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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 y-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 v-Mercaptopropyltrimethoxysilane

MWCNTSs multiwall carbon nanotubes

NIPAM n-isopropyl-acrylamide

NIPS non-solvent induced phase separation

OTES n-octyltriethoxysilane

PAA polyacrylic acid

PAH poly(allylamine hydrochloride)



PALS

PAN

PBI

PC

PCP

PDA

PDMS
PEG@POSS
PEG-b-PDMS
PEI

PEM
PEMFC
PEO

PES

Pl

PIMs

PMCs
PMHS
POCs

poly(VDF-co-HFP)

POSS
PPO
PS
PSP
PSS
PTFE
PVA
PVAM
PVDF
RTIL
SA
SAXS
SEM
SHMOs
St
S-ZrO;
TA
TB
TEOS
TEM
TMC
UF
uv

VI

positron annihilation lifetime spectroscopy
polyacrylonitrile

polybenzimidazole

polycarbonate

polycarbophil calcium

polydopamine

polydimethylsiloxane

poly(ethylene glycol)-polyoctahedral oligomeric silsesquioxanes
poly(ethylene glycol)-b-poly(dimethylsiloxane)
poly(ethylene imine)

proton exchange membrane

proton exchange membrane fuel cell
polyoxyethylene

polyethersulfone

polyimides

polymer of intrinsic microporosity
polymer microcapsules
poly(methylhydrosiloxane)

porous organic cages

poly[(vinylidene fluoride)-co-hexafluoropropylene]
polyhedral oligomeric silsesquioxane
polyoxypropylene

polysulfone

photoinduced postsynthetic polymerization
poly(sodium 4-styrene-sulfonate)
poly(tetrafluoroethylene)

polyvinyl alcohol

polyvinylamine

poly(vinylidene fluoride)

room temperature ionic liquid

sodium alginate

small-angle x-ray scattering

scanning electron microscope

sulfonated lithium ion-sieves

styrene

sulfated zirconia

tannic acid

Troger’s Base

tetraethoxysilane

transmission electron microscope
trimesoyl chloride

ultrafiltration

ultraviolet

vinylimidazole



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 (MMMSs) comprising of a polymer matrix and a filler. A composite



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



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, m-m 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



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



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



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].



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



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.



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



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,



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



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 0°. 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



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 um) 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



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



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 Zn?* 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.



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



(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 SiO>-NH2 and SA. Furthermore, covalent bonds are formed
between the PVDF support layer and the SA/SiO> 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



example, dopamine has been employed as an agueous 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 zm-m 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
y-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 CH>
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 CH radicals.
The chemical crosslinking reaction at interface achieves a 32.6% enhancement in the

interfacial bonding strength.



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



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.



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 5 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



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’]s) 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
y-Mercaptopropyltrimethoxysilane (MPTMS) and silica precursor (NazSiO3z), and the
subsequent oxidation process of thiol groups. The -SOzH 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 -SOsH 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’]z) to co-condense with tetraethoxysilane (TEOS).



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



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



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
Troger’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 PEIl 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,



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 MWCNTSs 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



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 (SHMOQOs) 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 (CNTSs) 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



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



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/CHs 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 Mz(dobdc) (M=Mg, Mn, Co, Ni)
nanocrystals as dispersed fillers in polyimide matrix. The coordinatively unsaturated
metal sites on My(dobdc) provide polymer-filler interactions with the strength
increase in the order of Mg<Mn<<Co<Ni. As a result, the Coz(dobdc) and
Niz(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



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



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 (SiO15)s 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



[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 agueous phase and hexafluoroisopropylidene dianhydride
(6-FDA) as the monomer in organic phase. The acquired polyPOSS—(amic acid)
membrane with a thickness of ~ 0.1um 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.



4.2 Modification of the filler § 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,



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(NOsz), 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 Zn?*
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



polymerization (PSP) strategy to covalently link MOF crystals with polymer chains
(Fig. 13a). UiO-66-NH> 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



indicated by the decreased gas permeability and increased Tq. 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



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



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 NH>-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 CO:
permeability while maintaining the CO2/N: 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/N: selectivity attributing to the presence of interfacial

voids.



Figure 15.

In another study of PIM-1/NH,-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% NH»-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/N 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 Tq, CO2/CH>
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



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 A and UiO-66
MOFs with pore window of 6 A have been demonstrated as highly effective fillers for
improving CO> 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 n—n stacking, which are much easier to be

created, can also afford a strong interfacial adhesion.



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.



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 H> 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-ZrO: 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.



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 |, 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 11, the extensive hydrogen bonds between CS and silica or pyridine
modified silica rigidify CS chains and reduce the FFV. Case Ill 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



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)



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



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.



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 FezOx4 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 FesOs 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



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 TiCls 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 MMMSs 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



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 m2 h%, 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



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.



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 CO> capture, with a focus on elucidating the role of manipulating
interfacial interactions on membrane structure and performance.

To achieve a high CO» 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



support membranes with abundant CO»-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 CO> sorption within the interfacial
zone endows the composite membranes with high CO. permeance (1670 GPU,
increasing by 2 times), high CO2/N. 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 CO» 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



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 MMMSs 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-NH. 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 7m-m stacking) with the polymer in comparison with the other MOFs, thus



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 CO> permeability (increasing by 45%)
and selectivity (increasing by 74% for CO2/N2 and 92% for CO2/CHjs), 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 MMMSs 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 CO, permeability
compared with pure PS membrane.

High-permeability polymers rarely yield sufficient selectivity for energy-efficient
CO: capture. Ghalei et al reported a substantial CO2/N> 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



[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-NH: 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 Fe**—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/CHa

selectivity (>70) and moderate CO. permeability, whereas the MMMs with high



Fe3*/DA exhibit weak interfacial interactions, high CO, permeability (>100 Barrer)
and moderate CO2/CHa selectivity. Jin” group [96] reported the incorporation of PDA
modified ZIF-8 (ZIF-8@PDA) into Troger’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 CO. permeability decreases by 27% compared with the
PI/ZIF-8 MMM. The decrease of CO, 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 CO>
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



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



shows dramatically increased CO> permeability (818 barrer) and CO2/CHa selectivity
(29.7), exceeding the 2008 Robeson upper bound. In comparison, the MMM
incorporated with unmodified CNT fillers shows lower CO2/CHa 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/N: selectivity compared with the
6FDA-ODA/Cd-6F MMM via physical blending method, while the CO, 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



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 MMMSs acquire an
excellent dispersion of ZIF-8 and a strong ZIF-8-polymer interfacial adhesion
(metal-organic chelation), leading to an increase of CO, permeability by 200% and
CO./CHg 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
CO- permeable core and the compatible shell (PEG). The mixed matrix active layer
loaded with 40 wt% filler shows CO. permeance of 4760 GPU (increase by 10.5
times) and CO2/N> selectivity of 19 (decrease by 47%). These results demonstrate the
remarkable capacity of polymeric nanoparticles to form highly CO. 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



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 MMMSs, 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.



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



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



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, MMM s 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



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 MMMSs, 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,



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.

Acknowledgements

This work was supported by the National Natural Science Foundation of China (No.

21490583, 21490585, 21606123), the Jiangsu Province Natural Science Foundation

(No. BK20160980), the Innovative Research Team Program by the Ministry of

Education of China (IRT_17R54), and the Program of Introducing Talents of

Discipline to Universities (No. B06006).

References

[1]

[2]

[3]

[4]

[5]

Gin DL, Noble RD. Designing the next generation of chemical separation
membranes. Science 2011;332:674-6.

Wang S, Li X, Wu H, Tian Z, Xin Q, He G, Peng D, Chen S, Yin Y, Jiang Z,
Guiver MD. Advances in high permeability polymer-based membrane materials
for COz separations. Energy Environ Sci 2016;9:1863-90.

MacDowell N, Florin N, Buchard A, Hallett J, Galindo A, Jackson G, Adjiman
CS, Williams CK, Shah N, Fennell P. An overview of CO2 capture technologies.
Energy Environ Sci 2010;3:1645-69.

Sabetghadam A, Seoane B, Keskin D, Duim N, Rodenas T, Shahid S, Sorribas
S, Le Guillouzer C, Clet G, Tellez C, Daturi M, Coronas J, Kapteijn F, Gascon
J. Metal organic framework crystals in mixed-matrix membranes: impact of the
filler morphology on the gas separation performance. Adv Funct Mater
2016;26:3154-63.

FuJR, Das S, Xing GL, Ben T, Valtchev V, Qiu SL. Fabrication of COF-MOF

composite membranes and their highly selective separation of H,/CO2. J Am



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Chem Soc 2016;138:7673-80.

LiuY, Pan JH, Wang NY, Steinbach F, Liu XL, Caro J. Remarkably enhanced
gas separation by partial self-conversion of a laminated membrane to
metal-organic frameworks. Angew Chem Int Ed 2015;54:3028-32.

Wang MM, Wang Z, Li SC, Zhang CX, Wang JX, Wang SC. A high
performance antioxidative and acid resistant membrane prepared by interfacial
polymerization for CO; separation from flue gas. Energy Environ Sci
2013;6:539-51.

Wang MM, Wang Z, Wang JX, Zhu YQ, Wang SC. An antioxidative composite
membrane with the carboxylate group as a fixed carrier for CO, separation
from flue gas. Energy Environ Sci 2011;4:3955-9.

Jang KS, Kim HJ, Johnson JR, Kim WG, Koros WJ, Jones CW, Nair S.
Modified mesoporous silica gas separation membranes on polymeric hollow
fibers. Chem Mater 2011;23:3025-8.

Fan H, Shi Q, Yan H, Ji S, Dong J, Zhang G. Simultaneous spray self-assembly
of highly loaded ZIF-8-PDMS nanohybrid membranes exhibiting exceptionally
high biobutanol-permselective pervaporation. Angew Chem Int Ed
2014;53:5578-82.

Liu XL, Li YS, Zhu GQ, Ban YJ, Xu LY, Yang WS. An organophilic
pervaporation membrane derived from metal-organic framework nanoparticles
for efficient recovery of bio-alcohols. Angew Chem Int Ed 2011;50:10636-9.
Choi W, Gu JE, Park SH, Kim S, Bang J, Baek KY, Park B, Lee JS, Chan EP,
Lee JH. Tailor-made polyamide membranes for water desalination. ACS Nano
2015;9:345-55.

Gu JE, Lee S, Stafford CM, Lee JS, Choi W, Kim BY, Baek KY, Chan EP,
Chung JY, Bang J, Lee JH. Molecular layer-by-layer assembled thin-film
composite membranes for water desalination. Adv Mater 2013;25:4778-82.
Zhang JL, Hai YY, Zuo Y, Jiang Q, Shi C, Li W. Novel diamine-modified
composite nanofiltration membranes with chlorine resistance using monomers

of 1,2,4,5-benzene tetracarbonyl chloride and m-phenylenediamine. J Mater



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Chem A 2015;3:8816-24.

Wang Y, Chen S, Qiu L, Wang K, Wang H, Simon GP, Li D. Graphene-directed
supramolecular assembly of multifunctional polymer hydrogel membranes.
Adv Funct Mater 2015;25:126-33.

Baker RW, Wijmans JG, Huang Y. Permeability, permeance and selectivity: a
preferred way of reporting pervaporation performance data. J Membr Sci
2010;348:346-52.

Yu X, Wang Z, Wei Z, Yuan S, Zhao J, Wang J, Wang S. Novel tertiary amino
containing thin film composite membranes prepared by interfacial
polymerization for CO> capture. J Membr Sci 2010;362:265-78.

Li H, Song ZN, Zhang XJ, Huang Y, Li SG, Mao YT, Ploehn HJ, Bao Y, Yu M.
Ultrathin, molecular-sieving graphene oxide membranes for selective hydrogen
separation. Science 2013;342:95-8.

Kim HW, Yoon HW, Yoon SM, Yoo BM, Ahn BK, Cho YH, Shin HJ, Yang H,
Paik U, Kwon S, Choi JY, Park HB. Selective gas transport through
few-layered graphene and graphene oxide membranes. Science 2013;342:91-5.
Chung TS, Jiang LY, Li Y, Kulprathipanja S. Mixed matrix membranes
(MMMs) comprising organic polymers with dispersed inorganic fillers for gas
separation. Prog Polym Sci 2007;32:483-507.

Koros WJ, Zhang C. Materials for next-generation molecularly selective
synthetic membranes. Nat Mater 2017;16:289-97.

Noble RD. Perspectives on mixed matrix membranes. J Membr Sci
2011;378:393-7.

Park HB, Kamcev J, Robeson LM, Elimelech M, Freeman BD. Maximizing the
right stuff: The trade-off between membrane permeability and selectivity.
Science 2017,356:1137-47.

Merkel TC, Freeman BD, Spontak RJ, He Z, Pinnau I, Meakin P, Hill AJ.
Ultrapermeable, reverse-selective nanocomposite membranes. Science
2002;296:519-22.

Zhao S, Wang Z, Qiao ZH, Wei X, Zhang CX, Wang JX, Wang SC. Gas



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

separation membrane with CO»-facilitated transport highway constructed from
amino carrier containing nanorods and macromolecules. J Mater Chem A
2013;1:246-9

Xiang L, Sheng LQ, Wang CQ, Zhang LX, Pan YC, Li YS.
Amino-functionalized ZIF-7 nanocrystals: improved intrinsic separation ability
and interfacial compatibility in mixed-matrix membranes for CO2/CH4
separation. Adv Mater 2017;29:1606999 |1-8.

Zhou H, Su 'Y, Chen XR, Luo JQ, Tan S, Wan YH. Plasma modification of
substrate with poly(methylhydrosiloxane) for enhancing the interfacial stability
of PDMS/PAN composite membrane. J Membr Sci 2017;520:779-89.

Zhao J, Fang CH, Zhu YW, He GW, Pan FS, Jiang ZY, Zhang P, Cao XZ, Wang
BY. Manipulating the interfacial interactions of composite membranes via a
mussel-inspired approach for enhanced separation selectivity. J Mater Chem A
2015;3:19980-8.

Bachman JE, Smith ZP, Li T, Xu T, Long JR. Enhanced ethylene separation and
plasticization resistance in polymer membranes incorporating metal-organic
framework nanocrystals. Nat Mater 2016;15:845-9.

Su NC, Sun DT, Beavers CM, Britt DK, Queen WL, Urban JJ. Enhanced
permeation arising from dual transport pathways in hybrid polymer-MOF
membranes. Energy Environ Sci 2016;9:922-31.

Shao P, Huang RY M. Polymeric membrane pervaporation. J Membr Sci
2007;287:162-79.

Ma J, Zhang MH, Wu H, Yin X, Chen J, Jiang ZY. Mussel-inspired fabrication
of structurally stable chitosan/polyacrylonitrile composite membrane for
pervaporation dehydration. J Membr Sci 2010;348:150-9.

Jimenez-Solomon MF, Song Q, Jelfs KE, Munoz-Ibanez M, Livingston AG.
Polymer nanofilms with enhanced microporosity by interfacial polymerization.
Nat Mater 2016;15:760-7.

Bouma RHB, Checchetti A, Chidichimo G, Drioli E. Permeation through a

heterogeneous membrane: the effect of the dispersed phase. J Membr Sci



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

1997;128:141-9.

Shu, Husain S, Koros WJ. A general strategy for adhesion enhancement in
polymeric composites by formation of nanostructured particle surfaces. J Phys
Chem C 2007;111:652-7.

Ahn J, Chung WJ, Pinnau I, Guiver MD. Polysulfone/silica nanoparticle
mixed-matrix membranes for gas separation. J Membr Sci 2008;314:123-33.
Mahajan R, Koros WJ. Mixed matrix membrane materials with glassy
polymers. Part 1. Polym Eng Sci 2002;42:1420-31.

Moore TT, Koros WJ. Non-ideal effects in organic—inorganic materials for gas
separation membranes. J Mol Struct 2005;739:87-98.

Hillock AMW, Miller SJ, Koros WJ. Crosslinked mixed matrix membranes for
the purification of natural gas: effects of sieve surface modification. J Membr
Sci 2008;314:193-9.

Ghalei B, Sakurai K, Kinoshita Y, Wakimoto K, Isfahani AP, Song Q, Doitomi
K, Furukawa S, Hirao H, Kusuda H, Kitagawa S, Sivaniah E. Enhanced
selectivity in mixed matrix membranes for CO> capture through efficient
dispersion of amine-functionalized MOF nanoparticles. Nat Energy
2017;2:17086 |1-9.

LiY, Chung TS, Cao C, Kulprathipanja S. The effects of polymer chain
rigidification, zeolite pore size and pore blockage on polyethersulfone
(PES)-zeolite A mixed matrix membranes. J Membr Sci 2005;260:45-55.

Li Y, Guang HM, Chung TS, Kulprathipanja S. Effects of novel silane
modification of zeolite surface on polymer chain rigidification and partial pore
blockage in polyethersulfone (PES)-zeolite A mixed matrix membranes. J
Membr Sci 2006;275:17-28.

Balazs AC, Emrick T, Russell TP. Nanoparticle polymer composites: where two
small worlds meet. Science 2006;314:1107-10.

Li H, Tuo LH, Yang K, Jeong HK, Dai Y, He GH, Zhao W. Simultaneous
enhancement of mechanical properties and CO> selectivity of ZIF-8 mixed

matrix membranes: interfacial toughening effect of ionic liquid. J Membr Sci



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

2016;511:130-42.

LiY, He G, Wang S, Yu S, Pan F, Wu H, Jiang Z. Recent advances in the
fabrication of advanced composite membranes. J Mater Chem A
2013;1:10058-77.

Wee LH, LiY, Zhang K, Davit P, Bordiga S, Jiang J, Vankelecom IFJ, Martens
JA. Submicrometer-sized ZIF-71 filled organophilic membranes for improved
bioethanol recovery: mechanistic insights by monte carlo simulation and FTIR
spectroscopy. Adv Funct Mater 2015;25:516-25.

Naik PV, Bernstein R, Vankelecom IFJ. Influence of support layer and PDMS
coating conditions on composite membrane performance for ethanol/water
separation by pervaporation. J Appl Polym Sci 2016;133:43670 |1-12.

Wei W, Xia S, Liu G, Gu X, Jin W, Xu N. Interfacial adhesion between
polymer separation layer and ceramic support for composite membrane. AIChE
J 2010;56:1584-92.

Morelos-Gomez A, Cruz-Silva R, Muramatsu H, Ortiz-Medina J, Araki T,
Fukuyo T, Tejima S, Takeuchi K, Hayashi T, Terrones M, Endo M. Effective
NaCl and dye rejection of hybrid graphene oxide/graphene layered membranes.
Nat Nanotechnol 2017;12:1083-8.

Zhao CH, Wu H, Li XS, Pan FS, Li YF, Zhao J, Jiang ZY, Zhang P, Cao XZ,
Wang BY. High performance composite membranes with a polycarbophil
calcium transition layer for pervaporation dehydration of ethanol. J Membr Sci
2013;429:409-17.

Wu H, Zhou TT, Li XS, Zhao CH, Jiang ZY. Enhancing the separation
performance by introducing bioadhesive bonding layer in composite
pervaporation membranes for ethanol dehydration. Chin J Chem Eng
2015;23:372-8.

Lee H, Dellatore SM, Miller WM, Messersmith PB. Mussel-inspired surface
chemistry for multifunctional coatings. Science 2007;318:426-30.

Waite JH. Surface chemistry - mussel power. Nat Mater 2008;7:8-9.

Hong S, Na YS, Choi S, Song IT, Kim WY, Lee H. Non-covalent self-assembly



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

and covalent polymerization co-contribute to polydopamine formation. Adv
Funct Mater 2012;22:4711-7.

Li B, Liu WP, Jiang ZY, Dong X, Wang BY, Zhong YR. Ultrathin and stable
active layer of dense composite membrane enabled by poly(dopamine).
Langmuir 2009;25:7368-74.

Li PY, Wang Z, Li W, Liu YN, Wang JX, Wang SC. High-performance multi
layer composite membranes with mussel-inspired polydopamine as a versatile
molecular bridge for CO> Separation. ACS Appl Mater Interfaces
2015;7:15481-93.

Liu Q, Wang N, Caro J, Huang A. Bio-inspired polydopamine: a versatile and
powerful platform for covalent synthesis of molecular sieve membranes. J Am
Chem Soc 2013;135:17679-82.

Ding R, Zhang HQ, Li YF, Wang JT, Shi BB, Mao H, Dang JC, Liu JD.
Graphene oxide-embedded nanocomposite membrane for solvent resistant
nanofiltration with enhanced rejection ability. Chem Eng Sci 2015;138:227-38.
Huang A, Liu Q, Wang N, Caro J. Highly hydrogen permselective ZIF-8
membranes supported on polydopamine functionalized macroporous
stainless-steel-nets. J Mater Chem A 2014;2:8246-51.

Huang A, Liu Q, Wang N, Zhu Y, Caro J. Bicontinuous zeolitic imidazolate
framework ZIF-8@GO membrane with enhanced hydrogen selectivity. J Am
Chem Soc 2014,136:14686-9.

Wang N, Liu'Y, Qiao Z, Diestel L, Zhou J, Huang A, Caro J.
Polydopamine-based synthesis of a zeolite imidazolate framework ZIF-100
membrane with high H2/COz selectivity. J Mater Chem A 2015;3:4722-8.
Zhang Y, Zhang S, Chung TS. Nanometric graphene oxide framework
membranes with enhanced heavy metal removal via nanofiltration. Environ Sci
Technol 2015;49:10235-42.

Lv Y, Yang HC, Liang HQ, Wan LS, Xu ZK. Nanofiltration membranes via
co-deposition of polydopamine/polyethylenimine followed by cross-linking. J

Membr Sci 2015;476:50-8.



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Hegab HM, EIMekawy A, Barclay TG, Michelmore A, Zou L, Saint CP,
Ginic-Markovic M. Effective in-situ chemical surface modification of forward
osmosis membranes with polydopamine-induced graphene oxide for biofouling
mitigation. Desalination 2016;385:126-37.

Wang Z, Jiang X, Cheng X, Lau CH, Shao L. Mussel-inspired hybrid coatings
that transform membrane hydrophobicity into high hydrophilicity and
underwater superoleophobicity for oil-in-water emulsion separation. ACS Appl
Mater Interfaces 2015;7:9534-45.

Yang HC, Liao KJ, Huang H, Wu QY, Wan LS, Xu ZK. Mussel-inspired
modification of a polymer membrane for ultra-high water permeability and
oil-in-water emulsion separation. J Mater Chem A 2014;2:10225-30.

Zhang X, LvY, Yang HC, Du Y, Xu ZK. Polyphenol coating as an interlayer for
thin-film composite membranes with enhanced nanofiltration performance.
ACS Appl Mater Interfaces 2016;8:32512-9.

Hou JW, Sutrisna PD, Zhang YT, Chen V. Formation of ultrathin, continuous
metal-organic framework membranes on flexible polymer substrates. Angew
Chem Int Ed 2016;55:3947-51.

LiY, Wang S, Wu H, Guo R, Liu, Jiang Z, Tian Z, Zhang P, Cao X, Wang B.
High-performance composite membrane with enriched CO.-philic groups and
improved adhesion at the interface. ACS Appl Mater Interfaces
2014,6:6654-63.

Zhao XT, Su YL, Li YF, Zhang RN, Zhao JJ, Jiang ZY. Engineering
amphiphilic membrane surfaces based on PEO and PDMS segments for
improved antifouling performances. J Membr Sci 2014;450:111-23.

Peng JM, Su YL, Shi Q, Chen WJ, Jiang ZY. Protein fouling resistant
membrane prepared by amphiphilic pegylated polyethersulfone. Bioresour
Technol 2011;102:2289-95.

Wu H, Li XS, Zhao CH, Shen XH, Jiang ZY, Wang XF. Chitosan/sulfonated
polyethersulfone-polyethersulfone (CS/SPES-PES) composite membranes for
pervaporative dehydration of ethanol. Ind Eng Chem Res 2013;52:5772-80.



[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Tanaka S, Shimada T, Fujita K, Miyake Y, Kida K, Yogo K, Denayer JFM,
Sugita M, Takewaki T. Seeding-free aqueous synthesis of zeolitic imidazolate
framework-8 membranes: how to trigger preferential heterogeneous nucleation
and membrane growth in aqueous rapid reaction solution. J Membr Sci
2014,472:29-38.

Huang A, Dou W, Caro J. Steam-stable zeolitic imidazolate framework ZIF-90
membrane with hydrogen selectivity through covalent functionalization. J Am
Chem Soc 2010;132:15562-4.

Huang A, Bux H, Steinbach F, Caro J. Molecular-sieve membrane with
hydrogen permselectivity: ZIF-22 in LTA topology prepared with
3-aminopropyltriethoxysilane as covalent linker. Angew Chem Int Ed
2010;49:4958-61.

Liu YL, Yu CH, Ma LC, Lin GC, Tsai HA, Lai JY. The effects of surface
modifications on preparation and pervaporation dehydration performance of
chitosan/polysulfone composite hollow-fiber membranes. J Membr Sci
2008;311:243-50.

Yu CH, Kusumawardhana I, Lai JY, Liu YL. PTFE/polyamide thin-film
composite membranes using PTFE films modified with ethylene diamine
polymer and interfacial polymerization: Preparation and pervaporation
application. J Colloid Interface Sci 2009;336:260-7.

Zhang GJ, Song X, Li J, Ji SL, Liu ZZ. Single-side hydrolysis of hollow fiber
polyacrylonitrile membrane by an interfacial hydrolysis of a
solvent-impregnated membrane. J Membr Sci 2010;350:211-6.

Ma J, Zhang MH, Jiang ZY, Nie MC, Liu GX. Facile fabrication of structurally
stable hyaluronic acid-based composite membranes inspired by bioadhesion.
Membr Sci 2010;364:290-7.

Shi GM, Zuo J, Tang SH, Wei S, Chung TS. Layer-by-layer (LbL)
polyelectrolyte membrane with Nexar™ polymer as a polyanion for
pervaporation dehydration of ethanol. Sep Purif Technol 2015;140:13-22.
Zhao XZ, Xuan HX, Chen YL, He CJ. Preparation and characterization of



superior antifouling P\VDF membrane with extremely ordered and hydrophilic
surface layer. J Membr Sci 2015;494:48-56.

[82] ZhaoJ, SuY, He X, Zhao X, Li Y, Zhang R, Jiang Z. Dopamine composite
nanofiltration membranes prepared by self-polymerization and interfacial
polymerization. J Membr Sci 2014;465:41-8.

[83] WuH, Zhang X, Xu D, Li B, Jiang Z. Enhancing the interfacial stability and
solvent-resistant property of PDMS/PES composite membrane by introducing a
bifunctional aminosilane. J Membr Sci 2009;337:61-9.

[84] Luo N, Xu R, Yang M, Yuan X, Zhong H, Fan Y. Preparation and
characterization of PVDF-glass fiber composite membrane reinforced by
interfacial UV-grafting copolymerization. J Environ Sci 2015;38:24-35.

[85] Hang YT, Liu GP, Huang K, Jin WQ. Mechanical properties and interfacial
adhesion of composite membranes probed by in-situ nano-indentation/scratch
technique. J Membr Sci 2015;494:205-15.

[86] Sharifi M, Marschall R, Wilhelm M, Wallacher D, Wark M. Detection of
homogeneous distribution of functional groups in mesoporous silica by small
angle neutron scattering and in situ adsorption of nitrogen or water. Langmuir
2011;27:5516-22.

[87] Marschall R, Rathousky J, Wark M. Ordered functionalized silica materials
with high proton conductivity. Chem Mater 2007;19:6401-7.

[88] Zhao J, Wang F, Pan FS, Zhang MX, Yang XY, Li P, Jiang ZY, Zhang P, Cao
XZ, Wang BY. Enhanced pervaporation dehydration performance of ultrathin
hybrid membrane by incorporating bioinspired multifunctional modifier and
TiCly into chitosan. J Membr Sci 2013;446:395-404.

[89] \Valle K, Belleville P, Pereira F, Sanchez C. Hierarchically structured
transparent hybrid membranes by in situ growth of mesostructured organosilica
in host polymer. Nat Mater 2006;5:107-11.

[90] Anjum MW, Vermoortele F, Khan AL, Bueken B, Vos DED, Ivo FJ,
Vankelecom IFJ. Modulated UiO-66-based mixed-matrix membranes for CO:

separation. ACS Appl Mater Interfaces 2015;7:25193-201.



[91] Schaate A, Roy P, Godt A, Lippke J, Waltz F, Wiebcke M, Behrens P.
Modulated synthesis of Zr-based metal-organic frameworks: from nano to
single crystals. Chem Eur J 2011;17:6643-51.

[92] Dong LL, Zhang CF, Bai YX, Shi DJ, Li XJ, Zhang HJ, Chen MQ.
High-performance PEBA2533-functional MMT mixed matrix membrane
containing high-speed facilitated transport channels for CO2/N> separation.
ACS Sustain Chem Eng 2016;4:3486-96.

[93] Wang SF, Liu Y, Huang SX, Wu H, Li YF, Tian ZZ, Jiang ZY.
Pebax-PEG-MWCNT hybrid membranes with enhanced CO: capture
properties. J Membr Sci 2014;460:62-70.

[94] Hudiono YC, Carlisle TK, Bara JE, Zhang YF, Gin DL, Noble RD. A
three-component mixed-matrix membrane with enhanced CO; separation
properties based on zeolites and ionic liquid materials. J Membr Sci
2010;350:117-23.

[95] Hudiono YC, Carlisle TK, LaFrate AL, Gin DL, Noble RD. Novel mixed
matrix membranes based on polymerizable room-temperature ionic liquids and
SAPO-34 particles to improve CO; separation. J Membr Sci 2011;370:141-8.

[96] Wang Z, Wang D, Zhang S, Hu L, Jin J. Interfacial design of mixed matrix
membranes for improved gas separation performance. Adv Mater
2016;28:3399-405.

[97] Wang JT, Bai HJ, Zhang HQ, Zhao LP, Chen HL, Li YF. Anhydrous proton
exchange membrane of sulfonated poly(ether ether ketone) enabled by
polydopamine-modified silica nanoparticles. Electrochim Acta
2015;152:443-55.

[98] Kim J, Fu Q, Xie K, Scofield JMP, Kentish SE, Qiao GG. CO> separation using
surface-functionalized SiO2 nanoparticles incorporated ultra-thin film
composite mixed matrix membranes for post-combustion carbon capture. J
Membr Sci 2016;515:54-62.

[99] Zhao FY, Ji YL, Weng XD, Mi YF, Ye CC, An QF, Gao CJ. High-flux

positively charged nanocomposite nanofiltration membranes filled with



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

poly(dopamine) modified multiwall carbon nanotubes. ACS Appl Mater
Interfaces 2016;8:6693-700.

Zhang N, Wang BL, Zhang YR, Bu FZ, Cui Y, Li XF, Zhao CJ, Na H.
Mechanically reinforced phosphoric acid doped quaternized poly(ether ether
ketone) membranes via cross-linking with functionalized graphene oxide.
Chem Commun 2014;50:15381-4.

Zhao J, Zhu YW, He GW, Xing RS, Pan FS, Jiang ZY, Zhang P, Cao XZ, Wang
BY. Incorporating zwitterionic graphene oxides into sodium alginate membrane
for efficient water/alcohol separation. ACS Appl Mater Interfaces
2016;8:2097-103.

Yin YH, Deng WY, Wang HY, Li AP, Wang CB, Jiang ZY, Wu H. Fabrication
of hybrid membranes by incorporating acid-base pair functionalized hollow
mesoporous silica for enhanced proton conductivity. J Mater Chem A
2015;3:16079-88.

He GW, Nie LL, Han X, Dong H, Li YF, Wu H, He XY, Hu JB, Jiang ZY.
Constructing facile proton-conduction pathway within sulfonated poly(ether
ether ketone) membrane by incorporating poly(phosphonic acid)/silica
nanotubes. J Power Sources 2014;259:203-12.

Liu YL, Su YH, Chang CM, Suryani, Wang DM, Lai JY. Preparation and
applications of Nafion-functionalized multiwalled carbon nanotubes for proton
exchange membrane fuel cells. J Mater Chem 2010;20:4409-16.

Wang J, LiuY, Zhang H, Li Y, Bai H, Wu W, Li Z, Zhang X. Embedding
sulfonated lithium ion-sieves into polyelectrolyte membrane to construct
efficient proton conduction pathways. J Membr Sci 2016;501:109-22.

Liu TY, Yuan HG, Li Q, Tang YH, Zhang Q, Qian WZ, Van der Bruggen B,
Wang XL. lon-responsive channels of zwitterion-carbon nanotube membrane
for rapid water permeation and ultrahigh mono-/multivalent ion selectivity.
ACS Nano 2015;9:7488-96.

Maphutha S, Moothi K, Meyyappan M, Iyuke SE. A carbon nanotube-infused

polysulfone membrane with polyvinyl alcohol layer for treating oil-containing



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

waste water. Sci Rep 2013;3:1509 |1-6.

Park CH, Tocci E, Fontananova E, Bahattab MA, Aljlil SA, Drioli E. Mixed
matrix membranes containing functionalized multiwalled carbon nanotubes:
mesoscale simulation and experimental approach for optimizing dispersion. J
Membr Sci 2016;514:195-209.

Gao B, Jiang Z, Zhao C, Gomaa H, Pan F. Enhanced pervaporative
performance of hybrid membranes containing FesOs@CNT nanofillers. J
Membr Sci 2015;492:230-41.

Lin R, Ge L, Diao H, Rudolph V, Zhu Z. Propylene/propane selective mixed
matrix membranes with grape-branched MOF/CNT filler. J Mater Chem A
2016;4:6084-90.

Hu KS, Gupta MK, Kulkarni DD, Tsukruk VVV. Ultra-robust graphene
oxide-silk fibroin nanocomposite membranes. Adv Mater 2013;25:2301-7.
Jalili R, Aboutalebi SH, Esrafilzadeh D, Konstantinov K, Moulton SE, Razal
JM, Wallace GG. Organic solvent-based graphene oxide liquid crystals: a facile
route toward the next generation of self-assembled layer-by-layer
multifunctional 3D architectures. ACS Nano 2013;7:3981-90.

Li X, Ma L, Zhang H, Wang S, Jiang Z, Guo R, Wu H, Cao X, Yang J, Wang B.
Synergistic effect of combining carbon nanotubes and graphene oxide in mixed
matrix membranes for efficient CO> separation. J Membr Sci 2015;479:1-10.
Tian L, Meziani MJ, Lu F, Kong CY, Cao L, Thorne TJ, Sun YP. Graphene
oxides for homogeneous dispersion of carbon nanotubes. ACS Appl Mater
Interfaces 2010;2:3217-22.

Won JG, Seo JS, Kim JH, Kim HS, Kang YS, Kim SJ, Kim YM, Jegal JG.
Coordination compound molecular sieve membranes. Adv Mater
2005;17:80-84.

Bae TH, Lee JS, Qiu W, Koros WJ, Jones CW, Nair S. A high-performance
gas-separation membrane containing submicrometer-sized metal-organic
framework crystals. Angew Chem Int Ed 2010;49:9863-6.

Rodenas T, Luz I, Prieto G, Seoane B, Miro H, Corma A, Kapteijn F, Xamena



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

FXL, Gascon J. Metal-organic framework nanosheets in polymer composite
materials for gas separation. Nat Mater 2015;14:48-55.

Kang ZX, Peng YW, Qian YH, Yuan DQ, Addicoat MA, Heine T, Hu ZG, Tee
L, Guo ZG, Zhao D. Mixed matrix membranes (MMMs) comprising exfoliated
2D covalent organic frameworks (COFs) for efficient CO. separation. Chem
Mater 2016;28:1277-85.

Meng L, Zou X, Guo S, Ma H, Zhao Y, Zhu G. Self-supported fibrous porous
aromatic membranes for efficient CO2/N. separations. ACS Appl Mater
Interfaces 2015;7:15561-9.

Gao X, Zou X, Ma H, Meng S, Zhu G. Highly selective and permeable porous
organic framework membrane for CO; capture. Adv Mater 2014;26:3644-8.
Bushell AF, Budd PM, Attfield MP, Jones JT, Hasell T, Cooper Al, Bernardo P,
Bazzarelli F, Clarizia G, Jansen JC. Nanoporous organic polymer/cage
composite membranes. Angew Chem Int Ed 2013;52:1253-6.

Evans JD, Huang DM, Hill MR, Sumby CJ, Thornton AW, Doonan CJ.
Feasibility of mixed matrix membrane gas separations employing porous
organic cages. J Phys Chem C 2014;118:1523-9.

Kitchin M, Teo J, Konstas K, Lau CH, Sumby CJ, Thornton AW, Doonan CJ,
Hill MR. AlMs: A new strategy to control physical aging and gas transport in
mixed-matrix membranes. J Mater Chem A 2015;3:15241-7.

Strachota A, Tishchenko G, Matejka L, Bleha M.
Chitosan-oligo(silsesquioxane) blend membranes: preparation, morphology;,
and diffusion permeability. J Inorg Organomet Polym 2001;11:165-82.
Raaijmakers MJT, Wessling M, Nijmeijer A, Benes NE. Hybrid polyhedral
oligomeric silsesquioxanes—imides with tailored intercage spacing for sieving
of hot gases. Chem Mater 2014;26:3660-4.

Huang JC, He CB, Xiao Y, Mya KY, Dai J, Siow YP. Polyimide/POSS
nanocomposites: interfacial interaction, thermal properties and mechanical
properties. Polymer 2003;44:4491-9.

Raaijmakers MJ, Hempenius MA, Schon PM, Vancso GJ, Nijmeijer A,



Wessling M, Benes NE. Sieving of hot gases by hyper-cross-linked
nanoscale-hybrid membranes. J Am Chem Soc 2014;136:330-5.

[128] Li XQ, Jiang ZY, Wu YZ, Zhang HY, Cheng YD, Guo RL, Wu H.
High-performance composite membranes incorporated with carboxylic acid
nanogels for CO2 separation. J Membr Sci 2015;495:72-80.

[129] He GW, Li ZY, Li YF, Li Z, Wu H, Yang XL, Jiang ZY. Zwitterionic
microcapsules as water reservoirs and proton carriers within a Nafion
membrane to confer high proton conductivity under low humidity. ACS Appl
Mater Interfaces 2014,6:5362-6.

[130] He GW, Li YF, Li ZY, Nie LL, Wu H, Yang XL, Zhao YN, Jiang ZY.
Enhancing water retention and low-humidity proton conductivity of sulfonated
poly(ether ether ketone) composite membrane enabled by the
polymer-microcapsules with controllable hydrophilicity-hydrophobicity. J
Power Sources 2014,248:951-61.

[131] Shen J, Liu GP, Huang K, Li QQ, Guang KC, Li YK, Jin WQ.
UiO-66-Polyether block amide mixed matrix membranes for CO; separation. J
Membr Sci 2016;513:155-65.

[132] Le NL, Wang Y, Chung TS. Pebax/POSS mixed matrix membranes for ethanol
recovery from aqueous solutions via pervaporation. J Membr Sci
2011;379:174-83.

[133] Chua ML, Shao L, Low BT, Xiao YC, Chung TS. Polyetheramine-polyhedral
oligomeric silsesquioxane organic-inorganic hybrid membranes for CO2/H, and
CO2/N2 separation. J Membr Sci 2011;385:40-8.

[134] Fu FJ, Zhang S, Sun SP, Wang KY, Chung TS. POSS-containing
delamination-free dual-layer hollow fiber membranes for forward osmosis and
osmotic power generation. J Membr Sci 2013;443:144-55.

[135] Halim A, Fu Q, Yong Q, Gurr PA, Kentish SE, Qiao GG. Soft polymeric
nanoparticle additives for next generation gas separation membranes. J Mater
Chem A 2014;2:4999-50009.

[136] Bae TH, Liu JQ, Lee JS, Koros WJ, Jones CW, Nair S. Facile high-yield



[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

solvothermal deposition of inorganic nanostructures on zeolite crystals for
mixed matrix membrane fabrication. J Am Chem Soc 2009;131:14662-3.
Lydon ME, Unocic KA, Bae TH, Jones CW, Nair S. Structure—property
relationships of inorganically surface-modified zeolite molecular sieves for
nanocomposite membrane fabrication. J Phys Chem C 2012;116:9636-45.
Rao S, Xiu R, SiJ, Lu S, Yang M, Xiang Y. In situ synthesis of nanocomposite
membranes: comprehensive improvement strategy for direct methanol fuel
cells. ChemSusChem 2014;7:822-8.

Chen ZW, Holmberg B, Li WZ, Wang X, Deng WQ, Munoz R, Yan YS.
Nafion/zeolite nanocomposite membrane by in situ crystallization for a direct
methanol fuel cell. Chem Mater 2006;18:5669-75.

Suzuki T, Yamada Y. Effect of thermal treatment on gas transport properties of
hyperbranched polyimide-silica hybrid membranes. J Membr Sci
2012;417:193-200.

Nagaraju D, Bhagat DG, Banerjee R, Kharul UK. In situ growth of
metal-organic frameworks on a porous ultrafiltration membrane for gas
separation. J Mater Chem A 2013;1:8828-35.

Zhang R, Ji S, Wang N, Wang L, Zhang G, Li JR. Coordination-driven in situ
self-assembly strategy for the preparation of metal-organic framework hybrid
membranes. Angew Chem Int Ed 2014;53:9775-9.

Xu GR, Wang SH, Zhao HL, Wu SB, Xu JM, Li L, Liu XY. Layer-by-layer
(LBL) assembly technology as promising strategy for tailoring pressure-driven
desalination membranes. J Membr Sci 2015;493:428-43.

Wang T, Lu JR, Mao LL, Wang ZN. Electric field assisted layer-by-layer
assembly of graphene oxide containing nanofiltration membrane. J Membr Sci
2016;515:125-33.

Shen J, Liu GP, Huang K, Chu ZY, Jin WQ, Xu NP. Subnanometer
two-dimensional graphene oxide channels for ultrafast gas sieving. ACS Nano
2016;10:3398-409.

Mi BX. Graphene oxide membranes for ionic and molecular sieving. Science



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

2014;343:740-2.

Hu M, Mi BX. Layer-by-layer assembly of graphene oxide membranes via
electrostatic interaction. J Membr Sci 2014,469:80-7.

Zhang Y, Feng X, Li H, Chen 'Y, Zhao J, Wang S, Wang L, Wang B.
Photoinduced postsynthetic polymerization of a metal-organic framework
toward a flexible stand-alone membrane. Angew Chem Int Ed
2015;54:4259-63.

Kertika A, Wee LH, Pfannméllerb M, Balsb S, Martensa JA, Vankelecom IFJ.
Highly selective gas separation membrane using in situ amorphised metal—
organic frameworks. Energy Environ Sci 2017;10:2342-51.

He GW, Chang CY, Xu MZ, Hu S, Li LQ, Zhao J, Li Z, Li ZY, Yin YH, Gang
MY, Wu H, Yang XL, Guiver MD, Jiang ZY. Tunable nanochannels along
graphene oxide/polymer core-shell nanosheets to enhance proton conductivity.
Adv Funct Mater 2015;25:7502-11.

Wang ZG, Ren HT, Zhang SX, Zhang F, Jin J. Polymer of intrinsic
microporosity/metal organic framework hybrid membrane with improved
interfacial interaction for highperformance CO. separation. J Mater Chem A
2017;5:10968-77.

Benzaqui M, Semino R, Menguy N, Carn F, Kundu T, Guigner JM, McKeown
NB, Msayib KJ, Carta M, Malpass-Evans R, Guillouzer CL, Clet G, Ramsahye
NA, Serre C, Maurin G, Steunou N. Toward an understanding of the
microstructure and interfacial properties of PIMs/ZIF-8 mixed matrix
membranes. ACS Appl Mater Interfaces 2016;8:27311-21.

Yang YQ, Goh K, Wang R, Bae TH. High-performance nanocomposite
membranes realized by efficient molecular sieving with CuBDC nanosheets.
Chem Commun 2017,53:4254-7.

Shannon MA, Bohn PW, Elimelech M, Georgiadis JG, Marinas BJ, Mayes AM.
Science and technology for water purification in the coming decades. Nature
2008;452:301-10.

Liu G, Wei W, Jin W. Pervaporation membranes for biobutanol production.



[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

ACS Sustain Chem Eng 2014;2:546-60.

Ong YK, Shi GM, Le NL, Tang YP, Zuo J, Nunes SP, Chung TS. Recent
membrane development for pervaporation processes. Prog Polym Sci
2016;57:1-31.

He G, He X, Wang X, Chang C, Zhao J, Li Z, Wu H, Jiang Z. A highly
proton-conducting, methanol-blocking Nafion composite membrane enabled by
surface-coating crosslinked sulfonated graphene oxide. Chem Commun
2016;52:2173-6.

Tamura T, Kawakami H. Aligned electrospun nanofiber composite membranes
for fuel cell electrolytes. Nano Lett 2010;10:1324-8.

Chen WF, Wu JS, Kuo PL. Poly(oxyalkylene)diamine-functionalized carbon
nanotube/perfluorosulfonated polymer composites: synthesis, water state, and
conductivity. Chem Mater 2008;20:5756-67.

Yao Y, Lin Z, Li Y, Alcoutlabi M, Hamouda H, Zhang X. Superacidic
electrospun fiber-Nafion hybrid proton exchange membranes. Adv Energy
Mater 2011;1:1133-40.

Wang JT, Zhang H, Jiang ZY, Yang XL, Xiao LL. Tuning the performance of
direct methanol fuel cell membranes by embedding multifunctional inorganic
submicrospheres into polymer matrix. J Power Sources 2009;188:64-74.
Wang JT, Zhang H, Yang XL, Jiang SA, Lv WJ, Jiang ZY, Qiao SZ. Enhanced
water retention by using polymeric microcapsules to confer high proton
conductivity on membranes at low humidity. Adv Funct Mater 2011;21:971-8.
Wang JT, Zhang ZZ, Yue XJ, Nie LL, He GW, Wu H, Jiang ZY. Independent
control of water retention and acid—base pairing through double-shelled
microcapsules to confer membranes with enhanced proton conduction under
low humidity. J Mater Chem A 2013;1:2267-77.

Sel O, Soulés A, Améduri B, Boutevin B, Laberty-Robert C, Gebel G, Sanchez
C. Original fuel-cell membranes from crosslinked terpolymers via a “sol-gel”
strategy. Adv Funct Mater 2010;20:1090-8.

Bolto B, Hoang M, Xie ZL. A review of membrane selection for the



dehydration of aqueous ethanol by pervaporation. Chem Eng Process
2011;50:227-35.

[166] Chapman PD, Oliveira T, Livingston AG, Li K. Membranes for the dehydration
of solvents by pervaporation. J Membr Sci 2008;318:5-37.

[167] Peng P, Shi BL, Lan YQ. A review of membrane materials for ethanol recovery
by pervaporation. Sep Sci Technol 2011;46:234-46.

[168] Salehian P, Chua ML, Askari M, Shi GM, Chung TS. In situ regulation of
micro-pore to design high performance polyimide membranes for
pervaporation dehydration of isopropanol. J Membr Sci 2015;493:299-310.

[169] Shi GM, Chung TS. Thin film composite membranes on ceramic for
pervaporation dehydration of isopropanol. J Membr Sci 2013;448:34-43.

[170] Zhang H, Wang Y. Poly(vinylalcohol)/ZIF-8-NH, mixed matrix membranes for
ethanol dehydration via pervaporation. AIChE J 2016;62:1728-39.

[171] Jia ZQ, Wu GR. Metal-organic frameworks based mixed matrix membranes for
pervaporation. Microporous Mesoporous Mater 2016;235:151-9.

[172] Wu GR, Jiang MC, Zhang TT, Jia ZQ. Tunable pervaporation performance of
modified MIL-53(Al)-NH/Poly(vinyl alcohol) mixed matrix membranes. J
Membr Sci 2016;507:72-80.

[173] Zhao CH, Jiang ZY, Zhao J, Cao KT, Zhang Q, Pan FS. High pervaporation
dehydration performance of the composite membrane with an ultrathin
alginate/poly(acrylic acid)-FesO4 active layer. Ind Eng Chem Res
2014;53:1606-16.

[174] Wei P, Qu XY, Dong H, Zhang L, Chen HL, Gao CJ. Silane-modified NaA
zeolite/PAAS hybrid pervaporation membranes for the dehydration of ethanol
membranes for the dehydration of ethanol. J Appl Polym Sci 2013;128:3390-7.

[175] Wang MR, Xing RS, Wu H, Pan FS, Zhang JJ, Ding H, Jiang ZY.
Nanocomposite membranes based on alginate matrix and high loading of
pegylated POSS for pervaporation dehydration. J Membr Sci 2017;538:86-95.

[176] Wang N, Liu J, LiJ, Gao J, Ji S, Li JR. Tuning properties of silicalite-1 for

enhanced ethanol/water pervaporation separation in its PDMS hybrid



[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

membrane. Microporous Mesoporous Mater 2015;201:35-42.

Zhuang X, Chen X, Su'Y, Luo J, Feng S, Zhou H, Wan Y. Surface modification
of silicalite-1 with alkoxysilanes to improve the performance of
PDMS/silicalite-1 pervaporation membranes: preparation, characterization and
modeling. J Membr Sci 2016;499:386-95.

Naik PV, Kerkhofs S, Martens JA, Vankelecom IFJ. PDMS mixed matrix
membranes containing hollow silicalite sphere for ethanol/water separation by
pervaporation. J Membr Sci 2016;502:48-56.

Naik PV, Verlooy PLH, Smet S, Martens JA, Vankelecom IFJ. PDMS mixed
matrix membranes filled with novel PSS-2 nanoparticles for ethanol/water
separation by pervaporation. RSC Adv 2016;6:78648-51.

Wang XL, Chen JX, Fang MQ, Wang T, Yu LX, Li JD. ZIF-7/PDMS mixed
matrix membranes for pervaporation recovery of butanol from aqueous solution.
Sep Purif Technol 2016;163:39-47.

Liu G, Xiangli F, Wei W, Liu S, Jin W. Improved performance of
PDMS/ceramic composite pervaporation membranes by ZSM-5
homogeneously dispersed in PDMS via a surface graft/coating approach. Chem
Eng J 2011;174:495-503.

Li YB, Wee LH, Martens JA, Vankelecom IFJ. ZIF-71 as a potential filler to
prepare pervaporation membranes for bio-alcohol recovery. J Mater Chem A
2014;2:10034-40.

Li QQ, Cheng L, Shen J, Shi JY, Chen GN, Zhao J, Duan JG, Liu GP, Jin WQ.
Improved ethanol recovery through mixed-matrix membrane with hydrophobic
MAF-6 as filler. Sep Purif Technol 2017;178:105-12.

Liu G, Hung WS, Shen J, Li Q, Huang YH, Jin W, Lee KR, Lai JY. Mixed
matrix membranes with molecular-interaction-driven tunable free volumes for
efficient bio-fuel recovery. J Mater Chem A 2015;3:4510-21.

Ha H, Park J, Ando S, Kim CB, Nagai K, Freeman BD, Ellison CJ. Gas
permeation and selectivity of poly(dimethylsiloxane)/graphene oxide

composite elastomer membranes. J Membr Sci 2016;518:131-40.



[186] Vinh-Thang H, Kaliaguine S. Predictive models for mixed-matrix membrane
performance: a review. Chem Rev 2013;113:4980-5028.

[187] Dechnik J, Gascon J, Doonan CJ, Janiak C, Sumby CJ. Mixed-matrix
membranes. Angew Chem Int Ed 2017;56:9292-310.

[188] Denny MS, Moreton JC, Benz L, Cohen SM. Metal-organic frameworks for
membrane-based separations. Nat Rev Mater 2016;1:16078|1-17.

[189] Kitao T, Zhang Y, Kitagawa S, Wang B, Uemura T. Hybridization of MOFs
and polymers. Chem Soc Rev 2017;46:3108-33.

[190] Venna SR, Lartey M, Li T, Spore A, Kumar S, Nulwala HB, Luebke DR, Rosi
NL, Albenze E. Fabrication of MMMSs with improved gas separation properties
using externally-functionalized MOF particles. J Mater Chem A
2015;3:5014-22.

[191] Kim J, Fu Q, Scofield JIMP, Kentish SE, Qiao GG. Ultra-thin film composite
mixed matrix membranes incorporating iron(111)-dopamine nanoparticles for
CO; separation. Nanoscale 2016;8:8312-23.

[192] Li YF, Wang SF, Wu H, Wang JT, Jiang Z. Bioadhesion-inspired
polymer-inorganic nanohybrid membranes with enhanced CO: capture
properties. J Mater Chem 2012;22:19617-20.

[193] Dong LL, Chen MQ, Wu XH, Shi DJ, Dong WF, Zhang HJ, Zhang CF.
Multi-functional polydopamine coating: simultaneous enhancement of
interfacial adhesion and CO> separation performance of mixed matrix
membranes. New J Chem 2016;40:9148-59.

[194] Binh NT, Thang HV, Chen XY, Rodrigue D, Kaliaguine S. Polymer
functionalization to enhance interface quality of mixed matrix membranes for
high CO2/CHj4 gas separation. J Mater Chem A 2015;3:15202-13.

[195] Lin RJ, Ge L, Liu SM, Rudolph V, Zhu ZH. Mixed-matrix membranes with
metal-organic framework-decorated CNT fillers for efficient CO, separation.
ACS Appl Mater Interfaces 2015;7:14750-7.

[196] Lin RJ, Ge L, Hou L, Strounina E, Rudolph V, Zhu ZH. Mixed matrix

membranes with strengthened MOFs/polymer interfacial interaction and



[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

improved membrane performance. ACS Appl Mater Interfaces 2014;6:5609-18.
Shahid S, Nijmeijer K, Nehache S, Vankelecom |, Deratani A, Quemener D.
MOF-mixed matrix membranes: precise dispersion of MOF particles with
better compatibility via a particle fusion approach for enhanced gas separation
properties. J Membr Sci 2015;492:21-31.

Kong CL, Du HB, Chen L, Cheng BL. Nanoscale MOF/organosilica
membranes on tubular ceramic substrates for highly selective gas separation.
Energy Environ Sci 2017;10:1812-9.

Shen J, Liu GP, Jin WQ, Lee KR, Xu NP. Membranes with fast and selective
gas-transport channels of laminar graphene oxide for efficient CO, capture.
Angew Chem Int Ed 2015;127:588-92.

Semino R, Ramsahye NA, Ghoufi A, Maurin G. Microscopic model of the
metal—-organic framework/polymer interface: A first step toward understanding
the compatibility in mixed matrix membranes. ACS Appl Mater Interfaces
2016;8:809-19

Kim W, Nair S. Membranes from nanoporous 1D and 2D materials: A review
of opportunities, developments, and challenges. Chem Eng Sci
2013;104:908-24.

Liu GP, Jin WQ, Xu NP. Two-dimensional-material membranes: A new family
of high-performance separation membranes. Angew Chem Int Ed
2016;55:13384-97.

He GW, Xu MZ, Zhao J, Jiang ST, Wang SF, Li Z, He XY, Huang T, Cao MY,
Wu H, Guiver MD, Jiang ZY. Bioinspired ultrastrong solid electrolytes with
fast proton conduction along 2D channels. Adv Mater 2017;29:1605898 |1-8.
Huang WS, Lai CL, An QF, Guzman MD, Shen TJ, Huang YH, Chang KC,
Tsou CH, Hu CC, Lee KR. A study on high-performance composite membranes
comprising heterogeneous polyamide layers on an electrospun substrate for

ethanol dehydration. J Membr Sci 2014;470:513-23.



Fig. 1. Overview of interaction manipulation at membrane interfaces.

Fig. 2. Scheme of preparation of zeolitic imidazolate framework (ZI1F-8) membranes
by using PDA as covalent linker between ZIF-8 layer and Al.O3 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 M(dobdc)-based MMMs
relative to the upper bound for polymers (2 bar feed pressure and 35 °C); (b) TEM
images of 33% Coz(dobdc) and 23% Mgz(dobdc) membrane cross-sections and
corresponding illustrations of the proposed gas transport mechanisms, where purple

hexagons represent Coz(dobdc) or Niz(dobdc) nanocrystals and red hexagons



represent Mgz(dobdc) or Mnz(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 ~ 0.1
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 Zn?* 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-NH, 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.



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-Ui0-66 hybrid membrane[151]. Copyright 2017. Reproduced with
permission from the Royal Society of Chemistry.

Fig. 16. Schematic diagrams of (a) a S-ZrO> fiber-Nafion hybrid membrane, and (b)
the interface between a S-ZrO. fiber and the Nafion matrix with ionic clusters
aggregating on the S-ZrO- 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 Ill: morphology of
CS/silica-COOH and CS/silica-SOzH[161].

Fig. 18. (a) The molecular structure of synthesized terpolymers; (b) schematic
illustration of the hybrid SiO2-SOsH/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



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 Fe**/DA: (a) DA monomers bearing abundant phenyl groups show high
adhesion ability but weak cohesive interaction; (b) low Fe**/DA leads to aggregated
Fe3*~DA complexes with enhanced cohesive interaction and adequate adhesion ability;
(c) high Fe**/DA leads to robust Fe**-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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