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• Formation, structure, and O2/N2 sepa-
ration properties of a wide variety of
polymeric flat sheet membranes are
reviewed.

• Roles of various additives, fillers and
treatments in permeability and selec-
tivity of the membranes are discussed.

• Basic concepts of magnetism are dis-
cussed for O2/N2 separation properties.

• Effect of external magnetic fields during
fabrication and separation on O2/N2
permeability and selectivity is
highlighted.
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A B S T R A C T

Membrane technology has opened a new horizon to oxygen enrichment research studies in order to separate this
gas from other gases in the air such as nitrogen. This technology has become popular due to its low cost, low
energy consumption, and easy access. Recent events in the world and bitter experience of Covid-19 and SARS
epidemics have made human society face the challenge of finding a way to fabricate simple and cost-effective
oxygen devices and ventilators. From a medical perspective, oxygen separation can be useful for treating aspi-
ration and breathing difficulties. Also, nitrogen gas is required in the food industry and pharmaceutical chem-
icals. In this review, we provide an overview of polymeric membrane structures, and focus on organic and
inorganic compound fillers in membranes. Particular attention is paid to the role of magnetic nanoparticle fillers
with different concentrations, sizes, coercivity, and accumulation in mixed-matrix membranes (MMMs), while
also investigating synergistic effects of magnetic modules. The roles of external magnetic field and magnetic
module are also highlighted in the fabrication and testing processes. Finally, the results of O2/N2 gas separation
using polymeric and MMM flat sheets are presented and compared, thereby determining future perspectives.
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1. Introduction

Membrane technology has provided a cost-effective and efficient
way to separate oxygen (O2) and nitrogen (N2) gases from each other,
according to medical and chemical industries’ needs [1]. These involve
the use of O2 in gasification, oxy-combustion, desulfurization produc-
tion, production of glass, welding process, sewage treatment [1] gas
sensors [2,3], and nanocomposites [4,5]. O2 gas can also be employed in
medicine for oxygen therapy and help cure the breathing problems in
lung infection diseases [6], while also reducing the wound area of
venous leg ulcer [7], improving pulmonary hypertension [8], and
treating Alzheimer’s disease [9]. The N2 gas is used in food industry,
coolants, and pharmaceutical chemicals.

Despite the success of pressure swing adsorption (PSA) and cryogenic
distillation methods to separate O2 and N2 gases, they require costly
compression and cooling systems [10]. In cryogenic distillation, some of
the components such as water, carbon dioxide, and hydrocarbons vanish
when compressed air is passed through an absorbent. In fact, air is
cooled to about 100 K in the cryogenic chamber, and enters the distil-
lation system. Due to the difference in boiling points of oxygen and ni-
trogen, these two gases are separated from each other [10]. On the other
hand, the PSA method is based on high pressure absorption at low
pressure release [10].

In recent decades, polymeric membranes have become popular
because of their flexible molding and casting. Moreover, the membrane
technology can reduce the overall energy consumption of the fabrication
process by 50 % [11]. The membranes are fabricated in two main ge-
ometries: flat sheet and cylinder (hollow fiber form) [12]. Polymeric
membrane fabrication methods have been performed by the phase
inversion process, precipitation by solvent evaporation, coating, inter-
facial polymerization, plasma polymerization, graft polymerization,
particle leaching, track etching, etc. [12]. On the other hand, a variety of
methods has been used to fabricate mixed-matrix membranes (MMMs),
including the physical blending, sol–gel, infilltration, in situ polymeri-
zation, chemical atomic layer deposition, layer-by-layer assembly, etc.
[12].

The commonly used method for the synthesis of magnetic mem-
branes is the physical blending. In this method, the fillers are prepared in
advance, dispersed into the polymer matrix by solution blending or melt
blending, followed by polymer solidification. The filler size, polymer-
–filler interfacial morphology, and filler agglomeration are important
factors in membrane fabrication, affecting the gas separation properties
[13].

The polymeric membranes are affected by several properties of
polymers in gas transportation, including morphology (hyperbranched,
amorphous, dense, and porous structures) [14], unoccupied space in the
atomic network structure [15], polymer polarity, d-spacing (i.e., the
intersegment space in polymer chains), free volume (FV), crosslinking
(degree of crystallization), molecular weight distribution, fabrication
process (temperature, humidity, dried time, and removal of solvent),
transition temperature, external field (magnetic and electric fields),
interface defects, solubility (involving interactions between gas and
polymer), local polymer dynamics, etc. [16].

Most of the membranes employed in gas separation utilize glassy
polymers due to their high selectivity and mechanical resistance [17].
Some results have indicated that gas separation factors such as perme-
ability and selectivity are sensitive to the presence of low molecular
mass compounds (e.g., chloroform and alcohols) and water, which get
trapped in some pores and intersegment spaces, thereby preventing the
passage of gas. In this regard, the accurate selection of polymers (in
terms of structure, solvent, and dry time) in the membrane can influence
the degree of success in enhancing the efficiency of O2/N2 separation
[18]. Before continuing the introduction, it is important to define
permeability and selectivity parameters in gas separation applications.
Bernardo et al. [17] defined permeability as the rate at which any
compound permeates through a membrane, depending upon

thermodynamics (partitioning of species between feed and membrane
phases) and kinetics (diffusion in a dense membrane or surface diffusion
in a microporous membrane). For membranes with varying thicknesses,
permeance is used instead of permeability, which is dependent on
permeability and thickness [19].

The selectivity is defined as the ability of a membrane to completely
perform a separation process (involving the membrane’s relative
permeability for feed species), allowing for the achievement of high
purity of product at high recoveries [17]. The selectivity is affected by
the feed composition, flow rate, flow configuration, pressure, and tem-
perature [20]. The results of a database with 1672 records for more than
280 different membranes indicated that most of the attributes (e.g.,
thickness of the film, pore size, pressure, and temperature) had an
insignificant linear correlation with gas permeability, proposing it as a
specific and complex relationship. The total volume of the pores,
micropore volume, and BET area were found to be the morphological
attributes, having a linear correlation with gas permeability and being
good indicators of the performance of different kinds of polymeric
membranes [21].

Gas separation follows three steps: the permeant sorption into the
membrane, permeation induced by diffusion, and desorption occurring
at the membrane’s low-pressure side. In general, polymer membranes
suffer from a trade-off between permeability and selectivity, indicating
that these two parameters are antagonistic, as described by Robeson.

Adding a filler to the membrane gives a chance for the texture of the
polymer to improve permeability, selectivity or both of them, which act
as the key separation parameters. Dispersing fillers in the polymer ma-
trix can help improve gas separation factors with minimal sacrifice in
processability and cost [21,22]. In this way, MMMs are defined as the
incorporation of solid particles into a continuous polymer matrix [23].
The realization of suitable adhesion and incorporation between poly-
mers and inorganic fillers is the first step to achieve an efficient mem-
brane. It should be noted that the contact position between polymers
and solid particles must be void of any gap, thereby preventing the
blockage of access to the surface of particles [23].

Non-ideal effects of inorganic fillers dispersed in polymers include
undesirable voids or interstitial spaces in the interface of solid particles
and texture of polymers, forming varying degrees of rigidification in the
surrounding polymer, and creating partial or apparent clogging of
polymer along with dispersed segments [22]. Also, dispersing fillers
decreases mechanical resistance and causes accumulation in the surface
of the polymer. Some studies of magnetic membranes have also high-
lighted the role of polymer solvents in the separation process [24,25].
The small difference between kinetic diameters of oxygen (r = 3.46 Å)
and nitrogen (r= 3.64 Å) makes the separation process cumbersome and
time-consuming using the molecular sieve method [24,25]. The O2
molecule is paramagnetic with the magnetic moment of μo2 = 2.95 μB =

2.73 × 10− 23 J T− 1, whereas N2 molecule is diamagnetic [24,25].
This significant difference between magnetic properties of O2 and N2

molecules proposes a way to separate them from each other. In a recent
study, combining different magnetic particles (having ferromagnetic,
ferrimagnetic and superparamagnetic properties) with a variety of
polymers has attracted the attention of researchers. In this case, the
problem of accumulation of magnetic particles could be solved by
applying an external magnetic field to the membranes. However, it may
be challenging to create uniform distributions of magnetic particles at
the boundary of membranes. In other words, due to the presence and
orientation of magnetic domains, the concentration of particles in the
boundary is high, which is considered a disadvantage. The use of mag-
netic fillers and magnetic fields in the fabrication and during the gas
testing processes can provide tunable separation properties for the
membranes.

One of the noticeable features of magnetic membranes is the for-
mation of magnetic channels, which can be activated by an external
magnetic field and enhance the separation efficiency. This issue will be
further addressed in this review. The studies carried out in the literature
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indicated that magnetic channels can act as an absorber of oxygen and
be repulsive to nitrogen. The performance of MMMs can be changed
depending on nonporous and porous fillers. Nonporous fillers modify
the polymer texture to transport the gas through the MMM [16]. On the
contrary, the size and shape of the pores of inorganic fillers play an
important role in the gas separation performance, making it necessary to
consider the adsorption and sieve mechanism. Therefore, the interaction
between the polymer and the filler, as well as the gas molecular prop-
erties, can influence the separation performance of MMMs with
nonporous and porous fillers.

The permeability of membranes is governed by the diffusivity and
solubility through the solution-diffusion method, whereas the selectivity
is more effective in determining the gas separation. Accordingly, adding
solid particles in the polymer texture improves both the selectivity and
permeability parameters. Notably, zeolite particles, metal organic
frameworks, ZIFs, carbon nanotubes (CNTs), titanosilicate, silica, TiO2,
cobalt phthalocyanine microparticles, zirconium-chromium metals,
para-phenylenediamine, barium ferrite, and iron oxide (Fe3O4) have
been used as fillers in polymeric membranes to improve gas separation
properties.

In this review, we present and discuss different structures and
properties of pure and particle-mixed polymers for O2/N2 gas separa-
tion. The results of studies on the use of polymers and fillers in the
membrane separation performance are presented in order to find the
optimum conditions. We focus on advantages and obstacles of using
magnetic materials in the membrane fabrication. The problem of par-
ticle accumulation in the boundaries due to drift and orientation of
magnetic particles in the polymeric texture is further discussed using
field-emission scanning electron microscopy (FE-SEM). Finally, basic
concepts of magnetism in polymer membranes such as magnetic do-
mains, coercivity, magnetic channels, and external magnetic field effects
are highlighted. This review proposes the role of magnetic materials,
magnetic module, and magnetic field as three effective factors to in-
crease the efficiency of magnetic membranes in separation of O2/N2.

2. Polymeric membranes

2.1. Polyimide (PI) membranes

The preparation and O2/N2 gas separation investigation of amor-
phous amino-modified silica nanoparticles (AAMSN)/polyimide (PI)
membrane have been reported by Hu et al. [26]. Although the perme-
ability of O2 (at a pressure of 2 atm and temperature of 35 ◦C) decreased
from 10.5 Barrer for PI membrane to 8.5 Barrer for AAMSN (3 wt%)/PI,
increasing the AAMSN content to 20 wt% significantly enhanced the O2
permeability to 29.5 Barrer. Nevertheless, no changes were observed in
O2/N2 selectivity [26]. Feng et al. [27] studied the effect of thermal
annealing on gas separation parameters of block PI membranes. They
found that increasing the annealing temperature from 150 to 250 ◦C can
enhance the average interchain distance, thus increasing the perme-
ability in two types of 6FDA-DETDA/DMMDA membranes (having
different 6FDA-DETDA block lengths). Also, they indicated that the
damaging of imide rings by thermal cross-linking of free radicals at
350 ◦C and recoveries of imide rings in the cooling process might cause

Fig. 1. Cis-isomer of the elementary unit of PTMSP. Reprinted from Ref. [50],
Copyright(2020),with permission from Springer.

Fig. 2. Resonance structures of PIM-PI-1 (left) and PIM-DB-PI (right) polymers. Reprinted from Ref. [63], Copyright (2021), with permission from Elsevier.

Fig. 3. Resonance structure and synthetic route of PIM-BM-x (left) and self-cross-linking of PIM-BM-70 (right). Reprinted from Ref. [64] Copyright (2020), with
permission from ACS.
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the rearrangement of the microstructure and facilitate the gas transition
[27].

Escoriala et al. prepared a series of an aromatic PI (6FDA-6FpDA)
and blends of copolyetherimides and PIs (6FDA-6FpDA-
PEO2000+6FDA-6FpDA) with different polyethylene oxide (PEO) ra-
tios. By increasing the PEO content in non-treated membranes, phase
segregation was minimized due to the PEO chains exceeding the FV,
thereby decreasing the gas permeability. Thermal treatment of the

membranes was also carried in air at 290 ◦C or in N2 at 390 ◦C. In this
case, the thermal treatment in N2 at 390 ◦C showed higher permeability
than that in air at 290 ◦C, arising from creation of stronger crosslinking
reactions in the more oxidizing atmosphere [28]. By introducing iso-
phthalic dihydrazide (IPD) molecules as cross-linkers into 6FDA-durene
polyimide (Du-PI) membranes, hydrogen bonding was formed between
Du-PI and IPD, and modified the polymer interchain interaction and
interchain spacing without destroying the chemical structure of PI,

Fig. 4. (a) The core bridged-bicyclic building blocks of intrinsically ultramicroporous PIMs. Reprinted from Ref. [70] Copyright (2015), with permission from ACS.
(b) Resonance structures of PIM-1, TPIM-1, PIM-EA-TB (ladder polymer), and KAUST-PI-1 (semiladder polymer). The TPIM-1 has a more rigid backbone and initially
higher FV of PIM-1. Reprinted from Ref. [69], under a Creative Commons CC-BY-NC-ND license.

Fig. 5. Schematic representations of: (a) Lewis acid-based interaction between COOH and TB, and (b) π-π interaction between CNT skeleton and triptycene unit.
Reprinted from Ref. [71], Copyright (2021), with permission from Elsevier.
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while also increasing the packing density of polymer chains. Thus,
O2/N2 selectivity increased by 66 % in IPD (20 wt%)/Du-PI membranes
[29].

Alvarez et al. studied a series of new diamine monomers (9,9-bis(4-
amino-3,5-dimethylphenyl) fluorene (TMCardo) and 3,3ˊ,5,5ˊ-tetra-
methyl-4,4ˊ-bis(4-amino-2-(trifluoromethyl)phenoxy)-1,10-biphenyl
(CF3TMBP). The effects of introducing two dianhydrides (a very rigid
pyromellitic dianhydride (PMDA)) and a more flexible 2,2-bis(3,4
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) into the
polymer backbone were investigated in order to reach high fractional
free volume (FFV) and gas separation factors in PI membranes. In this
series of membranes, PMDA-CF3TBAPB showed maximum permeability
values of 90 and 26 Barrer for O2 and N2, along with the highest O2/N2
selectivity of 5.7 for 6FDA-Spiro membrane. Moreover, PMDA-
CF3TBAPB showed higher intermolecular distances, thus creating a
larger size of FV elements [30].

In another study, Park et al. [31] synthesized a series of
semi-alicyclic aromatic PIs using 5-(2,5 dioxotetrahydrofuryl)-3-
methyl-3cyclohexene 1,2 dicarboxylic anhydride (DOCDA) and five
aromatic diamines (pPDA, pDPDA, BAPF, MDA, and ODA) with different

chemical structures. They reported higher permeability (2.2 and 1.69
Barrer for O2, and 0.66 and 0.61 Barrer for N2) and lower O2/N2
selectivity (5 and 5.5) for DOCDA-pDPDA and DOCDA-BAPF
membranes.

The DOCDA-ODA membrane showed the highest ideal selectivity
(6.5) of O2/N2 [31]. Wang et al. [32] studied a series of dual cross-
linkable PIs derived from 4,4′-diamino-2,2′-biphenyldicarboxylic acid
(DCB) containing two carboxyl groups (4,4′-hexafluoroisopropylidene)
diphthalic anhydride (6FDA), 2,4,6-trimethyl-1,3-diaminobenzene
(DAM), and 2,2′-bis(trifluoromethyl)-4,4′-biphenyldiamine (TFMB),
which were treated by controlling heating/cooling procedures in a tube
furnace to achieve an ultra-micropore membrane. In fact, due to the
decarboxylation process and collapse of chain segments in crosslinking
system during the thermal treatment, an ultra-micropore membrane
with pore size of 2.0–6.0 Å was formed. In this case, the highest
permeability (37 Barrer for O2 and 8.38 Barrer for N2) was obtained for
6FDA-DAM0.7-TFMB0.1-DCB0.2 membrane heat treated at 400 ◦C [32].

Fig. 6. Modification strategies and overall results of O2/N2 separation properties in the case of PIM polymeric membranes.

Fig. 7. The summary of the findings on O2/N2 separation properties of silicone polymers by Stern et al. [78].
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2.2. Cardo PI membranes

Cardo PI/TiO2 MMMs were fabricated using BAPF (9,9′-bis(4-ami-
nophenyl) fluorine) to BTDA (3,3′,4,4′-benzophenone-tetracarboxylic
dianhydride) molar ratio of 0.15:1, 4,4′-biamino-3,3′-dimethyldiphenyl-
methane (DMMDA), and 24 wt% TiO2 nanoparticles. Poor compatibility
between the polymer chains and TiO2 nanoparticles led to the formation
of nano-gaps surrounding the nanoparticles. The aggregation of nano-
gaps can create nano-channels like highways that increase the per-
meance of small molecules (e.g., O2) and O2/N2 selectivity. Therefore,
the addition of BAPF and TiO2 nanoparticles into PI(BTDA–DMMDA)

membrane enhanced O2 permeance and O2/N2 selectivity to 4.5 Barrer
and 15.8, respectively, being 9.4 and 4.6 times higher than those for
pure PI(BTDA–DMMDA) membrane [33]. Zhang [34] fabricated three
6FDA-based PI membranes (6FDA FBPF, 6FDA BPF, and 6FDAMBPF) by
using bis(phenyl)fluorine-based cardo diamine monomers with different
side groups (–CF3, –H, and –CH3). Due to ineffective chain packing
induced by the incorporation of bi(phenyl)fluorene cardo moiety and
introduction of bulky CF3 side groups into the PI backbones, O2 and N2
permeability improved for 6FDA-FBPF (5.20 and 20.00 Barrer)
compared to 6FDA-BPF (1.26 and 4.88 Barrer) and 6FDA-MBPF (0.73
and 3.62 Barrer). In the case of bis(phenyl)fluorine-based cardo PI

Fig. 8. Forms of ZIF-7 (ZIF-7-I- and ZIF-7-II-based composites) in the fabrication of MMMs for O2/N2 separation. Reprinted from Ref. [79], under a Creative
Commons CC-BY-NC-ND license.

Fig. 9. Resonance structures of PDMS-grafted PAI and PA obtained from the macromonomer BAPB-PDMS. Reprinted from Ref. [86], Copyright (2007), with
permission from Elsevier.
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membranes, the highest ideal O2/N2 selectivity was measured to be 4.94
for 6FDA-MBPF [34].

Zhang et al. [35] proposed the two following phenolphthalein-based
cardo diamines: 3,3-bis[4-(4-amino-3-methylphenoxy) phenyl]phtha-
lide (MPP) and 3,3-bis[4-(4-aminophenoxy)phenyl]phthalide (PP) in
order to prepare 6FDA-MPP and 6FDA-PP PIs. They found that d-spacing

of the PIs increased because of the decomposition of the lactone ring and
thermal oxidative crosslinking that enhanced the permeability coeffi-
cient. Therefore, highest O2 and N2 permeability values were achieved
to be 42.2 and 10.6 Barrer for 6FDA-MPP thermally treated at 400 ◦C,
respectively. The best result of the ideal selectivity was about 5.30 for
both 6FDA-MPP and 6FDA-PP [35]. The thermal oxidative treatment

Fig. 10. Synthesis procedure of imido-bridged polysiloxane (PMHS-I). Reprinted from Ref. [92], under a Creative Commons CC-BY-NC-ND 4.0.

Fig. 11. Modification strategies and overall results of O2/N2 separation properties in the case of PDMS polymeric membranes. ↑↑ and ↓↓ are indicative of significant
increase and decrease, respectively.
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was performed to adjust the microstructures and prevent the excessive
oxidation of the polymer molecules [35,36].

6FDA-FDA-BisAHPF copoly(amic acid) (PAA) has been synthesized
from diamines 9,9-bis(4 aminophenyl)fluorene (FDA), BisAHPF and
aromatic dianhydride 2,2-bis(3,4-dicarboxyphenyl) 6FDA, and recov-
ered by thermal treatment under air and N2 atmosphere in a tempera-
ture range between 300 and 480 ◦C in order to reach thermal oxidative
and thermally rearranged (TR) membranes [36]. In the case of thermal
oxidative membranes with a thermal treatment temperature of 420 ◦C,
O2 and N2 permeability values were obtained to be 99.32 and 15.15
Barrer, respectively, together with O2/N2 selectivity of 6.56. In the case
of TR membranes thermally treated at 450 ◦C, O2 permeability, N2
permeability and O2/N2 selectivity were reported to be 229.03 Barrer,
53.26 Barrer and 4.30, respectively [36]. Zhang et al. prepared
PI/nano-attapulgite (ATP) composite membranes by in-situ polymeri-
zation of ATP functionalized with a silane coupling agent (KH-550).
Although they found no changes in the gas selectivity, the respective
permeability of N2 and O2 was observed to be 0.13 and 0.84 Barrer,
outperforming pure PI membranes [37]. Elsewhere, by incorporation of
0.2 wt% ATP in the PI matrix, the O2 permeability and O2/N2 selectivity
increased to 384.5 Barrer and 5.0, respectively [38].

2.3. Poly(1-trimethylsilyl-1-propyne) (PTMSP) membranes

PTMSP is white, amorphic, electrically insulating and soluble, pos-
sessing air stability and high thermal stability. This polymer is dissolved
in nonpolar solvents such as toluene, cyclohexane, and carbon tetra-
chloride [39,40]. PTMSP is known as a high-molecular-weight polymer
with fairly rigid structure due to its main chain, comprising alternating
double bonds and two substituents in each unit [39,41]. The nuclear
magnetic resonance analysis of PTMSP membrane indicated that the
polymer had only one structure [42]. Irrespective of being glassy at
room temperature [43,44], PTMSP has shown large gas permeability in
the large scale order of 8800 and 6400 Barrer for O2 and N2 gases,
respectively [40,44]. In this regard, Srinivasan et al. indicated that fast
diffusion (without high solubility) is responsible for the large gas

permeability of PTMSP [45].
As pointed out by Stern et al., the excess of FV may be responsible for

the large diffusivity of gases in polymers, leading to the formation of a
large space between polymer segments by the bulky chains of trime-
thylsilyl group [41,46]. Since the polymer chains are not firmly attached
together, preexisting gaps or microvoids form between them, being
indicative of the microporous structure of the polymer [44]. On the
other hand, the fast diffusion forming the microvoids was linked be-
tween the chains with a width of 3 Å. Also, low sorption indicated the
large size of microporoes [44]. It has been found that the permeability
increases in PTMSP by increasing temperature. Unlike the permeability,
the value of selectivity is somewhat smaller [43]. The activation energy
for permeability (Ep) of PTMSP is extraordinarily small and negative
compared to other polymers, which refers to a lower temperature and
thus higher permeability [43]. A negative value of EP shows that the

Fig. 12. Resonance structures of four cages (1 = furanyl, 2 = m-xylyl, 3 = p-
xylyl, and 4 = diphenyl) and PEEK-WC polymer. Reprinted from Ref. [161],
under a Creative Commons CC-BY-NC-ND license.

Table 1
PSF polymers with different additives for O2/N2 separation properties.

Polymer Additive Description Ref.

PSF – O2/N2 selectivity of the skin,
substructure, and composite was
measured to be 4.7, 0.9 and 4.7 under a
feed pressure of 70 psig, respectively.

[93]

PSF SWNTs PSF-functionalized SWNT membranes
did not show promising results in O2/N2

separation.

[94]

PSF MWCNTs and rGO The highest permeability was reported
for PSF/CNTs/rGO aligned using an AC
electric field (O2 and N2 permeability of
722 and 301 cc/m2 day, respectively,
along with O2/N2 selectivity of 2.39).
The physical hybridization of graphene
layers and MWCNTs in the composite
membrane showed greater
permeability as well as better selectivity
(O2/N2 selectivity of PSF/MWCNTs and
PSF/rGO was reported to be 4.73 and
5.39, respectively).

[95]

PSF Silica For PSF/silica (20 vol%), O2

permeability increased up to 380 %,
whereas the O2/N2 selectivity
decreased by 80 %.

[96]

PSF ZIF-7 The guest-free ZIF-7-I nanocrystals
mixed in PSF texture indicated good
results for O2/N2 separation. The
suitable crystallographic pore size was
~3.0 Å.

[79]

PSF ZIF-95 Loading of 24 wt% of ZIF-95 was the
best choice to improve O2 permeability
and O2/N2 selectivity by 78 % and 15 %
compared to pure PSF membrane.

[97]

PSF CMS The selectivity increased from 5.50 in
net membrane to 5.97.

[98]

PSF 6FPSF + TMS O2/N2 selectivity was moderately
declined, whereas O2 permeability
increased significantly from 3.4 to 18
Barrer to 28 and 23 Barrer for 6FPSf-
TMS and TM6FPSf-s-TMS, respectively.

[99]

PSF ZIF-67 Ideal selectivity of 6 wt% ZIF-67 in PSF/
ZIF-67 outperformed at a low pressure.

[100]

PSF Zeolite A
nanocrystals

By adding 25 wt% zeolite nanocrystal,
O2/N2 selectivity and O2 permeability
improved from 5.9 to 7.7, and from 1.3
to 1.8 Barrer, respectively.

[101]

PSF Cloisites15A O2/N2 selectivity (6.74 for PSF/C15A1)
was enhanced more than 24 %
compared to the neat membrane.
PSF/P–C15A (1 wt%) MMMs exhibited
274 % increase in O2 gas permeability.

[102]

PSF Siliceous MCM-41
molecular sieve

O2 permeability increased from 1.5 to
3.83 Barrer, and N2 permeability
increased from 0.257 to 0.753 Barrer.
The ideal selectivity remained almost
constant.

[103]
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transition of gas through the polymer occurs due to an activated diffu-
sion process [46]. The PTMSP was limited to be used in industry due to
its high solubility in hydrocarbon solvent [47].

2.3.1. Modification of PTMSP membrane by adding organic, inorganic, and
cross-linker materials

The addition of 3.4 wt% dioctyl phthalate to PTMSP membrane
caused permeability to be reduced. Meanwhile, O2/N2 selectivity
improved to 3.3, starting from 1.6 for pure PTMSP membrane. Nakawa
et al. observed a remarkable improvement in permeability of PTMSP
membrane by adding perfluorotributylamine [46]. PTMSP membrane

Table 2
PSF polymer blends for O2/N2 separation properties.

Polymer blend Description Ref.

PSF/PI By decreasing PSF content in PSF/PI,
O2 permeability decreased. PSF/PI
(20/80 wt%) showed minimum O2

permeability, whereas maximum N2

permeability was obtained for PSF/PI
(80/20 wt%).

[104]

PES/PSF (80/20 wt%) blend +

zeolite 4A
PES/PSF (80/20 %) + more than 30
wt% zeolite 4A increased the
permeability of O2, whereas N2

permeability decreased rapidly
because of the agglomeration of
nanoparticles.
The selectivity improved by loading
of zeolite 4A up to 25 and 30 wt%.

[105]

Surface modified
macromolecules/PSF (SMM/
PSF)

SMMs/PSF was immersed in
isopropanol non-solvent instead of
water, demonstrating stronger
affinity to the polymer for 10, 20, 60,
and 90 s.
O2 permeance decreased and O2/N2

ideal selectivity increased with an
increase in the immersion time.
The nSMM-blended membrane did
not have good performance because
of non-selectivity toward oxygen and
nitrogen. cSMM-PPG and cSMM-PEG
increased the selectivity by
increasing the skin selective layer’s
thickness and preventing the creation
of defective pores.

[106]

Composite polymers of PSF
family

​ ​

Tetramethyl bisphenol A
polysulphone (TMPSF)
Dimethyl bisphenol A
polysulphone (DMPSF)
Dimethyl bisphenol Z
polysulphone (DMPSF-Z)

The permeability of TMPSF with
open structure was several times
more than PSF with similar
selectivity (1.4 in PSF and 5.6 in
TMPSF for O2 permeability).
The DMPSF, DMPSF-Z with more
closed structures led to very high
selectivity (from 5.6 in PSF to 7.0 and
7.2 in DMPSF, DMPSF-Z).

[107]

Polysulfone copolymers:
tetramethyl naphthalene
polysulfone (TM-NPSF)
Hexafluoro naphthalene
polysulfone (HF-NPSF)
Tetramethyl hexafluoro
naphthalene polysulfone
(TMHF-NPSF)

O2/N2 selectivity of aromatic
polysulfone copolymers TM-NPSF,
HF-NPSF and TMHF-NPSF at 2 atm
was reported to be 7.58, 6.62 and
5.67, respectively, being much
higher than that of commercial PSF.

[108]

Tetramethyl biphenol polysulfone
(TMBIPSF)
Hexamethyl biphenol
polysulfone (HMBIPSF)

The polysulfones with methyl ring
substitutions (TMBIPSF and
HMBIPSF), BIPSF, and PSF had the
same permeability (~1.4 Barrer) and
selectivity (~5.6). Although
tetramethyl substitution of biphenyl
rings increased O2 permeability from
1.4 in PSF to 5.6 and 5.8 in TMPSF
and TMBIPSF, hexamethyl
substitution did not significantly
change the separation parameters.

[109]

Table 3
PES polymers with different additives for O2/N2 separation properties.

Polymer Additive Description Ref.

PES Zeolite (4A, 13X) O2/N2 selectivity increased
from 3.71 in PES to 4.40 in
PES-4A 50 wt%. Meanwhile,
O2 permeability increased
from 0.52 to 1.10 Barrer.

[110]

PES Zeolite 3A-4A–5A The gas separation of PES-
zeolite 5A membrane
considerably outperformed
that of PES-zeolite 4A and
PES-zeolite 3A.

[111]

PES Zeolite 3A–4A with
aminopropyl)-
diethoxymethyl silane
(APDEMS)

The maximum percentage of
O2/N2 selectivity of
PES–zeolite 4A-NH2 and
PES–zeolite 5A-NH2 was
approximately 32 % and 22
%, respectively.

[112]

PES (MIL)-100(Al) O2 permeability improved
from 213.89 ± 6.81 Barrer in
neat PES to 5743.87 ± 27.61
Barrer in 30 % wt.% (MIL)-
100(Al). Meanwhile, N2

permeability was enhanced
from 564.52 ± 5.54 to
8536.14 ± 744.06 Barrer.

[113]

PES Treated zeolite-4A
untreated zeolite-4A

O2/N2 selectivity and
pressure normalized flux
observed for O2 in treated
zeolite-4A were 3.3 and 114.7
GPU, respectively. The
selectivity of untreated
zeolite membrane was 1.67,
whereas its pressure
normalized flux for O2 was
9.5 GPU.

[114]

PES Modified and
unmodified CNT

Due to good grafting of PES/
modified-CNT, O2/N2

selectivity increased from
3.15 in unmodified-CNT to
6.54 in modified-CNT.

[115]

PES APTES-functionalized
MWCNT

O2/N2 selectivity and O2

permeability increased by
purification and
functionalization of MWCNT
using an acid mixture and
APTES.

[116]

PES/PI Zeolite 4A O2 permeability of 30 wt%
zeolite-loaded was found to
be 5.9 and 12.8 Barrer using
annealing treatment above
and below the glass transition
temperature (Tg),
respectively.

[117]

PES/PA PES (as the support
layer) and PA (as the
selective layer)

Increasing the monomer
contact time on the support
membrane with a PES
concentration of 25 wt% from
2 to 6 min decreased the
oxygen permeation.

[118]

PES/PVA,
PS and EC

PES/PS
PES/PVA
PES/EC

18 wt% PES/
polyvinylalcohol (PVA) was
thicker than PS and EC,
resulting in lower
permeability and higher
selectivity values for PVA
composite membranes.
Coating 6 wt% of EC solution
on 25 wt% of PES created a
uniform and compact active
layer, thereby improving the
selectivity of the composite
membrane.
PES (≤18 wt%) was not able
to produce a membrane with

[119]
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crosslinked with 4,4′-diazidobenzophenone bisazide exhibited an in-
crease in O2/N2 selectivity to 3.8. However, no significant changes were
observed for the selectivity of PTMSP/nonporous fumed silica and
PTMSP/TiO2 [45].

Golubev et al. fabricated PTMSP membrane containing 3 wt% hyper
crosslinked polystyrene. The large FV of hyper crosslinked polystyrene
led to an increase in the FV of the composite, thereby enhancing the gas
permeability. In this way, the selectivity remained almost unchanged
[48]. The study of PTMSP nanocomposite membrane prepared by a
sol–gel copolymerization approach with different TEOS/OMDEOS
molar ratios (1:0, 1:1, 1:2, and 2:1) and constant silane concentration of
15 wt% (based on polymer content) showed (α = PO2

PN2 =
770
300) for a molar

ratio of 1:0 [49].

2.3.2. Role of cis-units, antioxidants and thermal treatment
Matsona et al. [50] prepared PTMSP films with different configura-

tions and concentrations (40–80 wt%) of cis-units, as shown in Fig. 1.
The corresponding permeability was observed to decrease from 11900
to 7900 Barrer for O2 and N2 in 40 wt% cis units of PTMSP TC with
cluster size of 18.34 ± 3.18 to 8600 and 5400 Barrer for O2 and N2 in 80
wt% cis units of PTMSP NB with cluster size of 6.76 ± 1.62 nm [50].

Makrushin et al. [51,52] studied the aging effect on gas separation
parameters in the PTMSP series containing cis-units and antioxidant
Irganox 1076 (octadecyl β-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propionate). They found increased stereoregularity and decreased
physical aging rate in the PTMSP series containing 50–90 wt% cis-units
with an aging time of 1 month in air. Also, they reported a slow-down in
the aging rate after the addition of Irganox 1076 to the PTMSP mixture.
In this case, the gas permeability of the aged films containing antioxi-
dants was higher than that of pure PTMSP films [51].

Interestingly, different concentrations of cis-units led to changes in
the packing density of macrochains in the configurational composition

Table 3 (continued )

Polymer Additive Description Ref.

the ability to separate oxygen
from nitrogen.

PES-OCH3

PES-OH
PES/TFN,
and PES-
BZP

​ Due to larger FFV and lower
packing density, the best
value of selectivity was 8.44.
O2 and N2 permeability
values were observed to be
0.268 and 0.032 in PES
grafted with the
trifluoromethyl side group
(PES-TFN) membranes,
respectively.

[120]

PA6/PES Polyamide6(PA6) O2 permeability was
significantly enhanced, thus
increasing O2/N2 selectivity
from 0.98 to 4.86.

[121]

PES Fluorination of PES 5 min fluorination of PES
membrane provided
optimum gas separation
properties by increasing O2/
N2 selectivity of 5.7 at a
pressure of 5 bar.

[122]

PES Graphitic carbon nitride
(g-C3N4) nanosheets

Both of the rigidified polymer
chains and the impermeable
crystalline regions existing in
matrix of polymer caused a
decrease in permeability
coefficient so that a
significant enhancement in
the selectivity of PES/g-C3N4

MMMs was observed.

[123]

PES PSF-b- PES-PPI O2/N2 selectivity improved
from 3.3 in PSF-b-PES-PPI
(5:15)DMAc and 5.2 in PSF-b-
PES-PPI(5:15) NMP to 10.6 in
PSF-b-PES-PPI(5:15) BA.

[124]

Table 4
PEBAX polymers with different additives for O2/N2 separation properties.

Polymer Additive Description Ref.

PEBAX-1657 MWNT cross linked
TDI

Increasing FV in the presence of
MWNT loaded uncross-linked
membranes led to a high flux
with low selectivity.
The selectivity improved from
2.1 in PEBAX to 7.1 in PEBAX
cross linked with TDI.

[125]

PEBAX-1657 Silica O2 and N2 permeability increased
from 5.84 to 11.3 Barrer and 1.71
to 3.52 Barrer after adding 2.85
wt% Pebax-3.96 wt% TEOS-27
wt% SiO2 to neat-Pebax. The
range of O2/N2 selectivity
changed between 3.2 and 3.4.

[126]

PEBAX-1657 CuNi-MOF The permeability and selectivity
of Pebax®1657 did not
considerably change upon the
addition of CuNi-MOF.

[127]

PEBAX-1657 ST-NaX; surface-
treated zeolite

Due to partial pore blocking and
polymer chain hardening, a
negative effect in the
permeability was observed after
the modification of NaXNCs.
By adding 16.7 wt%. of ST-NaX-
NCs, O2/N2 selectivity was
increased by 204 % compared to
the neat PEBAX membrane.

[128]

PEBAX-1657/
PES

NaX zeolite, ZIF-8,
SiO2

The incorporation of NaX zeolite
(pore size: 7.4 Å) and ZIF-8 (pore
size: 3.4 Å) nano-fillers up to 2 wt
% resulted in selectivity of 6.06
and 3.85, respectively. The
selectivity of SiO2 (up to 1 wt%)
as a non-porous filler was 3.52.
NaX and ZIF-8 possessed suitable
interface and uniform
distribution in the polymer
matrix.

[129]

PEBAX-1657
(active
layer)/PES

Nano-zeolite NaX By using smaller zeolite particles,
the area and number of polymer/
zeolite interface increased. Thus,
the mass transfer resistance
increased, and N2 and O2

permeability decreased.

[130]

PEBAX-1657 Zeolite 4A 10 wt%. 4A loaded Pebax
exhibited optimum results of O2

permeability (7.8 Barrer), N2

permeability (1.8 Barrer), and
O2/N2 selectivity (4.3).

[131]

PEBAX-1657 ZIF-8 FFV of the membrane blended
with 3 and 20 wt% of ZIF-8
changed between 0.154 and
0.226. The selectivity was
slightly reduced because of non-
continuous microvoids in MMM.

[132]

Pebax-1657/
PES

Modified MWCNTs Due to enhancement in the N2

permeability with increasing the
feed pressure, O2/N2 selectivity
decreased.
By increasing the operating
temperature, polymer chains
were observed to be more
flexible, so that more FV cavities
were created, thus facilitating
the gas diffusion. The O2/N2

selectivity showed a decreasing
trend as temperature increased
from 30 ◦C to 50 ◦C.

[133]

Pebax-1657/
amino-
PDMS/PAN

Amino silicone By increasing Pt complex catalyst
concentration, the degree of
crosslinking of PDMS increased,
thereby enhancing the selectivity
of membrane.
A high value of selectivity (O2/

[134]
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of polymers, thus determining the level of the FV and its structure
(namely, the interconnected FV element size) through which the pene-
trant gas molecules were transported [50–52]. In order to slow down the
physical aging and reduce the chemical aging by removal of active re-
agents, Golubev et al. introduced hyper-crosslinked polystyrene (HCPS)
into the PTMSP, followed by performing a thermal treatment at 100 ◦C
for 300 h. In this regard, the lowest permeability of O2 and N2 was
observed to be 57 and 52 Barrer using PTMSP/HCPS (5.0 wt%),
respectively. The O2/N2 ideal selectivity changed in the ranges of
1.6–1.7 and 1.9–2 before and after the thermal treatment, respectively
[53].

Kossov et al. investigated the effect of thermal annealing on PTMSP
membrane with cis-units in the presence of phenolic antioxidants. The
annealing process of stabilized PTMSP membrane slightly decreased the
permeability, whereas it remained unchanged by further heating. The
cis-enriched membranes did not show any oxidation or decrease of
permeability in the transportation during the heating process at 140 ◦C
for 240 h [54].

2.4. Polymers of intrinsic microporosity (PIMs) and microporous ladder
polymers

2.4.1. PIM-based membranes
Carta et al. [55] fabricated PIM-ethanoanthracene (EA)-Tröger’s

base (TB) and PIM-spirobisindane (SBI)-TB membranes. By introducing
TB into the PIMs, an inflexible structural unit was formed. Moreover,
in-built amines for quaternization by reaction with alkyl dihalides were
proposed, which induced stability and reduced physical aging [55] The
resulting O2/N2 selectivity was reported to be 4.1 and 3.1 for PIM-EA-TB
(181 μm in thickness) and PIM-SBI-TB (157 μm in thickness) mem-
branes, respectively.

The more flexible behavior of SBI than EA component caused mo-
lecular sieve behavior of PIM-EA-TB to be enhanced, involving the
combined rigidity of the bridged bicyclic TB and EA units rather than
originating from the TB unit alone [55]. Bezzu et al. [56] studied PIM
membranes fabricated by adding fusing rigid and bulky triptycene (Trip)
to the SBI unit (PIM-SBI-Trip) and its copolymer (PIM-1/SBI-Trip),
which are well known as ultrapermeable polymers after methanol
treatment. The gas separation results indicated that 501-day aged film
had lower permeability and higher selectivity compared to the
as-fabricated PIM. In other words, O2 and N2 permeability values were
6390 and 2315 Barrer for PIM-SBI-Trip, whereas they decreased to 2295
and 471 Barrer after the aging process. Coincidentally, O2/N2 selectivity
increased from 2.76 to 4.87. This variation behavior was also observed
for PIM-1/SBI-Trip and PIM-1 membranes [56].

Ma et al. [57] and Carta et al. [58] studied 100-day aged
PIM-TRIP-TB, PIM-TRIP-TB, PIM-EA-TB (181 μm in thickness), and
PIM-methanopentacene (MP)-TB (94 μm in thickness) membranes,
achieving O2/N2 selectivity of 4.3, 5.7, 4.1 and 5.0, respectively. By
introducing MP structural unit into the PIM, the separation performance
was improved, according to Williams et al. [59]. In this case, molecular

Table 4 (continued )

Polymer Additive Description Ref.

N2 = 2.1) was obtained when
adding 30 ppm of the catalyst.

Pebax-1657/
PES

Cobalt(II)
phthalocyanine
(CoPc)

Due to the facilitated transport of
O2 through the membrane,
permeance and selectivity were
enhanced.
The permeance of O2 improved
from 0.06 to 1.12 GPU, and O2/
N2 ideal selectivity increased
from 2.9 to 8.5 by increasing
CoPc loading from 0 to 1 wt% at
a constant feed pressure of 2 kg
cm− 2.

[135]

Table 5
PMP or TPX polymers with different additives or treatments for O2/N2 separa-
tion properties.

Polymer Additive or
treatment

Description Ref.

TPX Vinylpyridine
irradiation-grafted-
TPX

O2/N2 selectivity increased from
2.6 in non-grafted-TPX to 11.1 in
TPX-g-4-vinylpyridine (88.7 wt%
grafting)

[136]

TPX Al2O3 Addition of Al2O3 showed better
results of O2 permeability (181.58
Barrer) and N2 permeability
(52.09 Barrer) in comparison with
the addition of TiO2 and ZnO
nanoparticles.

[137]

TPX TiO2, ZnO, and
Al2O3

By adding 15 wt% of Al2O3 at a
pressure of 9 bar, maximum
values of O2 and N2 permeability
were obtained to b 92.5 and 30.0
Barrer, respectively. The best
selectivity was 20.6 for 10 wt% of
TiO2 nanoparticles at a pressure of
9 bar.

[138]

TPX ​ The permeability of
semicrystalline poly(4-methyl-1-
pentene) (PMP) with Tg = 30 ◦C in
the temperature range of
− 20–80 ◦C increased
exponentially. The O2/N2

selectivity decreased from 9.7 at
− 20 ◦C to 2.8 at 80 ◦C.

[139]

TPX Second bath
medium as a
treatment

O2/N2 selectivity in n-butanol
(3.67) was higher than that in
methanol (2.66), ethanol (2.95),
and n-propanol alcohol (2.85).
Storage time decreased the
membrane performance. To avoid
storage time defects, the
membrane was heated at 50 ◦C for
12 h.

[140]

TPX Modification by
fluorine exposure

The fluorine exposure modified
the surface of TPX membrane and
increased its selectivity from 3.3
to about 6.5 after 15 min.

[141]

TPX Homograft
treatment

O2 permeability and O2/N2

selectivity for 60 h irradiation
using 20 % and 10 % degrees of
grafting were 28 × 10− 10 cm3 cm/
cm2 s cm Hg and 7.6, and 63 ×

10− 10 cm3 cm/cm2 s cm Hg and
4.5, respectively.

[142]

TPX Modification by
chlorination

Highly and deeply chlorinated
membranes showed decreased
permeability of 0.12 × 10− 9 cm3

cm/cm2 s cmHg.
O2/N2 separation factor increased
from 4.1 in neat TPX to 7.3 in the
membranes.

[143]

TPX (MX-
001 and
RT-18)

Modification by
blending of PDMS

By adding 10 wt% of silicone
rubber, Tg shifted inwardly and
molecular mixing occurred
between the silicone rubber and
TPX.
TPX (MX-001) was more
homogeneous and had a lower
molecular weight, denser
structure and more branching
chains than TPX (RT-18). The best
result of O2/N2 selectivity was
6.92 using 10 wt% siloxane/TPX
(MX-001) at a milling temperature
of 65 ◦C.

[144]

TPX/PDMS Plasma treatment of
vinyl monomers

Vinyl monomers were deposited
onto blended polymers by plasma,
providing a better grafted polymer
layer on the surface of the blend
membrane.

[145]
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rigidity was considered the main determinant of intrinsic microporosity
and high selectivity.

By maximizing the rigidity of the chains and internal FV of the
constituent monomer units, an optimum distribution of small micro-
pores with uniform structure was observed. The results showed an
enhancement in O2/N2 selectivity from 2.77 for PIM-1 to 6.26 and 6.65
for 118- and 370-day aged PIM-MP-TB, respectively [59].

Aliyev et al. [60] reported O2/N2 selectivity of 3.23, 4.30, 4.25, and
4.12 for PIM1, PIM1-4 wt.% TIFSIX3, PIM1-2 wt.% Zn2(bim)4, and
PIM1-8 wt.%MOF-74 membranes, respectively. In the case of PIM-1 and
PIM-7 membranes, the respective O2/N2 selectivity was reported to be 4
and 4.5. For polymeric gas separation membranes, the backbone stiff-
ness needs be coupled with reasonable increases in interchain separation
in order to achieve both higher permeability and selectivity [61]. To
obtain inter- and intra-crosslinking reaction sites in PIMs, Li et al. pre-
pared blends of bromomethylated PIM-1 (PIM-BM) and TB as a micro-
porous polymer system. They reported an improvement in O2/N2
selectivity from 3.8 to 11.1, together with a reduction in O2 permeability
from 422.5 to 18.2 Barrer for crosslinked PIM-BM/TB treated at 300 ◦C.
The creation of the self-crosslinking within PIM-BM and inter/in-
tramolecular crosslinking (PIM-BM and TB) in polymer blends led to the
tuning of FV distribution in crosslinked system, giving rise to the high
selectivity [62]. In another study, Xiaohua et al. demonstrated high O2
permeability (137 and 715 Barrer at − 30 ◦C and 30 ◦C) and high O2/N2
selectivity (10.1 and 6 at − 30 ◦C and 30 ◦C) using
fluorine-functionalized triptycene diamine employed as the building
block of Tröger’s base-derived polymer (DFTTB) [63,64]. Similarly,
Rose et al. [65] reported the synthesis of PIM-BTrip-TB using a poly-
merization reaction under optimized conditions for the formation of TB
by adding monomer 4 to a mixed solution of 5 molar equivalents of
dimethoxymethane in the trifluoroacetic acid.

The resulting polymer was found to be highly permeable (3290
Barrer) with moderate O2/N2 selectivity of 3.6. Alternatively, the gas
separation performance of Br-substituted intrinsic microporous PI (PIM-
DB-PI) was compared with that of microporous PIM-PI-1 with more ri-
gidity, showing higher selectivity and lower permeability due to its
considerably higher density and lower FFV [63].

It should be noted that, the relatively larger degree of rotation of
PIM-DB-PI (508◦) compared with that of PIM-PI-1 (315◦), as well as the
flexibility of the composing monomer in PIM-DB- PI, can lead to more
efficient polymer packing, which in turn enhances the selectivity [63].
Fig. 2 shows resonance structures of PIM-PI-1 and PIM-DB-PI polymers.

Chen et al. prepared PIM-BM-x polymers using methylated PIM-M
polymers, followed by their bromoalkylation and thermal self-cross-
linking reaction (see Fig. 3). The evaluation of separation parameters
indicated an improvement in O2/N2 selectivity from 3.9 for PIM-M to 5.6
for PIM-BM-100. Also, thermal treatment of PIM BM-70 at 300 ◦C for 5 h
affected the polymer chain packing and decreased d-spacing of polymer
structure, which enhanced the selectivity from 4.6 to 6.5 [64].

Felemban et al. [65] focused on the reaction of TOT monomer with
different bis-catechols in order to prepare high-performance PIMs as
membranes (PIM-TOT-100, PIM-TOT-spirobichroman (SBC),
PIMCardo-TOT, PIM-TOT-spirobifluorenes (SBF), PIM-TOT-SBF-4, and
PIM-TOT-SBF-5) for gas separation applications. While the PIMs treated
with MeOH (containing TFTPN units) possessed high permeability, they
showed lower selectivity compared to the TOT-based membranes.

By increasing the aging process, FV of PIMs decreased and tightening

Table 5 (continued )

Polymer Additive or
treatment

Description Ref.

The best result of selectivity was
reported to be about 5.16 for
PVAc-p-TPX/PDMS treated by
10W–20 min plasma.

Table 6
PU polymers with different additives or treatments for O2/N2 separation
properties.

Polymer Additive or treatment Description Ref.

PU SiO2 O2 and N2 permeability
decreased from 7.50 to 2.74
Barrer in pure PU to 6.82
and 1.93 Barrer in PU
containing 15 wt% of SiO2

nanoparticles, thereby
increasing O2/N2 selectivity
from 2.75 to 3.65.
As the temperature
increased, the selectivity
decreased from 3.65 at
25 ◦C to 2.52 at 45 ◦C.

[146]

PU Changing hard and soft
segment contents

By increasing the hard
segment content, FV size
and FFV decreased.

[147]

PU
[148]

Blending with PMMA By increasing temperature
from 10 ◦C to 40 ◦C, FV size
increased approximately
30 %, thus increasing
permeability of both PU
and PU/PMMA blend
membranes.

[148]

PU Blending with polyethylene
oxide, polypropylene oxide,
and polyethylene oxide
triblock copolymer (Pluronic)

O2/N2 selectivity of PU (85
wt%)/PVAc (15 wt
%)/Pluronic (4 phr)
membrane increased 200
%, and its permeability
decreased.

[149]

PU Addition of PMMA By increasing PMMA
content for blends with 80
and 60 wt% of PU, the
average FV size of the
blends decreased, which
was correlated with a
decrease in permeability.
No significant changes were
observed in O2/N2

selectivity of PU/PMMA
membrane.

[150]

PU Blending with polysiloxane LowO2/N2 selectivity in the
range of 1.3–3.0 was
observed.
The higher the degree of
phase separation, the
higher the influence of the
soft phase is on the gas
permeation.
A lower chain packing
density increased the
permeability.

[151]

PU Addition of oxygen carrier salt
(cosalen)

O2/N2 selectivity and O2

permeability were 8.9 and
1.1 Barrer using PU/5 wt%
cosalen at 5 ◦C,
respectively. The gas
separation was governed by
gas diffusion rather than
gas sorption in PU/cosalen
membrane.

[152]

PU Copolymerization
(copolyether-urethane-urea,
copolyether-urethane)

Phase separation and
nature of chain packing
with the different extenders
in the copolymers affected
the separation results. An
increase in the packing
caused a decrease in the
permeability.

[153]

PU PU/polyether and PU/
polyester diols

Due to its less flexible and
more stereoregular
structure, PU/PE had
higher permeability.

[154]

PU Hybridization of PDMS-PU/
POSS nanoparticle

The permeability of N2 and
O2 in POSS-amine

[155]
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of the bottlenecks between the FV elements was observed, leading to the
selectivity improvement. The O2/N2 selectivity of PIM-TOT-SBC, 1028-
day aged PIM-TOT-SBC, PIM-Cardo-TOT, 885 day-aged PIM-Cardo-
TOT, and 114-day aged PIM-Cardo was reported to be 4.1, 4.3, 4.0, 4.4,
and 4.15 respectively [66]. Longo et al. mixed
amidoxime-functionalized PIM-1 (AO-PIM-1) and commercial PI
Matrimid® 5218, and observed a decreasing trend of permeability due
to occupied FV of the AO-PIM-1 after further addition of Matrimid®
5218. The best result of O2/N2 selectivity was 6.2 using 80 wt%/20 wt%
of Matrimid® 5218/AO-PIM-1 [67]. In fact, the amidoxime modifica-
tion was selected owing to the tightening of the polymeric matrix and
improvement in the selectivity [68].

2.4.2. Microporous ladder polymers
Ma et al. [57] synthesized soluble microporous ladder polymers by

combining catalytic arene-norbornene annulation (CANAL) and TBs.
They reported O2/N2 selectivity of 4.8 and 5.2 for CANAL− TB-1 and
300-day aged CANAL− TB-1 membranes, respectively.

Swaidan et al. studied long-term physical aging and plasticization of
ladder and semiladder PIMs polymer families (i.e., PIM-1, TPIM-1,
TPIM-2, PIM-EA-TB, and KAUST-PI-1), as depicted in Fig. 4. The results
of their study indicated that not only high intrachain rigidities played an
important role in physical aging but also the initially high FV induced by
larger backbone rigidity and chain architecture acted as a driving force
for the fast and more extensive aging process of the bulk microstructure,
thereby forming gas separation membranes with high permeability and
selectivity. In this way, O2 permeability of TPIM-1 was reduced by 95 %,
whereas its O2/N2 selectivity was enhanced by 115% after an aging time
of 780 days [69].

Li et al. reported improved O2 permeability (701 vs 504 Barrer),
selectivity (5.79 vs 5.54), and stability compared to pristine ITTB after
adding 1.0 wt% of CNT into TB ladder polymer ITTB. After 100 days of
aging, O2/N2 selectivity of the CNT-contained TB ladder polymer further
increased to 7.28. A good Lewis acid-based interaction between tertiary

amine (from TB) and COOH (from CNT), together with π-π interaction
between the CNT skeleton and triptycene unit, could be responsible for
the selectivity improvement [71]. For better clarity, Fig. 5 schematically
shows the aforementioned interactions.

2.4.3. The interplay between aging time and membrane thickness
Some studies performed on the gas separation properties of mem-

branes with different aging time and thicknesses have indicated that
physical ageing of polymers, particularly those with high FV, is
considerably faster in thin films [72,73]. Furthermore, it has been found
that post-treatment by different substituents can affect the aging time
[73]. By investigating PIM-SBF series treated by methyl or t-butyl sub-
stituents, the performance of bulky t-butyl groups of PIM-SBF
(PIM-SBF-5) was better than that of methyl substituents of PIM-SBFs
2–4 when keeping the distance between polymer chains constant dur-
ing the aging process. Since the aging preferentially reduced large mi-
cropores within the PIM-SBFs, the ideal O2/N2 selectivity (2.6) of
PIM-SBF-5 with a thickness of 98 μm was lower than that of other
PIM-SBFs. Meanwhile, PIM-SBF-1 (80 μm in thickness) showed the
highest ideal O2/N2 selectivity (5.6) after an aging time of 2088 days
[72].

2.4.4. The use of PIMs in the preparation of polymer molecular sieve (PMS)
A PMS precursor of partially amidoxime functionalized PIM-1

(PAOPIM-1) with solution processability was mixed with a thermally
stable PI matrix (PI–COOH) to form a polymer blending membrane that
was subsequently annealed under controlled heating conditions. The
self-cross-linking between nitrile and amidoxime groups at 300–400 ◦C
caused PMS to act as a filler in the matrix of polymer with high homo-
geneous dispersion. The highest O2/N2 selectivity was achieved to be 8.5
using 50 wt% filler loading [55]. Fig. 6 summarizes modification stra-
tegies and overall results of the separation properties explained in sec-
tion 2.4 for PIM membranes.

2.5. Polysiloxane hybrid membranes

2.5.1. Silicalite, silicalite-1, and NaX-dimethylsiloxane (PDMS)
By adding zeolite silicalite with different sizes (0.1, 0.4, 0.7, 0.8, 1.5,

and 8 μm) into 20 and 40 wt% PDMS MMMs, the performance results
were less affected in terms of ideal selectivity. On the other hand,
permeability increased at relatively high zeolite loadings or for rela-
tively large particle sizes. Of course, the role of particle size was far more
pronounced in the permeability values [74].

Clarizia et al. showed that the addition of silicalite-1 into the PDMS
matrix can slightly improve O2 and N2 permeability [75]. They found
that O2/N2 selectivity trend for different concentrations of NaX-PDMS
was similar to that for PDMS films, except the corresponding selec-
tivity values were larger for the films depending on the temperature
[75]. Duva et al. investigated gas separation properties of
silicalit-1/PDMS and EPDM. Although the silicone rubber (PDMS) and
ethylene-propylene rubber (EPDM) had non-selective equilibrium
sorption properties, adding silicalite-1 to them induced remarkable
O2/N2 selectivity improvements. In other words, the addition of 37 wt%
silicalite-1 to PDMS and 53 wt% silicalite-1 to EPDM improved the
corresponding selectivity to 2.7 and 4.7, respectively [76].

Jia et al. reported an increase in O2/N2 selectivity from 2.15 to 2.92
by adding 70 wt% silicalite to PDMS. In fact, silicalite can act as a mo-
lecular sieve in transition of smaller molecules and hindering of larger
molecules [77]. Moreover, Stern et al. investigated O2/N2 separation
properties of silicone polymers whose findings are summarized in Fig. 7.

2.5.2. ZIF-7
The PDMS includes a sequence of -Si-O-units with high flexibility due

to their low rotation energy, avoiding the effective hindering of the
phase transition of ZIF-7 (see Fig. 8). The addition of ZIF-7 nanocrystals
with a wide pore (ZIF-7-I) to polysulfone (PSF) and Pebax-1657

Table 6 (continued )

Polymer Additive or treatment Description Ref.

incorporated hybrid
membranes was lower than
pure PDMS-PU.

PU Amine containing PEG was
used as the soft segment
component. The hard segment
was formed from MDI and
chain extended with N-MDEA
and/or TEPA.

The PU with 51.5 wt% of
the hard segment content
had higher O2 permeability
(1.75 Barrer), N2

permeability (0.374
Barrer), and selectivity
(about 4.7).

[156]

PU DMPA By increasing 1.5 mol%
DMPA content in the
composition, the highest
O2/N2 selectivity (5.1) was
obtained.

[157]

PU SiO2(polyurethane/silica and
polyesterurethane/silica)

Increasing silica
nanoparticle loading
decreased permeability,
whereas it increased O2/N2

ideal selectivity.
PU100/SiO2

nanocomposite membranes
exhibited higher
performance of O2/N2

separation (ideal selectivity
of PU100/15 wt% SiO2 was
3.67).

[158]

PU Boehmite nanoparticles Permeability of the
membrane decreased with
increasing the boehmite
content, whereas it
increased the O2/N2 ideal
selectivity.

[159]
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Table 7
Some other polymer blends with different additives or treatments for O2/N2 separation properties.

Polymer blend Additive or treatment Description Ref.

Polyphenylsulfone (PPSU) and polyphenylsulfone containing
imidazole group (imPPSU)

Imidazole groups By introduction of imidazole groups, permeability
of O2 and O2/N2 ideal selectivity decreased from
1.423 Barrer and 4.924 in PPSU to 1.163 Barrer
and 1.806 in imPPUS40, respectively.

[160]

Poly(ether ether ketone) with cardo group (PEEK-WC) M-xylyl imine and furanyl imine as an organic
cage with cardo group

Permeability decreased and O2/N2 selectivity
remarkably increased in the presence of m-xy. The
respective selectivity and O2 permeability of
PEEK-WC/m-xy were 9.71 and 0.68 Barrer. The
respective selectivity and O2 permeability of
PEEK-WC/Fura were 4.49 and 10.1 Barrer (see
Fig. 12).

[161]

Poly (ODPA-TMPDA)
(ODPA = 4,4′-oxydiphthalic anhydride; TMPDA = 2,4,6-
trimethyl-m-phenylenediamine)/CoIII acetylacetonate and
SNW-1 nanoparticles

A porous organic framework (SNW-1
nanoparticles) and a cobalt-based complex (Co
(acac)3)

A synergistic effect of the combination of 10 wt%
of SNW-1 and 2 wt% of Co (acac)3 in a polymer
matrix simultaneously increased O2 permeability
and O2/N2 selectivity up to 33 % and 18 %,
respectively.
By adding Co(acac)3, matrix of membranes was
densified with reduction of the polymer’s FV,
thereby decreasing O2 and N2 diffusivity by 19 %
and 22 % respectively.

[162]

Polybutadiene/polycarbonate (PB/PC) Plasma treatment by using ethylenediamine
plasma (70 W for 40 min)

Plasma treatment facilitated surface crosslinking
and created a dense top layer on the membrane
surface, thus enhancing the size sieving effect so
that the selectivity reached above 10.

[163]

Nafion 117 and PC ​ Dry Nefion (with O2/N2 selectivity of 4.15 and O2

permeability of 1.08) did not have any advantage
relative to PC (with O2/N2 selectivity of 5.13 and
O2 permeability of 1.48)

[164]

Styrene-butadiene-styrene triblock copolymers UV photografting without degassing O2/N2 selectivity improved from 3.1 to 5.6 at 278
K, from 3 to 5.3 at 288 K, from 2.8 to 4.7 at 298 K,
and from 2.3 to 3.7 at 308 K when increasing the
grafting of DMAEMA from 0 to 4.72.

[165]

Six poly(α-amino acid): poly(l-leucine) (PLL), poly(y-methyl
Lglutamate) (PMLG), poly(l-methionine) (PMt), poly(y-benzyl-L
glutamate) (PBLG), poly(Aie-carbobenzoxy-l-lysine) (PLy-Z),
and poly(y-l-glutamic acid) (PG)

​ The side chains of poly(a-amino acid) membranes
played an important role in permeability of gases.
The permeability decreased in the following order
PLL > PMLG > PMt > PBLG > PLY-Z > PG, from
8.61 to 0.0006 and 1.92 to 0.0001 for O2 and N2,
respectively. (P × 1010 (cm3(SPT)-cm/cm2-sec-
cmHg)

[166]

Miscible poly(methyl methacrylate) and styrene/acrylonitrile
(SAN) copolymers

​ Due to stronger interaction in 13.5 wt% of
acrylonitrile (AN) relative to 28 wt% of AN in
SAN, polyacrylonitrile had better barrier
properties compared to polystyrene, leading to
higher permeability.
The ideal selectivity of 13.5 wt% of AN was lower
than that of 28 wt% of AN.

[167]

Three different PMMA forms (i-PMMA, s-PMM, and 50/50 i-
PMMA/s-PMMA blend)

​ The isotactic form had denser packing in the
glassy state and lower FV. The permeability of
isotactic-PMMA (0.0168 Barrer for O2, and 0.0014
Barrer for N2) was lower than that of syndiotactic-
PMMA (0.1050 Barrer for O2, and 0.0130 Barrer
for N2).
O2/N2 selectivity of i-PMMA was 12.0, being
higher than that of the other polymers.

[168]

PC and PMMA Controlling annealing temperature and time The immiscible blend morphology changed to
interconnected and domain–matrix structures.
Permeability of the immiscible blend with a
domain–matrix structure was higher than that
with an interconnected structure. The miscible
blend had the lowest permeability. The ideal
selectivity of miscible blends was higher than that
of immiscible blends.

[169]

Carbon composite molecular sieving membranes (CMSMs) Cerium oxide (CeO2) CMSMs were prepared on carbonaceous plate
supports using PI as a precursor and CeO2 as a
filler.
In CMSMs/CeO2 (0.2 wt%), the selectivity
reached 16.3 by increasing O2 concentration to
77.3 %.

[170]

DOCDA-ODA 20 wt% zeolite LTA O2/N2 selectivity of DOCDA-ODA increased by
122.16 % after addition of 20 wt% zeolite LTA

[171]

poly(trialkylsilylethynylphenylacetylene)s (PSEPAs) PSEPAs with trimethylsilyl(PSEPAMe),
triethylsilyl(PSEPA-Et), triisopropylsilyl
(PSEPA-iPr), tripropylsilyl(PSEPA-Pr),

Poly(substituted acetylene)s with the insertion of
a conjugated acetylene between the benzene ring
and the silyl showed ultra-high oxygen
permeability of 3.09 × 105 Barrer.

[172]

(continued on next page)

N. Nikpour and A.H. Montazer



Materials Chemistry and Physics 343 (2025) 131035

15

improved O2/N2 selectivity, whereas ZIF-7 with a narrow pore (ZIF-7-II)
in PDMS matrix showed a sharp decrease in O2 permeability and no
improvement in O2/N2 selectivity [79].

2.5.3. ZIF-8
Dual-layer PDMS/PSFmembranes with 2 wt% ZIF-8, 2 wt%NH2-ZIF-

8, and 2 wt% thermally annealed ZIF-8 have been fabricated by Bagri
et al. They found that O2/N2 selectivity of 2 wt% annealed ZIF-8-
membrane was 5.5, outperforming 2 wt% ZIF-8 and 2 wt% NH2-ZIF-8
membranes with the selectivity of 2.95 and 4.97, respectively [80].

2.5.4. PMA-PDMS-PMA and PMA-PDMS-PMA/PVAc
Semsarzadeh et al. added PVAc to PMA-PDMS-PMA block co-

polymers, creating new fibrillar microstructures with improved gas
selectivity. The addition of 20 wt% PVAc (as a polar and glassy polymer)
increased average fibril diameter of PDMS block copolymer, leading to a
55 % enhancement in the gas selectivity. Due to the polar interaction
between -CO-O- groups of PMA and -O-CO- groups of PVAc, the resulting
PMA/PVAc had a miscible form [81].

2.5.5. Imide-siloxane block copolymers
By introducing PDMS into a rigid polyimide backbone with a

coupling agent in a sol–gel reaction, the gas permeability improved,
indicating the occurrence of permeability through the flexible PDMS
phase. By adding more silica (SiO2) in the hybrid membrane, this inor-
ganic additive restricted the thermal chain motion of organic compo-
nents, thereby retarding the significant reduction of gas selectivity at
high temperatures. Although the addition of 0 and 10 wt% silica to the
membrane dramatically decreased the selectivity from 8.94 to 8.80 at
30 ◦C to 3.12 and 4.93 at 100 ◦C, respectively, 30 and 50 wt% silica
added to the membrane slightly changed the corresponding selectivity
from 8.71 to 8.00 at 30 ◦C to 6.21 and 7.10 at 100 ◦C [82].

Polyamideimide-branched siloxanes (PAIBrSs) membranes were
prepared by incorporating ODMS into the side chains of the PAs,
providing better gas permeation properties compared to the polymers
having ODMS in their main chains. Because of the flexible linkage and
free rotation of PAs in ODMS chains, a large distance between the chains
was created that increased the FV of the polymer and decreased the O2/
N2 selectivity [83–85].

The comparison between gas separation results of PAIBrS and poly
(imide-siloxane) (PIBlS) membranes caused the selectivity of PAIBrS
to be smaller than that of PIBlS membranes [83], which was attributed
to the presence of ODMS as side chains in the backbone of poly-
amideimid. In another study, the gas permeation of microheterogeneous
polymers and the cluster connectivity in pathway of PAs were investi-
gated. Due to formation of shorter paths around the composition (ca.
0.2–0.3 vol fraction of siloxane moiety), the permeability increased and
O2/N2 selectivity decreased [85]. Ha et al. stated that the gas transport
using poly(amide-imide) siloxane copolymers is dominated by the
siloxane phase (as a flexible domain) and the poly(amide imide) phase
(as a rigid domain), affecting the flow line of gas permeation [84].
Nagase et al. [86] synthesized siloxane-grafted poly(amide-imide) and
PI, which were labeled as PAI-g-PDMS and PA-g-PDMS with different
PDMS segment lengths, respectively (see Fig. 9). The higher aggregation
of PI than poly(amide-imide) resulted in the lower solubility of
PA-g-PDMS than PAI-g-PDMS. Accordingly, the permeability coefficients
of PAI-g-PDMS were higher than those of PA-g-PDMS with the same
PDMS segment length. The maximum O2 permeability of PAI-g-PDMS
was 231 Barrer, whereas the maximum O2/N2 selectivity of PA-g-PDMS
was 2.49 [86].

Park et al. synthesized imide-siloxane/silica hybrid membranes and
found a slight decrease in O2/N2 selectivity due to the amorphous silica
network. In fact, a silica network-matrix interphase was created in the
membranes, thereby restricting the chain mobility. The O2/N2 selec-
tivity of the hybrid membranes was reported to be 8.7 and 8.0 for 30 and
50 wt% silica contents, respectively [82].

PI-silica composite materials with different tetramethoxysilane
(TMOS) molar fractions and silica contents were prepared by Joly et al.,

Table 7 (continued )

Polymer blend Additive or treatment Description Ref.

tributylsilyl(PSEPA-Bu), and triphenylsilyl
(PSEPA-Ph)

The selectivity of PSEPA-Et, PSEPA-Pr, and
PSEPA-Bu membranes was 2.10, 2.20, and 1.33,
respectively.

Hyper-coPI membranes DAMm:TAPAn-6FDA (m:n = 0.5:1–5:1)
(DAM0.5:TAPA1-6FDA)

The corresponding selectivity was reported to be
5.58

[173]

Fig. 13. The variation of oxygen air enrichment as a function of the strength of
a magnetic field applied to a membrane filled with neodymium powder
(magnetized under a magnetic field of 0.3 mT). Reprinted from Ref. [179],
Copyright (2007), with permission from Elsevier.

Fig. 14. The comparison between hysteresis loops of magnetic membranes
containing particles with two different mean diameters (dm). Reprinted from
Ref. [191],Copyright (2017), with permission from Elsevier.
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indicating an increase in permeability without the usual loss of the
selectivity in the temperature range of 50–150 ◦C. The O2 and N2
permeability of PI-silica composites increased from 0.17 to 0.38 and
0.04 to 0.10 Barrer when increasing the silica content and TMOS molar
fraction from 0 to 30 wt% and 25 to 72 wt%, respectively [87]. Lee et al.
[88] prepared mixed PDMS/polyether soft segment-based polyurethane
ureas (PUU) membranes using a mixture of soft segments with different
ratios. The addition of a small amount of polyether (PTMO, PEO, PPO,
and PEO-PPO-PEO) into polyether-based PUU membranes decreased
permeability without changing the selectivity. In the case of PDMS
polyether-based PU membranes, permeability and O2/N2 selectivity
increased, owing to the creation of the phase separation in both hard
(MDI/BD) and soft (polyether) segments, as well as the formation of
more tortuous route for diffusing molecules [88]. The investigation of
the permeability of polysulphone/polydimethylsiloxane (PSF/PDMS)
graft copolymer membranes showed results similar to PDMSmembranes
and different from PSF ones.

While the permeability of PSF/PDMS copolymer membrane mostly
depends on the composition, the corresponding O2/N2 selectivity is
affected by the PDMS chain length, which is due to the absence of phase
separation occurring at the short PDMS branched copolymer. Nagase
et al. reported O2/N2 selectivity of 2.16 and 2.54 for PSF/PDMS

Fig. 15. The comparison between hysteresis loops of membranes containing particles with two different mean diameters (dm). Reprinted from Ref. [189], Copyright
(2017), with permission from Elsevier.

Fig. 16. The comparison between hysteresis loops of MMMs filled with
different concentrations (18 and 24 wt%) of BaFe12O19 nanoparticles. Reprin-
ted from Ref. [24], Copyright (2020), with permission from Elsevier.

Fig. 17. The comparison between hysteresis loops of membranes with (a) two different filler amounts, reprinted from Ref. [189], Copyright (2017), with permission
from Elsevier. and (b) two different dm. Reprinted from Ref. [183], Copyright (2015), with permission from Elsevier.
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membranes with the same composition. In this case, the membrane
without the phase separation was under the influence of the polymer
backbone component [89].

Kim et al. fabricated hybrid membranes consisting of poly(imide-
siloxane) and CNTs. The permeability of O2 and N2 was observed to
increase as a function of open-ended CNT loading in the matrix of the
polymer. For a CNT loading of 10 wt%, the respective permeability of O2
and N2 improved from 32.24 to 39.81 Barrer and 11.99 to 17.83 Barrer
after the addition of CNTs into PDMS [90]. Roh et al. prepared PDSM
membranes with MOF-74 (M = Mg, Mn, Co, and Ni) nanocrystals using
microwave reactions, giving rise to rapid and homogenous growth of
nanocrystals (NCs). The presence of porous additives, Lewis acidic sites
of MOF-74-NCs for O2, and homogenous dispersion of Mg-MOF-74-NC
in the PDMS matrix caused the ideal O2/N2 selectivity to be enhanced
from 2.1 in PDMS to 4.2 in PDMS/Mn-MOF-74-NC [91].

Xu et al. [92] prepared imide-bridged polysiloxane (PMHS-I) mem-
brane via the reaction of poly(methyhydrosiloxane) with N,N′-bis
(3-allyl)pyromellitic diimide, and using Karstedt’s catalyst in a one-pot
hydrosilylation process (Fig. 10). The creation of small pores (ultra-
micropores) and network structure based on imido linkages in the ma-
trix of the membrane enhanced its O2/N2 selectivity (4.44) compared to
PDMS (2.14). In addition, O2 permeability (31.0 Barrer) of the mem-
brane was higher than that of pure PI (0.46) [92]. Fig. 11 summarizes
modification strategies and overall results of the separation properties of
PDMS membranes.

2.6. Poly(arylene sulfone), poly(4-methyl-pentene-1), and polyurethane
membranes

Poly(arylene sulfone) (e.g., PSF, and polyethersulfone (PES)),
PEBAX, poly(4-methyl-pentene-1) (PMP or TPX), and polyurethane (PU)
membranes and their blends with different additives have been used for
O2/N2 separation properties. The results obtained along with their de-
scriptions are tabulated in the following Tables (1–7).

3. Basic concepts of magnetism in polymeric membranes

Themagnetic properties of materials originate from themovement of
the electrons of their constituent atoms, thereby creating a magnetic
moment [174]. A set of these magnetic moments that are aligned is
called a magnetic domain [175]. The domains are the smallest magnetic
regions that play an important role in magnetic behavior of particles.
The magnetic characteristics of these domains are the final determinant
of the magnetization component. Magnetic order of small particles tends
to create a single domain, whereas large particles formmultiple domains
[176].

Ferromagnets, ferrites, and superparamagnets are used in the

Fig. 18. Basic concepts of magnetism for magnetic polymer membranes.

Fig. 19. Hysteresis loops of pure PPO and PPO with Fe@MWCNT, Reprinted
from Ref. [177]. Copyright (2018), with permission from Elsevier.

Fig. 20. Hysteresis loops of magnetic hybrid membranes fabricated based on
PPO, NaSPPO and FeSPPO polymer matrices with the same filler content.
Reprinted from Ref. [193], Copyright (2019),with permission from Elsevier.
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fabrication of magnetic flat sheet membranes, possessing magnetic
properties due to the formation of magnetic domains. Ferromagnetic
materials include cobalt, nickel and iron, and the alloy compounds of
these three metals and some rare-earth metals (e.g., Nd) are also known
as ferromagnets. Ferrites are a subgroup of ferromagnets, being double
oxides of iron and other metals. The permeability of these materials is
usually large in the presence of a magnetic field. By applying an external

magnetic field to the membrane during its fabrication, the resultant gas
separation properties were enhanced [24,177]. For instance, selectivity
of PES/Pebax-1657-BaFe12O19 magnetic membranes prepared in the
absence and presence of magnetic field (perpendicular to the membrane
and in the direction of gas transfer) was 2.29 and 2.72, respectively [24].

The magnetic properties of permanent magnets can be evaluated by
magnetizing them in the presence of a magnetic field [174]. In the case

Fig. 21. Schematic representation of the synthesis process of Fe3O4@ZIF-8. Reprinted from Ref. [194], Copyright (2024),with permission from Elsevier.

Fig. 22. Top-view SEM images taken to show surface morphology of: (a) parallelly-arranged, and (b) vertically-arranged ATP/PIM-1 MMMs. (c) and (d) The cor-
responding cross-sectional SEM images. Reprinted from Ref. [202], under a Creative Commons CC-BY-NC-ND license.
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Table 8
Magnetic polymer membranes with different additives and magnetic field conditions for O2/N2 separation properties.

Polymer Additive External Magnetic field or
modification

Description Ref.

EC, PPO Neodymium (Nd) powder microparticles Magnetized magnetic membranes
under 2.5 T

PPO+ 1.8 g Nd with granulation of 20–32 μm increased
O2 permeability in the magnetic diffusive chamber up to
63 %.

[186]

EC, PPO MQFP-16(Nd-Fe-B) Casting in a magnetic field of 32 kA/m By adding MQFP-16 with granulation of 9 μm into PPO
and EC membranes (PPO+1.75 g and EC+1.5 g), O2/N2

selectivity in air increased from 3.04 to 1.53 (in the net
condition) to 4.36 and 2.94, respectively.

[183]

EC, PPO MQFP-16(Nd-Fe-B),and MQFP-14-12 Casting in a magnetic field of 40 mT By adding MQFP-16 and MQFP-14-12 with granulation
of 5 and 25 μm into PPO and EC membranes (PPO+1.75
g and EC+1.5 g), O2/N2 selectivity in air increased from
3.04 to 1.53 to 4.36 and 2.56, respectively.

[192]

PPO Fe@MWCNTs B = 40 and 100 mT By hydroxylation of Fe@MWCNTs (Fe@MWCNT-OH)
and sulfonation of PPO (SPPO) under an external
magnetic field, the nanotube-polymer interphase via
hydrogen bonding was enhanced, which increased the
permeability, diffusivity, and selectivity.
For SPPO with 5 wt% of Fe@MWCNT-OH, O2/N2

selectivity was found to be 5.15, indicating a significant
enhancement in the gas separation compared to the PPO
membrane with 5 wt% of Fe@MWCNT (3.45).
The hysteresis loops of pure PPO and PPO filled with
Fe@MWCNTs showed paramagnetic and ferromagnetic
properties (see Fig. 19).

[177]

PPO Modification by sulfonation and addition of
MQPF-12-14

​ Modification by sulfonation and proton substitution
with Na + and Fe2+ ions caused an improvement in the
selectivity from 3.04 to 4 and 4.22 for NaSPPO and
FeSPPO, respectively. By adding 1.83 g of MQPF-12-14
fillers, these results showed further improvements,
achieving selectivity of 6.88 for NaSPPO and 7.96 for
FeSPPO in air. The interaction of the magnetic powder
with the iron-containing polymer matrix increased the
remanence, saturation magnetization, and the
separation factors (see Fig. 20).

[193]

EC, linear
polyimide (LPI)
or HBPI

MQP-14-12 (Nd powder) Fabrication at a magnetic field of 40
mT, and using a short magnetic
impulse shock of 2.5 T to magnetize
the membrane

By adding 1.7 g of MQP-14-12 to HBPI, LPI and EC, the
selectivity reached 6.21, 5.07 and 2.55, respectively.

[187]

LPI and HBPI MQFP-B(Nd-Fe-B) with various granulation (5,
7, 15, and 20 μm)

No external magnetic field By adding 1.6 g of MQFP-B with dm = 7 and 5 μm to LPI
and HBPI, the selectivity increased from 3.25 to 4.10 to
7.24 and 8.69, respectively.

[191]

PPO MQP-14-12 Fabrication at a magnetic field of 40
mT, and using a short magnetic
impulse shock of 2.5 T to magnetize
the membrane

O2/N2 selectivity increased from 3.4 (PPO) to 4.46
(PPO+1.54g MQP-14) in air separation.
Thickness of membrane was 20–181 μm.
MQP-14-12 granulation was 5 μm.

[188]

PSF Carbonyl iron powder (CIP) The external magnetic field = 570 mT Addition of 10 wt% of CIP into PSF in the presence of the
external magnetic field caused O2 permeability and
selectivity to improve by 436 % and 41 %, respectively.

[180]

PES/Pebax1657
(double-layer
membrane)

BaFe12O19 (ferrite nanoparticles with high
coercivity)

Applying a magnetic field of 0.5 T
during the fabrication, and the use of a
magnetic module (0.5 T) in the testing
process

O2 and N2 permeance of the net membrane (without
nanoparticles) increased from 0.13490 to 0.07194 in the
absence of the external magnetic field to 0.38971 and
0.12754 in the presence of the field, respectively.
By adding 24 wt% of BaFe12O19 nanoparticles, ideal
selectivity improved to 2.72. By adding 24 wt% of
BaFe12O19 nanoparticles in the presence of the external
magnetic field, ideal selectivity further improved to
4.01.
The use of the external magnetic field during the test of
membranes amplified magnetic domains and magnetic
channels.

[24]

PES/Pebax1657
(double-layer
membrane)

Fe3O4 (superparamagnetic nanoparticles with
extremely low coercivity)

Applying different external magnetic
fields during the fabrication, along
with the use of a magnetic module
(0.5 T) in the testing process

While increasing the magnetic field from 0 to 0.3 T did
not considerably influence the ideal selectivity, PES/
Pebax-Fe3O4 membrane exposed to the magnetic field of
0.4 T showed a maximum O2/N2 ideal selectivity of
3.59.
Thicker channels at the magnetic field of 0.4 T were
responsible for higher adsorbing amounts of
paramagnetic O2 molecules using the magnetic module.

[25]

Pebax Core-shell MOF (Fe3O4@ZIF-8) Preparation and test condition were
carried out under a magnetic field

O2 permeability and O2/N2 selectivity of 15 wt%
Fe3O4@ZIF-8-8/Pebax MMMs reached 194 Barrer and
11.97, respectively.
Efficient vertical channels were formed in the
membrane by ordering of Fe3O4@ZIF during the drying
under a magnetic field (see Fig. 21).

[194]

(continued on next page)
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of superparamagnetic nanoparticles, since Brownian rotation time is
longer than Néel relaxation time, the magnetization is cancelled out
after removing the magnetic field at room temperature. Therefore, the
presence of an external magnetic field is necessary during the fabrication
of membranes containing superparamagnetic nanoparticles [178].
Strzelewicz et al. obtained a linear relationship between the oxygen air
enrichment and the strength of the magnetic field applied to the mem-
brane (see Fig. 13). Due to the small amount of the diffusion coefficient
using neodymium powder (20–40 μm), they found that the diffusion
process can control the aggregation [179].

The magnetic field applied to the particles helps orient the domains
and induce magnetic properties in them. In order to activate magnetic
domains, the prepared membrane can be exposed to an external mag-
netic field or placed in a magnetic module [24], or both of these actions.
By using an external magnetic field perpendicular to the surface of
membrane, the domains orient towards the field and amplify the mag-
netic attraction of membrane channels [24]. In this regard, Raveshiyan
et al. reported the use of an external magnetic field (570 mT) during the
tests of the membrane (MMM containing 7.5 wt% Fe3O4 nanoparticles
with a size range of 50–100 nm), achieving ~ 220 % and 33 % higher O2
permeation and selectivity compared to neat PSF membrane [180].

We should distinct between the use of magnetic field during the
membrane fabrication and in the separation process. In fact, the use of
magnetic field during the membrane fabrication has changed the
morphology, crystallinity and chemical state of polymeric membranes,

whereas it can help active the magnetic channels when applied during
the separation process of magnetic membranes containing particles,
keeping in mind that the inducing of the magnetic character to oxygen
needs an external magnetic field [24,25]. In other words, the use of an
external magnetic field during the membrane fabrication provides the
magnetic force required to control the particle dispersion within the
polymer matrix. By applying a magnetic field in the direction of mem-
brane thickness, particles in the polymer matrix and distribution of
polymer chain packing can be arranged in such as way that pathways
between the polymer and particles (so-called magnetic channels) can
enhance the separation factors [177].

To understand the magnetic membrane performance, it is necessary
to explain the notion of magnetic channels and how paramagnetic ox-
ygen atoms pass through them. The interaction between the channels
and paramagnetic molecules was found to take place through molecular
spin exchange instead of the long range magnetic field, arising from the
smaller contribution of magnetic forces on the molecular motion
compared to the strength of thermal fluctuations in the magnetic
channels of the polymer membrane [181]. The formation of these
magnetic channels occurs near the magnetic granules, creating highway
paths for the diffusion of permeating molecules [181]. It can be stated
that the Weiss molecular field of the magnet allows for a close approach
of paramagnetic O2 molecules to its surface, which results in their
trapping [182]. Compared to the diamagnetic N2 molecules, para-
magnetic O2 molecules stick to the highway paths on the magnetic

Table 8 (continued )

Polymer Additive External Magnetic field or
modification

Description Ref.

PES Lithium chloride and iron–nickel magnetic
alloys (Fe10Ni90 starfish-like alloy and Fe20Ni80
necklace-like alloy)

No external magnetic field Permeability increased, whereas the selectivity
remained constant due to the poor compatibility of the
filler surface and the polymer.
PES membranes containing starfish-like Fe10Ni90 alloy
showed higher efficiency in oxygen transition than PES
membranes containing necklace-like Fi20Ni80 alloy.

[195]

Cellulose
triacetate (CTA)

Co0.5Ni0.5FeCrO4 nanoparticles Orthogonal magnetic field By adding Co0.5Ni0.5FeCrO4 magnetic nanoparticles
into CTA, gas transport pathways and magnetic trap
introduced to the membranes improved the
permeability and O2/N2 selectivity.

[196]

Cellulose acetate
(CA)

Lithium chloride, poly(methylmethacrylate),
and iron–nickel magnetic alloys (Fe10Ni90
starfish-like alloy and Fe20Ni80 necklace-like
alloy)

No external magnetic field Poly(methylmethacrylate) was slightly blended with the
membrane in order to improve its mechanical
properties. Lithium chloride was used to improve the
porosity of the membrane.
Membrane containing starfish like Fe10Ni90 alloy had a
more efficient oxygen transition rate of 1.271 × 10− 5

cm3/(m2.s) compared to the blank CA membrane.

[197]

Polyvinyl chloride
(PVC)

Fe3O4/o-MWCNTs Applying a magnetic field of 0.05 T Addition of Fe3O4/o-MWCNTs nanoparticles and their
directional migration to the membrane surface under
the magnetic field led to the formation of “moon pit” on
the membrane surface.

[198]

PSF Orthoferrite (LaFeO3) No external magnetic field By incorporating 1.0 wt% of LaFeO3 into PSF matrix, the
highest O2/N2 selectivity (1.42) and higher
permeability were obtained compared to the pure PSF
membrane.

[199]

Poly(vinylidene
fluoride) PVDF

Modification with surface coating (MC) and
incorporation of superparamagnetic particles
(MM)

Applying a magnetic field of 100 G Higher O2 and N2 permeance from air was observed in
PVDF membrane coated with superparamagnetic
particles. MC showed the highest value of oxygen
permeance from air (3105 GPU).

[200]

PSF Iron oxide (Fe) Applying magnetic fields of 330 and
570 mT

O2 permeability and O2/N2 selectivity of PSF-7.5 wt%
Fe50 MMMs in the presence of a magnetic field of 570
mT increased about 220% and 33%, respectively, being
higher than those of neat PSF membranes.
By applying the magnetic field during the membrane
test, the selectivity of PSF and PSF-Fe membranes was
remarkably improved.

[201]

PIM-1 Fe3O4 and attapulgite (ATP) Applying a magnetic field Fe3O4-decorated ATP coated with PDMSwas affected by
vertical and parallel magnetic fields in the process of
evaporation at 25 ◦C for 2 days, so that the ATP particles
were arranged along the direction of the magnetic field
line. (see Fig. 22).
O2 permeability coefficient of ~670 Barrer and O2/N2

selectivity of ~3 were reported.

[202]
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channels for a longer time due to their interaction with the Weiss mo-
lecular field [181].

Research findings have shown that appropriate composition, small
size, and narrow distribution of particles provide the opportunity of
fabricating membranes with a homogeneous structure, possessing
extensive network of the magnetic channels [180,183]. In this way, the
magnetic channels attract paramagnetic oxygen gas molecule and repel
diamagnetic nitrogen gas molecule.

Theoretically, the permeation process in polymeric membranes
along with the external magnetic field can be described by Smo-
luchowski equation, indicating a linear relationship between O2
enrichment and magnetic field strength. For a two-component gas
mixture with a potential field, this equation is given by Ref. [179]:

əC1

ət
=D11

ə2C1

əx2
+ D12

ə2C2

əx2
− k

əC1

əx
(1)

əC2

ət
=D21

ə2C1

əx2
+ D22

ə2C2

əx2
(2)

where Ci (x,t) is the concentration at position x and time t, Dij is the
diffusion coefficient, and k is the drift coefficient. The Dij parameter is
constant or can depend on distance (Dij (x)), time (Dij (t)), or concen-
tration (Dij (Ci)).

Note that O2 molecules are paramagnetic, inducing magnetic char-
acter to oxygen in the presence of a magnetic field. This arises from the
unpaired electrons with spin magnetic moments in the molecule, as well

Fig. 23. Surface morphologies of: (a) pristine PVC, (b) MWCNTs/PVC, (c) Fe3O4/o-MWCNTs/PVC, and (d) Fe3O4/o-MWCNTs/PVC membranes under the effect of a
magnetic field. Reprinted from Ref. [198], Copyright (2021),with permission from Elsevier.
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as the negative exchange energy occurring between neighboring oxygen
molecules. Therefore, the inducing of the magnetic character to oxygen
needs an external magnetic field in the module as a gas container.

In order to theoretically consider polymer-magnetic filler in-
teractions, the fractal analysis through box counting method (BCM) can
be used for calculating multifractal parameters, involving a random
walk based model to simulate diffusion of magnetic powder particles in
polymeric membranes. For a non-interacting particles system, the mean-
square displacement of random walk is proportional to a nonlinear
function of time as follows [184]:

< x2 > ∝f(t) (3)

Because of different granulation and cluster formation in the mag-
netic membranes, a disordered system should be taken into account,
leading to the following relation:

< x2 > ∝t
2
dw (4)

where dw is the dimension of a random walk. For certain type of fractals,
this relation turns to:

< x2 > ∝t2(2+θ) (5)

in which: θ = 2(df − ds
)
/ds ; ds = 2 df/dw (6)

The value of fractal dimension (df ) can be estimated using the BCM.
Meanwhile, the estimation of dw is based on random walk simulation
and relation (4). The structures of magnetic powder in membranes have
been fractals with df = 1.44–1.87, possessing stochastic characteristics

with smaller complexity, larger homogeneity and self-similarity, which
increase with an increase in the amount of magnetic powder and
decrease with powder granulation. Thus, df increases with an increase in
the amount of magnetic powder, and decreases with an increase in the
number of condensation nuclei used in simulations.

By increasing powder granulation, dw decreases, which can be
assigned to an increase in the FV of the polymer matrix [185]. For poly
(2,6- dimethyl-1,4-phenylene oxide) membranes filled with 1.8 g of
praseodymium magnetic powder (granulation of 20–32 mm) in the
magnetic diffusive chamber, the structure of the magnetic powder in
membranes has been fractals with fractal dimension df = 2.76–2.84 and
stochastic characteristics of ΔD = 1.14–1.32 [186]. Polymer-filler in-
teractions are influenced by forming percolation-like paths and mag-
netic channels. By adding magnetic powder into the polymer matrix, the
distance between magnetic particle chains decreases, leading to an in-
crease in the magnetic interaction between them. This results in the
creation of more complex microstructures, being similar to three
dimensional (3D) matrices with higher storage modulus.

One of the strategies to optimize the compatibility of polymer-filler
interactions is to add magnetic particles into 3D structure of hyper-
branched polymers, thereby creating a more developed network of
permeation pathways, while also increasing the magnetic membrane
selectivity. In this regard, hyperbranched polyimide (HBPI) [187] and
PPO [188]can disaggregate N2–O2–O2 and create O2–O2–O2 clusters,
resulting in an increase in the separation performance. Also, by
employing a co-casting method, water as a solvent of the top layer of
membrane with hydrophilic substrate in the presence of an external

Fig. 24. FE-SEM images of MMMs filled with BaFe12O19 nanoparticles: (a) and (b) 18 and 24 wt% BaFe12O19 nanoparticles in the absence of a magnetic field, and (c)
and (d) 18 and 24 wt% BaFe12O19 nanoparticles in the presence of a magnetic field (0.5 T). Reprinted from Ref. [24], Copyright (2020),with permission
from Elsevier.
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magnetic field can improve the compatibility [24,25]. It should be noted
that some polymers such as PPO have shown hysteresis loops, indicating
their weak magnetic behavior with enhanced air separation properties
[177].

3.1. Magnetic characteristics of magnetic membranes

The most conventional approach to characterizing magnetic mem-
branes is the hysteresis loop measurements, providing important infor-
mation about magnetic parameters of the filler used in the membranes.
These parameters include coercivity, remanence and saturation
magnetization, which are described in the following sections.

Fig. 25. FE-SEM images of PES/Pebax-Fe3O4 membranes exposed to an external magnetic field with intensity of: (a) 0 T, (b) 0.1 T, (c) 0.2 T, (d) 0.3 T, (e) 0.4 T, and
(f) 0.5 T. Reprinted from Ref. [24],Copyright (2021),with permission from Elsevier.
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3.1.1. Coercivity
As a magnetic parameter, coercivity is defined as the magnetic field

required to decrease the magnetization to zero after the magnetic ma-
terial has reached its saturation state. Among the magnetic materials,
ferromagnetic and ferrite particles (categorized as soft materials) have
significantly lower coercivity than hard (permanent) magnetic mate-
rials. Meanwhile, the coercivity of superparamagnetic particles is almost
zero. The value of coercivity increases with decreasing the magnetic
filler granulation and particle size distribution in polymeric membranes
[189,190], involving the surface anisotropy and interparticle in-
teractions. On the other hand, the coating of magnetic powders with
polymer influences the net magnetic anisotropy. In other words, a
reduction in the effective magnetocrystalline anisotropy by the polymer
coating will lead to a decrease in coercivity [183,189]. For instance, the
coercivity of PI combined with Nd-Fe-B particles with a mean diameter
(dm) of 20 μm was considerably lower than that of PI combined with dm
= 5 μm [189], as shown in Figs. 14 and 15. Of course, it should be noted
that the reduction of coercivity depends on the polymer coating’s
characteristics. Rybak et al. indicated that the coercivity has an indirect
influence on gas separation factors, involving the magnetic remanence
and the decrease in particle size [183]. It is worth noting that the con-
centration of the filler may not change the hysteresis loop coercivity, as
found for MMMs filled with 18 and 24 wt% BaFe12O4 nanoparticles
(Fig. 16). The addition of Fe@MWCNTs into poly(2,6-dimethyl-1,
4-phenylene oxide) (PPO) at a weaker magnetic field (40 mT)
decreased the coercivity, which was assigned to the formation of ag-
glomerates. At a stronger magnetic field (100 mT), the coercivity
remained almost constant, which was related to the more homogeneous
distribution of Fe@MWCNTs in the polymer matrix [177].

3.1.2. Magnetic remanence and saturation
The magnetic remanence is defined as the magnetization that re-

mains in the material after the removal of the external magnetic field.
The changes in size or number of magnetic domains induced by the
magnetic field can influence the remanence. Also, it is affected by the
magnetic powder content and microstructure of particles [189]. It has
been shown that the remanence increases by adding the amount of
magnetic powder in the membrane, leading to an exponential increase
in the gas separation coefficient factors [183]. By adding approximately
1.7 g of NdFeB microparticles with dm = 7 μm into the linear
(ODPA-MDA) and hyperbranched (ODPA-MTA) polymers, remanence
and saturation magnetization were observed to increase, giving rise to
an improvement in the gas transport and selectivity coefficients of the
membranes [189]. Also, Rybak reported an increase in the remanence
and saturation magnetization when using different amounts of the filler,

according to Fig. 17(a). In this case, increasing the particle size from dm
= 11–22 μm decreased the corresponding remanence and saturation
magnetization (see Fig. 17(b)) [183]. Note that the saturation magne-
tization was linearly dependent on the magnetic filler additive, and that
the influence of remanence on the separation factors and transport
properties was significantly greater than saturation magnetization
[183].

It has been documented that the saturation magnetization of bulk
magnetic powder particles is considerably larger than that of the mag-
netic membrane, resulting from the chemical environment (polymers
and surfactants) influence on the magnetization of particles and mem-
brane. For example, saturation magnetization of bulk powder was
105.66 emu/g, whereas that of the magnetic membrane was 63.86 emu/
g [183]. In fact, real systems have variable factors such as poly-
dispersity, shape anisotropy, surface morphology and bonding chemis-
try, affecting the magnetic properties [183].

The presence of particles in the polymer chain packing creates
channels in the matrix. By using an external magnetic field in direction
of membrane thickness during the membrane casting, these channels
with ferromagnetic, ferrimagnetic and superparamagnetic domains are
arranged and activated along the external magnetic field direction,
improving oxygen absorption when using the external magnetic field
during gas separation. As mentioned earlier, the coercivity has an in-
direct influence on gas separation factors, involving magnetic rema-
nence and particle size. Superparamagnetic particles associate with a
decrease in powder particle size. The constituent particles are so small
that they form a single domain and have no walls, resulting in an almost
zero coercivity. The microstructural studies of magnetic membranes
have confirmed the fabrication of membranes with homogeneous
structure using powders with appropriate composition and smaller
particle size and distribution due to their larger surface area and adhe-
sive capacity [190,191].

By decreasing particle size of the magnetic powder, remanence and
coercivity increase, improving gas separation factors. On the other hand,
decreasing the granule size reduces the aggregation that provides a
larger surface available for the magnetic channels. In other words, larger
surface decreases the probability of meeting O2 and N2 molecules, which
leads to a smaller aggregation rate. In the case of higher concentration of
magnetic particles in a polymer solution, the phenomenon of sedimen-
tation has been observed, in conjunction with further aggregation and
heterogeneous distribution of particles in the polymer matrix, thereby
deteriorating the gas separation factors [181]. In summary, Fig. 18
shows basic concepts of magnetism when considering magnetic polymer
membranes. Also, the magnetic polymer membranes along with their
additives used for O2/N2 separation properties are tabulated in Table 8.

Fig. 26. (a) and (b) FE-SEM images of Pebax-Fe3O4 and PES/Pebax-Fe3O4 membranes exposed to an external magnetic field, respectively. Reprinted from Ref. [25],
Copyright (2021),with permission from Elsevier.
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3.2. Orientation of magnetic particles in polymeric membranes

The presence of magnetic fields during the membrane fabrication
may assist the mixing of magnetic nanoparticle in the matrix of poly-
mers. Earlier, we indicated how the magnetic field helped avoid
agglomeration, while also orienting the nanoparticles in the magnetic
field direction. Liu et al. demonstrated the magnetic field effect on
surface morphologies of PVC, MWCNTs/PVC, Fe3O4/o-MWCNTs/PVC
and Fe3O4/o-MWCNTs/PVC membranes [198], as shown in Fig. 23.
Also, they found significantly higher Fe content in the upper edge of the
membrane compared to the lower edge, which was ascribed to the
magnetic field effect [198]. Other researcher groups reported the for-
mation of efficient vertical channels in the membrane by arrangement of
nanomagnetic particles (Fe3O4@ZIF) during the membrane drying
under a magnetic field [194].

Alternatively, the effect of magnetic field on the morphology of
MMMs filled with BaFe12O19 nanoparticles (18 and 24 wt%) has been
investigated (see Fig. 24). As observed, the random accumulation of
BaFe12O19 nanoparticles on the Pebax polymer surface turned into the
bundles of flower-like nanoparticles after the magnetic field exposure,
which could improve the functionality of the surface.

3.3. The interplay between magnetic field intensity and nanoparticle
orientation

The magnetic field intensity can change the surface morphology of
polymeric membranes when it comes to the use of magnetic nano-
particles as fillers. Notably, PES/Pebax-Fe3O4 membranes, fabricated
using a co-casting method, were exposed to different intensities of an
external magnetic field (0–0.5 T) during their fabrication. FE-SEM im-
ages of these membranes are shown in Fig. 25. A higher value of ideal
O2/N2 selectivity was obtained at the magnetic field intensity of 0.4 T,
which was assigned to stronger interactions between Fe3O4 nano-
particles with superparamagnetic behavior to form thicker channels. A
remarkable experiment was the effect of the magnetic field on the Pebax
polymer solvent i.e. water. Due to their diamagnetic nature, water
molecules (acting as the polymer solvent) were repelled by the magnetic
field, and the PES (as the hydrophilic polymer solved in DMF) attracted
them, thus decreasing the crystalline region and increasing the chain
mobility of the polymer, which improved the permeance of the mem-
branes. This effect of the magnetic field on the water solvent was not
observed in the single-layer membrane (without PES), according to
Fig. 26 [25].

3.4. The formation of N2–O2–O2 clusters in the presence of magnetic
fields

Tagiro et al. reported the formation of O2–O2–O2, N2–O2–O2, and
N2–N2–O2 cluster types in the presence of sufficiently strong magnetic
fields. By calculating the bonding energy and electron paramagnetic
resonance, they found that the first two types were more desirable
[203]. When the magnetic field was applied to the membranes, the
diamagnetic nitrogen clusters (N2–O2–O2) dragged into the magnetic
channels, transported N2, and created aggregations due to the devel-
opment of large magnetic dipoles on the clusters and their interaction
with the magnetic field, leading to a less effective process in separation
of O2 from air [182,186,188,204,205]. In this way, Rybak et al. used
polymer matrices such as LPI, HBPI and PPO along with magnetic
powders in order to prevent the aggregation of N2–O2–O2 clusters, while
also improving oxygen enrichment by creating O2–O2–O2 clusters [188,
204]. They found that the use of a more uniformmagnetic field for the PI
magnetic membrane can lower the possibility of the formation of
N2–O2–O2 clusters. A significant increase in the gas diffusivity of het-
erogeneous membranes was observed compared to homogeneous ones
[187]. The aggregation of O2 and N2 to form O2–N2 can be broken by
discontinuities at disordered domain walls of the magnetic granule.

Decreasing the granule size results in a larger surface of the magnetic
channels, thus lowering the probability of the formation of O2–N2 [181].
In fact, the formation of molecular clusters can lead to differences be-
tween theoretical and experimental results [206].

4. Conclusions

We have reviewed the formation, structure, and O2/N2 separation
properties of a wide variety of polymeric membranes and MMMs,
including PI, PTMSP, PIM, PDMS, ZIF-8, PES, PEBAX, PMP, TPX, PU, etc.
Many additives (e.g., nanoparticles, SWNTs, MWCNTs, silica, BM, zeo-
lites, Al2O3, TiO2, ZnO, etc.) and treatments (e.g., crosslinking, chlori-
nation, fluorine exposure, aging, plasma treatment, copolymerization,
UV photografting, etc.) were introduced in order to enhance perme-
ability and selectivity of the membranes. Some parameters such as
particle size and dispersion, solvent type and concentration, tempera-
ture, pressure, sheet thickness, synthesis method, and polymer textures
were found to play roles in the separation results. In this regard, TPX,
PIM, and some organic/inorganic additives such as TiO2, BM, and zeo-
lites were promising.

On the other hand, basic concepts of magnetism in the membranes
along with magnetic polymer membranes with different additives and
magnetic field conditions were discussed for O2/N2 separation proper-
ties, proposing promising perspectives for O2/N2 separation due to the
different magnetic properties of oxygen (paramagnetic) and nitrogen
(diamagnetic) gases. By increasing the concentration of particles, the gas
transport and selectivity coefficients of the membranes were enhanced
due to the increase in both remanence and saturation magnetization.
The former was linearly dependent on the magnetic filler additive,
whereas the influence of remanence on the separation factors and
transport properties was significantly greater. The coercivity had an
indirect influence on gas separation factors, involving the magnetic
remanence and the decrease in particle size. The majority of MMMs
suffered from particles accumulation and activation of magnetic do-
mains and nano-channels, which could be solved by using external
magnetic fields during the fabrication and separation process. However,
the formation of N2–O2–O2 clusters and particles driven to the mem-
brane edge under a strong magnetic field during the fabrication limited
the separation results. Undoubtedly, significant research and develop-
ment are still needed to enhance separation properties of polymeric
membranes and MMMs.

Industrial applications of the polymeric and MMM flat sheets can be
realized by incorporating organic and inorganic fillers in the membrane
matrix. However, large-scale oxygen enrichment based on magnetic
membranes is challenging, requiring the synthesis of new materials and
membrane fabrication methods. Computational simulations of magnetic
particles, polymer structure and polymer-filler interactions bymolecular
dynamics, density functional theory, and LAMMPS computations should
be accompanied with experimental results in order to create a hybrid
model with optimized membrane performance for efficient separation
purposes.
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