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Abstract: Membranes, as perm-selective barriers, have been widely applied for gas separation
applications. Since some time ago, pure polymers have been used mainly for the preparation
of membranes, considering different kinds of polymers for such preparation. At this point,
polyimides (e.g., Matrimid®5218) are probably one of the most considered polymers for this purpose.
However, the limitation on the performance relationship of polymeric membranes has promoted
their enhancement through the incorporation of different inorganic materials (e.g., zeolites) into
their matrix. Therefore, the aim of this work is to provide an overview about the progress of
zeolite embedding in Matrimid®5218, aiming at the preparation of mixed matrix membranes for
gas separation. Particular attention is paid to the relevant experimental results and current findings.
Finally, we describe the prospects and future trends in the field.
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1. Introduction

Matrimid®5218 is a commercially available thermoplastic polyimide (PI), which is
obtained by polycondensation of 3,3’ 4,4'-benzophenone tetracarboxylic dianhydride (BTDA)
and 5,6-amino-1-(4’ -aminophenyl)-1,3,3-trimethylindane (DAPI), producing 3,3/ —4,4’—benzophenone
tetracarboxylic-dianhydride diaminophenylindane (BTDA-DAPI) [1,2]. It is soluble in a variety
of common solvents (i.e., CH,Cl,, CHCl3, THF dimethylacetamide, dimethylformamide,
n-methyl-2-pyrrolidone). The chemical structure of Matrimid®5218 can be widely found elsewhere

(see Figure 1).
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Figure 1. Chemical structure of the repeating unit of Matrimid®5218.

Generally, the use of this PI allows us to prepare membranes that possess excellent physical
and chemical resistance as well as excellent thermal stability (Tg = 305-315 °C). Matrimid®-based
membranes, together with other commercial polymers, have been applied for permeating different
gases (i.e., CO,, Hy, CHy, CoHy, CoHg) [3,4]. All these gas testings, either singly or in gas mixtures,
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aim to evaluate the performances of membranes towards several separations, such as H, /N, H, /CO,
H,/CO;, Hy/hydrocarbons, Ny /O,, CO;/air, CO,/CHy, and CO,/H;. Such applications have
a clear point related to facilitating specific chemical processes, e.g., oxygen enrichment of air, hydrogen
recovery, natural gas separation and removal of volatile components from gas effluent streams, and CO,
capture from flue gas, biogas, and syngas [5,6].

Actually, this PI has been widely used as polymer matrix for preparing membranes due to the
fact that its chains are imperfectly packed, creating an excess of free volume by means of microscopic
voids [7], but its free volume is still considered relatively low (about 0.17). This characteristic has
led it to efficiently perform the separation of some gas pairs. However, as is well known, highly
selective polymers do not demonstrate high permeability performances, and highly permeable
polymers are not selective enough. This particular limitation does not allow us to overcome the
Robeson relationship, which was first proposed in 1991 [8] and revised in 2008 [9]. This describes the
performances of polymeric membranes in terms of selectivity and permeability, as Figure 2 depicts.
Moreover, the description also shows the desired performance that is sought by researchers. Matrimid®
membranes have been satisfactorily demonstrated to be close to overcoming the Robeson trade-off
(1991) toward specific separations, i.e., CO,/CHy and Oy /N, [10].
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Figure 2. General drawing of Robeson relationship of polymeric membranes, inorganic and mixed
matrix membranes (MMMs), and the desired performance [11-13].

One of the current approaches, trying to reach this desired region, is the incorporation of inorganic
materials into the Matrimid® matrix. To date, different types of materials, such as metal-organic
frameworks (MOFs) (e.g., ZIF-8, MIL-53, [Cu3(BTC),]), silicas, carbon nanotubes (CNTs), graphene
oxide, and zeolites, have been incorporated [4]. Table 1 provides the main features of some of these
filling materials that have been proposed for the preparation of MMMs. Concerning zeolites, many
reports have reported the favorable effects of using zeolites and zeolite-based materials as the dispersed
phase to enhance the permeability and selectivity of several polymers for gas separation of different
gas pairs.
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Table 1. Features of some filler materials used for MMM preparation [14,15].
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Particularly, the aim here is to provide a critical overview of the literature inputs on incorporating
zeolites into Matrimid® for gas separation. Furthermore, a clear outlook is given on the progress of
developments, as well as the prospects and future trends of the use of Matrimid® for gas separation
applications. Finally, fundamentals about zeolites in membrane separation applications are also given.

2. Fundamentals of Zeolites

Zeolites and zeolite-based materials are progressively finding new and different applications.
Among all these applications, the use of zeolites for separating components can be surely found,
e.g., being part of selective barrier-like membranes. For example, Figure 3 shows the evolution of the
number of studies published over the last decade with the use of zeolite incorporation in membranes
for different membrane separation applications. It can be seen that they have been continuously taken
into account; indeed, researchers’ attention to them for such purposes is increasing. To date, zeolites
have been considered for different membrane separation applications such as gas separation [15],
pervaporation [16-18], microfiltration [19], ultrafiltration [20], nanofiltration [21], desalination [22],
water treatment [23,24], and membrane distillation [25]. Either natural or artificial, zeolites are used
for these applications thanks to their unique ion-exchange [26], adsorption, catalytic, and molecular
sieving features. Moreover, zeolites are also commercially used as absorbents [27], detergents [28],
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and catalysts [29], to mention just a few. Currently, zeolites and zeolite-based materials continue to
find more and new uses in commercial applications [30,31].
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Figure 3. Evolution of the number of studies over the last decade using zeolites for separation
applications (source: wwww.scopus.com, 8 May 2018).

The interest in these materials can be related to their solid’s uniformity; this means that their
use in macroscale can be reached according to their properties, which are controlled by their material
chemistry at the atomic—molecular scale [31]. Zeolites are crystalline aluminosilicate materials,
which can be formed by elements including potassium, sodium, magnesium, and calcium [32].
The general chemical formula of zeolites is represented by

M2/n 0A1203 O}/SiOz Oszo

where 7 is the valence of cation M, w is the number of water molecules, and y is ranged from 2 to
10. Basically, zeolites display a complex structure having a crystalline inorganic three-dimensional
structure, and a four-connected framework of AlO4 and SiOy tetrahedra linked to each other by
sharing of an oxygen ion [33]. Thanks to the presence of AlO; tetrahedra, the frameworks tend to
have a negative charge, which is compensated for by alkali (e.g., Na, K) or earth-alkali (e.g., Mg, Ca)
cations placed in the micropores [33]. The framework structure presents channels that are filled by
the cations and water molecules. According to Flanigen et al. [32], there are over 70 novel different
frameworks known, while more than 150 zeolites have been chemically synthesized, such as zeolites
X, Y, A, and ZSM-5. The pore sizes of zeolites are between 0.3 and 1 nm, with pore volumes of about
0.10-0.35 cc/g. For instance, Figure 4 shows a typical zeolite pore size using oxygen packing models.
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Figure 4. General drawing of typical zeolite pore sizes with oxygen packing models. Adapted from
Flanigen et al. [32].

Particularly, some zeolites have small pore sizes with 8-ring pores of free diameters between
0.30-0.45 nm, and zeolite a possesses pores formed by 10-ring pores (free diameter of 0.45-0.60 nm).
On the contrary, ZSM-5 possesses large pores with 12-ring pores (free diameter of 0.60-0.80 nm) [32].

Based on all these structural features, zeolites have been considered as a filling material
for polymeric membranes to enhance their separation performance in any membrane separation
application. When dealing with membrane gas separation, zeolites have been incorporated in several
polymers such as polyether block amide [34], polysulfone (PSF) [35], poly(ether ether ketone) [36],
polyurethane [37], and polyimides (PT) [38]. In particular, Matrimid®5218 has been one of the most
sought-after PI to carry out the separation of gases. The properties of this commercial PI in prepared
mixed matrix membranes are addressed in the following section.

3. The Concept of Mixed Matrix Membranes (MMM s) Incorporating Zeolites

Table 2 shows the main features of Matrimid® membranes in comparison with those of other
polymers commonly used for gas separation.
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Table 2. Features of Matrimid®5218 membranes compared to other polymeric membranes for different gas separations. Adapted from [4].

6 0f 23

Polymer T, °0) Permeability (Barrer) Selectivity FV p (gfemd)
(6] H, N> CO, CHy Oy/N; COy/N; CO/CHy H/CO;  Hy/N,  Hy/CHy
Matrimid® 302-310 2.1 2716 0.28 7.68 0.22 6.4 30 3491 3.88 97 83.33 0.17 12
Polymers of intrinsic microporosity (PIM-1) 399415 370 1300 92 2300 125 4.0 25 18 0.57 14 10 0.24 0.94
Polysulfone (PSF) 185 12 16.4* 020 4.9 0.21 6.0 224 233 1.53 20 344 0.13 1.19
Poly[1-(trimethylsilyl)-1-propyne] (PTMSP) >250 7200 4200 6890 37,000 18,400 1.7 10.7 4.46 0.53 2.5 0.995 0.34 0.83
Polybenzimidazole (PBI) 435 0.009 0.6 0.0048 0.16  0.0018 2.0 3.5 88.88 3.75 125 333.3 0.11 1.311

* In terms of permeance (GPU units); FV: Free volume; Tg: Glass transition temperature; p: density.
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It can be seen that this PI tends to have low permeability values but acceptable selectivities
for several gas pairs, which are totally associated with its low free volume. Basically, the low
permeability is the key point that has encouraged the approach of preparation of mixed matrix
membranes (MMMs) based on Matrimid®. The MMM s are conceptualized as the dispersion of
organic—inorganic particles (so-called “fillers”) in a continuous polymeric matrix. Figure 5 displays
a general scheme of a typical MMM.

The advantage of the MMMs is that they combine the ease of polymer film manufacture with the
high selectivity and permeability of inorganic materials. The point of including inorganic materials is
due to the fact that they have been demonstrated to positively shift the performance location of pristine
membranes on the Robeson trade-off (see Figure 2); for example, inorganic membranes display high
selectivity and thermal stability. In fact, the incorporation of these materials into polymeric membranes
could also provide high temperature and pressure resistance to the final MMMs. For instance,
the thermal decomposition of MMM s (using zeolite NaY-Matrimid®) has been reported to be higher
than those of pure Matrimid® membranes [39]. This is because a strong interaction of polymer-filler,
formed by hydrogen bonds, is obtained, limiting the thermal motion of polymer; by this, the needed
energy for polymer chain movement—segmentation is increased. Zeolites have been the first fillers to be
proposed in MMMs for gas separation [40]; this is because they are a type of materials with a uniform
pore system with molecule-sized dimensions, high porosity, large surface areas, excellent thermal and
chemical stability [5,41], and easy regenerability [33]. They are particularly promising materials for the
preparation of molecular-sieving membranes, being capable of separating gases in industrial conditions.
Specific zeolites, such as molecular-sieve deca-dodecasil 3 rhombohedral (DDR)-type zeolite [42] and
557-13 [43], have shown hydrothermal stability at such conditions. Moreover, narrow-pore zeolites are
able to separate molecules with relatively similar kinetic diameters, e.g., O, and Nj [44]. In particular,
the permeation in any zeolite starts with the adsorption of the gas molecules onto the zeolite pore
surface. Certainly, adsorption affinity is crucial to the overall separation performance.

Mixed matrix membrane

Filler (e.g zeolites) into the matrix

Continuous phase (polymer)

Figure 5. Mixed matrix membrane representation.

Depending on the type and polarity of the zeolites, they tend to exhibit adsorption selectivity; this
means that the more strongly adsorbing component of a mixture disturbs or blocks permeation of other
components for which zeolite channels remain not easily accessible. This makes adsorption-based
separations particularly effective when a strong adsorbate has to be removed, e.g., CO, capture.
Fundamentally, the adsorption of certain gas molecules on the surface of a given zeolite material
depends on the adsorbate and the adsorbent. At this point, the adsorbate parameters have to be
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strongly taken into account, e.g., polarizability and the dipole/quadrupole moments [5]. For instance,
Table 3 displays some of these parameters for some gas molecules.

Table 3. Features of the main gas molecules used for gas separation. Adapted from [5].

Molecule  Kinetic Diameter (A)  Polarizability (A3)  Dipole Moment (D)  Quadrupole Moment (D A)

CO, 3.30 2.650 0.000 4.30
CHy 3.76 2.600 0.000 0.02
H, 2.89 0.80 0.000 0.66
O, 3.47 1.600 0.000 0.39
CcO 3.69 1.95 0.112 2.50
N, 3.64 1.760 0.000 1.52

Moreover, the permeation of gases through zeolites is also governed by surface diffusion;
this means that molecules hop from one adsorption site to another. Generally, the flux across zeolites
combines surface and gas diffusion, while the separation mechanisms in zeolites can be described as
follows: (i) Adsorption selectivity appears when the adsorption of one component is stronger than that
of the others, and generally takes place a low temperature; (ii) Diffusion selectivity appears when the
molecules of a specific component are smaller and, thus, their diffusivity in zeolite pores (commonly
micropores) is faster than the others. This is practically promoted by increasing the temperature;
(iii) Molecular sieving generally concerns the size exclusion when one component can clearly minimally
or not at all penetrate through zeolite micropores [5,45]. When dealing with the type of zeolite, it is
well known that the silicon/aluminum (Si/Al) ratio determines its properties, e.g., hydrophilicity,
and particle size [46].

Considering all these separation features of zeolite, the crucial point of incorporating zeolites into
Matrimid® is mainly to promote the enhancement of its gas separation performance, which has
been already reported. This is because zeolites (e.g., NaY) in Matrimid® lead to a shift in
the interstitial chain—chain distance and free volume distribution toward a looser and broader
structure [39], producing an enhanced separation performance. The following section provides
the recent developments reporting the effect of adding zeolites into this commercial PI.

4. Gas Transport Mechanism in MMMs

Typically, the mass transport through a membrane is described by Equation (1), as follows:

]i = _Li d(X) (1)

where L; is known as the coefficient of proportionality which links the chemical potential driving force
to flux, and dy;/dx is the chemical potential gradient of component i [47]. Dense polymeric membranes
are used in gas separation processes, where the well-known solution-diffusion model describes
the permeation across such membranes. Taking into account assumptions of the solution—diffusion
mechanism, the simplification of Equation (1) in the form of Fick’s law (Equation (2)) [48], where the
flux is related to the gradient of concentration, is generally accepted [49]. The flux (J) of component i is
described by
()
Hd(x)
where dc;/dx is the concentration gradient of component i, while D; is the diffusion coefficient
(m?/s) which expresses the transport of individual molecules. When dealing with the use of porous
membranes, e.g., zeolitic or inorganic membranes, the gas molecule diffuses from the high-pressure to

Ji = ()

the low-pressure side. Certainly, the various mass transfer mechanisms are contributing to the overall
mass transfer of gas; however, in the case of a porous membrane, the description is more complex.
For instance, if the pores are 0.1 um or larger, gas permeation takes place by convective flow described
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by Poiseuille’s law and no separation is obtained between various gaseous components. However,
if the pores are smaller and/or when the gas pressure is reduced, the mean free path of diffusing
molecules becomes comparable or larger than the pore size. Diffusing gas molecules have more
collisions with the wall of the pore than with other gas molecules (so-called Knudsen diffusion model).
The selectivity of a Knudsen diffusion membrane is given by the square root of the ratio of molar
weights of diffusing components. Surface adsorption and diffusion could also notably contribute to
the gas permeation in small-pore-diameter membranes. Regarding the wide range of pore diameters
or defective membranes, all the contributions mentioned have to be taken into consideration [47,49].

For simplified calculations, the pore flow model based on the Darcy Law is commonly applied,
as Equation (3) describes:

d(p)
J = —kC;i () ®)

where dp/dx is the pressure gradient across the membrane, ¢; is the concentration of component i,
and k is a parameter used to describe the nature of the material.

4.1. Gas Transport in Dense Membranes

As mentioned previously, the gas permeation of dense polymeric membranes is described by the
solution—diffusion model [50]. The gas transport occurs when the gas molecules are dissolved in the
membrane surface, and molecules diffuse across the membrane by way of the cavities present in the
polymer. Certainly, the permeability results from the contribution of these two mechanisms, and can
be described by Equation (4):

P=D-S 4)

where P is the permeability, D is the diffusion coefficient, and S is the sorption coefficient. The sorption
coefficient is a thermodynamic factor that depends on the gas condensability and the material
physicochemical properties. The permeability is also related to the gas partial pressure. In particular,
the gas dissolved in a polymer can be considered to be directly proportional to the partial pressure,
being expressed by Henry’s Law. The diffusion coefficient is a kinetic factor that is expressed by
Fick’s laws [51]. This diffusion coefficient provides the input of the required energy for the gas to
accomplish its passing through the polymer and its intrinsic packing. Nevertheless, this coefficient is
also determined by the size and the shape of the gas molecules [52].

Moreover, the performance of dense membranes is also evaluated from the ideal selectivity,
which is expressed by Equation (5). Typically, the selectivity («) is defined as the relation of the
permeability for the components A and B. According to Equation (4), this can be described using the
diffusivity coefficients, known as “diffusion selectivity”, and the ratio between the sorption coefficients,
known as “adsorption selectivity” [51].

Py Dp 5S4
“A/B= Py = Dp  Sg %)

However, the aforementioned description of dense pristine polymeric membranes will surely
differ when incorporating inorganic materials (e.g., zeolites) into these polymer matrixes. In particular,
the zeolites modify the bulk polymer matrix—crucially, the interface region between the polymer and
zeolite surfaces—to reach an enhanced performance over the pure polymer. Fundamentally, two factors
are highly important to the formation of the interphase: (i) the nature of the polymer-zeolite interaction
and (ii) the stress carried out during the MMM preparation. Figure 6 provides a general overview of
the different types of structures that can arise at the polymer-zeolite interface region.
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Case 1 Case 2

1

Rigidified polymer around the sieve

Case 3 Case 4
Interfacial voxd around the sieve Sieve parual pore blockage

Figure 6. General description of different structures at the polymer-zeolite interface region [53].

For instance, the ideal interphase morphology occurs when a homogeneous blend between
the polymer and the zeolites can be obtained (Case 1). The polymer chain rigidification appears
when there is shrinkage stress produced in the solvent removal, producing a region in the external
polymer phase around the zeolite (Case 2). Poor compatibility between zeolite and polymer, known
as “sieve-in-a-cage”, generates the formation of voids at the interfacial region (Case 3). Ultimately,
the rigidified polymer chains may partially block the surface pores of the zeolites (Case 4) [53,54].
Certainly, the interaction directly related to the compatibility between the polymer and the zeolite is
a key factor of the chemical nature of the polymer and zeolite surface, which can be neutral, attractive,
or repulsive [55]. Obviously, these different structures play an important role in the gas separation
performance of the membranes. For instance, the increase of rigidity of the polymer (Case 2) matrix
results in higher selectivity values, which is accompanied by low gas permeabilities. This is due to the
fact that rigidified polymer close to the inorganic material (filler) may have enhanced diffusivity due to
the lower polymer chain mobility; this means that the diffusivity gradient between larger and smaller
gas molecules may be increased [50]. On the other hand, pore blockage by polymer chains on the
surface region of the filler is also critical (Case 4), particularly for zeolites. If pore blockage takes place,
the zeolite (NaX) could be extensively excluded from the transport as a result of pore filling by the
polymer chains; thereby, a minimal improvement in performance could be reached. In addition, pore
blockage generally comprises and is accompanied by chain rigidification. The blockage may reduce
a part of the pores of some zeolites (e.g., 5A or beta) to approximately 4 A, which can discriminate
the gas pair of O, and N [56]. Generally, pore blockage of porous fillers produces a decrease in gas
permeation, but the effect on the selectivity is different for each different inorganic material used.
According to Chung et al. [50], pore blockage greatly decreases the selectivity when the original filler
pore size is comparable to the kinetic diameter of the fast gases tested, e.g., 4A zeolite towards O, /N
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and CO,/CHj4 gas mixtures. On the contrary, pore blockage can increase the selectivity when the
original filler pore size is larger than the kinetic diameter of tested slow gases, e.g., zeolite 5A and beta
towards O, /Nj and CO,/CH,4 gas mixtures.

4.2. Strategies to Reach Optimal Interface Morphology

Nowadays, researchers are trying to face the issue of interface voids to obtain membranes with
guarantee enhanced performance. As is well known, the suitable selection of a polymer is crucial;
for instance, the choosing of a polymer which presents a flexible backbone chain at the membrane
preparation temperature should considerably avoid de-wetting [50]. It is important to mention that the
de-wetting produces low adhesion between polymer and filler, and thus results in nonselective voids
at the interface [14]. The attractive force between the particle and polymer plays an important role;
this may be helpful to preparing MMMs with a perfect interface. At this point, Matrimid® displays
considerable attractive force towards zeolite 4A [57].

In the case of zeolite-based MMM, the use of a poly (imide siloxane) copolymer could produce
good contact with the zeolite surface [58], obtaining superior-performing MMMs. This is because poly
(imide siloxane) copolymer provides flexibility from the flexible siloxane component. Furthermore,
the incorporation of a group in the polymer chains reacting with hydroxyl groups, which zeolite
surfaces normally have, could be effective in preventing interface void formation during the polymer
chain shrinkage. On the other hand, the grafting of coupling agents (commonly amino silane) on
zeolite surfaces could also promote good adhesion [14,59]. In particular, silane groups can react with
the hydroxyl groups of the zeolite surface, while the amino groups can react with functional groups of
the polymers (e.g., imide group in Matrimid®), hence possibly forming covalent bonding between the
two phases. The attachment of novel agents, such as thionyl chloride, can also favor the enhancement
of the filler-polymer interface region; certainly, it has been reported that this agent produces special
zeolite surface morphology leading whiskers. This particular roughness provides enhanced interaction
at the polymer/particle interface via induced adsorption and interlocking of polymer chains in the
whisker structure [60].

Finally, when dealing with the promotion of a good filler-polymer interface, the membrane
preparation procedure is also a critical factor. The surface priming protocol has been suggested.
The priming implies the coating of the particles with a small but sufficient amount of the polymer
(commonly with 5-10 wt % polymer solution). This is immediately followed by a sonication process,
which helps to avoid particle agglomeration (i.e., zeolites) and thus facilitates membrane formation [18];
for example, MMMs with coated 4A zeolite have shown enhanced selectivity in O, /Ny separation
compared to the pristine using this priming procedure [50]. This procedure is included as a feasible
tool to prepare compelling MMMs; however, there are some other factors that influence mixed matrix
membrane fabrication, and which represent a challenge to obtaining the desired morphology, gas
separation properties, and (chemical /mechanical) stability [14].

5. Zeolites as Filling Material in the Preparation of MMM:s Based on Matrimid®5218

5.1. Beginnings of Incorporating Zeolites into Matrimid®

Since time ago, different types of MMMs based on Matrimid® were prepared using zeolites [46,61];
Table 4 depicts a summary of the main zeolites that have been incorporated in this commercial PI,
and highlights the remarks from each study.

For instance, Yong et al. [46] proposed the addition of different zeolites (4A, 5A, 13X, NaY) into
Matrimid®. Particularly, the MMMs with the 13X zeolite considerably increased the permeability of
Matrimid® for He, CO,, O,, and Nj; on the contrary, the permeation of CHy was restricted, leading to
better CO, /CHy selectivities than those from the pristine PI membranes.

Jiang et al. [62] used nano-sized beta zeolites for the preparation of mixed matrix single- and
dual-layer asymmetric hollow fiber membranes. The MMMs displayed high permeability values but
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a low separation factor for O, /N, (about 0.96). This high permeance of the membranes was attributed
to the presence of interface defects that did not display any selectivity. The defects can be explained by
(i) poor contact between the filler material and the PI, or (ii) low polymer concentration (20%) in the
dope solution.

Lately, Jiang et al. [63] also prepared hybrid hollow fiber membranes by using PSF/beta
zeolite/Matrimid®, which had a high separation factor (about 77) for the He/Nj gas pair. Compared to
their previous study [62], these MMM s reached a considerable improvement in the O, /N, separation
factor (about 6.1) [63]. Moreover, PSF-beta zeolite MMMs as an outer layer and the PI as inner layer [64]
displayed selectivity values for O, /N, of up to 9.0; such membranes also showed high CO,/CH4
selectivity (about 128). In order to reduce possible interface defects, it is common to immerse the
membranes into organic solvents. Jiang et al. [65] used a p-xylenediamine/methanol soaking method
aiming to suppress the polymer-zeolite interface defects. This procedure was evaluated on MMMs that
had an inner pure Matrimid®5218 layer and outer thin PSF/beta zeolite layer in dual-layer composite
hollow fibers. These MMMs (at 30 wt % zeolite loading) presented a 30% and 50% higher selectivity
for Oy /Ny and CO, /CHy, respectively, than did the pure PSF/ Matrimid® hollow fiber membranes.
These results seem to affirm that the soaking method was able to decrease the interface defects of
those membranes.

Zeolite 4A was used to fill a PES/Matrimid® polymer blend by Ismail et al. [66], and the generated
membranes were proposed for O, /N, separation. At 30 wt % zeolite loading, the membranes provided
the best performance with selectivity values of 4.5. Moreover, the addition of mesoporous materials,
like ZSM-5, has been demonstrated to enhance the separation performance of Matrimid® [67]. ZSM-5
is synthetized by zeolite seeds, as framework-building units, resulting in a material that possesses
mesopores and micropores. In this sense, the material displays synergistic characteristics due to
combining the advantages of zeolites (size- and shape-selective adsorption) and mesoporous molecular
sieves (improved interfacial properties). In other words, ZSM-5 nanoparticles provide size and shape
selectivity. The incorporation improved the ideal selectivity for H, /N, separation, from 79.6 for the
unfilled membrane to 143.0 using 10 wt % of mesoporous material only, while the O, /Ny selectivity
increased from 6.6 up to 10.4 at 20 wt % of ZSM-5 [67]. Furthermore, the MMMs containing 20 wt %
displayed a considerable increase in Hy /CHj selectivity values, e.g., from 83.0 up to 169.0. It was
seen that the mesopores of the ZSM-5 provided a good interface contact between the nanoparticles
and polymer. It is quite possible that polymer chains could penetrate into the mesopores, resulting in
a good and stable interface [67,68].



13 of 23

Membranes 2018, 8, 30
Table 4. Zeolite materials incorporated into Matrimid® for gas separation applications.
Type of Zeolite Filler Loading Evaluated Application Conditions Performance Remark of the Study Reference
Single vas permeation. 10 CO;,: 5.9 Barrer Good interaction between zeolite and
Zeolite 4A 15wt % Separation CO,/CHy gle gasp 5 ’ CHy: 0.1 Barrer polymer, enhancing the [69]
bar, 30 °C. -
CO,/CHy: 43 separation performance.
Njy: 0.2 Barrer
O,: 0.7 Barrer
7SM-5 10 wt % Separation CO,/CHy, Single gas permeation, CHy: 0.3 Barrer The MMMs displayed higher permeability [61]
° 0,/Ny conditions: 2-5 bar, 35 °C. CO,: 1.5 Barrer than the pristine polymer.
CO,/CHy: 4.4
02 / Nz: 3.0
H,: 83 Barrer
Zeolite 4A 30 wt % Separation CO, /Ny, Single gas permeation, (;?%:1160232?1;? Enhanced permeability for He, Hy, CO;, [70]
° He/N,, H,/He, H,/CO,  conditions: 10 bar, 25 °C. 2 and Nj increasing with zeolite loading.
He: 38 Barrer
CO,/Njy: 50.6
Hj: 147 Barrer
. . CO,: 423 Barrer -
ZSM-5 20 wt % Separation CO, /N, Single gas permeation, N,: 180 Barrer Enhanced permeability for He, Hy, CO,, [70]
conditions: 10 bar, 25 °C. and N increasing with zeolite loading.
He: 108 Barrer
C02 / Nz: 86.2
H,: 178 Barrer
. o . Single gas permeation, CO,: 378 Barrer Enhanced permeability for He, Hy, CO;,
Zeolite 13X 30wt % Separation CO2/N, conditions: 10 bar, 25 °C. Njy: 185 Barrer and N increasing with zeolite loading. 701
He: 111 Barrer
Sinele gas permeation CO;: 6.3 Barrer Cross-linked Matrimid® and modified zeolite
Amine-grafted zeolite 25wt % Separation CO,/CHy con. d%ciorgw' 1}?30 o 35° ,C CHy: 0.1 Barrer displayed a considerable enhancement [59]
’ pst, ’ CO,/CHy: 48.5 towards CO, /CHy separation.
H,: 101.6 Barrer
CO,: 48.3 Barrer
. . . O,: 11.1 Barrer -
Zeolite 4A 30 wt % Sepoar/alt\llon I_Cli(azl\? Ny, f;ﬂgifigizi};e{)zezgciré Ny: 2.0 Barrer The MMMs shofv;zfj;fnl;::sced permeability [71]
2/ N2, H2 /N2 » © bat, CO,/N>: 233 gases.
0,/N5: 5.3

H,/Ny: 49.1
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Table 4. Cont.
Type of Zeolite Filler Loading Evaluated Application Conditions Performance Remark of the Study Reference
. . CO;y: 6.9 Barrer .
SAPO-34 20 wt % Separation COp/CH, ~ OnEIeBIPErMEalon,  cppp g Barrer e MMM displayed entancements forboth )
' ’ CO,/CHy: 67 p y ty.
. . CO,: 22 Barrer s
oty mwn spmimcoycn,  Segspemetey  Gigimme  TheCOpemablly vl o
- e bt : CO,/CHy: 27.6 y meorp &
. . CO,: 15.7 Barrer .
zswis st Sepmioncoycny | St gspemeton Gl oupum MM deplod strcemens ot 7
: ’ : CO,/CHy: 19.2 p y ¥
. . COy: 10.5 Barrer . .
Zeolite 13X 30 wt % Separation CO,/CHy cc?;r;lgiiieoif f; Lr:fazt;O? é CHy: 0.2 Barrer meengilﬁ;nizsg?éei:nﬁiiﬁj sg)arfet;on [74]
: 7 : CO,/CHy: 39.8 p p polymer.
. . . The incorporation of the zeolite-type filler
Deca-dodecasil 3R (DDR) 20 wt % Separation Hy /CHy Single gas permeation, Fy: 34.9 Barrer enhanced the hydrogen permeability more [75]

conditions: 10 bar, 35 °C.

H,/CHy: 375.2

than 100%.
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5.2. Recent Developments on Incorporating Zeolites into Matrimid®

More recently, the mesoporous ZSM-5 was again filled into other Matrimid® blend membranes,
like polysulfone (PSF)-Matrimid® [61]. The filled membranes showed high permeability values for
several gases, such as CHy, Ny, O,, and CO,, compared with the unfilled membranes. However,
their performance did not surpass the CO,/CH; and O, /N, selectivities reported for the pristine
PI. Commonly, the addition of nanoparticles is expected to increase the permeability due to the fact
that they increase the free volume fraction of the polymer matrix, but they also tend to produce chain
packing disruption, and the porous materials increase the diffusivity of gases. These phenomena
have been seen by Peydayesh et al. [72], who added another zeolite-based material into the PI,
as silicoaluminophosphate (SAPO)-34. This material has particular shape selectivity as well as
molecular sieving properties related to its pore diameter of 0.38 nm, which is near to the CHj kinetic
diameter. In addition, it presents a strong CO, adsorption capacity, which makes it attractive for the
separation of CO; from natural gas. The MMM s displayed a CO, /CHy selectivity around 67—a higher
value than that for the pristine Matrimid® membrane (34). The addition of this filler allowed an increase
in the permeation of CO,, and simultaneously decreased the permeation of CHy, thereby enhancing
selectivity. It is important to mention that the MMMSs were also more thermally stable. In a different
study, SAPO-34 also promoted an increase in the permeability values of Matrimid® for Hy, CO,,
Nj, and CH,4 to about 40.2, 12.5, 1.19, and 1.34 [76]; typically, Matrimid® displays 30.3, 9.54, 0.70,
and 0.32 Barrer for these gases, respectively. Unfortunately, the MMMs did not maintain or increase
the initial selectivity of Matrimid®. This can be attributed to poor interactions between the filler
and the PI that lead to the production of interfacial voids. According to the authors, this transient
free volume can be attributed to polymer chain mobility [76]; certainly, these interfacial voids may
represent a new pathway for the gases to pass through the membrane [77,78], which is in agreement
with the nonimprovement of selectivities due to these voids which tend to be poorly selective. Another
zeolite-type material (DDR) was also filled into Matrimid® for hydrogen purification applications [75].
This material contributed to enhancing the H, permeability of Matrimid® (17 Barrer) up to 34.9 Barrer
in MMM s (using 20 wt % filler loading). Meanwhile, the H, /CHy selectivity reached up to 375 (from
an initial value of 129), meaning an enhancement of 189% in this property. According to the authors,
the improvement was associated with the good contact at the polymer and zeolite interface, and the
good molecular sieving effect that this filler displays.

Today, the chemical modification of the filling materials is a current approach seeking
better features during their addition into the polymeric matrix. Chen et al. [59] performed the
chemically grafted modification of zeolite (AU/EMT intergrowth zeolite) to prepare MMMs with
cross-linked Matrimid® (by adding bis(3-aminopropyl)-tetramethyldisiloxane (APTMDS)). Basically,
the chemical modification changes the surface density, micropore volume, and CO, adsorption
capacity. The addition of the modified zeolite and the cross-linking procedure of the PI resulted
in MMMs that displayed selectivity values of 41.4, from a pristine Matrimid® membrane with
a CO,/CHy selectivity of 28. Indeed, the MMMs showed much better separation performance and
thermal stability than did the pure unfilled membranes. Similarly, another mesoporous zeolite-type
filler, MCM-41 [79,80], was chemically modified [81]. Practically, the mesoporous spheres were
functionalized with sulfonic (-SO3H) groups; these functionalized MMMs reached an up to 31%
increase in CO, permeability, contributing to a 14% increase in CO, /CHjy selectivity [81]. In theory,
the polar groups (-SO3H) tend to increase the CO; solubility in membranes due to interaction
with the CO, quadrupole. Ebadi Amooghin et al. [39] prepared MMMs by incorporating micro- and
nano-porous sodium zeolite-Y (NaY zeolite). Matrimid® membranes with enhanced CO, transport
were obtained by embedding this filler [39]. Particularly, this NaY zeolite was chosen because of its
larger pore size compared to the other types of zeolites, which can facilitate the activated diffusion
of gas molecules. Additionally, it gives superior adsorptive molecular transport by differences in
the adsorptivities of the gases. These membranes demonstrated an outstanding performance for
CO,/CHy, separations: the CO, permeability was increased more than twofold while the separation
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factor was enhanced by 20%, from 36.3 in Matrimid® to 43.3 in MMMs. Meanwhile, Loloei et al. [73]
considered again the incorporation of ZSM-5 into Matrimid® but a previous blending was carried
out. The PI was blended with polyethylene glycol (PEG). The ternary MMMs revealed that the CO,
permeability and CO, /CHj selectivity of pure Matrimid® were significantly enhanced. Specifically,
the CO, permeability of the ternary MMMs (Matrimid®/PEG (95:5) with 5 wt % ZSM-5) was increased
about 50% (from 7.6 to 11.5 Barrer) and CO,/CHyj selectivity about 72% (from 34.9 to 60.1). It is
clear that the enhancement of both properties is fully supported. The novelty of the synthesis of
hybrid ternary membranes can be a promising approach to developing new membranes with better
performances considering no modification of the filling material, but correctly choosing an additive,
like PEG, which tends to offer some CO, affinity, favoring its permeation.

Zeolite-Y was ion-exchanged by introducing silver (Ag) cations into the framework of micro-sized
nano-porous sodium zeolite-Y using a liquid-phase ion exchange method [82]. This novel filler
combined the effect of the facilitated transport mechanism of Ag* ions as well as the intrinsic surface
diffusion mechanism of the Y-type zeolite. Figure 7 represents the CO;-facilitated transport via Ag*
ions located at the external and internal surfaces of zeolite Y.

o
) Zeolit Y
' Co,

Figure 7. Schematic drawing of the CO,-facilitated transport through the modified zeolite-Y [82].

The incorporation of Ag* ion-exchanged zeolite-Y increased CO, permeability values (about
123%, from 8.34 for pure Matrimid® to 18.62 Barrer for Matrimid®/AgY) and CO,/CHj selectivity
(about 66%, from 36.3 for Matrimid® to 60.1 for Matrimid®/ AgY) [82]. Similarly, Mundstock et al. [83]
exchanged the Na* of the as-synthesized NaX zeolite particles for metal ions with higher ionic
potentials, such as Co?*; the resulting MMMs presented enhanced mixed gas separation factors
for Hy /COj, separation, e.g., from 4.0 to 5.6 for NaX/Matrimid® and CoX/Matrimid®, respectively.
On the other hand, Gong et al. [84] developed mixed matrix membranes which contained inorganically
surface-modified 5A zeolite. First, 5A zeolites were successfully prepared via a facile treatment in
an aqueous phase through which nanostructures of Mg(OH), were grown on the zeolite surfaces.
These zeolites had enhanced surface roughness. Indeed, the modification of the zeolite enhanced
the zeolite—polymer adhesion, together with the CO,/CHy separation performance. As was seen,
a strong increase in CO, permeability (about 120%), from 10.2 up to 22.4 Barrer, was observed in
Matrimid®+20 wt % 5A membrane, which also displayed a slightly enhanced CO,/CHy selectivity
(36.4 from 33.6 in Matrimid®). In contrast, the nonmodified 5A decreased the CO,/CHy, selectivity
of Matrimid® membrane due to defects formed at the zeolite/polymer interfaces. The most recent
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study found relating the use of zeolites in Matrimid® matrix for the preparation of MMMs has been
presented by Ebadi Amooghin [85]. They proposed a new synthesis strategy for preparing novel
hybrid host-guest nanocomposites by encapsulating a metal-organic complex of a transient metal
such as cobalt (Co) in zeolite Y cavities with the ship-in-a-bottle synthesis method. Once synthesized,
the nanoparticles were incorporated into the Matrimid® aiming for CO, /CH4 separation. According to
the results, these MMM s provided a greater separation performance, e.g., MMMSs containing 15 wt %
filler loading had a CO, permeability of about 17 Barrer and CO,/CHjy selectivity of about 102,
which were more than two- and three-fold those of pure Matrimid®, which had a permeability about
6.6 Barrer and CO,/CHy selectivity of 30 [85]. This enhancement is attributed to the presence of Co®*
due to the fact that it presents better intermolecular interaction between the CO; and the complex
molecule. Moreover, the authors also confirmed excellent interactions between nanoparticles and the
PI, displaying enhanced interfacial adhesion. Indeed, the good PI-filler compatibility can be attributed
to the weak acid-base Lewis interactions between the PI carbonyl groups and the Co functionalized
groups on the zeolite surface [85]. In this sense, it is quite possible that these MMMs can be good
candidates to go forward for other types of separations.

To date, most of the MMMs based on Matrimid® containing zeolite-based fillers have displayed
compelling gas separation performance. When relating their location on the Robeson trade-off, zeolite
4A, amine-grafted zeolite, SAPO-34, zeolite NaY, ZSM-5 (also containing an additive like PEG in the
polymer matrix), zeolite 13X, and some chemically modified zeolites (e.g., Ag* ion-exchanged zeolite-Y
and aminosilane-grafted zeolite) have demonstrated significant improvements over the performance
of Matrimid®, allowing a performance located on the border of the Robeson plot established in 1991,
but still far from the one revisited in 2008 [9], as Figure 8 describes. It is important to note that such
relationships have been proposed from data of testing pristine polymeric membranes [9].

10,000 Zeolite 4A
ZSM-5
Amine-grafted zeolite
®-SAPO-34
1000 Zeolite NaY
ZSM-5 (Matrimid-PEG)

Robeson 2008 ~ !
@ Zeolite 13X

et ~®-Ag + ion-exchanged zeolite-Y
~O- Aminsilane grafted NaY zeolite
100 ' Robeson 1991 : = s

Selectivity CO, / CH,

10

1 10 100 1000 10,000
Permeability (Barrer)

Figure 8. Status of MMMs based on Matrimid® and zeolites on Robeson plot 1991-2008.

The success of these MMMs in nearly overcoming this relationship is clearly attributed to the
type of zeolites used—and their adsorption capacity—as an adsorbent. The adsorption is defined
as the uptake of a component (the so-called adsorbate, e.g., gas) in the gas—solid interface onto the



Membranes 2018, 8, 30 18 of 23

adsorbent. At this point, CO, capture using absorbents (in solid state) is recognized as one of the
most promising approaches for its recovery and separation [86]. This is because adsorption can
diminish the energy requirements and cost of its separation. As is well documented, zeolites are
considered as a good CO; adsorbent together with other filling materials (e.g., activated carbon and
alkali metal-based materials) [87]. For instance, specific zeolites such as NaX, 5A, and 13X possess
CO;, adsorption capacities of about 263 [88], 222 [89], and 324 mg CO, /g adsorbent [90], respectively.
Definitely, the CO, uptake of the zeolites depends crucially on the Si/Al ratio [91]. At this point, it is
quite possible that coming studies will be focused on finding a suitable Si/ Al ratio of the zeolites that
could provide higher CO; adsorption. In this way, zeolites can guarantee a better effect towards CO,
transport, influencing the separation efficiency.

Finally, as reported previously [4], Matrimid®-based MMMs using zeolites have also
demonstrated their ability to separate other gas mixtures e.g., Hy/CHy, CO,/Ny, or Hy/Np
(see Table 4). Most of these MMMs, containing zeolite 4A, ZSM-5, zeolite 13X, and MCM-41, are
also quite close to surpassing the Robeson limit (1991).

6. Future Trends and Concluding Remarks

This review compiles the initial and recent developments in the use of zeolites and zeolite-based
materials incorporated into Matrimid® membranes for gas separation. All these literature inputs
have demonstrated the potentialities of zeolites regarding the enhancement of Matrimid®. To date,
Matrimid®-zeolite MMMs have been mainly considered for CO,/CHj separations; however, they
have displayed acceptable performances for other gas separations applications, such as O, /N, He/Nj,
Hy /Ny, Hy /CHy, and Hy /CO,, giving an outlook of the versatility of such membranes. At this point,
it is crucial to adopt a proper strategy in exploiting the synergistic beneficial features of the advanced
materials, processes, and modification techniques in order to achieve Matrimid® membranes with
desirable performance. When attempting to enhance some other properties of Matrimid®, e.g., thermal
stability, the zeolites can contribute as well.

It is likely that the chemical modification of zeolites, as a promising tool for enhancing the
features of the existing ones, will be explored in coming years according to the resulting great
separation performances. Moreover, chemical modification and the synthesis of new zeolites are
promising alternatives in order to prepare MMMs which can display better compatibility or interactions
(e.g., interfacial adhesion) between this PI and zeolites, contributing to suppressing the interfacial
voids. However, some other procedures, like the p-xylenediamine /methanol soaking method, priming,
and applying high processing temperatures close to Tg (polymer) to maintain the polymer chain
flexibility, can be useful for this purpose, too [53].

It is clear that the researchers' interest is currently focused on MMMs, which imply multiple
components' role in the interfacial area. However, the formation of these MMMs and their mechanism
need further intensive understanding. Moreover, the next generation of MMMs could address the use of
nano-sized materials avoiding the formation of clusters (agglomeration). This can surely guarantee the
exploitation of their separation properties. In addition, the incorporation of nano-fillers could allow the
preparation of thinner membrane layers and better filler distribution. As is well documented, smaller
materials provide more polymer—particle interfacial area, and thus improve the polymer-particle
interface contact. Furthermore, the shape and morphology also play an important role.

To date, gas separation tests for MMMSs have been mainly performed in single or binary mixtures,
which is a suitable starting point; however, practical applications (e.g., natural gas purification) always
imply complex gas mixtures that contain multiple components (e.g., acids, water, and inert gases).
This will surely change the expected separation performance of those MMMs. It is time to encourage
the testing of membranes using complex gas mixtures for a better approximation. Particularly, the filler
stability at these real conditions has to be evaluated [92]. Finally, such an evaluation will provide clear
input about the potentialities of Matrimid®-zeolite MMMs for industrial use, which has not occurred
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until now. Nevertheless, there is still much missing research and development for MMMs based on
zeolite-Matrimid® mixed matrix membranes for gas separation.

Funding: This research received no external funding.

Acknowledgments: R. Castro-Muiioz acknowledges the European Commission—Education, Audiovisual and
Culture Executive Agency (EACEA) for his Ph.D. scholarship under the program: Erasmus Mundus Doctorate in
Membrane Engineering—EUDIME (FPA No. 2011-0014, Edition V, http:/ /eudime.unical.it).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Guiver, M.D.; Robertson, G.P,; Dai, Y.; Bilodeau, F; Kang, Y.S.; Lee, K.J.; Jho, J.Y.; Won, J. Structural
characterization and gas-transport properties of brominated Matrimid polyimide. J. Polym. Sci. Part
A Polym. Chem. 2002, 40, 4193-4204. [CrossRef]

Castro-Mufioz, R.; Galiano, F; Fila, V.; Drioli, E.; Figoli, A. Matrimid® 5218 dense membrane for the
separation of azeotropic MeOH-MTBE mixtures by pervaporation. Sep. Purif. Technol. 2018, 199, 27-36.
[CrossRef]

Brunetti, A.; Scura, F; Barbieri, G.; Drioli, E. Membrane technologies for CO, separation. J. Membr. Sci. 2010,
359, 115-125. [CrossRef]

Castro-Mufioz, R.; Martin-Gil, V.; Ahmad, M.Z.; Fila, V. Matrimid® 5218 in preparation of membranes for
gas separation—Current state-of-the-art. Chem. Eng. Commun. 2017, 205, 161-192. [CrossRef]

Kosinov, N.; Gascon, J.; Kapteijn, E.; Hensen, E.J.M. Recent developments in zeolite membranes for gas
separation. |. Membr. Sci. 2016, 499, 65-79. [CrossRef]

Aroon, M.A; Ismail, A.F.; Matsuura, T.; Montazer-Rahmati, M.M. Performance studies of mixed matrix
membranes for gas separation: a review. Sep. Purif. Technol. 2010, 75, 229-242. [CrossRef]

Scholes, C.; Tao, W.X.; Stevens, G.W.; Kentish, S. Sorption of methane, nitrogen, carbon dioxide, and water in
Matrimid 5218. J. Appl. Polym. Sci. 2010, 117, 2284-2289. [CrossRef]

Robeson, L.M. Correlation of separation factor versus permeability for polymeric membranes. J. Membr. Sci.
1991, 62, 165-185. [CrossRef]

Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390—400. [CrossRef]

Recio, R.; Lozano, A.; Pradanos, P.; Marcos, A.; Tejerina, F.; Hernandez, A. Effect of fractional free volume
and Tg on gas separation through membranes made with different glassy polymers. J. Appl. Polym. Sci. 2008,
107, 1039-1046. [CrossRef]

Castro-Mufioz, R.; Fila, V.; Dung, C.T. Mixed matrix membranes based on PIMs for gas permeation:
Principles, synthesis, and current status. Chem. Eng. Commun. 2017, 204, 295-309. [CrossRef]

Dechnik, J.; Sumby, C.J.; Janiak, C. Enhancing mixed-matrix membrane performance with metal-organic
framework additives. Cryst. Growth Des. 2017, 17, 4467-4488. [CrossRef]

Tanh Jeazet, H.B.; Staudt, C.; Janiak, C. Metal-organic frameworks in mixed-matrix membranes for gas
separation. Dalton Trans. 2012, 41, 14003. [CrossRef] [PubMed]

Dong, G.; Li, H.; Chen, V. Challenges and opportunities for mixed-matrix membranes for gas separation.
J. Mater. Chem. A 2013, 1, 4610. [CrossRef]

Goh, PS,; Ismail, A.F,; Sanip, S.M.; Ng, B.C.; Aziz, M. Recent advances of inorganic fillers in mixed matrix
membrane for gas separation. Sep. Purif. Technol. 2011, 81, 243-264. [CrossRef]

Wee, S.L.; Tye, C.T.; Bhatia, S. Membrane separation process-Pervaporation through zeolite membrane.
Sep. Purif. Technol. 2008, 63, 500-516. [CrossRef]

Huang, Z.; Shi, Y.; Wen, R.; Guo, Y.H.; Su, J.F; Matsuura, T. Multilayer poly(vinyl alcohol)-zeolite 4A
composite membranes for ethanol dehydration by means of pervaporation. Sep. Purif. Technol. 2006, 51,
126-136. [CrossRef]

Castro-Mufioz, R.; Galiano, F.; Fila, V.; Drioli, E.; Figoli, A. Mixed matrix membranes (MMMs) for ethanol
purification through pervaporation: Current state of the art. Rev. Chem. Eng. 2019. [CrossRef]

Rasouli, Y.; Abbasi, M.; Hashemifard, S.A. Investigation of in-line coagulation-MF hybrid process for oily
wastewater treatment by using novel ceramic membranes. J. Clean. Prod. 2017, 161, 545-559. [CrossRef]


http://eudime.unical.it
http://dx.doi.org/10.1002/pola.10516
http://dx.doi.org/10.1016/j.seppur.2018.01.045
http://dx.doi.org/10.1016/j.memsci.2009.11.040
http://dx.doi.org/10.1080/00986445.2017.1378647
http://dx.doi.org/10.1016/j.memsci.2015.10.049
http://dx.doi.org/10.1016/j.seppur.2010.08.023
http://dx.doi.org/10.1002/app.32148
http://dx.doi.org/10.1016/0376-7388(91)80060-J
http://dx.doi.org/10.1016/j.memsci.2008.04.030
http://dx.doi.org/10.1002/app.26542
http://dx.doi.org/10.1080/00986445.2016.1273832
http://dx.doi.org/10.1021/acs.cgd.7b00595
http://dx.doi.org/10.1039/c2dt31550e
http://www.ncbi.nlm.nih.gov/pubmed/23070078
http://dx.doi.org/10.1039/c3ta00927k
http://dx.doi.org/10.1016/j.seppur.2011.07.042
http://dx.doi.org/10.1016/j.seppur.2008.07.010
http://dx.doi.org/10.1016/j.seppur.2006.01.005
http://dx.doi.org/10.1515/revce-2017-0115
http://dx.doi.org/10.1016/j.jclepro.2017.05.134

Membranes 2018, 8, 30 20 of 23

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Peng, L.; Xu, X; Yao, X.; Liu, H.; Gu, X. Fabrication of novel hierarchical ZSM-5 zeolite membranes with
tunable mesopores for ultrafiltration. J. Membr. Sci. 2018, 549, 446-455. [CrossRef]

Dong, L.X.; Huang, X.C.; Wang, Z.; Yang, Z.; Wang, X.M.; Tang, C.Y. a thin-film nanocomposite nanofiltration
membrane prepared on a support with in situ embedded zeolite nanoparticles. Sep. Purif. Technol. 2016, 166,
230-239. [CrossRef]

Wang, Y.; Zou, X; Sun, L; Rong, H.; Zhu, G. a zeolite-like aluminophosphate membrane with
molecular-sieving property for water desalination. Chem. Sci. 2018, 9, 2533-2539. [CrossRef] [PubMed]
Goh, PS.; Ismail, A.F. a review on inorganic membranes for desalination and wastewater treatment.
Desalination 2018, 434, 60-80. [CrossRef]

Mukhopadhyay, M.; Lakhotia, S.R.; Ghosh, A K., Bindal, R.C.; Mukhopadhyay, M.; Lakhotia, S.R.;
Ghosh, A K;; Bindal, R.C. Removal of arsenic from aqueous media using zeolite/chitosan nanocomposite
membrane. Sep. Sci. Technol. 2018, 1-7. [CrossRef]

Garofalo, A.; Carnevale, M.C.; Donato, L.; Drioli, E.; Alharbi, O.; Aljlil, S.A.; Criscuoli, A.; Algieri, C. Scale-up
of MFI zeolite membranes for desalination by vacuum membrane distillation. Desalination 2016, 397, 205-212.
[CrossRef]

Mahon, D.; Claudio, G.; Eames, P.C. an experimental investigation to assess the potential of using MgSO4
impregnation and Mg?* ion exchange to enhance the performance of 13X molecular sieves for interseasonal
domestic thermochemical energy storage. Energy Convers. Manag. 2017, 150, 870-877. [CrossRef]

Shan, ].H.; Chen, L.; Sun, L.B.; Liu, X.Q. Adsorptive removal of thiophene by cu-modified mesoporous silica
MCM-48 derived from direct synthesis. Energy Fuels 2011, 25, 3093-3099. [CrossRef]

Ayele, L.; Pérez-Pariente, J.; Chebude, Y.; Diaz, I. Synthesis of zeolite a using kaolin from Ethiopia and its
application in detergents. New J. Chem. 2016, 40, 3440-3446. [CrossRef]

Cejka, J.; Centi, G.; Perez-Pariente, ].; Roth, W.J. Zeolite-based materials for novel catalytic applications:
Opportunities, perspectives and open problems. Catal. Today 2012, 179, 2-15. [CrossRef]

Zones, S.I. Translating new materials discoveries in zeolite research to commercial manufacture.
Microporous Mesoporous Mater. 2011, 144, 1-8. [CrossRef]

Davis, M.E. Zeolites from a materials chemistry perspective. Chem. Mater. 2014, 26, 239-245. [CrossRef]
Flanigen, E.M. Chapter 2 zeolites and molecular sieves an historical perspective. Stud. Surf. Sci. Catal. 1991,
58, 13-34. [CrossRef]

Millini, R.; Bellussi, G. Zeolite Science and Perspectives. In Zeolites in Catalysis; Royal Society of Chemistry:
London, UK, 2017; pp. 1-36. ISBN 9781788010610.

Luna, A.D.J.M.; de Ledn, G.C.; Garcia Rodriguez, S.P.; Fuentes Lépez, N.C.; Pérez Camacho, O.; Perera
Mercado, Y.A. Na* /Ca?*aqueous ion exchange in natural clinoptilolite zeolite for polymer-zeolite composite
membranes production and their CHy/CO, /N, separation performance. J. Nat. Gas Sci. Eng. 2018, 54,
47-53. [CrossRef]

Ahmad, N.N.R; Leo, C.P; Mohammad, A.W.; Ahmad, A.L. Interfacial sealing and functionalization of
polysulfone/SAPO-34 mixed matrix membrane using acetate-based ionic liquid in post-impregnation for
COgcapture. Sep. Purif. Technol. 2018, 197, 439-448. [CrossRef]

Tahir, Z.; Ilyas, A.; Li, X.; Bilad, M.R.; Vankelecom, L.E].; Khan, A.L. Tuning the gas separation performance
of fluorinated and sulfonated PEEK membranes by incorporation of zeolite 4A. J. Appl. Polym. Sci. 2018, 135.
[CrossRef]

Afarani, H.T.; Sadeghi, M.; Moheb, A. The gas separation performance of polyurethane-zeolite mixed matrix
membranes. Adv. Polym. Technol. 2016, 37. [CrossRef]

Vieira, G.S.; Moreira, FK.V.,; Matsumoto, R.L.S.; Michelon, M.; Filho, EM.; Hubinger, M.D. Influence of
nanofiltration membrane features on enrichment of jussara ethanolic extract (Euterpe edulis) in anthocyanins.
J. Food Eng. 2018, 226, 31-41. [CrossRef]

Amooghin, A.E.; Omidkhah, M.; Kargari, A. Enhanced CO, transport properties of membranes by
embedding nano-porous zeolite particles into Matrimid[registered sign]5218 matrix. RSC Adv. 2015, 5,
8552-8565. [CrossRef]

Ferndndez-Barquin, A.; Casado-Coterillo, C.; Valencia, S.; Irabien, A. Mixed matrix membranes for O, /N,
separation: The influence of temperature. Membranes 2016, 6. [CrossRef] [PubMed]

Tavolaro, A.; Drioli, E. Zeolite membranes. Adv. Mater. 1999, 11, 975-996. [CrossRef]


http://dx.doi.org/10.1016/j.memsci.2017.12.039
http://dx.doi.org/10.1016/j.seppur.2016.04.043
http://dx.doi.org/10.1039/C7SC04974A
http://www.ncbi.nlm.nih.gov/pubmed/29732131
http://dx.doi.org/10.1016/j.desal.2017.07.023
http://dx.doi.org/10.1080/01496395.2018.1459704
http://dx.doi.org/10.1016/j.desal.2016.07.010
http://dx.doi.org/10.1016/j.enconman.2017.03.080
http://dx.doi.org/10.1021/ef200472j
http://dx.doi.org/10.1039/C5NJ03097H
http://dx.doi.org/10.1016/j.cattod.2011.10.006
http://dx.doi.org/10.1016/j.micromeso.2011.03.039
http://dx.doi.org/10.1021/cm401914u
http://dx.doi.org/10.1016/S0167-2991(08)63599-5
http://dx.doi.org/10.1016/j.jngse.2018.03.007
http://dx.doi.org/10.1016/j.seppur.2017.12.054
http://dx.doi.org/10.1002/app.45952
http://dx.doi.org/10.1002/adv.21672
http://dx.doi.org/10.1016/j.jfoodeng.2018.01.013
http://dx.doi.org/10.1039/C4RA14903C
http://dx.doi.org/10.3390/membranes6020028
http://www.ncbi.nlm.nih.gov/pubmed/27196937
http://dx.doi.org/10.1002/(SICI)1521-4095(199908)11:12&lt;975::AID-ADMA975&gt;3.0.CO;2-0

Membranes 2018, 8, 30 21 of 23

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Tomita, T.; Nakayama, K.; Sakai, H. Gas separation characteristics of DDR type zeolite membrane.
Microporous Mesoporous Mater. 2004, 68, 71-75. [CrossRef]

Zheng, Y.; Hu, N.; Wang, H.; Bu, N.; Zhang, F.; Zhou, R. Preparation of steam-stable high-silica CHA (S5Z-13)
membranes for CO, /CHyand CyHy/CyHg separation. J. Membr. Sci. 2015, 475, 303-310. [CrossRef]
Malakhov, A.O.; Knyazeva, E.E.; Novitsky, E.G. Gas transport properties of LiA type zeolite-filled
poly(trimethylsilylpropyne) membranes. Pet. Chem. 2015, 55, 708-715. [CrossRef]

Jia, M.-D.; Peinemann, K.-V.; Behling, R.-D. Ceramic zeolite composite membranes. J. Membr. Sci. 1993, 82,
15-26. [CrossRef]

Yong, H.H.; Park, H.C.; Kang, Y.S.; Won, J.; Kim, W.N. Zeolite-filled polyimide membrane containing
2,4,6-triaminopyrimidine. J. Membr. Sci. 2001, 188, 151-163. [CrossRef]

Mulder, M. Basic Principles of Membrane Technology; Kluwer Academic Publishers: London, UK, 1991;
ISBN 0792309782.

Fick, A. Erwiderung auf einige Stellen der Abhandlung: “Ueber die Diffusion von Fliissigkeiten; vonFr.
Beilstein. Eur. J. Org. Chem. 1857, 102, 97-101. [CrossRef]

Baker, RW.R.W. Membrane Technology and Applications; John Wiley & Sons, Ltd.: Chichester, UK, 2012;
ISBN 9781118359686.

Chung, T'S; Jiang, L.Y.; Li, Y.; Kulprathipanja, S. Mixed matrix membranes (MMMSs) comprising organic
polymers with dispersed inorganic fillers for gas separation. Prog. Polym. Sci. 2007, 32, 483-507. [CrossRef]
Alexander Stern, S. Polymers for gas separations: The next decade. J. Membr. Sci. 1994, 94, 1-65. [CrossRef]
Wijmans, ].G.; Baker, R.W. The solution-diffusion model: a review. J. Membr. Sci. 1995, 107, 1-21. [CrossRef]
Bastani, D.; Esmaeili, N.; Asadollahi, M. Polymeric mixed matrix membranes containing zeolites as a filler
for gas separation applications: a review. J. Ind. Eng. Chem. 2013, 19, 375-393. [CrossRef]

Rezakazemi, M.; Ebadi Amooghin, A.; Montazer-Rahmati, M.M.; Ismail, A.F,; Matsuura, T. State-of-the-art
membrane based CO; separation using mixed matrix membranes (MMMs): an overview on current status
and future directions. Prog. Polym. Sci. 2014, 39, 817-861. [CrossRef]

Matsui, M.; Kiyozumi, Y.; Yamamoto, T.; Mizushina, Y.; Mizukami, F.; Sakaguchi, K. Selective adsorption of
biopolymers on zeolites. Chem. a Eur. ]. 2001, 7, 1555-1560. [CrossRef]

Li, Y,; Chung, T.S.; Cao, C.; Kulprathipanja, S. The effects of polymer chain rigidification, zeolite pore size
and pore blockage on polyethersulfone (PES)-zeolite a mixed matrix membranes. ]. Membr. Sci. 2005, 260,
45-55. [CrossRef]

Mahajan, R.; Burns, R.; Schaeffer, M.; Koros, W.J. Challenges in forming successful mixed matrix membranes
with rigid polymeric materials. . Appl. Polym. Sci. 2002, 86, 881-890. [CrossRef]

Pechar, TW.; Kim, S.; Vaughan, B.; Marand, E.; Baranauskas, V.; Riffle, J.; Jeong, HK.; Tsapatsis, M.
Preparation and characterization of a poly(imide siloxane) and zeolite L mixed matrix membrane.
J. Membr. Sci. 2006, 277, 210-218. [CrossRef]

Chen, X.Y,; Nik, O.G.; Rodrigue, D.; Kaliaguine, S. Mixed matrix membranes of aminosilanes grafted
FAU/EMT zeolite and cross-linked polyimide for CO,/CHy separation. Polymer 2012, 53, 3269-3280.
[CrossRef]

Shu, S.; Husain, S.; Koros, W.]. a general strategy for adhesion enhancement in polymeric composites by
formation of nanostructured particle surfaces. J. Phys. Chem. C 2007, 111, 652-657. [CrossRef]

Dorosti, F; Omidkhah, M.R.; Pedram, M.Z.; Moghadam, F. Fabrication and characterization of
polysulfone/polyimide-zeolite mixed matrix membrane for gas separation. Chem. Eng. ]. 2011, 171,
1469-1476. [CrossRef]

Jiang, L.Y.; Chung, T.S.; Cao, C.; Huang, Z.; Kulprathipanja, S. Fundamental understanding of nano-sized
zeolite distribution in the formation of the mixed matrix single- and dual-layer asymmetric hollow fiber
membranes. J. Membr. Sci. 2005, 252, 89-100. [CrossRef]

Jiang, L.Y.,; Chung, T.S.; Kulprathipanja, S. an investigation to revitalize the separation performance of
hollow fibers with a thin mixed matrix composite skin for gas separation. J. Membr. Sci. 2006, 276, 113-125.
[CrossRef]

Jiang, L.Y.,; Chung, T.S.; Rajagopalan, R. Dual-layer hollow carbon fiber membranes for gas separation
consisting of carbon and mixed matrix layers. Carbon 2007, 45, 166-172. [CrossRef]

Jiang, L.Y.; Chung, T.S.; Kulprathipanja, S. Fabrication of Mixed Matrix Hollow Fibers with Intimate
Polymer—Zeolite Interface for Gas Separation. AIChe J. 2006, 52, 2898-2908. [CrossRef]


http://dx.doi.org/10.1016/j.micromeso.2003.11.016
http://dx.doi.org/10.1016/j.memsci.2014.10.048
http://dx.doi.org/10.1134/S0965544115090066
http://dx.doi.org/10.1016/0376-7388(93)85089-F
http://dx.doi.org/10.1016/S0376-7388(00)00659-1
http://dx.doi.org/10.1002/jlac.18571020112
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.008
http://dx.doi.org/10.1016/0376-7388(94)00141-3
http://dx.doi.org/10.1016/0376-7388(95)00102-I
http://dx.doi.org/10.1016/j.jiec.2012.09.019
http://dx.doi.org/10.1016/j.progpolymsci.2014.01.003
http://dx.doi.org/10.1002/1521-3765(20010401)7:7&lt;1555::AID-CHEM1555&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/j.memsci.2005.03.019
http://dx.doi.org/10.1002/app.10998
http://dx.doi.org/10.1016/j.memsci.2005.10.031
http://dx.doi.org/10.1016/j.polymer.2012.03.017
http://dx.doi.org/10.1021/jp065711j
http://dx.doi.org/10.1016/j.cej.2011.05.081
http://dx.doi.org/10.1016/j.memsci.2004.12.004
http://dx.doi.org/10.1016/j.memsci.2005.09.041
http://dx.doi.org/10.1016/j.carbon.2006.07.008
http://dx.doi.org/10.1002/aic.10909

Membranes 2018, 8, 30 22 of 23

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ismail, A.F; Rahim, R.A.; Rahman, W.A.W.A. Characterization of polyethersulfone/ Matrimid® 5218 miscible
blend mixed matrix membranes for O, /N, gas separation. Sep. Purif. Technol. 2008, 63, 200-206. [CrossRef]
Zhang, Y.; Balkus, K.J.; Musselman, I.H.; Ferraris, ].P. Mixed-matrix membranes composed of Matrimid®
and mesoporous ZSM-5 nanoparticles. J. Membr. Sci. 2008, 325, 28-39. [CrossRef]

Zhang, Y.; Musselman, L.H.; Ferraris, ].P.; Balkus, K.J. Gas permeability properties of mixed-matrix matrimid
membranes containing a carbon aerogel: a material with both micropores and mesopores. Ind. Eng. Chem. Res.
2008, 47, 2794-2802. [CrossRef]

Bakhtiari, O.; Mosleh, S.; Khosravi, T.; Mohammadi, T. Preparation, characterization and gas permeation of
polyimide mixed matrix membranes. J. Membr. Sci. Technol. 2011, 1, 1-6. [CrossRef]

Chaidou, C.I; Pantoleontos, G.; Koutsonikolas, D.E.; Kaldis, S.P,; Sakellaropoulos, G.P. Gas separation
properties of polyimide-zeolite mixed matrix membranes. Sep. Sci. Technol. 2012, 47, 950-962. [CrossRef]
Ahmad, J.; Hdagg, M.B. Development of matrimid /zeolite 4A mixed matrix membranes using low boiling
point solvent. Sep. Purif. Technol. 2013, 115, 190-197. [CrossRef]

Peydayesh, M.; Asarehpour, S.; Mohammadi, T.; Bakhtiari, O. Preparation and characterization of
SAPO-34—Matrimid® 5218 mixed matrix membranes for CO,/CH, separation. Chem. Eng. Res. Des.
2013, 91, 1335-1342. [CrossRef]

Loloei, M.; Omidkhah, M.; Moghadassi, A.; Amooghin, A.E. Preparation and characterization of Matrimid®
5218 based binary and ternary mixed matrix membranes for CO, separation. Int. |. Greenh. Gas Control 2015,
39, 225-235. [CrossRef]

Rahmani, M.; Kazemi, A.; Talebnia, F. Matrimid mixed matrix membranes for enhanced CO, /CH, separation.
J. Polym. Eng. 2016, 36, 499-511. [CrossRef]

Peydayesh, M.; Mohammadi, T.; Bakhtiari, O. Effective hydrogen purification from methane via polyimide
Matrimid® 5218-Deca-dodecasil 3R type zeolite mixed matrix membrane. Energy 2017, 141, 2100-2107.
[CrossRef]

Carter, D.; Tezel, EH.; Kruczek, B.; Kalipcilar, H. Investigation and comparison of mixed matrix membranes
composed of polyimide matrimid with ZIF-8, silicalite, and SAPO-34. J. Membr. Sci. 2017, 544, 35-46.
[CrossRef]

Bernardo, P,; Drioli, E.; Golemme, G. Membrane gas separation: a review/state of the art. Ind. Eng. Chem.
Res. 2009, 48, 4638-4663. [CrossRef]

Norahim, N.; Yaisanga, P; Faungnawakij, K.; Charinpanitkul, T.; Klaysom, C. Recent membrane
developments for CO, separation and capture. Chem. Eng. Technol. 2018, 211-223. [CrossRef]

Corma, A.; Navarro, M.T,; Pariente, J.P. Synthesis of an ultralarge pore titanium silicate isomorphous to
MCM-41 and its application as a catalyst for selective oxidation of hydrocarbons. J. Chem. Soc. Chem. Commun.
1994, 147-148. [CrossRef]

Karlsson, A.; Stocker, M.; Schmidt, R. Composites of micro- and mesoporous materials: Simultaneous
syntheses of MFI/MCM-41 like phases by a mixed template approach. Microporous Mesoporous Mater. 1999,
27,181-192. [CrossRef]

Khan, A.L.; Klaysom, C.; Gahlaut, A.; Khan, A.U.; Vankelecom, I.EJ. Mixed matrix membranes comprising
of Matrimid and -SO3H functionalized mesoporous MCM-41 for gas separation. |. Membr. Sci. 2013, 447,
73-79. [CrossRef]

Ebadi Amooghin, A.; Omidkhah, M.; Sanaeepur, H.; Kargari, A. Preparation and characterization of Ag+
ion-exchanged zeolite-Matrimid® 5218 mixed matrix membrane for CO,/CHy separation. J. Energy Chen.
2016, 25, 450-462. [CrossRef]

Mundstock, A.; Friebe, S.; Caro, . On comparing permeation through Matrimid®-based mixed matrix and
multilayer sandwich FAU membranes: H, /CO; separation, support functionalization and ion exchange.
Int. |. Hydrogen Energy 2017, 42, 279-288. [CrossRef]

Gong, H.; Lee, S.S.; Bae, T.H. Mixed-matrix membranes containing inorganically surface-modified 5A zeolite
for enhanced CO, /CHy separation. Microporous Mesoporous Mater. 2017, 237, 82-89. [CrossRef]

Amooghin, A.E.; Sanaeepur, H.; Omidkhah, M.; Kargari, A. “Ship-in-a-bottle”, a new synthesis strategy for
preparing novel hybrid host-guest nano-composites for highly selective membrane gas separation. J. Mater.
Chem. A 2018, 6, 1751-1771. [CrossRef]


http://dx.doi.org/10.1016/j.seppur.2008.05.007
http://dx.doi.org/10.1016/j.memsci.2008.04.063
http://dx.doi.org/10.1021/ie0713689
http://dx.doi.org/10.4172/2155-9589.1000102
http://dx.doi.org/10.1080/01496395.2011.645263
http://dx.doi.org/10.1016/j.seppur.2013.04.049
http://dx.doi.org/10.1016/j.cherd.2013.01.022
http://dx.doi.org/10.1016/j.ijggc.2015.04.016
http://dx.doi.org/10.1515/polyeng-2015-0176
http://dx.doi.org/10.1016/j.energy.2017.11.101
http://dx.doi.org/10.1016/j.memsci.2017.08.068
http://dx.doi.org/10.1021/ie8019032
http://dx.doi.org/10.1002/ceat.201700406
http://dx.doi.org/10.1039/c39940000147
http://dx.doi.org/10.1016/S1387-1811(98)00252-2
http://dx.doi.org/10.1016/j.memsci.2013.07.011
http://dx.doi.org/10.1016/j.jechem.2016.02.004
http://dx.doi.org/10.1016/j.ijhydene.2016.10.161
http://dx.doi.org/10.1016/j.micromeso.2016.09.017
http://dx.doi.org/10.1039/C7TA08081F

Membranes 2018, 8, 30 23 of 23

86.

87.

88.

89.

90.

91.

92.

Figueroa, ].D.; Fout, T.; Plasynski, S.; Mcllvried, H.; Srivastava, R.D. Advances in CO, capture
technology—The U.S. Department of Energy’s Carbon Sequestration Program. Int. . Greenh. Gas Control
2008, 2, 9-20. [CrossRef]

Alonso, A.; Moral-Vico, J.; Abo Markeb, A.; Busquets-Fité, M.; Komilis, D.; Puntes, V.; Sanchez, A.; Font, X.
Critical review of existing nanomaterial adsorbents to capture carbon dioxide and methane. Sci. Total Environ.
2017, 595, 51-62. [CrossRef] [PubMed]

Li, Y.; Yi, H,; Tang, X,; Li, F; Yuan, Q. Adsorption separation of CO,/CH, gas mixture on the commercial
zeolites at atmospheric pressure. Chem. Eng. ]. 2013, 229, 50-56. [CrossRef]

Saha, D.; Bao, Z. Adsorption of CO,, CHy, NyO, and N, on MOF-5, MOF-177, and Zeolite 5A.
Environ. Sci. Technol. 2010, 44, 1820-1826. [CrossRef] [PubMed]

Cavenati, S.; Grande, C.A.; Rodrigues, A.E. Adsorption equilibrium of methane, carbon dioxide, and nitrogen
on zeolite 13X at high pressures. J. Chem. Eng. Data 2004, 49, 1095-1101. [CrossRef]

Talesh, S.S.A.; Fatemi, S.; Hashemi, S.J.; Ghasemi, M. Effect of Si/ Al ratio on CO,-CHy adsorption and
selectivity in synthesized SAPO-34. Sep. Sci. Technol. 2010, 45, 1295-1301. [CrossRef]

Rangnekar, N.; Mittal, N.; Elyassi, B.; Caro, ].; Tsapatsis, M. Zeolite membranes—A review and comparison
with MOFs. Chem. Soc. Rev. 2015, 44, 7128-7154. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S1750-5836(07)00094-1
http://dx.doi.org/10.1016/j.scitotenv.2017.03.229
http://www.ncbi.nlm.nih.gov/pubmed/28376428
http://dx.doi.org/10.1016/j.cej.2013.05.101
http://dx.doi.org/10.1021/es9032309
http://www.ncbi.nlm.nih.gov/pubmed/20143826
http://dx.doi.org/10.1021/je0498917
http://dx.doi.org/10.1080/01496391003684414
http://dx.doi.org/10.1039/C5CS00292C
http://www.ncbi.nlm.nih.gov/pubmed/26155855
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fundamentals of Zeolites 
	The Concept of Mixed Matrix Membranes (MMMs) Incorporating Zeolites 
	Gas Transport Mechanism in MMMs 
	Gas Transport in Dense Membranes 
	Strategies to Reach Optimal Interface Morphology 

	Zeolites as Filling Material in the Preparation of MMMs Based on Matrimid®5218 
	Beginnings of Incorporating Zeolites into Matrimid® 
	Recent Developments on Incorporating Zeolites into Matrimid® 

	Future Trends and Concluding Remarks 
	References

