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 The Mixed Matrix Membrane (MMM) concept consists of 
incorporating suitable polymers with inorganic or organic fillers. The 
majority of polymeric membranes maintain a trade-off between 
permeation and selectivity, which restricts their development in 
separation applications. In this paper, less reviewed challenges on 
development of MMMs, such as the preparation of mix-matrix resistant 
membranes for industrial gas separation applications, as well as the 
use of appropriate and compatible fillers for different types of 
polymers were discussed. The MMMs comprising Metal Organic 
Framework (MOF) fillers were extensively studied. The importance of 
MOFs includes finely tunable structures, excellent compatibility with 
polymer matrices, and molecular sieve action. MMMs are considered 
promising structures that combines the advantages of polymeric and 
inorganic membranes. They exhibit the potential to upgrade the 
separation performance of pure polymer membranes using filler 
materials, whereas the cost remains relatively lower than that of pure 
inorganic membranes. The development of novel filler materials makes 
a substantial contribution in terms of role-playing. 
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1. Introduction 
Membrane separation enjoys energy 
efficiency and cost-effectiveness in many gas 
separation applications [1]. The unique 
properties that membranes can offer have led 

to an increase in the use of these systems in 
industry [2]. Among the separation methods, 
membranes are easy to install and require 
minimal supervision [3]. Additionally, 
membranes have no moving parts, demanding 
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smaller space, and less maintenance [4]. 
Furthermore, they represent an 
environmentally friendly technology as 
require only a small amount of energy to 
operate and do not allow gas emission or 
mixing with solvents [5]. Additionally, 
membranes can be conveniently scaled, 
facilitating commercialization [6]. Gas 
separation through membranes has seen a 
ceaseless growth in the recent past because of 
its low-carbon footprint, high-efficacy and 
modest energy requirements [7-11]. 
Membranes can functioned in an 
uninterrupted way with minimal maintenance 
and they can selectively transport species 
depending on their permeability that is to say 
membranes can resemble a molecular filter 
that organize components via aiding some 
molecules to permeate in a selective manner 
while hindering the similar counterparts in 
terms of size and other physical properties. 
This subject has swiftly expanded in gas 
separation applications by advanced synthetic 
membranes, which can be large in scale and 
significantly efficient in energy [10]. 
Membranes continue to be alluringly 
applicable to the majority of gas separation 
industries, e.g., landfill gas recovery, natural 
gas processing, air separation, Olefin/paraffin 
separation, hydrogen recovery, etc. [12-15]. 
However, due to the economic 
competitiveness in the separation 
technologies and the current challenges and 
difficulties associated with aggressive 
environments for membranes, many 
applications are in need of highly robust and 
effective membrane materials featuring 
greater selectivity and permeability. The issue 
of membrane materials development should 
be considered to synthesize both higher 
performance and more durable membranes 
[16, 17]. 

Following the quick progress of research 
within the last forty years, membrane 
technologies have significantly been applied 
in industry such as wastewater treatment [18], 
desalination [19], organic solvent dehydration 
[20], and gas separation (CO2 removal, H2 
isolation, O2 enrichment) [21]. Upon 
investigating gas diffusion through the PDMS 
membrane in 1968, Robb began the removal 
of carbon dioxide [22]. In 1989, the above 
research work was enhanced later by Stern, 
who found the gas permeability coefficient at 
higher temperatures [23]. Air Products and 
Chemicals Inc. (1980) developed the first 
large-scale membrane with the goal of 
hydrogen separation from methane. In their 
design, hollow fiber membrane composed of 
Polysulfone was employed [25, 26]. Later 
(1983), Separex and Cynara manufactured a 
cellulose acetate membrane for the same 
application [26]. In future years, nitrogen 
derived from air via membranes was 
presented [27]. Hereafter, membrane systems 
were developed to deal with hydrogen sulfide 
removal from methane, oxygen enrichment, 
air dehydration, and volatile organic 
compounds (VOCs) removal from air [3]. 
Some of the most important industrial 
examples of membrane applications in gas 
separation industry are listed in Table 1 [28-
30]. 
   Research on MMMs comprising polymeric 
materials and inorganic components [31-44] 
began following the introduction of this basic 
idea more than 30 years ago by 
Kulprathipanja et al. [45]. Chung et al. [46] 
carried out a progression review on this topic. 
There remain a number of challenges, 
including chain rigidification pore blockage, 
and interface voids [32, 33, 46]. Moreover, 
existing troublesome issues needs to be 
resolved prior to applying commercialization, 
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including the oversize of zeolite nanoparticles 
and poor interface between the polymer 
matrix and their mutual agglomeration. One 
approach to overcoming these challenges is to 
determine novel selective fillers that are 
characterized by inborn nano size, minor 
aggregation, and more efficient interactions 
with the polymer matrix. So far, little research 
has been done on reviewing the use of mixed 

matrix membranes and the effects of 
membrane fillers for gas separation 
applications. 
   This study provides an extensive review on 
the applications of polymers in the gas 
separation industry and discusses the types 
and impacts of fillers, employed to enhance 
MMMs separation capabilities. 

 

Table 1 
Industrial examples of membrane application in gas separation. 

Process Components Reference 

Purification of natural gas 

H2S/CH4 
CO2/CH4 
H2O/CH4 
C3+/CH4 

 
 

[28] 

Hydrocracker H2/light hydrocarbons [28] 

Hydrotreatment H2/H2S [28] 

Steam-methane reforming H2/CO [29] 

Ammonia plant H2/N2 [30] 

Polyolefin plant VOCs/N2 [30] 

Refinery waste gases 

VOCs/Air 
H2 from other gases 

CH4 from other gases 
CO2 from other gases 

 
 

[30] 

 
2. Membranes principles 
Based on the International Union of Pure and 
Applied Chemistry (IUPAC), a membrane 
represents a form of structure whose lateral 
properties are larger than the thickness by 
which transfer may take place considering the 
role of driving forces [47]. This description 
appears identical to the meaning of thin film; 
however, IUPAC describes a thin film whose 
thickness is of the order of a characteristic 
scale or smaller [48]. A membrane and a thin 
film are different in that the former is thin-
structured like a film (no solid necessarily) 
that detaches fluids (gases, vapors, or liquids), 
thus acting as a selective obstacle and helping 

special substances to move through, while 
preserving others. However, given thin films’ 
mechanical properties, they are attached to a 
layer and do not meet the same role 
necessarily, thus being part of the membrane 
similar to those of Thin Film Composite 
(TFC). 
   The membrane technologies are quite 
modern and swift separation technologies 
which might be employed in environmental 
remediation, pharmaceutical, chemical, green 
energy, and food sectors [43-54]. In most 
respects, six main membrane processes have 
found use in such applications as 
ultrafiltration (UF), microfiltration (MF), 



Asadi et al. / Iranian Journal of Chemical Engineering, Vol. 19, No. 2, 87-113, (2022) 
 

90  
 

electrodialysis (ED), gas separation (GS), 
reverse osmosis (RO) and pervaporation 
(PV). 
   The membranes are categorized in terms of 
material as metallic, inorganic, and polymeric 
[55]. Metallic membranes composed of 
palladium (Pd) or platinum (Pt) enjoy quite a 
performance; however, the price of valuable 
metals significantly affects the choice of 
membrane. Inorganic membranes represent a 
viable substitute for the metallic ones due to 
their better chemical stability and less costs of 
establishment [56]. Currently, polymeric 
membranes are frequent throughout the 
industry due to competitive performance and 
the outstanding economy [57]. The 
membranes are able to function at ambient 
temperature and have viable chemical and 
mechanical properties [58]. However, high 
temperatures ranging from 200 to 900 °C are 
required to function inorganic membranes. 
Given Polymeric membranes cost-
effectiveness and less energy requirements, 
they exhibit high potential for industry-scale 
gas-separation processes and in usage, 
including carbon dioxide capture, nitrogen 
purged (O2/N2), hydrogen recovery (H2/N2, 
H2/CH4), or natural gas sweetening (H2/CO2, 
CO2/N2, CO2/CH4), etc. [24, 59-62]. 
   Morphology of membrane (chemical and 
physical structures), nature of penetrating 
species (shape, size, and polarity), and 
membrane-permeable species interaction 
justify membrane-wise gas permeability [63-
65]. Initial membrane characteristics and the 
penetrating species nature constitute the 
divisional features of a particular gas through 
a membrane. Membrane-permeability 
interaction as the third property contributes to 
gas solubility or sorptivity in the membrane. 
Permeability PA of a permeant “A” results 
from the solubility (thermodynamic 

parameter), SA, and diffusion coefficients 
(kinetic parameter), DA [66]. 

PA = SA . DA                                                     (1) 

   Membrane permeability, PA, can be 
determined based on the measured parameters 
below: 

PA = QA .  L
∆P.  A

                                                          (2) 

Herein, QA is the volumetric flow rate of gas 
‘A’ subjected to normal temperature and 
pressure, ∆P trans-membrane pressure 
decline, L the membrane’s efficient thickness, 
and A the membrane surface area. 
Permeabilities are commonly presented in 
Barrers, in which 1 Barrer is equal to 1 × 10-10 
(cm3 STP. cm cm-2 cmHg-1 s-1). 
   Selectivity is the ratio of single-gas 
permeability from a mixture of species 
permeating through the membrane. 
Selectivity (or permselectivity) indicates the 
permeability of penetrant ‘A’ divided by that 
of the second permeant ‘B’: 

αAB = PA
PB

                                                            (3) 

   The gas transport separations in membrane 
is executed through absorption, diffusion, and 
desorption of molecules on membranes, and 
depends on driving forces such as pressure 
(ΔP), temperature (ΔT), gradient 
concentration (ΔC), and electric potential 
(ΔV). 

3. Polymeric membranes 
Polymeric membranes convert into a 
prevalent practical material for many 
applications of gas separation including 
petroleum refinery [68], landfill gas recovery 
[69], natural gas sweetening [67], flue gas 
separation and hydrogen recovery and 
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purification [70]. This might be due to their 
mechanical strength, processability, the 
scalability and economic competitiveness [71-
72]. Anyway, polymeric membranes remain 
vulnerable to a balance between gas 
selectivity and permeability in terms of 
Robeson’s upper-bound. Inorganic materials 
are combined into polymeric membranes to 
circumvent the mentioned restriction. 
   After fabricating a membrane composed of 
cellulose acetate used in desalination of water 
via reverse osmosis, Sourirajan and Loeb 
initiated the transformation of polymeric 
membranes in the 1960s [73]. A porous 
substrate carried a 0.2 μm thin membrane and 
it was able to convert seawater into potable 
water. Moreover, they determined the 
applicability of cellulose acetate membrane 
for gas separation [74-76]. 
   The classification of polymers in terms of 
structure as in glassy and rubbery. Unlike 
glassy polymers, rubbery polymers can go 
back to their original shape once stretched 
[77]. In addition, rubbery polymers appear to 
be having greater permeation and lower 
selectivity since the mechanism of transport is 
managed through absorption instead of 
diffusing [78]. In return, glassy membranes 
are of greater selectivity and lower 
permeation given their limited diffusion. This 
shows that the tradeoff between selectivity 
and permeability, makes it hard to have a 
polymer with both of the specifications. 
   Polymeric membranes of glass type 
dominate industrial membrane separations 
due to the favorable mechanical properties 
and high gas selectivities. The number of 
rubbery polymers employed in gas separation 
is a few compared to glassy polymers, 
especially poly dimethylsiloxane (PDMS). 
Glassy polymers including polyamides, 
polyimides, polyarylates, Polysulfone, 

polycarbonates, polyacetylenes, cellulose 
acetate, poly (phenylene oxide), cardo-type 
polymers, and poly [1-(trimethylsilyl) -1-
propyne] (PTMSP) are widely investigated as 
polymeric materials in gas separation [79]. 
Polyethersulfone and Polyimide are the 
highly studied polymer components for 
membranes, given that each displays higher 
gas permeability and greater gas selectivity 
than the majority of other glassy polymers. 
They enjoy viable mechanical properties as 
well as higher thermal and chemical stability 
in the achieved membranes. 
   Structural adaptations are needed to 
improve polyimides’ permeation properties 
[63-80]. In many gas use cases, usually, 
polymeric membranes comprise a dense thin 
layer [81]. To ensure that mechanical 
properties are improved, the dense layer is 
placed on a substrate with many pores [82]. 
The theory based on the solution diffusion 
model is accepted for transport mechanism 
[83]. This model composes three steps in the 
polymeric membranes: “absorption” of 
molecules on the surface, their “diffusion” 
inside, and their “desorption” of molecules on 
the low-pressure side [52]. Transport of gas 
through polymeric membranes is subjected to 
various polymer characteristics including 
composition, mean molecular weight, 
distribution of molecular weight, polymer 
polarity, cross-linking, degree of 
crystallization, glass transition temperature, 
intersegmental chain spacing (d-spacing), 
thermal processing history, free volume 
content, morphology, orientation, defects, 
crystalline types, and so on. The existence of 
crystalline fields in a polymer facilitates the 
attachment between tortuosity and gas 
diffusion, making gas transport quite 
complex. The free volume existing in 
polymers is able to be conceived in the form 
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of micro voids or apertures scattered in the 
polymeric matrix. Condensability of penetrant 
is measured based on boiling point, critical 
temperature, and Lennard-Jones potential 
force constant of the penetrants. Chemical 
affinity describes the interplay between the 
gas-polymeric matrices. In addition, the 
interplay between gas and functional groups 
of a polymer leads to greater gas solubility in 
the polymer. Thus, CO2 can be considerably 

soluble in polar polymers, because it has a 
quadrupolar moment. Also, condensability 
contribute gas permeation via polymeric 
membranes. Table 2 presents physical 
specifications of CO2, CH4, N2, O2, and H2, 
including condensability [63-79]. Glassy and 
rubbery polymers separate gases, principally 
by size and condensability respectively. Gas 
molecules with small relative size and higher 
condensabilities have higher permeabilities. 

 

Table 2 
Physical specifications of CO2, CH4, N2, O2, and H2 [63]. 

Physical specifications 
Gas molecules 

CO2 CH4 N2 O2 H2 

Molecular weight 44.01 16.04 28.01 31.99 2.02 

Kinetic diameter (Å) 3.3 3.8 3.64 3.46 2.89 

Density at 0 °C, 1 atm., (g/L) 1.977 0.72 1.25a 1.429 0.0899 

Critical temperature (°C) 31 -82.1 -147.1 -118.6 -240.2 

Critical pressure (atm.) 72.9 45.8 33.5 49.77 12.8 

Critical Density (g/mL) 0.468 0.162 0.311 0.436 0.031 

Viscosity (at 21 °C, 1 atm., (cp) 0.0148 
0.0106b 
0.0116c 

0.017 
0.0174 

0.019d 0.0087e 

   a At 20 °C       b At 4.4 °C       c At 37.8 °C       d At 0 °C       e At 15 °C 
 
4. Mixed matrix membranes (MMMs) 
Hybrid or mixed matrix membranes represent 
a set of distinct polymer-based membranes 
comprising a continuous polymer phase, a 
discrete inorganic phase, and an organic-
inorganic interphase [84]. Usually, the 
inorganic phase is assumed to be in the form 
of nano- and micro-level materials referred to 
as additives or fillers. The concept of MMMs 
was first originated following the 
incorporation of zeolite 5A molecular sieves 
into the PDMS matrix for gas separation in 
1973 [85, 86]. Inorganic materials’ own 
merits mostly include good rigidity, high 
thermal stability, resistance to chemical and 

harsh environments [87]. Different types of 
traditional inorganic materials were used to 
form and enhance MMMs, e.g., metal oxide, 
silica, zeolites, and carbon molecular sieve. 
Such membrane types can potentially attain 
higher selectivity, permeability, or both, 
proportionate to the prevailing polymeric 
membranes, derived from adding inorganic 
particles with their innate high separation 
features [63, 88, 89]. With the combination of 
inorganic fillers and polymer matrices, 
MMMs can circumvent the restrictions of 
inorganic membranes while deriving different 
perm-selective properties of polymers and 
inorganic fillers [90]. 
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Based on the compatibility between the 
matrix and the filler, four different cases 
(Figure1) and the supposed impacts on the 
separation characteristics of the membrane 
can be explained [91-95]. Case 1 represents a 
perfect scenario where the filler is completely 
combined with the polymer matrix. 
Modifying the filler surface with suitable 
agents caused strong adhesion between 
polymer matrix and molecular sieve phases. 
The voids between polymer and molecular 
sieve phases are filled by low molecular 
weight materials. In most occasions, high 
processing temperatures close to glass 
transition temperature (Tg, the temperature at 
or above which the molecular structure 
exhibits macromolecular mobility) of 
polymeric materials are applied to maintain 

the polymer chain flexibility during the 
membrane formation. The result of this case 
scenario is the upgraded separation of the of 
the MMMs. Case 2 represents the polymer 
matrix rigidification in a region close to the 
filler. This ordinarily leads to the 
improvement of the selectivity due to high 
rigidity but also low permeability. This 
finding can be verified by an increase in glass 
transition temperature of the MMMs. Case 3 
shows an interface because of the lack of 
harmony between the particle and the 
polymer matrix, leading to the permeability 
escalation resulting from the greater fractional 
free volume and lower selectivity. In Case 4, 
the polymer matrix pierces into the free 
volume of the filler or the pore. Herein, both 
selectivity and permeability are reduced. 

 

 
Figure 1. Schematic diagram of different MMM structures [96, 97]. 

 
5. Inorganic micro- and nano-fillers 
The inorganic fillers to be used in mixed-
matrix membranes (MMMs) should have (1) 
great affinity to the polymer, (2) gas transport 
properties matching, (3) particles as small as 
feasible, since selective layers of modern 

polymer-based gas separation membranes 
have a thickness of 100 nm and less [97]. 
Some fillers have been studied in order to be 
combined with a polymer matrix, carbon 
mesoporous silica and zeolites [98-104]. 
   Porous inorganic fillers give molecular 
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sieves, separating gases by their shape or size, 
so that high gas permeabilities and desired 
component selectivities are attained. A non-
porous inorganic filler reduces the diffusion 
of larger molecules and increases the matrix 
tortuous pattern [105, 106]. The presence of 
nano-sized inorganic materials may change 
the polymer packing chain by growing the 
void volume. Some of the key benefits of 
incorporating microporous nanomaterials 
such as conventional fillers (zeolites, silicas, 
metal oxides) and unconventional nanofillers 
(graphenes, CNTs, ZIFs) into polymer matrix 
to form MMMs include intensified 
mechanical and chemical performance of 
polymers coupled with upgraded gas 
separation efficiency, the ability to combine 
the simplicity of casting and processability, 
modifiable surface functionalities, lofty 
surface areas of microporous nanomaterials 
and adjustable pore dimensions [107]. Many 
polymers have been studied to fabricate 
MMMs by adding inorganic fillers like 
nonporous silica [108, 109], structured 
mesoporous silica [110-112], carbon 
molecular sieves [113], carbon nanotubes 
[114, 115], zeolites [116], and microporous 
nanomaterials [117] for design of efficient 
composite membranes showing better 
separation performance comparing to pure 
polymer membranes. Among porous 
materials, carbon molecular sieves (CMS) and 
zeolites are the most commonly used 
inorganic fillers for MMM enhancement 
[118-123]. CMS are able to divorce 
effectively the gas molecules with highly 
similar size. From decades ago, CMS have 
been obviously proven to be very effective for 
gas separation in adsorption application due 
to their better absorptivity for some particular 
gases [124, 125]. 
   Zeolite molecular strainers are perfect 

materials with significantly higher diffusivity 
and selectivity compared with polymeric 
materials. The precise shape and size 
discrimination resulting from the slender pore 
distribution ensures superior selectivity. 
Nonetheless, zeolite membranes have pricey 
cost and difficulties in forming continual and 
defect-free membranes for practical 
applications [126-129]. One of the major 
problems of zeolite-based MMMs is that they 
usually undergo poor polymer-filler 
compatibility, resulting to the formation of 
defective membranes with non-selective voids 
at the polymer-filler interface [130]. In this 
regard, the use of MOFs as fillers might 
outcome in a breakthrough in the MMM field, 
as their partially organic nature supplied an 
enhanced polymer-filler adhesion, hindering 
the resulting membranes to underperform 
[131, 132]. 
   Activated carbon is a good instance of large 
pore size inorganic fillers. Adding inflexible 
materials with big pore sizes (pore 
dimensions much larger than the penetrants) 
into the polymer matrix can cause selective 
surface flow of specific components in the 
pores of the particles. In this instance the 
more condensable or adsorbable constituent 
can adsorb and spread out selectively via the 
particles and so the less adsorbable 
component permeates slower [124-133]. 
   Amid different fillers, carbon nanotubes 
(CNTs) are fundamentally new nano-porous 
material having the potential to be over the 
Robeson’s upper bound [134, 135]. These 
fillers have been widely applied because of 
their diffusivity, their affinity to small 
molecules, such as CH4, CO2 and others 
gases, also due to their ability to resist high 
temperatures and aggressive chemicals [136]. 
The properties of polymer nanocomposites 
including carbon nanotubes stands on several 
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factors in addition to the polymer: synthetic 
process used to construct nanotubes; nanotube 
purification process (if any); total and type of 
impurities in the nanotubes; nanotubes 
orientation in the polymer matrix; length, 
diameter and aspect ratio of the nanotube 
objects in the composite (ropes, isolated 
and/or bundles) [137-139]. Anyway, it should 
be noted that carbon nanotubes are still highly 
expensive and may have dangerous health 
effect due to their fast migration speed. 
   Graphene, a two-dimensional sp2-carbon 
sheet constituted of a long-range conjugation 
over its honeycomb aromatic framework 
[140]. As the pores are unavoidable for gas 
transportation, a great number of theoretical 
studies explored the transport of different 
gases by way of single-layered graphene and 
its pore functionalized derivatives [141]. The 
Nanoporous graphene (NPG) with specific 

pore size and geometry would be a very 
efficient gas separation membrane, as the 
research results show. In 2009, Jiang et al. 
found a high selectivity in the order of 108 
through a N-functionalized pore and an 
extremely high selectivity in the order of 
1023 through an all-H passivated pore for 
separating H2/CH4 mixtures with a high H2 
permeance (Figure 2a). The selectivity of H2 
over several other gas molecules that often 
accompany H2 in industrial steam methane 
reforming or dehydrogenation of alkanes 
(such as N2, CO, and CH4) is sensitive to the 
pore size of the membrane (Figure 2b). An 
ion-gated graphene membrane comprising a 
monolayer of ionic liquid-coated porous 
graphene would be able to dynamically 
modulate the pore size to achieve selective 
gas separation (Figure 2c). 

 

 
Figure 2. (a) H2 separation through monolayer graphene having N-functionalized pores; [141], (b) 

Selective passage of H2 through single-layered porous graphene; [142], (c) Schematic illustration of 
selective CO2 separation by ionic-liquid coated porous graphene monolayer [143]. 
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Silica is an inorganic filler that has accepted 
prominent attention all over MMM 
expansion. Silica particles can be categorized 
into various types with regard to its pore and 
particle size. Each type of silica prepares a 
distinct effect of the chemical, physical and 
gas transport mechanism of a normal 
polymeric membrane [107]. 
   Silica nanoparticles can be more 
categorized into orderlinesses non-porous 
silica and mesoporous silica. Ordered 
mesoporous silica with diversity of shape, 
pore diameter and particle size is another 
form of silica which has been potentially used 
for the expansion of a new generation of 
MMM. Mesoporous molecular sieves possess 
pores big sufficient (2-50 nm) to freely allow 
the penetration of polymer chains, resulting in 
better dispersion of particles and wetting 
[144]. Ordered mesoporous silica materials 
have properties such as high thermal and 
mechanical stability, high specific surface 
areas (> 500 m2/g), facility of chemical 
functionalization [98]. The most frequently 
ordered mesoporous silica fillers are SBA-15, 
MCM-41 and MCM-48 [125, 145-148]. 

6. Metal-organic frameworks (MOFs) 
Another class of porous materials that has 
been used in MMMs is the metal-organic 
frameworks (MOFs) included of transition 
metals and transition metal oxides linked by 
organic ligands for making one, two, and 
three-dimensional microporous structures. 
MOFs are being studied extensively owing to 
their functionalizable pore walls, 
exceptionally high surface region, flexible 
chemical composition, affinity for specific 
gases and controlled porosity due to 
modifiable organic linking units and the 
presence of strong chemical bonds [149]. 
These properties make them promising 

materials for catalysis, gas storage and 
separations [150]. For gas storage and 
separation, MOFs can react as molecular 
sieves due to their inflexible frameworks and 
limited pore sizes, allowing for size exclusion 
of gas molecules [151, 152]. 
   MOFs have excessive sorption capacities 
and display sorption selectivity among 
various gasses due to affinity effects and size 
exclusion, thus making them viable for 
industrial use cases, including carbon dioxide 
and hydrogen storage and adsorbers/desorbers 
[153-157]. Moreover, the mentioned 
characteristics make them alluring as 
membrane materials [158-160]. Despite the 
significant permeability improvements 
explored for MOF-MMMs, selectivity 
improvement demands greater attention [161, 
162]. Until now, MOF membranes, similar to 
other inorganic membranes, remain too costly 
to produce and are subject to low mechanical 
stability [163]. 
   Zeolitic imidazolate frameworks (ZIFs) 
include a subset of MOFs with outstanding 
chemical and thermal stability [164, 166, 
167]. ZIFs framework structure includes 
transition metal (e.g. Co, Zn) cations bonded 
via anionic imidazolate bonds. In addition, the 
pore size adsorption features of ZIFs are 
changed by modifying or chemically 
changing the anionic imidazolate bond [167]. 
Latest findings demonstrate that ZIFs are of 
molecular sieving characteristics similar to 
zeolites [164-168], proving them to be 
hopeful candidates for MMM development. 
Findings regarding molecular sieve 
membranes associated with several ZIFs 
illustrate the role of this material in gas 
separation [169-174]. 
   ZIF-8, one of the most extensively studied 
ZIFs, was originally synthesized as 
microcrystals by Yagui and colleagues using 



Asadi et al. / Iranian Journal of Chemical Engineering, Vol. 19, No. 2, 87-113, (2022) 
 

 97 
 

dimethylformamide (DMF) [175]. ZIF-8 
appears to be characterized by a sodalite 
zeolite-like topology with a cubic space group 
I4̅3m [176]. Figure 3 shows that four N atoms 
of 2-methylimidazolate and each Zn metal are 
tetrahedrally correlated. The sodalite cages 
are 11.6 Å in diameter connected by means of 
small apertures with 3.4 Å diameters. 
Nonetheless, the ZIF-8 structure has assured 
flexibility, mainly due to the reorientation of 
the imidazolate ring allowing the aperture size 
to vary. 
   Metal oxide nanoparticles such as TiO2 and 
MgO are emerging materials because of their 
potential applications for membrane-based 
separation intentions. The primary particles 
with a high specific area of these metal oxides 
and diameter in nanoscale permit upgrade in 
particle distribution and disallow non-

selective void formation in 
nanoparticles/polymer matrix interface. So, 
these nanoparticles are not intrinsically fused 
together and have the potential to be 
dispersed individually or collectively at 
nanoscales [125-177]. 
   One set of highly investigated MOFs in 
terms of transition metals are MIL-type 
materials. MIL denotes Materials Institute 
Lavoisier, a region where these MOFs were 
initially synthesized by Ferey’s association 
[178]. The highly typical MILs are MIL-53, 
MIL-100 and MIL-101, all of which are 
generally comprised of trivalent metals (iron, 
aluminum, vanadium, chromium, etc.) and 
trimellitic acid, terephthalic acid and other 
ligands or modified ligands, which may 
establish different pore structures with 
satisfactory structural stability [179]. 

 

 
Figure 3. (a) Unit cell and (b) atomic types of ZIF-8 [177]. 

 
   As exemplified in Figure 4, MIL-100 (Fe) 
and MIL-101 (Fe) display 3D structures. 
MIL-100 (Fe) enjoys water and thermal 
stability [180]. While, MIL-101 (Fe) can be 

converted into MIL-53 or MIL-88 in strong 
polar solvents [181, 182]. Moreover, MIL-
100 appeared to be having higher water 
stability than UiO and ZIF [183-185]. 
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Figure 4. Structures of metal clusters and representative MIL series of Fe-MOFs [180]. 

 
   Whereas MOFs are investigated and 
employed by researches of several various 
interests, the UiO family (featuring UiO-66, 
UiO-67, and UiO-68) representing the 
frequent offered series, are three-dimensional 
porous materials built from Zr4+ and 
dicarboxylic acids. UiO-66 resembles their 
most outstanding member, that is also 
considered as the prototype of this subfamily 
of MOFs because other UiOs are 
isoreticularly derived from UiO-66 [186]. 
Nevertheless, UiO-66 (and isoreticular UiO-
67 and UiO-68) represents a zirconium-based 
MOF featuring quite a large surface district 
(1180-1240 m2/g) and supreme stability. 
Developed by Prof. Karl Petter Lillerud of the 
Department of Chemistry at the University of 
Oslo, UiO-66 includes Zr6O4 (OH)4 octahedra 
that are 12-fold bound to next octahedra via a 
1,4-benzene-dicarboxylate (BDC) linker, 
leading to a highly wrapped FCC structure. 
The Zr-O bonds established between the 
cluster and carboxylate ligands are identified 

as the source of higher stability of Zr-based 
MOFs. Particularly, the mixture of strong   
Zr-O bonds and the capability of the inner 
Zr6-cluster to be rearranged in a reverse 
manner upon addition or removal of μ3-OH 
groups in need of any changes in the 
connecting carboxylates are ideas that 
reinforce the better stability of UiO-66 [187]. 
   Amid metal organic frameworks, Cu-BTC 
can be among the best and promising 
materials for use in technological applications 
[188-193]. Cu–BTC, also called HKUST-1, is 
constituted of benzene-1, 3, 5-tricarboxylate 
(BTC) ligands coordinating copper ions, 
forming big cavities and small octahedral 
cages that are available to small molecules by 
means of small windows [194]. The big and 
small cages are almost 9 and 5 A˚ in diameter, 
respectively, and the triangular window that 
attaches both kinds of cages is about 3.5 A˚ in 
diameter. Figure 5 gives the isocontour image 
of the energy outlook for Cu–BTC. 
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Figure 5. Isocontour image of energy prospect of Cu–BTC illustrating the large central cages (about 9 A˚ 
diameter) and small octahedral cages (about 5 A˚ diameter) bound by windows of B 3.5 A˚  in diameter. 

The atomic structure is superimposed. The carbon atoms are plotted in blue, the hydrogen atoms in white, 
and the oxygen and the copper atoms in red and green, respectively [194]. 

 
In case experimental statistics are 
inaccessible, molecular simulation turns into 
an essential method to forecast adsorption and 
clarifies the separation mechanisms occurring 
in the pores [193, 195-199]. The major 
benefits of applying computational methods 
are that simulations supply exclusive 
microscopic perception and complete control 
of the conditions. Moreover, simulations are 
inexpensive, facilitate investigating 
hypothetical structures, are used as a forecast 
tool, and represent a better complement to the 
experimental work. 

7. Future direction 
Enhancement of the application and 
fabrication of MMMs involving inorganic 
particles in polymer for gas separation 
remains yet quite lower than those for orderly 
polymeric membranes, paving the way for 
further development. More than a few 
materials are applied to MMMs at the 
inorganic phase, including metal-organic 
frameworks, carbon nanotubes, activated 
carbons, meso- porous materials, zeolites and 

carbon molecular sieves. Although these 
materials are quite viable for use in MMM 
applications, many difficulties remain to be 
solved. 
   The complicated states at the interface 
which connects the polymer to particles 
makes the MMs fabrication process difficult 
to control. The mechanisms underlying these 
phenomena need to be extensively studied. 
Recent molecular dynamics simulations of 
MMM show decreased permeability and 
polymer chain mobility near the interface. 
Forming nano-sized fillers without 
agglomeration and obtaining their separation 
characteristics are essential to the next 
generation of MMMs. In simple terms, nano-
sized particles facilitate forming thin 
membrane layers and are distributed more 
uniformly than micro-size particles. Smaller 
particles can present a polymer/particle 
interfacial region that promote the contact for 
the polymer-filler interface. Further, nano-
sized fillers simply migrate to the outermost 
selective skin layer through hollow fiber 
spinning. Another important point is that 
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when the size is scaled down to these values, 
the morphology and shape of the particles of 
the material can be significantly altered, so 
that the property changes affect the membrane 
performance. 

8. Conclusions 
Membrane technology offers greater 
efficiency, simpler configuration, and lower 
operating and capital costs than traditional 
separation processes such as cryogenic 
distillation, adsorption and low-temperature 
condensation. Anyway, it was found that the 
performance of membrane polymers          
(so-called Robeson upper limit) are restricted 
because of the inverse relation between 
selectivity and permeability, i.e., the most 
important gas separation parameters in 
membranes. To resolve the issue, new 
procedures and materials for membrane 
fabrication are ongoing research. Especially, 
MMMs by incorporating fillers such as metal-
organic frameworks, MOF-silicate hybrids, 
layered silicates, zeolites and carbon-based 
materials have executed better than pure 
polymers, reaching or exceeding the Robeson 
limit. MOFs are promising novel adsorbents 
for gas capture because of their great pore 
volumes, high surface regions, simple 
controllable compositions and pore structures. 
It has been found that the correct interaction 
between filler and polymer greatly improves 
the separation performance of membranes. 
The results also showed that MOF fillers 
improve the selectivity and permeability over 
other fillers. 
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