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1. Abstract 

Water is the most important substance of life, supporting ecosystems, economies, and human 

health. Nevertheless, today there is an undeniable problem of water scarcity. Due to population 

growth, climate change and pollution, one of the most critical challenges of the 21st century is 

now access to clean water. Global estimates suggest that billions of people lack access to safe 

drinking water, and demand for clean water is projected to grow exponentially in the coming 

decades. Technological innovations are essential to tackle this challenge. Membrane processes 

have attracted a great deal of attention due to their ability to desalinate and recover water in an 

energy-efficient and cost-effective way, making them a small carbon footprint technology. 

Membrane-based systems offer a versatile platform to address various challenges related to water 

treatment, including desalination, contaminant removal, and recovery of valuable resources, and 

ensuring sustainable water cycles. 

Membrane technologies utilize selective separation processes using seawater, wastewater, and 

industrial effluents as sources for clean water. Basic membrane applications include gas and water 

vapor separation, reverse osmosis, nanofiltration, pervaporation and membrane distillation. 

Among these, reverse osmosis is the pressure driven process of separating of water from the saline 

solutions across the membrane. In nanofiltration, another pressure-driven system, ionic 

components are separated from wastewater to produce clean water. Membrane distillation is a 

thermally driven process and a promising technology that uses hydrophobic membranes to separate 

solutions from salt and concentrate them. Another water treatment process is pervaporation that 

removes water from organic mixtures or volatile compounds. In addition, gas and water vapor 

separation technologies support water treatment processes by the separation of water vapor from 

humidified air or drying systems, which are also very important processes for energy efficiency. 

Polymers are attractive materials for membrane applications due to their good processability and 

low scale-up costs. Polymers of intrinsic microporosity (PIM) have been developed in recent years 

as a promising material for membrane applications due to their unique properties. One of the main 

properties of the first synthesized PIM (PIM-1) that makes it attractive for membrane applications 

is its high free volume. The rigid and contorted molecular structure allows rapid diffusion of 
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penetrant through this free volume cavitation in transport events and makes PIM-1 an important 

candidate for selective separations. Another property is the hydrophobic nature of PIM-1, which 

is very important in membrane applications where water transport without allowing liquid 

penetration is critical. In addition, PIM-1 is an excellent polymer that is readily soluble in a wide 

range of solvents, making it easy to process and modify. For this reason, PIM-1 can be modified 

and functionalized according to its intended use in many studies. Given these properties, PIM-1 

has been a promising polymer for many membrane applications and is a highly adaptable material 

that offers the potential to develop innovative solutions for water-related challenges. 

To date, PIM-1 has been tested in various membrane applications and has shown promising results. 

Among the major applications is gas separation. PIM-1 has been the focus of many studies due to 

its high selectivity and selectivity compared to conventional gas separation membranes. Other 

PIM-1 studies, which have focused on functionalization or post-modifications-, have aimed to 

improve penetrant selectivity, or increase free volume. Pervaporation has been studied as another 

application to hydrophilize PIM-1 by altering its function. Although significant progress has been 

made, there remains a paucity in fully exploiting the potential of PIM-1 in integrated water-related 

processes, particularly in combining water vapor separation, membrane distillation and 

pervaporation. For this purpose, this work comprises three different sub-studies. PIM-1 transport 

properties were investigated in three different water transport processes, all using PIM-1 and its 

derivatives in common. 

Firstly, the high free volume of PIM-1 was exploited to evaluate the gas and water vapor separation 

performance. Modifications have been made to the PIM-1 skeleton to further increase the 

fractional free volume. Specifically, an anthracene maleimide based component was synthesized 

and comonomers were obtained by introducing different aliphatic and aromatic side groups by 

Diels-Alder reaction. Subsequently, a series of homopolymers and copolymers were synthesized 

with the monomers constituting PIM-1 following thick films preparation with each of the 

homopolymer and copolymer to investigate their transport properties. It was observed that the 

introduction of bulky groups increased the fractional free volume, thereby increasing the penetrant 

diffusion and hence the permeability. In the homopolymer in which aromatic groups were added, 

water affinity increased, and water solubility elevated, which had a positive effect on water vapor 

permeability. The effects of these modifications on the selectivity and permeability of PIM-1 and 
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PIM-based homopolymers and copolymers on gas and water vapor separation performance were 

investigated. 

In the second study, the hydrophobic nature of PIM-1 was exploited to explore its potential in 

membrane distillation applications. The aim was to prepare PIM-1 membranes with a porous 

structure as a requirement for membrane distillation, going beyond the traditional method of PIM-

1 preparation. Nonsolvent induced phase separation process was used to prepare porous 

membranes. The challenge was to create the appropriate solvent / nonsolvent combination for 

PIM-1. After several try-outs, the optimum concentration of THF/NMP/PIM-1 

(solvent/nonsolvent/polymer) was determined, and casting of a porous membrane was executed. 

In addition, PIM-1 thin film composite membrane was prepared to see the effect of membrane 

porous structure on water flux. Water flux measurements conducted with the prepared membranes 

revealed that large pores increased the water flux abruptly, while in relatively smaller pores, water 

flux was almost non-existent. However, when the porous membrane is compared with the thin film 

composite membrane, the water vapor permeation is much higher in the porous membrane. 

Accordingly, the findings of our study indicate that the development of a porous hydrophobic PIM-

1 membrane which allows the transport of water in vapor form but does not allow liquid flow is 

promising in membrane distillation applications. 

Considering the information obtained up to here, in our last study, it is aimed to improve water 

vapor transport by preparing thin film composite membrane with more functional PIM based 

polymers which represent the homopolymer series we obtained in the first study. Utilizing the thin 

film composite membranes prepared by PIM-1 and homopolymers, water flux measurements were 

carried out in the pervaporation setup. Additionally, an in-house instrument employing the 

'pressure increase' method was used to measure the water vapor permeability. When the water 

permeabilities obtained from the two different methods are compared, the values obtained from 

the pervaporation experiment are much higher for homopolymers with aromatic and bulky groups 

owing to their water affinity and higher free volume. The conclusion is that these PIM based 

homopolymers are good candidates for pervaporation applications. 

This PhD work provides a comprehensive evaluation of the findings from abovementioned studies. 

The performance of the developed membranes was evaluated in gas and water vapor separation, 

membrane distillation and pervaporation applications considering permeability, selectivity, and 
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structural stability parameters. These evaluations aim to identify the most suitable PIM-1 

membrane design and modifications for each specific application. The overall goal of this work is 

to provide a better understanding of the material properties of PIM-1 and their impact on practical 

membrane applications. By systematically modifying and optimizing PIM-1 and its derivatives, 

this work contributes to the advancement of membrane technology for industrial and 

environmental applications. 
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2. Zusammenfassung 

Wasser stellt die wichtigste Grundlage des Lebens dar und spielt eine zentrale Rolle für die 

Stabilität von Ökosystemen, die Funktionsfähigkeit von Volkswirtschaften sowie die menschliche 

Gesundheit. Dennoch ist die globale Wasserknappheit ein dringliches und unbestreitbares 

Problem. Bedingt durch das Bevölkerungswachstum, den Klimawandel und die zunehmende 

Umweltverschmutzung zählt der Zugang zu sauberem Wasser zu den größten Herausforderungen 

des 21. Jahrhunderts. Schätzungen zufolge haben weltweit Milliarden von Menschen keinen 

Zugang zu sicherem Trinkwasser. Gleichzeitig wird erwartet, dass die Nachfrage nach sauberem 

Wasser in den kommenden Jahrzehnten exponentiell ansteigen wird. 

Technologische Innovationen sind essenziell, um diese Problematik zu adressieren. Insbesondere 

Membranverfahren haben sich aufgrund ihrer Effizienz bei der energie- und kostengünstigen 

Entsalzung und Rückgewinnung von Wasser als vielversprechende Technologie etabliert. Sie 

zeichnen sich durch einen geringen CO₂-Fußabdruck aus und bieten eine vielseitige Plattform zur 

Bewältigung zahlreicher Herausforderungen in der Wasseraufbereitung. Dazu zählen unter 

anderem die Entsalzung, die Entfernung von Schadstoffen, die Rückgewinnung wertvoller 

Ressourcen und die Förderung nachhaltiger Wasserkreisläufe. 

Membrantechnologien nutzen selektive Trennverfahren, bei denen Meerwasser, Abwasser und 

industrielle Abwässer als Quellen für sauberes Wasser dienen. Zu den grundlegenden 

Membrananwendungen gehören die Trennung von Gas und Wasserdampf, die Umkehrosmose, 

die Nanofiltration, die Pervaporation und die Membrandestillation. Bei der Umkehrosmose 

werden Schadstoffe und auch Salze unter hohem Druck aus Salzwasser abgetrennt. Bei der 

Nanofiltration, einem weiteren druckbetriebenen System, werden ionische Bestandteile aus dem 

Abwasser abgetrennt, um sauberes Wasser zu erzeugen. Die Membrandestillation ist ein thermisch 

angetriebener Prozess und eine vielversprechende Technologie, bei der hydrophobe Membranen 

verwendet werden, um Lösungen von Salz zu trennen und zu konzentrieren. Ein weiteres 

Wasseraufbereitungsverfahren ist die Pervaporation, bei der Wasser aus organischen Gemischen 

oder flüchtigen Verbindungen entfernt wird. Darüber hinaus unterstützen Gas- und 

Wasserdampftrenntechnologien Wasseraufbereitungsprozesse durch die Abscheidung von 
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Wasserdampf aus befeuchteter Luft oder Trocknungssystemen, die ebenfalls sehr wichtige 

Prozesse für die Energieeffizienz sind. 

Polymere sind aufgrund ihrer guten Verarbeitbarkeit und geringen Scale-up-Kosten attraktive 

Materialien für Membrananwendungen. Polymere mit intrinsischer Mikroporosität (PIM-1) 

wurden in den letzten Jahren aufgrund ihrer einzigartigen Eigenschaften als vielversprechendes 

Material für Membrananwendungen entwickelt. Eine der Haupteigenschaften von PIM-1, die es 

für Membrananwendungen attraktiv macht, ist sein hohes freies Volumen. Die starre und verdrehte 

Molekülstruktur ermöglicht eine schnelle Diffusion des Penetrationsmittels durch diese 

Hohlräume mit freiem Volumen bei Transportvorgängen und macht PIM-1 zu einem wichtigen 

Kandidaten für selektive Trennungen. Eine weitere Eigenschaft ist die hydrophobe Natur von PIM-

1, die bei Membrananwendungen, bei denen der Wassertransport ohne Eindringen von Flüssigkeit 

entscheidend ist, sehr wichtig ist. Darüber hinaus ist PIM-1 ein ausgezeichnetes Polymer, das in 

einer Vielzahl von Lösungsmitteln leicht löslich ist, wodurch es sich leicht verarbeiten und 

modifizieren lässt. Aus diesem Grund kann PIM-1 in vielen Studien je nach Verwendungszweck 

modifiziert und funktionalisiert werden. Aufgrund dieser Eigenschaften ist PIM-1 ein 

vielversprechendes Polymer für viele Membrananwendungen und ein äußerst anpassungsfähiges 

Material, das das Potenzial bietet, innovative Lösungen für wasserbezogene Herausforderungen 

zu entwickeln. Bisher wurde PIM-1 in verschiedenen Membrananwendungen erforscht und hat 

insbesondere bei der Gastrennung vielversprechende Ergebnisse gezeigt.  

PIM-1 stand im Fokus zahlreicher Studien, insbesondere aufgrund seiner hohen Selektivität im 

Vergleich zu herkömmlichen Gastrennmembranen. Weitere Untersuchungen konzentrierten sich 

auf die chemische Modifikation von PIM-1, um die Selektivität für spezifische Penetranten zu 

verbessern oder das freie Volumen des Polymers zu erhöhen. 

Ein weiteres Anwendungsfeld von PIM-1 ist die Pervaporation. Hierbei wurde das Polymer durch 

funktionelle Modifikationen hydrophilisiert, um seine Leistungsfähigkeit in diesem Bereich zu 

optimieren. Obwohl bereits bedeutende Fortschritte erzielt wurden, bleibt das Potenzial von PIM-

1 in integrierten, wasserbezogenen Prozessen bislang weitgehend ungenutzt. Dies gilt 

insbesondere für die Kombination verschiedener Technologien wie der Wasserdampftrennung, 

Membrandestillation und Pervaporation. 
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Im Rahmen dieser Arbeit werden drei verschiedene Teilstudien durchgeführt, um die 

Transporteigenschaften von PIM-1 in wasserbezogenen Anwendungen systematisch zu 

untersuchen. Alle drei Studien verwenden PIM-1 und seine funktionalisierten Derivate, um das 

Verhalten des Polymers in unterschiedlichen Wassertransportprozessen zu analysieren. 

Zunächst wurde das hohe freie Volumen von PIM-1 genutzt, um die Gas- und Wasserdampf-

Trennleistung zu bewerten. Am PIM-1-Gerüst wurden Modifikationen vorgenommen, um das 

fraktionierte freie Volumen weiter zu erhöhen. Insbesondere wurde eine auf Anthracenmaleimid 

basierende Komponente synthetisiert und durch Einführung verschiedener aliphatischer und 

aromatischer Seitengruppen durch Diels-Alder-Reaktion wurden Comonomere erhalten. 

Anschließend wurde eine Reihe von Homopolymeren und Copolymeren mit den Monomeren, aus 

denen PIM-1 besteht, synthetisiert, nachdem mit jedem der Homopolymere und Copolymere dicke 

Filme hergestellt worden waren, um ihre Transporteigenschaften zu untersuchen. Es wurde 

beobachtet, dass die Einführung von voluminösen Gruppen das fraktionierte freie Volumen 

erhöhte, wodurch die Diffusion des Penetrants und damit die Permeabilität erhöht wurde. Bei dem 

Homopolymer, dem aromatische Gruppen hinzugefügt wurden, stieg die Wasseraffinität und die 

Wasserlöslichkeit, was sich positiv auf die Wasserdampfdurchlässigkeit auswirkte. Die 

Auswirkungen dieser Modifikationen auf die Selektivität und Permeabilität von PIM-1 und PIM-

basierten Homopolymeren und Copolymeren auf die Gas- und Wasserdampf-Trennleistung 

wurden untersucht. 

In der zweiten Studie wurde die hydrophobe Natur von PIM-1 genutzt, um sein Potenzial für 

Anwendungen in der Membrandestillation zu erforschen. Das Ziel bestand darin, PIM-1-

Membranen mit einer porösen Struktur als Voraussetzung für die Membrandestillation 

herzustellen, die über die traditionelle Methode der PIM-1-Herstellung hinausgeht. Zur 

Herstellung poröser Membranen wurde ein nicht lösungsmittelinduzierter 

Phasentrennungsprozess verwendet. Die Herausforderung bestand darin, die geeignete 

Lösungsmittel/Nichtlösungsmittel-Kombination für PIM-1 zu finden. Nach mehreren Versuchen 

wurde die optimale Konzentration der THF/NMP/PIM-1-Kombination 

(Lösungsmittel/Nichtlösungsmittel/Polymer) bestimmt und das Gießen der porösen Membran 

durchgeführt. Darüber hinaus wurde eine PIM-1-Dünnschicht-Verbundmembran hergestellt, um 

die Auswirkungen der porösen Membranstruktur auf den Wasserfluss zu untersuchen. Die mit den 
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hergestellten Membranen durchgeführten Wasserflussmessungen ergaben, dass große Poren den 

Wasserfluss abrupt erhöhten, während bei relativ kleinen Poren der Wasserfluss fast nicht 

vorhanden war. Vergleicht man jedoch die poröse Membran mit der Dünnschicht-

Verbundmembran, so ist die Wasserdampfpermeation in der porösen Membran viel höher. 

Dementsprechend wird die Entwicklung eines porösen hydrophoben PIM-1, das den Transport 

von Wasser in Dampfform, aber keinen Flüssigkeitsstrom zulässt, aufgrund der Ergebnisse unserer 

Studie als vielversprechend für Anwendungen in der Membrandestillation angesehen. 

Unter Berücksichtigung der bisher gewonnenen Informationen zielt unsere letzte Studie darauf ab, 

den Wasserdampftransport durch die Herstellung einer Dünnschicht-Verbundmembran mit 

funktionelleren PIM-basierten Polymeren zu verbessern, die die Homopolymerserie darstellen, die 

wir in der ersten Studie erhalten haben. Unter Verwendung der aus PIM-1 und Homopolymeren 

hergestellten Dünnschicht-Verbundmembranen wurden Wasserflussmessungen im 

Pervaporationsaufbau durchgeführt. Zusätzlich wurde ein hausinternes Instrument, das die 

„Druckanstiegsmethode“ anwendet, zur Messung der Wasserdampfdurchlässigkeit verwendet. 

Beim Vergleich der mit den beiden unterschiedlichen Methoden ermittelten 

Wasserdurchlässigkeiten sind die Werte aus dem Pervaporationsversuch für Homopolymere mit 

aromatischen und sperrigen Gruppen aufgrund ihrer Wasseraffinität und ihres höheren freien 

Volumens viel höher. Daraus lässt sich schließen, dass diese PIM-basierten Homopolymere gute 

Kandidaten für Pervaporationsanwendungen sind. 

Diese Doktorarbeit bietet eine umfassende Auswertung der Ergebnisse der oben genannten 

Studien. Die Leistung der entwickelten Membranen wurde in Gas- und Wasserdampftrennung, 

Membrandestillation und Pervaporation unter Berücksichtigung von Permeabilität, Selektivität 

und strukturellen Stabilitätsparametern bewertet. Diese Bewertungen zielen darauf ab, das am 

besten geeignete PIM-1-Membrandesign und die am besten geeigneten Modifikationen für jede 

spezifische Anwendung zu ermitteln. Das übergeordnete Ziel dieser Arbeit besteht darin, ein 

besseres Verständnis der Materialeigenschaften von PIM-1 und ihrer Auswirkungen auf praktische 

Membrananwendungen zu vermitteln. Durch die systematische Modifizierung und Optimierung 

von PIM-1 und seinen Derivaten trägt diese Arbeit zur Weiterentwicklung der 

Membrantechnologie für industrielle und umwelttechnische Anwendungen bei. 

 



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

9 
 

 

3. Theoretical background 

3.1. Introduction to membranes 

A membrane is a sheet of material that acts as a barrier or separator between two substances. It 

allows the transport of certain the substances selectively based on the factors such as size, solubility 

or charge. Membranes play a pivotal role in our daily life including filtration, separation, 

biochemistry and energy transformation while performing purification and selective transport 

functions, which are vital for separation mechanism. Membranes have become integral to chemical 

industry, owing to the ability to regulate the permeation rate of chemical species across the 

membrane. To exemplify, in separation processes, the objective is to enable the permeation of 

specific components in a mixture while impeding the transport of others. In drug delivery 

applications, membranes are employed to moderate the release of drugs from a reservoir into the 

body [1]. Membrane separation offers numerous advantages in both industrial and environmental 

applications, making it a preferred choice. It is a clean technology that helps conserve energy and 

can replace traditional processes like filtration, distillation, ion exchange, and chemical treatment 

systems. Membrane technology facilitates continuous separation processes to be conducted under 

mild conditions, requiring relatively low energy consumption and eliminating the need for 

additives. Additionally, this technology can be integrated with other separation processes, allowing 

for the development of hybrid processes that combine the strengths of multiple techniques [2]. 

Membrane separation processes can be divided into two categories as physical and chemical 

processes. The diverse range of membrane separation processes can be further categorized based 

on the driving force applied, the type and configuration of the membrane, or the removal 

capabilities and mechanisms involved. By applying a driving force such as a gradient of pressure, 

temperature, concentration, or electrical potential across the membrane, the transport of specific 

substances can be accomplished. 

Membrane processes can be categorized into distinct groups depending on the specific driving 

force employed as seen in Table 3. Pressure-driven processes comprise reverse osmosis, 

ultrafiltration, microfiltration, and gas separation. Concentration gradient-driven processes 
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encompass dialysis, while partial pressure-driven processes include pervaporation. Membrane 

distillation is thermally driven process that uses the vapor pressure difference between the sides of 

the membrane. Lastly, electrical potential-driven processes involve electrolysis and electro 

dialysis. Each of these categories promotes different driving forces to facilitate the transport of 

substances through membranes [3, 4]. 

 

Table 3: Membrane process classification according to driving forces [3] 

Membrane process Driving force 

Microfiltration Hydrostatic pressure (Δp) 

Ultrafiltration Hydrostatic pressure (Δp) 

Reverse osmosis Hydrostatic pressure (Δp), chemical potential (Δµi) 

Gas separation  Hydrostatic pressure (Δp), fugacity (Δfi) 

Pervaporation Partial pressure (Δpi), fugacity (Δfi) 

Membrane distillation Temperature potential (ΔT) 

Electro dialysis Electrical potential (Δφ) 

 

Apart from the driving force, the membrane itself has an importance to actuate both selectivity and 

flux. The structure and material of the membrane specify its properties, correspondingly the type 

of applications which membrane can be used for. Microfiltration exploits open structure (porous) 

membranes which retains the particles with a diameter larger than 10 nm. The open structures 

show low hydrodynamic resistance, therefore, high flux with relatively low hydrostatic pressure 

can be achieved. On the other hand, ultrafiltration employs denser membrane structure since higher 

applied pressure is needed to separate macromolecules with high molecular weight from aqueous 

solution. In certain cases, it is feasible to separate low molecular weight components of similar 

sizes from each other. To achieve this, a highly dense (asymmetric) membrane is used, leading to 

a significant increase in hydrodynamic resistance. This process is referred to as reverse osmosis. 

As one progresses from microfiltration to ultrafiltration, nanofiltration, and ultimately reverse 

osmosis, the hydrodynamic resistance intensifies, necessitating higher driving forces. Gas 

separation processes can utilize two types of membrane morphology depending on the application 
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either a dense membrane which facilitates the transport via diffusion, or a porous membrane 

enables Knudsen flow. Additionally, pervaporation and vapor permeation rely on a dense 

separating layer as membrane structure while membrane distillation involves porous membrane 

structure where the vapor transport occurs through the hot and cold side of the membrane [5]. In 

the subsequent sections of this dissertation, gas separation, pervaporation and membrane 

distillation will be discussed in more details.  

3.2. Classification of membranes 

Based on their origin, membranes can be categorized into two categories: natural and synthetic 

membranes.  

3.2.1. Natural membranes 

Generally, biological membranes are referred to natural membranes which serve as selectively 

permeable barriers within living organisms. These membranes vary between different organisms. 

For example, plants and bacteria have chemically different membranes than animals, and there are 

multiple membrane structures such as chloroplasts, mitochondria and the nucleus within the cells. 

Furthermore, the cell membrane not only acts as a selectively permeable barrier, but also separates 

the intracellular environment from the extracellular matrix. Membranes in animals are composed 

of a phospholipid bilayer. Numerous biological processes utilize membrane which are essential 

components for both physical and chemical functions. These functions include fundamental 

processes like metabolism, as well as the accumulation and utilization of energy within biological 

systems [6]. 

3.2.2. Synthetic membranes 

Synthetic membranes can be fabricated by a diverse range of materials, including organic 

substances such as polymers and liquids, as well as inorganic materials like carbons and zeolites. 

Nevertheless, polymer-based membranes dominate the membrane industry due to their cost-

effectiveness and wide range of applications [7]. The main aspect of polymeric membranes is the 

affinity of polymer material towards specific components. The characteristic that makes polymeric 

membranes attractive is the ability to control the pore size during membrane formation. The choice 

of a suitable polymer depends on the specific task at hand. Examples of common polymeric 
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membranes include cellulose acetate (CA), polyacrylonitrile (PAN), polyimide, polycarbonate 

(PC), polyethylene (PE), polypropylene (PP), polytetrafluoroethylene (PTFE) , and 

poly(vinylidene fluoride) (PVDF) [8]. The examples of polymers used in main membrane 

application can be seen in Table 4.  

 

Table 4: Common polymers used in membrane applications. 

Application Polymer 

Microfiltration Poly(vinyldiene fluoride), polyethersufone, cellulose acetate, 

polypropylene, polyamide [9] 

Ultrafiltration Poly(vinyldiene fluoride), polysulfone, polyethersufone, 

polyacrylonitrile, cellulose acetate [10] 

Reverse osmosis Cellulose acetate, polyamide, polysulfone [11] 

Gas separation Cellulose acetate, poly(dimethylsiloxane), polycarbonate, polyimide, 

polysulfone, poly(phenylene oxide) [12] 

Pervaporation Polyvinyl alcohol, polyimide, poly(lactic acid), cellulose acetate [13] 

Membrane distillation Polyethylene, polypropylene, polytetrafluoroethylene, polyvinyldiene 

fluoride, cellulose acetate, poly(dimethylsiloxane), polyether sulfone 

[14] 

 

Synthetic membranes are categorized based on their cross-sectional morphology as either 

symmetric (isotropic) or asymmetric (anisotropic). This classification is shown in Figure 1.  
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Figure 1: Schematic representation of typical membrane structure. Reprinted with permission 

from Mahenthiran, A.V. and Z.A. Jawad, 2021, Membranes [15]. 

3.2.2.1. Symmetric (isotropic) membranes 

Symmetric membranes can be also subdivided into two groups such as porous and non-porous 

(dense) membranes. Porous membranes are generally utilized in microfiltration, ultrafiltration and 

nanofiltration that each of them is categorized based on the pore size. Microfiltration membranes 

basically possesses a rigid, highly porous structure with interconnected pores distributed randomly, 

typically ranging from 0.01 to 10 μm in diameter. Ultrafiltration membranes have smaller pore 

size ranging from 2-100 nm, while nanofiltration membranes have pore size between 0.1-2 nm [5].  

In principle, particles in the range of between largest and smallest pore size of the membrane are 

selectively rejected, depending on the distribution of pore sizes. However, particles that are 

significantly smaller than the smallest pores pass through the membrane. Therefore, the separation 

of solutes using porous membranes primarily depends on the molecular size and pore size 

distribution. The other symmetric type of membrane which is non-porous (dense) membrane 

comprises a dense film that facilitates the transport of the permeants through the membrane by 

diffusion driven by pressure, temperature or concentration gradients. Since the separation of 

different components in a mixture depends on their diffusivity and solubility in the membrane 

material, dense membranes can effectively separate permeants of similar size if their solubility in 

the membrane material exhibits significant variation. The main applications of dense membranes 
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are gas separation, pervaporation, and reverse osmosis, often featuring an anisotropic structure to 

optimize the flux [1]. 

3.2.2.2. Asymmetric (anisotropic) membranes 

In membrane separation processes, high transport rate is preferred for economic efficiency which 

leads to a necessity of membranes as thin as possible, since there is an inverse relation between 

thickness of the membrane and the transport rate of the species through the membrane. However, 

conventional film fabrication methods typically restrict the production of mechanically robust and 

defect-free films to a thickness limit of approximately 20 μm. Therefore, a different type of 

membranes was developed which are asymmetric membranes. These membranes are composed of 

a thin, dense top layer that has the thickness lower than 0.5 μm, supported by a porous sublayer. 

The transport rate is primarily governed by the skin layer. Mostly, asymmetric membranes perform 

significantly higher permeation rates compared to symmetric membranes of similar thickness 

because there is an inverse relationship between transport rate and membrane thickness [16]. 

3.3. Membrane applications 

3.3.1. Gas separation 

In the last twenty years, membrane technology has emerged as an attractive option for gas 

separation. Membrane-based gas separation offers many advantages such as low energy costs and 

low capital investments. Additionally, membrane separation units have a relatively small carbon 

footprint, which is important in environments like offshore gas processing platforms. 

Consequently, due to the central role of gases in the chemical feedstock industry, membrane 

separation has gained significant importance from an economic standpoint. However, to make a 

membrane beneficial for carbon capture, there is still a need for significant improvements in 

membrane material selection and performance, system design, and membrane module 

development [12]. Polymeric membranes play a significant role in the industrial gas separation 

market, offering a strong combination of performance and cost-effectiveness. Numerous polymers 

have been investigated for membrane applications, including polysulfone, polyimide, and 

cellulose acetate. However, only a few of them have found practical use in industrial membrane 

gas separation. Table 5 exhibits the gas permeability of common industrial polymers.  
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Table 5: Gas permeability coefficient of industrial polymeric membranes  

 Permeability coefficient @ 30 oC (Barrer) 

Polymer H2 O2 N2 CO2 CH4 

Polyimide 28.1 2.13 0.32 10.7 0.25 

Polysulfone 14 1.4 0.25 5.6 0.25 

Cellulose acetate 2.63 0.59 0.21 6.3 0.21 

Polydimethylsiloxane (PDMS) 550 500 250 2700 800 

Polyphenyleneoxide 113 16.8 3.81 76 11 

 

3.3.1.1. Gas transport mechanism 

Gas separation processes are primarily determined by the permeability and selectivity of the 

membrane. Additionally, the structural characteristic of the membrane has a great influence on the 

gas transport. Gas separation membranes can be divided into two groups: porous and non-porous 

membranes, based on their flux density and selectivity. Porous membranes are characterized by 

pore flow model, while solution diffusion models are used to describe gas transport mechanism of 

non-porous membranes as illustrated in Figure 2 [17]. 

 

Figure 2: Gas transport mechanisms: (a) Knudsen diffusion, (b) Molecular sieving, (c) Solution-

diffusion model [18]. 

Pore flow model 

The pore flow model considers uniform concentrations of solvent and solute within the membrane 

and represents the chemical potential gradient across the membrane solely as a pressure gradient 

[19]. In this model, the flow hinges on the pore size of a porous membrane and the mean free path 
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of molecules. The primary mechanisms in the porous media are Knudsen diffusion, viscous flow 

and molecular sieving. Gas transport is governed by Knudsen diffusion, if the pore size is smaller 

than 0.1 μm (equal to or smaller than the mean free path of gas molecules) [20]. In Knudsen 

diffusion (Kn), collisions occur primarily between gas molecules and the pore wall when Kn > 10. 

The driving force for Knudsen diffusion is equivalent to the partial pressure gradient, which is 

proportional to the total pressure gradient in a single-gas system [21]. On the other hand, the 

interaction between gas molecules themselves prevails the interaction between gas molecules and 

pore walls, when Kn < 0.1. This type of transport is called viscous flow (Poiseuille flow) [22]. The 

other transport mechanism, molecular sieving, occurs when the pore size is between 5 Å and 20 

Å. When the pore size of the membrane falls into the range of the gas molecule size, gas molecules 

can easily pass through the pores, resulting in a high separation factor.  

Solution-diffusion model 

In this transport model, a uniform pressure is assumed across the membrane and the chemical 

potential gradient within the membrane is predicated only as a concentration gradient. In other 

words, since pressure is constant, the transport of the gas molecules is driven by diffusion due to 

concentration gradients [19]. Solution-diffusion transport eventuates in dense (non-porous) 

membranes. Gas separation is based on the mechanism of the sorption of the permeant into the 

membrane, the permeation by diffusion through the membrane following the desorption at the low 

pressure side of the membrane [12]. Dense polymers do not acquire fixed pores, nonetheless, the 

polymer chains do not pack efficiently leading to formation of free volume where the molecule 

transport occurs through this free volume. Equation 1 describes the solution-diffusion model as 

the permeability (P), which is proportional to the solute flux of the certain concentration difference 

across the membrane, is the product of the kinetic diffusivity (D) and the thermodynamic solubility 

(S) [23].  𝑃 = 𝐷 · 𝑆                                                                       (1) 

The term of permeability is an intrinsic property of the material which is determined by the product 

of the number of molecules dissolved and their rate of migration through the membrane matrix. 

Permeability unit is usually expressed by Barrer, where 1 Barrer = 1 x 10-10 cm3 (STP) cm/(cm2 s 

cmHg). In membrane science, another term ́ permeance´ is also a commonly used parameter which 

is related to permeability which is defined as the ratio of permeability to the thickness of the 



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

17 
 

membrane. Gas permeance is often expressed as GPU, where 1 GPU = 1 x 10-6 cm3 (STP)/(cm2 s 

cmHg). A very important aspect focused on membrane applications is the membrane selectivity or 

so-called separation factor (αa/b) which is the ratio of permeability of two gases (a and b) as seen 

in the Equation 2. The selectivity is bigger than one that also means there is no separation when 

it is equal to 1.  α𝑎/𝑏 = 𝑃𝑎𝑃𝑏                                                                     (2) 

The concentration gradient or diffusion coefficient describes how easily a penetrant can diffuse 

across the membrane. The constant flux, in this case, is described by Fick's law (Equation 3).  𝐽 = −𝐷 𝑑𝑐𝑑𝑥                                                                     (3) 

where D is the diffusion coefficient and dc/dx is the concentration gradient across the membrane. 

The diffusion coefficient of a penetrant is a kinetic parameter and is a function of the properties of 

both the penetrant and the polymer that builds up the membrane. On the other hand, the solubility 

coefficient (S) defines how much of a penetrant can be retained by the membrane in a single 

instance. The equation used to calculate the solubility coefficient is given in Equation 4. 𝑆𝑖 = 𝐶𝑖𝑝𝑖                                                                          (4) 

where, Si represents the solubility coefficient, Ci is the concentration within the membrane, and pi 

is the partial pressure of component i in the feed flow [24].   

3.3.1.2. Classification of polymers for gas separation 

Most of the polymers used in gas separation can be divided into two groups, which are either 

rubbery or glassy polymers. Rubbery polymers are prone to be soft and flexible while glassy 

polymers are rigid and usually brittle. The diffusion rate of large molecules is hindered due to 

molecular motion is limited. The differentiating factor between the rubbery and glassy states is the 

glass transition temperature (Tg) of the polymer. Around Tg, properties such as specific heat 

capacity, dielectric constant, density, conductivity or charge mobility, and rates of gas/liquid 

diffusion throughout the polymer vary.  
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Rubbery polymers 

Rubbery polymers are assumed to be in a thermodynamic equilibrium state, and gas solubility in 

these polymers follows Henry's law where the sorption of gases resembles the sorption of gases in 

low molecular weight liquids (Equation 5): 𝐶 = 𝑘𝐷 ·  𝑝                                                                     (5) 

where C is gas concentration, kD is the Henry´s law constant and p is the pressure. Diffusion of 

gases in rubber typically follows the Fick's law when rubber does not undergo structural 

rearrangement (i.e. crystallization) in a gaseous environment. At low penetrant concentrations, the 

diffusion coefficient is generally independent of gas concentration [25]. The mobility of polymer 

chains is the most important characteristic for rubbery polymers. Gas permeability through rubbery 

polymers is typically higher than in glassy polymers. The reason is that rubbery polymers have 

more backbone mobility, since the loss of restrictions on rotations due to bulky side groups or due 

to interactions among chains. Even though this feature supports the increase of permeability, it 

causes to reduce in selectivity due to size dependent separation is hindered. In such modifications, 

it is seen that the increase in the size of the side groups leads to less chain flexibility follows an 

increase in Tg but reduction in permeability. However, adjustment on the chain flexibility whereas 

the side groups are intact is possible to moderate the permeability. The presence of Si-O bonds 

either in the backbone or in the side chain assist to increase the chain mobility, consequently the 

escalation on permeability [26].  

Glassy polymers 

The chemical structure of glassy polymers has a much more significant effect on gas permeation 

compared to rubbery polymers. Glassy polymers are typically considered to be in a non-

equilibrium state, and this condition arises from the non-equilibrium excess free volume. The 

excess volume enables a new sorption site for penetrants which is not available in rubbery 

polymers. Consequently, an additional sorption mechanism which is called ´Langmuir isotherm´ 

occurs in this free volume (Equation 6).  𝐶𝐻 = 𝐶´𝐻𝑏𝑝1+𝑏𝑝                                                                    (6) 

where CH is the concentration of the penetrant in the free volume, C´H is the Langmuir sorption 

capacity, b is the Langmuir affinity parameter, and p is the pressure [27]. The molecules absorbed 
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by this mechanism have less diffusional mobility compared to those absorbed by the Henry's law 

mode. Due to that, the analysis of transient permeability experiments is more complex for glassy 

polymers than for rubbery polymers. In order to describe gas transport in glassy polymers, the 

three-parameter dual-mode sorption isotherm model is used (Equation 7). 𝐶 = 𝑘𝐷𝑝 + 𝐶´𝐻𝑏𝑝1+𝑏𝑝                                                            (7) 

In the light of these facts, the dual-mode sorption model indicates that the equilibrium 

concentration of a gas differs between glassy and rubbery polymers. In the case of rubbery 

polymers, the concentration shows a direct proportionality to the applied pressure. However, in 

glassy polymers, the equilibrium concentration is usually non-linear with the applied pressure and 

approaches an asymptotic value as the pressure increases. This can be attributed to the saturation 

of free volumes, which prevents further accommodation of penetrants [28].  

3.3.1.3. Trade-off between permeability and selectivity  

Gas separation membranes are aimed to use the polymers that show both high permeability and 

selectivity. Higher permeability leads to reduction in the membrane area required to purify a 

certain amount of gas, consequently lowering the capital cost of membrane units. Over the years, 

the gas separation properties of numerous polymers have been measured, and significant research 

effort has been spent for the development of polymers that are both more permeable and more 

selective than first-generation materials [29]. A trade-off relation has been plotted by Robeson 

between permeability and selectivity, which is based on the fact that the selectivity decreases while 

permeability increases. Robeson introduced a double logarithmic plot which is shown in Figure 3 

that depicts the relationship between selectivity and permeability. This plot is useful tool for the 

evaluation of the polymeric materials performance on gas separation and is used for establishing 

an ´´upper bound´´ which is drawn by the literature data [30]. One of the goals in gas separation 

membrane research is to develop the membranes which goes beyond the upper bound with 

separation performance in the desired region.  
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Figure 3: Robeson upper bound: Permeability-selectivity trade-off. Reprinted with permission 

from Panapitiya, N., et al., 2016, Materials [31]. 

The significant research conducted in this field has led to the discovery of polymeric membranes 

that surpass the original upper bound, therefore, Robeson revised the existing data and introduced 

the ́ ´2008 upper bound´´ plot [32]. One of the corresponding representations of the revisited upper 

bound is shown in Figure 4. As it is also explained in the section 3.3.1.2., it can be seen that 

rubbery polymers have lower permeability than glassy polymers.  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

21 
 

 

Figure 4: Comparison of upper bound for glassy polymer and rubbery polymer based on O2 

permeability over O2/N2 selectivity data [33]. 

Despite the fact that many polymers have been synthesized over the years and surpassed the 

Robeson´s upper bound reaching the high permeability and selectivity zone, the other polymer 

properties such as mechanical stability, aging and the cost of the material were affected adversely. 

Therefore, it hinders the utilization of the newly developed polymers in a large scale of membrane 

fabrications.  

 

Table 6: Common polymers used for gas separation membranes. 

Polyimide (PI) Polycarbonate (PC) 

Polyetherimide (PEI) Poly(vinylidene fluoride) (PVDF) 

Polysulfone (PS) Cellulose acetate (CA) 

Poly(phenylene oxide) (PPO) Polyamide (PA) 

Polydimethylsiloxane (PDMS) Poly(1-trimethylsilyl-1-propyne) (PTMSP) 
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3.3.2. Pervaporation 

The term "pervaporation," derived from the combination of "permeation" and "evaporation," was 

first proposed by Kober to describe the selective permeation of water through a cellulose nitrate 

film from aqueous albumin and toluene solution. Since then, numerous studies have been 

conducted to further develop this technology. [34]. Pervaporation is a separation technique, which 

utilizes a semi-permeable membrane, where a liquid comes into contact with the membrane on the 

feed side. The driving force for the vapor transport arises from a chemical potential difference 

created by using a vacuum or using a sweep gas causing the vapor which is collected on the 

permeate side of the membrane (Figure 5). This allows for the selective separation of components 

in the liquid phase [35]. Principally, the separation capability of the pervaporation process relies 

on the preferential sorption and diffusion of components within the membrane. As a result, 

pervaporation can overcome the thermodynamic vapor-liquid equilibrium (VLE) limitations and 

requires less energy compared to traditional distillation technology, as it only requires the latent 

heat of vaporization[36].  

 

Figure 5: Schematic representation of pervaporation process. Reprinted with permission from 

Pulyalina, A., et al., 2020, Symmetry [37]. 

Furthermore, pervaporation technology is also suitable for the purification of thermally sensitive 

organics, such as aromatic compounds, in the food industry. Pervaporation is suitable for the 
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separation of liquid mixtures containing small molecules such as water, organic solvents, isomer 

and azeotrope. Pervaporation, vapor permeation and gas permeation are closely related processes. 

In all techniques, the driving force is the chemical potential gradient which is originated by the 

partial vapor pressure gradient of the components. The separation occurs by the physical-chemical 

affinity between the membrane material and the components to be transported, which is based on 

sorption and solubility phenomena [38]. 

3.3.2.1. Basics of pervaporation 

The transport mechanism of pervaporation membranes generally follows the solution-diffusion 

model, as in the case for gas separation membranes. In general, the penetrants are adsorbed from 

the feed liquid into the membrane, then diffused through the active layer of the membrane which 

follows the desorption of the penetrant to the vapor phase on the permeate side [35]. Permeability 

and selectivity represent the intrinsic transport properties of pervaporation membranes, as in the 

case of gas separation membranes. The separation efficiency can be enhanced by improving the 

solubility selectivity and diffusion selectivity of the penetrants, which can be achieved by tailoring 

the chemical property and morphology of pervaporation membrane. Both the intrinsic properties 

and the fabrication technique of the membrane material play a significant role to determine the 

separation performance. The efficiency of pervaporation membrane material is typically expressed 

as in the Equation 8.  𝐽 = 𝑊𝐴𝑡                                                                      (8) 

where J is total flux, W is weight of the permeate, A is membrane area and t is time. The relation 

between permeation flux and the transport parameters is given in Equation 9. 𝐽𝑖 = 𝑃𝑖∆𝑝𝑖𝑙                                                                    (9) 

where Ji is permeate flux of the component, Pi is permeability, Δpi is partial pressure difference 

across the membrane, l is membrane thickness. The other parameter which determines the 

membrane performance is the separation factor (α) and it can be defined in the following equation 

(Equation 10). 

∝= 𝑦𝑤𝑖 𝑦𝑤𝑗⁄𝑥𝑤𝑖 𝑥𝑤𝑗⁄                                                                 (10)  
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where yw and xw are the mass fractions of the components i and j in the permeate and feed side, 

respectively [39]. 

3.3.2.2. Current applications of pervaporation 

Pervaporation is an ecofriendly and cost-effective technology for the separation of liquids in 

various industrial processes. Due to its versatility, pervaporation can be used for the purification 

of a wide range of mixtures with different chemical and physical properties by adjusting membrane 

characteristics that address different issues. Pervaporation can be categorized based on the 

composition of the feed solution, as follows: dehydration of organic solvents, removal of organic 

compounds from aqueous solutions, and separation of organic mixtures.  

Organic solvent dehydration has a great importance in the separation industry. Organics such as 

low molecular weight alcohols, ethers, and ketones easily form azeotropes and mix with water at 

any proportion [40]. Conventional separation technologies are often considered not cost-effective 

since they require high energy inputs. However, pervaporation can tackle with these challenges as 

it is not limited by the vapor-liquid equilibrium, therefore, it allows to decompose the azeotropes. 

The most exploited applications to remove water from alcohol solution are to purify ethanol or 

isopropanol which share a high demand in chemical industry [41].  

The removal of organic compounds from aqueous solutions is another important issue, especially 

from an environmental point of view. This application includes wastewater treatment, recycling of 

valuable organics and pollution control. In this regard, pervaporation is a competitive technique in 

wastewater treatment and is useful for the removal of volatile organic compounds (VOCs) [42]. 

Because of these reasons, the recovery of alcohols from water has become an important research 

area due to the growing interest in bioalcohol production as an alternative to fossil fuels in recent 

years [43].  

The separation of organic mixtures has become of great importance due to the industrial need for 

efficient methods to separate mixtures such as benzene/cyclohexane, benzene/hexane, 

toluene/heptane, ethylbenzene/xylene, p-xylene/o-xylene, etc. Since the components in these pairs 

have similar physicochemical properties, the effective separation of these mixtures according to 

the solubility parameter theory is the challenge of this application [40, 44]. In general, the 
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separation of organic mixtures is based on differences in steric effects, polarity and affinity of 

different organic molecules to membrane materials. 

The main limitation for the wide field of application is the lack of suitable membranes and modules 

with good long-term stability in organic solvents [45]. 

3.3.2.3. Pervaporation membrane materials 

In the selection of pervaporation membrane material, affinity and size sieving are two important 

parameters. Size sieving function can improve the diffusion selectivity of the components in case 

of solvent dehydration. To date, several membrane materials have been used to serve pervaporation 

application including polymeric membranes, inorganic membrane, mixed-matrix membranes and 

2D material membranes. The schematic representation of pervaporation membranes is shown in 

Figure 6.  

 

Figure 6: Illustration of various pervaporation membranes [39]. 
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Among them, polymeric membranes are favorable since their ease of fabrication and modification. 

Polymeric membranes used in pervaporation can be classified such as hydrophilic and 

hydrophobic membranes. Table 7 shows the common polymeric membranes used in 

pervaporation.  

 

Table 7: Types of polymeric membranes used in pervaporation. 

Hydrophilic membranes Hydrophobic membranes 

Poly(vinyl alcohol) (PVA) Polydimethylsiloxane (PDMS) 

Polyamide (PA) Poly (ether-block-amide) (PEBA) 

Polyimide (PI) Poly (1-(trimethylsilyl)- 1-propyne) (PMTSP) 

Polyelectrolyte complex (PEC) Polytetrafluoroethylene (PTFE) 

 

Hydrophilic membranes 

Such kind of membranes are used for exclusion of water form organic solvents and solvent 

mixtures, focusing on azeotropic mixtures. Hydrophilic membranes can interact with water 

molecules via hydrogen bonding, ion-dipole interactions or dipole-dipole interactions. Generally, 

glassy polymers, which exhibit limited chain mobility and low free volume that allows the 

separative permeation on the molecular size level, are utilized for hydrophilic water selective 

membranes [40]. The common hydrophilic pervaporation membranes primarily used in the 

dehydration of organic solvents are poly(vinyl alcohol) (PVA), chitosan (CS), polysulfone (PS), 

polyimide (PI), polyamide (PA), and polyaniline. Nevertheless, these hydrophilic membranes 

suffer from swelling in water, thus, decreasing stability. As a result of this, an increase of 

permeation flux occurs whereas separation factor reduces. Therefore, a membrane material should 

acquire an optimum hydrophilicity-hydrophobicity balance. The research has been focused on the 

development of pervaporation materials with good chemical and thermal stability for dehydration 

of solvents at high operation temperatures. To serve this, the polymers which contain rigid chains 

have been developed [46]. In comparison to water filtration and gas separation processes, 

pervaporation has distinguished aspects regarding operating conditions. From a process point of 
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view, pervaporation does not require high feed pressure. Instead, a high operation temperature is 

needed to enhance efficiency, since the feed contains liquid and the permeate is vapor [35].  

Hydrophobic membranes 

Hydrophobic pervaporation membranes are usually organophilic and are employed in solvent 

recovery application. These membranes allow the selective permeation of the solvent from solvent-

water mixtures. Hydrophobic pervaporation membranes have a great potential to efficiently 

remove low concentrations of organic compounds from wastewater as a green approach [42]. 

Unlike the hydrophilic membranes used for solvent dehydration, the hydrophobic pervaporation 

mechanism depends only on the sorption selectivity and are inconvenient for diffusion selectivity 

aiming to selective permeability of organics from water. The reason of that is the diffusivity of 

organic compounds is lower than that of water in regard to molecule size. In this point, the 

thermodynamic sorption of components in the membrane which can be related to the solubility 

parameter, is significant for the design of hydrophobic membranes. To simplify, if the solubility 

parameter of a component is close to the membrane material, then the component has a strong 

affinity towards membrane resulting high sorption performance. The solubility parameters of small 

molecules can be calculated based on the Hansen solubility parameter theory, taking into account 

contributions from hydrogen bonding, polar, and dispersive forces [39]. The difference in 

solubility parameter between penetrants and their individual differences with the membrane can 

enhance the selectivity.  

 

Table 8: Hansen solubility parameters of some solvents [46] 

Liquids Hansen solubility parameters (MPa 0.5) 

δp: polar component δh: Hydrogen bonding  δd: dispersive force 

Water 17.0 43.3 15.0 

Methanol 22.3 12.3 15.1 

Benzene 0 2.0 18.4 

Cyclohexane 0 0.2 16.8 
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3.3.2.4. Challenges of pervaporation 

The lack of membranes with high efficiency, selectivity and stability for pervaporation 

applications is one of the main barriers to development. Polymeric membranes are preferred due 

to their compact structure, ease of fabrication and scale-up, and low material costs. However, the 

necessity to balance between permeability and selectivity of these membranes limits their 

performance. The development of membrane materials is critical for pervaporation to compete 

with other separation techniques. Desirable membrane materials should offer exceptional 

productivity and separation efficiency [39, 45]. 

Inorganic materials generally show higher separation performance than polymeric membranes due 

to their superior thermal and solvent stability. However, their fragility, complex manufacturing 

processes and high cost limit their use. Researchers are working on the integration of organic and 

inorganic components that can offer superior separation performance and combined advantages. 

In this process, the compatibility of polymeric and inorganic components should be considered as 

an important aspect [47]. 

The physicochemical properties a good membrane must possess include mechanical stability, 

thermal durability and chemical resistance. These properties are vital to maintain long-term 

stability in harsh environmental conditions and minimize solvent-induced swelling. It is also a 

common challenge that a membrane material may exhibit high separation performance for a 

particular solvent mixture, but not for other mixtures. In other words, it is understood that different 

mixtures require different types of membranes. Therefore, the selection and testing of membrane 

materials should be specific to various mixture pairs [46, 48]. 

Besides the development of new materials and advanced manufacturing techniques, successful 

membrane development requires a thorough understanding of the mass transport dynamics across 

the membrane. Such groundwork is the basis for the structural design of the membrane as well as 

for process optimization and performance evaluations, and this information can directly determine 

the effectiveness of separation technologies. 

3.3.3. Membrane distillation 

Membrane distillation (MD) is a thermally driven membrane process, which relies on the vapor 

pressure difference between the hot and cold sides of a porous hydrophobic membrane to facilitate 
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the selective transport of water vapor across the membrane. As a result, water vapor condenses on 

the cold side of the membrane, resulting in the production of high-quality distilled water [49, 50]. 

Figure 7 shows the mechanism of membrane distillation. 

 

Figure 7: Principle of membrane distillation through the hydrophobic membrane. Reprinted with 

permission from Karanasiou, A. et al., 2018, Water [50]. 

MD offers many attractive features and one of them is low operating costs. Unlike traditional 

processes, it does not require heating the solution (mainly water) up to its boiling point, resulting 

in lower temperatures required for operation. Additionally, the hydrostatic pressure required in 

MD is lower compared to pressure-driven membrane processes such as reverse osmosis (RO). 

Hence, MD is considered a cost-effective process that can utilize inexpensive materials such as 

plastics, which have less demanding membrane properties but alleviate corrosion issues. Another 

feature which makes MD favorable is the membrane pore size required for MD as it is relatively 

larger than in other membrane separation processes such as reverse osmosis. As a result, MD 

process is less affected by fouling. Moreover, MD process can be operated using low-grade heat 

sources such as waste heat, solar energy and geothermal energy. Such capabilities have increased 

the interest in MD and research has focused on improving the characteristics of MD technology. 
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Considering that water scarcity is one of the biggest challenges today and the demand for fresh 

water has been increasing over the last two decades, MD becomes a promising technology for 

desalination of high saline waters in this context [51-53]. 

3.3.3.1. Membrane distillation configurations and application area 

Generally, there are four types of MD configuration system to impose the mechanism of MD which 

relies on vapor pressure difference between the feed and permeate sides of the membrane. Figure 

8 presents the schematic representations of these configurations. 

a) Direct contact membrane distillation (DCMD): In DCMD, which is the most basic MD 

configuration, the hot feed solution is in direct contact with the hot surface of the 

membrane. Evaporation starts at the feed surface of the membrane and vapor transport 

takes place due to the pressure difference across the membrane followed by the 

condensation within the membrane module. Since the membrane is hydrophobic, only 

vapor phase is present in the membrane pores and feed solution does not penetrate through 

the membrane. A disadvantage of this configuration is heat lost by conduction. [52, 54].  

b) Air gap membrane distillation (AGMD): In this design, the feed solution is in direct contact 

with the hot side of the membrane as described in DCMD. However, there is stagnant air 

between the cold side of the membrane and condenser. Therefore, vapor passes through the 

membrane by crossing this air gap and condenses over the cold side of the membrane. 

Owing to this air gap, heat loss is lowered and wetting on the permeate is prevented. 

However, the main drawback is that the air gap creates an additional resistance to vapor 

transport [52, 55].  

c) Sweep gas membrane distillation (SGMD): Similar to AGMD, mobile inert gas is 

introduced on the permeate side of the membrane. The vapor is sweeped and then 

condensed outside of the membrane. The benefit of this configuration is that mass transfer 

is promoted by virtue of inert gas which is not stationary unlike in AGMD. Yet, the design 

introduces the complexity in terms of installation of additional equipment and the heat 

recovery is difficult [52, 55].  

d) Vacuum membrane distillation (VMD): In this configuration, a pump is used to generate 

the vacuum at the permeate side and the condensation of the vapor occurs outside of the 
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membrane module. In comparison to AGMD, heat loss is negligible but there is higher 

probability of pore wetting [52, 56].  

 

Figure 8: Schematic representation of membrane distillation configurations: (a) direct contact 

membrane distillation, (b) air gap membrane distillation, (c) sweep gas membrane distillation, 

(d) vacuum membrane distillation. 

DCMD and AGMD are generally used for desalination, water treatment, and concentration of 

aqueous solutions in food industries. SGMD and VMD are usually used to remove volatile organic 

or dissolved gas from an aqueous solution [57]. 

3.3.3.2. Membrane distillation characteristics 

MD performance is greatly influenced by several parameters. In general, MD material must be 

porous, hydrophobic, thermally stable and chemically resistant to the feed solution. Principally, 

membrane materials are identified by following characteristics. 

• Liquid entry pressure (LEP): It can be defined as the minimum hydrostatic pressure 

introduced to the feed solution before it surmounts the hydrophobic forces of the membrane 

and penetrates into the membrane pores. LEP is a key parameter, which determines the 

membrane wetting and should be as high as possible, which can be achieved by narrow 
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pore size and high contact angle [58]. Typical LEP value of commercial MD membranes 

are between 1-4 bar. LEP can be calculated by Young-Laplace equation as follows 

(Equation 11). 

 𝐿𝐸𝑃 = −4 𝐵 𝛾𝐿𝑐𝑜𝑠𝜃𝑑𝑚𝑎𝑥                                                         (11) 

 

where B is the pore geometry coefficient, γL is the surface tension of liquid, θ is the contact 

angle, dmax is the maximum pore radius. 

• Permeate flux: Another critical parameter is the permeate flux, which can be affected by 

the pore characteristics of the membrane. For instance, permeate flux increases as the pore 

size and porosity of the membrane increase. On the other hand, there is an inverse relation 

between permeate flux and the membrane thickness, therefore, the membrane thickness 

should be as thin as possible [59].  

• Thermal stability: Membrane material should exhibit high thermal stability and resist 

towards high temperature. Depending on membrane nature (amorphous or crystalline), 

membrane properties may inversely change beyond the transition temperatures [59].  

• Chemical stability: Membrane material should not chemically interact with any substance 

in the feed solution, otherwise the membrane matrix may deteriorate. For this reason, the 

membrane material requires to be chemically stable to the substances in the solution [59]. 

3.3.3.3.  Materials used in membrane distillation 

Hydrophobicity is the key element for the membrane material used in MD. Therefore, the 

membrane material must be inherently hydrophobic, or the membrane surface must be modified 

to be hydrophobic. The most commonly used porous hydrophobic membranes are made of 

different polymers such as poly(vinylidene fluoride) (PVDF), polytetrafluoroethylene (PTFE) and 

polypropylene (PP). Table 9 shows some examples of commercial membranes for MD 

application. Among them, PTFE is the most preferential polymer since it has advantageous 

features such as high hydrophobicity, low surface energy, low intramolecular forces, high chemical 

stability and high crystallinity. On the other hand, PTFE is hard to process due to its insolubility 

in any solvents. Therefore, the most common technique to fabricate PTFE membranes are 

sintering-extrusion or melt-extrusion processes [60].  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

33 
 

Table 9: Commercial membrane distillation membranes and their permeate flux in various feed 

compositions [61] 

Membrane, Manufacturer Feed solution composition Permeate flux (kg/m2 h) 

PVDF, Millipore® Distilled water 67 

PVDF, Millipore® 14-25 wt% NaCl 59-40 

PTFE, Gelman® Distilled water 67.3 

PTFE, Gelman® 30 g/l NaCl 51.1 

PTFE, Osmonics® 0.6 g/l NaCl 80 

PP, Accurel® Tap water 33.3 

PP, Accurel® 1.0 wt% NaCl 41.4 

 

Besides PTFE, PP is another polymer used in MD applications which has good thermal and 

mechanical properties. In comparison to PTFE and PVDF, PP possesses lower surface tension, 

resulting low contact angle, thus low hydrophobicity which makes it disadvantageous for MD 

application. The fabrication techniques to obtain porous PP are the melt-extrusion stretching and 

thermally induced phase separation [62]. PVDF, on the other hand, is a semi-crystalline polymer 

with good chemical stability, which is widely exploited in MD applications. Unlike PTFE, PVDF 

is soluble in many solvents at room temperature, making it easy to prepare porous PVDF 

membranes by phase separation. For this reason, PVDF is extensively studied for MD [61]. In 

addition to these commercial membranes, extensive research is being carried out on the use of new 

materials in MD. New commercial fluoropolymers such as HALAR® and Hyflon AD® have 

recently drawn the attention to utilize in MD. Apart from polymeric membranes, ceramic and 

mixed matrix membranes prepared by graphene or carbon nanotubes have also been studied for 

use in MD applications and showed promising results [63]. The development of MD materials is 

still a subject of ongoing research to efficiently exploit the advantages of the process. 
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3.3.3.4. Limitations of membrane distillation 

Over the years, numerous innovations have been made to alleviate the major problems used in 

MD, such as membrane wetting and fouling and the resulting low flux rate [64]. Membrane fouling 

occurs when unwanted substances accumulate on the surface or in the pores of the membrane and 

adversely affects the overall performance of the MD. If not managed properly, it can lead to 

membrane damage, premature membrane replacement and shutdown of operation. As with other 

membrane separation processes, the fouling problem of MD has not yet been solved. Fouling 

remains key challenge in MD and differs from pressure-driven membrane processes due to 

differences in membrane structure and operating conditions  [65]. Despite promising performance, 

MD has yet to reach the widespread industrial adoption, primarily due to stability and long-term 

desalination performance concerns. Stable flow and high desalination performance in long-term 

operations are key factors to be addressed for the industrialization of MD. However, in continuous 

MD processes, a reduction in flow rate is often observed due to fouling and membrane wetting. 

Membrane wetting severely affects MD performance as membranes become increasingly less 

hydrophobic and feed leaks through the pores, leading to deterioration of product water quality, 

especially in long-term operations. In water treatment applications of MD, membrane wetting 

becomes a bigger problem, especially when the effluent contains low surface tension substances 

such as organic compounds or surfactants, and this is seen as one of the main reasons for the lack 

of industrial adoption of MD [66]. The most common theme addressed by researchers for MD 

development is membrane wetting on MD performance. In this context, membrane wetting 

prevention strategies are gaining importance. These methods include modification of hydrophobic, 

hydrophilic, oleophobic and omniphobic properties of membranes. Such modifications aim to 

provide higher performance and durability in MD processes by preventing the adhesion of water 

and other liquids to membrane surfaces. Hydrophobic and oleophobic modifications are 

particularly effective in preventing wetting by increasing the water and oil repellency of the 

membrane surface. Omniphobic modifications provide resistance to both water and oil-based 

fluids, making them ideal for a wide range of applications. Hydrophilic modifications can be useful 

in specific applications, often by increasing the membrane's ability to attract liquids. Each of these 

techniques is the subject of current research to improve the efficiency and long-term functionality 

of MD systems [67, 68]. 
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3.4. Membrane fabrication techniques 

Various methods for polymer membrane production have been developed over the years.  The 

selection of the appropriate technique depends on the choice of polymer and the desired structure 

of the membrane. The most widely used techniques for the preparation of polymeric membranes 

involve phase inversion, interfacial polymerization and solution casting. 

3.4.1. Phase inversion 

Most commercial membranes are obtained by the phase inversion method due to its easy 

processability, low cost and flexible production scales. In general, phase inversion is divided into 

four groups, namely nonsolvent induced phase separation (NIPS), thermal induced phase 

separation (TIPS), vapor-induced phase separation (VIPS) and solvent evaporation-induced phase 

separation (SEIPS).  

• Nonsolvent induced phase separation (NIPS): Most commercially available membranes are 

prepared by this method. In this process, a polymer solution (containing polymer and 

solvent) is poured onto a suitable support and then immersed in a coagulation bath 

containing a nonsolvent liquid. During this process, the exchange between the solvent and 

the nonsolvent causes precipitation. The viscosity of the polymer solution plays a critical 

role in this process, as it affects the diffusive exchange rate during phase inversion, thereby 

influencing pore size and macrovoid formation. These structural characteristics ultimately 

determine the mechanical properties, flux, and separation performance of the membrane 

[16, 71]. 

• Thermally induced phase separation (TIPS): In creating a microporous polymer membrane 

by this technique, a polymer is first mixed with a high-boiling, low molecular weight liquid 

to form a homogeneous solution at high temperatures. This mixture is then rapidly cooled 

to induce phase separation. Finally, the solution undergoes solvent extraction and drying 

to remove all solvent, resulting in a structured microporous membrane [72]. 

• Vapor-induced phase separation (VIPS): In this membrane formation process, a film 

containing a polymer and solvent is exposed to a vapor atmosphere saturated with a non-

solvent but also containing the solvent. This high concentration of solvent in the vapor 

prevents the solvent in the cast film from evaporating. The membrane is formed as the non-
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solvent diffuses into the cast film, leading to a porous structure without a top dense layer. 

Additionally, in some processes like hollow fiber membrane production or when the 

solvent is miscible with water, an evaporation step is sometimes added before the 

immersion precipitation to initiate precipitation from the vapor phase, which aids in the 

membrane's formation [70]. 

• Solvent evaporation-induced phase separation (SEIPS): In this method, the polymer is 

dissolved in a mixture of solvent and non-solvent, where the solvent is more volatile than 

the non-solvent. As the solvent evaporates, the composition shifts towards a higher 

concentration of the nonsolvent and polymer. This shift eventually leads to the precipitation 

of the polymer, resulting in the formation of a membrane with a skin structure [73]. 

3.4.2. Interfacial polymerization 

Interfacial polymerization (IP) is a common method for fabricating composite membranes used 

for applications such as nanofiltration, reverse osmosis and gas separation. Interfacial 

polymerization which is a method used in microcapsule coating of polymeric products, comprises 

two complementary monomers dissolved in separate phases: organic phase and aqueous phase. 

Polymerization occurs at the interface of these two immiscible phases during the 

microencapsulation process, leading to the formation of a thin polymer shell around the 

encapsulated core. Interfacial polymerization processes are facilitated by the addition of different 

surfactants, positively or negatively charged, as well as hydrophilic surfactants in the aqueous 

phase. [76, 77]. IP has several advantages over other membrane preparation methods. IP 

membranes form an ultra-thin, less than 50 nm thick selective layer by preventing continuous 

diffusion and monomer reaction which makes IP a self-limiting process. On the other hand, IP 

proceeds at the interface of two phases and has no special requirement for high purity of reactants. 

Moreover, IP process is easy to scale up and implement in industrial production [78]. 

In recent years, the membranes prepared by interfacial polymerization have made significant 

progress and are widely used industrially in applications such as thin film composite membranes 

(TFCM) for water treatment. Interfacial polymerization is a promising method for various 

membrane applications, offering advantages such as tunable porosity, alternative surface 

chemistry and easy doping [79]. 
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3.4.3. Solution casting 

Solution casting is a simple and effective method used to produce composite membranes. In this 

process, the polymer solution is poured onto a porous support using a coating applicator. The wet 

coating thickness and polymer concentration are carefully adjusted to effectively control the 

thickness of the coating layer. With this method, the thickness of the selective layer can usually 

range from less than 1 micrometer to several few dozen micrometers. However, since it is difficult 

to achieve a selective layer thinner than 1 micrometer, there are limitations to the thickness 

controlled by the coating applicator. This process is particularly favored for its advantages of 

thickness control and fast production [80]. 

3.5. Step growth polymerization  

The majority of polymers made by step-growth polymerization are polyesters, polyamides and 

polyurethanes. Step-growth polymerization involves gradual bonding reactions between 

bifunctional or multifunctional components by releasing of small molecules such as water and 

alcohol. The reaction of bifunctional or multifunctional monomers forms dimers, trimers, 

oligomers. At the end, high molecular weight polymers or branched polymers or networks are 

comprised [81, 82].  In presence of bifunctional moieties, linear step-growth polymerization occurs 

while in case of multifunctional monomers react, network step-growth polymerization takes place. 

The characteristics to understand the step-growth polymerization are chain length distribution 

(CLD), which refers to the number of mass fraction of macro species with a given number of 

monomers incorporated, and its related averages such as the number/mass average chain length. 

Main factors are functionality degree of the monomers (f) which stands for the maximum number 

of functional groups that attend in the polymerization per monomer, and the stoichiometry (r) 

which represents for the relative presence of certain functional groups at the beginning [83]. Linear 

polymerization can be achieved when the functionality equals to two, when this is not the case, 

branching or crosslinking occurs. To estimate the molar mass of the polymers prepared by step-

growth polymerization, Carother´s theory is used [84]. According to that, the number average 

degree of polymerization (𝑋𝑛) can be calculated by Equation 12.  𝑋𝑛 = 1(1−p)                                                             (12) 
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where p represents for the fractional conversion of functional groups, which can be derived from 

Equation 13. p = 𝑓𝑟𝑓𝑜                                                                 (13) 

where fr is the number of functional groups that have reacted and fo is the number of functional 

groups that are initially present. 

Equation 12 applies when AB type monomers or stoichiometrically equal AA and BB monomers 

are used in the reaction. For non-stoichiometric reaction, Equation 14 is used.  𝑋𝑛 = 1+𝑟(1+𝑟−2𝑟p)                                                        (14) 

where r represents for stoichiometric ratio of functional groups as seen in Equation 15. 𝑟 = 𝑁𝐴𝐴𝑁𝐵𝐵                                                              (15) 

NAA and NBB are initial number of functional groups of AA and BB monomers, respectively. 

Basically, if r=1, it means that there is a stoichiometric balance, while, if r≠1 indicates that excess 

amount of one of the monomers in the reaction is utilized, which leads to the earlier termination 

of the polymerization due to the completion of the excess monomer usage, thus, lower molecular 

weight polymer. 

According to Carother´s theory, the degree of polymerization across the conversion of the reaction 

show such graph as seen in Figure 9. 
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Figure 9: Example of degree of polymerization over conversion. Reprinted with permission 

from Abdelghafour, M.M., et al., 2021, Polymers  [85]. 

The number average molecular weight, (𝑀𝑛) can be used as a measure of reaction success, 𝑀𝑜  
represents the average molar mass of the repeating unit (Equation 16). 𝑀𝑛 = 𝑀𝑜 𝑋𝑛                                                            (16) 

According to the equation 16, the weight average molecular weight (𝑀𝑤), can also be used for the 

identification of the polymerization success as follows (Equation 17 and Equation 18): 

            In case of r = 1                                𝑀𝑤 = 𝑀𝑜 (1+𝑝)(1−𝑝)                                                        (17) 

In case of r ≠ 1                            𝑀𝑤 = 𝑀𝑜 (1+𝑟)(1+𝑝)(1+𝑟−2𝑟𝑝)                                                     (18) 

Another significant parameter of step-growth polymerization is dispersity, Đ, which describes the 

degree of polymerization (Equation 19 and Equation 20). 

In case of r = 1                                Đ = 𝑀𝑤𝑀𝑛 = 1 + 𝑝                                                      (19) 

In case of r ≠ 1                                Đ = (1+𝑟)(1+𝑝)(1+𝑟−2𝑟p)                                                          (20) 



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

40 
 

3.6. Polymers of intrinsic microporosity (PIM) 

Nanoporous materials have an important place in adsorption, separation and heterogeneous 

catalysis applications due to their large and accessible surface areas. The term ́ microporous´ refers 

to material pore size lower than 2 nm while ´mesoporous´ stands for pore size is between 2-50 nm. 

Since the last decades, there has been a focus on the development of microporous polymers by the 

introduction of rigid ladder-like components connected to units that allow the backbone structure 

to bend or rotate. As a result of that, polymer chains cannot pack efficiently in the solid state 

following to formation of microporous structure. From this point of view, McKeown and Budd 

introduced the term and polymer family of ´polymers of intrinsic microporosity (PIM)´ in 2004 

[86]. Intrinsic microporosity can be described as a continuous network of interconnected 

intermolecular voids, which forms as a direct consequence of the shape and rigidity of the 

macromolecules. PIMs are a class of linear or crosslinked polymers which exhibit intrinsic 

microporosity and they are categorized as glassy polymers [87]. Unlike conventional microporous 

materials, PIMs are soluble in common solvents (tetrahydrofuran, chloroform, dichloromethane 

etc.) and can be easily processed by solvent-based techniques. They are thermally stable materials 

that show high apparent surface area (more than 700 m2g-1, BET method) with microporous 

morphology [88]. By incorporation of spirocyclic or triptycene units (non-linear sites of 

contortion), PIMs acquire a rigid and contorted backbone which leads to a polymer that cannot fill 

the voids efficiently. Owing to these unique features, PIMs became favorable for adsorbent or 

catalysis applications in comparison to traditional microporous materials i.e. zeolites or activated 

carbons. Generally, PIMs are obtained by polycondensation of a tetrafunctional hydroxylated 

aromatic monomer and an activated tetrafluorinated aromatic monomer. Among PIMs, PIM-1 and 

PIM-7 are the most commonly used polymers. Their common features are acquisition of contorted 

structure, thermal stability and the range of apparent surface area (>700 m2g-1). Their 

distinguishing characteristics are solubility and the synthesis scheme.  

3.6.1. Synthesis of PIM-1 

One of the most important polymers of the PIM family is PIM-1. There are different approaches 

for PIM-1 synthesis in the literature while the most traditional one is low-temperature method [89]. 

This method follows the step-growth polymerization of equimolar quantities of bis-catechol 
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(5,5’,6,6’ tetrahydroxy 3,3,3’3;’ tetramethyl 1,1’ spirobisindane) and tetrafluoroterephthalonitrile 

(TFTPN) in as solution of anhydrous dimethylformamide (DMF) by using two-fold excess amount 

of dry powdered potassium carbonate (K2CO3) at 60 oC under N2 atmosphere for 24-72 hours. The 

reaction scheme is depicted in Figure 10. However, there are alternative approaches to prepare 

PIM-1, which are the so-called high temperature method that follows a faster synthetic route, 

which involves high-speed stirring of the reaction mixture in dimethylacetamide (DMAc) at 150 

oC under N2 environment for 8-10 minutes. The addition of toluene or diethyl benzene (DEB) 

towards the end of the reaction to maintain the stirrability is the key feature of this method [90]. 

Despite the both methods enable the sufficient molar mass to further obtain mechanically stable 

films of PIM-1, the low temperature method is easier to control the reaction, however, the high 

temperature method allows to obtain higher average molecular weight. 

 

Figure 10: Synthesis of PIM-1, conditions: 60 oC, 72 hours. 

Figure 11 renders a 3D molecular model of PIM-1 showing its randomly contorted 

macromolecular shape in virtue of the spiro center, and the connected to ring ladder chain which 

prevents the efficient filling of the space resulting in microporosity. PIM-1 is easily soluble in 

most of organic solvents such as tetrahydrofuran, o-dichlorobenzene and chloroform, and can be 

cast from solution to form a robust membrane for further application. Dynamic mechanical 

analysis of a cast film of PIM-1 depicts a tensile strength modulus (E´) is about 1 GPa, which 

hardly decreases as the temperature is increased up to 350 °C in air  [91, 92]. However, as 

molecular weight of PIM-1 decreases, the chain entanglements become less effective. This 

weakens intermolecular interactions and reduces mechanical stability, consequently, the tensile 

modulus decreases. The glass transition temperature (Tg) of PIM-1 is not detectable before the 

thermal decomposition by using the conventional methods like differential scanning calorimetry 

(DSC), however, there has been effort to improve the techniques to detect Tg of PIM-1 [93]. 
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Figure 11: 3D molecular model of PIM-1 rendering contortion and ladder like structure. 

Reprinted with permission from McKeown, N.B. and P.M. Budd, 2006, Chem. Soc. Rev. [92]. 

3.6.2. Synthesis of PIM-7 

PIM-7 differentiates from PIM-1 in terms of the monomer used in the polycondensation reaction 

to obtain the polymer. PIM-7 employs 7,7´,8,8´-tetrachloro-phenazyl-3,3,3´,3´- tetramethyl-1,1´-

spirobisindane as shown in Figure 12. Therefore, this leads to the structure differences of the 

resulting polymer repeat units. The phenazyl unit acts a ligand for the coordination of metal ions 

and its membrane is easily cross-linked with Pd(II) salts. PIM-7 is soluble in chloroform, o-

dichlorobenzene and m-cresol [88, 94]  
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Figure 12: Synthesis of PIM-7, condition: 150 oC [88]. 

3.6.3. Applications of PIM-1 

3.6.3.1. Gas separation 

Since their discovery, PIMs have drawn a great attention as gas separation membranes due to their 

attractive properties towards gas transport. Particularly, numerous studies can be found in the 

literature regarding gas transport properties of PIM-1 [95-100]. PIM-1 exhibits relatively high 

permeability and good permselectivity allowing it to be escalated beyond to Robeson´s upper 

bound [32]. Table 10 gives an insight of gas transport properties of PIM-1 after casting (no aging). 

It can be seen that PIM-1 shows good permeability against gas pairs as well as high solubility 

towards CO2. The reason is for that might be attributed to the nitrile groups in PIM-1 structure 

which are polar groups and enforces the intermolecular interactions between [94]. 
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Table 10: Gas transport data* of PIM-1 [94] 

 P (Barrer) D (10-8cm2s-1) S (10-3cm3cm-3cmHg-1) α (x/N2) 

O2 370 81 46 4.0 

N2 92 22 42 1.0 

H2 1300 1700 7.6 14 

CO2 2300 26 880 25 

CH4 125 6.8 180 1.4 

* P: Permeability coefficient (1 Barrer=10-10cm3[STP]cmcm-2s-1cmHg-1), D: Diffusion coefficient, S: Solubility 

coefficient, α (x/N2) is selectivity: The ratio of the gas to the nitrogen permeability 

The unique ladder-type structure with contorted sites of PIM-1 leads to hinder the polymer chains 

rotate and to pack insufficiently, resulting the formation of high fractional free volume (24-26%) 

and large surface areas to promote remarkable gas transport performance [101]. Studies on PIM-1 

revealed that the gas solubility of PIM-1 can be even higher than poly(trimethylsilyl propyne) 

(PTMSP) which is considered very permeable polymer [102]. This makes PIM-1 a very promising 

candidate for gas separation applications such as separation oxygen from air for enhanced 

combustion or removal carbon dioxide from methane [94]. 

3.6.3.2. Pervaporation 

Pervaporation is another separation technique where PIM-1 is extensively studied. It has been 

found that PIM-1 can play a significant role in liquid phase separations such as the removal of 

unwanted or harmful compounds in wastewater streams.  The removal of phenol from water was 

the first study of application of PIM-1 [89]. As mentioned in the previous section, pervaporation 

is dominated by a solution-diffusion mechanism and sorption selectivity is important for transport 

performance. The molecules which have higher affinity can be located within the free volume 

regions of PIM-1 causing a small swelling of the polymeric matrix. This leads to the escalated 

sorption capacity compared to conventional glassy polymers and rubbery polymers. 

Simultaneously, the presence of a microporous structure of PIM-1 facilitates enhanced diffusion 

of molecules through the membrane [103]. Moreover, if the polymer possesses larger free volume 

elements, it addresses directly to enhance the pervaporation flux and to reduce the membrane area 

required for the pervaporation. Therefore, PIM-1 that is characterized by its hydrophobicity and 
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high free volume elements, is a very suitable candidate to meet pervaporation requirements, 

especially for the separation of organics from aqueous solutions [104]. 

3.6.3.3. Nanofiltration 

Owing to its unique properties, PIM-1 is being studied for nanofiltration and organic solvent 

nanofiltration applications. Several studies have investigated the performance of PIM-1 in 

nanofiltration applications. To give an example, some studies have focused on the dye sorption 

and filtration properties of PIM-1 in solvents such as ethanol [105]. Another study reported the 

development of ultrathin PIM-1 films supported on substrates such as polyacrylonitrile for 

enhancement of heptane permeation [106]. Furthermore, PIM-1 modifications including 

crosslinking and incorporation of metal-organic frameworks (MOFs) have been explored to 

improve solvent stability and functionality by targeting specific applications such as heavy metal 

or dye removal [107, 108]. Despite these advances, the application of PIM-1 membranes remains 

rather limited due to the challenge such as low solvent stability since PIM-1 swells or is being 

dissolved in some organic solvents.  

3.6.4. Fractional free volume theory  

One of the most important factors of polymer membrane transport theory is the free volume of the 

polymers. Although there are many different definitions, free volume in polymers is an empirical 

dimensionless parameter and generally can be defined as the amount of void space not occupied 

by the molecules of the polymer chains [109]. Free volume in polymers usually results from 

insufficient packing of the polymer chains which causes the formation of voids which are enough 

for the gas molecules to permeate through local segmental motion. In this point, there is a strong 

relation between glass transition temperature (Tg) and free volume. The glass transition can be 

considered to occur when the thermal energy is enough to disrupt the chain packing leaving an 

excess free volume in solid state. In the rubbery state, free volume increases along with the 

temperature. However, when the polymer is quenched from rubbery state to the glassy region, the 

excess volume is trapped. This free volume is a non-equilibrium quantity and decreases over time 

due to the relaxation of polymer chains towards equilibrium state [91, 110]. This process is called 

physical aging and is discussed in the next section in detail. The relation of glass transition between 

rubbery and glassy states of the polymer is illustrated in Figure 13 [111].  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

46 
 

 

Figure 13: Representation of glass transition from rubbery to glassy state. 

Usually, fractional free volume (FFV) which is expressed as percentage can be defined as the ratio 

of free volume of the polymer, Vf (cm3/g) to the specific volume of the polymer, Vsp (cm3/g). The 

value of Vf  can be calculated by using Bondi´s equation [112] (Equation 21). 𝑉𝑓 = 𝑉𝑠𝑝 − 𝑉𝑜𝑐                                                           (21) 

where Voc is the occupied free volume and can be estimated as follows (Equation 22) 𝑉𝑜𝑐 = 1.3𝑉𝑤                                                              (22) 

where Vw is the van der Waals volume of the repeating unit of the polymer. Taking Equation 18 

and Equation 19 into definition of FFV, it is simplified as follows (Equation 23). 𝐹𝐹𝑉 = 𝑉𝑓𝑉𝑠𝑝 = 1 − 1.3𝑉𝑤𝑉𝑠𝑝                                                  (23) 

Gas transport properties such as diffusion coefficient and permeability are related to FFV which 

can be explained by Arrhenius type dependence. The free volume created by insufficient packing 
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of the polymer promotes the diffusion of permeants across the membrane, leading to an increase 

in the diffusion coefficient (Equation 24) and hence permeability [113].  

𝐷 = 𝐴𝑒 −𝐵𝐹𝐹𝑉                                                              (24) 

where A and B are specific gas and polymer constants, respectively. Consequently, there is a 

correlation which can be plotted as permeability versus 1/FFV. This relationship plays a significant 

role in regards of the development of polymeric membranes which is aimed to sustain or increase 

the size-sieving capacity. Free volume is a pivotal element for high free volume glassy polymers 

such as PIMs. The gas solubility selectivity of PIM-1 is typically close to those of common glassy 

polymers, whereas the gas solubility coefficients of PIM-1 show higher values. This can be 

attributed their high free volume encourages the solubility in addition to diffusivity resulting an 

overall upgrading in permeability [114].  

FFV of high free volume glassy polymer can be estimated by various methods including positron 

annihilation lifetime spectroscopy, inverse gas chromatography, cryogenic physisorption (N2 

sorption), 129Xe nuclear magnetic resonance spectroscopy, group contribution method, molecular 

modeling and scattering methods such as small-angle X-ray scattering and X-ray diffraction [115]. 

3.6.5. Physical aging  

Physical aging is a well-known phenomenon that can be defined as the relaxation of non-

equilibrium free volume and is caused by volumetric condensation of the matrix, which is mainly 

attributed to small-scale molecular motions below Tg [116]. The transport properties of high free 

volume glassy polymers such as PTMSP and PIM-1 can be severely affected by physical aging 

since it causes drastically reduction of gas permeability over time. Therefore, numerous studies 

have been focused on mitigating physical aging of such glassy polymers [117-120]. There are 

several factors causing physical aging including film thickness, temperature, storage conditions, 

polymer structure and membrane treatment. Research has shown that physical aging can be 

reprieved by UV-treatment, UV-photo-oxidation, surface modification, crosslinking, 

incorporation of fillers and solvent treatments [121]. The effect of physical aging on gas 

permeability is usually specified in free-standing thin films. Nevertheless, the effects occur at 

different rates depending on their specific morphology and mainly on the sample thickness. 
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Typically, as the thickness of the film increases, aging is delayed. Consequently, thin films are 

subjected to faster physical aging than thick films [122].  

PIM-1 has different physical aging pattern than those of conventional glassy polymers. Below the 

decomposition temperature, Tg of PIM-1 cannot be detected. The absence of single bonds in the 

backbone of PIM-1 which can promote the rotation, large-scale conformational changes in this 

polymer are not possible. This can be attributed to why Tg is not observed under decomposition 

temperature.  Following film formation, PIM-1 tends to age faster than conventional glassy 

polymers due to their high free volume. Studies reported that the physical aging rate is correlated 

with the Tg of the polymer and that Tg increases along with physical aging [115]. This phenomenon 

is one of the main reasons why PIM-1 cannot be commercialized.  

3.6.6. Further studies on PIM-1 

Although PIM-1 has superior transport properties in membrane applications for short times, it 

suffers from physical aging as mentioned before and selectivity of certain gas pairs. Several 

strategies have been employed to suppress the physical aging and to improve the gas transport 

performance of PIM-1. One of the approach to ameliorate gas transport performance is the post-

modification of PIM-1 by the introduction of CO2-philic groups such as amide [123], amine [99], 

carboxylic acid [124], hydroxyl [125], tetrazole [126], thioamide [127]  and vinyl [128]. The 

cornerstone of these studies hinge upon the utilization of CO2-philic groups by increasing CO2 

solubility, thus improving the selectivity without compromising permeability. The selectivity in 

these studies is governed by the solubility selectivity of CO2 rather than diffusivity selectivity. 

A more straightforward approach than post-modification of PIM-1 is the preparation of mixed 

matrix membranes to improve the gas transport performance and to overcome the physical aging 

behavior of PIM-1. Studies on this topic include the preparation of PIM-1 mixed matrix 

membranes with fillers such as fused silica nanoparticles [129], zeolites [130], carbon nanotubes 

[131], ionic liquid fillers [132], metal organic frameworks (MOFs) [133] and polyhedral 

oligomeric silsesquioxane (POSS) [134]. Although improvements in permeability or selectivity 

were demonstrated in almost all these studies, further research in this area is expected to improve 

the performance of PIM-1 membranes in the field of gas separation.  
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Another method of enhancing the selectivity without compromising the surface area of the high 

free volume is to develop a shape-persistent polymer backbone by introducing rigid or non-

coplanar monomers. The introduction of rigid groups into the polymer backbone breaks the chain 

packing resulting the increase of free volume. In this regard, Tröger’s base [135] and 

ethanoanthracene [136] were introduced into PIM structures. It is stated that the sieving property 

of the polymer increased owing to these rigid units. Further attempts to promote rigidity is to 

replace spirobisindane group with more rigid spirobifluorene showing good permeability-

selectivity data [137]. Likewise, introduction of the roof-shape triptycene unit which was studied 

by Rose et al. showed also encouraging results [138]. Moreover, a further effective way to 

ameliorate gas transport is to insert bulky side groups, which create additional free volume. The 

use of bulky groups e.g. tert-butyl [139] allow better size discrimination ability, thus, greater 

selectivity.  
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4. Objective of this work 

Membrane processes are one of the most effective technologies for accessing clean water, which 

is one of the biggest problems of our era. Membrane process such as membrane distillation and 

pervaporation utilize industrial wastewater, brine or water-solvent mixtures as a source to obtain 

clean water. In addition, gas and vapor separation processes are among the processes that support 

water treatment technologies. Polymer membranes are a versatile material often used in this regard 

due to their advantages of easy processing and low-cost scale-up. Although polymers such as 

polyethylene, polypropylene, polyvinylidene fluoride, polysulfone and polyimide are commonly 

used today, other polymers are also the subject of membrane studies to develop more functional 

materials by modifications on different polymers or developing composites. Polymers of intrinsic 

microporosity (PIM) have been widely studied in this field in recent years. The main properties 

that make the PIM-1 polymer attractive are easy processability, easy solubility in common solvents 

and high fractional free volume due to its contorted molecular structure. These properties make it 

possible not only to use PIM-1 as it is, but also to functionalize it according to its application. PIM-

1, which has been the subject of many membrane studies to date, has mostly been the focus of gas 

separation and pervaporation studies. The biggest challenge of gas and water vapor separation 

processes is to overcome the permeability-selectivity trade-off. High free volume polymers are 

often used for this purpose. However, the main disadvantage of such polymers is that they are 

significantly affected by the collapse of the free volume over time, so-called “physical aging”. One 

of the approaches to tackle with physical aging is to make chemical modification on polymer. 

Studies to increase the fractional free volume by modifying rigid and bulky structures to the 

contorted molecular structure of PIM-1 are available in the literature and are discussed in the 

theory section of this dissertation. In addition to hindering physical aging, modifying functional 

groups in the polymer to increase the solubility of penetrant in the polymer is another method to 

increase the efficiency of the gas separation technique based on the solution-diffusion model. 

Based on these methods, in the first part of this study, various modifications were made to the 

chemical structure of PIM-1. Accordingly, a series of homopolymer and copolymer series were 

synthesized by modifying the PIM chemical backbone using anthracene-maleimide monomers 
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with different side groups, which have roof shaped structure in order to improve rigidity and free 

volume. The different side groups were investigated from different perspectives: linear and bulky 

components in terms of their effect on free volume, and aliphatic and aromatic groups in terms of 

their effect on water solubility. This investigation was achieved by preparation of the novel 

polymers as a thick film and then evaluating their gas and water vapor permeability using the 

“time-lag” method. The first published paper of this dissertation covers this work and discusses 

the results in detail. 

Since one of the objectives of this dissertation was to investigate the possible use of PIM-1 polymer 

in water separation techniques, the second study aimed to develop PIM-1 polymer for use in 

membrane distillation. In the literature, there are very few studies in which PIM-1 polymer was 

used in membrane distillation application. One of the main reasons for this is the difficulty of the 

preparation of PIM-1 as a porous membrane. For this reason, the second study pursued to obtain 

PIM-1 as a porous membrane by phase inversion. The performance of PIM-1 in membrane 

distillation was assessed by measuring the water flux of the membranes prepared by trying 

different solvent-nonsolvent combinations. Furthermore, a PIM-1 thin film composite membrane 

was prepared, and the effect of membrane morphology was investigated by comparing water vapor 

permeability of a thin film composite membrane and porous membranes. 

In the light of the experiences and findings from these two studies, the third study focused on the 

use of PIM-1 in pervaporation application. Thin film composite membranes were prepared using 

homopolymers from the first study and their pervaporation performance was investigated. 

Moreover, water vapor permeability measurements were performed to evaluate the performance 

of PIM-1 in the transport of water in liquid or vapor form. 

In summary, this dissertation has made an effort to examine in detail the potential uses of PIM-1 

in water separation technologies. PIM-1 and PIM modified polymers were used in different 

membrane applications and their transport properties were discussed in detail in order to make a 

scientific contribution to water separation technologies. 
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5. Cumulative part 

5.1. Article 1: Investigation of the side chain effect on gas and water 

vapor transport properties of anthracene-maleimide based 

polymers of intrinsic microporosity 

Authors: Esra Caliskan, Sergey Shishatskiy, Silvio Neumann, Volker Abetz, Volkan Filiz 

 

In the first part of this dissertation, modifications were made to PIM to increase the free volume 

as described in the objective section. Accordingly, anthracene maleimide monomers with different 

aliphatic side groups synthesized via Diels-Alder reactions were successfully used as precursors 

for the synthesis of PIM-based homo- and copolymers. These polymers using aliphatic and 

aromatic side groups of different sizes and shapes have been characterized in detail using size 

exclusion chromatography, nuclear magnetic resonance, Fourier-transform-infrared spectroscopy, 

thermogravimetric analysis, and density measurements. The gas and water vapor transport 

properties of homopolymers and copolymers were evaluated by ´´time-lag´´ measurement 

methods. Homopolymers with bulky side groups had a significant effect on fractional free volume 

and penetrant permeability compared to homopolymers containing linear alkyl side chains. The 

effects of different aliphatic side groups of anthracene maleimide derivatives on water vapor 

transport were studied in detail. The presence of maleimide group and aromatic side group 

increased the water affinity of homopolymers. The copolymers with short alkyl side groups 

presented higher CO₂ and CH₄ permeability compared to PIM-1. In summary, the addition of bulky 

substituents increased the free volume and permeability of the polymers, while the maleimide 

group increased the affinity of the polymers with water vapor. 
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5.2. Article 2: Pioneering the preparation of porous PIM-1 

membranes for enhanced water vapor flow 

Authors: Esra Caliskan, Sergey Shishatskiy, Volker Abetz, Volkan Filiz 

 

In the second part, PIM-1 membranes were prepared by nonsolvent induced phase separation 

(NIPS) method and investigated for water vapor transport for membrane distillation. By trying 

several solvent-nonsolvent combinations, it was determined that a mixture of tetrahydrofuran 

(THF) and N-methyl-2-pyrrolidone (NMP) was the most suitable solvent system for the formation 

of membranes with enhanced pores. Scanning electron microscopy (SEM) images showed that the 

membrane obtained from high molecular weight PIM-1 polymer exhibited a structure with large 

voids, while the other membranes presented more homogeneous porous structures. Contact angle 

measurements showed that all membranes were highly hydrophobic, while water flux 

measurements showed high results for PIM-1 with a large porous structure. In addition, water 

vapor transport tests confirmed that all membranes exhibited high permeability. Furthermore, a 

thin film composite (TFC) membrane was prepared and compared with porous membranes. The 

TFC membrane showed about four times lower vapor permeability. The results show that porous 

PIM-1 membranes can be a good candidate for membrane distillation due to their hydrophobic 

properties and nature that only allows vapor permeability. 
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5.2.1. Author contributions 

Esra Caliskan (E.C.), Sergey Shishatskiy (S.S.), Volker Abetz (V.A.), Volkan Filiz (V.F.) 

Table 12: List of contribution: Publication-2 

Contribution Authors    

 E.C. S.S. V.A. V.F. 

First author +    

Corresponding author    + 

Methodology and conceptualization + +   

Experimental work +    

Material characterization +    

Investigation +    

Writing original draft +    

Writing-reviewing and editing + + + + 

Scientific supervision  + +  
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5.3. Article 3: Comparative study of polymer of intrinsic 

microporosity-derivative polymers in pervaporation and water 

vapor permeance applications 

Authors: Esra Caliskan, Sergey Shishatskiy, Volkan Filiz 

 

In the last study of this dissertation, the gas and water vapor permeability of PIM-based TFC 

membranes were investigated by “pervaporation” and “pressure increase” methods and compared 

with “time lag” measurements which were obtained from first study. TFC membranes were 

prepared using PIM-1 and homopolymers modified with rigid and bulky aliphatic side groups 

which aimed to increase the free volume. Another substituent which is an aromatic group was used 

to investigate the water affinity. The permeance of CO₂, H₂, CH₄ and water vapor was analyzed by 

the “pressure increase” method and 20-hour aging behavior was studied. Pervaporation 

experiments showed higher water vapor transport compared to the “pressure increase” method. 

The results obtained from “time lag” and “pervaporation” tests showed similar trends. 
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5.3.1. Author contributions 

Esra Caliskan (E.C.), Sergey Shishatskiy (S.S.), Volkan Filiz (V.F.) 

Table 13: List of contribution: Publication-3 

Contribution Authors 

 E.C. S.S. V.F. 

First author +   

Corresponding author   + 

Methodology and conceptualization + +  

Experimental work +   

Material characterization +   

Investigation +   

Writing original draft +   

Writing-reviewing and editing + + + 

Scientific supervision  + + 

 

5.3.2. Funding and acknowledgements 

This work had financial support from the Federal Ministry of Education and Research of 
Germany (BMBF) via the project NAMED (FKZ: 03XP0151A). 

The authors gratefully thank to Silvio Neumann for his great support for polymerization of 
homopolymers and copolymers; Carsten Scholz for his kind help for pervaporation test 
installment. 

5.3.3. Publication 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

99 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

100 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

101 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

102 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

103 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

104 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

105 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

106 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

107 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

108 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

109 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

110 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

111 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

112 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

113 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

114 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

115 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

116 
 

 

  



Potential of Polymers of Intrinsic Microporosity (PIM) in Membrane Technologies for a Water-Focused Sustainable Future 

117 
 

 

6. Discussion 

In line with the aim of this PhD work, these three studies on the development of PIM-1 and PIM-

derived polymer membranes contribute to water separation technologies and their results are 

discussed profoundly in the articles. This chapter summarizes and highlights the findings of the 

three studies. 

6.1. Summary of findings-Article 1 

• Anthracene maleimide based comonomers with various alkyl side chains (-methyl, -ethyl, 

-propyl, -i-propyl, -t-butyl, -cyclohexyl, -phenyl) were successfully synthesized via the 

Diels-Alder reaction and further characterized by ¹H-NMR and TG-FTIR. 

• Anthracene maleimide based comonomers were used for homopolymerization using 

TFTPN and copolymerization by using TFTPN and TTSBI monomer units. ¹H-NMR 

characterization confirmed a 1:1 molar ratio of TFTPN and TTSBI in copolymers. 

• TG-FTIR analysis of comonomers showed that the decomposition temperature of the 

maleimide unit is lower than that of the anthracene unit in methyl, ethyl, and t-butyl 

comonomers. Retro-Diels Alder reaction has been carried out successfully in order to 

achieve structure rearrangement of homopolymers. 

• TG-FTIR of methyl-100 homopolymer confirmed that retro-Diels Alder reaction occurs 

before the decomposition of the polymer backbone. Post-thermal treatment of methyl-100 

homopolymer demonstrated structural rearrangement, affecting gas transport properties. 

• Methyl-50 and t-butyl-50 copolymers exhibited higher CO₂ and CH₄ permeability than 

PIM-1. 

• Bulky alkyl side groups (-t-butyl and -i-propyl) increased fractional free volume of the 

polymer. This leads an increase on gas permeability as a result of elevated diffusion 

coefficient of polymers. 

• Short alkyl side groups (methyl-100 and ethyl-100) displayed higher water vapor 

permeability and solubility compared to PIM-1 and other homopolymers. This highlighted 
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the fact that the shorter side groups allow interaction of maleimide group with the penetrant 

more than it is the case for the polymers, which have long or bulky alkyl side groups. 

• Phenyl-100 homopolymer, which has an aromatic side group, showed high water vapor 

solubility with a low diffusion coefficient, attributed to water molecule clustering in free 

volume elements. 

• The results highlight the potential of anthracene maleimide-based polymers for water vapor 

transport studies in water treatment applications. 

6.2. Summary of findings-Article 2 

• Porous PIM-1 membranes were successfully prepared via the non-solvent induced phase 

separation (NIPS) method using various solvent/non-solvent combinations. 

• NMP/THF was identified as the optimal solvent mixture for casting homogeneous PIM-1 

membranes without precipitate formation. 

• Four membranes (PM-6, PM-9, PM-11, and PM-13) were prepared using different ratios 

of NMP/THF/PIM-1. Low molecular weight PIM-1 was used for PM-6, PM-9, and PM-

11, while high molecular weight PIM-1 was used for PM-13. 

• SEM imaging revealed favorable void formation in PM-6 and PM-9, while PM-13 

exhibited large pores, which was attributed to the high molecular weight of PIM-1. 

• Liquid entry pressure (LEP) values are consistent with the size of the pores, meaning PM-

13 exhibits the lowest LEP value. 

• Water contact angle measurements showed that PM-6 and PM-9 demonstrated 

hydrophobicity sufficient to prevent liquid water while allowing water vapor passes 

through the membrane. 

• Water flux was negligible for PM-6, PM-9, and PM-11 nonetheless high for PM-13, 

correlating with its large pore size. 

• PM-6 and PM-9 exhibited higher water vapor permeance compared to dense PIM-1 TFC 

membranes, suggesting suitability for membrane distillation. 
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• PM-6 and PM-9 selectively allowed water vapor transport while preventing liquid water, 

making them promising candidates for membrane distillation applications. 

• Further studies of porous PIM-1 membranes in water separation applications are 

encouraged due to their favorable properties and ease of handling. 

6.3. Summary of findings-Article 3 

• Preparation of thin film composite membranes of homopolymers obtained from first study 

and PIM-1 has been carried out successfully. 

• Comparison of gas and water vapor permeability of PIM-derived TFC membranes under 

different operating conditions has been conducted. “Time lag” measurements of thick films 

from the first study were included to evaluate the effect of film thickness. 

• CO2, H2, CH4 and water vapor permeance were measured by the “pressure increase” 

method while water flux was evaluated by “pervaporation” experiments. 

• In pervaporation experiments, it was observed that the water vapor transport rate of 

membranes was higher compared to that of pressure increase method. Therefore, it can be 

interpreted that pervaporation membranes might be viable alternative to conventional 

porous membranes in distillation. With high water flux values, non-porous membranes 

were confirmed to be efficient in water vapor transport. 

• Permeance values of TFC membranes were monitored for 20 hours and aging behavior was 

investigated. Long-term stability and durability were identified as important subjects to be 

studied for pervaporation experiments. 

• Further research is needed to evaluate long-term stability and performance for industrial 

applications. The potential of non-porous membranes in distillation and similar 

applications is promising, nevertheless more extensive validation with long-term 

experiments is needed. 
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8. Appendix 

8.1. Article 1: Investigation of the side chain effect on gas and water 

vapor transport properties of anthracene-maleimide based 

polymers of intrinsic microporosity 

8.1.1. Graphical abstract 

 

Figure 14: Graphical abstract of article 1. 

8.1.2. Supporting information 
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8.2. Article 2: Pioneering the preparation of porous PIM-1 

membranes for enhanced water vapor flow 

8.2.1. Graphical abstract 

 

Figure 15: Graphical abstract of article 2. 

8.2.2. Supporting information 
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8.3. Article 3: Comparative study of polymer of intrinsic 

microporosity-derivative polymers in pervaporation and water 

vapor permeance applications 

8.3.1. Graphical abstract 

 

Figure 16: Graphical abstract of article 3. 

8.3.2. Supporting information 
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8.4. Safety hazards 

Substance GHS-

Symbol 

Hazard statements Precautionary statements 

5,5′,6,6′-Tetrahydroxy-
3,3,3′,3′-tetramethyl-
1,1′-spirobisindane  

GHS02, 
GHS07, 
GHS08 

H301, H315, H319, 

H335 

P261, P301+ P310, P305+ 

P351+P338 

2,3,5,6-Tetrafluoro-
terephthalonitrile 

GHS02, 
GHS07, 
GHS08 

H301, HH315, 

H319, H335 

P261, P301+P310, P305 

+P351+P338 

Potassium carbonate GHS02, 
GHS07, 
GHS08 

H302, H315, H319, 

H335 

P261, P301+P310, P305 

+P351+P338 

Boron tribromide GHS05, 

GHS06 

H330, H300, H314 P260, P264, P280, P284, 

P301+P310, 

P305+P351+P338 

N-Methyl maleimide GHS05, 
GHS07 

H302, H314, H317  P260, P272, P280 P301 + 
P312 P303 + P361 + P353 
P305 + P351 + P338 

N-Ethyl maleimide GHS05, 
GHS06 

H300, H31, H314, 
H317 

P260, P280, 
P301+P310+P330, 
P303+P361+P353, 
P305+P351+P338+P310 

N-Propyl maleimide GHS02, 
GHS07 

H226, H302, H317 P210, P280, 
P301+P312+P330, 
P302+P352 

T-Butyl maleimide  GHS07 H315, H319, H335 P261, P264, P271, P280, 
P302+P352, 
P305+P351+P338 

Cyclohexyl maleimide GHS06, 
GHS09 

H301, H315, H317, 
H319, H335, H410 

P261, P273, P280, 
P301+P310, P302+P352, 
P305+P351+P338 

Isopropyl amine GHS02, 
GHS05, 
GHS06 

H224, 
H301+H311+H331, 
H314, H335 

P210, P233, P280, 
P303+P361+P353, 
P304+P340+P310, 
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P305+P351+P338, 
P403+P233 

Maleic anhydride GHS05, 
GHS07, 
GHS08 

H302, H314, H317, 
H334, H372 

P260, P280, P301+P312, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

Acetaldehyde GHS02, 
GHS07, 
GHS08 

H225, H319, H335, 
H341, H350 

P202, P210, P233, P240, 
P305+P351+P338, 
P308+P313 

1,2-Dimethoxybenzene GHS07 H302 P301+P312+P330 

Sulphuric acid GHS05 H314 P260, P264, P280, 
P301+P330+P331, 
P302+P361+P354, 
P304+P340, 
P305+P354+P338, P316, 
P321, P363, P405, P501 

Sodium hydroxide GHS05 H314 P280, 

P305+P351+P338,P310 

Pentanal GHS02, 

GHS07 

H225, H317, H319, 
H332, H335 

P210, P233, P280, 
P303+P361+P353, 
P304+P340+P312, 
P305+P351+P338 

Methanol GHS02, 
GHS06, 
GHS08 

H225, 
H301+H311+H331, 
H370 

P210, P280, 
P301+P310+P330, 
P302+P352+P312, 
P304+P340+P311 

Ethanol GHS02, 

GHS07, 

GHS08 

H225, H302, H371 P210, P260 

I-Propanol GHS02, 

GHS07 

H225, H319, H336 P210, P233, P240, P241, 
P242, P305+P351+P338 

Tetrahydrofuran GHS02, 

GHS07 

H225, H319, H351 P210, P261, 

P305+P351+P338 
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Acetone GHS02, 

GHS07 

H225, H319, H336 P210, P233, P241, P242, 
P305 + P351 + P338 

Dimethylacetamide GHS02, 

GHS07 

H332, H312, H319, 

H360D 

P210, P280, 

P305+P351+P338, P308+ 

P313 

N,N-
Dimethylformamide 

GHS02, 

GHS07, 

GHS08 

H226, 

H312+H332, 

H319, H360D 

P201, P280, 

P305+P351+P338, P308+ 

P313 

Diethyl benzene GHS02, 

GHS07, 

GHS15 

H226, H315, H304, 

H400, H410 

P273, P301+ P310, P331, 

P501 

Dichloromethane GHS07, 

GHS08 

H315, H319, H335, 

H336, H351, H373 

P261, P281, 

P305+P351+P338 

Acetic acid GHS02, 
GHS05 

H226, H314 P210, P233, P240, P280, 
P303+P361+P353, 
P305+P351+P338 

Chloroform GHS02, 

GHS07, 

GHS08 

H302, H332, H315, 

H319, H351, 

H361d H336, H373 

P261, P281, 

P305+P351+P338 

N-Pentane GHS02, 
GHS07, 
GHS08, 
GHS09 

H225, H304, H336, 
H411 

P210, P273, 
P301+P310+P331 

Toluene GHS02, 

GHS07, 

GHS08 

H225, H304, H315, 

H336, H361d, 

H373 

P210, P261, P281, 

P301+P310, P331 

Aniline GHS05, 
GHS06, 
GHS08, 
GHS09 

H301+H311+H331, 
H317, H318, H341, 
H351, H372, H410 

P273, P280, P301+P310, 
P302+P352+P312, 
P304+P340+P311, 
P305+P351+P338 
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Diethyl ether GHS02, 

GHS07 

H224, H302, H336 P210, P261 

1,4- Dichlorobenzene GHS07, 
GHS08, 
GHS09 

H319, H351, H410 P202, P264, P273, P280, 
P305+P351+P338, 
P308+P313 

Cyclohexane GHS02, 
GHS07, 
GHS08, 
GHS09 

H225, H304, H315, 
H336, H410 

P210, P233, P273, 
P301+P310, 
P303+P361+P353-P331 

N-Methyl-2-
pyrrolidone 

GHS08, 
GHS07 

H315, H319, H335, 
H360D 

P202, P261, P264, P302 + 
P352, P305 + P351 + P338, 
P308 + P313 

O-xylene GHS02, 
GHS07, 
GHS08 

H226, H304, H312 
+ H332, H315, 
H319, H335, H412 

P210, P273, P280, P301 + 
P310, P303 + P361 + P353, 
P331 
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