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Polymers of Intrinsic Microporosity (PIMs) are broadly recognized as a potential next generation
membrane material for gas separations due to their ultra-permeable characteristics. This mini re-
view aims to provide an overview of these materials and capture its very essence, from chemistry
to applications. PIMs-based gas separation membranes are divided into three main categories, i.e.,
neat PIMs, polymer blend PIMs, and mixed matrix PIMs membranes. This review covers a wide
spectrum of PIMs with their gas diffusion mechanisms and separation performance, all of which are
examined in detail. Core challenges and opportunities of PIMs membrane technology are reviewed,
and this article concludes with future perspectives on PIMs. This mini review establishes a compre-
hensive understanding of the key technological competence and barriers of PIMs for next-generation

gas separations membranes.

membrane materials and separation processes have

been witnessed in recent decades. Membranes have
demonstrated the capability of reducing the enormous amount
of energy consumption for gas separations, compared to con-
ventional thermally driven separation processes, like cryo-
genic distillation [1]. Indeed, membrane separation process is
cost-effective and environmentally friendly with small phys-
ical footprints. Interests of membrane technology have been
growing increasingly in past decades. Key areas that mem-
branes are at play include CO, capture, nitrogen generation,
hydrogen/helium recovery, natural gas sequestration and bio-
gas purification [2]. Regarded as a new family of membrane
materials, Polymers of Intrinsic microporosity (PIMs) have ex-
hibited extremely high gas separation productivity and drawn
extensive attention world-widely. The intrinsic microporosity
leverages PIMs membranes to far exceed the Robeson upper
bound limit of polymeric membranes, which opens an entirely
new avenue for gas separations [3]. This review addresses the
key developments and advances of PIMs as a super-permeable
membrane material for gas separations. Specifically, this paper
presents a comprehensive overview of three imperative types
of PIMs membranes: those made from, respectively, neat
PIMs, polymer blend PIMs, and mixed matrix PIMs.

S ignificant advances in the science and engineering of

1.1 PIMs overview

PIMs are defined as polymers that possess “a continuous
network of interconnected intermolecular voids” with pores of
less than 2 nm in diameter, formed “as a direct consequence
of the shape and rigidity of the component macromolecules”
[4]. In the initial design, the aromatic rings in PIMs are fused
together so that the polymer chains cannot rotate along the
backbone direction and the packing of polymers to a more
“condensed” state (i.e. less free space between polymer
chains) is strictly restrained. The loss of rotational freedom

and inefficient packing of polymer chains enables PIMs to
assume a rigid and contorted molecular configuration. As a
result, a large number of pores and high fractional free volume
is imparted into the PIMs matrix, leading to Brunauer-Em-
mett-Teller (BET) surface areas as high as 800 m’g". Due to
this high surface area and porosity, PIMs can be tailored for
multiple applications, such as gas separation, gas storage and
catalysis [4].

The idea of PIMs was traced back to Prof. McKeown’s work
on phthalocyanine materials conducted at Cardiff University
in the 1990s [4]. Historically, his group designed a spirocyclic
phthalocyanine insoluble network polymer via reaction of a
spirocyclic bisphthalonitrile to obtain catalytic activity for
oxidation reactions. Serendipitously, PIMs were discovered
during a control experiment in the phthalocyanine work. To
determine phthalocyanine formation efficiency, the group de-
signed a solution-processable non-network polymer through
the dibenzodioxin polymerization of spirocyclic 5,5,6,6-tetra-
hydroxy-3,3,3,3—tetramethylspirobisindane and 2,3,5,6-tetra-
fluoroterephthalonitrile. This material had a BET surface area
of 800 m’°g™ and was later named as PIM-1 in 2004 with the
repeat unit shown in Figure 1 [4]. In principle, PIM-1 was
synthesized through a nucleophilic aromatic substitution reac-
tion between hydroxylated aromatic monomers and fluorinated
aromatic monomers.
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F ig_ure 1. Repeat unit of PIM-1 [4].
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Shortly after the discovery of PIM-1, Prof. Budd at the Uni-
versity of Manchester utilized PIM-1 to produce pervaporation
membranes for phenol/water separations [5]. PIM-1 is consid-
ered as the most well-known PIMs as it is based on commer-
cially available monomers with simple structures, high molec-
ular weight and decent mechanical properties.

During the past two decades, PIMs have been investigated
as a new class of extremely permeable membrane materials.
PIMs have demonstrated amenable solution-processability
and gas permeability far beyond conventional polymers, as
will be closely examined in Sections 2.1-2.3. Tremendous
resources have been devoted to developing new PIMs-based
membranes. Key areas of advance of PIMs as gas separation
membranes includes: i) modification and functionalization of
PIMs polymer chains to manipulate gas separation properties;
ii) blending PIMs with other inexpensive industrially available
polymers to finely tailor membrane performance and manufac-
turability; and iii) mixing PIMs with fillers to prepare hybrid
mixed matrix membranes with unique and synergistic proper-
ties. These PIMs, including their structures and gas separation
behaviors, will be explored thoroughly in this paper to provide
a completed overlook and understanding of such a crucial ma-
terial.

1.2 Applications of PIMs

As a microporous solution-processable membrane material,
PIMs have demonstrated astonishing gas separation perfor-
mance by surpassing the productivity-selectivity tradeoff
curve, the so-called upper bound popularized by Robeson [3].
The Robeson upper bound refers an empirical relationship be-
tween gas permeability and selectivity of membrane materials,
where a more permeable membrane tends to have a lower gas
selectivity, and vice versa [6]. PIMs were also employed as
pervaporation membranes (the first application of PIMs mem-
branes as mentioned above) and organic solvent nanofiltration
membranes. Besides broad application in membranes, PIMs
were made into sensors, for instance, PIM-3 was used as an
optical sensor for ethanol [7]. Other applications of PIMs in-
clude chemoselective adsorbents, heterogeneous catalysts and
hydrogen storage [8-10].

1.3 Gas transport mechanisms in membranes

As mentioned earlier, conventional polymers suffer from
the Robeson upper bound, a tradeoff between productivity and
selectivity. It is important to understand the basic principles
involved in the molecular transport in membranes to design
PIMs bypassing the upper bound limit of traditional polymer
membranes. Based on the material and fabrication process,
membranes are generally divided into three categories: (i) neat
polymer membranes; (ii) polymer blend membranes; and (iii)
mixed matrix membranes. Equations governing gas molecule
transport through each type of membranes are explained be-
low.

1.3.1 Gas permeation in polymeric membranes

For gas separations in pure polymeric membranes, the clas-
sical solution-diffusion model is most widely accepted as a
means to describe gas transport in the membranes [11]. In this
model, gas molecules sorb in the membrane upstream and
then diffuse through the membrane due to chemical potential
differences across the membrane induced by the partial pres-

sure or fugacity differences. The gas mixture finally desorbs in
the downstream of membranes. Separation of a gas mixture is
realized through the membrane as a result of different solubil-
ities and diffusivities of gas molecules in the membrane, the
thermodynamic and kinetic factor, respectively. The gas sepa-
ration productivity of a dense film membrane is defined by the
permeability, P, which is the production of diffusivity, D, and
solubility, S, via Eq. (1):

P=D-S§ 1)
The permeability of penetrant i, P, is determined by the gas
permeation flux of penetrant i, n,, normalized by the mem-
brane thickness, /, and the partial pressure or fugacity differ-
ence, Ap,, across the membrane, viz.,

@

The common unit of permeability adapted in membrane
community is called Barrer, where,

©)

For asymmetric hollow fiber membranes with the structure
will be shown in 9, a completely different conuration from
dense film membranes, the separation productivity is deter-
mined by the permeance, P//, which is the pressure or fugacity
difference normalized flux of permeant, 7, through Eq. (4).

“)
The unit of permeance is the GPU, defined in Eq. (5):
(5)

In Eq. (4), P, is the permeability of a dense film membrane
made from the same material as hollow fiber membranes; / is
the effective selective skin layer thickness of hollow fibers; Ap;
is the transmembrane partial pressure (or fugacity) differences
across the hollow fiber wall. The pressure differences must be
replaced with the fugacity differences to accurately quantify
the true separation performance of the membrane under high
pressure operation conditions.

On the other hand, the membrane selectivity, a,, describes
the separation efficiency of a membrane, determined by the ra-
tio of permeability or permeance of the fast gas, i, to the slow
gas, j, via Eq. (6):

P P/l 6)

P/l

J

a, =—+
P
1.3.2 Gas permeation in polymer blend membranes

Polymer blend membranes are formed by mixing two dis-
tinctive polymers into one membrane matrix. Blending poly-
mers simultaneously utilizes advantages of each individual
polymer in order to create unique and synergistic gas sepa-
ration properties. It is a cost- and time-effective approach to
finely tune the membrane performance as the blended polymer
is usually commercially available and inexpensive. Depend-
ing on their nature, the two polymers in polymer blends are
miscible, immiscible or partially miscible. A miscible polymer
blend is homogenous with only one phase, where the two
polymers are completely interpenetrated with each other. On
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Figure 2. Schematic showing microstructural differences between (a) miscible and (b) immiscible polymer blend. Wiggly lines
represent two polymers (red line for polymer 1 and grey line for polymer 2). The two polymers of a miscible polymer blend (a)
are completely interpenetrated with each other. An immiscible blend (b) has minor interpenetration of polymer chains in the

interphase.

the other hand, an immiscible blend has two phases and only
minor interpenetration of polymer chains exists in the inter-
phase. Figure 2 depicts the key differences between miscible
and immiscible polymer blend.

Depending on the miscibility of two polymers, gas per-
meation behavior of polymer blend membranes is simulated
by different models. In the case of two miscible polymers,
the permeability of blend membranes follows an empirical
relationship with the individual component via the following
equation [12]:

InP, = @InP; + @,InpP, (7

where P,, P,, and P, refer the permeability of the blend
membrane and constitutive polymer 1 and 2 in its neat format,
respectively. @1 and ¢2 denote the respective volume fraction
of polymer 1 and 2, respectively. The separation efficacy of a
polymer blend membrane is determined by the ratio of perme-
ability for a gas pair, as described in Eq. (6).

In the case of partially miscible or immiscible (or phase
separated) polymers, prediction of gas transport is somewhat
complicated. Several models, including the parallel model,
series model, and Maxwell model, were proposed to describe
the gas permeation in polymer blend membranes [13]. Among
those models, the model in Eq. (7) provided a better estimation
than Maxwell model in some cases [14, 15], which therefore
was chosen in this section. This fact notwithstanding, Max-
well model was frequently used in simulating gas transport
in mixed matrix membranes, as will be discussed in Section
1.3.3.

The miscibility of two polymers is often checked through
optical measurements or Differential Scanning Calorimetry
(DSC) experiments. Phase separation can be easily found by
polarized light microscope as the boundary layer of the inter-
face is apparent under microscope [16]. On the other hand, a
homogeneous phase with two miscible polymers demonstrates
a single glass transition temperature (Tg) while an immiscible
heterogeneous system consisting two immiscible polymers
displays two distinctive Tg [12]. The study of Tg evolution
serves an effective technique to explore the miscibility of two
polymers.

1.3.3 Gas permeation in mixed matrix membranes

To further advance membrane performance, another effec-
tive and straightforward approach is via preparing mixed ma-
trix membranes, which consists of two phases, a continuous
polymer phase and dispersed particulate phase. Several groups

have reported mixed matrix membranes crossing the upper
bound for many different types of separations, as revealed in
Figure 8 (will be discussed in Section 2.3).

Gas transport mechanism through mixed matrix membranes
is a complicated subject due to the hybrid and heterogeneous
nature of such composite membrane. To simulate ideal gas
diffusion in mixed matrix membranes, several models, such as
the Maxwell, Bruggeman, Lewis—Nielse and Cussler models,
have been proposed and applied for systems with different
loadings and morphologies of fillers [17]. Among them, Max-
well model is popularly used as an effective and quantitative
method to fit gas permeation in a mixed matrix.

The Maxwell principle dates back to 1873 when Maxwell
defined the dielectric constant, or called permittivity, of a
dielectric as the factor of proportion between the electric dis-
placement and the electric field or potential gradient [18]. In
the case of mixed matrix membranes, the gas permeation flux
is proportional to the pressure difference or potential gradi-
ent and the permeability is the factor of the proportion. It is
assumed that the pressure is continuous across any interface
between two phases, i.e., the continuous phase and dispersed
phase. Analogous to the permittivity of heterogeneous dielec-
trics, one can predict permeability of a mixed matrix mem-
brane by replacing the permittivity with permeability in the
continuous and dispersed phases in the equation. For a low
loading of spherical fillers, the permeability, P,, of a mixed
matrix membrane is described by Maxwell approximation be-
low [18]:

p - Pr(142¢f)+Pm-(2—-2¢f)
¢ M Pr(1-@f)+Pm (2+9§)
P, and P, are the permeability of the continuous phase and
dispersed filler phase, respectively, in the mixed matrix mem-
brane. refers the volume fraction of filler in the membrane. It
was assumed that the loading of dispersants is sufficiently low
so that the gas diffusion pattern around a particle is not affect-
ed by its surrounding particles and the particle-particle inter-
action is negligible. A particle loading up to 30% was fitted
into Maxwell model and found to approximate gas permeabil-
ities [19]. However, it is important to note that the assumption
of negligible particle-particle interaction and inhomogeneity
of mixed matrix are the main reasons that cause deviated or

failed prediction of gas permeabilities using Maxwell model.

Similar to the neat polymer and polymer blend membranes,
the gas separation selectivity of a mixed matrix membrane is
defined by the ratio of permeability of a given gas pair, as de-
scribed in Eq. (6).
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Figure 3. Schematic describing three gas diffusion processes through (a) polymer membrane, (b) polymer blend membrane,
and (c) mixed matrix membrane. Feed gas example: CO,/CH, pair. Wiggly lines represent polymer chains (the grey color refers
polymer 1 and the red refers polymer 2). Red dashed lines depict gas flow direction.

To summarize gas transport mechanisms in membranes, the
gas transport processes through the three kinds of PIMs-based
membranes can schematically depicted in Figure 3, using
CO,/CH, gas pair as a feeding gas mixture. In Figure 3, the
red and grey wiggly lines represent two polymers and the or-
ange dots indicate the filling materials in mixed matrix mem-
branes. Red dashed lines depict gas flow directions. As shown
in Figure 3 (a), polymer membranes follow the solution-diffu-
sion model and the feeding CO,/CH, molecules are dissolved
and diffuse in the membrane and get separated in the permeate
side. In the case of PIMs-based polymer blend membranes,
as Figure 3-(b) depicts, the incorporation of another less per-
meable but more selective polymer into PIMs membrane (red
line) usually benefits gas selectivity with some reduction of
flux, as will be examined in Section 2.2. For the mixed matrix
membrane in Figure 3-(c), the fillers (orange dots) establish a
percolation network, leading to a synergistic enhancement of
both permeability and selectivity in some cases. Such unique
feature of mixed matrix membranes will be reviewed in Sec-
tion 2.3.

2 PIMS MEMBRANES FOR GAS SEPARA-
TIONS

2.1 Neat PIMs membranes

Gas separation membranes can be prepared from neat
PIMs, meaning only one PIM polymer is used in the mem-
brane without mixing any other additives, like nanoparticles.
In the recent two decades, extensive PIMs membranes were
developed by altering constitutive monomers of PIMs, such
as functionalization of polymer chains or introducing new
monomers. The resulting polymers demonstrated intrinsic mi-
croporosity through creating either spirobiindane (SBI)-based
or non-SBI-based sites with bulky pendant groups. SBI refers
a unique molecule, consisting of two indanes connected by a
spiro carbon center. Here, an indane contains a benzene ring
attached by a five-membered or six-membered ring. A typical
SBI unit is shown in Figure 4. Some monomers were made
from Troger’s Bases and polyimides. PIMs membranes based
a single polymer are generally categorized into five types as
will be reviewed in the following Sections 2.1.1-2.1.5.

2.1.1 Basic SBl-based PIMs

The first kind of neat PIMs membranes is formed with a
SBI-centered A-B type PIMs, where A and B represent ar-
omatic tetrol monomer and halogen-containing aromatic
monomer repeating units (such as fluorinated or chlorinated),
respectively. A-B PIMs is synthesized through dibenzodioxane
formation of two monomers (e.g. A and B monomer) wherein
small gas molecules, such as hydrogen fluoride, are released
as by-products during reaction. PIM-1 represents the first
example of SBI-centered PIMs with monomer 5,5,6,6-tetra-
hydroxy-3,3,3,3-tetramethylspirobisindane (monomer A) and
2,3,5,6-tetrafluoroterephthalonitrile (monomer B) shown in
Figure 5 [4].

Since the discovery of PIM-1, new hydroxylated aromatic
monomers with SBI-centers were synthesized to prepare novel
PIMs. PIMs-based on 1,1-spiro-bis(1,2,3,4-tetrahydronaphtha-
lene) monomer were developed in 2009 [20]. The five-mem-
bered spiro aromatic rings on polymer A were replaced by
six-membered rings and the pending groups attached the
benzene rings were also modified. A large family of SBI-based
PIMs was reported afterwards to significantly expand the
spectrum of PIMs [4]. Chemical structures of typical tetrolhy-
droxlyated (A monomer) and bi-halogen-containing (such as
fluorinated or chlorinated, B monomer) aromatic monomers

)
s

Figure 4. Chemical structure of typical SBI units with
benzene rings attached by five-carbon rings connected by a
spiro carbon center, where the rings do not possess rotation
freedom and form a rigid structure.

o
A2

(a) Monomer A

CN

L Y

(b) Monomer B

Figure 5. Chemical structures of (a) Monomer A: 5, 5, 6,
6-tetrahydroxy-3, 3, 3, 3-tetramethylspirobisindane and (b)

Monomer B: 2, 3, 5, 6-tetrafluoroterephthalonitrile of PIM-1
[4].
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Figure 6. Structures of SBI-centered PIMs: (a) PIM-7, (b) PIM-SBI and (c) PIM-TMN-SBF for gas separations with gas
separation performance shown in Table 2 [21, 22]. Note that those PIMs contain SBI units and rings are fused together,

prohibiting the rotation of polymer chains.

to prepare neat SBI-based PIMs are summarized in Table 1.
Here, B monomers can contain both halogen and SBI centers
in some cases.

Despite dozens of monomers reported to synthesize SBI-
based PIMs, only a few of such PIMs were made into gas
separation membranes, including PIM-1, PIM-7, PIM-Spiro-
bifluorene (SBF) and PIM-TMN-SBF [21-23] (TMN-
SBF: 2,2°,3,3’-Tetrahydroxy-6,6,6’,6°,9,9,9°,9’-octameth-
yl-6,6,7,7°,8,8°,9,9’-octahydro-11,11’-spiro-bi[cyclohexa[b]
fluorine). This clearly suggests there is plenty of headspace for
further preparing neat PIMs membranes. Their chemical struc-
tures are depicted in Figure 1, 5 (PIM-1) and Figure 6.

2.1.2 Troger’s Base-based PIMs

Troger’s Base (TB) was firstly synthesized and reported in
1887 and studied for fields such as supramolecular chemistry
and catalysis [24]. TB unit was recently incorporated into
PIMs network via TB polymerization and produced a so-
called TB-PIMs membrane. Most of the TB-based monomers
are single bi-amino aromatic polymers with SBI or without
SBI-centers. Bi-amino aromatic polymers with bicyclic rings,
such as ethanoanthracene (EA) and triptycene (Trip), can form
arigid and contorted network with SBI centers in the presence
of dimethoxymethane in trifluoroacetic acid [25]. TB-PIMs
were also synthesized through reacting TB-embedded tetrol-
hydroxy aromatic monomers and 2,3,5,6-tetrafluoroterephtha-
lonitrile [26]. After its first application in membranes, several
bi-amino aromatic monomers were used to obtain TB-based
PIMs with structures listed in Figure 7 and Table 1 [27-29].

The gas separation properties of typical TB-based PIMs
membranes are described in Table 2. Note that PIM-EA-TB,
PIM-Trip-TB and PIM- Benzotriptycene (BTrip)-TB represent
three examples of super permeable PIMs membranes in this

S Ii oSN O

TB-PIM

(a)

category, exhibiting separation performance well above the
upper bound [24, 30]. Clearly, TB-based PIMs have become
an important branch of PIMs membranes, deserving our atten-
tion.

2.1.3 Polyimide-based PIMs

PIMs-based on polyimide (PI) were heavily studied in
recent years. Polyimides, formed via polycondensation of
anhydrides and diamines, are a new generation of permeable
membrane materials offering high gas separation performance,
easy processability and manufacturability. Following the sim-
ilar synthesis route as polyimide, anhydrides and diamines
with functional groups can react through polycondensation to
produce a series of PI-based PIMs. Due to the relatively flex-
ible nature and high Tg of polyimides, integrating polyimide
groups into PIMs increases polymer robustness, improves sol-
vent solubility and leads to separation performance surpassing
the upper bound [30]. It is also worthy to mention that the
unique functionalities and polymer properties render PI-PIMs
a rich class of derivatives via thermal treatments, such as ther-
mally rearranged (TR) and carbon molecular sieves (CMS)
[15,31].

PI-PIMs are generally divided into three categories: 1)
PIMs made from reaction of dianhydride with contortion sites,
such as SBI, EA and Trip, and halogen-containing aromatic
diamines without contortion sites [32-36]; ii) PIMs prepared
through dianhydride without contortion sites but diamines
with contortions sites, such as SBI, TB, Trip, and pentipty-
cene[37-44]; iii) PIMs formed via TB polymerization of single
di-amino aromatic monomer with imide bonds and contortion
sites [45-47]. PI-PIMs with contorted sites in both dianhy-
dride and TB-based diamine units were seldom reported [48].
PI-PIMs were thermally treated to obtain TR-PIMs, such as

FsC CFs i
T Iy
1, 5-DAN: 4, 4-HFD

(b)

Figure 7. Chemical structures of two TB-based PIMs membranes (a) TB-PIM and (b) 1, 5-diaminonaphathelen (DAN)/4,
4-(Hexafluoroisopropylidene) dianiline (HFD) PIM [26, 29]. Some of other TB-based PIMs, including PIM-EA-TB, PIM-SBI-
TB, PIM-Trip-TB, and PIM-2,2-bis (3-methyl-4-aminophenyl) adamantine (Ad-Me) are shown in Table 1.
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Table 1. Chemical structures of PIMs monomers/PIMs. Notes: 6FDA: 4, 4'-(hexafluoroisopropylidene) diphthalic anhydride;
BTDA: 3,3',4,4'-benzophenonetetracarboxylic dianhydride.
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Table 1 (Continued)

PIMS Chemical structures of monomers/PIMs
Polyimide-
based
PIMs k .
ST
B So0
Ar=6FDA or BTDA
Non-SBI-
based .
PIMs o on
‘ ) . ) | . XX
| oo T | OG0
PIMs with R
thermal
treatment ° coon O’ o
L o O
R eoetp s 955
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Table 2. Gas permeation properties of neat PIMs membranes. Permeation data were adapted based on pure gas permeation unless
specified. *Alcohol treated. TPDA-mPDA: 9,10-diisopropyl-triptycene-based dianhydride (TPDA), TPDA-m-phenylenediamine
(mPDA); CTB1-DMN: 5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e] [8] annulene-2,3,8,9-tetracarboxylic anhydride (CTB1),
3,3’-dimethylnaphthidine (DMN); SPDA-HSBF: Spirobisindane-based dianhydride (SPDA), 2,2’-dihydroxyl-9,9’-spiro-
bifluorene-3,3’-diamine (HSBF); TBDA2-6FDA-PI: 3,9-diamino-4,10-dimethyl-6H,12H-5,11-methanodibenzo[1,5]- diazocine
(TBDA2); 4AMTBDA-SBIDA: 2,8-diamino-1,3,7,9-tetramethyl-6H,12H-5,11-methanodibenzo[b, f][1,5] diazocine (4MTBDA),
spirobisindane-based dianhydride (SBIDA); 6FDA-DAT1-OH: 2,6 (7)-dihydroxy-3,7(6)-diaminotriptycene (DAT1-OH); DC-
PIM1: decarboxylated-PIM1; TOX-PIM-1: thermal-oxidatively crosslinked PIM-1; PIM-(Na-1d): sodium hydrolyzed PIM for

1day.
PIMs type PIMs Testing conditions Permeability (P, Barrer) Selectivity (o,,=P/P))
Name H, He 0, CO, OpyNy  OlenNs oy QeoyNy Olcoy/cHy Reference
Basic SBI- PIM-1 30 °C, 0.2 bar 1300 660 370 2300 14.1 7.2 4.0 25 18.4 [23]
based PIM-1 30 °C, 1 bar* 3300 1320 1530 11200 54 2.2 2.5 18.4 9.7 [99]
PIMs PIM-1 35 °C, 4 bars 2332 1061 786 3496 9.8 4.5 33 14.7 9.7 [114]
PIM-1 25°C,3.4bars, 40 3042 1114 1133 5366 8.6 3.1 32 15.2 NA [115]
min*
PIM-1 25°C, 3.4 bars, 3364 1531 1560 7329 6.7 2.8 2.9 13.4 NA [115]
120 min *
PIM-1 25°C, 3.4 bars* 3847 - 1717 7108 6.1 - 2.7 11.3 NA [116]
PIM-1 25°C, 1 bar* 5010 1950 2270 13600 6.1 2.4 2.8 16.6 10.0 [117]
PIM-1 25°C, 1 bar 2936 1340 969 5303 11.7 53 3.8 21.0 16.6 [105]
PIM-7 30°C, 0.2 bar 860 440 190 1100 20 10.5 4.5 26.0 17.7 [23]
PIM-SBF 25°C, 1 bar* 6320 2200 2640 13900 8.1 2.8 34 17.7 12.6 [21]
PIM-TMN- 25°C, 1 bar* 7190 2720 3200 17500 6.7 2.5 3.0 16.2 8.3 [22]
SBI
TB-based PIM-EA-TB 25°C 1 bar* 7760 2570 2150 7140 14.8 4.9 4.1 13.6 10.2 [24]
PIMs PIM-SBI-TB 25 °C 1 bar* 2200 878 720 2900 9.4 3.8 3.1 12.5 6.4 [24]
PIM-Trip-TB 25 °C 1 bar* 8039 2500 2718 9709 12.8 4.0 4.3 15.9 10.7 [30]
TB-PIM25 35°C 1 bar - - 917 4441 - - 35 17.0 11.8 [26]
TB-Ad-Me 25°C, 1 bar* 1800 - 437 1820 149 - 3.6 15.1 11.2 [28]
Polyimide =~ PIM-PI-8 30°C,0.2-0.5bar 1600 660 545 3700 10 4.1 34 23 14.2 [118]
-based PIM-PI-SBI 25°C, 1 bar 2650 1000 1195 8210 6.0 2.3 2.7 18.7 9.8 [119]
PIMs KAUST-PI-1 35°C, 2 bars 3983 1771 627 2389 372 16.6 5.9 22.3 22.8 [33]
PIM-PI-EA 25°C 1 bar* 4230 1580 1380 7340 11.5 43 3.7 19.9 16.1 [35]
TPDA-mPDA 35 °C, 2 bars 431 251 65 349 33.2 19.3 5.0 26.8 31.7 [34]
CTB1-DMN 35°C, 2 bars 1295 - 320 1661 17.0 - 4.2 21.8 17.4 [36]
PIM-6FDA- 35°C,1or2bars 259 - 452 263 24.0 - 4.2 24.0 29.0 [39]
OH
SPDA-HSBF 35°C, 2 bars 519 - 98 568 21.6 - 4.1 23.7 19.6 [37]
TBDA2- 35°C 390 223 47 285 32.5 18.6 4.0 23.8 35.6 [40]
6FDA-PI
4AMTBDA- NA* 3200 - 1132 5140 8.6 - 3.0 13.8 8.7 [43]
SBIDA
6FDA-DAT1- 35 °C, 2 bars 127 - 14 70 47.0 - 5.2 259 50.0 [41]
OH
PI-TB-1 35°C, 1 bar 607 376 119 457 19.0 121 3.8 14.7 16.9 [45]
Non-SBI- HPB-PIM-2 NA 723 340 217 1730 109 5.1 33 26.1 14.2 [120]
based HPB-PIM 25°C, 1 bar* 1413 592 534 3800 7.4 3.1 2.8 20.0 10.5 [54]
PIMs PIM-TMN- 25°C, 1 bar* 16900 6370 7470 33300 7.6 2.9 33 14.9 9.7 [22]
Trip
PIMs with PIM-300-2.0d 35 °C, 3.5 bars 3872 - 582 4000 403 - 6.1 41.7 54.8 [55]
thermal DC-PIM1 25°C, 3.4 bars - - 554 2345 - - 34 14.6 12.2 [59]
treatment TOX-PIM-1 22 °C, 4 bars, 385 2979 - 1013 5100 10.6 - 3.6 18.1 16.9 [57]
°C 1hr crosslinked
PIM-(Na-1d) 35 °C, 2 bars - - 1339 5112 - - 2.8 10.6 10.4 [56]
PIM-UV 35 °C, 3.5 bars 2818 - 416 1869  38.3 - 5.7 254 30.1 [64]
20min
spiroTR-PBO- 35°C, 1 bar 429 318 120 675 14.3 10.6 3.9 22 20 [49]
6F
PIM-1-UV- 22 °C, 4 bars 2986 - 1097 6374 10.1 - 10.1 21.6 16.2 [65]
10min
SPDA-SBF- 35°C, 2 bars 775 - 225 1280 12.5 - 3.7 20.8 15.1 [37]
PBO
PIM-PBO-1 25°C, 1 bar* 881 479 226 1176 13.8 7.5 3.5 18.0 17.0 [66]
PIM-6FDA- 35°C, 2 bars 5248 - 1071 5040 284 - 5.8 27.2 38.0 [63]
OH- CMS
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PIM-TR-polybenzoxazoles (PBO) [49]. In summary, PI-PIMs
take advantages of both flexibility of polyimides and rigidity
of PIMs, representing a critical family of PIMs to fabricate
high performing neat PIMs membranes and their derivatives.

2.1.4 Non-SBl-based PIMs

The non-SBI-based PIMs refer any PIMs without SBI sites
in hydroxyl aromatic monomer moieties, which may overlap
with some of TB or Pl-based PIMs in Section 2.1.2-2.1.3.
Thus, this section will focus on non-SBI-based PIMs without
involving with TB and PI monomers. A key feature of non-
SBI-based PIMs is that the rigid backbone with contortion
sites can be achieved through introducing: i) planar aromatic
rings, ii) bicyclic rings or iii) bulky pendant groups, as shown
in Table 1 [4, 50]. Note that the bicyclic rings are mostly EA
or Trip and involved with forming contorted TB units, such
as PIM-EA-TB and PIM-Trip-TB [35, 51], already discussed
in Section 2.1.2. However, hydroxyl aromatic monomers with
bicyclic rings can react with fluorinated aromatic monomers,
such as 2, 3, 5, 6-tetrafluoroterephthalonitrile, to prepare PIMs
without formation of TB units [22, 52]. Bulky side groups
containing aromatic rings were used in PIMs to hinder poly-
mer chain rotation and create contorted sites [50, 53]. For ex-
ample, hexaphenylbenzene (HPB) was added to PIMs (PIM-
HPB) to render a disrupted structure and therefore enhance gas
permeability significantly [54]. Synthesis of SBI-based PIMs
and non-SBI-based PIMs can involve multiple steps with
complicated chemistry and controllable functionalities. How-
ever, non-SBI based PIMs using of EA or Trip bicyclic rings
generally create rather frustrated microstructures, which can
yield membranes with higher gas permeability than the case of
SBI-based PIMs with short side chains. The two approaches
whether using SBI unit or not are both viable and represent
different techniques in making desirable PIMs.

2.1.5 PIMs with thermal or UV treatment

Several PIMs have been cross-linked to create a more ro-
bust framework via thermal treatment attempting to augment
CO, plasticization resistance without prohibitively sacrificing
high permeable characteristic of PIMs. Two main approaches
were hypothesized to prepare cross-linked PIMs, self-cross-
linking and cross-linker assisted cross-linking. Self-cross-
linking was accomplished by thermal cross-linking and Ultra-
violet (UV)-assisted cross-linking, while cross-linker assisted
cross-linking includes chemical cross-linking and metal ion
cross-linking [55-59]. PIM-1 was postulated to be self-cross-
linked under 300 °C to form triazine rings among nitrile group
with metal ions [55]. The nitrile groups facilitated formation
of a cross-linked network through decarboxylation cross-link-
ing with or without hydrolysis of nitrile groups under moder-
ate temperatures [57, 59]. Some researches presumed PIMs
were cross-linked by adding cross-linkers, such as diazides[60,
61], beta-cyclodextrin (CD) [62] and intermolecular polycy-
clic aromatic hydrocarbons (PAHs) [58]. Under even higher
temperature (above 530 °C), PIM-1 and hydroxyl PIMs (PIM-
6FDA-OH) were pyrolyzed to fabricate CMS membranes
[63].

UV exposure was utilized to enhance gas selectivities of
PIMs with some corresponding loss of permeability. Several
mechanisms were assumed to rationalize the function of UV
via thermally rearrangement or photo-oxidation of surface [37,

49, 64-67]. The wide range of PIMs derivatives via thermal
or UV treatment indeed diversifies the family of PIMs mem-
branes by offering performance unobtainable in their untreated
formats. PIMs precursors to form PIMs derivatives via ther-
mal or UV treatment were summarized in Table 1.

To conclude neat PIMs, the aforementioned five catego-
ries of PIMs are not completely distinguished from each
other, rather, some of which correlate, or even overlap, to
some degree. As Table 1 demonstrates, the spectrum of PIM
monomers is enormously vast and new PIMs are created by
matching monomers with different functionalities. Neat PIMs
membranes are straightforward to be prepared without com-
plication caused by dopants, such as blending polymer or
nanoparticles which will be illustrated in Section 2.2-2.3. Gas
separation performance of neat PIMs membranes are summa-
rized in Table 2. Certain PIMs membranes have demonstrated
separation performance beyond the upper bound such as PIM-
EA-TB, PIM-TMN-SBF and PIM-Trip-TB [22, 24, 30]. The
processability of using PIMs was also improved by introduc-
ing flexible polyimide groups. The thermal or UV treatment on
PIMs enhanced the plasticization resistance in the presence of
condensable species, like CO,. Overall, neat PIMs constitute
the vital part of PIMs with the most diverse monomers and
functionalities [68]. Future innovation on monomer structures
and functionalization of PIMs is definitely desirable and tech-
nically important.

To further push the envelope of separation upper bound and
manufacturability of PIMs membranes, techniques through
blending polymers or nanoparticles were excessively investi-
gated, which will be examined in detail in following Sections
2.2 and 2.3.

2.2 Polymer Blend PIMs membranes

Blending one polymer with another polymer provides an
effective alternative to boost the overall gas separation perfor-
mance of polymer membranes. Since PIMs are intrinsically ul-
tra-permeable with permeability significantly higher than con-
ventional polymers, blending PIMs with other less permeable
polymer will inevitably cause loss of flux with some increase
of selectivity. When blending a less permeable polymer 2 into
PIMs (polymer 1), based on model in Eq. (7), assuming P,<<P,
and a small fraction of polymer 2 in the blend (e.g. ¢,<<1), the
term @,lnP, << ¢,InP,, which is negligible and Eq. (7) is sim-
plified into the following:

lnP;, = (p//I’IP/

Since ¢,<1, so P,= P,/ ¢, < P,, which means the permeabil-
ity (P,) of PIMs polymer blend is lower than the neat PIMs
membranes, In rare scenarios, some extremely porous poly-
mers were blended into PIMs membrane matrix, leading to an
increase of permeability, such as hyper-crosslinked polymers
(HCPs) [69].

The polymer blending technique was most employed in
recent years with only a handful of literature reported in the
field. PIMs were doped with conventional polymers to fabri-
cate polymer blend PIMs membranes to increase membrane
mechanical properties and manufacturability. The polymers
for blending were mostly polyimides, for instance, Matrim-
id® [15], Torlon® [11, 70], P84 [71] and Ultem [14]. Other
blending polymers include poly (ethylene glycol) (PEG) [72],
Polyhedral Oligomeric Phenethyl-silsesquioxanes [73], HCPs
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[69], polyphenylenesuflone (PPSU) [16] and etc. As will be
discussed in Section 3.3, PIMs is only soluble in particu-
lar solvents and have limited miscibility with conventional
polymers, which hinders the selection of blending materials.
Despite the limited spectrum of blending materials, blending
allows further tailoring of PIMs membrane gas permeabili-
ty and selectivity by simply mixing another complementary
polymer. Blending materials and gas separation of blend PIMs
membranes is described in Table 3.

As Table 3 signifies, although several commercially avail-
able inexpensive polymers are blended into PIMs membranes
with promising gas separation performance, a predominant
challenge is that those polymers have limited miscibility with
PIMs. To reach full potentials of blending technique, the load-
ing of polymers is expected to be sufficiently high to offset
high cost of PIMs, which may essentially result in a lower
performance or even a failed membrane. For instance, 10%
Matrimid® in PIMs caused an incremental increase of fluxes
but its immiscibility with PIMs is apparent, indicative of a po-
tential manufacturing issue [15]. While blending polymers can
control membrane properties, from a pragmatic point of view,
the ultimate goal of blending is to reduce the cost of mem-

brane fabrication without prohibitive loss of flux. Increasing
the loading of blending polymer without considerably losing
the high separation performance of PIMs remains a technical
challenge. Future work should focus on the development of
new compatible inexpensive polymers with improved mis-
cibility and loading, thereby reducing the PIMs membrane
manufacturing cost while maintaining attractive separation
performance.

2.3 PIMs-based mixed matrix membranes (MMMs)

Another effective technique to further push the boundary of
PIMs membrane gas separation is through fabricating mixed
matrix membranes. A great variety of materials, including both
inorganic and organic/inorganic hybrid, were embedded into
PIMs polymer matrix to facilitate gas transport due to con-
trolled pore sizes permitting fast diffusion and molecular siev-
ing of similarly sized gas molecules [74]. The versatile pore
sizes and functionalities of doping materials allow fine tuning
of gas permeabilities and selectivities. The local polymer dy-
namics in the mixed matrix, such as stiffness, segmental chain
motion and fractional free volume, is adjustable by the embed-

Table 3. Gas permeation properties of polymer blend PIMs membranes, compared with Matrimid® and polysulfone. Maximum
and minimum loading of polymers are selected if different loadings were studied. All data are adapted based on pure gas
permeation unless specified. Notes: C-PIM-1: Carboxylated-PIM-1; PPSU: Polyphenylenesulfone.

Blending  Loading Testing Permeability (P,, Barrer) Selectivity (o, =P/P))

PIMs polymer (Wi%) conditions H, 0, Co, By Goyng  Ocopng  Coogors Reference
PIM-1 Matrimid® 5 33 bgr,sls - 632 3355 - 3.8 20 14 [15]
PIM-1 Matrimid® 95 33 bgr’sls - 2.6 12 - 6.6 29 35 [15]

- 35°C,3.5

C-PIM-1 Matrimid® 5 bars 1568 445 2268 13.0 3.7 18.7 13.3 [121]
- 35°C,3.5

C-PIM-1 Matrimid® 95 bars 41.8 3.1 13.6 87.1 6.4 28.3 349 [121]

PIM-1 Ultem 5 35b§r’s3.5 - 557 3276 - 3.6 21.1 11.8 [14]

PIM-1 Ultem 95 35 bsa:r’s&s - 0.6 2.2 - 7.0 26.2 36.5 [14]
35°C, 3.5
C-PIM-1 Torlon® 5 bars 1044 244 1382 15.5 3.6 20.5 16.0 [70]
35°C,3.5
C-PIM-1 Torlon® 95 bars 43 0.2 0.7 188.0 7.1 29.7 40.1 [70]
PIM-1 P84 10 35°C,3.5 - - 2061 - - - 20.4 [71]
bars

PIM-1 P84 70 35G35 - - 7.0 - - - 31.7 [71]

bars

PIM-1 PEG 0.5 30°C4-12 - - 3125 - - 16.1 17.8 [72]

bars

PIM-1 PEG 5 30°C4-12 - - 2551 - - 12.9 26.0 [72]

bars

PIM-1 POSS-PEG 1 30 °C, 1 bar - - 3360 - - 18 13 [73]
PIM-1 POSS-PEG 10 30 °C, 1 bar - - 1309 - - 31 30 [73]
PIM-1 PPSU 5 33 bgr,sls 2783 1047 5763 7.7 2.9 16.0 10.5 [16]
PIM-1 PPSU 15 35b§r’s3.5 1670 599 2550 9.1 33 13.9 12.3 [16]
PIM-1 HCP 476  25°C,2 bars - - 10125 - - 12.2 - [69]
PIM-1 HCP 16.67 25°C, 2 bars - - 19086 - - 11.6 - [69]

Matrimid® - - 35°C. 3.5 - 2.1 10 - 6.6 313 353 [95]
bars
Polysulfone - - 35bz$r’slo 14.0 1.4 5.6 55.9 5.6 22.4 22 [94]
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Figure 8. (a) O,/N, and (b) CO,/CH, separation performance
of PIMs membranes with current upper bound of polymers.
Conventional polymeric membranes, polysulfone and
Matrimid® membranes, are plotted for comparison [94, 95].

ded filler. The synthetic design principle enables PIMs MMMs
unprecedented performance far beyond the upper bound.

The fillers used in PIMs-based MMMs are divided into three
main categories: i) inorganics, such as silica, carbon nanotube,
graphene, metal salt etc.; ii) metal-organic complex, such as
Zeolitic Imidazolate Frameworks (ZIF)-8, ZIF-71, UiO-66,
Copper 1,4-benzenedicarboxylate (CuBDC); iii) organic sol-
ids, such as Covalent Organic Framework (COF). Note that
the third type of MMMs excludes polymer blend PIMs mem-
branes discussed in Section 2.2, where polymer components
in polymer blends are often dissolvable in common solvents.
On contrary, the organic solid in mixed matrix membrane, like
COF, is a cross-linked network insoluble in regular solvents.

Inorganic fillers for mixed matrix membranes are gener-
ally non-porous, creating free volume in the mixed matrix
membranes to increase gas permeability. Silica was firstly re-
ported as an inorganic filling PIMs mixed matrix membranes
due to its small size and ready availability [75, 76]. It was
also employed in cross-linked PIMs [77]. Since the usage of
silica, carbon nanotubes and carbon nitride were doped into
PIMs membranes [78-80]. As a new generation of inorganics,
graphene was also incorporated in PIMs MMMs [81]. Metal
ions were added in PIMs as a cross-linking agent to modulate
gas separation performance by creating a cross-linked network
to enhance plasticization resistance [82]. Ionic liquids have
also been mixed into PIMs membranes [83].

Metal-organic frameworks (MOFs) haves emerged as an
important hybrid nanocrystal with broad applications in areas
like gas separation, gas storage, catalysis, gas sensor and so
on. MOFs are porous crystals, and have precisely controlled
pore sizes, enabling facilitated gas diffusion and specific siev-

ing of similarly sized gas molecules. ZIF-8 is a relatively new
class of MOFs with extraordinary gas separation properties
and strong chemical and thermal stability. The pore size of
ZIF-8 is 3.4 A, making it an excellent molecular sieve for
separating gas pairs like CO,/CH, and CO,/N,. The kinetic
diameters of CO,, N,and CH, are 3.3 A, 3.6 A, and 3.8 A re-
spectively, near the aperture size of ZIF-8. ZIF-8 was used in
preparing all kinds of MMMs, including PIMs MMMs [77,
84]. In addition, UiO-66 is another family of MOFs with a
relatively large aperture (6.0 A) and stable in harsh chemical
and thermal conditions. It was recognized as an outstanding
dispersant in fabricating PIMs mixed matrix membranes to
greatly enhance gas permeability without significant loss of
selectivities [85-88]. Other MOFs were also mixed into PIMs
MMMs, such as MIL101, ZIF-71, HKUST-1 and CuBDC [89-
92].

The last kind of doping agent to prepare PIMs MMMs is the
organic solid. The organic solid is referring a polymer with
a network structure insoluble in common solvents, like THF.
Blending organic solids into membranes mainly increase the
porosity, thereby improving gas permeability. As a typical or-
ganic solid, COF is a porous 2D or 3D crystalline with diverse
application in fields including gas storage, energy harvesting,
CO, capture and so on. COF was recently doped into PIMs to
fabricate MMMs with enhanced permeability [93].

Overall, the MMM technology enables a wide range se-
lection of filling materials into PIMs membranes and further
tuning membrane properties. Fillers in PIMs MMMs and their
gas separation are depicted in Table 4. As Table 4 depicts,
mixed matrix membranes represent an advanced hybrid mem-
brane configuration with unique and synergistic gas separation
properties, some of which have surpassed the upper bound
appreciably, as will be discussed in Figure 8. Despite the en-
hancement of separation performance, key challenges associ-
ated with MMMs technology include interfacial adhesion and
particulate dispersion, which have been immensely reviewed
in literatures [17].

To summarize the three PIMs membranes, numerous and
unique monomers and tunable functionalities have been exten-
sively investigated in order to prepare novel PIMs membranes.
They have been broadly used to prepare a large spectrum of
membranes, including both neat and hybrid membranes, many
of which have overcome the upper bound limit. Gas separation
of PIMs-based membranes are plotted in Figure 8, compared
with some conventional polymeric membranes, such polysul-
fone [94] and Matrimid® [95].

2.4 PIMs hollow fiber membranes

Primarily, researchers have concentrated on flat-sheet
dense film format of PIMs membranes for academic research.
However, hollow fiber membranes are the industrially pre-
ferred membrane format for gas separations due to their high
surface-volume ratio, as compared to flat-sheet membranes.
Hollow fiber membranes possess a thin skin layer with an
open porous supporting layer underneath the skin in a tubular
morphology, as shown in Figure 9. A gas mixture is fed either
through the bore side or shell side of the hollow fiber, and the
gases permeate through the membrane wall and are separat-
ed in the permeate side. Such a unique feature of membrane
configuration has positioned hollow fibers the industrial stan-
dard membrane products (or so-called hollow fiber membrane
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Figure 9. Schematic showing the structure of a hollow fiber membrane consisting of a selective skin layer in the outermost layer
of the fiber and an open porous substructure underneath the skin [113].

bundles). Hollow fibers are often manufactured through a
phase-invasion dry-jet wet-quench spinning processes [11].

To date, literature reports of PIMs hollow fiber membranes
are very limited. Matrimid® and Ultem were blended with
PIM-1 to prepare polymer blend hollow fibers membranes [96,
97]. Neat PIM-1 hollow fiber membranes were also fabricated
[98]. Gas separation properties of PIM-1 related membranes
and membranes from other polymers are compared in Table
5. Undoubtedly, more research is deserved to achieve PIMs
hollow fiber membranes and their scale-up if they are intended
for pragmatic application of gas separations in a large scale.

3 CHALLENGES OF PIMS MEMBRANES
AND MITIGATION THEREOF

PIMs-based membranes have exhibited huge potential for
gas separations, some of which have surpassed the Robeson
upper bound, as depicted in Figure 8. Despite their inherently
high gas separation potentials, there are challenges associated
with developing workable PIMs for separations. Besides the
technical difficulties briefed in Section 2, future work should
be devoted in following key areas to advance PIMs technology
to a higher level. These key challenges are discussed below.

3.1 Physical aging

Physical aging is a prominent issue in porous polymer mem-
branes; aging is a catch-all term that describes the gradual loss
of permeability and performance of these systems over time.
Aging is believed to be caused by the non-equilibrium nature
of the glassy polymer with unrelaxed fractional free volume,
which tends to shrink to a more equilibrium (condensed) state
over time. Physical aging is an apparent challenge for PIMs
membranes due to their high fractional free volume, which un-
dermines the applicability of PIMs for membrane separation.
Rapid loss of fluxes leads to unstable performance, which pos-
es another practical operational variable for process control as
a steady state of separation is interrupted by the service time.
Commercial membranes also experience physical aging, how-
ever, the degree of aging of which is significantly lower than
that of PIMs.

Many researchers have investigated the physical aging of
PIMs [99-101]. Budd et al found a significant loss of gas per-
meability of PIM-1 in about a week with some increase of
gas permselectivity [99]. Tiwari et al also observed rapid loss
of O, permeability of PIM-1 with data shown in Figure 10.
Much work has focused on attempts to suppress rapid physical
aging of PIMs membranes with some successes achieved in
retarding the aging. Approaches to mitigate PIMs aging in-
clude UV treatment [67], thermal cross-linking [55] and dop-
ing with porous materials, such as porous aromatic framework
(PAF) [102], HCP [69], Polyhedral Oligomeric Silsesquioxane
(POSS) [103]. Beta-cyclodextrin (CD) was also embedded

Figure 10. Time dependence of (a) O, permeability of and (b) O,/N, selectivity of PIM-1 film [101].
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Table 4. Gas permeation properties of PIMs MMMs. The maximum loading or loading yielding highest CO, permeability was
selected if multiple loadings were reported. All data are adapted based on pure gas permeation unless specified. Loading are
referring wt% unless specified (*vol%).

Testing Permeability (P, Barrer) Selectivity (o;=P/P)

PIMs Filler = Loadin .. Reference
& conditions H, He 0, CO,  tipne Oueny OQoyny CGcopny  Ocoycy

PIM-1 Silica 23.5 23°C,3.4bars 7190 2940 3730 13400 4.0 1.6 21 7.5 - [75]

PIM-1 Silica 40 22 °C, 4 bars 5544 - 1734 8505 9.5 - 3.0 146 10.2 [77]

TOX- Silica 20 22°C,4 bars, 2816 - 603 2615 28.0 - 6.0 26.0 32.5 [77]

PIM-1 crosslinked

PIM-1 Silicalite-1  35.5 25°C, 1 bar 894 - 351 2530 10.8 - 42 30 13.8 [76]

PIM-1  Carbon 2 27 °C, 2 bars - - 605 7090 - - 2.8 329 10.4 [78]

nanotube -
PIM-1  g-C;N, 1 30 °C, 2 bars, 5720 - - 10528 - - - 13.8 8.3 [80]
alcohol treated
PIM-1 Ton liquid 10 30 °C, 0.5 bar - - 101 812 - - 37 30.1 18.9 [83]
PIM-1 ZIF-8 43* 20-22°C, 1bar, 14430 5990 5810 19350 8.2 34 33 11.0 7.3 [84]
ethanol treated
PIM-1 ZIF-8 30 22 °C, 4 bars 5456 - 1452 6424 179 - 48 21.1 17.4 [77]
PIM-1 ZIF-8 20 22 °C,4 bars, 3465 - 800 3944 249 - 5.7 283 26.8 [77]
crosslinked

PIM-1 ZIF-8 10cycles 25°C, 1 bar 76 59 12 70 232 181 36 213 17.9 [91]
HMDA- HKUST-1 5 days 25°C, 1 bar, 360 222 74.8 453 199 123 4.1 250 21.1 [91]

PIM-1

PIM-1 MIL-101 33%* NA - 1200 1010 8440 - 6.8 4.0 36 - [89]

PIM-1  ZIF-71 30 35°C, 3.5 bars - - 1602 8377 - - 3.5 18.3 11.2 [90]

PIM-1 CuBDC 10 25 °C, 1 bar, - - - 407 - - - - 15.6 [92]

mixed gas (GPU)

PIM-1  UiO-66 4.6 25°C, 2 bars 3590 - - 5340 144 - - 214 17.2 [85]

PIM-1 Ti-UiO-66 13.3 25 °C, 2 bars 8380 - - 14740 8.0 - - 14.0 10.6 [85]

PIM-1  UiO-66 28.6 25°C, 1 bar 6280 2380 2150 10900 8.8 40 3.0 152 32 [86]

PIM-1  UiO-66 30 35°C, 1 bar - - - 9420 - - - 15.6 12.3 [87]

PIM-1  UiO-66 20 25°C, 4 bars 2730 - 1370 6981 5.1 - 2.6 13.0 9.3 [88]

PIM-1 COF 15 30 °C, 2 bars - - - 7954 - - - 19.9 11.5 [93]

Table 5. Hollow fiber PIMs membranes gas separation performance based on pure gas permeation unless specified, compared
to Matrimid®, Ultem, polysulfone and Propane Diol Monoester Cross-linkable (PDMC) polymer. Hollow fiber modules were
not post-treated to reflect intrinsic gas separation properties. All data are based on pure gas permeation. 1 refers the skin layer
thickness of hollow fiber membranes.

Permeance (P/I, GPU)  Selectivity (a,;=(P/1)/(P/])

Polymer Polymer composition  Testing conditions Reference
Y Y p i i & 0, Co, Ooong — Ccoomy Ocoy/chy
PIM-1 PIM-1: Matrimid® Ambient temperature, 1 395 172.9 5.4 238 224 [96]
(5:95) bar
PIM-1: Matrimid® Ambient temperature, 1
PIM-1 (15:85) bar 335 413.2 1.6 5.1 6.1 [96]
. Ambient temperature, 1
Matrimid® Neat polymer bar 16.9 86.3 6.5 33.2 34.5 [96]
PIM-I  PIM-I: Ultem (5:95) “-mbient ts:r‘femmre’ 3 g 33.9 72 303 352 [97]
PIM-I  PIM-1: Ultem (15:85) ~mbient f:rferawre’ 3 130 49.0 58 219 289 [97]
Ultem Neat polymer ~ Ambient f:r‘serat“re’ 3 5 24.1 74 339 368 [97]
PIM-1 Neat polymer 35°C, 6.9 bars 60 360 4.6 27.7 22.5 [98]
Polysulfone Neat polymer 25°C, 5 bars 14.8 78.1 6.5 34.4 31.0 [122]
PDMC Neat polymer 35°C, 6.9 bars 63 - 4.6 - - [113]
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Figure 11. Penetrant permeability of PIM-1 as a function of
pressure at 25 °C [105].

into PIMs polymer chains via chemical reaction to increase
aging resistance[ 104]. These treatments aim to stiffen the
polymer network and make the membrane more robust against
aging, which, however, may increase the rigidity of PIMs - a
potential issue for making mechanically flexible membranes.
This fact notwithstanding, those techniques were found effec-
tive in deflecting aging curves of PIMs membranes and main-
taining a high performance to an extended period of time.

3.2 Plasticization

Plasticization refers to a characteristic of polymeric mem-
branes when gas fluxes increase with feeding pressures with a
simultaneous loss of selectivity due to polymer swelling in the
presence of highly sorbing components in the feed. As poly-
mer chains are flexible, the sorbing component, also called
plasticizer, dilates polymer chains, increasing the fractional
free volume, shifting the polymer towards a rubberier regime,
and causing a loss of separation efficacy. The species that
cause plasticization include CO, [101] and certain hydrocar-
bons [105]. For instance, literatures studied effects of feeding
pressures on hydrocarbon permeabilities of PIM-1 as Figure
11 shows. The permeabilities of C,H,, C,H,, C;H; and C,H;
rise with the feeding pressures, a strong indication of plastici-
zation [105].

Multiple methods were postulated to hamper plasticization
of PIMs membranes, such as cross-linking [61] and blending
with POSS [103]. In particular, cross-linking is a straight-
forward approach to overcome plasticization accomplished
by techniques introduced in Section 2.1.5 [106]. Despite the
intrinsic rigidity of PIMs, plasticization is a practical issue
that needs to be appropriately addressed for PIMs membranes,
especially in the case of high pressure operation conditions.

3.3 Processability

PIM-1 is soluble in several organic solvents such as tetrahy-
drofuran (THF), chloroform and dichloromethane, which are
therefore commonly used for flat-sheet membrane casting and
hollow fiber membrane spinning. For example, PIM-1 was
dissolved in THF and spun into hollow fiber membranes [98].
However, PIM-1 is insoluble in some polar solvents, such as
N-methylpyrrolidone (NMP), dimethylacetamide (DMAc) and
dimethylformamide (DMF) [107].

The insolubility of NMP or DMAc poses a challenge for
processing PIMs into industrially relevant hollow fiber mem-
branes since such solvents are often used for spinning hollow
fibers [108]. However, researchers have identified approaches
to modify PIMs to improve their solubility. Du et al reported

tetrazole and hydrolyzed PIM-1, which was soluble in NMP,
making it possible to fabricate PIMs-based membranes from
NMP solution [59, 107]. Mason et al explored thioamide
modification of PIM-1 polymer, which was soluble in polar
aprotic solvents such as DMAc¢, DMF and Dimethyl Sulfoxide
[109]. This fact notwithstanding, gas fluxes of modified PIM-
1 were found relatively lower than untreated PIM-1 [59, 107,
109]. Future work should address the permeability loss when
increasing solubility in solvents by functionalizing PIMs.

3.4 Structure-property relationship

PIMs possess complicated microscale orientations, espe-
cially in the case of non-SBI-centered PIMs with bulky side
groups, the pendent moieties can affect properties of PIMs
appreciably. The irregular packing of polymer chains in lad-
der-like PIMs makes it difficult to predict the gas separation
performance for a given structure. The large scattering perme-
ability of PIM-1 shown in Table 1 is an evidence of the chal-
lenge of obtaining identical gas separation properties of PIM-
1 membrane from the same monomer. Potential reasons for
the variability of permeation is that the permeability of PIMs
is dependent of film thickness, post-treatment method (metha-
nol or water soak), casting solution and of course, aging time
[101].

It is important to note that PIMs, given that they are a kind
of porous glassy polymer, have an inherent non-equilibrium
behavior with a large amount of fractional free volume. As
Section 3.1 discussed, the rapid aging caused by the non-equi-
librium nature of PIMs suggests that the properties of PIMs
are time-sensitive, which is another key parameter to consider
when studying gas permeabilities of PIMs. Those aforemen-
tioned factors severely complicate the structure-property
relationship in PIMs. It is, hence, difficult to unambiguously
correlate the complicated relationship between the monomer
structure, pore sizes, polymer fractional free volume and
membrane gas separation properties [3].

Regardless of the challenge of correlating structure and
property, several techniques were employed to explore PIMs
microstructure evolution whilst examining gas separation
properties. The pore size distributions and free volume in
PIMs are often studied using Positron Annihilation Lifetime
Spectroscopy (PALS), nitrogen adsorption, and molecular
simulation [3, 99, 110, 111]. PALS is a non-destructive spec-
troscopy method to study the free volume of polymers. It is a
useful technique to correlate the size of void volume of poly-
mers with the lifetime of positronium. Pore size was also mea-
sured by using X-ray diffraction, including Small-angle X-ray
scattering and Wide-angle X-ray scattering [112]. Future re-
search in this field is essentially critical to understand PIMs in
a molecular level and guide design of PIMs as a cutting-edge
gas separation platform.

4 SUMMARY AND OUTLOOK

The discovery and development of PIMs opens the door into
a burgeoning field with the potential to offer next-generation
membranes with separation performance outcompeting con-
ventional polymeric membranes. During the past two decades,
PIMs have established themselves as an important class of
microporous materials with hundreds of related papers and
patent applications published. PIMs are widely recognized as
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one of the most intrinsically permeable membrane materials,
along with thermally rearranged polymers, and carbon molec-
ular sieves. They have demonstrated superior high separation
productivities with moderate selectivities crossing the Robe-
son upper bound remarkably.

Despite the intrinsically high separation productivity, there
exist a number of technical barriers in PIMs membranes, such
as physical aging, plasticization, processability, and more
fundamental issues such as the lack of detailed structure-prop-
erty relationships. Opportunities rely on properly overcoming
those challenges. To date, studies on PIMs have been primar-
ily focusing on dense film membranes. Only a handful papers
or patents discussed the development of hollow fiber PIMs
membranes. The fact that PIMs are not readily soluble in com-
mon solvents, like NMP and DMAc¢, may undermine the spin-
nability and manufacturability of PIMs into hollow fiber mem-
branes, potentially hindering successful applicability of PIMs
membranes in an industrial scale. Although PIMs have rela-
tively lower selectivities compared to other glassy polymers,
it remains promising to incorporate PIMs with molecularly
sieving materials, such as selective polymers and inorganic
fillers, to establish a percolative network to achieve both high
flux and selectivity. It is foreseeable that PIMs will become a
key player in membrane community when those issues can be
successfully addressed.
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