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ARTICLE INFO ABSTRACT

Editor: <Teik Thye Lim> Gas separation by employing polymeric membranes is one of the most developed branches of membrane based
separation technology. But, polymeric materials are unable to meet the demands of present day membrane
technology. Mixed matrix membranes (MMMs) which are combination of both polymeric and inorganic materials
have appeared as an emerging membrane material as it combines the dimensional stability and efficient gas
separation ability of inorganic material along with facile fabrication and low cost of polymeric material. In this
review, main challenges that are encountered during fabrication of MMMs and the steps taken to overcome these
challenges are reviewed in detail. Also, the basic criteria for the selection of suitable polymer and inorganic
material for fabrication of MMMs is also discussed pertaining to chemical and physical compatibility between
them. Zeolite imidazolate frameworks (ZIFs) because of their good compatibility with polymers along with their
beneficial properties such as unsaturated sites, adjustable pore channels and simple functionalization are widely
incorporated into polymer matrix for fabrication of MMMs. Influence of various types of ZIFs on MMMs fabri-
cation along with their gas separation performances are also put together in this review article from different
reports. Moreover, ZIF modification techniques in order to enhance the gas separation performance of MMMs are
also discussed. This study reveals that modified filler’s synergic effect can alter membrane’s structure by
improving interfacial voids and thus can overcome the trade-off effect. Besides this, the influence of ZIFs
morphology on gas separation performance of MMM is also analysed in this article.
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1. Introduction gather on the permeate side due to the existence of driving force, while

on the contrary, the components of gas that transport a bit slower gather

Membrane based gas separation technology is used to separate the
gases from gaseous mixture by passing them through membrane which
in most of the cases is made up of polymer. Ceramic membrane also has
been used quite frequently for gas separation. The inlet feed stream that
is usually at elevated pressure comes into contact with the surface of
membrane. Because of the difference in rates of permeation, the com-
ponents of gas that are more permeable pass through the membrane and

on retentate side. Driving force that is responsible for the separation of
gaseous components is actually the partial pressure gradient between
feed phase and permeate phase and can also be expressed as the product
of total pressure and mole fraction.

Over the last few years, there has been an increase of usage of
membranes in industries, especially in those industries that involve
operations related to gas emissions and separations. Currently,
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membrane based gas separation technology is being used in many gas
separation applications such as separation of CH4/CO3 for upgrading of
biogas, for separation of Oy/N, for enrichment of oxygen, in separation
of CO2/Nj to halt CO, emission in atmosphere and etc. In order to purify
gases that are industrially important, membrane technology is consid-
ered as an energy efficient option over other thermally driven conven-
tional processes. Membranes when used for gas separations requires less
investment cost and energy as compared to other competitive technol-
ogies such as adsorption, distillation, and absorption [1,2]. It was esti-
mated by Sholl and Lively [3] that separations involving membranes
utilize 90% less energy as compared to distillation process[3]. Other key
advantages of membranes include less consumption of energy, flexibility
in operations (which means that membranes can function as an inde-
pendent unit or can also be retrofitted within existing processing unit),
linear scale up (appropriate for medium and small scale operations) and,
smaller carbon footprint [4-7]. It is believed that membrane based gas
separation technology will help in reducing environmental burden by
attaining high concentration of pure gases. Membrane based separation
technology has predicted $2.6 billion market value in 2022, that is
approximately 86% greater than the market value that was in year 2018
[5,8]. Most of the membranes that are used commercially for gas sepa-
ration applications are polymeric and 90 % of these membranes are used
for separation of gases that are non-condensable, for example in treat-
ment of natural gas, in production of Ny from air, and in purification of
Hy [2,8,9].

Polymeric membranes have appeared as a superior and emerging
separation process over other conventional gas separation techniques.
Over past few decades, the research and study on polymeric membranes
have acquired quite an attention because of its potential to differentiate
gaseous species based on molecular size, moderate energy requirement,
low capital cost and convenience of fabrication [10-13]. Polymeric
membranes can be synthesized easily, they are extensively available and
can be used commercially in gas separation applications. Even though
quite a lot of polymers have been reported till date, but only some of
them such as polysulfone (PSF), silicon rubber, polyimide (PI), cellulose
acetate (CA) have been utilized to fabricate almost 90% of total
deployed gas separation membranes [9]. Scalability and ease of fabri-
cation are key advantages of polymeric membranes. In spite of advan-
tages of polymeric membranes, Robeson upper bound between
permeability and selectivity has restricted its applications as these
membranes are bounded by permeability- selectivity trade off [14].
Plasticization as well as their sensitivity towards high temperatures and
grim chemical environment also limits the use of polymeric membranes
in realistic applications [15]. Higher concentration of gases at elevated
pressure such as CO5 can cause swelling of polymer and can also increase
polymer chain mobility which in turn results in decreasing membrane’s
selectivity [16]. These problems and challenges have led researchers to
explore new categories of membrane materials.

Inorganic membranes for example zeolites, ceramics and carbon
membranes provide many advantages over polymeric membranes
because of their thermal and mechanical stability as well as resistance
towards broad range of chemicals. For gaseous separations requiring
strident chemical conditions and high temperatures, inorganic mem-
branes could be the possible solution. Inorganic membranes, exceeding
Robeson upper bound provide better selectivity and permeability than
polymeric membranes. Despite of above mentioned advantages, fabri-
cating defect free inorganic membranes is a challenging task because of
their fragile structure, high temperature and long time required for
synthesis. Also, they need extensive fabrication energy. In spite of the
fact that inorganic membranes exhibited encouraging gas separation
performance, quite a lot of challenges are faced in scaling up of inor-
ganic membranes. Furthermore, inorganic membranes are much more
expensive than polymeric membranes with an estimated module cost
within range of $1000 per m? which is approximately 100 times greater
than polymeric membranes [17]. Because, self-supported inorganic
membranes are naturally brittle [18], and expensive inorganic porous
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supports are needed which adds to the membrane system cost. Issues
that are mentioned above together with other problems such as repro-
ducibility restricts their widespread applications on industrial scale.

Hence, in order to overcome the limitations and flaws suffered by
both inorganic and polymeric membranes new class of membranes,
namely mixed matrix membranes (MMMs) was developed by re-
searchers. MMMs are actually composite membranes and consist of
inorganic particles dispersed homogeneously in continuous polymeric
phase. In the field of gas separation membranes, MMMs, by combining
the dimensional stability and excellent separation performance of
inorganic membranes along with easy fabrication and low cost of
polymeric materials have appeared as an alternative and appealing
approach in membrane based separation technology [19]. MMMs are
highly selective, require less energy and are easily and simply process-
able. Comparative to polymeric membranes, MMMs deliver enhance-
ment in selectivity, permeability, mechanical strength and also in
thermal and chemical stability. Previous studies related to MMMs have
shown encouraging results by incorporating inorganic fillers such as
metal organic frameworks (MOFs) [20], zeolites [21], carbon nanotubes
(CNT) [22], carbon molecular sieves (CMS) [23] as a dispersed phase in
MMNMs as they aid in boosting membrane’s performance.

Fabrication of MMMs that is defect free is a difficult task as the
compatibility between filler and polymer is often inadequate to create
homogeneous interfaces [15]. This incompatibility between polymer
and filler would induce the filler to repel continuous phase and results in
forming a sieve in cage morphology which in turn results in unselective
interfacial voids. These voids are responsible for the penetrant to
permeate across membranes as they offer negligible mass transport
resistance without discriminating and differentiating the penetrants. So,
adhesions between polymer and filler, disruption in polymer packing as
well as the repulsive forces among two phases are some factors that
result in formation of rigidified polymer layer and unselective voids
[24]. Therefore, in order to fabricate a defect free MMMs, the selection
of dispersed phase is a crucial part. MOFs through its organic ligands
have exhibited better interaction and compatibility with polymer matrix
as compared to other categories of fillers. They have gained quite an
attention over the years because of their compelling properties. MOFs
have small aperture size, higher CO, affinity and adjustable chemical
and physical properties through pre-post synthesis modification [25,
26]. MOFs are actually crystalline compounds and comprises of metal
ions and organic ligands. They have high micropore volume, larger
surface area, several pore sizes, moreover, its high metal content as well
as crystallinity has allowed MOFs to emerge as remarkable porous ma-
terials meant for various applications [27].

Among various kinds of metal organic frameworks, zeolitic immi-
dazolate frameworks (ZIFs) are caged compounds that are formed by
self-assembling of molecules in which divalent cations i.e., Zn or Co are
coordinated tetrahedrally and are connected with immidazolate linkers
to form topologies that are similar to those of aluminosilicates zeolites
[28]. ZIFs has several advantages over traditional porous materials such
as they have diversified structure, adjustable and porous pore channels,
high specific surface area, easy functionalization and unsaturated sites
and are viewed as next generation membrane materials [29]. In order to
fabricate MMMs, researchers have done huge progress in their efforts to
blend ZIFs as inorganic filler with wide range of polymers [30]. ZIFs are
flexible, porous and thermally stable crystals up till 400 °C and are
considered as favorable material for gas separation and also for shape
and size selective catalysis because of their pore size that is below 5 A
[29,31]. ZIFs also have the ability to enhance the restricted gas sepa-
ration performance of polymeric membranes bounded by Robeson upper
bound. Hence, ZIFs are considered as an attractive inorganic filler ma-
terial in MMM fabrication.

In the view of above mentioned literature, the aim of this novel re-
view is to elaborate the principles of energy efficient membrane driven
systems, especially, the MMMs followed by their classification and
hindrances in their development. Many previous research studies have
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highlighted the usefulness of ZIF membranes in gas purification and
separation applications, and also have discussed their fabrication
methods along with their performances in gas separation applications
[32-35], but there are very few detailed research studies available on
ZIF based mixed matrix membranes in which different types of ZIFs are
used as an inorganic filler for MMMs fabrication. This review focuses on
the selection criteria of polymers and fillers in fabrication of MMMs,
especially, ZIF fillers based MMMs development and their performance.
Finally, a critical review on experimental investigations on ZIF based
MMM for gas separation is discussed.

2. Basic principles and classification of membranes

In membrane systems, separation efficiency of membranes can be
calculated by measuring permeability as well as selectivity of gases.
Permeability of the membrane is defined as the membrane’s ability to
permit permeating gas to diffuse through membrane material as a result
of pressure difference across the membrane and could be calculated in
terms of thickness and area of membrane, permeate flow rate as well as
difference of pressure across membrane. Whereas, membrane’s selec-
tivity is defined as the ratio of permeability of two gases permeating
through membrane in case of binary separation [36]. In membranes, gas
transport separations takes place via diffusion, adsorption and molecule
desorption through membrane and is typically dependant on driving
forces for example temperature (AT), pressure (AP), electric potential
(AV) and concentration (AC). The basic principle of gas permeation and
separation is depicted in Fig. 1.

The SI and non SI unit specified for permeability is GPU (Gas
Permeability Unit) and Barrer. Permeance or pressure normalize flux
will be calculated using Eq. 1.

P Qi
L™ @A) @

% = gas permeance of membrane in GPU, 1GPU = (10~% cm?® (STP)
cm 257! cmHg’l).

Q; = Volumetric flow rate of permeated gas.

(Ap)= pressure difference across membrane in (cm/Hg).

(A)= effective membrane area in cm?.

Selectivity will be calculated by Eq. 2 as pressure normalized flux
ratio of gas component x over y.

(P./L)
Kx/y P, / ) ()]

From the results of gas separation performance listed in many
research papers, the increase in permeability and selectivity by addition
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of fillers were measured by ratio between gas separation by mixed ma-
trix membranes and sole polymer membranes, via equations listed
below.

P(MMM
Permeability factor = # 3)
P(POLYMER)
o (MMM)
Selectivity Factor forec,, = ! )

o:(POLYMER)

The resulting increased gas transportation properties (selectivity and
permeability) were then plotted for a comprehensive insight into filler
impact.

Mostly, membranes can be classified based on their nature, structure,
geometry and their separation mechanism. Membranes are extensively
available in synthetic and natural material. Synthetic membrane mate-
rial could possibly be organic for example polymers, or inorganic such as
metals and ceramics, or combination of organic and inorganic [38].
Their morphology or structure could be asymmetric or symmetric and
depending upon their structure, membranes can be thick or thin, het-
erogeneous or homogeneous. Depending upon the ability of membrane
to change the chemical nature of species permeating across the mem-
brane, transport across membrane could be active, passive or reactive
[39]. Various means can direct passive transport such as electrical po-
tential, pressure and concentration. Examples of membrane configura-
tion or geometry include tubular or flat sheet membranes and their
separation process is mainly based upon chemical and physical char-
acteristics of components that are to be separated. The mechanism for
separation could be charge interactions, sieve, solubility-diffusivity and
so on. Fig. 2 below shows membrane classification based on their ma-
terial, structure and configuration.

3. Energy efficiency and cost effectiveness of membrane systems

Every machine and factory along with all industrial operations and
processes require energy to operate and is mostly supplied through oil
reservoirs, fossil fuels and gas. Natural gas combustion, as well as of
petroleum, coal and fossil fuels end up in higher emissions of CO, which
in turn causes global warming [40]. Hence, undesirable CO, along with
other hazardous gases should be removed and removal of COais
important because of its corrosive nature and its uncontrolled emission
into the atmosphere has become a serious concern as it is hazardous for
human health and also leads to climate change, flooding and acid rain.
Conventional gas separation technologies such as adsorption, absorption
and cryogenic separation consume high cost and energy and also exhibit
operational complexity. To overcome these issues, membrane based gas
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Fig. 1. Basic principle of permeation and separation of gas through membrane[37].
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Fig. 2. Membrane classification based on material, structure and configuration.

separation technology has been employed as it offers convenient oper-
ational procedure and accessible scale up, and also it is cost effective and
energy efficient [41,42]. Membrane based separation technology has
played a vital part in several energy and environmental processes such
as biogas upgrading [43], CO capturing [44,45], natural gas sweet-
ening [46,47], and also in volatile organic compound (VOC) recovery
[48] and have the potential to compete with other traditional technol-
ogies in terms of economic cost and energy requirements.

It was announced by National Energy Technology that up till 2030,
the electricity cost will surge for about 35% to eliminate over 90% of
COoarising out of power plants [49,50]. Though, the most commonly
used and viewed technology in this area is amine absorption, but this
technology suffered high CO; capture cost that is approximately
$40-$100 per ton of CO3 [49]. On contrary, membrane technology when
used for gas separation can somehow decrease this cost if it is associated
with adequate permselectivity by employing materials having high
performance. For instance, in case of membrane systems having CO»
permeance around 1000-2000 GPU and having CO2/Naselectivity that
is around 25-50, the capture cost of CO; is reasonably reduced to
$20-$23 per ton of CO5 [50]. As discussed earlier, the most appealing
benefit of using membranes for gas separation over other traditional
techniques is high level of energy efficiency that is attained by
employing membrane based gas separation technology [51]. Concen-
tration of CO; in feed gas as well as pressure of feed stream, are major
factors that will effect energy efficiency in gas separation process [52].
Input feed stream in membrane separation process have to be com-
pressed frequently and this process requires energy. In processing of
natural gas, the feed stream normally has enough pressure needed for
membrane separation [42,53]. Furthermore, higher CO, concentration

in feed stream will increase diffusion rate of CO, and consequently in-
creases membrane efficiency. Whereas in conventional processes
employed for CO5 separation such as amine absorption, higher CO5
concentration in feed stream will usually increase energy requirements
along with operational cost [54]. Since, in amine absorption system,
high CO, concentration requires more amine circulation rate and in turn
results in higher energy consumption [55].

Also, in order to control the energy consumption of membrane sep-
aration process, membrane’s selectivity and permeability is considered
as the most important element. Gas pressure drop will decrease by
increasing membrane’s permeability; therefore, the energy consumed
for compression in each stage will in turn decrease. Conversely, if
membrane’s selectivity increases, membrane area and rate of circulation
will decrease and consequently, the overall process cost will decrease
[52]. Hence, it is inferred that overall energy efficiency as well as the
process will improve on providing membranes with suitable perfor-
mances for gas separation. Furthermore, factors that influence the
design of membrane separation unit for example appropriate membrane
modules as well as number of stages should be viewed as an effectual
parameter for total energy consumption. Using multiple stage operation
is considered as one of the techniques to increase efficiency of mem-
brane as desirable separation ratio is not attained in single stage oper-
ation. In case of multiple stage units, on repeating operation in every
stage to attain the desired concentration, the consumption of energy will
increase yet it is much lower than the energy that is consumed to repeat
entire process in single stage unit [56]. It was estimated by Yang et al.
[57] on comparing single and multiple stage units during gas separation
process that energy requirement amongst stages is approximately
107.5 KJ/m™2 in case of two stage membrane unit [57]. Results indicated
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that higher energy is consumed in multiple stage units in order to
generate suitable driving force after individual stage, yet it is not much
when compared to consumption of energy in traditional amine absorp-
tion technique that is approximately 600-900 KJ/m3(STP)[58].

Hence, it can be concluded that to carry out any desired gas sepa-
ration process such as biogas upgrading, CO, capturing, recovery of Hy
or natural gas sweetening etc, high performance membrane material is
needed, while considering some important factors such as permeability
and selectivity, composition of feed gas, process conditions, mechanical
and thermal stability as well as design of membrane module [59].
However, it is predicted that membrane based gas separation technique
requires very little or no chemicals, have low energy consumption and
can be scaled up quite easily as compared to conventional separation
techniques, and in future it will be considered as an earth friendly
technique for gas separation applications. Also, performances of mem-
branes should be considered as a vital factor in membrane based gas
separation units. Mixed matrix membranes as a new class of membranes
having high permeability, selectivity along with higher energy effi-
ciency could be an appropriate choice for this goal.

4. Mixed matrix membranes

As reported earlier that the performance of polymeric membranes in
gas separation applications is restricted by permeability/selectivity
trade off. This issue led the researchers to develop new technology for
membrane fabrication having the ability to fabricate high performance
membrane material concerning the gas permeability and membrane
selectivity in order to expand commercial applications of polymeric
membranes. On contrary, in spite of encouraging performance of inor-
ganic membranes in gas separation applications on laboratory scale,
their scaling up encounters numerous challenges. Furthermore, inor-
ganic membranes are likely to be excessively expensive having a module
cost of $1000/m?, which is almost 100 times more than that of polymer
membranes in flat sheet ($10/m2) or hollow fiber ($5/m2) geometry
[17,60]. Hence, their high fabrication cost as well as their processability
into modules for wide spread applications are important concerns
related to their use in gas separation applications [61-63]. Polymeric
membranes that are available commercially are comparatively cheap
because of high processability but they provide relatively less separation
capabilities in comparison to inorganic membranes. As mentioned
earlier that inorganic membranes, in spite of their high selectivity and
permeability, these chemically and thermally robust membranes de-
mand higher capital cost because of its complicated fabrication process
and highly priced precursors.

In order to address problems linked to inorganic and polymeric
membranes, effort was done to combine the advantages of both inor-
ganic and polymeric materials to fabricate advanced membranes namely
mixed matrix membranes (MMMs). They have the ability to enhance
permeability as well as selectivity at the same time, that is, without
restraining any of it and by employing inorganic particles as dispersed
phase and polymeric material as continuous phase. MMMs are fabri-
cated by dispersing nano or micro sized inorganic particles (fillers) in
continuous phase of polymeric matrix as shown in Fig. 3 below and
resultant MMMs combines the benefits of both organic and inorganic
phases.

The inorganic phase in MMMs generally enhances gas permeability
and provides selectivity that is superior to polymeric phase, hence
enhancing the performance and ability of polymeric membranes without
disturbing the processing and economic conveniences of polymers.
Table 1 below compares the characteristics of polymeric, inorganic and
MMMs.

MMMs are actually polymer based composites involving phase
separated membrane separation process. Within MMMs, inorganic fillers
in order to enhance the separation performance of membranes, makes
appropriate permeation pathways especially for selective permeability
and at the same time creating a hurdle for unwanted permeation [65].
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Inorganic filler Polymer matrix

i -

Mixed matrix membrane

Fig. 3. Schematic illustration of mixed matrix membranes [64].

Table 1
Comparison between characteristics of polymeric, inorganic and mixed matrix
membranes.

Characteristics Polymeric Inorganic Mixed matrix
membrane membrane membrane

Thermal and Moderate Superior Superior
chemical stability

Mechanical Good Low Superb
strength

Cost of fabrication Low High Moderate

Processability and Easy and simple ~ Tough Easy and simple
synthesis

Separation Below Robeson Above Robeson Above Robeson
performance upper bound upper bound upper bound

Resistant towards Moderate Higher Higher
high pressure

Plasticization Susceptible Unsusceptible Unsusceptible

Inorganic membrane’s exceptional permeability and selectivity along
with polymeric membrane’s processability are amalgamated to attain
collaborative separation performance, during which inorganic phase
delivers exceptional separation characteristics and continuous polymer
phase allows perfection in membrane forming thereby resolving the
problem related to inherit brittleness identified in inorganic membranes.
It is expected that within polymer matrix, the addition of filler with
molecular sieving characteristics would result in high permeability and
selectivity in comparison to polymer membranes. The additions of
inorganic fillers into polymeric matrix usually involve either fillers with
spherical or low aspect ratio or, thin platelets of fillers with exception-
ally higher ratios [66]. The last mentioned case is of great interest
because it provides enhanced separation properties over traditional case
[67]. Though inorganic fillers are employed in almost all preparation
cases, the resultant separation performance of membrane as well as its
morphology can be differed considerably, mainly arising from various
capabilities of these molecular sieves (fillers), either on the basis of size
or shape,in order to differentiate between distinctive molecules existing
in feed mixture.

The benefits associated with employing MMMs encouraged further
research to review gas separation capability of already existing polymer
membranes. The exceptional performance of MMMs was first reported
by Kulprathipanja et al. [68]. They perceived that by addition of silicate
into cellulose acetate polymer resulted in increasing O2/Nj selectivity in
comparison to neat cellulose acetate polymeric membrane [68].
Although, MMMs must control and overcome some critical challenges
associated with their fabrication for example, particle agglomeration
and sedimentation as well as existence of interfacial voids at
polymer-filler interface in order to achieve desired membrane
morphology and gas separation characteristics. Within the polymer, too
much filler loading results in agglomeration of filler particles which in
turn reduces membrane performance [61,69]. Hence, in order to suc-
cessfully fabricate MMM, it is necessary to choose inorganic filler that is
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compatible with polymer matrix meaning choosing a suitable pair of
polymer/filler is challenging step in MMMs fabrication.

As discussed earlier that MMMs are fabricated by incorporation of
inorganic particles within polymeric matrix. So, the method that is used
to fabricate MMMs is somehow quite similar to the one that is used to
fabricate regular polymer membrane. The initial step in fabrication of
MMNMs is to prepare a homogenous solution of particles and polymer.
For the purpose of fabrication, different techniques can be employed.
First technique involves dispersion of particles in the solvent and then
mixture is stirred for predetermined amount of time and afterwards
polymer is further added in it (Fig. 4a) [70-74]. In second technique,
polymer is first dissolved into the solvent and it is then stirred and af-
terwards predetermined quantity of inorganic filler particles is then
further added into the solution of polymer (Fig. 4b) [75-79]. In the third
technique, inorganic filler particles are first dispersed in solvent and
then continuously stirred for predetermined amount of time and simi-
larly polymer is also dissolved into the solvent separately. In the end,
filler particle suspension is finally added into polymer solution(Fig. 4c)
[80,81]. Out of these three techniques, first and third technique is
usually employed for better dispersal of filler particles as in dilute sus-
pension, filler particles are normally restrained from agglomeration by
higher shear rate while stirring. And, the second technique is normally

(L) J—

fillers

Solvent

Polymer

Homogeneous

Suspension
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employed for the distribution of nanoparticles within the polymeric
matrix. Fig. 4(a-c) below demonstrates different techniques for prepa-
ration of dope solution for MMMs fabrication.

4.1. Challenges encountered in fabrication of MMM

In general, the dispersion of inorganic particles into continuous
polymeric matrix is expected to enhance the properties of membrane
because of the dispersed phase superiority. But, fabrication of MMMs in
practical terms usually encounters the decline in membrane perfor-
mance [19]. The interfacial morphology of polymer-filler is the most
important factor that regulates general gas transportation properties.
Weak interaction among filler and polymer often results in reduction in
membrane’s separation performance. Factors that normally lead to-
wards poor interfacial morphology includes poor adhesion between
filler and polymer, filler pore’s partial blockage by polymeric chains and
rigidification of polymer chains.

Incompatibility among filler and polymer is generally considered as
the key factor that results in interfacial defects. This incompatibility also
leads to non-selective interfacial voids. These voids could also occur
because of forces of repulsion between filler and polymer, elongation
stress during hollow fiber spinning and also interfacial cracking at very

Dope Solution
Containing
Inorganic Fillers

Polvmer

(h) Inorganic

-l LD

particles

Solvent Mizine Homogencous Dope Solution
2 Polymeric Containin
Solution

Mixing

Inorganic Fillers

Inorganic
Particles

Mixing

Solvent

Homogencous

Suspension

Polvmer

(c)

Homogeneous

Mixing

Dope Solution

Solvent

Containing

Inorganic Fillers

Polymeric
Solution

Fig. 4. Different techniques for preparation of dope solution for MMMs [15].
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high loading [82]. Therefore, the existence of these interfacial voids
would in turn leads towards low gas pair selectivity. The reduction in the
formation of interfacial voids can be achieved by treating filler before
dispersing it into polymer solution. In order to deal with this issue, filler
particle treatment on mesoporous spheres of silica was suggested by
Zornoza et al. by employing chemical extraction and calcinations [83].
Surface modification of filler is also considered useful in order to in-
crease filler affinity towards polymeric matrix. This method helps in
reducing the emergence of non-selective interfacial voids by acting as a
cohesive agent at polymer-filler interface. The frequently used methods
for surface modification include amine modification [84], silane
coupling agent [85], octadecylamine [86] and also diethanolamine
[871.

The fabrication of MMMs by employing polymer as a continuous
phase is considered to be problematic because of agglomeration of filler
particles during preparation of solution within which mixing techniques
are essential in order to disintegrate agglomerated particles before the
processing of membrane. Although, glassy polymers have quite
appealing separation properties as compared to rubbery polymers
because they possess high free volume but, poor mobility of polymer
chain during membrane fabrication may leads to poor interaction be-
tween polymer matrix and inorganic filler particles. Interaction among
inorganic filler particles and polymer matrix is of great concern because
unacceptable channels might appear between two phases if polymeric
chains donot interact completely with inorganic particles. Separating
out of inorganic fillers from membrane matrix because of in-
compatibility and producing separate layers or phases of filler during
MMMs fabrication is termed as classification and it can reduce mem-
brane’s gas separation performance [88]. Fig. 5 below demonstrates the
formation of void at sieve-matrix interface. The emergence of these
unselective interfacial voids permits escape of gases and thus results in
reducing MMMs selectivity [89-92]. To resolve this issue, existence of
bridging agent in order to provide ease in better interfacial interaction is
of great significance as shown in Fig. 5c. Furthermore, techniques that
involve creating of surface roughness and modifications of surface hy-
drophobicity along with varying pore architecture and composition of
filler particle have too been explored [90].

Also other problem that is encountered during MMMs fabrication is
partial filler pore blockage by polymeric chains rendering role of
incorporated inorganic filler [93]. Partial pore blockage permits mole-
cules that are smaller than blocked pores to go through whereas total
pore blockage behaves as impenetrable filler and molecules of gas
cannot pass through filler pores. Pores could get clogged with solvent or
sorbent, or with some small component or contaminant in polymer
chain or feed gas during, before or after membrane fabrication process.
This phenomenon often results from too much filler loading that in turn
results in creating impassable pores after occurrence of agglomeration.

Polymer matrix Polymer matrix

Interface
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Also, poor polymer-filler compatibility can lead towards blockage of
pores. Through alteration or functionalization of filler or polymer via
introduction of mutually interactive functional group will increase
polymer filler compatibility and reduces pore blockage issue. At inter-
face, rigidification of polymer induced by inhibition of polymer chain
mobility within local region has the ability to change gaseous transport
behavior around filler particles. The occurrences of this phenomenon
could be reduced by plasticization of polymer matrix in order to enhance
polymeric chain mobility [94]. Hence, to overcome aforementioned
challenges and to reduce their negative effect, incorporation and effec-
tive dispersion of filler particles into polymeric matrix as individuals is
one of the crucial tasks to be dealt with. In these conditions, several
treatment approaches are employed to change inorganic filler’s surface
chemistry.

4.2. Selection criteria for polymers

For fabrication of gas separation membranes, selection of polymeric
materials has been studied extensively over last few decades and quite a
lot of papers have been reviewed comprehensively on this topic [9,
95-97]. This topic in this review includes discussion about importance
of selecting appropriate materials for preparing high performance
MMMs. For fabrication of MMM, selection of material for both polymer
and inorganic filler is inherently important. Pair wise selection is of key
importance for fabrication of MMMs as it is directly linked with sepa-
ration performance as well as MMMs morphology. In MMMs that are
defect free; the polymeric matrix generally determines minimum sepa-
ration performance and inorganic filler regulates and determines
enhancement of membrane’s selectivity and permeability [98,99].
Commonly used polymeric materials for fabrication of MMMs usually
includes polycarbonates, polyimides, polysulfone (PSf), poly(arylethers)
and poly(arylketones) [100]. Several inorganic filler materials have
been examined in order to fabricate MMMs including carbon molecular
sieves [18], several zeolites [68,101], activated carbon [102],
non-porous silica [103], carbon nanotubes [104], mesoporous materials
[105-107], graphites [108] and lately metal organic frameworks[109,
110]. As discussed earlier, suitable combination of filler and polymer
material plays a vital part in determining membrane’s separation
properties. For example, in case where diffusivity selectivity is a
preferred choice within which fillers behave as molecular sieves to omit
molecules of gas based on difference in their size, fillers having molec-
ular sieving properties must be thought about. Under these circum-
stances, polymeric materials having the ability to separate gases based
on difference in their diffusivity should be considered in order to match
selected filler particles.

Generally, two types of polymers are often used for fabrication of gas
separation membranes i.e., glassy and rubbery polymers. Most

Polymer matrix

Bridging age

Fig. 5. MMMs interfacial properties (a) formation of void between two phases (b) Bridging of continuous polymer matrix and inorganic filler on surface modifi-

cation[90].
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important issue for polymeric material in MMM is ensuring appropriate
adhesion between inorganic filler particles and polymer. In case of
rubbery polymers, because of them having higher degree of mobility,
stronger interaction with filler particles can be attained that in turn fa-
vors the development of zero-defect interface among two components.
But, the disadvantage of rubbery polymer’s higher mobility is that it
makes up the membrane exceedingly permeable, hence the gaseous
transport within membrane is mostly influenced by polymeric matrix
and just a little portion of overall gaseous transport is accredited to filler
particles. Whereas, glassy polymers in contrast, manifests higher sepa-
ration performance because of them having rigid chain structure, which
regrettably weakens and reduces interaction among filler and polymer.
As a result, MMMs that are fabricated by employing glassy polymers
generally have interfacial voids and these voids behave as an alternative
path for molecules of gas and compromise membrane separation ability.
Hence in this respect, a new category of polymeric material namely
block copolymers having both soft and rigid polymeric segments was
approved to fabricate MMMs by employing classic rigid-soft structure of
block copolymer, hence possibly enhancing adhesion power. In recent
past, many research studies have emerged narrating MMMs fabrication
by employing block copolymers e.g., poly (imide siloxane) and filler
particles (zeolite-Land carbon nanotubes). In those studies, good adhe-
sion among inorganic filler particles and block copolymers was
observed.

The appropriate choice of polymeric material regulates MMMs
interfacial morphology. To address the problem related to poor adhe-
sion, the utilization of external linkers like silane coupling agents is
considered as common approach. Though, the introduction of additional
agent in system might leads towards undesirable pore blockage issue. To
deal with it, selection of polymeric material having integral chemical
linkages which are inherently part of chain backbone can enhance
adhesion among filler and polymer and at the same time prevents pore
blockage problem. Mahajan et al. examined the practicality of this
approach by employing fluorinated polyimide created from 6FDA-
6FpDA/4MPD/DABA having carboxylic groups on polymeric chain
backbone in their research [92,111]. Presence of carboxylic group in
this polymer possibly provides hydrogen bonding or rather covalently
bondable sites to interact with filler surface as depicted in Fig. 6 below.
Polymer will not be able to separate completely from filler surface
because of these chemical ligands yet detachment may still occur at
segmental level, hence administering good adhesion along with better
interfacial morphology. By employing polymers having chemical linkers
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that react with functional groups present on the surface of filler, the
accomplishment of their research work specified a new direction to-
wards improving adhesion related problem. This technique when com-
bined with filler’s surface functionalization has the potential to enhance
interfacial morphology of MMMs.

4.3. Selection criteria for fillers

As mentioned above, the continuous polymeric phase along with
inorganic dispersed phase has influence on MMMs morphology as well
as its separation properties. For fabrication of MMMs, porous and non-
porous inorganic fillers are two main filler materials that are normally
used. Carbon molecular sieves (CMS) and zeolites are examples of
porous materials that are frequently used as inorganic filler particles in
development of MMMs [18,70,71,81,112,113]. CMS are highly porous
and have been explored widely as they have the ability to be used as
membrane material for fabricating gas separation membranes [114,
115]. CMS assures higher gaseous permeability because of their high
porosity as well as finer pore size distribution. Also, CMS pore opening
size is almost of similar order as gas molecule size; hence it permits
precise differentiation of particular gaseous species. Internal surfaces of
CMS are hydrophobic and are employed in industries to separate CO5
from landfill gases and also in air separation by adsorbing oxygen [116,
117]. CMS have ability to discriminate gases on basis of their kinetic
diameters [118]. The potential of developing MMMs by employing CMS
as filler was examined by many researchers. Gas separation performance
of MMM incorporating CMS along with Matrimid 5218 was accessed by
Vu et al. and 45 % enhancement in CH4/COzselectivity was observed by
them [18]. On the other hand, zeolites with their size selective nature as
well as highly defined porous structure are also strong candidate for
developing MMM:s. Activated carbon, metal organic frameworks (MOF)
and carbon nano tubes (CNT) are also different types of porous materials
that have been incorporated as dispersed inorganic phase in develop-
ment of MMMs.

When porous material is incorporated into polymeric matrix as
inorganic filler, its surface chemistry, pore size distribution as well as
functional groups should be compatible with molecules of gas pair. For
instance, activated carbon is appropriate for CH4/CO4 separation due of
its high adsorption selectivity for CO, than for CH,4, however this inor-
ganic filler is not appropriate for O5/N; separation [102]. Zeolite 13x
having aperture size of 10 A is not likely to behave as molecular sieve for
molecules of N3 and O, having kinetic diameters of 3.64 A and 3.46 A
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Fig. 6. Illustration of 6FDA-6FpDA/4MPD/DABA chemical attachment to surface of filler [61].
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respectively. While on the contrary, zeolite 4A having aperture size of
3.8 A have the ability to differentiate two molecules because of entropic
factors [119]. Hence, it is important that molecular sieving phase should
correspond exactly to shape and size difference of molecules of gas. On
the other hand, as the influence of non-porous material on separation
ability of mixed matrix membrane is quite different from porous mate-
rials with molecular sieving attribute, hence before adding these mate-
rials into polymeric matrix, interaction among nanofillers and polymeric
chain fragments together with the functional groups on inorganic phase
surface should be analysed and considered [75]. For example, the
addition of silica into polyimide matrix could disrupt the packing of
polymer chain which in turn increases the permeation rates of nitrogen
and oxygen [120,121]. While on contrary, addition of TiOsinto poly-
imide matrix could enhance the CH4/Hy and CH4/COsselectivities as the
interactions of Hpand CO, with TiOsare way stronger than interactions
among TiO2-CHy4[122]. Fullerenes (C60) [123], silica, TiOy [78,124]are
most frequently used impermeable filler particles employed for fabri-
cating nanocomposite MMMs.

Distinct properties of inorganic filler materials like morphology,
dispersability, stability, size as well as hydrophobicity or hydrophilicity
have the ability to affect MMMs overall performance. Hence, it is
important to take account of these factors while fabricating MMMs
[125]. Filler size greatly affects membrane’s homogeneity. As an
example, filler particles that are larger in size have tendency to
agglomerate and this leads towards filler cluster formation within the
membrane. These filler clusters are the reason behind membrane’s non
homogeneity as they dominate the polymeric phase within membrane
and acts as a resistance. Therefore, a weak and poor interconnection is
formed between inorganic filler and polymer which in turn decreases
membrane’s mechanical stability. Subsequently, membranes become
sensitive towards high pressure and get damaged quite easily. Also,
non-uniform filler dispersion within polymeric matrix results in forma-
tion of non-selective voids which consequently affects membrane’s
performance. Hence, in order to prevent the formation of voids and to
attain stronger interaction between filler and polymer, good filler
dispersion must also be taken into consideration [69].

4.4. Mixed matrix membranes development

After the novel review on MMMs by Okumus et al, many reports on
the likelihood of MMMs have been published [126]. In the fabrication of
MMMs, solid polymer MMMs has received most attention. In this type of
MMMs, both zeolitic and non-zeolitic inorganic fillers can be incorpo-
rated as fillers in polymer matrix. Silicoaluminophosphate (SAPO) and
aluminophosphate (ALPO) molecular sieves are zeolitic inorganic par-
ticles and are considered as conventional zeolites. Because of their
thermal stability and their permeation performances, these micro
porous materials are used in the preparation of MMM for the purpose of
gas separation [87,127,128]. Zeolitic crystal properties such as specific
adsorption and shape selectivity can enhance the selectivity and
permeability of polymer films when combined with the process ability of
polymeric matrix for the purpose of gas separation of various gas pairs.
As a polymer matrix, both rubbery and glassy polymers were used in the
fabrication of zeolitic mixed matrix membranes. The interaction be-
tween rubbery polymers and the zeolitic fillers is brilliant because of
polymeric chains high mobility. In spite of the fact that they exhibit good
permeation properties and high mechanical strength, MMMs that are
fabricated using zeolites and glassy polymers end up having interfacial
voids and defects. To eliminate the problem related to adhesion, various
types of surface modifications are introduced that includes coating of a
diluted solution of highly permeable silicone rubber to get rid of unse-
lective voids mostly developing on polymers [129,130]. Plasticizer is
added to decrease the intrinsic gas separation performance of polymers
[101,131]. Amine coupling agents and silane is mostly used to enhance
both gas selectivity and interfacial adhesion by modifying zeolites sur-
face properties from hydrophilic to hydrophobic [71,80,132]. It was
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seen that the selectivity of COo/CH4 decreased up to 80% by the
embodiment of unmodified zeolites due to unselective void formation.
Whereas by the incorporation of modified zeolites, CH4/CO5 selectivity
has boosted 50 % than neat membrane. By the absence of unselective
voids after modification of surface, CH4 followed a longer permeation
path, whereas CO; can easily access through filler and hence selectivity
of CH4/CO4 improved. Till now many reports have been patented on
zeolitic based MMMs as a better alternative to polymeric and inorganic
membranes.

Non-zeolitic inorganic fillers have also received much attention in
the development journey of MMMs. Metal oxide nanoparticles, carbon
molecular sieves, porous and non-porous silica nanoparticles are some
types of non-zeolitic fillers. CMS nanoparticles having micro pores are
incorporated in the fabrication of MMMs as they exhibit remarkable
permeation behavior and high productivity [133-135]. They also
exhibit good affinity to glassy polymers ensuring good contact at
interface [18]. However, in order to prevent the formation of interfacial
voids and defects and to enhance selectivity as well as permeability
many improvements are being done in CMS based MMMs [18,81].
Before undergoing pyrolosis at a temperature of 800 °C for 2 h in vac-
uum, CMS was made by using dense Matrimid5218 as a precursor. With
the 200 selectivity of CO2/CHy, and 43.5 Barrer permeability of COo,
resulted MMM with CMS exhibited promising properties for separation.
The increase in the properties of separation was due to incorporation of
CMS into polymer matrix. During the process of gas separation, plasti-
cization is another important phenomenon. At an elevated feed pressure,
CO4, plasticizes a broad range of glassy polymers [136]. Reduction in the
interaction among filler and polymer can cause the plasticization of
glassy polymers and declines the performance of membranes in gas
separation applications. The CO, causes an increase in polymer chain
mobility, thereby increases diffusion coefficients of all the penetrants
within membrane. In order to improve plasticization resistance, modi-
fication and cross-linking methods were applied widely [137]. The
process of cross-linking causes the reduction in polymeric chain mobility
by enhancing the adhesion between inorganic filler and polymer. By
overcoming the plasticization induced by CO3, long-term stability and
gas separation performance can be achieved.

In order to fabricate heterogeneous mixed matrix membranes by sol-
gel process, porous and non-porous nanoparticles of silica in forms such
as ceramic, tetraethoxysilane, organosilicate, fumed or colloidal silica
are usually dispersed in polymer matrix [78,138,139]. Because of weak
permeability or intrinsic impermeability of silica particles, the addition
of these particles in polymer matrix improves both selectivity and
permeability by altering polymeric chains molecular packing [90,140].
MMMs which exhibits increase in polymer volume without the forma-
tion of non-selective voids have better permeation characteristics but
decreased selectivity. Chemical modifications are expected to eliminate
the formation of voids and are carried out with silane coupling agents
containing hydroxyl or organo-functional groups [141,142]. Another
form of silica particles i.e. mesoporous materials are used as filler to
enhance the interaction between filler and polymer by penetration of
mesopores through polymer chain. Because of their large surface area,
the addition of mesoporous materials in polymer matrix can bridge
polymeric chains through hydrogen bonding and no increase in selec-
tivity was observed because diffusion of gas in mesopores is non selec-
tive [105,143,144]. Many approaches have been put forward to enhance
the selectivity like creating mesopores in pure zeolites [145], incorpo-
ration of micropores in mesoporous materials [146] or modification of
interface composition via functionalizing with organic groups i.e. PMO’s
(Periodic Mesoporous organic silicas) [147,148].

Rapid increase in publications has been observed directing towards
the applications of above mentioned fillers used in fabrication of solid-
polymer MMM. In spite of this, many alternative fillers such as
layered silicates, graphene, carbon nanotubes (CNT), metal organic
frameworks (MOFs) have been studied as a new material for filler having
several attractive properties. MOFs as an emerging and new category of
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crystalline porous materials have gained quite an attention recently as a
promising candidate for fabrication of MMMs. Metal organic frame-
works consists of secondary building units that are connected to organic
ligands in order to create a repetitive cage like structure [149-152]. In
them, the secondary building units are generally transition metal oxides
and positive charged metal ions. MOFs can easily be synthesized in high
purity as well as crystallinity via employing different techniques for
example sonochemical, electrochemical, microwave and mechano-
chemical [149,153,154]. MOFs exhibit many distinctive structural
properties as well as advantages such as high porosity and surface area
[155], flexible and rigid framework [156], adjustable pore sizes [157],
tunable porosity [158], low densities as well as chemical and thermal
stability [159], and these advantages provides convenience to mem-
brane researchers to utilize MOFs in several gas separation operations
over other porous materials (activated carbons, silica, zeolites) [61,160,
161]. During the last decade, many important structures of MOFs such as
ZIF series, Cuz (BTC),, MIL-series, MOF-5, HKUST-1 etc have been uti-
lized successfully in MMMs development.

Nik et al. employed five different types of MOFs that were NH,-UiO-
66, UiO-66, MOF-199 (Cu-BTC), UiO-67, NH5-MOF-199 to fabricate
Matrimid based MMMs [162]. Among all the fabricated membranes, the
ones that were fabricated by employing UiO-66 displayed high CO5 gas
permeation, while on the contrary NH,-MOF-199 (amine functionalized
MOF based MMM) enhanced both CH4/CO; selectivity as well as COy
gas permeability. Reason behind enhancement in selectivity was due to
hydrogen bonding existing between (-NHy) in filler and carboxylic group
in polymeric chain that expedited polymeric chain rigidification at the
interface. As a result, selectivity increased and permeability decreased
[162]. ZIF-90 was impregnated successfully by Bae et al. in 6FDA-DAM
polyimide to fabricate 6FDA-DAM/ZIF-90 MMM by employing non
solvent induced crystallization technique [163]. The addition of ZIF-90
into 6FDA-DAM polyimide enhanced both gas permeability as well as
selectivity of membrane. CO3 permeability adequately increased from
390 Barrer to 720 Barrer, while the selectivity of CH4/CO4 improved
from 27 to 37 [163].

As stated above, one of the advantages of MOFs is that they possess
flexible structure. This permits the research workers to bring in desired
functional groups linked to the main frameworks in order to provide
extra affinity towards specific type of gases. For example, amine func-
tional group possessing stronger CO, affinity was employed to func-
tionalize Cus(BTC)2 in order to encourage CO; solubility [85].
ZIF-7/polybenzimidazole(PBI) MMM was fabricated by Yang et al.
[164] via synthesizing ZIF-7 with excess PBI and afterwards mixing it
with Polybenzimidazole having reactive hydrogen atoms on polymeric
chains without employing typical drying step, hence preventing aggre-
gation of filler particles. The resultant MMM was packed with higher
ZIF-7 content (50 wt%) and exhibited ideal Hy/COs selectivity as well as
enhanced Hp permeability [164]. Hence, MOFs are considered as
favorable choice for fabrication of MMMs. The heart of development of
MMNMs is the selection of fillers that are compatible with the polymer
matrix and boost the performance of membrane exceeding Robeson
upper bound.

5. Various types of ZIF as a filler for MMM development

Zeolite immidazolate frameworks (ZIFs) belong to the family of
MOFs and their structures resembles with that of zeolites. ZIFs exhibit
higher chemical and thermal stabilities because of synergistic effect of
metal and imidazole groups. They have been used extensively as filler in
fabrication of MMMs as they can be prepared quite easily by energy
efficient and uncomplicated method. Moreover, its size could also be
adjusted and tuned via manipulating its synthesis procedure as well as
formulation [165,166]. ZIF based materials were reviewed by Phan et al.
for the purpose of CO, capture and separation [167]. ZIFs are made up of
transition metal nodes that are connected by immidazolate linkers
which replaces the zeolite’s bridging oxygen [168]. As mentioned
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above, many structures of ZIFs having different organic linkers have
been used as inorganic fillers for MMMs fabrication. Their narrower pore
size and large cavities makes them appropriate fillers for gas selective
MMNMs, especially for separation of CO; as the kinetic diameter of COz is
3.3 A, which is very much comparable to pore openings in various ZIFs.
ZIF also possess the flexibility to accommodate a second metal within its
structure and this in turn provides a synergetic effect which results in
higher and improved gas separation performance in MMMs [169].

MMMs deliver separation properties that have the ability to over-
come Robeson Upper Bound. Several different classes of fillers that are
employed in fabricating MMMs have been discussed in different review
papers [170-172]. This review focuses on the effects of incorporating
different ZIF based fillers in fabrication and performance of MMMs.
Many different ZIFs for example ZIF-8, ZIF-90, ZIF-7, ZIF-95, ZIF-11,
ZIF-302, ZIF-71 etc have been developed as sole-ZIF based MMMs
[173-177] or modified ZIF based MMMs [174, 178-181] for several gas
separation applications such as for separations of CO5/N3, C3Hg/C3Hg,
CO9/CH4,Hy/CH4 etc. The latest progress in research regarding ZIF
based MMMs for separation of CO2 was highlighted by Guan et al. [182].
It was concluded that modified ZIF’s synergetic effect can alter the
membrane structure and enhances interfacial compatibility which in
turn results in improving membrane’s separation performance. Also,
ZIFs characteristics such as its dispersibility, size as well as its hydro-
phobic or hydrophilic nature have influence on separation performance
of membrane.

Pebax because of its admirable properties in terms of durability,
flexibility as well as thermal and mechanical characteristics is consid-
ered as one of the most favorable polymeric matrices among other
polymers. It also exhibits better selectivity towards polar and non-polar
gases like CO2/Na. To fabricate MMM, several ZIFs have been dispersed
into Pebax polymeric matrix and other polymers [31,166,171,183].
ZIF-8 is one of the most explored Metal Organic Frameworks. It pos-
sesses a porous crystalline structure having M-Im-M angle that is near
145°and coincides with Si-O-Si angle present in many zeolites and
having a large pore size of 11.6A and 6-ring window aperture of 3.4A as
shown in Fig. 7 and it is studied frequently for separation performance of
MMMs [174,184,185].

ZIF-8 possesses good chemical stability against non-polar and polar
solvents [159], has high mechanical and thermal stability [187] and
ability of reorientation of its structure at elevated pressure [188]. For
instance, MMMs were developed by employing ZIF-8 nano particles as
filler into Pebax polymeric matrix. To prepare ZIF-8 nanoparticles in
different sizes of 40 nm, 60 nm, 90 nm, and 110 nm, micro emulsion
technique was employed [166]. It was revealed from this study that
smaller sizes of ZIF particles have a stronger affinity towards polymeric
matrix hence, yielding a stronger interfacial interaction and zero-defect
membrane. The outcome of ZIF-8 particle size on gas selectivity as well
as permeability of Pebax based MMM is shown in Fig. 8. Enhancement in
CO4 permeability as well as CO2/Naselectivity was exhibited by MMM
incorporating 5 wt% of ZIF-8 having size of 90 nm in comparison to
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Fig. 7. ZIF-8 crystal structure[186].
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Fig. 8. Effect of ZIF-8 particle size and loading on CO,/N, selectivity as well as
CO, permeability of Pebax-ZIF-8 based MMM [193].

pristine Pebax membrane because of enhancement in free volume of
polymer that is facilitated by ZIF-8 larger size particles. Though, in
MMM, the selectivity of CO2/N3 is reduced slightly because of micro-
phase separation. Hence, it was concluded through this study that the
separation efficiency of MMM is strongly influenced by ZIF-8 particle
size [166]. The utilization of ZIFs as a filler in development of MMMs
was also reported by Ordonez et al. [189]. Matrimid/ZIF-8 based MMM
having loading of ZIF-8 up to 80 wt% were fabricated. These filler
loadings were quite higher than typical filler loadings that are attained
through selected zeolite materials. This MMM displayed a reduction in
mechanical strength only at highest loading which in turn lead towards
reduction in flexibility. Permeability characteristics of fabricated MMMs
were estimated for COy, CHy, Ny, O, C3Hg, Hy and for gas mixtures
Hy/CO; as well as COy/CHg4. Increase in permeability of all gases was
observed with loading of ZIF-8 upto 40 wt%. This enhancement in
permeability is in opposition to the results narrated by Moore et al.
where a decline in permeability was noticed with increase in filler
loading in case of hybrid membrane material [190]. The decline in
permeability was caused by rigidification of polymeric matrix. The
enhancement in permeability up till 40 wt% of ZIF-8 loading in case of
Ordonez et al. study could be because of the existence of polymeric free
volume that is produced because of incorporation of nanoparticles of
ZIF-8 into Matrimid that increased the distance among polymeric
chains. It was noticed that nanoparticles disrupt the packing of poly-
meric chains in glassy polymers resulting in an increase in polymeric
free volume as well as permeability [78,191,192]. No notable change in
ideal selectivity was observed in most of the studied gaseous pairs
including Hy/Nj, O2/Ny, Hy/CO4, CH4/N3, Hy/Ooup to ZIF-8 loading of
40 wt%. But, high ZIF-8 loading of 50 wt% and 60 wt% resulted in
reducing the permeability of all the gases and enhanced the selectivities
correspondent with ZIF-8 additive influence. 50 wt% loading of ZIF-8
enhanced the ideal selectivities in case of gaseous pairs involving
small gases like CO2/CH4, Hy/Os, CO»/C3Hg, Hp/CH4, Ha/CsHsg,
Hy/CO,. This illustrated a conversion from polymer driven gas transport
to ZIF-8 controlled gas transport because at higher loadings, the ZIF-8
nanocrystal’s sieving effect is more dominant. ZIF-8 is considered as a
favorable material for gas separation applications at high temperature
and pressure conditions at which most of the industrial separation
processes are carried out because ZIF-8 possesses the ability of selective
transport of smaller molecules of gas such as COy and Hjand also
because ZIF-8 exhibit stability at high temperature conditions. For
Matrimid/ZIF-8 MMM, the separation performances were evaluated for
gas mixtures of CO2/CH4(10/90 mol%) and of Hy/CO> (50:50 mol%) at
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50 wt% and 60 wt% of ZIF-8 loading. At both loadings of ZIF-8, both gas
pairs exhibited selectivities identical to ideal selectivities keeping in
view the experimental error [189].

MMMs were developed by Castro-Munoz et al. [69] by employing
Matrimid, ZIF-8 and PEG by using two different preparation methods, i.
e., non-dried MOF method and traditional method. It was observed that
addition of 30 wt% of ZIF-8 loading by employing traditional method
enhanced the permeability of CO5 to 130 barrer. Whereas, MMM that
was fabricated by adding 30 wt% of ZIF-8 loading by employing non
dried MOF method lead towards increase in CO,/CHy selectivity of 15 in
comparison to MMM that was fabricated by employing traditional
method [194]. In another study by Zhang et al [195], ZIF-8 having a
particle size of 200 nm was incorporated with 6FDA-DAM polyimide in
order to fabricate MMMs dense films that were employed to investigate
the sorption kinetics as well as equilibrium isotherms of propane (C3Hg)
and propylene (C3Hg) at 35 °C. Good adhesion was exhibited by hybrid
material between 6FDA-DAM and ZIF-8’s effectively dispersed particles
without the existence of sieve in cage morphology because of ZIF-8
hydrophobic nature. At high ZIF-8 loading (48 wt%), ZIF-8 filler clus-
ters having sizes that are greater than single ZIF-8 crystal were created in
6FDA-DAM/ZIF-8 films. Inspite the cluster formation, considerable in-
crease in C3Hg/C3Hg selectivity as well as in CgHg permeability was
observed in 6FDA-DAM/ZIF-8 MMM. The ideal selectivity
C3Hg/CsHgand permeability of CsHe in MMM having ZIF-8 loading of
48 wt% showed up to be 150 % and 258 % which was greater than
pristine 6FDA-DAM membrane. Permeation characteristics of ZIF-8
were evaluated to an ideal selectivity (CsHg/CsHg)of 122 and perme-
ability (CsHg) of 277 Barrer by employing Maxwell model. It is proposed
that amalgamation of ZIF material and polymer used possesses the
ability for application in lowering C3Hg/C3Hg separation process’s en-
ergy intensity [195].

Some of the materials of ZIFs including ZIF-11, ZIF-90, ZIF-8, ZIF-95,
ZIF-301 and ZIF-67 possess larger cavities along with narrower pore
apertures that are closer to CO; kinetic diameter i.e. 0.33 nm, and this
property allows the addition of suitable filler in sole ZIF based MMMs for
separation of CO,. Research studies that were done in previous 5 years
on sole ZIF based MMMs are compiled in Table 2 below.

ZIF-67 has gained quite an attention because of its inherent family of
metal organic frameworks (MOFs). ZIF67/6FDA-DAM mixed matrix
membrane for the separation of C3He/C3Hg was first fabricated by An
et al. [200], and ZIF-67 was incorporated successfully into Pebax 1657
rubbery membrane by Meshkat et al. (2020) in order to fabricate MMM
[185]. This membrane not only enhanced gaseous permeability (130%
enhancement in permeability of CO,) but it also improved the separa-
tion performance of membrane (58 % enhancement in CH4/CO> selec-
tivity) in comparison with pristine Pebax membrane at 35 °C and feed
pressure of 11 bar. ZIF-11 is considered as a favorable ZIF having
structural features which makes it suitable for separation of CO5 or Hj.
Ehsani et al. fabricated ZIF-11/Pebax 2533 MMM by incorporating
ZIF-11 as a filler into Pebax 2533 membrane matrix [201]. The resultant
membrane displayed higher CO, permeability i.e. 402.9 barer as well as
selectivity Ho/CHy4 (4.8), Ha/N> (12.9) and CO2/CH4(12.5) at loading of
50-70 wt%.

In order to yield [Zn(Purinate),], ZIF-20, sodalite framework of ZIF-8
is converted into zeolite-A topology on replacing immidazole ligand
with purinate as depicted in Fig. 9. Slightly agglomerated and small [Zn
(Purinate),], ZIF-20 crystals with a loading of 8 wt% in ZIF-20/PSF
MMM displayed improved performance than pure polymer in separa-
tion of equimolar mixture of O/Nj. Although the permeability of O,
displayed a minor decrease from 1.6 Barrer (for pristine polysulfone) to
1 Barrer for MMM while the selectivity of Op/Noenhanced from 4.7 to
6.7 [202]. The increase in sieving effect in mixed matrix membrane can
be justified by fairly small difference in kinetic size among N> (kinetic
diameter=0.368) and O (kinetic diameter=0.343) [203]. High perfor-
mance mixed matrix membrane was fabricated by Benavides et al. by
incorporating ZIF-94 into 6FDA-DAM polymer, MMM having loading of
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Table 2

Transport behavior of unmodified ZIF-based MMMs.
Polymers ZIFs ZIFLoading Pressure/Temp CH4 (Barrer) CO2 (Barrer) H2 (Barrer) N2 (Barrer) CO2/CH4 H2/CH4 CO2/N2 Ref.
P84 polyimide ZIF-8 17 wt% 3 bar/25 °C 0.068 6.33 - - 93.6 - - [196]
PSF ZIF-8 0.5 wt% 4 bar/30 °C 0.21 3.25 - 0.19 15.1 - 17.5 [174]
6FDA-DURENE ZIF-8 10 wt% 3.5 bar/30 °C 49.71 1426 - - 28.7 - - [177]
Pebax 1657 ZIF-8 2 wt% 11 bar/35 °C 5.5 118 - 2 21.4 - 59 [185]
Pebax 1657 ZIF-8 5 wt% 0.5 MPa°’C - 140 - - - - 67 [184]
Pebax 1657 ZIF-67 4 wt% 11 bar/35 °C 5.8 16 - 2.2 27.6 - 72.7 [185]
6FDA-DAM ZIF-11 20 wt% 4 bar/30 °C 8.3 257 272 - 31 32 - [175]
6FDA-DURENE ZIF-71 20 wt% 3.5 bar/35 °C 181 2560 - 186 14.2 - 13.8 [197]
Triptycene-PI ZIF-90 10 wt% 9.8 atm/35 °C 0.6 26 61 1.1 42 99 24 [173]
6FDA-DAM ZIF-301 20 wt% 4 bar/25 °C - 891 - - 29.3 - - [198]
Matrimid ZIF-95 30 wt% 4 bar/35 °C 0.4 23.2 76.6 - 58 192 - [199]

@C

@ H
@ NC
@eN

& pore
@ Zn

Fig. 9. Illustration of ZIF-20 crystal packing [16].

40 wt% ZIF-94 exhibited higher permeability of CO2(2310 Barrer)
having COy/Naselectivity of 22 at 1 bar [204]. ZIF-95 having larger
voids (24.0 A) is considered as a very essential material in gas purifi-
cation as well as adsorption applications. Ilicak et al.[199] incorporated
ZIF-95 as a filler in fabrication of polyimide based mixed matrix mem-
brane [199]. ZIF-95/Matrimid5218 mixed matrix membrane attained
adequate CO, separation performance having CO5/CHjy selectivity of 58
and Hy/CH4 selectivity of 192. These results display compatibility
among polymer and filler along with the likelihood of forming addi-
tional channels and increasing free Matrimid volume. MMM was fabri-
cated by Li et al. [205] by utilizing porous PAN support and employing
Pebax 1657 as polymer matrix, ZIF-7 in smaller size i.e. 30-35 nm as a
filler and PTMSP as gutting layer in order to fabricate MMMs. At lower
loading of filler both permeability of CO2 and selectivity (CO2/Ng and
CO9/CH4) of MMM was greater than pristine membrane. While, at
higher ZIF-7 loading, CO2/CHy4 selectivity is increased to 44 but the
permeability is reduced as compared to pristine Pebax 1657, as higher
loading of ZIF-7 induced rigidification of polymer [205]. Hence, based
on the studies it is depicted that the overall performance of MMM is
influenced by size, loading as well as incorporation method of filler
[206,207]. Also above studies shows that PSf, Pebax and 6FDA based
polyimide are attractive options of polymer matrix to be used in ZIF
based MMM. Also, ZIF-8 and ZIF-7 along with their functionalized
counterparts attained quite an attention because of their superb sepa-
ration performances.

6. Modification strategies to enhance performance of ZIF based
MMMs

So as to enhance the interfacial compatibility among polymers and
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ZIFs in MMMs and to improve the separation performance of membrane,
many different techniques of functionalizing and modifying ZIFs in
order to create covalent bonds between polymers and ZIFs within
membrane matrix have been investigated. Defects are considered as one
of the main concerns during the process of membrane fabrication, as
they have a great influence on separation performance of membrane and
are quite noticeable in ZIF based MMMs. This problem worsens when it
comes right down to scale up fabrication which is necessary for mem-
brane industrialization. Hence, ZIF modification provides a solution to
reduce defects by plugging non selective gaseous transport paths and by
enhancing interfacial interaction between filler and polymer. ZIF
modification technique not only improves the separation ability of
membrane by introducing extra functional groups in order to overcome
the difficulty related to weak filler-polymer interfacial interaction [182]
but; it also widens the scope of choice for fillers and polymer matrices.
Researchers have incorporated a wide variety of inorganics and organics
with ZIFs in order to develop modified fillers and modified ZIF based
MMMs have been fabricated to enhance membrane’s permeability as
well as selectivity.

6.1. Amino functionalization

ZIFs can be functionalized quite easily and have many active sites,
hence, the researchers had modified ZIF surface with amino group in
order to form basic active sites that resulted in Lewis acid —base inter-
action with COy which in turn increases selectivity of CO, [208].
ZIF-7-NHy/XLPEO mixed matrix membrane was fabricated by Xiang
et al. [178]with high permeability and selectivity. On the surface of
ZIE-7, efficient chelation of XLPEO with Zn ions improved the interfacial
compatibility and, amino group introduction enhanced ZIF-7 pore size,
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hence enhancing the diffusion selectivity as well as gas permeability. At
30 wt% loading of ZIF-7-NHj, permeability of CO, was 215 Barrer and
CO4/CHj4 selectivity was 55 respectively, and that exceeded 2008 upper
bound|[178]. Micro emulsion based mixed linker approach was proposed
by Ding et al. [180] in order to introduce amino groups during ZIF-8
growth [180]. At 6 wt% loading, great performance was achieved by
MMM with CO; permeability and CO5/Nj selectivity of 163.8 Barrer and
62 respectively that were 107.6% and 27% high in comparison to pure
membrane [180]. Amino group’s introduction improves the selective
permeation of CO». It is to be noted that different linkers have the ability
to create different morphologies of ZIF particles, hence, influencing the
specific surface area as well as polymer filler interface pattern.

6.2. Carbon nano tube (CNT) —ZIF based MMM

Small diameter, smooth surface, larger surface area as well as high
mechanical strength of CNT make them suitable filler for fabrication of
MMMs. The incorporation of CNT has the ability to enhance the me-
chanical strength of polymeric membrane. Also, CNT’s nanostructures
and their larger interfacial area enhances interaction among polymeric
matrix and CNTs, that in turn enhances organic-inorganic interfacial
compatibility [209]. CNTs possesses low resistance transport channels
and several adsorption sites, such as pore sites and gap channel sites
having large surface energy that are useful in order to enhance mem-
brane’s gas permeability [210]. CNT-ZIF based mixed matrix membrane
amalgamates advantages of both ZIF and CNTs that in turn results in
high permeability and selectivity. ZIF-302@CNT/PSF mixed matrix
membrane was fabricated by Sarfraz et al. [211] and the results depicted
that membrane with 12 wt% loading of ZIF-302 and 8 wt% loading of
CNT showed remarkable performance with CO, permeability of 18
Barrer and COy/N; selectivity of 35. Under wetting conditions, perme-
ability was improved slightly [211]. The comprehensive details of
ZIF@QCNT MMM are shown in Fig. 10 below. Series of
ZIF-301 @CNT/PSF mixed matrix membrane was also synthesized by
Sarfraz et al. [212]. It was revealed by gas permeation test that mem-
brane having 6 wt% loading of CNT and 18 wt% loading of ZIF-301
showed remarkable separation performance with COy/Ny selectivity
and CO; permeability of 48 and 19 Barrer respectively [212].

Because of the inner Van der waal forces, CNT aggregates quite easily
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Fig. 10. Separation properties of CO5/Nzof inorganic ZIF based MMM [182].
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within polymeric matrix [213]. It is believed by authors that in order to
solve the problem related to aggregation researchers should use two
methods in future. One of the methods includes the addition of surfac-
tant in casting solution. The other method involves the introduction of
functional groups within tail or defects in CNTs [213] or non covalently
functionalizing them with functional polymeric materials and organic
macromolecules. Membrane’s separation performance when combined
with inherent properties of ZIFs can be enhanced further. Actually the
structure of nanotube with hollow channels is a beneficial incorporation
into MMMs. And also, ZIF@CNT approach provides a favorable struc-
ture with great possibilities.

6.3. Incorporation of PEG

PEG possesses exceptional lubricity as well as it has great compati-
bility with many different polymers. Ethylene oxide unit, which is PEG’s
polar ether segment, has the ability to interact with COj3’s electric
quadrupole moment. Some of the previous studies have suggested that
smaller amount of PEG possessing low molecular weight has the ability
to improve the structure of membrane greatly by enhancing compati-
bility among polymers and nanoparticles as well as by encouraging
uniform dispersion of particles. Because of these advantages, PEG is
frequently used to fabricate CO; separation membranes. PEG-200@ZIF-
8/Matrimid5218 mixed matrix membrane was fabricated by Castro-
Munoz et al. having (10—40) wt% loading of ZIF-8. In case of COy/
CH4 system, mixed matrix membrane that is fabricated by 30 wt%
loading of ZIF-8 showed remarkable separation performance having CO,
permeability and CO2/CHjy selectivity of 33.12 Barrer and 15.4 respec-
tively [214]. Such type of MMMs have the potential to be used in sep-
aration applications involving CO, separations because of PEG’s
universality and also PEG being remarkable CO,- phillic addictive along
with its interface modification effect. As PEG is considered just an ad-
ditive to the membrane separation system, hence fundamental charac-
teristics are mainly determined via choice of ZIF and polymer.

6.4. GO@ZIF based MMM

Graphene oxide possesses one atom thick layered unique structure
having superior mechanical strength along with larger aspect ratio.
Because of abundance of oxy-groups present on its surface, it possesses
advanced dispersal properties as well as modification capacity [215].
GO possesses excellent thermal stability along with high specific surface
area. Because of it having higher aspect ratio and 2D structure, GO
incorporation into polymeric matrix has the ability to make gaseous
transfer channel tortuous and longer, supporting the diffusion of smaller
gas molecules and by decreasing the diffusion of large gas molecules and
enhancing selectivity diffusivity of gases [216]. Also, GO incoperation
enhances the material’s mechanical properties, hence can be incorpo-
rated as an inorganic filler in order to fabricate MMMs. To sum up,
amalgamation of GO layers with ZIF has the ability to enhance the gas
separation performance.

Polyimide (PI)/ZIF-8 @GO mixed matrix membrane was fabricated
by Huang et al. and tested for gas permeation [217]. Membrane having
20 wt% of ZIF-8 @GO loading exhibited outstanding performance
having CO, permeability and CO5/Nj selectivity of 238 Barrer and 65
respectively and it was a remarkable improvement when compared with
intrinsic characteristics of Pl membranes [217]. Also, CO2/N3 separation
property surpassed 2008 upper bound. Series of Pebax/ZIF-8 @GO
mixed matrix membranes were fabricated by Dong et al. [218]. Mem-
brane having 6 wt% loading of ZIF-8@GO showed remarkable perfor-
mance having CO, permeability and COy/Ny selectivity of 249 Barrer
and 47.6 respectively and it is an escalation of 91 % and 74 % as
compared to pristine Pebax membrane [218]. ZIF-8@GO nanosheets
were prepared by Yang et al. by empolying two step ultrasonic synthesis
technique in order to fabricate EC(Ethyl Cellulose)/ZIF-8@GO mixed
matrix membrane [219]. MMM having 20 wt% filler loading displayed
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CO4 permeability and CO/Nj selectivity of 203.3 Barrer and 34.4
respectively, which is, an improvement of 139 % and 65 % as compared :‘:d
to pure EC membrane [219]. This performance of EC/ZIF-8@GO § TIET E®SFT
membrane was also much superior than MMM having independent g Sy gaaan
ZIF-8 or GO. Result of above study dipicted that modification technique
that involves amalgamating 2D nanosheets and ZIFs has significant N " 2 ®
.1s . . . . N [} <
capability to fabricate CO; separation membranes having high perfor- 82,2 A
mance. Ultrason/ZIF-300@GO mixed matrix membrane was fabricated
by Sarfraz et al. and gas separation performance was examined [220]. 2|
Results dipicted that at 1 wt% loading of GO and 30 wt% loading of glg |[da <
s . = SoRBR T & I ] 8
ZIF-300, the CO, permeability and CO»/N; selectivity were 3.4 and 2.3 2|5
times greater than that of pure Ultrason membrane [220]. Sarfraz et al 8 %;
also fabricated PSF/ZIF-302 @GO mixed matrix membrane[221]. At E = S8 w3
30 wt% loading of ZIF-302 and 1 wt% loading of GO, the CO» perme- g 2 =S b
ability and COy/N; selectivity was 13 Barrer and 52 respectively and g
that surpassed 1991 upper bound [221]. Hence, from above studies it g
was inferred that ZIF@GO modification technique enhanced membrane gl =
separation performance. 2 _?
% % 5] ~ g =)
. . o v ~ <o) a N O
6.5. PD (poly dopamine) coating & § glg g3 & & g g5
ZIF-8/PD-PI mixed matrix membrane was fabricated by Wang et al. —
. . P . . . ~ ~ N o
[222] via simplistic technique by producing polymer/ZIF interface 3 5 S e
through PD coating [222]. By employing self polymerization method of " Ce s @ooaaa
dopamine, a uniform and thin layer of PD having controllable thickness é
was applied onto the ZIF-8 nano crystal surface. At 30 wt% loading, |8 N . < ©
COgpermeability and COy/Nj selectivity was 1056 Barrer and 14 g E 88x, © | L8y
respectively [222]. The gas separation performance showed substantial % <
Q
improvement as compared to pristine membrane. PD coating helps by E| 2
. . . . S| 8 ~N A « ]
preventing direct contact among polymeric matrix and ZIF-8 crystal and &= £8 , IR
reduces interface structural differences. Also, within the PD coating the £
presence of amine groups (primary or secondary) have H-bonding E
interaction with Polyimide (PI) segments, hence improving interfacial “i -
compatibility.Hence, PD coating technique can be considered as a g 2
promising technique in order to improve gas separation performance of g ;: 0 n
Q i >
MMMs.The comprehensive details of modified ZIF based mixed matrix £ °E’ gl oB o E - o
membranes are listed in Table 3. 518818 28 R & 38%
6.6. Ionic liquid (IL) @ZIF based MMMs
g o )
= in in
In order to analyse and utilize the advantages of ionic liquids, re- "é i P B P BEEE
searchers have proposed a new technique of enclosing ionic liquids to E“ ©a .2 S 93¢
ZIF cages.In recent years, many research studies revealed that ionic 2 9050 OFOOPO
R . . . ) n n n (=3 n wmn o
liquids were encapsulated into ZIF nanocages in order to carefully Fooedaa ovdaono
control the pore size of ZIF for separation of gas pair possessing com-
parable kinetic diameter. The outcome displayed that IL@ZIF based ) § g
MMMs exhibited remarkable gas separation performance for CO2/N3 by o\,; 88 £ 8§ £8¢
surpassing Robeson upper bound [223-225]. Therefore, ionic liquids Nes e 8 enn
can potentially be used in order to modify the microenvironment of ZIF
cavities within MMMs to further enhance the membrane’s molecular @ [
discrimination ability and gas separation performance. § E =
ZIF-8 effective cage size was fine tuned by Ban et al. [224] to stand = & E g g ; ; g g ;
between Ny and CO, kinetic diameters by enclosing [Bmim][Tf,N] to 3 NoONNeN S N NNN
SOD cages of ZIF-8 via in situ ionothermal synthesis.[Bmim][Tf,N] 2 o
@ZIF-8/PSF MMM'’s gas permeation test revealed that modification E - E
technique bought about outstanding improvements in both CO2/CHy4 E g o E E
and COy/Nj separation. In case of COy/CHy system, the permeability of 5 z E 5 £ g £ L5
CO, was 253 Barrer while selectivity was 45.7 and, in case of CO2/N, g & RAR EZn&E PRA
system, the CO, permeability and selectivity was 279 Barrer and 130 é .
respectively, and all of them exceeded Robesson upper bound 2008 TE 3 § 9 ’8"
[224]. $ £ 38 = 3
The data reported in Table 3 shows the most common modification 2 E .§ E E b=
strategies employed to enhance the performance of ZIF based MMMs. é % g § ~ & % &
Other modification techniques such as multiple metal ion ZIFs [226]are ) 'a‘:a & E _§ £ & £ 'g
also employed in some uncommon cases. Table 3 shows that even _':‘; E‘ T ERS2ES ¢ o9
. o . < 3 = <0 & O & =
though the separation characteristics of modified ZIF based MMMs does = O
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not normally exceed the Robeson upper bound, but the permeability as
well as selectivity is enhanced simultaneously as the organic-inorganic
interfacial defects are somehow reduced to a certain degree, which
result in exceptional improvements as compared to pristine polymeric
membranes.

7. Effect of ZIF morphology on MMMs separation performance

Most of the ZIFs possess a 3D framework and are particle like [227].
Lately, different new types of ZIFs having other shapes have been
fabricated and incorporated as a filler for preparation of MMMs. MMM
was prepared by Wang et al. by dispersion of ZIF-8 hollow nanotubes as
a filler into Pebax 1657 polymeric matrix [184]. MMM having 5 wt%
loading of H-ZIF-8 exhibited remarkable separation performance having
CO4 permeability and CO5/Nj; selectivity of 147 Barrer and 68 respec-
tively, nearing 2008 robeson upper bound and surpassing most of the
previously reportedCNT/Pebax MMM. Also, nanoporous 2D nanosheets
have gained quite an attention because of their advantageous charac-
teristics related to low diffusion resistance as well as larger external
surface area that permits the exposure to more active sites. 2D ZIFs that
possess a cussion shape cavity among layers, are new type of ZIFs having
a leaf like structure and having dimesions of 0.94 nm x 0.7 nm
x 0.53 nm is commonly termed as ZIF-L as dipicted in Fig. 11 [228]. 2D
ZIF derieved and 2D ZIF nanoporous nanosheets were employed by Feng
et al. in many different applications because of their pore features as
well as their special morphology [229] such as in gas separation
[230-232], metal removal [233], solvent separation [234] as well as in
water purification [235] etc. Deng et al. studied and investigated the
effect of ZIF morphology on separation capability of CO2 in case of
ZIFs/Pebax2533 mixed matrix membrane [232]. So, three different
shapes of ZIFs i.e particle (0D), microneedles (1D) and leaves (2D) were
investigated. The results dipicted that increase in permeability of CO5
was linked to the morphology of ZIF and it followed 0D < 1D < 2D
order. Whereas, selectivity followed the opposite order with ZIF (0D)
exhibiting the greatest selectivity. 2D ZIF-L nanosheets were synthesized
by Zhang et al. by employing 2- methylimidazole ageous solution and
zinc salt, and then incorporating them into CMC (carboxyl methyl cel-
lulose) solution in order to make uniformly mixed ageous suspension via
employing one step solution blending technique [236]. Resultant MMM
having loading of 30 wt% of ZIF-L displayed greatest separation capa-
bility with selectivities of Hy/N3, No/CHy4, Ha/CO2 and CO3/CHy4 to be
21.54, 8.93,10.62 and 17.87 respectively [236].

8. Research progress on ZIF based MMMs for gas separation

As explained earlier that ZIFs belong to the category of MOFs and are
created by amalgamation of metal clusters like Zn or Co with
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imidazolate linkers. ZIFs, as compared to MOFs have better character-
istics including high chemical, thermal as well as moisture stability.
Among different varieties of ZIFs, ZIF-8 is considered as the most
preferred ZIF for fabrication of MMMs. It is made up of metal cation of
(Zn*") that is linked with 2-methylimidazole ligands and provides SOD
zeolitic network topology that comprises of large cavities. Hence, it can
be used and considered appropriate for applications related to gas
storage and separation processes [26,237]. ZIF-8 possesses high chem-
ical and thermal stability and is considered as an appropriate filler to be
used in MMMs [238,239]. Amine modifications have been used in an
attempt to enhance the CO»-philicity of ZIF-8. It is considered as chal-
lenging effort as modification can lead towards pore blockage that may
deteriorate the performance of MMMs. Hence, there is still a need of
extensive research in order to analyse the performance and outcome of
modified ZIF particles when they are incorporated as filler in MMMs
[240]. ZIF-8 was synthesized by Nordin et al.under amine modification
via several ammonia solutions [240]. The incorporation of unmodified
and modified ZIF-8 into polysulfone (PSF) matrix exhibited that this
ZIF-8 modification caused a decline in permeance of CO; but at the same
time the selectivity of COy/CH4was increased, this was because of the
reduction in mesopore contribution and enhancement in micropore
contribution to gas permeation pathway [240]. The N-H group affinity
in modified ZIF-8 towards CO, contributed in increasing the permeance
of CO3 e.g., on dispersing ZIF-8 that was modified in 25 ml of ammonia
solution at a temperature of 60 °C within PSF matrix, the selectivity of
CO2/CH4 was increased to 72 % and the permeability of COy was
increased to 43 % when compared with pristine PSF membrane [240].

Li et al. applied a chelation assisted interfacial reaction approach in
order to assimilate vertically oriented ZIF within the polyvinyl amine
(PVAm) polymeric matrix [241]. PVAm/PVA-ZIF-L vertically aligned
continuous mixed matrix membrane was fabricated on functionalized
polysulfone membrane. Good polymer filler interfacial adhesion with
the absence of non selective interfacial voids was observed in the
fabricated membrane because of the good capability of polyvinyl amine
to complex with Zn?". Consequently, the fabricated composite mem-
brane exhibited high tensile strength as well as higher flexibility. The
pure polysulfone (PS) membrane displayed tensile strength of
13.20 MPa, elongation at break of 10.96 % and young’s modulus of
120.36 MPa while on the contrary, PVA/PVAm membrane exhibited
tensile strength, elongation at break, and young’s modulus of 40.01MP,
22.52 % and 177.69 MPa respectively. Also, PVA/PVAm-ZIF-L com-
posite membrane displayed tensile strength, elongation at break and
young’s modulus of 44.70 MPa, 22.98 % and 194.50 MPa respectively.
These results indicated that PVA/PVAm-ZIF-L. membrane possesses
excellent mechanical and structural stability and it also displayed
reversed selectivity of N5/CO, gas pair having Njypermeance and
N2/CO selectivity of 174.9 GPU and 51.9 respectively.

Me ore
-

Fig. 11. (a) ZIF-L (2D) along z(b)ZIF-8 sod topology Correlation between ZIF-L and ZIF-8. Framework of ZIF-8 in gray color along with a sodalite cage featured in

green and layer analogous to ZIF-L in red.[228].
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Hwang et al. applied the microimaging by IR microscopy to track
record the progression of CO2 concentration in case of ZIF-8@6FDA-
DAM MMMs [242]. Time resolved images displayed that molecules of
CO, propagated from filler (ZIF-8) to surrounding polymer, where filler
behaves as a highway for mass transport of CO». Increase in the con-
centration of CO5 at polymer filler interface was also noticed at equi-
librium. At elevated gas pressures, this occurrence was even more
prominent. The existence of microvoids at polymer filler interface was
revealed by atomic simulations. GCMC (Grand Canonical Monte Carlo)
simulations displayed that accumulation of molecules of CO is sup-
ported within the microvoids that in turn initiate the first move towards
forming higher concentration layer of CO, at interface with MOF and
also advocates the significance of polymer filler compatibility in mixed
matrix membrane separation performance (refer Fig. 12) [242]. Also,
Table 5 below summarizes the performance of various ZIF based MMMs
for COg separation.

9. Conclusions and future direction

In recent years, the use of mixed matrix membranes in gas separation
applications has gained quite an attention. MMMSs normally comprises of
different inorganic fillers that are incorporated into polymeric matrix
having ultimate goal of surpassing Robeson upper bound. Various re-
searches have already been done for choosing a suitable polymer filler
pair for fabrication of MMMs as material selection is considered as one of
the major aspect in fabrication of high performance MMMs. In this re-
view, by using different examples we have investigated the advances
made in (ZIF)-based MMMs for gas separation. This review discusses the
worthiness of (ZIF)-based mixed matrix membrane over inorganic and
polymeric membranes, and also that ZIF based MMMs have the ability to
overcome permeability/selectivity trade off limit. This review highlights
that ZIFs are an attractive filler option in fabrication of MMMs and offers
exceptional performance attributes to MMMs in terms of higher selec-
tivity and permeability considering that interaction between polymeric
phase and filler (inorganic phase) is appropriately configured. ZIF’s
organic part provides the opportunity to increase the compatibility
among polymeric chains and ZIFs, and hence regulates and controls ZIF-
polymer interfacial structure. Pure (ZIF)-based MMMs possess better
and enhanced separation characteristics as compared to pure polymeric
membranes. In order to further enhance the separation properties of
(ZIF) - based MMMs, researchers have prepared modified filler that
amalgamates the benefits of several materials and hence can further
improve the performance of ZIF based MMMs. Filler (ZIF) modifications
possess the ability to alter the structure of membrane and can also
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Table 4
Mechanical strength characteristics of PVA/PVAm-ZIF-L. membrane, PVA/
PVAm membrane and pristine membrane[241].

Samples of Tensile Elongation at Young’s
membrane strength break modulus
PVA/PVAm-ZIF-L 44.70 MPa 22.98% 194.50 MPa
PVA/PVAm 40.01 MPa 22.52% 177.69 MPa
Pure PSF 13.20 MPa 10.96% 120.36 MPa

improve interfacial voids and refines the structure of ZIF. Many different
types of ZIFs, especially ZIF-8 have been used widely for MMMs fabri-
cation and promising results were achieved by its incorporation into
polymeric matrix. Previous researches have revealed that ZIF based
MMMs are promisingly next generation membranes for gas separation
applications. Efficient performance is also linked with hybrid fillers that
offer diversity by serving more than one targets and requirements as
compared to mono fillers. For instance, CNT and GO are combined with
ZIFs in order to tune selectivity, permeability, dispersion of filler as well
as interfacial properties in resultant MMMs. Comprehensively, ZIFs are
an appropriate fillers in MMMs fabrications but there is still a need of
further research especially on hybridization and functionalization of
ZIFs in order to achieve the goal of high permeability, selectivity, better
thermal, chemical and mechanical stability and scalability, hence
facilitating the path for ZIF based MMM to comply with the re-
quirements in today’s challenging gas separation needs. Presently,
research related to (ZIF)-based MMMs is merely at material analysis
stage. But, actual requirement is the production of thin MMMs i.e.
MMNMs having thinner selective layer instead of thicker membranes. On
comparison with thicker membranes, the fabrication of thinner mem-
branes involves membrane materials possessing remarkable properties
along with maturity and process viability. So, materials that are pro-
posed recently and have exhibited remarkable performance at labora-
tory scale could not be thinned due to their brittle structure. Also, the
separation ability of thicker membranes is not even a precise reflection
in comparison to thinner membranes. For instance, the interfacial de-
fects existing in thicker membranes might bring about an increase in
permeability of gases at steady tendency and also, in thicker membranes
the free volume fraction of polymer is not as considerable as in thinner
membranes. It is therefore difficult for conventional fabrication tech-
niques of MMMs to minimize the selective layer thickness. Hence, the
development of new fabrication technique for MMMs is urgently
required.

200 — ZIF-8

— 6FDA-DAM
TT
ABI
]

4]
=]

Number of Atoms
=)
(=] o

Fig. 12. (a) illustion of microvoids at polymer-filler interface (b) atomic density of polymer (6FDA-DAM) and filler (ZIF-8) as function of coordinate perpendicular to
surface of ZIF-8. (c,d) configuration of MMMs model at lower and elevated pressure[242].
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Table 5
Performance of various ZIF based MMMs for CO, separation.
Polymer ZIF Filler loading (wt%) Testing Permeability of CO, CO,/N; selectivity CO,/CH,Selectivity CO,/H, References
conditions Selectivity
PVAm ZIF-8 9(13)23 22°C 297GPU 83 - - [237]
PSF Amine 0.5 27 °C and 4 bar  7.26 Barrer - 34.09 — [240]
modofied
ZIF-8
Ultem ZIF-8 030 35°C 1.535 Barrerl11.1 Barrer 26.5231.11 37.940.4 — [243]
Pebax ZIF-8 @GO (6) 25°Cand 1 bar 249Barrer 47.6 - - [218]
P84 ZIF-8 27 25°Cand 3 bar  10.92Barrer 92.6 - - [196]
PEGMEA ZIF-8 1.5 35°Cand 2bar 730.8 Barrer - 13.3 - [244]
Pebax PDA@ZIF-8 051015051015 25°Cand 1 94.56Barrer158.16Barrer187.08Barrer220.06 29.3646.1150.6856.1430.1249.0256.6562.65 — - [245]
barDry Barrer113.96Barrer196.69Barrer233.13
stateHumid state Barrer267.74Barrer
XLPEGDA ZIF-8 20 35°Cand 2 bar 840Barrer 48.0 16.0 9.2 [246]
Pebax ZIF-8 05101520253035 room Temp and  351Barrer365Barrer427Barrer574Barrer854 33.829.631.430.328.931.331.632.3 8.38.18.510.49.28.58.79.0 - [247]
—2533 2 bar Barrer1082Barrer1176Barrer1287Barrer
Matrimid ZIF-8 10203040 35°C and 5 bar  13Barrer18Barrer25Barrer45Barrer — 43485242 — [26]
PVC-g- ZIF-8 010203040 35°C 70.2Barrer197.6Barrer446.3Barrer687.7 30.531.432.134.926.1 14.014.414.212.410.9 - [248]
POEM Barrer1195.4Barrer
Pebax-2533 ZIF-11 70 20 °C and 2 bar  402.89Barrer - 12.49 - [201]
Matrimid ZIF-11 30 35°C and 4 bar  31.36Barrer - 42.95 - [249]
PBI ZIF-7/8 32 250 °C and 3 bar 141.2Barrer - - 0.018 [250]
core-shell
6FDA-DAM ZIF-11 0102030 30°Cand 4 bar  20.60Barrer109.70Barrer257.50Barrer73.05Barrer - 32.6931.3431.0230.44 - [175]
Ultrason® S ZIF-302 40 25°Cand 2 bar  13Barrer 33 - - [251]
6010
PSF ZIF-301 010203040 298 K and 2 bar  6.32Barrer10.17Barrer13.75Barrer17.12Barrer21.36Barrer 26.3329.0630.5628.0722.72 - - [252]
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