

modifier and the support layer in the chemical methods confer the composite 

membrane with a higher stability. Nevertheless, the extensive application of chemical 

methods is still impeded by the following aspects: (i) the chemical reaction process 

has adverse impact such as pore shrinkage and collapse on the support layer structure, 

especially for polymeric supports; (ii) complicated pre-treatments such as chemical 

treatment, UV irradiation or ray irradiation has to be performed if there are no reactive 

groups on the support layer surface.  

3.2 Modification of the separation layer 

Separation layer modification refers to incorporating multifunctional molecules into 

the fabrication of separation layer, which plays dual roles in manipulating the 

interfacial interactions and optimizing the matrix structure of the separation layer. For 
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example, dopamine has been employed as an aqueous monomer to participate in the 

interfacial polymerization process with TMC on porous PES substrate [82]. The 

amino and hydroxyl groups on dopamine molecules react with the acyl chloride group 

on TMC, thus enabling the formation of a dense separation layer. Furthermore, the 

self-polymerization of dopamine occurs simultaneously to form PDA. The hydrogen 

bonds and π-π interactions between PDA and PES enhance the interfacial bonding 

strength, leading to an increase in the long-term solvent resistance of the composite 

membrane. Our group [83] introduced a bifunctional aminosilane 

γ-aminopropyltrimethoxysilane (APTMS) into PDMS matrix (Fig. 6): the siloxane 

group on APTMS reacts with the terminal hydroxyl group of PDMS as a cross-linking 

agent, meanwhile the amino group forms hydrogen bonds with PES support layer as 

an anchor (with APTMS enriched near the interface).  

Figure 6. 

 

Luo et al. [84] adopted a combined strategy to concurrently modify the support 

layer and the separation layer. On one hand, glass fiber support is functionalized with 

silane coupling (KH570) and then treated with UV to initiate the formation of CH2 

radicals on the surface. On the other hand, acrylamide monomer is incorporated into 

the membrane casting solution as a modifier. During the membrane casting process, 

the acrylamide monomer implements a polymerization reaction with CH2 radicals. 

The chemical crosslinking reaction at interface achieves a 32.6% enhancement in the 

interfacial bonding strength. 
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For methods of modifying the separation layer, both the functions of manipulating 

the interfacial interactions and optimizing the separation layer matrix structure should 

be comprehensively considered. Consequently, the choice of the modifier is severely 

restricted and the impact on the interfacial interactions is insufficiently exploited. 

Currently, more studies focus on the modification of the support layer. 

In comparison, the surface coating and the surface grafting are the most feasible 

and generic methods to manipulate the interfacial interactions between the separation 

layer and the support layer. One issue has to be considered for the surface coating 

method is the pore intrusion phenomenon. Biomimetic adhesion especially the 

co-deposition of biomimetic adhesives with polymers or organics containing 

nucleophilic amine/thiol groups seems to be a promising solution. The incorporation 

of an inorganic intermediate layer with a highly interconnected porous structure (such 

as nanofiber or nanotube mesh) is also beneficial. Grafting long molecular chains on 

the support layer surface via a polymerization reaction is of high efficiency in 

manipulating the interfacial interactions through the entanglement of molecular chains 

with the separation layer materials. However, surface grafting needs to be performed 

on the premise of retaining the original porous structure of the support layer, i.e., 

avoiding the pore collapse and blocking. In this case, incorporating an inorganic 

intermediate layer is also a viable strategy. Furthermore, constructing a nanoscopic 

structure on the support layer surface to achieve the synergistic manipulation of the 

chemical structure and the topological structure is supposed to be an efficient 

approach to optimizing the interfacial interactions. The rough surface increases the 
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interfacial interaction sites, and the entanglement of the polymer chains on the 

nanoscale structure further elevates the interfacial bonding strength through 

mechanical interlocking.  

Characterizing the interfacial bonding strength is the most straightforward strategy 

to evaluate the effectiveness of manipulating the interfacial interactions. The reported 

characterization methods mainly include peeling test [49] and nano-scratch test [85]. 

Peeling test is facile to be performed but with low repeatability and low accuracy. 

Furthermore, peeling test is only viable for flat-sheet membranes, thus restricting its 

application in tubular and hollow fiber membranes. Nano-scratch test shows a 

desirable result for the composite membrane with an inorganic support layer. During 

scratching the sample surface with a hard indenter under continuously increased 

loading, the polymeric separation layer shows the phenomena of crack and subsequent 

failure, where failure means the peeling off of the separation layer from the support 

layer. The interfacial bonding strength can be evaluated by the critical loading at 

failure. However, when the separation layer and the support layer are both polymeric 

materials, especially when they possess similar mechanical properties, the hard 

indenter would lacerate the separation layer and the support layer together under a 

high loading before the peeling off occurs. Therefore, the critical loading values are 

not available in these cases. In summary, it remains a challenge to accurately measure 

the interfacial bonding strength between the polymeric separation layers and the 

support layers, which is also an important research topic for the composite membrane 

in the future. 

ACCEPTED M
ANUSCRIP

T



 

4. Methods of manipulating interfacial interactions between the polymer 

matrix and the filler 

The manipulation of the interfacial interactions between the polymer matrix and the 

filler can be classified into three strategies: modification of polymer material, surface 

modification of filler and optimization of membrane fabrication approach. In regard to 

polymer material, the polarity of polymer should be well-matched with the functional 

groups on filler surface to lower the mixing enthalpy [20, 45]. Meanwhile, the 

polymer chain rigidity is also an important factor influencing interfacial morphology 

[20, 45]. However, the modification of polymer material is greatly hindered by the 

demand of retaining the intrinsic properties of polymers (such as separation 

performance, stability, mechanical strength), as well as simplifying the modification 

steps. Comparatively, the surface modification of filler, which can be classified into 

modification of chemical structure and modification of topological structure, is more 

feasible and more commonly utilized. The modification methods of chemical 

structure can be subdivided into synchronous modification, post modification and 

utilization of organic components-containing fillers. 

4.1 Modification of the filler’s chemical structure 

4.1.1 Synchronous modification 

Synchronous modification of the filler’s chemical structure means adding 

modifying molecules during the formation of filler to generate functionalized filler 

surface. Generally, the modifier should form strong interactions (such as covalent 
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bond [86, 87] and metal-organic chelation [88]) with inorganic precursors, and the 

reaction conditions should match with the fabrication conditions of the inorganic 

filler. 

For the inorganic fillers fabricated via sol-gel method, such as silica and some 

metal oxides, silane coupling agent (R-Si [OR’]3) is a representative type of 

synchronous modifier. In this case, both the inorganic precursor and the modifier 

perform hydrolysis and polycondensation reactions, thus forming Si-O-T (T 

represents Si or metal atom) covalent bonds between them. Wark’s group [86, 87] 

fabricated sulfonated mesoporous silica via the co-condensation of 

γ-Mercaptopropyltrimethoxysilane (MPTMS) and silica precursor (Na2SiO3), and the 

subsequent oxidation process of thiol groups. The -SO3H group density achieves up to 

2.3 mmol/g when the molar ratio of MPTMS is 40 %, much higher than the 1 mmol/g 

of -SO3H group prepared by post-grafting method. For most of the metal oxide fillers, 

molecules with chelating groups can also be employed as a modifier to form 

metal-organic chelation interactions.  

Specifically, for MMMs fabricated via in situ sol-gel method, the formation of the 

inorganic filler occurs in membrane casting solution, and the synchronous 

modification is the only solution to filler modification [88, 89]. Valle et al. [89] 

fabricated hierarchical MMMs via one-pot in situ generation of mesostructured silica 

in polymer matrix. The silica-polymer interactions are confirmed to be predominantly 

decisive for the homogeneity of silica phase, and can be manipulated by incorporating 

organosilane precursors (R-Si [OR’]3) to co-condense with tetraethoxysilane (TEOS). 
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Besides the noncovalent interactions between the functionalized filler and the polymer 

matrix, covalent bonds can be formed via the dehydration reaction between the 

hydroxyl groups of the polymer matrix and the hydrolyzed T-OH groups of the 

inorganic precursor in some cases. The incorporation of the modifier not only affects 

the noncovalent interactions at the membrane interface, but also influences the 

reaction activity of the T-OH groups, thus varying the amount of covalent bonds 

between the polymer matrix and the filler [88]. 

For MOF fillers, organic ligands with functional groups can be used to achieve a 

facile synchronous modification [26, 90]. Particularly, a modulation method can be 

utilized to achieve outer surface functionalities [91]. This method is conducted by 

using monodentate ligands with only one coordination site (modulators) during the 

synthesis of MOFs. The modulators compete with the multidentate linkers for 

coordination with the metal cations, resulting in monodispersed particles capped by 

the modulator molecules. This method can also tune the morphology of the MOF 

particles. Recent study indicates that this modulation method is highly effective in 

enhancing the interfacial adhesion. It is quite interesting to extend this method to 

optimize interfacial interactions of many other polymer/MOFs MMMs [90].  

In brief, synchronous modification methods can acquire a high density of functional 

groups on the filler surface, yet the types of fillers are mainly restricted to silica, metal 

oxides and MOFs. Most of the times, the modifier molecules should possess siloxane 

structure or chelating group. The modification effect of silane coupling agent depends 

on its relative reactivity compared with the inorganic precursor, while the chelation 
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process occurs instantaneously and is independent of the reaction rate of the inorganic 

precursor. Comparatively, the chelation modification displays a better adaptiveness 

[88]. 

4.1.2 Post modification 

Post modification of the filler’s chemical structure means attaching functional 

groups on the surface of previously prepared fillers via physical adsorption or 

chemical grafting methods. Additionally, the interfacial interactions can also be 

optimized via the incorporation of dual-fillers with diversified morphologies and 

chemical components.  

(1) Physical adsorption  

The representative materials for the physical adsorption are macromolecules, 

surfactants, and amphiphilic block copolymers [92, 93], which are attached on the 

filler surface via weak interactions such as hydrogen bond and hydrophobic 

interaction. It is conceivable that the adsorption materials, especially small molecules, 

are of poor stability and prone to loss during utilization. Noble and Lin’s group 

incorporated room temperature ionic liquid (RTIL) on the surface of SAPO-34 zeolite 

to compatibilize the zeolite with the styrene-based poly(RTIL) matrix [94, 95]. On 

one hand, RTIL can increase the interfacial adhesion and fill the interfacial voids 

between SAPO-34 and the polymer matrix. On the other hand, the chemical structure 

of RTIL and the intrinsic gas selectivity renders the formation of a selective layer in 

the interfacial region. In recent years, biomimetic adhesion has been employed as a 

promising physical adsorption method for the filler surface [96]. Biomimetic adhesive 
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dopamine can form a robust coating on the filler surface under mild conditions with a 

simple operation. Moreover, the chemically multi-functional property of dopamine’s 

catecholamine structure endows the method with a high universality for both the filler 

and the polymer matrix [97, 98]. Wang et al. [96] embedded PDA modified ZIF-8 in a 

Tröger’s Base (TB)-based polyimide, thus generating hydrogen bonds between the 

abundant secondary/primary amine groups on PDA molecules and the tertiary amine 

groups on TB-based polyimide. Zhao et al. [99] incorporated PDA modified multiwall 

carbon nanotubes (PDA-MWCNTs) into PEI solution. The resultant 

PEI/PDA-MWCNTs are utilized as an aqueous monomer to perform interfacial 

polymerization with TMC and form polyamide separation layer (Fig. 7). The Michael 

addition and/or Schiff-base reactions between PDA and PEI form covalent bonds at 

the polyamide/PDA-MWCNTs interface.  

Figure 7. 

 (2) Chemical grafting 

Chemical grafting is the most commonly utilized method for the filler modification. 

One advantage of chemical grafting is that the modifier is linked with the filler by 

robust covalent bonds, which can confer the superior interfacial stability. Another 

advantage is that the modification process is independent of the filler formation 

process, rendering a flexible choice for the modifiers and the corresponding grafting 

reactions.  

The frequently adopted chemical reactions to graft small molecules include the 

reaction between silane coupling agent and hydroxyl group, click chemistry reaction, 
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as well as the reactions between amino, carboxyl, acyl chloride, epoxy and hydroxyl 

groups [100, 101, 102]. Although the grafting density is limited by the amount of 

reactive groups on the filler surface and the steric hindrance effect, this method is 

highly generic and can be applied to almost all types of filler surface. For example, 

abundant hydroxyl groups exist on the surface of common fillers such as silica, metal 

oxide, and zeolite, thus commercial silane coupling agents can be employed as the 

modifier to introduce various functional groups including alkyl, vinyl, amino, epoxy, 

thiol, chlorine methyl, phosphoric acid groups, etc. It is noteworthy that the involved 

coupling reactions are very mild and efficient, and thus are widely used. Some of the 

functional groups possess a high chemical reactivity and can be further functionalized 

to acquire a target chemical structure. The plentiful chemical structures and reaction 

types provide strong basis for manipulating the interfacial interactions between the 

polymer matrix and the filler [103]. 

As for macromolecular modifiers, the chemical grafting method can be subdivided 

into two types, i.e., “graft to” and “graft from”. “Graft to” means grafting the 

previously synthesized macromolecular modifier on the filler surface via covalent 

reactions similar with grafting small molecules [104]. Liu and coworkers [104] 

prepared Nafion-functionalized MWCNTs through an ozone-mediated process, and 

then embedded them into Nafion matrix to fabricate Nafion/MWCNT-Nafion MMMs. 

Ozone oxidation together with thermal treatment can generate free radicals on the 

Nafion polymer chains and make them reactive toward MWCNTs. The similar 

chemical structure of the filler surface and the polymer matrix endows a favorable 
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interfacial compatibility. The chain entanglement of Nafion matrix with 

MWCNT-Nafion brings abundant interaction sites, thus providing stronger interfacial 

interactions. Nevertheless, the Nafion fraction in the MWCNT-Nafion is just about 12 

wt%, arising from the steric hindrance of the macromolecules and the low reactive 

group density. “Graft from” means inducing the polymerization reaction of monomers 

on the filler surface to form polymer chains. It can achieve a much higher grafting 

density due to the in situ growth of polymer chains from monomers and the avoided 

steric hindrance of macromolecules [101, 105]. Wang et al. [105] prepared two types 

of sulfonated lithium ion-sieves (SHMOs) via distillation-precipitation polymerization 

(Fig. 8): L-SHMOs with sulfonate polymer layer, and B-SHMOs with sulfonate 

polymer brush (the difference of the preparation process lies in the utilization of a 

cross-linker). Comparatively, polymer brush on the filler surface is much superior, 

because more functional groups on the polymer brushes are exposed to the polymer 

matrix, thus generating more interaction sites. It should be noted that pore blockage 

may occur when grafting macromolecules on the porous filler surface especially for 

“graft from” method, which can offset the function of the porous filler. 

Figure 8. 

 

(3) Incorporation of dual-fillers  

Carbon nanotubes (CNTs) are frequently utilized nanofillers in MMMs due to their 

exceptional properties such as high aspect ratio, inherently smooth interior channels 

and high mechanical strength [93, 106-108]. However, the tendency to be in bundles 
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arising from the strong van der Waals interactions hampers the full exploitation CNTs’ 

potential.  

In order to achieve the uniform dispersion of CNTs in the polymer matrix, 

composite materials with nanoparticles grown on CNTs have been employed [109, 

110]. Lin and coworkers [110] synthesized ZIF-8/CNT via the heterogeneous 

nucleation of ZIF-8 on the oxygen-containing groups of CNTs. The incorporation of 

ZIF-8 endows a favorable interfacial compatibility via the interactions between the 

organic linker of ZIF-8 and the polyimide matrix, and meanwhile leads to a decrease 

in the van der Waals interactions between CNTs. Consequently, the MMMs acquire a 

desirable dispersion and interfacial adhesion even at a high loading, as demonstrated 

by the quantitative results of tomographic focused ion beam scanning electron 

microscopy. 

GO posseses a amphiphilic 2D structure with a hydrophobic carbon backbone and 

hydrophilic polar groups on the basal plane and edges [111]. Therefore, GO can act as 

a surfactant to improve the dispersion of other nanofillers [112-114]. Li et al. [113] 

fabricated MMMs embedded with both CNTs and GO. The high affinity between 

these two nanofillers combines them together and gives rise to a win-win situation: 

the aggregation of CNTs could be prevented due to the strong steric effect of the 

lamellar-structured GO; the restacking of GO nanosheets is inhibited by the 

attachment of CNTs. As a result, the MMMs with dual fillers acquire superior 

interfacial interactions over single-filler MMMs  
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4.1.3 Utilization of organic component-containing fillers 

In recent years, organic component-containing fillers have aroused great attentions 

due to their inherently good interfacial compatibility with the polymer matrix and 

their post-functionalization availability. The most commonly utilized organic 

component-containing fillers include MOFs [29, 115-117], COFs [118-121], porous 

organic cages (POCs) [122], metal–organic polyhedras (MOPs) [123], polyhedral 

oligomeric silsesquioxane (POSS) [124-127], and organic nanopheres [128-130] etc.  

MOFs were firstly incorporated into polymer matrix by Won et al. in 2005 as an 

alternative of the conventional molecular-sieving materials such as zeolite and carbon 

molecular sieves [115]. The organic linkers on MOFs improve the interfacial 

compatibility with polysulfone matrix, thus eliminating the structural defects and 

acquiring an about 3-fold enhancement in H2/CH4 ideal selectivity. Due to the 

organic-inorganic hybrid feature of MOFs, both the organic linkers and the metal 

ions/clusters contribute to the interfacial interactions with the polymer matrix. 

Bachman et al. [29] synthesized series of M2(dobdc) (M=Mg, Mn, Co, Ni) 

nanocrystals as dispersed fillers in polyimide matrix. The coordinatively unsaturated 

metal sites on M2(dobdc) provide polymer-filler interactions with the strength 

increase in the order of Mg<Mn<<Co<Ni. As a result, the Co2(dobdc) and 

Ni2(dobdc)-embedded membranes with stronger interfacial interactions exhibit a more 

uniform distribution, a higher gas separation performance and a superior plasticization 

resistance (Fig. 9). The organic linkers can be functionalized for further improvement 

of interfacial interactions via the aforementioned synchronous or post modificaiton 
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methods [26, 96, 131, 132]. For example, Xiang et al. [26] introduced amino groups 

in ZIF-7 structure via the partial substitution of original benzimidazole ligand with 

2-aminobenzimidazole during the synthesis process. 

Figure 9. 

 

Very recently, COFs as a new family member of molecular sieves have been a hot 

topic in membrane applications due to their entirely covalent bonded structure, high 

permanent porosity, high thermal stability, high surface area and low framework 

density [118-121]. SNW-1 polymer nanoparticles with a major pore size of 0.5 nm 

and an extended aminal network were synthesized via melamine and 

terephthalaldehyde monomers, and then incorporated into polysulfone matrix to form 

MMMs via spin-coating [120]. The small size and the presence of abundant N-H 

moieties improve the homogeneous dispersion of SNW-1 in the polymer matrix and 

the interfacial interactions between the polymer matrix and the filler, thus forming a 

robust SNW-1/PS membrane. Zhao’s group [118] synthesized two types of layered 

COFs named NUS-2 and NUS-3 with different pore sizes, and then exfoliated them 

into nanosheets or even monolayers with high aspect ratios. The corresponding 

MMMs with poly(ether imide) (Ultem) or polybenzimidazole (PBI) as matrices 

achieves a highly homogeneous and defect-free structure due to the excellent 

compatibility between the COF nanosheets and the polymer matrices. 

Unlike MOFs or COFs, MOPs and POCs are soluble in many common organic 

solvents, which allows for an intimate mixing with the polymer matrix and the 
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formation of more favorable interfacial morphology. The combination of the solution 

processability with the precise pore size endows these types of fillers with an exciting 

potential in the mixed matrix membrane. Doonan’s group [123] confirmed the 

feasibility of POCs as an additive for MMMs, which can achieve the simultaneous 

enhancement in selectivity and permeability. 

POSS is a hybrid molecular intermediate between silica and siloxanes with an inner 

inorganic Si-O backbone (SiO1.5)n and external organic groups. The molecular-scale 

size of POSS, the diverse functional groups on POSS skeleton and the resultant good 

compatibility with polymers make POSS a promising candidate for various membrane 

materials and membrane processes [132-134]. POSS was firstly employed as a filler 

in the MMMs by Strachota et al. in 2001 [124]. Three kinds of functionalized POSS 

including octaTMA-POSS, amino-POSS, and epoxy-POSS were blended with CS to 

fabricate MMMs. The morphology and permeability of as-prepared membranes are 

significantly affected by the functional groups on POSS due to the remarkably 

different interfacial interactions. Huang et al. [126] fabricated polyimide/POSS 

MMMs via incorporating octa(aminophenyl)-POSS into polyamic acid matrix 

followed by a thermal imidization. The amine groups on POSS react with the terminal 

anhydride groups on polyamic acid, thus forming amide bonds between POSS and 

polyamic acid. During thermal imidization process, the amide bonds convert into 

imide bonds, which confer covalent-bonded interface between POSS and polyimide. 

The well-defined organic-inorganic crosslinking structure increases the thermal 

stability and the mechanical property of the membranes. Raaijmakers and coworkers 
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[125, 127] designed novel ultrathin polyPOSS-imide membranes with POSS cages as 

the main building blocks for the polymer network. As shown in Fig. 10, the interfacial 

polymerization process is performed with ammonium chloride salt functionalized 

POSS as the monomer in aqueous phase and hexafluoroisopropylidene dianhydride 

(6-FDA) as the monomer in organic phase. The acquired polyPOSS−(amic acid) 

membrane with a thickness of ~ 0.1μm is then treated at temperatures up to 300 °C to 

convert the amic acid groups into cyclic imide groups. The high loading of POSS 

(with imide/POSS molar ratio of 3.8) and the abundant interfacial covalent bonds 

impart the membrane with a high thermal stability.  

Figure 10. 

 

Currently, there are some other studies employing organic nanospheres as fillers to 

fabricate MMMs [128-130]. The similar physical and chemical properties of the 

organic nanosphere with the polymer matrix such as density, polarity or flexibility are 

beneficial to achieving ideal interfacial morphology. Additionally, the chemical 

structure of the filler surface can be expediently tuned by choosing a suitable 

monomer to perform the polymerization process. Moreover, the organic nanospheres 

could be highly permselective to some condensable gases such as CO2 given the 

chemical structures are properly designed [135]. In this case, the organic nanospheres 

have the function of inorganic molecular sieves, while are more compatible with the 

polymer matrix. 
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4.2 Modification of the filler’s topological structure 

Surface modification of the filler’s topological structure refers to creating a 

nanoscale structure on the filler surface to increase surface area and roughness. From 

the aspect of thermodynamics, the entropy penalty of polymer’s adsorption onto the 

rugged filler surface is substantially lower as compared to the case of a smooth filler 

surface due to the relatively insignificant conformation change [35]. Meanwhile, the 

topological roughness of the filler surface affords the polymer matrix a larger contact 

area and the consequent increase in interaction sites [35,136,137]. The entanglement 

of the polymer chains in the nanoscopic inorganic structure can further enhance the 

interfacial bonding strength [136,137]. Lydon et al. [137] modified aluminosilicate 

(LTA) and pure-silica (MFI) zeolites with MgOxHy nanostructures via four different 

methods including Grignard method, solvothermal method, modified solvothermal 

method, and ion exchange method (Fig. 11). Apparent voids appear between the 

pristine zeolite and the glassy polyimide Matrimid due to the high chain rigidity of the 

polymer matrix. Although all the modified zeolites show favorable membrane 

microstructures, the zeolite modified by the ion exchange method exhibits the highest 

surface roughness, the tightest attachment to zeolite, and the lowest degree of pore 

blocking.  

Figure 11. 

4.3 Optimization of the membrane fabrication approach 

Apart from the conventional physical blending and the in situ sol-gel methods, 
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there are some novel membrane fabrication approaches which can be adopted to 

improve the interfacial interactions in MMMs [138-141].  

Zhang et al. [142] proposed a simple coordination-driven in situ self-assembly 

method to fabricate MOFs-based MMMs. Zn(NO3)2 and the mixture of 

2-methylimidazole (Hmim) and poly(sodium 4-styrene-sulfonate) (PSS) are 

alternatively assembled on the substrate(Fig. 12). Driven by the coordination of Zn2+ 

with both Hmim and PSS, MOF nanoparticles in situ grow in the ultrathin polymer 

matrix. Due to the strong metal-organic coordination interactions at the interface, the 

MOF nanoparticles exhibits homogeneous dispersion within the PSS matrix.  

Figure 12. 

 

Electrostatic attraction is a relatively strong non-covalent interaction occurring 

between oppositely charged groups. However, simple blending of the charged fillers 

with the oppositely charged polymer may result in the precipitation of polymer-filler 

complex, leading to the failure of membrane formation [143, 144]. This issue can be 

circumvented by utilizing a layer-by-layer assembly method. Wang and Shen et al. 

[144-147] fabricated GO-based mixed matrix membranes via layer-by-layer assembly 

of the negatively charged GO nanosheets and the positively charged polymers such as 

PEI and poly(allylamine hydrochloride) (PAH). The strong electrostatic interactions 

between the polymer and the GO nanosheets promote the formation of membrane, 

and meanwhile confer the adequate interfacial bonding strength.  

Zhang and coworkers [148] performed a photoinduced postsynthetic 
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polymerization (PSP) strategy to covalently link MOF crystals with polymer chains 

(Fig. 13a). UiO-66-NH2 is first grafted with polymerizable functional groups (vinyl 

group) and then copolymerized with monomer butyl methacrylate (BMA) to form 

MMMs by exposing to UV light under mild and solvent-free conditions (Fig. 13b). 

Compared with the physical blending UiO-66-NH2/PBMA MMMs, the PSP-derived 

MMMs exhibit a much more uniform filler dispersion and favorable interfacial 

morphology (no interfacial voids) (Fig. 13c and d), due to the formation of numerous 

covalent bonds at the interfaces. Although this method is very efficient in creating 

covalent bonds, it require the polymer matrix to be formed by in situ polymerization, 

which remarkably limits the choice of polymers. It could be deduced that if a highly 

permselective polymer is linked to fillers by this method, the enhanced gas separation 

performance can be anticipated. 

Figure 13. 

 

Kertik and coworkers conducted a thermal oxidative treatment for a polyimide/ 

amorphous ZIF-8 membrane to covalently cross-link the polyimide with the 

imidazolate linker on ZIF-8 nanoparticles. As evidenced by the high-angle annular 

dark-field scanning-transmission electron microscope (HAADF-STEM) imaging and 

the increased glass-transition temperature, the cross-linking increases the interfacial 

interactions and eliminates the interfacial defects. This study demonstrates that the 

formation of covalent bonds at the interfaces is highly effective in eliminating 

interfacial defects, albeit interfacial rigidification and pore blockage may occur, as 
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indicated by the decreased gas permeability and increased Tg. Moreover, such a 

simple method of creating interfacial covalent bonds is quite fascinating for 

large-scale applications [149].  

He et al. proposed a generic approach for fabricating GO-based mixed matrix 

membranes with covalent-bonded interface (Fig. 14) [150]. First, GO is grafted with 

3-(meth-acryloxy)propyltrimethoxysilane (MPS) to introduce readily polymerizable 

methacrylate groups. Subsequently, surface-initiated precipitation polymerization is 

performed in the presence of monomer, crosslinker and initiator, leading to the growth 

of covalently crosslinked polymer network on GO surface, and forming GO/polymer 

core–shell nanosheets. GO/polymer membranes can be fabricated via a simple 

vacuum-assisted filtration assembly of GO/polymer core-shell nanosheets. The 

polymer composition of the membrane can be tuned by using various vinyl monomers 

to synthesize the core-shell nanosheets including methacrylic acid (MAA), 

vinylphosphonic acid (VPA), styrene (St), vinylimidazole (VI), 4-vinylpyridine (VP), 

n-isopropyl-acrylamide (NIPAM), acryla-mide (AA), and 4-chloromethyl styrene 

(CMSt). Furthermore, the polymer/GO ratio can be readily tuned by varying the 

polymerization time. Take mononer MAA as an example, GO/PMAA nanosheets with 

GO content ranging from 8.2 wt.% to 64.1 wt.% can be acquired with the 

polymerization time varying from 100 to 20 min. 

Figure 14. 

 

Obviously, optimization of the fabrication approach can effectively import strong 

ACCEPTED M
ANUSCRIP

T



 

interfacial interactions such as metal-organic coordination interactions, electrostatic 

attractions and covalent interactions, which are valid in eliminating interfacial defects. 

However, most of the approaches are much more complex than the widely used 

solution casting approach, thus their large-scale application remains a bottleneck. 

Among the above-mentioned approaches, the thermal oxidative treatment [149] is 

facile and efficient in elevating interfacial interactions and supprssing interfacial voids. 

Further improvement of this approach is to abate the severe interfacial rigidification 

possibly by fine-tuning the reaction kinetics.  

The aforementioned discussions present the advantages and disadvantages of 

various methods to manipulate the interfacial interactions. For the interfacial design of 

MMMs, one should select a proper method by taking several factors into 

consideration including the physicochemical properties of polymer and filler (rigidity 

and chemistry of polymer chains, morphology and chemistry of fillers), the separation 

performances of polymer and filler, and the physicochemical properties of the 

separation mixture. For example, the combination of a highly-permeable polymer of 

intrinsic microporosity (PIMs) with a molecular sieving filler is regarded as an 

optimal configuration for advanced MMMs with separation performance exceeding 

far beyond the Robeson upper bound [151]. However, the interfacial incompatibility 

issue becomes more serious when the highly rigidified PIMs are used as the matrix, 

mainly because the rigid polymer chains with low mobility make it difficult to 

conform to the filler morphology in comparison with softer polymers such as 

polyimide and Pebax. It is demonstrated that the presence of weak hydrogen bonds 
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between the −CN groups in PIM-1 and the NH functions at the ZIF-8 surface is 

insufficient to eliminate the microvoids at the interfaces attributing to the highly rigid 

backbones of PIMs [152]. Thus, stronger interactions at the interfaces should be 

imported.  

Jin’s group reported an effective interfacial design through creating a strong 

hydrogen bond network at the PIM-1/UiO-66 interfaces, as illustrated in Fig. 15 [151]. 

The introduction of abundant hydroxyl groups on polymer and amine groups on filler 

induces strong hydrogen bond interactions. The strong interactions greatly increase 

the interfacial compatibility, resulting in a nearly ideal and defect-free interface, as 

evidenced by the TEM image (Fig. 15b). The SEM images show the homogeneous 

dispersion of the NH2-UiO-66 nanoparticles in the PAO-PIM-1 matrix without any 

obvious particle aggregations. In contrast, the PAO-PIM-1/UiO-66 and 

PIM-1/NH2-UiO-66 MMMs with weaker interfacial interactions show obvious filler 

aggregations and interfacial voids. The weaker hydrogen bond interactions in 

PAO-PIM-1/UiO-66 membrane are also confirmed by a temperature-dependent 

infrared reflection spectroscopy. The gas permeation results reveal that the 

PAO-PIM-1/NH2-UiO-66 (30 wt%) membrane shows a two-fold increase of CO2 

permeability while maintaining the CO2/N2 selectivity of PAO-PIM-1, indicating the 

elimination of interfacial voids. In contrast, both the PAO-PIM-1/UiO-66 (30 wt%) 

and PIM-1/NH2-UiO-66 (30 wt%) with weaker interfacial interactions shows a 

remarkable decrease of CO2/N2 selectivity attributing to the presence of interfacial 

voids.  
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Figure 15. 

 

 In another study of PIM-1/NH2-UiO-66 MMMs, it is revealed that the filler size 

plays an important role in the interfacial interactions [40]. The PIM-1 incorporated 

with 5 wt% NH2-UiO-66 nanoparticles (20-30 nm) shows a strong interfacial 

adhesion, leading to rigidification of the surrounding polymers, as evidenced by the 

drastic increase of Tg and CO2/N2 selectivity. A reasonable explanation is that the 

nanosized MOF particles have a more extensive contact with the rigid polymer 

compared with much bigger particles. In this case, a weaker interfacial hydrogen bond 

strength is sufficient to eliminate the interfacial voids. When UiO-66 or NH2-UiO-66 

particles (100-200 nm) were incorporated into a much more flexible polyimide 

(Matrimid) at a 30 wt% loading, both the MMMs show an increase in Tg, CO2/CH2 

selectivity and CO2 permeability [90]. This result indicates that interfacial voids are 

much easier to be eliminated when a relatively flexible polymer is utilized, even in the 

case that an unmodified MOF is incorporated.  

 For the most popular microporous molecular sieving fillers, pore blockage by 

polymers may cause a big discount in the function of the high-performance fillers. In 

this case, a fine-tuning of the interfacial interactions is essential to suppress this effect 

to the greatest extent while eliminating the interfacial defects. For example, Lydon 

found that optimizing the surface roughness of zeolite can induce more extensive 

weak interactions including thermodynamic adsorption and physical interlocking at 

the polyimide/zeolite interfaces, and meanwhile circumventing the risk of pore 
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blockage by the modifier [137]. It should be emphasized that a high-molecular-weight 

modifier grafting or coating is especially prone to inducing pore blockage, thus it is 

not a preferential method for manipulating the interfacial interactions within a MMM 

containing molecular-sieving filler [96].  

 There is a trend toward utilizing microporous filler with a size much larger than that 

of the penetrant. For example, CuBDC MOFs with pore window of 5.2 Å and UiO-66 

MOFs with pore window of 6 Å have been demonstrated as highly effective fillers for 

improving CO2 separation membranes [40, 153]. In this case, it is much easier to 

manipulate the interfacial interactions to achieve desirable separation performance. 

On one hand, a moderate pore blockage or interfacial rigidification could increase 

selectivity by decreasing the pore size or lowering the free volume of surrounding 

polymers. On the other hand, the loss in permeance owing to chain rigidification 

could be compensated by MOFs with larger pore.  

 When a MMM system requires very strong interactions to overcome the interfacial 

incompatibility, the first idea coming to mind is to introduce covalent bonds or 

electrostatic interactions. However, most of the methods to introduce such a strong 

interaction contain complex membrane-fabrication steps. This issue can be addressed 

via two strategies: (i) the polymer or filler is modified with proper functional groups 

followed by exposing the resulting MMM to external stimulus such as heat or light to 

trigger a crosslinking reaction. (ii) the introduction of a high density of weak 

interactions such as hydrogen bonds and п–п stacking, which are much easier to be 

created, can also afford a strong interfacial adhesion.  
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5. Applications of manipulating interfacial interactions in energy and 

environment-related membrane processes 

In recent years, energy shortage and environmental deterioration have become two 

major worldwide challenges for the sustainable development of economy and human 

society. Membrane technology, as a green separation technology, plays an 

increasingly important role in clean energy, energy-saving, water treatment and 

emission-reduction [1, 3, 154]. This section describes the representative applications 

of manipulating interfacial interactions in various energy and environment-related 

membrane processes, and elucidates the structure-performance relationships of 

membranes based on manipulating the interfacial interactions. Due to the limited 

length of this review, the applications are confined to clean energy and carbon capture, 

and the membrane types are restricted to proton exchange membrane, pervaporation 

membrane, and gas separation membrane. 

5.1 Clean energy 

Developing clean energy is the major strategy to alleviate the energy crisis and 

reduce the pollution emission. Membrane technology has been widely applied in clean 

energy-related processes, and displays striking economic and technical advantages 

over some conventional technologies [155, 156]. In this section, the main applications 

of manipulating interfacial interactions in the clean energy-related membrane 

processes will be introduced, including the proton exchange membrane for fuel cell, 

and the pervaporation membrane for alcohol fuel recovery and dehydration. 
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5.1.1 Fuel cell  

Proton exchange membrane fuel cell (PEMFC) is a highly efficient, 

environment-benign and energy-conversion device with the potential to replace 

lithium batteries. At the heart of PEMFC is the proton exchange membrane (PEM). 

PEM performs the role of transporting protons and blocking electrons and fuels such 

as H2 and CH3OH [157]. In the optimization of PEMs, MMM has been frequently 

adopted as a rational and ingenious membrane configuration to overcome several 

persistent challenges such as low proton conductivity (especially at low humidity), 

low fuel-blocking properties and low stability under harsh conditions during fuel cell 

operation [158]. The polymer/filler interfaces remarkably affect the properties of 

MMMs in terms of transport properties and stability, and the manipulation of 

interfacial interactions holds the key to achieving the synergy of the two constituents 

for high-performance MMMs.  

The crucial role of manipulating the interfacial interactions is to facilitate the 

controlled assembly of the polymers with the fillers, leading to the creation of fast 

proton transport channels at the interfaces [159]. Superacidic sulfated zirconia 

(S-ZrO2) nanofibers (occupying 20 vol%) are incorporated into Nafion, resulting in a 

2.4 to 3-fold increase in proton conductivity. The hydrogen bonds between the 

superacidic groups on S-ZrO2 and the superacidic groups on Nafion facilitate the 

formation of long-range nanochannels with ionic-group aggregations, as confirmed by 

the TEM image (Fig. 16) [160].  

Figure 16. 
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Improving the interfacial compatibility to achieve a favorable interfacial 

morphology and obtain a better fuel-blocking property plays also an important role in 

manipulating the interfacial interactions in proton exchange membranes. Silica 

nanoparticles modified with various functional groups were incorporated into CS, 

giving rise to different interfacial morphologies as illustrated in Fig. 17 [161]. For 

case I, the quaternary ammonium cations on silica induces strong electrostatic 

repulsive interactions with CS, disrupting the ordered chain packing and increasing 

the fractional free volume (FFV), which was unfavorable for methanol-blocking 

property. For case II, the extensive hydrogen bonds between CS and silica or pyridine 

modified silica rigidify CS chains and reduce the FFV. Case III represents the 

interfacial morphologies of CS/sulfonated silica and CS/carboxylated silica MMMs. 

The presence of strong electrostatic attractive interaction remarkably reduces the FFV, 

leading to a decrease in methanol permeability by 42%-45% compared with that of 

CS/silica-QPy membrane. Moreover, the proton conductivity increases by 14-38% 

due to the construction of interfacial proton-transport channels. A series of polymer 

microcapsules (PMCs) have also been explored as fillers for mixed matrix PEMs [129, 

130, 162]. It is found that the PMCs are remarkably compatible with the polymer 

matrix due to similar physicochemical properties and favorable interfacial interactions. 

The optimal filler loading (up to 20 wt%) in membrane is much higher than that of 

purely inorganic filler [163]. Thus, the PMCs can better perform their functions such 

as retaining water and building ion congregated proton-transport nanochannels. The 
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interfacial interactions can be further improved via optimizing the monomers.  

 

Figure 17. 

 

Sanchez’s group discovered that a well-designed, multifunctional terpolymer (Fig. 

18) allows a multiple tuning of the different interfaces to yield sulfonated mesoporous 

silica based MMM with improved properties [164]. Sulfonated mesoporous silica is in 

situ sol-gel grown in poly [(vinylidene fluoride)-co-hexafluoropropylene] 

(poly(VDF-co-HFP)) copolymer to produce MMM. The presence of the interfacial 

terpolymer enables a high loading of filler, leading to the creation of a continuous, 

mesostructured, functionalized silica network in an inert organic matrix. The MMMs 

show both higher proton conductivity and better stability than the original MMM, 

arising from the occurrence of a better interface between the silica and 

poly(VDF-co-HFP)), as illustrated by Fig. 18. Moreover, this is the first example of 

synchronous tuning of the physical structure and chemical structure of filler for in-situ 

derived MMM, which needs to be further exploited.  

Figure 18. 

5.1.2 Alcohol fuel  

Alcohol fuel featuring cleanness and renewability has been an important alternative 

for fossil energy. During the fermentation and purification processes of alcohol fuel, 

membrane technology (mainly pervaporation technology) exhibits great potentials in 

achieving high-efficiency production via playing multiple roles in different stages: (i) 
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alcohol-selective membrane can be employed to remove alcohol from fermentation 

solution to avoid its inhibitory effect on yeast activity; (ii) water-selective membrane 

can be utilized to remove water from water/alcohol azeotropic mixture to obtain high 

purity alcohol [155, 165-168].  

Most of the pervaporation membranes related to the alcohol fuel production employ 

the configuration of composite membrane in order to obtain a high permeation flux. 

For water-selective composite membranes, depositing an ultrathin hydrophilic layer 

on the support layer surface via non-covalent bonds is the mainly adopted method to 

manipulate interfacial interactions. Our group employed PCP as the transition layer 

between CS separation layer and PAN support layer [50]. The hydrophilicity of PCP 

lies between that of CS and PAN, which is beneficial to ameliorating the interfacial 

compatibility between CS and PCP-modified PAN support. The electrostatic 

attractions and hydrogen bonds between CS and PCP afford a dense interfacial zone. 

As a result, the separation factor considerably enhances from 73 of CS/PAN 

membrane to 1635 of CS/PCP/PAN membrane with the permeation flux merely 

decreasing by 22% due to the small thickness of the PCP layer. Inspired by the 

biomimetic adhesion phenomena in mussel, our group incorporated ultrathin 

biomimetic adhesive layer between SA separation layer and PAN support layer via 

co-depositing dopamine and PEI on PAN surface [28]. The improved interfacial 

interactions (electrostatic attractions and hydrogen bonds) optimize the free volume 

properties and the swelling resistance of the composite membrane, leading to a 

pronounced elevation in selectivity. The optimal separation factor of as-prepared 
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SA/PEI–PDA/PAN membranes for water/ethanol separation reaches 1807 (29.6 times 

higher than that of SA/PAN membrane). Chung’s group [169] deposited PDA or PEI 

on ceramic support as an intermediate layer prior to the interfacial polymerization 

process. Comparatively, PEI deposition exerts more remarkable impact on the 

separation performance of the composite membranes. On one hand, the higher 

hydrophilicity of PEI benefits absorbing more m-phenylenediamine (MPD) 

monomers in the aqueous phase for the subsequent interfacial polymerization process. 

On the other hand, the abundant amino groups on PEI may react with TMC during the 

interfacial polymerization process and form robust chemical bonds between the 

separation layer and the support layer. For the pervaporation separation of 

water/isopropanol, the water concentration in the permeate increases from 76% to 

97.5% after incorporating PEI, while the flux decreases by 20%.  

However, the work about manipulating interfacial interactions in 

alcohol-permselective composite membrane has rarely been reported. The difficulty 

stems from its reverse-selective feature with larger molecules permeating 

preferentially and smaller molecules being intercepted. In most cases, the 

incorporation of stronger interfacial interactions aiming to improve the membrane 

stability restricts the mobility of the polymer chains in the interfacial zone, and gives 

rise to decreased size of free volume cavities. This result is detrimental to both 

permeation flux and separation factor. Therefore, the interfacial interactions should be 

manipulated more precisely to obtain a high membrane stability and appropriate free 

volume characteristics in the interfacial zone simultaneously. 
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MMMs have been deemed as a competitive separation layer configuration with 

regard to the membranes for alcohol fuel production due to its possibility to achieve 

high separation performance and stability in liquid environment (i.e., swelling 

resistance). For water-selective membranes, most of the employed polymers are 

hydrophilic materials with polar groups. Therefore, introducing polar groups on filler 

surface to decrease the mixing enthalpy and increase hydrogen bond sites is the 

frequently utilized strategy to improve the interfacial compatibility and strengthen the 

interfacial interactions [101, 170-172]. Zhao et al. synthesized polyacrylic acid 

(PAA)-functionalized Fe3O4 fillers via a one-pot method using the chelation between 

Fe2+ and carboxyl groups on PAA [173]. The abundant carboxyl groups on the filler 

surface confer a better filler dispersity and a stronger interaction with the carboxyl 

and hydroxyl groups on SA matrix. The resultant favorable interfacial morphology 

together with the enhanced hydrophilicity of the filler surface endow the MMM with 

a water/ethanol separation factor (1044) 100% higher than that of SA control 

membrane. Comparatively, the pristine Fe3O4 embedded MMMs exhibit severe 

aggregation, leading to the decreased separation factor of ~100. Wei et al. [174] 

functionalized NaA zeolite surface with amino groups to intensify the interfacial 

compatibility with the polymer matrix. The incorporation of modified zeolite achieves 

a 70% increase in water/ethanol separation factor compared with original zeolite. 

Zhang et al. [170] performed EDA modification to incorporate amino groups on ZIF-8 

surface and then increase the affinity with PVA matrix. The hydrogen bonds between 

PVA and EDA modified ZIF-8 promotes the uniform dispersion of ZIF-8 fillers and 
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enhances the interfacial bonding strength, as evidenced by the swelling test. The 

ameliorative interfacial morphology facilitates the selective permeation of water over 

isopropanol, leading to a two times higher water/isopropanol separation factor 

compared with that of original ZIF-8-embedded MMMs. 

For MMMs fabricated via in situ sol-gel method, the ways of manipulating the 

interfacial interactions are relatively limited. Our group employed a multifunctional 

modifier (3-(3,4-dihydroxyphe-nyl)propionic acid) (DHPPA) to mediate the sol-gel 

process of inorganic precursor TiCl4 in CS solution [88]. On one hand, the 

metal-organic chelation between Ti atoms and catechol groups on DHPPA occupies 

the reaction sites on Ti atoms, thus influencing the amount of interfacial covalent 

bonds and the condensation degree of the filler. On the other hand, carboxyl groups 

are introduced via DHPPA and form hydrogen bonds with amino and hydroxyl groups 

on CS. Consequently, the as-prepared MMMs achieve simultaneous improvement of 

hydrophilicity, swelling resistance and free volume properties. The permeation flux 

and separation factor for water/ethanol separation increase by 5% and 75%, 

respectively, compared with DHPPA-free MMMs.  

Organic fillers especially those with polar groups are promising for water-selective 

MMMs. Wang and coworkers [175] incorporated poly(ethylene 

glycol)-polyoctahedral oligomeric silsesquioxanes (PEG@POSS) with 

molecular-scale size and highly hydrophilic chains into SA matrix. The ether groups 

on PEG form abundant hydrogen bonds with the hydroxyl and carboxyl groups on SA, 

which disrupt the ordered packing of stiff SA chains, leading to an increase in 
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fractional free volume. The excellent interfacial compatibility arising from the 

molecular-scale mixing and the interfacial hydrogen bonds affords a uniform filler 

dispersion with filler loading up to 50 wt%, thus intensifying the impact of filler on 

the membrane structure and performance. Furthermore, the ultra-small size of 

PEG@POSS (1–3 nm) is in favor of fabricating thin separation layer. The as-prepared 

SA-PEG@POSS MMMs achieve a high performance for water/ethanol separation 

with a flux of 6919 g m-2 h-1, and a water content in permeate exceeding 99 wt%. 

The typical membrane material for alcohol-selective pervaporation is PDMS, a 

semi-inorganic polymer with a Si-O backbone and methyl groups. Although the high 

chain flexibility of PDMS is propitious to improve the interfacial morphology, the 

optimization of membrane separation performance is still subject to the constraints of 

the weak interfacial interactions between the filler and the PDMS matrix, as well as 

the poor dispersion of the filler in the organic solvent (such as n-heptane)  

[47,176-180]. Currently, the most commonly utilized fillers in alcohol-selective 

membranes are zeolite and MOF. Due to the existence of abundant hydroxyl groups 

on the zeolite surface, grafting silane coupling agents via silylation reaction is a facile 

strategy to manipulate the interfacial interactions. Liu and coworkers proposed a 

grafting/coating method to improve the interfacial interactions between zeolite ZSM-5 

and PDMS matrix [181]. ZSM-5 is first grafted with n-octyltriethoxysilane (OTES) to 

introduce hydrophobic alkyl chains on the surface, and then immersed in diluted 

PDMS solution to adsorb a thin PDMS layer via chain entanglements of PDMS and 

OTES (Fig. 19). The PDMS coated ZSM-5 possesses a favorable interfacial 
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compatibility and stronger interfacial interactions with PDMS matrix. The total 

interaction energy of zeolite–PDMS is greatly increased by almost 100 times after 

surface modification according to the results of molecular dynamics simulations. The 

uniform dispersion of modified ZSM-5 can be observed even at a high loading of 40 

wt%. As a result, the corresponding MMM exhibits a 75% higher separation factor for 

ethanol/water mixture compared with the pristine ZSM-5-embedded membrane. 

Various hydrophobic MOFs such as ZIF-8 [10], ZIF-71 [182] and MAF-6 [183] have 

been utilized as fillers for alcohol-selective MMMs without further modification. The 

existence of hydrophobic organic ligands endows favorable interfacial compatibility. 

Jin’s group incorporated methyl–POSS (possessing similar chemical elements and 

groups with PDMS) to manipulate the free volume properties of PDMS matrix via the 

molecular interactions between PDMS and methyl-POSS [184]. An improvement in 

the free volume cavity distribution is obtained with small free volume cavities 

reducing and large free volume cavities increasing (Fig. 20). Consequently, the 

permeability and the selectivity of MMMs for butanol/water separation are improved 

by 3.8 and 2.2 times, respectively, compared with pristine PDMS membrane.  

In above examples, non-covalent interactions such as van der Waals force and 

physical entanglement contribute to the favorable interfacial morphology. The 

terminal hydroxyl groups or amino groups on PDMS render possible routes to form 

covalent bonded PDMS-filler interface [185], which is more effective in elevating 

membrane stability. 

Figure 19. 
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Figure 20. 

 

For pervaporation membranes, the liquid working environment and the small size 

difference between permeating molecules make the membrane stability more critical 

and challenging. Therefore, the interfacial interaction needs to be carefully considered 

when designing a high-performance pervaporation membrane. Comparatively, the 

surface modification methods and modifiers for the fillers in water-selective MMMs 

are more abundant, due to the higher reactivity of polar groups. As regards to the 

fillers in alcohol-selective MMMs, the dominating surface modification strategy is 

incorporating hydrocarbon chains via chemical grafting. 

5.2 Carbon capture 

Gas separation membrane technology offers an environmentally benign and 

low-energy consumption strategy to achieve carbon capture and reduce CO2 emission. 

This section aims to summarize the important advancements in composite membranes 

and MMMs for CO2 capture, with a focus on elucidating the role of manipulating 

interfacial interactions on membrane structure and performance. 

To achieve a high CO2 flux, the separation membrane should be as thin as possible 

and the composite membrane with a porous support layer holds the key to this target. 

To prepare a highly permeable composite membrane with a defect-free and robust 

separation layer, our group explored a platform technique combining 

non-solvent-induced phase separation and surface segregation to fabricate porous 
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support membranes with abundant CO2-philic PEO segments on the surface [69]. 

Pebax bearing the same structural unit (PEO) is selected as the separation layer. The 

increase of interfacial interactions and selective CO2 sorption within the interfacial 

zone endows the composite membranes with high CO2 permeance (1670 GPU, 

increasing by 2 times), high CO2/N2 selectivity (85.4, increasing by one time), and 

high structural stability under a humidified condition. To address the issue of pore 

penetration for composite membrane, the support layer is usually modified with 

highly permeable polymers such as PDMS [33, 56]. However, the hydrophobic 

PDMS always shows a poor adhesion with the separation layer because most of the 

superior CO2 separation membrane materials are polar or highly hydrophilic. Li and 

coworkers reported a universal bio-adhesion approach to solve this difficulty by using 

PDA as a molecular bridge [56]. PDA is selected to modify the PDMS coated support 

layer for promoting the formation of an ultrathin polyvinylamine (PVAm) separation 

layer. The presence of PDA induces multiple interactions including hydrogen bonds, 

electrostatic attractions, and covalent bonds at the interfaces, leading to the uniform 

spread of PVAm aqueous solution and the formation of a defect-free PVAm layer. The 

resulting composite membrane exhibits high CO2 permeance up to 1900 GPU, and 

high CO2/N2 selectivity up to 85, as well as excellent long-term stability of separation 

performance.  

In recent years, MMMs for carbon capture have received increasing attention, 

because MMMs combine the low cost and excellent processability of polymers with 

the outstanding separation properties and stabilities of inorganic materials, especially 
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porous materials such as zeolite, carbon molecular sieve, MOF, etc. [186]. Due to this 

advantage, MMMs have been frequently verified to be capable of overcoming the 

trade-off between permeability and selectivity. For MMMs, non-selective defects are 

usually observed due to the unfavorable interactions and incompatible interfaces 

between the polymer and the filler. Since gas molecules are particularly sensitive to 

the defects, the membrane shows a considerable decline of selectivity. Moreover, 

when incorporating a large content of fillers into a polymer, filler aggregation readily 

occurs, which is usually unfavorable for the selectivity and mechanical stability of the 

membrane. To address these challenges, frequently adopted approaches include 

surface chemical modification of filler, surface topological modification of filler, 

modification of polymer, optimization of membrane fabrication approaches, etc.  

Since the first report of MOF-based MMMs in gas separation [115], MOFs with 

high porosity, structural diversity and chemical tunability have drawn considerable 

interest as a promising filler [187-189]. Venna and coworkers found that manipulating 

the interfacial interactions of Matrimid/UiO-66-NH2 MMMs significantly influences 

the separation performance and mechanical property [190]. Four kinds of MOFs 

having polar, nonpolar, or aromatic surface functional groups induce varying 

interactions at the interfaces. As a result, the membrane containing aromatic-modified 

MOFs shows the highest CO2 permeability CO2/N2, in comparison with the MMMs 

containing pristine, alkane and carboxyl-modified MOFs. The underlying reason is 

that the aromatic-modified MOFs induce stronger interfacial interactions (hydrogen 

bond and π-π stacking) with the polymer in comparison with the other MOFs, thus 
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leading to more compatible and defect-free interfacial morphology. Li et al. [44] 

reported the incorporation of ZIF-8 loaded with ionic liquid into Pebax. Toughening 

interfaces are formed due to the strong hydrophobic-hydrophobic interaction between 

the filler and the polyamide block of the Pebax. The resulting membrane with 15 wt% 

filler shows a substantial enhancement in both CO2 permeability (increasing by 45%) 

and selectivity (increasing by 74% for CO2/N2 and 92% for CO2/CH4), as well as in 

mechanical properties over pure membrane. In comparison, the Pebax/ZIF-8 

membranes without ionic liquid shows decreased selectivity, manifesting the 

formation of non-selective defects at the interfaces. Su et al. [30] fabricated robust PS 

MMMs with the loading of MOFs up to 50 wt% via priming the MOFs with a thin 

polymer layer to increase the interfacial interactions. The MMMs exhibit homogenous 

distribution of MOF crystals and favorable interfacial interactions as indicated by the 

SEM images and the increased Tg, respectively. The high loading of MOF crystals 

increases the interconnectivity of inorganic phase, rendering the formation of a 

high-efficiency transport pathway inside MOFs parallel to the pathway in dense 

polymer region, which subsequently leads to an 8-fold increase of CO2 permeability 

compared with pure PS membrane.  

High-permeability polymers rarely yield sufficient selectivity for energy-efficient 

CO2 capture. Ghalei et al reported a substantial CO2/N2 selectivity enhancement by 69% 

within high-permeability PIM-1 as a result of the efficient dispersion of 

amine-functionalized, nanosized UiO-66 MOF. As a comparison, the MMMs 

incorporated with large, unmodified UiO-66 only maintain the selectivity of PIM-1 
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[40]. The formation of non-selective defects at the interfaces is minimized due to the 

efficient dispersion of the nanosized fillers (20–30 nm). Amination of UiO-66 

enhances the interaction with the PIM-1 matrix, leading to interfacial rigidification 

and an enhanced selectivity of the membrane. Although the rigidification also causes 

lower permeability, the filler content (5 wt%) is very low and the UiO-66 itself is a 

large-pore system which compensates for the loss in PIM-1 permeability. Thus, the 

membrane only shows a minimal decrease of permeability. To provide insight into the 

adhesion process between PIM-1 and UiO-66, a series of simulations are conducted 

using the Adsorption Locator and Forcite programs, which confirm that the enhanced 

PIM-1/UiO-66-NH2 interfacial adhesion is primarily due to the hydrogen bonds at the 

corrugated interfaces. 

The modification of fillers with biomimetic adhesion has been demonstrated as a 

universal approach to manipulate the interfacial interactions and optimize the 

interfacial morphology within gas separation membrane. This is due to that the 

biomimetic adhesives such as PDA could strongly adhere to both the polymer matrix 

and fillers via multiple interactions [96, 191]. Li et al. constructed robust interfaces in 

Pebax matrix via incorporating Fe3+–dopamine nanoaggregates, as intrigued by the 

mussel’s Fe-fortified adhesive system [192]. The organometallic fillers could 

efficiently disrupt polymer chain packing, and the Fe3+/dopamine ratio could finely 

manipulate the interfacial polymer–filler interactions, as illustrated in Fig. 21. The 

MMMs with low Fe3+/DA exhibit strong interfacial interactions, high CO2/CH4 

selectivity (>70) and moderate CO2 permeability, whereas the MMMs with high 
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Fe3+/DA exhibit weak interfacial interactions, high CO2 permeability (>100 Barrer) 

and moderate CO2/CH4 selectivity. Jin’ group [96] reported the incorporation of PDA 

modified ZIF-8 (ZIF-8@PDA) into Tröger’s Base based polyimides (PI). The PDA 

coating confers stronger interfacial adhesion due to abundant hydrogen bonds at the 

interfaces(Fig. 22). The resulting MMM shows a 30% enhancement in CO2/CH4 

selectivity, whereas the CO2 permeability decreases by 27% compared with the 

PI/ZIF-8 MMM. The decrease of CO2 permeability may be due to the fact that the 

PDA coating blocks the pores of ZIF-8 and reduces the interfacial voids. Dong et al. 

[193] proposed the similar strategy to incorporate ZIF-8@PDA into Pebax matrix, 

achieving a 25% increase in CO2/N2 selectivity, and a 25% increase in CO2 

permeability. 

Figure 21. 

Figure 22. 

 

 Most of the studies about increasing the interfacial interactions in MMM focus on 

modifying the fillers. However, many polymers do not have functional groups that 

can interact strongly with a filler. In this case, modification of the polymer is an 

essential step to increasing the interfacial interactions. Tien-Binh et al. reported the 

simultaneous functionalization of polymer and filler to optimize the interfacial 

interactions [193]. Amino-functionalized MOF (NH2-MIL-53) and 

hydroxyl-functionalized co-polyimides are employed to incorporate hydrogen bonds 

at the interfaces. Comparatively, the increase of Tg after introduction of MOFs is more 
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pronounced for hydroxyl-copolyimides (FDH) than that for pristine polyimide (FD), 

confirming the stronger interfacial adhesion in FDH MMMs. As a result, the FDH 

MMMs show a 5 times increase in CO2/CH4 separation factor compared with FD 

MMM. Similarly, NH2-MIL-53-based MMMs also obtain higher separation factor 

than that of MIL-53-embedded MMMs.  

Koros’s and Nair’s groups proposed a general method independent of membrane 

materials to engineer polymer/filler interfacial adhesion via creating a whisker 

structure on the filler surface [136,137]. With rigid Ultem as polymer matrix and 

zeolite 4A as filler, apparent nonselective voids form at polymer/filler interfaces due 

to the poor adhesion between these two phases, leading to a decrease in elastic 

modulus and selectivity. After topological modification of zeolite 4A, an improved 

interfacial adhesion is obtained arising from the thermodynamically induced 

adsorption, increased contact area and physical interlocking of the two phases. The 

increased selectivity (~60% higher) for defect-sensitive gas pairs can act as a proof of 

the eliminated defects in membrane on the angstrom scale. A higher elastic modulus is 

obtained compared with pristine Ultem membrane and membrane filled with original 

zeolite 4A. Lin et al. reported a polyimide-based MMM incorporated with 

NH2-MIL-101(Al) decorated CNT fillers [195]. The MOF particles increase the 

surface roughness of CNTs, leading to an increased contact area, while the amino 

groups increase the hydrogen bond strength at the interfaces. This simultaneous 

modification of topological structure and chemical structure of the fillers greatly 

enhances the interfacial interactions. Consequently, the MMM with MOF/CNT fillers 
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shows dramatically increased CO2 permeability (818 barrer) and CO2/CH4 selectivity 

(29.7), exceeding the 2008 Robeson upper bound. In comparison, the MMM 

incorporated with unmodified CNT fillers shows lower CO2/CH4 selectivity than that 

of the control polyimide membrane.  

The in situ synthesis of polymer matrix or filler is a common strategy to introduce 

strong interfacial interactions. Lin et al. reported a MMM with fortified interfacial 

interactions through optimizing the membrane fabrication process [196]. 

Micrometer-sized MOFs (Cd-6F) using 6FDA as an organic ligand are incorporated 

into a 6FDA-ODA polyimide, which is synthesized by in situ polymerization in the 

presence of Cd-6F. During the polymerization, ODA not only reacts with 6FDA to 

form polyimide but also introduces a specific interaction with the −COO‑ on the 

surface of Cd-6F, leading to significantly elevated interfacial adhesion. Consequently, 

the MMM shows a 3.4 times increase in CO2/N2 selectivity compared with the 

6FDA-ODA/Cd-6F MMM via physical blending method, while the CO2 permeability 

only decreases by 7%. Shahid and coworkers proposed a novel approach to develop 

MOF based MMMs by using the self-assembly of MOF and polymer particles 

followed by their controlled fusion [197]. The MOF-polymer interactions are 

optimized via this approach and the MOF-polymer incompatibility, MOF aggregation 

and MOF distribution problems are overcome even at 40 wt% loading of MOFs. 

Firstly, Matrimid polymer particles are fabricated through precipitating a Matrimid 

polymer solution in water. Then, the surface of these particles is functionalized with 

imidazole groups, thus creating interaction sites with the selected ZIF-8. ZIF-8 
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nanoparticles are then in situ grown in this functionalized polymer particle suspension 

through adding the precursors for ZIF-8 synthesis. The resulting suspension is cast 

followed by annealing in a solvent–vapor environment to induce particle fusion, 

giving rise to a dense mixed matrix structure. As a result, the MMMs acquire an 

excellent dispersion of ZIF-8 and a strong ZIF-8-polymer interfacial adhesion 

(metal-organic chelation), leading to an increase of CO2 permeability by 200% and 

CO2/CH4 selectivity by 65% compared with the pure Matrimid membrane. 

Although most of the fillers for MMM are inorganic materials, polymer filler based 

MMM also shows impressive results due to its distinctive features of better 

compatibility with the polymer matrix [128]. Halim et al. reported the incorporation 

of soft polymeric nanoparticles based on poly(ethylene 

glycol)-b-poly(dimethylsiloxane) (PEG-b-PDMS) grafted star polymers as a filler in 

Pebax matrix [135]. The employment of controlled radical polymerization enables the 

synthesis of fillers with a core/shell structure, which in turn control the size of the soft 

CO2 permeable core and the compatible shell (PEG). The mixed matrix active layer 

loaded with 40 wt% filler shows CO2 permeance of 4760 GPU (increase by 10.5 

times) and CO2/N2 selectivity of 19 (decrease by 47%). These results demonstrate the 

remarkable capacity of polymeric nanoparticles to form highly CO2 permeable 

domains within a selective matrix. 

When preparing a MMM on a porous support, both the polymer-filler interfaces 

and MMM-support interfaces should be judiciously manipulated. Kong et al. 

fabricated an organosilica/MOF membrane on a tubular, porous ceramic substrate 
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through coating organosilica sol/MOF solution on the support followed by 

condensation reaction of the organosilica polymer sol to form a robust silica network 

[198]. The organosilica network and MOF filler match very well due to their organic–

inorganic hybrid nature, leading to a homogeneous filler dispersion and a good 

interfacial compatibility within the separation layer. The organosilica network also has 

a high affinity towards the ceramic substrate, affording a very tight adhesion between 

the separation layer and the support layer. These modified interfaces facilitate the 

fabrication of an ultrathin MMM (< 150 nm) with outstanding gas separation 

performance.  

In the attempts to increase the interfacial interactions of MMMs, an increase in 

selectivity and a decrease in gas permeance is usually observed, which is mainly due 

to two reasons: (i) the non-selective defects are sealed, (ii) the polymer matrix is 

rigidified by the stronger interfacial interactions [40]. Therefore, it is still a challenge 

to simultaneously increase gas permeance and selectivity, particularly for MMMs 

containing non-porous fillers. To address this issue, the incorporation of porous fillers 

or polymeric fillers into MMMs seems to be an effective strategy because the fillers 

can provide additional gas transport channels inside fillers [135, 190]. In this case, the 

manipulation of interfacial interactions also contributes to the increase of gas 

permanence because the improved interfacial compatibility could render a higher 

filler loading.  
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6. Conclusions and perspectives 

In this review, we highlight the impact of manipulating interfacial interactions on 

the processing, structure and separation performance of the heterogeneous membranes, 

and summarize the various manipulation methods. We discuss the application of 

manipulating interfacial interactions in energy and environment-related membrane 

processes covering proton exchange, pervaporation and gas separation. Owing to the 

rational manipulation of the interfacial interactions, the resulting membranes usually 

exhibit remarkably improved separation performance beyond the upper bound limit. 

This attribute ensures the heterogeneous membranes as promising alternatives for 

next-generation membrane configurations. For the further exploitation of these 

heterogeneous membranes, the following challenges and opportunities pertaining to 

manipulation of interfacial interactions should be taken into consideration. 

For MMMs, the techniques for probing the interfacial interactions and the 

interfacial morphology are insufficient, and accordingly it remains a challenge to 

quantitatively analyze the relationships between the interfacial morphology and the 

membrane performance. Most of the studies on MMMs only use SEM to observe the 

filler dispersion and the interfacial morphology, and fail to characterize the interfacial 

interactions, which hinder the rational elucidation of the structure–

-performance-processing relationships. In many cases, the size of filler is very small 

(< 50 nm) and the SEM images are not of sufficient resolution to observe the filler 

distribution. In this regard, Raman spectroscopy can be used as a powerful tool to 

confirm the filler distribution [4]. For interfacial morphology, there is no reported 
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visualization technique that is able to observe the nonselective defects at a 

subnanometer length scale, and the presence of nonselective defects is usually 

indirectly judged from the gas separation performance [196]. For the in-depth 

understanding of the interfacial morphology, positron annihilation lifetime 

spectroscopy (PALS) should be a powerful technique to probe the free volume 

property, thus providing insight into the size and size distribution of the defects [184]. 

Moreover, tomographic focused ion beam scanning electron microscopy (FIB–SEM) 

and TEM are also able to characterize the filler orientation and the presence of large 

defects [117, 199]. Very recently, an advanced TEM (HAADF-STEM) imaging 

provides evidence that grain boundary at the interface between the MOF particle and 

the polymer is effectively sealed by the covalent bonds [149]. Although there is no 

appropriate characterization technique to quantitatively measure the interfacial 

interactions, it is recommended that glass transition temperature, thermogravimetric 

analysis, and mechanical properties, can give insight into the variation trend of 

interfacial interactions and interfacial rigidification. Recently, a computational 

methodology based on the combination of quantum and force-field-based simulations 

is successfully utilized to elucidate the PIM-1/ZIF-8 interfaces at the atomistic level 

[200]. Apart from these available techniques, it is highly imperative to develop more 

powerful characterization techniques along with computational methods to more 

accurately correlate the interfacial interactions and interfacial morphology with the 

final separation properties.  

Tuning the topological structure of the filler surface could improve the adhesion 
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between the polymer matrix and the filler, and then lead to a significant increase in 

selectivity, as indicated by the impressive studies of Koros and coworkers. This 

general and effective approach needs more attention and deeper exploration. Since 

manipulating the chemical and topological structures of the filler surface could give 

rise to improved interfacial morphologies, synergistic manipulation of the chemical 

structure and the topological structure may bring about further improvement of 

interfacial morphologies and separation performance, which could be a new 

development direction of MMMs. Moreover, the manipulation of interfacial 

interactions within small-size filler based MMMs towards ideal interfacial 

morphologies is a challenging but important development direction. Although most of 

the fillers for MMM are inorganic materials, organic polymer fillers show impressive 

results due to their distinctive features of better adhesion with the polymer matrix. 

Thus, MMMs based on polymer fillers such as COFs, organic cages, functionalized 

polymeric nanoparticles need further exploration for the creation of highly permeable 

and selective channels within membranes. 2D microporous materials such as MOFs 

COFs and zeolites are very promising fillers for significantly efficient MMMs [201, 

202]. The preferential in-plane orientation allows the rapid transport of smaller 

molecules while enhancing the selectivity by making the pathway of larger molecules 

highly tortuous [117, 153]. Moreover, 2D materials can facilitate the fabrication of 

ultrathin membranes because of their superior mechanical properties [203] and small 

thickness. It is expected that manipulation of the interfacial interactions within the 

MMMs based on 2D materials can further remarkably improve the separation 
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performance, which could become a fascinating research direction. 

The fabrication of composite membrane is highly critical for the accomplishment of 

high-flux, industry-scale and economically viable membrane technology. The 

manipulation of the interfacial interactions between the support layer and separation 

layer holds the key to achieve this target. Similar to MMMs, composite membranes 

also confront the similar challenges in probing the interfacial structures, and the 

solving strategies mentioned above should be also applicable. For example, Doppler 

broadening energy spectroscopy (DBES) based on positron annihilation technique can 

supply information of the interfacial defects [204]. Moreover, the studies on 

manipulation of the interfacial interactions are far from mature, and further 

explorations are required in the following issues: (i) How to fabricate ultrathin and 

defect-free separation layer through the manipulation of multiple interfacial 

interactions. Synergistic manipulation of the chemical and topological structures is an 

efficient approach to optimizing the interfacial interactions, which deserves more 

attention. Moreover, incorporating the rigid microporous polymers such as PIMs into 

thin separation layer deserves extensive attempt. (ii) How to optimize the free volume 

properties properly including properly sized free-volume elements (or pores) and 

narrow free-volume element (or pore size) distribution at the interfaces through the 

manipulation of interfacial interactions, in order to solve the tradeoff between 

long-term stability and separation performance. 

Doubtlessly, manipulation of interactions at membrane interfaces for energy and 

environmental applications will become a more significant issue in the near future, 
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which necessitates the joint efforts from chemists, materials scientists and chemical 

engineers in various fields spanning from proof-of-concept experiments, in-situ 

real-time characterizations to theoretical simulations. 
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Fig. 1. Overview of interaction manipulation at membrane interfaces. 

Fig. 2. Scheme of preparation of zeolitic imidazolate framework (ZIF-8) membranes 

by using PDA as covalent linker between ZIF-8 layer and Al2O3 support layer[57]. 

Copyright 2013. Reproduced with permission from the American Chemical Society. 

Fig. 3. Schematic representation of interactions at (a) SA/PAN interface and (b) 

SA/PEI–PDA interface[28]. 

Fig. 4. (a) Schematic representation of the composite membrane; (b) cross-sectional 

SEM images of the ZIF-8 layer[68]. Copyright 2016. Reproduced with permission 

from John Wiley & Sons Ltd. 

Fig. 5. Schematic representation of tailoring separation layer-support layer interfacial 

interactions via surface segregation method[69]. 

Fig. 6. Schematic representation of the interfacial interaction in PDMS-APTMS/PES 

composite membrane[83]. 

Fig. 7. Schematic preparation of polyamide/ PDA-MWCNTs membranes[99]. 

Copyright 2016. Reproduced with permission from the American Chemical Society. 

Fig. 8. Flowsheet showing the synthesis process of SHMOs[105]. Copyright 2016. 

Reproduced with permission from Elsevier Ltd. 

Fig. 9. (a) Ethylene/ethane separation performance for M2(dobdc)-based MMMs 

relative to the upper bound for polymers (2 bar feed pressure and 35 oC); (b) TEM 

images of 33% Co2(dobdc) and 23% Mg2(dobdc) membrane cross-sections and 

corresponding illustrations of the proposed gas transport mechanisms, where purple 

hexagons represent Co2(dobdc) or Ni2(dobdc) nanocrystals and red hexagons 
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represent Mg2(dobdc) or Mn2(dobdc) nanocrystals[29]. Copyright 2016. Reproduced 

with permission from Nature Publishing Group. 

Fig. 10. The membrane synthesis process. (a) Interfacial polymerization reaction of 

octa-ammonium POSS in water and 6-FDA in toluene. The reaction occurs at the 

water−toluene interface, with final layer polyPOSS−(amic acid) thicknesses of ∼ 0.1μ 

m after 5 min. (b) The subsequent conversion of the amic acid to cyclic imide 

(imidization)[127]. Copyright 2014. Reproduced with permission from the American 

Chemical Society. 

Fig. 11. Synthesis of nanostructures by (a) Grignard, (b) solvothermal, (c) modified 

solvothermal, and (d) ion exchange functionalization methods[137]. Copyright 2014. 

Reproduced with permission from John Wiley & Sons Ltd. 

Fig. 12. Preparation of the ZIF-8 mixed matrix membrane: (a) assembly of Zn2+ on 

the substrate; (b) assembly of PSS and formation of ZIF-8 particles; (c) proposed 

structure of the membrane; (d) cross-section SEM image of the resulting membrane 

(two layers)[142]. Copyright 2014. Reproduced with permission from John Wiley & 

Sons Ltd. 

Fig. 13. (a) Preparation of a PSP-derived membrane by photoinduced postsynthetic 

polymerization; (b) postsynthetic modification of UiO-66-NH2 with methacrylic 

anhydride and subsequent polymerization with BMA by irradiation with UV light; (c) 

SEM image of the surface of a PSP-derived membrane with 20wt% MOF loading; (d) 

SEM image of the surface of a blending membrane with 20wt% MOF loading[148]. 

Copyright 2015. Reproduced with permission from John Wiley & Sons Ltd. 
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Fig. 14. (a) Schematic illustration of the synthesis of GO/polymer core–shell 

nanosheets via surface-initiated precipitation polymerization of a variety of monomers, 

and the fabrication of functionalized GO/polymer MMM via vacuum filtration 

assembly of nanosheets; (b) structures of MPS, crosslinker and monomers[150].  

Fig. 15. (a) Schematic illustration of a hydrogen bond network guided interface design 

of the hybrid membrane. (b) Cross-sectional TEM observation of the 

PAO-PIM-1/NH2-UiO-66 hybrid membrane[151]. Copyright 2017. Reproduced with 

permission from the Royal Society of Chemistry. 

Fig. 16. Schematic diagrams of (a) a S-ZrO2 fiber-Nafion hybrid membrane, and (b) 

the interface between a S-ZrO2 fiber and the Nafion matrix with ionic clusters 

aggregating on the S-ZrO2 fiber-Nafion interface[160]. Copyright 2011. Reproduced 

with permission from John Wiley & Sons Ltd. 

Fig. 17. Schematic representation of the nanoscale morphologies at the polymer-filler 

interface: Case 0: morphology of pure CS, Case I: morphology of CS/silica-QPy, Case 

II: morphology of CS/silica-Py and CS/silica, Case III: morphology of 

CS/silica-COOH and CS/silica-SO3H[161].  

Fig. 18. (a) The molecular structure of synthesized terpolymers; (b) schematic 

illustration of the hybrid SiO2-SO3H/terpolymer/poly(VDF-co-HFP) copolymer 

membrane (the silica domains exhibit a lamellar mesostructure with d=10 nm, based 

on the small-angle x-ray scattering (SAXS) study)[164]. Copyright 2010. Reproduced 

with permission from John Wiley & Sons Ltd. 

Fig. 19. Schematic of incorporating ZSM-5 particles into PDMS matrix via surface 
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modification[181].  

Fig. 20. Free volume distribution for POSS/PDMS MMMs[184]. 

Fig. 21. Schematic illustration of the possible nanoscale structures of membranes with 

different Fe3+/DA: (a) DA monomers bearing abundant phenyl groups show high 

adhesion ability but weak cohesive interaction; (b) low Fe3+/DA leads to aggregated 

Fe3+–DA complexes with enhanced cohesive interaction and adequate adhesion ability; 

(c) high Fe3+/DA leads to robust Fe3+–DA complexes with few available phenyl 

groups and poor adhesion ability[192]. 

Fig. 22. Schematic illustration for interface design of PI/ZIF-8@PDA MMM[96]. 

Copyright 2016. Reproduced with permission from John Wiley & Sons Ltd. 
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