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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

1
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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 fiir die
Stabilitit von Okosystemen, die Funktionsféihigkeit von Volkswirtschaften sowie die menschliche
Gesundheit. Dennoch ist die globale Wasserknappheit ein dringliches und unbestreitbares
Problem. Bedingt durch das Bevolkerungswachstum, den Klimawandel und die zunehmende
Umweltverschmutzung zahlt der Zugang zu sauberem Wasser zu den gro3ten Herausforderungen
des 21. Jahrhunderts. Schitzungen 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 kostengiinstigen
Entsalzung und Riickgewinnung von Wasser als vielversprechende Technologie etabliert. Sie
zeichnen sich durch einen geringen CO--Fullabdruck aus und bieten eine vielseitige Plattform zur
Bewiltigung zahlreicher Herausforderungen in der Wasseraufbereitung. Dazu zdhlen unter
anderem die Entsalzung, die Entfernung von Schadstoffen, die Riickgewinnung wertvoller

Ressourcen und die Férderung nachhaltiger Wasserkreisldufe.

Membrantechnologien nutzen selektive Trennverfahren, bei denen Meerwasser, Abwasser und
industrielle Abwisser als Quellen fiir sauberes Wasser dienen. Zu den grundlegenden
Membrananwendungen gehdren 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 Losungen von Salz zu trennen und zu konzentrieren. Ein weiteres
Wasseraufbereitungsverfahren ist die Pervaporation, bei der Wasser aus organischen Gemischen
oder fliichtigen Verbindungen entfernt wird. Darliber hinaus unterstiitzen Gas- und

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

Prozesse fiir die Energieeffizienz sind.

Polymere sind aufgrund ihrer guten Verarbeitbarkeit und geringen Scale-up-Kosten attraktive
Materialien fiir Membrananwendungen. Polymere mit intrinsischer Mikroporositidt (PIM-1)
wurden in den letzten Jahren aufgrund ihrer einzigartigen Eigenschaften als vielversprechendes
Material fiir Membrananwendungen entwickelt. Eine der Haupteigenschaften von PIM-1, die es
fiir Membrananwendungen attraktiv macht, ist sein hohes freies Volumen. Die starre und verdrehte
Molekiilstruktur ermoglicht eine schnelle Diffusion des Penetrationsmittels durch diese
Hohlrdume mit freiem Volumen bei Transportvorgidngen und macht PIM-1 zu einem wichtigen
Kandidaten fiir selektive Trennungen. Eine weitere Eigenschaft ist die hydrophobe Natur von PIM-
1, die bei Membrananwendungen, bei denen der Wassertransport ohne Eindringen von Fliissigkeit
entscheidend ist, sehr wichtig ist. Dariiber hinaus ist PIM-1 ein ausgezeichnetes Polymer, das in
einer Vielzahl von Losungsmitteln leicht 16slich ist, wodurch es sich leicht verarbeiten und
modifizieren ldsst. Aus diesem Grund kann PIM-1 in vielen Studien je nach Verwendungszweck
modifiziert und funktionalisiert werden. Aufgrund dieser FEigenschaften ist PIM-1 ein
vielversprechendes Polymer fiir viele Membrananwendungen und ein &uflerst anpassungsfahiges
Material, das das Potenzial bietet, innovative Losungen fiir 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 Selektivitit im
Vergleich zu herkommlichen Gastrennmembranen. Weitere Untersuchungen konzentrierten sich
auf die chemische Modifikation von PIM-1, um die Selektivitit fiir spezifische Penetranten zu

verbessern oder das freie Volumen des Polymers zu erhohen.

Ein weiteres Anwendungsfeld von PIM-1 ist die Pervaporation. Hierbei wurde das Polymer durch
funktionelle Modifikationen hydrophilisiert, um seine Leistungsfahigkeit 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 fiir die Kombination verschiedener Technologien wie der Wasserdampftrennung,

Membrandestillation und Pervaporation.
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Im Rahmen dieser Arbeit werden drei verschiedene Teilstudien durchgefiihrt, 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.

Zunichst wurde das hohe freie Volumen von PIM-1 genutzt, um die Gas- und Wasserdampf-
Trennleistung zu bewerten. Am PIM-1-Geriist wurden Modifikationen vorgenommen, um das
fraktionierte freie Volumen weiter zu erh6hen. Insbesondere wurde eine auf Anthracenmaleimid
basierende Komponente synthetisiert und durch Einfiihrung verschiedener aliphatischer und
aromatischer Seitengruppen durch Diels-Alder-Reaktion wurden Comonomere erhalten.
AnschlieBend 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 Einfithrung von volumindsen Gruppen das fraktionierte freie Volumen
erhOhte, wodurch die Diffusion des Penetrants und damit die Permeabilitit erhoht wurde. Bei dem
Homopolymer, dem aromatische Gruppen hinzugefiigt wurden, stieg die Wasseraffinitit und die
Wasserloslichkeit, was sich positiv auf die Wasserdampfdurchldssigkeit auswirkte. Die
Auswirkungen dieser Modifikationen auf die Selektivitit und Permeabilitdt 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 filir
Anwendungen in der Membrandestillation zu erforschen. Das Ziel bestand darin, PIM-1-
Membranen mit einer pordsen Struktur als Voraussetzung fiir die Membrandestillation
herzustellen, die iiber die traditionelle Methode der PIM-1-Herstellung hinausgeht. Zur
Herstellung pordser Membranen wurde ein nicht l6sungsmittelinduzierter
Phasentrennungsprozess verwendet. Die Herausforderung bestand darin, die geeignete
Losungsmittel/Nichtlosungsmittel-Kombination fiir PIM-1 zu finden. Nach mehreren Versuchen
wurde die optimale Konzentration der THF/NMP/PIM-1-Kombination
(Losungsmittel/Nichtlosungsmittel/Polymer) bestimmt und das GieBen der porésen Membran
durchgefiihrt. Dariiber hinaus wurde eine PIM-1-Diinnschicht-Verbundmembran hergestellt, um

die Auswirkungen der porésen Membranstruktur auf den Wasserfluss zu untersuchen. Die mit den



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

hergestellten Membranen durchgefiihrten Wasserflussmessungen ergaben, dass grofle Poren den
Wasserfluss abrupt erhohten, wéhrend bei relativ kleinen Poren der Wasserfluss fast nicht
vorhanden war. Vergleicht man jedoch die porose Membran mit der Diinnschicht-
Verbundmembran, so ist die Wasserdampfpermeation in der pordsen Membran viel hoher.
Dementsprechend wird die Entwicklung eines porosen hydrophoben PIM-1, das den Transport
von Wasser in Dampfform, aber keinen Fliissigkeitsstrom zulésst, aufgrund der Ergebnisse unserer

Studie als vielversprechend fiir Anwendungen in der Membrandestillation angesehen.

Unter Beriicksichtigung der bisher gewonnenen Informationen zielt unsere letzte Studie darauf ab,
den Wasserdampftransport durch die Herstellung einer Diinnschicht-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 ~ Diinnschicht-Verbundmembranen =~ wurden =~ Wasserflussmessungen  im
Pervaporationsaufbau durchgefiihrt. Zusétzlich wurde ein hausinternes Instrument, das die
,Druckanstiegsmethode® anwendet, zur Messung der Wasserdampfdurchladssigkeit verwendet.
Beim Vergleich der mit den beiden unterschiedlichen Methoden ermittelten
Wasserdurchldssigkeiten sind die Werte aus dem Pervaporationsversuch fiir Homopolymere mit
aromatischen und sperrigen Gruppen aufgrund ihrer Wasseraffinitdt und ihres hoheren freien
Volumens viel hoher. Daraus ldsst sich schlielen, dass diese PIM-basierten Homopolymere gute

Kandidaten fiir 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 Berilicksichtigung von Permeabilitit, Selektivitit
und strukturellen Stabilititsparametern bewertet. Diese Bewertungen zielen darauf ab, das am
besten geeignete PIM-1-Membrandesign und die am besten geeigneten Modifikationen fiir jede
spezifische Anwendung zu ermitteln. Das iibergeordnete Ziel dieser Arbeit besteht darin, ein
besseres Verstindnis 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 trigt diese Arbeit zur Weiterentwicklung der

Membrantechnologie fiir industrielle und umwelttechnische Anwendungen bei.
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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 0Osmosis,

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 (Ap)

Ultrafiltration Hydrostatic pressure (Ap)

Reverse osmosis Hydrostatic pressure (Ap), chemical potential (Ap;)
Gas separation Hydrostatic pressure (Ap), fugacity (Af;)
Pervaporation Partial pressure (Api), fugacity (Af})

Membrane distillation Temperature potential (AT)

Electro dialysis Electrical potential (Ap)

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 pm 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 pum. 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 um, 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 °C (Barrer)
Polymer H» 0)} 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].

0
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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 um (equal to or smaller than the mean free path of gas molecules) [20]. In Knudsen
diffusion (K,), collisions occur primarily between gas molecules and the pore wall when K, > 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 K, <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 A and 20
A. 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 1071° cm?® (STP) cm/(cm? 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
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membrane. Gas permeance is often expressed as GPU, where 1 GPU =1 x 10 cm?® (STP)/(cm? s
cmHg). A very important aspect focused on membrane applications is the membrane selectivity or
so-called separation factor (o) 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

itis equal to 1.

P,
Aa/p = P_Z (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).
dc
J=-D 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.

Ci

S, =
Lo

4

where, S; represents the solubility coefficient, C; is the concentration within the membrane, and p;

is the partial pressure of component 7 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 T, 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=kp-p )

where C is gas concentration, kp 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 T, 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).

_ Cygbp
H™ 14pp (6)

where Cy is the concentration of the penetrant in the free volume, C’'y 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'ybp
C=kpp+T0> (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.
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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].

Permeate flow

Feed in

Cold trap
| Stirrer

Liquid Vacuum pump
nitrogen

Membrane — P
Valve

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.
w
j=2 (8)

where J is total flux, W is weight of the permeate, 4 is membrane area and ¢ is time. The relation

between permeation flux and the transport parameters is given in Equation 9.

Ji =2 ©)

where J; 1s permeate flux of the component, P; is permeability, Ap; is partial pressure difference
across the membrane, / is membrane thickness. The other parameter which determines the
membrane performance is the separation factor (o) and it can be defined in the following equation

(Equation 10).

= (10)
/ Xwj
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where y,, and x,, 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.
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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 %)
Op: polar component | on: Hydrogen bonding | d4: dispersive force
Water 17.0 433 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.
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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)

b)

d)

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].
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].

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].

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].
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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.

e 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).

—4 Bycos6

LEP = (11)

max

where B is the pore geometry coefficient, y; is the surface tension of liquid, 6 is the contact
angle, dyax 1s the maximum pore radius.

e 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].

e 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].

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

compositions [61]

Membrane, Manufacturer Feed solution composition Permeate flux (kg/m? 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 333

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].

e 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 (7)
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 (X,,) can be calculated by Equation 12.

- 1
Xn = (1-p) (12)
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where p represents for the fractional conversion of functional groups, which can be derived from

Equation 13.

_ 5
p=L (13)

where f, is the number of functional groups that have reacted and f, 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.

< 1+r
n = Trrzrp) (14)
where r represents for stoichiometric ratio of functional groups as seen in Equation 15.
r = Naa (15)

Npp

Naa and Ngp 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, (M,,) can be used as a measure of reaction success, M,

represents the average molar mass of the repeating unit (Equation 16).

M,=M,X, (16)

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

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

. 7 _ 77 (1+p)
In case of r=1 M, =M, D) (17)
—_— — (1+r)(1+p)
In case of r # 1 M, =M, —(1+:'—2r::) (18)

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

degree of polymerization (Equation 19 and Equation 20).

My,

In case of r=1 Pb===1+p (19)
My
_ (1+n(1+p)
In case of r # 1 = Cir—zrp) (20)
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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 m’g’', 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 m?g™). 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 °C under N 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
°C under N> 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.

S K,CO,, DMF

-KF, H,0, -CO,

Figure 10: Synthesis of PIM-1, conditions: 60 °C, 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 Ty 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]

42



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

RO O
SO0 OO

K,CO, | -KCl
DMF | H,0
GO,

\ 4

OCOO’ pe

Figure 12: Synthesis of PIM-7, condition: 150 °C [88].
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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 COz. 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 (108cm?s™) S (10%cm*cm>cmHg ™) a (x/N2)
02 370 81 46 4.0
N2 92 22 42 1.0
H> 1300 1700 7.6 14
CO, 2300 26 880 25
CH4 125 6.8 180 1.4

* P: Permeability coefficient (1 Barrer=10""%cm’[STPJcmcm?s'cmHg™"), D: Diffusion coefficient, S: Solubility

coefficient, o (x/N>) 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].
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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, V' (cm?/g) to the specific volume of the polymer, Vs, (cm?/g). The
value of Vy can be calculated by using Bondi’s equation [112] (Equation 21).

Ve =Vop = Voc 21)
where V. is the occupied free volume and can be estimated as follows (Equation 22)
Ve = 1.3V, (22)

where V), 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).

74 1.3V,
FFV =L =1-—¥
Vsp Vsp

(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= AeF_TI?/ (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), '2°Xe 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 T, [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 T, 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 T of the polymer and that T 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 CO-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 CO;-philic groups by increasing CO>
solubility, thus improving the selectivity without compromising permeability. The selectivity in

these studies is governed by the solubility selectivity of CO» 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, Troger’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 CHa4 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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Abstract: In the present work, a set of anthracene maleimide monomers with different aliphatic
side groups obtained by Diels Alder reactions were used as precursors for a series of polymers of
intrinsic microporosity (PIM) based homo- and copolymers that were successfully synthesized and
characterized. Polymers with different sizes and shapes of aliphatic side groups were characterized
by size-exclusion chromatography (SEC), (nuclear magnetic resonance) 'H-NMR, thermogravimetric
(TG) analysis coupled with Fourier-Transform-Infrared (FTIR) spectroscopy (TG-FTIR) and density
measurements. The TG-FTIR measurement of the monomer-containing methyl side group revealed
that the maleimide group decomposes prior to the anthracene backbone. Thermal treatment of
homopolymer methyl-100 thick film was conducted to establish retro-Diels Alder rearrangement of
the homopolymer. Gas and water vapor transport properties of homopolymers and copolymers were
investigated by time-lag measurements. Homopolymers with bulky side groups (i-propyl-100 and
t-butyl-100) experienced a strong impact of these side groups in fractional free volume (FFV) and
penetrant permeability, compared to the homopolymers with linear alkyl side chains. The effect of
anthracene maleimide derivatives with a variety of aliphatic side groups on water vapor transport
is discussed. The maleimide moiety increased the water affinity of the homopolymers. Phenyl-100
exhibited a high water solubility, which is related to a higher amount of aromatic rings in the polymer.
Copolymers (methyl-50 and t-butyl-50) showed higher CO, and CHy permeability compared to
PIM-1. In summary, the introduction of bulky substituents increased free volume and permeability
whilst the maleimide moiety enhanced the water vapor affinity of the polymers.

Keywords: polymers of intrinsic microporosity (PIM-1); membranes; gas separation; water vapor
transport; Diels Alder reaction

1. Introduction

Membrane technology has drawn great attention owing to its advantages of being
ecologically favorable, cost-efficient and easy to operate. Polymers are encouraging mate-
rials for gas separation membranes due to their benign processability and low upscaling
costs [1]. In gas separation, there are two significant parameters that define membrane
performance, permeability (P) and selectivity (a = P4/Pp). Permeability is a product of
solubility (S) and diffusivity (D) (Equation (1)) according to the solution-diffusion model [2].
The selectivity parameter, therefore, is an indirect function of solubility and diffusivity of
the membrane. The aforementioned transport parameters are directly affected by the state
and microstructure of the membrane material; thus, it is crucial to develop particularly
tailored polymers for gas separation application [3]. Usually, glassy polymers are used
for the separation of non-condensable gases, and for these polymers, a trade-off between
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permeability and selectivity is known to cause limits to the use of polymers in practical gas
separation [4]. In general, gas transport takes place through interconnected free volume
elements formed by non-perfect packing of macromolecular chains of amorphous polymers.
Consequently, polymer membranes have difficulties in offering both high permeability
and high selectivity, which are mostly defined by large free volume size and narrow size
distribution, respectively [5].

P=DS (1)

Researchers endeavor to overcome permeability and selectivity trade-offs by develop-
ing new polymeric materials based on the consideration of empirical structure/property
interconnections. A breakthrough discovery addressing this issue was the development of
polymers of intrinsic microporosity (PIM) by Budd and McKeown, which have a fractional
free volume comparable to disubstituted polyacetylenes [6]. Among the polyacetylenes,
poly(trimethylsilylpropyne) (PTMSP) is known to be the most permeable polymer so far.
Nevertheless, PTMSP has selectivity drawbacks due to its insufficient rigid structure, which
leads to failure of size discrimination [7,8]. Hence, PIMs have drawn attention during the
past years owing to their unique properties. The term intrinsic microporosity refers to
a network of interconnected free volume voids formed by highly inefficient packing of
rigid and contorted macromolecules [9]. The essence of the existence of microporosity in
a polymer lies in the presence of a contortion site in the monomeric unit, which could be
obtained either by the introduction of a spiro- center, a non-planar rigid conformation or a
single covalent bond that limits the rotation within the polymer chain [10]. Bearing these
specificities in mind, researchers have focused on the development of different PIMs. PIM-1
is the most extensively studied polymer among the PIM family, which is obtained by the
polycondensation of 5,5',6,6'-tetrahydroxy-3,3,3,3'-tetra-methylspirobisindane (TTSBI) and
2,3,5,6-tetrafluoroterephthalonitrile (TFTPN) [11]. Since its discovery, PIM-1 has become
attractive due to its high solubility in low boiling point solvents such as tetrahydrofuran
(THF) or chloroform (CHCl3), accessibility to chemical modifications, high surface area
accompanied by attractive gas separation properties [10]. Owing to its splendid features,
PIM-1 has been studied in many membrane applications such as gas separation [12-15],
hydrogen storage [16], pervaporation [6] and water separation [17,18]. Although extensive
research has been carried out on PIMs, a development of tailoring PIM for membrane
applications, especially for gas separation, is still necessary.

The literature on intrinsic microporosity has highlighted several ways to ameliorate gas
transport performance. Previous research focused on post-modification of PIMs to enhance
selectivity by the introduction of CO, affine functionalities such as amide [19], amine [20],
carboxylic acid [21], hydroxyl [22], tetrazole [23], thioamide [24] and vinyl [25]. The
cornerstone of these studies is based on the exploitation of CO,-philic groups by increasing
CO; solubility, thus upgrading the selectivity without compromising permeability. Further
studies examined blend preparation with microporous fillers, e.g., carbon nanotubes [26],
graphene oxide [27], MOF [28] and POSS [29]. One of the other aims of these studies was
to tackle physical aging, a common problem with glassy polymers.

In addition to the abovementioned studies, a different approach employed by a vast
number of researchers is to develop a shape-persistent polymer backbone by introducing
rigid or non-coplanar monomers [30,31]. The incorporation of rigid groups into the poly-
mer backbone disrupts the chain packing and consequently increases the free volume [32].
Considering this approach, Bezzu et al. [15] replaced the spirobisindane group with a rela-
tively more rigid spirobifluorene and succeeded in ensuring good permeability-selectivity
interrelation. The introduction of Tréger’s base and ethanoanthracene into PIM structures
(PIM-SBI-TB [8,33] and PIM-EA-TB [33], respectively) enhanced the sieving property of
the polymer owing to inflexible, rigid units. Another attempt to promote rigidity, and
consequently, free volume was the exploitation of the roof-shaped triptycene unit, which re-
vealed encouraging results [34,35]. Moreover, it has been established that a further effective
way to improve gas separation performance is to insert bulky side groups, which create
high free volume. The use of rigid, bulky groups provides better size discrimination ability,



Polymers 2022, 14,119

30f 25

thus, greater selectivity [36]. Numerous researchers studied the effect of bulky groups,
e.g., tert-butyl or trimethylsilyl, introduced in different polymers such as polyimide [36,37],
polynorbornene [38] and polyacetylene [39—41]. The studies showed that the incorporation
of bulky substituents increases free volume and, thus, the gas permeability coefficient.

Despite the abundant studies of PIM on gas separation, there remains a paucity of
research on water transport properties since it is intricate in using the hydrophobic nature
of PIM-1 to pass water molecules through the micropores [17]. However, water scarcity
is a crucial problem directly affecting our living standards; therefore, a strong need has
emerged to develop energy-efficient and ecofriendly methods of water separation [42]. Con-
ventional water separation methods are forward osmosis, reverse osmosis, ultrafiltration,
nanofiltration and membrane distillation (MD). Considering the low operating temperature,
MD is a promising and energy-efficient technique in which only water vapor molecules
are able to pass through the hydrophobic porous membrane [43]. In comparison to the
transport of ideal gases, water vapor transport could be discussed from a different point of
view due to its unique transport mechanism stemming from water molecule-polymer and
water-water molecules interactions. Up to now, far too little investigation has been done on
water vapor transport in PIMs.

This study contributes to the aforementioned works by the investigation of the influ-
ence of aliphatic side-chain group size and shape of new anthracene maleimide polymers
on their properties. It was expected that the roof shape of anthracene-maleimide could
provide a rigid and non-coplanar structure that restricts chain packing of the polymer [35].
In this study, new anthracene-maleimide monomers were employed for the synthesis of
homopolymers and copolymers with spiro-bisindane comonomers, which were further
studied for gas transport properties. The change in aliphatic chain length (methyl-, ethyl-
and n-propyl-), change in group geometry (propyl-, i-propyl- and ¢-butyl-) and difference
between cycloaliphatic and aromatic cycles (cyclohexyl- and phenyl-) are the main subjects
able to reveal a trend between the change in the structure of the side group and the trans-
port parameters of gaseous penetrants. To this end, the thermal treatment of homopolymer
methyl-100 thick film was conducted to establish retro-Diels-Alder rearrangement of the
homopolymer. In a previous research article, Khan et al. [44] studied the effect caused by
different aromatic substituents on the gas properties of polymers.

To our knowledge, there is a lack of published data correlating regular polymer
structure change in substituted anthracene maleimides with gas and vapor transport
properties. It is further anticipated that the introduction of the maleimide group into the
monomer would increase the polarity of the polymer and subsequently improve water
vapor permeability coefficient.

2. Materials and Methods
2.1. Materials

5,5 ,6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1’-spirobisindane (TTSBI, 98%) was pur-
chased from ABCR GmbH (Karlsruhe, Germany). 2,3,5,6-tetrafluoro-terephthalonitrile
(TFTPN, 99%) was obtained from Lanxess (Cologne, Germany). TFTPN was sublimated
twice at 70 °C under vacuum before use. Cyclohexyl maleimide (98%) was purchased
from TCI (Portland, OR, USA). t-Butyl maleimide was purchased from Specific Polymers
(Castries, France). Boron tribromide (BBrz, 99%) was obtained from Acros Organics (Geel,
Belgium). Potassium carbonate (K,COs, 99%), methyl maleimide (98%), dimethyl ac-
etamide (DMAc, 99%) and dichloromethane (DCM, 99%) were purchased from Alfa Aesar
(Kandel, Germany). All other commercially available reagents were obtained from Merck
(Darmstadt, Germany) and were used without further treatment.

2.2. Monomer Synthesis
2.2.1. 2,3,6,7-Tetramethoxy-9,10-Dibutylanthracene

At first, 1,2-dimethoxybenzene (43.4 g, 314 mmol) was added to 100 mL concentrated
H,S04 (70% in water) at 0-5 °C. Afterward, pentanal (46 g, 534 mmol) was added dropwise
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over a period of 1 h. The viscous violet mixture was stirred at room temperature for
4 days. The highly viscous blackish reaction mixture was poured into a mixture of 2 L
ethanol-water (1:1), and the precipitate was collected by filtration. Subsequently, washing
with acetone and drying at 70 °C in vacuum yielded 13 g of light yellow powder (20%),
Mp. 325 °C. 'H-NMR (500 MHz, CDCl;): & (ppm): 0.98 (t, 6 H), 1.50 (m, 4 H), 1.72 (m, 4 H),
3.35 (m, 4 H), 3.98 (s, 12 H), 7.33 (s, 4 H).

2.2.2. 2,3,6,7-Tetrahydroxy-9,10-Dibutylanthracene

Boron tribromide (BBr3) (15.8 g, 63 mmol) dissolved in 90 mL dichloromethane (DCM)
was added slowly to a cooled mixture of 10 g 2,3,6,7-tetramethoxy-9,10-dibutylanthracene
(24 mmol) in 265 mL DCM under argon atmosphere. After the complete addition of BBrj,
the reaction was stirred for approximately 18 h and was terminated by the addition of
60 mL of water. After pouring an excess of water, the mixture was stirred for 2 days. The
precipitate was filtered, washed with water and dried at 60 °C in vacuum to give 11 g grey
powder (98%), Mp. 220 °C. "H-NMR (500 MHz, DMSO-d6): § (ppm): 1.01 (¢, 6 H), 1.54 (m,
4 H), 1.61 (m, 4 H), 3.18 (t, 4 H), 7.32 (s, 4 H), 9.38 (s, 4 H).

2.2.3. Methyl-Comonomer

A mixture of 1 g 2,3,6,7-tetrahydroxy-9,10-dibutylanthracene (2.8 mmol) and 0.35 g
methyl maleimide (3.1 mmol) in 19 mL o-xylene was refluxed at 150 °C for 5 h. The brown
reaction suspension was poured into cyclohexane. Filtration and drying at 65 °C under
vacuum gave 1.20 g of a dark brown powder, (92%), TH-NMR (500 MHz, DMSO-d6): &
(ppm): 1.13 (¢, 6 H), 1.70 (m, 6 H), 1.94 (m, 2 H), 2.11 (m, 2 H), 2.42 (s, 3 H), 2.67 (m, 2 H),
3.18 (s, 2 H), 6.58 (s, 2 H), 6.69 (s, 2 H), 8.60 (s, 2 H), 8.70 (s, 2 H).

2.2.4. Ethyl-Comonomer

Ethyl-comonomer was synthesized by the same method as the methyl-comonomer,
using ethyl maleimide instead of methyl maleimide to give a dark brown solid, (83%),'H-
NMR (500 MHz, DMSO-dé): & (ppm): 0.41 (¢, 3 H), 1.10 (t, 6 H), 1.70 (m, 6 H), 1.91 (m, 2 H),
2.06 (m, 2 H), 2.64 (m, 2 H), 2.97 (m, 2 H), 3.12 (s, 2 H), 6.57 (s, 2 H), 6.68 (s, 2 H), 8.56 (s,
2 H), 8.68 (s, 2 H).

2.2.5. Propyl-Comonomer

Propyl-comonomer was synthesized by the same method as the methyl-comonomer,
using propyl maleimide instead of methyl maleimide to give a dark brown solid, (74 %),
TH-NMR (500 MHz, DMSO-d6): 5 (ppm): 0.41 (¢, 3H), 0.88 (m, 6H), 1.10 (¢, 6H), 1.70 (m,
2H), 1.93 (t, 2H), 2.11 (m, 2H), 2.67 (m, 4H), 2.96 (+, 2H), 3.16 (m, 2H), 6.59 (s, 2H), 6.69 (s,
2H), 8.57 (s, 2H), 8.69 (s, 2H).

2.2.6. i-Propyl-Comonomer

A solution of 3 g isopropyl amine (50.7 mmol) in 54 mL THF was added dropwise to a
solution of 5.5 g maleic anhydride (55.8 mmol) in THF, and then the mixture was stirred for
5 h at room temperature. The reaction mixture was filtrated and residual THF was removed
under reduced pressure to obtain 66.4 g 4-oxo0-4-(propan-2-ylamino)but-2-enoic acid as a
white powder, (80%), '"H-NMR (500 MHz, DMSO-dé6): § (ppm): 1.18 (m, 6H), 4.05 (m, H),
6.18 (d, H), 6.25 (d, H), 8.39 (s, H), 15.49 (s, H).

Sixty-six grams of 4-oxo-4-(propan-2-ylamino)but-2-enoic acid (38.17 mmol) was
dissolved in 46 mL acetic acid, and the solution was immersed in an oil bath at 80 °C.
The reaction mixture was kept stirring for 24 h at 80 °C and was terminated by pouring into
water. The resulting emulsion was then extracted with n-pentane. A colorless liquid product
of isopropyl maleimide was obtained after pentane removal under reduced pressure, (21%),
'H-NMR (500 MHz, DMSO-d6): § (ppm): 1.37 (d, 6 H), 4.25 (m, H), 7.03 (s, 2 H).

Further, the i-propyl-comonomer was synthesized by the same method as the methyl-
comonomer, using isopropyl maleimide instead of methyl maleimide to give a dark brown
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solid, (81%), 'H-NMR (500 MHz, DMSO-d6): 5 (ppm): 0.83 (d, 6 H), 1.10 (¢, 6 H), 1.68 (m,
6 H), 1.91 (m, 2 H), 2.08 (m, 2 H), 2.65 (m, 2 H), 3.08 (s, 2 H), 3.76 (m, H), 6.59 (s, 2 H), 6.68
(s,2 H), 8.57 (s, 2 H), 8.69 (s, 2 H).

2.2.7. t-Butyl-Comonomer

t-Butyl-comonomer was synthesized by the same method as the methyl-comonomer,
using t-butyl maleimide instead of methyl maleimide to give a dark brown solid, (95%),
'H-NMR (500 MHz, DMSO-d6): & (ppm): 1.07 (m, 15 H), 1.63 (m, 6 H), 1.90 (m, 2 H), 2.04
(m, 2 H), 2.56 (m, 2 H), 2.95 (s, 2 H), 6.59 (s, 2 H), 6.66 (s, 2 H), 8.57 (s, 2 H), 8.66 (s, 2 H).

2.2.8. Cyclohexyl-Comonomer

Cyclohexyl-comonomer was synthesized by the same method as the methyl-comonomer,
using cyclohexyl maleimide instead of methyl maleimide to give a dark brown solid, (91%),
'H-NMR (500 MHz, DMSO-d6): & (ppm): 0.85 (d, 2 H), 1.11 (m, 10 H), 1.68 (m, 10 H), 1.92
(m, 2 H), 2.09 (m, 2 H), 2.67 (m, 2 H), 3.10 (s, 2 H), 3.40 (m, 1 H), 6.59 (s, 2 H), 6.69 (s, 2 H),
8.58 (s, 2 H), 8.69 (s, 2 H).

2.2.9. Phenyl-Comonomer

This comonomer and the associated homo- and copolymers were obtained by a
procedure published elsewhere [44].

2.3. Polymer Synthesis
2.3.1. PIM-1 Synthesis

PIM-1 was synthesized by using the fast synthesis method reported elsewhere [45-47].
A slight modification of the reported method was employed in this study. A three-necked
round bottom flask was charged with TTSBI (20 mmol) and TFTPN (20 mmol) and dis-
solved in 65 mL dimethylacetamide (DMAc) under argon atmosphere. Addition of K,CO3
(44 mmol) turned the reaction mixture from orange to yellow. The reaction flask was
immediately immersed into a preheated oil bath (150 °C). The gradual addition of diethyl-
benzene (DEB) (15 mL) prevented the precipitation of PIM-1 and promoted the formation of
a polymer with higher molecular weight. The reaction mixture was stirred for 30 min and
was quenched by precipitation in methanol. After filtration, the solid was dried at 80 °C
in vacuum. The dried polymer was dissolved in CHCl3 and re-precipitated in methanol.
The solid was collected by filtration and dried under high vacuum at 80 °C to give the
final product as a yellow solid (90%). The apparent molecular weight (My,) of the purified
polymer and dispersity (D) were determined by size-exclusion chromatography, giving an
apparent average molecular weight of My, = 132.5 kg/mol and D =4.9.

2.3.2. Synthesis of Homo- and Copolymers

Copolymers were synthesized by polycondensation of new comonomers/TTSBI
(1 mmol/1 mmol) and TFTPN (2 mmol) using the earlier described procedure similar to that
of PIM-1 synthesis. Copolymers will be referred to as methyl-/ethyl-/ propyl-/i-propyl-/t-
butyl-/cyclohexyl-/phenyl-50 where the suffix —50 indicates the comonomer /TTSBI mol ratio
in the copolymers (e.g., methyl-50 consists 50 mol% TTSBI and 50 mol% comonomer unit).

Homopolymers were synthesized by polycondensation of new comonomers and
TFTPN (equimolar amount) using a similar procedure to that of PIM-1. Homopolymers
will be referred to as methyl-/ethyl-/ propyl-/i-propyl-/t-butyl-/cyclohexyl-/phenyl-100
where the suffix —100 stands for the comonomer/TTSBI mol ratio in the homopolymers
(e.g., methyl-100 consists of 100 mol% comonomer unit). A slight modification of the
abovementioned PIM-1 synthesis was carried out for homopolymerization, which is that,
instead of the addition of DEB, DM Ac was used in 2-fold excess volume, and the reaction
time was increased for an additional 1 h.
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2.4. Film Preparation

Thick polymer films were obtained by casting from a solution containing 3-5% wt.
of polymer dissolved in CHCl3. The homogenous solution was obtained by stirring for
at least 2 h followed by casting into a leveled Teflon® circular dish. The solution in the
dish was covered with a glass lid, and the system was purged gently with an argon stream
for 24 h to evaporate CHCl3 at room temperature. After solvent evaporation, the thick
film was removed from the Teflon® surface and further dried for 24 h in vacuum at 80 °C.
The thickness of the obtained films was in the 60-80 pm range as determined by a digital
micrometer Deltascope FMP10 (Helmut Fisher GmbH, Sindelfingen, Germany).

2.5. Methods
2.5.1. Size-Exclusion Chromatography (SEC)

For SEC measurements, a column combination (precolumn-SDV-linear, SDV-linear and
SDV 102 nm with inner diameter = 4.6 mm and length = 53 cm, Polymer Standard Service
GmbH, Mainz, Germany) was used at a flow rate of 1.0 mL min—! running CHCl; as eluent
at 30 °C. A combination of refractive index (RI) and ultraviolet (UV) detectors were used
for concentration detection. Polystyrene standards of different molecular weights were
used for the evaluation of apparent weight average molecular weight (M,,) and dispersity
index (D) of the prepared polymers.

2.5.2. "H Nuclear Magnetic Resonance (' H-NMR)

NMR spectra were collected on a Bruker AV500 NMR spectrometer (Bruker Biospin,
Ettlingen, Germany) operating at a field of 7T (500 MHz) using a 5 mm 'H/'3C TXI probe
and a sample temperature of 298 K. 'H! NMR spectra were recorded applying a 10 ms
90° pulse.

2.5.3. Thermal Gravimetric Analysis (TGA)

TGA measurements were performed using TGA/DSC 2 Mettler-Toledo, Giessen,
Germany). The analysis was performed under argon flow (20 mL/min) in the temperature
range 30 to 800 °C at a heating rate of 5 K min 1.

2.5.4. Thermogravimetric Analysis Coupled with Fourier Transform Infrared Spectroscopy
(TG-FTIR)

The evolved gases were measured using a thermogravimetric analyzer coupled with
an FT-IR spectrometer Nicolet iS50 (Thermo Scientific, Darmstadt, Germany), which was
recorded in the spectral range of 400-4000 cm ! with a resolution of 4 cm ! and an average
of 8 scans. All measurements were performed in the temperature range 30 to 800 °C at a

heating rate of 5 K min~!.

2.5.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected on an ALPHA FTIR spectrometer (Bruker Optics, Bremen,
Germany) in attenuated total reflectance mode (ATR, diamond crystal). The measurements
were done at ambient temperature in a spectral range of 400 to 4000 cm ™! with a resolution
of 4 cm~! and an average of 64 scans.

2.5.6. Density Measurement

The density measurements were performed based on the buoyancy method, as de-
scribed elsewhere [45]. FC-770, Fluorinert (3M, Saint Paul, MN, USA) was used as an
immersion liquid because it has the least affinity to the polymers under study and would
not diffuse into the free volume of the polymer during measurement. The density was
determined according to Equation (2):

X(po — p1) )
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where, x is weight of the sample in air, § is weight of the sample in displaced liquid, p, is
density of fluorinated liquid (1.79 g cm 3 determined at conditions of the experiment) p; is
density of air (0.001 g cm™3).

2.5.7. Determination of Fractional Free Volume (FFV)

The fractional free volume (FFV) of polymers under study was determined by the combi-
nation of experimental and molecular modeling data, which were applied to Equation (3):

V=13V,

FFV =
\%4

®)
where V is the polymer specific volume, and Vy, is the specific van der Waals volume
obtained by molecular modeling [48]. The specific volume of the polymers was obtained
from density measurements. Van der Waals volume can be obtained using the group
contribution method by Bondi [49], summarized by van Krevelen [50]. In the current
work, a molecular modeling approach was utilized where a polymer chain consisting of
3 monomeric units was equilibrated by geometry optimization functions of HyperChem
8.0 (Hypercube Inc, Gainesville, FL, USA) software. After full molecule optimization, the
QSAR function of HyperChem was called out and molecular weight and van der Waals
volume of a single monomeric unit was derived. Modeling of the chain consisting of
3 monomeric units allowed for the reduction of the end group effect on the final result. The
validity of volume calculation was confirmed by a comparison of results with that obtained
in Materials Studio (BIOVIA, San Diego, CA, USA) [46]. Since HyperChem is easier to use
for this simple task, it was decided to model all polymers using this software.

2.5.8. Gas Transport Properties Measurement

The gas transport properties of synthesized polymers were investigated by the “time-
lag” method utilizing the constant volume/variable pressure approach on the facility
described elsewhere [51]. Hp, Np, O, CHy and CO; were considered as permanent gases at
conditions of experiment: 30 °C, 1000 mbar feed pressure, 0-10 mbar permeate pressure and
238 cm? constant permeate volume. The effective membrane area was 1.15 cm?. Transport
properties of HyO vapor were investigated as well; the feed pressure, in this case, was ca.
60% of saturated vapor pressure but, despite the fact that water vapor is very close to the
saturation point, the data were treated the same way as for the other gases, not taking into
account the fugacity coefficient. Each gas was applied to the thoroughly evacuated polymer
film 3 times, and average values were taken. In case the difference in values was bigger than
5%, the measurement was repeated. The time lag measurements were conducted without
any further treatment right after film preparation to minimize the physical aging effect.

The permeability (P), diffusion (D) and solubility (S) coefficients and ideal permeabil-
ity selectivity (a,/,) for gases x and y were determined from the linear part of the “time-lag”
curve by the following equations:

ARTA(pg = (pp2+pp1) /2)
12
~ 60
where V), is the constant permeate volume (cm?), 1 is the film thickness (cm), A is the
effective area of the membrane (cm?), R is the universal gas constant (8.314 Jmol ! K1), T'is
the absolute temperature of experiment (°C), At is the time for the permeate pressure change
from pp1 to pya (s), py is the feed pressure (cmHg) and 6 is the time lag(s). The accuracy
of the gas transport parameters depends strongly on the film preparation quality for the

diffusion coefficient and on the pressure applied to the o-ring sealing of the measurement
cell for the permeability coefficient. The thickness of studied films was in the range of

@)

D ®)
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80 pum with a thickness spread +2 um which gives ca. 2.5% error for the diffusion coefficient
determination. The experimental error of permeability coefficient determination can be
considered as 4% for the case of film area of 1.15 cm? exposed to penetrant and 1 mm
diameter Viton® O-ring used for sample sealing. Other parameters, e.g., accuracy of
pressure and temperature sensors, can be considered insignificant in comparison to these
two parameters.

3. Results and Discussions
3.1. Comonomer Synthesis

Comonomers were synthesized following the multi-stage synthesis route as shown in
Figure 1, inspired by the procedure published by Khan et al. [44]. However, a slight modifi-
cation of the reported procedure was employed in this study. The first step in this process
is the condensation reaction of 1,2-dimethoxybenzene and pentanal to obtain tetramethoxy
anthracene. The decision to use pentanal was based on the improved solubility of the
reaction product. The hydroxylation of the tetramethoxy anthracene intermediate was the
next step to obtain the tetrahydroxy anthracene derivative. After the successful conver-
sion of tetramethoxy to tetrahydroxy anthracene, a Diels-Alder reaction was carried out
using maleimides, which contain different substituents attached to the nitrogen atom. In
comparison to the procedure established by Khan et al. [44], the anthracene-maleimide
comonomers were obtained in a shorter reaction time but with a higher yield in this study.

OMe o
p /U\/\/ conc H,S0, L) cNe
—-
H 72 h room temp
OMe
MeO OMe
N AN FORGA
methyl ethyl propy! i-propyl
BBrj
DCM
18 h
t-butyl cyclohexyl phenyl

[e]

o
X—N
H HO oH
o
-
oH o-xylene
HO OH
150°C 5h

Figure 1. Synthesis route of the new comonomers.

The success of all comonomer syntheses was shown by '"H NMR measurements
(Figure S1). As an example, the 'H NMR spectrum of the methyl-comonomer is shown in
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more detail in Figure 2. The spectrum exhibits two singlets at 8.69 and 8.61 ppm, assigned to
the hydroxyl protons, and two singlets at 6.67 and 6.59 ppm, corresponding to the aromatic
protons. The signal split is due to the asymmetrical structure of the monomer, which arises
from the formation of a “roof-like structure” and the tilting of this group towards one side
of the anthracene backbone. The two characteristic protons, which appear after successful
Diels-Alder reaction and the formation of the “roof-like structure”, are present at 3.18 ppm,
whereas one sharp singlet appears at 2.41 ppm assigned to the aliphatic protons of the
N-methyl substituent. The protons attributed to the butyl groups appear in the range of
2.74 to 1.09 ppm. The other comonomers show similar spectra regarding the monomer
backbone protons (aromatic, hydroxyl, butyl and maleimide groups linked to anthracene
backbone). The residual spectra show that variations and signals overlap depending on the
size of the substituent (Figure S1).

aa’

chemical shift [ppm]

Figure 2. 'H NMR spectrum of the methyl-comonomer.

TGA was carried out to determine the decomposition temperature of the comonomers
since polymerization takes place at 150 °C, and a retro-Diels-Alder reaction was reported
for aromatic substituents [44]. TG-FTIR analysis was performed in the temperature range
from 30 °C to 800 °C. Figure 3 depicts that the methyl-comonomer remains stable up to
approximately 250 °C and degradation of the monomer takes place in two clearly visible
steps. In order to identify the early degradation products, gas-phase FTIR spectra were
obtained at 265 °C and 300 °C. The gas-phase spectra show FTIR bands at 2953 cm ! related
to C-H stretching vibration of the methyl group, 1737 cm ! due to C=0 stretching and
697 cm~! related to the H-C=C-H bending vibration of methyl maleimide, which is in very
good accordance to a gas-phase spectrum, collected from a TG-FTIR measurement of neat
N-methyl maleimide and verifies the occurrence of a retro-Diels-Alder reaction as described
for aromatic substituents [44]. Additionally, the extracted spectrum obtained for the sample
taken at 300 °C shows the appearance of n-butane. According to these results, we can
infer that the decomposition of the maleimide group takes place prior to the comonomer
backbone decomposition. In addition to the methyl-comonomer, also ethyl and t-butyl-
comonomers show the same behavior regarding the lower retro Diels-Alder temperature.
On the other hand, the decomposition of the comonomer backbones of propyl, i-propyl,
cyclohexyl and phenyl comonomers overlaps with that of the retro Diels-Alder reaction.
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Figure 3. TG-FTIR spectra of methyl-comonomer.

3.2. Polymer Synthesis

After successful monomer synthesis, all comonomers were polymerized in the next
step. The homo- and copolymers were synthesized by the polycondensation of comonomers
(Figure 4) with TFTPN and comonomer/TTSBI (molar ratio 1/1) with TFTPN, respectively,
by using a procedure similar to PIM-1 synthesis with slight modification [44,47,52]. DEB
addition takes place only in the synthesis of copolymers, whereas for homopolymer syn-
thesis, it is not necessary. This discrepancy might be related to the different solubility of
homopolymer and copolymer solutions [25]. PIM-1 usually starts to precipitate when the
number of repeating units reaches a certain degree of polymerization. Since copolymers
also contain the repeating units of PIM-1, a similar situation might occur in this study.

All homo- and copolymers were characterized with respect to their apparent molar
masses and dispersity by gel permeation chromatography (GPC) and their compositions
by 'H-NMR spectroscopy (Table S1). Figure 5 depicts 'H-NMR spectra of methyl-50 and
methyl-100 in comparison to PIM-1. The peak seen at 6.45 ppm for PIM-1 and methyl-
50 spectra arises from the aromatic protons of TTSBI. The characteristic signal of the
comonomer corresponding to the roof-shaped maleimide proton was seen at 3.25 ppm,
which indicates the stability of comonomers throughout the polymerization conditions. The
integration of allocated peaks of methyl-50 proved that the composition of the copolymer
(methyl comonomer/TTSBI) is close to equimolar, as expected. Table S1 shows the entire
polymer composition calculations based on the 'H-NMR spectra.
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Figure 4. Synthesis of homopolymer and copolymer, A: reagents and conditions DMAc, DEB (for
copolymer), K;CO3, 150 °C, 30-60 min.
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Figure 5. 'H-NMR spectra of PIM-1, methyl-50 and methyl-100.
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TG-FTIR analysis was carried out to determine the retro Diels-Alder temperature of
homopolymers. TGA curves for all homopolymers exhibit two distinct onset decomposition
temperatures (Figure S3). As can be seen from Figure 6, the onset temperature of the first
decomposition step of methyl-100 is at approximately 220 °C. It arises from breaking
the maleimide moiety, and the second decomposition around 400 °C corresponds to the
decaying of the polymer backbone. The evolved gas analysis was conducted at 305 °C,
and the extracted spectrum was compared with the reference N-methyl maleimide gas-
phase spectrum. Additionally, peak height profiles of the carbonyl band at 1730 cm~! and
evolved gases (CO; and n-butane) revealed that similar to the monomers, retro-Diels-Alder
reaction (in the case of the polymers) takes part before butyl group degradation. Moreover,
no CO; was detected below 350 °C, leading to these inferences: (1) the peak evolved
around 300 °C which means, that only retro-Diels-Alder takes part and there is no further
degradation from maleimide or group disintegration; (2) the peaks evolving above 400 °C
correspond to CO» (2350 em 1) and C4Hyo (2900 cm™1) caused by the degradation of the
polymer backbone. These features indicate that the retro Diels-Alder reaction occurs at
lower temperatures than the decomposition of the polymer backbone chain and does not
overlap with the butane release correlated with decomposition of the polymer backbone.
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Wsily-100 = N-methyl maleimide ref
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[ £
- o
£ 2 1
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0,030 4
@
Q
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©
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©
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Figure 6. TG-FTIR spectrum of methyl-100.

These findings offer further opportunity for a post-thermal treatment of polymer films,
which would lead to materials with structures shown in Figure 7. Although it is not a focus
of this study, the effect of the thermal conversion was tested on the example of methyl-
100. In order to quantify the extent of the thermal conversion, four additional polymers
were synthesized. These polymers consist of 2,3,6,7-tetrahydroxy-9,10-dibutylanthracene
(synthesis described earlier) and methyl-comonomer in different molar ratios (0:1, 0.9:0.1,
0.75:0.25, 0.5:0.5, 1:0) and were used for establishing a calibration graph by means of FT-IR
(Figure 8). After synthesis, it was observed that all materials are not soluble in common
solvents (THF, CHCl3) that are normally used for the processing of PIMs. This means that
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the thermal conversion of the materials does not only change the structure, but also the
solubility properties of the polymers.

0,

/
N
CN
0. ° 0.
(A :
() Q
CN

Figure 7. Expected thermal conversion of methyl-100 at 250 °C.
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Figure 8. Quantification of conversion by means of FT-IR.

After thermal treatment at 250 °C for 2 h in a nitrogen atmosphere, the polymer film
was measured by means of FT-IR (ATR). The ratios of the integrated peak areas and the
peak height of the nitrile and carbonyl groups were used for quantification. Both methods
gave approximately 16% residual methyl maleimide. Therefore, 84% of the maleimide
groups were removed at 250 °C, while the polymer film remained mechanically stable.
The optical images of methyl-100 films before and after thermal treatment can be seen
in Figure 54.

In this study, differential scanning calorimetry measurement (DSC) of homo- or copoly-
mers was not conducted since the decomposition temperature is lower than PIM-1. It is
known that the glass transition temperature (Tg) of PIM-1 cannot be detected before its
thermal decomposition using conventional DSC [53].

3.3. Gas and Water Vapor Transport Properties

All polymer films prepared from the synthesized polymers were transparent and
mechanically stable enough to be sealed in the measurement cell of the “time-lag” facility
with a Viton® O-ring. Films were placed into the experimental facility after the same,
shortest possible time after solvent evaporation in order to keep all polymers at a similar
state in respect to possible physical aging. No additional experiments on thick polymer film
aging were carried out since this topic was investigated earlier [54] and was not intended
for the current study. Before this, the gas transport measurement films were evacuated to
the state when the permeate pressure sensor did not show any signs of pressure increase
due to the desorption of volatile impurities from the polymer film. After the evacuation
step, films were exposed to penetrants in the following sequence: Hy, Ny, Oy, CHy, CO,
and H,O. The gas was taken from the gas line or from the liquid water container into
the feed pressure vessel and brought to the temperature of the thermostated part of the
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“time-lag” facility. The gas permeability, diffusion and solubility coefficients of gases and
vapor for films of PIM-1, copolymers and homopolymers are presented in Tables S2-54. In
the further discussion, gas transport parameters will be analyzed mostly on the examples
of CH4 and CO; as penetrants with a significant difference in kinetic diameters and state in
respect to critical pressure and temperature, and water vapor as an example of a penetrant
very close to the condensation under experimental conditions.

3.3.1. Gas Transport Properties of Homopolymers and Copolymers

An initial objective of using different substituted maleimides was to investigate the
effect of aliphatic groups of different sizes and shapes on gas and water vapor transport
properties. The change in linear aliphatic chain length (methyl-, ethyl- and propyl-), change
in group geometry (propyl-, i-propyl- and t-butyl-) and difference between cycloalkyl and
aromatic groups (cyclohexyl- and phenyl-) were the main subjects able to reveal a trend
between change in the structure of the side group and transport parameters of gaseous
penetrants in synthesized polymers.

In comparison to PIM-1, the newly synthesized homopolymers exhibit lower single
gas permeability coefficients. Figure 9 shows that there is a gradual reduction of CHy and
CO; permeability coefficients in the line of the methyl-, ethyl- and propyl- substituted
homopolymers. When the linear alkyl chain splits, as in the cases of i-propyl-100 and
t-butyl-100 polymers, forming so-called “bulky” side groups [39], permeability starts to
increase in comparison to linear side groups. This result is also supported by further
observations. By introducing a third methyl group into the alkyl chain, as seen in ¢-butyl-
100, there is an improvement in CO; and CHy permeability, which, in the case of CHy
in -butyl-100, became even higher than that of PIM-1. This can be associated with an
increase of the fractional free volume (FFV) for i-propyl-100 and ¢-butyl-100 polymers in
comparison to linear side group polymers. It is interesting to observe that the FFV of
t-butyl-100 polymer is still lower than in the case of PIM-1, but the CHy diffusion coefficient
is nearly 40% higher while the diffusion coefficient of CO; is very similar to PIM-1. This fact
can only be related to differences in the structure of the free volume in these two polymers,
giving a lower molecular sieving effect for t-butyl-100. Introduction of spacious, “bulky”
side groups, as in the case of t-butyl-100, where flexibility of the side chain is restricted,
leads to a desirable change of the FFV even when the size of the group is relatively small
in comparison to the size of the monomeric unit. This phenomenon is in accordance with
previous studies indicating that the introduction of bulky side groups leads to inefficient
chain packing, thus resulting in higher FFV [36,55]. For a better FFV analysis, CHy is a
good choice considering its biggest kinetic diameter among all other studied penetrants
(Hy0:2.65 A; Hy: 2.89 A; CO,: 3.3 A; Oy: 3.46 A; Ny: 3.64 A; CHy: 3.8 A). Figure 9 exhibits
that CHy and CO; diffusion coefficients of homopolymers follow the same pattern. It
can be seen that there is a gradual reduction of the relative diffusion coefficient along
with side chain length increase. A possible explanation for this might be that the linear
side chains, due to their flexibility, probably fill the free volume formed by packing of
macromolecular chains but do not create additional free volume, as in the case of i-propyl
and t-butyl groups, causatively reducing diffusion coefficients for both CHy and CO,. As
previously mentioned, in cases of i-propyl-100 and t-butyl-100, as soon as the rigid, bulky
side group is introduced into the polymer structure, the diffusion coefficient increases as
a consequence of the rise in FFV. Introduction of the cyclic substituent into the polymer
structure does not bring benefits nor for FFV value or for gas transport properties of CHy
or CO,. Permeability coefficients of gases in cyclohexyl-100 are very similar to that in
propyl-100, and significantly lower than for the homopolymer with bulky substitutes. Due
to the possible boat and chair molecular conformations, the cyclohexyl substituent can be
considered as a flexible side group, which can effectively fill the free volume elements. This
implication is suggested by the FFV value of the homopolymer, which for cyclohexyl-100,
is almost the same as for propyl-100 and much lower than those of i-propyl-100 or f-butyl-
100. Surprisingly, CH4 and CO, permeability of phenyl-100 is lower compared to other
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homopolymers while possessing almost the same FFV of homopolymers with linear side
chains. A possible explanation of this finding might be that the phenyl side group can
rotate freely and possibly interact with aromatic rings of the main chain by 7-7t stacking,
consequently not increasing the FFV of the polymer as in the case of other spacious groups.
In this manner, the phenyl substituent might be addressed as a viably flexible side chain
rather than called a rigid, bulky group [44].
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Figure 9. CO, and CHy relative permeability relative diffusivity and FFV of homopolymers. (Relative
permeability or diffusivity: homopolymer gas permeability or diffusivity are normalized to methyl-
100 gas permeability or diffusivity.)

Gas transport properties of copolymers are discussed by considering the effect of
the introduction of 50 mol% of comonomer units into the PIM-1 polymer backbone. It
must be reckoned that the main disadvantage of the polycondensation mechanism for
copolymer synthesis is its limitation to control the distribution of the monomeric units
along the polymer chain and the formation of oligomers in contrast to addition type poly-
merizations [47,56]. Consequently, copolymerization of PIM-1 and anthracene maleimide
comonomer units leads, probably, to a random distribution of the different units along the
polymer chain if the reactivity of their functional groups is similar.

In comparison to PIM-1, methyl-50 and t-butyl-50, copolymer presence increased
gas permeabilities (Table S2). Figure 10 depicts that the CO, permeability in methyl-50
is increased by 14%, while in t-butyl-50, it is increased by 18% in comparison to PIM-1.
Regarding CHy4 permeability, methyl-50 exhibits 35% and t-butyl-50 exhibits 50% higher
values compared to PIM-1. It can therefore be assumed that the introduction of methyl or
t-butyl anthracene maleimide structures into PIM-1 at a 1:1 molar ratio helps to increase
permeability by ca. 20% compared to PIM-1, accompanied by an ca. 20% decrease in
CO,/CHy selectivity.
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Figure 10. CO; and CHj relative permeability relative diffusivity and FFV of copolymers. (Relative
permeability or diffusivity: copolymer gas permeability or diffusivity are normalized to methyl-50
gas permeability or diffusivity.)

However, the line for permeability of copolymers does not show the same behav-
ior when compared to that for homopolymers. Figure 10 demonstrates that the FFV of
copolymers does not follow the same trend, which was attributed to the linear and bulky
side group effect, as discussed in the homopolymer case. An unanticipated finding is that
methyl-50 has a higher FFV than t-butyl-50. One can conclude that the aforementioned
random copolymerization results in the mixing of geometrically different PIM-1 and substi-
tuted maleimide monomers play an important role in polymer chain packing, making it
especially inefficient in the case of methyl-50 polymer and resulting in higher free volume
and permeability coefficients. Unfortunately, it is difficult to have a clear knowledge of
the comonomer distribution within the copolymers. Herein, further research is required
to evaluate reaction kinetics for maleimide and spirobisindane units and to understand
whether copolymerization is truly random or block formation is possible. The ambiguity
of the reaction kinetics could lead to a non-uniform arrangement of the polymer packing,
hereby causing the formation of an irregular structure of the FFV.

Furthermore, Ny, Hy and O; transport data of homopolymers and copolymers can
be found in the supporting information. Figures S5 and S6 clearly show that N, H; and
O3 permeability and diffusivity lines follow the same trend as those of CO; and CHy for
homopolymer and copolymer.

3.3.2. Water Vapor Transport Properties of Homo- and Copolymers

The outcome of water transport in synthesized homo- and copolymers indicates that
the introduction of an anthracene maleimide derivative with different side chains plays a
significant role in water transport through the polymer matrix. Numerous publications
report that imide-based membranes are extensively used for water separation since they
possess good mechanical stability, high thermal resistance and high water vapor perme-
ability [57-59]. It is known that the imide group increases the polarity of the molecule and
provides an environment for water molecules to form hydrogen bonding [60-62]. Hence,
the introduction of this group into the polymer chain would lead to an improvement in the
interaction between the water molecule and the polymer. This estimation is supported by
the results of water transport in homopolymers displayed in Table 1.
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Table 1. Water vapor permeability of homopolymers and copolymers.

Methyl-100 Ethyl-100 Propyl-100 i-Propyl-100 t-Butyl-100 Cyclohexyl-100 Phenyl-100

Water
permeability 110,000 87,800 56,300 64,100 72,500 46,800 48,600
(Barrer *)
Methyl-50 Ethyl-50 Propyl-50 i-Propyl-50 t-Butyl-50 Cyclohexyl-50 Phenyl-50
Water
permeability 114,500 62,700 60,100 54,800 88,500 60,600 56,400
(Barrer ¥)

*1Barrer=1 x 1071 (em3(STP) em em™2 s~ ! emHg ! =3.348 x 107 molmm~2s~! Pa~1.

In comparison to PIM-1, methyl-100 and ethyl-100 show higher water permeabilities
in accordance with the expectation. Among the substituents, the methyl-imide derivative
is assumed to give the most polar comonomer since it has the shortest alkyl side chain,
which influences the molecule’s polarity, and therefore restricts the interaction of water
with the macromolecule less than larger aliphatic substituents. Previous studies show
that larger alkyl groups inversely act on water permeability independent of membrane
application, e.g., gas separation or pervaporation [63,64]. Along with the increase in alkyl
side chain length, water vapor permeability decreases, as can be observed in the line of
methyl-100, ethyl-100, and propyl-100 polymers. The reason for this can be attributed to
the fact that a longer aliphatic chain reduces the affinity of the imide side-chain group
toward H,O, most probably due to increased hydrophobicity and thus effective blocking
of the imide ring vicinity for water molecules. This consideration is confirmed by the
absence of the aforementioned bulky group effect on CH4 and CO, permeability for the
case of water permeability. Table 1 exhibits that water permeability of i-propyl-100 and
t-butyl-100 increases insignificantly contrary to cases for CO, and CHjy as a result of
replacing the linear side chain by bulkier groups accompanied with a significant increase
in free volume. Cyclic side groups also did not bring any significant improvement to
water permeability. It is obvious to evaluate the permeability data in conjunction with the
diffusion and solubility coefficients and fractional free volume of polymers in accordance
with the solution-diffusion model. Taking into account both the solubility and diffusivity
effects in Figure 11, the water vapor permeability of homopolymers with alkyl side chains
mostly follows changes of solubility, while the diffusion coefficient gradually decreases in
the line from methyl to propyl side groups along with reduction of free volume. When
the linear side group is changing to more spacious i-propyl- and t-butyl- substituents,
the water diffusion coefficient increases following the change of the FFV. At the same
time, the water solubility coefficient decreases and reaches minimum values for t-butyl and
cyclohexyl substituents. In comparison to the methyl case, both of these factors, i.e., changes
in solubility and diffusion coefficients, result in relatively low water vapor permeability
coefficients, which can be explained only by blocking the access of water molecules to the
imide moiety by the bulky substituent.

To understand water transport through polymers better, it is worth mentioning some
specific phenomena regarding the penetrant behavior. Generally, when there is an affinity
of water penetrant to the polymer (high hydrophilicity), the interaction of water-polymer
leads to polymer swelling, which is also called plasticization [65], or even dissolution. On
the other hand, if the polymer is rather hydrophobic, the water-water interaction can be
more prominent than the water-polymer interaction. As a result of prevailed penetrant-
penetrant association, water molecules can form clusters due to hydrogen bonding [65-67].
These two phenomena significantly influence water diffusivity and, consequently, perme-
ability through the membrane in different ways. Kelkar and Paul showed that plasticization
causes the polymer chains to move freely on a segmental length scale, thus increasing water
diffusivity [68]. However, when the molecule clustering effect overrides the plasticization,
water molecule clusters increase in average size; subsequently, the apparent diffusivity of
water decreases. Several studies reported the importance of the clustering effect on water
transport [67-72]. In this current study, the transport of water molecules in polymers is in
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compliance with the solution-diffusion model without strong evidence of specific interac-
tions between the water molecule and polymer. Therefore, the abovementioned clustering
of water molecules or polymer swelling are probably not preponderant phenomena—a
result based on our “time-lag” experimental results, with the exception of the phenyl-100
case. More concrete, the result of the gas transport parameters revealed a strong deviation
of the water vapor solubility coefficient of phenyl-100. Further analysis of the experimental
data has clearly shown the presence of at least two time-lags on the curve of permeate
pressure increase during the “time-lag” experiment. The presence of at least two time-lags
is obviously observed by the analysis curves derived from the experimental data when
the time-lag value is plotted with the development of time. In detail, a certain number of
experimental points were used to plot a tangential line by using the “least squares method”.
In the present case, 37 points were taken since this was the minimum number of points
suitable for the analysis of the water permeation curve through phenyl-100, while the
same number of points was used for other polymers: PIM-1, methyl-100, t-butyl-100 and
cyclohexyl-100. The data set of 37 points was moved along the water permeation curve
(y1-axis), and the corresponding values of the tangential line intersection with time (y;-axis)
were plotted along with the time-lag development with the time of the experiment (x-axis).
As can be seen from Figure 12, the experimental curves for PIM-1 and phenyl-100 in the
range of 1-3 time lags have a slight difference in shape. However, the curves of the time-lag
development have a significant difference. The red dotted line in Figure 12 corresponding
to PIM-1 shows a proper time-lag curve, which reaches its maximum value of 9.5 s at
4.4 time-lags (42.2 s after experiment started). On the other hand, the curve for phenyl-100
exhibits the presence of at least two time-lags which occur at ca. two time-lags (89.6 s
of experiment) and at 7.16 time-lags (320 s of experiment), where the curve reaches its
maximum of 44.8 s. Remarkably, the analysis was carried out according to the maximum
time-lag values observed from which diffusion and the corresponding solubility coefficients
are derived. These diffusion and solubility coefficients can be considered as “effective”
coefficients, indicating the behavior of the polymer during the water vapor permeation and
thus the collection of the water vapor in the permeate side of the facility. Further analysis
of obtained results should be carried out according to, e.g., Jansen et al. [73].
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Figure 11. H,O relative permeability relative diffusivity, relative solubility and FFV of homopolymers.
(Relative permeability or diffusivity or solubility: homopolymer water permeability or diffusivity or
solubility are normalized to methyl-100 water permeability or diffusivity or solubility.)
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Figure 12. Time-lag curve analysis of PIM-1 and phenyl-100.

As mentioned before, the increase of the permeate pressure curves was analyzed for
several polymers. Table 2 shows the comparison of the moments when the time-lag values
of polymers reach their maximum. It can be seen from the table data that the maximum
time-lag of the polymers was reached at 4.5 £ 0.4 time-lags after the experiment started.
However, phenyl-100 is an exceptional case in which the maximum time-lag is reached
at 7.16. A possible explanation for this might be the presence of at least two diffusion
coefficients for water vapor in phenyl-100 attributed to the formation of water molecule
clusters in free volume elements of this polymer. These findings raise intriguing questions
regarding the difference between phenyl-100 and the other homopolymers such as methyl-
100 or cyclohexyl-100, which lead to this discrepancy. Similar to findings in a previous
study [73,74] referring to the diffusion of alcohol vapors through Teflon® AF and Hyflon®
AD, the presence of several diffusion coefficients can be explained by the water molecules
clustering in the free volume of hydrophobic polymers. Moreover, if the phenyl substitution
leads to a specific interaction between the functional groups of the polymer located on the
“surface” of the free volume elements, it could explain the confounding information stored
in the “time-lag” curve. In relation to that, prior studies have noted the importance of the
interaction of water with aromatic rings [75-77]. Levitt and Perutz claimed that aromatic
groups might act as hydrogen bond acceptors due to their electrostatic interaction arising
from carbon and hydrogen atoms of aromatic rings [75]. Moreover, Vojislavlijevic et al. [76]
emphasized the position of the water molecule accommodated near an aromatic ring,
highlighting the OH-7t electron interactions between water and aromatic rings. Answers to
these questions should be examined by investigation of phenyl-100 in the presence of water
vapor by solid-state NMR or other spectroscopic methods able to reveal either change in
water self-diffusion or shift in peaks characteristic for the bonds able to interact with water.
It is also suggested to develop a detailed analysis tool of the time-lag data similar to the one
reported by Friess et al. [74]. Further investigation of water vapor transport in synthesized
polymers or their analogs is also interesting since phenyl-50 copolymer does not show any
evidence of multiple diffusion coefficients, the solubility coefficient of water is in the usual
range as in, e.g., PIM-1.

The water vapor permeability trend for copolymers is consistent with the trend of
water solubility. Figure 13 depicts that the shift in water permeability follows nearly the
same pattern with solubility, except for i-propyl-50. It can be seen that methyl-50 has higher
water vapor permeability than PIM-1, similar to the case of methyl-100. The aforementioned
effect of affinity toward water might be the reason for this behavior. Since imide with
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methyl side group is assumed to be the most polar among all substituents, the observation
of the highest water vapor permeability and solubility fits the assumption.

Table 2. Comparison of the moments where the time-lags of polymers reach their maximum values.

Polymer Time [Time-Lags]
PIM-1 444
Methyl-100 449
-Butyl-100 490
Cyclohexyl-100 417
Phenyl-100 7.16
Phenyl-50 3.80
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Figure 13. H,O relative permeability and relative solubility and FFV of copolymer and homopoly-
mers. (Relative permeability/ solubility: polymer water permeability or solubility are normalized to
methyl- water permeability or solubility.)

Surprisingly, the water solubility peak seen in phenyl-100 does not demonstrate a
similar leap in phenyl-50. Random distribution of monomer units could be responsible for
such a discrepancy, as was discussed before. Taking into consideration that such random
chain packing exists, the spirobisindane monomer unit, which is more hydrophobic, might
hinder or stultify the effect of the phenyl side group on water interaction. Whether the
increment of water vapor permeability is attributed to FFV or substituents affinity to water
vapor remains a matter of question. Furthermore, the FFV of the copolymer is mostly
higher than those of the homopolymer, as expected. This is attributed to the contorted
structure resulting from the spirobisindane unit of PIM-1, which causes enhancement
on interconnected voids. However, the FFV of i-propyl-50 and t-butyl-50 are slightly
higher than those of related homopolymers. Such behavior might occur due to the high
impact of bulky side groups. Overall, it is important to point out the fact that a random
distribution of copolymer units plays a prominent role in the arrangement of FFV and also
polymer-molecule affinity.

Gas transport properties of methyl-100 after thermal treatment (methyl-100-TT) were
tested by a time-lag measurement (Table S5). The results revealed a significant permeability
and diffusivity drop of all single gases and water vapor. These results are likely due to
the physical aging of the polymer films because of their exposure to high temperature.
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Nevertheless, it would be misleading to compare the permeability and diffusion coefficients
of polymer films before and after thermal treatment, since they were not exposed to the
same conditions. Taking this fact into account, one interesting finding can still be sorted out
of these results—the water vapor solubility of methyl-100-TT increased more than two folds
compared to methyl-100. This observation may support the hypothesis that was mentioned
before regarding the aromatic ring-water molecule affinity. After thermal treatment, the
polymer structure was rearranged, and the roof-shaped maleimide moiety was removed
by the formation of the third aromatic ring in the backbone. It can be therefore assumed
that water solubility escalated due to the increase of aromatic groups. However, since the
vapor diffusion coefficient decreased, possibly due to the collapse of FFV arising from
physical aging, water vapor permeability does not show an increase, as does the solubility.
To develop a full picture of the gas transport properties of thermally treated polymer films,
additional studies are needed.

4. Conclusions

The aim of the present research was to examine the effect of different alkyl chains on
gas and water vapor transport. Anthracene maleimide-based comonomers with different
alkyl side chains were successfully synthesized by the Diels-Alder reaction. ' H-NMR and
TG-FTIR characterizations of comonomers were properly established. TG-FTIR results
of methyl, ethyl and t-butyl comonomers revealed that the decomposition temperature
of the maleimide unit occurs prior to that of the anthracene unit. Consequently, the
outcome provided the further possibility to employ the retro-Diels Alder rearrangement of
homopolymers. New comonomers were further used for homopolymerization with TFTPN
and then used for copolymerization in the combination of TEFTPN and TTSBI monomer
units. All polymers were characterized via 'H-NMR, GPC and TG-FTIR. 'H-NMR spectra
of copolymers confirmed the 1:1 molar ratio of the comonomer TTSBIL TG-FTIR analysis
of methyl-100 revealed that the retro-Diels Alder reaction of the maleimide group occurs
earlier than the decomposition of the homopolymer backbone. Based on this finding,
post-thermal treatment of methyl-100 and gas transport measurements were tested to set
an example of structure rearrangement by retro-Diels Alder reaction.

Gas and water vapor transport properties of all newly synthesized polymers were
established by the time-lag method. Methyl-50 and t-butyl-50 exhibit higher CO, and CHy
permeability than PIM-1. The distinguished effect of linear alkyl and bulky side chains
on the fractional free volume was discussed, and it was shown that bulky side groups
lead to a better permeability of these gases. The influence of the anthracene maleimide
unit with different side groups revealed that the affinity of the side group strongly affects
water vapor transport. Methyl-100 and ethyl-100 show higher water vapor permeability
and solubility than PIM-1 and other homopolymers. However, phenyl-100 showed a
jump in water vapor solubility with a low diffusion coefficient, which is attributed to
the formation of the water molecule clusters located in the free volume elements of the
polymer. This research provides a framework for the exploration of employment of the new
polymer series with anthracene maleimide for water vapor transport studies in a broader
concept of water treatment applications. Nevertheless, it is recommended that further
research be undertaken in order to validate the water vapor transport parameters of these
glassy polymers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/polym14010119/s1, Figure S1: "H NMR spectra of all comonomers; Figure S2: TGA curves
of comonomers; Figure S3: TGA curves of homopolymers; Figure S4: Optical images of methyl-100
before and after thermal treatments; Figure S5: N, O,, H; transport properties of homopolymers;
Figure S6: Ny, Oy, Hj transport properties of copolymers; Table S1: Molecular weight data of polymers
by GPC and polymer compositions calculated by 'H NMR; Table S2: Permeability coefficients of
PIM-1, homo- and copolymers determined at 30 °C; Table S3: Diffusion coefficients of PIM-1, homo-
and copolymers determined at 30 °C; Table S4: Solubility coefficient of PIM-1, homo- and copolymers
determined at 30 °C; Table S5: Gas transport properties of methyl-100-TT* determined at 30 °C.
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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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1. Introduction

Pioneering the preparation of porous PIM-1
membranes for enhanced water vapor flowT

Esra Caliskan,® Sergey Shishatskiy,? Volker Abetz?® and Volkan Filiz @ *

In this study, porous polymers of intrinsic microporosity (PIM-1) membranes were prepared by non-solvent
induced phase inversion (NIPS) and investigated for water vapor transport in view of their application in
membrane distillation (MD). Due to the lack of high boiling point solvents for PIM-1 that are also water
miscible, the mixture of tetrahydrofuran (THF) and N-methyl-2-pyrrolidone (NMP) was found to be
optimal for the formation of a membrane with a developed porous system both on the membrane
surface and in the bulk. PIM-1 was synthesized by using low and high temperature methods to observe
how molecular weight effects the membrane structure. Low molecular weight PIM-1 was produced at
low temperatures, while high molecular weight PIM-1 was obtained at high temperatures. Several
membranes were prepared, including PM-6, PM-9, and PM-11 from low molecular weight PIM-1, and
PM-13 from high molecular weight PIM-1. Scanning electron microscopy (SEM) was used to image the
surface and cross-section of different porous PIM-1 membranes. Among all the PIM-1 membranes (PM)
obtained, PM-6, PM-9, PM-11 and PM-13 showed the most developed porous structure, while PM-13
showed large voids in the bulk of the membrane. Contact angle measurements showed that all PIM-1
porous membranes are highly hydrophobic. Liquid water flux measurements showed that PM-6, PM-9
and PM-11 showed minimal water fluxes due to small surface pore size, while PM-13 showed a high
water flux due to a large surface pore size. Water vapor transport measurements showed high
permeance values for all membranes, demonstrating the applicability of the developed membranes for
MD. In addition, a thin film composite (TFC) membrane with PIM-1 selective layer was prepared and
investigated for water vapor transport to compare with porous PIM-1 membranes. The TFC membrane
showed an approximately 4-fold lower vapor permeance than porous membranes. Based on these
results, we postulated that the use of porous PIM-1 membranes could be promising for MD due to their
hydrophobic nature and the fact that the porous membranes allow vapor permeability through the
membrane but not liquid water. The TFC membrane can be used in cases where the transfer of water-
soluble contaminants must be absolutely avoided.

in natural sources is unsuitable for human consumption or
many other industrial uses.” As a result, the development of
efficient and sustainable water treatment technologies is the

Water scarcity is one of the biggest hurdles that science is trying
to overcome today. According to a report published by the
United Nations in 2023, it is estimated that the global urban
population suffering from water scarcity could reach 1.7 to 2.4
billion by 2050." Global population growth, industrialization,
wars and climate change are making access to water resources
more difficult, while freshwater reserves and conventional
energy sources are rapidly depleting.* In other words, due to the
lack of cost-effective technologies to remove unwanted solutes
such as ions, organics and particles, the vast majority of water
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focus of research by many groups around the world.* Membrane
processes are among the leading water treatment technologies
due to their higher energy efficiency and smaller footprint
compared to other available, mostly thermal options.>® Pres-
sure-driven processes, such as reverse osmosis (RO) and
nanofiltration (NF), are the conventional membrane technolo-
gies currently in use.” However, the transport of water through
the molecular-sized 'pores’ of the membrane in both RO and NF
technologies requires a significant amount of pressure, which
results in high-energy penalties and consequently high oper-
ating costs. Despite being a less energy-intensive process than
RO, NF has a lower rejection rate for sodium and chloride ions,
which are the main dissolved substances in saline water.®’
However, novel membrane technologies that use low-grade
energy as the driving force for separation are being extensively
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studied and developed. One such technology is membrane
distillation (MD), which has attracted considerable interest.
Conventionally, MD is a thermal-membrane process driven by
the vapor pressure difference between hot and cold sides of
a hydrophobic porous or non-porous membrane. The vapor
pressure difference between the feed and permeate sides of the
membrane, and a chemical potential gradient too low for other
components, results in only vapor molecules being able to pass
across the membrane followed by condensation of the vapor
molecules in the cold permeate side of the membrane
module.'™"* The use of MD has several advantages, including
lower operating temperatures compared to conventional
processes, which means that the feed solution does not need to
be heated to its boiling point. In addition, the feed hydrostatic
pressure in MD is significantly lower than in pressure-driven
membrane processes such as RO, making it a potentially cost-
effective process with lower requirements for membrane
mechanical properties.'*** Moreover, the pore size of the
membrane used in MD is relatively larger than those for other
membrane separation applications which makes MD less
affected by fouling.**

There are several types of MD configurations:'**®

e Direct contact membrane distillation (DCMD) involves
direct contact between the hot feed solution and the hot
membrane surface. Water vapor passes through the membrane
by the gradient of chemical potential between the feed and the
permeate sides of the membrane.

e Air gap membrane distillation (AGMD) contains stagnant
air gap present between permeate side of the membrane and
the condensation surface meanwhile feed solution is in direct
contact with the feed side of the membrane.

e Sweeping gas membrane distillation (SGMD) uses a gas
stream to sweep the vapor on the permeate side and to drive it to
a condenser.

e Vacuum membrane distillation (VMD) employs a pump to
create the vacuum on the permeate side in order to enhance the
mass transfer rate.

A variety of polymers are used in MD depending on the
specific process conditions. Some examples of polymers
commonly used for MD membranes include polytetrafluoro-
ethylene (PTFE), poly(vinylidene fluoride) (PVDF) and poly-
propylene (PP) due to their low surface tension and high
hydrophobicity.” The membranes typically have a volume
porosity in the range of 0.60-0.95, which is determined by the
absence of the need to withstand an absolute pressure gradient
across the membrane, while the surface pore size is in the range
of 0.2-1.0 um." Moreover, hydrophobized ceramic membranes
and carbon nanotubes are being used in MD owing to their
hydrophobicity and porosity.*®

There are also several challenges that need to be addressed
to make MD more practical and economically viable. Two key
factors significantly affect the performance of MD. The first is
‘membrane wetting’, which occurs when water vapor condenses
in the pores of the membrane.” The accumulation of
condensed water in the membrane pores causes a reduction in
permeability, while at the same time changing the surface
property of the membrane, making it less hydrophobic and
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increasing its affinity for water molecules.*® The other factor
hindering MD performance is ‘membrane fouling’, which is
caused by the accumulation of organic or inorganic substances,
dissolved or colloidal in the feed water, on the membrane
surface or in the pores of the membrane, resulting in a reduc-
tion in vapor flux and a breakthrough of the feed mixture to the
permeate side.*** These two main factors limit the choice of
a suitable polymer for MD. As mentioned above, the MD process
requires hydrophobic and porous membranes in order to
restrict all molecules except water from passing through the
membrane while avoiding membrane wetting. In addition to
conventional polymers such as PTFE, PVDF and PP, the avail-
ability of other effective polymers that meet these requirements
for MD applications is being investigated.

In the last two decades, there has been considerable interest
in polymers of intrinsic microporosity (PIMs), a new class of
microporous polymers with many attractive properties such as
excellent solubility in organic solvents and thus processability,
high glass transition temperature, good thermal stability, and
exceptional mechanical and film-forming properties.>*?® In
addition to these features, PIM-1 acquires two key properties,
which are ‘hydrophobicity’ and ‘high free volume’, which can be
exploited in favor of MD applications. Although, there is
a substantial amount of research on gas separation using PIM-
1,”* there are not many studies specifically focusing on PIM-1
for water separation.

Previous studies on PIM-1 for water separation have been
focused on various modifications of this polymer.**?* Kim
et al’ studied the carbonization of PIM-1 resulting in an
increase of water flux in nanofiltration application. Further-
more, Jeon et al.** reported on the study of carboxylate-
functionalized PIM-1 developed for nanofiltration as well. In
addition to these studies, there are some researches focused on
the development of PIM-1 hollow fiber membranes, which may
be related to the current study in terms of aiming to obtain
similar morphological aspects of PIM-1. For example, Jue et al.**
developed PIM-1 hollow fiber membrane used for gas separa-
tion where they attempted to obtain integrally asymmetric
membrane by phase inversion. In another study, Hao et al.*
described the study of ultem/PIM-1 hollow fiber membrane
obtained by electrospinning. However, none of these studies
were focused on the water separation application of PIM-1 with
membranes obtained by NIPS.

Despite the versatile properties of PIM-1, there is still a lack of
studies on porous PIM-1 membranes for water separation
applications. Considering this knowledge deficit in the literature,
the aim of this paper is to describe asymmetric porous PIM-1
membrane supported by a nonwoven for prospective use in
membrane distillation. For this purpose, the phase inversion
method, which is the most common method of porous
membrane formation, was implemented. The choice of solvent
and non-solvent is critical for the preparation of porous PIM-1
membranes by NIPS as it can affect the morphology, pore size,
and overall performance of the resulting PIM-1 membranes.***
In general, the solvent should dissolve the polymer and acquire
a high boiling point in order not to evaporate during the
membrane formation process, while the non-solvent should not

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dissolve the polymer and induce phase separation. There is an
exiguity of solvents for PIM-1 that acquire a high boiling point.
For this reason, an attempt was made to use a mixture of tetra-
hydrofuran (THF) and N-methyl-2-pyrrolidone (NMP), although
NMP is a weak solvent for PIM-1. Water was preferred as the
coagulation bath as it is the most environmentally friendly and
widely available liquid. After casting the porous PIM-1
membrane, water vapor and water flux analyses were carried
out. In addition, a TFC membrane with a dense PIM-1 selective
layer was fabricated, and water vapor transport data was ob-
tained and compared with that of the porous membrane.

2. Materials and methods
2.1 Materials

5,5',6,6',-Tetrahydroxy-3,3,3’,3'-tetramethyl-1,1'-spirobisindane
(TTSBI, 98%) was purchased from ABCR GmbH. 2,3,5,6-
tetrafluoro-terephthalonitrile (TFTPN, 99%) was purchased
from Lanxess. TFTPN was sublimated twice at 70 °C under
vacuum prior to use. Potassium carbonate (K,CO;, 99%) was
purchased from Alfa Aesar. The rest of the commercially avail-
able compounds as chloroform (CHCI;), dichlorobenzene
(DCB), dimethylacetamide (DMAc), ethanol (EtOH), NMP, THF
were obtained from Merck Millipore and were used without
further treatment.

2.2 Synthesis of PIM-1

In the current study, PIM-1 was synthesized three times using
different methods. The first batch was synthesized according to
the high temperature method® to achieve higher polymer
molecular weight. The next two batches were synthesized
according to the low temperature method?” yielding polymers
with lower molecular weight. Since the low temperature method
ensures more reproducible molecular weight®® it has been
chosen for the trials on porous membrane formation. In the low
temperature method, it is assumed that if the molecular
weights of the polymer are close to each other, the properties of
the polymer will not change significantly.

The polymers resulted from two synthesis methods had
characteristic yellow color. Polymers were characterized by size-
exclusion chromatography calibrated to polystyrene standards
for apparent average molecular weight (M,,) and dispersity (D)
summarized in Table 1.

2.3 Preparation of membranes

2.3.1 Membrane obtained by non-solvent induced phase
separation. The choice of the membrane casting method is

Table1l Molecular weight and dispersity of different synthesis of PIM-
1

Method Name of batch M,, (kg mol ') b

High temperature PIM-HT 142 5.5
Low temperature PIM-LT-1 76 4.4
Low temperature PIM-LT-2 76 2.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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critical to the production of polymeric membranes for use in
various membrane applications such as gas separation and
water treatment. There are several techniques to form polymeric
membranes, which can be porous, dense, or porous with
a dense thin layer on top. In particular, there are numerous
techniques to fabricate porous membranes, such as sintering,
stretching, track-etching.*” In addition to these techniques,
phase inversion is the most widely used method for producing
porous membranes due to its simplicity, low cost and scal-
ability.” In this method, a homogeneous polymer solution is
first cast onto a nonwoven fabric using a doctor blade to obtain
a polymer solution layer of uniform thickness. The resulting
solution coated nonwoven is then immersed in a non-solvent or
subjected to a rapid temperature change in order to induce
phase separation.” If a non-solvent is used, phase separation
occurs due to the diffusion of the non-solvent into the ther-
modynamically stable polymer solution, causing a rapid decay
of solvent system's ability to dissolve a polymer with consequent
precipitation of a polymer and thus formation of polymer-rich
and polymer-poor phases. At the same time, solvents of the
casting solution diffuse out of the area of two phases. Basically,
the polymer-rich phase forms the membrane matrix, while the
polymer-poor phase forms the pores of the membrane.** A high
concentration of a volatile solvent in the casting solution can
promote the formation of a dense skin layer over an underlying
porous structure when the polymer solution is exposed to air
after deposition onto nonwoven, allowing some solvent to be
evaporated. If a porous membrane is desired, it is necessary to
minimize the time the solution is exposed to the air. The
composition of the casting solution, especially the amount of
highly volatile solvents, the duration of solvent evaporation
prior to precipitation, and the type of precipitation bath, its
temperature, are crucial parameters for achieving the desired
membrane structure.*>**

In this study, various solvents were tested in order to prepare
a suitable polymer-solvent composition considering the factors
mentioned above. Table 2 shows the most suitable polymer
composition of the casting solutions used in this study for the
non-solvent induced phase inversion method and the casting
parameters for membrane formation. On the other hand, other
polymer solutions prepared and membranes cast are shown in
the ESI, Table S1.}

The concentration of PIM-1 polymer in the casting solutions
was adjusted to be between 10 and 17.5 wt% depending on the
solvents used. After stirring for 2 days, the solution was directly
cast on a polyester nonwoven support using an in-house
designed casting machine with a doctor blade set at a speci-
fied gap height (some membranes were cast directly onto glass
as substrate, see Table 2). On the casting machine, the speed of
the take-up reel is adjustable to control the evaporation time
before the solution cast film is immersed in the non-solvent
(precipitation) bath. The cast membranes were left in the
precipitation bath for 20 min, pulled out of the water and dried
under vacuum at 60 °C for 2 days to remove all residual solvents.
Due to the lack of high boiling point solvents suitable for PIM-1
dissolution, THF was chosen as a component of all polymer
solutions except those with DCB. NMP is one of the most used
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Table 2 Composition of casting solutions and membrane casting parameters

Precipitation Membrane casting
Name Composition (% wt) bath Batch thickness M, (kDa)
PM-6 PIM/NMP/THF:12.5/69.5/18 Water PIM-LT-2 150 pm 76
PM-9 PIM/NMP/THF:12.5/69.5/18 Water PIM-LT-2 150 pm 76
PM-11 PIM/NMP/THF:15/77/8 Water PIM-LT-1 150 pm 76
PM-13 PIM/NMP/THF:11.5/72/16.5 Water PIM-HT 150 pm 142

nonvolatile solvents for membrane formation by NIPS. As NMP
is a weak solvent of PIM-1, the combination of NMP and THF
was essential and gave the best results among other investigated
solvent systems. Chlorinated solvents, as e.g., chloroform,
which is one of the best solvents for PIM-1, were considered
environmentally harmful and not suitable for potential large-
scale membrane production. Another argument against using
chlorinated solvents is their immiscibility with water, the most
desirable liquid to use as a non-solvent in the quenching bath.

A further treatment was applied to one of the membranes
(PM-6) to investigate the permeance of liquid water while the
membrane was initially fully wetted with a liquid. For that
purpose, isopropanol was used as wetting agent to reduce the
contact angle of the membrane toward water. After membrane
preparation by phase inversion method, dry PM-6 membrane
was immersed in 50 : 50 (Wt%) isopropanol-water mixture for 1
hour. Afterwards, the membrane was taken out of the solution
and subjected immediately to water flux measurement.

2.3.2 Thin film composite membrane. The preparation of
the TFC membrane was carried out by a coating method, which
is widely used for the formation of TFC membranes. The porous
support was brought into the contact with the polymer solution
and drawn from the contact point at a certain speed to achieve
uniform polymer solution distribution on the ultrafiltration
membrane used as a support.*” In this study, a PIM-1 dense
selective layer was formed on a porous polyacrylonitrile (PAN)
membrane using a laboratory scale membrane casting machine
developed in-house. The solution of PIM-1 was prepared as 1%
by weight in THF. The polymer solution was poured into the
bath of specific shape and the PAN membrane was brought into
contact with the solution. A meniscus of polymer solution was
then formed by lowering the bath with the solution for ca. 2
mm. A thin layer of solution on the support surface was ob-
tained by pulling the porous support out of the meniscus at
a constant speed. The drying of the TFC membrane was carried
out under ambient conditions without controlling of the solvent
evaporation. The procedure was carried out in a hood with
a high air exchange rate to ensure that no accountable solvent
vapor was present in the vicinity of the membrane casting
machine, except where the polymer solution bath was placed.

2.4 Characterization methods

2.4.1 Size-exclusion chromatography (SEC). SEC measure-
ments were performed at 30 °C in CHCIl; using a column
combination (precolumn-SDV-linear, SDV-linear and SDV
102 nm with inner diameter = 4.6 mm and length = 53 cm,
Polymer Standard Service GmbH, Mainz, Germany) at a flow

9634 | RSC Adv, 2024, 14, 9631-9645

rate 1.0 mL min~'. A combination of refractive index (RI) and
ultraviolet (UV) detectors was used for concentration detection.
The system was calibrated to polystyrene standards for the
evaluation of apparent weight average molecular weight (M,,)
and dispersity index (D) of the prepared polymers.

2.4.2 Scanning electron microscopy (SEM). The
morphology of the membranes was studied using a MERLIN
SEM (ZEISS, Oberkochen, Germany) at accelerating voltages
between 1.5 kv and 3 kV. The samples were coated with 1-
1.5 nm platinum. The cross-section morphology was examined
on cryogenically (liquid nitrogen) fractured samples.

2.4.3 Fourier transform infrared spectroscopy (FTIR). FTIR
spectra was measured on an ALPHA FTIR spectrometer (Bruker
Optics, Bremen, Germany) in attenuated total reflectance mode
(ATR, diamond crystal). The measurements were conducted at
ambient temperature in a spectral range of 400 to 4000 cm
with a resolution of 4 cm ' and an average of 64 scans.

2.44 Water contact angle. Dynamic contact angle
measurements were conducted by using Kruess Drop Shape
Analysis System DSA 100. The computational analysis was done
using Advance software. Prior to each measurement, the base-
line detection was done manually. Deionized water was taken to
glass syringe and placed onto PIM-1 samples. Average value of
first 30 measurement was recorded for each sample.

2.4.5 Water flux measurement. Water flux measurements
were performed at ambient conditions using an in-house
designed automatic testing facility where dead-end mode of
filtration was utilized. The transmembrane pressure (Ap) was
set to 4 bar. This pressure was chosen in order to compare
results with parameters obtained for other membranes devel-
oped at Hereon. The diameter of the membrane was 1.45 cm (A
= 1.65 cm?). Ultrapure water with conductivity =0.055 pS em ™
from Siemens LaboStar was used for this measurement. The
volume of water (AV) permeated through the membrane was
determined every 60 s using build-in microbalance (At). The
normalized permeance (/) was calculated according to following
equation:

AV

8% 1
A ApAt (1)

In general, pore wetting should be avoided in order to maintain
an efficient MD operation. Membrane wetting is obtained when
applied pressure exceeds the liquid entry pressure (LEP) which
can be defined as the highest applied transmembrane hydro-
static pressure before the liquid in the feed penetrates the larger
pores and passes through the hydrophobic membrane. LEP can
be calculated by the Young-Laplace equation as seen in

(eqn (2)).*
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LEP =
dmux

(2)
where B is the geometric factor of the membrane pores (B = 1
for assumed cylindrical pores), v, is surface tension of the
liquid, ¢ is the contact angle of the liquid and d,,« the largest
pore size. In theory, when transmembrane pressure is kept
below the LEP during the operation, the liquid in the feed does
not penetrate the pores, thus, only vapor diffusion across the
membrane occurs.”” LEP for membranes under investigation
was assessed during experiment where feed pressure was step-
wise increased until constant water flow was detected.

2.4.6 Water vapor permeance test. In the MD water is
transported across the membrane in the vapor state, unless there is
no liquid breakthrough. It was decided to investigate vapor
transport of PIM-1 porous and TFC membranes using an in-house
designed pressure increase facility to have parameters comparison
to other membranes developed at Hereon. This facility uses the
same “constant volume/variable pressure” measurement method
as the time-lag facility, which is widely used to determine gas
transport parameters of thick isotropic polymer films.* The soft-
ware of the pressure increase facility is optimized for the charac-
terization of membranes with negligible thickness for which no
time-lag can be determined. All membranes were characterized
at 40 °C, feed vapor pressure lower than 60 kPa and permeate
pressure changing in the range 10-130 Pa. The permeance was
determined as the average of at least 10 measurements within each
data accumulation set.” The foreseen and accepted disadvantage
of the pressure increase facility is the lack of ability to determine
vapor permeance at saturated vapor conditions. This disadvantage
arises from the fact that the gas or vapor to be studied is accu-
mulated and conditioned to the temperature of the experiment in
the feed pressure vessel and is isolated from the external supply
line at the start of the experiment. When an experiment starts, the
valve on the feed side of the membrane is opened and the
membrane is exposed to the penetrant. This results in a small
pressure drop, approximately 10% of the pressure at which gas or
vapor was accumulated in the feed vessel. At the same time, this
method allows the behavior of the membrane to be studied as it is
subjected to a steadily decreasing feed pressure of the penetrant. In
the case of highly soluble or condensable penetrants, the results of
such an experiment are of great importance.

3. Results and discussion

3.1 Porous membrane development

The aim of this work was to develop porous PIM-1 membranes
by NIPS for use in water purification processes, preferably in
MD. There is a lack of studies on this subject, as PIM-1 is
a difficult polymer to use in the phase inversion process. The
solvent choice is crucial for the phase separation method and
when the subject is PIM-1, there is a limitation in solvents
suitable for this membrane formation process, especially when
water is used as phase separation inducing liquid. The most
prevalent solvents used to cast PIM-1 membranes or films are
THF, CHCl;, dichloromethane (DCM) and DCB but not all of
them can be used in the phase inversion method because

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CHCI;, DCB and DCM are immiscible with water, and high
volatility of CHCl; and DCM can easily induce dense layer
formation when polymer solution is exposed to air during
membrane casting. Considering these limitations, there are not
many options left but to use THF as a solvent. However, it is
important to use as much of the high boiling point solvent in
the polymer solution that is well miscible with water to facilitate
the phase inversion process. With this in mind, we have tried
several solvent/non-solvent combinations to prepare polymer
solutions and then the porous membrane itself. Some of these
membranes were further investigated as their surface and cross-
sectional morphologies allowed us to delve into the membrane
performance.

In this study the ternary phase diagrams were not deter-
mined, instead of this, the previous studies®*° were taken into
account to gain insight into the starting point of the polymer
solution formulation. Jue et al.** reported the preparation of the
hollow fiber PIM-1 membrane using THF, DMAc and ethanol in
the dope composition for the electrospinning. It was observed
that the pore formation starts below a dense layer on top of the
membrane cross-section. This fact might be attributed to the
presence of THF: as THF has a low boiling point (64 °C), it
evaporates rapidly when the polymer solution is exposed to the
air, resulting in the formation of a dense film on top of the
membrane. Taking this situation into account, this current
study aimed to use the lowest possible amount of THF in the
casting solution.* Therefore, another solvent with a high
boiling point was needed to be used together with THF to
facilitate pore formation at the desired moment. At this point,
the most common non-volatile solvent NMP is the best candi-
date due to its excellent miscibility with water. However, NMP
can only dissolve PIM-1 at low concentrations to achieve one
phase solution. In this study, PIM-1/NMP/THF solutions were
prepared, and our observations showed that the optimum
concentration to obtain one phase solution is PIM-1/NMP/
THF:12.5/69.5/18 wt%, which is the case for PM-6 and PM-9.
Higher NMP loading in the casting solution caused insuffi-
cient dissolution of PIM-1.

The characterization of PM-6, PM-9, PM-11 and PM-13
porous PIM-1 membranes were carried out by FTIR measure-
ment. FTIR spectrum of each membranes showed the charac-
teristic peaks corresponding to each functional group. FTIR
spectrum of the membranes can be found in ESI, Fig. S1.7

3.2 Membrane morphology

The SEM images of PIM-1 membranes are shown in this section
to demonstrate the internal and surface morphology of the
membranes. Fig. 1 shows the cross-sectional morphology of
PM-6, PM-9, PM-11 and PM-13 with well-developed internal
porosity of the membranes. Fig. 1a and b show the presence of
the interconnected pores within the membrane, which are
covered by a denser but still visibly porous layer on top of the
membrane. According to the generally accepted classification,
microfiltration membranes have a pore size of 100-10000 nm,
while ultrafiltration membranes have a pore size in the range of
2-100 nm.* The membrane PM-11 shown in Fig. 1c has a much
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Fig. 1 Cross-sectional images of PM-6 (a), PM-9 (b), PM-11 (c) and PM-13 (d) (2 um).

more compact morphology with smaller voids than PM-6 and
PM-9. In case of PM-11 8 wt% THF resulted in very different
morphology of the membrane in the vicinity to the surface
exposed to the air during the membrane formation. One can
speculate that a small THF content in the polymer solution led
to smaller changes in polymer concentration when THF was
unavoidably evaporated from the polymer solution surface, and
this prevented the formation of a distinctive “crust” as on the
surface of PM-6 and PM-9. Yong et al.** pointed out that a higher
polymer concentration in the casting solution suppresses the
formation of macrovoids, resulting in the formation a compact
porous structure. The formation of internal pores increases in
PM-13 compared to PM-6, PM-9 and PM-11as shown in Fig. 1d.
In this case the polymer concentration is slightly lower than in

PM-6 and PM-9, but in addition the polymer used to cast PM-13
is from the different batch (PM-HT, see Table 1), which has
a high molecular weight. PM-13 therefore clearly demonstrates
the effect of molecular weight on the membrane formation
process, where a higher molecular weight of the polymer leads
to the formation of a very open porous structure both on the
surface and within the membrane.

Fig. 2 provides a magnified visualization of the cross-
sectional morphology of the membranes. From Fig. 2a and
b it can be said that PM-6 and PM-9 have similar pores both in
shape and in size as one can expect for membranes formed of
the same polymer and from the polymer solution of the same
composition. On the other hand, PM-11 has smaller voids that
are well interconnected (Fig. 2c). This difference in porous

Fig. 2 Cross-sectional images of PM-6 (a), PM-9 (b), PM-11 (c) and PM-13 (d) (scale bars: 200 nm).
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structure should result from the difference in polymer
concentration between 12.5 wt% for PM-6 and PM-9, and
15 wt% for PM-11. PM-13 on Fig. 2d shows large pores with
walls formed of a denser, fiber-like polymer. The difference of
PM-13 to other membranes is high molecular weight of the
polymer. Presumably, this parameter even at the lowest polymer
concentration and the highest THF concentration in the casting
solution, has led to changes in the interaction of PIM-HT with
water during the phase inversion process, resulting in both
a highly porous internal structure of the PM-13 and large pores
on the membrane surface (Fig. 1d).
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Fig. 1 already showed that the cross-sectional morphology of
the membranes is anisotropic, the feed side of the membranes
is covered by a layer denser than the bulk of the membrane. For
a better understanding of the surface porosity of the membrane,
SEM images of the membrane surface are shown in Fig. 3. Fig. 4
shows SEM images of the membrane surface with enlarged
magnification. Fig. 3a-c, corresponding to PM-6, PM-9 and PM-
11 respectively, clearly demonstrate the presence of small pores
of different sizes with the smallest visible pore size in case of
PM-11, while PM-13 in Fig. 4d shows large surface pores
through which the internal structure of the membrane can be
observed. The major difference of PM-13 that distinguishes it

Fig. 3 Surface morphology of PM-6 (a), PM-9 (b), PM-11 (c) and PM-13 (d) (scale bars: 10 pm).

Fig. 4 Surface morphology of PM-6 (a), PM-9 (b), PM-11 (c) and PM-13 (d) (scale bares: 1 um).
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from PM-6, PM-9 and PM-11 is the higher molecular weight of
the PIM-HT (Table 1). It is a questionable whether the formation
of big pores is due to the higher molecular weight of the poly-
mer, as the membrane casting technique is the same for all
membranes. The polymer content in the PM-13 case is the
lowest of all the membranes and the THF content in the poly-
mer solution is the highest. The high THF content should have
led to an increase in the polymer concentration near the surface
of the polymer solution exposed to the air due to the intensive
evaporation of the solvent. At the same time, the decrease in
THF concentration should lead to a lower polymer solubility in
the NMP/THF system, since, as mentioned above, the PIM-HT
has limited solubility, due to its high molecular weight. The
combination of these factors with the highest weight factor of
the polymer molecular weight resulted in the formation of the
membrane with the largest surface pores and voids within the
membrane. Prior studies have noticed the effect of the molec-
ular weight on the structure and performance of ultrafiltration
5255 Zhou et al. showed that increasing PES
molecular weight led to the formation of larger pores on the
membrane surface.”® However, Miyano et al. asserted that the
molecular weight is the least factor, which influences the pore
size of the membrane while the concentration of polymer
solution and solvent choice are more dominant parameters.*
Another remark on molecular weight influence on membrane
morphology was made by Haponska et al, who claimed that
lower molecular weight caused a compact morphology of the
membrane cross-section while higher molecular weight led to
a more spongy-like porous structure.® Taking these findings
into consideration, it can be concluded that the molecular
weight has a strong impact on the formation of the membrane
structure, especially in case when the polymer is only partly
soluble in the main solvent of the solvent system.

membranes.

3.3 Water flux measurement

Experiments on the liquid water flow transport through porous
membrane pursued two aims: determination of LEP and
investigation of water transport at 4 bar pressure as driving
force to be able to compare results with other developed
microfiltration (MF) and ultrafiltration (UF) membranes.
Unfortunately, the experimental LEP determination did not give
conclusive results, at transmembrane pressure as low as 0.5 bar
minor water flow was determined. It is in the line with the
theoretically determined LEP values listed in Table 3. The
transmembrane pressure for continuous water permeance
measurements was chosen based on the pore size of the

View Article Online

Paper

membranes used in this study. The average pore sizes calcu-
lated by SEM are between 0.1 and 0.2 um as seen in Table 3. This
range corresponds to the pore sizes of membranes used in
microfiltration (10-0.1 pum) and ultrafiltration (0.1-0.002 pm).*®
On the other hand, the transmembrane pressure can reach up
to 4 bar in microfiltration and 2.5-5 bar in ultrafiltration.’”**
Considering that, the average pore size of the membranes in
this study is in the MF and UF range, the transmembrane
pressure was set to 4 bar to be in an application range. In
addition, since there is a direct relationship between the
applied transmembrane pressure and the permeate flux, this
value was not set too low.*® Another reason for determining the
transmembrane pressure is to prevent membrane compaction.
In the case of transmembrane pressure between 2 and 70 bar,
membrane compaction is considered negligible.®® All these
reasons led to set the transmembrane pressure to 4 bar.

In addition to average pore size determination, Table 3
shows contact angle, largest pore size for each membrane and
theoretical LEP values calculated from aforementioned param-
eters. It can be seen that the sequence of the largest pore size is
consistent with the morphology images as PM-11 < PM-6 < PM-9
< PM-13. The theoretically calculated LEP follows the order of
PM-13 < PM-11 < PM-9 < PM-6.

Fig. 5 shows the time dependence of the water permeance for
four membrane samples. These samples were chosen from a set
of many developed in the current study (ESI, Table S1}). The
decision to focus on PM-6, PM-9, PM-11 and PM-13 was taken
based on the analysis of SEM images, which showed the
developed porous structure both on the membrane surface and
in the bulk of the membrane.

Water flux measurements were carried out using ultra-pure
water. The applied transmembrane pressure of 4 bar is above
the theoretical LEP for all samples and anyway water flow
through PM-6, PM-9 and PM-11 is on the level of the measure-
ment system resolution. The fact that water penetrates through
the membrane shows that on the membrane surface pores are
larger than those presented in the Table 3 and not identified by
SEM investigation. The quantity of these pores is extremely
small since no significant water flux can be observed under 4
bar pressure. Most of the membrane surface does not allow
liquid water to pass through. In that point, membrane hydro-
phobicity or hydrophilicity should be considered since it
significantly influences membrane performance. Contact angle
of a dense PIM-1 film is about 90° (ref. 30 and 62) and
measurements done for porous membranes under study
revealed that the contact angle of porous PIM-1 membranes are

Table 3 Contact angle, pore size analysis and theoretical LEP of the porous membranes

Contact angle (f) Average pore size (um) Largest pore (pum) LEP (bar)
PM-6 106.9 0.14 4 0.13 0.83 1.01
PM-9 113.4 0.21 & 0.22 1.42 0.80
PM-11 97.9 0.11 4 0.08 0.75 0.52
PM-13 129.6 — 5.36 0.34

PIM-1 (TFC membrane) 70 (in this study) 89 (ref. 61)
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Fig.5 Water flux data of PM-6, PM-9, PM-11 and PM-13. Due to the resolution of the measuring range, it was difficult to record a constant flow.
In order to show the deviations within a measurement error bars are shown.

higher (Table 3, 97-130°) than that of a dense film. The reason
for this could be that the contact angle can vary depending on
the surface morphology.®** For highly hydrophobic
membranes, it is hard to evaluate the accessibility of the porous
system for liquid water and its ability to transport water.

To understand the ability of the developed porous
membranes to the transport of liquid water, one of the samples,
PM-6, was immersed in the isopropanol-water mixture and
soaked with the liquid. The alcohol-water mixture has a low
surface tension and low contact angle toward PIM-1 and it
allowed for effective impregnation of the pores with water
miscible liquid.”* Several publications have shown that
membranes treated with wetting agents such as ethanol or
isopropanol demonstrate higher water flux even after alcohol
evaporation.®* It should be noted that the pore activation by
alcohols is a temporary effect since the wetting agent adsorbs
only physically on the pore surface and do not cause any

© 2024 The Author(s). Published by the Royal Society of Chemistry

chemical modification. Nevertheless, it would be beneficial to
investigate a PIM-1 membrane treated by a wetting agent in
order to discuss its porosity. Therefore, we conducted an addi-
tional post-treatment for PM-6 which exhibits the smallest pore
size according to SEM results. For this reason, PM-6 was soaked
into an isopropanol-water mixture in order to make the
membrane hydrophilic to investigate whether the pore open-
ings occur. Fig. 5b depicts that the water flux of PM-6 signifi-
cantly escalates to 500 L m~> h™' bar ' after the membrane
were exposed to isopropanol-water treatment, which triggered
the interconnection of the small pores. It might be explained by
the fact that small pores do not take part in filtration at the
beginning, since the surface tension between liquid-solid is
less than that of liquid-air. After the wetting treatment, cohesive
forces between water molecules becomes weaker, therefore,
water can penetrate into pores.®® If we want to compare this
result with a reference polymeric membrane, a polyethersulfone
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(PES) membrane can be considered. This polymer membrane is
widely used in ultrafiltration and microfiltration and a vast
amount of studies on PES membranes can be found in the
literature. Studies have shown that PES membranes exhibit
water flux in the range of 300-500 L m~> h™" bar '.*7® There-
fore, PM-6 can show a water flux at the level of PES membranes,
by virtue of pore activation after isopropanol-water treatment. If
it is to be compared with polymers used in membrane distilla-
tion, the example of PVDF and PTFE can be given. Nawi et al.”
recorded the pure water flux value of pristine PVDF membrane
as approximately 200 L, while Yu et al.,”* in their work on PTFE
for MD applications, reported a pure water flux value of
approximately 900 L. Based on these reference values, it can be
stated that the PM-6 membrane after isopropanol treatment
exhibited a notable water flux of 500 Lm >h ™" bar '. According
to this result, it can be inferred that PM-6 acquires pores but
relatively in small size which hinders the liquid water transport
through the virgin membrane. It should be noted that since the
polymer was casted on a porous nonwoven support, the actual
thickness of the polymer cannot be determined in this study by
excluding the nonwoven support. Therefore, we are limited to
determine of the membrane porosity. Yet, it allows us to inter-
pret the effect of isopropanol-water treatment on the pore
activation and water flux.

A similar water flux result was obtained from PM-9 as ex-
pected since it is the same PIM-1 which was used in PM-6, yet
PM-9 was obtained from another membrane casting in order to
reproduce the results. Fig. 5c exhibits the absence of water flux.
As mentioned before, water molecules are not able to transfer
through the membrane pores at 4 bar transmembrane pressure
in this study. Likewise, PM-11 demonstrates also scattered but
extremely low water flux values as seen in Fig. 5d, what cannot
be considered as water flux. This finding is anticipated due to
the surface morphology and internal porosity of PM-11 are not
appropriate to transfer the water molecules across the
membrane. Experimentally, although the transmembrane
pressure is actually above the theoretically calculated LEP for all
membranes, PM-6, PM-9, and PM-11 showed basically no water
flux (only noise). This can be attributed to the deviation of the
experimental LEP from its theoretical value. Despite operating
the water flux experiments with a transmembrane pressure
higher than the theoretical LEP, the reason for the water flux
remaining only as noise could be the variations in the actual
values according to the operating conditions. For example, the
presence of defects in pore structure or the pore shape not being
uniformly cylindrical as assumed in reality can cause deviations
between calculated values based on theory and experimental
results.”*”* However, the observed difference in water flux
measurements is associated to PM-13. Unlike the other
membranes studied in this work, Fig. 5e¢ shows that PM-13
provides a significantly high water flux of 300 L m™* h™*!
bar ™. This result might be attributed to the large pores of PM-
13 on the surface and cross-section of the membrane and
therefore PM-13 possesses the lowest LEP value. It can therefore
be assumed that 4 bar transmembrane pressure is enough for
PM-13 to press the water molecules through the membrane
pores without the necessity of a wetting treatment.
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Isopropanol-water treatment was not applied to all
membranes. Since PM-13, which has the largest pore according
to SEM results, already showed some water flux, it was
concluded that the membrane with the smallest pore could be
used to see if such a treatment would have an effect, and
therefore only PM-6 was exposed to isopropanol soaking.

3.4 Water vapor permeance

MD is the method of water purification by transport of water
molecules as vapor through the porous structure of the
membrane. The ability of the developed membranes to trans-
port water in a vapor form was studied on an in-house designed
“pressure increase” facility. On this facility it is possible to study
transport of gases and vapor though flat and hollow fiber sha-
ped membranes in relation to temperature in the range of 4-
120 °C and feed pressure in the range of 20-1200 mbar. For
water vapor, the maximum achievable feed pressure applied to
the membrane was ca. 95% of vapor activity at the temperature
of experiment. Permeate pressure range in which permeance
data points are acquired can be chosen in accordance with
membrane performance. For slow membranes it can be 0.1-0.2
mbar abs, for “fast” membranes 1-13 mbar abs. From the MD
point of view, the obvious drawback of this facility is the
inability to start an experiment at saturated vapor pressure. At
the same time, the feed vapor activity can be as high as 95%,
very close to the saturation pressure and at the same time the
membrane can not be exposed to liquid water due to e.g
condensation caused by a temperature drop on the membrane
surface as a result of the Joule-Thomson effect.”®

Each membrane was exposed several times to the same
pressure of vapor; during each exposure, several points were
collected to have statistically relevant data and the experiment
was repeated after the membrane was fully evacuated. Fig. 6
shows that all membranes have significant permeance for water
in a vapor form while Fig. 5 showed that membranes PM-6, PM-
9 and PM-11 had extremely limited transport when liquid water
was applied under a transmembrane pressure of 4 bar.

Fig. 6 shows that PM-6, PM-9 and PM-11 show high water
vapor permeance with the highest value for PM-6. This differ-
ence can be considered insignificant since these are handmade
casted membranes and THF evaporation is not controlled. On
the other hand, PM-13 exhibits dramatically higher water vapor
permeance which is almost 3-fold of PM-6. This result can be
attributed to large surface pores of PM-13 and well inter-
connected inner porosity which allows water transport without
any obstruction. To compare water transport in vapor and
liquid forms, vapor permeance was converted to a comparable
unit as shown in Table 4. It is seen that the vapor/liquid per-
meance ratio is tremendous. Especially in case of PM-6 and PM-
9 which have the smallest pores, this comparison vividly
demonstrates how water permeance differs in the vapor and
liquid phases. In particular, our findings up to this point are
supportive of the use of porous PIM-1 membranes in MD
considering that this process requires a hydrophobic
membrane which would allow only vapor to permeate. As it can
be seen from Table 4 measures to prevent membrane wetting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Water vapor permeance of PM-6, PM-9, PM-11 and PM-13.

are essential since as soon as the membrane is impregnated
with water the flux of liquid contaminated liquid will be
significantly higher than that of vapor.

To better understand the water vapor characteristics of
porous PIM-1 membranes, it is beneficial to make a comparison
with water vapor properties of a PIM-1 thin film composite
(TFC) membrane. Fig. 7 depicts the water vapor permeance of
PIM-1 TFC membrane determined at 40 °C. It should be noted
that water permeance could not be measured at saturated vapor
pressure due to the facility conditions. The water permeance
shown in Fig. 7 was obtained at 91% of vapor activity. The
permeance starts around 30 m*(STP) m > h™' bar ' and
decreases almost 60% over time of 25 h to 10 m*(STP) m > h™!
bar'. This drop in permeance reveals physical aging of the
PIM-1 selective layer. However, it is observed that porous PIM-1
membranes sustain the water vapor permeance over time
unlike the PIM-1 TFC membrane. Moreover, porous
membranes demonstrate significantly higher water vapor per-
meance than the PIM-1 TFC membrane. However, in case of
extreme water purity is required, a dense PIM-1 membrane
might be better candidate.

In this study, the porosity of the membranes was not inves-
tigated by an analytical method. Nevertheless, prior studies
have shown that Knudsen diffusion is an indication of
membrane porosity. Basically gas transport in membranes
might take place in different ways: poiseuille diffusion (wide
pore size), Knudsen diffusion (intermediate pore size), molec-
ular sieving and surface diffusion (small pore size) and solution-
diffusion (dense membrane).”® In some cases, two or more of
these diffusion mechanisms can occur concurrently. Among
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Fig.7 Water vapor permeance of the PIM-1 thin film composite (TFC)
membrane.

them, Knudsen diffusion occurs if the mean free path of the gas
molecule is larger than the pore size of the membrane. More-
over, gas transport in Knudsen diffusion occurs in the gaseous
state without participation of adsorption.”” Knudsen permeance
is expressed as in eqn (3) where ¢ is the porosity of the
membrane, d;, is the pore diameter, 7 is the tortuosity, L is the
thickness of the membrane, R is gas constant, M is molecular
weight and T is the operating temperature.

0- ed, ( 8

1/2
=L \9tMR T) 3)

According to this equation, Knudsen permeance is propor-
tional to the inverse square root of both the molecular weight
and the temperature of the permeate gas. From this point of
view, the permeance values of the gases were plotted against the
inverse square root of their molecular weight in order to discuss
the porosity of the subjected membranes in this study. Fig. 8
shows a strong relationship between the permeance and the
square root of the molecular weight of the gas molecules for PM-
6, PM-9 and PM-13 which correspond with Knudsen diffusion.
It is seen that the permeance of each gas follows in the order of
the square root of molecular weight. Further to that, the curves
show good regression fits (R* = 0.992-0.9882) which is also
attributed to the presence of significant Knudsen diffusion
where molecule-pore wall interaction is dominates molecule-
molecule interactions.” It is important to bear in mind that
Knudsen diffusion describes the gas transport through the
pores. Therefore, it is limited by the lack of information on

Table 4 Comparison of water transport through PIM-1 membrane when membrane is exposed to vapor or liquid on the feed side

Vapor permeance Vapor permeance Liquid flux Permeance
Sample (m*(STP) m—2 h™! bar™') (Fig. 6) (kg m™2 h™* bar ') (Fig. 6) (L m* h™! bar ™) (Fig. 5) ratio
PM-6 125 100 1.5 67
PM-6“ 125 100 500 0.2
PM-9 100 80 0.65 124
PM-11 85 68 2.0 34
PM-13 320 257 300 0.86

“ PM-6 data from Fig. 5b when membrane was impregnated with water miscible fluid and exchanged to water during water flow experiment.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface porosity. From our results it is unfortunately hard to
evaluate if a combination of different diffusion mechanisms
also exists in the membrane. Nevertheless, it should be noted
that both Knudsen and Poiseuille diffusion might take part
simultaneously in one membrane.”” Among the porous
membranes studied in this paper, PM-11 is the exceptional case
in terms of Knudsen diffusion. Water vapor permeance does not
fit to the Knudsen plot as seen in Fig. 8. This might result from
a combination of more than one diffusion mechanism in one
membrane.

On the other hand, Fig. 9 shows a different behavior of the
PIM-1 TFC membrane. It can be clearly seen that the gas per-
meance of PIM-1 TFC membrane does not increase in propor-
tion to the square root of the molecular weight of the gases. This
can be attributed to the behavior of the membrane with
a selective dense layer which is most likely correspondent to
solution-diffusion mechanism.*

4. Conclusion

This study aimed at a detailed examination of porous PIM-1
membrane formation by non-solvent induced phase separa-
tion. Polymer solutions with a variety of solvent and non-solvent
combinations were prepared in order to obtain continuous
pores from the surface through the cross-section of the
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membrane. It is difficult to prepare a PIM-1 polymer solution
because of the lack of volatile and water-miscible solvents with
a high boiling point that can be used in the phase separation
method. To address this, different solvent-non-solvent mixtures
including DMAc, EtOH, DCB, NMP and THF were prepared in
this study in order to prepare a proper polymer solution. Among
the polymer solutions, an NMP/THF combination was found to
be the best candidate to cast the membrane from a homoge-
neous PIM-1 solution, i.e. without the formation of a precipi-
tate. Four different PIM-1 membranes (PM-6, PM-9, PM-11 and
PM-13) were obtained by NIPS method by using different ratios
of the components in the NMP/THF/PIM-1 combination. In
order to observe the effect of molecular weight on pore forma-
tion, PIM-1 used in PM-6, PM-9 and PM-11 has a low molecular
weight, while PIM-1 used in PM-13 has a high molecular weight.
Moreover, SEM imaging was performed to examine the
morphology of the prepared membranes. Among the
membranes studied in this work, PM-6 and PM-9 showed
favorable void formation on the surface and cross-section of the
membrane. PM-13 exhibits large pores, which was attributed
using PIM-1 with high molecular weight. Additionally, water
contact angle measurements were performed on membrane
surfaces to investigate membrane wetting by LEP correlation.
According to that, the distinct patterns in the sequence of the
largest pore size and theoretical LEP values were observed
consistently across the membranes. Water transport was also
discussed in order to understand the membrane performance.
Water flux of PM-6, PM-9 and PM-11 were neglectable, while
PM-13 showed high water flux which is consistent with the
presence of large voids. On the other hand, PM-6 and PM-9
demonstrated higher water vapor permeance compares to
PIM-1 TFC membrane which is considered as a dense
membrane. It is interesting that PM-6 and PM-9 allow to water
vapor pass through the membrane however, liquid water cannot
be transferred across the membrane. This membrane configu-
ration might be a good candidate for membrane distillation
since it uses hydrophobic membrane which only water vapor
can pass through the membrane. These observations help us to
raise intriguing questions regarding the applicability of PIM-1
on water separation. For future work, it would be interesting
to establish pressure breakthrough measurement in order to
deeper investigate the water flux data of PIM-1 membrane.
Further experimentation regarding the role of porous PIM-1
membrane would be worthwhile since PIM-1 is easy to handle
and favorable polymer which can be promising for water sepa-
ration applications.
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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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Abstract: This study assesses the gas and water vapor permeance of PIM-derivative thin-film
composite (TFC) membranes using pervaporation and “pressure increase” methods, and provides
a comparative view of “time lag” measurements of thick films obtained from our previous work.
In this study, TFC membranes were prepared using PIM-1 and homopolymers that were modified
with different side groups to explore their effects on gas and water vapor transport. Rigid and
bulky aliphatic groups were used to increase the polymer’s free volume and were evaluated for their
impact on both gas and water transport. Aromatic side groups were specifically employed to assess
water affinity. The permeance of CO,, H,, CH,4 and water vapor through these membranes was
analyzed using the ‘pressure increase’ method to determine the modifications’ influence on transport
efficiency and interaction with water molecules. Over a 20 h period, the aging and the permeance
of the TFC membranes were analyzed using this method. In parallel, pervaporation experiments
were conducted on samples taken independently from the same membrane roll to assess water flux,
with particular attention paid to the liquid form on the feed side. The significantly higher water
vapor transport rates observed in pervaporation experiments compared to those using the “pressure
increase” method underline the efficiency of pervaporation. This efficiency suggests that membranes
designed for pervaporation can serve as effective alternatives to conventional porous membranes
used in distillation applications. Additionally, incorporating “time lag” results from a pioneering
study into the comparison revealed that the trends observed in “time lag” and pervaporation results
exhibited similar trends, whereas “pressure increase” data showed a different development. This
discrepancy is attributed to the state of the polymer, which varies significantly depending on the
operating conditions.

Keywords: polymers of intrinsic microporosity (PIM-1); membranes; gas and vapor permeance;
pervaporation

1. Introduction

One of the most important issues of this century is access to clean water. Factors such
as climate change, global population growth, and industrialization issues are increasingly
straining water resources, while freshwater reserves and traditional energy sources are
rapidly depleting. It is therefore crucial to develop energy-efficient water treatment tech-
nologies that are able to utilize energy from renewable sources such as wind and solar
light, thus reducing environmental impacts [1-3]. Membrane technology, recognized for
its high energy efficiency and low carbon footprint, has garnered significant attention for
water treatment applications. Its advantages include easy operability and low cost when
compared to traditional thermal processes. Membranes are widely used in all technological
stages of the water treatment process starting from micro- and ultrafiltration and up to
nanofiltration and reverse osmosis. The last two processes give high-quality water but
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are energy-intensive [4-6]. The relatively new process of membrane distillation offers
high-quality water production and can utilize lower-quality water sources compared to
methods like reverse osmosis. Water desalination is one of the areas where membrane
distillation has been used effectively. In recent applications in desalination, it has proven
to be particularly effective in producing high-quality fresh water from brackish sources
using waste heat from adjacent industrial processes [7,8]. For example, several desalination
plants in Middle East regions rich in solar energy resources have integrated solar-powered
membrane distillation systems to maximize the use of renewable waste heat [9]. Addi-
tionally, desalination requires a lower grade of energy, even allowing for the use of waste
heat, to carry out the separation process. It is usual practice to use porous membranes
for this process, which requires one to face certain drawbacks such as, e.g., fouling of the
porous structure with organic or inorganic matter present in the feed water causing water
breakthrough through the membrane and compromising the product. It is considered
favorable to develop a new type of membrane with a highly permeable, hydrophobic,
defect-free selective layer, which would provide high water flux through the membrane
and would not allow any impurities of biological or inorganic nature to move through
it [10-12].

One of the widely studied polymer types are polymers of intrinsic microporosity
(PIMs). These polymers have received considerable attention in recent years due to their
very high free volume, making them desirable for gas separation applications [13]. Despite
the primary application of PIM-1 in dense films for gas separation due to its intrinsic
microporosity and solvent resistance, its unusual properties have led researchers to explore
different membrane preparations and applications, such as pervaporation for toluene recov-
ery [14] or alcohol-water separation [15,16]. In addition to pervaporation, previous studies
have explored various modifications of PIM-1 for nanofiltration. One study enhanced water
flow by carbonizing PIM-1, while another developed carboxylate-functionalized PIM-1 for
similar purposes [17,18].

In our previous study, the hydrophobic and high-free-volume PIM-1 polymer was ex-
amined for the possibility to fabricate a porous membrane via the phase-inversion process
and its suitability in membrane distillation (MD), which was shown to be promising [19].
Additionally, a thin-film composite (TFC) membrane was formed by deposition of PIM-1
selective layer formation on a PAN ultrafiltration membrane as a support, and its water
permeance was compared with that of the porous PIM-1 membrane. While the porous mem-
brane exhibited a higher water vapor permeance of 100 m*(STP) m~2 h~! bar~!, the TFC
membrane displayed a considerable vapor permeance of 35 m?(STP) m~2 h~! bar~!. Ad-
ditionally, in another study [20], our research group utilized a set of anthracene maleimide
monomers with aliphatic side groups of varying sizes and shapes as precursors for a series
of polymer of intrinsic microporosity (PIM)-based homopolymers. These side groups,
which did not exceed 7% of the monomer’s molecular weight, were investigated for their
effect on the gas transport properties of homopolymers. It was observed that particu-
larly the bulky side groups significantly enhanced the gas transport. Accordingly, the
permeability coefficients for CO, and CHy in isotropic films made from the homopolymer
derived from the t-butyl substituted comonomer (-butyl-100) were the highest among the
studied homopolymers.

Building upon aforementioned research, the current study investigates the formation
of TFC membranes with a selective layer made of anthracene maleimide-modified PIM
homopolymers to examine how polymer gas and water vapor transport properties are
retained or altered upon transformation into thin layers, and how these properties change
with time. Characterized by minimal polymer usage per unity of membrane surface due to
the formation of exceptionally thin selective layers, TFC membranes are widely adopted in
industrial gas and water vapor separation applications. This paper utilizes the “pressure
increase” method to determine water vapor, carbon dioxide, hydrogen, and methane
permeances, allowing for a detailed comparison of the permeation properties of TFC
membranes and thick isotropic films reported earlier. Additionally, this study evaluates
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how TFC membrane permeance evolves over time in relation to the nature of the penetrant
and of the chemical composition of the polymer of the selective layer. Therefore, the
research aims to explore how the side groups of these polymers affect membranes’ physical
aging and overall performance in applications such as pervaporation and general water
vapor permeation. By comparing the properties of thin-film composite membranes to those
of previously studied PIM membranes, this paper seeks to determine whether modifications
in side groups can enhance membrane performance and mitigate the challenges posed by
physical aging.

The analysis is enriched by including data from pervaporation experiments, providing
a framework to assess vapor permeation data from both pervaporation and “pressure
increase” methods. The study addresses challenges in data comparison between these
two methods due to differences in measurement units. Moreover, the use of saturated
vapor pressure in pervaporation experiments suggests significantly higher permeance
values compared to those from “pressure increase” experiments, highlighting the need for
an understanding of membrane behavior at the interface where water transitions from a
liquid to a vapor state [21]. This dynamic is critical as it implies a potential disparity in how
membranes behave under different operational conditions and measurement setups [22].
Overall, this study explores how changes at the molecular level affect the macroscopic
properties of membranes, particularly their longevity and efficiency in separation processes.
The outcomes could lead to an improved membrane separation process for water treatment
technologies that is better suited to meet the demands of modern industrial applications.

2. Materials and Methods
2.1. Materials

5,5,6,6'-tetrahydroxy-3,3,3’,3'-tetramethyl-1,1"-spirobisindane (TTSBI, 98%) was pur-
chased from ABCR GmbH (Karlsruhe, Germany). 2,3,5,6-tetrafluoro-terephthalonitrile
(TFTPN, 99%) was obtained from Lanxess (Cologne, Germany). TFTPN was sublimated
twice at 70 °C under vacuum before use. Potassium carbonate (K2CO3, 99%) and dimethyl
acetamide (DMAc, 99%) were purchased from Alfa Aesar (Karlsruhe, Germany). All other
commercially available reagents were obtained from Merck (Darmstadt, Germany) and
were used without further treatment.

2.2. Synthesis of Polymers
2.2.1. PIM-1 Synthesis

PIM-1 was produced utilizing a rapid synthesis technique as previously described [20,23].
A mixture of TTSBI (20 mmol) and TFTPN (20 mmol) was prepared in a three-necked
round bottom flask, dissolved in 65 mL of dimethylacetamide (DMAc) under an argon
atmosphere. The addition of K;CO3 (44 mmol) changed the color of the reaction from
orange to yellow. The flask was then quickly placed in an oil bath preheated to 150 °C.
To prevent PIM-1 precipitation and enhance the formation of a higher-molecular-weight
polymer, diethylbenzene (DEB) (15 mL) was added gradually. After stirring the mixture for
30 min, the reaction was stopped by precipitating the mixture in methanol. The precipitated
solid was filtered and dried at 80 °C under vacuum. This dried polymer was then dissolved
in CHCl3, re-precipitated in methanol, collected by filtration, and dried at 80 °C under high
vacuum to yield the final yellow solid product with a 90% yield. The molecular weight
(Mw) and dispersity (D) of the purified polymer were determined using size-exclusion
chromatography, resulting in an Mw of 132.5 kg/mol and a D of 4.9.

2.2.2. Synthesis of Homopolymers

The synthesis and characterization of anthracene maleimide-structured bulky and
linear group monomers, as well as the homopolymers derived from these monomers, were
reported in our previous study [20]. Accordingly, the homopolymer series was synthesized
through the polycondensation of comonomers, which are essentially TTSBI substitutions,
with TFTPN using a method akin to that employed for PIM-1 synthesis. These comonomers
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were specifically modified by incorporating an anthracene maleimide structure with var-
ious aliphatic side groups. The detailed synthesis scheme is provided in Figure 1. The
nomenclature for homopolymers was adapted from the reference study. In order to clarify
the nomenclature of the homopolymers used in this study, they were identified as methyl-
/ propyl-/i-propyl-/t-butyl-/phenyl-100. The suffix “-100” represents the comonomer
indicating that, for example, methyl-100 comprises 100 mol% comonomer unit.
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A . /\/ ‘<
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Figure 1. Synthesis of homopolymer. A: reagents and conditions DMAc, K,CO3, 150 °C, 30-60 min.

2.3. Preparation of Thin-Film Composite (TFC) Membranes

The fabrication of the TFC membrane was carried out using a widely adopted dip-
coating technique, the most used for TFC membrane formation [24]. This method entailed
placing the porous substrate in contact with the polymer solution, then uniformly with-
drawing it from the solution at a predetermined speed to ensure an even coating of the
polymer solution on the ultrafiltration (UF) membrane used as a support for a selective
layer. In our experiment, a dense selective layer of PIM-1 or homopolymer was applied over
a porous polyacrylonitrile (PAN) UF membrane using an in-house-designed laboratory
scale membrane casting machine. A 1% wt. solution of polymer in THF was prepared,
which upon filtration was poured into a uniquely designed bath. Subsequently, the PAN
membrane was aligned with this solution. A consistent meniscus of the polymer solution
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was formed between the solution surface and PAN membrane by slightly lowering the
bath by about 2 mm. By drawing the porous substrate out of the meniscus at a fixed
pace, a thin film of the solution was formed on the support’s surface. The drying of the
TFC membrane was conducted at ambient conditions, letting the solvent evaporate freely
without any active control over the process. This step was performed in an enclosure with
substantial low-humidity air flow to prevent the accumulation of solvent vapors around the
casting device, aside from the immediate area of the polymer solution bath. The prepared
membrane was dried for 1 h before gas transport experiments by the “pressure increase” or
pervaporation methods were conducted.

2.4. Characterization Methods
2.4.1. Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) analyses were conducted at 30 °C using chloro-
form (CHCI3) as the solvent. The chromatographic setup included a series of columns: a
precolumn-SDV-linear, an SDV-linear, and an SDV with a 102 nm pore size, each having an
inner diameter of 4.6 mm and a length of 53 cm, supplied by Polymer Standard Service
GmbH, Mainz, Germany. The flow rate was maintained at 1.0 mL per minute. To detect
the concentration of polymers, both refractive index (RI) and ultraviolet (UV) detectors
were utilized. Calibration with polystyrene standards allowed for the determination of
the apparent weight average molecular weight (Mw) and the dispersity index (D) of the
synthesized polymers.

2.4.2. Gas and Water Vapor Permeance Measurements: “Pressure Increase” Method

Gas transport properties of thin-film composite (TFC) membranes were measured
using a “pressure increase” method, which follows the “constant volume /variable pres-
sure” principle as described elsewhere [25,26]. This technique is especially suitable for
membranes with thin selective layers and allows for the investigation of membrane per-
meances in a wide range of feed pressures and temperatures. Additionally, this method
was utilized for water vapor transport studies in TFC membranes under controlled con-
ditions (40 °C, feed vapor pressure below 60 kPa, permeate pressure 1-13 mbar), and the
permeance from at least ten measurements were averaged One limitation of this method
is that it cannot assess vapor permeance in saturated vapor conditions because the setup
isolates the gas or vapor in the feed vessel from any external supply, leading to a slight
pressure drop at the start. This pressure drop prevents the execution of experiments with
vapors at activities above 90%. However, isolating the feed volume from the supply line
allows experiments to be conducted over a wide range of vapor activities, decreasing from
high to low. The lowest feed vapor activity to be investigated is determined by the initial
conditions of the experiment. The program conducting the experiment is set to measure
the permeance value by collecting penetrant on the permeate side of the setup, within a
range of 1 to 10 mbar. This final value determines the lowest feed pressure, as the program
is designed to stop the experiment when the feed pressure equals the desired permeate
pressure. However, this feature provides vital insights into membrane performance as feed
pressure decreases, which is essential for studying substances that are highly soluble or
prone to condensation [19,27].

2.4.3. Water Vapor Permeance Measurement: Pervaporation Method

Pervaporation is a separation technique which utilizes the semi-permeable membrane
for preferable selective transport of penetrants that are in the liquid phase on the feed
side and the gas phase (vapor) on the permeate side, meaning that liquid evaporation
occurs on the immediate interphase of the liquid and feed side of the membrane. The
driving force for the vapor transport arises from a chemical potential gradient between
feed and permeate sides of membranes created by the application of a vacuum or sweep
gas to the permeate side of the membrane causing efficient vapor withdrawal [28]. In this
study, pervaporation experiments were performed in addition to the “pressure increase”
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experiment to provide a comprehensive analysis of membrane performance under different
operational conditions with the aim of covering a wide range of feed vapor activity, starting
from 100% activity for the case of pervaporation and going from ca. 90 to ca 20% activity in
the case of the “pressure increase” experiment. Pervaporation, involving a phase change
from liquid to vapor across the membrane, offers distinct insights into the membrane’s
efficiency where liquid water is present on the feed side. It is important to note that one
of the highlights of this study is the analysis of two water phases, vapor and liquid, that
contact the film surface and how this interaction influences vapor transport. Figure 2 shows
the schematic flow chart of the pervaporation facility used in this study. A circulation
pump provides liquid water circulation from the water tank through the measurement
cell containing the membrane under study and back to the water tank. On the permeate
side of the measurement cell, a pressure sensor is installed to monitor permeate pressure
during the experiment, while the permeate stream is directed into a cold trap cooled
with liquid nitrogen for water condensation. To protect the vacuum pump from moisture
during the changing of the permeate cold trap, a second cold trap is included in a bypass
line. During each measurement session for each membrane sample, 10 measurement
points were recorded, with permeate water collected into a cold trap for 5 min at each
point. Approximately 15 min were spent between consequent measurements: 5 min
for the permeate collection and an additional 10 min to prepare the system for the next
measurement, including exchange, evacuation, and accommodation of the new trap to
liquid nitrogen temperature. This timing of the experimental sequence is crucial as it was
thought to provide an indication of membrane properties” changes during the experiments.
In total, it takes ca. two hours to complete the pervaporation experiment for one membrane.
It was assumed that the feed side vapor pressure was 70 mbar, taken as a saturated vapor
state at 40 °C, and permeate vapor pressure was considered zero since the vacuum was
provided by a rotary pump and additionally by the liquid nitrogen temperature of the cold
permeate trap.

Cool trap
Liq. N,

Vacuum pump

By-pass line Retentate
Permeate
Water tank
Pressure,
Cool trap sensor
Ligq. N,
Membrane
Feed

PUMp

Figure 2. Schematic flow chart of pervaporation.

3. Result and Discussion
3.1. Membrane Formation

The aim of this study was to develop a defect-free TFC membranes by coating a thin
dense layer on a porous substrate using anthracene maleimide-modified PIM homopoly-
mers with different side groups initially synthesized and studied as thick isotropic films [20].
We successfully prepared selective TFC membranes using the same coating procedure for
each homopolymer.

Typically, any defect in the membrane leading to unintended gas flow through pores
would result in a noticeable decrease in the ideal selectivity. However, there was no such
decrease in selectivity in the experiments based on the example of CO,/CHy selectivity
as shown in Table S1. It was considered important to keep all parameters consistent
during the experiments to make sure the results are reliable and comparable. In this study,
attention was given to forming TFC membranes in the same conditions and with the same
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post-formation treatment, using the same equipment and using the same experimental
conditions for all the tests. This careful approach helped avoid errors that could skew
the results, ensuring that any observed differences are due to the variables being tested
rather than inconsistencies in the setup. This makes the findings accurate and reproducible,
providing a solid basis for evaluating the performance and properties of membranes.

3.2. Transport Properties of TFC Membranes
3.2.1. Gas and Water Vapor Permeances by “Pressure Increase” Method

In the Results and Discussion section of our study, we provide a detailed analysis
of the permeance decay observed for penetrants—water vapor (H;O), carbon dioxide
(COy), hydrogen (H;), and methane (CHy)—for thin-film composite membranes studied
over a period of at least 20 h. The selection of penetrants for this study was based on
specific criteria: HpO transport was the primary focus, while Hy, CO;, and CHy were
chosen for their wide range of kinetic diameters and differing interactions with the polymer.
Analyzing these variations helps us understand the aging processes in the polymer’s
selective layer. For all studied membranes, the order in which penetrants were applied
to the membrane sample was the same: CHy, Hy, CO,, H;O. Water, even being close to
the saturation state, was considered as penetrant and not able to change the state of the
polymer of the selective layer due to, e.g., the formation of molecule clusters within the
free-volume elements and, thus, no investigation on this matter was carried out [29,30].
The measurement method involved exposing the membranes to a high vacuum, provided
by the turbomolecular pumping unit, for full penetrant desorption during the multiple gas
change procedures, which did not occur during the pervaporation experiment and can be
a trigger for the fast aging process in the selective layer. As mentioned above, each TFC
membrane sample was continuously studied for gas and water vapor transport properties
during the period of at least 20 h with multiple full evacuations and exposures to different
penetrants and, after this, the sample was removed from the experimental facility. Once
removed from the experimental setup, the membrane sample could not be reused due to
potential damage to the selective layer. This damage could occur from detaching the layer
from the UF support or removing the O-ring from the membrane surface.

In our initial study [20], we observed that the introduction of maleimide derivatives
with various side chain groups significantly influenced water vapor transport through the
studied polymers. This effect was primarily due to the polymer polarity change caused
by the imide groups, which altered facilitated hydrogen bonding with water molecules’
interaction with polymers. These observations were made for the case of dense thick
films of homopolymers, where it was noted that the polymers with the “-methyl” side
group exhibited the highest water permeability. The “-methyl” side group, having the
shortest alkyl side chain, impacted the polymer polarity the most among those tested. The
increase in the number of carbon atoms in linear alkyl side groups was found to decrease
water permeability.

When compared with examples where linear alkyl groups were replaced with bulkier
groups such as “~i-propyl” or “-t-butyl”, it was observed that bulky, in comparison to
“-methyl”, side groups influenced both diffusivity and solubility and, hence, gas perme-
ability. The introduction of bulky groups significantly increased the free volume, which
consequently increased the diffusion coefficient.

In this study, the experimental results obtained for TFC membranes with selective
layers of homopolymers show differences from those obtained for thick isotropic films.
Figure 3 shows the gas permeance decay of each homopolymer-based TFC membrane
observed over the span of 20 h. The complete measurements for each TFC membrane can
be found in Figure S1.
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Figure 3. Gas and water vapor permeances of TFC membranes over 20 h. (a) water permeance,
(b) carbon dioxide permeance, (c) hydrogen permeance, (d) methane permeance.

Among the studied TFC membranes, those with selective layers of i-propyl-100 and
t-butyl-100 homopolymers exhibited the highest gas permeances. Based on their kinetic
diameter, CO, and CHy are larger molecules while H, and H,O are smaller in size (H,O:
2.65 A; H»: 2.89 A; CO3: 3.3 A; CHy: 3.8 A) [31]. If permeance is evaluated according
to molecule size, we see that the most permeant homopolymers for CO; and CHy are
i-propyl-100 and t-butyl-100. This outcome is attributed to the increased free volume
created by the incorporation of bulky groups, which in turn enhances the permeance of
larger molecules. Previous studies have demonstrated that incorporating bulky groups
into polymers enhances their free volume [32,33]. This increase in free volume improves
diffusivity, which in turn indirectly boosts gas permeability, as it is a function of diffusivity.
Notably, i-propyl-100 and t-butyl-100 displayed an extremely rapid decline in permeance,
which was particularly pronounced within the first two hours of observation. This sharp
decrease is likely attributed to the formation of large free-volume elements due to the
presence of the bulky side groups in these homopolymers and the impact of the high
vacuum applied to the membrane sample during the “pressure increase” causing full
degassing of the selective layer and thus enabling easier rearrangement of the free volume
within these polymers. Swaidan et al. reported that polymers with bulky and rigid
groups are more significantly affected by physical aging. Additionally, it was observed
that Hp, with its smaller kinetic size, experiences a smaller reduction in permeance due to
physical aging compared to an oxygen molecule which is larger in kinetic diameter [34].
These observations are critical for understanding the behavior of TFC membranes in
different applications, particularly under conditions where rapid changes in environmental
conditions or gas exposures occur.

When examining the permeance of water vapor, which is the smallest molecule among
the studied penetrants, one observes that phenyl-100 is the most permeable homopolymer
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after i-propyl-100. Due to its chemical nature, water can be considered differently in the
permeance mechanism compared to other gasses. Water molecules can form hydrogen
bonds with each other, creating unique scenarios during gas transport. These include the
formation of clusters of water molecules and plasticization due to the interaction between
water molecules and the polymer matrix. Cluster formation is prevalent in hydrophobic
environments where water—polymer interaction is weak, whereas plasticization is observed
when water—polymer interaction is significant [30,35]. A detailed discussion of water
clustering is in the following sections of this paper. Although the homopolymers used in
this study are hydrophobic due to their backbone, the phenyl side group in the phenyl-100
homopolymer enhances its affinity for water, as demonstrated by the exceptionally high
solubility coefficient of H>O in this polymer in comparison to that of other substituted
homopolymers. The interaction between the aromatic ring functional group in the phenyl-
100 and water is likely enhanced by possible OH-m electron interactions, as suggested in
other studies [36,37]. This interaction can be expected to increase the affinity of phenyl-100
toward water. Therefore, in addition to the prominent free-volume effect observed in
t-butyl-100 and i-propyl-100, the water vapor permeance of phenyl-100 is evaluated from a
distinct perspective.

The variation in polymer order between gas permeances of TFC membranes and
permeability coefficients of thick films used in our previous study [20] could arise from the
method of TFC membrane sample preparation. Thick films of polymers were prepared
by as-slow-as-possible evaporation of the solvent from the polymer solution, while TFC
membrane preparation involved rapid evaporation of the organic solvent from the poly-
mer solution layer deposited onto the porous UF membrane. The later method involves
significant changes in the polymer solution temperature, while the polymer concentration
changes from 1% to 100% by weight in just a few seconds due to the loss of solvent to the
ambient; such drastic changes have been previously reported [38].The change in solution
temperature due to intensive evaporation and possible differences in polymer solubility
in the organic solvent caused by the presence of different side groups in the polymer can
be reasons for the induced difference in polymer packing when a selective layer of TFC
membrane is formed.

Regarding permeance decay over time, water exhibited a much slower permeance
decay rate compared to the other gasses. This slower decay suggests that either water
interacts differently with the polymer matrix or its transport mechanism through the
membrane is distinct from that of the other tested gasses. In contrast, CO;, Hp, and CHy4
showed comparable rates of permeance decay. Accordingly, for the PIM-1 TFC membrane,
the permeance loss for CO, and CHy4 within 20 h was about 7 and that for H, was about
5.9, while that for H,O was only 3.9.

To further investigate the comparison of water vapor permeance with other gasses, an
analysis of relative gas permeance reduction can be made by focusing on PIM-1. Figure 4
shows the decay of the relative permeances of four penetrants measured with the PIM-1
TFC membrane over 60 h. For all gasses, the most drastic permeance decrease occurs in
the first 10 h. CHy, the largest molecule, was the most affected by selective layer aging. It
showed a permeance drop of up to 60% in the first two hours of measurement. This was
followed by CO» and Hp, but HyO showed a permeance drop of 30% in the first two hours
compared to the other gasses. It has been demonstrated in previous studies that thin films
are affected by physical aging much more rapidly than dense films [39,40]. In examining
the relative permeance decay of gasses through the PIM-1 polymer, as shown in the graph,
several key points emerge regarding the interaction between these gasses and the polymer
and how these interactions affect their aging and transport properties over time.
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Figure 4. Decay of relative gas and water vapor permeance of PIM-1 TFC membrane.

As can be seen in the graph, water vapor exhibits a notably slower aging process com-
pared to other gasses. This slower decay can be attributed to the highly associated nature
of water molecules, which tend to form hydrogen bonds with each other. These bonds
likely facilitate a more “organized” movement of water molecules through the selective
layer membrane, akin to the anomalous transport behavior observed in carbon nanotubes
(CNTs) [41,42], where water moves as a coordinated chain or belt. This property of water
significantly impacts its permeance stability over time and can be the only explanation why
H,0 molecules do not “feel” changes in the free volume. H,, which has a kinetic diameter
very similar to that of H>O, shows much higher permeance decay than H>O, followed by
CO; and, finally, CHy. These three gasses do not form bonds with the polymer or among
themselves, which could contribute to a faster decay in their permeance as they are less
able to maintain structured paths through the polymer. Moreover, CO,, being the most
soluble of the gasses tested, demonstrates a decay pattern that, while faster than water, is
slower than hydrogen and methane. The solubility of CO; in the polymer likely contributes
to its relatively slower decay, as the gas can be absorbed more readily into the polymer
matrix, thereby mitigating rapid permeance loss.

Consequently, it is important to bear in mind that the physical properties of the gasses,
such as solubility and the ability to form associative interactions, play critical roles in
determining how quickly the permeance decays over time through a specific polymer
matrix like PIM-1. These insights are crucial for applications where the long-term stability
of gas separation and transport properties are of utmost importance.

3.2.2. Vapor Activity

Another aspect that can be examined is water vapor permeance as a function of feed
vapor activity. Figure 5 renders a series of plots for different homopolymers and demon-
strates that the permeance of all homopolymers, including PIM-1, increases with vapor
activity, which is expected as higher vapor activity generally increases the driving force for
permeation. Davis et al. reported that at higher vapor activities, water molecule association
increased, followed by an enhancement in water permeability [29]. Unfortunately, design
limitations of the experimental facility prevent experiments at vapor activity above 90%.
But the acquired data demonstrate a clear upward trend in permeance as vapor activity
increases. The trend can be fitted by the exponential function with the coefficient of deter-
mination above 98%. The use of the exponential function is justified by the consideration
of vapor as penetrant due to being close to the condensation, and the equation of the “Free
Volume Model” can be applied instead of apparent linear regression [43]. Taking into
account no significant swelling of the selective layer by water vapor, clearly indicated by
small values of the exponent coefficient, and the fact that the experimental data start at 90%
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Figure 5. Vapor permeance as function of vapor activity for TFC membranes.

3.2.3. Water Permeance Measurement by Pervaporation Method

In this part, the results of pervaporation experiment will be discussed as the second
method employed to investigate water vapor transport in TFC membranes. The results
of the pervaporation experiment are essential to understand vapor transport through
polymeric membranes at conditions of 100% relative humidity at the feed side interphase
and to compare results to that obtained during the “pressure increase” experiment.

Table 1 shows the results of the pervaporation experiment for each TFC membrane.
Values for each membrane are the average of 10 separate data points, collected during
continuous membrane exposure to liquid HyO over 2.5 h. The water penetrated through
the membrane was collected in the cold trap, the trap was weighted on the balance and
the average mass value of penetrant collected over 5 min is presented as “Water flux (g)”.
In order to calculate water vapor permeance in the same dimension as in the “pressure
increase” experiment, the mass was converted to the volume of vapor in STP conditions; the
driving force was assumed as 70 mbar on the feed side and zero pressure on the permeate
side. The calculated value is presented as “pervaporation permeance” and can be compared
to the “Pressure increase permeance”, the values of which were approximated to the 100%
vapor activity using fitting equations from Figure 5.

Table 1. Absolute values of converted water flux obtained by pervaporation.

TFC Membranes

Pervaporation Permeance “Pressure Increase” Permeance

Water Flux (g) m3(STP)/m? x h x bar m3(STP)/m? x h x bar

PIM-1
methyl-100
propyl-100

i-propyl-100
t-butyl-100
phenyl-100

1.65 98.8 40.7
292 174.7 49.8
1.84 109.9 215
2.40 143.5 69.8
1.77 105.9 61.8
1.98 94.9 50.0

The pervaporation results showed much higher values than those of the “pressure
increase” measurements. The substantial difference in results prompted further exploration
of the processes occurring within the membrane systems.
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The discrepancy of possessing higher water flux in pervaporation than “pressure
increase” measurement could be attributed to the abovementioned clustering of water
molecules within the free volume of the polymers under investigation, which plays a
crucial role. It is most likely that a scenario similar to the transport of water molecules in
CNTs [41,42,44] is occurring in our polymer system where we operate the membranes in
pervaporation. This particular transport resulting from the formation of water clusters
can be explained by the fact that water molecules, owing to their small size and ability to
form hydrogen bonds, exhibit a unique “dragging” effect that allows them to pass through
bottlenecks between large free-volume elements without having to navigate independently
through the polymer cavities [45].

In our pervaporation setup, the initial conditions are such that water molecules are
already at saturation point when they encounter the free-volume elements, which differs
significantly from conditions in “pressure increase” experiments. This saturation provides
conditions for the formation of water molecules aggregates already on the feed /membrane
interphase without the need to change the state of molecules and continues within the
free-volume elements, a behavior that has been observed in studies of alcohol molecules in
perfluorinated polymers, which are known for their extreme hydrophobicity [46]. It can
therefore be assumed that the clustering of water molecules plays a substantial role in the
transport properties observed in TFC membranes under different experimental conditions.
The scope of this study was limited in terms of the availability of quantitative analysis or
modeling since our current analysis remains qualitative. Further research focusing on the
molecular dynamics might offer valuable insights into designing and optimizing membrane
materials for specific applications where water transport efficiency is crucial. This could
provide a more comprehensive understanding of the mechanisms driving permeance in
thin-film composite membranes.

To understand how the membranes react to aging under two different measurement
methods, it would be beneficial to analyze the time-dependent changes observed in the
pervaporation experiment results. Figure 6 exhibits the pervaporation measurement results
over a span of 2.5 h for each membrane. It can be seen that the curves display a slight
scattering trend in water permeance across the membranes. While the trend does show
minor fluctuations as in the case of methyl-100, the permeance decay is not as pronounced
as that observed in “pressure increase” experiments.

200
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n . » propyl-100
Ti 160 . - s ® i-propyl-100
a ® t-butyl-100
f 140 ® phenyl-100
E
E . @ °
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Figure 6. Water flux values from pervaporation over 2.5 h.

This steady water permeance over time can be attributed to the experimental method
of pervaporation where the feed side of the membrane is constantly exposed to liquid water,
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maintaining an interface between water and the polymer at 100% humidity during the
pervaporation process. Such conditions are conducive to the condensation or association of
water molecules and, thus, the formation of water clusters already on the feed interphase
of the selective layer of the membrane. Consequently, it can be inferred that the presence of
these clustered or associated water molecules within the selective layer likely plays a critical
role in moderating the decay of the free-volume elements of the membrane. Basically, the
void within the polymer matrix is occupied by these clusters, which hinders the rapid
decay typically seen in “pressure increase” measurements of hydrogen or carbon dioxide.
This effect of water molecule clusters on the stability of the polymer structure supports
the concept that the clustered state of water helps preserve the integrity of the polymer,
preventing the free volume from collapsing too quickly, a phenomenon corroborated by
findings in other studies such as those referenced by Metz et al. [47]. In summary, the
pervaporation data suggest that direct exposure to liquid water and the resulting high
humidity at the membrane interface play crucial roles in sustaining the polymer structure
against rapid degradation, primarily through the stabilizing influence of water molecule
clustering within the polymer matrix.

Up to this point in the current study, the water vapor transport of TFC membranes
prepared with previously synthesized polymers has been investigated and evaluated in
two different applications. In order to extend the scope of this comparison, it would be
useful to compare the findings with the “time lag” results from the previous study [20].
With this aim, Figure 7 presents a comparative analysis of three distinct measurement
methods: pervaporation, “pressure increase”, and “time lag”. Each data point represents
relative values to the performance of methyl-100-based films and TFC membranes. It is
crucial to understand that the values indicated are not directly comparable across different
methods. For instance, in pervaporation, each membrane value was divided by methyl-100
within its own measurement group. Therefore, all three measurements have the same data
on methyl-100 as being equal to 1. The data include relative “pressure increase” values
extrapolated to 100% vapor activity to facilitate comparison with pervaporation results.
This visualization aims to show the relative changes in properties of different polymers
within each method by normalizing the results against the performance of the methyl-100.

Time lag ® Pressure increase @ activity 100 % ® Pervaporation
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PIM-1 and homopolymers

Figure 7. Comparison of relative permeance data of pervaporation, “pressure increase” and relative
permeability of “time lag” measurement.

Observations indicate that while the trends in “time lag” and pervaporation measure-
ments appear similar, vapor permeation by pressure increase displays notable differences.
This discrepancy can most likely be attributed to the state of the polymer, which varies
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significantly between the methods. In time lag measurements, the thick polymer film is as
relaxed as possible, allowing for slow evaporation and generally slower aging, which is a
phenomenon strongly influenced by film thickness, as discussed in studies such as those
by McCaig et al. [48,49]. On the contrary, in TFC membranes which are used in pressure
increase measurements, the rapid drying of the polymer solution leads to a thermodynami-
cally unstable state on the surface of the membrane. This instability is compounded by the
stress caused by the interface of the polymer, potentially accelerating the degradation of free
volume. However, this might be seen as a rearrangement of the polymer structure rather
than a mere loss of free volume. Moreover, the influence of the interface to air between
the polymer and gas in thick films is minimized compared to that in TFC membranes.
According to the observations of this study, it can be assumed that in TFC and thick films,
the top layer of the polymer might age similarly, but this does not significantly affect overall
performance in thick films. Fundamentally, this graph not only highlights the variations in
polymer behavior across different measurement techniques but also underlines the complex
interplay of polymer structures, environmental conditions, and measurement methodology
in determining polymer performance.

4. Conclusions

This study describes the comparison of gas and water vapor permeances of PIM-
derivative TFC membranes obtained under different operating conditions. The different
operating conditions include the pervaporation and gas permeation test system “pressure
increase” methods. In addition to this, the comparison was also evaluated from the
perspective of film thickness by adding “time lag” measurements of thick films obtained
from our previous study. Accordingly, TFC membranes were prepared with PIM-1 and
homopolymers with different side groups. With these TFC membranes, CO,, Hp, CH4 and
water vapor permeances were measured with the “pressure increase” measurement. The
permeance values were evaluated over a period of 20 h and the aging of the TFC membranes
was investigated. In addition to this measurement, the TFC membranes were subjected
to pervaporation experiments, water flux was measured and the results were discussed
in detail. By comparing the aging behavior and separation performance of thin-film
composite membranes against thick films, our work lays the groundwork for future research
aimed at optimizing these advanced materials for sustainable and efficient separation
processes. The results from the pervaporation experiments are particularly promising,
showing much higher water vapor transport rates compared to those observed in pressure
increase setups. This suggests that pervaporation could be a viable alternative to traditional
porous membrane applications in distillation, especially considering the high permeance
values achieved. These findings support the feasibility of using non-porous membranes in
applications where high efficiency in water vapor transport is required. However, a critical
aspect of implementing such systems involves understanding long-term membrane stability
under pervaporation conditions. The current study indicates that while pervaporation
offers higher transport rates, the longevity and durability of membranes under continuous
operation remain uncertain due to the intensive nature of the required experiments. Such
experiments necessitate continuous supervision, primarily because of the need for constant
provision of liquid nitrogen, making them labor-intensive and challenging to conduct over
extended periods. To fully realize the potential of pervaporation and other non-porous
membrane techniques in industrial applications, further research is necessary to assess
long-term stability and performance. This would involve designing experiments that can
operate safely and effectively over long durations to monitor aging processes and ensuring
that the membranes can withstand prolonged operational conditions without significant
degradation. In conclusion, while the initial findings are encouraging, confirming the
practical viability of non-porous membranes for distillation and similar applications will
require more extensive and sustained experimental work. This future research will be
crucial in moving from theoretical and initial experimental successes to reliable, scalable
industrial applications.
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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

e Anthracene maleimide based comonomers with various alkyl side chains (-methyl, -ethyl,
-propyl, -i-propyl, -¢-butyl, -cyclohexyl, -phenyl) were successfully synthesized via the
Diels-Alder reaction and further characterized by 'H-NMR and TG-FTIR.

e Anthracene maleimide based comonomers were used for homopolymerization using
TFTPN and copolymerization by using TFTPN and TTSBI monomer units. 'H-NMR
characterization confirmed a 1:1 molar ratio of TFTPN and TTSBI in copolymers.

e 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 #-butyl
comonomers. Retro-Diels Alder reaction has been carried out successfully in order to
achieve structure rearrangement of homopolymers.

e 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.

e Methyl-50 and #-butyl-50 copolymers exhibited higher CO. and CH4 permeability than
PIM-1.

e Bulky alkyl side groups (-#-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.

e 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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e PM-6 and PM-9 selectively allowed water vapor transport while preventing liquid water,

making them promising candidates for membrane distillation applications.

e 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

e Preparation of thin film composite membranes of homopolymers obtained from first study

and PIM-1 has been carried out successfully.

o 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.

e CO, Hy, CH4 and water vapor permeance were measured by the “pressure increase”

method while water flux was evaluated by “pervaporation” experiments.

e 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.

e 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.

o 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
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Table S1. Molecular weight data of polymers by GPC and polymer compositions calculated by 'H NMR

Muw (kg/mol) * b Comonomer amount (%) **
methyl-100 459 4.35 =
methyl-50 85.5 424 49
ethyl-100 52.9 3.53 -
ethyl-50 68.5 3.49 50
propyl-100 38.2 3.72 =
propyl-50 75.1 3.75 49
i-propyl-100 61.3 3.73 -
i-propyl-50 98.0 4.32 48
t-butyl-100 78.4 3.67 -
t-butyl-50 97.1 5.27 48
cyclohexyl-100 45.7 3.51 -
cyclohexyl-50 63.5 3.44 48
phenyl-100 78.3 3.43 -

phenyl-50 76.3 3.86 47
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Table S2. Permeability coefficients of PIM-1, homo- and copolymers determined at 30°C

Permeability (Barrer)

H: N: 02 CO: CHs H:0
PIM-1 2450 300 950 6120 475 79300
Homopolymer
methyl-100 2160 300 735 4990 445 110000
ethyl-100 1500 185 540 3860 290 87800
propyl-100 1020 135 375 2800 230 56300
i-propyl -100 1340 180 510 3680 290 64100
t-butyl -100 1820 290 750 5570 505 72500
cyclohexyl -100 1170 140 400 2860 240 46800
phenyl-100 720 105 230 1640 150 48600
Copolymer
methyl-50 2700 390 995 6980 640 114500
ethyl -50 1010 125 360 2720 210 62700
propyl -50 1360 180 500 3610 300 60100
i-propyl -50 1200 190 400 2500 300 54800
t-butyl -50 2440 410 1010 7200 710 88500
cyclohexyl-50 1630 210 610 4280 370 60600
phenyl-50 1110 145 420 3210 240 56400
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Table S3. Diffusion coefficients of PIM-1, homo- and copolymers determined at 30°C

Diffusion coefficient (*107)

H* N: 02 CO: CHa H:0

PIM-1 640 7.3 21.1 8.1 2.5 8.5
Homopolymer

methyl-100 460 5.7 15.8 5.4 2.0 6.8
ethyl-100 690 49 13.8 4.8 1.9 5.5
propyl-100 290 43 114 42 1.7 4.6
i-propyl-100 - 4.9 13.3 51 1.9 6.5
t-butyl-100 570 8.5 21.0 8.4 3.6 9.0
cyclohexyl-100 270 42 11.4 43 1.7 5.7
phenyl-100 120 3.3 6.4 23 1.2 15
Copolymer

methyl-50 510 11.7 215 74 3.1 5.5
ethyl-50 310 4.2 114 44 1.6 54
propyl-50 370 53 13.7 5.1 1.9 6.6
i-propyl-50 430 7.3 12.5 39 2.3 2.2
t-butyl-50 380 9.6 229 9.8 4.4 5.2
cyclohexyl-50 370 6.5 15.4 6.1 23 72
phenyl-50 283 4.8 12.2 5.1 1.8 6.6

* Hz diffusion coefficient is given as indication only due to very short time-lag values
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Table S4. Solubility coefficient of PIM-1, homo- and copolymers determined at 30°C

Solubility coefficient (*10%)

H: N: 0O: CO: CHs H:0
PIM-1 3.9 40 45 760 190 9350
Homopolymer
methyl-100 4.2 40 45 900 173 15250
ethyl-100 24 40 40 800 153 15900
propyl-100 3.6 30 33 675 140 12150
i-propyl-100 < 35 40 725 150 9850
t-butyl-100 3.2 35 35 660 140 8100
cyclohexyl-100 44 33 35 670 140 8300
phenyl-100 6.3 30 35 715 125 33500
Copolymer
methyl-50 5.6 40 47 940 210 21250
ethyl-50 3.3 30 30 625 127 11350
propyl-50 3.7 35 37 705 153 9150
i-propyl-50 3.0 25 33 645 130 19300
t-butyl-50 6.5 40 45 735 160 17250
cyclohexyl-50 44 33 40 700 160 8400
phenyl-50 3.9 30 35 630 130 8500
Table S5. Gas transport properties of methyl-100-TT* determined at 30°C
H: N: 0O: CO: CHs H:0
Permeability (Barrer) 690 105 215 1410 155 32000
Diffusion coefficient (107) 127 3.5 6.6 22 1.2 1.0
Solubility coefficient (10) 5.4 30 33 640 125 34150

*Thermal treatment at 250°C, 2h
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8.2. Article 2: Pioneering the preparation of porous PIM-1

membranes for enhanced water vapor flow
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Supplementary Information

Table S1: Composition of casting solutions and membrane casting parameters

Name Composition (%owt.) Precipitation Batch Membrane | M,,
bath casting | (kDa)
thickness
PM-1 | PIM/THF/DMACc/EtOH: Water PIM-LT-1 | 200 pm 76

17.5/67.5/12.75/2.25

PM-2 PIM/THF/DMAc: Water PIM-LT-1 | 150 pm 76

17.25/69.5/13.25

PM-3 PIM/NMP/THF: Water PIM-LT-2 | 150 um 76
12.5/69.5/18 (puglass
substrate)

PM-4 PIM/DCB: MeOH PIM-LT-2 | 150 um 76
10/90 (on glass

substrate)




PM-5 PIM/DCB: MeOH/BuOH | PIM-LT-2 150 pm 76
10/90 50:50 (omjglans
substrate)
PM-7 PIM/NMP/THF: MeOH PIM-LT-2 150 pm 76
13/80/7 (RIE acs
substrate)
PM-8 PIM/NMP/THF: Water PIM-LT-2 150 pm 76
14.5/80.5/5
PM-10 PIM/NMP/THF: Water PIM-LT-1 150 pm 76
13/79/8
PM-12 PIM/NMP/THEF: Water PIM-HT 150 pm 142
11.5/72/16.5
PM-14 PIM/NMP/THF: Water PIM-LT-2 150 pm 76

13/80/7
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Figure S1: Comparative FTIR spectrum of PM-6, PM-9, PM-11 and PM-13

FTIR analysis was carried out to characterize the porous PIM-1 membranes which are PM-6, PM-
9, PM-11 and PM-13. FTIR spectrum show the absortion bands at 2239 cm™! and 1265 cm™! which
correspond to nitrile groups (C=N streching). The absorption band between 2800-2900 cm™! and
at 1146 cm! are associated with CH, streching and bending vibration modes. The spectrum in the
region at 1350-1250 cm! originates from C-O streching mode. Characteristic C-N streching

appears at 1009 cm™! and aromatic sp? C-H bending is visible at 874 cm™!.



Figure S2: Surface (a, b) and cross-sectional (c, d) morphology of PM-1

Figure S3: Surface (a, b) and cross-sectional (c, d) morphology of PM-2



Figure S5: Surface (a, b) and cross-sectional (¢, d) morphology of PM-4



Figure S7: Surface (a, b) and cross-sectional (¢, d) morphology of PM-7



Figure S9: Surface (a, b) and cross-sectional (c, d) morphology of PM-10



Figure S11: Surface (a, b) and cross-sectional (¢, d) morphology of PM-14



Table S2: Water vapor permeance of PIM-1 membranes

Water permeance Batch
(m*(STP)m~h'bar!)
PM-1 35 PIM-LT-1
PM-2 42 PIM-LT-1
PM-8 124 PIM-LT-2
PM-10 350 PIM-LT-1
PM-14 201 PIM-LT-2

The measurement was performed at 30 °C and first measurement points of each membrane are
displayed in Table-S2. PM-3, PM-4, PM-5 and PM-7 membranes were casted on a glass substrate.
Therefore, water vapor permeance measurement could not be carried out since the membranes

were not mechanically stable, it was difficult to handle these samples.
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Figure S12: Water flux of membranes

Water flux measurement of PM-1 could not be carried out due to exfoliation of the membrane

from the support.
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8.3. Article 3: Comparative

study of polymer of
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microporosity-derivative polymers in pervaporation and water

vapor permeance applications
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Table S1. Gas and water vapor permeance of PIM-1 at different hours

Gas permeance (m*(STP) m? h-! bar)

@hour=1 @hour=20
CHas 0.128 0.018
CO2 2.16 0.306
H: 2.830 0.482
H-0 47.8 12.3

Gas selectivity

@hour=1 @hour=20

H2/CHas 22.2 26.7
H:/CO:2 1.31 1.57
CO:/CHas 16.9 17.0
H:0/CHa4 373.4 683.3
H:20/CO:2 22.1 40.2
H:0/ Hz 16.9 25.5

Polymers 2024, 16, 2932. https://doi.org/10.3390/polym16202932

www.mdpi.com/journal/polymers
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8.4. Safety hazards

Substance GHS- Hazard statements | Precautionary statements
Symbol
5,5',6,6'-Tetrahydroxy- | GHSO02, H301, H315, H319, | P261, P301+ P310, P305+
3,3,3",3'-tetramethyl- GHSO07,
I.1-spirobisindane | GHSO08 H335 P351+P338
2,3,5,6-Tetrafluoro- GHSO02, H301, HH315, P261, P301+P310, P305
terephthalonitrile GHSO07,
GHSO8 H319, H335 +P351+P338
Potassium carbonate GHSO02, H302, H315, H319, | P261, P301+P310, P305
GHSO07,
GHSOS H335 +P351+P338
Boron tribromide GHSO05, H330, H300, H314 | P260, P264, P280, P284,
GHSO06 P301+P310,
P305+P351+P338
N-Methyl maleimide GHSO05, H302, H314, H317 | P260, P272, P280 P301 +
GHSO07 P312 P303 + P361 + P353
P305 + P351 + P338
N-Ethyl maleimide GHSO05, H300, H31, H314, | P260, P280,
GHSO06 H317 P301+P310+P330,
P303+P361+P353,
P305+P351+P338+P310
N-Propyl maleimide GHSO02, H226, H302, H317 | P210, P280,
GHSO07 P301+P312+P330,
P302+P352
T-Butyl maleimide GHSO07 H315, H319, H335 | P261, P264, P271, P280,
P302+P352,
P305+P351+P338
Cyclohexyl maleimide | GHSO06, H301, H315, H317, | P261, P273, P280,
GHS09 H319, H335, H410 | P301+P310, P302+P352,
P305+P351+P338
Isopropyl amine GHSO02, H224, P210, P233, P280,
GHSO05, H301+H311+H331, | P303+P361+P353,
GHSO06 H314, H335 P304+P340+P310,
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P305+P351+P338,
P403+P233
Maleic anhydride GHSO05, H302, H314, H317, | P260, P280, P301+P312,
GHSO07, H334, H372 P303+P361+P353,
GHSO08 P304+P340+P310,
P305+P351+P338
Acetaldehyde GHSO02, H225, H319, H335, | P202, P210, P233, P240,
GHSO07, H341, H350 P305+P351+P338,
GHSO08 P308+P313
1,2-Dimethoxybenzene | GHS07 H302 P301+P312+P330
Sulphuric acid GHSO05 H314 P260, P264, P280,
P301+P330+P331,
P302+P361+P354,
P304+P340,
P305+P354+P338, P316,
P321, P363, P405, P501
Sodium hydroxide GHSO05 H314 P280,
P305+P351+P338,P310
Pentanal GHSO02, H225, H317, H319, | P210, P233, P280,
H332, H335 P303+P361+P353,
GHS07 P304+P340+P312,
P305+P351+P338
Methanol GHSO02, H225, P210, P280,
GHSO06, H301+H311+H331, | P301+P310+P330,
GHSO08 H370 P302+P352+P312,
P304+P340+P311
Ethanol GHSO02, H225, H302, H371 | P210, P260
GHSO07,
GHSO08
[-Propanol GHSO02, H225, H319, H336 | P210, P233, P240, P241,
+ +
GHSO7 P242, P305+P351+P338
Tetrahydrofuran GHSO02, H225, H319, H351 | P210, P261,
GHSO07 P305+P351+P338
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Acetone GHS02, H225, H319, H336 | P210, P233, P241, P242,
+ +

GHSO7 P305 + P351 + P338

Dimethylacetamide GHS02, H332, H312, H319, | P210, P280,
GHS07 H360D P305+P351+P338, P308+

P313

N.N- GHS02, H226, P201, P280,

Dimethylformamide | oo H312+H332, P305+P351+P338, P308+
GHSO08 H319, H360D P313

Diethyl benzene GHS02, H226, H315, H304, | P273, P301+ P310, P331,
GHS07, H400, H410 P501
GHSI5

Dichloromethane GHSO07, H315, H319, H335, | P261, P281,
GHS08 H336, H351, H373 | P305+P351+P338

Acetic acid GHS02, H226, H314 P210, P233, P240, P280,
GHSO05 P303+P361+P353,

P305+P351+P338

Chloroform GHS02, H302, H332, H315, | P261, P281,
GHS07, H319, H351, P305+P351+P338
GHS08 H361d H336, H373

N-Pentane GHS02, H225, H304, H336, | P210, P273,
GHS07, H411 P301+P310+P331
GHS08,
GHS09

Toluene GHS02, H225, H304, H315, | P210, P261, P28,
GHS07, H336, H361d, P301+P310, P331
GHSO08 H373

Aniline GHS05, H301+H311+H331, | P273, P280, P301+P310,
GHS06, H317, H318, H341, | P302+P352+P312,
GHS08, H351, H372, H410 | P304+P340+P311,
GHS09 P305+P351+P338
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Diethyl ether

GHSO02,
GHSO07

H224, H302, H336

P210, P261

1,4- Dichlorobenzene

GHSO07,
GHSO08,
GHS09

H319, H351, H410

P202, P264, P273, P280,
P305+P351+P338,
P308+P313

Cyclohexane

GHSO02,
GHSO07,
GHSO08,
GHS09

H225, H304, H315,
H336, H410

P210, P233, P273,
P301+P310,
P303+P361+P353-P331

N-Methyl-2-
pyrrolidone
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