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In recent years, air separation using membranes has received much
attention as a cost-effective technology for producing relatively pure
streams of nitrogen and oxygen. The results of studies show that the
design and fabrication of new polymers with the desired structure for
the industrialization of polymer membrane technology in the field of ox-
ygen separation from nitrogen are very important. The results obtained
from various research works show that polymer membranes based on
aromatic polyimides and PIMs are suitable options for separation of ox-
ygen and nitrogen due to high selectivity, suitable mechanical, thermal
and chemical properties and also benefiting from different structures
owing to polymer substitutions. Moreover, the membrane modification
process can greatly increase the mechanical, chemical and selectivity of
the membranes and be an effective way to improve the separation of ox-
ygen from nitrogen. The results indicate that the fabrication of blended
membranes has increased the selectivity and permeability of the mem-
branes, and the creation of transverse connections in most cases has in-
creased the selectivity of the membranes. Meanwhile, carbon molecular
sieve membranes that are made by thermal decomposition of the poly-
meric raw material under controlled temperature and pressure condi-
tions due to their properties such as high selectivity and permeability,
stability in corrosive environments and applicability at high tempera-
tures are suitable options for separation of oxygen and nitrogen. More-
over, by carefully paying attention to the results obtained from various
research works, it can be observed that the use of driving force and mag-
netic particles in the polymer simultaneously improves the permeabili-
ty and selectivity of membranes. As predicted, this method is one of the
efficient methods in improving the performance of polymer membranes
in the field of oxygen and nitrogen separation.
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Fig. 1. Schematic diagram of cryogenic distillation process [15]
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Fig. 2. Purification of oxygen using pressure swing adsorption [13]
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Fig. 4. Chemical structure of a repeating unit of polycarbonate [37]
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Table 1. Physical properties of structurally related polycarbonate pertinent to use in 02/N2 separation application (at

35°C) [30]
Membrane X Density (°C)Tg Permeability of 0, | Selectivity
(g/cm?) (Barrer) (0,/N,)
Polycarbonate H 1.2 150 1.484 5.13
Tetramethyl polycarbonate | CH, 1.083 193 5.59 5.13
Terachloro polycarbonate Cl 1.415 230 2.29 6.36
Tetrabromo polycarbonate | Br 1.953 263 1.36 7.47
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Table 2. Chemical structure, fractional free volume and glass transition temperature of polysulfone membranes

Membrane Fractional free volume (FFV) Tg (°Q)
Polysulfone 0.156 186
Tetramethyl polysulfone 0.171 242
Dimethyl polysulfone 0.149 180
Tetramethylhexafluoro polysulfone 0.196 248
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Table 3. Permeability and Selectivity Coefficients for Para and Meta Linked Polysulfones [40]

Membrane Permeability | Selectivity Tg (°C) | Density | Fractional free | d-Spacing
of 0, (Barrer) | (0,/N,) (g/cm?) volume (FFV) | (A7)
Polysulfone 1.4 5.6 186 1.24 0.156 4.9
4 ,3'-Polysulfone 0.39 5.9 156 1.25 0.149 49
Para- Polysulfon 1.8 5.6 191 1.191 0.156 4.9
Meta- Polysulfon 0.69 6.3 140 1.201 0.151 4.7
Para- Tetramethyl | 0.32 5.6 214 1.127 0.168 5.2
polysulfone
Meta- Tetramethyl | 1.8 6.4 175 1.141 0.158 5.1
polysulfone
Tetramethyl 5.6 5.3 230 1.151 0.171 5.2
polysulfone
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Table 4. Systematically varied series of polyimide structures [30]

Dianhydride Diamine Polymer Density d-Spacing
(g/cm?) | (A)
Oxydianiline (ODA) PMDA-ODA 1.4 4.6
Pyromellitic dianhydride | Methylenedianiline PMDA-MDA 135 49
(PMDA) (MDA)
Isopropylidenedianiline i
(IPDA) PMDA-IPDA 1.28 5.5
Oxydianiline 6FDA-ODA 1.43 5.6
Hexafluroisopropylidene-
bis (phthalic anhydride) Methylenedianiline 6FDA-MDA 1.4 5.6
(6FDA)
Isopropylidenedianiline | 6FDA-IPDA 1.35 5.7
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Table 5. Comparison of the effect of 6FDA and PMDA groups on permeability and selectivity of polyamide membranes [30]

Membrane Permeability of O, (Barrer) | Selectivity (0,/N,) d-Spacing (A7)
PMDA-ODA 0.61 6.1 4.6
6FDA-ODA 4.34 5.2 5.6
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Table 6. Fractional free volume and permeability of polymers with high FFV

Membrane Permeability of O, (Barrer) Selectivity (0,/N,) FFV Ref.
PTMSP 6100 1.8 32-34 [24]
PMP 2700 2 28 [49]
PIM-1 370 4 22-24 [50]
PIM-7 190 45 - [50]
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Table 7. Conventional fillers used in membrane and their properties

Filler

Properties

Carbon molecular sieve
(CMS)

Effective for gas separation in adsorption application. Good adsorptivity for some
particular gases. Narrow pore size; mean pore size of 3-6 A [59, 60].

Zeolite

High diffusivity and selectivity as compared to polymer material, but expensive;
difficult fabrication of defect-free membranes [61, 62].

Mesoporous silica

Different pore diameter, shape, and particle size; pore size in the range of 2-50
nm. The large pore size is the reason of better wetting and dispersion of par-
ticles. Excellent mechanical and thermal stability and good adhesion [56, 59].
Common types of this molecular sieve: MCM-41, MCM-48, SBA-15 [63-65].
Limitations: e.g., the large pores may be blocked with polymer chains [56].

Silica

Able to change gas separation properties, can affect the polymer chain packing in
glassy polymers. The addition of this filler can modify the molecular packing of
polymer chains; permeability and selectivity can be improved [59, 63].

Metal organic
framework (MOF)

High surface area, controlled porosity, good affinity with particular gases, strong
chemical bonding, rigid framework, finite pore size. The pore walls of MOF can
be functionalized. High permeability, but low selectivity [6, 23, 57, 59, 66, 67].

Zeolitic imidazolate
framework (ZIF)

Similar sieving property to zeolite; thermal and chemically stable. Advantage
over zeolite and sol-gel silica: hydrophobic surface [69, 70].

Carbon nanotubes
(CNTs)

Able to meet the Robeson upper bound, but hazardous and expensive. Uniform
dispersion difficult [59, 71].

Metal oxide

[63,72]

Nano-scale diameter, high specific area; due to this property the particle distri-
bution can be improved and the chance of nonselective void formation is reduced
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Table 8. summarizes the results of the work performed in the field of polymer blend membranes

Polymer 1 Percent Polymer 2 Percent Permeability of | Selectivity (0,/N,) | Ref.
(wt.%) (wt.%) 0, (Barrer)

PSF 80 Poly imide 20 1.266 4.75 [93]
Matrimid 70 PSF 30 0.899 3.08 [94]
5218

PBI 75 P84 25 0.037 3.6 [95]
PBI 75 UIP-R 25 0.039 2.44 [95]
PBI 75 Kaptone 25 0.045 1.97 [95]
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Table 9. Effect of particle size and type and polymer type on magnetic properties of mixed matrix membranes [107]

- Saturation
Membrane ﬁg:;z?]“ty {z::f/ng‘;nce magnetization
[emu/g]
EC,1.5¢ MQFP12-14-,dm=11 um 960 45.25 63.21
EC,1.5g MQFP12-14-, dm=20 pm 947 45.59 63.89
EC,1.5g MQFP12-14-, dm=22 um 950 35.43 50.07
EC,1.5g MQFP12-14-, dm=36 pm 911 34.84 49.87
EC,1.5g MQFP16-, dm=9 pm 551 43.49 75.83
PPO,1 g MQFP16-, dm=9 pm 555 29.09 51.45
PPO,1.5 g MQFP16-, dm=9 pum 551 42.86 75.31
PP0,1.75 g MQFP16-, dm=9 pm 568 4483 75.54
PP0,0.8 g MQFP-B, dm=7 pm 747 45.67 67.75
PPO,1.1 g MQFP-B, dm=7 pm 744 47.69 70.46
PPO,1.3 g MQFP-B, dm=7 um 737 48.03 71.53
PPO,1.5 g MQFP-B, dm=7 pm 730 48.49 74.43
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PSA Pressure swing adsorption

PMP Poly (4-methylpentyne)

Tg Glass transition temperature

FFV Fractional Free Volume

PC Polycarbonate

CT Charge Transfer

P84-HT Copolyimide of 3,3 ',4, 4 '-benzophenone tetracarboxylicdian-
hydride and 80% methylphenylenediamine+ 20% methylene-
diamine

UIP-R Poly(N,N'-oxydiphenylenebiphenyltetracarboxylimide)

PEI Polyetherimide

PEEK Poly ether ether keton

PTFE Poly (tetrafluoroethylene)

PPO Poly(2,6-dimethyl-1,4-diphenyl oxide)

PBI Polybenzimidazole

PTMSP Poly (1-Trimethylsilyl-1-propyne)

PMP Poly (4-methylpentyne)

PTMSP Poly )1-phenyl-2-(p-trimethylsilylphenyl) acetylene

PIMs Polymers of intrinsic microporosity

MMMs Mixed matrix membranes

CMS Carbon molecular sieve

MOF Metal organic framework

CNFs Carbon nanofibers

PVA Polyvinylalcohol

EDA Ethylenediamine

PAN Polyacrylonitrile

PPSU Poly(phenyl sulfone)

PBNPI poly(bisphenol A-co-4-nitrophthalic anhydride-co-1,3-phenyl-
enediamine)

pPD P-xylylenediamin

PVP Polyvinylpyrrolidone

EC Ethyl cellulose

Hc Coercivity

Br Remanence

Ms Saturation magnetization
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