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Zusammenfassung

Nanoskalige Strukturen, die einen selektiven Transport und einen hohen Durchfluss ermdégli-
chen, haben ein enormes Potenzial fir eine Vielzahl von Trennanwendungen. Die Selbstorga-
nisation von Blockcopolymeren ermdglicht die Gestaltung mafigeschneiderter isopordser se-
lektiver Oberflachen fur vielversprechende energieeffiziente Trennungen. Das Ziel dieser Dis-
sertation ist es, die Kinetik, der durch Verdampfung induzierten Selbstorganisation von Block-
copolymeren und die Nicht-Ldsungsmittel induzierte Phasentrennung (engl. SNIPS) zur Her-
stellung von isoporésen Membranen, zu verstehen, hauptsédchlich um neuartige isoporése
Hohlfasermembranen (HFM) zu entwickeln.

In dieser Dissertation wurden sowohl reine Polystyrol-block-poly(4-vinylpyridin) (PS-b-
P4VP) - Diblockcopolymerlésungen als auch Ldsungen mit Zusatz von Magnesiumacetat
(MgAc?) verwendet, um die Strukturbildung in Flach- und Hohlfadenmembranen zu untersu-
chen. Die Kleinwinkel-Rontgenstreuung (SAXS) zeigt, dass die Zugabe von MgAc: bereits bei
niedrigeren Polymerkonzentrationen zur Bildung von Mizellen in den Blockcopolymerlsun-
gen fiihrt und diese Mizellen einem erhohten Doméanenabstand im Vergleich zu der reinen L6-
sung aufzeigen. In in situ SAXS-Experimenten wurden sowohl die geordneten als auch die
schwach getrennten Losungen verwendet, um den Einfluss der Extrusion und der Spinnpara-
meter auf die Selbstorganisation von Blockcopolymeren wahrend des Spinnens von HFM zu
untersuchen. Die erhaltenen Strukturmerkmale korrelieren mit den Strukturen in den Blockco-
polymerlésungen ohne Scherung und mit den Morphologien von Flach- und Hohlfadenmemb-

ranen, die aus rasterelektronischen Aufnahmen stammen.

Ein géngiger Ansatz um regelméafiige selbstorganisierte Strukturen zu erhalten ist eine Mikro-
phasentrennung, welche durch Verdampfen des Losungsmittels unter normalen Umgebungs-
bedingungen erreicht wird. In dieser Dissertation wird ein neuer Ansatz zur Steuerung der Ki-
netik der Mikrophasentrennung vorgestellt: eine kontrollierte Gasstromung anstelle der Ver-
dampfung unter Umgebungsbedingungen. Dieses Konzept erlaubt es die Bildung selbstorga-
nisierter Strukturen in kompakten Geometrien zu erreichen, wie z.B. auf der Innenseite einer
HFM.
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Die Studie konzentriert sich auf das Verstandnis der durch Gasstrémung induzierten gesteuer-
ten Selbstorganisation auf der inneren Oberflache von HFM fur die Herstellung von integral
asymmetrischen und von innen nach auf3en gerichteten isoporésen HFM durch Spinn- bzw.
Beschichtungsverfahren. Die Strukturbildung unterscheidet sich in beiden Verfahren. Fir das
Spinnen von HFM werden viskosere Polymerlésungen verwendet im Gegensatz zum Be-

schichtungsverfahren.

Die hohe Viskositat der Lésung verlangsamt die Selbstorganisation, die durch die scherindu-
zierte Orientierung oder die Ausrichtung der Mikrodomanen bei der Extrusion beeinflusst wird.
Auf der anderen Seite verkomplizieren die hohen Polymerrelaxationsraten, die verringerten
thermodynamischen Triebkrafte, sowie die hohen kapillaren Saugwirkungen in dem pordsen
Substrat die Selbstorganisation des Blockcopolymers, die Herstellung einer gleichméaRigen Be-
schichtung bei der Verwendung von verdiinnenden Lésungen. In dieser Arbeit wurden die be-
noétigten Bedingungen fiir eine isopordse Trennschicht auf der Lumenseite der HF mit einem

Durchmesser von < 1 mm in beiden SNIPS Verfahren erreicht.

Die Untersuchung der Selbstorganisation von Blockcopolymeren unter kontrollierten Ver-
dampfungsbedingungen wurde in einem weniger komplexen System an Flachmembranen fort-
gesetzt. Um eine kontrollierte Gasstromungsrate und Verdampfungszeit auf eine gegossene
Membran einwirken zulassen, wurde flr diesen Zweck eine spezielle Abdeckung entwickelt.
Die GielRparameter und die Blockcopolymerldsung wurden in einem grof3en Bereich variiert.
Das Konzept der Nutzung eines Gasstroms kann im Vergleich zu normalen Verdampfungsbe-
dingungen eine isopordse Strukturbildung in einem groRReren Paramterfenster erméglichen und
ist der einzige praktikable Weg, um durch verdampfungsinduzierte mikrophasengetrennte

Strukturen in kompakten Geometrien zu erreichen.

Grafische Zusammenfassung
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Abstract

Nanoscale structures providing selective transport and fast flow have a huge potential in a wide
range of separation applications. The self-assembly of block copolymers enables to design tai-
lorable isoporous selective surfaces for promising energy-efficient separations. The objective
of this dissertation is to understand the kinetics of evaporation-induced self-assembly of block
copolymers and non-solvent induced phase separation (SNIPS) for the fabrication of isoporous

membranes, mainly to develop novel isoporous hollow fiber membranes (HFM).

In this dissertation, polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer
solutions as pristine and with additive magnesium acetate (MgAcz) were used to study the
structure formation in flat sheet and HF membranes. Small-angle X-ray scattering (SAXS)
characterization shows that the addition of MgAc: leads to ordering of micelles in the block
copolymer solutions already at lower polymer concentrations and shows more prominent mi-
celles with increased domain spacing as compared to the pristine solution. Both the ordered
and the weakly segregated solutions were used to investigate the influence of extrusion and the
spinning parameters on the self-assembly of block copolymers during HF spinning by conduct-
ing in situ SAXS experiments. The obtained structural features are correlated with the structure
in the block copolymer solutions in absence of shear and with the morphologies obtained from

flat sheet and the HF membranes by ex situ SEM.

So far, evaporation under normal environmental conditions has been a common approach to
achieve evaporation-induced microphase separation providing lateral order of self-assembled
structures. This dissertation introduces a novel approach of controlling the kinetics of mi-
crophase separation of block copolymers by using gas flow instead of commonly used envi-
ronmental conditions. By this concept, the self-assembled structures could be developed in

compact geometries such as the lumen of a HFM.

The study focuses on the understanding of gas-flow induced controlled self-assembly on the
inner surface of HFM for fabrication of integral asymmetric and composite inside-out isopo-
rous HFM by spinning and coating processes, respectively. The requirement of viscous and
dilute polymer solutions for spinning and coating, respectively, completely differentiates the

structure formation in both the methods. The viscous solution challenges the self-assembly due

Xiii



to shear-induced orientation or alignment of microdomains during extrusion while the high
polymer relaxation rates and decreased thermodynamic driving forces, as well as high capillary
suction in the porous substrates complicates the block copolymer self-assembly and fabrication
of uniform coated layers using dilute solutions in the coating process. In this study, the condi-
tions required for SNIPS were achieved on the lumen side of the HF having a diameter <1 mm

in both the processes.

In order to explicitly understand the influence of gas flow on the self-assembly of block copol-
ymers, the study was further continued in a comparatively less complex system of flat sheet
membranes. To provide controlled gas flow rate and evaporation time to as-cast membrane, a
casting envelope was designed; the casting parameters and the block copolymer solution were
varied in a large range. The concept of using gas flow can provide isoporous structure for-
mation in a larger window as compared to normal evaporation conditions and is the only fea-
sible way to achieve evaporation-induced microphase separated structures in compact geome-

tries.

Graphical Abstract
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1. Introduction

1.1. Motivation

“The future depends on what you do today.”

- Mahatma Gandhi

Potable water is one of the most important factors for healthy lives. Safe and easy access to
water can lift-up the lifestyle by strengthening the health of people that increases their effi-
ciency. This can contribute greatly to poverty reduction by boosting countries’ economic
growth. Moreover, everyone has the right to safe, sufficient, physically accessible, and afford-
able water for day-to-day use. Absent, insufficient, or inappropriately-managed water and san-
itation services expose individuals to preventable health issues. Water scarcity enforces the use
of contaminated water and leads to the transmission of diseases such as cholera, diarrhoea,
dysentery, hepatitis A, typhoid, and polio. According to the fact sheet, ‘Drinking-water’ (Feb-
ruary 2018), provided by World Health Organization (WHO)?, 844 million people still lack an
essential drinking water service and by 2025, half of the world’s population will be living in
water-stressed areas. Some 8,42,000 people are estimated to die each year from diarrhoea be-

cause of inadequate and unsafe drinking water. Almost 240 million people are affected by

1 http://www.who.int/en/news-room/fact-sheets/detail/drinking-water
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schistosomiasis or snail fever caused by parasitic worms contracted through exposure to in-

fested water.

Moreover, deforestation, demographic changes, climate change, urbanization, population
growth, and increasing fresh water shortage already pose challenges for water supply systems.
The requirement of fresh water sources for drinking water and irrigation are continuously grow-

ing with an increasing reliance on groundwater and alternative sources, including wastewater.

Most of the above-mentioned issues can be prevented and solved by improving purification
efficiency and availability, which is largely covered by pressure-driven ultrafiltration mem-
branes. Re-use of wastewater to recover water for irrigation, nutrients, or energy is becoming
an important strategy, thus requiring safe and efficient management of wastewater around the
world, which increases the importance and urgency of effectual membrane filtration processes.
Membrane filtration offers high efficiency and filtration performance for reclamation and reuse
of water and in the general filtration processes of liquids and gases as compared to the conven-
tional methods such as distillation and adsorption. The main advantage of membrane technol-
ogy is the transport selectivity of the membrane without requiring additional stimulating fields
like temperature. So, both upscaling and downscaling of membrane processes, as well as their
integration into other separation or reaction processes, are easy. Membranes are widely used
in different separation processes such as gas separation, dialysis, reverse osmosis, nanofiltra-
tion, ultrafiltration, and microfiltration. Especially, ultrafiltration and often in conjunction with
microfiltration are increasing in importance to filter contaminated water. For example, they
remove particles, microbes, and parasites. The other important roles of membrane technology
for artificial organs, mainly in dialysis, blood oxygenator and controlled drug delivery, has
become a major life-saving procedure. The increasing demand for efficient separations en-
forces vast research in the field of synthetic membrane science and technology. In this, poly-
meric membranes dominate a very broad range of industrial membrane applications due to their
cost-effective industrial scale production via robust manufacturing methods and versatility of

polymeric materials, membrane geometries, and module configurations.

These widely known facts showing the importance and impressive success of membrane tech-
nology in dialysis and desalination, growing large-scale separation demands not only in water
treatment but also in the food and pharmaceutical industries and chemical industry, require
innovative research and development toward improved membrane materials and processes. In

addition, being someone who grew up in the Thar desert facing shortage of water in everyday
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life has been a strong driving force to learn about the membrane fabrication and designing
novel membranes for efficient separation. The desire to share my responsibility in solving such

problems gave me the determination to learn with passion and commitment.
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1.2. Overview of membranes for liquid separations

1.2.1. Membranes and materials

A membrane is a selective interphase between two adjacent phases that allows something(s) to
pass through while stops others in a specific manner.* This separation principle is a vital part
of the living cells and is well-known from biology.? Biological membranes inspire membranol-
ogists to achieve similar perfection in morphology, design and separation efficiency in syn-
thetic membranes. In recent decades, the knowledge from biological membranes is being trans-
formed into industrial processes with synthetic membranes, making them applicable in myriad
applications.>® A synthetic membrane can be porous or dense, solid or liquid, neutral or
charged, polar or non-polar, symmetric or asymmetric, thin (less than 100 nm) or thick (up to
several mm), and can be made from organic or inorganic materials in different geometries.®
Membrane selection depends on a variety of factors, including application type, separation
goals, composition of the feed solution, and operating parameters.> 8 The state-of-the-art
membranes are applicable for separation of molecular mixtures, controlled release of active

agents, chemical and biochemical synthesis, and energy storage and conversion.t %18

A majority of industrial membranes consist of synthetic or natural polymers and known as
organic membranes.*® Artificial polymers are synthesized by the polymerization of a monomer
or co-polymerization of two or more monomers for different polymer configurations such as
linear, branched and cross-linked structures, and natural polymers like rubber, wool and cellu-
lose.?% 2! Polymer selection depends on compatibility with membrane fabrication technology
and intended applications.® % E.g., a polymer may require a low affinity towards the permeate
for particular separations, while other times it may need to withstand harsh cleaning conditions
due to membrane fouling.?® Polymer characteristics include interactions and rigidity of polymer
chains, functional group polarity, and stereoisomerism.?* Linear-chained thermoplastic poly-
mers are more soluble in organic solvents and become soft or malleable with increasing tem-
perature while cross-linked thermosetting polymers are almost infusible and insoluble in or-

ganic solvents and do not soften with increasing temperature.?
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Other types of artificial membranes are made from inorganic materials. This mainly includes
metallic, ceramic and zeolite membranes.!” Metallic membranes are made from sintering metal
powders such as tungsten, palladium or stainless steel and then depositing them onto a porous
substrate. These are mainly used for hydrogen separation. Ceramic membranes consist of metal
(e.g. aluminum or titanium) and non-metals (e.g. oxygen, nitrogen, or carbon leading to the
corresponding oxides, nitrides, or carbides, respectively). They are generally used for highly
acidic or basic environments due to inertness but the high sensitivity to temperature gradient
leads to membrane cracking.?>?® Zeolite membranes are used in highly selective gas separation
due to uniform pore size while a thick layer is required to prevent cracks and pinholes, which
provides relatively low gas flux; this material is beneficial for catalytic membrane reactor ap-

plications. 30 3t

Some advantages of inorganic over organic membranes are high thermal and chemical stability,
inertness to microbiological degradation, and ease of cleaning after fouling.>> However, inor-
ganic membranes tend to have higher capital costs and one of the reasons is requirement of

specific thickness to withstand pressure drop differences.®

1.2.2. Polymeric membranes and their structures

Most commercially utilized synthetic membranes in separation industry are made of polymeric
materials due to the commercial availability of various types of polymeric materials and selec-
tive barriers.® Polymeric membranes can be porous, nonporous, or charged, and are capable of
offering consistent quality in industrial-scale production at a reasonable cost. The transport rate
of permeate flux through these membranes not only depends on the top surface but also depends
on the complete membrane structure.** Membrane thickness increases the resistance to mass
transfer.3* The barrier structure of membranes and their function can be classified according to
their structural features as porous, nonporous, symmetric/isotropic and asymmetric/anisotropic

membranes. The structure of membrane depends on the preparation techniques.®

A. Porous membranes

Most industrial membranes are either porous or at least contain porous parts or components

that are essential for their performance.?® 3 Entirely porous membranes are mainly used for

5
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microfiltration and ultrafiltration. In order to achieve high selectivity, pores in the membrane
need to be relatively smaller than the particles in the feed.'® In addition, chemical and thermal
stability are significant factors to consider when selecting porous materials because tempera-

ture and concentration affect selectivity and flux of the membranes.®

A. Nonporous membranes

Nonporous membranes are mainly used for reverse osmosis, nanofiltration, or molecular sep-
aration in the gas phase.® The membrane is a homogeneous dense film where permeate diffuses
through by partial pressure, concentration, or electrical potential gradient.3” One disadvantage
of nonporous membranes is low flux; therefore, the dense film is usually made extremely thin
and is deposited on top of a porous membrane, which might also affect the performance of the

membrane.!*

B. Symmetric membranes

Symmetric membranes have a uniform composition and structure throughout the membrane
cross-section, which can be porous or dense. Since the flux is inversely proportional to the
membrane thickness, a thinner membrane is prioritized.” For the defect-free fabrication of thin
membranes, the membrane thickness is kept greater than 20 um in the conventional film fab-
rication. In porous symmetric membranes for liquid separation, mainly in microfiltration, foul-

ing within membrane causes flux decline over time.38: 39

C. Asymmetric membranes

A typical asymmetric membrane comprises of a relatively dense and extremely thin selective
surface layer, known as permselective layer, supported by a much thicker porous substruc-
ture.*° The membrane can be integrally asymmetric or consist of a number of layers each with
different structures and permeability such as a thin-film composite or a mixed matrix composite
membrane.® The selective layer is always on the feed side of the membrane. The skin layer
determines the separation properties like permeation rates or resistance to mass transfer; and
the substructure functions as mechanical support, with virtually no separating function.*® Such
separation from the top surface provides high transport rates, which is desired in commercial

processes for efficiency and economic reasons.
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1.2.3. Fabrication of polymeric membranes via phase inversion

process

Phase inversion is a common method to fabricate polymeric separation membranes using arti-
ficial polymers.*! In this phenomenon, a controlled transformation of polymers from a liquid
phase of solvent(s)-(non-solvent)-polymer mixture (polymer solution) to a solid phase as pol-
ymeric membrane takes place by removing the solvent(s) (and non-solvent).*! 42 Generally,
this transformation occurs if there is a change in stability of the polymer solution. This, conse-
quently, minimizes the free energy of the mixture, which causes the solution to separate into
two phases.*! The change in the stability of the polymer solution is accomplished by tempera-
ture variation, solvent evaporation, or by mass exchange with non-solvent/coagulant bath. The
phase inversion process is highly dependent on the type of polymer used and the solvent used
to dissolve the polymer, which can significantly differ with the addition of non-solvent or other

additives.'> % There are four basic techniques to create phase inversion membranes.

A. Precipitation from the vapor phase

In this process, the cast polymer film is placed in a vapor atmosphere that contains a non-
solvent saturated with the same solvent that is used in the polymer solution. Due to the high
concentration of solvent in the vapor atmosphere, the solvent from the cast film stays within
while diffusion of non-solvent into the cast film leads to the phase inversion and results in a

porous membrane.** 4°

B. Precipitation by controlled evaporation

The polymer in this case is dissolved in a mixture of solvent(s) and non-solvent. The controlled
evaporation of the solvent due to high volatility changes the composition to have a higher non-
solvent and polymer content.®® 6 The polymer eventually precipitates and forms a skinned

membrane.

C. Thermally induced phase separation

In this method, the polymer membrane is prepared by mixing the polymer with solvent(s) and

non-solvent that act as a solution at high temperature for casting or spinning the solution, and
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solidifies upon cooling. Since the transformation of the polymer solution into a membrane or
the phase separation takes place due to a change in temperature of the polymer solution, the
process is called as thermally induced phase separation (TIPS).*” A mixed or single solvent
polymer solution can be used for membrane formation by TIPS, which happens due to solvent

evaporation.*® This method is often used to prepare microfiltration membranes.*®

D. Immersion precipitation

A polymer solution is either cast on a proper support or spun as a hollow fiber (HF); afterwards,
the as-cast or as-spun polymer film or fiber is immersed in a coagulation bath. Here, the pre-
cipitation or solidification of polymer solution takes place due to the solvent and non-solvent
exchange, thus the process is called as non-solvent induced phase separation (NIPS).*> 4 The
rate of phase inversion and the characteristics of the final membrane primarily depend on sol-
ubility of the solvent in the non-solvent, insolubility of the polymer in the non-solvent, and
temperature of the non-solvent, which controls the mass transfer driven by the kinetics and

thermodynamics of the process.*

Out of these four processes, immersion precipitation has been the most widely used technique
for preparing polymeric membranes since its introduction in membrane technology in the
1960’s. The reverse osmosis membrane developed by Loeb and Sourirajan was a milestone in
membrane technology, which provided high salt rejections and high fluxes at moderate hydro-
static pressures.®® This invention of asymmetric membranes with a dense skin lead to the large-
scale industrial use of membranes that began in 1970’s with water desalination and purification
to produce potable and high quality industrial water.%> The membranes prepared via combina-
tion of NIPS and TIPS have also been widely studied and applied in the fields of microfiltration
and ultrafiltration. The combined process of non-solvent-thermally induced phase separation
is known as N-TIPS.>354

The use of commercially available green solvents, such as PolarClean® and acetyl tributyl
citrate (Citroflex® A4), as an alternative of commonly used toxic solvents is the new trend in
preparation of membranes via phase inversion processes, however, this may apply in specific

cases only.®
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1.2.4. Pressure-driven membranes for liquid filtration processes

Membrane separation processes and their applications are as diverse as membrane structures,
which are defined by the chemical and physical properties of synthetic membranes and sepa-
rated particles as well as the choice of driving force.>® In contrast to biological membranes,
synthetic membranes have only passive transport properties. The most commonly used driving

forces of a membrane process in industry are pressure and concentration gradients.

The main application of membranes today is in the separation of molecular and particulate
mixtures. The separations are largely covered by hydrostatic pressure-driven filtration pro-
cesses. This includes micro-, ultra- and nano-filtrations, and reverse osmosis, in the order of
decreasing pore size.>” Conceptually, these pressure-driven separation processes are similar
because of the hydrostatic pressure gradient as the driving force for mass transport. However,
the selective pore size makes a big difference in the operating conditions and mass-transport

mechanism.!?

Membranes can also be categorized based on their application and separation regime.>® The
range of application of these pressure-driven membranes for water separation processes are

illustrated in Figure 1.1.

A. Microfiltration

In microfiltration, the particles and dissolved macromolecules larger than 0.1 um are rejected.>®
The membranes are applied in pharmaceutical, chemical and semiconductor industries for sep-
aration of catalysts, enzymes, yeasts, purifying extraction fluids, and separation of glass cutting
and metal particles from oil/fluid, respectively. Microfiltration membranes are also used as a
pre-filtration in the process of water treatment by ultrafiltration, nanofiltration and reverse os-
mosis. The pre-filtration is applied for the removal of large particulates, colloids and bacteria
from feed streams, mainly for wastewater treatment in the food & beverage industry.>” ¢ The
membranes are characterized by performing bubble point test and retention tests of bacteria,

latex or other micrometer-sized particles.
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Figure 1.1. Description of the pressure-driven membrane separation processes and their applications.
Copied with permission from Synder Filtration, © 2019 Synder Filtration, Inc.?

B. Ultrafiltration

Ultrafiltration is a process that is similar to microfiltration in which the particles and dissolved
macromolecules smaller than 0.1 pm and larger than about 2 nm are rejected.>® The membranes
used for ultrafiltration comprises a molecular weight cut-off range of 1-500 kDa. These mem-
branes are used in rejecting bacteria, viruses, colloids and polypeptides, and are widely used in
wastewater treatment and concentration of proteins, enzymes etc.>’ Ultrafiltration membranes
are commonly characterized by solute rejection tests by passing molecules with a known mo-
lecular weight through the membrane such as globular proteins or linear water soluble mole-
cules like polydextran, poly(ethylene glycol) (PEG) and poly(vinyl pyrrolidone).2% 6% 61

C. Nanofiltration

The pressure-driven membrane based separation process provides rejection of the particles and
solutes smaller than 2 nm.>° These membranes are able to reject multivalent salts and uncharged

solutes, while allowing some monovalent salts to pass through. Nanofiltration membranes are

2 http://synderfiltration.com/learning-center/articles/introduction-to-membranes/pressure-driven-membrane-fil-
tration-processes/
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similar to reverse osmosis membranes in that they contain a selective thin-film composite layer
(<1 um) on top of a porous layer (50 to 150 um) for small ion selectivity. The membranes can
also function at lower pressures than reverse osmosis membranes, which make them ideal for

achieving an optimal combination of flux and rejection.® %

D. Reverse Osmosis

Reverse osmosis membranes are tighter than nanofiltration membranes, and are able to reject
all monovalent ions while allowing water molecules to pass through in aqueous solutions. The
pores in these membranes are so small, from 3 to 5 A in diameter, that they are within the range
of thermal motion of the polymer chains that form the membrane. In these membranes, sepa-
ration occurs because of the difference in solubility and mobility of different solutes in the
membrane, as explained by the solution-diffusion model.>° Common applications for reverse
osmosis filtration include desalination of brackish ground water or seawater and industrial wa-
ter treatment. The membranes are operated at much higher pressure as compared to micro- and

ultrafiltration membranes.5% &3

1.2.5. Fundamental transport mechanism in pressure-driven lig-

uid separation membranes

The most general description of flux is ‘the amount of a property passing through a unit area

per unit time under a given driving force’. That is:

J= L3 D

dx

Where J is a flux of a property, X is a driving force, x is the directional coordinate perpendicular

to the membrane surface, and L is a phenomenological coefficient.®*

The properties transporting through the membranes can be mass, volume, energy, electrical

charge, etc. Here, we consider hydrostatic pressure as main cause of the flux of water.

In case of volumetric flux caused by a hydrostatic pressure gradient, Darcy’s law expresses the
flux of a certain volume (of water) through a porous medium or a membrane in the direction

perpendicular to the membrane surface, such as:

11
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Jo= Ly @)

P 4z
Where Jy is the volumetric flux, Ly is the hydrodynamic permeability, and dp/dz is a driving

force of pressure gradient in the z-direction.®®

Thus, the volumetric water flux (J) in pressure driven membrane processes is calculated as

follows:

AV
A-At-Ap (3)

Iy =

Where, AV is the volume of collected water between two mass measurements, A is the active
surface area of membrane, At is the time between two measurements, and 4p is the transmem-

brane pressure.

While this expression is the general description of flux, for a comprehensive description of the
mass transport through membranes, the properties of membranes, the coupling of fluxes and
deviation from the ideal behavior of molecular mixtures need to be taken into account. In this
context, the fluxes through the membranes can either be by viscous flow through defined per-
manent pores or by diffusion through a dense layer or both viscous flow and diffusion in the

mixture passing the membrane by viscous flow.

Viscous liquid flow through a cylindrical capillary pore driven by the pressure gradient across
the membrane is described by the Hagen-Poiseuille equation, given as:

4
ﬂDp

1287l . Ap (4)

Jv=—

Where, Jy is the flux, Dy diameter of the pore; Ap is the pressure difference across the pore; 7
is the viscosity of liquid (in case of water, 8.94x10* Pa s at 24 °C)®*; | is the length of a straight

cylindrical pore.%57

Assuming that all pores on the membrane surface have the same geometry, the flux from the
active layer of the membrane consisting of a series of Np number of cylindrical capillary pores
is the sum of all the laminar liquid flows through the individual pores and is given as:

4
ﬂDp

Jv = _Np ) 12871 -Ap 5)

Where, N, is the average number of pores per unit area on the membrane surface.

12
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The Hagen-Poiseuille equation considers that the fluid must be incompressible and the flow in
the pores must be laminar, which is valid in membrane filtration.®® The equation defining the
flow from an individual pore helps to understand the difference in the above-mentioned four
pressure-driven water separation methods. According to the equation, the flux through the ca-
pillary pores is proportional to the power four of pore diameter and the pressure difference
across the pore (equation 5). Since the typical pore diameter of a microfiltration membrane is
100-times larger than the average ultrafiltration pore and 1000-times larger than the (nominal)
diameter of pores in reverse osmosis membranes, the permeance (flux per unit pressure differ-
ence), from microfiltration is considerably higher as compared to reverse o0smosis membrane.
In addition, the operating pressure and the used conditions define the flux in all the four pro-

cesses.

However, there is a significant influence of tortuosity and shape of pores, and flow resistance
of membrane substructure on the permeability and the selectivity of membranes. Accounting
the tortuosity of the pores, the sum of all the laminar liquid flows through the individual pores
IS given as:

4
ﬂDp

Jo=—Np- 12870t Ap (®)

Where, 7 is the pore tortuosity; z = 1 for a capillary with a circular cross section.®

Several studies have contributed to estimate the permeability of porous media and modified
the classical Hagen-Poiseuille equation for tortuous and noncircular channels. For example,

Pickard proposed a slightly different form of the Hagen-Poiseuille equation:

— _f. ot
Jo =~k 4P 7)
Where, Dn is hydraulic diameter, k is a geometry correction factor dependent on the shape of
the capillary and its eccentricity with k = 1 for a capillary with a circular cross section, k = 1.43
for a square, and k = 1.98 for an equilateral triangle.®® The detailed calculations of these values

and insightful studies are available in the referenced literatures.”®"3

13
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1.2.6. Membrane operations

The pressure-driven membranes can be operated in two ways, dead-end and cross-flow modes,

as schematized in Figure 1.2.%°

Dead-end Filtration Cross-flow Filtration

39 9y vy ,

9
Perpendicular Flow Tangential Flow

Figure 1.2. Schematic diagram of pressure-driven separations operated in dead-end and cross-flow
modes.

A. Dead-end filtration

In the dead-end filtration, the feed flow is applied perpendicular to the membrane surface. This
provides a permeate through the membranes and retentate on the membrane surface. The sep-
aration works through cake filtration process, which starts when the feed solution passes
through the filter plates and creates a build-up of solids on the filter surface. The cake layer

reduces the effective pore size and the flux with time.

14




Chapter 1

B. Cross-flow filtration

In cross-flow filtration the feed flow is applied tangentially across the membrane surface. As
feed flows across the membrane surface, permeate passes through while retentate accumulates
at the opposite end of the membrane.

Advantages of cross-flow versus dead-end

There are several advantages of using cross-flow over dead-end membrane filtration process.
The build-up of cake layer in dead-end filtration leads to an increase in the resistance with
increase in the thickness of the cake formed on the membrane. Whereas in cross-flow pro-
cesses, the foulants deposit until the forces of the binding cake to the membrane surface are
balanced by the shear-forces of the feed stream. As a consequence, the permeability and the
flux rapidly decrease in the dead-end separation, proportionally to the concentration of reten-
tate and, thus, requires a periodic cleaning. While for cross-flow processes, the tangential flow
of feed limits build-up of retentate on the surface of the membrane and the permeate flux does

not drop as fast when compared to dead-end filtration.®

Therefore, the lesser demand of periodic cleaning in cross-flow configuration improves pro-
duction efficiency and quality control as compared to dead-end, and improves membrane
lifespan by helping to prevent irreversible fouling, which in turn can cut down the operating

cost.

It should be noted that the cross-flow filtration is preferred for the filtration of fluid having low
solute concentrations or solids while for filtration of viscous fluids, dead-end filtration works

better, in which the cake layer can be removed after a span of time.

15
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1.2.7. Membrane geometries, module configurations and pro-

Cesses

Advanced and reliable manufacturing processes offer membranes, membrane modules in var-
ious shapes and formats, and of respective flow configuration as required for particular appli-
cations. The major breakthrough in membrane technology came with the membranes devel-
oped by Loeb and Sourirajan; the membranes were developed in flat sheet geometry for reverse
osmosis application.> Later a different approach, spinning of polymer solution with a bore
fluid, lead to a self-supporting hollow fiber membrane geometry.’* To date, membranes are
mainly produced in three different configurations: flat sheets, capillary or HF, and tubular de-
vices. Other type of the processes, such as membrane (micro)capsules may have significant

potential for controlled drug release but do not play a large role in industrial applications yet.”

Soon after the development of efficient membranes, the appropriate membrane housing de-
vices, called modules, were established. ‘Module’ describes a complete unit, composed of the
membranes, the pressure support structure, the feed inlet, the outlet for permeate and retentate
streams, and an overall support structure.>® The principal types of membrane modules include

plate-and-frame, spiral wound, tubular and HFM modules.

A. Plate-and-frame module

In a plate-and-frame module, the flat sheet membranes are bolted together with a frame around
the perimeter; the feed passes between the membranes of two adjacent membrane assemblies.”
Common applications for plate-and-frame configurations include cosmetics production, mem-

brane bioreactor, and specialty high solids food and beverage applications.

B. Spiral wound module

Spiral wound modules comprise of a flexible permeate spacer placed between two flat mem-
branes, forming a membrane sandwich, which is then rolled into a circular configuration. Spiral
membrane elements offer the best value per membrane area, a very high packing density, sur-
passing the packing density of plate-and-frame, tubular, and capillary configurations, smallest
footprint, robust design that prevents membrane breakage (compared to HFM) and has rela-

tively low capital and operating costs. However, spiral element fouling is greater, cannot handle
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mechanical cleaning like tubular elements, and spiral wound modules have a lower packing
density than HF.

C. Tubular modules

Tubular modules consist of a minimum of two tubes; the inner tube, called the membrane tube,
and the outer tube, which is the shell. Tubular modules in cross-flow configuration are primar-
ily used in micro- and ultrafiltration applications and are generally used to process difficult
feed streams such as oily wastewater treatment, membrane bioreactor and other high solids
processes. Tubular systems get less fouling compared to plate-and-frame systems, and a similar
amount of fouling when compared to spiral and capillary. The membranes allow robust clean-
ing using harsh chemicals, backwash, and even mechanical or physical cleaning with sponge
balls. They have low packing density as compared to capillary, HF, and spiral wound elements;
thus, the larger size is a disadvantage of tubular modules.

D. Hollow fiber membrane modules

HF filtration utilizes thousands of long, porous HF ranging from 1-3.5 mm in diameter, which
are potted in a polymeric or metallic shell. The HF configuration works in a similar way to
tubular configuration but the filaments having narrow diameter are flexible. Due to the small
strand diameter, a bundle of hundreds to thousands of HF can be inserted into a pressure vessel
for module fabrication. Often the main criterion for selection is the required membrane area;
modules with capillary or HF membranes can contain a much higher membrane area per vol-
ume than those equipped with flat-sheet membranes.® The flexibility of the fiber strands allows
certain filter configurations that cannot be achieved in other filtration configurations. HFM can
also be back-flushed from the permeate side and air scoured, and can process feed streams with

high total suspended solids, mainly in outside-in configuration.

HFM can find usages in all types of filtration, ranging from microfiltration to reverse osmosis.
Widely applied separations by HFM include dialysis, membrane bioreactor, reverse osmosis
pretreatment, industrial/domestic wastewater treatment, juice processing, and biotech applica-

tions. HFM can carry out the filtration in two ways, either “inside-out” or “outside-in”.”® 77
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a. Inside-out hollow fiber membranes

As the name describes, in the inside-out HFM, the direction of separation is from inner side
towards outer side, as shown in Figure 1.3. The feed flows across the inside of the fiber and
travels through the pores in the membranes, exiting through the top of the shell as permeate.
As the feed travels down the fiber length, it exits at the other side as permeate (concentrate).’®

" The inside-out configuration provides better control over hydrodynamics of feed flow.

MODEL CONFIGURATION - Hollow Fiber Membrane

Permeate

.—! * ‘ ‘ ‘/ Semi-permeable Membrane

Feed Stream: - —— Feed Stream / Retentate
Water ' ' '
Suspended Solids

Microorganisms .

Retentate:

Water

Suspended Solids
Microorganisms

Permeate:
Clear Water

Figure 1.3. Schematic diagram of a HFM module in inside-out filtration configuration. Copied with
permission from Synder Filtration, © 2019 Synder Filtration, Inc.?

b. Outside-in hollow fiber membranes

The feed is applied to the outside of the fiber and the permeate is collected from the lumen

side. The outside-in configuration provides a higher surface area as compared to the inside-out

8 http://synderfiltration.com/learning-center/articles/module-configurations-process/hollow-fiber-membranes/
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configuration, while the active surface area can be different due to the sticking of fibers to each

other or due to fouling.’

Flexibility of the fibers make them easy to break under high strain as compared to other meth-
ods of filtration such as tubular or spiral wound elements. HFM tend to have moderate capital
costs, but high operating costs compared to other configurations. Rigidity and strength are not
high in HF as compared to tubular filtration units. However, the robust single layer having a
thickness of few hundred micrometers or dual-layer HFM are easily applicable in normal pro-

cesses like ultra- and microfiltration, which do not require high transmembrane pressures.’®
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1.3 Block copolymers, self-assembly and isoporous

membranes

1.3.1. Block copolymers

A block copolymer consists of different continuous series of identical repeating units or ran-
dom copolymers connected into one macromolecule. The enormous range of possible molecu-
lar architectures of block configurations is basically classified based on two parameters: the
number of chemically distinct blocks and linear, branched, or cyclic sequencing of the
blocks.®%8% With advanced polymer synthetic strategies and techniques, e.g., controlled
polymerization techniques along with facile post-functionalization, block copolymers with pre-
cisely controlled molecular weights and defined macromolecular architectures can be pre-
pared.®* The designed macromolecules combine the properties of constituting blocks but may
display new properties, depending on the way the different blocks are combined into one mac-
romolecule, the strength of incompatibility between different blocks and their respective mo-
lecular weights. The advances in synthetic techniques allow almost complete freedom in se-
lecting the polymer for each block. This, in turn, allows each block to have properties tailored
for ultimate applications.?> 8¢ Stunning block configurations can be constructed by using two
or more types of repeating units during polymer synthesis, which may lead to AB diblock, ABC
triblock, ABA triblock, ABABA pentablock, (AB)nX star diblocks, (AB)» multiblock, or seg-
mented copolymers, etc.8”- & A further modification in the polymer is possible via a large num-

ber of well-defined post modification roots such as click-chemistry.8%-92

Diblock copolymers

The simplest and most studied architecture is the linear AB or A-b-B diblock copolymer, which
consists of a series of identical repeating units of type A that is covalently bonded to another
chemically different long sequence of type B repeating units, e.g., polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) diblock copolymer, as shown in Figure 1.4.
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Figure 1.4. Structure of PS-b-P4VP diblock copolymer.

1.3.2. Self-assembly of amphiphilic diblock copolymers

The growing demand of miniaturization in today's materials science enforces more research in
“bottom-up” fabrication methods. The immiscibility of chemically incompatible blocks drives
the macromolecules to self-assemble into exquisite nanostructures, just like their small mole-
cule analogues, lipids and surfactants. This provides an avenue for Prof. Richard Feynman’s
vision of bottom-up fabrication approach. In the last decades, various block copolymers have
been studied as molecular building blocks for fabrication of large-scale prescribed structures
generated by the “bottom-up” approach of self-assembly.*% The ability to precisely control
the length scale of microstructures in the range of 5-100 nm through the simple expedients of
changing molecular weight, structure of repeating unit, temperature, dilution with other poly-

mers or solvents etc. make block copolymers the pre-eminent self-assembling materials.®’-%°

In the thermodynamically driven process of self-assembly, the incompatible block segments of
a copolymer prefer to stretch out as individual polymer chains in an effort to get as far away
from each other as possible but are unable to because of the chemical linkage holding them
together. The formation of the various morphologies is attributed to two competing factors:
interfacial energy between the two blocks (an enthalpic contribution) and chain stretching (an
entropic contribution). The degree of chain stretching depends on the volume fraction of one
block and the degree of polymerization of the diblock copolymer, as shown in Figure 1.5. As
microphase separation occurs, the two blocks separate from each other in such a way as to
minimize interfacial area in order to lower the total interfacial energy. E.g., when the diblock
copolymer is highly asymmetric, i.e., the volume fraction of one block such as A block is small,

the A blocks prefer to aggregate into spherical microdomains, leaving the B blocks to surround
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them as ‘coronas’. This way, the system gets the lowest interfacial area and increased confor-
mational entropy relative to other morphologies, and thus is energetically favorable. As volume
fraction of A increases at a fixed temperature and the effective volume fraction of block B
decreases, the polymer chains have to adopt new arrangements to reduce their stretching, lead-
ing to a morphological transition from spheres to cylinders and to lamellae for a symmetric

diblock copolymer.

(b) (€}

L 4

fa

Figure 1.5. Schematic illustration of the possible polymer chain arrangements in different morpholo-
gies of AB diblocks changing from sphere (a) to cylinder (b) and to lamella (c), as the volume fraction
(fa) of the A block (black) increases to ~0.5. The dash curve in each morphology represents a part of
the interface between A and B domains.*®

The system balances the energetic factors; an unfavorable mixing enthalpy coupled with a
small mixing entropy, to achieve a microphase-separated structure and can produce lateral or-
der of astonishingly complex self-assembled nanostructures on the macromolecular scale.®% 8%
87,102-106 This lateral order of a particular morphology depends on the volume fractions of the
different polymer blocks (f), the total degree of polymerization (N), and the degree of incom-
patibility between the block segments, which is determined by the Flory-Huggins-Staverman
interaction parameter (). An increase in the number of blocks and components leads to a rapid
increase of possible structures and an increased level of complexity for self-assembly 8’ 103, 107
x measures the thermodynamic incompatibility between the two blocks, which depends on the
temperature of the system as well. At high temperatures, entropic contributions dominate and
the system forms a homogeneous disordered phase. As the temperature decreases, repulsive
interactions between the two polymer blocks become more important, which leads to mi-
crophase separation into ordered morphologies. Therefore, by manipulating these molecular

parameters, various morphologies including spherical, cylindrical, lamellar, and others have
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been revealed both experimentally and theoretically. The self-consistent mean-field theory pro-
vides the calculations of free energies and composition profiles for the various ordered states
for weak thermodynamic interactions (y << 1) combined with the large number of interchain
contacts (*N).198:19 The equilibrium morphologies of narrow disperse diblock copolymers are

shown schematically in Figure 1.6.

>
0.1 volume fraction 0.5

Figure 1.6. Morphologies of diblock copolymers. From left to right the volume fraction of the blue
component increases: spheres, cylinders, double gyroid, and lamellae. Copied with permission; © 2014,
John Wiley and Sons; license number: 4552980528271.11

In particular, the cylindrical®® 103 112113 and gyroidal** 1*> morphologies fascinate membrane
scientists. Segregation of the blocks on the molecular scale can produce astonishingly complex
nanostructures, such as the striking "knitting pattern” using a triblock terpolymer, discovered
by Prof. Reimund Stadler’s group.1%% 116117 This reflected a delicate control over kinetics of
macromolecular system. Therefore, the ability to precisely control morphology, the length
scale of microstructures, domain functionality and properties, retention of the traditional ad-
vantages of polymeric material, quantitative prediction of equilibrium structures, etc., makes

block copolymers the pre-eminent self-assembling materials.

A. Self-assembly in bulk

Self-assembly of block copolymers in bulk has been studied extensively for over 50 years. In
conventional bulk self-assembly studies, the films were prepared under such conditions that
the block copolymers are segregated in the state of thermodynamic equilibrium. The process
is governed by an unfavorable mixing enthalpy coupled with entropic losses due to macromo-
lecular junctions and chain stretching. The bulk film fabrication is commonly done by dissolv-

ing the block copolymer in a solvent and allowing the slow evaporation of this solution after
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pouring in a mold.1%% 118121 Afterwards, the temperature is slowly raised above the glass tran-
sition temperature of all the blocks in the block copolymer for their segregation in the melt
state.8083.102 |n the bulk state the selection of morphology is dictated primarily by composition
but temperature, diluents, and changes in architecture can also be used to modulate the equi-
librium structure. The bulk assembly of traditional A-B diblock copolymers is well-researched

both theoretically and experimentally.®®

The bulk morphologies (diblock and multiblock) got wide attention as precisely nanostructured
templating materials for applications ranging from catalysis, photovoltaic*?? and optics'?® to
fuel cells and lithography?* 12°, The double gyroid morphology is a triply periodic minimal
surface and attracts special attention as precursor in hybrid materials design®?® for applications
requiring high surface area and symmetry like solar cells'?’ or nanofoams*?¢8 Current com-
mercial applications of bulk block copolymers include thermoplastic elastomers, such as gas-
kets, cable insulation, footwear, blending, adhesives, automotive bumpers, snowmaobile treads;
thermoplastics for medical devices, protective headgear, and piping systems. The facile and
low-cost generation of a myriad of application-specific recyclable, flexible, thermoformed (or
blow-moldable), creep-resistant, and durable thermoplastic elastomer materials as compared to

conventional thermosets is primarily due to the prescribed nanoscale phase separation.®’

B. Self-assembly in (dilute) solutions

When block copolymers are dispersed in solvents that are selective and in particular if the
solvent (or solvent mixture) is near or below the theta temperature for one of the blocks, mi-
celles will form, as shown in Figure 1.6.12! By this self-assembly in solutions, a myriad of
tailor-made micellar morphologies are accessible that can meet the demands of precisely tun-
able micro- and nanostructures.® 12 Spherical, cylindrical and helical micelles as well as vesicles
can be obtained by the use of selective solvent(s). More complex preparation steps involving cross-
linking or guided hierarchical self-assembly protocols enable the formation of Janus, patchy and

multicompartment micelles such as clover-, hamburger-, raspberry- and football-like particles.**

Such self-assembly of block copolymers in a solution paves the way for the construction of
excellent templates for the selective incorporation and stabilization of nanoparticles, giving rise
to highly relevant applications in the field of catalysis, sensing, optoelectronic devices, etc.% 13-

133 Moreover, the block copolymer micelles in aqueous solutions hold promise for the delivery
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of a large array of chemically diverse therapeutic compounds.?! 134138 Tynpjcally, the fabri-
cated self-assembled block copolymer structures are obtained from solutions, which leads to a
possible influence of the solvent on the finally obtained structure or in a kinetically trapped
state of the micro-phase separation.**®

C. Self-assembly in fabrication

Particular morphologies using block copolymers in bulk, solutions, melts, etc., can be achieved
either by reaching the thermodynamic equilibrium state or by quenching the morphologies at a
particular segregation strength. In context of this thesis, one of the most common studies on
fabrication techniques using block copolymers includes film fabrication like thin films by spin
coating, spraying, electro-spraying or dip coating or thick films by dip coating or casting of
block copolymer solutions.4%143 The surface topology or nanostructure formation of block co-
polymers in various fabrication processes is more complex as compared to the bulk and in-
solutions due to a number of additional driving forces such as surface fields, film thickness,

substrate polarity, environmental conditions, or sample preparation history.44-147

The thin film morphologies have been operated for media storage, photonics, nanolithography
for patterning next-generation semiconductor devices, nanotemplating for dense bit-patterned
media, and membranes for nano- and ultrafiltration applications. However, the hurdles of cost-
effective and scalable approaches, understanding the influence of nanostructure formation ki-
netics and processing protocols on morphology and orientation, elimination (or significant re-
duction) of defects, and translation of nanopatterning techniques to various substrates such
as flexible substrates, porous scaffolds, graphene, metals limit the wide-spread usage of block

copolymer thin films in emerging technologies 14151
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1.3.3. Isoporous membranes

The common understanding from the term “iso” is “equal or identical” so an isoporous mem-
brane means the membrane having pores of equal diameter on the top surface. In this category,
for nanometer-sized pores, track-etched membranes are commercially available and claim to
provide accurate fractionation of particulates because of their precise pore size with uniform
capillary pore structure. However, the surface porosity of these membranes is very low. Like-
wise, the commonly used polymeric membranes are well-established systems but lacks high
surface porosity on top. The other type of isoporous membranes is anodic aluminum oxide
membrane, which provides a self-organized hexagonal closed pack nanostructure. The mem-
branes are produced via an electrochemical process, in which an oxide layer is slowly devel-
oped on the aluminum surface. However, the straight uniform pores do not provide good flux
as compared to the membrane having a selective surface on an asymmetric and more porous
substructure. Since the key property of membrane-based separation is subject to permeability-
selectivity trade-offs, that decide its overall efficacy, it is required to have high surface porosity
providing high permeability along with uniform pore size providing specific retentions. In this
context, the self-assembled isoporous block copolymer membranes are preferred due to their
capability of providing high density of evenly sized pores on top of a spongy substructure..t>2
A membrane may be considered an isoporous membrane if the ratio of the diameter of the

largest pore to the diameter of the smallest pore is less than three.>

As discussed in Section 1.3.2, the segregation between blocks of a block copolymer leads to
microphase-separated domains. These self-assembled porous structures can be used as separa-
tion tools. The initial block copolymer based self-assembled structures were developed in thin
or thick films, by providing controlled evaporation rate after coating or casting of block copol-
ymer solutions onto solid substrates.4? 154156 Afterwards, the selective etching of one block
led to desired porous structures, e.g., in the thin films prepared from polystyrene-b-poly(eth-
ylene oxide) PS-b-PEO, selective etching of the PEO block leaves the porous PS monoliths.
However, after etching there is typically some functionality remaining from where the two
blocks were covalently connected but this is not high enough to impact the surface properties
of the pores. Consecutively, the concept was used for triblock terpolymers with a central sac-

rificial block to facilitate etching. Moreover, the triblock terpolymers provide a scope to tailor
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the surface chemistry as well, by introducing functionality into the pores of monolithic mate-
rials. E.g., an A-B-C triblock terpolymer, comprising of blocks A as the matrix component, B
as a nondegradable midblock for pore functionality, and C as the sacrificial block that is even-
tually etched.'®" Using this approach on polystyrene-b-poly(N,N-dimethylacrylamide)-b-pol-
ylactic acid (PS-b-PDMA-b-PLA), porous PS monoliths with hydrophilic PDMA lining on the
pore walls can be prepared®®. In addition, the PDMA can be hydrolyzed to give poly(acrylic
acid) (PAA), and these acids can be functionalized by various amines using standard diimide
coupling chemistry.1° 160 |_ater on, the thin films were also studied using various di and tri
block copolymers, by incorporation of ionic additives'®®, homopolymers®®® 162 nanoparti-

cles®®®, in presence of various directional fields, etc.36: 87 104,147, 154,155, 157, 163-167

The formation of such isoporous monolithic films by selective etching of at least one block
requires a substrate, either porous or a dense material from which the cast polymer film has to
be removed. In this case, the polymer film should have sufficient mechanical strength to be
used as a free-standing membrane, which is hard in the case of thin polymer films, thus requires
a mechanical stabilization, and therefore needs to be transferred onto a porous substrate support
showing a negligible resistivity towards the permeating flux. Such composite membranes
showed good fluxes and good selectivity.'>* 18 However, the main drawbacks of thin films are
the requirement of selective etching of one block for fabrication of porous structures, the re-
moval of the polymer film from the substrate and the mechanical stability of the membrane.
This increases the time, costs and complexity of membrane fabrication. Therefore, an alterna-

tive method was desired to reduce the number of steps in the fabrication process.

1.3.4. Fabrication of isoporous block copolymer membranes via

SNIPS process

In 2007, “one-step” method for fabrication of integrally asymmetric isoporous block copoly-
mer flat sheet membranes was introduced. The isoporous membranes were fabricated by a
comparatively straightforward approach, via self-assembly of block copolymers in combina-
tion with non-solvent induced phase separation (SNIPS) process, as shown in Figures 1.7 and
1.8. A solution of PS-b-P4VP diblock copolymer in a solvent mixture of N,N-dimethylforma-

mide (DMF) and tetrahydrofuran (THF) was cast on a glass plate and the as-cast film was
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immersed in the precipitation bath after providing a short evaporation time. This way, the evap-
oration-induced self-assembly of block copolymers on the top surface of cast block copolymer
film was trapped by non-solvent induced phase separation.3® The more volatile solvent THF
is selective for PS while DMF is selective for the pore forming minority block P4VP.13% 169 A
key feature of the SNIPS process is that it can lead to a rather thin selective isoporous surface

on top of a sponge like support structure of the same material, thus leading to a membrane with

high selectivity and high permeance at the same time, which enforces more research in the
field.

B Coating
olymer knife Solvent
solution , ,Evaporation

| ¥

Figure 1.7. Flat sheet membrane fabrication by doctor blade casting. Laboratory-size casting machine
and the schematic representation of the operation principle. Copied with permission; © 2013 Elsevier
B.V.; license number: 4553090148149.16

1.3.5. Mechanism of structure formation in isoporous block copol-

ymer membranes

For fabrication of isoporous membranes, homogeneous block copolymer solutions are re-
quired. The polymer solution may remain homogeneous upon standing for a very long time,
despite the possibility to reduce the Gibbs energy that is mainly possible because of evaporation
of solvent(s) causing phase separation. The membrane fabrication process begins with the cast-
ing of the homogeneous polymer solution on a substrate glass plate or a non-woven or any
other support. After casting, the evaporation of volatile solvents inevitably right away lead to
a reduction in the Gibbs energy with fluctuation in concentration. This initiates the microphase
separation and the demixing process takes place via nucleation and growth, which means that

the individual microdomains of the minor phase (P4VP block) formed in the early state of the
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process grow slowly. The minor microdomains are dispersed in the matrix of the corresponding
coexisting microphase (PS) and can become rather large on micro scale depending upon the
thermodynamics driving their growth. During the short evaporation time, mainly THF evapo-
rates from the film surface leading to a high polymer concentration and self-assembly of the
block copolymer in the top layer. Due to the evaporation, the PS matrix starts to solidify while
P4VP domains remain swollen in DMF (P4VP phase in blue, PS in orange), see Figure 1.8.
With increase in evaporation time, the concentration gradient from the top surface increases
and the P4VP domains align perpendicular to the surface as cylinders. For fabrication of iso-
porous membranes, the hexagonally-packed pores are achieved by quenching the kinetic pro-
cess of self-assembly or demixing after a certain time by immersing the film in a non-solvent
(water) bath. The non-solvent induced phase separation leads to spinodal decomposition of the
polymer solution underneath the microphase separated skin layer and forms the porous sub-
layer. For spinodal decomposition, the morphology is co-continuous, i.e. for each phase it is
possible to find paths through the entire system without the necessity of penetrating into the

other coexisting phase.

Figure 1.8. Schematic diagram of structure formation in PS-b-P4VP isoporous membranes (P4VP
phase in blue, PS in orange). (a) Casting of the polymer solution. (b) the formation and alignment of
cylinders start within the first ten seconds. (¢) Immersion of the film in a water bath leads to a non-
solvent-induced phase separation and the formation of the porous sublayer. Reused with permission; ©
2007, Springer Nature; license number: 4552990315850.13°

In this fabrication process two factors are of high importance: (1) The evaporation of volatile
solvent from the block copolymer solution where the incompatible blocks lead to the self-as-
sembled structure by microphase separation. (2) The immersion in the coagulation bath where
the precipitation traps this ordered structure on the surface and generates the sponge-like sub-
structure by the exchange of solvent by non-solvent.11% 169170 The influence of rate of evapo-

ration on the self-assembly of block copolymers in thin films is explained by Phillip et. al..!*?
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The conclusive remarks highlight the requirement of a certain evaporation rate to direct the
orientation of pore forming block perpendicular to the surface, while an evaporation rate lower
than under the atmospheric conditions leads to the growth of pore forming domains parallel to
the surface and results in cylinders lying on the surface. Further, Abetz explained the mecha-
nism of the isoporous membrane fabrication by providing the ternary phase diagram of a pol-

ymer, solvent, and non-solvent, as shown in Figure 1.9.

(a) Polymer

2
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Figure 1.9. (a) Schematic of a ternary phase diagram of a polymer, solvent, and non-solvent. The con-
dition for the single phase region is a negative free energy of mixing (4fm < 0), for phase separation by
nucleation & growth in the metastable region the condition for the coexisiting equilibrium phases is the
equality of the chemical potential i of component i in the two coexisting phases | and 11, respectively.
Spinodal decomposition is observed in the region of a negative determinant of the second derivatives
of the free energy of mixing with respect to the volume fractions ¢; and ¢;, which vanishes at the spi-
nodal. The composition of the casting solution is given at time to when the solution is cast (by doctor
blade or spinneret). t; is the time of immersion into the precipitant (non-solvent). During the time inter-
val t1 — to the polymer concentration increases due to partial evaporation of the solvent. If the evapora-
tion rate is large enough, a concentration gradient is built up perpendicular to the film surface. At the
time t; after quasi instantaneous quench into the precipitation bath (indicated by the dashed blue arrow),
the surface of the cast solution film x; has a certain composition in the spinodal region. Due to the
retarded exchange of solvent by non-solvent across the surface x; at later times (for example t, and ts),
the compositions at X, and Xz also change quasi instantaneously from a pure polymer—solvent mixture
with certain compositions (depending on the initially built up concentration gradient in the cast solution
film and the temporary re-equilibration of concentration at the times t, and t3) to compositions in the
spinodal region, which are closer to the single phase region than for the surface at x: (indicated by the
red and green arrows) . (b) A typical example of a cross sectional view of an integral asymmetric poly-
mer membrane, as observed by SEM. A rather dense polymer layer occurs at X1, while at lower positions
of the membrane the structure coarsens (increasing porosity) as observed, for example, at x, and Xs.
Copied with permission; © 2014, John Wiley and Sons; license number: 4552980528271.1°
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So far, the amphiphilic PS-b-P4VP diblock copolymer is the most studied diblock copolymer
for the formation of isoporous membranes.t3% 16% 171-173 1n sybsequent works, suitable condi-
tions for isoporous membrane fabrication via SNIPS were also reported using other diblock
copolymers, namely polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP)'"4, poly(tert-butylsty-
rene)-b-poly(4-vinylpyridine) (PtBS-b-P4VP)!"®, poly(4-trimethylsilylstyrene)-b-poly(4-vi-
nylpyridine)  (PTMSS-b-P4VP)'"®,  polystyrene-b-poly(solketal ~methacrylate) (PS-b-
PSMA)Y®, polystyrene-b-poly(glyceryl methacrylate) (PS-b-PGMA),1’®  polystyrene-b-
poly(iso-propylglycidyl methacrylate)!*?, PS-b-PEQ!"’, polystyrene-b-poly(methyl methacry-
late) (PS-b-PMMA)’® polystyrene-b-poly(2-hydroxyethyl methacrylate) (PS-b-PHEMA)'®:
180 etc. In addition, some triblock copolymers were also used for fabrication of the functional
isoporous membranes. The used triblock copolymers include PS-b-P2VP-b-PEO!, P1-b-PS-
b-P4VP182 183 PI-p-PS-b-PAA and Pl-b-PS-b-PDMA®, All these works tried to elaborate

the mechanism of isoporous structure formation,6%-172

1.3.6. Factors influencing the structure formation in isoporous

membranes

Besides expanding the number of block copolymer membranes obtained by SNIPS, several
efforts have been made to understand the block copolymer membrane formation mechanism.
Investigations were focused on the block copolymer structure formation in dependence of sol-
vent selectivity®, solvent composition'™, addition of non-solvent!’* 7 influence of additives
helping to assemble the pore forming blocks by hydrogen bonds!® or complex formation
190 the influence of the casting conditions like solvent evaporation rate!!® 112 164 temperature

or humidity®®*,

A. Phase-selective chemistry of block copolymers

Since the important energies in the formation of interfaces in block copolymers are the entropic
chain-conformational energy and the enthalpic interaction energy. This strength required for
the thermodynamically driven morphologies can be tuned significantly by using phase-selec-
tive chemistry of block copolymers by means of chemical, physical or electrostatic interactions,

depending on their physicochemical properties. Due to selectivity for one of the two blocks,
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the effective volume fraction of the two blocks will differ from the bulk state and may lead to
morphological transitions.'® For example, a block copolymer with spherical domains of the
shorter block may transform into a cylindrical structure upon selective swelling of the shorter
block. Vice versa, a cylinder-forming diblock copolymer may transform into a sphere-forming
one upon selective swelling of the matrix-forming block, as shown in Figure 1.5. Thus, the
selection of solvents and thus the polymer solution can change the pore diameter, the density

of pores and the packing of pores.!6!

B. Controlling pore size and functionality

The absolute size of the domains is defined by the molecular weight of the copolymer and the
strength of the segmental interactions between the blocks. So, the pore size and morphology of
isoporous block copolymer membranes can be tuned by changing the ratio of both (or more)
blocks and the molecular weight of the constituent polymer blocks ®° or by blending of block
copolymers having different compositions.t*® 17® While this is advantageous tailoring, it im-
plies the need of different block copolymers to be synthesized for every modification desired
in the material characteristics. In addition, there are limits in increasing the length of block
copolymer chains to achieve a well-structured morphology because of the large kinetic barrier
in high molecular weight copolymers for the formation of well-ordered structures. In this case,
the tailoring of isoporous membranes by mixing various amounts of homopolymer, non-sol-

vent, or ionic additives are of great interest.%2

The selection of specific pore forming blocks can be utilized as a tool to tune the functionality
of pores such as pH-responsivity. E.g., the isoporous membranes having P4VP as pore forming
block show very small fluxes at low pH (below 4) while a very sharp increase in flux can be
measured for pH above 6. The pyridine groups at the membrane surface and pore walls were
protonated at low pH, and the P4VP segments stretch to minimize charge repulsion, transform-
ing the pores into a pH-sensitive gate. Other examples for membranes having P4VP as pore
forming block include PI-b-PS-b-P4VP and polystyrene-b-poly(4-vinylpyridine)-b-poly(pro-
pylene sulfide), (PS-b-P4VP-b-PPS).143 19019 The membranes of PI-PS-PDMA block polymer
do not show any pH-response but the corresponding hydrolyzed derivative PI-PS-PAA mate-
rial shows opposite pH-behaviour.*® Thus, block copolymers represent an extremely versatile

class of materials for generating functional nanoscopic structures.
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C. Influence of additives and solution composition

The segregation strength of the block copolymers in solution can be further actuated by intro-
ducing small amounts of additives such as metal salts or carbohydrates, which are selective to
pore forming block.102 167. 188190 Thege factors include electrostatic interactions, charge disso-
ciation, ion solvation, and physical cross-linking of chains due to the presence of ions. By this,
the block copolymer concentration required for the onset of microphase separation can be var-
ied. Sageshima et. al. showed that the increase in additive (iron(l11) chloride, FeCls) concen-
tration with respect to the PS-b-P4VP block copolymer concentration in a solvent of pyridine
could lead to differently arranged crystal lattices such as sphere, cylinder and lamella, by se-
lective incorporation of FeCls into P4VP nanodomains, also defining different d values.!®® The
additives lead to an increase/decrease in stretching of particular block segments, which in turn
will lead to transition of morphologies from sphere to cylinders to lamella or vice versa. This
phenomenon of morphological transition significantly depends on the interaction between
block segment and additive which might differ in different block copolymers and solution sys-
tems. E.g., the addition of cadmium(ll) chloride (CdCl;) in PS-b-P2VP block copolymer re-
duces the domain spacing while increases the domain spacing in PS-b-P4VP due to the selec-
tive incorporation to P2VP and P4VP domains, respectively. This different influence of CdCl;
is due to the formation of intramolecular bond between P2VP and CdClI, while intermolecular
bonds in case of P4VP and CdCl..1%

D. Influence of directional fields

The orientation and lateral ordering of the nanoscopic domains during self-assembly of block
copolymers can be directed by solvent annealing (uniform, gradient, and zone-annealing), by
applying external directional fields such as shear stress, electric field, temperature gradients or
by exploiting effects from chemically or topographically patterned substrates, or by controlled
interfacial interactions.8” 1%7-1%° These influences have mainly been checked for thin film fab-

rications. However, a similar influence can be expected for isoporous membrane fabrication.

Therefore, the ability to precisely control morphology, the length scale of microstructures,
functionality and properties of domains, advantages of using polymeric material, quantitative
prediction of equilibrium structures, etc., makes block copolymers the pre-eminent self-assem-
bling materials. The self-assembly of block copolymers for fabrication of isoporous mem-
branes in flat sheet geometry has been investigated by conducting in situ SAXS and grazing

33



Chapter 1

incidence small-angle X-ray scattering (GISAXS) experiments. 47 172:200. 201 These studies sup-
port the previous explanations. In order to cover a broader range of applications, subsequently,
the SNIPS process was extended on the outer surface of a HFM in order to increase the effective

surface area.

1.3.7. Outside-in isoporous hollow fiber membrane fabrication by

spinning

As discussed in Section 1.2.8, the HF geometry provides higher active surface area per unit
volume and close packing of these self-supported membranes in filtration modules, which
makes them preferable to flat sheet membranes for large-scale installations.® ® ” The HF spin-
ning process has been investigated vastly for the fabrication of commonly used asymmetric
HFM via NIPS.#3 76 77. 202 |n the widely-used dry-jet wet spinning process for preparation of
HFM, a double orifice spinneret is used for extrusion of polymer solution and bore fluid, in the
outer and inner orifice, respectively. In the formation of HFM via NIPS, the extruded polymer
solution or as-spun fiber is immersed in the precipitation bath after a short air gap distance
between the spinneret and the precipitation bath. The rapid exchange of the solvent(s) with the
non-solvent in the precipitation bath leads to the formation of asymmetric structure.*’® During
the HF spinning process, additional structure-controlling factors gain importance because the
shear stresses applied during extrusion develops some mechanical memories in the polymer
solution. The compressible viscoelastic polymer solution shows the swelling of the extrudate
after exiting the spinneret, which not only affects the membrane structure but significantly var-
ies the performance of the formed membrane. The controlling parameters are the polymer so-
lution (polymer characteristics, molecular weight, polymer concentration, solvent(s) and addi-
tive(s)), spinneret (design and dimensions), spinning parameters (air gap and flow rates of pol-
ymer solution and bore fluid), environmental conditions, etc.1% 293294 Despite having so many
influencing parameters, the asymmetric polymeric membranes can still be tailored by providing
possibility of wide variations in the solution and spinning conditions along with the combina-

tion of different phase inversion processes such as NIPS and TIPS in the production of HFM .
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Polymer Water Polymer
solution + solution

Precipitation

Figure 1.10. Schematic diagram of the dry-jet wet spinning process for preparation of PS-b-P4VP
HFM. The polymer solution is extruded via a double orifice spinneret having non-solvent in the lumen
side. After extrusion, the solvent(s) partially evaporates from the outer surface of the nascent HF caus-
ing a concentration gradient through the wall thickness of the fiber. The formation of HF is based on
the non-solvent induced phase separation of polymer solution by rapidly exchanging the solvent with
the non-solvent. Adapted with permission; © 2014 Elsevier Ltd.; license number: 4553090334996.17

However, the fabrication of isoporous HFM by spinning the block copolymer solutions com-
plicates the structure formation due to the narrow window of possible variations. The shear-
induced free energy changes in the block copolymer microdomains during extrusion, controls
the morphology and performance of the formed membranes.®% 17° For isoporous structure for-
mation, the influencing parameters become more significant as the polymer solution should
have a block copolymer of appropriate chemical composition and molecular weight to provide
morphology of hexagonally-packed pores. Moreover, in HF spinning, the structure formation
needs to take place in the air gap between the spinneret and the precipitation bath within 2 s;
therefore, the composition of block copolymer solution (concentration, solvent(s) and addi-

tive(s)) is required to have enough segregation for instant evaporation-induced microphase sep-
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aration. The other influencing factors are spinneret (design and dimensions), spinning param-
eters (air gap and flow rates of polymer solution and bore fluid), environmental conditions,
etc.170.203.204 The schematic diagram in Figure 1.10 shows the fabrication method for the first
outside-in isoporous HFM via dry-jet wet spinning process.

The outside-in isoporous HFM were studied to understand the influence of spinning parameters
on isoporous structure formation and membrane morphology.'’® Subsequently, the catalytic

activity was demonstrated by depositing gold nanoparticles on the outer fiber surface.?®

Although the isoporous structure formation could be developed in flat sheet and HF mem-
branes, the high cost of block copolymers increases the cost of integrally asymmetric isoporous
membranes, which limits not only the upscaling but also the research in the field. In addition,
the mechanical strength of free-standing block copolymer membranes is a challenge. There-
fore, an alternative method for production of robust isoporous HFM with less consumption of

block copolymer is required.

1.3.8. Fabrication of isoporous composite membranes

The alternative and desired methods for fabrication of isoporous membranes include the coat-
ing of a comparatively dilute block copolymer solution on an inexpensive, highly permeable
and mechanically stable substrate membrane. The composite isoporous membranes are advan-
tageous by providing lower consumption of block copolymer along with high mechanical
strength from the robust support. The main requirement of the fabrication is a dilute block
copolymer solution that is capable of providing self-assembled structures and a support mem-
brane that is compatible to the block copolymer solution. The substrate membrane can be se-
lected from a commercially available wide variety of polymeric or ceramic membranes in dif-
ferent geometries, thicknesses and characteristic properties as required. However, the selection
of the dilute block copolymer solution becomes a challenge because the segregation of block

segments, required for self-assembly, highly depends on the solvent selectivity.
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A. Isoporous composite flat sheet membranes

a. Spray coating

The first work on isoporous composite membranes reported the use of highly diluted solutions
in one solvent system for isoporous structure formation.'** The membranes were fabricated via
spray coating using a thin layer chromatography-fine-spray system or an airbrush system and
a dip coating approach. Different dilute block copolymer solutions, 1 wt% solutions of PS-b-
P4VP, poly(a-methylstyrene)-b-poly(4-vinylpyridine), or polystyrene-b-poly(iso-propylglyc-
idyl methacrylate) in 1,4-dioxane (DOX), were spray-coated on various support materials. Yet,
the major drawback of spray coating is the possibility to build up hazardous and/or explosive

vapor during the coating process.

b. Dip coating

In the dip coating method, the block copolymer solutions were dip coated on a PVDF mem-
brane using a casting machine.'*® By this, it was possible to fabricate a thin coated block co-
polymer layer of 11 pum. Furthermore, the membranes made by this method showed a more
than 6-fold increase in water flux compared to conventional PS-b-P4VP membranes with sim-

ilar pore sizes prepared by blade casting.

c. Roll-to-roll coating

Recently, preparation of isoporous composite flat sheet membranes has been reported by using
a profile roller coating process for thin coating of dilute block copolymer solutions.?® The
membranes were fabricated by coating a thin layer of 1 wt% PS-b-P4VP in DOX solution on
top of a conventional PAN porous membrane. This upscalable roll to roll process offers the
possibility to save >95% of block copolymer raw material as compared to the common doctor
blade casting, by decreasing the block copolymer layer thickness to below 3 um in combination

with a highly open substructure.

B. Isoporous composite hollow fiber membranes

After the initial studies on outside-in block copolymer HFM, in order to enhance the mechan-

ical strength of outside-in isoporous HFM, the idea of composite HFM fabrication came up,
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which is possible in two ways either by spinning the dual-layer HFM or by coating the block

copolymer solution on a robust HF substrate.

a. Dual-layer hollow fiber membranes by spinning

For fabrication of a dual-layer HFM, a triple layer spinneret is used for extrusion of two differ-
ent polymer solutions. In this process, one solution is aimed to provide the selective layer (the
outer most) and the other layer works as a strong support. E.g., the coextrusion of the solutions
of poly(ether sulfone) (PES) blended with partially sulfonated PES as the inner tube and PS-b-
P4VP as the outer tube lead to a core-shell HFM. The fibers did not have any signs of delami-
nation due to formation of H-bonds between the two layers. This procedure results in bendable
dual layer isoporous HFM with a sufficient mechanical strength.2%’

The mechanical strength of fibers could be improved by coextrusion of the block copolymer
solution providing isoporous outer surface and the second polymer solution forming the inner
layer providing mechanical strength.?°” However, the spinning process restricts the use of low
polymer concentrations and big variations of spinning parameters.t’% 2% Therefore, to reduce
the high cost of block copolymers without compromising the mechanical strength of isoporous

membranes, the composite membranes were prepared via coating.

b. Composite isoporous hollow fiber membranes by coating

The strategies to obtain isoporous HFM include spray coating and dip coating of commercially
available fibers using low viscous block copolymer solutions. The spray coating method was

discussed in a previous section.43 209

In the dip coating process for coating of the outer surface of HFM, first, the HFM are coated
with the block copolymer solutions, and immersed in the water bath after providing a certain
evaporation time. The first work on coating reported the use of a 18 wt% PS-b-P4VP polymer
solution in DMF/THF 60/40 wt/wt on the outer surface of a PVDF HFM. However, the solution
composition similar to the one commonly used for flat sheet casting provided a thick coating
layer of ca. 40 um. Recently, more works on outside-in isoporous composite HFM were re-
ported. The use of solvent selectivity of DOX could provide isoporous structures for ca. 4 wt%
of PI-b-PS-b-PDMA, PI-b-PS-b-PAA block copolymers. The functionality of the pore forming

blocks could be used further to tailor the pore size.!% 210
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1.3.9. Characterization techniques to investigate self-assembly and

membrane fabrication

In order to understand and control the structure formation in isoporous membranes, fundamen-
tal studies have mainly been focused on the effects of solvents and block copolymer concen-
tration in the solutions using dynamic light scattering (DLS) and synchrotron SAXS. The flat
sheet membrane fabrication can be studied by cryo—SAXS and —TEM to provide the visual
impression of morphology at a certain time, 8 182 186, 211215 £y rthermore, in situ SAXS and
GISAXS experiments have been conducted to investigate the kinetics of structure formation of
the as-cast films during isoporous flat sheet membrane fabrication for the commonly used vis-

cous block copolymer solutions, 47 172200201

The morphological investigations of membranes can be done by using optical and electron
microscopy such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM) or atomic force microscopy. Especially SEM is also useful to study the cross sectional
morphology of the membranes. These methods provide visual impressions of the final product.
Further, the porosity, the pore size and the pore size distribution are commonly determined by
analysis of the micrographs via integrating commercially available digital image processing
softwares.?!® The image analysis was developed using various mathematical morphology algo-
rithms to provide a complete pore size distribution curve for each sample. The programs deter-
mine the pore size by partitioning the images into black (dark grey/pores) and white (light
grey/polymer) pixels. The software provides pore size distribution and the number of pores on
the surface. With this information of number of pores in a measured area, the surface porosity

can be calculated.

1.3.10. Performance characterization of isoporous membranes

The isoporous membranes are generally characterized by either checking the membrane mor-
phology or by performance characterizations of the membranes. The isoporous membranes
prepared via a SNIPS process provide the pore size largely in the range of ultrafiltration, ca.

15-70 nm. The pore size can be reduced by post-modifications on the membrane surface, which
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can swell the chains of pore forming block. The isoporous membranes are commonly charac-
terized by checking the water flux and performing retention tests. Since the pore forming block
can have some pH sensitive functionality, the flux behavior of these membranes based on feed
pH can also be a good tool to check the defect-free or uniform membrane fabrication, as the

membrane would show zero flux for either low or high pH.

A. Water flux

As discussed in Section 1.2.5, the volumetric water flux (Jv) in pressure driven membrane pro-

cesses is calculated as follows:

AV
= Tm 3)

Where, AV is the volume of collected water between two mass measurements, A is the active
surface area of the membrane, At is the time between two measurements, and 4p is the trans-

membrane pressure.

B. pH-responsive flux behavior

Most of the isoporous block copolymer membranes show strong stimuli (pH) response due to
the pH responsive functionality of their pore forming block. E.g., the isoporous membranes of
PS-b-P4VP block copolymer show a sharp change of flux between pH 4 and 6. The fluxes at
low pH (below 4) are very small. The pyridine groups at the membrane surface and pore walls
were protonated at low pH, and the P4VP segments stretched to minimize charge repulsion,
transforming the pores into pH-sensitive gates. Similar, influence is seen in other block copol-
ymer membranes having P4VP as a pore forming block such as Pl-b-PS-b-P4VP and PS-b-
P4AVP-b-PPS.143.1%.193 The water flux values are a consequence of the exceptional porosity and
the small thickness of the top separation layer. The PI-b-PS-b-PDMA block polymer mem-
branes do not show any pH-response. However, the corresponding hydrolyzed derivative PI-
b-PS-b-PAA material shows opposite pH-behaviour compared to Pl-b-PS-b-P4VP 1%
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C. Retention (R%)

Molecular weight cut-off (MWCO) is a method of characterization used in filtration to describe
pore size distribution and retention capabilities of a membrane. It is defined as the lowest mo-
lecular weight (in Daltons) of the solute with 90% rejection by the membrane. Polydextran,
PEG and proteins of various molecular weights are commonly used to rate the MWCO of

membranes having a pore size in the range of ultrafiltration.

The retention values are calculated as follows:
R% = (1 _ f‘,—?’) %100% 6)
f

Where, C, and Cy are concentrations of solute in permeate and feed, respectively. These con-

centrations are measured by gel permeation chromatography (GPC).

When choosing the appropriate molecular weight cut-off for specific applications, several fac-
tors must be considered. These include sample concentration, composition, molecular shape,
and operating conditions such as temperature, pressure, and feed hydrodynamics. Other varia-
bles regarding the flow of molecule passage must also be considered, e.g., linear molecules,
high transmembrane pressure and low sample concentration can increase molecule passage,

while low temperature and membrane fouling can hinder the molecules to pass through.
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2. Aim of the work

2.1. Strategy of the research

A typical ultrafiltration membrane has a pore size range of 0.005-0.1 um, and a molecular
weight cut-off range of 1-500 kDa. The membranes are easily manufactured on large scale
through different methods such as phase inversion by temperature or immersion, bi-axial
stretching or chemical etching. However, a well-defined regular pore structure of uniform na-
nometer-sized pores is difficult to achieve in these membranes. Since the main criteria of eval-
uation of membrane-based separation is subject to permeability-selectivity trade-offs that de-
cide its overall worth, high number of uniform pores is the main requirement. In order to
achieve high selectivity, pores on the membrane need to be relatively smaller than the particles
in the mixture, and screening of these particles from surface is also preferred to reduce fouling
of membranes and to maintain hygiene. While it is hard to achieve a perfection on the surface
on the nanoscale with high surface porosity via commonly used polymers and membrane fab-

rication techniques, block copolymers make it possible.

This thesis reports the fabrication of isoporous membranes using block copolymers, a type of
synthetic polymer membranes for liquid separation applications. The integral asymmetric iso-
porous membranes providing high surface porosity along with a narrow pore size distribution
as a thin selective top layer, which is supported by a more open porous asymmetric structure,
promise to become the prime of ultrafiltration membranes 8" 110. 168,217, 218 g,ch block copoly-
mer based membranes offer attractive features like tailorable pore size on the size-scale of tens
of nanometer'® 173 high surface porosity®®, sharp molecular weight cut-off!’*, thermo-respon-

sivity?1% 220 pH-responsivity!8® 190219 catalytic activity?®, and thermal stability??.,

Moreover, for large installations, HFM hold a prospective to be applicable in a wide area of
applications due to their self-supporting geometry and higher active surface area per unit vol-
ume.® 77222 Furthermore, the inside-out HFM offers protection of the selective inner skin along

with energy-efficient purifications with well-controlled flow hydrodynamics during cross-flow
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in the lumen side, where the small sweeping friction of the inlet fluid flowing across the mem-
brane surface limits the build-up of cake layers. Easier back-flushing and cleaning thereby
minimize membrane fouling, and maximize process flux and product yield.” 2> Therefore, the
objective of this work is to understand the self-assembly of block copolymers from solutions
to flat sheet and HF membranes. Further, this knowledge is applied to develop the isoporous
structure on the lumen of HFM for fabrication of technologically-relevant inside-out HFM con-
figuration that could be potentially characterized for preliminary small-scale separations. The
isoporous structure on the inner skin of the HFM is envisioned to attain specific retention con-
ditions together with the advantages of inside-out HFM. This will give rise to various opportu-
nities for the use of these membranes from a common need of purification of water to the

solitary need of hemodialysis.!3 15 168, 224, 225

In addition, an aim is to understand the molecular self-assembly and to explore the potential
applications, which motivates the studies including those on macromolecular self-assembly

principles, theories, structures and properties of the assemblies, fabrication methods, etc.

“Research is formalized curiosity. It is poking and prying with a purpose.”

-Zora Neale Hurston

2.2. Outline of thesis

This thesis summarizes different studies to understand the structure formation in isoporous
HFM, which includes the study of self-assembly from block copolymer solutions to flat sheet
membranes and to HFM, in chapters 3-7. Chapters 3-6 have been completed and major parts
of these sections have been published in three international peer-reviewed scientific journals.
For the sake of correlation of the works and easy understandability, these sections are made
distinct. The major projects are schematically pictured in Figure 2.1, highlighting their topical

areas as well as the links between them.
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Figure 2.1. The schematically pictured outline of the thesis, highlighting the topical areas as well as the
links between them.
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The first project, outlined in Chapter 3, aims at the influences and benefits of additive MgAc:
in the casting solution. In this, the pristine and MgAc: containing block copolymer solutions
are characterized by SAXS. This work represents the influence of MgAc. on block copolymer
self-assembly in solution. The influence of solution characteristics was studied in isoporous
flat sheet membranes. The study forms the basis for the Chapter 4 of this thesis; the solutions
are used for HF spinning experiments. This study also unveils the influence of only 0.04 wt%
MgAc2 on the domain spacing in dilute block copolymer solutions having 4 wt% block copol-
ymer, which forms the basis for the Chapter 5; the solution is used for coating experiments.
The work using MgAc: is an advancement from a previous study, where MgAcz was added in

block copolymer solutions for isoporous flat sheet membrane fabrication.

The second project provides the first demonstration of in situ SAXS studies on the structure
formation in outside-in isoporous HFM and both the ordered and disordered block copolymer
solutions were probed in situ. In this work, which is summarized in Chapter 4, a comparative
study is reported about the influence of shear during and after extrusion on the block copolymer
microdomains for different spinning parameters and block copolymer solutions. SAXS studies
were correlated with the HFM morphology as investigated by SEM.

The third project, presented in Chapter 5, introduces the idea of controlled evaporation using
gas-flow and provides the first demonstration about the possibility to achieve self-assembled
structures in compact geometries such as a HF membrane. This work reveals the integrally
asymmetric inside-out isoporous HFM prepared using the dry-jet wet spinning technique. The
inside-out configuration of membranes is technologically favored by providing good control

on flow hydrodynamics and has been a long-standing goal in membrane technology.

The fourth project introduces the second finding of this dissertation that is fabrication of evap-
oration-induced self-assembled structures in already available compact geometries, such as a
HF membrane. In this work, dilute block copolymer solutions were used to develop isoporous
structures in highly permeable robust PES HFM with an inner diameter of approximately 1
mm. The requirement of a comparatively less concentrated block copolymer solution to pass
through the compact geometries significantly reduces the stimulations required for self-assem-
bly. The high polymer relaxation rates and decreased thermodynamic driving forces, as well as
high capillary suction of dilute solutions in the porous substrates complicates the block copol-
ymer self-assembly and fabrication of uniform coated layer, respectively. The isoporous struc-

tures are developed on top of < 10 um thin coated layer.
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A major part of the work has been focused on the understanding of gas-flow induced controlled
isoporous structure formation for the development of evaporation-induced self-assembled
structures on the inner side of compact geometries. However, the effect of the gas flow rate on
self-assembly is hard to understand explicitly due to many influencing parameters during the
extrusion and coating processes. So, the fifth project is designed to check the influence of con-
trolled evaporation using a gas flow in flat sheet membranes. For this, a set-up was designed
to conduct the experiments that is detailed in Section 7.1. The discussion reported in this part
helps in understanding the control over the kinetics of microphase separation or evaporation-

induced self-assembly.

Finally, Chapter 8 concludes the highlights of all the works and gives the perspectives for the
future. The additional information regarding experiments and experimental set-ups are pro-
vided in Chapter 9.
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3. Influence of additive in block copoly-
mer solution and on structure formation in

flat sheet membranes

This chapter reports the characterization of block copolymers in bulk by SAXS and TEM,
block copolymer solutions by SAXS, and the flat sheet membranes cast using the block
copolymer solutions by SEM investigations. The aim of this work is to study the key char-
acteristics of the block copolymer solutions prior to applying them in complicated sys-
tems of HFM fabrications. First, the highly concentrated and viscous block copolymer
solutions were selected with and without additive MgAc: for HF spinning. The influence
of solution characteristics obtained by SAXS is checked in flat sheet membranes by doing
morphological characterizations. The SEM micrographs were analyzed to measure the
obtained structural features. Second, the influence of additive MgAc: in the dilute solu-
tions is discussed, which is aimed to understand the influence of the structure of the so-

lution for fabrication of inside-out isoporous composite HFM via coating.

Adapted from the following research article with permission from The Royal Society of Chemistry:

“Self-Assembly of Block Copolymers during Hollow Fiber Spinning: An In Situ Small-Angle X-Ray
Scattering Study” Kirti Sankhala, D. C. Florian Wieland, Joachim Koll, Maryam Radjabian, Clarissa
Abetz, Volker Abetz, Nanoscale, 2019, DOI: 10.1039/C8NR06892E
(https://pubs.rsc.org/en/Content/ArticleLanding/2019/NR/C8NR06892E#!divAbstract)
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Chapter 3

In membrane fabrication, the self-assembly of macromolecules into well-arranged uniform
pores is subject to the segregation strength of the block segments in the block copolymer solu-
tion. Therefore, in order to identify appropriate solution conditions required for steady HF
spinning and the periodic nanostructure formation, the composition and molecular weight of
the block copolymer and the solution compositions were kept similar to previously reported
works on flat sheets and HFM.7%2% As discussed in Section 1.3, the segmental incompatibility
of blocks is significantly tunable by varying the polymer solution due to the different solvent
selectivity of the blocks of the block copolymer.!1% 18 The kinetics of macromolecules for
microphase separation and macrophase separation can be varied by incorporating the additives
selective for the pore forming block. E.g., the addition of carbohydrates or metal salts can in-
fluence the self-organization of PS-b-P4VP block copolymer due to their known interaction
with the pyridine blocks. A similar influence can be achieved by adding other metal salts like
copper(l1), nickel(11), cobalt(l1), iron(11), cadmium(11) etc. 102 167. 188-190 Hoywever, the transition
metal salts are not appropriate additives for the aimed applications of these membranes due to
their often toxic nature. The additives allow to reduce the block copolymer concentration re-
quired for the onset of microphase separation, which is of great economical interest for cost
reduction and resources preserving applications. In addition, the membranes prepared by using
highly concentrated polymer solutions tend to form compact structures and result in lesser per-

meability.!"*

The influence of MgAc:. on the pore formation has been discussed previously in PS-b-P4VP
flat sheet membranes. The addition of MgAc2 is known to provide isoporous surface with com-
paratively lesser block copolymer concentration in the casting solution. This becomes even
more beneficial in HFM fabrication because of the requirement of high amount of expensive
block copolymer. However, such solutions had not been studied for HFM fabrication because
both the micellation and the SNIPS process are highly sensitive to even marginal changes of
system parameters. Therefore, in this study, MgAc. was added to the block copolymer solutions
to actuate the self-assembly already at lower polymer concentrations due to the known com-
plexation of Mg cations with the pyridine moieties. Since the aim has been facilitation of the
isoporous structure formation for membrane fabrication, MgAc. concentrations were chosen
in the range that were known to provide the desired integral asymmetric isoporous mem-
branes.'® In order to reduce the number of influencing factors, the concentration of additive

MgAc: and block copolymer were varied while the solvent compositions were kept constant in
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the polymer solution, as the aimed study of HF spinning is influenced by many more parame-

ters as compared to flat sheet membrane casting.

3.1. Preparation of bulk films and their characterization

The PS-b-P4VP diblock copolymers used in this work were synthesized via sequential anionic
polymerization following a protocol reported before (see Section 9.1 for more details).*%® For
the investigation of the bulk morphology of the PS-b-P4VP diblock copolymers, films were
prepared from block copolymer solution in chloroform. The sections from the same films were
used for characterization by SAXS and TEM. The details of selected block copolymers and
their bulk characterization are given in Table 3.1. SAXS experiments on the equilibrated films
were performed on a Bruker Nanostar, Karlsruhe, Germany. From the SAXS curves shown in
Figure 3.1 a, the domain spacing (dbui) determined from the scattering vector g~ corresponding
to the primary peak is 36.5 + 0.6 nm in PS-b-P4VP15™*° and 41.2 + 0.6 nm in PS-b-P4VP14!"°
(Table 3.1).

Table 3.1. Details of PS-b-P4VP block copolymers and their bulk characterization. For PS-b-P4VP,?, a de-
notes the amount of P4VP block in wt% and b denotes M, where M, is number averaged molecular weight in
kg mol ™.  is dispersity of the respective block copolymer. gwuk” is the scattering vector corresponding to the
primary peak and dpuk = 27/guui” is the characteristic length or domain spacing of the bulk block copolymer
film. All g" and d have an error bar of + 0.002 nm™ and + 0.6 nm, respectively.

Block copolymer | Mn (kg mol?) | PS (wt%) P4VP (wt%) b gou (NMY) | dpu (NmM)
PS-b-P4VP;'%° 150 82 18 1.04 0.172 36.5
PS-b-P4VP o7 170 81 19 1.07 0.152 41.2

In addition, TEM was employed to obtain a direct visualization of the bulk morphology and
thereby provide insights regarding the spheres. The values of average center-to-center distance
between spherical domains were checked manually using DigitalMicrograph (Gatan Micros-
copy Suite Software, Gatan GmbH, Minchen, Germany), which is 39 + 6 nm in PS-b-
P4VP15'%° and 44 + 8 nm in PS-b-P4VP14*"°, measured from Figures 3.1 b and c, respectively.
These values are in agreement with the douik measured from SAXS. It is worth noting here that
the preparation artifacts during sample preparation for TEM might lead to stretching or com-

pression in different directions. In case of SAXS characterization, the average of scattering
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from the full film is in one direction. In addition, the X-ray beam has a diameter of 350 pm that
makes the probed sample quite large for SAXS as compared to the sample investigated by
TEM.
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Figure 3.1. Bulk characterizations of PS-b-P4VP diblock copolymers. (a) SAXS curves, the curves are
plotted in log-log scale and Y-offset is adjusted for better visibility. (b,c) TEM micrographs of the bulk
films as described in the text.

3.2. Weakly segregated block copolymer solutions and flat

sheet membrane fabrication

The solutions were prepared by stirring a specific concentration of block copolymer in a mix-
ture of DMF/THF in equal weight ratio (wt/wt); all measurements were done in wt%. Prior to
the SAXS experiments, the solutions were optimized by checking the structure formation in
flat sheet membranes. The optimized concentration for selected block copolymers PS-b-
P4VP15' and PS-b-P4VP 14" were found to be 26 wt% and 25 wt% in the solvents DMF/THF
50/50 (wt/wt), respectively (Figure 3.2). The SAXS patterns of the bulk solutions show a single
broad peak resembling a weakly segregated solution where the copolymers are associated in
micellar aggregates (Figure 3.2 a).

Table 3.2. List of weakly segregated pristine PS-b-P4VP block copolymer solutions. All g* and d have an
error bar of £ 0.001 nm* and + 0.4 nm, respectively.

Block copolymer | Polymer solution (in DMF/THF 50/50 (wt/wt))  g* (nm™) d (nm)

PS-b-PAVP!® 26 Wt% PS-b-P4VP 15" 0.147 42.7
PS-b-P4VP1!™ 25 wt% PS-b-P4VP" 0.120 52.4
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Figure 3.2. SAXS of weakly segregated casting solutions and SEM micrographs of fabricated mem-
branes. (a) The SAXS curves of solutions, which are adjusted vertically for clarity. (b,c,e,f) SEM mi-
crographs of the top surface of blade-cast membranes from the weakly segregated solutions 26 wt%
PS-b-P4VP15™ (b, ¢) and 25 wt% PS-b-P4VP14" (e, f) in DMF/THF 50/50 (wt/wt); evaporation times
were 2 s (b, e) and 5s (c, f). (d, g) The micrographs show autocorrelated patterns of SEM micrographs
c and f. The micrographs b, c, e have the same scale bar as f and d has the same scale bar as g.

To obtain the average pore diameter (Dp) and the average center-to-center distance between
pores (dcc), the SEM micrographs were analyzed by analySIS, named as ‘Analysis 1°. In this,
dcc is an average of distances to next neighboring pore. The SEM micrographs were also ana-
lyzed by DigitalMicrograph by performing an autocorrelation analysis on the pore distribution

and named as ‘Analysis 2°. This provides a visual impression of average periodic arrangements
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of pores with information about Dp and dc. In Analysis 2, Dy is calculated by the diameter of
the central bright spot and dc is calculated by taking the average of distances between the

central bright spot to all nearest bright spots (located in first ring).

Table 3.3. Analysis of SEM micrographs. Analysis 1 is done by analySIS and Analysis 2 is done using Digi-
talMicrograph by performing autocorrelation. Dy is average pore diameter and dc.c is average center-to-center
distance between pores (Figures 3.2 b, ¢, e and f).

Polymer solution Evaporation time and the re- ~ Analysis 1 Analysis 2

(in DMF/THF 50/50 (wt/wt)) = spective SEM micrograph Dp(nm)  dcc(nm)  Dp(nm)  dcc(nm)
26 Wt% PS-b-P4VP ;550 2 s (Figure 3.2 b) 12+3 47+ 4 27 48

26 Wt% PS-b-P4VP ;5% 5 s (Figure 3.2 ¢) 19+3 47 +2 21 48

25 Wt% PS-b-P4VP 70 2 s (Figure 3.2 ¢) 16+£5 58+5 30 59

25 Wt% PS-b-P4VPol7° 5s (Figure 3.2 f) 25+3 55+ 2 24 53

The increase in segregation with increase in concentration due to evaporation time leads to the
formation of more open pores and reduces the dc-, as detailed in Table 3.3. The morphology
of the top surface of flat sheet membranes cast from these solutions for evaporation time 2 and
5 s are shown in Figure 3.2. The SEM micrographs in Figures 3.2 ¢ and f show the hexagonal
arrangements of pores by performing the autocorrelation on the SEM micrographs (Figures 3.2
d and g). For polymer solution 26 wt% PS-b-P4VP15'* in DMF/THF 50/50 (wt/wt) and the
evaporation time 2 s, approx. Dy and dc.c are 12 £ 3 nm and 47 + 4 nm (Figure 3.2 b), which
varies to 19 + 3 nm and 47 + 2 nm, respectively for longer evaporation times of 5 s (Figure 3.2
c). Similarly, for polymer solution 25 wt% PS-b-P4VP10'"® in DMF/THF 50/50 (wt/wt), here
Dy and dc-c values change from 16 £ 5 nm and 58 £ 5 nm (Figure 3.2 e) to 25 £ 3nmand 55 £
2 nm (Figure 3.2 f), as the evaporation time is prolonged from 2 s to 5 s. The autocorrelation

analysis on the pore distribution in SEM micrographs can be seen in Table 3.3.

3.3. Ordered block copolymer solutions and flat sheet mem-

brane fabrication

With an increase of the PS-b-P4VP19*" block copolymer concentration from 25 wt% to 28

wt%, the macromolecules self-assemble, which leads to the formation of an ordered phase by
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spontaneous packing of micelles into a periodic lattice (Figure 3.3). Due to the increased seg-
regation, the domain spacing increases from 52.4 £ 0.4 nm to 53.7 = 0.4 nm. As shown in
Figure 3.3 and Table 3.4, the primary peak with two clear higher-order peaks correspond to the
peak positions (g/q*)? = 1, 2 and 3, which indicate a well-developed body centered cubic (bcc)
structure. We note that this data is normally not sufficient to rule out simple cubic packing, but
based on experimental and theoretical results, bcc is almost undoubtedly the actual sym-
metry.18 This structural transition in solutions from a disordered micellar liquid phase (25
wt%) to an ordered micellar or crystalline phase (28 wt%) is possible by crossing the narrow
window of the block copolymer concentration, and can be considered as a reversible disorder-
order transition (DOT) in solution. A similar reversible disorder-order transition in solution
was observed previously for a 2D hexagonally-packed cylindrical (hcp) structure.?!! This dif-
ference of structure in solutions might be a result of different block copolymer and solution

compositions.

a PS-b-P4VP19170
1000 21%, 1.5% MgAca
= ———23%, 1.0% MgAcy
28%
B 25%
8100}
> |
>
c
8
= 10}
1 i 1 PR 1 Rkt P PR

0.1 0.2 0.3 0.4

Scattering vector (nm'1)

Figure 3.3. SAXS of ordered casting solutions. The SAXS curves of each solution is adjusted verti-
cally for clarity.

Table 3.4. Details of SAXS curves of PS-b-P4VP14'7° block copolymer solutions (Figure 3.3). All g" and d
have an error bar of £ 0.001 nm* and + 0.4 nm, respectively.

Polymer solution Scattering vector ¢ (nm) (g/g*)? d (nm)
1st ( q*) ond 3rd 1st | 2nd 3rd 1st

21%, 1.5% MgAC; 0.114 0.161 0.198 1 | 19967 | 3.0042 |[55.1

23%, 1.0% MgAC; 0.114 0.162 0.198 1 | 20054 |29997 |[55.1
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28% 0.117 0.166 0.202 1 | 20063 | 29946 | 53.7
25% 0.120 1 52.4

As discussed before, in PS-b-P4VP block copolymers, the coordination ability of nitrogen at-
oms on P4VP blocks can be utilized to facilitate the structure formation using additives.18 1%
The addition of metal salts (here MgAc>) tend to form cation-pyridine complexes which sig-
nificantly decreases the concentration corresponding to the onset of microphase separation.8
It was reported that by adding MgAc: in the concentration range of 0.10-0.30 wt% to the pol-
ymer solutions, no increase in viscosity was observed because it forms weaker complexes with
the pyridine moieties as compared to the transition metal ions. Upon addition of 2 wt% MgAca,
the solution viscosity appears to increase dramatically reaching values three to six times higher
than the analogous solutions without MgAc..'®® For this reason, it was considered essential to

increase the amount of MgAc2 added into the viscous solution above 1 wt% and up to 2 wt%.

Interestingly, the SAXS curves in Figure 3.3 show that with addition of MgAc>, the ordered
micellar structure can be observed at comparatively low concentrations due to the selectivity
of MgAc: to one particular block (P4VP) which increases segmental incompatibility. Such an
ordered phase is obeserved for the first time for a diblock copolymer solution with MgAc: as
additive. As shown in Figure 3.3 and Table 3.4, the addition of 1.0 wt% MgAc: in conjunction
with a decreased polymer concentration of 23 wt% of PS-b-P4VP14'"° leads to the formation of
a lyotropic liquid crystalline phase in form of a bcc structure with a domain spacing of 55.1 +
0.4 nm. A further increase in concentration of MgAc2 to 1.5 wt% and a further decrease of the
block copolymer amount to 21 wt% of PS-b-P4VP151? shows a similar peak height due to more
prominent micelles, with equal domain spacing 55.1 £ 0.4 nm. It also seems that under these
conditions two different bcc phases are present as the scattering curves indicate a peak splitting
for the higher order peaks. Moreover, the ordered solution with 1.5 wt% MgAc. of compara-
tively very low block copolymer concentration of 21 wt% shows a larger domain spacing and
peak heights as compared to the solution with 28 wt% block copolymer concentration. This
small increase in characteristic length points toward an increase in the volume of pore forming
P4VP microdomains because the selective incorporation of MgAc: leads to a stronger segre-
gation as compared to highly concentrated neat solutions.
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Figure 3.4. Membrane fabrication. SEM micrographs of the top surface of blade-cast membranes from
the PS-b-P4VP15'7° solutions having different polymer concentration (and additive) in DMF/THF 50/50
(wt/wt) and evaporation time 2 s: (a) 25 wt%; (b) 28 wt%; (c) 23 wt%, 1.0 wt% MgAc:; (d) 21 wt%,
1.5 wt% MgAc,.

The SEM micrographs in Figure 3.4 show the possibility to achieve hexagonally-packed pores
on top of flat sheet membranes for very short evaporation times using both disordered micellar
(25 Wt% PS-b-P4VP19'7%) and ordered solutions (28 wt% PS-b-P4VP1o'7°, 23 wt% PS-b-
P4AVP19and 1.0 wt% MgAcz, and 21 wt% PS-b-P4VP1e'%and 1.5 wt% MgAcz). To compare
the structure formation occurring at short solvent evaporation times, which would be similar to
the HF spinning, the structure of the as-cast membranes were quenched by immersing them
into the precipitation bath after 2 s. Since the microphase separation progresses very quickly,
the morphology representing the manually hand-cast membranes for evaporation time 2 s can

be significantly affected by manual inaccuracies.

Table 3.5. Analysis of SEM micrographs. Analysis 1 is done by analySIS and Analysis 2 is done using Digi-
talMicrograph by performing autocorrelation. Dy is average pore diameter and dc.c is average center-to-center
distance between pores for the membranes cast for 2 s evaporation time (Figure 3.4).

Polymer solution (PS-b-P4VP14'"® | Evaporation time and = Analysis 1 Analysis 2

in DMF/THF 50/50 (wt/wt)) the SEM micrograph D, (nm) dec (nm) | Dp (nm) de-c (Nm)
25 wit% 2 s (Figure 3.4 a) 16 +5 58+5 30 59

28 wit% 2 s (Figure 3.4 b) 18+5 54 +5 29 55

23 wt% and 1.0 wt% MgAc; 2 s (Figure 3.4 ¢) 25+8 52+5 335 57.8

21 wt% and 1.5 wt% MgAc; 2 s (Figure 3.4 d) 18+ 6 55+4 31.8 55.5

The approx. values of Dy and dc.c of these membranes are given in Table 3.5, by analyzing the
SEM micrographs in Figure 3.4. Since the degree of segregation is strong in the bulk state due
to the high y between PS and P4V/P, the ordered structures can form quickly via both a disorder-
order transition and an order-order transition.146: 186,211,226 The disorder-order transition is de-
fined as the transition where long-range order appears and distinct arranged micelles can be

discerned from a disordered casting solution experimentally, while the order-order transition
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occurs from a bcc lattice in the casting solution to the hexagonal close packed open pores in
the membrane. Radjabian et. al. reported similar disorder-order and order-order transitions for
PS-b-P4VP diblock copolymer solutions in DMF/THF 50/50 (wt/wt) and DOX, respec-
tively.18 A similar order-order transition was also reported by Gu et. al. and Zhang et. al. for
Pl-b-PS-b-P4VP and PS-b-P4VP-b-PPS triblock terpolymers, respectively, in the solvent(s)

selective for the matrix forming or major blocks (PS), such as DOX and THF .20 226

3.4. Addition of MgAc: in dilute block copolymer solutions
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Figure 3.5. SAXS patterns of polymer solutions having 4 wt% and 8 wt% PS-b-P4VP17*% block co-
polymer (one with 0.04% MgAcz) in DOX. The curves are plotted in log/log scale and the y-offset is
adjusted for better visibility.

The influence of additive MgAc: in dilute solution is significantly different as compared to the
addition in viscous solutions. As shown in Figure 3.5, in contrast to the influence of MgAc>
observed in Section 3.3, the addition of 0.04 wt% MgAc> in DOX solution having 4 wt% PS-
b-P4VP17'%8 block copolymer shows a decrease in domain spacing. In addition, an increase in
polymer concentration also shows a decrease in domain spacing. A similar influence of com-
paction of the structures upon addition of 0.15 wt% metal salt (copper(Il) chloride, CuCly) in
solution of PS-b-P4VP25% block copolymer in DMF/THF 30/70 (wt/wt) was also observed by
Stegelmeier et al.1’? The possible reason might be that Cu?* is more electronegative than Mg?*.

Furthermore, the cation-pyridine complexation changes the solubility of the pore forming
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P4VP block in the solvent(s), mainly DMF, which decides whether a swelling or shrinkage of

the micelle occurs.

In case of the solutions having 21 wt% PS-b-P4VP14'"" and 1.5 wt% MgAc: and 23 wt% PS-
b-P4VP1s* and 1.0 wt% MgAc, we used DMF in 50% (wt%) which is high enough for dis-
solving the 19 wt% P4VP segments in block copolymer. Probably, the P4VP blocks are ex-
tended due to the swelling and this facilitates the cation-complexation, which minimizes unfa-
vorable contacts between PS and P4VP and therefore minimizes the overall enthalpic interac-
tion. The y parameter is effectively increased and also the size of the micelles increases, which
moves the order-disorder transition farther (more discussion in the next section, in study of
HFM fabrication). Therefore, in a solvent system which is more selective for the matrix form-
ing block (e.g., THF and DOX), the domain spacing might decrease with increase in viscosity
of the solution due to compaction of the core, which can be expected to be even higher for more
electronegative additives. A similar influence of solvent selectivity on domain spacing has been
reported before.*8® Therefore, the characteristics of the domain spacing completely depends on

the particular block copolymer solution.

3.5. Conclusion

The addition of MgAc: leads to an ordering in block copolymer solutions already at lower
polymer concentrations as compared to the pristine block copolymer solutions. It is found that
both the weakly segregated and the ordered solutions can provide isoporous structures. Two
disordered block copolymer solutions (25 wt% PS-b-P4VP151° and 26 wt% PS-b-P4VP15™*in
DMF/THF 50/50 (wt/wt)) are selected to study the influence of shear-induced extrusion on the
block copolymer solution characteristics and on the structure formation after leaving the
spinneret during HF spinning. Also, the ordered solutions with additive MgAc> at compara-
tively lower polymer concentration (23 and 21 wt% of PS-b-P4VP1!® with 1.0 and 1.5 wt%
of MgAc,, respectively, in DMF/THF 50/50 (wt/wt)) are selected for HF study as it is of great
economical interest if the amount of required block copolymer can be reduced in HF spinning.
In addition, the dilute block copolymer solutions in DOX are checked for coating purpose to
fabricate composite isoporous HFM. The SAXS curve shows that the addition of only 0.04
wt% MgAcC: (with respect to the total polymer solution) can also vary the solution characteris-

tics in dilute solution.
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4. Study of structure formation in outside-
In 1soporous hollow fiber membranes by

In situ small angle X-ray scattering

The aim of this work is to understand the key factors driving the self-organization of PS-
b-P4VP diblock copolymer, with and without the additive MgAc», at different distances
after extrusion during HF spinning. The structure formation in HF is more sensitive to-
wards changes in the solution compositions such as the presence of additives with re-
duced polymer concentration as compared to flat sheet membranes. So, the weakly seg-
regated as well as the ordered solutions are investigated to check the influence of extru-
sion on the micellar lattices of microphase separated solutions and on the structure for-
mation afterwards. Instead of the ordered solution with high polymer concentration, the
ordered solution with additive MgAc2 at comparatively lower polymer concentration is
chosen while the solvent compositions are kept constant. For these experiments, we in-
stalled a lab scale HF spinning set-up into the beamline P03 at DESY, which allowed us
to change the spinning parameters while simultaneously measuring the structural fea-
tures by SAXS. The selected polymer solutions and the chosen spinning parameters offer
a systematic and comparative study. The influence of the solution characteristics and
processing parameters on the distinct microscopic mechanisms is identified and corre-

lated to the morphology of HFM as investigated by ex situ SEM.

Reproduced from the following research article with permission from the Royal Society of Chemistry:

“Self-Assembly of Block Copolymers during Hollow Fiber Spinning: An In Situ Small-Angle X-Ray
Scattering Study” Kirti Sankhala, D. C. Florian Wieland, Joachim Koll, Maryam Radjabian, Clarissa
Abetz, Volker Abetz, Nanoscale, 2019, DOI: 10.1039/C8NR06892E
(https://pubs.rsc.org/en/Content/ArticleLanding/2019/NR/C8NR06892E#!divAbstract)
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As discussed in Section 1.3.6, two factors are of high importance in the SNIPS process: 1)
Evaporation of volatile solvent(s) from the block copolymer solution where the incompatible
blocks lead to the self-assembled structure by microphase separation. 2) Immersion in the co-
agulation bath where the precipitation traps the developed structure on the surface and gener-
ates the sponge-like substructure by the exchange of solvent by non-solvent.!% 162170 Dyring
the HF spinning process, additional structure-controlling factors gain importance because the
extrusion of a compressible viscoelastic polymer solution and the swelling after extrusion im-
pact the micellar arrangement, which in turn impact the structure formation and thus perfor-
mance of the formed membrane. The controlling parameters are composition of the polymer
solution (block copolymer chemical composition, molecular weight, polymer concentration,
solvent(s) and additive(s)), spinneret (design and dimensions), spinning parameters (air gap
and flow rates of polymer solution and bore fluid), environmental conditions, etc.t’® 2°2 There-
fore, prior to HF spinning, the block copolymer solutions were optimized as discussed in the
previous chapter. Since the structure formation in HF is more sensitive towards slight changes
in the solution compositions, the solvent compositions were kept constant to reduce the number

of influencing parameters.

The HF spinning process has been investigated vastly for the fabrication of commonly used
asymmetric HFM via NIPS.#3 /6. 77. 202 However, in fabrication of isoporous HFM by spinning
of the block copolymer solutions, the shear-induced changes of the free energy of the block
copolymer microdomains control the morphology and performance of the formed mem-
branes.®® 170 In HF spinning, the structure formation takes place in the air gap between the
spinneret and the precipitation bath within 2 s, where the strain in fiber due to the gravitational
force limits the range of extrusion rate and the air gap defining the evaporation time, and thus
requires a good control and understanding of the process. Here, open questions remain about
the parameters which direct the self-assembly of block copolymers in this very short time. After
extrusion, a subtle balance exists between the block copolymers trying to reach their equilib-
rium state, which is disturbed due to the shear forces and the ongoing evaporation, which in-
duces self-assembly and precipitation.

To this end, fundamental studies have been focused on the effects of the structure in block
copolymer solutions and on the flat sheet membrane fabrication, but the structure formation in
block copolymer HFM has not been probed by in situ characterization techniques so far. There-

fore, it is of great interest to explore the topic categorically with insight into the behavior of
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different polymer solutions at different spinning parameters after extrusion, enabling us to de-
velop new pathways to tailor the structure formation in HFM. In order to understand the key
factors driving the self-organization of PS-b-P4VP diblock copolymer, with and without the
additive magnesium acetate (MgAc>), at different distances from the spinneret during HF spin-
ning, a lab scale HF spinning set-up was installed into the beamline P03 at DESY.??’ The ex-
perimental set-up allowed us to change the spinning parameters while simultaneously measur-

ing the structural features by SAXS.

In HF spinning, the isoporous structure formation occurs in the air gap between the spinneret
and the precipitation bath. The parameters driving the self-assembly of block copolymers in
this very short time remain doubtful due to the many influencing spinning parameters. The
complexity in fabrication process increases with variation in spinning parameters due to their
influence on the shear during extrusion and self-assembly afterwards. Therefore, in the next
sections, the main influencing factors are discussed one by one by providing insight into the
spinning process via in situ SAXS experiments and ex situ SEM investigations of fabricated
HFM.

4.1. Outside-in hollow fiber membrane fabrication and exper-

imental set-up for in situ SAXS

In order to achieve uniform pores on a nanometer scale on the top surface of the HFM, it is
highly required to optimize the solution properties as well as to understand the correlation and
influences of the spinning parameters. Therefore, for this in situ SAXS study, we selected the
solution system that has been studied extensively for fabrication of isoporous flat sheet and HF

membranes, i.e., PS-b-P4VP diblock copolymer in the solvent mixture of DMF and THF.1™%
203, 228

The desired morphologies are formed by providing a distinct balance between the relaxation
of the polymer chains due to the shear forces driving them out of equilibrium and the macro-
molecular rearrangement due to the evaporation of the more volatile solvent (THF), which fixes
the PS matrix while the P4VP microdomains are highly swollen in DMF (Figures 4.1 b and c).
This process of self-organization stops as soon as the HFM is immersed in the precipitation
bath. Therefore, the study on the self-assembly of macromolecules in HF is focused on the
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changes happening in the gap between the precipitation bath and the spinneret. The influence
of the solution characteristics and processing parameters on the distinct microscopic mecha-
nisms is identified and correlated to the membrane morphology.

solution

Polymer @

N\ N

Flight tube N

Solvents ~~>

o e

Figure 4.1. Experimental overview. (a) Set-up of spinning apparatus installed at the beamline P03 of
PETRA Ill at DESY for in situ SAXS investigations. (b) As the polymer solution is extruded through
the spinneret having non-solvent (NS) in the lumen, the polymer chains relax and the volatile solvents
start to evaporate from the outer surface. The as-spun fiber could be investigated closest at 1 mm from
the nozzle of the spinneret. (c) L. was varied up to 80 mm, the microphase separated structures develop
on the outer surface of the HF. The spun HF are collected in the precipitation bath. (d) The miniature
shows an outside-in isoporous HF.

4.2. Influence of spinning parameters on structure formation in

hollow fiber membranes

For the interpretation of the experimental data collected from the HF, it is important to remem-
ber the main properties controlling the structure formation. As schematized in Figure 4.1, dur-
ing fabrication of isoporous HFM, the main implication is the occurrence of evaporation-in-
duced self-assembly of block copolymers, which initiates just after extrusion. For a certain La,
the selection of Qp varies the evaporation time. A relatively similar evaporation time can be
provided at a higher Qp along with a higher La. However, the shear thinning of the polymer

solution in the spinneret at the higher Qp as well as the increase in the gravitational force acting
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on the nascent fiber in the air gap have a significant effect on the kinetics of the self-assem-
ny.17°

A. Influence of polymer flow rate
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Figure 4.2. Influence of Q. (a, b) SAXS curves, (c, d) SAXS patterns, and (e-h) SEM micrographs of
as-spun HF using block copolymer solutions of 26 wt% PS-b-P4VP1' (a, ¢, d) and 25 wt% PS-b-
P4VP14!0 (b,e-h) in DMF/THF 50/50 (wt/wt) at different spinning parameters. The spinning parameters
are mentioned as Qp_Quw_La. The SAXS data are plotted in log-log scale and Y-offset is adjusted for
better visibility. (c, d) The images show the ring origination from the domain correlation. The fiber runs
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in the vertical direction and is slightly tilted due to the movement of the precipitation bath. The SEM
micrographs (e-h) have same scale bar.

Table 4.1. Details of SAXS curves of as-spun fibers using block copolymer solutions having 26 wt% PS-b-
P4VP150 and 25 wt% PS-b-P4VP1o'™ in DMF/THF 50/50 (wt/wt) for different spinning parameters (shown
as Qp_Qw_La). All g* (nm1) and d (nm) have an error bar of + 0.005 nm™ and + 1.1 nm, respectively.

La 26 W% 26 W% 26 W% 25 wi% 25 wit%
(mm) (0.8 0.4 La) (1.2 0.6_La) (1.6 0.8_La) (0.8 0.4 La) (1.2 0.6 _La)
q* d q* d q* d q* d q* d
Solution | 0.147 427 - 0120 524 -
1 - - 0.144 436 - - 0120 524 | 0120 524
10 0141 446 | 0.139 452 | 0131 479 | 0117 537 | 0119 = 528
20 0138 455 0133 472 | 0116 542 0116 542
40 0135 465 | 0.136 462 - - 0113 556 | 0113 556

Q,_Q, Outer Surface CS,; Inner Surface CS, cS
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Figure 4.3. The SEM micrographs show the influence of spinning parameters (Qp_Quw_L=) on the mor-
phology of the outer surface, cross-sections near the outer surface (CSes), the inner surface, cross-sec-
tions near the inner surface (CSis) and the full cross-section (CS) of HFM. The HFM were spun using
block copolymer solution of 25 wt% PS-b-P4VP1!® in DMF/THF 50/50 (wt/wt) for Q, 0.8, 1.2 and
1.6 mL/min, at L = L,, 40 and 100 mm. The SEM micrographs in a column have the same scale bar.

Initially, the spinning solution is in a thermodynamical equilibrium as a weakly segregated
spherical block copolymer solution. The extrusion of this viscoelastic solution through a spin-
neret disturbs this equilibrium by inducing uniaxial deformation as a result of the shear force.
This deformation depends on various factors such as polymer solution, extrusion rate, spinneret
design, die gap for extrusion, roughness of spinneret walls, etc. In these in situ experiments, all
the used spinnerets were made of the same material and the dimensions of channels and orifices
were kept equal, thus, providing a similar shear stress distribution throughout the experiments.
As a consequence, the variables having significant impact on the shear distribution are the
extrusion rate Qp and the composition of the polymer solution which includes changes in the
concentration of block copolymer and additive MgAc». The influence of shear deformation due
to Qpon the integral structural dimensions of weakly segregated block copolymer solution and
on the self-assembly of block copolymers is shown in Figure 4.2 and Table 4.1. The compari-
son of scattering curves for a particular set of spinning parameters are shown in Figures 4.4,
4.6 and 4.7.

a b
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Figure 4.4. Influence of Qp. (a,b) SAXS curves and (c,d) SAXS patterns of as-spun HF using block
copolymer solution 26 wt% PS-b-P4VP15'*° in DMF/THF 50/50 (wt/wt) at a particular set of spinning
parameters, polymer flow rate Q, (mL/min), bore fluid flow rate Qw (mL/min) and air gap distance La
(mm), mentioned as Qp_Quw_La. The SAXS data are plotted in log-log scale and Y-offset is adjusted for
clarity.
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The in situ SAXS data show that the ordering of micelles in all the polymer solutions is reduced
as a course of the extrusion as compared to the conditions under rest (see the scattering curves
in Figures 4.2 a, b and 4.8). It should be noted that the SAXS scans provide the structural
information for all fiber materials along the beam and for an area of ca. 28 x 14 um? in a single
scan (more details are in Section 1.2). Therefore, the SAXS curves mainly show the influence
of extrusion on structural characteristics of the as-spun fiber, which is still a viscous polymer
solution within the fiber wall up to La of ca. 80 mm depending on the polymer solution and the

thickness of the as-spun fiber.

In the scattered intensity of the weakly segregated polymer solutions of 26 wt% PS-b-P4V/P15>°
(Figure 4.2 a) and 25 wt% PS-b-P4VP14'" (Figure 4.2 b), no significant difference could be
identified at a particular La for variation of Qp from 0.8 mL/min to 1.2 mL/min. The main
difference is a decrease of the overall intensity and a slight shift in the peak position with in-
creasing La, Which is attributed to the precipitation from the inner side of the fiber resulting in
a change of the scattering contrast, and the evaporation of the more volatile solvent and relax-
ation from shear-induced effects, respectively. However, with further increase in Qp, an orien-
tation of the structures in the polymer solution becomes evident. Depending on the shear
stresses, the meso-phase structures may transform from an isotropic (Figure 4.2 c) to an ori-
ented state (Figure 4.2 d). A significant influence of the increase in Qpto 1.6 mL/min can be
seen on the orientation of the structures by development of a structure factor in the 2D SAXS
images, at La 10 mm (Figs. 4.2 d and 4.5). The scattering image shows an orientation effect
perpendicular to the fiber axis as the ring shows the maximum intensity corresponding to the
perpendicular axis of the fiber; this also applies to the structure factor. This orientation of struc-
tures is accompanied by an increase in the correlation length indicating larger domains with an
increase of shear (Figures 4.2 a and Table 4.1), which shows more chain orientation of the
polymers and the formation of anisotropic structures. This might influence the thermodynamic
driving forces which govern the self-assembly and progression of the microphase separation

which affects the membrane morphology.

It is worth noting here that the influence of shear on the membrane morphology as observed
by SEM and on the structure in as-spun fibers as observed by SAXS helps to understand the
process. However, the spatial resolution of both methods is quite different. While the influence
of spinning parameters in SAXS is measured for 28 x 14 pm?, the SEM micrographs of cross-

sections near the outer surface show the morphology only for a few microns below the surface.
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In addition, SEM investigations are done in dried membranes while in situ SAXS experiments
are conducted on as-spun fibers that almost resemble the polymer solution characteristics under
shear. The influence of shear during extrusion significantly varies at different La due to the
influence of solvent evaporation, relaxation of polymer chains and strain due to gravity.

The SEM micrographs in Figures 4.2 e-h show the influence of Qp 0.8 and 1.6 mL/min, at La
of 40 mm on the morphology of the outer surface and the cross-section near the outer surface
of the HFM. The lower extrusion rate of 0.8 mL/min induces a lower shear rate along with a
longer evaporation time. The deformation of spherical domains into ellipsoids or cylinders in
the flow direction of the polymer solution can be seen in the SEM micrographs of Figures 4.2
e and g instead of the desired hexagonally-packed pores on the outer surface. However, for Qp
1.6 mL/min, the fabrication of isoporous structure on the outer surface of HFM can be seen in
Figure 4.2 f, although the evaporation time is shorter due to the higher Qp at La 40 mm. The
reason for a hexagonal packing of the microdomains in this comparatively short time provided
in La 40 mm at Qp 1.6 mL/min might be a result of an already occurred ordering of microdo-
mains in the block copolymer solution after experiencing higher shear rates. However, at lower
shear rate these microdomains tend to align and progress in the direction of shear. Thus, at a
higher shear rate (Qp 1.6 mL/min), the ordering in the weakly segregated domains tend to in-
crease in the direction perpendicular to the fiber. Moreover, the shear-induced orientation of
microdomains is higher near the outer surface which is due to the higher shear rates at the walls
of the spinneret and can be seen in the SEM micrograph of the cross-section near the outer

surface, see Figure 4.2 g.

The detailed influence of Qp (0.8, 1.2 and 1.6 mL/min) and La (40 and 100 mm) on the mor-
phologies of the outer surface, the inner surface and cross-sections near the outer and the inner
surfaces of the HFM are shown in Figure 4.3. The values of Dy and dc from the analysis of
SEM micrographs of the outer surfaces are given in Table 4.1, which shows a decrease in Dy
values with increase in Qp. The deformation and ordering of microdomains for Qp of 0.8
mL/min and 1.6 mL/min, respectively, is still in a metastable state which disappears with in-
crease in La to 100 mm and results in less-ordered pores on the outer surface (Figure 4.3). The
structures aligned on the outer surface of the HFM at Qp 0.8 mL/min and La 40 mm transform
into randomly located pores oriented perpendicular to the surface at La 100 mm. This growth

of microdomains perpendicular to the surface is driven by an increase in evaporation time that
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develops a concentration gradient from the top surface.''% 12 The isoporous structure devel-
oped at conditions of Qp 1.6 mL/min and La 40 mm also vanishes with an increase in evapora-
tion time at La 100 mm, respectively to a longer evaporation time. This disordering might have
occurred due to the faster relaxation of microdomains after extrusion at high shear rate and due
to the elongational forces as well. In average of Qp 0.8 and 1.6 mL/min, the shear stress applied
with Qp 1.2 mL/min leads to isoporous structures for La 40 and 100 mm, by offering a balance
between ordering in the polymer solution due to shear stresses and disordering due to the re-
laxation in combination with the required evaporation time. While on the other side of the
HFM, on the inner surface, with increase in Qp or shear stress at a particular La, the inner surface
morphology gets slightly tightened, also the SEM micrographs of HFM cross-sections show
lesser macrovoids due to the increase in the molecular orientation and chain packing. There-
fore, a variation in Qp strongly varies the solution characteristics during extrusion. The Q, to-
gether with the available evaporation time drives the block copolymer microdomains to reor-
ganize into hexagonally-packed pores on the surface. This process of self-assembly is signifi-
cantly faster for more segregated or ordered block copolymer solutions because after extrusion,
the block copolymer micelles try to achieve the initial equilibrium of a well-defined self-as-
sembled nanostructure, i.e., for ordered solutions containing MgAc.. Therefore, different block
copolymer solutions cause different effects of alignment as well, as seen in our experiments.
So, in contrast to the flat sheet membrane, evaporation time is not the only important variable
of self-assembly and structure formation in HFM fabrication, Qp plays a key role as well under

similar conditions.

70



Chapter 4

26% PS-b-P4VP4g150

—t—1.6_0.8_10 mm

26% PS-b-P4VP4g150 600
——0.8_0.4_10 mm

My

) W |
.10 1 I 1 1 1 1

! ‘ 150 -100 -50 0 50 100 150

-150 -100 -50 0 50 100 150 .
Azimuthal angel (degree) Azimuthal angle (degree)

400

Intensity (a.u.)

Intensity (a.u.)
o

N

[=]

o

o

26% PS-b-P4avP4g150

600
w—u==0.8_0.4_10 mm

w=e=1.6_0.8_10 mm ‘T'_l -0.1
3 £
8400 - c
@ >
G T
£

n
S
=

T
o
—

Az Ny 0201 0 0.1
-150 -100 -50

0 j 50 ‘100 1&l')0 qx [nm'1]

Azimuthal angle (degree)

Figure 4.5. Influence of Q. 1D azimuthal intensity curves of as-spun HF using block copolymer solu-
tion 26 wt% PS-b-P4VP15™ in DMF/THF 50/50 (wt/wt) at a particular L, of 10 mm for different Q,_Qu:
0.8 0.4 () and 1.6_0.8 (mL/min) (b). (c) Stacked curves. We note that in the azimuthally integrated
data only one peak can be observed. This is due to the fact that the other peak lies on a dead area of the
pilatus detector making it impossible to see.

B. Influence of evaporation time given by the air gap distance

While discussing evaporation-induced self-assembly, the distance between the spinneret and
the precipitation bath (La) remains a key factor, as it defines the evaporation time at a certain
Qp. Table 4.1 and Figure 4.2 (particular sets are plotted in Figures 4.4 and 4.5) show that the
structural changes occur in the nm-range on the time-scale of milliseconds before the fiber is
immersed in the precipitation bath. At the solution/air interface, an increase of the evaporation
time increases the interfacial chain segregation, which would result in an increase in peak-
height of the scattering intensity. This behavior was observed during in situ SAXS study of flat
sheet membranes.!’?> However, for the fabrication of a HF geometry, a precipitant is required

on one side of the as-spun HF. The structural evaluation in this three-phase system consisting
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of air on one side and precipitant on the other side of a polymer solution is significantly differ-
ent, and increases the complexity in understanding the macromolecular organization in HF
fabrication. For sake of simplicity, the ratio Qp/Qw Was kept constant at two in order to provide
similar conditions of coagulation from the lumen side at different volumetric flow rates (Qp).
In addition, this gives a uniform cross section and relatively similar membrane thickness as

well.

In fabrication of HFM, with increasing La, the precipitation front moves inwards and increases
the coagulation of polymer solution from the lumen side due to the solvent and non-solvent
exchange between the flowing polymer solution and the bore fluid. The increase in coagulation
increases the gelation/spinodal decomposition of the polymer solution from the lumen side.
This behavior can be observed in the in situ SAXS data, which show a decrease in the peak
height with increasing La (Figures 4.2 a, b and 4.8). This proves an increase in the coagulation
from the lumen side as the number of micelles decreases. Further support to this assumption is
given by the observation that the peak width gets smaller indicating a narrowing of the size-
distribution for micelles due to the precipitation.
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Figure 4.6. Influence of La. SAXS curves of as-spun HF using block copolymer solution 26 wt% PS-
b-P4VP15™° in DMF/THF 50/50 (wt/wt) at different L, (mm) for a particular set of Q,_Qw (in mL/min):
0.8_0.4 (a); 1.2_0.6 (b) 1.6_0.8 (c). The SAXS data are plotted in log-log scale and Y -offset is adjusted
for clarity.
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Figure 4.7. Influence of La. (a,b) SAXS curves of as-spun HF using block copolymer solution 25 wt%
PS-b-P4VP14" in DMF/THF 50/50 (wt/wt) at different L, (mm) for a particular set of Q,_Qw (mL/min):
0.8_0.4 (a); 1.2_0.6 (b). The SAXS data are plotted in log-log scale and Y-offset is adjusted for clarity.

For a less viscous or weakly segregated polymer solution, a lower size distribution is observed,
which hints at a higher mobility and, thus, Kinetics in this situation (see Table 4.1). Figures 4.2
a and b show that the primary scattering peak vanishes completely for the commonly used
weakly segregated solutions and significantly reduces for the ordered solutions (Figures 4.8 b
and c) as well. This shows that the structure formation in as-spun fibers quenches within a short
La. Moreover, an increase in La increases the strain in the nascent fiber due to gravitational
force, which changes the fiber diameters and influences the structure formation and assembly
of uniform pores on the top surface of membranes (Figures 4.3, 4.10, 4.11 and Table 4.3). Thus,
for a uniform pore formation La is preferred to be < 100 mm, which further significantly differs

for different polymer solutions and spinning conditions.

4.3. Influence of additive MgAc: in the block copolymer solu-

tion in isoporous hollow fiber membrane fabrication
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Figure 4.8. SAXS of as-spun HF using block copolymer solutions having different concentrations of
PS-b-P4VP15% and MgAc; in DMF/THF 50/50 (wt/wt) at Qp1.2 mL/min, Qy 0.6 mL/min and different
L. (mm). Y-offset is adjusted for better presentation.

Table 4.2. Details of SAXS curves of as-spun fibers using different PS-b-P4VP14° block copolymer solu-
tions at different L,, for Qp 1.2 mL/min and Q. 0.6 mL/min. All g* and d have an error bar of + 0.005 nm*
and + 1.1 nm, respectively.

La 25 wt% 23 wt% and 1.0 wt% MgAc: 21 wt% and 1.5 wt% MgAc:
(mm) | g*(nm?) d(m) [ g*(nm*) d (nm) g* (nm?) ¢ (nm?) | d (nm)*

Solution 0.120 52.4 0.114 55.1 0.114 0.161 55.1
1 0.120 52.4 0.109 57.6 0.109 0.205 57.6
10 0.119 52.8 0.111 56.6 0.111 0.193 56.6
20 0.116 54.2 0.111 56.6 0.110 0.194 57.1
40 0.113 55.6 0.108 58.2 0.107 0.200 58.7
80 - - 0.105 59.8 - - -

The SAXS curves in Figure 4.8 show the influence of the extrusion parameters on the ordering
of different block copolymer solutions having different amount of MgAc, at a certain La. The
comparison of solutions for a particular set of spinning parameters is shown in Figure 4.9.
During extrusion, the shear stresses distort the structural features of the polymer solution, i.e.,
bce in polymer solutions having 21 wt% PS-b-P4VP1o'"? and 1.5 wt% MgAc,, and 23 wt% PS-
b-P4VP11° and 1.0 wt% MgAc, in DMF/THF 50/50 (wt/wt). After extrusion, the sharpness
and intensity of the primary peak decreases and the peak position shifts to a slightly lower g as
compared to the respective solution. The scattering pattern of the as-spun fiber, at La 1 mm,
from spinning of 25 wt% PS-b-P4VP14!" solution does not show a significant change in the
peak position as compared to the steady solution while the peak gets wider and loses the inten-
sity, as discussed in Section 2.1 (Figures 4.2 b or 4.8 a). However, in case of the ordered solu-
tions, the higher order peaks disappear and with increasing La even the shoulder becomes grad-
ually harder to discern (Figures 4.8 b and c). This confirms that the extrusion of an ordered

solution results in a lesser or only partially ordered solution afterwards.
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Figure 4.9. Influence of polymer solution. (a-d) SAXS curves of as-spun HF using different block
copolymer solutions 25 wt% PS-b-P4VP1o'7, 23 wt% PS-b-P4VP14° and 1.0 wt% MgAc; and 21 wt%
PS-b-P4VP34'0 and 1.5 wt% MgAc; in DMF/THF 50/50 (wt/wt). The curves are plotted for Qp 1.2
mL/min and Q. 0.6 mL/min, at different Lo: 1 mm (a); 20 mm (b); 20 mm (c); 40 mm (d). (e) The sets
of SAXS curves a-d are stacked together. The SAXS data are plotted in log-log scale and Y-offset is
adjusted for clarity.

Interestingly, just after extrusion at La of 1 mm, the scattering curve from the polymer solution
23 Wt% PS-b-P4VP1s10 with 1.0 wt% MgAc. in DMF/THF 50/50 (wt/wt) shows only one
broad peak with an increase in domain spacing as compared to the respective solution, see
Figure 4.8 b and Table 4.2. However, the second shoulder in the scattering curves appears at
La of 10 and 20 mm with a decrease in domain spacing, which again disappears for La ca. 40
mm and shows an increase in domain spacing. This trend in SAXS curves and domain spacing
values hint at ongoing structural transitions in the block copolymer solution. We suggest that
the competing interactions of shear stresses during extrusion, relaxation after extrusion, and
the evaporation-induced increase in segregation of block copolymers are responsible for this
behaviour. During extrusion, the structural ordering of the block copolymers is disturbed and
due to the shear stresses the ordered micelles might enlarge showing an increase in domain
spacing. After extrusion, these structures in an as-spun polymer solution try to achieve the
initial equilibrium of block copolymer solution by releasing the shear effects and show a de-
crease in domain spacing. On the other hand, with increasing La the influence of evaporation
on the self-assembly and the precipitation from the lumen side on coagulation increases signif-

icantly. Thus, the observation of the second shoulder for block copolymer solutions of 23 wt%
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with 1.0 wt% MgAcz shows that up to 20 mm the bulk relaxation dominates which is over-

whelmed by the segregation and self-assembly afterwards.

A similar trend in the height of the second shoulder and in the domain spacing can also be seen
during the spinning of the solution containing 21 wt% PS-b-P4VP14*"* and 1.5 wt% MgAc: in
DMF/THF 50/50 (wt/wt) (see Figure 4.8 c and Table 4.2). However, here the second shoulder
is stronger and can be seen up to La ca. 40 mm. This indicates that with increase in the concen-
tration of MgAc: from 1.0 wt% to 1.5 wt% and, respectively, with decrease in the total P4VP
segments with decrease in block copolymer concentration, the cation-pyridine complexation
gets stronger and the structural ordering gets kinetically trapped. So, due to the higher MgAc:
concentration, the initial structural properties of block copolymer solutions are more dominat-
ing, induced by the increased effective y parameter, as compared to the solution with 23 wt%
block copolymer and 1.0 wt% MgAc2. The solution scattering curves in Figure 3.3 show that
the increased addition of MgAc: leads to more prominent microphase separation in the solution
of polymeric amphiphiles, which might be due to lower mobility of polymer chains or reduced

micelle mobility, and all together lowers the structural transitions.
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Figure 4.10. The SEM micrographs show the influence of spinning parameters (Qp_Quw_La) on the mor-
phology of the outer surface, cross-sections near the outer surface (CSes), the inner surface, cross-sec-
tions near the inner surfaces (CS;is) and the full cross-section (CS) of HFM. The HFM were spun using
block copolymer solution of 21 wt% PS-b-P4VP14° and 1.5 wt% MgAc, in DMF/THF 50/50 (wt/wt)
for Q, 0.8, 1.2 and 1.6 mL/min, at L = L,, 40 and 100 mm. The SEM micrographs in a column have the
same scale bar.

The SEM micrographs in Figure 4.10 show the influence of spinning parameters; Qp of 0.8, 1.2
and 1.6 mL/min, and La of 40 and 100 mm, on the morphology of HFM spun using an ordered
block copolymer solution with 21 wt% PS-b-P4VP19*"° and 1.5 wt% MgAc. in DMF/THF
50/50 (wt/wt). The influence of solution characteristics on the formation of isoporous structures
can be seen in the SEM micrographs of the outer surface of the HFM spun using two different
solutions, in Figures 4.3 and 4.10. The HFM with isoporous outer surface could be achieved
for a wider range of Qp (0.8, 1.2 and 1.6 mL/min) at La 40 mm using an ordered solution

containing MgAc: (Figure 4.9) as compared to the pristine weakly segregated solution having
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higher polymer concentration of 25 wt% PS-b-P4VP14!"® in DMF/THF 50/50 (wt/wt) (Figures
4.3 and 4.11). For Qp 0.8 mL/min, at La 40 mm, formation of isoporous structures can be ob-
served for the ordered solution containing MgAc2, while the pristine weakly segregated solu-
tion shows a random alignment of cylinders on the outer surface. This shows that the shear-
induced ordering for isoporous structure formation is more probable even at lower shear rates
for already ordered solutions, after losing the crystallinity during extrusion, whereas for the
weakly segregated solutions the requirement of higher shear rate can be expected for ordering
of the microdomains. This metastable hexagonal ordering of microdomains on the outer surface
disappears for all three Qp values (0.8, 1.2 and 1.6 mL/min) within L of 100 mm, and the SEM
micrographs of cross-sections near the outer surface show the random cylindrical growth of
micelles in this short evaporation time (see Figure 7). However, for the weakly segregated
solution, in Figure 5, such random cylindrical ordering at the cross-section near the outer sur-
face is missing and a rather asymmetric structure can be recognized, and the self-assembled
isoporous structures can be seen for Qp of 1.2 mL/min, up to La of 100 mm (Figure 4.10). An
influence of solution characteristics can also be observed on the morphology of the inner sur-
face of HFM, where the pores look more elongated in Figure 4.3 as compared to Figure 4.10.
In addition, the morphology of cross-sections near the inner surface is significantly different.
Therefore, the HFM morphology completely depends on the solution characteristics and the
spinning parameters. The isoporous structure formation and growth of microdomains is faster

and facilitated in ordered solutions containing MgAc: as compared to the pristine solutions.
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SEM micrographs of the outer surface of the HFM and their analysis
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Figure 4.11. The SEM micrographs show the influence of spinning parameters (Qp_Quw_La) on the
morphology of the outer surface of HFM. The HFM were spun using block copolymer solutions of 25
Wt% PS-b-P4VP1'7° and 21 wt% PS-b-P4VP1'° and 1.5 wt% MgAc, in DMF/THF 50/50 (wt/wt) for
Qp 0.8, 1.2 and 1.6 mL/min, at L, 40 and 100 mm. The numbers on each micrograph show D, (average
pore diameter) in top and d..c (average center-to-center distance between pores) in second row, the
analysis of micrographs is done by analySIS.
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Table 4.3. Analysis of SEM micrographs of cross-sections of HFM, as shown in Figures 4.3 and 4.10. Doy is
outer diameter and D, is inner diameter of HFM.

25 Wt% PS-b-P4VPg!"°

Q—~> 0.8 mL/min  1.2mL/min 1.6 mL/min 0.8 mL/min 1.2mL/min 1.6 mL/min
La v
Dout (Um) Din (um)
40 mm 1006 * 20 1069 * 66 1037 £ 12 678 £ 32 735+ 74 773 +£10
100 mm 686 + 3 785 £ 51 809 + 33 439 * 47 545 + 54 584 + 33

21 wt% PS-b-P4VP14'" and 1.5 wt% MgAc;
Q> 0.8 mL/min  1.2mL/min 1.6 mL/min 0.8 mL/min 1.2 mL/min 1.6 mL/min
La v
Dout (Um) Din (um)
40 mm 961 + 66 873 + 68 935+ 76 733+ 73 645 + 32 700 £ 76
100 mm 687 £ 43 712 £19 673 £ 54 515 + 42 468 + 19 435 + 40

4.4. Conclusion

The synchrotron SAXS measurements provide insight into the microscopic processes relevant
for ordering of microdomains and their self-assembly after extrusion of concentrated block
copolymer solutions. For this, the ordered solution having MgAc: with comparatively lower
polymer concentrations and the weakly segregated pristine PS-b-P4VP block copolymer solu-
tions were extruded. These structural features are correlated to the final morphology of the HF
membranes, investigated by ex situ SEM. The SAXS data shows that the shear stresses during
the spinning of a block copolymer solution results in disordering of an already ordered solution
and reduces the micellization in a weakly segregated solution as well.
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5. Fabrication of integral inside-out iso-
porous block copolymer hollow fiber

membranes

Fabrication of evaporation-induced self-assembled structures on easily accessible sur-
faces and under normal evaporation conditions (e.g., flat sheet membranes and outer
surface of HFM) is a conventional strategy while achieving such evaporation-induced
microphase separated structures in compact geometries has been a long-standing goal.
The fabrication of self-assembled structures on the lumen of HFM remains a challenge
due to the requirement of additional structure-controlling evaporation conditions. As
discussed in the previous chapter, while the preparation of outside-in isoporous mem-
branes is already challenging, the preparation of inside-out isoporous HFM with an in-
ner diameter of less than 1 mm is even more demanding. This study reports for the first
time the preparation of an inside-out isoporous integral asymmetric HF membrane, in
which the idea of gas flow was coined for the controlled evaporation required for self-

assembly of block copolymers.

Adapted with permission from the following research article:

“A Pathway to Fabricate Hollow Fiber Membranes with Isoporous Inner Surface”, Kirti Sankhala, Jo-
achim Koll, Maryam Radjabian, Ulrich A. Handge, VVolker Abetz, Advanced Materials Interfaces 4 (7),
1600991, 2017; (https://onlinelibrary.wiley.com/doi/full/10.1002/admi.201600991)

Publisher: John Wiley and Sons; Copyright © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim;

License number: 4553120468198.
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Chapter 5

As discussed in Section 1.2.8, the inside-out HFM provide the following advantages compared
to outside-in HFM: (1) The conservation of the selective surface from abrasions during pro-
cessing and module fabrication. (2) The fluid flowing in the lumen side is delivered into the
lumens equally and enhances the flux since separation is a pressure driven process. (3) The
inside-out cross-flow filtration mode limits the build-up of cake layers. However, if cake layers
are formed, then they can be easily removed by back-wash and aeration, and hence maintain
the permeate along with more hygienic system.®

5.1. Membrane fabrication via dry-jet wet spinning technique

In this study, the traditional dry-jet wet spinning technique is modified to fulfill the conditions
required to complete the SNIPS process, which is required to achieve an isoporous structure
on the lumen side of a HFM. A schematic depiction of the spinning process is provided in
Figure 5.1. A triple orifice spinneret (Figure 5.1 a) was used to extrude the bore fluid, polymer
solution, and water at controlled volumetric flow rates. The triple orifice spinneret had die gaps
of 0.34 and 0.15 mm for polymer solution and water, respectively (for more details see Section
9.7). Afterwards the as-spun fiber is passed through a certain air gap before being immersed
into the coagulation bath of water. As solvent evaporation is the preliminary requirement of
SNIPS process for microphase separation and solidification of the isoporous surface later on,
a gas (N2) flow was introduced in the lumen of polymer solution flow. This gas stream sup-
pressed the swelling of the extruded polymer solution, which otherwise would result in blocked
fibers. Moreover, to initiate the formation of a fiber and subsequently strengthen the fiber, the
polymer solution was extruded with a circlet flow of strong precipitant (water) on the outer
side (Figure 5.1 b). The elementary experiments were performed on laboratory scale, using a
spinning set-up having high-precision pumps, while the fibers were collected manually.

A solution of 27 wt% PS-b-P4VP171% block copolymer in a binary mixture of DMF/THF 50/50
(wt/wt) was used. The concentration was optimized by checking the structure formation in flat

sheet membranes.16% 170
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(a)

Polymer :
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Wetter |

m ~p >
PS P4VP Water Solvents

Figure 5.1. Preparation of inside isoporous HFM. (a) A triple orifice spinneret is used for HF spinning.
Schemes b and ¢ describe the SNIPS process, required for the formation of an isoporous structure on
the inner surface of HF membrane. (b) After extrusion through the spinneret, N2 is the central fluid in
the lumen of nascent fiber and water is in the circlet. (c) The as-spun fiber is immersed into the precip-
itation bath of water where the non-solvent replaces the solvents. (d) The miniature inside-out isoporous
HF.

5.2. Structure formation on the inner surface

In the dry-jet wet spinning for fabrication of inside-out isoporous HFM, after leaving the spin-
neret, the polymer chains relax in the presence of the compressible bore fluid of N2. The gas
flow initiates the evaporation of the volatile solvents (mainly THF) on the inner surface. The
evaporation of more volatile solvent THF solidifies the PS matrix while P4VP domains remain
swollen in DMF. This evaporation-induced microphase separation of block copolymers de-
pends on the evaporation conditions along with the quality of ordering already available in the
block copolymer solutions. The evaporation time is controlled by the air gap distance (La) and
the polymer flow rate (Qp), while the rate of evaporation is mainly controlled by bore fluid (N2)
flow rate (QOn2). The SNIPS process on the inner surface of HFM completes by quenching the
self-assembled structures by non-solvent induced phase separation. The phase separation on
the inner surface takes place by the intrusion of water from outside to the lumen side through
the polymeric fiber wall (Figure 5.1 c). In the precipitation bath, the solvents are replaced by
non-solvent and due to the selective swelling of the P4VP domains by DMF the exchange with
water leads to open pores. Therefore, one extra factor is emphasized in this work, i.e., the rate
of intrusion of water, which is fast across the partially precipitated polymeric wall.1”? This was

also observed in the previous chapter reporting in situ SAXS experiments during HF spinning
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that with increase in La the peak height decreases due to the decrease in number of micelles,

while, in that case the precipitation front is moving from inner side to outer side.

The coagulation of polymer solution is highly influenced by the factors controlling the wall
thickness of the fiber, e.g., the polymer concentration, Qp, die gap for the polymer solution,
miscibility of the solvents with water, air gap distance, etc. A higher solution concentration and
Qp would yield a higher shear stress in the flow chamber of the spinneret and result in an in-
crease in the alignment of polymer chains, which in turn decreases the rate of intrusion of

water.2%°

5.3. Influence of spinning parameters on hollow fiber mem-

brane morphology

The spinning factors influencing the shear-induced structural changes are analogous to the ones
discussed for outside-in isoporous HFM in Section 4.3. The only difference from the latter is
the change in evaporation conditions. In the inside-out isoporous HFM fabrication the evapo-
ration-induced self-assembly is controlled via gas flow.

The experiments for inside-out HF spinning were conducted in the optimized range of param-
eters such as Qp was varied between 1.5 to 3 mL/min and La was varied as 5, 10 and 15 cm,
where Qp and L, are adjusted respectively to regulate the evaporation time and time required
for intrusion of water to the inner side. For example, a low Qp (< 1.5 mL/min) and a high La (>
10 cm) provide a longer evaporation time prior to immersion into the precipitation bath, leading
to the disappearance of a well-organized self-assembled structure, while Qp > 3 mL/min is
found to provide lesser evaporation time required for structure formation. After some prelimi-
nary hit-and-trial experiments, Qn2 and Qw were fixed to 1 mL/min, to form a lumen in the as-
spun polymer solution and to provide enough precipitation from the outer side. The influence
of Qpand La on a particular section of HFM, e.g. inner surface, cross-section near the inner

surface, outer surface, cross-section near the outer surface is shown in Figures 5.2-5.5.
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A. Influence on the morphology of inner surface

Figure 5.2 shows that with increase in Qp at a particular La of 10 cm, the appearance and dis-
appearance of an isoporous structure can be observed. As discussed in the previous chapter,
the increase in Qp orients the block copolymer microdomains perpendicular to the surface help-
ing in the structure formation, while it decreases the evaporation time at a particular La. The
evaporation time is provided to achieve the desired state of evaporation-induced self-assembly
leading to swelling of P4VP domains in DMF and for fixing of the PS matrix by evaporation
of THF in case of already oriented microdomains. The self-assembly of block copolymers as
hexagonally arranged microdomains is a metastable state of ordering, this duration is further
shortened during HF spinning due to the ongoing relaxation of polymer chains after shear-

inducing extrusion, which makes the structural evaluation quite complex in isoporous HFM

fabrication.

Q, (mL/min) / L, (cm)

15/15

Air gap distance

S 1um
Polymer flow rate

Figure 5.2. The SEM micrographs represent the isoporous structure formation on the inner surface of
the HFM. The varying parameters are Qp and L, which are mentioned on the SEM micrographs as Q,/
La, while Qw2 and Qw were kept 1 mL/min.

The cross-section near the isoporous inner surface of the HF shown in Figure 5.6 b resembles

athin selective layer of a few nm on top of its membrane body that provides mechanical support
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to the selective layer. Fast evaporation due to gas flow leads to a stronger concentration gradi-
ent perpendicular to the inner surface of the spun solution and is therefore enhancing the initi-
ation of microphase separation or ordering of micelles assisting the P4VP domains to orient
perpendicularly.i% In consequence, also the usually required evaporation time prior to quench-
ing is shortened. Short evaporation is also favorable to get a thin selective layer on top of a
porous support layer which will decrease its hydraulic resistance and increase the permeabil-
ity 223

Q, (mL/min) / L, (cm)

Air gap distance

*2 1pm

v

Polymer flow rate

Figure 5.3. The SEM micrographs represent the morphology of cross-section near the inner surface of
the HFM. The varying parameters are Qpand La, which are mentioned on the SEM micrographs as Q,/
La, while Qnz and Qw were kept 1 mL/min.

With increase in La, more evaporation of the volatile solvent increases the polymer concentra-
tion, which densifies the substructure near the inner surface of the HFM. The influence on the
cross-section near the inner surface can be seen in Figure 5.3. At Qp 1.5 mL/min, with increase

in La from 5 to 15 cm the structure in the cross-section near the inner surface gets denser due
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to the increase in total evaporation of solvent(s). A similar effect on the cross-sectional mor-
phology can be observed with increase in polymer concentration and Qp. A higher solution
concentration and Qp would yield a higher shear stress in the flow chamber of the spinneret
and result in an increase in the alignment/packing of polymer chains, which also delays the
intrusion of water. E.g., at La 10 cm, with increase in Qp from 1.5 to 2.5 mL/min the structure
in the cross-section near the inner (Figure 5.3) and the outer surface (Figure 5.5) gets denser,

which is also true for the overall cross-sectional morphology.

B. Influence on the morphology of outer surface

The effect of La (5-15 cm) on the outer surface and outer surface cross-section is not highly
pronounced due to the coextrusion of water around the polymer solution while, as discussed in

the previous section, the increase in Qp shows a strong influence on membrane porosity.

Q, (mL/min) / L, (cm)

Air gap distance

Vv

Polymer flow rate

Figure 5.4. The SEM micrographs represent morphology of the outer surface of the HFM. The varying
parameters are Qpand La, which are mentioned on the SEM micrographs as Qp/ La, while Qn2 and Quw
were kept 1 mL/min.
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Q, (mL/min) / L, (cm)

Air gap distance

v

Polymer flow rate

Figure 5.5. The SEM micrographs represent the morphology of cross-section near the outer surface of
the HFM. The varying parameters are Qp and La, which are mentioned on the SEM micrographs as Q,/
La, while Qn2 and Qw were kept 1 mL/min.

C. Optimized parameters

Figure 5.6 provides a complete overview of the structure of the inside-out isoporous HFM for
the optimized spinning parameters of this particular block copolymer solution, which are O, 2
mL/min, On2 1 mL/min and circlet fluid (water) flow rate Q,, 1 mL/min, at L, of 5 cm. The
SEM micrograph of the inner surface displays the self-assembled pores. The cross-section near
the isoporous inner surface of the HF shown in Figure 5.6 resembles a thin selective layer of a
few nm on top of its membrane body. The elongated pores on the outer surface and an open
spongy network of highly interconnected pores can be seen in the cross-section near the outer
surface of the HF, respectively. The complete cross-section of the HF is of a uniform circular
shape. As seen in the cross-section at higher magnification, the small voids near the outer sur-

face are formed due to intrusion of water from the outer side of the HF. The position, size and
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quantity of these voids differ with variation in La, Qp, polymer concentration, solvent compo-

sition etc.20% 230

Figure 5.6. SEM characterization of the HF membrane spun from the polymer solution of a 27 wt%
PS-b-P4VP171% block copolymer in DMF/THF 50/50 (wt/wt). Spinning parameters were Qp2 mL/min;
Qnz 1L mL/min; Qw 1 mL/min; La 5 cm. CS represents cross-section, CSi, shows cross-section near the
inner surface, and CSoy: Shows cross-section near the outer surface.

D. Other polymer solutions for isoporous hollow fiber membrane fabrica-
tion

The fabrication of inside-out isoporous membranes was also tried with different block copoly-
mer solutions. A different block copolymer was dissolved in the solvent systems of DMF/THF
50/50 (wt/wt) and DMF/THF/DOX 33/33/34 (wt/wt/wt). The SEM micrographs in Figure 5.7
and 5.8 show the membrane morphology in different sections. For these membranes, the sub-
structure morphology near the inner surface looks different from the one shown in Figure 5.3.
The possible reason is the low wt% of P4VP in that block copolymer.
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m | Inner surface " -
Qy, 1.2mL/min
L 10 cm

Q, 1.0mL/min

Figure 5.7. SEM micrographs represent the morphology of the cross-section near inner surface, the
inner surface, the outer surface and cross-sectional view of the HF membrane. The HFM were spun
from the polymer solution of a 30 wt% PS-b-P4VP1,% block copolymer in DMF/THF 50/50 (wt/wit).
Spinning parameters were Qp 2.5 mL/min, Qnz 1.48 mL/min, Qw 1 mL/min and L, 5 cm.

Qy, 1.48 mL/min
10 cm
1.0 mL/min

ross-section near-inner surface
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Figure 5.8. SEM micrographs represent the morphology of the cross-section near inner surface, the in-
ner surface, the outer surface and cross-sectional view of the HF membrane. The HFM were spun from
the polymer solution of a 30 wt% PS-b-P4VP1,% block copolymer in DMF/THF/DOX 33/33/34
(wt/wt/wt). Spinning parameters were Q, 2.5 mL/min, Qn2 1.48 mL/min, Qw 1 mL/min and La 5 cm.
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5.4. Membrane characterization

The membrane performance was checked for the optimized inside-out isoporous HFM, as
shown in Figure 5.6. The spinning parameters were O, 2 mL/min, Oy> 1 mL/min, Q,, 1 mL/min,
and L, 5 cm. The volumetric water flux (J,) for these membranes is 170 = 20 L m h! bar?,
which was measured in dead end-mode, at 2 bar transmembrane pressure. The inside-out iso-
porous HFM showed 92 + 2 % retention for PEG molecules of Mw 400 kDa. The retention

experiments were conducted in cross-flow mode.

5.5. Conclusion

This chapter showed the possibility to fabricate inside-out isoporous HFM. The gas flow in the
lumen side is required to trigger the microphase separation that was quenched by controlled
macrophase separation in the precipitation bath. The key to this development is the ability to
control the formation of an isoporous structure via the SNIPS method in the dynamic process
of dry-jet wet HF spinning by introducing a precise gas flow in the lumen of the nascent fibers.
The interplay between evaporation of volatile solvent from the inner surface and intrusion of
water from outside to the inside of the HF is controlled. The membrane exhibits similar struc-

tural properties analogous to those seen for outside-in isoporous HFM.
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6. Fabrication of inside-out isoporous

composite hollow fiber membranes

In this chapter, a successful method to develop isoporous structures in compact geome-
tries is highlighted by introducing an inside-out configuration of isoporous composite
HFM. For this work, a highly permeable and robust PES HFM with an inner diameter
of approx. 1 mm is selected as a compact geometry. The isoporous structures are devel-
oped on top of a thin coated layer (< 10 um ) by depositing a thin selective layer of dilute
block copolymer solutions onto the lumen side of PES support HFM, followed by the
SNIPS method. The solvent selectivity of blocks and the consequential segmental incom-
patibility enable the use of a wide range of block copolymer concentrations to achieve
an isoporous surface that can further be controlled by other coating parameters. SEM
and TEM helped to elucidate the coating mechanisms and adhesion of two chemically
distinct polymer layers. The highly asymmetric membrane has a significant difference in
pore sizes on the inner and the outer surfaces from ca. 25 nm to 2.5 pum, respectively,
and shows water flux of 260 + 50 L m h! bar! and MWCO of 300 kDa for PEG.

Reprinted with permission from the research article:

“Setting the Stage for Fabrication of Self-Assembled Structures in Compact Geometries: Inside-Out
Isoporous Hollow Fiber Membranes”, Kirti Sankhala, Joachim Koll, Volker Abetz, ACS Macro Let-
ters 7 (7), 840-845, 2018; (https://pubs.acs.org/doi/10.1021/acsmacrolett.8b00402)

Cover Picture: ACS Macro Letters 7 (7), 2018

Copyright © 2018, American Chemical Society
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Chapter 6

The inside-out isoporous HFM reported in the previous section conveyed the notion to control
over self-assembly by using N2 flow for the first time, especially during the complex dynamic
process of HF spinning. However, the high costs and mechanical strength of integral asymmet-
ric block copolymer HFM is quite a challenge. In order to solve these issues, previously dual-
layer composite HFM were proposed by spinning and coating methods in outside-in HFM con-
figuration. The spinning process requires a certain concentration of the block copolymer to
attain enough viscoelasticity in the polymer solution for the continuous extrusion. In addition,
a big variation in spinning parameters is restricted as the process involves significant viscous
stresses on the polymer chains during extrusion, thus the fabrication of dual-layer isoporous
HFM remains expensive.1’% 208 This makes the preparation of composite membranes via coating
of dilute block copolymer solutions onto a mechanically stable and inexpensive support HF a
method of choice. The additional advantages of block copolymer coating are that it can be
processed easily onto the support membrane matrix owing to the solvent or solvent mixture in
the solution, which helps to coat the irregular surfaces and small defects. However, the require-
ment of comparatively less concentrated block copolymer solution to pass through the compact
geometries significantly reduces the stimulations required for self-assembly. The high polymer
relaxation rates and decreased thermodynamic driving forces, as well as high capillary suction
of dilute solutions in the porous substrates complicates the block copolymer self-assembly and
fabrication of uniform coated layer, respectively.

In this chapter, a successful method to develop inside-out isoporous composite HFM is dis-
cussed, introducing a technologically favored inside-out configuration for isoporous composite
HFM with large bore diameters. The membranes were prepared by depositing a thin selective
layer of dilute block copolymer solutions onto the lumen side of a mechanically robust PES
support HFM, afterwards the conditions required to complete the SNIPS process were studied.

The highly influencing and interrelated factors such as substrate properties (hydrophilicity or
hydrophobicity, roughness on the inner surface, and porosity), composition of the coating so-
lution, polymer solution flow rate Qp, time for polymer solution flow tp, N2 flow rate Qno, time
for N2 flow tn2, and water flow rate Qw make this system of pumping coating solution in the
lumen side intricate and demanding. For the sake of easy understanding, each influencing fac-

tor is discussed in the following sections.
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6.1. Influence of substrate hollow fiber membrane

The key question in this study sought to get robust support membranes providing as high flux
as possible along with a surface compatible with the coating solution. The inner surface, the
porosity of the substructure near the inner surface, and the fiber diameter of support membranes
are key parameters in fabrication of composite membranes. In contrast with the outside-in com-
posite membranes, here, the capillary force acting on the polymer solution in the fiber-lumen
makes the system different and more challenging. The capillary force in the lumen influences
the thickness of the coated layer, which is controlled by the bore gas flow. Moreover, the ca-
pillary behaviour of pores affects the intrusion of polymer solution and changes the porosity of
the support membrane. So, for easy flow of a polymer solution through the fiber lumen, it is
preferred to have fibers of bore diameter > 1mm. The porosity and solubility of substrate HFM
have an influence on the substructure of the coated block copolymer layer as well, where a
slight intrusion of block copolymer solution into the support assures a strong adhesion of the

two chemically distinct polymers.

Support membranes

In order to achieve the separation on the top surface of the final integral asymmetric block
copolymer layer on the lumen side and to reduce the hydraulic resistance, highly porous PES
HFM were selected as substrate. The coating process is applicable to a wide range of polymers,
e.g. PES, PVDF, PEI, etc. PVDF HFM has been reported for coating of block copolymer solu-
tions on the outer side of HFM.1%* 20° The coating on the lumen side of PEI HFM is possible
without any pretreatment but due to the very low water flux the PEI HFM were not considered
for this study. In this work, two different commercial PES HFM were chosen to validate our
process; PES1 and PES2 HFM. The morphological characterization of these membranes is
done by SEM, as shown in Figure 6.1.
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Figure 6.1. SEM micrographs of two different pristine support membranes used in this study. (al-f1)
PES1 HFM. (a2-f2) PES2 HFM. (al,b1,a2,b2) Cross-section of the support HFM. (c1,c2) Cross-section
near the inner surface. (d1,e1,d2,e2) Inner surface. (f1,f2) Outer surface.

The PES1 support membranes were purchased from Spectrum Labs, Germany, which have an
inner diameter of 1 mm and MWCO 750 kDa (as mentioned by the supplier). The water flux
for these membranes is ca. 2000 L m? h'* bar?. The PES2 support membranes were kindly
provided by Cut Membrane Technology GmbH, Germany. The PES2 support membranes have
an inner diameter of 1.5 mm and the pore size on the inner selective surface is ca. 0.2 um (as
mentioned by the supplier). The water flux for these membranes is ca. 500 + 100 L m2 h* bar
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!, Both PES1 and PES2 membranes were measured at 2 bar transmembrane pressure, in dead
end-mode, in inside-out direction using a home-made laboratory scale automatic water-flux
measurement set-up. Prior to coating, these commercially available high flux support HFM
were rinsed with 30 wt% hydrogen peroxide (H202) solution several times and then immersed
for one hour in H2O> solution in order to clean the inner surface and remove the influence of
surface-treatments on commercial fibers, if there are any. Afterwards, the HFM were washed
using water and dried at room temperature. These HFM show improved surface wettability for

block copolymer solutions.

Pretreatment of substrate fibers

The substrate fibers can be pretreated prior to conveying the coating solution in order to reduce
the suction of block copolymer solution in the porous support.?®® The pretreatment agents are
required to have good miscibility with the solvent used in the coating solution and are preferred
to be a non-solvent for the support HF. Unfortunately, PES highly swells in organic solvents
such as DOX and then shrinks during precipitation which also increases the strain between
these two differently porous PES and block copolymer layers. The difference in the substruc-
ture which is more tightly packed near the inner surface and still more open afterwards tend to
tear off the top surface; the PES2 support membranes were more tightly packed near the inner
surface as compared to PES1. While the pretreatment using a non-solvent such as PEG or glyc-
erine hinders the further adhesion on the inner surface. Therefore, the selection of an appropri-

ate support membrane and the pretreatment agent is very important.

6.2. Fabrication of inside-out composite hollow fiber mem-

brane

The selective skin layer of the composite ultrafiltration membrane was prepared on the inner
surface of the PES HF substrate via pumping coating. A schematic depiction of the coating
process on the lumen side of a support HF is provided in Figure 6.2. The first step is the prep-
aration of a module holding support HFM (Figure 6.2 a); the details about module fabrication
are given in Section 9.8. Afterwards, three fluids were subsequently introduced into the lumen

side of the substrate fibers for a certain time. 1) The polymer solution, which consists of PS-b-
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P4VP diblock copolymer in DOX or DOX/DMF as coating material (Figure 6.2 b). 2) The gas
flow (mainly N2), to remove superfluous polymer solution and to provide sufficient evapora-
tion conditions required for block copolymer self-assembly (Figure 6.2 c). 3) Water, to allow
precipitation of the coated layer and complete the exchange of solvents by non-solvents (Figure
6.2 d). To control the flow rates micro-precision pumps were used. The HFM with the thin film
selective layer were then washed and kept in DI water. After solvent removal, the membranes
were kept at room temperature for 24 h for drying. The performance tests were conducted with
a wet membrane while for microscopical characterizations the membranes were kept in an oven

for graded drying up to 60 °C.
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Figure 6.2. (a-d) A schematic diagram demonstrating the mechanism of inside-out isoporous compo-
site HFM fabrication. (a) A module holding H,O; treated PES support HFM. (b) The block copolymer
solution is then pumped into the lumen of support fiber. (c) Afterwards, N2 is conveyed in the lumen;
the enlarged section shows the microphase separation on the lumen side. (d) Then, the coated fiber is
exposed to water flow, and the enlarged section displays the pore opening on the inner surface of com-
posite membrane. (e) The scheme of coated HFM.

0
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6.3. Selection of polymer solution and the structure formation

The self-assembly and isoporous structure formation requires selecting a suitable block copol-
ymer solution since this parameter governs the membrane morphology, solubility and diffusiv-
ity in the support membrane, which in fact affect the complete membrane morphology and the
performance. Moreover, uniform coating without dewetting or suction of the polymer solution
remains the main challenge in coating of highly porous support HF. Here, we used PS-b-
P4VP171% (subscripts denote the amount of respective block in wt% and superscript denotes
the total molecular weight in kg mol™). In the common isoporous membrane fabrication, 15-
35 wt% block copolymer is dissolved in the solvent mixture of DMF/THF or
DMF/THF/DOX.1%% 182,231 However, such viscous solutions cannot be easily pumped through
a HFM. Since self-assembly is a result of segmental incompatibility between the repulsive
blocks, therefore, by selecting a right solvent or solvent mixture the structure formation in so-
lution can be influenced. The micellar structures can be achieved in 1-3 wt% of PS-b-P4VP
solution using DOX as a solvent offering rather rigid micellar cores for P4VP.18 As DOX is
selective for PES substrate and thus penetrates into it, the block copolymer concentration in
the coating solution increases which enhances the microphase separation. It was not possible
to obtain open pores using DOX solutions with 1-8 wt% of block copolymer concentration and
evaporation times of 10-60 s for both PES1 and PES2 HFM (Figure 6.3). These fibers became
impermeable. A possible reason could be the slow evaporation rate in the lumen side which
leads to almost closed domains of P4VP on the top surface, as compared to using DOX as a
single solvent in flat sheet membrane fabrication by blade casting*®® or by spray coating*.
Moreover, here, the absence of a commonly used more volatile cosolvent (THF) lacks a strong,
highly directional field due to a fast increase in concentration gradient from the top surface,
leading to a lesser segregated system and overall a comparatively relaxed system for self-as-
sembly.103: 110,112,155 Consequently, an increased swelling of the P4VP blocks was required. In
this case, a block copolymer of lower molecular weight of ca. 100 kDa and higher P4VP seg-
ments of ca. 25 wt% might lead to isoporous structures due to higher mobility or faster self-

assembly of shorter chains.
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Figure 6.3. The SEM micrographs show inner surface morphology of HFM coated using a solution of
2 Wt% PS-b-P4VP17'%8 block copolymer in DOX, where Qp: 1.0 mL min; t,: 10 s; Qnz: 1.0 mL min%;
tnz: as mentioned on the micrograph; and Qu: 3.0 mL min™. (a,b) PES1 HFM. (c,d) PES2 HFM.

In order to increase swelling of the P4VP blocks, 5-10 wt% of DMF was added in the DOX
solutions. The addition of DMF increases the solubility of P4VP blocks and the micellization
decreases; due to which the ordering transition in the solution shifts towards higher polymer

concentration (Figure 6.4).
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Figure 6.4. SAXS patterns of polymer solutions having 4 wt% PS-b-P4VP171% block copolymer (one
with 0.04% MgAc,) in DOX and solvent mixture of DOX/DMF 95/5 wt%. The curves are plotted in
log/log scale and the y-offset is adjusted for better visibility.

The addition of 5-10 wt% DMF in DOX solution leads to dissolution of the inner skin of the
support fiber instead of only swelling it. The main work was focused on the more robust PES2
HFM because the highly porous and thinner PES1 HFM dissolves too fast in the DMF of the
coating solutions. The influence of varying the time of N2 flow (20 and 40 s) between solvent
flow (DOX/DMF 90/10 (wt/wt) for 10 s) and water flow can be seen as the dissolution of the

inner surface and membrane permeability (Figure 6.5).
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Figure 6.5. Influence of DOX/DMF 90/10 (wt/wt) on PES2 substrate HFM. (a,b) Inner surface mor-
phology. (c,d) Cross-section near the inner surface. (e) Water flux measurements. The parameters were
as following, solvents flow rate Qs: 1.0 mL min; flow time for solvents ts: 10 s; Qnz: 1.0 mL min'; tyy:
20 s (a,c) and 40 s (b,d); and Qu: 3.0 mL min™,

By selecting the right block copolymer solution of 4 wt% PS-b-P4VP17'% in DOX/DMF 90/10
and suitable coating parameters, isoporous structures could be fabricated on the inner surface
(Figure 6.6).
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0.7 ml/min 2 mIImin 3 ml/min

Figure 6.6. The SEM micrographs show the morphology of the inner surface of the coated membranes.
The H,O, treated PES2 HFM were coated with the polymer solution of 4 wt% PS-b-P4VP171% in solvent
mixture of DOX/DMF 90/10 (wt/wt). The coating parameters were Qp: 1.0 mL min™; tp: 10 s; Qw2 (0.7
mL min?, 2.0 mL min*, and 3.0 mL min™); tx2 (40 s and 60 s); and Qu: 3.0 mL min™. All micrographs
have the same scale bar.

As discussed in Chapter 3, the PS-b-P4VP supramolecular assemblies can be facilitated by
addition of metal salts. The SAXS results in Figure 6.4 show that the addition of MgAc; (1
wt% of block copolymer concentration) increases the structure ordering with a shift of the
maxima in SAXS towards higher scattering vectors and thus decreases the domain spacing.
The slightly more viscous block copolymer solution showed good spreading and controlled
sinking of the solution into the HF support without dewetting and resulted in a uniform coated
layer. For the used block copolymer and PES2 HFM, the optimized polymer solution is 4 wt%
PS-b-P4VP17'%8 and 0.04 wt% MgAc; in the solvent mixture of DOX/DMF 90/10 (wt/wt). The
optimized solution is still comparatively dilute for self-assembly which leads to high relaxation
rates of the macromolecules and therefore requires a good control over Kinetics and thermody-
namics of microphase separation, as schematized in Figure 6.2. The successful fabrication of
an isoporous structure on the inner surface is shown in Figure 6.7 for the varying coating pa-
rameters.
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Figure 6.7. The H.Otreated PES2 membranes were coated with the polymer solution of 4 wt% PS-b-
P4VP;7'% and 0.04 wt% MgAC, in solvent mixture of DOX/DMF 90/10 (wt/wt). (a,b) The SEM micro-
graphs show the morphology of inner surface of HFM. The coating parameters were Qp: 1.0 mL min,
tp: 10's, Qnz (0.7 and 3.0 mL mint) and tn, (20 s, 40 s and 60 s), and Qu: 3.0 mL min%; all micrographs
have the same scale bar. (c) The inner view of the coated HFM. (d-f) The SEM micrographs show the
cross-sectional morphology where thickness of the coated layer is around 10 um. (c-f) The coating
parameters were Qp: 1.0 mL min, tp: 10 s, Qnz: 0.7 mL min, ty: 60s, and Qu: 3.0 mL min™.
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Figure 6.8. The PES2 HFM were coated with the solution of 4 wt% PS-b-P4VP;;'%® and 0.04 wt%
MgAc: in solvent mixture of DOX/DMF 90/10 (wt/wt). Thickness of the coated layer is ca. 5 um. The
coating parameters were Qp: 1.0 mL min?, t,: 10' s, Qnz: 1.0 mL min, tyz: 60s, and Qu: 3.0 mL min™,
(a,e) SEM micrographs show the surface of the cross-sectional morphology by using in-lens detector.
(b) Topographical image using secondary electron detector (HE-SE2). (c,d) The compositional contrast
is shown by energy specific separation of backscattered electrons using energy selective backscattered
electrons (EsB) detector. Micrographs a-c have the same scale bar. (f,g) Bright-field TEM images of
cross sections from I,-stained films showing the interface of PES support and coating layer. The selec-
tively stained P4VP domains appear black and PS is dark grey. The yellow arrows and marked areas
show intrusion of block copolymer into the PES matrix by forming connected pores.

6.4. Coating parameters influencing the fabrication of compo-

site isoporous hollow fiber membranes
The homogeneous PS-b-P4VP171% block copolymer solution was incorporated into the lumen
side of PES support HF (Figure 6.2 b) using a high precision pump. Here, polymer solution

flow rate Qp and time for flow tp influence the intrusion of block copolymer solution into the
support membrane due to the capillary forces in the lumen side. Therefore, in order to reduce
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the time tp required to fill the fiber lumen and complete wetting of the inner skin with polymer
solution a certain Qp is required. Otherwise, either pinholes generate on the inner surface due
to the capillary suction of polymer solution or more intrusion of solution into the substructure
will result in a rather dense interface due to more dissolution of the PES inner layer and will
further deform the support. After some preliminary coating experiments with the selected PES2
support membranes, Qp was fixed to 1 mL min for tp 10 s. The controlled dissolution of the
inner skin of PES HF and intrusion of block copolymer solution confirm the attachment of the

two chemically distinct polymer layers with interconnected pores (Figures 6.8 f and g).

Afterwards, N2 flow is conveyed in the fiber lumen which is full of polymer solution (Figure
6.2 c) to remove the excess polymer solution while allowing a fine coating of block copolymer
solution on the inner surface. The kinetics of the block copolymer chains and their self-assem-
bly is influenced by the rate of evaporation which is controlled by Qn2, while the evaporation
time is controlled by tn2. With increasing tnz, the increased dissolution of the inner skin of the
PES HF deforms the inner surface morphology and changes membrane performance (Figure
6.5). The development of structure and increasing segregation of the block copolymer with
increasing Qnzand tnz is shown in Figures 6.6 and 6.7. It was observed that Qn; higher than 1.0
mL mint tends to tear off the inner layer of PES2 support HFM, however, the self-assembly
and isoporous structure formation is facilitated. Thus a support HFM having an asymmetric
open porous structure is suitable for such coating experiments instead of the one having a
tightly packed substructure near the inner surface. Further, depending on the non-uniform po-
rosity on the inner surface of the support membrane and the coating solution, the coated layer
provides spongy or macrovoid substructures (Figures 6.8 a and e). Therefore, for the optimized
polymer solution and the used PES 2 support HFM, we optimized Qnz as 0.7-1.0 mL min,
and the evaporation time around 60 s for the fabrication of a smooth, uniform and well attached

isoporous coating layer on the lumen side (Figures 6.7 and 6.8).

After providing sufficient evaporation in a controlled manner for a predetermined period, water
is introduced in the lumen in order to freeze the isoporous structure and complete the exchange
of solvents by non-solvent water (Figure 6.2 d). Here, the flow rate drives the exchange rate of
solvents by non-solvent, so, a higher flow rate is preferred, i.e., Qw 3.0 mL min, to provide
enough non-solvent for replacing the solvents in a short time. Afterwards, the module is being

immersed into the coagulation bath of water for another 48 h.
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6.5. Membrane performance

The novel composite membranes show a promising initial water flux (Jv composite) 0f 260 £ 50 L
m2 h? bar? in wet conditions and has MWCO 300 kDa for PEG molecules. Figure 6.9 shows
a similar flux tendency for pristine and coated membranes and the MWCO is similar to previ-
ously reported isoporous membranes of similar pore size. This proves the defect free fabrica-

tion of composite isoporous HFM.

A. Membrane water flux
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Figure 6.9. Comparison of water flux measurements for pristine and composite HFM. The H,0; rinsed
PES2 HFM (pristine) were coated with the polymer solution of 4 wt% PS-b-P4VP17'% and 0.04 wt%
MgAc: in a solvent mixture of DOX/DMF 90/10 (wt/wt). The coating parameters were set to Qp: 1.0
mL min?, tp: 10 s, tne: 60s, and Quw: 3.0 mL min. Qn, was varied as 0.7 mL/min (coated HFM a) and
1.0 mL min* (coated HFM b). On average, the PES2 and coated HFM show water flux ca. 500 + 100
L m2h?'bartand 260 + 50 L m?2 h't bar?, respectively.

B. Membrane water flux from the block copolymer layer

By considering the two layers of composite membranes contributing to the total resistance of

flow, a two-resistor series model can be applied:

1 1 1

= + (7)

Jv composite Jv PES JvBCP
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Where, Jy composite: Water flux of composite HFM (260 L m2 h't bar™) and J pes: water flux of
pristine PES2 HFM (500 L m ht bar™). This provides the water flux from block copolymer
layer (Jvscp) of ca. 540 L m2 h! bar. This supports the statement that with decreasing the

layer thickness we could increase the water flux.

For Jv composite, the flow resistance contributed by the support HFM is calculated as 52% of the

overall resistance.

C. Membrane water flux from the active layer predicted by Hagen-
Poiseuille Equation

In order to evaluate the experimentally obtained water flux (Jv) of the composite membrane the
the Hagen-Poiseuille law for a laminar flow in simple straight cylinders was applied to the
structural features of optimized composite HFM, assuming that the flux is mainly hindered by
the most active top layer (as discussed in Section 1.2.5).

aD*

12871 4p €2

Jo =Ny

Where, Np: the average number of pores per unit area on the membrane surface; r: the pore

radius; Ap: pressure drop; #: viscosity of water (8.94x107 Pa s at 24 °C)%?; |: length of open

pores.
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Figure 6.10. The adjusted SEM micrograph of membrane surface to find edges and maxima for struc-
tural analysis by IMS V15Q4. The SEM micrograph in inset shows the cross-section near the inner
isoporous surface highlighting the active layer thickness (I). The graph in right shows the pore size
distribution (Np: 2709, in 5.7 um? of the measured area) of the membrane surface. The coating param-
eters for this membrane were Qp: 1.0 mL min?, t,: 10 s, Qnz: 0.7 mL min, tyz: 60s, and Qu: 3.0 mL
min’,
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From the SEM micrographs analysis, the average pore diameter is 24 nm, Np is 4.8x10'* pores
m2 (Np: 2709 in 5.7 um? of the measured area), | is 30 nm, and 4p corresponds to 2 bar trans-
membrane pressure. The calculated water flux Jy for these structural features is ca. 52,465 L
m2ht bar?. The theoretically calculated water flux (Jv: by Hagen-Poiseuille equation) is much
higher than the experimentally obtained value (Pscp: calculated for the block copolymer layer

by applying the two-resistor series model).

The main difference between theoretically calculated (Jv) and experimental water flux (Jv scp)
comes from the dry-state pore size (as calculated from the SEM micrograph) to the wet-state
pore size in real conditions when P4VP polymer chains swell in water. Also, the contribution
from membranes thickness of both block copolymer and PES layers as compared to the length
of pores in active layer is not considered in the calculation. However, the flow resistance from
ca. 500 um thick substrate layer cannot be ignored. The other possible reason is the lower and
inhomogeneous porosity on the inner surface of support HFM, which is more porous in the pits
on the inner skin (this can be seen in the SEM micrograph of inner surface, Figure 6.1d2). The
denser parts of the inner surface hinders the flow due to the lack of connectivity of pores and
this resistance of flow from the support HFM is calculated as around 52% of the overall re-

sistance for Jy composite 260+50 L m-2 h-l bar'l.

6.6. Conclusion

In this chapter, a novel method for fabrication of inside-out isoporous composite HFM fabri-
cation was reported. The method efficiency is shown by investigation of the morphology of the
modified membranes and the membrane performance. The composite membranes show a
promising initial water flux of 260 + 50 L m h bar™ in wet conditions, higher than the pre-
viously reported outside-in isoporous composite HFM?%° and comparable to single layer iso-
porous HFM'C. The optimized coating parameters and process conditions highly depend on
the diameter of lumen, morphology and material of support membrane, and the block copoly-

mer solution used for coating.

109



110



/. Influence of controlled evaporation by
gas flow on the evaporation-induced self-

assembly of block copolymers

Since the gas flow induced self-assembly seems to be the only possible way to achieve
evaporation-induced self-assembled structures in the compact geometries, therefore it is
of great interest to understand the evaporation-induced self-assembly of block copoly-
mers by providing controlled evaporation by gas flow. The gas flow can not only trigger
and control the microphase separation but also facilitates the structure formation in iso-
porous membranes. In this study, we describe a correlation of gas flow induced evapo-
ration with the development of lateral order of microphase separated structures on top
followed by the orientation in perpendicular direction as pores which further connects
with the asymmetric structure, a result of macrophase separation of the disordered solu-
tion. The as-formed structure is trapped by non-solvent induced phase separation. The
morphological structures were investigated by SEM. The preliminary results show that
gas flow during casting can significantly improve the structure formation and broaden
the block copolymer concentration range and casting conditions suitable for the SNIPS
process. The knowledge is advantageous for all the self-assembly processes including
the membrane fabrication via SNIPS.
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‘Block copolymers, self-assembly and isoporous membranes’ are discussed in section 1.3. In
the conventional isoporous membrane fabrication, the evaporation-induced self-assembly of
block copolymers is achieved under normal environmental conditions. The transition from a
disordered into an ordered phase takes place by changing thermodynamic or physical field
strength. As discussed before, the mechanism can be enhanced by changing temperature, chem-
ical potential (concentration, solvent(s), carbohydrates or salt addition), mechanical fields
(pressure, shear, extension, humidity), as well as of electric field. In this study, the evaporation-
induced self-assembly of block copolymers is achieved by providing controlled evaporation
via gas flow. Thus, the factor controlling the microphase separation, i.e., ‘rate of evaporation’
which controls the built-up concentration gradient perpendicular to the film surface can be
considered as the directional field for self-assembly. The stability range of the hexagonal pack-
ing phase is limited for a particular solution at particular fabrication conditions. This variability
has a favorable effect on the production and optimization of materials. In addition, the artificial
evaporation via gas flow makes it possible to achieve self-assembled structures on the inner
surfaces of a compact geometry. This opens new possibilities where self-assembled structures

can be applied in different aspects.

The self-assembly of microdomains is a non-equilibrium/metastable state where initially the
disorder-order structural transition occurs which then again start to disorder to an amorphous
mesoscale structure. Thus, the requirement of artificial evaporation conditions makes the
SNIPS process more intricate and exciting. The controlled and continuous evaporation of sol-
vents develops a stronger gradient for microphase separation. Phillip et al. discussed the struc-
ture development on the top surface and perpendicular orientation of pores by stating ‘“fast
evaporation is needed for perpendicularly oriented cylinders”. Where, two conditions of evap-
oration were considered, one is normal evaporation in which the cast film was exposed to open
atmosphere and to slow down the evaporation the cast film was covered using a Petri dish.'?
164 The evaporation prompted thermodynamic and kinetic parameters influences the lateral or-
der formation and the perpendicular elongation of pores. This perpendicular orientation of
pore-forming domains can reach the length up to approximately 500 nm. Further, the ternary
phase diagram shown by Abetz explains the development of integral asymmetric membranes
explicitly.*® Subsequent, in order to further understand the self-assembly, the question arises
“How fast or slow evaporation is suitable for the various solvent systems as compared to the
normal evaporation conditions?” and “How the kinetics of microphase separation will be

driven depending on the volatility and selectivity of solvents?”
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In the previous chapters 5 and 6, the gas flow induced structure formation has been studied in
fabrication of inside-out isoporous HFM via spinning and coating. In both the studies, the mi-
crophase separation was initiated by providing a gas (N2) flow in the lumen of a nascent hollow
fiber of diameter less than 1 mm, subsequently in the precipitation bath the SNIPS process
completes with macrophase separation on the inner surface. In these studies, the self-assembly
was controlled on the inner surface of a HF where many additional influencing factors do not
allow a very straight forward correlation between air flow induced microphase separation or
rate of evaporation and self-assembly and structure formation. Moreover, the inside-out (com-
posite) HFM fabrication further demands a detailed study of influence of gas flow on structure
formation, i.e., influence of rate of evaporation of solvents. The two methods for fabrication
of HFM, by spinning the block copolymer solution or by coating on the lumen side of a highly
porous support HFM are completely different and have different controlling factors for struc-
ture formation. Therefore, to understand the influence of gas flow explicitly, a comparatively

less complex system is selected, i.e., flat sheet membrane fabrication.

This chapter reports an empirical study showing the influence of rate of evaporation on isopo-
rous structure formation, length of cylindrically orientated domains and progression of these
microphase separated block copolymer domains. For preparation of isoporous flat sheet mem-
branes via a SNIPS process with controlled evaporation, the casting experiments were con-
ducted in a way that the gas flow rate and the time of gas flow can be precisely regulated. The
main components of the procedure are illustrated in Figure 7.1. Specific details for the prepa-
ration of isoporous membranes under controlled casting conditions and their influence are dis-

cussed in the following sections.

7.1. Envelope design

As a prerequisite for performing the experiments providing controllable laminar gas flow on
the top surface of flat sheet membranes, an envelope is designed according to the experimental
requirements, which is shown in Figure 7.1. The envelope dimensions were decided according
to the dimensions of glass plates, as typically used for casting of flat sheet membranes on small
scale. The used glass plates have the dimensions of 20 x 10 x 0.5 cm? (length x width x height)
and the envelope has the dimensions of 20 x 10 x 2.3 cm?® (length x width x height) on the inner

side, providing a gap of 1.8 mm above the glass plate, which decreases further when using a
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substrate for casting. The envelope was manufactured by an in house 3D-printer, Project MJP
3600 printer, using polytetrafluoroethylene (PTFE). In order to provide a laminar flow on the
top surface of an as-cast polymer solution, the distance from the connecting tube to the glass
plate was increased by incorporating a triangular shape in the front, which ends at the glass
plate with a fine grid. This perpendicular grid was developed during printing by providing the

gap and the material continuously in a thickness of 0.5 mm for each one.

Figure 7.1. Set-up used for casting of flat sheet membranes on the glass plate. The gas and water flow
rates are precisely controlled using high precision pumps.

7.2. Flat sheet membrane fabrication

Flat sheet membranes were prepared by providing controlled evaporation via gas flow on top.
A doctor blade of gap height 200 um was used for the casting of the polymer solution either
on glass plates or on the substrates. For the casting of viscous polymer solutions a non-woven
support was used. The casting was done carefully to get the selected evaporation time for a
certain gas flow rate. For this, the doctor blade was placed on the glass plate, which was moved
into the envelope while casting, and after a certain time the non-solvent flow was introduced
from the same entrance as gas flow without lacking a sec. These two fluids were sequentially

introduced into the envelope for a certain time by using valves (the switching): (1) the gas flow
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(mainly N>), to provide sufficient evaporation conditions required for self-assembly. (2) Water,
to allow precipitation of the film and complete exchange of solvents by non-solvents. To con-
trol the gas flow rates, a mass flow controller (Bronkhorst 5000 min/min N2; Accuracy of <1%
of the set point) was used and for the water flow a variable area flowmeter (Krohne DK 800;
Accuracy of <4% of the set point) was used. The membranes were then washed and kept in DI
water. After complete solvent removal, the membranes were kept at room temperature for 24
h for drying. The membranes were kept in an oven for drying up to 60 °C for microscopical

characterizations.

7.3. Results

The flat sheet membranes were cast using a block copolymer solution of 27 wt% PS-b-
P4VP17*3% in DMF/THF 50/50 (wt/wt) for Qnz in the range of 1500-6000 mL/min and for ty2
of 2-8 s. Figures 7.2-7.4 show the influence of casting parameters on the structure formation
on the top surface and cross-sections near the top surface. Interestingly, the isoporous structure
can be obtained for a wide window of casting parameters without any significant influence in
the structure of the top surface, as shown in Figure 7.2. However, the cross-sectional
morphology highlights the influence of rate and amount of solvent(s)-evaporation. For the low
Qn2 0f 1500 mL/min, a growth in the length of cylindrical pores can be seen for tn2 from 2 s to
8 s (Figure 7.3). For higher Qn2 of 6000 mL/min, the perpendicular orientation of pores as
cylinders vanishes and a rather disorderd orientation of cylinders can be seen for tn2 from 2 s
to 8 s (Figure 7.3). Figure 7.4 shows that with increase in rate and time of evaporation the

substructure gets denser and the number of macrovoids decreases.
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Figure 7.2. SEM micrographs of the top surfaces of the flat sheet membranes cast using block
copolymer solution of 27 wt% PS-b-P4VP173% in DMF/THF 50/50 (wt/wt). The membranes were cast
for Qnz of 1500 and 6000 mL/min and for ty, 0f 2 and 8 s.

1500
mL/min

Figure 7.3. SEM micrographs of the cross-sections near to the top surfaces of the flat sheet membranes
prepared using the block copolymer solution of 27 wt% PS-b-P4VP17*%% in DMF/THF 50/50 (wt/wt).
The casting parameters were Qnz of 1500 and 6000 mL/min and ty, of 2 and 8 s.
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Figure 7.4. SEM micrographs of the cross-section of the flat sheet membranes near to the top surface.
The membranes were cast cast using block copolymer solution of 27 wt% PS-b-P4VP17*% in
DMF/THF 50/50 (wt/wt), for Qn2 of 1500 and 6000 mL/min and for tn, of 2 and 8 s.

7.4. Evaporation-induced self-assembly of block copolymers

via gas flow

As discussed in section 1.3.5, the prepared block copolymer solution remains homogeneous
within the metastable regime, unless any possibility to reduce the Gibbs energy. As the block
copolymer solution is exposed to environment or gas flow, by allowing the evaporation of
solvents, the demixing happens via nucleation and growth and the microphase separation takes
place spontaneously. The SNIPS process resulting in isoporous membranes demands a good
control over self-organization of macromolecules forming highly segregated microdomains of
the minority blocks (P4VP) in the matrix of majority blocks (PS). In this process of evapora-
tion-induced self-assembly, the evaporation of volatile solvent(s) solidifies the respective block
segments, and the decrease in temperature plays an important role in phase transitions between
different ordered states or between the disordered and an ordered state because of the contri-
bution TdS to the free energy (where T is temperature and dS is change in the entropy).1% The
increased rate of evaporation fixes the matrix forming blocks because of its selectivity to more

volatile solvents while allowing the swelling of pore forming block in a comparatively less
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volatile solvent. The increase in rate and time of evaporation leads the segregation of microdo-

mains in a certain depth of the substructure.

A. Difference from the conventional evaporation-induced self-assembly

In case of evaporation via gas flow, the concentration of the solvent(s) in the air is less likely
to go up with time because of continuously replacing the solvents with gas flow, thus encour-
aging the diffusion of volatile solvent(s) from the as-cast membrane (free venting condition).
Therefore, no evaporation-equilibrium is generated in the enclosed area and the concentration
of the evaporating substance in the air keep removing, enhancing the capacity for the evapora-
tion. Further, with increase in gas flow rate, the boundary layer at the evaporation surface de-
creases with flow velocity due to decreasing the diffusion distance in the stagnant layer. Fur-
thermore, in case of casting in the envelope, the evaporation of solvent(s) happens faster as
there is less exertion (due to low pressure) on the surface keeping the molecules from launching
themselves. This is significantly higher in flat sheet membranes as compared to the lumen of a
HFM because of the surface area, as there are more surface molecules per unit of volume that

are potentially able to escape.

B. Influence of the gas flow rate

In the endothermic process of evaporation, heat is absorbed during evaporation and an increase
in evaporation lowers the free energy on surface. The higher the temperature of the substance
the greater the kinetic energy of the molecules at its surface and therefore the faster the rate of
their evaporation. By increasing the rate of evaporation, a faster temperature drop provides a
faster increase in concentration on the top surface and the development of concentration gradi-
ent development from the top surface. Due to this, the sudden loss of entropy change strongly

influences the degree of order and the phase transitions.

So, initially the self-assembly of block copolymers initiates on the surface but with the passes
of time and increase in diffusion of solvent molecules towards the surface, the microphase
separation occurs in the substructure as well. Figure 7.5 shows the stacked SEM micrographs
representing a complete cross-sectional view of a flat sheet membrane, which was provided a

longer evaporation time of 8 s and high gas flow rate of 4500 mL/min.
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Figure 7.5. Cross-sectional view of an isoporous membrane showing the progression of microphase
separation of block copolymers. A set of SEM micrographs is stacked continuously from top to bottom.
The as-cast polymer solution was provided tn, of 8 s and Qw2 of 4500 mL/min.

C. Benefits over conventional evaporation under environmental conditions

This novel approach towards fabrication of isoporous membranes can provide a faster devel-
opment of self-assembled pores on the top surface. A faster membrane fabrication is always
appreciated in order to reduce the production cost by decreasing the time required for evapo-
ration because the higher evaporation time demands slower casting of polymer solution and

comparatively longer way to the water bath.

In addition, humidity has been a big challenge in fabrication of conventional block copolymer
membranes. In case of normal evaporation conditions, the thermodynamically driven system
tries to minimize the overall free energy in the system. The decrease in the temperature on the
surface due to evaporation can lead to condensation of water, depending on the humidity in the
atmosphere. Therefore, the humidity in the atmosphere of as-cast film plays a significant role;
higher humidity can hinder the self-assembly process by increasing the condensation and in-
creasing the heat of system. Thus, the idea of using gas flow for evaporation-induced self-
assembly offers the freedom of membrane fabrication at any place irrespective of the humidity

levels while the temperature should be considered as well.

7.5. Conclusion

The evaporation-induced self-assembly of block copolymers via gas flow promises to be an
efficient tool for controlled bottom-up fabrications such as isoporous membranes. In case of
volatile solvent(s) in the block copolymer solution, the rate and time of gas flow controls the
evaporation of solvents and thus the kinetics of microphase separation. The results show that

gas flow during casting can significantly improve the structure formation and broadens range
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of the block copolymer concentration in solution and the casting conditions suitable for a usual
SNIPS process. The concept significantly holds the potential to be applied in fabrications of
other self-assembled structures in compact geometries using various block copolymer solutions

or to achieve different morphology as required in the aimed application.
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8. Summary and outlook

“All knowledge is connected to all other knowledge. The fun is in making
the connections.”

-Arthur Aufderheide

The fabrication process (SNIPS) to prepare isoporous flat sheet membranes and the self-as-
sembly of block copolymers had been well studied. The isoporous flat sheet membranes were
cast using polymer solutions with and without additives. It was known that by using additives,
the concentration required for structure formation can be reduced. These additive-containing
solutions had not been tried in the more-recently introduced outside-in isoporous HFM, instead
the experimental conditions were optimized to achieve isoporous structure in commonly used
viscous solutions. In this study, the solutions having MgAc: as additive were characterized via
SAXS and the structure formation was checked in both flat sheet and HF membranes.

The microphase separation of block copolymers during isoporous flat sheet membrane fabri-
cation had already been investigated by conducting SAXS and GiSAXS experiments. Such
fundamental studies of exploring the macromolecular behavior by SAXS characterizations al-
ways looked fascinating to me and led me to the idea of investigating the structure formation
by conducting in situ SAXS experiments during HFM fabrication. The first ever in situ SAXS
experiments during spinning of block copolymer HF revealed interesting facts about shear-
induced self-assembly in block copolymers. The same experiments revealed the influence of
MgAc: in self-assembly of block copolymers in solutions and during spinning. The study of
effects of polymer flow rate on self-assembly will be helpful for further development of block

copolymer HF spinning and isoporous membrane fabrication. Moreover, this study will be
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helpful in understanding the development and loss of hexagonally-packed microphase sepa-

rated domains along with the influence of MgAc..

The next exciting step of this dissertation was the development of inside-out HFM. The control
over self-assembly of macromolecules and trapping the structure at the right time is exciting
and playful. Although the HF spinning itself has many controlling parameters, playing the puz-
zle of self-assembly with gas flow made this work much more interesting. After many hit and
trials, it was possible to control the structure formation in the kinetic process of HF spinning
using the gas flow. This work led to the novel idea of using gas flow to achieve evaporation-
induced self-assembly. However, due to the lower density of gas than water, the spun HF tend
to float in the precipitation bath instead of properly submersing into the water. This Buoyancy
force becomes a challenge for smooth spinning of HFM in a manual small-scale set-up. There-
fore, the future work will focus on modification of the spinning process to achieve stable HF

spinning and smart techniques for collecting the spun fibers.

“The mind that opens to a new idea never returns to its original size.”

-Albert Einstein

After the successful fabrication of integral asymmetric inside-out isoporous HFM, the idea of
coating on the lumen side of robust HFM came up. A method to develop self-assembled struc-
tures on the lumen side of compact geometries like the lumen of a HFM was reported via a
cost-effective and scalable coating method followed by SNIPS. The strategy was validated on
the example of a 4 wt% PS-b-P4VP block copolymer solution to coat the inner surface of a
microfiltration PES HFM with inner diameter of 1.5 mm. Again, the coating of block copoly-
mer solution and the isoporous structure on the lumen side were achieved using gas flow. This
success in the fabrication of inside-out isoporous composite HFM opens many new applica-
tions for isoporous membranes because of the possibility to fabricate robust HFM with far less
consumption of expensive block copolymer. The required block copolymer concentration was

further reduced by addition of MgAc: in the polymer solution. The membranes hold potential
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to be explored and applied in the fields of bioreactors, protein separation, pharmacy, food in-
dustry, and wastewater treatment, among others. Moreover, by coating the outer surface, a bi-
functional separation system can be fabricated which may offer a different avenue towards
biotechnological applications such as diffusion of different molecules in opposite directions,
where, the support fiber can trigger catalytic reactions as well. However, in order to achieve
specific separation conditions from the top isoporous layer, the further work will also be fo-
cused on reduction of the resistance of flow through the interface and the support HFM. For
this, the control over infiltration of block copolymer solution into the support by pretreatments
and a different support HF (providing lower resistance and not swellable by the solvent(s) used

in the coating solution) will be considered.

This novel approach of inside-out HFM fabrication may provide valuable perceptions for the
fabrication of inside isoporous HFM, also with other block copolymers. Further, the surface
area is decreased in inside-out HFM as compared to outside-in HFM, while the configuration
provides better control on flow hydrodynamics. Therefore, to increase the active surface area
while keeping the direction of filtration as inside-out, one can simply apply the technique on
the lumen side of multi-bore HFM. Moreover, the multi-bore inside-out HFM will offer highly

robust membranes applicable for high-pressure applications.

The idea of using gas-flow brought two novel HFM. However, the difference of evaporation-
induced self-assembly under environmental conditions and via gas flow was still not explicitly
understood. Therefore, the gas flow induced structure formation was studied in flat sheet mem-
branes, as the flat sheet membranes offer fewer variables. The preliminary studies were con-
ducted for the most studied block copolymer solution of PS-b-P4VP in DMF/THF 50/50. How-
ever, this brought many more questions as the microphase separation highly depends on the
volatility of used solvents and the selectivity of solvents to the block segments of the copoly-

mer.

Nevertheless,

“We absolutely must leave room for doubt or there is no progress and no
learning ... ”

-Prof. Richard P. Feynman
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The additional outlook beyond the topic of the main research is about spreading the awareness
and knowledge about the field to a larger audience in the society. Even though, the development
in the field of membrane technology has been going on for half a century, the knowledge about
membranes and their requirements is not readily available in school and college courses, and
people are away from the knowledge of their very basic need of filters such as one required for
water purification. Being a membranologist focused on water purification, my perspective is
also to spread knowledge and awareness from the smart storage of all types of water to saving

water, to recycle wastewater, and to reuse water in a safe way.
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Q. Experimental section

9.1. Materials

The asymmetric PS-b-P4VP diblock copolymers were synthesized by Brigitte Lademann via
sequential anionic polymerization following a protocol reported before.'® 16° Tetrahydrofuran
(THF, Th. Geyer GmbH & Co. KG, Renningen, Germany) was purified by sequential distilla-
tion from sec-butyl lithium (sec-BuLi) (1.4 M in cyclohexane, Sigma-Aldrich, Schnelldorf)
under purified argon atmosphere. Styrene (S) (=99 wt% with p-tert-butylcatechol as stabilizer,
Sigma-Aldrich, Schnelldorf, Germany) was purified from basic aluminum oxide (Macherey-
Nagel, Duren, Germany) and subsequently distilled from dibutylmagnesium (MgBu>)
(1.0 M in heptane, Sigma-Aldrich, Schnelldorf) under high vacuum. 4-vinylpyridine (4VP) (99
wit% with <1000 ppm p-tert-butylcatechol as inhibitor, Sigma-Aldrich) was once distilled un-
der reduced pressure from calcium hydride (CaH2) and twice from ethylaluminum dichloride
(EtAICI2). The polymerization of styrene was initiated with sec-BuLi and allowed to proceed
at—78 °C in THF. After 4 h, a small portion of the reaction medium was removed and quenched
with degassed methanol to determine the degree of polymerization of the PS block. Afterward,
the purified 4VP was added into the solution and stirred for another 16 h at —78 °C. The
polymerization was terminated with a mixture of degassed methanol and acetic acid (99%,
Sigma-Aldrich). Finally, after removal of THF under reduced pressure, the polymer solution
was precipitated in Millipore water and the polymer was dried at 40 °C for several days under

vacuum to remove the residual solvents and water trace.

The number average molar mass (Mn) and dispersity index (P) of the PS precursor and the
diblock copolymers were measured by gel permeation chromatography (GPC) (Waters 2410
refractive-index detector, N,N-dimethylacetamide as eluent) at 50 °C which was calibrated
against PS standards. The composition of the block copolymer was determined by *H nuclear
magnetic resonance spectroscopy (*H NMR) (in deuterated chloroform) on a Bruker advance

300 NMR spectrometer. Using the composition and the molecular weight of the PS precursor
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the total molecular weight of the block copolymer was calculated. All chemicals used in this

study were purchased either from Sigma-Aldrich or from Merck.

9.2. Preparation of PS-b-P4VP polymer solution

The block copolymer solutions were prepared by dissolving a certain concentration of PS-b-
P4VP block copolymer in solvent(s); all measurements were done in wt% and the solvents
were mixed in weight ratio (wt/wt). Depending on the polymer concentration, the solutions
were stirred for 24-72 h at room temperature until they appeared homogeneous, and they were

then allowed to rest for some hours prior to use.

9.3. Preparation of bulk films

For the investigation of the bulk morphology of the PS-b-P4VP diblock copolymers films were
prepared from solution.**® The solutions were prepared by stirring 160 mg of block copolymer
in 2.5 mL of chloroform for 24 h. The homogeneous solutions were transferred into polytetra-
fluoroethylene molds and kept for slow drying. In order to equilibrate the sample, i.e., to re-
move the solvent effect and air bubbles trapped in the samples; the films were further annealed
at temperatures below and above the glass transition temperature of both blocks under vacuum.
The temperature was gradually increased to 140 °C near the glass transition of P4VP block and
finally the samples were annealed for 4 h at 170 °C. The sections from the same films were
used for characterization by SAXS and TEM.

9.4. Flat sheet membrane fabrication

The flat sheet membranes were cast either on glass plates or on non-woven substrate using a
doctor blade with gap height 200 um and different evaporation times. All the experiments were
conducted in fume hoods at a temperature around 21-25 °C and a relative humidity from 30-
50 %.
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9.5. Outside-in hollow fiber membrane fabrication via spin-

ning

The outside-in HFM were fabricated by traditional dry-jet wet spinning process as discussed
in Section 1.3.7.7":228 The spinning set-up consists of one double orifice spinneret mounted in
a spinneret holder for extrusion of polymer solution and bore fluid (water), syringes, two high-
precision pumps and precipitation baths. As shown in Figure 9.1, the used double orifice spin-
nerets have outer diameters of 0.32 and 1.3 mm for bore fluid and polymer solution, respec-
tively. The metal thickness between the two orifices is 0.1 mm. The glass syringes with and
without Luer-lock tips were used for filling the polymer solution, which were connected to
spinneret holder via transparent polyethylene tubes. The micro-precision pumps are used for
precise control on flow rates of polymer solution and bore fluid. The pumps and the glass sy-
ringes were connected by tubes filled with water. In order to get rid of air bubbles, the syringes
were filled one day before the experiments and well-packed afterwards to avoid solvent evap-
oration. All the spinning experiments were conducted in fume hoods at a temperature around
21-25 °C and a relative humidity from 30-50 %. The spun fibers were collected in a rotating

precipitation bath.

Figure 9.1. The SEM micrograph of the spinneret exit or the extrusion side in bottom of the spinneret,
which shows the concentred arrangement of orifices in a double orifice spinneret, used for outside-in
isoporous HFM fabrication.
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9.6. Small-angle X-ray scattering

With the exception of the bulk films, the SAXS experiments were performed at the microfocus
end station of the beamline P03, PETRA Ill, Deutsches Elektronen-Synchrotron (DESY), in
Hamburg, Germany.??” The X-ray beam having 12.981 keV energy was used to have a good
transmission through the block copolymer solution in the shell around the bore fluid. The beam
was focused to 28 x 14 pm? (horizontal x vertical) by using an assembly of parabolic beryllium
compound refractive lenses. The exposure time was 0.2 s with a total number of 20 frames for
each measurement resulting in a total acquisition time of 4 s. The used sample-to-detector dis-
tance of 8.91 m allowed a g-range from 0.04 to 1.1 nm™ to capture all occurring structural

changes in the range of 5.7-157 nm. We used the Pilatus 1M fast-readout detector.

A. SAXS from bulk films

SAXS experiments on equibrilated films were performed on a Bruker Nanostar, Karlsruhe,
Germany. The lab source is equipped with a copper anode providing an X-ray beam with an
energy of 8 keV. The set-up utilizes a VANTEC-2000 detector with a pixel size of 68 um. The

sample to detector distance was 1.5 m providing a g-range from 0.06 to 2.2 nm™.

B. SAXS from Solutions

For investigation of structure in block copolymer solutions, the solutions were filled into quartz
capillaries and sealed by epoxy glue some hours before the measurements. The capillaries had

a wall thickness of 10 um and a diameter of 2 mm.

C. Insitu synchrotron SAXS during hollow fiber spinning

For the experiments, the standard spinning set-up for outside-in HFM fabrication was used as
schematized in Figures 1.10 and 4.1 and as discussed in Section 9.5. The spinning system com-
prising of a spinneret fixed in the holder and the syringes was fixed to a remote controlled
micro-precision stage, which was used to move the set-up in the plane perpendicular to the X-
ray beam in order to change the air gap distance with respect to the beam passing through the
extruded fiber. To control the polymer solution and bore fluid flow rates, the micro-precision

pumps were mounted outside the synchrotron hutch. As the experiment needed a precipitation
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bath, a hanging stage was used being fixed to the available granite bridge. The vertical distance,
between the positions of spinneret holder on the x-y stage from the beam, corresponds to a
certain La providing a certain evaporation time for the as-spun fiber. While, the horizontal
moving was used to scan across the fiber with a step size of 30 to 100 pm.

The fibers were thoroughly scanned at different Lo from the nozzle for various block copolymer
solutions and spinning parameters, Qp and Qw. Simultaneously, the spun fibers were collected
in a rotating precipitation bath which was located ca. 50 mm below the beam providing a total
air gap, L = La + 50 mm, where L, was varied from 1 to 80 mm; so, there was always an
additional effect of gravity and strain in the fiber during SAXS measurements. Background
measurements were carried out in between by moving the HF out of the beam. However, in
order to correlate the SAXS curves and HFM morphology influenced by spinning parameters
and solution characteristics, the HF spinnings were repeated in the lab. In the repeated HF
spinning for morphological investigations by SEM, the structures in as-spun fibers were
quenched at particular La (so, L = La). We note that scanning along the fiber by keeping a
constant air gap was not possible. Constructing a set-up where the air gap could be kept con-
stant while scanning along the fiber would have been too heavy for the available micro-preci-
sion motor stages. Therefore, the water bath was fixed at the bottom of the beamline and only

the spinning system was motorized.

For the data integration, masking and normalization the software package DAWN was used.?*?
The two-dimensional images were averaged azimuthally to obtain a trace of intensity vs. the
scattering wave vector q (q = 4z sin(26/2)/4, where 26 is the scattering angle and 4 is the wave-
length of the X-rays). In a further step, the patterns were averaged radially in a certain g-regime
which was chosen to include the occurring structure factor. The resulting curves showing the
intensity vs. the azimuthal angle allow investigating whether orientation effects are occurring
or not. In the case of no orientation a constant intensity is observed whereas for orientation
effects two maxima with in a distance of 180° can be seen. For background corrections, frames
showing only air scattering were subtracted from the averaged data. The fitting of the correla-
tion peaks and background subtraction were done using MATLAB. All the data for a distinct
horizontal scan were compared. No significant variation along the cross-section of the fiber

could be seen. Thus, the data at one horizontal height was averaged.
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9.7. Inside-out hollow fiber membrane fabrication via spin-

ning

The inside-out HFM were fabricated by a modified dry-jet wet spinning process, as detailed in
Section 5.1. A triple orifice spinneret having outer diameters of 0.32 mm, 1.3mm and 1.8 mm
for bore fluid, polymer solution and water, respectively was used for fabrication of inside-out
HFM. The die gaps for polymer solution and water are 0.34 and 0.15 mm, respectively.

Figure 9.2. The SEM micrograph of the spinneret exit, which shows the arrangement of concentred
orifices in a triple orifice spinneret, used for inside-out isoporous HFM fabrication.

9.8. Module design for coating experiments

As a prerequisite for performing coating experiments in the lumen of support membranes, the
modules were designed as required in the experiments. The module consists of a transparent
PVC U tube having an outer diameter of 6 mm and a thickness of 1 mm that were purchased
from Kwerk GmbH, Germany. These tubes were pierced at every 2-3 cm distance, using a bore
of 2.4 mm diameter in order to speed up the exchange of solvent(s) by non-solvent, to take
away the water filtered through the coated membrane, and to avoid floating of the modules in

the precipitation bath. To stabilize the support fibers, both ends of PVC modules were sealed
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with epoxy resin, a picture is shown in Figure 9.3. The effective length was varied in the range
of 8-20 cm and a typical preparation procedure started with modules containing one support

membrane.

0 — = =

Figure 9.3. Scheme of a module holding the substrate HFM.

9.9. Morphological characterization

A. Scanning electron microscopy

To obtain information about the morphology of flat sheet membranes and HFM, SEM investi-
gations were carried out on either a LEO Gemini 1550 VP or a Merlin (both from Zeiss, Ober-
kochen, Germany), at an acceleration voltage of 1-10 kV. The surface samples were prepared
by cutting the membranes and fixing on the sample holder. For the investigation of the inner
surface, the samples were prepared by cutting the fibers on the length, and both halves were
placed on a sample holder. The cross-section samples were prepared under cryogenic condi-
tions to preserve their microscopic morphology. All the samples were sputtered with ca. 2 nm
of platinum as a conductive layer. Secondary electron In-Lens and HE-SE2 detectors were used

for imaging the membrane morphology and topography.

The energy selective backscattered electrons (EsB) detector was used for quickly distinguish-
ing different phases of composite HFM by energy specific separation of backscattered electrons
(BSE). E.g., in the compositional contrast of the coated block copolymer layer and PES support
HFM, PES provides brighter BSE intensity as compared to the block copolymer layer due to

the greater atomic number (sulfur).

a. Analysis of SEM micrographs using ImagiC

To obtain the average pore diameter (Dp) and pore density per unit area, the SEM micrographs
were analyzed by IMS V15Q4 (Imagic Bildverarbeitung AG, Glattbrugg, Switzerland). The
analysis of a SEM micrograph is shown in Figure 9.4, where first, the SEM micrograph is

binarized prior to the analysis to find edges of the pores and then the pore area and diameter is
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calculated by covering up the area of darker domains. By determining the number and area of

pores in the measured area pore density and surface porosity can be calculated, respectively.

Figure 9.4. Analysis of SEM micrograph using ImagiC.

b. Analysis of SEM micrographs using analySIS

To obtain the Dy and the average center-to-center distance between pores (dc-c), the SEM mi-
crographs were analyzed by analySIS (Olympus Soft Imaging Solutions GmbH, Munster, Ger-
many), see Figure 9.5. To find the edges of the pores the SEM micrographs were binarized
prior to the analysis; the brighter area corresponds to pore area; dc-c is an average of distances

to next neighboring pore.

Figure 9.5. Analysis of SEM micrograph using analySIS.
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c¢. Analysis of SEM micrographs by DigitalMicrograph

The SEM micrographs were also analyzed by DigitalMicrograph (Gatan Microscopy Suite
Software, Gatan Inc., CA USA) by performing an autocorrelation analysis on the pore distri-
bution. This provides a visual impression of average periodic arrangements of pores with in-
formation about Dp and dcc. As shown in Figure 9.6, Dy is calculated by the diameter of the
central bright spot and dc-c is calculated by taking the average of distances between the central

bright spot to all nearest bright spots (located in first ring).

Figure 9.6. Analysis of SEM micrographs by DigitalMicrograph.

B. Transmission electron microscopy

TEM characterizations were performed on a Tecnai G? F20 (FEI, Eindhoven, The Netherlands)
operated at 120 kV in bright-field mode. The samples were embedded in an epoxy resin. A
Leica Ultramicrotome EM UCT (Leica Microsystems, Wetzlar, Germany) equipped with a di-
amond knife (Diatome AG, Biel, Switzerland) was used for ultrathin sectioning of the samples
with a thickness of roughly 50 nm, which were stained with iodine (I2) vapor for 1 h (selective
for P4VP).

The TEM micrographs of bulk films were analyzed by DigitalMicrograph to obtain average

centre-to-centre distance.
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9.10. Membrane characterizations

As part of this PhD work, the automated water flux machine and new modules were designed
and developed with the help of Joachim Koll, Carsten Scholles and Berthold Wendland, at the
Institute of Polymer Research, Helmholtz-Zentrum Geesthacht. For cross-flow retention ex-
periments, the already available machine used for flat sheet membranes was modified to make

it applicable for HFM module configuration.

Figure 9.7. Picture of homemade automatic water flux device.

A. Water flux measurements

The membrane modules for the filtration experiments were containing one HFM of an effective
length 4-15 cm dried at room temperature. These studies were conducted by employing demin-
eralized water. The water flux measurements were conducted in dead-end mode by using com-
pressed nitrogen to apply the 2 bar transmembrane pressure, at room temperature, using the
above shown home-made automatic testing device. To ensure the reproducibility of the results,
all experiments were performed at least in triplicate by using three individual single fiber mod-
ules. The water flux (Jv) is calculated as follows,
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v
= T 3)

Where, 4V is the volume of collected water between two mass measurements, A is the active
surface area of membrane, At is the time between two mass measurements, and Ap is the trans-

membrane pressure.

B. Retention experiments

The molecular weight cutoff (MWCO) (minimum molecular weight of the solute with 90%
rejection) was checked using PEG (PSS Polymer Standards Service GmbH, Germany) of
Mw ranging from 100 to 500 kDa. The retention experiments were conducted in both dead-end
and cross-flow modes using aqueous solution of 0.01 wt% of PEG. First, pure water flux was
measured for 1 h at 2 bar transmembrane pressure then the feed solution was supplied in the
same configuration at 1 bar transmembrane pressure and a feed sample (5 mL) was collected.
After 1 h, 5 mL permeate was collected to check the rejection from membrane. The membranes

were rinsed thoroughly using water after each solute rejection test.

The retention values were calculated as follows:

R% = ( - g—’;) x100% (6)

Where, C, and Cr are concentrations of PEG in permeate and feed, respectively. These con-
centrations were measured by GPC. The measurements were performed at 35 °C in bidistilled
water with 0.5 g/L sodium azide using PSS acrylate copolymer SUPREMA Pre, 100 A and
3000 A columns (particle size 10 um), at a flow rate of 0.5 mL min™* (VWR-Hitachi 2130

pump). A Waters 410 refractive index detector having a PEG/PEO calibration was used.
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Safety Hazards

Table 11: Safety instructions and hazardousness of used chemicals and materials.

H331, H336, H351,
H361d, H372

Material GHS-Symbol H-Phrases P-Phrases
N,N-Dimethylforma- GHS02, GHS07, H226, H312 + H332, P201, P280, P305 + P351 +
mide GHS08 H319, H360D P338, P308 + P313
Tetrahydrofuran GHS02, GHS07,  H225, H302, H319, P210, P280, P301 + P312 +
GHS08 H335, H351 P330, P305 + P351 + P338,
P370 + P378, P403 + P235
1,4-Dioxane GHS02, GHS07,  H225, H319, H335,  P201, P210, P233, P261,
GHS08 H351 P280, P370 + P378
Chloroform GHS06, GHS08  H302, H315, H319,  P201, P260, P264, P280,

P304 + P340 + P311, P403 +
P233

N-Methyl-2-pyrro-
lidone

GHSO07, GHS08

H315, H319, H335,
H360D

P201, P280, P305 + P351 +
P338, P308 + P313

Acetone

GHS02, GHSO07

H225, H319, H336

P210, P233, P261, P280,
P303 + P361 + P353, P370 +
P378

Hydrogen peroxide,
30% wiw

GHS05

H318, H412

P280, P305 + P351 + P338 +
P310

v-Butyrolactane

GHSO05, GHSO07

H302, H318, H336

P261, P208, P305 + P351 +
P338

MgAc2

Block copolymer

Polyether sulfone
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