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a b s t r a c t 

Anthropogenic emissions have developed the environmental demands for proficient carbon dioxide (CO 2 ) sep- 
aration technologies. Adsorption and membrane technologies are widely used to separate CO 2 from other light 
gases due to their multiple technological benefits, including but not limited to factors such as energy efficiency 
and low environmental footprint. In this context, zeolites are often used due to their intrinsic molecular sieving 
capacity. This review initially addresses recent technological advances to enhance the gas separation performance 
of zeolite materials. Current trends directed toward improving CO 2 adsorption capacity of zeolites include amine, 
silica, and ion-exchange modifications. Other promising efforts to improve the adsorption performance of zeolites 
involve processing zeolite nanoparticles, nanofibers, and zeolite-based foams. The second part of the review deals 
with pristine and modified zeolites beneficial properties for designing polymer-based mixed matrix membranes 
(MMMs), which enable to adapt a desirable gas separation performance. The gas transport mechanisms and mor- 
phological properties of MMMs are essential. This review addresses the most current strategies used to improve 
interfacial adhesions between zeolite particulates and polymer matrices to overcome the trade-off between gas 
selectivity and permeability faced by pure polymeric membranes. Filler shape and size play vital roles in determin- 
ing the filler and polymer matrix’s interfacial adhesions. New structures of inorganic fillers have been designed to 
fabricate MMMs with excellent gas transport properties. Hollow zeolite spheres (HZSs) are particularly interest- 
ing as they effectively minimize agglomeration and improve filler dispersion in the polymer matrix. Furthermore, 
approaches that employ nanoporous layered fillers, including AMH-3 and Jilin-Davy-Faraday, layered solid No. 
1 (JDF-L1), have been reviewed to overcome the limitation of incorporating high contents of zeolites, which 
are required to improve the gas transport properties of MMMs. Furthermore, this review explores implementing 
zeolitic imidazolate frameworks (ZIFs) in MMMs because of their tunable pore structure and remarkably high 
adsorption capacity and surface area as well as excellent chemical and thermal properties. Lastly, we address the 
prospects and future developments in gas separation applications. 
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. Introduction 

Zeolites are natural and synthetic aluminosilicates characterized by a
icroporous crystal structure [1] . In natural zeolites, balancing cations

re sited in relatively large cavities created by the [Si 1-x Al x O 2 ] x − neg-
tively charged frameworks [1] . These cavities are linked together by
hannels that generate the microporous structure, which can be pen-
trated by adequately small molecules, thus displaying the molecular
ieving phenomena essential for separation technologies [2] . The zeo-
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ite framework is built on two key structural units constituted by alu-
inum or silicon atoms bonded to four oxygen atoms producing a tetra-
edral shape, and an oxygen atom being attached to two tetrahedral
toms (normally bent ∼ 145°) [1] . Tetrahedra are then connected, form-
ng rings commonly comprised of 4, 5, 6, 8, 10, or 12 tetrahedra. The
ombination of rings forms more complex composite building units like
olecular cages; the periodic arrangement of these complex units forms

he framework with cavities consisting of channels, pockets, and cages,
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Fig. 1. Selected broadly applied zeolite frame- 
works. The three-letter code assigned by the In- 
ternational Zeolite Association (IZA) (in bold), 
the name of zeolites relating to the correspond- 
ing framework type, the pore window, the ball- 
stick atomic model, pore directions, and the 
ring size (in nm) are provided. Red spheres de- 
note oxygen atoms, while blue spheres repre- 
sent T atoms [24] . (For interpretation of the ref- 
erences to color in this figure legend, the reader 
is referred to the web version of this article.) 
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inked by rings that act as windows between the cavities. Fig. 1 demon-
trates some widely used framework types. 

Zeolites can be distinguished according to different standards [3] ,
ith pore aperture being of greatest interest. Zeolites can be classified
s [1] : (i) small-pore zeolites, comprised of channels delimited by 8
embered rings with a pore diameter of ∼ 4 Å, (ii) medium-pore ze-

lites, comprised of channels delimited by 10 membered rings with a
ore diameter of ∼ 5–6 Å, (iii) large-pore zeolites, comprised of chan-
els delimited by 12 membered rings with a pore diameter of ∼ 7 Å, and
iv) extra-large pore zeolites, comprised of channels delimited by more
han 12 membered rings and a pore diameter larger than 7 Å. This is a
ough classification as pore shape represents another significant crite-
ion, wherein zeolites with pore apertures of varied shapes but delimited
y the same number of tetrahedra exhibit quite different behavior. The
imensionality of the channels demonstrates another zeolite criterion, as
eolitic materials may include one-dimensional, two-dimensional, and
hree-dimensional pore structures, depending on channel arrangement.
oreover, zeolitic materials have also been classified as low silica (Si/Al

tomic ratio ∼ 1), intermediate silica (1.5 < Si/Al atomic ratio < 10), or
igh silica (Si/Al atomic ratio > 10). Low-silica zeolites are hydrophilic
ue to the high contents of protons and highly negatively charged frame-
orks. In contrast, high-silica zeolitic materials are hydrophobic be-
2 
ause of the presence of predominated covalent Si-O-Si bridges. For clar-
fying, zeolite NaA offers excellent CO 2 -over-N 2 selectivity compared to
AU due to its narrow pore window [4] . Many large-pore zeolites with
hannels formed by openings of more than 12 rings are known, but all of
hem have a one-dimensional channels that limits their use in catalysis
pplications [5] . Regarding the Si/Al ratio, zeolite LTA4A is commonly
sed to separate polar from non-polar molecules by permeation, as this
eolite is highly hydrophilic due to its low Si/Al ratio [6] . 

Zeolites and other molecular sieves are used for many purposes,
ncluding adsorption, membranes, ion-exchange, and catalysis, due
o their high surface area, hydrothermal stability, and structure se-
ective characteristics [ 7 , 8 ]. Their applications depend mainly on
ramework composition (Si/Al ratio and the associated hydrophilic-
ty/hydrophobicity) and crystalline morphologies (8-, 10-, 12-ring, or
arger pores and one-, two-, or three-dimensional channels) [9] . The
reparation procedure represents a vital role in tailoring and applying
eolites for specific uses [9] . Principally, direct preparation and post-
ynthetic functionalization are commonly used to attain desired proper-
ies. In the direct preparation, the primary approach of synthesizing ze-
lites [ 10 , 11 , 20 , 12–19 ], composition of preparation mixture, prepara-
ion method, structure-directing agents, and preparation time and tem-
erature predominantly control the zeolite morphology. Zeolites can be
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repared in a broad range of framework compositions based on zeo-
ite formation chemistry [1] . In addition to the direct fabrication pro-
edure, post-synthetic modification often offers an effective approach
o improve the zeolites to display favorable characteristics. Powerful
spects of post-synthetic functionalization of zeolites, including reinser-
ion of heteroatoms into zeolite frameworks, ion-exchange, and synthe-
is of metal-supported zeolites, are discussed in the literature [ 21 , 22 ].
ewer treatment approaches will be addressed in the next sections. 

Zeolite molecular sieves exhibit higher accessibility and remarkably
igher selectivity and diffusivity resulting from their narrow pore aper-
ure distribution [23] . Thus, this review initially addresses recent trends
o improve the gas separation performance of zeolites themselves. The
urrent approaches directed toward the enhancement of the carbon
ioxide (CO 2 ) adsorption capacity of zeolites are considered. To real-
ze the structure effect, the performance of zeolites with different struc-
ures, including nanoparticles and nanofibers on CO 2 adsorption, is also
eviewed. Zeolite-based foams will be addressed to introduce ultra-high
ontents of zeolites for selective CO 2 capture. The remarkable improve-
ent in polymeric membranes transport properties by incorporating
ristine and functionalized zeolites is then considered. The inorganic
ieve shape and size determine the interfacial adhesions between the
olymer matrix and sieve. New structures of inorganic sieves have been
repared to design mixed matrix membranes (MMMs) with excellent
as separation performance. Of these, hollow zeolite spheres (HZSs) are
eviewed. Employing nanoporous layered fillers, including AMH-3 and
ilin-Davy-Faraday, layered solid No. 1 (JDF-L1), has been summarized
o overcome the limitation of adding high loadings of zeolites. In addi-
ion, this review touches on employing zeolitic imidazolate frameworks
ZIFs) in MMMs due to their exciting properties. 

. Zeolite-based adsorbents for CO 2 separation 

Carbon dioxide (CO 2 ) gas which is mainly a byproduct of fossil fuel
ombustion, accounts for most of the greenhouse gas emissions to the
tmosphere [ 25 , 26 ]. To reduce greenhouse emission, it is essential to
eparate CO 2 from a flue or exhaust gas that emanates from combus-
ion plants. Therefore, CO 2 storage displays a potential approach for en-
uring environmental sustainability and reducing CO 2 emissions. Post-
ombustion capture-based processes are employed mainly for separating
O 2 from flue gas. In this approach, four different techniques are ex-
lored immensely as frontier strategies to capture CO 2 after fossil fuel
ets burnt: absorption, adsorption, membrane purification, and cryo-
enic distillation [27] . The widely utilized industrial technology for CO 2 
apture is absorption-based, wherein amines are used. However, this
rocess has many disadvantages, such as the high-energy requirement
or amine solution regeneration and amines highly corrosive nature. On
he other hand, adsorption has many compensations, i.e. low-energy re-
uirements, low cost, and more applicable operating conditions. The
hoice of adsorbents represents a critical factor in effective CO 2 capture
 28 , 29 ]. 

Zeolites are crystalline aluminosilicates that are implemented uni-
ersally as highly efficient catalysts and sorbents [30] . Zeolites are com-
only used as molecular sieves in CO 2 adsorption applications due

o their tailorable cavities and pore sizes. The mechanism of the CO 2 
dsorption process on zeolites has confirmed the physical adsorption
f CO 2 molecules induced by firmly bound carbonate molecules by 𝜋-
oordination or ion-dipole interactions [31] . Because of the strong inter-
ctions between the zeolitic cations and the stronger quadruple moment
f N 2 compared with O 2 , zeolites are applied in air separation applica-
ions. Compared with the other adsorbents, zeolite display characteristic
erformance, especially in the low-pressure regime, along with superior
O 2 /N 2 selectivity [ 32 , 33 ]. Zeolites A, 𝛽, Y, 13X, ZSM, and chabazite
re applied for separating CO 2 from N 2 [33] . Zeolites NaY and 13X are
ommonly employed in post-combustion CO 2 capture due to their high
dsorption capacity, whereas zeolite NaA displays a high CO 2 /N 2 selec-
ivity due to its narrow pore size [ 33 , 34 ]. 
3 
Interestingly, the pulsed current process was used by Akhtar et al. to
ynthesize thin and binder-less zeolite NaX laminates, with thicknesses,
anged between 310 and 750 μm and widths exceeding 50 mm [35] .
he laminates offered a high CO 2 adsorption capacity as well as high
O 2 /CH 4 and CO 2 /N 2 selectivities. The adsorption characteristics of ze-
lites and their pore sizes can be tuned by varying the outer surface
nd modifying their crystal structure [ 30 , 36–41 ]. The several strate-
ies utilized to chemically functionalize zeolites will be addressed in
he following section below. Furthermore, auspicious improvement for
he evolution of adsorption performance of zeolites by using nanoparti-
le and nanofiber particles will be discussed to investigate the structure
ffect. Moreover, the incorporation of ultra-high contents of zeolites for
elective CO 2 capture, zeolite-based foams will also be reviewed. 

.1. Chemical modification of zeolites 

Gas separation technologies that need a resolution in molecular size
ifference of 0.1 Å represent the main challenge in emerging renewable
nergy technologies. This concept includes CO 2 capture from flue gases
nd methane (CH 4 ) upgrading from biogas by separating hydrogen sul-
de (H 2 S) and CO 2 . Both CO 2 capture and biogas upgrading can be
ccomplished effectively through temperature swing adsorption (TSA)
r pressure swing adsorption (PSA) processes [ 25 , 42–44 ]. Lately, great
ttention has been given to design novel adsorbents with high adsorp-
ion capacity and selectivity for CO 2 /N 2 and CO 2 /CH 4 separations. At
he heart of this concept, amine-grafted zeolites [45] , mesoporous silica
26] , amine-grafted silica [46] , cation-exchanged zeolites [ 47 , 48 ], acti-
ated carbon [29] , and MOFs [ 49 , 50 ] were employed. The next sections
ill describe the mainly used approaches to enhance the CO 2 adsorption
n zeolites. 

.1.1. Amine-modified zeolites 

Amongst different zeolites, zeolite 13X has been studied most be-
ause of its high CO 2 adsorption capacity. Zeolites are recognized to
e less effective at high temperatures and more effective at ambient
emperatures. To make zeolites more operative at high temperatures,
mine-modified zeolites are proposed, in which both chemisorption and
hysisorption phenomena will take place [51] . Amine-impregnated ad-
orbents have attracted the researcher’s interest because of the simple
hemistry between the acidic CO 2 molecules and basic amine molecules
ncorporated onto the adsorbent external surface. The electron density
nd basicity of the nitrogen atom play a critical role in selecting an
mine appropriate for CO 2 capture. Therefore, primary and secondary
mines interact with CO 2 to produce ammonium carbamate [52] . 

Diffusion hindrance of impregnated amine molecules into the zeo-
ite pores and pore blockage restricts achieving high CO 2 adsorption
apacity [ 45 , 53 , 54 ]. This behavior is more critical for zeolites contain-
ng small pores (i.e. zeolite 4A) [ 55 , 56 ]. Hence, large pores containing
eolites such as NaY, 13X, and 𝛽 are commonly applied in preparing
mine-modified zeolites [ 45 , 53 , 57 ]. The binder-containing commercial
eolite 4A can be used for amine impregnation since it exhibits hetero-
eneous pore size distributions formed by the binder (such as attapulgite
nd kaolin), which offers an additional pathway for CO 2 diffusion into
he zeolite pores [58] . It also provides enhanced CO 2 adsorption capac-
ty and CO 2 /N 2 selectivity [59] . 

Various amines have been applied in the preparation of amine-
mpregnated zeolites, including tetraethylenepentamine (TEPA),
olyethyleneimine (PEI), and monoethanolamine (MEA) [60] . The
O 2 adsorption capacity in the temperature range of 30–120°C was
easured for MEA-impregnated zeolite 13X, showing CO 2 capture

fficiency was enhanced by a factor of 1.6 at 30°C and 3.5 at 120°C
51] . Recently, PEI of high molecular weight was impregnated on
eolite 13X by Karka et al. [60] . It was observed that the highest
dsorption capacity was achieved at 75°C with 60 wt% PEI content
 Fig. 2 ). Interestingly, Li et al. studied the effect of PEI molecular
eight and type (branched or linear) on the CO capture efficiency
2 
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Fig. 2. CO 2 adsorption capacity as a function of time of various 
polyethyleneimine (PEI) contents on zeolite 13X at 1 atm and 75°C [60] . 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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4  
61] . They reported that increasing PEI molecular weight reduced the
O 2 adsorption capacity, and linear PEI exhibited lower adsorption
apacity than branched one because of chains restricted mobility. Other
liphatic amines such as butylamine, iso- butylamine, propylamine,
nd iso- propylamine also exhibit high affinity towards CO 2 molecules
or the post-combustion CO 2 capture [ 52 , 62–64 ]. In this regard, the
bsorption capacity of iso- butylamine (0.78 mol of CO 2 /mol of amine)
s higher than that of MEA (0.72 mol of CO 2 /mol of amine) for the
ost-combustion CO 2 capture [64] . The influence of the carbon chain
ength and steric hindrance of amines on CO 2 adsorption efficiency
n amine-impregnated binder-containing zeolite 4A was discussed by
anda et al. [4] . They used pentylamine, iso- pentylamine, butylamine,

so- butylamine, propylamine, and iso- propylamine. Among these hybrid
dsorbents, the iso- butylamine-modified adsorbent offered the highest
dsorption capacity of 2.56 mmol/g at 1 bar and 25°C and significantly
igh CO 2 /N 2 selectivity of 335. Moreover, Thakkar et al. synthesized
ifferent molecular sieves, including SAPO-34, Y, and ZSM-5 zeolites
rom kaolin clay [65] . The prepared sieves were treated with TEPA, and
ts impact on CO 2 uptake revealed that the TEPA-impregnated zeolite Y
ith 10 wt% TEPA displayed a higher CO 2 capacity than other zeolites
wing to its larger mesopore volume. The mesopores present in the
eolite Y frameworks smoothed the accessibility of CO 2 molecules to
he amine sites. 

.1.2. Silica-modified zeolites 

In addition to gas separation applications, the silica modification
rocess is applied for other uses as well, which includes catalysis [66] ,
ater treatment [67] , and drug delivery [ 68 , 69 ]. The surface modifica-

ion of zeolite alters the size of the pore entrance without influencing
he internal morphology. In this context, an ultrathin alumina porous
lm was deposited on the surface of zeolite 5A particles by Yu et al.
sing the molecular layer deposition (MLD) process [ 39 , 70 ]. Moreover,
he chemical vapor deposition (CVD) technique was applied to deposit
 silica layer on mordenite to reduce the pore entrance sizes at 0.1 nm
evel [37] . Compared with CVD, the chemical liquid deposition (CLD)
ethod is more scalable, amenable to finer tuning, and simpler to con-

rol [ 71 , 72 ]. The CLD approach is commonly applied to enhance cat-
lyst performance. In this context, CLD modified zeolite ZSM-5 was
sed in the selective adsorption of disubstituted benzene isomers such
s m- cresol/ p- cresol and m- xylene/ p- xylene [72] . In addition, Zhao et al.
40] reported the use of CLD modified zeolite ZSM-5 to remove dimethyl
isulfide from methyl tert- butyl ether. Refrigerant mixtures consisting of
143a and R125 were separated using CLD modified zeolite 5A [41] . Re-
ently, CLD modified zeolite 4A was used in the size-selective adsorption
4 
eparation of CH 4 and CO 2 [73] . The zeolite 4A powder was modified
ith silicon tetrachloride as a silica precursor. These optimized zeolites
ffered a CO 2 /N 2 selectivity of 44, a CO 2 /CH 4 selectivity of 76, and an
 2 /N 2 selectivity of 1.6 while maintaining high adsorption capacity. 

The selective separation of CO 2 using commercial zeolites under hu-
id conditions always suffers from many challenges. In the presence of
ater, zeolites always lose their adsorption property due to their higher
ffinity for water molecules, as in many real gas separation cases such
s flue gases and biogases [ 74 , 75 ]. Thus, dehumidification is essential
efore CO 2 adsorption, which would dramatically increase the total en-
rgy consumption and the difficulty of the operation as well as the in-
estment cost. In this context, the zeolites encapsulation with a shell
an remarkably hinder the diffusion of water molecules into the zeolite
ore to preserve their CO 2 adsorption property in the presence of water
31] . In addition, a dynamic reaction-induced retardation behavior for
oisture can be developed by considering amines for CO 2 separation.

or instance, Liu et al. used sol-gel coating and PEI impregnation pro-
edures to design core-shell zeolite 5A@mesoporous silica-supported-
mine (5A@MSA) hybrid adsorbents for advanced CO 2 adsorption from
ue gas in the presence of water [31] . The amino groups in the shell
an react with CO 2 and H 2 O molecules forming carbamate molecules,
hich will then be converted to bicarbonates or carbonates [26] , effi-

iently retarding water diffusion and allowing CO 2 molecules to easily
each the zeolite core. The 5A@MSA hybrid adsorbent with 30 wt% of
mpregnated PEI displayed the highest CO 2 uptake. The PEI molecules
re retained in the shell after 10 adsorption/desorption cycles, result-
ng in a very stable and efficient CO 2 adsorbent. Additionally, the same
roup coated zeolite 5A cores with a hydrophobic zeolitic imidazolate
ramework (ZIF)-8 shell to significantly minimize the moisture influence
n CO 2 adsorption processes [76] . 

.1.3. Ion-exchanged zeolites 

Encompassing silicon and aluminum oxides, zeolites are recognized
s microporous crystals exhibiting adsorptive and ion-exchange charac-
eristics that tailor the interactions between adsorbents and adsorbates
77] . The impregnation of electropositive cations can improve the ad-
orption of acidic gases, and the introduction of alkali metal ions causes
 remarkable improvement in the CO 2 adsorption performance [78] .
mmonium ion is often used due to its basic nature and affinity toward
O 2 molecules [45] . 

Diaz et al. modified parent NaX zeolites by using Na and Cs aqueous
arbonate and hydroxide solutions as precursors [79] . Exchanging zeo-
ite NaX with Cs has been demonstrated to increase the basicity of these
eolites. Cs-modified materials provided a higher CO 2 retention capac-
ty than the Na-modified and parent zeolites. For Cs-treated zeolites, the
esorption process took place at high temperatures in the range of 250–
00°C, which results in interesting practical applications. In another in-
estigation, Lee et al. [77] impregnated zeolite 13X with different alkali
nd alkaline earth metals, including K, Ca, and Mg, to investigate the
urface interactions of the treated zeolites with CO 2 molecules. Addi-
ionally, the influence of moisture on the adsorption performance was
lso investigated. Particularly, the zeolite 13X modified with Ca showed
he highest CO 2 adsorption efficiency, and the existence of moisture in
he mixed gas flow decreased the capture performance. The adsorption
quilibria of CH 4 and CO 2 in a cation-exchanged zeolite 13X was stud-
ed by Moura et al. [48] . Ion-exchange with Na + , Li + , NH 4 

+ , Ba 2 + , and
e 3 + cations were performed in binderless zeolite 13X pellets. The ad-
orption capacity decreased in the following order: Na-NH 4 > Li > Ba
or CH 4 and Li > Na > Ba-NH 4 > Fe for CO 2 . The Li-exchanged zeolite
howed higher CO 2 uptake than the Na-exchanged material because of
ower adsorption enthalpy as well as higher selectivity and capacity. 

Recently, Sun et al. investigated the use of transition metal ion-
xchanged zeolite SSZ-13 for CO 2 adsorption [80] . Among the im-
regnated transition metal (Ag + , Ni 2 + , Co 2 + , Zn 2 + , Cu 2 + , Fe 3 + , La 3 + ,
nd Ce 3 + ) treated zeolites, the highest CO 2 capacities of 4.45 and
.49 mmol/g and superior CO /N selectivity of 42.61 and 52.55 were
2 2 
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Table 1 

Discussed modified zeolite adsorbent materials. 

Modification type Zeolite type Modifying reagent CO 2 adsorption capacity Ref 

Amine 𝛽 MEA, 40 wt% At 1 atm and 303 K 

𝛼 = 1.76, 𝛼’ = 0.77 

Xu et al. [59] 

13X MEA, 50 wt% At 120°C 

𝛼 = 4 mL/g, 𝛼’ = 14 mL/g 

Jadhav et al. [51] 

13X PEI, 60 wt% At 1 atm and 75°C 

𝛼 = 0.36, 𝛼’ = 1.22 

Karka et al. [60] 

Binder-containing 4A iso- butylamine, 0.3 wt% At 1 bar and 25°C 

𝛼 = 2.20, 𝛼’ = 2.56 

Panda et al. [4] 

Y TEPA, 10 wt% At 25°C 

𝛼 = 0.9, 𝛼’ = 1.1 

Thakkar et al. [65] 

Silica 4A SiCl 4 , 27 wt% At 760 torr 

𝛼 = 4.3, 𝛼’ = 3.1 

Wang et al. [73] 

5A TEOS/30 wt% PEI At 298 K and 70% relative 

humidity 

𝛼 = 0.73, 𝛼’ = 5.05 

Liu et al. [31] 

Ion-exchange NaX CsOH, 0.5 M At 50°C, first cycle 

𝛼 = 2.22 mg/g, 

𝛼’ = 12.97 mg/g 

Diaz et al. [79] 

13X Ca(CH 3 COO) 2 , 1 M Langmuir fitting, 

two-parameter model 

𝛼 = 1.21, 𝛼’ = 2.51 

Lee et al. [77] 

Binder-free 13X LiCl, 1 M At 1 bar and 298 K 

𝛼 = 6.27, 𝛼’ = 6.98 

Moura et al. [48] 

SSZ-13 Co(NO 3 ) 2 , 0.5 M At 1 atm and 273 K 

𝛼’ = 4.49 

Sun et al. [80] 

Clinoptilolite CaCl 2 , 0.2 M Toth fitting 

𝛼 = 2.061, 𝛼’ = 1.911 

Kennedy et al. [47] 

∗ 𝛼 and 𝛼’ are the adsorption capacities (mmol/g) of the pristine and modified zeolites, respectively. 
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[  
chieved by using Ni 2 + and Co 2 + modified materials, respectively at
73 K and 1 atm. The outstanding adsorption efficiency can be attributed
o the 𝜋-back-donation between transition metal cation sites and CO 2 .
oreover, Kennedy et al. reported the adsorption performance of pure
O 2 , N 2 , and CH 4 gases on pristine, Cs + , Ca 2 + , and Fe 3 + ion-exchanged
linoptilolite [47] . Ca-clinoptilolite exhibited the highest CO 2 /CH 4 se-
ectivity, whereas Cs + and Fe 3 + -exchanged zeolites displayed a higher
H 4 adsorption equilibrium selectivity. The CH 4 capacity was deterio-
ated by blocking the pores in the Ca 2 + -modified clinoptilolite. Table 1
ummarizes the discussed modified zeolites in this review and the re-
pective chemical reagents used in the modification process. 

.2. Zeolite nanoparticles 

Designing of promising solid adsorbents with high CO 2 selectivity,
igh adsorption efficiency, and high thermal and mechanical stability
re the foremost challenges in developing CO 2 separation by adsorption
rocesses [81] . Decreasing the particle size reduces the diffusion path-
ays of adsorbate molecules and, consequently, improves the adsorp-

ion capacity [ 81 , 82 ]. Fabricating low-cost zeolite nanoparticles with a
apid capture and high adsorption capacity is in demand at a large-scale
or CO 2 separations from flue gas [83] . 

Zeolite T is an intergrowth zeolite of offretite and erionite. Offretite
nd erionite exhibit varied structural configurations but are closely re-
ated to each other. The effective pore size of zeolite T is 0.36 nm,
hich is larger than the molecular size of CO 2 (0.33 nm) and smaller

han the molecular size of CH 4 (0.38 nm) and N 2 (0.364 nm) [ 84 , 85 ].
owever, the preparation of zeolite T nanoparticles is still limited. In

his respect, Jiang et al. hydrothermally prepared highly recyclable ze-
lite T nanoparticles with a particle size of 150–200 nm for CO 2 /CH 4 
nd CO 2 /N 2 separations [81] . At 288 K and 100 kPa, the selectivity of
O 2 /CH 4 and CO 2 /N 2 reached 19.15 and 53.71, respectively. The nano-
ized zeolite T particles adsorption capacity was 30% higher than that
f the micron-sized ones at 288 K and 100 kPa. 

Many concepts have been designed to prepare zeolite nanocrys-
als with and without using morphology-directing materials [86–90] .
f these, zeolite NaA nanocrystals with high CO adsorption capacity
2 

5 
ere synthesized by template-free hydrothermal preparation in thermo-
eversible methylcellulose gels [83] . The thermo-gelation of methylcel-
ulose in the alkaline Na 2 O-SiO 2 -Al 2 O 3 -H 2 O system performed a vital
ole in determining the particle size. Compared to the commercial micro-
evel zeolite NaA, the synthesized nanocrystals with a particle size of
00 nm offered a relatively rapid CO 2 capture and high adsorption ca-
acity of 4.9 mmol/g at 100 kPa and 293 K. 

As mentioned previously, the ion-exchange can be used to tailor the
eolite pore size [36] . In this context, the kinetic CO 2 /N 2 selectivity can
e induced by diminishing the window aperture of zeolite NaA by K 

+ 

ation-exchange as N 2 has a larger kinetic diameter than CO 2 [34] . For
he 17.3 atomic% zeolite NaKA, the selectivity was increased by a factor
f 5–10 when compared with zeolite NaA. Because of the narrow pore
ize, CO 2 diffusion will be retarded among the cages in zeolite NaKA.
epending on crystal quality and decreasing the particle size, the diffu-

ion rate can be quadratically increased [91] . Furthermore, zeolite NaKA
anoparticles were prepared by Cheung et al. and the CO 2 adsorption
ate on nano-sized zeolites NaA and NaKA did not increase significantly
91] . 

.3. Zeolite-based nanofibers 

The electrospinning technique is considered one of the most promi-
ent strategies to synthesize thin, continuous, and novel nanofibers for
umerous applications [92–94] . Nanofibers with desired characteristics
uch as high surface area, porosity, and diameters ranging from tens
f nanometers to few micrometers can be designed using electrospin-
ing. For instance, enhancing the gas separation performance of acry-
onitrile butadiene styrene fibers by incorporating 10 wt% of natural
eolite, which was reported by Calderon et al. [95] . The catalytic crack-
ng of isobutane was stimulated by adding 34 wt% of zeolite ZSM-5 to
oly(vinylpyrrolidone) (PVP) nanofibers [96] . 

Furthermore, the zeolite/polymer nanofibers fabrication step can be
erformed initially, and then afterward, the thermal surface etching pro-
ess ranging from 250 to 450°C can be applied for eliminating the poly-
er matrix and designing zeolite nanofibers exhibiting high surface area

97] . The thermal etched zeolite Y nanofibers at 400°C offered a specific
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Table 2 

The BET surface area and pore size of the zeolite Y powder and zeolite Y nanofibers with varied 
thermal etching temperatures [97] . 

Sample BET surface area (m 

2 /g) Pore size (nm) t-plot micropore volume (cm 

3 /g) 

No thermal etching 210 20.5 0.04 

300°C thermal etching 586 14.5 0.20 

350°C thermal etching 676 14.0 0.21 

400°C thermal etching 816 13.7 0.25 

Zeolite Y powder 861 23.7 0.24 

Fig. 3. SEM micrographs of (a,b) ZSM-5/ poly(vinylpyrrolidone) (PVP) 
nanofibers; (c,d) ZSM-5/C nanofibers [98] . 
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2 /g, close to that of zeolite Y powder ( Table 2 )
97] . It is worth mentioning that the zeolite Y nanofibers surface area
nd pore size can be tuned by changing the thermal etching temperature
see Table 2 ) [97] . 

Few researchers discussed the structuring of zeolite nanofibers with
 polymeric carrier and modifying the morphology by post-processing
or gas separation applications. For biogas upgrading, Zhang et al. re-
orted the synthesis of hierarchical zeolite nanofibers from a commer-
ial zeolite ZSM-5 nanopowder and PVP [98] . ZSM-5/carbon (ZSM-5/C)
omposite nanofibers were then obtained by carbonizing the electro-
pun ZSM-5/PVP nanofibers at 700°C under N 2 gas flow. The ZSM-5/C
anofibers displayed a 30.4% increase in the surface area relative to the
ristine ZSM-5 nanopowder. A CO 2 adsorption capacity of 2.15 mmol/g
nd CO 2 /CH 4 selectivity of 20 were achieved at 1 bar and 293 K. Fig. 3
emonstrates the SEM micrographs of the spun ZSM-5/PVP composites
efore and after carbonization. Afterward, the carbonized nanofibers
ere processed into hierarchical porous pellets (with a porosity of ∼
0%) to produce efficient adsorbents with a CO 2 adsorption capacity of
.18 mmol/g at 4 bar and 293 K after 5 adsorption-desorption cycles. 

.4. Zeolite-based foams 

It is well-documented that microporous crystalline aluminosilicates
with a pore size less than 2 nm) in the form of zeolites represent a
otential candidate for CO 2 adsorption in the eminent battle against cli-
ate change and global warming phenomena. The poor processability

f conventional zeolite powders limits their engagement in many gas
6 
ltration industrial applications [99] . To address this restriction, Va-
encia et al. recently developed hybrid foams using meso/macroporous
elatin/nanocellulose supporting materials, which can sustain ultra-
igh contents of silicalite-1 up to 90 wt%, without the necessity of
dding any crosslinker [99] . The hierarchical meso/macro-porosity im-
roved gas molecules diffusion and limited the pressure drop over
he adsorbent permitting the high gas flow rates. Thus, the strong
elatin/nanocellulose networks effectively preserved the zeolite crys-
als efficiency without blocking their pores. Fig. 4 demonstrates the pre-
erved anisotropy of the foams even at high contents of zeolite. Exam-
ning the hybrid foams revealed the linear relationship between CO 2 
ptake and zeolite loading with high CO 2 /N 2 selectivity. The reusabil-
ty of these foams displayed a minor reduction in adsorption efficiency.
his novel design offered the best overall combination of adsorption
nd mechanical characteristics for the 90 wt% loaded zeolite foams. In
nother work, Mazaj et al. [100] embedded zeolite nanocrystals in the
alls of microcellular carbon foams providing unique textural features,
hich resulted in improved CO 2 uptake due to the existence of ultra-
icropores. This synergism delivered a novel adsorbent with a CO 2 /N 2 

electivity of 80 and an outstanding multi-cycle adsorption performance
nder humid environments (70% efficiency preservation after 30 regen-
ration cycles). More interestingly, the framework allowed Joule heat-
ng and cooling, and consequently, an energy-efficient regeneration pro-
ess with a projected energy consumption of only 12 kWh was possible.
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Fig. 5. Schematic illustration of a typical mixed matrix membrane (MMM). (For 
interpretation of the references to color in this figure legend, the reader is re- 
ferred to the web version of this article.) 
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. Zeolite/polymer mixed matrix membranes (MMMs) for gas 

eparation 

Natural gas mainly consists of CH 4 , with small amounts of other
ydrocarbons comprising ethane (C 2 H 6 ), propane (C 3 H 8 ), and butane
C 4 H 10 ), as well as some impurities including CO 2 , H 2 S, N 2 , and O 2 
101] . To avoid pipeline corrosion and meet pipeline quality standard
pecifications, CO 2 gas must be separated [102] . As mentioned before,
echnologies used for CO 2 separation applications include membranes,
dsorption, absorption, and cryogenic distillation [27] . In addition to
dsorption, membrane separation technologies attracted great interest
ver the years due to low energy demand, low capital cost, and simple
peration, with polymeric materials revolutionizing membrane technol-
gy [103–105] , followed by inorganic membranes [ 106 , 107 ] and mixed
atrix membranes (MMMs) [ 108 , 109 ]. MMMs have gained the most at-

ention as polymeric membranes face a trade-off between gas selectiv-
ty and permeability (known as the Robeson upper-bound limit) [110] ,
hile inorganic membranes are hindered by poor reproducibility and
igh production cost [111] . MMMs consist of two or more different ma-
erials (polymer matrix and filler particles), each with different fluxes
nd selectivity [112] . The filler particles get dispersed into the contin-
ous phase of a polymeric network. Fig. 5 demonstrates a general illus-
ration of a typical MMM. The polymer matrix should develop strong
inkages with the filler galleries in the membrane and facilitate high
as selectivity with good mechanical and thermal characteristics [113] .
requently applied polymers in gas separation applications involve Pe-
ax [114–116] , Matrimid [117–120] , polysulfone (PSF) [121–123] , and
FDA-based polyimides [124–126] . Meanwhile, many fillers concerning
eolites [127–129] , MOFs [ 115 , 125 , 126 , 130–132 ], and carbon materi-
ls [ 122 , 133 , 134 ], are extensively addressed in the literature. Moreover,
as selectivity of membranes has been observed to improve remarkably
y incorporating small amounts of molecular sieves. This behavior was
ue to the higher separation efficiency of the molecular sieve than the
eat polymer, and thus the MMMs efficiency surpassed the Robeson
pper-bound limit. In other developments, MMMs have been designed to
nhance polymers mechanical and electrical characteristics [135–137] .

.1. Gas transport in polymeric membranes 

The gas transport property arises when gas molecules diffuse across
he networks via cavities in the polymer and dissolve into the membrane
urface. Notably, the permeability arises from the contribution of these
7 
wo processes, as described in Eq. (1 ). 

 = 𝐷.𝑆 (1)

Where; P is permeability (which relates to the gas partial pressure),
 is the diffusion coefficient (kinetic factor), and S is the sorption co-
fficient (thermodynamic factor). The sorption coefficient relates to the
hysicochemical characteristics of the materials and the gas condens-
bility. Henry’s law describes the direct proportionality between the
mount of gas dissolved in a polymer and the partial pressure, while
ick’s law expresses the diffusion coefficient [138] . The diffusion coeffi-
ient describes the energy required for the gas molecules to pass through
he polymer. This factor is also controlled by the shape and the size of
he guest gas molecules [139] . The ideal selectivity ( 𝛼) is also used to
valuate the networks gas transport properties ( Eq. (2 )). Certainly, the
electivity is described as the ratio of the permeability for gases x and
. From Eq. (1 ), the selectivity can be expressed using diffusion selec-
ivity (ratio of diffusivity coefficients) and adsorption selectivity (ratio
f sorption coefficients), as shown in Eq. (2 ) [138] . 

 

𝑃 𝑥 

𝑃 𝑦 
= 

𝐷 𝑥 

𝐷 𝑦 

. 
𝑆 𝑥 

𝑆 𝑦 

(2)

Therefore, as studied, the pure polymeric membranes description
ill vary when introducing zeolites into the polymer networks. Addi-

ionally, the interfacial adhesions between zeolite surfaces and polymer
etworks that represent a vital role in controlling the membranes gas
eparation performance will be discussed well in the next section. 

.2. Interphase morphologies of MMMs 

The synthesis of defect-free MMMs demonstrates a significant chal-
enge in improving its separation performance. Great devotion has been
iven to design MMMs with novel properties such as inorganic filler
xcellent dispersion, developed interfacial adhesions between the poly-
er matrix and inorganic filler, appropriate particle dimensions, and

uitable content of inorganic filler. Inadequate sieve dispersion in the
olymer matrix attributes to agglomerate formation and worsening of
he separation performance in MMMs, primarily while using high pro-
ortions of the inorganic sieve [140] . Weak adhesion interactions de-
elop interfacial voids, rigidified polymers, and pore blockage [141] .
oreover, inappropriate particle dimensions and excess content of in-

rganic fillers create pinholes and voids, resulting in the deterioration
f membranes [ 108 , 142 ]. Thus, intensive interest should be devoted
o unraveling these challenges using the introduction of modification
trategies. 

Two parameters are highly significant to the interphase formation:
i) the stress that arises during the fabrication of MMM and (ii) the na-
ure of polymer-zeolite interactions [117] . The nanoscale interface mor-
hology of inorganic/organic MMMs plays a critical role in controlling
he gas separation performance of MMMs. There are four different struc-
ures ( Fig. 6 ) [108] : (a) Case 1 is an ideal case (defect-free) but difficult-
o-obtain morphology, corresponding to Maxwell model prediction. (b)
ase 2 displays interfacial voids as a result of the detachment of polymer
alleries from the zeolite surface. (c) Case 3 shows the rigidified poly-
er chains in direct contact with the zeolite surface. (d) Case 4 indicates

he partially sealed zeolite pores by the rigidified polymer galleries. 
Interfacial voids between the filler and polymer phases act as a by-

ass for the gas molecules around the sieve particles and can affect the
as selectivity of the fabricated membranes [ 103 , 143–148 ]. This prob-
em is critical, especially for zeolites, as they exhibit poor compatibility
ith the organic polymers [23] . The rigidified polymer layers around

he sieve may create a region with less free volume and restricted chain
obility, resulting in a decrease in permeability [ 149 , 150 ]. The partially

ealed zeolite pores by the rigidified polymer chains may also lead to
 permeability reduction [ 145 , 151 , 152 ]. Although polymer rigidifica-
ion [153–156] and partial pore blockage [150] can improve the gas
electivity by enhancing the diffusion selectivity, it is hugely abstruse
o control, characterize, and evaluate them. 
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Fig. 6. Illustrative scheme of possible structures of mixed matrix membranes 
(MMMs). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 7. Illustrative scheme of possible structures of the third component in 
ternary mixed matrix membrane (MMM) systems. (For interpretation of the ref- 
erences to color in this figure legend, the reader is referred to the web version 
of this article.) 
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.2.1. Improving interfacial adhesion 

Several approaches have been employed to adjust the interfacial
orphology between the polymer and the sieve and control the dis-
ersion of the sieve particles in the polymer network [ 23 , 144 , 157–
61 ]. The widely used concepts include heat treatment, priming, and
ernary MMM systems preparation via chemical and physical treatments
f fillers [162–164] . 

Thermal annealing is the most economical and the most simple post-
reatment process to remove the remaining solvents and discharge the
tress from MMMs [165] . This process describes the membranes anneal-
ng at temperatures close to their glass transition temperature (T g ) un-
er vacuum [103] . Thermal annealing improves polymer chains mobil-
ty, increases the free volume, and subsequently develops the adhesion
etween the polymer and filler [103] . For clarifying, Bakhtiari et al.
166] thermally annealed membranes to develop the adhesions between
eolites (4A and ZSM-5) and polymers (Matrimid®5218 and P84). The
ooling procedure after the heat treatment process is critical to prevent
oids formation. In this regard, natural and immediate quenching cool-
ng processes can be used [23] . Natural cooling processes cause excel-
ent interfacial adhesions as the polymer chains are frozen and hard-
ned gradually with decreasing temperature. Meanwhile, the immedi-
te quenching cooling method results in detaching the polymer chains
rom the filler surface due to the fast freezing of polymer chains. A case
n point, Li et al. synthesized zeolite (3A, 4A, and 5A)/polyether sulfone
PES) MMMs with excellent adhesions after annealing the membranes at
50°C for 12 h [150] . The interfacial adhesions in MMMs that processed
nder natural cooling conditions were better than those in MMMs that
rocessed with immediate quenching. 

In addition to the thermal annealing method, the priming process in-
ludes adding a small quantity of polymer solution (usually 5–10 wt%)
o the inorganic sieve before incorporating it into the bulk polymer
167] . The surface of the filler will be encapsulated with a thin layer of
olymer. This process aims to reduce the stress created at the polymer-
ller interface, improve the compatibility, weaken the agglomeration
ropensity of filler particles (especially at high contents), and minimize
nterfacial defects [ 23 , 168 ]. For instance, the compatibility of carbon
olecular sieve with Ultem®1000 and Matrimid®5218 was enhanced
8 
y Vu et al. [169] using this technique at high contents up to 35 wt%.
oreover, zeolite SSZ-13 was primed with propanediol monoester cross-

inkable (PDMC) polymer for improved interfacial adhesions [168] . 
Incorporating a third material into binary MMM systems appears to

e an additional strategy. The third material can either be located at
he filler-polymer interface, be distributed in the polymer matrix, or
ncapsulated in the filler pore channels ( Fig. 7 ) [170] . For instance,
he third component positioned at the polymer-filler interface can bind
he borders or fill-in the voids, as demonstrated in Fig. 8 [170] . The
ilanization method is commonly applied to chemically improve the
ller surface using silane coupling agents [ 127 , 149 , 162 , 171 ]. These
gents are capable of linking the inorganic filler to the polymer net-
ork [172] . According to Fig. 9 , the silane groups first react with the
ydroxyl groups attached to the inorganic filler surface. Afterward, the
 group in the silane group bonds with the polymer chain resulting in
eveloping the adhesion interactions between the polymer matrix and
he filler [ 173 , 174 ]. To preserve the inorganic sieve pores unblocked
fter the silanization procedure is crucial to guarantee the filler par-
icle ability to display their gas transport properties. For clarifying,
-aminopropyldiethoxymethylsilane (APDEMS) was used for improv-
ng the surface of zeolite A for developed adhesions with PES chains
149] . The addition of different third materials and the correspond-
ng influences on the performance of CO 2 separation is visualized in
able 4 and will be addressed comprehensively in Section 3.4 (modified
eolite/polymer MMMs). 

.3. Pristine zeolite/polymer MMMs 

Recent trends in membrane separation technology have heightened
he requirements for the membranes to have a promising separation per-
ormance [175–178] . The membrane separation technology is utilized
ainly to design unique membranes exhibiting high selectivity and per-
eability. In this respect, the selectivity and permeability can be in-

reased by incorporating the right zeolite in the polymer matrix. Zeolites
re used commonly in gas separations because of their pore angstrom
ize and crystalline morphology. 

Poly(dimethylsiloxane) (PDMS) with a repeating unit of [-O-
i(CH 3 ) 2 -] is well employed in membrane fabrications for gas trans-
ort applications [179–182] . Additionally, the PDMS mechanical char-
cteristics are enhanced significantly by incorporating inorganic fillers
uch as zeolites [183] . Different molecular sieves such as NaA, NaX,
ilicalite-1, and graphite were used by Clarizia et al. [151] for increas-
ng the selectivity and diminishing the permeability of the PDMS matrix
or certain gas pairs. Tantekin-Ersolmaz et al. discussed the impact of
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Fig. 8. Illustrative scheme of interfacial voids 
healing by the third component. (For interpre- 
tation of the references to color in this figure 
legend, the reader is referred to the web ver- 
sion of this article.) 

Fig. 9. Reaction mechanism of silane coupling 
agent. (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the web version of this article.) 
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Fig. 10. SEM micrograph of zeolite particles showing a “sieve-in-a-cage ” struc- 
ture [168] . 
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eolite particle size on gas permeability of zeolite-PDMS MMMs [184] .
ncreasing the zeolite particle size was observed to increase the perme-
bility while selectivity was less affected. Moreover, zeolite ZSM-5, in
ddition to the PDMS matrix, enhanced remarkably the permeability of
oth single and mixture gases [185] . Silicon and fluoro silicon/zeolite
A membranes improved the water selectivity and permeability [183] .
he influence of zeolite 4A nanoparticles incorporation in PDMS ma-
rix was evaluated by Rezakazemi et al. [186] . The MMMs offered both
igher H 2 /CH 4 selectivity and H 2 permeability comparatively to the
eat PDMS membrane. 

Zeolite and carbon molecular sieves can be utilized to improve the
electivity of rubbery polymers that are poorly effective for CO 2 /CH 4 
ixtures [187] . Poly(vinyl acetate) (PVAc) was used as the host matrix

o synthesize highly loaded zeolite 4A MMMs [188] . For 50 vol% zeolite
ontaining membrane, the CO 2 selectivity was increased by 63% while
ermeability remained unaffected. Tahir et al. [189] tuned the gas trans-
ort properties of fluorinated-sulfonated poly(ether ether ketone) (F-
PEEK) membranes by impregnating zeolite 4A. The membranes were
ynthesized with a degree of 40% sulfonation. Besides, due to the poly-
er’s intrinsic nature and modified membrane structure because of filler

ddition, the introduction of zeolite 4A improved both selectivity and
ermeability. The maximum selectivity for CO 2 /N 2 and CO 2 /CH 4 were
8 and 55 compared to 51 and 47 for the pure polymer, respectively, and
he maximum CO 2 permeability was 49.2 Barrer with incorporating 30
t% of zeolite 4A. With adding zeolite 4A, the membrane intrinsic CO 2 

olubility was declined from 10.7 to 1.9 (10 − 2 ) cm 

3 (STP)/cm 

3 cmHg.
ecently, Afarani et al. [190] addressed the influence of zeolite ZSM-5,
A, and 4A on the gas transport properties of zeolite-polyurethane (PU)
MMs. The permeability of all gases and the selectivity of CO 2 /CH 4 ,
O 2 /N 2 , and O 2 /N 2 gas pairs were increased with increasing the zeolite

oading. The PU membrane containing 12 wt% of zeolite 4A displayed
he highest permeability and CO 2 /CH 4 , CO 2 /N 2 , and O 2 /N 2 selectivity.
urthermore, Mohamad et al. incorporated zeolite T particles into PSF
embranes to improve the separation of CO 2 from CH 4 [121] . The CO 2 
ermeability was increased from 12.33 GPU for the neat PSF membrane
o 82.30 GPU after adding 4 wt% of zeolite T particles; meanwhile, the
ighest CO 2 /CH 4 selectivity reached 3.37 after incorporating 3 wt%
f zeolite T particles. Murali et al. [114] introduced zeolite 4A into a
g  

9 
ebax-1657 matrix. It was revealed that increasing zeolite 4A content
nhanced the permeability but suppressed selectivity due to the creation
f microscopic interfacial voids between Pebax and zeolite 4A phases.
on-selective interfacial voids can be formed due to the poor adhesion

orces at the polymer-zeolite interfaces. These voids, which increase the
ermeability of the MMMs and diminish the selectivity, are identified
s a "sieve-in-a-cage" structure [ 191 , 192 ]. Hillock et al. observed such
oids by introducing zeolite SSZ-13 into a cross-linked polyimide (PI)
odified with 1,3-propanediol ( Fig. 10 ) [168] . These voids locate the
embrane performance above the Robeson upper-bound limit, and the
embrane selectivity of CO 2 /CH 4 increased up to 47 with enhanced
O 2 permeability (89 Barrer). Fernández-Barquín et al. [193] achieved
ood compatibility between poly(1-trimethylsilyl-1-propyne) (PTMSP)
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nd zeolite A to synthesize void-free membranes. Zeolite A was first well
lended with PTMSP and then coated on a support material in both hol-
ow fiber and flat forms. The hollow fiber support was made from PSF,
hile the flat sheet support was fabricated from PES. They realized that

he permeability of CO 2 gas increased with sustained selectivity in both
embrane designs. The chemical modification of zeolites is observed to

nhance their compatibility with the polymer matrices, as discussed in
he next section. 

.4. Modified zeolite/polymer MMMs 

Fabricating MMMs offers many challenges, including polymer rigid-
fication, agglomeration, and non-uniform distribution of inorganic
llers as well as incompatibility between polymer and filler [194] .
hese challenges have led to a new strategy by functionalizing fillers
or better gas separation efficiency than the membranes loaded with
on-functionalized fillers [ 115 , 195–198 ]. The chemical functionaliza-
ion reduces agglomerates formation, which creates the non-selective
nterfacial voids between the polymer and sieve and improves the mem-
rane homogeneity [113] . 

As mentioned before, zeolite surface modification plays a vital
ole in adjusting the pore size without changing internal morphology.
or example, Yong et al. employed 2,4,6-triaminopyrimidine (TAP) to
trengthen the adhesion interactions between zeolite galleries and PI
atrices via hydrogen bonding [163] . The TAP amount needed for

educing the formation of the voids was observed to be in the or-
er of zeolite NaSZ390HUA > 5A > NaY > 4A ≈ 13X. Therefore,
oid-free TAP/PI/zeolite 4A membranes revealed lower N 2 , O 2 , CH 4 ,
nd CO 2 permeabilities than the PI/zeolite 4A MMMs. In contrast,
AP/PI/zeolite 13X MMMs offered the opposite behavior with negli-
ible permselectivity (which denotes the permeability of a mixture of
ases). Furthermore, APDEMS was applied to improve the zeolite sur-
ace for developed adhesions between zeolites (3A, 4A, and 5A) and
ES chains [149] . Increasing modified zeolite 4A content diminished the
embrane permeability of all gases, whereas the permeability of mod-

fied zeolite 5A MMMs initially declined and then increased at greater
eolite concentrations ( Fig. 11 ). This behavior can be attributed to the
resence of CH 2 and CH 3 groups [149] . 

Ion-exchange treatments of zeolites can be applied to develop the
hemical and physical adsorption properties of penetrants in the zeolites
199] . By introducing Ag + ions, Li et al. increased the CO 2 permeability
f PES/zeolite NaA membranes [199] . Increasing zeolite AgA loadings
educed the CO 2 permeability due to PES chains rigidification and block-
ng zeolite pores. Because of molecular sieving effects, the CO 2 /CH 4 
electivity increased with increasing zeolite content and reached a max-
mum of 59.6 at 50 wt% of contents. Amooghin et al. performed ion-
xchange to incorporate Ag + ions into zeolite NaY to improve the ad-
esion between Matrimid®5218 and zeolite for CO 2 /CH 4 separation
200] . The CO 2 /CH 4 selectivity of the AgY(15 wt%)/Matrimid MMM in-
reased by ∼ 66% relative to pure Matrimid (60.1 vs 36.3, respectively).
dditionally, CO 2 permeability improved by ∼ 123%, from 8.34 Barrer

or the pure membrane to 18.62 Barrer. These gas transport properties
re privileged and so they can be attributed to combining the intrin-
ic surface diffusion effect of zeolite Y with the facilitated transport of
g + ions. Moving forward, the same research group developed novel
ybrid host-guest nanocomposites by coating a metal-organic complex
f transient metal (polyaza macrocyclic Co-ligand complex) in zeolite Y
avities ([Co(tetra-aza)] 2 + -NaY) using the process of “ship-in-a-bottle ”
201] . Afterward, the encapsulated zeolite was incorporated into the
atrimid®5218 network to design unique MMMs for gas transport ap-

lications. The novel membrane with 15 wt% of encapsulated zeolite
 at 2 bar and 35°C demonstrated a CO 2 /CH 4 selectivity of 111.6 and
O 2 permeability of 18.96 Barrer, which were more than three- and
wo-fold that of neat polymer efficiency. Returning to the ion-exchange
trategy, Luna et al. [202] conducted ion-exchange of Na + -clinoptilolite
ith Ca 2 + ions using an aqueous solution of CaCl to develop the gas
2 

10 
ransport properties of polyether block amide Pebax®2533 (PEBA) for
O 2 /N 2 /CH 4 ternary gas mixture separation. The Ca 2 + -exchange modi-
cation was achieved on the zeolite surfaces and in cavities without any
icrostructural change. The incorporation of clinoptilolite enhanced the
ermselectivity properties of the MMMs for gas separation compared
ith the neat polymeric membrane. The strong quadrupolar momentum

nteractions with the electrostatic field that were formed by Ca 2 + ions
esulted in a selectivity six times greater than that of the neat polymer.

Recently, MMMs comprising clinoptilolite zeolite and PSF were syn-
hesized by Castruita ‐de León et al. [203] . The zeolite was impregnated
ith three alkyl amines, including PEI, bis(2-hydroxypropyl)amine

BHPA), and ethanolamine (EA). The MMMs containing EA-modified
eolite offered an enhancement of up to 55% on the CO 2 /CH 4 se-
ectivity and 30% on the CO 2 permeability compared with the neat
SF membrane. They also revealed that the membranes containing
HPA-modified clinoptilolite showed the highest selectivity. To evade
he competitive adsorption of moisture, Junaidi et al. [204] intro-
uced fluorocarbon-modified zeolite SAPO-34 into the PSF matrix us-
ng 1H,1H,2H,2H-perflourodecyltriethoxysilane (HFDS) to convert the
ydrophilic zeolite SAPO-34 into a hydrophobic one. It was revealed
hat the fluorocarbon functionalization caused a minimum effect on the
O 2 uptake and surface area of zeolite SAPO-34. After functionaliza-
ion, the membrane hydrophobicity increased by ∼ 17.64%, while wa-
er contact angle on zeolite SAPO-34 increased from 33° to 130°. The
embrane containing 10 wt% of zeolite modified with 1 weight ratio

f HFDS (PSF-10/HFDS 1.0) displayed enhanced adhesion interactions
etween the PSF matrix and zeolite galleries, reducing the formation
f the interfacial voids. The CO 2 permeance of this membrane was in-
reased to 278.8 GPU with ideal CO 2 /CH 4 selectivity of 38.9 compared
o the membranes with unmodified filler and neat PSF membrane. More-
ver, the PSF-10/HFDS 1.0 membrane gas selectivity under wet condi-
ions was very close to its dry mixed-gas selectivity. The mixed-gas sep-
ration efficiency for PSF-10/HFDS 1.0 membrane remained sustained
uring the long-hour run in both wet and dry environments. On the
ther hand, the membrane with 10 wt% of unmodified zeolite SAPO-34
howed a more than 90% decrease in the separation efficiency under wet
ixed-gas conditions. Furthermore, Ahmad et al. used an acetate-based

onic liquid (1-butyl-3-methylimidazolium acetate) to develop the adhe-
ions between zeolite SAPO-34 and PSF matrix in the MMM synthesized
hrough phase inversion [205] . The interfacial sealing by ionic liquid im-
roved the CO 2 /N 2 selectivity up to ∼ 818% relative to the unmodified
MM. The highest CO 2 /N 2 selectivity of 39.6 was reached by impreg-

ating 5 wt% of zeolite SAPO-34 treated with 0.4 M of the ionic liquid.
n another design, Maleh et al. designed a functional moderate selective
ayer MMM which included a moderate Pebax layer mixed with COOH-
odified zeolite NaX nanoparticles over a microstructure PES support

ayer [206] . The addition of COOH-modified zeolite to the polymer net-
ork displayed enhanced dispersions and interactions over unmodified

eolites. Incorporation of COOH-zeolite up to 15 wt% increased the CO 2 
ermeability to 187.76 Barrer, and CO 2 /CH 4 , CO 2 /N 2 , and CH 4 /N 2 se-
ectivities to 57.41, 288.86, and 5.03, respectively (measured at 6 bar).
s shown below, Tables 3 and 4 compile the gas transport properties of
ristine and modified zeolite MMMs. 

.5. Zeolite-like/polymer MMMs 

.5.1. Hollow zeolite spheres (HZSs)/polymer MMMs 

The filler shape and size represent important factors in determining
he interfacial adhesion between the filler and polymer network [207–
09] . New structures of inorganic fillers have been designed to fabricate
ooked-for MMMs with improved gas transport properties. Of these, hol-
ow zeolite spheres (HZSs) were designed for minimized agglomeration
nd enhanced distribution of filler particles in the polymer network,
specially when using microparticles [210–212] . This behavior can be
ttributed to the spherical shape of the filler particles, which enhances
he polymer/filler contact, and microparticles can be used to minimize
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Fig. 11. Zeolite content influence on gas 
permeability of polyethersulfone (PES)-based 
mixed matrix membranes (MMMs) containing 
amino-modified zeolites 4A and 5A [149] . 

Table 3 

Summary of gas transport properties of pristine zeolite-based MMMs. 

Gas type Host matrix Zeolite type 
Membrane performance 

Ref Neat polymeric 
membrane Mixed Matrix Membrane 

CO2/CH4 at 60 oC PDMS Silicalite-1, 50 wt% 𝛼CO2/CH4 = 2.60 𝛼CO2/CH4 = 3.90 

P = 3610 

Clarizia et al. [151] 

CO 2 /N 2 PDMS ZSM-5, 66 wt% 𝛼CO2/N2 = 11.1 

P = 3499 

𝛼CO2/N2 = 11.1 

P = 11,648 

Hussain et al. [185] 

CO 2 /CH 4 PDMS 4A, 40 wt% 𝛼CO2/CH4 = 3.11 

P = 4968 

𝛼CO2/CH4 = 3.09 

P = 3208 

Rezakazemi et al. [186] 

CO 2 /CH 4 (10% mol CO 2 , 

40 psia) 

PVAc 4A, 50 vol% 𝛼CO2/CH4 = 33.5 

P = 2.15 

𝛼CO2/CH4 = 49.4 

P = 4.33 

Adams et al. [188] 

CO 2 /CH 4 PU 4A, 12 wt% 𝛼CO2/CH4 = 5.89 

P = 69.01 

𝛼CO2/CH4 = 7.38 

P = 81.63 

Afarani et al. [190] 

CO 2 /CH 4 PSF T, 4 wt% 𝛼CO2/CH4 = 2.63 

P = 12.33 GPU 

𝛼CO2/CH4 = 2.64 

P = 82.30 GPU 

Mohamad et al. [121] 

CO 2 /CH 4 /N 2 / O 2 Pebax-1657 4A, 30 wt% 𝛼CO2/CH4 = 18 

𝛼CO2/N2 = 40.2 

𝛼O2/N2 = 3.4 

P = 55.8 

𝛼CO2/CH4 = 7.9 

𝛼CO2/N2 = 12.9 

𝛼O2/N2 = 1.5 

P = 155.8 

Murali et al. [114] 

CO 2 /CH 4 PI SSZ-13 𝛼CO2/CH4 = 37.1 

P = 57.3 

𝛼CO2/CH4 = 49.6 

P = 67 

Hillock et al. [168] 

∗ P is the CO 2 permeability in Barrer; 𝛼 is the selectivity; 1 GPU = 10 − 6 cm 

3 (STP)/cm 

2 cmHg s. 
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gglomerate formation [154] . HZSs have gained attention as a result of
ombining the exciting characteristics of spherical particles and zeolites.
hey exhibit high permeability by the nature of hollow spheres, which
ermit the rapid flow of gas molecules while preserving the selectivity
y the zeolite shell molecular sieving effect [213] . 

The most common preparation processes of HZSs include self-
ssembly and layer-by-layer (LbL) deposition [212] . In the LbL pro-
ess, mesoporous silica spheres (MSSs) are first synthesized using the
chulz-Ekloff method [214] . Afterward, the dispersed MSSs in dis-
illed water are placed in contact with a NaCl solution containing
oly(diallyldimethylammonium chloride) (PDDA). Then, the PDDA-
SS suspension is mixed with a solution containing small contents of
11 
H 4 OH and silicalite-1 seeds. Washing with distilled water followed by
entrifugation is used to remove the excess content of silicalite-1. At this
oint, the MSSs were encapsulated with a monolayer of silicalite-1 by
he LbL seeding process. Lastly, silicalite-1 seeded MSSs were produced
ydrothermally, where all MSSs were converted into HZSs [ 213 , 215 ]. 

Zornoza et al. were the first to incorporate HZSs in MMMs fabricated
or CO 2 gas separations [213] . The MMMs were synthesized by com-
ining two different polymers (polyimide (Matrimid®), PSF (Udel®)),
nd hollow silicalite-1 spheres (HZSs) (with ∼ 4 μm diameter). The hol-
ow nature of HZSs improved permeability; meanwhile, the spherical
hape enhanced the filler dispersion and interfacial adhesions with the
olymer matrix. The HZSs were prepared as aforementioned, and it was
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Table 4 

Summary of gas transport properties of modified zeolite-filled MMMs. 

Gas type Host matrix Zeolite type 
Membrane performance 

Ref Neat polymeric 
membrane Mixed Matrix Membrane 

CO 2 /CH 4 , CO 2 /N 2 PI 4A-TAP 𝛼CO2/CH4 = 1.22 

𝛼CO2/N2 = 3.8 

P = 8.34 

𝛼CO2/CH4 = 617 

𝛼CO2/N2 = 102 

P = 0.19 

Yong et al. [163] 

CO 2 /CH 4 PES 5A/APDEMS, 50 wt% 𝛼CO2/CH4 = 31.6 

P = 2.6 

𝛼CO2/CH4 = 36.9 

P = 2.5 

Li et al. [149] 

CO 2 /CH 4 PES NaA/Ag + , 50wt% 𝛼CO2/CH4 = 35.3 

P = 1 
𝛼CO2/CH4 = 44 

P = 1.2 

Li et al. [199] 

CO 2 /CH 4 Matrimid®5218 NaY/Ag + , 15 wt% 𝛼CO2/CH4 = 36.3 

P = 8.34 

𝛼CO2/CH4 = 60.1 

P = 18.62 

Amooghin et al. [200] 

CO 2 /CH 4 Matrimid®5218 NaY/[Co(tetra-aza)] 2 + , 

15 wt% 

𝛼CO2/CH4 = 36.3 

P = 8.34 

𝛼CO2/CH4 = 111.6 

P = 18.96 

Amooghin et al. [201] 

CO 2 /N 2 /CH 4 50 psi PEBA Na-clinoptilolite/Ca 2 + 𝛼CO2/CH4 = 5.84 

𝛼N2/CH4 = 0.31 

P = 479.5 

𝛼CO2/CH4 = 37.36 

𝛼N2/CH4 = 1.67 

P = 342.9 

Luna et al. [202] 

CO 2 /CH 4 50 psi PSF Clinoptilolite/EA 𝛼CO2/CH4 = 29.38 

P = 17.34 

𝛼CO2/CH4 = 45.78 

P = 22.79 

Castruita ‐de León et al. 

[203] 

CO 2 /CH 4 PSF SAPO-34/HFDS 1.0, 10 

wt% 

𝛼CO2/CH4 = 17.2 

P = 21.3 GPU 

𝛼CO2/CH4 = 38.9 

P = 278.8 GPU 

Junaidi et al. [204] 

∗ P is the CO 2 permeability in Barrer; 𝛼 is the selectivity; 1 GPU = 10 − 6 cm 

3 (STP)/cm 

2 cmHg . 

Fig. 12. SEM micrograph of 8 wt% hollow zeolite sphere (HZS)/polysulfone 
(PSF) membrane. The white arrows describe the transport of faster permeating 
molecules (such as CO 2 ) through the PSF and HZS phases, while the black ones 
demonstrate the transport of the slower permeating molecules (such as N 2 ). The 
arrow thickness relates to how fast the gas molecules can transport through the 
PSF and HZS media [213] . 
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evealed that the membranes with 8 wt% of HZSs displayed better sep-
ration factors than those prepared by the neat polymer and conven-
ional silicalite-1 crystals of similar diameter to that of HZSs ( Fig. 12 ).
he CO 2 /N 2 , H 2 /CH 4 , and O 2 /N 2 selectivities reached 41.7, 180, and
.5, respectively. Fig. 12 shows that selected molecules can permeate
ore quickly in the hollow filler than those whose adsorption or diffu-

ion is not preferred by zeolites. The same group also compared the
mpact of HZSs with MCM-41 spheres (MSSs) and Grignard surface-
odified MSSs (Mg-MSSs) on the gas separation performance of 6FDA-
AM MMMs [156] . They emphasized that the 8 wt% Mg-MSS/6FDA-
AM membrane was the best performing one with CO 2 /N 2 , H 2 /CH 4 ,
 2 /N 2 , and CO 2 /CH 4 selectivities of 24.4, 21.8, 4.3, and 31.5, respec-

ively. This improved performance can be linked to the enhanced inter-
12 
acial adhesions with the polymer networks as a result of the Mg(OH) 2 
reatment. 

.5.2. Sheet-like particles 

High zeolite content is required to improve the gas transport prop-
rties of MMMs. They also form thick membranes as a result of their
ormal micron-size [216] . Thus, to overcome these limitations, porous
ayered fillers have been designed. Sheet-like fillers offer a longer tor-
uous path for larger molecules and hence decrease their permeabil-
ty [217] . Interestingly, layered fillers can be exfoliated or delaminated
nto single- or few-layered nano-structures, which can exhibit a larger
dsorption surface area, higher permeability, and lower diffusion resis-
ance for smaller molecules [218] . Different nanoporous layered materi-
ls, including AMH-3 and Jilin-Davy-Faraday, layered solid No. 1 (JDF-
1) have been used [143] and will later be discussed in the proceeding
ections. 

AMH-3 layered silicates : AMH-3 are 3D porous layered silicates com-
rised of eight-membered-ring pores [219] . The internal porosity of
MH-3 is reachable from all directions [220] . The pore size of AMH-
 is 3.4 Å [221] , which makes it a promising candidate in CO 2 /CH 4 
nd H 2 /CO 2 separations [218] . Besides, AMH-3 particles have charge-
alancing cations in the interlayer spaces and silanol groups on the
urface [222] . AMH-3 silicate layers can be exfoliated via swelling of
he interlayer space while maintaining the pore structure [222] . For
nstance, sequential intercalation of dodecylamine following proton-
xchange (herein referred to as H-exchange) in the presence of DL-
istidine was achieved by Choi et al. to swell AMH-3 silicates [ 223 , 224 ].
he H 2 /CO 2 ideal selectivity of polybenzimidazole (PBI) membranes
as increased from 15 for the neat PBI membrane to 40 after incor-
orating only 3 wt% of swollen AMH-3 [224] . This enhancement is
ossibly due to the silicate’s molecular sieving behavior. Moreover, the
wollen AMH-3 MMMs displayed a noteworthy decline in CO 2 perme-
bility. Fig. 13 a demonstrates the SEM micrograph of the H-exchanged
MH-3 particles; these particles were precipitated in the bottom side of

he membranes ( Fig. 13 b). Fig. 13 c showed the loss of well-defined com-
act shape after swelling the H-exchanged particles. Mixing the swollen
articles with PBI ( Fig. 13 d) resulted in a new MMM. From Fig. 13 e, the
ower-law q- dependence of the membrane with 3 wt% of H-exchanged
MH-3 ( ∼ q − 2.1 ) observed in the low- q region is close to the theoretical
alue for disk-like particles ( q − 2 ) [225–227] . The broad peak seen at
 = 0.9 nm 

− 1 realized the non-completed exfoliation process. TEM and
AXS results revealed the nanocomposites exist as thin platelets [217] . 
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Fig. 13. (a) SEM micrograph of H-exchanged AMH-3; (b) SEM micrograph of 
H-exchanged AMH-3 (14 wt%)/polybenzimidazole (PBI) membrane; (c) SEM 

micrograph of swollen AMH-3; (d) TEM image of swollen AMH-3 (3 wt%)/PBI 
membrane; and (e) corresponding SAXS pattern [224] . 
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In another study, Kim et al. [222] increased the CO 2 permeabil-
ty by 54% with a minor improvement in CO 2 /CH 4 selectivity after
dding 6 wt% of dodecylamine-swollen AMH-3 particles into a cellu-
ose acetate (CA) membrane. They delaminated AMH-3 into flakes us-
ng a high shear mixer. The gas transport properties got improved due
o the pores molecular sieving behavior. Results recommended using
 high-viscousity polymer solution instead of water for vortex mixing
o achieve better exfoliation that might occur as a result of increasing
he shear stress on the sheets, which determine the exfoliation degree.
onventional dispersion techniques, including stirring and sonication,
annot guarantee highquality exfoliation of swollen AMH-3 layers in
he polymer matrix [222] . AMH-3 silicates are hydrophilic due to the
xistence of cations between the silicate layers. Thus, to overcome the
ispersion limitations, surface modification of AMH-3 demonstrates a
otential approach to improve its compatibility with hydrophobic poly-
ers. In this context, Tzi et al. functionalized swollen AMH-3 layered

ilicate with octyl(methyl)dimethoxysilane to improve its hydrophobic-
ty, thereby developing dispersion and adhesion with PSF matrix [228] .
he functionalization process reduced the pore size and increased sur-
ace area. The fabricated MMMs displayed excellent dispersion and dis-
ribution of swollen AMH-3 particles in the polymer matrix. Therefore,
he introduction of functionalized AMH-3 layers into the PSF matrix can
mprove the gas separation characteristics of the MMMs. Because of the
welling method difficulty, incorporating swollen AMH-3 particles into
13 
MMs for CO 2 /CH 4 separations is still limited and needs to be further
nvestigated [218] . 

JDF-L1 titanosilicates : Similar to zeolites, titanosilicates exhibit mi-
roporous crystalline morphology comprised of 3D frameworks with
hannels and cavities. The difference is that the zeolite frameworks
ainly consist of AlO 4 - and SiO 4 -tetrahedra, whereas titanosilicate

rameworks consist of SiO 4 -tetrahedra and TiO 5 -pentahedra or TiO 6 -
ctahedra. Titanosilicates offer excellent cation-exchange (such as Ti-
eplacement) and high specific surface area [ 216 , 222 , 229 ]. 

JDF-L1 (known as Na-titanosilicate (NTS) [230] and Aveiro-
anchester 1 (AM-1) [231] ) is a sheet-like microporous titanosilicate
ith a pore size of 3 Å [232] . It consists of TiO 5 -square pyramids in
hich each vertex of the base is connected to SiO 4 -tetrahedra to consti-

ute continuous sheets of TiO.O 4 (SiO 3 ) 4 with exchangeable interlamel-
ar Na + ions [233] . One TiO 5 -square pyramid and four SiO 4 -tetrahedra
hape pore along with the layers orientation in < 010 > and < 100 > di-
ections. Besides, six-membered rings of two TiO 5 -square pyramids and
our SiO 4 -tetrahedra create another set of pores across the layers along
 001 > direction. Two interlamellar H 2 O molecules coordinate the Na + 

ons placed at the center in front of the pores in < 001 > direction, and
wo layers of Na + ions sandwich one layer of H 2 O molecules [ 232 , 234–
36 ]. 

Based on the size-exclusion characteristics, JDF-L1 layers consist of
ix-membered rings that can improve the selectivity for small molecules.
his property makes it a potential applicant for CO 2 /CH 4 separations
 103 , 237 ]. The orientation of its layers in the polymer matrix mainly
etermines the gas transport properties of MMMs [103] . In other words,
he horizontal orientation substantially enhances the gas separation per-
ormance as compared to the random orientation. Moreover, swollen
DF-L1 (also known as UZAR-S1) can be prepared by exfoliating the JDF-
1 titanosilicate [238] . The exfoliation technique can be established by
ntercalating JDF-L1 with alkylamines via hydrogen bonding with inter-
ayer groups or ion-exchange processes [234] . UZAR-S1 layers are non-
gglomerated sheet-like ones with thicknesses of ∼ 100 nm and high
rea/volume aspect ratios [238] . However, the incorporation of JDF-
1 and UZAR-S1 in a polymer matrix for CO 2 /CH 4 separations is still
imited [ 103 , 232 , 235 ]. 

For H 2 /CH 4 separations, Rubio et al. [238] reported the exfoliation
f JDF-L1 titanosilicate to synthesize UZAR-S1. They first H-exchanged
he JDF-L1 particles with histidine and then did intercalation with nonyl
mine and final extraction in a solution of H 2 O/HCl/ethanol. The dis-
ersion of 4 wt% of UZAR-S1 layers in the PSF matrix resulted in an
nhanced H 2 /CH 4 selectivity (69.2) compared with the pure PSF mem-
rane (58.9). Furthermore, Castarlenas et al. exfoliated the swollen JDF-
1 through a melt compounding method to prepare PSF membranes in-
orporated with JDF-L1 nanoplatelets [234] . The MMMs demonstrated
n enhanced separation performance compared with the chemically ex-
oliated JDF-L1/PSF or with neat PSF membranes. The best separation
erformance corresponded to an 8.3 wt% MMM with H 2 /CH 4 selec-
ivity and H 2 permeability of 128 and 12.5 Barrer, respectively. The
mproved separation performance was attributed to the excellent dis-
ersion of exfoliated JDF-L1 particles with pores inaccessible to CH 4 
olecules ( ∼ 3 Å). It was also revealed that increasing an exfoliation

xtent can further enhance the gas separation behavior of the synthe-
ized MMMs. Interestingly, Galve et al. [235] combined the spherical
rdered mesoporous silica MCM-41 with layered microporous JDF-L1
or preparing copolyimide 6FDA-4MPD/6FDA-DABA MMMs. The sepa-
ation performance was improved by combining highly permeable inor-
anic spheres (MCM-41) and highly selective inorganic sheets (JDF-L1).
he MMM contained 4 wt% of JDF-L1 and 8 wt% of MCM-41 displayed
 2 permeability of 440 Barrer with H 2 /CH 4 selectivity of 32.0. 

.5.3. Zeolitic imidazolate frameworks (ZIFs) 

MOFs are widely applied in MMMs fabrication due to their attractive
haracteristics such as high adsorption capacity, tunable pore structure,
igh surface area, and excellent thermal and chemical properties. The
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Table 5 

Summary of gas separation factors of zeolite-like filled MMMs. 

Gas type Host matrix Zeolite-like type 
Membrane performance 

Ref Neat polymeric 
membrane Mixed Matrix Membrane 

H 2 /CH 4 , CO 2 /N 2 , O 2 /N 2 Udel® HZS, 8 wt% 𝛼H2/CH4 = 58.9 

𝛼CO2/N2 = 24.3 

𝛼O2/N2 = 4.7 

P = 5.9 

𝛼H2/CH4 = 80.3 

𝛼CO2/N2 = 41.7 

𝛼O2/N2 = 6.9 

P = 7.2 

Zornoza et al. [213] 

Matrimid® HZS, 8 wt% 𝛼H2/CH4 = 132 

𝛼CO2/N2 = 26.6 

𝛼O2/N2 = 5.5 

P = 7.6 

𝛼H2/CH4 = 180 

𝛼CO2/N2 = 39.8 

𝛼O2/N2 = 8.5 

P = 18.7 

H 2 /CH 4 , CO 2 /N 2 , 

O 2 /N 2 , CO 2 /CH 4 

6FDA-DAM HZS, 8 wt% 𝛼H2/CH4 = 16.5 

𝛼CO2/N2 = 16.5 

𝛼O2/N2 = 3.3 

𝛼CO2/CH4 = 21.4 

P CO2/CH4 = 681 

𝛼H2/CH4 = 25.4 

𝛼CO2/N2 = 27.1 

𝛼O2/N2 = 4.4 

𝛼CO2/CH4 = 31.1 

P CO2/CH4 = 712 

Zornoza et al. [156] 

H 2 /CO 2 PBI Swollen AMH-3, 3 wt% 𝛼H2/CO2 = 15 𝛼H2/CO2 = 40 Choi et al. [224] 

CO 2 /CH 4 CA Swollen AMH-3, 6 wt% 𝛼CO2/CH4 = 29.61 

P = 7.55 

𝛼CO2/CH4 = 29.71 

P = 11.59 

Kim et al. [222] 

H 2 /CH 4 PSF UZAR-S1, 4 wt% 𝛼H2/CH4 = 58.9 

P H2 = 11.8 

𝛼H2/CH4 = 69.2 

P H2 = 11.5 

Rubio et al. [238] 

H 2 /CH 4 PSF Swollen JDF-L1, 8.3 

wt% 

𝛼H2/CH4 = 58.9 

P H2 = 11.8 

𝛼H2/CH4 = 128 

P H2 = 12.5 

Castarlenas et al. [234] 

H 2 /CH 4 , O 2 /N 2 6FDA-4MPD/6FDA- 

DABA 

JDF-L1, 4 wt% and 

MCM-41, 8 wt% 

𝛼H2/CH4 = 18.9 

𝛼O2/N2 = 4.1 

P H2 = 311 

𝛼H2/CH4 = 32.0 

𝛼O2/N2 = 3.6 

P H2 = 440 

Galve et al. [235] 

CO 2 /N 2 Pebax®2533 ZIF-7-OH, 14 wt% 𝛼CO2/N2 = 15.5 

P = 171 

𝛼CO2/N2 = 38 

P = 273 

Gao et al. [241] 

CO 2 /CH 4 , 4 bar PU ZIF-8, 30 wt% 𝛼CO2/CH4 = 7.5 

P = 2.7 

𝛼CO2/CH4 = 13.7 

P = 14.2 

Gholami et al. [242] 

He/H 2 /O 2 /N 2 /CH 4 /CO 2 HPI, TR-90 ZIF-8, 20 wt% 𝛼H2/CH4 = 80.6 

𝛼H2/N2 = 42.7 

𝛼CO2/CH4 = 50.5 

P H2 = 186 

P = 117 

𝛼H2/CH4 = 27.9 

𝛼H2/N2 = 21.3 

𝛼CO2/CH4 = 21.9 

P H2 = 1206 

P = 947 

Kim et al. [243] 

CO 2 /CH 4 /N 2 PSF ZIF-8, 5 wt%/GO, 5wt% 𝛼CO2/CH4 = 3.9 

𝛼CO2/N2 = 0.8 

P = 0.94 

𝛼CO2/CH4 = 6.3 

𝛼CO2/N2 = 4.9 

P = 1.76 

Anastasiou et al. [244] 

CO 2 /N 2 6FDA-DAM ZIF-94, 40 wt% 𝛼CO2/N2 = 24 

P = 770 

𝛼CO2/N2 = 22 

P = 2310 

Etxeberria-Benavides 

et al. [125] 

∗ P is the CO 2 permeability in Barrer; 𝛼 is the selectivity. 
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resence of organic moiety in MOFs adds to the development of ad-
esion interactions between MOF particles and a polymer matrix. ZIFs
re a subfamily of MOFs with zeolitic structure and an easily tailorable
ore aperure. ZIFs are comprised of transition metal-centered complexes
ith imidazolate ligands, altogether referred to as secondary building
nits (SBUs). These SBUs can replace the Si/Al repeating units in zeo-
ites under appropriate conditions. The bond angle between ZIF SBUs
M-imidazolate-M) is ∼145°, comparable to that in aluminosilicate ze-
lites [239] . ZIFs have large cavities with narrow pore apertures close
o the kinetic diameter of CO 2 (3.3 Å), and this makes them a potential
ller in MMMs fabrication for advanced CO 2 removal. The transition
etals (cobalt or zinc) and organic linkers of imidazolate ligands can

e varied to synthesize a series of ZIF structures such as ZIF-7, ZIF-8,
IF-11, ZIF-78, ZIF-94, and ZIF-302. Here we will discuss the influence
f various ZIFs on the gas separation performance of MMMs. 

A small change in the structure of MMMs can extensively affect the
eparation performance of the synthesized MMMs. For clarifying, Azizi
t al. [240] added different amounts of ZIF-7 nanoparticles to a Pebax-
074 matrix to enhance CO 2 /CH 4 separation. They synthesized ZIF-7
sing benzimidazole and zinc nitrate hexahydrate. The CO 2 /CH 4 selec-
ivity and CO 2 and CH 4 permeabilities increased with increasing ZIF-7
anoparticle content up to 10 wt%. With a further increment in the ZIF-7
ontent, the CO 2 /CH 4 selectivity increased, due to the molecular siev-
ng property of the ZIF-7 nanoparticles, while CO 2 and CH 4 permeabil-
ties declined due to the presence of rigidified polymer chains. The best
O 2 /CH 4 separation performance was obtained in 25 wt% MMM with
O 2 /CH 4 selectivity of 28.09 (increased from 20.38 for the neat poly-
14 
er membrane, ∼ 38% increment). Recently, Gao et al. functionalized
IF-7 frameworks with three different functional groups (OH, CH 3 OH,
nd NH 2 ) and incorporated these frameworks into the Pebax®2533 ma-
rix [241] . Incorporating functional groups into ZIF-7 structures is in-
eed beneficial for the CO 2 capture process. All membranes consisting
f functionalized ZIF-7 frameworks displayed higher CO 2 /N 2 selectiv-
ty than unmodified ZIF-7/Pebax®2533 MMM. Among the three mod-
fied ZIF-7 MMMs, the OH-modified ZIF-7/Pebax®2533 membrane of-
ered the best CO 2 /N 2 separation performance, which may be credited
o the highest CO 2 /N 2 adsorption selectivity. By adding 14 wt% of OH-
unctionalized ZIF-7 particles, the CO 2 permeability and CO 2 /N 2 selec-
ivity were increased to 273 Barrer (60% increment) and 38 (145% in-
rement), respectively. 

For another exciting member of the ZIF series, Gholami et al. impreg-
ated the PU matrix with ZIF-8 nanoparticles prepared using zinc ni-
rate hexahydrate and 2-methylimidazole [242] . Adding ZIF-8 nanopar-
icles to the PU matrix enhanced the thermal stability of the networks.
he CO 2 and CH 4 permeabilities were enhanced by increasing the ZIF-
 nanoparticles loading, due to the increased free volume, and the
O 2 /CH 4 selectivity was also enhanced. With introducing 30 wt% of
IF-8 nanoparticles, the CO 2 /CH 4 selectivity and CO 2 permeability were
mproved by 83% and 426%, respectively. The gas transport measure-
ents were conducted at different feed pressures (4, 8, and 12 bar),

nd the gas transport properties were substantially enhanced by increas-
ng the feed pressure. For H 2 /CH 4 separations, MMMs with thermally
earranged (TR) hydroxyl polyimide (HPI) and ZIF-8 crystals were re-
ently designed by Kim et al. [243] . The HPI membranes were thermally
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reated under an inert gas atmosphere to produce TR membranes. Dur-
ng the TR process, the interfacial voids between ZIF-8 particles and
R polymer, which commonly arise in most MMMs, were alleviated.
he TR procedure can tune the cavity size and consequently determine
he gas transport factors of the designed MMMs. ZIF-8 frameworks en-
anced the gas permeability and also controlled the thermal conversion
 of the TR polymer. By adding 20 wt% of ZIF-8 crystals and achiev-

ng 90% TR conversion (TR-90-ZIF8-20 membrane), the H 2 and CO 2 
ermeabilities achieved 1206 and 947 Barrer, respectively, whereas the
 2 /CH 4 , H 2 /N 2 , and CO 2 /CH 4 selectivities were 27.9, 21.3, and 21.9,

espectively. Combining two or more fillers functionality represents a
romising approach to boost the gas separation behavior of MMMs. In
his context, Anastasiou et al. [244] incorporated ZIF-8/graphene oxide
GO) hybrid nanofillers into the PSF network. The ZIF-8/GO/PSF mem-
ranes improved the CO 2 permeability by up to 87% and CO 2 /CH 4 se-
ectivity by up to 61%, whereas the N 2 permeability was significantly
eclined. Moreover, the CO 2 /CH 4 selectivity for ZIF-8/GO/PSF mem-
rane was improved by up to an enhancement of 7-fold compared with
he ZIF-8/PSF membrane. This influence can be attributed to GO par-
icles higher affinity towards CO 2 molecules compared to other gases
245] . Namely, the 𝜋- 𝜋 bond of GO interacts strongly with polar CO 2 
olecules, and also GO particles form interfacial voids, which increase

he free volume and hence improve the CO 2 permeability [246] . In addi-
ion, the polar functional groups of GO, such as carboxyl and hydroxyl
roups, react with the polar CO 2 gas more than the non-polar gases
 247 , 248 ]. 

Etxeberria-Benavides et al. [125] recently synthesized novel ZIF-94
rystals (with particle size < 500 nm) using methanol and tetrahydrofu-
an (nonhazardous solvent) instead of N,N-dimethylformamide (DMF)
hazardous solvent), and then incorporated them into 6FDA-DAM ma-
rix. The CO 2 permeability improved at the same CO 2 /N 2 selectivity
f 22. The highest CO 2 permeability reached 2310 Barrer ( ∼ 200% in-
rement), with adding 40 wt% of ZIF-94 crystals. Additionally, Cacho-
ailo et al. imine-functionalized ZIF-94 frameworks using a microflu-

dic approach for developing P84® membranes [249] . The post-imine
odification using hexyl- and nonylamine resulted in improving CO 2 
ermeability while maintaining an excellent selectivity-permeability
alance. The imine modification is theorized to have rearranged the
IF-94 frameworks in a less dense morphology (higher free volume)
ith a larger pore size and a reduced CO 2 affinity. The MMMs offered
O 2 /CH 4 , H 2 /CH 4 , and He/CH 4 selectivities of 27.8, 85.6, and 79.1, re-
pectively. Table 5 summarizes the gas transport factors of zeolite-like
lled MMMs. 

. Conclusion and future prospects 

To reduce greenhouse emissions, it is essential to separate CO 2 from
 flue or exhaust gas that emanates from combustion plants. In this
ontext, zeolites are widely used in CO 2 adsorption and MMMs due to
heir tailorable cavities and pore sizes, high surface area, hydrother-
al stability, low-cost, and high accessibility. The literature contribu-

ions have established the aptitudes of chemically modified zeolites to
mprove CO 2 adsorption behavior via amine, silica, and ion-exchange
reatments. Moreover, the main effect of reducing zeolite particle size
rom micrometers to nanometers when they are used as adsorbents ap-
ears in improvement of diffusion characteristics and adsorption capac-
ties. Hybrid foams using meso/macroporous supporting materials can
e designed to sustain ultra-high contents of zeolites without the ne-
essity of adding crosslinkers. Improving compatibility and interfacial
dhesions between filler and polymer matrices to overcome the trade-
ff between gas selectivity and permeability faced by pure polymeric
embranes, results in suppressing the interfacial voids and improving

he gas transport properties. Thus, it is vital to accept an appropriate
pproach to exploiting the modified zeolites beneficial properties and
eolite-like structures to fabricate MMMs with improved gas transport
roperties. 
15 
Dual chemical modification of zeolites offers an interesting potential
f further improvement of the CO 2 separation performance and subse-
uently must gain more attention in the years to come. Using nano-size
llers is an emerging new strategy to drastically increase the particulate-
atrix contact area and the interfacial adhesion. Thus, fabrication of

he next generation of MMMs will be employing novel zeolite nanos-
ructures, i.e. nanospheres, nanofibers, and nanoplatelets, averting the
ller agglomerations and guaranteeing a full exploitation of their gas
ransport properties. Moreover, zeolite-like layered fillers can be exfoli-
ted into single- or few-layered nano-structures to further improve the
as separation performance. The future research efforts must also be di-
ected towards developing hybrid nanocomposites combining zeolites
ith other filler, i.e. graphene oxide to enhance CO 2 separation perfor-
ance and attain other novel material characteristics. Finally, we hope

he present review provides a spirit about zeolite and zeolite-like mate-
ials as adsorbents and fillers for MMMs, which could be a beacon for
esearchers in this field. 
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