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Abstract: Polymers of Intrinsic Microporosity (PIMs) constitute another class of amorphous microporous
polymers. PIMs display high SSA (specific surface area) (due to their rigid and contorted molecular structure
(Fig. 1a), which prevents efficient packing. In particular, PIMs do not possessrotational freedom along the
polymer backbone, which ensures that the macromolecular components cannot rearrange their conformation.
Several proposed methods for synthesizing different polymers have been recorded due to their potential
properties and wide applications in recent years. This review will cover the origin of the early work on PIMs,
their synthesis and structural characterization, properties, and potential applications that are broadly
recognized as a potentialnext generation membrane material for gas separations due to their ultra-permeable
characteristics. This mini review aims to provide an overview of these materials, from science ofits chemistry
to applications. PIMs-based gas separation membranes applications of this type cover a wide spectrum
including their gas diffusion mechanisms and separation performance, and many other fieldssuch as using
PIM membrane in water purification from chemical pollutants. Membrane separation process is cost-effective
and environmentally friendly with small physical footprints. Interests of membrane technology have been
growing increasingly in past two decades. Key areas that membranes are at play include carbon dioxide (CO,)
capture, nitrogen generation, hydrogen/helium recovery, natural gas sequestration and biogas purification
(Bernardo, Drioli, & Golemme).
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1. Introduction

Intrinsic microporosity in polymers is defined as “a continuous network of interconnected
intermolecular voids, which forms as a direct consequence of the shape and rigidity of the component
macromolecules” (O. M. llinitch, V. B. Fenelon, A. A. Lapkin, L. G., Okkel, V. V. Terskikh, and K. I. Zamarra,
1999), (N. B. McKeown and P. M. Budd “. i., 2009). Nowadays, one of the most common problems faced by
humans over the world is water contamination. Geological and anthropogenic/human-made are mainly
classified and considered primary water pollution sources (Fawell and Nieuwenhuijsen, 2003). According to
numerous studies in the literature, freshwater resources have been recently contaminated with various
contaminants due to human activities by advancing industrial growth and technology (Kumar andPuri, 2012).
In the last three decades, several approaches have been efficaciously suggested to treat pollutants/toxic
chemicals from the water system to avoid environmental impact (Elwakeel et al., 2020). Among the possible
techniques, using adsorbents via the adsorption method has been superior to other methods (Alnajrani and
Alsager, 2020, Budd et al., 2005, Satilmis, 2020). The used adsorbents can also be categorized into different
synthetic or natural materials (Doble, 2007, Mohan and Pittman Jr, 2007). In recent years, ‘Polymers of
Intrinsic Microporosity, PIMs’ such as synthetic adsorbents have been efficiently applied to remove various
chemical pollutantsin the environment (Ye et al., 2020). Several proposed methods for synthesizing different
PIMs materials have been recorded due to their potential properties and wide applications in recent years.
This review offers detailed background information on the PIMs materials and their synthesis approaches. The
rapid recent progress in the synthesis of microporous network polymers has been reviewed extensively (R.
Dawson, 2012), (R. Dawson, 2012). In contrast, thispresent paper will focus on polymers that do not require a
network of covalent bonds in order to demonstrate microporosity—the so-called polymers of intrinsic
microporosity (PIM).

History of Polymers of Intrinsic Microporosity (PIMs)

An invention of a new polymer such as polybenzodioxins combining spiro-centers with a high smooth
permeability was initially synthesized by Sing (1985). Microporosity denotes materials that included many
pores of dimensions (< 2nm) (Sing, 1985). The idea for PIMs developed from the work on phthalocyanine
materials carried out at The University of Manchester during the 1990s. Phthalocyanines are large aromatic
macrocycles related to the naturally occurring porphyrins, and metal-containing phthalocyanines can
demonstrate useful catalytic activity, especially for oxidation reactions (N. B. McKeown. C., 1998). However, in
the solid state, the catalytic performance of phthalocyanines is hindered by the face-to-face aggregation of
the macrocycles. In 1998 we designed a network polymer consisting of phthalocyanines fused together with
spirocyclic groups that would produce a highly porous material in which each adjacent macrocycle would be
orthogonal to its neighbor (N. B. McKeown H. L., 2001). “Polymers of Intrinsic Microporosity,” which is
introduced and abbreviated as “PIMs,” is a new category of a membrane-forming polymer and relatively a
novel type of macromolecule. PIMs involved a high free volume, which is not efficiently filled like linear
polymers and causes to increasing their intrinsic microporosity. PIMs are introduced as materials having
contorted shapesand inherent rigidity property. Thus, these properties cause to not filling space absolutely
like typical linear polymers. These properties lead to enhancing and rising intrinsic microporosity property
(Budd et al., 2004a, Budd et al., 2004b). They were firstly named PIM-1 (Budd et al., 2004b), mentioned and
synthesized in chemistry by Budd et al. (2004a). Consequently, these properties provide a direct new
formulation of the component with macromolecule’s shape and rigidity (llinitch et al., 1999, Shaver, 2014).

Designing and Synthesis of PIMs

PIMs classified and known as a porous organic polymer (POP), have microporous materials properties.
PIMs are rigid and contorted macromolecular chains owing to incompetent packing voids (McKeown, 2017).
PIMs are easily dissolved in organic solvents as they are not involved ina network of cross-linked bonds. In
general, several chemical polymerization reactions could be applied to produce different PIMs.
Simultaneously, few of them are practically confirmed to be efficacy for producing solution-processable
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components, including cast films. Thus, the recorded result from previously documented data showed that
PIMs had been sufficiently synthesized by utilizing three categories of polymerization reactions (McKeown,
2017). Among them involves the polymerization formation through imide linkages, Troger’'s base, and
dibenzodioxin between monomeric units (Carta et al., 2014b, McKeown, 2017).

1.1. Polymerization Utilizing Dibenzo dioxane Formation

The first PIM was proposed, synthesized by Budd et al. (2004b), and named the archetypal PIM, PIM-1,
resulting from a new nucleophilic aromatic substitution (SNAr) mechanism. In this method,
tetrafluoroterephthalonitrile (TFTPN) and 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'- pimobendane (SBI)
which were two obtainable and known monomers were used to achieve the first PIM-1 (Budd et al., 2004b).
Figure 1 shows detailed information on the nucleophilic substitution reaction between TFTPN and SBI
(McKeown, 2017).
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Figure 1: illustrates the first production of PIM-1 resulting from a nucleophilic substitution reaction between
TFTPN (B1) and SBI (A1) (Budd et al., 2004b).

The formed product via this polymerization reaction provided a fused-ring linkage group with adequate
capability to offer solution-processable ladder polymers. The synthesized polymer had a high average
molecular mass (Budd et al., 2004a, Budd et al., 2004b). A halide-containing monomer (e.g., F, CN) is needed
to occur aromatic nucleophilic substitutionsand activate the stepwise of an electron-withdrawing (Eastmond
et al., 2001).

The firstly proposed method is also introduced as the production via the low-temperature process.The
TFTPN and SBI monomers with the same quantity (3 mmol as optimal) were mixed in the used solution of
dimethylformamide (anhydrous DMF). Simultaneously, dry chemical such as dryK2CO3 was directly used as an
excess amount and applied as a fine powder at about 60 °C for 1-3days. The uses of low temperature keep the
DMF and prevent its degradation to dimethylamine. Applying a high concentration of monomers has a vital
role in forming insoluble cross-linked polymers. Different PIM-1 materials could be obtained due to applying
alternative precursors monomer such as tetra-silyl ether via a fluoride-mediated reaction (Kricheldorf et al.,
2005, Zhanget al., 2015). Different studies have been documented to synthesize various PIM materials via this
polymerization process, applying dibenzodioxins formation. The final PIMs materials produced via this method
were readily soluble in varying organic solvents ordered as follows CHCI;, THF, quinoline, m-cresol, and DMF
(McKeown, 2017). The measured surface area based on the BET method was also in the range of 203-889 mz/g
(McKeown, 2017).

1.2. Polymerization Utilizing Troger’s base formation
A new and applicable polymerization approach established on Troger’s base (TB) production could be
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applied to obtain different PIMs materials with a high average molecular mass (Carta et al., 2014b). The new
polymer production starting from the TB formation method can be obtained using aromatic diamine with
dimethoxymethane monomer (Figure 2). This reaction is simple and occurs owing to applied trifluoroacetic
acid, leaving under appropriate conditions (at 0 °C) (Du et al., 2008). This polymerization method is known and
formally called 2,8-dimethyl6H,12H-5,11- methanodibenzo [b, f] [1,5] diazocine. The varying property of the
formed PIMs was designed and based on the different monomers used. The TB formation step is a premium
due to forming the TBlinkage group (fused-ring) for the final PIM product. Appling the TB formation is a
successful polymerization reaction suitable for polymer production with high rigidity and prohibition
conformational freedom. Figure 2 illustrates the novel PIMs synthesized utilizing Tréger’s base polymerization
(Carta et al., 2014b, McKeown, 2017).

NH, N
HET — tn:@

Figure 2: illustrates the novel PIMs synthesized utilizing Troger’s base polymerization (Carta et al., 2014b,
McKeown, 2017).

Various material products associated with this type of polymerization were documented from previous studies
(Carta et al., 20144, Carta et al., 2014b). Obtained results verified that polymers were readily soluble in CHCI3
solvent. The measured surface area based on the BET method was also in the range of 270-1028 m’/g
(McKeown, 2017).

1.3. Polymerization Utilizing imide formation (PIM-polyimides)

Polyimides (Pls) are mainly classified as an essential polymer category for a wide range of applications.
These polymers are obtained and synthesized through the well-organized production of imide linkages
between typical monomers (Figure 3) such as diamine (D) and dianhydride (E). PIs formation can also be
utilized to achieve various PIMs materials (McKeown, 2017). The produced polymer is produced base on Pls
formation, introduced, and classified PIM-PIs materials. To form a rigid PIM-Pls material, at least one of the
used monomers has to be a site of contortion. Furthermore, diamine monomers included two large
substituents neighboring amine groups are essential to limit rotation about the carbon-nitrogen (C-N) bond of
the formed imide linkage. Thus,polymers (PIM-Pls materials) with a high level of intrinsic microporosity can be
efficiently obtained via the proposed monomers (Ghanem et al., 2009, Ghanem et al., 2008). Figure3.
illustrates the novel PIMs synthesized utilizing Pls formation (diamine E6, and dianhydride, D8 monomers)
(McKeown, 2017).
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Figure 3: illustrates the novel PIMs synthesized utilizing Pls formation (McKeown, 2017, Rogan et al., 2014).

Many polymer materials related to PIM-Pls were synthesized and mentioned from previous studies
(Ghanem et al., 2009, Ma et al., 2013, Swaidan et al., 2014). Recorded results from previous studiesverified that
polymers were readily soluble in the CHCI3 and THF organic solvents (Ghanem et al., 2009, Ma et al., 2013,
Swaidan et al., 2014). The measured surface area based on the BET methodwas in the range of 190-840 mz/g
(McKeown, 2017). In another research, Ghanem et al. (2009) proposed a novel procedure to synthesize a
range of PIM-PIs materials. Different aromaticdiamines of a bis(carboxylic anhydride) were successfully
applied in the proposed reaction. The obtained results of PIM-Pls provided high surface area and thermal
stability (Ghanem et al., 2009).

1.4. Post synthetic modification of PIMs

Many new PIMs materials can be obtained through the modification of another PIMs product. Post-
synthesis reactions were introduced as an exciting approach and mainly applied to the originally PIM-1 to form
new polymers with intrinsic microporosity. Structure modification of the original PIM-1 compound based on
improving chemistry on the attached nitrile group (Figure 4) could be carried out to produce various polymers.
The post chemical reaction via in situ hydrolyses of the attached CN groups of the applied PIM-1 was
documented to form a new polymer (Figure 4, i-viii) or carbonylated PIMs materials (Du et al., 2009). Under
basic conditions, various products of PIMs materials (Figure 5) with differential properties could be easily
achieved via post-syntheticmodification of PIM-1 (McKeown, 2017).
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Figure 4: illustrates different PIMs synthesized utilizing a post-synthetic modification of PIM-1(Du et al., 2009,
McKeown, 2017).
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Figure 5. Representative structures of recently reported PIM—PlIs in the literature, (Yingge Wang,2021)

2. Characterization of PIMs

2.1. PIMs Structural Characterization

Different analytical techniques such as gel permeation chromatography (GPC), Fourier-transform
infrared spectroscopy (FTIR), and nuclear magnetic resonance ("H and C NMR) have been successfully
carried out to characterize the chemical structure of PIMs components (McKeown, 2012). GPC is applied to
calculate and estimate the approximate number average (Mn) and weightaverage (Wn) molecular mass of the
examined PIMs. However, FTIR, 1H, and C NMR are utilized to detect H and C elements in the polymer
structure, polymerization degrees (DPs) in polymers, and identify the polymer proposed structure (Lee et al.,
2016, Makhseed et al., 2012). Matrix-assisted laser desorption ionization mass spectrometry can be useful for
determining the presence of cyclic oligomers and the nature of the end-groups.

2.2. Characterization of PIMs Porosity

Detailed information on microporous structure characterization of PIMs can be investigated
through different practical and theoretical analyzing methods. Among them includes gas sorption analysis,
positron annihilation lifetime spectroscopy (PALS), and computer simulation (McKeown,2012). The nitrogen gas
adsorption/desorption process is well introduced as the Brunauer— Emmett-Teller (BET) method and
performed at liquid N2 temperature (77 K) to characterize the produced microporous materials. Efficient
adsorption of nitrogen gas (N2) by the examined materials at low levels of relative (P/P°) is clear evidence to
indicate that the analyzed material is a microporous PIM (McKeown, 2012). Figure-6 illustrates the process of
adsorption/desorption of N2 gas by PIMs materials.
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Figure 6: illustrates the process of measuring the N2 adsorbed (black filled cycles) and desorbed (white empty
cycles) on examined PIMs materials at 77 K (McKeown, 2012).

A graphical illustration for the solid-state of the examined PIMs macromolecules can be given utilizing
computer simulations (Heuchel et al., 2008). A metastable particle introduced as Ortho- positronium (0-Ps) can
be obtained by the direct reaction between an electron with a positron. The 0-Ps can also be applied to
investigate free and accessible volume in solid materials. The average lifetime of 0-Ps in a vacuum is equal to
142 ns, while its lifetime is decreased within sold mater. Annihilating of o-Ps via encounter electrons is happen
and causes reducing the o-Ps lifetime. 0-Pso-Ps can fill free volume holes available in the examined polymers.
Results verified that the decrease in the o-Ps lifetime is proportional to decreasing accessible real hole size in
the analyzedporous polymers (Tao, 1972). More than one Ortho-positronium is required and used to measure
free volumes of PIM-1 polymers due to high free volume availability (Staiger et al., 2008).

3. PIMs Properties

3.1. Solubility

PIMs were generally distinguished and introduced as readily soluble materials in many popular solvents
at room temperature. It means that they do not necessitate adding solubilizing groups to enhance solubility
like other polymers (McKeown, 2012). However, for PIMs it appears that the rigid and contorted
macromolecular structures help to reduce intermolecular cohesive interactions by limiting the number of
close contacts between polymer chains. The relative flexibility of the spirobisindane unit may also assist in
solubility. The rigidity and contorted structure aremainly responsible for the degree of IPMs solubility. It may
also be attributed to the fact that the polymer chain is contorted only within two dimensions allowing the
polar nitrile groups to interact more fully thus increasing polymer cohesion, whereas soluble PIMs form
random coils in all three dimensions. Chloroform and tetrahydrofuran are commonly low-boiling solvents that
speedily dissolve most PIMs materials (Yin et al., 2019).

3.2. Thermal Properties

Thermal analytical techniques such as differential thermal calorimetry (DSC) and thermal dynamic
mechanical analysis (DMTA) can be used to investigate the thermal analysis andstability of synthesized PIMs
materials that shows no glass transition temperature or otherthermal transition below its decomposition at
around 450°C (P. M. Budd E. S., 2004).
A tensile storage modulus of ~1 GPa, a tensile strength of 45-47 MPa, and a strain of 10%-11% at breakage
have been reported for PIM-1. The results applying DSC and DMTA verifies no glass transition temperature
during the analysis of PIM-1. They also show no thermal transition lowerthan its decomposition temperature
(~ 450°C) (Budd et al., 2004a).
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3.3. PIMs Microporosity

PIMs microporosity and their specific solid surface area are measured due to utilizing the BET
technique. Based on analyzing samples with different techniques, obtained results via the BET method verified
that that investigated PIM-1 materials included high specific/active surface arearanging from 720 to 875 m’ g_1
(Bezzu et al., 2012, Makhseed et al., 2012). The recorded results associated with the surface area from
previous studies confirmed that the surface is of PIM-1 ismatches few PIMs materials or higher than most of
the PIM’s material in terms of availability of surface area (Bezzu et al., 2012, Makhseed et al., 2012).

4. Applications of PIMs

As PIMs has a uniquely combine properties of being a microporous material, and they can selectively take up
and transport molecular species, with the solution processability of a polymer.That made it center of interest
for a number of applications.

4.1. Membranes

Over the past 2 decades, PIMs have been documented, investigated, and widely applied in many
scientific fields due to the availability of significant properties (Ye et al., 2020). PIMs are distinguished with
various properties owing to the availability of high free volume, active surfacearea, microporosity, microcavity,
easy fabricability, and grater hydrophobicity (Zhang et al., 2018). The summarized applications associated with
PIMs are shown in Figure 7 (Ye et al., 2020). These potential unique properties related to PIMs materials
provide prospective applications in many fields. Among them includes pervaporation (PV), gas separation (GS),
and nanofiltration (NF) (Ye et al.,, 2020, Zhang et al., 2018). PIMs are known as innovative types of
microporous materials that have been effectively applied in gas separation areas from different industrials
(zhang et al., 2018).

Figure 7: The summarized applications associated with PIMs materials (Ye et al., 2020).

PIMs were efficiently employed as selective gas separation membranes in many industrial processes
(Budd et al., 2005, Lee et al., 2016). GS in membrane separation is the most commonly utilized area of PIMs
(see Figure 7). According to examined studies, PIMs materials could be widely applied to transport ion
/molecule through their available channels and permit gaseous/solids through their pores (Marken et al.,
2020). In the Web of Science database, many published papers related to PIMs on membrane and gas “GAS”
were previously documented (Ye et al., 2020) during the last decade (Figure 8).
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Figure 8: illustrates the published articles percent recorded in the Web of Science database associated with
membrane applications of PIMs (PIMs membrane application related to nongas, NOT GAS and gas, GAS) (Ye et
al., 2020).

4.1.1. Pervaporation (PV) Membranes

In pervaporation, the feed is a liquid mixture and the permeate is removed as a vapour, which canthen
be condensed into a liquid or solid at lower temperature. The driving force for transport comesfrom application
of a vacuum or sweep gas to the permeate side of the membrane. An advantage of pervaporation is that it can
be used to break an azeotrope. Commercial pervaporation plants, for example, for dehydration of
ethanol/water mixtures, commonly employ hydrophilic membranes. However, there is increasing interest in
hydrophobic membranes for waste-water treatment and for the separation of organic-organic mixtures.
Pervaporation was the first application of PIM membranes to be investigated. PIM-1 was shown to form a
hydrophobic membrane, selectively transporting organics, such as phenol and aliphatic alcohols (i.e., ethanol
and butanol), from mixtures with water [ (Yingge Wang, 2021). High flux, coupled with good separation factor
and stability, makes this a promising area for further development.

4.1.2. Organic Solvent Nanofiltration (OSN) Membranes

Nanofiltration is now a well-established technology for treating aqueous solutions by retaining
molecules above a certain size. Unlike pervaporation, there is no phase change on permeation. An area of
particular interest for new polymers such as PIMs is that of solvent-resistant nanofiltrationfor the treatment of
organic mixtures, where the aim is to operate a continuous reaction whilst extracting products but retaining a
large molecular catalyst (S. V. Adymkanov Y. P., 2008). Membranes of PIM-1 and PIM copolymers show real
promise in this respect (] M. Priske, 2012), (D. Fritsch P. M., 2012). Cross-linking methodologies (see below)
may play an important role to enhance the stability of PIM OSN membranes especially for those organic
solvents for which the PIM demonstrates solubility.

4.1.3. Gas Separation (GS) Membranes

Polymer membranes offer an energy-efficient method for many gas separations as they do not require
thermal regeneration, a phase change, or active moving parts in their operation (Y. P. Yampol’skii, 2006). In
membrane gas separation, the driving force comes from a pressuredifference across the membrane (Baker,
2002). Commercially important membrane-based gas separations include O2 and N2 enrichment of air,
hydrogen recovery from ammonia production (predominately H2 from N2) or hydrocarbon processing (e.g.,
H2 from CH4), and the purification of natural gas (predominantly CO2 from CH4). However, polymers suffer
from a well-defined trade-off between the desirable properties of permeability and selectivity for the required
gas component. Presently, commercial gas separation membranes are based on a few well-established
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polymers with low permeability and high selectivity; therefore, large membrane areas are required to
compensate for lack of permeance. This means that existing polymer membranes are not currently
competitive with other technologies for large-scale gas separations. For any given gas pair, the trade-off
between permeability (i.e., permeance multiplied by membrane thickness) and selectivity (S. V. Adymkanov Y.
P., 2008), (expressed as a ratio of permeabilities) may be represented by a double-logarithmic plot of
selectivity against the permeability of the fastest species (Figure 9). In 1991, Robeson delineated an empirical
upper bound in such plots that represented the state-of-the-art performance against which the gas
permeability data of new polymers could be compared (L. M. Robeson “. o., 1991). The originally published
data for PIM1and PIM-7 were well above the 1991 upper bound for important gas pairs such as 02/N2 and
CO2/CH4 (P. M. Budd K. J., 2005). This data contributed to Robeson’s revision of the upper boundsin 2008 (L. M.
Robeson, 2008). Subsequently, it was found that the permeability of PIM-1 could be enhanced further by the
simple treatment of solvent cast films by methanol, which helps flush out residual solvent and allows
relaxation of the polymer chains (P. M. Budd N. B., 2008)[103]. Methanol-treated PIM-1 provides data just
above the 2008 upper bounds for the CO2/N2 and CO2/CH4 gas pairs (P. M. Budd N. B., 2008). In common with
other glassy polymers, the transportproperties of PIMs are strongly dependent on their processing history. This
accounts for the large variation in reported gas permeation data for PIM-1 [ (C. L. Staiger, 2008), (P. M. Budd
N. B., 2008), (S. Thomas, 2009). In particular, residual solvent from casting and ageing of films, the lattera
phenomenon shown by all glassy polymers especially those with high free volume (K. D. Dorkenoo and P. H.
Pfromm, 2000), cause a reduction in permeability. Therefore, in order to allowa fair comparison between PIMs,
it is best to use methanol treatment of the polymer film to ensureremoval of casting solvent and to “reset” the

ageing clock.
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Figure 9:

Robeson plots for (a) O2/Na, (b) CO2/N;, (¢) CO2/CHa, and (d) H2/N, gas pairs showing the data for PIMs. The black
and red lines represent the 1991 and 2008 upper bounds, respectively. References for notable data points are given in
square brackets. Data for methanol treated films of PIM-1 are given as green squares whereas the data for a methanol
treated film of spirobisfluorene-based P1M, prepared from monomer A18, is given as a red square.Data for other PIMs
are given as black triangles and for PIM polyimides as black circles.

PIMs have been found as novel membranes for separating many organic compounds via the
pervaporation process (Kirk et al., 2019). PIMs have also been utilized as effective heterogeneous catalysis as
they have many catalytic sites (Kaur et al.,, 2011, McKeown and Budd, 2006). Moreover, PIMs have been
successfully utilized applications towards sensors ongoing to their efficient properties, including unique optical
fluorescence and intrinsic microporosity. Thus, many organic vaporous and explosive chemicals could be
selectively detected with a low level through the use of PIM-1 as optical sensors and light-emitters (Carturan
et al., 2010, Rakow et al., 2010, Thomas et al., 2011). PIMs have been additionally found as a gas storage
medium (McKeown andBudd, 2006). Furthermore, many studies have been documented on the uses of PIMs
as effective synthetic adsorbents for the treatment of harmful chemical/pollutants in aqueous systems and
realsamples (Budd et al., 2003, McKeown and Budd, 2006).

4.1.4. Wastewater Treatment and Removal of Harmful Pollutants

Freshwater has a vital and essential role in our planet and for human health (Elimelech, 2006, Kumar
and Puri, 2012). Nowadays, one of the most common problems faced by humans over the world is water
contamination. Pollutants by Human-made activities can come from various ways, including industrial
effluents, agricultural products or by-products, wrong disposing or storing of domestic chemical products like
detergents, and several chemical solvents (Al Yagout, 2003, Jegatheesan et al., 2011, Kass et al., 2005).
Environmental pollutants such as inorganic, organic, radiological, and biological contaminants are mainly
categorized as the most common types of contaminants related to water, soil, and air pollution (Sharma and
Bhattacharya, 2017).
In the last three decades, several techniques, including adsorption, advanced oxidation processes,
coagulation, filtration with coagulation, ion exchange, ozonation, precipitation, and reverse osmosis, have
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been commonly used to remove chemical pollutants from wastewater and polluted water (Elwakeel et al.,
2020). Among the possible techniques, adsorbents’ use via the adsorption method has been selected to be
superior to other methods (Alnajrani and Alsager, 2020, Budd et al., 2005, Satilmis, 2020). It is introduced as
an effective separation process for water treatment due to its designable, operatable, flexibility, low cost, and
tactlessness to harmful pollutants (Rashed, 2013, Taghizade Firozjaee et al., 2018). In recent years, synthetic
adsorbents such as PIMs have been efficiently applied to remove various chemical pollutants in the
environment (Yeet al.,, 2020). Among them includes heavy metals (Zhang et al., 2016b), dyes (Satilmis,
2020), pharmaceutical-emerging contaminants (Alnajrani and Alsager, 2020), and other organic pollutants(Budd
et al.,, 2003) in water/wastewater. The capacity and efficiency of PIMs towards the removal of harmful
chemicals in environmental samples have been documented in many previous studies (Table 1).

Table 1: shows detailed information on the proposed PIMs for remediation of waters from chemical pollutants

BET
PIMs specific Pollutants Pollutants Contact time (Capacity
(Adsorbent) surface Classification (Adsorbates) pH  |min(h) (mg/L) References
area (mz/g
)
PIM-1 Solvent Blue - 200 41.548
(Dense film) 976 Dyes 35
Oil Red O - 200 65.501 (zhang et
(PIM-1) Solvent Blue - 20 42.122 al., 2016a)
fibers (F10)[1114 Dyes 35
(electrospun Oil Red O - 20 66.867
fiber)
Methylene 6 180 69.8
AmidoximePIM-[550 Dyes Blue (Satilmis,
1 Methyl 6 180 79.8 2020)
Orange
Methyl 7 300 42.38
orange
Hydrolysed Methylene 7 300 424.80 (Zhang et
PIM-1 fibers HTOM Dyes blue al., 2016b)
Methylene 7 300 317.26
violet
Safranin O 300 364.29
Amidoxime- 531 Heavy metals [Uranyl 6 (6) 41 (Sihn et al.,
PIM ion [U(VI)] 2016)
Hydrolysed HTOM Heavy metals |Pb(ll) 5 300 41.2 (Zzhang et
PIM-1 fibers ion Cu(ll) 6 300 16.9 al., 2016b)
pharmaceutical- Doxycycline 7 (5) 178.60 (Alnajrani and
PIM-1 630 emerging Ciprofloxacin 2 (5) 31.15 Alsager,
contaminants or  Penicillin G 2 (24) 191.04 2020)
antibiotics Amoxicillin 2 |24) 208.60
Crosslinked 775 Other pollutants  |Phenol 6—  |overnight 470 (Budd et
PIMs 7 al., 2003)

HTOM; higher than original material (PIM-1), BET; Brunauer—Emmett—Teller, h; the hour,
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The obtained results from previous studies (Table 1) showed that the PIMs materials had been effectively
applied for the water treatment in terms of chemical pollutants. Among them includes dyes, heavy metals,
pharmaceutical products, and other toxic pollutants. Results verified that PIMs materials have different
capacities for the adsorption of toxic dyes in real environmental samples. Results also confirmed that the
modification of PIMs-1 with various constituents could cause a change in their capacity to remove the same
pollutants.

4.2. Sensors

The combination of solution processability, porosity, and optical clarity makes PIMs useful for sensor
applications. For example, the incorporation of the fluorescent dye Nile Red into solventcast films of PIM-3
(formed from monomers Al and B3, see Table 1) produced an optical sensor for ethanol (S. Carturan A. A.,
2010), (S. Carturan A. A., 2008). The intrinsic fluorescence of PIM-1 has also been exploited in sensors described
in patents and enabled the fabrication of a laser sensor with great sensitivity for the detection of nitrated
aromatics (Y. Wang, 2011). A colorimetricoptical sensor based on the rapid change in refractive index of a thin
film of PIM-1 on adsorption of organic vapor provides a dramatic green-to-red color change, which can be
visualised for sensingconcentrations in air down to 50 ppm or, if using a fibre-optic spectrometer, down to 50
ppb (J. C.Thomas, 2011), (N. A. Rakow, 2010.).

The optical response is general for all organic vapors but the hydrophobic nature of PIM-1ensures the
lack of interference by humidity. The fabrication and performance of this device both benefit from the unique
combination of solvent processability and microporosity of the PIM component. In sensor application, PIM-1
has been used as a medium for adsorbing organics from air which can then be desorbed by heating into a
conventional sensor [ (D. J. Combes, 2012), (S.T. Hobson, 2012.). For this application, the thermal stability of
PIMs is of importance. The ease of use, applicability, and high permeability of the PIM-GO modified with
graphene oxide (GO), which strengthens the mechanical structure, and permeability of PIMs at high
temperatures affordsignificant advantages over the unmodified membranes. The results of this development
can aid significantly of next-generation membranes with increased mechanical stability, to be used as
membranes in industrial applications. The high transport efficiency of the PIM-GO at temperatures exceeding
room temperature is evidence of the improved thermal stability of the PIM-GO. (CananOnac1, 2020)

5. Conclusion and summary:

In this review we demonstrated the brief review on aspects polymers intrinsic microporosity PIMs
which was discovered by scientist for nearly 20 years. This review focuses on the available and applied
methods to synthesis polymers with microporosity. Among them include polymers that poses microporosity,
such as polymers of intrinsic microporosity (PIMs). PIM may be prepared either as insoluble or soluble
polymers, with both types exhibiting typical microporous materials behaviors.

We reviewed about the methods could be readily utilized for the formation of different PIMs withtheir
various novel properties. Synthetic methods related to PIMs have been recently enhanced to develop their
adequate properties. The ease of making PIM-1 from commercial starting materials also allows groups with
only limited expertise in polymer synthesis to engage in research to fully explore the properties and
applications of this material. Many potential applications of several PIMs materials have been found owing to
their potential active surface area and high rigidity. ThePIMs can be applied with high capacity as an alternative
to other synthetic adsorbents in variety of applications. The intense activity on PIMs for gas separations should
result in better materials and optimized membrane fabrication in future. In our opinion, the most challenging
task for the successful transition of PIM- or PIM-Pl-based membranes to industrial applications requires
improvements in their membrane stability. As high-free-volume polymers exist in a nonequilibrium state,
their gas permeation properties are dynamic in nature and can change over extended periods of time. In fact,
the extremely thickness-dependent physical aging behavior of high-free-volume PIMs makes it difficult to
assign “intrinsic” gas permeation properties to a given polymer. Future research needs to include more
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detailed studies on thin films (<1 um) as they represent a more realistic physical state of the PIM material
applied as membrane rather than only relying on bulk, thick-film data (typically > 50 um).

Finally, in this review we provide a brief summary on the potential use of PIM-derived membrane
materials for the areas of nanofiltration. In summary, we conclude that successful development of high-
performance membranes for industrial applications requires demonstration of the categories such as: a)
Materials development, b) Structural materials design and small-scale synthesis; c¢) materials
characterization—solubility, thermal, and mechanical properties; d) intrinsicc materials permeation
properties—pure and mixture permeability; e) component selectivity; and f) long-term stability of transport
properties, such as stability of membrane properties under high-pressure conditions.  Materials and
membrane scale-up which include material synthesis scale-up for commercial membrane production, and
reproducible and cost-effective membrane scale- production, depending on applications. Many research
organisations are now engaged on research involving PIMs both in industry and academia so that the rate of
progress is likely to increase further in coming future.
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