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A B S T R A C T   

Zeolitic imidazolate framework (ZIF-8)-based membranes have gained increasing interests as the next-generation 
membranes to tackle many critical separation challenges. In this review, we comprehensively analyze the 
progress of ZIF-8-based membranes, involving ZIF-8 polycrystalline membranes and ZIF-8 incorporated mixed- 
matrix membranes. We focus on the structural manipulation of ZIF-8 crystals and the membranes, aiming at 
providing guidelines and insights for the design of optimized ZIF-8-based membrane with improved separation 
performance. Moreover, we discuss the opportunities and challenges of ZIF-8 membranes from the viewpoints of 
both fundamental science and practical applications, with the goal of identifying the future directions of ZIF-8- 
based membranes.   

1. Introduction 

Membrane technology shows a promising potential in improving the 
energy efficiency of molecular and ionic separation processes, which 
currently account for a high proportion (10–15%) of the world’s energy 
consumption [1,2]. Compared with conventional separation technolo-
gies such as distillation and adsorption, membrane technology exhibits 
the merits of compact design, environmental friendliness, low energy 
consumption, and simple operation. High-performance membrane ma-
terial plays a crucial role for the industrial implementation of membrane 
technology. To date, the majority of molecular-separation membranes 
are made of polymeric materials, which are solution-processable and 
low-cost [3]. However, their applications are severely restricted by the 
intrinsic trade-off effect between permeability and selectivity, as well as 
physical aging, plasticization, and the poor thermal/chemical resis-
tance. Membranes with ordered nanoporous structure and high stability 
are expected to overcome these issues [4]. 

Metal-organic frameworks (MOFs) are a new class of crystalline 
microporous materials formed via the coordination of organic linkers 
with metal nodes [5,6]. Compared with the conventional porous mate-
rials such as zeolite and carbon molecular sieve, MOFs have highly 
tunable pore structure and chemical composition owing to the large li-
brary of metal and organic building blocks can be selected [5]. 

Nowadays, MOFs have been evolving as attractive molecular sieving 
membrane materials for diverse molecular separation processes such as 
gas separation [7,8], solvent dehydration [9,10] and nanofiltration 
[11,12]. MOF-based membranes are constructed in two configurations: 
MOF polycrystalline membranes with a porous support and MOF- 
embedded mixed matrix membranes (MMMs), both of which have 
exhibited promising separation performance. Currently, the research 
pertaining to MOF polycrystalline membrane focuses on developing 
high-quality MOF membrane with less defects for increased selectivity, 
preparing ultrathin MOF membranes for increased permeance, and 
exploring the scale-up fabrication method towards industrial applica-
tion. As for MOF-embedded MMMs, the advantages of easy- 
processability from polymers can be retained, and meanwhile the 
MOF particles provide internal transport channels and influence the free 
volume properties of polymer matrix, imparting the ability of over-
coming of the trade-off effect [6,13,14]. Compared with traditional 
inorganic fillers, the organic-inorganic feature and the highly tunable 
composition of MOF render the MMM better interfacial compatibility 
and stronger interfacial interaction [15–17]. 

Among MOF-based membranes, zeolitic imidazolate frameworks 
(ZIF-8)-based membranes have been most extensively studied owing to 
its outstanding characteristics [18,19]. First, ZIF-8 is constructed from 
transition metal ions (Zn(II)) and 2-methylimidazole (2-mIm) linkers, 
which are tetrahedrally coordinated in the manner similar with the Si-O- 
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Si in zeolite. According to Pearson’s hard/soft acid/base principle, 
azolate ligands (moderate Lewis base) such as 2-mIm can form strong 
coordination bond with metal ions Zn(II) (moderate Lewis acid) [20]. As 
a result, the bonding between 2-mIm and Zn(II) is among the most stable 
coordination bonds, which endows ZIF-8 with a superior thermal and 
chemical stability. Second, compared with other MOFs, ZIF-8 can be 
synthesized under ambient temperature with lower production cost, and 
is easier to form ultrathin, defect-free membranes. Lastly, perhaps most 
importantly, ZIF-8 can efficiently separate many industry-relevant 
molecules. The crystallographic pore aperture of ZIF-8 is 3.4 Å. Owing 
to the flexible nature of the framework (mainly originating from the 
flopping motion of the linker), the effective pore aperture is 4.0–4.2 Å 
[21], enabling ZIF-8 to separate C3H6 (~4.0 Å) and C3H8 (~4.2 Å) with 
outstanding performance [22–24]. Moreover, the flexibility of ZIF-8 is 
highly tunable, making ZIF-8 capable of separating many other gas pairs 
such as H2/CO2, H2/CH4, CO2/N2, and CO2/CH4 [25,26]. All these gas 
separations, especially C3H6/C3H8, are highly energy-intensive and have 
huge energy consumption in industry, thus practical applications of ZIF- 
8-based membranes could significantly reduce the energy and carbon 
footprints. Furthermore, the pore aperture of ZIF-8 is larger than the 
kinetic diameter of water molecule, while smaller than the size of most 
salt ions, impurities (such as dyes) and organic solvents. Theoretically, 
ZIF-8-based membranes possess potential separation capacity in water 
purification and solvent separation [27,28]. 

To achieve high-efficiency molecular separation, elaborate structural 
manipulation of ZIF-8 still needs to be conducted (Fig. 1). As for ZIF-8 
polycrystalline membrane, although ZIF-8 is theoretically suitable for 
the separation of diverse mixtures, the pristine ZIF-8 membrane just 
shows moderate separation performance for C3H6/C3H8 [23], and the 
selectivity for smaller gas pairs is rather low [29,30]. Moreover, ZIF-8 
doesn’t have functional groups to attain adsorption selectivity. 
Furthermore, ZIF-8 membranes cannot sustain high pressure over ~6 
bar, and cannot maintain structural integration in water over 1 day. 
Therefore, it is of great importance to rationally tune the physical 
microstructure and chemical functionality of ZIF-8 membrane to 
improve its separation performance and broaden its application range. 
With regards to ZIF-8-embedded MMM, the dispersibility of ZIF-8 par-
ticles needs to be ameliorated to achieve high filler loading. In an ideal 
scenario, the ZIF-8 phase can form continuous, penetrated transport 
channels, leading to significantly increased permeance; the polymer- 
ZIF-8 interfacial interactions need to be well-designed to mitigate the 
plasticization and physical aging phenomena of polymeric membrane. 
Moreover, functional groups could be incorporated to enhance the se-
lective adsorption towards different permeating molecules. All the 
above demands can be realized via finely tailoring the structure of ZIF-8 

particles. 
In this review, we will comprehensively discuss the progress of ZIF-8- 

based membranes with a focus on tuning the structure of ZIF-8 in terms 
of chemistry, pore structure and flexibility of ZIF-8, ZIF-8 membrane 
morphology, polymer-ZIF-8 interfacial structures. There are some 
excellent reviews regarding to MOFs-based membranes. However, none 
of them focus on the structural manipulation of ZIF-8-based membranes. 
This review will help to deepen the understanding of ZIF-8-based 
membrane and give insights for designing high-performance ZIF-8- 
based membranes by optimizing the structures. We conclude by high-
lighting the opportunities, challenges and future directions of ZIF-8- 
based membranes. 

2. Synthesis of ZIF-8 crystal and ZIF-8-based membranes 

2.1. Synthesis of ZIF-8 crystal 

ZIF-8 crystal is first reported by Chen’s and Yaghi’s groups in 2006 

Nomenclature 

AAO anodic aluminum oxide 
2abIm 2-aminobenzimidazole 
ALD atomic layer deposition 
bIm benzimidazole 
CTAB cetyltrimethylammonium bromide 
DEA diethanolamine 
DMAc dimethylacetamide 
dmbIm 5,6-dimethylbenzimidazole 
DMF dimethyl formamide 
GOPTS 3-Glycidyloxypropyltrimethoxysilane 
Ica 2-imidazolecarboxaldehyde 
2-mIm 2-methylimidazole 
MMMs mixed matrix membranes 
MOFs metal-organic frameworks 
PDA polydopamine 

PDMS polydimethylsiloxane 
PEI polyethyleneimine 
PS polystyrene 
PSS poly(sodium 4-styrene-sulfonate) 
PVA poly(vinyl alcohol) 
PVAm poly(vinylamine) 
PVC-g-POEM poly(vinyl chloride)-g-poly(oxyethylene 

methacrylate) 
RHT rapid heat treatment 
RTILs room temperature ionic liquids 
SA sodium alginate 
SALE solvent-assisted ligand exchange 
SOD sodalite 
TMC trimesoyl chloride 
VPLT vapor phase ligand treatment 
XLPEO cross-linked poly(ethylene oxide) 
ZIF zeolitic imidazolate framework  

Fig. 1. The two types of ZIF-8-based membranes, and the necessity of structural 
manipulation. 
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[31,32] as a representative of zeolite-type MOFs. When being dissolved 
in dimethyl formamide (DMF), part of the 2-mIm molecules dissociate to 
release protons and form deprotonated 2-mIm. After that, the tetrahe-
dral Zn(II) centers are coordinated by the nitrogen atoms in the 1,3-po-
sitions of the deprotonated 2-mIm ligands, then undergo the stages of 
nucleation, crystallization, growth, and stationary to form ZIF-8 crystals 
[33]. The deprotonation step determines the reactivity of imidazole 
ligand and the subsequent crystallization kinetics, which can be facilely 
tuned via modifying the ligand structure (pKa), controlling the solution 
environment (pH), regulating the reaction temperature, or adding 
modulator. The 2-mIm is evidenced to play a dual role in ZIF-8 synthesis: 
its deprotonated form can act as a linker between metal nodes and its 
neutral form can help to terminate crystal growth and stabilize posi-
tively charged crystals [34]. Therefore, through adding excess 2-mIm, 
ZIF-8 nanocrystals instead of microcrystals/macrocrystals can be syn-
thesized with the crystal size decreasing to 20 nm. After years of 
research, the size of ZIF-8 crystals can be facilely tuned in the range from 
10 nm to several tens of micrometer or higher [34,35], and the synthesis 
conditions have been greatly optimized. In contrast to the initial sol-
vothermal synthesis in DMF for hours or days [32], the rapid synthesis 
(several minutes) at room temperature has been implemented in meth-
anol [34] or even aqueous solution [36]. 

2.2. Synthesis of ZIF-8-embedded mixed matrix membrane 

Mixed matrix membranes are commonly fabricated via physical 
blending or in-situ hybridization. Physical blending refers to incorpo-
rating the pristine or modified ZIF-8 crystals into the polymer casting 
solution or the monomer solution, followed by the routine fabrication 
process of polymer membrane. To avoid the aggregation of ZIF-8 par-
ticles in solution and the resultant interfacial voids in polymer matrix, 
Wu et al. [37] proposed a non-drying, water-based process to prepare 
mixed matrix membrane via directly blending ZIF-8 aqueous suspension 
with a hydrophilic organic polymer (poly(vinyl alcohol), PVA) aqueous 
solution. The omitting of drying and re-dispersing steps of ZIF-8 favors a 
desirable interfacial morphology under high filler loading. 

In-situ hybridization means precursors (i.e., metal ion and organic 
linker) instead of ZIF-8 crystals are employed during the synthesis of 
membrane, and the formation of ZIF-8 occurs with the surrounding of 
polymer chains. The specific operation can be implemented via two 
pathways. (i) For membrane synthesis processes with multiple de-
positions (such as layer-by-layer self-assembly and interfacial polymer-
ization), the metal ion and organic linker can be added into different 
solutions, and then deposited onto the support respectively. The metal- 
ligand coordination reaction occurs upon the contacting of two solu-
tions, thus generating ZIF-8 crystals concurrent with the formation of 
polymer matrix [15,38]. Zhang et al. [38] alternatively and repeatedly 
deposited Zn(NO3)2 solution and the mixture solution of 2-mIm and poly 
(sodium 4-styrene-sulfonate) (PSS) on the substrate. The coordination 
between Zn2+ and PSS facilitates the assembly of polymer matrix, while 
Zn2+ and 2-mIm form evenly distributed ZIF-8 nanoparticles. In addi-
tion, strong metal-organic coordination interactions exist at the inter-
face arising from the dual action of Zn2+. (ii) In-situ hybridization can be 
achieved via preparing the membrane with polymer matrix and one of 
the precursors (normally metal ion) at first, and then immersing the as- 
formed membrane into the solution or vapor of the other precursor [16]. 
Subsequently, the precursor outside membrane will diffuse into mem-
brane and react with the internal precursor to form ZIF-8 crystals. In 
general, hydrophilic polymers with polar groups are adopted as mem-
brane matrix, which confer strong bonding with metal ions to diminish 
their leaching out, and ensure the properly swollen polymeric network 
in solution to facilitate the penetration of organic ligand. Due to the 
highly homogeneous distribution of molecular-scale precursor in solvent 
and polymer matrix, as well as the confinement effect of polymer 
network, the mixed matrix membranes via in-situ hybridization 
commonly possess more uniform distribution, much smaller filler size, 

and better interfacial morphology. 

2.3. Synthesis of ZIF-8 polycrystalline membrane 

In terms of ZIF-8 polycrystalline membrane, its unique feature of 
rapid synthesis at room temperature and its great potential in separating 
critical gas pairs have triggered the exploration of abundant novel 
fabrication methods. The prerequisite of a ZIF-8 membrane to achieve 
effective separation is the well-intergrown, defect-free structure, which 
is challenging through simple in-situ crystallization method due to the 
poor heterogeneous nucleation on the substrate. To address this issue, 
the substrate modification (such as grafting amine groups [39] or 
coating polydopamine (PDA) [28] on substrate surface to bind more 
Zn2+) and external force field (such as electric field) intensification [23] 
approaches can be adopted, so that to facilitate the high density nucle-
ation and preferential crystallization on substrate instead of in solution. 
Zhou et al. [23] performed current–driven synthesis of ZIF-8 membrane 
on the conductive Pt-coated substrate, which acts as the cathode in the 
electrochemical cell. The external direct current promotes the depro-
tonation of 2-mIm to the imidazolate anion, benefiting the coordination 
with Zn2+. Meanwhile, Zn2+ cations are attracted on the substrate, thus 
boosting the high-density and fast nucleation, crystallization and growth 
of ZIF-8 on the substrate. Controlling the contact of ligand and metal ion 
at a limited interface is a direct approach to ensure the nucleation and 
crystallization of ZIF-8 only occur on substrate. Various strategies such 
as interfacial “polymerization” [40], contra-diffusion [7], and precoat-
ing Zn/ZnO layer on substrate [8,41] have been proved to be effective. 
Nair et al. [7] proposed the contra-diffusion method to synthesize ZIF-8 
membrane on hollow fiber substrate, in which one of the precursors (i.e., 
metal ion or organic linker) flows in the shell side of the hollow-fiber and 
the other one is continuously supplied in the bore of the hollow-fiber. 
The reaction occurs at the interface of the two immiscible solutions, 
and the initially formed ZIF-8 membrane acts as a barrier between the 
two precursors and confines the further reaction in the voids to form a 
high-quality membrane. The location of the reaction interface in hollow 
fiber can be easily controlled by tuning the reactant flow profiles, sol-
vents, concentrations and temperature. Secondary growth is currently a 
widely adopted method for MOF membrane synthesis, in which a 
seeding layer is pre-coated on substrate before crystal growth to provide 
high-quality nucleation sites. In this case, the high-quality seeding layer 
with uniform and high-density distribution and strong adhesion to the 
substrate surface is essential. So far, diverse methods have be explored to 
fabricate seeding layer, such as dip coating [42], reactive seeding [43], 
current-driven seeding [44] and so on. Wang et al. [45] adopted two- 
dimensional graphene oxide (GO) nanosheets decorated with a suit-
able amount of ZIF-8 nanocrystals as seeds. The assembly of the flexible 
hybrid nanosheets forms a 100 nm seeding layer with a uniform distri-
bution and complete covering, which benefits the formation of defect- 
free ZIF-8 polycrystalline membrane in secondary growth. 

On the premise of sufficient selectivity, the researches of ZIF-8 
polycrystalline membrane synthesis generally aim at one or more of 
the following targets to improve the competiveness of ZIF-8 membrane 
towards practical applications: high permeance, time-saving synthesis, 
and scale-up fabrication. Minimizing the thickness of the defect-free 
membrane is the most widely employed strategy to improve per-
meance [5]. Currently, ultrathin ZIF-8 membranes with the thickness 
lower than 1 μm and even much thinner have been reported via methods 
such as gel-vapor deposition [41], microwave-assisted interfacial 
“polymerization” [40], current-driven synthesis [23], and so on [45]. 
The essence of these methods is confining the nucleation, crystallization 
and crystal growth in an ultrathin region on substrate surface, wherein 
one of the precursors is enriched with a high density. On this basis, the 
reaction kinetics inside this region can be optimized to lower the syn-
thesis time. For instance, during the interfacial “polymerization” pro-
cess, the incorporation of microwave could provide highly rapid and 
intense heating energy to facilitate the nucleation of metal ions on the 
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substrate, achieving the super-fast synthesis of ZIF-8 membrane in 90s. 
Through depositing Zn gel layer on substrate via sol-gel method and 
then treating it with 2-mIm vapor, the ZIF-8 with extremely low thick-
ness of 17 nm can be successfully fabricated [41]. In terms of scale-up 
fabrication, composite membrane with separation layer on the inner 
surface of hollow fiber substrate is a promising configuration, since it is 
more feasible for safe-installation into the membrane modules, and 
provides large permeation areas per unit volume of membrane module. 
Due to the confined space inside hollow fiber, microfluidic flow pro-
cessing needs to be performed to ensure a continuous supply of fresh 
linker and metal ions during the membrane formation [7]. Furthermore, 
in-situ ZIF-8 membrane synthesis inside membrane module has also 
been explored via vapor deposition or contra-diffusion [7,41], which 
avoids the membrane damage during installation. 

3. Structural manipulation strategies of ZIF-8 

Most of the gas separation processes conform to the solution- 
diffusion mechanism. To achieve a high-efficiency gas separation, both 
the physical and chemical structures of ZIF-8 can be manipulated to 
intensify the diffusion and adsorption processes, respectively. According 
to the tuned object, the structural manipulation strategies of ZIF-8 can 
be classified into five categories as displayed in Fig. 2: lattice flexibility, 
ligand structure, membrane crystallinity, physical morphology and 
chemical property. Among them, the lattice flexibility, ligand structure 
and membrane crystallinity belong to the tuning of crystal lattice 
structure in sub-nanometer scale, while the physical morphology and 
chemical property are nanometer-scale manipulations without disturb-
ing the intrinsic structure of ZIF-8. Since the structural manipulation of 
ZIF-8 particle and ZIF-8 membrane follows the similar principle, the 
methods are summarized without distinguishing between them. 

3.1. Lattice flexibility 

The theoretical aperture size of ZIF-8 is 3.4 Å, which lies between the 
kinetic diameters of CO2 (3.3 Å) and N2/CH4 (3.64/3.8 Å). However, the 
reported CO2/CH4 or CO2/N2 selectivities of ZIF-8 membranes are 
usually lower than 5 [29,30]. The key reason of this performance is the 
lattice flexibility arising from the rotatable mIm ligand [23,29,30,47]. 
According to the diffusion test, the effective aperture size of ZIF-8 is 

determined to be 4.0–4.2 Å, larger than most of the gas molecules and 
falling between the diameters of C3H6 (~4.0 Å) and C3H8 (~4.2 Å) [21]. 
To improve the molecular sieving capability of ZIF-8 membrane for gas 
mixtures, suppressing the lattice flexibility (i.e. ligand mobility) is an 
important route. 

Caro et al. [48] demonstrated the reversible switching of gas 
permeation property of ZIF-8 membrane when applying an in-situ 
electric field during permeation test. This phenomenon arises from the 
polarization of ZIF-8 lattice, and the structural transformation from 
cubic to monoclinic and triclinic polymorphs with stiffened framework, 
which lead to a reduction in gas transport and sharpen the molecular 
sieving capability of ZIF-8 membrane especially for C3H6/C3H8 separa-
tion. However, when the E-field is switched off, the membrane perfor-
mance will recover after a relaxation time of ~100 min. Inspired by this 
phenomenon, Wang and Zhou et al. developed an in-situ current-driven 
synthesis strategy [23,30] to prepare ZIF-8 membranes with reduced 
lattice flexibility. During the nucleation and growth of ZIF-8 crystals, the 
current forms a local electric field, which causes the inborn lattice 
distortion of the ZIF-8 lattice (Fig. 3a) [23]. The as-formed ZIF-8 
membranes are a mix of three phases, with the stiffer Cm phase ac-
counting for 60% to 70% of the entire ZIF-8 crystals. In the light of the 
molecular simulation results, compared with the original ZIF-8_I 43 m 
structure, the ZIF-8_Cm with suppressed ligand mobility shows a sharp 
decline of C3H8 permeance (Fig. 3b) (decrease by 91.3%), and a far 
higher C3H6/C3H8 selectivity (from 150 to 530). Therefore, the final ZIF- 
8 membrane achieves an excellent molecular sieving performance with 
the actual C3H6/C3H8 separation factor being improved to 305 (Fig. 3c). 
Even after high temperature and long-term gas separation test, the ZIF- 
8_Cm polymorph still can be maintained. Although the ZIF-8 membrane 
obtains a desirable C3H6/C3H8 separation performance, the CO2/CH4 
separation even gets worse with the selectivity decreasing to 2.7. One 
possible reason is the insufficiently restricted ligand mobility of ZIF- 
8_Cm phase, which exerts an inconspicuous influence on the diffusion 
of smaller gas molecules such as CO2 and CH4. In addition, the aperture 
size is slightly enlarged during the switch from ZIF-8_I 43 m to ZIF-8_Cm 
[30]. 

To address this issue, Agrawal’s group proposed a facile rapid heat 
treatment (RHT) approach [29], which leads to the shrinkage in the 
unit-cell parameters of ZIF-8 and increases the microstrain in the 
framework, thus achieving more remarkable lattice stiffness. The 

Fig. 2. Summary of the structural manipulation strategies of ZIF-8. Adapted with permission from [23,46].  
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Fig. 3. (a) Schematic illustration of the ZIF-8 membrane growth via current-driven synthesis in comparison with solvothermal growth. (b) Difference between ZIF-8_I 
43 m and ZIF-8_Cm for C3H6/C3H8 separation. (c) Binary C3H6/C3H8 separation performance of the ZIF-8 membranes as a function of current-driven growth time at 
room temperature. Reproduced with permission from [23]. 

Fig. 4. Scanning electron microscopy images of the as-synthesized ZIF-8 membrane: (a) top view and (b) cross-sectional view. (c) Gas separation characteristics of 
ZIF-8 at 30 ◦C as a function of rapid heat treatment parameters. Comparison of the CO2 separation performance of RHT ZIF-8 membranes with other reported MOF 
membranes: g) CO2/CH4 and h) CO2/N2, arrows show the improvement in the separation performance after RHT. Reproduced with permission from [29]. 
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pristine ZIF-8 membrane with the thickness of 550 nm and the well 
inter-grown structure (Fig. 4a, b) shows a low CO2/CH4 selectivity of 
2.7. After the rapid treatment (less than 15 s) within an optimal tem-
perature window (330–390 ◦C), the ZIF-8 membrane with more rigid 
lattice obtain a much higher molecular sieving capability with the 
molecules larger than 3.4 Å showing significantly reduced permeance 
and the C3H6 molecule being completely blocked (Fig. 4c). Conse-
quently, the CO2/CH4 and CO2/N2 selectivities are remarkably 
enhanced from lower than 5 to about 30, which are the highest values 
from MOF membranes (Fig. 4d, e). The framework decomposition/ 
carbonization temperature of ZIF-8 is about 580 ◦C, at which a disor-
dered porous carbon network with N-doping can be obtained. With the 
temperature approaching this value, the free methyl groups on the 
framework ligands were partially dissociated, while the microporous 
framework could be still maintained, thus forming locally defective 
structures on ZIF-8 [49,50]. Although the thermal-treated ZIF-8 showed 
a reduced surface area and pore volume, the active carbon/nitrogen and 
the exposed Zn sites in defective regions led to a considerable 
enhancement in CO2 uptake (from 1.70 to 1.66 mmol g− 1) and CO2/N2 
selectivity (from 10 to 21) [49]. Due to the ZIF-8 membrane is prone to 
forming cracks at such a high temperature, this method is not suitable 
for the post-synthetic modification of ZIF-8 membrane, yet it is a simple 
and effective way to tailor the molecular transport properties of ZIF-8 
filler in MMMs. 

Physical restriction is a direct way to hinder the flexibility of ZIF-8 
framework, which can be implemented by facile coating of polymer 
solution on top of ZIF-8 membrane. Li et al. [47] corroborates that the 
polydimethylsiloxane (PDMS) penetrating into the ZIF-8 polycrystalline 
membrane plays a crucial role in reducing the flexibility of ZIF-8 
framework, thus leading to an outstanding stability in the C3H6/C3H8 
selectivity under high feeding pressures. In contrast, both the ZIF-8 
membrane coated with a pre-cured PDMS thin layer and the pristine 
ZIF-8 membrane show sharply decreased C3H6/C3H8 selectivity with 
increasing feeding pressure. 

3.2. Ligand structure 

For ZIF-8 polycrystalline membrane, the ligand structure dominates 
the porous structure and the molecular transport properties in it: the 
functional groups on ligand influence the preferential adsorption of 
permeating molecules, while the spatial structure of ligand determines 
the aperture size and the ligand mobility, and then affects the molecular 
diffusion process [30,51,52]. For ZIF-8-embedded MMM, besides the 
above impacts, the ligand structure plays an essential role in deter-
mining the polymer-filler interfacial interaction, which affects the 
interfacial morphology and the free volume property [53,54]. In the 
synthesis of ZIF-8, 2-mIm is employed as the ligand. Due to the low 
reactivity of methyl group, it is hard to perform covalent reaction on ZIF- 
8 crystals. The most widely adopted approach of tailoring ligand 
structure is employing different imidazole molecules to partially replace 
2-mIm before or after ZIF-8 synthesis, i.e. in-situ mixed ligand synthesis 
or post-synthetic ligand exchange. 

3.2.1. In-situ mixed ligand synthesis 
The most facile method to manipulate ligand structure is incorpo-

rating imidazole ligands with diverse functional groups into the syn-
thesis system of ZIF-8, and then obtaining a mixed-linker structure 
[55,56]. Via tailoring the ratio of different ligands, a series of modified 
ZIF-8 crystals with different effective pore sizes and amounts of func-
tional group can be synthesized, so that to achieve the continuously 
tunable diffusion and adsorption properties towards gas, water or 
organic solvent molecules [52,55,57]. 

When ZIF-8 is utilized as the filler in MMM, imidazole ligands with 
amino groups are the most widely studied modifiers since amino group 
shows desirable hydrophilicity, confers the possibility to form covalent 
bond and hydrogen bond with the polymer matrix, and plays the role of 

facilitated transport towards CO2 molecules [53,54,58]. Liu’s group 
synthesized amino-functionalized ZIF-8 with mixed mIm and 2-amino-
benzimidazole (2abIm) as ligands [54]. During the subsequent prepa-
ration of thin film nanocomposite membrane, the amino groups on ZIF-8 
surface participate in the interfacial polymerization process via reacting 
with the trimesoyl chloride (TMC) monomers, forming a covalently 
bonded interface. In addition, the primary amino on ZIF-8 could also 
form hydrogen bonds with the tertiary amino on the polymer chains. 
Comparatively, the strengthened interfacial interaction enhances the 
compatibility between NH2-ZIF-8 and polymer matrix to inhibit the 
formation of interfacial voids, and disturbs the segment packing of 
polymer to increase the free volume inside membrane. As a result, both 
the gas permeance and selectivity obtain a remarkable improvement. 
Beyond imidazole-based ligand, the range of chemical modifier can be 
broadened to other molecules which could also assembly with Zn2+

[53,59]. Zhao et al. incorporated polyethyleneimine (PEI) with abun-
dant amino groups into the synthesis process of ZIF-8 nanoparticles 
(Fig. 5) [53]. The PEI chains exist in ZIF-8 in two modes: embedding in 
the framework via forming two Zn-N bonds, and tangling on the particle 
surface via forming only one Zn-N bond (Fig. 5a). The PEI-grafted ZIF-8 
particles obtain improved pore volume, surface area and pore diameter, 
benefiting the diffusion of gas molecules when being utilized as the filler 
in MMM. In addition, the considerable amino groups on ZIF-8 surface 
and inside ZIF-8 cavity favors the desirable compatibility between ZIF-8 
and poly(vinylamine) (PVAm) matrix through forming hydrogen bonds 
(Fig. 5b), and benefits the facilitated transport of CO2, leading to a 100% 
increase in CO2 permeance and a 44% increase in CO2/N2 selectivity 
over pristine ZIF-8-embedded MMM (Fig. 5c). 

Currently, the mixed-ligand strategy is often adopted for the modi-
fication of ZIF-8 nanoparticles. As for ZIF-8 membrane, the relevant 
studies are much less, since the incorporation of different ligands affects 
the nucleation and intergrowth of ZIF-8 crystals, which determine the 
formation of defect-free membrane on support [52,57]. So far, benz-
imidazole (bIm, ZIF-7 linker) is the most widely utilized ligand to be 
incorporated into the synthesis of ZIF-8 membrane to tune the structure 
of ZIF-8 membrane. Jeong et al. synthesized ultrathin and well- 
intergrown ZIF-7-8 membranes with mixed bIm and mIm in the pre-
cursor solutions [52]. Due to the relatively lower pKa value of bIm, it is 
prone to deprotonating and then coordinating with Zn2+. Therefore, the 
presence of bIm linkers could expedite the nucleation rate and facilitate 
the crystallization to form more uniform and smaller crystal grains, thus 
promoting the intergrowth of crystals. The bulkier bIm leads to the 
reduction of effective aperture size, and then improves the molecular 
sieving capacity of ZIF-8 membrane to some extent. However, the CO2/ 
CH4 separation factor is still not high enough (~3.4). Wang et al. pro-
posed a synergistic strategy to combine the stiffened lattice structure 
from current-driven synthesis and the narrowed aperture from mixed 
ligands (Fig. 6) [30]. Promisingly, the as-prepared ZIF-7x-8 membrane 
achieves a sharp CO2/CH4 separation with the separation factor up to 
25. When the bIm percentage is lower than 22%, the ZIF-7x-8 membrane 
shows a significant increase in CO2/CH4 separation factor, and a 
decrease in CO2 permeance, due to the improved molecular sieving 
capacity from narrowed aperture size (Fig. 7a). However, in spite of the 
continuously decreased aperture size, the ZIF-7x-8 membranes with 
higher bIm percentage exhibit deteriorated separation performance, 
which perhaps can be ascribed to the loss of crystallinity and the lacking 
of ordered pores. Compared with many ZIF-7, ZIF-8, ZIF-7-8, and other 
modified ZIF-8 polycrystalline membranes, the ZIF-7-8 membrane here 
with stiffened framework shows a much more attractive CO2/CH4 sep-
aration factor (Fig. 7b). 

3.2.2. Post-synthetic ligand exchange 
With in-situ mixed ligand synthesis method, some desired MOF 

crystals are failing to be synthesized due to the issue of ligand solubility 
and the negative influences of functional groups on the metal-ligand 
coordination reaction [60]. In this regards, post-synthetic ligand 
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Fig. 5. (a) In-situ synthesis protocol of PEI-g-ZIF-8 nanoparticles. (b) The hydrogen bonds between PVAm and PEI-g-ZIF-8 nanoparticles. (c) CO2 permeance and 
CO2/N2 selectivity of different membranes. Reproduced with permission from [53]. 

Fig. 6. Schematic illustration of the synthesis of mixed-linker ZIF-7x-8 membranes on anodic aluminum oxide (AAO) in one step via current-driven synthesis. 
Reproduced with permission from [30]. 
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exchange is an attractive strategy to achieve the modification of existing 
MOF crystals and design new MOF structures unattainable via direct 
synthesis [61–63]. The resulting new MOF crystals (daughter MOFs) 
often possess the topologies identical to the parent MOFs but contain a 
certain proportion of new ligands [62]. 

Ligand exchange is generally performed by soaking MOF crystals 
into the solutions with ligand substitutes under heat treatment, i.e. 
solvent-assisted ligand exchange (SALE) [64,65]. Yang et al. improved 
the hydrophobicity and water-resistance of ZIF-8 through the SALE 
method with 5,6-dimethylbenzimidazole (dmbIm) [65]. For high- 
efficiency C3H8/N2 separation, our group performed shell ligand ex-
change of ZIF-8 with dmbIm to enhance its hydrophobicity and improve 
its interfacial compatibility with PDMS matrix [66]. In most cases of 
hydrophobic membranes, the polymeric matrix and modified ZIF-8 
nanoparticles were linked by weak interactions. In order to form 
strong interfacial covalent bonds, Wang et al. [67] synthesized amino- 
functionalized ZIF-8 via post-synthetic ligand exchange, which was 
then covalently linked to PDMS matrix with 3-glycidyloxypropyltrime-
thoxysilane (GOPTS) as a covalent linking bridge: the epoxy groups 
react with the amino groups on ZIF-8, and the silanol groups react with 
the terminal hydroxyl groups on PDMS. The strong interfacial bonding 
confers a desirable interfacial morphology, leading to the concurrently 
improved flux and ethanol/water separation factor. Jeong et al. [68] 
employed 2-imidazolecarboxaldehyde (Ica, ZIF-90 linker) as the 

substitute of 2-mIm to enlarge the effective aperture size of ZIF-8 
(Fig. 8), since ZIF-90 is isostructural to ZIF-8 (sodalite (SOD) topol-
ogy) with a larger aperture size of about 5.0 Å. By converting the top ZIF- 
8 layer to ZIF-90 equivalent layer, the C3H6 permeance of the ZIF-8 
membrane is enhanced from 70 to 260 GPU, while the C3H6/C3H8 
separation factor is slightly compromised from 55 to about 40. Besides 
pore size manipulation, the aldehyde groups on Ica are highly reactive 
and confer a facile pathway for further functionalization such as reacting 
with amine group through imine condensation reaction. 

Aiming at achieving low-cost scalable synthesis, Tsapatsis demon-
strated a facile vapor phase ligand treatment (VPLT) method [51] to 
tune the porous structure and chemical functionality of ZIF-8 mem-
branes. Through exposing the ZIF-8 membranes to 2abIm ligand vapor 
at 180 ◦C for 40 min, the 2-mIm ligands were partially replaced by 
2abIm without destroying the microstructure of ZIF-8 membrane. 
Compared with the pristine ZIF-8 membrane, the molecular sieve cut-off 
of modified ZIF-8 membrane shifts from propylene (~4.0 Å) to oxygen 
(~3.5 Å), confirming the reduction of the effective pore size. In addition, 
the 2abIm as ligand incorporates abundant amine groups into ZIF-8 
membrane, which facilitate the preferential adsorption of CO2 mole-
cules, and further improve the CO2/N2 and CO2/CH4 selectivity. It 
should be noticed that before VPLT, two membranes need to be bundled 
together back to back to make sure only the membrane side is directly 
exposed to ligand vapor, otherwise the vapor penetrating into the 

Fig. 7. (a) CO2/CH4 separation performance of the mixed-linker ZIF-7x-8 membranes. (b) Comparison of CO2/CH4 separation performance of the ZIF-7x-8 mem-
branes with other ZIF membranes. Reproduced with permission from [30]. 

Fig. 8. (a) Illustration of the post-synthetic ligand exchange of mIm of ZIF-8 membranes with Ica (ZIF-90 linker), resulting in a reduction of the effective membrane 
thickness. ZIF-90 equivalent (red), ZIF-8-90 mixed linker (orange), and ZIF-8 frameworks (yellow). (b) Binary C3H6/C3H8 separation performances of ZIF-8 mem-
branes postsynthetically linker exchanged with Ica for different reaction times. Reproduced with permission from [68]. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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substrate pores will destroy the membrane structure. Li’s group [60] 
achieved the modification ZIF-8 nanoparticles with the same method, 
and investigated the underlying mechanism of ligand exchange reaction. 
It is evidenced that the new ligands are incorporated into the ZIF-8 
framework instead of trapping in the cavity. With the proceeding of 
ligand exchange, the concentration of new ligand decreases and the 
concentration of the replaced mIm ligand increases in the reaction sys-
tem, which ultimately reach equilibrium and terminate the ligand ex-
change reaction. Via restarting a new ligand exchange process with fresh 
vapor, the exchange ratio of ZIF-8 can be further increased. Meanwhile, 
it is possible to incorporate multiple ligands and functional groups into 
ZIF-8 lattice through multistep ligand exchange to obtain highly tunable 
gas adsorption property (Fig. 9). 

Both in-situ mixed ligand synthesis and post-synthetic ligand ex-
change methods can achieve the functionalization of ZIF-8, yet the as- 
formed structures are completely distinct [61]. The ligands are well- 
mixed at unit cell level in the entire crystal with mixed ligand synthe-
sis, while the ligands show uneven distribution and apparent enrichment 
near the external surface after ligand exchange (Fig. 7b, c). This result 
can be ascribed to the diffusion-limited feature of the ligand exchange 
reaction, which occurs from the external surface to the interior with the 
new ligand diffusing into the crystal, and the mIm ligand in pristine ZIF- 
8 diffusing out, thus forming a core-shell type of compositional and 
structural distribution. Accordingly, the crystal size [61], membrane 
thickness [51], and molecular size of new ligand [65], which are critical 
factors for the diffusion process, confer great impacts on the exchange 
rate and distribution of ligands. In terms of the operation process, the 
mixed ligand synthesis method is more facile to be performed. Never-
theless, some functionalized ligand structure may exert adverse effects 
on the metal-ligand coordination reaction and impede the formation of 
ZIF crystals, thus restricting the incorporation of some certain functional 
groups. Comparatively, the post-synthetic ligand exchange method has a 
broader scope of application. Especially, the vapor phase ligand ex-
change [51,60,69] is highly attractive for scalable membrane 
fabrication. 

Besides the manipulation of ligand structure, the metal ions (Zn2+) in 
ZIF-8 can also be partially replaced by analogous metal ions such as Co2+

and Mn2+, so that to tune the bond stiffness and porous structure 
[63,70,71]. Due to the limited metal substitutes and the similar opera-
tion methods with ligand replacement, the relevant works haven’t been 
introduced in detail in this review. 

3.3. Membrane crystallinity 

The ZIF-8 crystals are reported to perform solid–solid phase trans-
formation to amorphous phase by applying ultrahigh pressure [46], high 
temperature [72] or ball-milling [73] to destroy the long-range ordered 
lattices. The basic building units can be retained, while the linker 
rotation and the pore configuration (such as pore size, shape and 
porosity) are affected, thus impacting greatly on the molecular transport 
inside. Molecular simulations have demonstrated that an external 
pressure up to 1 GPa could achieve almost one order of magnitude 

enhancement in C3H6/C3H8 diffusion selectivity, due to the mechanical 
control on the pore architecture and the ligand flip/libration modes of 
flexible ZIF-8 [74]. Inspired by this attractive result, Li and Jin et al. [46] 
performed controllable mechanical compression (high pressure up to 
0.75 GPa) on crystalline ZIF-8 to destroy the long-range ordered lattice 
structure and obtain amorphous ZIF-8. The as-formed amZIF-8 displays a 
collapsed structure with decreased porosity, and enhanced C3H6/C3H8 
adsorption selectivity. In addition, the first amorphous ZIF-8 membrane 
was in-situ prepared with the pressure-compression of ZIF-8 nano-
crystals, which shows a sharp molecular cut-off between the kinetic 
diameters of CO2 (3.3 Å) and N2/CH4 (3.6/3.8 Å), confirming the 
reduced pore size after amorphization. Thus, the increment in CO2/N2 
and CO2/CH4 selectivities can be achieved compared with the ZIF-8 
polycrystalline membranes. Wee and coworkers [72] achieved the in- 
situ amorphization of ZIF-8 filler in polyimide membrane via 
controlled thermal treatment in air, thus creating an efficient molecular 
sieve network for CO2/CH4 separation. 

Different with the post-transformation of ZIF-8 from crystal to 
amorphous phase under mechanical compression or high temperature, 
low-crystallinity ZIF-8 membranes can be directly fabricated via nano- 
confined synthesis or competitive coordination [8,59]. Tsapatsis et al. 
[8] deposited ZnO inside the porous γ-alumina support via atomic layer 
deposition (ALD), followed by the vapor treatment of 2-mIm ligand to 
convert ZnO into ZIF-8. Due to the confinement of the conversion pro-
cess within the small 2- to 5-nm pores in support, the as-formed ZIF-8 
shows undetectable crystallinity, and it is demonstrated to be the main 
contributor of the high-efficiency separation for C3H6/C3H8. Zhong et al. 
[59] proposed the strategy of interface layer polarization induction to 
synthesize ultrathin low-crystallinity ZIF-8 membranes. An interface 
layer of PVA-Zn2+ complex was firstly prepared and then immersed into 
the methanol solution of Zn2+ and 2-mIm mixture. Upon contacting with 
the solution, the competitive coordination occurs between 2-mIm-Zn2+

and PVA-Zn2+, which hinders the coordination reaction between 2-mIm 
ligands and metal ions. Consequently, the synthesized ZIF-8 membrane 
creates abundant open metal sites and shows low crystallinity. A syn-
ergistic ligand diethanolamine (DEA) was then incorporated into the 
mixture solution, which further intensifies the competitive coordination 
with 2-mIm, thus creating more open metal sites. For C3H6/C3H8 sepa-
ration, the abundant open metal sites in membrane can form π bonds 
with C3H6, thus showing preferential affinity with C3H6 molecules. 
Consequently, the DEA-modified ZIF-8 membrane achieves the highest 
C3H6 permeance (2000–3000 GPU) and the desirable C3H6/C3H8 
selectivity (90–120), far superior to the pristine ZIF-8 membrane. From 
the above analysis, it can deduced that for the structural manipulation of 
ZIF-8 via in-situ mixed ligand synthesis strategy, if the new ligand co-
ordinates with metal ions via functional groups beyond imidazole (such 
as hydroxyl or amino groups), the crystallinity of as-formed ZIF-8 will be 
decreased. Therefore, the incorporation of mixed ligands play dual roles 
of generating more open metal sites and introducing functional groups, 
which make different contributions depending on the specific perme-
ating molecules. 

Fig. 9. Possible hexagonal window structures of ZIF-8 after first and second linker exchanges. The window structures are surrounded by zinc centers and organic 
linkers. Reproduced with permission from [60]. 
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3.4. Physical morphology 

In the case of ZIF-8-based MMM, the highly porous structure inside 
ZIF-8 provides transport pathways with lower resistance compared with 
the dense polymer matrix. Apart from the fine tuning of the sub- 
nanometer-scale crystal structure (such as lattice flexibility and aper-
ture size), the nanometer-scale physical morphology (such as particle 
size [75], shape [76,77] and hollow structure [78]) also exerts signifi-
cant impacts on the selective permeation of molecules inside ZIF-8. 

Ma et al. [75] synthesized ZIF-8 particles with different average sizes 
(50, 150 and 400 nm) and investigated the influences of filler size on 
membrane performance. Comparatively, the reverse osmosis polyamide 
membrane with smaller-size filler (50 nm) showed the best performance 
in terms of both water permeability and salt rejection, which is possibly 
attributed to the superior filler dispersion in separation layer and the 
larger interfacial area. Pan and Li et al. [76] fabricated monodispersed 
ZIF-8 crystals with five distinctive shapes: rhombic-dodecahedron, 
nanocubic, octagonal plate, interpenetration twin, and nanorod, via 
incorporating surfactant cetyltrimethylammonium bromide (CTAB) and 
precisely tuning the competitive reaction between CTAB and ligands 
with zinc ions. When being embedded into the cross-linked poly 
(ethylene oxide) (XLPEO) matrix as nanofillers, the membrane with 
nanorod crytals achieved the 32% higher C3H6 permeability and 61% 
higher C3H6/C3H6 selectivity than the membrane with octagonal plate 
crystals. 

Compared with solid ZIF-8 particles, designing a hollow structure 
could further reduce the diffusion resistance. Kim’s group synthesized 
hetero-nanostructured particles with polystyrene (PS) core and ZIF-8 
shell via a solvothermal surface coating method, and then removed 
the PS core [78]. The as-prepared hollow ZIF-8 with the particle size of 
700 nm shows a thickness of about 70 nm. After embedding it into the 
poly(vinyl chloride)-g-poly(oxyethylene methacrylate) (PVC-g-POEM) 
graft copolymer matrix, the membrane achieves an 8.9-fold increase in 
CO2 permeability with the slight decrease of CO2/CH4 selectivity from 
13.7 to 11.2. To avoid the etching step of PS-templated synthesis, the 
emulsion-based interfacial reaction method can be employed to obtain 
hollow ZIF-8 nanospheres with controllable shell thickness [79]. 

3.5. Chemical property 

Through tuning ligand structure, both the chemical property and 
aperture size of ZIF-8 crystals can be changed. Beyond that, there are 
more facile and general modification methods to tailor the surface or 
internal chemical properties of ZIF-8 without changing the intrinsic 
lattice structure. 

To modify the chemical microenvironment inside ZIF-8, Yang’s 
group incorporated room temperature ionic liquids (RTILs) into the ZIF- 
8 cavity due to their negligible vapor pressure, high thermal stability 
and good affinity to CO2 via using ILs as the solvent of ZIF-8 synthesis 
[80]. The IL@ZIF-8 shows a remarkably enhanced CO2 adsorption, 
while the sorption amounts towards CH4 and N2 decrease as a result of 
the cavity occupation by ILs. As a result, the CO2/N2 adsorption selec-
tivity of IL@ZIF-8 rises up to 100, far exceeding that of ZIF-8 and bulk 
ILs, demonstrating the synergistic effect between confined ILs and ZIF-8. 
Different with the slightly decreased CO2 selectivities after incorpo-
rating pristine ZIF-8 into polymer matrix, the membrane with IL@ZIF-8 
as a filler achieves the 2-fold higher CO2/CH4 selectivity and the 4-fold 
higher CO2/N2 selectivity. Li and coworkers [81] proposed a dip 
coating-thermal conversion method to synthesize ZIF-8 membranes, 
wherein the residual solvent dimethylacetamide (DMAc) exists in the 
cavities of ZIF-8, leading to the improved equilibrium C3H6/C3H8 uptake 
ratio from 1.07 of conventional ZIF-8 to 2.72. 

PDA coating is a universal surface modification approach indepen-
dent of the chemical composition, surface property and morphology of 
materials [82]. Jin’s group and Dong’s group [83,84] both synthesized 
PDA modified ZIF-8 (ZIF-8@PDA) and incorporated it into polyimide 

and Pebax, respectively. A stronger interfacial adhesion can be achieved 
via forming abundant hydrogen bonds between PDA and polymers. The 
improved interfacial compatibility benefits diminishing the interfacial 
voids and then achieves an apparent enhancement in CO2/CH4 or CO2/ 
N2 selectivity [84]. In addition, the highly reactive catecholamine 
structure endows rich ways for further functionalization of ZIF-8 
through various chemical reactions. In order to improve the hydro-
phobicity of ZIF-8 filler, Qin et al. [85] created chemically reactive 
surface via PDA coating, followed by grafting silane coupling agent n- 
octyltriethoxysilane to incorporate hydrophobic octyl groups. The 
remarkably enhanced filler hydrophobicity (with water contact angle 
increasing from 132.8◦ to 151.5◦) in PDMS matrix benefits the prefer-
ential adsorption towards butanol molecules, and leads to the increment 
of butanol/water separation factor from 46 to 56. The open metal sites 
exposed on ZIF-8 surface could also provide pathways for chemical 
functionalization. Wang et al. synthesized ethanediamine-modified ZIF- 
8 particles (ZIF-8-NH2) through the coordination between amino groups 
and Zn [86]. The as-prepared MMM exhibit enhanced membrane ho-
mogeneity and water/alcohol separation performance (with water/iso-
propanol separation factor increasing from 400 to 1200) due to the 
higher hydrophilicity and restricted agglomeration of the particles. 

Currently, the studies about ZIF-8 polycrystalline membrane mainly 
focus on gas separations, while the applications in aqueous environment 
are rather less. This phenomenon arises from its poor hydrostability: the 
mIm ligands protonate from the decomposition of water molecules, 
leading to the release of Zn2+ and the collapse of the framework struc-
ture [87]. To address this issue, Meng et al. [88] proposed an in-situ 
modification strategy via incorporating biomolecule deoxyribonucleic 
acid (DNA) into the synthesis of ZIF-8 membrane. The as-formed coor-
dinative bonds between Zn nodes and phosphate groups on DNA achieve 
the remarkable improvement in water stability. Furthermore, the pres-
ence of DNA molecules favors the significantly enhanced hydrophilicity, 
which leads to a higher water flux, as well as higher rejections for 
organic dyes and inorganic salt ions. 

Table 1 and Table 2 list the effects of structural manipulation on the 
separation performance of ZIF-8 polycrystalline membrane and ZIF-8- 
embedded mixed matrix membrane, respectively. It can be concluded 
that the structural manipulation mainly contributes to the remarkable 
enhancement in selectivity for majority of ZIF-8 polycrystalline mem-
branes. The exceptions are some instances with in-situ mixed ligand 
synthesis or post-synthetic ligand exchange, wherein both the chemical 
property and physical structure of ZIF-8 lattice are tuned to promote 
preferential adsorption and enhance diffusion selectivity, respectively, 
thus resulting in the concurrent improvement in permeability and 
selectivity. As for the ZIF-8-embedded mixed matrix membranes, it is 
more common to overcome the trade-off effect and achieve the incre-
ment in permeability and selectivity via tailoring the structure of ZIF-8 
filler. 

4. Conclusions and perspectives 

The aforementioned discussions present the various methods to 
manipulate ZIF-8 structure and their impacts on the membrane sepa-
ration performance. For ZIF-8 polycrystalline membrane, the molecular 
sieving capacity can be improved via two pathways: (i) reducing the 
lattice flexibility or partially replacing mIm with bulkier ligands to 
narrow the effective aperture size and increase diffusion selectivity; (ii) 
incorporating functional groups on crystal surface and/or inside crystal 
cavity to enhance adsorption selectivity. Through structural optimiza-
tion, the C3H6/C3H8 separation factor could reach 305, and the CO2/CH4 
(CO2/N2) separation factors are up to 25. Combining with the novel 
membrane synthesis strategy to minimize membrane thickness, an ul-
trahigh C3H6 permeance (2000–3000 GPU) can be achieved. For ZIF-8- 
embedded MMM, the incorporation of functional groups on ZIF-8 crystal 
surface exerts the most essential influences on the final membrane 
structure and separation performance. The type and incorporation 
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method of the functional groups should be designed taking several 
factors into consideration, including the physicochemical properties of 
polymer matrix (rigidity and chemistry of polymer chains) and separa-
tion mixture (polarity and hydrophilicity). Moreover, the pore blockage 
or pore size decreasing during structural manipulation also needs to be 
considered from the view of diffusion. 

Significant progresses have been made on the structural manipula-
tion of ZIF-8-based membranes during the past decade. Currently, ZIF-8- 
based membranes have realized remarkable separation performance 
towards C3H6/C3H8, H2/CO2(CH4), CO2/N2(CH4) and water/alcohol, 
and are considered as a kind of promising membranes to tackle many 
separation challenges unattainable by the conventional membrane ma-
terials. To further explore the structural manipulation strategy of ZIF-8- 
based membranes, the following challenges and opportunities should be 
taken into consideration. 

The main challenges that ZIF-8 polycrystalline membranes are con-
fronted involve two aspects. First, there is still a lack of fundamental 
knowledge of ZIF-8 crystal growth mechanisms, the grain boundary 
structure in the polycrystalline film, and the factors governing the 
flexibility of ZIF-8. This scenario makes it difficult to judiciously 
manipulate the microstructure of ZIF-8 membranes. To overcome this 
issue, high resolution characterizations such as synchrotron X-ray 
diffraction, atom-resolution transmission electron microscopy [89] is 
demanded. For example, many studies stated that the decreased lattice 
flexibility of ZIF-8 is responsible for the resulting high selectivity of 
C3H6/C3H8 [23], CO2/N2 [29], and H2/CO2 [90]. However, more 
convinced evidence from high resolution characterizations are required 
to unveil the exact structure-properties phenomenon. Moreover, 
applying in-situ analytical techniques that can measure dynamic phe-
nomena at sufficient spatiotemporal resolution is also recommended to 
reveal the crystal growth mechanisms. Second, the stability of ZIF-8 
membranes under high pressure and in water remains a big hurdle for 
practical application. The intrinsic weakness of coordination bonds in 
water leads to the poor hydrostability of ZIF-8. Although some suc-
cessful applications of ZIF-8 polycrystalline membrane in aqueous sep-
arations have been reported, the continuous test with sufficiently long 
time is still lacking. Currently, improving the long-term hydrostability of 
ZIF-8 is still a big challenge. Solving this issue could open attractive 
opportunity for developing advanced membranes towards aqueous 
separations. The future efforts on structural manipulation also could 
focus on the mechanical reinforcement of ZIF-8 membranes to realize 
high gas separation performance under high pressure. For instance, for 
the practical application of C3H6/C3H8 separation, stability at around 
18 bar is required. Promising routes towards improved stability at high 
pressure include engineering the structure of the porous supports, en-
gineering the grain boundary structures, and surface coating of protec-
tion layer. 

With regards to ZIF-8 incorporated MMMs, the main challenge is to 
design MMMs with high ZIF-8 loading or with ZIF-8 crystals penetrating 
the membranes. These two membrane configurations can realize MMMs 
with separation performance largely dominated by the ZIF-8 phase. The 
key to overcome this challenge is to manipulation the interfacial mi-
crostructures to obtain better dispersion of ZIF-8. Manipulation of the 
ZIF-8 surface chemical structures or polymer structure to establish 
extensive interactions such as hydrogen bonding or covalent bonding 
holds great prospects to realize the ideal interfacial structures. More-
over, future efforts to fabricate ultrathin (~100 nm) ZIF-8-based MMMs 
on a porous support is highly recommended, which is a very promising 
route towards commercialization of ZIF-8-based membranes. 

Lastly, we envision the commercialization of ZIF-8-based membranes 
for C3H6/C3H8 separation in the future. This membrane technology 
could have a groundbreaking impact for gas separation membrane 
considering the huge energy-saving benefits. To realize this technology, 
the convergence of theory, high-resolution characterization, precise 
manipulation of ZIF-8 membrane structure by tuning multiple thermo-
dynamic and kinetic factors, and large-scale production method are 

Table 1 
The separation performance of ZIF-8 polycrystalline membranes before and after 
structural manipulation.  

Type of structural 
manipulation 

Separation 
system 

Separation performance Ref. 

Before After 

Reducing lattice 
flexibility via 
current-driving 
synthesis 

C3H6/C3H8 C3H6 permeance: 
100 GPU; 
Separation factor: 
100 

C3H6 

permeance: 52 
GPU; 
Separation 
factor: 305 

[23] 

Reducing lattice 
flexibility via 
facile rapid 
heat treatment 

CO2/N2 CO2 

permeance:1340 
GPU; 
Selectivity: 2.5 

CO2 

permeance: 
116 GPU; 
Selectivity: 
30.6 

[29] 

CO2 

permeance: 
890 GPU; 
Selectivity: 16 

[29] 

Reducing lattice 
flexibility via 
facile rapid 
heat treatment 

CO2/CH4 CO2 permeance: 
1340 GPU; 
Selectivity: 2.5 

CO2 

permeance: 
120 GPU; 
Selectivity: 34 

[29] 

CO2 

permeance: 
950 GPU; 
Selectivity: 12 

[29] 

Coating PDMS on 
top of ZIF-8 
membrane 

C3H6/C3H8 C3H6 permeance: 
225 GPU; 
Separation factor: 
7.5 

C3H6 

permeance: 52 
GPU; 
Separation 
factor: 105 

[47] 

In-situ mixed 
ligand 
synthesis (ZIF- 
7-8) 

CO2/CH4 CO2 permeance: 
150 GPU; 
Selectivity: 1.6 

CO2 

permeance: 
134 GPU; 
Selectivity: 3.4 

[52] 

Reducing lattice 
flexibility via 
current-driving 
synthesis & In- 
situ mixed 
ligand 
synthesis (ZIF- 
7-8) 

CO2/CH4 CO2 permeance: 
328 GPU; 
Selectivity: 2.7 

CO2 

permeance: 30 
GPU; 
Selectivity: 24 

[30] 

In-situ mixed 
ligand 
synthesis with 
DEA 

C3H6/C3H8 C3H6 permeance: 
1300 GPU; 
Separation factor: 
20 

C3H6 

permeance: 
2300 GPU; 
Separation 
factor: 105 

[59] 

Post-synthetic 
ligand 
exchange with 
Ica 

C3H6/C3H8 C3H6 permeance: 
70 GPU; 
Separation factor: 
55 

C3H6 

permeance: 
260 GPU; 
Separation 
factor: 40 

[68] 

Post-synthetic 
ligand 
exchange with 
2abIm 

CO2/N2 CO2 permeance: 
194 GPU; 
Selectivity: 2.3 

CO2 

permeance: 
657 GPU; 
Selectivity: 23 

[51] 

Post-synthetic 
ligand 
exchange with 
2abIm 

CO2/CH4 CO2 permeance: 
194 GPU; 
Selectivity: 2.2 

CO2 

permeance: 
657 GPU; 
Selectivity: 20 

[51] 

Post-synthetic 
ligand 
exchange with 
2abIm 

O2/N2 O2 permeance: 530 
GPU; 
Selectivity: 1.8 

O2 permeance: 
53 GPU; 
Selectivity: 5 

[51] 

Post-synthetic 
ligand 
exchange with 
2abIm 

H2/CH4 H2 permeance: 
1550 GPU; 
Selectivity: 4.8 

H2 permeance: 
350 GPU; 
Selectivity: 90 

[51] 

Modification 
with DNA 

Dye and 
salt 
rejection 

Deteriorated 
performance after 
5 h of operation 

Stable 
performance 
after more than 
36 h of 
operation 

[88]  
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highly demanded. 
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