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CHAPTER 1.

On 14th February 1990, the Voyager I space probe tilted its camera towards Earth on the request
of a famous scientist, astrophysicist, and the member of the mission’s imaging team, Carl Sagan.
The image it captured that day, Figure 1.1, forever changed the perspective of the place we all
call home, the Earth.

From a distance of 6 billion kilometers, our Earth is nothing but a speck of dust in an infinite
abyss of space. Nobody, except Carl Sagan himself, could have explained any better what the
image portrayed. In his famous book, “Pale Blue Dot: A Vision of the Human Future in Space”,
he wrote, and I quote, “Look again at that dot. That’s here. That’s home. That’s us. On it everyone you
love, everyone you know, everyone you ever heard of, every human being who ever was, lived out their
lives. The aggregate of our joy and su�ering, thousands of confident religions, ideologies, and economic
doctrines, every hunter and forager, every hero and coward, every creator and destroyer of civilization,
every king and peasant, every young couple in love, every mother and father, hopeful child, inventor and
explorer, every teacher of morals, every corrupt politician, every "superstar," every "supreme leader," every
saint and sinner in the history of our species lived there-on a mote of dust suspended in a sunbeam” [1].
The pale blue dot, which is indeed one of its kind, is all that we have for now. It is certainly the
only planet that supports life as we know. It is undeniably our collective responsibility to relish
and preserve our home, the home which in recent times is in dire need of our support.

Figure 1.1 Earth as the ’Pale Blue Dot’. Image taken by Voyager 1 spacecraft from 6 billion
kilometers away. The Earth can be seen as nothing but a fine particle of dust suspended in the

vastness of space. The white circle is just a guide to the eye. Image credit NASA/JPL-Caltech.
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CHAPTER 1.

Massive deforestation, rapid and unplanned urbanization, pollution, and our over reliance on
fossil fuels has caused a major change in the earth’s atmosphere. The Earth’s resources are limited
and the human population that utilizes those resources keeps growing at a rapid pace. The
challenges are immense and therefore, governments and institutions around the world have
been actively pursuing a case for saving our planet from the ultimate environmental disaster. In
such times, the concept of sustainability becomes imperative. Sustainability is also a collective
responsibility and encompasses the environment, us the people, and our world economy.

1.1 Sustainability

Nature itself works on the principle of complete environmental sustainability through the
maintenance of ecosystems by comprehensive recycling and codependence of species. From
the natural water cycle, carbon and nitrogen cycles, to food chains, the natural world provides
for its inhabitants while also taking from them to create a balanced ecosystem. In nature, the
recycling loop is usually not direct. Complex organic molecules are broken down into simpler
ones which are then utilized by a variety of ecosystems before being transformed into completely
new materials. One of the simplest examples is that of a dung beetle (Coleoptera: Scarabaeidae)
which consumes animal excretions and converts it into nutrients for soil that are beneficial for
plant life [2]. There are numerous such examples in the natural world where nature works to
create a perfect balance between di�erent ecosystems.

The concept of sustainability has also been partly utilized by the ancient human civilizations.
The Indus Valley Civilization (ca. 3300 BC) were pioneers of urban planning, development, and
sustainable architecture [3]. The world’s first known sanitation and drainage system was built
by the inhabitants of the Indus Valley Civilization where each house had a covered wastewater
drainage system [3]. Furthermore, the houses were designed in such a way so as to keep them cool
with breeze from the south in the summer months. Similarly, the ancient Egyptians utilized the
annual flooding of river Nile to their advantage in order to support their sustainable food supply
[4].

However, as the human population grew, so too did deforestation, invasive farming, and the
domestication of animals, deteriorating the relationship of humans with their environment.
With the industrial revolution beginning in the late 18th century and continuing throughout the
19th and 20th century, this imbalance grew larger with exponential increases in the atmosphere’s
carbon dioxide levels causing global warming and climate change.

No real e�orts were made to address this issue until at least the 1980s when the
Intergovernmental Panel on Climate Change (IPCC) was set up under the United Nations in
1989 to scientifically study and assess the impacts of climate change [5]. The Earth Summit in
1992 brought together 178 countries to adopt a comprehensive plan for sustainable development
that protects the environment while improving human lives [6]. The major breakthrough,
however, was achieved in 2015 when the United Nations set 17 distinct sustainable development
goals (SDGs) and 169 targets for the year 2030 with the aim to improve human life and to
protect the planet [7]. Governments around the world, especially the European Union are keen
on implementing the SDGs and its targets before 2030 by making policies and legislation that
oblige the industry towards adapting sustainable solutions. While the SDGs include several types
of aims, this thesis only focuses on industrial sustainable manufacturing.

3
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1.2 Sustainability in Industry

Earlier approaches towards getting industry to make their manufacturing processes more
sustainable were mostly carried out under the banner of Environmentally Conscious
Manufacturing (ECM) [8,9]. This required coming up with methodologies and processes for
manufacturing new products from conceptual design, distribution, and finally end of life (EOL)
disposal, in a manner that satisfied environmental standards and requirements. Similarly,
the concepts of corporate social responsibility and corporate citizenship were introduced to
compel the industry to take more responsibility and to get involved in ecofriendly activities [10].
However, such initiates barely made any impact on the manufacturing processes. The continuous
environmental degradation resulted in tougher legislations thereby also leading to penalties for
non-compliance. In addition, the growing public interest in the environment and sustainable
practices, especially in the last decade or so, has driven many corporations towards adopting
cleaner and more transparent practices.

Electric power generation, for example, has seen a major shift towards generating power using
green and sustainable sources such as solar, wind, and hydro. The European Union (EU) is
undoubtedly the forerunner in renewable energy and in recent years has implemented extensive
legislation to reduce greenhouse emissions from fossil fuel power plants [11]. The EU aims
to increase the share of renewable energy in its final energy consumption to 27–30% by 2030
[11]. There has already been considerable progress regarding this goal with countries including
Germany, Denmark, Finland, The Netherlands, among others, investing heavily in solar and
wind energy. The national railways of The Netherlands, Nederlandse Spoorwegen, runs its trains
entirely on electricity generated by wind [12]. Similarly, Germany aims to increase the share of
its renewable energy in the final energy production to 80% by 2050 [13]. These are just a few
examples of a global race towards energy sustainability where the focus is now shifting towards
generating electric power from renewable sources [14].

A similar transition towards sustainability can also be found in many other industries. Tesla
has already pioneered electric vehicles and has completely eliminated gasoline and diesel
from its automobiles. Other automobile manufacturers are following Tesla’s footsteps and
heavily investing in their electric vehicles technology. Additionally, the two largest automobile
manufacturers in the world, Volkswagen Group and Toyota Motors, plan to be CO2 neutral
companies by 2050 [15,16]. Similarly, the merchant shipping operators aim to reduce their carbon
footprint [17], where the largest shipping company, Maersk, intends to operate net-zero emission
vessels by 2023 [18]. The concept of sustainability has also been keenly implemented by the food
and beverage industry. For instance, The Coca Cola Company is already working on developing
sustainable packaging and recycling every bottle and can that is produced in their facilities [19].
The fast food chains McDonalds and KFC have implemented policies that require their franchises
to use packaging that comes from renewable, recycled and certified sources [20,21]. One of the
largest E-commerce companies, Amazon, is on its way to powering their operations with 100%
renewable energy by 2025 [22]. Furthermore, Amazon has ordered over 100,000 fully-electric
delivery vehicles for their logistics operations [22].

While all these steps towards a cleaner environment from all the above mentioned organizations
and industries must be appreciated, it should also be recognized that these steps are certainly
not enough to achieve complete environmental sustainability. The Great Pacific Garbage Patch,

4
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located between Hawaii and California, paints a grim picture of such sustainability e�orts.
Similarly, oil spillages and waste disposal in our oceans has significantly impacted the marine
ecosystem. While there are considerable e�orts devoted towards mitigating environmental
pollution, there is still a long way to go before a fair balance between humans and their
environment can be achieved. Furthermore, complete sustainability where Earth’s resources are
utilized and fully replenished is still a distant dream. But small consistent e�orts towards saving
our planet and its environment can certainly take us one step closer to achieving this dream.

1.3 Green/Sustainable Chemistry

By far the largest stake holder that can ensure environmental sustainability is the chemical
industry. All the industries mentioned before can only cut carbon emissions if the products they
use are obtained/manufactured in a sustainable and greener approach. Most of the chemical
manufacturing today is based on carbon, which is a finite resource obtained from Earth. Carbon
is utilized in its various forms to produce a wide array of products ranging from a simple pen to
components of a space shuttle. Once used, most of the products are then wasted as it has become
increasingly di�cult to reutilize or recycle them, with most incinerated, or ending up in landfill
sites or even worse, in our vast and unprotected oceans.

Over the past few decades, the chemical industry has made significant improvements in
the manufacturing processes to address this issue by adapting what is called as the “Green
Chemistry” approach, introduced in late 90’s by Paul Anastas and John Warner [23]. Simply
put, Green Chemistry employs raw materials preferably obtained from renewable sources,
reduces/eliminates waste, and prevents the use of hazardous substances in the production and
usage of chemical products. Unlike cleaning and treating pollution and waste, Green Chemistry
reduces the waste at its source by limiting or completely eliminating the use of hazardous
substances, solvents, and other compounds. For instance, a hazardous product that is widely
used for a certain application should be replaced with a more sustainable and greener product.
In this manner, the demand for such hazardous products will eventually diminish and the product
will no longer be produced. This is chemical sustainability in its most simplest form.

Indeed, it is not easy to replace all hazardous chemicals but their use can be restricted while
searching for more green alternatives. Green chemistry and sustainable chemistry can therefore
be thought of as synonyms which outlines 12 principles that act as guidelines for sustainable
manufacturing and design [24]. These principles apply to all the aspects of the process life-cycle
starting from design, raw materials, syntheses, biodegradability and toxicity of the chemicals
used. One of these principles is ‘solvents’ which is also one of the most actively researched areas
[25]. Most of the solvents used in chemical processes are toxic, flammable, and/or corrosive and
therefore require expensive recycling and treatment processes [24]. According to one study, a
large percentage of industrial waste is made up of these types of solvents [26]. There are increasing
e�orts to minimize and/or eliminate the use of such organic solvents and to find solvent free
or green solvent approaches for the chemical processes [27]. Numerous industries that used
hazardous solvents in the past have tried to either limit the use or have completely shifted to
greener alternatives. It is only natural that the polymeric membrane industry also realizes the
need for sustainable manufacturing and focuses on developing greener membrane fabrication
protocols.

5
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This brings us to the topic of this thesis; sustainability in membrane fabrication.

1.4 Polymeric Membranes and the need for sustainability

As mentioned in section 1.2, many industries are on a path towards sustainable development
and some of them have even made significant progress in achieving their SDGs. However, the
polymeric membrane industry, a multi-billion dollar industry, lags behind in this drive towards
sustainability. This is partly due to the lack of scalable green alternatives and also somewhat due
to the relatively below par separation properties of membranes produced through existing green
approaches. Before delving into more details of sustainable membrane fabrication, it is pertinent
to understand how polymeric membranes are currently produced and why this approach is
unsustainable.

Polymeric membranes can be produced through a multitude of techniques among which phase
separation is by far the most frequently applied method. The two major phase separation
approaches are thermally induced phase separation (TIPS) and non-solvent induced phase
separation (NIPS).

1.4.1 Thermally Induced Phase Separation

In TIPS, a polymer is first dissolved in a high boiling point solvent at elevated temperatures
followed by casting it into a desired shape. The cast solution is then cooled which induces phase
separation. The polymer solidifies via crystallization, gelation, or glass transition after which the
solvent is removed typically by solvent extraction [28–33]. Polymeric membranes produced via
TIPS generally have symmetric and porous structures that can be used for microfiltration and
membrane contactor applications [34]. Asymmetric membranes can also be obtained via TIPS
by introducing a thermal gradient during the cooling of the polymer solution [28,35,36]. TIPS is
generally chosen when the polymers are di�cult to dissolve in common organic solvents at room
temperature [32]. Despite being known for its simplicity and ability to prepare anisotropic and
isotropic structures, the TIPS technique is more energy intensive than NIPS [37].

1.4.2 Non-solvent induced phase separation (NIPS)

NIPS is one of the most popular phase inversion methods due to its versatility that allows the
production of membranes with various morphologies and pore sizes. A schematic illustration
of the NIPS process is shown in Figure 1.2. In this technique, a polymer is first dissolved in an
organic solvent, typically N-methylpyrrolidone (NMP). The polymer solution is then cast into a
desired shape and immersed in a non-solvent bath, typically water. The polymer, being insoluble
in water, precipitates into a porous solid film, a membrane [38–44]. The polymer rich phase
forms the bulk and the polymer lean phase forms the pores of the membrane. Thus in NIPS, a
liquid polymer solution is transformed into a solid film via controlled precipitation. NIPS is also
widely known as immersion precipitation. Both symmetric and asymmetric membranes with
tunable pore sizes and morphologies can easily be prepared using this method.

The NIPS technique was first demonstrated in the 1960’s by a graduate student Sidney Loeb,
and a Post Doc from University of California, Los Angeles, Srinivasa Sourirajan, when they
prepared integrally skinned asymmetric Cellulose Acetate membranes for seawater desalination
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Figure 1.2 Schematic illustration of the membrane fabrication process via the Non-solvent
induced phase separation NIPS technique.

[45]. In such asymmetric membranes, the separation is achieved at the thin skin layer whereas
the porous support provides the mechanical strength. It was a major breakthrough in the field of
membrane science that proved to be a foundation that ultimately led to large scale production
of membranes for seawater desalination using reverse osmosis. Over the past five decades
abundant knowledge has been generated in regards to NIPS membranes where researchers
have meticulously investigated various parameters that a�ect the membrane formation and the
resulting structure. These membrane formation mechanisms are discussed in detail in the next
section.

1.4.3 Membrane formation mechanism in NIPS

The final structure and morphology of a NIPS membrane is determined by a combination of
thermodynamic and kinetic aspects of phase separation. Since the NIPS process comprises of
three components i.e. a polymer, solvent, and a non-solvent, the thermodynamic interactions
between these components are best visualized using a ternary phase diagram, first presented by
Strathmann et al. in 1971 [38]. In their studies, thermodynamic aspects of phase separation
were discussed in detail in terms of instantaneous and delayed demixing which provided
diverse membrane structures [38,40]. Over the years numerous studies have been conducted
on understanding and explaining the ternary phase diagram, both, experimentally [38,46–49]
and theoretically [50–55].

A typical ternary phase diagram is illustrated in Figure 1.3 where the corners of the triangle
represent pure components and any point inside the triangle corresponds to a mixture of these
components [56].

The red binodal line in Figure 1.3 separates the one phase thermodynamically stable region,
where all the components are miscible, from the two phase region where the system separates
into a polymer rich and a polymer lean phase. The precipitation route from initial polymer
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Figure 1.3 Schematic illustration of a ternary phase diagram indicating the binodal and the
path a polymer solution takes towards precipitation. Reprinted from Sadrzadeh et al. [56] with

permission from Elsevier, Copyright (2013).

solution to the final membrane composition is shown by the broken line. As the precipitation
proceeds, the viscosity of the precipitated polymer continues to increase until it becomes high
enough to be classified as a solid (solidification point). Drawing a tie line at this point reveals the
composition of the polymer rich and lean phases. At the final membrane composition point as
shown in Figure 1.3, the solid polymer-rich and the liquid polymer-lean phases are in equilibrium.
The polymer-rich phase constitutes the bulk of the membrane while the polymer-lean phase
constitutes membrane pores that are filled with non-solvent till the membrane is taken out of the
precipitation bath. The position of the final membrane composition point on the Polymer–Non-
solvent axis on the ternary phase diagram determines the final overall porosity of the resulting
membrane. The binodal curve (liquid-liquid demixing) in the ternary phase diagram is usually
determined by measuring the cloud points using titration or turbidity measurements [46].

Based on the ternary phase diagram, Strathmann et al. described liquid-liquid demixing as either
instantaneous or delayed [40]. If the miscibility gap, shown as MG in Figure 1.3, is shorter, the
polymer solution is close to being thermodynamically unstable and therefore, precipitates rapidly
upon immersion in a non-solvent, thus instantaneous demixing. This typically leads to membranes
having thin skin layers with large ‘finger-like’ macrovoids in the substructures. On the other
hand, if the miscibility gap is larger, the liquid-liquid demixing takes longer time resulting in
membranes with dense top layers having ‘sponge-like’ substructures, i.e. delayed demixing [40,41].

The demixing terms can also be related to the kinetic aspects of phase inversion i.e. the rate of
solvent and non-solvent exchange. The driving force for such an exchange is the di�erence in
chemical potential of the solvent and non-solvent over both the phases. This di�erence is largest
when the polymer solution first comes in contact with the non-solvent bath resulting in the
highest exchange rate at this point, consequently forming a thin top layer that acts as a di�usion
barrier. As the di�usion of solvent from polymer solution into the non-solvent bath (and vice
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versa) continues, the chemical potential di�erence reduces and the exchange rate slows down.

Phase separation is indeed a dynamic process where the composition of the three components
continues to change until complete precipitation is observed. Intuitively, this complex
precipitation process is greatly influenced by a number of parameters such as the polymer
solution concentration, type of polymer and solvents, miscibility of solvent and non-solvent,
composition of polymer solution, the non-solvent bath, and casting temperature [37,57].

Increasing the polymer concentration, thereby increasing the solution viscosity, slows down
the solvent exchange and therefore, suppresses the formation of macrovoids typically resulting
in denser membranes [37,39,58–60]. The miscibility of solvent and non-solvent is another
vital parameter that dictates the kinetics of solvent exchange. As described earlier, a rapid
solvent and non-solvent exchange typically forms asymmetric porous membranes. Similarly,
additives in the polymer solution act as non-solvent materials that reduce the solvent power
in the polymer solution [61,62]. Additives are typically added as pore forming agents, viscosity
enhancers and/or phase inversion kinetics accelerators. Polymers like polyethylene glycol (PEG)
and polyvinylpyrrolidone (PVP) and inorganic materials like LiCl are the most commonly used
additives in polymer solutions [63]. Furthermore, addition of solvent in the non-solvent bath
can slow down the precipitation rate resulting in microporous membranes [39,43]. Accordingly,
all these parameters, among many others, can be systematically controlled to obtain various
types of membrane morphologies ranging from dense to porous. The availability of a wide
variety of polymers, both rubbery and glassy, provides additional tuning parameters to obtain
all sorts of desirable membranes. As a result, the polymer/solvent combination becomes a vital
parameter that controls morphology and properties of resultant membranes. A higher miscibility
of polymer in the solvent typically results in porous membranes while non-porous membranes
are usually obtained when the miscibility is low. Typically, aprotic organic solvents such as
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), dimethyl acetamide (DMAc), and N-
methylpyrrolidone (NMP) are used for preparing asymmetric polymeric membranes [44].

Over the years a plethora of knowledge has been generated addressing the e�ects of all such
parameters that a�ect the thermodynamics and kinetics of phase inversion. NIPS is indeed a
versatile technique where the membrane formation mechanisms are well-known and thoroughly
investigated and as a result, became a desirable technique to produce polymeric membranes for
almost all commercial applications.

1.4.4 Unsustainable organic aprotic solvents

As mentioned in section 1.3, one of the 12 principles of green chemistry is ‘solvents’. It requires
that the solvents and auxiliaries that are being used shall be made safe and if toxic, shall not
be used at all. Wang et al. conducted a survey of relevant literature from 2014 – 2019 on NIPS
membranes and enlisted the most commonly used solvents by their frequency of use, see Figure
1.4 [64].

It is evident that dimethyl acetamide (DMAc), dimethylformamide (DMF), and N-
methylpyrrolidone (NMP) are the most commonly used solvents for membrane production,
NMP being the foremost choice. Unfortunately, these solvents are reprotoxic, harmful to
the environment, unsustainable, and therefore have been identified as substances of very high
concern (SVHC) [65]. Consequently, they have been added to the Registration, Evaluation,
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Figure 1.4 Frequency of use of most commonly used (a) solvents and (b) polymers for producing
NIPS membranes in literature. Data obtained by Wang et al. [64] from publications from 2014

– 2019, reprinted with permission from Elsevier, Copyright (2019).

Authorization, and Restriction of chemicals (REACH) of the European Chemicals Agency [66].
Apart from being used as solvents in higher concentrations, these chemicals are completely
mixed in the non-solvent bath after the NIPS membrane production, thereby contaminating the
wastewater stream. According to the studies conducted by Razali et al., an estimated 20 – 100
billion liters of such contaminated wastewater is produced annually by the membrane industry
[67]. Disposing such a waste stream itself becomes challenging and requires expensive treatment
cycles. Owing to the environmental and human safety hazards, NMP has been restricted for use
in the European Union through the REACH legislation since May 2020 [68]. Such restriction
requires significant improvements in the health and safety protocols for using NMP and similar
toxic solvents to ensure workers and environmental safety.

There is no doubt that reprotoxic organic solvents need to be further restricted and possibly
banned if the principles of green chemistry and the sustainable development goals are to be
followed. Following the directives of the European Commission, there are growing demands
to ban these solvents at least in the European Union in future [69]. The stringent legislative
crackdown on such chemicals and growing environmental concerns have opened up a research
area in the field of green solvents for polymeric membrane production.

1.5 Green solvents and sustainable approaches for membrane
production

Plato, in his Socratic Dialogue, Republic’, wrote, “Our need will be the real creator” [70]. Over
the centuries, these words were molded into the famous proverb that we all learned as a kid,
“Necessity is the mother of invention”. History suggests that the greatest innovations always
happen in the times of need. The need of the hour, in terms of NIPS membranes, is the
development and use of sustainable green solvents. Such a solvent should ideally be completely
non-toxic, preferable biodegradable, obtained from renewable sources, water soluble/miscible,
have low molecular weight, and a higher boiling point. The search for such an ideal solvent
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has a long way to go but significant progress is being made in this field. This thesis eventually
demonstrates that using the most abundant solvent on Earth, water, might just be the answer.
This will be discussed in detail in the next section.

Over the last decade or so, numerous studies have been conducted to identify sustainable
alternative solvents to the reprotoxic NMP and DMAc. A review by Figoli et al. in 2014
highlighted several environmentally friendly and even biodegradable solvents for membrane
production [71]. These included methyl lactate and ethyl lactate for the production of
ultrafiltration (UF) type cellulose acetate membranes having a molecular weight cut-o�
(MWCO) in the range of 15 to 35 kDa [72]. However, the resultant membranes showed defects,
inhomogeneity, macrovoids on the surface, and large di�erences in pure water permeability.

Solvents like Dimethyl sulfoxide (DMSO), γ-Butyrolactone (γ-BL), and certain ionic liquids
were also investigated as possible alternatives to traditional organic solvents [71,73]. DMSO in
particular is obtained from the wood pulp industry and is renewable. However, recently there
have been some concerns regarding its toxicity in vitro [74].

Matsuyama et al. prepared microfiltration type cellulose acetate membranes having pore sizes
in the range of 1–2 µm using supercritical CO2 [75,76]. This process yielded the benefit of
recovering the solvent and recycling the supercritical CO2. Still, more systematic studies are
needed to evaluate the applicability of this process because it requires utilization of specialized
equipment, precise CO2 pressure control, and is currently limited to only a few polymers.

A new non-reprotoxic and biodegradable solvent, TamiSolve® NxG, was used by Marino et
al. to prepare Poly(vinylidene fluoride-hexafluoropropylene) P(VDF-HFP) membranes having
pore sizes ranging from 20 nm to 450 nm [77]. However, the use of TamiSolve® NxG for other
polymers has not yet been shown which potentially limits its applicability.

The search for a sustainable solvent continued with Hassankiadeh et al. proposing Rhodiasolv®

PolarClean as a biodegradable solvent for preparing high permeability hollow fiber membranes
via TIPS [78]. PolarClean® is one of the most promising green solvents for preparing polymeric
membranes and has been used to prepare membranes with conventional polymers such as
Polyethersulfone (PES) [79], Polysulfone (PSf) [80] and Poly(vinyl chloride) (PVC) [81]. The
major advantage of using PolarClean® is that it shows high solubility for conventional polymers,
has lower toxicity, and can be used to prepare various types of membranes [64,82–85]. Its
multistep synthesis protocol and higher price, almost twice that of NMP, limits its widespread
use at the moment [79].

Acetyl tributyl citrate (ATBC), also known as Citroflex® A4, is an environmentally friendly
diluent that has been used to prepare Poly(vinylidene fluoride) (PVDF) membranes via TIPS
[83,86]. ATBC is made by esterification of acetic acid and tributylcitrate and is typically used as
plasticizer for PVC and urethane polymer systems [87]. Currently, ATBC is only limited to TIPS
because it is not miscible with water and therefore, cannot be used to produce NIPS membranes.

In another instant, Dihydrolevoglucosenone (CyreneTM) was investigated by Marino et al. as a bio-
derived green solvent for preparing PES and PVDF membranes having pore sizes in the range of
20 nm to 120 nm and 30 nm to 550 nm, respectively [88]. CyreneTM is derived from cellulose,
has a similar polarity to NMP and therefore, is one of the most promising green solvents. Recent
studies have shown that it can also dissolve PVC to prepare polymer inclusion membranes [89].
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CyreneTM is a relatively new addition to the family of green solvents for membrane production
and only a few studies have investigated its applicability. Therefore, more research is needed to
establish its widespread usage and versatility.

It has been established that the sustainability drive in the polymeric membranes industry is on
the right track and a number of research groups have been actively pursuing the search for a
green solvent to produce membranes with tunable pore sizes and morphology. The literature
on sustainable membranes and green solvents has been growing during the past five years with
several review articles being published on the subject [90–94]. While most of the solvents
mentioned above have benefits such as biodegradability, lower toxicity, and/or renewability,
questions remain over their usage as universal solvents to obtain membranes for all sort of
applications. Most of these green solvents are still limited to only a specific type of polymer
and in some cases the membrane production protocols are cumbersome. Furthermore, most
of the membranes prepared using these green solvents have limited control over pore size and
structure. Therefore, a universal solution to address all such challenges is necessary. This can be
obtained by utilizing the most abundant solvent on earth, water.

Most conventional polymers are insoluble in water and that is one of the reasons why it
is not readily investigated as a solvent. Consequently, a di�erent class of polymers, called
polyelectrolytes (charged polymers), have to be used for an aqueous based phase inversion
approach.

1.6 Polyelectrolytes and Polyelectrolyte Complexation

1.6.1 Polyelectrolytes

Polyelectrolytes (PEs) are water soluble macromolecules that bear a charge on their repeating unit
and have oppositely charged counter-ions to preserve electro-neutrality [95]. Polyelectrolytes
are typically divided into either strong or weak polycations and polyanions. Polycations are
positively charged while polyanions are negatively charged polyelectrolytes.

A strong polyelectrolyte is the one whose charge is independent of the pH of the aqueous
solution. Typical examples include poly(diallyldimethylammonium chloride) (PDADMAC) [96]
and poly(sodium styrene sulfonate) (NaPSS) [97], see Figure 1.5. By contrast, the charge of weak
polyelectrolytes can be manipulated by changing the pH of the aqueous solution. Consequently,
the chain conformation and the solubility of a weak polyelectrolyte is pH dependent [98].
Some examples include poly(allylamine hydrochloride) (PAH), poly(acrylic acid) (PAA), and
polyethyleneimine (PEI).

Polyelectrolytes are used in various fields including biomedicine, cosmetics, food,
pharmaceutical, gels etc. [99]. One of the major applications for polyelectrolytes is in
the pharmaceutical and biomedicine industry where they have been used for drug delivery,
tissue cell culture, as coating materials, and binding agents among numerous other applications
[95]. The field of polymeric membranes has also utilized PEs, though mainly as a coating layer
on a porous membrane support. As water soluble macromolecules, PEs are indeed materials of
interest with interesting properties and applications.
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Figure 1.5 Chemical structures of strong polyelectrolytes such as a) poly(sodium styrene
sulfonate) (NaPSS), c) poly(diallyldimethylammonium chloride) (PDADMAC) and weak

polyelectrolytes like b) poly(allylamine hydrochloride) (PAH), d) polyethyleneimine (PEI). The
charge on the weak polyelectrolytes PAH and PEI is pH-dependent and hence, can be

manipulated.

1.6.2 Polyelectrolyte Complexation (PEC) and membranes

Mixing aqueous solutions of oppositely charged polyelectrolytes typically results in phase
separation of the PE chains, forming a polyelectrolyte complex (PEC), shown schematically in
Figure 1.6 [100–103].

The driving force for PEC formation is the increase in entropy due to the release of counter-
ions. However, studies have shown that electrostatics, hydrophobic interactions and hydrogen
bonding may also contribute to the complexation process [102]. In simplest terms, the PEC
formation can be represented by eq. 1.1 [104]:

Pol+A– + Pol–B+ −−⇀↽−− Pol+Pol– + A– + B+ (1.1)

Where Pol+ and Pol– is polycation and polyanion respectively, and A– and B+ are the counter-ions.
Pol+Pol– represents the intrinsic ion pair that determines the structure, phase, and properties of
PEC.

PECs can range from being polymer-lean viscous liquids, called ‘coacervates’ to polymer-rich
solid-like materials called ‘precipitates’ [105]. The water-rich coacervates are commonly used in
the field of biomedical science as bio-adhesives [106], sca�olds for tissue growth [107], and for
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Figure 1.6 Schematic diagram illustrating the formation of a polyelectrolyte complex upon
mixing oppositely charged polyelectrolytes. The driving force for the formation of complex is

the increase in entropy due to the release of counter-ions.

drug delivery applications [108]. On the other hand, solid PEC precipitates have been used in
multiple applications as first shown by Michaels in the 1960s who pioneered the research on
PECs [100]. After that, the research on PECs gained momentum with focus on understanding
the formation mechanisms and finding potential applications. Recently, Schaaf et al. highlighted
several applications of solid PECs and so-called ‘saloplastics’ (salt plasticized PECs) [109].

Similar to the membrane formation mechanism via NIPS as discussed in section 1.4.3, the
PEC formation is also governed by thermodynamic and kinetic aspects [102,103]. The
thermodynamics of PEC formation are quite complicated and most aspects are beyond the scope
of this thesis. For further deliberation, the reader is guided to publications by Thünemann et al.
[102] and van der Gucht et al. [103]. The most important factors dictating PEC structure and
properties include the linear charge density, chain sti�ness, molecular weights and concentration
of the polyelectrolytes, mixing procedure and mixing ratios, type of salt, concentration of salt,
pH, nature of ionic group, hydrophobicity, and structure of the polyelectrolyte [95,110].

Some of these parameters have a greater impact on the kinetics of PEC formation than others
and they critically influence the final structure and properties. For instance, even if the mixing
ratio is 1:1, the final stoichiometry in the PEC can deviate leading to a charged PEC. Salt tends to
weaken the electrostatic interactions between the polyelectrolytes and facilitates rearrangements
of chains in PECs [102]. Added salt slows down the kinetics of PEC formation. In addition, the
size of PEC aggregates tends to be larger at higher ionic strengths. The two factors (mixing
ratio and salt concentration) are emphasized here because they will be used to produce PEC
membranes later in the thesis.

Certainly, the polyelectrolytes and their complexes are quite sensitive to their environment
making them interesting materials with fascinating properties. An important point to make
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here is that the formation of PEC only needs aqueous solvents at ambient temperatures, making
complexation a non-toxic and environmentally friendly process. Naturally, the process of
preparing membranes using PECs would be sustainable as it would completely rely on water.

In the field of membrane science, PECs found applications after Decher et al. obtained self-
assembled polyelectrolyte multilayers (PEM) by alternatively coating polycations and polyanions
on solid supports [111]. The so-called ‘layer by layer (LBL)’ approach gained widespread
attention in the membrane field because it provided ultra-thin coatings with tunable structures
and properties [112]. Multiple reviews outlining the formation, structure, properties, and
applications of PEMs have been published in the last decades that outline how versatile and
successful this technique has been for obtaining dense functional coatings [113–115]. PEM
membranes prepared by the LBL approach have been used for all sorts of membrane applications
including pervaporation, nanofiltration, reverse osmosis, and gas separation, as described in a
review article by Joseph et al. [112]. However, all PEM membranes are coatings on a support
membrane which is still prepared using organic solvents via the NIPS process. Moreover, the LBL
approach is not perfect for the fabrication of PEM membranes because the process is laborious
and time consuming. Therefore, it is beneficial to have a single step formation mechanism that
provides free-standing PEC membranes. Since PEC formation is based on an aqueous system,
it is an ideal system to prepare organic solvent free membranes that can be used for a range of
applications.

Over the years detailed e�orts have been devoted to preparing such PEC membranes.
Bromberg prepared PEC composite membranes for ion-exchange applications by impregnating
nitrocellulose ultrafilters with polyelectrolytes [116]. Nam et al. prepared PEC membranes having
a high water flux using poly(acrylic acid) and chitosan for pervaporation applications [117].
These works lead to several other studies that also developed PEC membranes for pervaporation
applications [118–122]. Richau et al. prepared PEC membranes using a di�erent approach called
the ‘interfacial reaction method’ where one polyelectrolyte is first cast on a glass plate followed by
spreading a layer of second polyelectrolyte on top of it [123,124]. All these PEC membranes were
useful for pervaporation applications because their swelling degree could be controlled by simply
changing the pH. The ionic crosslinking density is significantly influenced by the pH such that a
higher degree of crosslinking reduces the swelling degree resulting in higher selectivity. However,
the major drawback of the interfacial PEC process was the inhomogeneity in the membrane
surface and lack of control on the degree of (ionic) crosslinking.

The properties and performance of the PEC membranes discussed so far have been promising
however, in most cases, a support membrane prepared by NIPS still has to be used because of the
di�culties in obtaining processible PEC membranes [125–128]. Furthermore, most of the PEC
membranes were prepared in a multistep approach where a polyelectrolyte complex is prepared
first and then either re-dissolved or post processed [129,130], providing extremely little to no
control over the properties of the final PEC membrane.

To address all these challenges, a one-step, scalable aqueous based approach is required to
prepare PEC membranes through a process that provides similar control over the membrane
structure and morphology as the traditional NIPS. In this thesis, such an approach is
introduced and discussed in detail. Briefly, the one-step approach was made possible by
first preparing a homogeneous solution of a strong and a weak polyelectrolyte at a higher
pH/higher salt concentration, followed by precipitation in a low pH /de-ionized water bath.
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Similar to NIPS, the thermodynamics of the polyelectrolyte solution and the kinetics of
precipitation/complexation can be easily controlled to obtain various types of structures and
morphologies. Several tuning parameters are at disposal that can be manipulated to obtain
desired membrane structures. The most prominent aspect of this approach is that it is completely
water based and eliminates the use of reprotoxic organic solvents such as NMP. This new
approach is, therefore, termed ‘Aqueous Phase Separation (APS)’.

Four di�erent types of polyelectrolytes were used in this work to prepare free-standing
PEC membranes, see Figure 1.5. These include poly(diallyldimethylammonium chloride)
(PDADMAC), poly(sodium 4-styrene sulfonate) (NaPSS) as strong polyelectrolytes and
poly(allylamine hydrochloride) (PAH), branched polyethyleneimine (PEI) as the weak
polyelectrolytes.

1.7 Thesis outline

The value of an idea lies in the using of it. All the preface and discussion we had before
boils down to the actual verification and validation of the idea. The aim of this work is to
develop a phase inversion technique for the production of polymeric membranes without using
reprotoxic organic solvents. This is achieved by using water as both the solvent and non-
solvent for producing polyelectrolyte complex membranes. The versatility of this new ‘Aqueous
Phase Separation (APS)’ approach was realized by exploring several parameters that influence
the membrane structure and morphology. Similar to the traditional NIPS, factors such as the
molecular weight of the polyelectrolytes, casting solution concentration, and bath conditions
were explored as tuning parameters to obtain membranes for micro-, ultra-, and nanofiltration
applications. Furthermore, the thesis takes this technique one step further in terms of scalability
by demonstrating that the APS process can also be used to produce excellent hollow fiber
membranes. This thesis describes in detail the various polyelectrolyte systems and the tuning
parameters used to produce more sustainable polymeric membranes. The following chapters
will give a detailed account of how APS works and how membranes with tunable structures can
be prepared.

Chapter 2 gives the first account of complexation-induced APS where a combination of a strong
polyanion i.e. PSS and a weak polycation i.e. PAH is used to prepare flat sheet PEC membranes.
A homogeneous solution of the two polyelectrolytes is prepared at high pH and precipitated in
a low pH bath to obtain pH-induced phase separation membranes with diverse morphologies.

Chapter 3 further explores various parameters that influence the PSS-PAH membrane formation
mechanisms such as the pH of the casting solution and precipitation bath, polyelectrolyte
monomer mixing ratio, and concentration of crosslinking agent.

Chapter 4 explores the possibility of using APS membranes as supports for functional
coatings. Interfacial polymerization and polyelectrolyte multilayer coatings were built on
top of ultrafiltration type PSS-PAH membranes resulting in thin selective top layers, thereby
improving the nanofiltration performance of the membranes. The major advantage of using
APS membranes for coatings is the inherent charge and the excess amine groups in the PSS-
PAH membranes that facilitate the multilayer buildup as well as binding of the polyamide layer.
Just like NIPS membranes, APS membranes act as excellent support membranes for coatings.
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Chapter 5 investigates a di�erent polyelectrolyte system to prepare APS membranes. Here, PSS
is complexed with PEI to fabricate excellent nanofiltration type membranes at even milder pH
conditions by use of a bu�ered coagulation bath. This approach is even more environmentally
friendly and provides membranes with excellent properties and performance.

Chapter 6 investigates a salt induced phase separation approach for fabrication of APS based
PEC membranes. This chapter demonstrates the PSS-PDADMAC membranes can be prepared
using only salt as the switch for phase inversion. A homogeneous solution of the two electrolytes
is prepared at high salt concentrations where the charges are screened. A thin film of this solution
is precipitated in deionized water that induces phase separation resulting in polyelectrolyte
complexation. The obtained PEC membranes show decent nanofiltration performance.

Chapter 7 takes the APS approach one step further by demonstrating that the hollow fiber
geometry can also be obtained using this novel technique. PSS-PEI hollow fiber membranes
with varying pore sizes and separation performance are prepared highlighting the significant
potential of APS.

In the end, in Chapter 8, I reflect on the results obtained during the duration of my PhD work
on APS membranes and outline unexplored areas of interest. In addition, recommendations on
how to achieve complete sustainability in the field of polymeric membranes are given.
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“A scientist in his laboratory is not a mere technician: he is also a child confronting
natural phenomena that impress him as though they were fairy tales.”

- Marie Curie
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Abstract

Non-solvent induced phase separation (NIPS) is the most common approach to produce
polymeric membranes. Unfortunately, NIPS relies heavily on aprotic organic solvents like
N–methylpyrrolidone. These solvents are unsustainable, repro-toxic for humans, and are
therefore becoming increasingly restricted within the European Union. A new and sustainable
method, Aqueous Phase Separation (APS), is reported that eliminates the use of organic
solvents. A homogeneous solution of two polyelectrolytes, the strong polyanion poly(sodium
4-styrenesulfonate) (PSS) and the weak polycation poly(allylamine hydrochloride) (PAH), is
prepared at high pH, where PAH is uncharged. Immersing a film of this solution in a low
pH bath charges the PAH and results in a controlled precipitation, forming a porous water-
insoluble polyelectrolyte complex, a membrane. Pore sizes can be tuned from micrometers to just
a few nanometers, and even to dense films, simply by tuning the polyelectrolyte concentrations,
molecular weights and by changing the salinity of the bath. This leads to excellent examples
of microfiltration, ultrafiltration, and nanofiltration membranes. Polyelectrolyte complexation
induced APS is a viable and sustainable approach to membrane production that provides
excellent control over membrane properties and even allows new types of separations.

2.1 Introduction

Membrane technology is widely used in many applications, for example, in the production of
drinking water, the treatment of wastewater, the separation of chemicals, and kidney dialysis
[1]. Most of the commercially available membranes are made from polymers using a technique
now known as non-solvent induced phase separation (NIPS). NIPS began with the work of Loeb
and Sourirajan which successfully produced reverse osmosis membranes with an asymmetric
structure i.e. a thin dense layer on top supported by a microporous substructure [2]. This was
a big breakthrough in membrane technology because with NIPS it became possible to prepare
defect-free asymmetric membranes in a continuous process with great control over the pore size
and structure. The discovery of NIPS made membrane technology the important separation
technique that it is today and NIPS is still the core technique to prepare membranes.

The NIPS process is a simple and elegant approach. First, a polymer is dissolved in a solvent
that can mix with water in any quantity, typically a dipolar aprotic solvent, such as N-
methylpyrrolidone (NMP) [3]. Then, the polymer solution is cast as a thin film and subsequently
immersed in a so-called ‘non-solvent’ bath, that is nearly always water. As the solvent (NMP)
and non-solvent (water) are miscible, they undergo an exchange such that the water di�uses
into the polymer solution and the NMP di�uses out. The process continues until the polymer
becomes insoluble and coagulates (phase separates) as a solid porous film [4]. The final membrane
morphology can be tailored to a great extent by manipulating parameters such as the type of
polymer, the choice of solvent and non-solvent, precipitation time, and composition of the
coagulation bath [3,5–7]. Over the past few decades, abundant knowledge has been generated in
the field of NIPS based membranes for almost all the membrane based separation applications.

However, the NIPS process comes with a clear downside. It relies heavily on dipolar aprotic
solvents (like NMP) which are unsustainable, harmful to the environment, and repro-toxic for
humans [8]. According to Razali et al., the membrane industry produces around 50 billion
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liters of wastewater each year that is contaminated with NMP and N,N-dimethylformamide
(DMF) [9]. Due to the high costs of these solvents and environmental legislation, they have
to be recycled, requiring an expensive closed cycle of process streams. Furthermore, the residual
solvent must be fully removed from the membrane before it can be used for medical applications
or the production of drinking water. Recently, the European Union has restricted the use of
NMP throughout the EU [10]. As a result, NMP cannot be used in a concentration ≥0.3% after
May 2020, unless the manufacturers and consumers take appropriate risk management protocols.
Therefore, there is a growing need to devise alternative strategies for the production of polymeric
membranes in a way that is more environmentally friendly and sustainable.

Water is one of the most abundantly available solvents on earth. However, the traditional
polymers that are used in NIPS are insoluble in water. Therefore, a di�erent class of polymers
called polyelectrolytes (PE) can be used because of their water solubility. PEs are charged
polymers with either positive or negative charges on their repeating units, surrounded by
small counter-ions. When two oppositely charged polyelectrolytes are mixed they can form
a water-insoluble solid known as a polyelectrolyte complex (PEC) [11]. The driving force for
polyelectrolyte complexation is an increase in entropy due to the release of bound counter-
ions. Polyelectrolyte complexation can lead to well-defined structures for encapsulation and
drug delivery [12], while polyelectrolyte complexes can also be processed into plastic-like
materials, so-called saloplastics, with good material properties [13]. Furthermore, polyelectrolyte
complexation can lead to well-defined thin films, polyelectrolyte multilayers, as demonstrated
by Decher et al. by alternate deposition of polycations and polyanions [14]. This approach has
gained widespread attention with thin multilayers being prepared in layer-by-layer fashion for
several applications such as nanofiltration [15–17], reverse osmosis [18], and gas separation [19],
Polyelectrolyte multilayer based membranes have excellent separation properties, demonstrating
that polyelectrolyte based materials hold great promise for separation, yet they still require a
membrane support that was prepared by NIPS.

Recently, de Vos showed that it is possible to prepare completely porous membranes entirely
in water by using pH-responsive polyelectrolytes [20]. For pH-responsive PEs, water can act
as both, a solvent and a non-solvent depending on its solution pH. The weak polybase poly(4-
vinylpyridine), is charged and soluble in water at low pH, but uncharged and insoluble in water
at high pH. This phase transition can be controlled to form porous membranes with high water
fluxes. De Vos also demonstrated a first example, where polyelectrolyte complexation leads to
phase separation to produce a free-standing membranes. Sadman et al. recently reported a similar
approach based on polyelectrolyte complexation achieved by using salt concentration as a trigger
[21]. Membranes with pore sizes ranging from microns to several hundred nanometers were
prepared by dissolving a PEC in KBr salt solution to form a complex coacervate. This coacervate
was then cast as a film and allowed to precipitate in deionized water followed by immersion in
a pH 13 bath. The resulting membranes were able to retain approximately 99% of polystyrene
beads of 100 nm size with a permeability lying in the ultrafiltration regime. Although the process
eliminates the use of organic solvents, the downsides were that it is time-consuming because it
requires extensive solution preparation and includes a two-step coagulation process. Moreover,
the complex coacervates require an equilibration time ranging from 1 day to 1 month [21]. But
most importantly, limited control over pore size and geometry was reported.

To truly replace NIPS with a more environmentally friendly process, it is essential to design
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Figure 2.1 Schematic illustration of Aqueous Phase Separation (APS) by polyelectrolyte
complexation. A homogeneous solution of PSS and PAH is cast on a glass plate. The plate is
then immersed in a low pH bath which charges the PAH. This leads to the formation of an

insoluble polyelectrolyte complex (driven by counter-ion release) that precipitates as a porous
film, a membrane. The kinetics of phase separation governs the final structure of the membrane

that, allows the production of a wide variety of membranes.

an equally simple approach with the same degree of control over membrane structure. In this
work, we employ polyelectrolyte complexation to prepare free-standing membranes using an
Aqueous Phase Separation (APS) technique. In our approach, pH is used to trigger complexation
in a simple one-step process that allows membranes with tunable pore sizes to be prepared.
Poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) are chosen
as the strong and weak PEs, respectively, and because of their high charge density, they form
smooth, dense, and stable complexes when mixed together [22,23]. At a pH above its pKa, i.e.
approximately 9 [24], PAH is uncharged and the chains exist in their collapsed coiled state [25].
PSS, on the other hand, remains charged over the entire pH range and exists in an extended
chain conformation due to the charge repulsion within the chains [26]. A homogeneous mixture
of PSS and PAH is prepared at a high pH; here PAH is uncharged, which prevents it from
complexing with PSS. (Figure 2.1). This homogeneous solution is then cast as a thin film and
immersed in a coagulation bath at low pH, which induces complexation and phase inversion.
An aqueous crosslinking step is employed during phase inversion to improve the mechanical
stability of the membranes. We will demonstrate that our APS approach is similar to NIPS
in that the membrane pore size can be controlled through a number of simple parameters
including the molecular weights of the PEs, the concentrations of PEs in the casting solution,
and the salt concentration in the coagulation bath. APS allows many di�erent classes of
membranes to be made including microfiltration membranes that allow the treatment of oily
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wastewater, ultrafiltration membranes that can e�ectively concentrate protein solutions, and
nanofiltration membranes that can remove small micropollutants from drinking water. The
large degree of control over membrane structure makes our simple and scalable APS approach a
viable alternative to the organic solvent based NIPS approach and has the potential to allow the
production of sustainable polymeric membranes for all applications.

2.2 Experimental Section

2.2.1 Materials

Poly(sodium 4-styrenesulfonate) (PSS) sodium salt was purchased from Sigma-Aldrich
(Netherlands) as 25 wt% (Mw ∼200 kDa) and 30 wt% (Mw ∼1000 kDa) aqueous solutions.
Poly(allylamine hydrochloride) (PAH) in powder form (Mw ∼17.5 kDa) was purchased from
Sigma-Aldrich (Netherlands). PAH as 40 wt% aqueous solution (Mw ∼150 kDa) was
purchased from Nittobo Medical Co. Ltd., Japan. Sodium hydroxide (NaOH) pellets
(>98%), Glutaraldehyde (GA) (50 wt% aqueous solution), Sodium Chloride (NaCl) (>99.5%),
Hydrochloric acid (HCl) (ACS reagent, 37%), Glycerol solution (86–89%), n-hexadecane (99%),
Oil red EGN (analytical standard), Sodium dodecyl sulfate (SDS) (>99%), Polyethylene glycol
(PEG) with di�erent molecular weights, Albumin from bovine serum (BSA) as lyophilized
powder (≥98%), Citric acid in powder form (99%), and MgSO4 (>99.5%) were purchased
from Sigma-Aldrich (Netherlands). The micropollutants Atenolol (>98%), Atrazine (analytical
standard), Bezafibrate (>98%), Bisphenol-A (>99%), Bromothymol blue (>95%), Naproxen
(analytical standard), Phenolphthalein (analytical standard), and Sulfamethoxazole (analytical
standard) were all purchased from Sigma-Aldrich (Netherlands). Deionized water was obtained
from a Milli-Q® Ultrapure water purification system. All the chemicals were used without any
further purification.

2.2.2 Preparation of polyelectrolyte casting solutions

Two sets of casting solutions were prepared using di�erent molecular weights (Mw) of PSS
and PAH (Table 2.1). Low Mw PE solutions (PSS 200 kDa, PAH 17.5 kDa) were prepared
under the following conditions. First, PAH powder (Mw 17.5 kDa) was dissolved in deionized
water under continuous stirring to obtain a 30 wt% aqueous stock solution. The pH of this
solution was approximately 3, measured using a handheld pH meter (pH 110, VWR). Since
PAH is a weak polyelectrolyte with a pKa value of approximately 9, it stays positively charged
in aqueous solutions at pH 3 [24]. Therefore, when this PAH solution is mixed with the strong
polyelectrolyte PSS it forms a PEC. This solid complex cannot be further processed for membrane
fabrication. Hence, a homogeneous PE solution is required which can be processed and cast as
a membrane. In order to prepare this homogeneous mixture, PAH needs to be deprotonated
so that it does not complex with PSS. Therefore, 5 M NaOH solution was added to PAH such
that the ratio of wt% NaOH to wt% PAH monomer was constant at 0.7. For example, to prepare
a 15 g solution having 10 wt% PAH, 3.91 g deionized water and 6.09 g of 5 M NaOH solution
was added to 5 g of PAH stock solution (30 wt%). Following this procedure, PAH solutions of
various concentrations (10–20 wt%) were prepared (Table 2.1). On the other hand, PSS (30 wt%,
Mw ∼200 kDa) was diluted with deionized water to prepare a set of solutions having the same PE
concentration as PAH i.e. (10–20 wt%). The two polyelectrolyte solutions of equal concentrations
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Table 2.1 Two sets of PSS-PAH casting solutions used in this work.

PSS, Mw
(kDa)

PAH, Mw
(kDa)

Polyelectrolyte solution
concentration (wt%)

Nomenclature

10
12
14

200 17.5 16 Low Mw PE
18
20

8
1000 150 10 High Mw PE

12

(e.g., 10 wt% PSS and 10 wt% PAH) were then mixed in a 1:2 monomer ratio (PSS:PAH). The
monomer ratio was calculated based on the molecular weights of individual monomers. To
obtain a 10 wt% PE casting solution, 7.87 g of 10 wt% PSS was added to 7.13 g of 10 wt% PAH.
It is important to mention that casting solutions with other monomer ratios (PSS:PAH) such as
1:0.5, 1:1, 1:3, 1:4, and 1:5 were also prepared in this study. However, these ratios did not result in
su�ciently stable membranes. The ratio 1:2 was chosen because the membranes prepared with
this ratio exhibited the best mechanical stability. Furthermore, it has been shown by Riegler and
Essler that PAH charges substantially overcompensate the PSS charges in PSS-PAH films which
indicates that the two polyelectrolytes naturally form non-stoichiometric complexes [27].

Similarly, casting solutions of high Mw PEs were prepared under the following conditions. First,
a set of PAH solutions having di�erent concentrations (8–12 wt%) was prepared by diluting
aqueous PAH (40 wt%, Mw 150 kDa) with deionized water followed by addition of 5 M NaOH.
In this case, the NaOH:PAH wt% ratio was kept constant at 0.5. For instance, to prepare a 15 g
solution having 10 wt% PAH, 6.90 g deionized water and 4.35 g of 5 M NaOH was added to 3.75 g
PAH stock solution (40 wt%). Likewise, PSS (25 wt%, Mw 1000 kDa) was diluted with deionized
water to obtain a series of solutions having the desired concentrations (8, 10, and 12wt%). The
two PE solutions (8 wt% PSS and 8 wt% PAH) were then mixed in PSS:PAH monomer ratio
of 1:2 to obtain a homogeneous casting solution having 8 wt% PE. Following the same method,
casting solutions containing 10 wt%, and 12 wt% PE were prepared by mixing the corresponding
PE solutions in 1:2 (PSS:PAH) monomer ratio.

2.2.3 Viscosity Measurements

The viscosity of all the PE casting solutions was measured using a HAAKETM ViscotesterTM 550
Rotational Viscometer (ThermoFisher Scientific, USA). The PE casting solution (∼15 mL) was
poured into the spindle cylinder (SV-DIN) which was then mounted on the viscometer. The
dynamic viscosity was measured as a function of shear rate (2.5 – 250 s–1). Two samples of each
PE solution were tested for their dynamic viscosity at 293 K and the average value at a shear rate
of 2.57 s–1 is reported here.
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2.2.4 Membrane fabrication

Each solution prepared using low Mw PE was cast on a glass plate using a casting knife (gap =
0.4 mm). The glass plate was then immediately immersed into an acidic water bath at pH ∼1
containing 0.05 wt% glutaraldehyde (GA) as a crosslinker. The pH of the coagulation bath was
adjusted by adding HCl. At pH ∼1, the PAH becomes fully ionized and complexes with PSS.
The resulting PEC precipitates as a white solid film. Casting solutions prepared using high Mw
PEs were cast in a similar manner using a casting knife (gap = 0.6 mm) The coagulation bath was
the same as mentioned above. In addition, these PE solutions were also cast and then immersed
in coagulation baths (pH ∼1, 0.05 wt% GA) containing di�erent concentrations of NaCl ranging
from 1 M to 4 M.

The resulting films were removed from the coagulation bath and washed with deionized water
to remove any excess salts and/or PE. The membrane samples for permeability tests were stored
in deionized water. The membrane samples for SEM were kept in 20 wt% glycerol solution for
2 h followed by drying under ambient conditions in order to prevent the pores from collapsing.

2.2.5 Membrane characterization

The surface and cross-section morphology of the membranes was analyzed using scanning
electron microscopy SEM (JSM-6010LA and JSM-7610F, field-emission electron microscope,
JEOL, Japan). For cross-section images, the membrane samples were first immersed in liquid
nitrogen before carefully fracturing them to preserve the pore structure. All the samples were
vacuum dried at 30 ◦C for 24 h before coating them with a 5 nm thick layer of Platinum
using a Quorum Q150T ES sputter coater (Quorum Technologies Ltd., United Kingdom). The
membrane pore sizes were measured from the top surface SEM images using the ImageJ software.
From the data, histograms were produced for each membrane. For the low Mw PE membranes, a
total of 32 bins each with a size of 0.05 nm was used. For the high Mw PE membranes, a total of
40 bins each with a size of 0.5 nm was used. The zeta potential of the membranes was measured
using a SurPASS electrokinetic analyzer (Anton Paar, Graz, Austria). Zeta potential values were
calculated by measuring the streaming current versus pressure in a 5 mM KCl solution using
equation 2.1:

ζ =
dI
dP

η

εε0
κBR (2.1)

Where ζ is the zeta potential (V), I is the streaming current (A), P is the pressure (Pa), η is
the dynamic viscosity of electrolyte solution (Pa·s), ε is the dielectric constant of the electrolyte
solution, ε0 is the vacuum permittivity (F·m–1), κ B is the bulk electrolyte conductivity (S·m–1),
and R is the resistance (Ω) inside the streaming channel.

2.2.6 Pure water permeability and retention tests

Samples were prepared by cutting the membranes into circular disks of 25 mm diameter. Pure
water permeability tests were conducted using a dead-end cell setup (Figure S2.1, supporting
information). Deionized water from a Milli-Q® water purification system was used as the feed
solution. The samples were first compacted at 4 bar of pressure until a constant flux was achieved.
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The permeate mass was measured as a function of time using an electronic weight balance that
was connected to a computer. Pure water permeability, P (L·m–2·h–1·bar–1), was then calculated
using equation 2.2:

P =
Jw
∆p

(2.2)

Where Jw is the pure water flux (L·m–2·h–1) calculated by measuring the change in permeate
volume (L) per unit membrane area (0.38 cm2), per unit time (h). ∆p is the trans-membrane
pressure di�erence (bar). Three samples from each membrane were tested and the average value
with the standard deviation is reported.

Three di�erent types of retention tests were conducted based on the pore sizes of the membranes.
Retention tests for microfiltration membranes were conducted using an oil-in-water emulsion.
The emulsion consisting of n-hexadecane (100 mg·L–1) in sodium dodecyl sulfate (463 mg·L–1)
was prepared according to the procedure reported by Dickhout et al. [28]. The average oil
droplet size was 3–4 µm. An oil-soluble dye, Oil red EGN, was added (0.02 g·L–1) to the
emulsion during stirring as a marker for oil droplets. Retention tests were conducted on three
di�erent membrane samples at 0.4 bar pressure on a dead-end cell. The cell containing the
membrane and the vessel containing feed emulsion was stirred to maintain emulsion stability.
Permeate samples were collected and analyzed using UV-vis spectrophotometer (Shimadzu UV-
1800, Japan) at λmax = 521 nm (maximum absorbance wavelength of Oil red EGN). Retention, R
(%) was calculated using equation 2.3:

R =

[
1 −

Cp

Cf

]
× 100 (2.3)

Where Cp and Cf is the concentration of species at the permeate and feed side, respectively. In a
dead-end cell, the feed concentration is constantly changing above the membrane surface because
of the constant enrichment. Therefore, Cf was taken as a mean of initial feed concentration and
retentate concentration.

Ultrafiltration membranes were characterized by a protein retention test. BSA (1 g·L–1) was
dissolved in a 0.1 M citrate bu�er at pH 5.5. The solution was then filtered through the
membranes in a dead-end permeation cell. Permeate and retentate was analyzed by UV-vis
spectrophotometer at λmax = 280 nm. The retention was calculated using equation 2.3.

Nanofiltration separation performance was characterized using a mixture of eight di�erent
micropollutants (Table S2.1, supporting information). The micropollutant mixture (3 mg·L–1 of
each compound) was prepared in deionized water and the pH of the solution was adjusted to
5.8 using 0.1 M NaOH. The mixture was filtered through the membranes in a dead-end cell
for a minimum of 24 h to ensure a steady-state retention. Permeate samples were collected and
analyzed using UltiMate 3000 UHPLC (ThermoFisher Scientific, USA). The separation was done
on ACCLAIM RSLC C18 2.2µm column (ThermoScientific, USA). First, a calibration curve was
made by analyzing di�erent concentrations of feed solutions (Figure S2.7, supporting information).
The retention was then calculated using equation 2.3. Three samples of each membrane were
tested for micropollutant retention measurements to ensure reproducibility. MgSO4 retention
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tests were conducted using 5 mM MgSO4 feed solution. The feed, retentate, and permeate
conductivity was measured using a handheld conductivity meter (WTWTM CondTM 3210).

2.3 Results and Discussion

In this work, a new Aqueous Phase Separation (APS) approach is proposed that uses water as a
solvent and non-solvent for the polyelectrolytes. The phase separation is driven by a pH switch.
A homogeneous PE solution of PSS and PAH is prepared at high pH (pH ∼14) in a monomer
ratio of 1:2 (PSS:PAH). PAH is uncharged at high pH and this prevents it from forming a complex
with PSS. The homogeneous solution is then cast on a glass plate and immersed in a low pH
(pH ∼1) coagulation bath. Here, the PAH becomes charged and complexes with PSS, inducing
precipitation into a solid, porous polyelectrolyte complex film. Herein, the molecular weights of
the PEs (low and high Mw pairs), the concentrations of PEs in the casting solution, and the salt
concentration in the coagulation bath are all explored as parameters to tune membrane pore size
and structure.

Porous structures can be formed without the need for crosslinking with reasonable mechanical
properties. However, a strong benefit of the polyelectrolyte system used, i.e. PSS:PAH in a 1:2
ratio, is that there is an excess of primary amine groups which are free to be crosslinked to provide
additional mechanical strength to the membrane. In this work, the excess of PAH is crosslinked
using glutaraldehyde (GA) via a Schi� base reaction (Figure S2.2, supporting information) [29].
Importantly, this reaction can be performed in water and is therefore combined with the
coagulation step, which in turn means that no additional processing steps are required during
membrane fabrication. The GA concentration used is very low (0.05 wt%) and this concentration
is considered to be safe under standard lab safety conditions [30]. With this crosslinking step, the
mechanical properties improve and therefore, this approach is used throughout this work. The
membranes prepared using low and high Mw PE solutions are discussed separately (see Table 2.1
in the Experimental Section for casting solution compositions), with membranes from the low
Mw PE solutions discussed first.

Figure 2.2a shows the cross-section and top surface scanning electron microscopy (SEM) images
of the membranes prepared using low Mw PEs as a function of casting solution concentration.
These images immediately demonstrate that porous polyelectrolyte films can be formed by
APS. The structure contains large macrovoids, but also a membrane matrix with a sponge-like
morphology with inter-connected pores of 1–5µm in size. The membranes have a relatively well-
defined top layer of 1–2µm in thickness where the smallest pores are found. All these membranes
have an asymmetric structure, the most desired structure for membranes, where a thin layer with
smaller pores is responsible for the separation behavior, while a thicker more open layer provides
the mechanical strength.

The precipitation mechanism of APS is simple and has much in common with the traditional
NIPS process. As discussed earlier, in NIPS, the polymer solution is immersed in a non-solvent
bath (typically water) to induce precipitation. The polymer is insoluble in water and therefore,
precipitates as a membrane. The kinetics of phase inversion in NIPS largely govern the final
morphology and pore structure of the resulting membrane [6]. Similarly, in APS (Figure 2.1),
precipitation occurs when the high pH PE solution comes in contact with the low pH coagulation
bath. At low pH, the weak polycation PAH becomes charged and complexes with the strong

37

2



CHAPTER 2.

Figure 2.2 a) Cross-section and top surface SEM images of membranes prepared using low Mw
polyelectrolytes showing the e�ect of solution concentration (wt%) on membrane pore

structure, b) pore size distribution, and c) pure water permeability and n-hexadecane retention.
All the pore size distributions were calculated by generating histograms with 32 bins each with

a size of 0.05 µm.

polyanion PSS. The resulting polyelectrolyte complex is insoluble in water and thus precipitates
as a porous film. The precipitation of the PE film is a dynamic process which progresses at
di�erent locations throughout the film. As in NIPS, the top layer is where the precipitation
begins, which leads to the smallest pores. This first layer of precipitated polymer then slows
down the exchange of H+ and OH– between the bath and the film and thus the precipitation,
leading to the formation of bigger pores deeper within the film.

It is known from the traditional NIPS process that higher polymer concentrations result in
smaller pore sizes and lower overall porosity [7]. This is also seen in our work and is shown in
the SEM images of Figure 2.2a where the pore size decreases with increasing PE concentration.
The pore size distribution of these membranes was estimated by analyzing the top surface SEM
images using ImageJ software with the results presented in Figure 2.2b. Membranes prepared
using the 12 wt% PE solution have relatively larger pores in the top surface; the average pore size
is ∼0.23 µm and pore size distribution is broad and skewed toward larger pore sizes. The average
membrane pore size decreases to ∼0.16 µm when the PE concentration in the casting solution
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Figure 2.3 Dynamic viscosity of the PSS-PAH polyelectrolyte casting solutions as a function of
PE concentration in the casting solution. The dynamic viscosity was measured at 298 K at a
shear rate of 2.57 s–1. Square symbols (�) are for the solutions prepared using low molecular
weight polyelectrolytes (PSS 200 kDa, PAH 17.5 kDa). Triangle symbols (N) are for solutions

prepared using high molecular weight polyelectrolytes (PSS 1000 kDa, PAH 150 kDa).

is increased to 16 wt%. At 20 wt% PE, the average pore size is ∼0.08 µm, with the pores easier
to see in the high magnification FE-SEM image, Figure S2.3, supporting information. The pore size
distribution becomes narrower with the increasing concentration of PE in the solution (Figure
2.2b).

The changes in membrane pore size as a function of PE concentration can be related to the
kinetics of the phase separation. Here, the kinetics are greatly influenced by the viscosity of
the casting solution as this, in part, determines the rate of solvent and non-solvent exchange.
Therefore, the large di�erences in membrane microstructure as a function of PE concentration
in the casting solution, observed in Figure 2.2a, can be related to the viscosity of the casting
solutions. Figure 2.3 shows the dynamic viscosity of the low and high Mw PE solutions as a
function of PE concentration. For the low Mw PE solutions, the dynamic viscosity gradually
increases with the PE concentration from 10 wt% to 16 wt%. After 16 wt%, there is a dramatic
increase in the viscosity of the solution which most likely arises from an increase in chain
entanglements. At 20 wt%, the dynamic viscosity is around 20 Pa·s. This is almost 8 times larger
than the solution viscosity of 10 wt% PE (2.6 Pa·s). Such a large di�erence in the casting solution
viscosity has a significant impact on the precipitation kinetics. As the solution viscosity increases,
the onset of precipitation is delayed; so-called delayed demixing. For NIPS, Smolders et al. found
that instantaneous demixing leads to a more porous structure while delayed demixing results in
a denser structure [6]. The increase in PE solution viscosity results in membranes that have
relatively denser structures (Figure 2.2a, 20 wt% PE). The results obtained for PEC membranes
are in accordance with what is already known about the relationship of viscosity and kinetics of
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phase inversion of traditional NIPS membranes [6].

The pure water permeability of a membrane is a vital parameter that provides insight into
membrane porosity, its substructure, and its hydrophilicity. Figure 2.2c shows the pure water
permeability of the membranes with respect to PE concentration in the casting solution.
As discussed previously, at lower PE concentration the resulting membrane has an open
structure which leads to high water permeability of ∼3200 L·m–2·h–1·bar–1 for the membranes
prepared with 10 wt% PE. Increases in the PE concentration result in membranes with smaller
pores and hence lower water permeability values. The pure water permeability drops from
∼1600 L·m–2·h–1·bar–1 at 12 wt% PE to ∼360 L·m–2·h–1·bar–1 at 16 wt% PE. The trend continues
up to 20 wt% PE, where the membranes have a water permeability of ∼150 L·m–2·h–1·bar–1.
The water permeability values obtained for these membranes are in the range of typical
microfiltration and ultrafiltration membranes.

The removal of oil droplets from wastewater is an important application for microfiltration and
ultrafiltration membranes [31]. Therefore, an oil-in-water emulsion was prepared and treated
using the membranes discussed above. The oil (n-hexadecane) droplet retention increases from
74% to 100% when the PE concentration is increased from 10 wt% to 20 wt% (see Figure 2.2c),
in line with smaller and thus more selective pores. The lower oil droplet retention of 74% at
10 wt% PE can also be attributed to the presence of significantly larger pores (see Figure 2.2a
and 2b). The closed structure of the membranes at higher concentrations of PE retains the oil
droplets (3–4 µm) while allowing only the water to permeate through. Such retentions also
demonstrates that these membranes can be produced without defects, as the presence of defects
would substantially lower the retention.

In summary, for the membranes prepared using low Mw PEs, it is indeed possible to prepare
highly permeable and selective PEC membranes using just a pH switch. Moreover, all these
membranes have good mechanical properties and are easy to handle. Clearly, APS is a versatile
process where a wide range of microfiltration membranes can be prepared simply by tuning
the PE concentration in the casting solution for a given set of PE molecular weights. Another
important parameter is the pH of the coagulation bath. As already shown, membrane formation
greatly depends on the precipitation kinetics. Precipitation will occur faster if the pH of the
coagulation bath is lowered further. This is because the driving force for complexation is
the release of counter-ions. At lower pH, this driving force increases because of the larger
di�erence in pH between the PE solution and the coagulation bath. This results in faster
complexation. However, if the pH is reduced to 0.5, the precipitation occurs too fast and the
resulting membranes become brittle. On the other hand, when the pH of the coagulation bath
is increased above 1 (pH 1.5 and 2), the complexation slows down to a degree which prevents the
formation of a stable membrane.

Moving on to the high Mw PE, Figure 2.4a shows the SEM microstructure of membranes
as a function of PE concentration. Again, porous PEC films are formed. At the lower PE
concentrations, 8 and 10 wt% PE, macrovoids are observed in the cross-section images which
disappear at 12 wt% PE. All the membranes are asymmetric with well-defined top layers
containing the smallest pores. The top surface FE-SEM images reveal that the pores become
smaller as the PE concentration in the casting solution is increased from 8 to 10 to 12 wt%. Again,
the pore size distribution was estimated from the top surface images using ImageJ software.
Membranes prepared using 8 wt% PE solution had an average pore size of ∼4.5 nm with a broad
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Figure 2.4 a) Cross-section and top surface SEM images of membranes prepared using high Mw
PE solutions showing the e�ect of concentration of PE in solution on membrane structure, b)

pore size distribution, and c) pure water permeability and BSA retention. All the pore size
distributions were calculated by generating histograms with 40 bins each with a size of 0.5 nm.

distribution skewed toward higher pore size (Figure 2.4b). As the PE concentration increases,
the pore size distribution becomes narrower and the average pore size decreases to ∼3.8 nm for
10 wt% PE and further to ∼1.9 nm for 12 wt% PE. These pore sizes, identify these membranes
as dense ultrafiltration membranes, with relevant applications in water treatment, but also, for
example, concentration of proteins in food applications.

As discussed earlier, there is a direct relationship between the PE solution concentration and the
solution viscosity. The dynamic viscosity of the 8 wt% PE solution was measured to be 9.8 Pa·s.
This increased to 22 Pa·s for 10 wt% PE and further to 41.4 Pa·s for 12 wt% PE (see Figure 2.3). Such
a drastic increase in the solution viscosity causes a delay in demixing during the phase inversion
process, resulting in a sponge-like structure with a dense top layer. This can also be seen in
the SEM cross-section images of the membranes in Figure 2.4a where the morphology gradually
shifts from finger-like macrovoids (8 wt% and 10 wt%) to a sponge-like structure with a denser
top layer (12 wt%). A higher PE concentration in the casting solution leads to the formation of a
denser top layer which hinders the formation of finger-like macrovoids. Figure S2.4 in supporting
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information shows the time-lapse photographs of the precipitation of these membranes.

Figure 2.4c shows the pure water permeability and BSA retention of the membranes prepared
using the three PE concentrations. Pure water permeability decreases as a function of PE
concentration. Membranes prepared with 8 wt% PE had the highest permeability among this
set (24.5 L·m–2·h–1·bar–1) with ∼85% BSA retention. Some BSA molecules permeate through
primarily because of the existence of pores >10 nm (see Figure 2.4b). Also, the average pore size
of the membrane ∼4.5 nm) is larger than the hydrodynamic radius of BSA (4.3 nm) [32]. At 10
wt% PE, the permeability drops to 17 L·m–2·h–1·bar–1 with BSA retention increasing to ∼92%.
Similarly, at 12 wt% PE, ∼98% of BSA was retained by the membrane while having a pure water
permeability of 12.5 L·m–2·h–1·bar–1. The average pore size of this membrane was estimated to be
∼1.9 nm (Figure 2.4b). It can be concluded that the membranes separate BSA molecules based
on the size-exclusion mechanism. The high retentions also demonstrate that little to no defects
were present in these membranes.

Comparing the results for the membranes prepared with low and high Mw PE solutions, there is
an association between membrane morphology and the molecular weights of the PEs. This can
also be correlated to the dynamic viscosities of the casting solutions prepared using di�erent Mw
of PEs but having the same PE concentrations, Figure 2.3. For example at a fixed concentration
of 12 wt% PE, the low Mw PE solution had a dynamic viscosity of 3.3 Pa·s while the high Mw
PE solution had a dynamic viscosity of 41.4 Pa·s. This substantial di�erence is due to the large
di�erence in the molecular weights of the PEs used. Chain entanglement is greater for high Mw
PEs and this causes the dynamic viscosity of the solution to increase. These results show that
by simply tuning the Mw of the PEs, it is possible to fabricate membranes that can be used for
microfiltration and also ultrafiltration applications.

To reduce the membrane pore size even further, NaCl was added to the coagulation bath. It
is known from the literature that the addition of salt increases the mobility of PE chains in
polyelectrolyte complexes [13,33]. Figure 2.5a shows the cross-section and top surface SEM
images of the membranes prepared at di�erent concentrations of NaCl in the coagulation
bath. In all cases, asymmetric films are formed, but now the membranes have dense top layers
with no observable pores. While the top surface is dense for all of these membranes, cross-
section SEM images reveal that the substructure changes significantly as a function of NaCl
concentration in the bath. Membranes prepared using 1 M NaCl showed relatively larger voids
in the substructure. Also, the voids are located near the top surface. As the NaCl concentration
in the coagulation bath increases, the voids in the substructure reduce in size, making the
membranes more compact. For comparison, full cross-section SEM images of two di�erent
membranes are shown in Figure S2.5 (supporting information). This shows that the membranes
become denser with the addition of NaCl in the coagulation bath due to the increased PE chain
mobility. Time-lapse photographs of the phase inversion at di�erent NaCl concentration are
shown in Figure S2.6 (supporting information). It can be observed that the membranes coagulated
in the 4 M NaCl bath become opaque faster. These results show that it is not only the PE
concentration and the molecular weight that is important in controlling the membrane structure,
but NaCl concentration in the coagulation bath is also a tuning parameter. The ability to control
PE mobility during APS is also where this approach goes beyond the traditional NIPS process
where such a tuning parameter simply does not exist.

Pure water permeability and retention tests were also performed on these membranes. The
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Figure 2.5 a) SEM images of cross-section and top surface, b) Pure water permeability and
average micropollutant retention c) micropollutant retention of membrane prepared using 12

wt% PE (high Mw) having 4 M NaCl in the coagulation bath. The symbol inside the parenthesis
represents the charge on the molecule at pH 5.8.

membranes were tested against a cocktail of micropollutant molecules (Table S2.1). These small
organic molecules stem from medicine and pesticide usage and end up in the environment
through wastewater streams. The micropollutant mixture has both charged and uncharged
molecules. In addition, the molecular weight of these molecules is in the range of 216–624 g·mol–1.
This mixture of micropollutants was selected because it covers positive, negative, and neutral
molecules and also contains hydrophilic and hydrophobic molecules so that an assessment
of charge and size-based separation can be made [16]. Good approaches to remove the
micropollutants are urgently needed. These molecules are notoriously di�cult to remove due
to their small size and their widely varying molecular properties, and they are only removed
with reverse osmosis (RO) membranes or dense nanofiltration class membranes.

Figure 2.5b shows that the water permeability decreases as the membranes become more compact
due to the addition of NaCl in the coagulation bath. While the permeability decreases with
increasing NaCl in the coagulation bath, the average micropollutant retention increases sharply
from being extremely low at 0 M of salt up to a significant 80% at 4 M of salt, Figure 2.5b. A
detailed graph showing the retentions of all the eight micropollutants as a function of NaCl
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concentration in bath is presented in Figure S2.8 (supporting information). Membranes prepared
in 4 M NaCl had a permeability of ∼2 L·m–2·h–1·bar–1 with the highest retentions for the eight
micropollutants tested (Figure 2.5c). Retentions of 100% are reached for Bromothymol blue,
again a clear indication that no defects are formed in the membranes prepared using this APS
approach. Looking more closely at Figure 2.5c, one can see that both the charged and uncharged
molecules were largely retained by the membranes. This demonstrates that the separation
of organic molecules is most likely achieved due to the size-exclusion mechanism with some
additional charge based e�ects [34]. Since the membranes themselves are positively charged as
shown by the streaming potential in Figure S2.9, supporting information, the high retention (>98%)
of the positively charged Atenolol molecule is expected.

As mentioned earlier, typically reverse osmosis and dense nanofiltration membranes are used to
remove micropollutants from wastewater and drinking water. A downside of these membranes
is that they also have very high ion retention, retaining not only the micropollutants but also
all salts in solution. This leads to a complex and di�cult to treat waste stream, containing high
concentrations of micropollutants and salt. Moreover, the clean water often needs to be re-
mineralized before use. When studying the salt retention of our membranes, we found low salt
retentions, 0–10% for MgSO4. With our new APS approach to membrane production, we also
use new materials (polyelectrolyte complexes) that, especially as dense membranes, might have
di�erent separation properties compared to that of common commercial membranes. Indeed the
properties seen here (high micropollutant retention and low salt retentions) would be desirable
for applications such as drinking water production, where removal of organic molecules without
the removal of essential salts is wanted. Our new membrane materials might also come with new
challenges as polyelectrolyte complexes are known to plasticize at high ionic strengths [13]. To
study this, the membranes prepared in a 4 M NaCl coagulation bath were immersed in 1 M NaCl
and 1 M KBr solutions for 5 days. We find that the water permeability of these membranes is
not a�ected by such a long exposure to these highly saline solutions (see also Figure S2.10 in the
supporting information). The polyelectrolyte complex membranes are thus stable and resistant to
plasticization by NaCl and KBr at least up to concentrations of 1 M.

2.4 Conclusion

In this work, we have proposed a new approach that allows sustainable membrane production
with excellent control over membrane structure. The Aqueous Phase Separation (APS) technique
employs a combination of strong and a weak polyelectrolyte (PE) that, on one hand, can form a
polyelectrolyte complex at low pH conditions and on the other hand, can be mixed at high pH
to form a homogeneous one-phase solution. The phase separation that occurs when immersing a
film of the high pH homogeneous polyelectrolyte solution in a low pH bath leads to the formation
of membranes with desired structures and excellent properties. Here asymmetric membranes
with tunable pore sizes are prepared based on PSS and PAH as polyanion and polycation. To
guarantee the stability of the membranes, an aqueous crosslinking step was applied during the
phase inversion process. By utilizing tuning parameters such as polyelectrolyte concentration
and molecular weight, the membrane pore size was tuned from micrometers down to just a few
nanometers. This allowed the production of microfiltration membranes that are well-suited to
remove dispersed oil from wastewater and ultrafiltration membranes that are able to concentrate
dilute protein solutions. This large degree of control over pore size is very similar to that
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found for the traditional solvent based NIPS method. A higher viscosity of the casting solution,
obtained by using both, higher polyelectrolyte concentrations and higher PE molecular weights,
led to slower phase inversion kinetics and thus denser top layers, just like in NIPS. But with
APS we can also go beyond the standard tuning parameters associated with NIPS. Indeed, it was
observed that adding NaCl to the coagulation bath results in even denser membranes due to the
higher mobility of polyelectrolytes during complexation. The membranes prepared using 4 M
NaCl in coagulation bath showed high retention (80%) towards small and notoriously di�cult
to retain micropollutants but extremely low salt retentions. Such membranes would be highly
desirable for many applications where it is important to retain organics without retaining salts.
More importantly, this demonstrates that APS is not just a sustainable alternative to NIPS,
it also allows for the production of membranes with new separation properties that opens up
the possibility of new separation processes. With the demonstrated control over pore size and
membrane structure and allowing for the production of membranes with excellent separation
properties, the completely water-based APS process is truly an alternative to the now dominant
solvent-based NIPS approach. The similarities between APS and NIPS are a real advantage
and current NIPS-based membrane production lines could also be used for large scale APS.
Furthermore, the many types of polyelectrolytes that could potentially be used for this approach,
in combination with the new tuning parameters associated with APS (salt concentration, pH),
will allow optimization of this process towards many applications.
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2.5 Supporting Information – S2

Figure S2.1 Schematic illustration of the dead-end filtration setup. Micropollutant and
oil-water emulsion retention tests were also conducted on a similar setup.

Figure S2.2 Reaction scheme showing the formation of Schi�-base imine from a reaction
between an aldehyde and an amine.
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Table S2.1 Micropollutant types and their molecular weights.

Micropollutant Type Molecular weight
(g·mol–1)

Charge at
pH 5.8

Atrazine Herbicide 216 0
Bisphenol-A Endocrine disruptor 228 0
Naproxen Anti-inflammatory 230 -
Sulfamethoxazole Anti-bacterial 263 0/-
Atenolol β-blocker medicine 267 +
Phenolphthalein pH indicator 318 0
Bezafibrate Lipid lowering drug 361 -
Bromothymol Blue pH indicator dye 624 0

Figure S2.3 Top surface FE-SEM image of the membrane prepared using 20 wt% PE (low Mw).
Pore size in excess of 100 nm can be seen in the top layer.
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Figure S2.4 Time-lapse photographs showing the membrane formation process as a function of
polyelectrolyte solution concentration. The membranes were prepared using solution

containing high Mw PSS and PAH at 12 wt% concentration. The time (t) in the photos indicate
the time after immersion of the glass plate in the coagulation bath.
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Figure S2.5 Cross-section SEM images of membranes prepared in di�erent NaCl
concentrations in the coagulation bath. The pore size in the substructure reduces significantly

as the concentration of NaCl is increased.
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Figure S2.6 Time-lapse photographs showing the membrane formation process as a function of
NaCl concentration in the coagulation bath. The membranes were prepared using solution

containing high Mw PSS and PAH at 12wt% concentration. The time (t) in the photos indicate
the time after immersion of the glass plate in the coagulation bath.
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Figure S2.7 Calibration curve for the micropollutant mix. The absorbance values were obtained
by HPLC for all the micropollutants. A straight line was obtained for the graph between

absorbance (y-axis) and known micropollutant solution concentration (x-axis). The absorbance
values obtained from permeate samples (by HPLC) were then fitted into the linear equation of

the calibration curves to get the permeate concentration.
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Figure S2.8 Micropollutant retentions of the membranes prepared in di�erent concentration of
NaCl in the coagulation bath (pH ∼1, 5 mM GA). The sign inside the parenthesis on x-axis

indicates the charge on the micropollutant molecules. The micropollutants on x-axis are
arranged based on their molecular weights (low to high).

Figure S2.9 Zeta potential of the membrane as a function of pH. The membrane remains
positively charged at neutral pH mainly due to the excess of PAH in the complex.
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Figure S2.10 Pure water permeability of membranes before and after immersion in 1 M NaCl
and 1 M KBr solutions. The membranes prepared in 4 M NaCl coagulation bath were kept in

the salt solutions for 5 days. After 5 days, the membranes were taken out, washed with
deionized water, and tested for their pure water permeability at a pressure of 4 bar. Three
membrane samples were tested and the average value is reported here with the standard

deviation.
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Abstract

Aqueous Phase Separation (APS) provides a new and sustainable platform to fabricate polymeric
membranes entirely in water. Still, little is known on how the casting solution and coagulation
bath compositions can be used to tune membrane structure and performance. This work
comprises a detailed investigation on tuning parameters to tailor the morphology, pore size
distribution, and water permeability of polyelectrolyte complex membranes prepared from
poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH). To avoid
complexation of PAH and PSS in the casting solution, an optimum amount of base (NaOH)
must be added to deprotonate PAH. In addition, the monomer mixing ratio of PSS to PAH
significantly influences membrane morphology by modulating the interactions between the two
polyelectrolytes. Coagulation bath pH can be used to control the driving force for complexation.
Decreasing bath pH facilitates the formation of denser membranes, allowing ∼97% protein
retentions, whereas increasing bath pH leads to more open membrane structures. Changing the
concentration of crosslinker in the coagulation bath allows tuning of membrane pore size from
∼2 nm to ∼46 nm, while simultaneously influencing membrane mechanical properties. Overall,
this work highlights several key parameters to tune APS membrane morphology, demonstrating
the versatility of APS to prepare optimized sustainable membranes for specific applications.

3.1 Introduction

Polymeric membranes are pre-dominantly produced by the non-solvent induced phase
separation (NIPS) approach. The first NIPS membranes were prepared by Loeb and Sourirajan
for sea water desalination when they showed that a liquid polymer solution could be precipitated,
in a controlled manner, to form solid asymmetric membranes with dense skin layers and porous
support structures [1]. From that moment onward the NIPS process gained widespread attention
from researchers and industry alike and since then polymeric membranes have become widely
applied, for example in water treatment, kidney dialysis and gas separation applications [2].

Over the past 60 years, the NIPS approach has been very successful, as it is a simple and a scalable
approach. First, a polymer is dissolved in an organic solvent, typically N-methyl pyrrolidone
(NMP), to obtain a homogeneous solution. For flat sheet membranes, the polymer solution is
cast on a substrate and subsequently immersed in a non-solvent bath, which is typically water.
The polymer is insoluble in water and hence, after contact, it phase separates into a solid porous
film, with the speed of phase separation determined by the rate of solvent–non-solvent exchange.
Strathman et al. found that membrane structure, including the pore size, greatly depends on
both the thermodynamic and kinetic aspects of the phase inversion [3,4]. Their results indicated
that faster precipitation rates generally result in membranes with ‘finger-like’ macrovoids in
the structure. On the other hand, slower precipitation rates generally result in membranes
with ‘sponge-like’ morphologies. This degree of control over membrane structure and pore
size, enabled the NIPS approach to be widely used for the fabrication of microfiltration and
ultrafiltration membranes in addition to excellent supports for nanofiltration, reverse osmosis,
and dense gas separation membranes [5].

For NIPS there are several key parameters that can be used to tune the membrane morphology,
especially related to the composition of the casting solution and the coagulation bath. For casting
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solutions, the polymer concentration is one such parameter that has been widely studied. Higher
polymer concentrations in the casting solution result in membranes having denser structures
with narrow pore size distribution [6–8]. This is because the solvent and non-solvent exchange is
slowed down due to the higher viscosity of the polymer solution at higher concentrations, leading
to membranes with thicker and denser top layers. Casting solutions can also be modified by the
addition of additives such as polyethyleneglycol (PEG) and polyvinylpyrrolidone (PVP), which
function as pore formers, hydrophilic agents, viscosity increasers or phase separation accelerators
[9,10]. Generally, the additives leach out of the casting solution into the non-solvent bath during
the phase inversion process a�ecting the rate of polymer precipitation [11]. The kinetics of
membrane formation during NIPS can also be controlled by changing the coagulation bath
conditions. A high miscibility of solvent and non-solvent generally results in porous membranes
with macrovoids in the sub-structure, while a lower miscibility results in asymmetric membranes
with dense top layers. Addition of solvent to the coagulation bath is known to slow down the
precipitation rate by lowering the non-solvent activity, and generally this reduces macrovoid
formation [12]. For in-depth descriptions of the NIPS process and the full suite of membrane
tuning parameters in NIPS, we guide the readers to several review articles [12–15].

While NIPS is currently the foremost technique for producing commercial membranes, the most
used solvent in this process, NMP, is reprotoxic for humans and therefore not a sustainable choice
for membrane fabrication [16]. Indeed, NMP has recently became restricted within the European
Union through REACH legislation [17]; leading to increased interest in developing more
sustainable approaches to polymeric membrane fabrication. Polyelectrolytes, are one class of
polymer that have long exhibited interesting properties as membrane materials [18]. Our research
group has proposed several more sustainable approaches to membrane fabrication, where water
is used both as the solvent and non-solvent to prepare polyelectrolytes-based membranes [19–21].
In one very promising version of this Aqueous Phase Separation (APS) approach, the phase
inversion is achieved by polyelectrolyte complexation of a strong polyelectrolyte e.g. poly(sodium
4-styrenesulfonate, PSS) and a weak polyelectrolyte e.g. poly(allylamine hydrochloride) (PAH).
For this system, a homogeneous solution of PSS and PAH is prepared at a high pH, where the
weak polybase PAH is uncharged and can be mixed with PSS without forming a polyelectrolyte
complex. The PSS-PAH solution is cast on a glass plate and immersed in a low pH coagulation
bath. The pH gradient from a high pH in the solution to a low pH in the bath allows the PAH to
acquire charge and to form a water-insoluble polyelectrolyte complex with PSS. Similar to NIPS,
the casting solution in APS is transformed from a liquid phase to a solid phase via phase inversion.
In Chapter 2, we have shown that the polyelectrolyte concentration and the molecular weight
both play an important role in determining the resulting membrane morphology and separation
performance, with excellent examples of microfiltration, ultrafiltration, and nanofiltration
membranes produced.

Beyond our initial work on complexation-induced APS described in Chapter 2, there are many
other important parameters that can be used to control membrane formation. In this work, we
systematically investigate the e�ects of various parameters that give control over the final PSS-
PAH membrane structure and separation performance. The concentration of sodium hydroxide
in the individual PAH solution and the e�ect of monomer mixing ratio of PSS to PAH was
investigated in detail to identify the optimum casting solution composition(s). Moreover, the
coagulation bath conditions such as the pH and the amount of crosslinker were varied to
better understand their e�ects on membrane pore sizes and morphology. The findings of this
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work contribute towards a better understanding of how to optimize the performance of APS
membranes towards specific applications.

3.2 Experimental

3.2.1 Materials

Poly(sodium 4-styrenesulfonate) (PSS, 25 wt% in water, Mw ∼1000 kDa), sodium hydroxide
(NaOH, >98% pellets), hydrochloric acid (HCl, ACS reagent, 37%), glutaraldehyde (GA, 50 wt%
in water), citric acid (>99.5%, powder), glycerol solution (86-89% in water), and bovine serum
albumin (BSA, >98wt% lyophilized powder) were purchased from Merck, The Netherlands.
Poly(allylamine hydrochloride) (PAH, 40 wt% in water, Mw ∼150 kDa) was purchased from
Nittobo Medical Co., Ltd. Japan. Sodium hypochlorite solution, NaClO (6–14% active chlorine)
was purchased from Merck Germany. Deionized water was obtained from a Milli-Q® water
purification system (Merck-Millipore).

3.2.2 Preparation and casting of polyelectrolyte solutions

The stock solution of PSS (25 wt% in water) was diluted to 12 wt% using deionized water.
Similarly, the stock solution of PAH (40 wt% in water) was diluted to 12 wt% using deionized
water and a small volume of a 10 M NaOH solution. The e�ect of NaOH concentration was
studied by varying the amount of NaOH in PAH solution such that the ratio R (CNaOH/CPAH)
varied from 0.1 to 1.25 as shown in Table 3.1, where CNaOH (wt%) and CPAH (wt%) are the
concentrations of NaOH and PAH in the initial PAH solution, respectively. Here, the order
of addition of NaOH is vital; i.e. adding NaOH to PSS instead of PAH and then mixing the two
solutions does not give homogeneous casting solutions. After preparation of the PSS solution and
the pH-adjusted PAH solution, they were mixed to achieve final casting solutions (see Table 3.1)
with monomer ratios of PSS:PAH of 2:1, 1:1, 1:2, 1:3 and 1:4. The homogeneity of the final casting
solutions was studied via turbidity measurements using a Turb® 430 IR – WTWTM portable
turbidity meter.

The homogeneous polyelectrolyte casting solutions were cast as thin films on glass plates using
a casting bar with a gap height of 0.6 mm. The cast films were immediately immersed in a
coagulation bath composed of deionized water at varying pH values (0.25, 0.5, 0.75, 1, 1.25, and
1.5, adjusted using HCl) and di�erent GA concentrations (0 wt%, 0.05 wt%, 0.1 wt%, 0.2 wt%,
and 0.5 wt%). After coagulation, the precipitated films (membranes) were removed from the
bath and stored in deionized water until further use.

3.2.3 Viscosity measurements

The dynamic viscosity of the polyelectrolyte casting solutions was measured on HAAKETM

ViscotesterTM 550 Rotational Viscometer (ThermoFisher Scientific, USA). Approximately 15 mL
of the polyelectrolyte solution was poured into the standard spindle cylinder (SV-DIN). The
cylinder was mounted on the viscometer and the dynamic viscosity of the solutions was measured
as a function of shear rate (2.5–250 s–1). Two samples of each polyelectrolyte solution were
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Table 3.1 Final compositions of polyelectrolyte casting solutions used in this work.

R (CNaOH/CPAH)(a) PSS:PAH
monomer

molar mixing
ratio

Amount
of PSS
(wt%)

Amount
of PAH
(wt%)

Amount
of NaOH
(wt%)(b)

Amount
of water

(wt%)

0.5 2:1 9.8 2.2 1.1 86.9
0.5 1:1 8.3 3.7 1.9 86.1
0.1 0.6 87.4

0.25 1.4 86.6
0.5 1:2 6.3 5.7 2.9 85.1
0.75 4.3 83.7

1 5.7 82.3
1.25 7.1 80.9
0.5 1:3 5.1 6.9 3.5 84.6
0.5 1:4 4.3 7.7 3.9 84.1

(a)for initial PAH solution (b)in terms of 100% NaOH

measured and the average value extrapolated to zero shear conditions is reported here along
with the standard deviation. All the measurements were performed at 20 °C.

3.2.4 Characterization of the membranes

For scanning electron microscopy (SEM) imaging, membrane samples were first placed in 20 wt%
glycerol solution for 2 h followed by drying in air. Afterwards for cross-section SEM imaging,
the dried samples were first immersed in liquid N2 before being carefully fractured. The samples
were then dried further in a vacuum oven at 30 °C for 24 h before sputter coating them with a
5 nm layer of Pt/Pd (80%/20%) using Quorum Q150T ES sputter coater (Quorum Technologies
Ltd., UK). Electron microscopy images were then taken by SEM (JSM 6010LA, JEOL, Japan).
Fourier-transform infrared spectroscopy (FTIR) was performed on Spectrum TwoTM (Perkin
Elmer, USA) in the wavenumber range 4000 cm–1 to 600 cm–1.

3.2.5 Pure water permeability and retention tests

The membrane was cut into a circular disk of 25 mm diameter and placed in a dead-end Amicon®

cell. Deionized water from Milli-Q® water purification system was used as the feed. The cell was
pressurized using N2 gas. A pressure of 4 bar was applied at the beginning of the measurement
until a steady state permeate flux was obtained. Permeate mass was measured as a function of
time using a weight balance connected to a computer. Pure water permeability was calculated
using equation 3.1:

P =
Jw
∆p

(3.1)

Where P is the pure water permeability L·m–2·h–1·bar–1, Jw is the water flux (L·m–2·h–1), ∆p is the
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pressure di�erence between the feed and permeate side (bar).

The separation performance of the membranes was studied using a BSA solution (1 g·L–1,
Mw ∼66 kg·mol–1, average hydrodynamic diameter of 8.6 nm [22]) prepared in a 0.1 M citrate
bu�er at pH 5.5. The solution was fed to a dead-end Amicon® cell equipped with a magnetic
stirrer positioned above the membrane sample. Retention tests were performed at 3 bar of
transmembrane pressure. Permeate and retentate samples were collected and analyzed using
UV–vis spectrophotometry (Shimadzu UV-1800, Japan) at λmax = 280 nm (i.e. the maximum
absorbance wavelength of BSA). Retention (R in %) was calculated using equation 3.2:

R =

[
1 −

Cp

Cf

]
× 100 (3.2)

Where Cp is the concentration of BSA in the permeate and Cf is taken as the average of feed
and retentate concentrations because in the dead-end configuration, the concentration of feed
solution above the membrane surface is not constant.

3.3 Results and Discussion

Various parameters to influence the formation of PSS-PAH membranes by APS were studied
and are discussed in four separate sections. The first two sections focus on the preparation and
processing of polyelectrolyte casting solutions, including on the added amount of NaOH and on
polyelectrolyte ratios. In contrast, the last two sections describe how coagulation bath conditions
such as pH and crosslinker concentration can be used to tune membrane morphology, pore size,
and separation performance.

3.3.1 E�ect of added NaOH on the polyelectrolyte casting solutions

Two important choices in this pH-triggered APS approach, based on the polyelectrolyte pair
PSS-PAH, are the pH of the casting solution and the total polymer concentration. In Chapter
2 we reported that the optimum polyelectrolyte solution concentration to give stable PSS-PAH
ultrafiltration type membranes was 12 wt%, and this was used as the starting point to further
showcase the versatility of pH-triggered, polyelectrolyte complexation APS. PSS is a strong
polyanion that remains in a charged state over the entire pH range (pH 1–14). On the other
hand, PAH is a weak polycation with a pKa value of ∼9 [23], which means that when pH»pKa,
PAH will be uncharged. When a PSS solution is mixed with a PAH solution that has not been
adjusted to a high pH with NaOH, a polyelectrolyte complex is formed. Here, complexation
occurs because the pH of the unadjusted PAH solution is approximately 3, i.e. pH< pKa. At
pH 3, PAH is protonated and thus forms a polyelectrolyte complex with PSS upon mixing.

In order to obtain a homogeneous casting solution of PSS and PAH, it is necessary to make the
weak polyelectrolyte PAH uncharged so that it does not complex with PSS. This was achieved by
adding NaOH to the PAH solution. The addition of base deprotonates PAH making it uncharged
(i.e. pH»pKa). A series of PAH solutions (all at 12 wt% PAH) were prepared by adding di�erent
amounts of NaOH (CNaOH) in order to find the optimum conditions to obtain homogeneous
solutions when mixed with PSS (see Figure S3.1 for photographs of the PAH only solutions).
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Figure 3.1 Polyelectrolyte casting solutions of PSS and PAH (monomer mixing ratio of 1:2)
prepared according to Table 3.1. Here R = (CNaOH/CPAH), where CNaOH is the concentration of
NaOH in PAH solution (wt%) and CPAH is the concentration of PAH (wt%). All the solutions

contain a total of 12 wt% polyelectrolyte.

The ratio R = CNaOH/CPAH was varied according to Table 3.1. This ratio is a vital descriptor
for the system as the NaOH concentration controls the deprotonation and thus charge of the
weak polybase PAH, moreover for these viscous solutions at high hydroxide ion contents the pH
cannot be accurately determined. All the prepared PAH solutions were clear and homogeneous
except for R = 1.25 where the solution separates into a polymer rich and polymer lean phase (see
Figure S3.1, supporting information). This is because PAH loses its charge at high pH and adopts
a coiled conformation. The transition of PAH chains from extended conformation at pH«pKa
[24], to coiled conformation at pH»pKa increases the hydrophobic interactions by reducing the
repulsion between the PAH chains. At su�ciently large amounts of NaOH in the PAH solution
such as R = 1.25, the high ionic strength of the solution may mean that PAH behaves more like
a neutral polymer and thus is more prone to phase separation. This phase behavior can also be
correlated to the polyelectrolyte “salting-out” e�ect [25].

The PAH solutions were mixed with PSS solutions in a monomer ratio of 1:2 (PSS:PAH)
according to Table 3.1 (see Figure 3.1 for photographs of the mixed solutions). The choice of this
specific monomer ratio will become apparent in the next section. Figure 3.1 shows that a white
complex was formed for solutions where R = 0.1 and 0.25, indicating that the amount of NaOH
added was insu�cient to prevent polyelectrolyte complexation. A homogeneous solution was,
however, obtained when R was 0.5. At R = 0.75, the solution was slightly cloudy. Further increases
of R to 1.0 and 1.25 resulted in completely cloudy solutions most likely due to the aggregation of
the polyelectrolyte chains due to salting out e�ects [26]. In addition, the latter two solutions were
more gel-like than liquid-like. The behavior from R = 0.75 onwards was confirmed by turbidity
measurements where the solution turbidity increased dramatically above R = 0.5 (see Figure S3.2,
supporting information). The homogeneous polyelectrolyte solution with R = 0.5 was chosen for
further experimentation.
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Figure 3.2 E�ect of monomer mixing ratio (PSS:PAH) on the zero shear rate dynamic viscosity
of the polyelectrolyte solutions. All the solutions have a concentration of 12 wt%

polyelectrolyte.

3.3.2 E�ect of PSS:PAH monomer mixing ratio

With R fixed at 0.5, a set of polyelectrolyte casting solutions were prepared at di�erent monomer
mixing ratios of PSS:PAH i.e. 4:1, 2:1, 1:1, 1:2, 1:3, and 1:4 (see Figure S3.3 in supporting information
for the photographs of the casting solutions). The casting solution with monomer ratio 4:1 was
unstable, with two distinct phases observed a few minutes after stirring making it unsuitable for
casting. Casting solutions at the other monomer mixing ratios were all homogeneous. Figure 3.2
shows the dynamic viscosities of these casting solutions.

Viscosity increases when the monomer ratio is changed from 2:1 to 1:1 and then it increases
slightly further for the 1:2 ratio. Increasing the amount of PAH further by changing the monomer
mixing ratio to 1:3 and then to 1:4 results in a decrease in the solution viscosity. A maximum
in dynamic viscosity (∼48 Pa·s) is thus observed for the 1:2 PSS/PAH ratio. In comparison, the
individual PSS solution at 12 wt% had a dynamic viscosity of 1 Pa·s, while the 12 wt% PAH solution
(R = 0.5) had an even lower viscosity of 0.7 Pa·s. Increasing the monomer ratio of PSS:PAH
evidently increases the mutual interaction between the two polyelectrolytes as the dynamic
viscosity of the solutions increases up to a monomer ratio of 1:2. The maximum in the dynamic
viscosity is likely due to a combination of electrostatic and hydrophobic interactions as reported
in the previous studies [27,28]. There is always a balance between these two interactions, and in
this case the interactions have a maximum at a monomer mixing ratio of 1:2. Literature shows that
for PSS/PAH polyelectrolyte multilayers, PAH charges overcompensate PSS charges resulting in
a strong deviation from 1:1 stoichiometry [29], in line with our observations. The shear stress vs
shear rate graph in Figure S3.4 in supporting information shows the shear thinning e�ect of casting
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Figure 3.3 Polyelectrolyte complex films (membranes) prepared using 12 wt% casting solution
with di�erent monomer mixing ratios of PSS:PAH. Membranes were prepared in a coagulation
bath at pH 1 with 0.05 wt% GA. Membranes are stored in deionized water in these photographs.

solutions prepared at di�erent PSS to PAH monomer ratios. Shear stress increases dramatically
with the shear rate for the solution of 1:2 monomer mixing ratio, indicating stronger interactions
between PSS and PAH chains. On the other hand, the increase in shear stress with shear rate is
less abrupt for the 2:1 mixing ratio solution suggesting much weaker interactions between PSS
and PAH. When the PSS:PAH ratio increases beyond 1:2, the dynamic viscosity decreases to
40 Pa·s for the 1:3 ratio and 25 Pa·s for the 1:4 ratio. This behavior is most likely due to decreased
PSS-PAH interactions at these ratios.

The PSS-PAH casting solutions with monomer ratios of 2:1 through to 1:4 were cast on glass
plates as 0.6 mm thin films and immediately immersed in coagulation baths at pH 1 with 0.05 wt%
GA. GA is a commonly used chemical for the crosslinking of PAH due to its ability to react with
the amines in aqueous conditions [30,31]. The aldehyde groups of GA react with the amine groups
of PAH to form imine (–C=N–) bonds as shown in the reaction scheme in Figure S3.5, supporting
information. The concentration of GA in the coagulation bath and the bath pH are very important
parameters that have a significant influence on membrane structure and performance and these
factors will be discussed in the later sections.

Figure 3.3 shows photographs of the polyelectrolyte complex membranes prepared with casting
solutions of di�erent monomer mixing ratios. At the monomer mixing ratio of 2:1, the resulting
film resembled a membrane, but did not have the mechanical strength to be further processed.
At 1:1 monomer mixing ratio, the resulting films were relatively brittle and could not be handled
further for pure water permeability measurements without rupturing. While at 1:2 mixing ratio,
the resulting films were mechanically stable. Increasing the mixing ratio to 1:3 and to 1:4 resulted
in films that were relatively soft with uneven top surfaces.

Figure 3.4 shows the cross-section and top surface SEM images of the films shown in Figure 3.3.
Films prepared using a monomer mixing ratio of 2:1 were too weak to be processed for SEM
analysis. The cross-section SEM image shown in Figure 3.4a reveals that there are no macrovoids
in the substructure of the 1:1 PSS-PAH film. At 1:2 monomer mixing ratio (Figure 3.4b), the
resulting films showed small voids in the substructure. For the monomer mixing ratios of 1:3 and
1:4, the resulting films have finger-like macrovoids that exist throughout the thickness of the film
(see Figure S3.6, supporting information). Another observation from the SEM images of Figure S3.6
is that the 1:3 and 1:4 membranes are much thicker than 1:1 and 1:2. This could most likely be
due to the excess of positively charged PAH in the polyelectrolyte complex membrane which can
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Figure 3.4 Scanning electron microscopy (SEM) images of the films (membranes) prepared
using polyelectrolyte solutions with varying monomer ratios (PSS:PAH): a) 1:1, b) 1:2, c) 1:3, and

d) 1:4. The top panel shows cross-section images while the bottom panel shows top surface
SEM images.

lead to swelling in the structure. In addition, the top surface of 1:3 and 1:4 membranes is uneven
and shows signs of inhomogeneity (Figure 3.4cand d), which can also be seen in the photographs
shown in Figure 3.3 where the films have an inhomogeneous appearance.

The existence or absence of finger-like macrovoids is usually correlated with the viscosity of the
casting solution, which a�ects the phase inversion kinetics, as explained in detail by Smolders et
al. [32]. The finger-like macrovoid morphology is usually obtained when the casting solution
viscosity is low, favoring instantaneous demixing (quick phase inversion). However, in our
case, the di�erences in the viscosity of casting solutions at 1:1, 1:2, and 1:3 monomer mixing
ratios is small, but still the morphology of the resultant membranes is significantly di�erent.
This suggests that the aggregation behavior of the polyelectrolyte complex varies with di�erent
monomer ratios. We expect that as the monomer mixing ratio is increased from 1:1 to 1:4, the
polyelectrolyte chains tend to form more loosely packed structures. A possible reason for such
behavior could be that at larger excess amounts of PAH, such as for the 1:2 and especially the 1:3
and 1:4 mixing ratios, there is also an excess amount of charge present in the polyelectrolyte
complex. In water such excess charge would result in swelling and thus a much more open
material. Moreover, the excess charge could hinder phase separation, only allowing the formation
of a much more swollen and open material. Indeed, the SEM images shown in Figure 3.4 and
Figure S3.6 (supporting information) demonstrate that the 1:1 and 1:2 mixing ratio membranes have
denser structures than 1:3 and 1:4 membranes. Furthermore, the 1:3 and 1:4 membranes were
physically more soft as will be shown by the permeability data. In case of 1:4 mixing ratio, the
existence of finger-like macrovoids could likely also be due to the lower solution viscosity.

The pure water permeability of the films shown in Figure 3.3 and Figure 3.4 are presented
in Figure 3.5. The permeabilities were expected to be low, as SEM images clearly showed
membranes with relatively denser top layers. The 1:2 monomer mixing ratio membrane had a
pure water permeability of ∼15 L·m–2·h–1·bar–1. When the mixing ratio is increased to 1:3 and
then to 1:4, the permeability of the resulting membrane did not change significantly. However,
the variance between the water permeability values measured for three di�erent samples of

68



CHAPTER 3.

Figure 3.5 E�ect of PSS:PAH monomer mixing ratio on the pure water permeability of the
resulting membranes. The permeability measurements were performed at a transmembrane

pressure of 4 bar.

the 1:3 and 1:4 membranes was higher confirming that these membrane structures were not
homogeneous (see the SEM images in Figure 3.4c and d). Another major di�erence here is that
the 1:4 mixing ratio membranes undergo extensive structural compaction at 4 bar of applied
water pressure compared to the 1:2 and 1:3 membranes (see Figure S3.7, supporting information).
Structural (or pore) compaction manifests as a decrease in water permeability over time, which
typically stabilizes after some time period. The compaction shown in Figure S3.7 for the 1:4
membrane signifies that it is physically softer and more porous. Due to the high variance in
water permeability values and their inhomogeneous structure, 1:3 and 1:4 membranes could not
be used for further processing. As the membranes prepared from solutions with a monomer ratio
of 1:2 showed stable and reproducible pure water fluxes (see Figure S3.7, supporting information),
this ratio was selected for further investigations.

3.3.3 E�ect of pH of the coagulation bath

In this APS approach, the membrane formation is driven by a pH gradient from the casting
solution (high pH) to the coagulation bath (low pH). So naturally, the pH of the coagulation
bath will have a significant impact on the phase inversion kinetics and resulting membrane
morphology. Therefore to understand the influence of this parameter, a solution with monomer
ratio of 1:2 was cast, as before, and immersed in coagulation baths at di�erent pH values (with
0.05 wt% GA). The pH of the bath was varied from 0.25 to 1.5 with increments of 0.25 (adjusted
using HCl). Photographs of the cast membranes are shown in Figure S3.8, supporting information.
The membranes prepared at pH = 0.25 were relatively rigid as compared to the others. As the
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Figure 3.6 Cross-section and top surface SEM images of the PSS:PAH (1:2) membranes
prepared in coagulation baths with di�erent pH values and fixed GA concentration of 0.05
wt%. Coagulation bath pH; (a,g) 0.25, (b, h) 0.5, (c, i) 0.75, (d, j) 1, (e, k) 1.25, and (f, l) 1.5.

pH of the coagulation bath increases, the membranes lose some of their rigidity but they remain
mechanically stable and can be operated up to 20 bar of applied water pressure (Figure S3.12,
supporting information). The membranes prepared at pH 1.25 and 1.5 visibly showed rougher
surfaces than the other membranes.

Cross-section and top surface SEM images of these membranes are presented in Figure 3.6.
Cross-section images indicate that all the membranes have a skin layer on top with a porous
substructure. It is important to mention that the top layer is not fully dense, but rather
contains small pores as will be revealed later from the BSA retention measurements. The
substructure directly beneath the top layer in the cross-section SEM images of Figure 3.6 changes
drastically when the pH of the coagulation bath is increased from 0.25 through to 1.5. At pH
0.25 (Figure 3.6a), the substructure does not show clear pores at the shown magnification. But
when the coagulation bath pH is increased to 0.5, small pores start to appear in the substructure
(Figure 3.6b). As the pH of the bath is increased further, the size and density of these pores also
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increases. The cross-section images in Figure 3.6c-f show a skin layer with a porous substructure.
Due to the higher polyelectrolyte concentrations and high viscosities of the PSS-PAH casting
solutions, no finger-like macrovoids were observed in any of these membranes [19].

The pH-switch in APS can be considered analogous to the “solvent - non-solvent” transition in
traditional NIPS. In this version of APS, the polyelectrolytes in the casting solution are soluble
and miscible with each other in water at pH ∼14. Decreases in pH, as seen earlier in Figure 3.1,
results in complexation and phase separation. This is because as the pH of the solution is lowered
(towards and then below the pKa of PAH), PAH becomes charged and therefore can undergo
complexation with the fully charged PSS. In other words, at high pH conditions, water acts as a
solvent while at low pH conditions, water acts as a non-solvent for the PSS-PAH solution.

At very low pH conditions in the coagulation bath, such as pH 0.25, the driving force for
polyelectrolyte complexation is much larger than at even slightly higher pH values, and this
low pH results in faster precipitation of the membranes. The reason for this is that the
di�erence between the pH of polyelectrolyte casting solution (∼13–14) and the coagulation bath
(pH 0.25) is large, resulting in a strong driving force for the H+ ions in the bath to di�use into
the polyelectrolyte solution. Rapid exchange of H+ ions results in immediate polyelectrolyte
complexation between PSS and PAH and hence faster precipitation. It is known from literature
on the NIPS process that a stronger interaction between the solvent and the non-solvent results
in denser membranes [33]. The same is also true for APS membranes prepared in a coagulation
bath at pH 0.25, where the abundance of H+ ions results in stronger interactions with the
polyelectrolyte casting solution, favoring denser complexes. This e�ect is also seen in the SEM
images of Figure 3.6a, g where the membrane do not contain any visible pores at the shown
magnification. However, there is a stark di�erence between the substructures of APS and NIPS
membranes when the precipitation rate is fast. As mentioned earlier, instantaneous demixing in
NIPS typically results in membranes that contain macrovoids in the substructure. But in case of
APS, the H+ ions continue to di�use through the skin layer because of their small size. In other
words, there is little mass transfer hindrance for the H+ ions and therefore, the precipitation
below the skin layer continues and this acts to prevent the formation of macrovoids. In APS,
the limiting parameter then is the concentration of H+ ions (or pH) in the coagulation bath, and
this determines the porosity of the substructure. With increases in bath pH (less H+ ions), the
driving force for complexation gradually decreases and this results in a slower precipitation rate
and hence results in membranes with a more porous substructures.

Figure 3.7 shows the pure water permeability and BSA retention of the membranes prepared in
coagulation baths with varying pH values. The membranes prepared at pH 0.25 had a pure water
permeability of ∼5 L·m–2·h–1·bar–1 with ∼98% BSA retention. The pure water permeability and
BSA retention remained similar (∼15 L·m–2·h–1·bar–1 and 97%) for the membranes prepared in
coagulation baths with pH 0.5 through to 1. This behavior indicates that the membranes are
ultrafiltration type membranes that are well suited for the concentration of protein solutions.
When the pH of the coagulation bath was increased to 1.25 and 1.5, the pure water permeability of
the resultant membranes increased to ∼30 L·m–2·h–1·bar–1 and 110 L·m–2·h–1·bar–1, respectively.
The membranes prepared at these pH conditions had defects in the structure due to the
inhomogeneous surface (see Figure S3.8 for photographs of the membranes) and therefore, as
expected, these membranes did not show any BSA retention.

The water permeability of the membranes prepared at pH 1 and 1.5 coagulation bath were also
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Figure 3.7 Pure water permeability and BSA retention of the membranes prepared in
coagulation baths of varying pH values. Pure water permeability and BSA (1 g·L–1) retention

measurements were conducted at transmembrane pressures of 4 and 3 bar, respectively.

measured at 20 bar of applied pressure in order to further explore the mechanical strength of
these membranes (see Figure S3.12 in the supporting information). Membranes prepared using the
pH 1 coagulation bath showed stable permeability (∼15 L·m–2·h–1·bar–1) up to 20 bar of applied
water pressure indicating that the membrane structure remains intact. However, the membranes
prepared in pH 1.5 coagulation bath showed a decrease in water permeability with increasing
water pressure, which shows that these membrane undergo slight structural compaction at
increased pressures.

It is clear that the pH of the coagulation bath is an important parameter to tune the properties
of APS membranes because it directly a�ects the rate of phase inversion. The membranes
prepared in pH 1 coagulation bath were chosen for further experiments because of their high
BSA retention and higher water permeability.

3.3.4 E�ect of GA concentration in the coagulation bath

In the described APS approach, a small amount of crosslinker (GA) is added to the coagulation
bath to obtain improved mechanical properties. Up until now, the GA concentration in the
coagulation bath was kept constant at 0.05 wt%. However, the concentration of GA also a�ects
the properties of the resultant membranes as it determines the crosslinking density causing
the densification of the structure [34]. To investigate the e�ect of GA on the final membrane
properties, membranes were prepared in baths at pH 1 with varying GA concentrations i.e. from
no GA to 0.5 wt% GA (see Figure S3.9 for photographs of the resultant membranes).
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Figure 3.8 Cross-section and top surface SEM images of the PSS:PAH (1:2) membranes
prepared in a coagulation bath at pH 1 with di�erent concentrations of GA in the coagulation
bath; (a, g) without GA, (b, h) 0.05 wt% GA, (c, i) 0.1 wt% GA, (d, j) 0.15 wt% GA, (e, k) 0.2 wt%

GA, and (f, l) 0.5 wt% GA.

Figure 3.8 shows the SEM images of the membranes prepared with varying concentrations of
GA in the coagulation bath. It appears from the cross-section SEM images that the thickness of
the top layer increases with increasing amount of GA. The membranes prepared at GA>0.15 wt%
were physically more rigid, while at 0.5 wt% GA, the resulting membranes were too brittle to
be used for the water permeability measurements. Cross-section SEM images reveal that the
pore size of the substructure reduces significantly with the addition of GA in the bath until
0.15 wt%. It is important to mention here that the polyelectrolyte complexation/precipitation
process occurs at the same time as the crosslinking reaction. These two kinetic parameters are
likely linked, which results in di�erent membrane structures.

FTIR spectra of the membranes is shown in Figure S3.11, supporting information. After crosslinking,
imine bonds will be formed and this peak should appear between 1635 cm–1 and 1645 cm–1 [35,36].
However, amine (N–H bending) groups from the non-crosslinked moieties also give rise to a
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Figure 3.9 E�ect of GA concentration in the coagulation bath on the pure water permeability
of the resultant PSS:PAH (1:2) membranes. The pH of the coagulation bath was kept constant

at 1. Permeability measurements were conducted at a transmembrane pressure of 4 bar.

characteristic peak between 1580 cm–1 and 1627 cm–1 [35]. As these two regions are very close to
each other, it is very di�cult to draw any conclusions on the e�ect of GA concentration from
the FTIR spectra.

The average pore size of these membranes was estimated by analyzing the top surface SEM images
shown in Figure 3.8 using ImageJ software. The pore size distributions are shown in Figure S3.10,
supporting information. The average pore sizes are summarized in Figure 3.9 where the error bars
are an indication of pore size distribution. The average pore sizes measured using the SEM images
may not reflect the true pore size of the membranes during operation, but they do provide insight
into the relative di�erences in pore size between the di�erent membranes. The membranes
prepared without the GA in the bath had an average surface pore size of ∼46 nm. Increasing the
GA to 0.05 wt% resulted in membranes with an average pore size of ∼2 nm. Further increases
in the amount of GA crosslinker in the coagulation bath resulted in an increased surface pore
size of the membrane to ∼18 nm at 0.1 wt% GA, and then to ∼46 nm at 0.2 wt% GA. At
0.5 wt% GA, the average pore size was estimated to be ∼450 nm (not shown in the figure). It is
important to note here that the crosslinking reaction of PAH with GA occurs at the same time
as the polyelectrolyte complexation of PAH with PSS. Therefore, as the concentration of GA
is increased, the crosslinking reaction becomes more likely and this may compete more with
the polyelectrolyte complexation. In turn, this would result in less PAH being available for
complexation with PSS and may lead to the formation of larger voids in the resultant complex
and hence the greater measured pore sizes of the membranes. The overall behavior indicates
that there exists an optimum concentration of GA, which results in membranes with the most
compact structure. A similar optimum concentration of GA has been reported by Duong et al. for
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the PSS-PAH multilayer based membranes [37]. For APS with PSS/PAH the GA concentration
can be seen as an additional control parameter to control the eventual membrane pore size, a
parameter not available in traditional NIPS.

Figure 3.9 also shows the e�ect of GA concentration present in the coagulation bath on the pure
water permeability of the resulting membranes. Following the same trend as the membrane pore
sizes, the pure water permeability shows a minimum at 0.05 wt% GA, in line with the smallest
observed pores. Membranes prepared without GA in the bath showed a pure water permeability
of ∼45 L·m–2·h–1·bar–1, while the pure water permeability decreases to ∼15 L·m–2·h–1·bar–1 for
the membranes prepared with 0.05 wt% GA. This is the same membrane that was able to retain
∼97% BSA discussed in the previous section. Further increases in the amount of GA in the bath,
results in membranes with a higher water permeability, which is due to the increase in the average
pore size of the membranes.

The water permeability of the membranes prepared in coagulation baths containing di�erent
amounts of GA was also measured at 20 bar of applied pressure to further evaluate their
mechanical stability (see Figure S3.13 in the supporting information). The results show that the
pure water permeability decreases as the applied pressure is increased to 20 bar, suggesting that
a degree of structural compaction occurs. At 0.05 wt% GA in the bath, the resultant membranes
exhibited stable water permeability even up to 20 bar (see Figure S3.12, supporting information).
Upon increasing the concentration of GA in the bath to 0.2 wt%, the membrane pore size
increases to ∼46 nm and the membrane shows compaction under pressure, but importantly
the membrane does not rupture and operation can continue accounting for the structural
compaction.

The results reveal that the concentration of GA is a key parameter for PSS/PAH based APS that
acts to improve the mechanical properties and separation performance of the membranes.

3.3.5 Chemical stability of the membranes

The chemical stability of membranes prepared using the coagulation bath at pH 1 with 0.05 wt%
GA were studied by immersing them in aqueous solutions at di�erent pH values, specifically
1, 7, 8, 10, and 12 for 7 days and subsequently measuring their water permeability. The results
shown in Figure S3.14 in the supporting information reveal that the pure water permeability of the
treated membranes remains the same at∼15 L·m–2·h–1·bar–1 when immersed in pH 1–8 solutions.
However, the membranes immersed in pH 10 and 12 solutions exhibited increased pure water
permeability i.e. ∼300 and ∼3400 L·m–2·h–1·bar–1, respectively. At pH >8 (greater than the
apparent pKa of PAH), the PAH becomes deprotonated, losing its charge. It is possible that
at pH 10 and 12 some of the PSS-PAH complex is broken because of the uncharging of PAH
leading to a more open membrane structure. Re-washing this complex membrane with deionized
water does not fully recover the complex to its original, untreated state, suggesting irreversible
structural changes.

Sodium hypochlorite (NaClO) is a common oxidant used for cleaning polymeric membranes
[38]. To evaluate the stability of the PSS-PAH membranes against NaClO treatment, again the
membranes prepared in pH 1 bath with 0.05 wt% GA were immersed in di�erent concentrations
of NaClO aqueous solutions. The solutions were prepared by diluting NaClO to 300 ppm,
800 ppm, and 1200 ppm with deionized water. The pH of the solutions was adjusted to 8 using
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0.1 M NaOH or 0.1 M HCl solution. The membranes were immersed in the NaClO solutions
for 1 hour, subsequently removed and then washed with deionized water before their pure water
permeability was re-measured. The results as shown in Figure S3.15 in the supporting information
and reveal that the pure water permeability of the membranes does not change after exposure
to NaClO solutions even up to 1200 ppm.hr showing that the PSS-PAH membranes are stable
against a NaClO cleaning treatment.

3.4 Conclusions

Just like NIPS, the fabrication of Aqueous Phase Separation (APS) membranes via polyelectrolyte
complexation of PSS and PAH is a versatile approach involving many di�erent tuning
parameters. All these parameters influence the thermodynamics and kinetics of phase inversion
in one way or the other. In this study, we have systematically investigated the e�ect of
polyelectrolyte casting solution composition and the coagulation bath conditions on the
structure, morphology, and properties of PSS-PAH membranes. The results indicate that the
casting solution composition is one crucial parameter that controls the mutual interactions
between PSS and PAH. Here, an optimum amount of base (R = NaOH/PAH = 0.5) was added to
the PAH solution to obtain homogeneous casting solutions when mixed with PSS. R values < 0.5
resulted in polyelectrolyte complexation in the casting solution while R > 0.5 resulted in a di�cult
to process viscous gel-like phase. Similarly, the monomer mixing ratio of PSS to PAH in the
casting solution is a critical parameter that greatly influences the membrane formation process.
It was found that the monomer mixing ratio of 1:2 (PSS:PAH) resulted in a casting solutions
with a desired high dynamic viscosity of 48 Pa·s, due to stronger interactions between the two
polyelectrolytes. A clear optimum in the casting solution composition was thus observed, but it
was found that the conditions of the coagulation bath had a greater influence on the membrane
pore size and separation performance. The kinetics of phase inversion could be controlled by
varying the pH of the coagulation bath. Results revealed that at pH 0.25–1, the membranes
showed stable water permeability and high BSA retentions (∼97%), with lower pH values leading
to denser membranes. Increasing the bath pH beyond pH 1, resulted in the slowing down of the
precipitation rate and this induced inhomogeneity in the resulting membrane structures. At a
coagulation bath pH > 1, the resulting membranes showed higher water permeabilities and much
lower protein retentions. The concentration of glutaraldehyde (GA) in the bath, which was used
to crosslink the PAH chains, was varied from 0 to 0.5 wt%. The presence of the crosslinking agent
improved the mechanical stability and density (lower pore size) of the membranes. The surface
pore size of the membranes could be tuned from ∼2 nm (without GA) to ∼46 nm (with 0.2
wt% GA). At 0.05 wt% GA in bath, the resulting ultrafiltration type membranes showed water
permeability of ∼15 L·m–2·h–1·bar–1 and ∼97% BSA retention. Moreover, the membranes show
chemical stability upon treatment with NaClO solutions till 1200 ppm.hr.

Overall in this work, and to a lesser extent in our earlier work described in Chapter 2, we
have established that membrane fabrication by the APS approach has a lot of similarities
with the traditional NIPS process. From the molecular weights of the polyelectrolytes used,
to the composition of the casting solutions, and also the coagulation bath conditions, each
parameter/step is crucial in determining the morphology and separation performance of the
resulting membranes. This study based on the complexation of PSS and PAH highlights the
many parameters that are available to fine tune the properties of polyelectrolyte complex
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membranes prepared by APS. With these tuning parameters sustainable membranes could be
optimized for specific applications. Additional parameters such as the addition of additives to
the polyelectrolyte casting solution as well as moving to less extreme pH conditions, facilitated
by using di�erent polyelectrolyte pairs, will be the focus of our future research to further
highlight the significant potential of APS as a sustainable approach to membrane production.
Moreover, polyelectrolytes with easily crosslinkable side groups could be used to avoid the use
of glutaraldehyde in the coagulation bath.
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3.5 Supporting Information – S3

Figure S3.1 Photographs of PAH solutions (12 wt%) with di�erent amounts of NaOH. Here R =
CNaOH/CPAH, where CNaOH is the concentration of NaOH in PAH solution (wt%) and CPAH is
the concentrating of PAH (12 wt%). At R = 1.25, the PAH solution shows two distinct phases

i.e. polyelectrolyte rich phase (top) and polyelectrolyte poor phase (bottom).

Figure S3.2 Turbidity of the PSS:PAH (1:2) casting solutions as a function of R (CNaOH/CPAH).
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Figure S3.3 Photographs of polyelectrolyte solutions of PSS:PAH having di�erent monomer
mixing ratios. The solution having a monomer mixing ratio 4:1 (PSS:PAH) shows two distinct
regions where it splits into a clear water-like liquid and a more viscous gel-like material at the

bottom.
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Figure S3.4 Shear stress vs shear rate curve showing the shear thinning e�ect of the two
polyelectrolyte solutions having di�erent monomer mixing ratios of PSS:PAH. The shear stress

increases rapidly with the increasing shear rate for polyelectrolyte solution with 1:2 mixing
ratio as compared to 2:1 (PSS:PAH). This indicates that the interactions between PSS and PAH

chains are much larger in case of 1:2 than 2:1 mixing ratio.
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Figure S3.5 Schematic illustration showing the reaction between the amine groups of poly
(allylamine hydrochloride) and aldehyde groups of glutaraldehyde (GA) via a Schi�-base

reaction mechanism. The resulting imine bonds (–C=N–) crosslinks the PAH chains.
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Figure S3.7 Pure water permeability vs elapsed time for the membrane prepared from casting
solution with monomer ratio 1:2 and 1:4 (PSS-PAH). The membrane prepared with 1:4

PSS-PAH monomer ratio solution shows extensive compaction as compared to 1:2 membrane
which shows negligible compaction. The membrane prepared using 1:3 monomer mixing ratio

solution showed a similar trend as 1:2 membrane i.e. negligible compaction.
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Figure S3.8 E�ect of pH of the coagulation bath on PSS:PAH (1:2) membranes. The GA
concentration was kept constant at 0.05 wt% in all the coagulation baths. The membranes are

stored in deionized water for these photographs.

Figure S3.9 Photographs of the PSS:PAH (1:2) membranes prepared in varying concentrations
of GA in the coagulation bath. The membranes are stored in deionized water for these

photographs.
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Figure S3.11 FTIR spectra of PSS-PAH (1:2) membranes prepared in coagulation bath
containing di�erent amounts of GA. Imine (–C=N–) characteristic peak usually appears at
∼1645 cm–1 and amine (N–H bending) characteristic peak appears in the range 1580 cm–1 to
1650 cm–1. Due to the small amount of GA (0.05 – 0.5 wt%) and overlap of imine and amine

characteristic peaks, there is no di�erence in the IR spectra of with and without GA
membranes.
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Figure S3.12 High pressure mechanical stability tests of PSS:PAH (1:2) membranes. The
membranes were prepared in pH 1 and pH 1.5 coagulation bath containing 0.05 wt% GA. The
membranes prepared in pH 1 bath showed stable pure permeability with increasing applied

water pressure. On the other hand, the membranes prepared in pH 1.5 coagulation bath showed
compaction with increasing applied water pressure.

Figure S3.13 High pressure mechanical stability tests of PSS:PAH (1:2) membranes. The
membranes were prepared in pH 1 coagulation bath containing di�erent amounts of GA. Both

the membranes, i.e. without GA and 0.2 wt% GA in the bath, showed compaction with
increasing pressure. This is possibly due to the larger average surface pore size (∼46 nm) of the

membranes.
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Figure S3.14 Pure water permeability of the membranes after exposure to di�erent pH
solutions for 1 week. The membranes were immersed in aqueous solutions at di�erent pHs for 1

week. The membranes were taken out, washed with water and tested for pure water
permeability. The results indicate that the pure water permeability of the membranes remain
stable i.e. ∼15 L·m–2·h–1·bar–1 even after exposure to pH 1 – 8 solutions for 1 week. The pure
water permeability increases after exposure of the membranes to pH 10 and pH 12 solutions.
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Figure S3.15 Pure water permeability of the membranes after exposure to di�erent
concentrations of NaClO solutions at pH 8 for 1 hour. The results indicate that the pure water

permeability of the membranes remain completely stable i.e. ∼15 L·m–2·h–1·bar–1 even after
exposure to 1200 ppm.hr NaClO solution.
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Abstract

The Aqueous Phase Separation (APS) technique allows membrane fabrication without use
of unsustainable organic solvents, while at the same time it provides extensive control over
the membrane pore size and its morphology. Herein, we investigate if polyelectrolyte
complexation induced APS ultrafiltration membranes can be the basis for di�erent types of
nanofiltration membranes. We demonstrate that APS membranes can be used as support
membranes for functional surface coatings like thin polyelectrolyte multilayer (PEMs) and
interfacial polymerization (IP) coatings. Three di�erent polyelectrolyte multilayers were
fabricated on poly(sodium 4-styrene sulfonate) (PSS) poly(allylamine hydrochloride) (PAH)
APS ultrafiltration membranes and only 4.5 bilayers were needed to create nanofiltration
membranes with molecular weight cut-o� (MWCO) values of 210–390 Da while maintaining a
roughly constant water permeability (∼1.7 L·m–2·h–1·bar–1). The PEM coated membranes showed
excellent MgCl2 (∼98%), NaCl (∼70%) and organic micropollutant retention values (>90%).
Similarly, fabricating thin polyamide layers on the ultrafiltration PSS-PAH APS membranes
by IP resulted in nanofiltration membranes with MWCO values of ∼200 Da. This work shows
for the first time that APS membranes can indeed be utilized as excellent support membranes
for performing functional coatings without requiring any form of pre-treatment.

4.1 Introduction

Membrane technology is gradually moving towards greener and more sustainable production
techniques [1,2]. In this regard, Aqueous Phase Separation (APS) has been introduced as one
of the more sustainable approaches to produce polymeric membranes. This new approach
eliminates the use of reprotoxic organic solvents, such as N-methylpyrrolidone (NMP), the
most commonly used organic solvent in the Non-solvent Induced Phase Separation (NIPS)
process. Instead, APS makes use of water as solvent and non-solvent to achieve phase separation.
Currently there are two commonly applied APS methods. The first makes use of water soluble
pH-responsive polyelectrolytes where the phase separation is achieved by simply changing the
pH of the cast film containing only one type of polyelectrolyte such as poly(4-vinylpyridine)
(P4VP) [3] or polystyrene-alt-maleic acid (PSaMA) copolymer [4]. Membranes ranging from
microfiltration type to dense nanofiltration type can be successfully prepared using this method.

The second APS method uses a mixture of two polyelectrolytes i.e. a polyanion and a polycation,
to obtain a polyelectrolyte complex (PEC) membrane. Sadman et al. utilized this method to
produce porous PEC membranes using coacervates of poly(styrene sulfonate) (PSS) and poly(N-
ethyl-4-vinylpyridinium) (QVP-C2) [5]. The PSS-QVP-C2 membranes presented in their work
demonstrated a good water flux, organic solvent stability, and excellent rejection of polystyrene
beads of ∼100 nm in size. However, this polyelectrolyte system had its own limitations with
membrane fabrication protocols are at times lengthy, while the control over the membrane
pore size was limited. In another instance, Durmaz et al. obtained dense nanofiltration
type PEC membranes having a molecular weight cut-o� of <300 Da using a solution of PSS
and poly(diallyldimethylammonium chloride) (PDADMAC) that was prepared at high salt
concentrations and precipitated in deionized water [6]. This method is also known as the ‘salinity
change induced APS’ because the phase separation is achieved by lowering the salt concentration
in the polyelectrolyte solution thereby forming a polyelectrolyte complex membrane. A
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similar method was also applied by Kamp et al. to produce ultra- and nanofiltration type
PSS–PDADMAC membranes [7]. However, the downsides of these PSS-PDADMAC membranes
in both works are the relatively lower water permeabilities i.e. ∼0.1 – 1 L·m–2·h–1·bar–1 and
the limited control over the membrane pore size. Another interesting method is the ‘pH shift
induced APS’ where a polycation and polyanion solution is prepared at high pH and precipitated
in low pH conditions (or vice versa) to achieve phase separation. In Chapter 2 and Chapter 3,
we have successfully employed this method to obtain PEC membranes with tunable pore sizes
ranging from micro- to nanofiltration using a mixture of PSS–poly(allylamine hydrochloride)
(PAH). While the pore size of the PSS-PAH membranes could be controlled from ∼200 nm
to ∼2 nm, dense nanofiltration membranes were not obtained. The open nanofiltration (or
tight ultrafiltration) type PSS-PAH membranes obtained in these chapters did not show any
significant retention of salts and showed only ∼80% average retention of a range of organic
micropollutants. For most nanofiltration applications, the membranes need to be able to retain
salts and organic micropollutants in excess of 90%. Similarly, in another work by Durmaz
et al. on ‘pH shift induced APS’, PSS and poly(acrylic acid) (PAA) were used to obtain only
microfiltration type PEC membranes [10].

Traditionally, most dense membranes, such as nanofiltration and reverse osmosis membranes,
are based on porous support membranes prepared by NIPS and subsequently coated with thin
layers of another material. In a similar fashion it stands to reason that porous APS membranes
can and should be used as support membranes in a similar fashion.

Numerous coating strategies are available in the literature to improve the performance of
polymeric membranes in terms of their water flux, selectivity, chemical resistance, mechanical
properties, and antifouling ability [11]. Among these, one of the most commonly applied is
Interfacial Polymerization (IP) where a thin polyamide film is coated on the membrane surface
via a reaction of two or more monomers such as, m-phenylenediamine (MPD) in the aqueous
phase, and trimesoyl chloride (TMC) in the organic phase [12]. Over the years, IP has been
well-studied in terms of the types of monomers, the concentrations of the monomers, and
other reaction conditions to obtain thin film composite (TFC) and nanocomposite membranes
[12–18]. TFC membranes obtained via IP typically have excellent salt retentions [19,20]
and chemical/physical stability [21] and are still the most preferred option for commercial
nanofiltration membranes.

In recent years, another interesting coating approach that utilizes polyelectrolytes has gained
significant attention. The so-called layer-by-layer (LBL) approach was first described by Decher
to obtain self-assembled polyelectrolyte multilayers (PEM) by alternatively coating polycations
and polyanions on solid supports [22]. This process can be used to prepare thin layers (usually
10-50 nm) on the surface of charged porous support membranes due to electrostatic interactions
of the oppositely charged polyelectrolytes [23]. The PEM approach has proven to be a very
versatile method to obtain ultrathin and dense coatings because of the ability to fine-tune their
properties through, for example, the number of bilayers, salt concentration, and the pH of the
coating solutions [24–26]. In addition, the PEM-coated membranes have also shown excellent
chemical stability and resistance against cleaning/backwashing processes [27]. Common and
successful PEM coatings include PSS-PDADMAC, PSS-PAH, PAA-PAH, and PSS-PEI [28].
Each polyelectrolyte pair has di�erent properties and performance and this can be further fine-
tuned by controlling the coating process. For instance PSS-PAH multilayer coatings have lower
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polyelectrolyte mobility and typically show higher water permeability with good salt retentions
[29].The PSS-PDADMAC multilayer coatings show excellent physical and chemical stability
against back flushing [30] and show a particularly high anion selectivity towards sulfate and
phosphate [31,32]. On the other hand, PSS-PEI multilayer coatings form dense complexes
and therefore, show relatively lower water permeabilities but with excellent salt and organic
molecules retentions [33]. In addition, the PSS-PAH and PSS-PDADMAC multilayer coatings
have the polycation in excess in bulk and therefore are more susceptible to swelling [33]. In
comparison, the PSS-PEI coatings have significantly less excess of polycation and therefore, have
less degree of swelling.

In this work, we use the advantages of PEM and IP coatings and demonstrate that APS based
membranes can also act as excellent supports for these functional coatings. One of the major
advantages of using APS membranes for PEM coatings is the inherent charge of these membranes
which facilitates the adsorption of charged polyelectrolytes. In Chapter 2 it was shown that
the PSS-PAH based APS membranes have positive charge on their surface. As a result, these
support membranes can be directly coated with a layer of polyanion without any pre-treatment
processes. Similarly, the excess amount of PAH in the PSS-PAH support membranes provides
amine groups that can take part in the interfacial polymerization process by reacting with the
TMC, thereby improving the adhesion of the IP layer to the support membrane. In this work,
the support PSS-PAH based APS membranes are prepared following the protocols extensively
discussed in Chapter 2. PEM coatings are performed using three di�erent polyelectrolyte pairs
i.e. PSS-PAH, PSS-PDADMAC, and PSS-PEI. Figure 4.1 shows the chemical structures of these
polyelectrolytes. The multilayer membranes are coated on the APS support membranes to
densify the top surface structure and provide the membranes with nanofiltration performance.
Similarly, IP was performed on porous (ultrafiltration) PSS-PAH membranes and the IP reaction
conditions were optimized to obtain stable TFC membranes. Finally, all the coated membranes
are tested for their nanofiltration performance using a range of di�erent salts and organic
micropollutants. This study showcases the versatility of APS membranes by demonstrating that
they can function as support membranes for a multitude of surface coatings without requiring
any pre-treatment.

4.2 Experimental Section

4.2.1 Materials

The chemicals Poly(sodium 4-styrene sulfonate) (PSS, 30 wt% with Mw ∼200 kDa and 25
wt% with Mw ∼1000 kDa), Poly(diallyldimethylammonium chloride) (PDADMAC, 20wt%,
Mw ∼200 – 350 kDa), branched Polyethyleneimine (PEI, 50 wt%, Mw ∼750 kDa), sodium
hydroxide (NaOH, >98%) sodium chloride (NaCl, >99.5%), hydrochloric acid (HCl, 37%, ACS
reagent), glutaraldehyde (GA, 50 wt%), glycerol solution (86–89 wt%), m-Phenylenediamine
(99%, MPD), 1,3,5-Benzenetricarbonyl trichloride (98%, TMC), n-Hexane (≥99%), magnesium
sulfate (MgSO4, >99.5%), sodium sulfate (Na2SO4, 99%), magnesium chloride hexahydrate
(MgCl2.6H2O, ≥99%), sodium chloride (NaCl, ≥99.5%), polyethylene glycol (PEG) with
di�erent molecular weights (Mw 200, 400, 600, 1500, and 2000 g·mol–1), atrazine (analytical
standard), atenolol (>98%), bezafibrate (>98%), bromothymol blue (>95%), bisphenol-A (>99%),
naproxen (analytical standard), phenolphthalein (analytical standard), and sulfamethoxazole
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Figure 4.1 Chemical structures of the polyelectrolytes used for performing PEM coatings on the
APS membrane supports. a) Poly(sodium 4-styrene sulfonate) (PSS), b) Poly(allylamine

hydrochloride) (PAH), c) Poly(diallyldimethylammonium chloride) (PDADMAC), and d)
branched Polyethyleneimine (PEI).

(analytical standard) were purchased from Merck (The Netherlands). Poly(allylamine
hydrochloride) (PAH, 40 wt%, Mw ∼150 kDa) was purchased from Nittobo Medical Co. Ltd.,
Japan. Deionized water was obtained from a Milli-Q® Ultrapure water purification system.

4.2.2 Membrane Fabrication

The polyelectrolyte complex membranes were prepared using recipes reported in Chapter 2.
Briefly, first a 25 wt% PSS (Mw ∼1000 kDa) solution was diluted to 12 wt% using deionized
water. Second, 40 wt% PAH (Mw ∼150 kDa) was diluted to 12 wt% by the addition of deionized
water and 10 M NaOH solution. The NaOH solution was added such that the ratio of wt%
NaOH to wt% PAH was constant at 0.5. The reason to add NaOH is to increase the pH of the
aqueous PAH solution to ∼14, thereby making it uncharged so that it can be mixed with PSS
without forming a polyelectrolyte complex. Finally, the 12 wt% PSS and PAH solutions were
mixed in a monomer mixing ratio of PSS to PAH of 1:2. The ratios are based on the monomer
weight of the polyelectrolytes i.e. ∼206 g·mol–1 for PSS and ∼93.5 g·mol–1 for PAH. This ratio
of polyelectrolytes was selected because it results in mechanically stable membranes as shown
earlier in Chapter 3. The casting solution was constantly stirred until it became homogeneous.
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The solution was then cast as a thin film on a glass plate using a casting bar having a gap of
0.6 mm. To obtain the open nanofiltration type membrane supports for multilayer coatings,
the cast solution was immediately immersed in a coagulation bath at pH 1 (adjusted using
HCl) containing 0.05 wt% GA and 4 M NaCl. This composition of the coagulation bath was
chosen because it results in open nanofiltration type PSS-PAH membranes as mentioned in
Chapter 2. Here GA is used as a crosslinking agent for the amines of PAH while NaCl facilitates
the polyelectrolyte chain rearrangement resulting in a denser complex. On the other hand,
the ultrafiltration type membrane supports for interfacial polymerization were obtained by
immersing the PSS-PAH cast films in a coagulation bath at pH 1 (adjusted using HCl) containing
0.05 wt% GA without any NaCl. The cast films immediately precipitated at low pH and turned
opaque. The films were then removed from the bath after 24 h and kept in deionized water for
further use.

4.2.3 Multilayer coatings

Three di�erent types of multilayer coatings were applied in this work i.e. PSS-PAH, PSS-
PDADMAC, and PSS-PEI. The coating solutions contained 1g·L–1 of polyelectrolyte (polyanion
or polycation) in 500 mM NaCl solution. This concentration of NaCl was chosen because thicker
multilayer coatings are obtained at higher salt concentrations because of the increased extrinsic
charge compensation within the multilayers [34]. The pH of all the polyelectrolyte solutions
was set to 6 by adding 0.1 M NaOH/HCl. PSS and PDADMAC are strong polyelectrolytes,
meaning that the pH of the solution has no impact on their charge. On the other hand, PAH
and PEI are weak polyelectrolytes whose charge is dependent on the pH of the solution. It is
known from literature that PSS-PAH multilayer membranes when coated at pH 6, form dense
PEMs that show high retention of organic micropollutants [35]. Therefore, pH 6 was chosen as
the coating solution pH for performing multilayer coatings. The multilayers were built using
the following protocol. The support membranes were first soaked in 500 mM NaCl solution
for 15 min followed by a 15 min dip coat in 1g·L–1 PSS (polyanion, Mw ∼200 kDa) solution.
Afterwards, the membranes were taken out and immediately washed in three steps with 500
mM NaCl solution for 15 min each. The membranes were then dipped in 1g·L–1 polycation
(either PAH, PDADMAC, or PEI) solution for 15 min followed by a three step wash in 500 mM
NaCl solution for 15 min each. This process produced one bilayer. The procedure was repeated
to obtain 4.5 bilayers of each PSS-PAH, PSS- PDADMAC, and PSS-PEI with PSS as the ending
layer. The PEM membranes with 4.5 bilayers are referred to as PSS-PAH(4.5), PSS-PDADMAC(4.5)
and PSS-PEI(4.5). The coated flat sheet membranes were stored in deionized water for further
usage.

4.2.4 Interfacial Polymerization

Interfacial polymerization was carried out using MPD and TMC as monomers. A 2 wt% MPD
solution was prepared in deionized water and stirred until it became homogeneous. A 0.2 wt%
TMC solution was prepared by dissolving TMC in n-Hexane. The IP coating was then applied on
the ultrafiltration type PSS-PAH membranes using the following protocol. First, the membranes
were immersed in the aqueous MPD solution for 10 min. When the membranes were taken out,
they appeared shiny due to the presence of water on the surface, which was removed by means of a
rubber roller. Afterwards, the membranes were vertically dried inside an aerated fume hood until
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they appeared dry and dull [12]. The MPD saturated membrane supports were then immersed in
the TMC solution for 3 minutes to initiate the interfacial polymerization reaction after which
they were dried again in the fume hood for 30 s before heat treatment in an oven at 70 °C for
5 min. The membranes were taken out, washed with deionized water, and stored in deionized
water for further usage.

4.2.5 Characterization

Scanning electron microscopy (SEM) was performed on JSM-6010LA, JEOL, Japan. The
membrane samples for SEM were first immersed in a 20 wt% Glycerol solution for 4 h and
then dried in an aerated fume hood for 24 h. This procedure ensures that the pores of the
membranes remain intact. For cross-section images, the dried membrane samples were immersed
in liquid N2 and carefully fractured to reveal the full cross-section. All the membrane samples
were kept in a vacuum oven at 30 °C for 24 h before sputter coating them with a 5 nm thin
layer of Pt/Pd alloy using a sputter coater Quorum Q150T ES (Quorum Technologies, Ltd., UK).
Fourier Transformed Infrared (FTIR) spectroscopy was conducted on Spectrum TwoTM (Perkin
Elmer, USA) in ATR (attenuated total reflectance) mode in the wavenumber range 600 cm–1 to
4000 cm–1.

The charge on the membrane surface was determined at pH 6 using SurPASS electrokinetic
analyzer (Anton Paar, Graz, Austria) by measuring the streaming current versus pressure in a
5 mM KCl solution.

For the pure water permeability (PWP) measurements, the membranes were cut into circular
disks having a diameter of 25 mm and then mounted on a dead-end Amicon® cell. The
exposed surface area of the membranes was ∼3.8 cm2. The vessel containing the feed water
was pressurized to 4 bar using N2 gas. The permeate mass was measured as a function of time via
mass balance connected to a computer. The PWP (P) was calculated using equation 4.1:

P =
Jw
∆p

(4.1)

Where Jw is the water flux calculated by measuring the change in permeate volume (in liters) per
membrane area (3.8 cm2) over time (h) and ∆p is the pressure di�erence (bar) between the feed
and permeate side.

The molecular weight cut-o� (MWCO) of the membranes was determined using a feed solution
of PEG having di�erent molecular weights i.e. 200 g·mol–1 to 2000 g·mol–1, each at a
concentration of 1 g·L–1 in water. The mixture was filtered through the membranes in a dead-
end cell at 3 bar and the permeate and retentate samples were collected. The feed, retentate, and
permeate were then analyzed via Gel Permeation Chromatography (GPC, Agilent 1200/1260
Infinity GPC/SEC series, Polymer Standards Service data center and column compartment)
using Milli-Q water eluent containing 50 mg·L–1 NaN3, at 1 mL·min–1, through 1000 Å, 10 µm
Polymer Standards Service Suprema 8 × 300 mm column and 30 Å, 10 µm column connected in
series. GPC determines the concentration of PEGs via refractive index detection. The retention
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(R) was calculated using equation 4.2:

R =

1 −
Cp(

Cf+Cr

2

)
 × 100 (4.2)

Where Cp Cf, and Cr are the concentration in permeate, feed, and retentate side, respectively.
Here, an average of feed and retentate concentration is taken because the concentration of the
feed solution in a dead-end cell is always changing. A sieving curve of retention vs. molecular
weight of PEG was plotted and the MWCO was determined as shown in Figure S4.4, supporting
information.

A 5 mM aqueous solution of four di�erent types of salts i.e. MgCl2, MgSO4, Na2SO4, and NaCl
was filtered through the membranes at 4 bar of feed pressure. The feed, retentate, and permeate
samples were collected and measured for their conductivity using a handheld WTWTM Cond
3210TM conductivity meter (Xylem Analytics, Germany). A calibration curve was obtained by
plotting conductivity as a function of known concentrations of salt solutions. Consequently, the
concentration of either type of salt in the actual feed, retentate, and permeate was determined
according to the calibration curve and the retention was calculated using equation 4.2.

A cocktail mixture of eight di�erent types of micropollutants was prepared by dissolving
3 mg·L–1 of each micropollutant in deionized water followed by adjusting the solution pH
to 5.8 using 0.1 M NaOH. At this pH, the micropollutants are either positively charged,
negatively charged, or neutral. Such a diverse combination of micropollutants can provide
an assessment on the charge-based and size-based separation of molecules by the membranes.
The mixture was filtered through the membranes for 24 h to achieve steady state permeation
before collecting the feed, retentate, and permeate samples. These samples were analyzed on
UltiMate 3000 UHPLC (ThermoFisher Scientific, USA) using a 2.2 µm ACCLAIM RSLC
C18 column (ThermoFisher Scientific, USA) for separation. A calibration curve was first
obtained using known concentrations of micropollutant cocktail mixture. The concentrations
of micropollutants in feed, retentate, and permeate was estimated according to the calibration
curve obtained using known concentrations of micropollutant cocktail mixture. The retention
was then calculated using equation 4.2.

4.3 Results and Discussions

4.3.1 Multilayer coatings

When considering APS based membranes as supports for PEM coatings, the natural charge of the
APS membranes can be considered as a real advantage, allowing easy coatings. The top surface
and cross-section SEM images of all three di�erent types of PEM membranes coated with 4.5
bilayers are shown in Figure 4.2 along with the uncoated APS support membrane.

The PSS-PAH(4.5) membranes showed relatively smooth top surfaces as compared to the PSS-
PDADMAC(4.5) and PSS-PEI(4.5), see Figure 4.2c, e, and g. It is well known that PSS-PAH
multilayers have lower mobility [29] and a higher number of interactions within the multilayer
[36] as compared to the others studied in this work, which could explain the smooth texture
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Figure 4.2 Top surface and cross-section SEM images of (a-b) APS support membrane and the
PEM membranes coated with 4.5 bilayers of PSS-PAH (c–d), PSS-PDADMAC (e–f), and

PSS-PEI (g–h).

of PSS-PAH PEMs. On the other hand, the PSS-PDADMAC and PSS-PEI coated membranes
exhibited rougher and more uneven surfaces containing aggregates and also some degree of
layering (especially in case of PSS-PEI) as seen in Figure 4.2e and g. Chen et al. also found
similar morphologies for PEMs and concluded that such morphology could possibly be due to
the inhomogeneous charge distribution on the substrate that could lead to isolated deposition
of material [37]. However, in case of PSS-PEI multilayer membranes, the uneven top surfaces
could possibly be due to the branched nature of the higher molecular weight PEI which forms
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Figure 4.3 a) Pure water permeability and molecular weight cut-o�, b) Salt retentions of
PSS-PAH(4.5), PSS-PDADMAC(4.5), and PSS-PEI(4.5) membranes. The support membrane
showed negligible salt retentions as compared to the enhanced salt retentions by the PEM

coated membranes. The retention tests were conducted at a feed pressure of 4 bar.

slightly thicker coatings. Nevertheless, the membranes contained no defects as will be established
later by the organic micropollutant retention experiments. The cross-section SEM images of the
PEM coated membranes, shown in Figure 4.2d, f, and h, do not reveal any significant information
because it is di�cult to estimate the PEM layer thickness via SEM images, especially as the coated
material is very similar in nature to the materials of the support membranes. A better estimate
of PEM thickness is obtained by utilizing the optical fixed-angle reflectometry or ellipsometry.
For these systems that has been done in literature, coming to estimated thicknesses of ∼25 nm
for PSS-PDADMAC, ∼16 nm for PSS-PEI [38], and ∼20 nm for PSS-PAH [39].

Figure 4.3a shows the pure water permeability (PWP) and molecular weight cut-o� (MWCO)
of the three di�erent types of PEM coated membranes. For reference, the PWP of the support
APS membranes was ∼2 L·m–2·h–1·bar–1. The PWP and salt retentions of the PEM membranes
with 1.5 to 3.5 bilayers is show in Figure S4.1–S4.3, supporting information. For all three PEM
coatings excellent NF performance is observed, a large improvement compared to just the
support membrane. However, the three di�erent polyelectrolyte systems do show varying PWP
and MWCO values, in accordance with the previous studies [31]. The PWP of PSS-PAH(4.5)
and PSS-PDADMAC(4.5) coated membranes was almost similar i.e. ∼1.7 L·m–2·h–1·bar–1. On
the other hand, the PSS-PEI(4.5) membranes showed a lower PWP of ∼1.4 L·m–2·h–1·bar–1. Such
a trend is observed because the PSS-PEI multilayer membranes are known to be denser than
PSS-PDADMAC and PSS-PAH [33]. For branched PEI the charge density is higher than that of
PDADMAC and PAH. Consequently, the number of ion pairs per number of carbon atoms in
the resulting polyelectrolyte complex is higher for PSS-PEI(4.5) as compared to the rest. A higher
charge density leading to a higher density of ionic crosslinks, coupled with lower excess charge as
described in the introduction, usually results in a lower permeation rate [40]. The dense nature
of PSS-PEI(4.5) was also confirmed by the MWCO of these PEM membranes. The MWCO of the
relatively less dense PSS-PAH(4.5) and PSS-PDADMAC(4.5) was estimated to be∼392 ± 6 Da and
∼384 ± 3 Da, see Figure S4.4a, b in supporting information. In comparison, the dense PSS-PEI(4.5)
membranes showed a MWCO of ∼205 ± 4, Figure S4.4c.
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The separation performance of the membranes prepared in this work is compared to the
commercial membranes in terms of their PWP and the NaCl retention and is presented in
Table S4.1, supporting information. The water permeabilities of the APS support membranes
(∼2 L·m–2·h–1·bar–1) and the PEM membranes reported here are relatively lower as compared
to most commercial membranes used for nanofiltration applications. This is indeed a current
limitation of the APS membranes and future e�orts could be devoted towards increasing the
PWP of the support membranes. One possible way is to utilize additives such as polyethylene
glycol (PEG) in the polyelectrolyte casting solution which is also commonly used for NIPS
membranes as pore former [41]. Nevertheless, the sustainable APS membrane supports show
decent salt selectivity while facilitating the PEM formation due to their inherent surface charge.

Figure 4.3b shows the retention of four di�erent types of salts by the support membrane and
the di�erent PEM membranes. The salts that were used for the retention measurements contain
both monovalent and divalent anions/cations which can also give a fair indication of the charge
in the bulk of PEM membranes. As expected, the support membrane showed negligible (<10%)
retention of the four types of salts. For the PEM membranes, the retention trend follows the
permeability data such that the membranes with lower water permeability showed the higher
retentions. PSS-PEI(4.5) showed the highest retention for all four types of salts because of its
dense nature. The higher retention of MgCl2 as compared to the other salts is due to the net
positive charge on the PEM membrane surfaces which was confirmed by measuring the surface
streaming potential of these membranes. PSS-PAH(4.5) membranes had a streaming potential
of ∼9 ± 0.4 mV, PSS-PDADMAC(4.5) ∼9 ± 0.2 mV, and PSS-PEI(4.5) ∼4 ± 0.7 mV. The salt
retention results indicate that the separation mechanism is most likely to be a combination of
the size exclusion and Donnan exclusion mechanisms. A positively charged membrane will repel
the cations and attract the anions based on the Donnan exclusion mechanism [42]. The higher
rejection of divalent cation Mg2+ and a lower rejection of divalent anion SO4

2– is then expected.
Looking at the streaming potentials of the three type of membranes, it can be observed that
PSS-PEI(4.5) has relatively lower charge of ∼4 mV as compared to the other two systems. This
confirms our earlier statement that PSS-PEI(4.5) has the highest number of ion pairs per number
of carbon atoms among the three PEMs resulting in less overall charge and also a more dense
layer. The results clearly indicate that coating a thin layer of PEM on top of the APS membranes
can lead to the formation of excellent nanofiltration type membranes. The versatility of the
LBL approach allows further optimization of the membranes’ separation performance by simply
tuning the number of bilayers, salt concentration, and the pH of the coating solutions.

To further quantify the nanofiltration separation performance of the PEM membranes, a mixture
of eight di�erent types of micropollutants was prepared and filtered through the membranes,
see Figure S4.5 in the supporting information for the chemical structures of these micropollutants.
These micropollutants are mostly pesticides, pharmaceuticals, and plasticizers and are most
commonly found in rivers and other ground water sources [43]. The mixture contains both
hydrophilic/hydrophobic and charged/uncharged molecules with molecular weights in the range
of 200 Da to 700 Da. Table 4.1 presents the micropollutant retentions of the PEM membranes
studied in this work.

As expected, the neutral molecules like Atrazine, Bisphenol-A, Phenolphthalein, and
Bromothymol blue are highly rejected based on their sizes according to the MWCO of the PEM
membranes. Bromothymol blue, being the largest molecule (Mw∼624 Da) is completely retained
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Table 4.1 Micropollutant retentions of the PEM membranes. The concentration of the mixture
was 3 mg·L–1 of each compound and the pH was adjusted to 5.8.

Micropollutant Mw
(Da)

Charge Retention (%)

PSS-
PAH(4.5)

PSS-
PDADMAC(4.5)

PSS-
PEI(4.5)

Atenolol 267 + 60 97 97
Atrazine 216 0 50 62 90
Bisphenol-A 228 0 50 53 92
Phenolphthalein 318 0 75 87 97
Bromothymol blue 624 0 100 100 100
Sulfamethoxazole 253 0/- 26 30 56
Naproxen 229 - 94 95 97
Bezafibrate 361 - 89 89 99

by the membranes, also demonstrating that all three membrane types are defect free. The
positively charged Atenolol shows higher retentions because of the positively charged membrane
surface. Overall, the PSS-PAH(4.5) shows an average micropollutant retention of ∼68%, PSS-
PDADMAC(4.5) ∼77%, and PSS-PEI(4.5) ∼91%. The results also suggest that the separation
of the organic micropollutant is not governed only by size exclusion and Donnan exclusion
mechanisms, steric hindrance and dielectric e�ects are also known to a�ect the retentions in
typical nanofiltration membranes [44]. The separation is likely based on a combination of these
mechanisms.

It can certainly be concluded that by only coating 4.5 bilayers of PEMs, the otherwise open
nanofiltration type APS membrane can be made into a dense nanofiltration type. The real
advantage is that the PEMs can be applied without any pre-treatment due to the natural charge
of the APS support membranes which facilitates the adsorption of polyelectrolytes for the
multilayer buildup. These results also suggest that PSS-PAH based APS membranes can be
e�ectively used as supports to build PEMs based membranes with excellent separation properties.
It is also pertinent to mention that the aim of this work was not to obtain the best performing
PEM membranes but to show that APS membranes, just like NIPS membranes, can be excellent
support membranes for functional coatings.

4.3.2 Interfacial Polymerization

Interfacial polymerization was carried out on the ultrafiltration type PSS-PAH membranes
having an average pore size of ∼4.5 nm, calculated in Chapter 2. The existence of the IP coated
polyamide layer was confirmed by FTIR spectra shown in Figure 4.4.

In case of the PSS-PAH support membrane, the sharp absorbance bands at 1008 cm–1, 1036 cm–1,
1123 cm–1, and the overlapping bands at 1180 cm–1 and 1208 cm–1 are assigned to the S=O
stretching modes in PSS [45]. Other characteristic peaks of PSS appear at 1601 cm–1, 1495 cm–1,
1453 cm–1, and 1411 cm–1 all of which are assigned to the aromatic –C=C– stretching. The
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Figure 4.4 FTIR spectra of the ultrafiltration type PSS-PAH support and the IP coated thin
film composite (TFC) membrane. The appearance of absorbance bands at 1545 cm–1, 1611 cm–1,

and 1660 cm–1 confirm the presence of polyamide in TFC membranes.

relatively less prominent peaks observed in the IR spectra of the support membranes at 1603 cm–1

and 1522 cm–1 can be assigned to asymmetric and symmetric vibrations of –NH3
+, respectively

[46].

The FTIR spectra of the IP coated TFC membrane showed additional bands at 1660 cm–1 (C=O
stretching vibrations in amide I), 1611 cm–1 (aromatic ring breathing, N–H bending/stretching,
amide II), and 1545 cm–1 (C–N stretching of amide), all of which are characteristic polyamide
bands [47]. The FTIR spectra reveals that the PSS-PAH support membranes are indeed coated
with a thin layer of polyamide.

The SEM images of the pristine support membrane and the TFC membrane are shown in Figure
4.5. Comparing SEM images in Figure 4.5a and b, it can be seen that the TFC membrane had
a slightly rough top surface with a typical leaf-like morphology that is most associated with a
polyamide layer [48].

The di�erence between the pristine support and the TFC membrane is evident by looking at the
cross-section SEM images in Figure 4.5. The PSS-PAH support membrane shows an asymmetric
structure with the pore size getting larger as you move from top to bottom of the cross-section,
see Figure 4.5c. On the other hand, the TFC membrane has a relatively denser and more closed
structure at the given magnification, Figure 4.5d. This indicates that the polyamide layer has
reduced the pore size and/or completely closed the pores near to the membrane top surface. This
happens because upon immersing the porous support membrane in the MPD solution, the near
surface pores are completely filled with the aqueous solution. The MPD molecules remain inside
the pores even after drying with a rubber roller. When the support is subsequently immersed
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Figure 4.5 Top surface and cross-section SEM images of the APS support membrane (a) (c), and
IP coated membrane (b) (d).

in the organic TMC solution, the MPD molecules di�use towards the organic front because of
their higher solubility in organic solvent and immediately react with TMC to form a polyamide
nuclei. The newly formed nuclei grows laterally until it combines with other nuclei to form a
polyamide layer [12]. The di�usion of MPD molecules and the subsequent reaction with TMC
gives rise to the typical leaf-like morphology associated with the polyamide layer.

The charge on the TFC membrane surface was determined to be approximately –35 ± 0.5 mV
at pH 6. The polyamide layer is negatively charged because of the dissociation of the carboxyl
groups [49]. The negatively charged TFC membrane is thus expected to have high retentions of
divalent anions.

The pure water permeability at 4 bar of applied water pressure was measured for the
TFC membrane. In comparison with the support membrane, which had a permeability of
∼12.5 L·m–2·h–1·bar–1, the TFC membranes showed significantly lower water permeability of
∼1.1 L·m–2·h–1·bar–1. This is fully expected behavior because the TFC membrane is significantly
denser than the support membrane and therefore there is higher resistance to the passage of
water, see Figure 4.5c, d. The MWCO of the IP coated TFC membranes was measured to be
∼200 ± 3 Da.

The nanofiltration performance of the membrane was determined by filtering four di�erent
types of salt solutions and the retentions are showed in Figure 4.6. As expected for a negatively
charged dense membrane, the rejection of Na2SO4 is the highest i.e. ∼86%. MgSO4 and MgCl2
are ∼77.5% and ∼70% retained by the TFC membrane. The least rejection was of NaCl, which
was only ∼58% retained. The retentions of salts are in accordance with the Donnan exclusion
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Figure 4.6 Salt retentions of the TFC membranes. Retention tests were conducted using 5 mM
salt solution at a feed pressure of 4 bar.

mechanism. A thin polyamide coating successfully transformed an ultrafiltration type membrane
into dense nanofiltration type membrane.

The major di�erence between the LBL approach for PEM assembly and the IP in this work
is the thickness and density of the final surface coating. Most IP coatings are known to be
∼100 nm – 300 nm thick [50] but PEM coatings are typically thinner,∼50 nm. A thicker selective
layer increases the resistance for the water molecules consequently resulting in lower pure water
permeabilities as observed for the TFC membranes in this work. Both the PEM and IP coatings
have advantages and disadvantages. The coating process is longer in PEMs while IP is fairly easy
and takes considerably less time and is still the preferred option for commercial applications.
Additionally, the excess amine groups in the APS support membrane could covalently bind the IP
layer for better adhesion. In this work, we have added APS membranes to the list of supports that
can be used to perform functional coatings without any pre-treatment process. Future e�orts
could also be devoted towards developing and optimizing these coatings for reverse osmosis and
gas separation applications using the sustainably produced APS membranes as the support.

4.4 Conclusions

For the first time, we have successfully demonstrated that APS based membranes can act as
excellent supports for fabricating nanofiltration type membranes with thin selective top layers.
Polyelectrolyte multilayer (PEM) assembly and interfacial polymerization (IP) was employed to
fabricate thin films on the surface of PSS-PAH APS membranes. The APS membranes were used
as supports to coat di�erent multilayers composed of three pairs of polyelectrolytes i.e. PSS-
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PAH, PSS-PDADMAC, and PSS-PEI. The results revealed that by simply coating 4.5 bilayers of
PEM, the APS support membranes can be transformed into nanofiltration type membranes with
excellent salt retentions and water permeabilities. The membranes coated using PSS-PAH had
a molecular weight cut-o� (MWCO) of ∼392 Da while those prepared using PSS-PDADMAC
had MWCO of ∼384 Da. These membranes showed decent rejections of salts e.g. >90% MgCl2
rejections. The PSS-PEI membranes were found to have the densest top layers with a molecular
weight cut-o� of ∼205 Da and rejected ∼98% MgCl2 with rejections organic micropollutants
in excess of 90%. The IP coating was also very successful in transforming the ultrafiltration type
PSS-PAH APS membranes into nanofiltration type ones. The resulting thin film composite
membranes had a significantly denser structure and lower MWCO of ∼200 Da with good
retentions of salts. The APS support membranes even have natural advantages: their charge
allows for easy application of PEMs while the used primary amines allows covalent bonding of
the IP layer. Here we also show that the properties of APS membranes can be further fine-tuned
to obtain desirable separation performances.
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4.5 Supporting Information – S4

Figure S4.1 a) Pure water permeability and b) salt retentions of the PSS-PAH multilayer
membranes showing the e�ect of number of bilayers on the membrane permeability and salt

retentions.

Figure S4.2 a) Pure water permeability and b) salt retentions of the PSS-PDADMAC
multilayer membranes showing the e�ect of number of bilayers on the membrane permeability

and salt retentions.
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Figure S4.3 a) Pure water permeability and b) salt retentions of the PSS-PEI multilayer
membranes showing the e�ect of number of bilayers on the membrane permeability and salt

retentions.

Figure S4.4 Sieving curves obtained by gel permeation chromatography showing the retention
of Polyethylene glycol (PEG) as a function of its molecular weight for three types of multilayer
coatings. a) PSS-PAH(4.5), PSS-PDADMAC(4.5), and PSS-PEI(4.5). The molecular weight cut-o�

was estimated by taking the 90th percentile of the maximum retention obtained.
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Figure S4.5 Chemical structures and molecular weights of the eight types of micropollutants
used in this work.
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Abstract

pH-shift induced Aqueous phase separation (APS) is a novel and more sustainable water-based
approach to create microfiltration, ultrafiltration, and nanofiltration membranes. APS allows
for control over membrane pore size and structure in ways analogous to traditional non-solvent
induced phase separation (NIPS). Unfortunately, existing APS approaches require extreme pH
shifts (from pH 14 to pH 1) to obtain successful membranes, limiting their applicability for
large scale production. Here we demonstrate that APS membranes, with tunable pore sizes
ranging from ∼80 nm to dense nanofiltration type, can be prepared using a mild pH shift
(pH 12 to pH 4) based on the complexation of poly(styrene sulfonate) (PSS) and branched
polyethyleneimine (PEI) in acetate bu�er coagulation baths. The molecular weight of PEI, the
concentration and the pH value of the bu�er solution, and the concentration of glutaraldehyde
crosslinking agent were systematically varied to control and optimize the membrane fabrication
conditions. It was found that tight nanofiltration membranes having a molecular weight cut-o�
of ∼200 g·mol–1 and excellent salt (97% MgCl2) and micropollutant retentions (∼96%) could be
prepared alongside ultra/microfiltration type membranes with an average pore size of ∼60 nm.
These results indicate that APS membranes with tunable pore sizes can be prepared under mild
pH conditions with excellent control over separation properties.

5.1 Introduction

Non-solvent induced phase separation, commonly referred to as NIPS, is by far the most
commonly employed technique to prepare polymeric membranes. It is a versatile technique
that allows the production of various di�erent types of membranes in a simple one-step process
whereby a liquid polymer solution is transformed into a solid porous membrane via controlled
precipitation [1]. The phase separation rate can be controlled to obtain di�erent membrane
morphologies. A slower precipitation rate typically leads to the formation of sponge-like
structures with dense top layers that exhibit high salt retentions and low water fluxes. On
the other hand, a faster precipitation rate typically results in asymmetric membranes having
macrovoids and more porous top layers that show high water fluxes [2]. In addition, the polymer
concentration of the casting/dope solution along with the coagulation bath conditions dictate
the final structure of the membranes. A higher polymer concentration increases the solution’s
viscosity thereby slowing down the precipitation rate resulting in denser membranes [3]. The
wide range of polymers available and numerous tuning parameters means that membranes
for microfiltration, ultrafiltration, nanofiltration, reverse osmosis, and gas separation can be
produced using NIPS [4]. Such proven control over the pore size and structure enabled NIPS to
be the foremost and preferred technique for commercial polymeric membrane production.

A major downside of NIPS is that the most commonly used solvent in this technique, N-
methylpyrrolidone (NMP), has been proven to be reprotoxic [5]. Consequently, NMP has been
restricted for use in the European Union through the Regulation (EC) No. (EU) 2018/588
of the European Parliament and the Council on the Registration, Evaluation, Authorization,
and Restriction of Chemicals (REACH) [6,7]. The search for greener solvents for membrane
fabrication predates the EU restriction. In 2014 Figoli et al. reviewed several alternate solvents
that have been used to produce NIPS and thermally induced phase separation (TIPS) membranes
[8–10]. Some of these ‘green’ solvents include CyreneTM, ionic liquids, ethyl lactate, and super
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critical CO2. However, tuning the pore size of the membrane for desired application still
remained a major challenge. A di�erent approach was first introduced by de Vos that utilized
water as a solvent to prepare Aqueous Phase Separation (APS) membranes using polyelectrolytes
[11]. Polyelectrolytes are polymers that carry a charge on their repeating unit along with small
counter-ions. As a result, the polyelectrolytes are readily soluble in water. De Vos demonstrated
that a weak polyelectrolyte such as poly(4-vinylpyridine), which is soluble in water only at low
pH conditions can be precipitated at high pH conditions to form porous films [11]. However
these membranes exhibited limited mechanical stability and relatively poor control over the pore
size [12]. Another interesting approach was polyelectrolyte complex (PEC) membranes, where a
casting solution of a weak and strong polyelectrolyte was precipitated in coagulation baths at low
pH conditions to obtain porous membranes [11]. A PEC is formed when two oppositely charged
polyelectrolytes are mixed together whereby the driving force for complexation is provided by the
entropy gain due to the release of the counter-ions [13,14]. Polyelectrolytes have long been used
to prepare PEC membranes and free-standing capsules and their numerous applications have
been reported in literature [15–17]. In earlier chapters, we have demonstrated the versatility of
APS method by fabricating microfiltration, ultrafiltration, and nanofiltration PEC membranes.
In that version of APS, a homogeneous solution of a strong polyelectrolyte poly(sodium 4-
styrenesulfonate) PSS, and a weak polyelectrolyte poly(allylamine hydrochloride) (PAH) was
prepared at ∼pH 14 and precipitated in a ∼pH 1 coagulation bath. Several parameters such
as the molecular weight of the polyelectrolytes, solution concentration, pH of the bath, salinity
of the bath, and the amount of crosslinker can be tuned to obtain desirable membrane pore sizes
[18,19]. However, the extreme pH conditions required to prepare the PSS-PAH membranes are
far from ideal for larger scale membrane production as they can for example lead to corrosion
of the equipment. One attempt to resolve this problem is a salinity change induced APS, where
the casting solution, composed of two polyelectrolytes dissolved at high salt concentrations, is
precipitated in deionized water (or even tap water) to obtain PEC membranes [20–22]. Salinity
change induced APS is indeed a promising alternate to the pH switch induced APS, however,
in one version it gives limited control over the membrane pore size in addition to low water
permeabilites [21,22], and in another version it is rather laborious [20]. A truly sustainable
alternative to NIPS that has the similar control over the membrane pore size still remains a
major challenge.

In this work, we demonstrate that pH switch induced APS is possible at much milder pH
conditions, while retaining excellent control over pore size and membrane structure. Here, the
weak polycation polyethyleneimine (PEI) is used in its branched form in combination with the
strong polyanion PSS. The combination of PSS and PEI has already been successfully applied
as polyelectrolyte multilayer coatings on polymeric support membranes for nanofiltration
applications [23,24]. PSS-PEI multilayer coated membranes have shown excellent divalent ion
retentions with a water permeability of ∼5 L·m–2·h–1·bar–1 [24]. Herein, we demonstrate that
PSS-PEI solutions can be mixed directly without any additives (i.e. no added base) to form a
homogeneous casting solutions, which can subsequently be cast as thin films and precipitated in
much less extreme pH (3.6 – 5) acetate bu�er baths to obtain PEC membranes. The molecular
weight of PEI, the concentration and pH value of the acetate bu�er, as well as the concentration
of the crosslinking agent were all varied in order to study their e�ect on membrane structure
and morphology. These parameters were fine-tuned and allowed for control over the pore size
of the membranes. The findings of this work o�er insight into the PSS-PEI system as one of the
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most promising APS approaches for the production of a wide variety of sustainable membranes.

5.2 Experimental Section

5.2.1 Materials

Poly(sodium 4-styrene sulfonate) (PSS, Mw ∼1000 kDa) was purchased from Sigma-Aldrich
(Netherlands) as 25 wt% aqueous solution. Branched Polyethyleneimine (PEI) was purchased
from Sigma-Aldrich (Netherlands) as 50 wt% aqueous solution (Mw ∼750 kDa) and >99 wt%
(Mw ∼25 kDa). The chemicals sodium acetate (anhydrous, Reagentplus, 99.0%), acetic
acid (glacial, ACS reagent, ≥99.7%), glutaraldehyde (GA, 50 wt% aqueous solution), glycerol
solution (86-89%), Sodium Dodecyl Sulfate (SDS, >99%), n-hexadecane (>99%), oil red EGN
(analytical standard), sodium hydroxide (NaOH, pellets, >98%), hydrochloric acid (HCl, ACS
reagent, 37%), magnesium chloride hexahydrate (MgCl2.6H2O) (≥99%), sodium chloride (NaCl,
>99.5%), magnesium sulfate (MgSO4, >99.5%), sodium sulfate (Na2SO4, ACS reagent, 99%,
anhydrous, granular), polyethylene glycol (PEG) with di�erent molecular weights (Mw 200,
400, 600, 1500, and 2000 g·mol–1) were purchased from Sigma-Aldrich (Netherlands). The
micropollutants atenolol (>98%), atrazine (analytical standard), bezafibrate (>98%), bisphenol-A
(>99%), bromothymol blue (>95%), naproxen (analytical standard), phenolphthalein (analytical
standard), and sulfamethoxazole (analytical standard) were purchased from Sigma-Aldrich
(Netherlands). Deionized water was obtained from a Milli-Q® Ultrapure water purification
system. All the chemicals were used as received.

5.2.2 Preparation of casting solutions

Two sets of casting solutions were prepared in this work based on the molecular weights (Mw)
of PEI (25 and 750 kDa). The casting solutions were prepared using the following scheme. First,
PEI was diluted using deionized water to obtain 25 wt% aqueous solution. Afterwards, PSS
(25 wt%) and PEI (25 %) were mixed together in a PSS:PEI monomer molar mixing ratio of 1:2 to
obtain a 25 wt% casting solution. The molar ratio was calculated based on the molecular weights
of the monomers; PSS = 206.21 g·mol–1 and PEI = 43.04 g·mol–1 (per ethylenimine unit). The
resultant casting solutions were continuously stirred until they became homogeneous. The PSS-
PEI casting solutions were also prepared in other ratios of PSS to PEI such as 4:1, 2:1, 1:1, 1:3,
and 1:4. The casting solutions having the monomer mixing ratios of 4:1 and 2:1 did not result
in a precipitate rather formed a soft gel-like material. In comparison, the ratios 1:1, 1:3, and 1:4
formed a precipitate however, did not result in membranes with adequate mechanical strength.
The final compositions of the two di�erent sets of casting solutions used in this work are shown
in Table 5.1.

The casting solutions prepared using 1000 kDa PSS and 25 kDa PEI are referred to as PSS-PEI
(25 kDa) and similarly, the solutions prepared using 1000 kDa PSS and 750 kDa PEI will be
referred to as PSS-PEI (750 kDa). The number inside the parenthesis represents the molecular
weight of PEI (kDa) used to prepare the casting solutions.

The viscosity of all the casting solutions was measured on a HAAKETM ViscotesterTM 550
Rotational Viscometer (ThermoFisher Scientific, USA). Approximately 20 mL casting solution
was poured into the SV-DIN spindle cylinder assembly and mounted on the Viscotester. The
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Table 5.1 Composition of the casting solutions prepared using di�erent molecular weights of
PEI.

Mw PSS
(kDa)

Mw PEI
(kDa)

PSS:PEI monomer
molar mixing ratio

Amount
of PSS
(wt%)

Amount
of PEI
(wt%)

Amount
of water

(wt%)

1000 25 1:2 17.6 7.4 75
1000 750 1:2 17.6 7.4 75

dynamic viscosity was obtained at 20 °C as a function of increasing shear rate (24.9 s–1 to
1000 s–1). The dynamic viscosity is reported at 24.9 s–1 shear rate. Two samples were tested for
each composition of casting solution and the average value with standard deviation is reported.

5.2.3 Membrane casting

The PSS-PEI (25 kDa) solutions were first cast on a glass plate as thin film using a casting bar
with a gap height of 0.5 mm. The glass plate was immediately immersed in a coagulation bath
at pH 1, adjusted using HCl, with the addition of 0.01 wt% glutaraldehyde (GA). The amount of
the GA crosslinker in wt% was calculated based on the total weight of the coagulation bath.

In addition, the PSS-PEI (25 kDa) solutions were also cast as 0.5 mm thin films in di�erent
concentrations of acetic acid – sodium acetate bu�er baths at pH 4, i.e. 0.1 M – 0.5 M.
Furthermore the e�ect of the pH of 0.5 M acetate bu�er bath on the membrane structure was
studied by varying the pH from 3.6 to pH 5. This was achieved by varying the amounts of acetic
acid and sodium acetate that was added to the bath. Following the same protocol, PSS-PEI
(750 kDa) solutions were cast on glass plates as 0.5 mm thin films and immediately immersed in
0.5 M acetate baths at di�erent values of pH (3.6 – 5).

Similarly, 0.5 M acetate bu�er baths were prepared at di�erent values of pH, i.e. pH 3.6 to pH
5, but this time, with the addition of 0.01 wt% GA. PSS-PEI (25 kDa) and PSS-PEI (750 kDa)
solutions were then cast and immersed in these baths to obtain crosslinked membranes. The
precipitated membranes were removed from the glutaraldehyde-containing coagulation bath
after 24 h and stored in deionized water for further processing.

5.2.4 Membrane characterization

The structure and morphology of the membranes was examined using a scanning electron
microscope, SEM (JSM-6010LA, JEOL, Japan) and Field Emission SEM (JSM-7610F, JEOL,
Japan). The membrane samples for SEM imaging were first immersed in 20 wt% glycerol solution
for 4 h followed by drying under constant air flow inside the fume hood. This was done to prevent
the pore structure of the membranes from collapsing upon drying. For cross-section imaging, the
glycerol-dried membrane samples were immersed in liquid nitrogen for 10 s and then carefully
fractured to expose the cross-section. All the samples were then stored in a vacuum oven at 30 °C
for 24 h before sputter coating them with a 5 nm thin layer of Pt/Pd alloy using Quorum Q150T
ES (Quorum Technologies, Ltd., UK) sputter coater. The pores on the top surface SEM images
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of the membranes were measured manually using ImageJ software to determine the average pore
size of the membranes.

The streaming potential of nanofiltration membranes was determined at pH 6 using SurPASS
electrokinetic analyzer (Anton Paar, Graz, Austria) by measuring the streaming current versus
pressure in a 5 mM KCl solution using equation 5.1:

ζ =
dI
dP

η

εε0
κBR (5.1)

The pure water permeability (PWP) of the membranes was determined on dead-end Amicon®

cells. The membranes were first cut into a circular disk having a diameter of 25 mm followed
by mounting them on the dead-end cell. The e�ective surface area of the membranes was
approximately 3.8 cm2. Nitrogen gas was used to pressurize the vessel containing the feed water.
The permeability tests were conducted at an applied water pressure of 4 bar. The permeate
mass was automatically measured as a function of time using a weighing balance connected to a
computer. The PWP was calculated using equation 5.2:

P =
Jw
∆p

(5.2)

Where P is the pure water permeability in L·m–2·h–1·bar–1, Jw is the water flux obtained from the
change of permeate volume (in liters) per unit membrane area (3.8 cm2) per unit time (h) and
∆p is the pressure di�erence between the feed and permeate side (bar).

An oil-in-water emulsion was prepared to analyze the microfiltration performance of the
membranes. For this purpose, n-hexadecane (100 mg·L–1) in sodium dodecyl sulfate (463 mg·L–1)
with Oil red EGN (20 mg·L–1) emulsion was prepared using the protocol described by Dickhout
et al. [25]. The average diameter of the oil droplet was 3–4 µm. Oil red EGN is an oil soluble
dye that is used as a marker for oil droplets. The oil droplet retention tests were conducted at
0.4 bar of applied pressure on a dead-end cell under continuous stirring. The feed, permeate,
and retentate were analyzed on a UV–vis spectrophotometer (Shimadzu UV-1800, Japan) at
λmax = 521 nm which is the maximum absorbance wavelength of Oil red EGN. A calibration
curve was first obtained with known concentrations of n-hexadecane in SDS emulsion. The
retention R (%) was then calculated using equation 5.3. Three samples of each membranes were
tested for their oil droplet retention and the average value is reported.

R =

1 −
Cp(

Cf+Cr

2

)
 × 100 (5.3)

Where Cp is the concentration in the permeate, Cf is the concentration in the feed, and Cr is
the concentration in the retentate. Here, the average of Cf and Cr is taken because the retention
experiments were conducted in a dead-end cell configuration where the concentration of feed is
constantly changing above the membrane surface.
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Molecular weight cut-o� (MWCO) of the nanofiltration type membranes was determined
using an aqueous solution containing di�erent Mw of PEGs. The solution was prepared by
dissolving 200, 400, 600, 1500, and 2000 g·mol–1 PEG, each with a concentration of 1 g·L–1,
in deionized water. The solution was then filtered through the membranes in a dead-end cell.
The feed, permeate, and retentate were analyzed using Gel Permeation Chromatography (GPC,
Agilent 1200/1260 Infinity GPC/SEC series, Polymer Standards Service data center and column
compartment) using Milli-Q water eluent containing 50 mg·L–1 NaN3, at 1 mL·min–1, through
1000 Å, 10 µm Polymer Standards Service Suprema 8 × 300 mm column and 30 Å, 10 µm column
connected in series. The concentration of di�erent PEGs was determined in the feed, retentate,
and permeate samples via refractive index. The retention was then calculated using equation 5.3.
A sieving curve of Retention (%) vs molecular weight (g·mol–1) was obtained and the molecular
weight cut-o� was estimated.

The nanofiltration performance of the membranes was also analyzed by conducting the salt
retention tests in a dead-end cell configuration. A 5 mM solution of MgCl2, NaCl, MgSO4, or
Na2SO4 was prepared and used as the feed. The salt solution was filtered through the membranes
followed by testing the conductivity of the permeate and retentate streams using a handheld
WTWTM Cond 3210TM conductivity meter (Xylem Analytics, Germany). A calibration curve
was first made by measuring the conductivity of salt solutions with known concentrations. The
retention was then calculated using the same equation 5.3.

A mixture containing eight di�erent types of common micropollutants (Mw ranging from 216
– 624 g·mol–1) was prepared by adding 3 mg·L–1 of each micropollutant in deionized water and
adjusting the pH to 5.8 using 0.1 M NaOH. These micropollutants are commonly found in river
waters and constitute of herbicides, endocrine disrupting chemicals, and pH indicators. The
mixture solution was filtered through the membranes for at least 24 h to achieve steady state
permeation and to eliminate the e�ects of adsorption. The permeate, retentate, and feed samples
were collected once the steady state was achieved and analyzed using UltiMate 3000 UHPLC
(ThermoFisher Scientific, USA). The separation was carried out using a 2.2 µm ACCLAIM
RSLC C18 column (ThermoFisher Scientific, USA). A calibration curve was first created with
known concentrations of the micropollutants in the cocktail mixture. The concentrations of the
micropollutants in feed, permeate, and retentate were calculated based on the calibration curve.
The retention was then estimated using equation 5.3.

5.3 Results and Discussion

Here the formation of PSS-PEI based membranes through pH-switch induced APS will be
discussed in 5 distinct sections. Initially we focus on the conditions in the coagulation bath;
varying the bu�er concentration, pH and crosslinker content. Subsequently we study the e�ect
of PEI Mw in the casting solution. Finally we discuss the di�erences and similarities between
the PSS/PEI systems studied here and the earlier studied PAH/PSS membranes.

5.3.1 E�ect of acetate bu�er concentration

The PSS-PEI casting solution was prepared by mixing PSS (25%) and PEI (25%) solutions is a 1:2
ratio of PSS to PAH monomers. It is known from Chapter 3 and from another work in literature
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that combining a weak and a strong PE in APS approaches and an excess of the weak PE leads
to the best results [26]. Initial investigations indicated the 1:2 ratio as optimal for PSS-PEI. The
formed solution was completely clear and was found to have a pH of 12. Indeed at such a pH, PEI
is expected to be uncharged as the pH is well above the pKa of the primary and secondary amines
and just above the pKa of the tertiary amines that make up PEI, preventing complexation.

In Chapter 3, a coagulation bath of pH 1 was found be optimal for the formation of PSS-PAH
membranes. Such a low pH in the coagulation bath was required to have su�cient driving force
for a quick solvent (high pH) to non-solvent (low pH) exchange, to allow membrane formation.
In this work we use an alternative aqueous non-solvent, a pH 4 acetate bu�er. The bu�er capacity
of the acetate will still allow a high driving force for exchange, while an extreme pH is not
required.

The PSS-PEI (25 kDa) solution was cast on glass plates using a casting bar of 0.5 mm gap height.
Afterwards, the glass plates were immediately immersed in di�erent concentrations of pH 4
acetate bu�er, i.e. 0.1–0.5 M, to find an optimum concentration of bu�er for the membrane
fabrication. At pH 4, PEI is fully charged and consequently forms a polyelectrolyte complex
(PEC) with PSS. The PEC is insoluble in water and precipitates as a white solid film. Figure S5.1,
supporting information shows the real time photos of the precipitation/phase separation process
of these films in di�erent concentrations of pH 4 acetate bu�er bath. These snapshots distinctly
show that the onset of phase separation is significantly di�erent at di�erent concentrations of
the acetate bu�er. At a concentration of 0.1 M, no phase separation is observed until 1 s after
the immersion, see Figure S5.1. On the other hand, the membrane prepared in 0.5 M acetate
bu�er bath immediately turned opaque/white indicating an instantaneous phase inversion.
In addition to the onset of precipitation/phase separation, another important process is the
precipitation rate which is essentially the time it takes for the film to become fully opaque
once the phase separation has started. Therefore it is important to make a clear distinction
between these two processes. It can be seen from Figure S5.1 that both the onset of phase
separation, and the precipitation rate is slower at the bu�er concentration of 0.1 M. On the
other hand, at the concentration of 0.5 M, the onset of phase separation is instantaneous and
the precipitation rate is significantly faster than at 0.1 M. In conclusion, increasing the acetate
bu�er concentration results in immediate phase separation with a faster rate of precipitation. At
higher concentrations the greater bu�er capacity of the acetate bu�er allows faster pH changes
in the casted film leading to faster onset of precipitation and a faster precipitation rate as will
also be discussed later.

Figure 5.1 shows the SEM images of the membranes prepared in di�erent concentrations of
acetate bu�er. The membranes prepared at low concentrations, i.e. 0.1–0.3 M, were brittle,
had cracks on the surface, and therefore, could not be used for any further tests. On the other
hand, mechanically stable membranes were obtained when the acetate bu�er concentration was
0.4 M or 0.5 M. Here, by suitable mechanical stability, we mean that the membranes could be
cut into circular disks without them cracking and could be subjected to at least 4 bar of applied
pressure during PWP measurements.
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The e�ect of di�erent precipitation rates on the membrane structure are even more obvious
when looking at the cross-section SEM images shown in Figure 5.1a–e. Finger-like macrovoids
appear only when the concentration of the acetate bu�er exceeds 0.3 M. As explained earlier, the
rate of precipitation increases with the increase in bu�er concentration. This is in line with the
traditional NIPS, where the finger-like macrovoids are formed as a result of a higher precipitation
rates [2]. The same result was also observed in this version of APS, where higher precipitation
rates led to asymmetric membranes with macrovoids. These results reveal that the concentration
of the acetate bu�er is an important parameter to control the structure of the membranes and
their mechanical stability.

The top surface SEM images shown in Figure 5.1a-e reveal that the membranes with relatively
dense top layers are obtained when increasing the acetate bu�er concentration. At 0.1 M–0.3 M
acetate bu�er concentration, the top surfaces have defects and small cracks (Figure 5.1a-c).
Increasing the acetate bu�er concentration to 0.4 M and then further to 0.5 M resulted in
densification of the top surface of the membranes. This is because at higher concentrations, the
acetate bu�er has a greater bu�ering capacity which readily acts to reduce the pH of the PSS-PEI
cast film. At high bu�er concentrations, the weak polycation PEI can acquire charge more readily
which leads to a rapid formation of a white, solid, water-insoluble PSS-PEI polyelectrolyte
complex. It can be seen from the photographs of the membranes shown in Figure 5.1 that
mechanically stable membranes were only obtained when the concentrations of the acetate bu�er
bath were 0.4 M and 0.5 M. Further increasing the acetate bu�er concentration to 1 M resulted
in even denser membranes that had a pure water permeability of 0.36 ± 0.01 L·m–2·h–1·bar–1,
Figure S5.2, supporting information. However in addition to a low water permeability, such a
high concentration of bu�er is not ideal for the large scale production of these membranes.
Therefore, the concentration of the bu�er bath was fixed at 0.5 M for all further experiments
since this concentration resulted in dense and the most mechanically stable membranes. The
membranes prepared in 0.4 M and 0.5 M bu�er baths were tested for their PWP at 4 bar
of applied pressure. The membranes prepared in 0.4 M acetate bath at pH 4 had a water
permeability of ∼32 ± 6 L·m–2·h–1·bar–1 while the ones prepared in 0.5 M bath had a permeability
of ∼4 ± 0.5 L·m–2·h–1·bar–1. These initial results are very promising as they demonstrate that for
the PSS-PEI system it is indeed possible to obtain membranes using just a mild pH switch (pH 12
to pH 4) by making use of a bu�er based coagulation bath.

5.3.2 E�ect of bu�er pH in the bath

To further understand the influence of coagulation bath conditions on membrane structure, the
PSS-PEI (25 kDa) solution was cast in 0.5 M acetate bu�er coagulation baths at di�erent pH
values i.e. 3.6, 4, 4.5, and 5. The real time photographs of the precipitation are shown in Figure
S5.3, supporting information. Here, the onset of phase separation was instantaneous irrespective of
the pH of the bath while the rate of precipitation varied as the pH of the bath was decreased. At
a bath pH of 3.6 and 4, the films immediately (<1 s) turned completely opaque/white indicating
the formation of solid, porous films. In comparison, at pH 5, the films were relatively transparent
after 1 s of immersion indicating a relatively slower precipitation rate. In addition, the rate of
precipitation decreased with the increasing pH. Such precipitation behavior is intuitive because
this version of APS relies on a change in pH to drive the precipitation, and the pH of the
coagulation bath can be thought of as a driving force for polyelectrolyte complexation [19,26], as
it can determine the degree of protonation (charge) of the weak polycation PEI. The branched
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PEI used in this work consists of 31% primary, 39% secondary, and 30% tertiary amines all of which
have di�erent pKa values, i.e. 4.5, 6.7, and 11.6, respectively [27,28]. Therefore, at pH values less
than the pKa of primary amines (i.e. at pH <4.5), PEI can exist in its fully protonated state
resulting in stronger electrostatic interactions with PSS i.e. a higher density of ionic crosslinks.
As a result, the membranes prepared in pH 3.6 and pH 4 bu�er precipitated faster and were
mechanically stronger (see Figure S5.4 for the photographs of the membranes). At pH 4.5 and 5,
it is likely that not all the amine residues within PEI are protonated (charged) and therefore, the
resulting polyelectrolyte complex has a lower density of ion pairing than at pH 3.6 and 4 and
thus the films are mechanically weaker.

Figure 5.2 shows the top surface and cross-section SEM images of the membranes prepared at
di�erent bu�er pH values. All the membranes exhibit the typical asymmetric morphology with
denser top layers followed by porous sub-structures with finger-like macrovoids. At pH 3.6, the
top surface of the resultant membranes had inhomogeneous structure and defects with a cross-
section having typical finger-like macrovoids as shown in Figure 5.2a. The inhomogeneity on the
membrane top surface is most likely due to the relatively rapid rate of precipitation at pH 3.6
(compared to higher pH values), which does not give adequate time for the polyelectrolyte chains
to rearrange, also resulting in relatively brittle membranes. At pH 4, the resultant membranes
had smooth and dense top layers with relatively dense finger-like macrovoids in the support
structure, see Figure 5.2b. Increasing the pH of the acetate bu�er bath to pH 4.5 and 5 resulted
in membranes with porous top surfaces as can be seen in Figure 5.2c and d. One possible reason
for these porous top surfaces could be the lower degree of ionic crosslinks caused by relatively
lower degree of PEI protonation at pH 4.5 and pH 5. The membranes prepared in pH 4.5 and 5
baths were too brittle to be used for any applications, see the photographs in Figure S5.4, supporting
information.

The PWP of the membranes prepared in pH 3.6 and pH 4 bu�er baths was measured, with
the former having a permeability of ∼280 ± 30 L·m–2·h–1·bar–1 while the latter a permeability
of ∼4 ± 0.5 L·m–2·h–1·bar–1. These values are in accordance with the top surface morphology
of these membranes shown in Figure 5.2a and b with the membranes prepared at pH 3.6
having a more porous and uneven top layer compared to the membranes prepared at pH 4. In
addition, the membranes prepared at pH 3.6 were relatively brittle which may have resulted
in the development of micro-cracks on the membrane surface while operating under elevated
pressures, thereby increasing the pure water permeability. A denser structure obtained at pH 4
provides a greater resistance for water permeation.

The PSS-PEI (25 kDa) membranes prepared in pH 4 bu�er bath were evaluated for their
molecular weight cut-o� (MWCO) which is one of the key parameters that determines the
potential applicability of the membrane. The MWCO of these membranes as determined by
the sieving curve shown in Figure S5.5a, was 260 ± 60 g·mol–1, which is in the range of typical
nanofiltration type membranes (200–1000 g·mol–1) [29].
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Figure 5.3 Retention of a) salts and b) micropollutants by PSS-PEI (25 kDa) membranes
prepared in pH 4 acetate bu�er. The tests were conducted in a dead-end cell configuration at a
feed pressure of 4 bar for salts and 3 bar for micropollutants. The sign inside the parenthesis for

micropollutants represents their charge at pH 5.8. The membranes had a pure water
permeability of ∼4 L·m–2·h–1·bar–1.

Figure 5.3a shows the retention of four di�erent types of salts by the membrane prepared in pH
4 bath. These salts were chosen because they consist of both monovalent and divalent anions
and cations and thus providing insight into the charge and separation mechanism(s) of the
membranes. Due to the excess of PEI in the membranes, it is expected that the membranes
will be overall positively charged. This was confirmed by measuring the streaming potential of
the membrane surface which was approximately +10 mV at pH 6. According to the Donnan
exclusion mechanism, a membrane with fixed positively charged groups will repel cations and
attract anions [30]. From Figure 5.3a it is clear that the retention of salts containing divalent
cations such as MgCl2 and MgSO4 is higher, 81% and 44% respectively, as compared to the
retention of monovalent cations NaCl (27% retention) and Na2SO4 (32%), revealing that the
separation is largely based on charges. However, if Donnan exclusion was the only mechanism,
Na2SO4 should have been rejected less than NaCl, due to the attractive interactions between the
membrane and the divalent anion SO4

2–. Size exclusion, steric hindrance and dielectric e�ects
are also known to determine the salt retentions of typical nanofiltration membranes [31].

In order to further evaluate the size exclusion and steric e�ects occurring during separation, a
mixture of eight di�erent types of micropollutants was filtered through the PSS-PEI (25 kDa)
pH 4 membranes and the retentions are summarized in Figure 5.3b. The positively charged
Atenolol, with a Mw of 266 g·mol–1, was only retained 41% suggesting again that the retention
of charged molecules is not only governed by Donnan exclusion but also by size exclusion and
solution-di�usion mechanism. This can be seen by looking at the retentions of negatively
charged molecules such as Sulfamethoxazole (Mw 256 g·mol–1, 45% retention), Naproxen (Mw
230 g·mol–1, 87% retention), and Bezafibrate (Mw 362 g·mol–1, 64% retention). Here, Naproxen is
retained more than Sulfamethoxazole even though the former has a lower molecular weight. This
can be explained according to the solution-di�usion mechanism which also takes into account
the a�nity of the micropollutant(s) for the membrane(s). In this case the a�nity is related to
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the hydrophilicity/hydrophobicity of the micropollutant molecules. The octanol-water partition
coe�cient (log KOW) is one measure of the hydrophilicity of a compound [32]. Sulfamethoxazole
is hydrophilic with a log KOW of∼0.89 while Naproxen is a hydrophobic compound with log KOW

∼3.18. Consequently, Sulfamethoxazole readily di�uses through the hydrophilic PEC membrane
because of its higher a�nity for the membrane and therefore, always shows lower retention than
Naproxen.

The retention trend of the neutral molecules like Atrazine, Bisphenol A, Phenolphthalein,
and Bromothymol Blue follow the size exclusion mechanism in accordance with the MWCO
(260 g·mol–1) of the membrane such that Atrazine (216 g·mol–1) is retained only 53% while
Bromothymol Blue (624 g·mol–1) is completely retained by the membrane. This high retention of
Bromothymol Blue is important, as it also demonstrates the membrane to be completely defect
free.

5.3.3 E�ect of crosslinker

From Chapter 2 and 3 we know that glutaraldehyde (GA) crosslinking densifies the structure
of the polyelectrolyte complex APS membranes and improves the solute rejections in
polyelectrolyte multilayer membranes [33,34]. This is because the GA readily reacts with amine
groups under aqueous conditions to form imine bonds (–C=N–) via Schi� base reaction [35]. In
case of PEI, the imine bonds are formed by the reaction of GA with the primary amines [36].
Therefore, GA was added as a crosslinking agent in the 0.5 M acetate bu�er coagulation bath in
order to further densify the membrane structure and improve overall mechanical strength. The
PSS-PEI (25 kDa) solutions were cast and immersed in acetate bu�er baths at di�erent pH values
(pH 3.6–5) with the addition of 0.01 wt% GA. The wt% concentration of GA is with respect to
the total weight of the coagulation bath (i.e. 0.1 g GA per 1000 g of coagulation bath). GA
concentration was kept as low as possible because it is a toxic chemical at higher concentrations
[37], and a concentration of 0.01 wt% falls well below the standard lab safety conditions. Upon
immersion of the cast films into the baths, the precipitation and the crosslinking reaction
between the primary amine groups of PEI occurs simultaneously. It is di�cult to determine the
exact degree of crosslinking, but since the PSS:PEI monomer mixing ratio in the casting solution
was 1:2, there is an excess of PEI that can readily react with GA to form the imine crosslinks. As
of the amines in PEI only the primary ones can react, and as there is a limited GA available in the
coagulation bath, we know that the maximum degree of crosslinking (assuming full conversion)
cannot exceed 23% of the PEI amines.

The onset of phase separation and the precipitation rates of these membranes were identical to
the ones prepared without the addition of GA, i.e. similar to Figure S5.3. Increasing the pH of
the coagulation bath resulted in slower rates of precipitation and hence, less stable membranes
as discussed in section 3.2, where the driving force for complexation as well as the protonation
(charge) of PEI decreases with higher pH. As a result, the membranes prepared in pH 4.5 and 5
bu�er baths were too brittle to be used for further processing.

Figure 5.4 shows the SEM images of the membranes prepared in acetate bu�er baths with the
addition of 0.01 wt% GA. All the membranes are asymmetric with relatively dense top layers and
more open cross-sections. At pH 3.6, the resultant membranes had a relatively porous top layer
with typical finger-link macrovoids in the cross-section, Figure 5.4a.
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The pore size of pH 3.6 membrane, estimated by ImageJ analysis of x10,000 magnification SEM
images, was approximately 200 ± 80 nm, Figure S5.6, supporting information. It is important to
mention that the pore size estimation via SEM images is not an accurate way to determine
the pore size of the membranes rather it gives a reasonable estimation to compare di�erent
membranes. The top surface SEM image of pH 3.6 membrane prepared with 0.01 wt% GA shows
that membrane surface is slightly denser compared to the membranes prepared at the same pH
but without the addition of GA (compare Figure 5.2a and Figure 5.4a). Increasing the bath
pH to 4 results in a much denser top layer and more compact cross-section, Figure 5.4b. These
SEM images are not that di�erent to the image shown in Figure 5.2b where the membranes were
prepared without the GA. However, the GA crosslinking has indeed densified the membrane
structure as will be seen by the permeability and retention tests. The FE-SEM images at even
higher magnification (x50,000) shown in Figure S5.7 (supporting information) reveal the defects on
the pH 3.6 membrane and show that the pH 4 membrane is significantly denser as no defects or
pores could be seen even at such magnifications. At pH 4.5 and 5, the membranes again show a
typical asymmetric structure with cracks on the top surface but these membranes were unusable
due to their brittle nature.

The mechanically stable membranes obtained in pH 3.6 and pH 4 acetate bu�er baths were
tested for their PWP. Since the top surface of the pH 3.6 membrane was relatively porous, it is
not surprising that the PWP was approximately 32 ± 3 L·m–2·h–1·bar–1. In comparison, the denser
membrane obtained at pH 4 had a permeability of 1.7 ± 0.2 L·m–2·h–1·bar–1. The MWCO of this
membrane is 200 ± 2 g·mol–1, see Figure S5.5b in supporting information.

To evaluate the nanofiltration performance of the membrane prepared in pH 4 acetate bu�er
with 0.01 wt% GA, the same range of mono- and divalent salts as earlier were filtered through the
membrane with the results shown in Figure 5.5a. As expected for a positively charged membrane,
MgCl2 retention was the highest at ∼97% followed by ∼94% for MgSO4. In comparison, NaCl
and Na2SO4 retentions were ∼66% and ∼70%, respectively. These retention results confirm that
this nanofiltration membrane functions by a combination of Donnan exclusion and size exclusion
mechanisms.

Figure 5.5b shows the retention of the eight di�erent micropollutants by the same membrane.
This membrane showed excellent retention of all types of micropollutants tested; average
micropollutant retention of ∼96%. The positively charged Atenolol was 97% retained.
The neutral molecules like Atrazine (Mw ∼216 g·mol–1), Bisphenol-A (Mw ∼228 g·mol–1),
Phenolphthalein (Mw ∼318 g·mol–1), and Bromothymol Blue (Mw ∼624 g·mol–1) showed a
retention of 93%, 94%, 99%, and 100% respectively. These retentions are in accordance with
the 200 g·mol–1 MWCO measured for this membrane. These results indicate that the PSS-
PEI (25 kDa) membranes prepared in pH 4 acetate bu�er with 0.01 wt% GA are excellent
nanofiltration type membranes. Furthermore, the membrane exhibited stable performance over
5 days of continuous operation, see Figure S5.8, supporting information. Crosslinking with GA is
thus clearly an excellent approach to further control the separation properties of the prepared
PSS-PEI based membranes.

The pH stability test of the membranes was conducted by keeping them in pH 1, pH 8, pH 10, and
pH 12 aqueous solutions for 10 days and then removing and washing them with deionized water.
The pure water permeability of the treated membranes was re-measured and compared with the
untreated membranes. It was found that the membranes treated in pH 1 up to pH 8 showed

136



CHAPTER 5.

Figure 5.5 Retention of a) salts and b) micropollutants by PSS-PEI (25 kDa) membranes
prepared in pH 4 acetate bu�er with 0.01 wt% GA. The tests were conducted in a dead-end cell
configuration at a feed pressure of 4 bar for salts and 3 bar for micropollutants. The sign inside

the parenthesis for micropollutants represents their charge at pH 5.8. The membranes had a
pure water permeability of ∼1.7 L·m–2·h–1·bar–1

the same water permeability as the untreated versions. However, the pH 10 and pH 12 treated
membranes became unstable in the high pH solutions, see Figure S5.9, supporting information.
At such a high pH, PEI becomes uncharged resulting in the possible de-complexation of the
polyelectrolyte complex. Higher degrees of crosslinking would likely lead to increased stability
at higher pH.

5.3.4 E�ect of PEI molecular weight

The Mw of PEI in the casting solution was increased to 750 kDa while keeping the Mw of PSS
constant at 1000 kDa. The PSS-PEI (750 kDa) solutions were then also cast on glass plates as
0.5 mm thin films and immersed in coagulation baths at di�erent values of pH. The onset of
precipitation was instantaneous in all the di�erent pH baths, however, the rate of precipitation
was slower at pH 4.5 compared to pH 4 and even slower at pH 5. The e�ect of bath pH on the
rate of precipitation was similar for PSS-PEI (25 kDa) and PSS-PEI (750 kDa) membranes, where
higher pH (i.e. closer to pH of casting solution, thus a lower driving force for precipitation) slows
down the rate of precipitation. The photographs of the resultant membranes are shown in Figure
S5.10, supporting information. The membranes prepared in pH 4.5 bath showed an inhomogeneous
structure while those prepared in pH 5 were too brittle to be used for any further processing.
The reason for inhomogeneous surface is unclear. One possible reason could be that the larger
molecular weight of PEI causes the chains to rearrange during the precipitation process due
to the relatively slower rate of precipitation. As a result, the membrane surface has regions
with di�erent densities as can be seen in the photograph in Figure S5.10, supporting information.
Similarly, at pH 5 the rate of precipitation is even more slower as compared to pH 4.5, causing the
membrane to lose its structural integrity as it becomes brittle. The top surface and cross-section
SEM images of the resultant membranes are shown in Figure 5.6.
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Top surface SEM images of the membranes prepared in pH 3.6 coagulation revealed small pores
and defects in the top layer (Figure 5.6a). Increasing the pH of the acetate bu�er bath gives
membranes with relatively larger pores as seen in Figure 5.6b. Moreover, the number of pores
also increases at pH 4. The pore sizes of these membranes was estimated from the SEM images
and the average pore size of the pH 3.6 and pH 4 bath membranes was approximately 60 ± 45 nm
and 80 ± 60 nm, respectively, see Figure S5.11, supporting information. Figure 5.6c shows the top
surface image of the membrane prepared in pH 4.5 bath. This membrane also had defects and
small pores on the surface. Increasing the bath pH to 5 resulted in films with larger surface
pores ranging from 50 nm to 650 nm, but as mentioned earlier this film was too brittle to be
used any further. The cross-section images shown in Figure 5.6 indicate little di�erence in the
morphology of the membranes prepared in pH 3.6–4.5; the membranes are asymmetric with
finger-like macrovoids. In comparison, at pH 5 the membranes have a relatively open structure.
The full cross-section morphology of the membranes prepared in di�erent pH baths is shown in
Figure S5.12, supporting information.

Figure 5.7 shows the pure water permeability and n-hexadecane oil droplet retention of the PSS-
PEI (750 kDa) membranes prepared in acetate bu�er baths at di�erent values of pH. The PWP
of the membranes prepared in pH 3.6 baths was ∼65 ± 6 L·m–2·h–1·bar–1 with 100% retention of
the oil droplets. Similarly, the membranes prepared in pH 4 bu�er bath had a permeability of
∼130 ± 25 L·m–2·h–1·bar–1 with 100% retention of oil droplets.

Similar to the protocol followed for PSS-PEI (25 kDa), 0.01 wt% GA was added to the coagulation
bath to investigate the e�ect on membrane structure and performance. Addition of the

Figure 5.7 Pure water permeability and n-hexadecane oil droplet retention of PSS-PEI (750
kDa) membranes prepared in 0.5 M acetate bu�er bath at pH 4. The oil droplet retention test

was conducted at a feed pressure of 0.4 bar.
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Table 5.2 Dynamic viscosity of the polyelectrolyte casting solutions at 24.9 s–1 shear rate. The
casting solution concentration was 25 wt% overall polymer.

Membrane Dynamic viscosity at 24.9 s–1

shear rate (Pa·s)

PSS-PEI (25 kDa) 1.0 ± 0.2
PSS-PEI (750 kDa) 2.1 ± 0.3

crosslinker in such amounts slightly reduced the pore sizes of the membranes as can be seen
from the top surface SEM images shown in Figure S5.13, supporting information. The average
pore size of the pH 4 membranes was approximately ∼60 nm, measured from SEM image
using ImageJ software. Comparing the top surface images shown in Figure 5.6a-d to the images
shown in Figure S5.13a-d, one can observe the reduction in porosity and slight densification of
the membranes upon addition of GA. However, for microfiltration applications, it is desirable
to have a more open and porous structure with high water permeability. Therefore, PSS-PEI
(750 kDa) membranes prepared in baths with the addition of GA are not ideally suited for
microfiltration applications.

From Chapter 2 it is known that polyelectrolyte molecular weight is a major control parameter
for the pore size and morphology of the APS polyelectrolyte complexation membranes.
Paring two relatively low Mw polyelectrolytes (PSS ∼200 kDa and PAH ∼17.5 kDa), yielded
microfiltration type membranes with average pore sizes in the range of 80–230 nm. On the other
hand, ultrafiltration (pore size ∼4.5 nm) and relatively dense nanofiltration type membranes
were obtained with higher molecular weight pairings (PSS ∼1000 kDa and PAH ∼150 kDa).
There are several causes for this molecular weight dependent behavior. One is the viscosity
of the casting solutions, which is directly dependent on the Mw of the polyelectrolytes used.
The e�ect of casting/dope solution viscosity is well-known from traditional NIPS where a
lower solution viscosity typically results in relatively porous membranes with macrovoids due
to a fast precipitation rate [38]. Similarly, a polymer solution with higher viscosity gives
denser membranes with lower overall porosity. The Mw of the polyelectrolytes used can also
significantly a�ect the structure of the resultant polyelectrolyte complex [39,40].

However, for the PSS-PEI membranes prepared in this work, the e�ect of polyelectrolyte
molecular weight is di�erent to previous versions of APS and also to NIPS membranes. Here, we
keep the Mw of PSS fixed at 1000 kDa, and study two distinct branched PEI Mw’s of ∼25 kDa
and ∼750 kDa. The dynamic viscosity of both these casting solutions at 24.9 s–1 shear rate is
shown in Table 5.2.

The dynamic viscosity of a 25 wt% PSS-PEI (25 kDa) solution was ∼1 Pa·s, while for the same
concentration of 25 wt% overall polymer, the viscosity of PSS-PEI (750 kDa) was ∼2.1 Pa·s. In
both the cases, the resultant membranes prepared in pH 4 acetate bu�er bath showed asymmetric
structures with finger-like macrovoids, see Figure 5.2b and Figure 5.6b. This is because the
onset of phase separation for both the films with di�erent Mw of PEI was almost instantaneous
(<1 s), see Figure S5.14, supporting information. As mentioned above, these findings contradict the
results of traditional NIPS as well as the PSS-PAH based APS membranes, where higher solution
viscosities give denser membranes without macrovoids. The unexpected e�ect of polyelectrolyte
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Mw for PSS-PEI membranes is likely due to the branched nature of PEI. The commercially
available PEI having the Mw ∼25 kDa and ∼750 kDa was characterized by von Harpe et al.
[27] where they measured the relative ratio of secondary to tertiary amines which is essentially
the ratio of linear to branched structures in one molecule. Their results indicated that for PEI
having a Mw of ∼25 kDa, the ratio of secondary to tertiary amines was 1.3 while for PEI with Mw
∼750 kDa it was 1.13 [27], which means that the latter has more degree of branching. Therefore,
we hypothesize that low Mw chains of branched PEI (∼25 kDa) are able to pack more closely
together upon complexation with PSS. In comparison, higher Mw chains of PEI (∼750 kDa),
where branching plays a more significant role, form less compact (more open) structures upon
complexation with PSS.

This section thus makes clear that by a simple change of PEI Mw, we can transition from the
dense membranes produced earlier to very relevant porous membranes.

5.3.5 Comparison with other APS membranes

The PSS-PEI membranes have numerous advantages over other PEC based APS membranes.
For instance, as reported in Chapter 2 regarding the PSS-PAH membranes, the pH of the PAH
solution has to be increased to ∼pH 14 i.e. beyond its pKa value of 9 by the addition of NaOH
to obtain a homogeneous casting solution. As a consequence, extremely low pH values, such
as a pH 1 coagulation bath, are required to neutralize the added NaOH for obtaining stable
PSS-PAH membranes. On the other hand, the PSS-PEI solutions have an advantage that a clear
casting solution can already be obtained at pH 12 without adding caustic NaOH. Consequently,
extreme pH coagulation baths are not essential to precipitate PSS-PEI. As shown in this work,
microfiltration and nanofiltration type PSS-PEI membranes with excellent performance can
simply be obtained at benign conditions of pH 4, by making use of a bu�er solution. This makes
the PSS-PEI based APS approach to be a more sustainable and environmentally friendly version.
Another advantage of the PSS-PEI is the lower dynamic viscosity of the casting solution used to
obtain nanofiltration type membranes i.e. ∼1 Pa·s of PSS-PEI (25 kDa) as compared to ∼48 Pa·s
of the PSS-PAH solution, even at higher polymer concentrations. This makes the former
convenient to use for the production of flat sheet membranes. In addition, the nanofiltration
type membranes obtained with PSS-PAH only showed an average of ∼80% retention of the
micropollutants and did not show any significant retentions of the four types of salts, indicating
that the obtained membranes were not as dense as commercial nanofiltration type membranes.
On the other hand, the PSS-PEI (25 kDa) membranes prepared in 0.5 M acetate bu�er bath at pH
4 showed an average of ∼96% retention of organic micropollutants in addition to the excellent
salt retentions in excess of 94% for MgCl2 and MgSO4.

In contrast, the nanofiltration membranes prepared using the salinity change induced APS
approach show relatively lower water permeabilities of ∼0.1 – 1 L·m–2·h–1·bar–1 [21,22]
when compared to the pH-shift induced PSS-PAH and PSS-PEI membranes. Similarly, the
nanofiltration type APS membranes prepared using the pH-responsive polyelectrolytes, such as
polystyrene-alt-maleic acid, show a lower pure water permeability of ∼0.3 – 0.5 L·m–2·h–1·bar–1

[41,42]. Figure 5.8 shows a comparison in terms of MWCO and MgSO4 retention of di�erent
polyelectrolyte based APS membranes reported in literature so far. A membrane with a higher
pure water permeability and salt retention combined with a lower molecular weight cut-o� is
ideal for nanofiltration applications. The graph shown in Figure 5.8 clearly indicates that the

141

5



CHAPTER 5.

Figure 5.8 A comparison of a) MWCO and b) MgSO4 retention vs. pure water permeability of
di�erent APS membranes reported in the literature. The PSS-PEI membranes reported in this
work show better pure water permeability as compared to the other polyelectrolyte based APS

membranes.

PSS-PEI membranes reported in this work have higher pure water permeability with equivalent
MWCO and MgSO4 retention as compared to the other APS membranes.

Indeed the membranes obtained using PSS and PEI indeed prove the versatility of the APS
technique. However, there are still a few challenges that remain. One of the challenges in case
of PSS-PEI (750 kDa) membranes is the relatively smaller pore size of ∼80 nm and lower water
permeability of ∼120 L·m–2·h–1·bar–1. For most microfiltration membranes, the average pore size
is in the range of 100 nm to 10 µm [29]. There exist a room for improvement here to obtain PSS-
PEI membranes having comparable performances to most commercially available microfiltration
membranes. Future e�orts could also be devoted to increase the pure water permeability of the
PSS-PEI (25 kDa) nanofiltration membranes and to obtain ultrafiltration types by tuning the
pore size of the membranes.

5.4 Conclusions

In this study, pH-shift induced Aqueous Phase Separation (APS) was employed to prepare
tunable PSS-PEI polyelectrolyte complex (PEC) membranes by a more sustainable approach.
Unlike the existing PEC based APS approaches, the polyelectrolyte PSS and PEI solutions can
be directly mixed to obtain a homogeneous casting solution at pH 12 without any addition
of acid/base or salt. Immersing this PSS-PEI solution in an acetate bu�er bath at lower pH
causes PEI to acquire charge thereby forming a polyelectrolyte complex with PSS. Several key
parameters such as the molecular weight of PEI, the concentration and pH of the acetate bu�er,
and the concentration of GA crosslinker were varied to investigate the e�ect on membrane
structure and morphology. The results show that the concentration of the acetate bu�er is one
of the most vital parameters that influences both the onset and the rate of precipitation of PSS-
PEI membranes. A slower precipitation rate was observed at low bu�er concentrations of 0.1 M
– 0.3 M because of the lower bu�ering capacity, while at 0.4 M and 0.5 M concentrations, the
bu�ering capacity increases causing rapid phase inversion of the membranes which resulted in
asymmetric structures. pH of the acetate bu�er bath is another key parameter that influences
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the charge on PEI and also e�ects the rate of precipitation by acting as a driving force for
the polyelectrolyte complexation. At pH 3.6 and pH 4, PEI is fully charged resulting in rapid
formation of stable PSS-PEI complex membranes. Conversely, PEI is not expected to be fully
charged at pH 4.5 and 5 and as a result the membranes obtained in these pH baths precipitated
at a slower rate and were mechanically unstable. The molecular weight of PEI is another tuning
parameter that was found to significantly influence the resulting membrane pore sizes. Using
relatively low molecular weight of PEI, such as ∼25 kDa, nanofiltration type membranes in pH
4 bath with a molecular weight cut-o� (MWCO) of ∼260 g·mol–1 were made. These membranes
had a pure water permeability of ∼4 L·m–2·h–1·bar–1 and showed decent retentions for MgCl2
(∼81%) and MgSO4 (∼44%). Furthermore, adding only 0.01 wt% glutaraldehyde in the bath
significantly densified the membranes by forming imine crosslinks. The crosslinked membranes
had a pure water permeability of ∼1.7 L·m–2·h–1·bar–1 and had a MWCO of ∼200 g·mol–1 with
MgCl2 and MgSO4 retentions of ∼97% and ∼94%. These membranes also showed excellent
micropollutant retentions in excess of 90%. On the other hand, using higher molecular weight
of PEI i.e. ∼750 kDa resulted in microfiltration type membranes in pH 4 baths with an average
pore size of ∼60 nm. These membranes had a pure water permeability of ∼130 L·m–2·h–1·bar–1

and exhibited 100% retention of oil from an oil-in-water emulsion. The findings of this work
signify that PSS-PEI membranes with tunable pore sizes and excellent separation properties can
be readily prepared using just a mild pH switch, further improving the sustainability of the highly
promising APS technique.
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5.5 Supporting Information – S5
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Figure S5.2 Top surface and cross-section SEM images of PSS-PEI (25 kDa) membranes
prepared in 1 M acetate bu�er bath at pH 4.
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Figure S5.4 Photographs of PSS-PEI (25 kDa) membranes prepared in 0.5 M acetate bu�er
baths at di�erent values of pH.

Figure S5.5 Sieving curves obtained by Gel Permeation Chromatography (GPC) for estimating
the molecular weight cut-o� of PSS-PEI (25 kDa) membranes prepared in 0.5 M acetate bu�er

at pH 4. a) 0 wt% GA and b) 0.01 wt% GA in the coagulation bath.
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Figure S5.6 Pore size distribution of the PSS:PEI (25 kDa) membranes prepared in 0.5 M acetate
bu�er baths at pH 3.6 with the addition of 0.01 wt% GA. The pore size was estimated by

measuring the individual pores from the top surface SEM image shown as Figure 5.1a in section
5.3.1. The average pore size was estimated by generating a histogram with a bin size of 25 nm.

Figure S5.7 Top surface FE-SEM images of the membranes prepared in 0.5 M acetate bu�er at
pH 4 with 0.01 wt% GA.
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Figure S5.8 Long term pure water permeability of the PSS-PEI (25 kDa) membranes prepared
in pH 4 acetate bu�er with 0.01 wt% GA. The test was conducted with three di�erent

membranes at 4 bar of applied water pressure.

Figure S5.9 Photographs of the PSS-PEI (25) membranes after 10 days in pH 1 – pH 12
solutions. The membranes were prepared in 0.5 M acetate bu�er bath at pH 4.
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Figure S5.10 Photographs of the PSS-PEI (750 kDa) membranes prepared in 0.5 M acetate
bu�er baths at di�erent values of pH.

Figure S5.11 Pore size distribution of the PSS:PEI (750 kDa) membranes prepared in 0.5 M
acetate bu�er baths at pH 3.6 and pH 4. The pore size was estimated by measuring the

individual pores from the top surface SEM image shown as Figure 5.6a, b in section 5.3.4. The
average pore size was estimated by generating a histogram with a bin size of 20 nm.
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Abstract

Polymeric membranes are used on very large scales for drinking water production and kidney
dialysis, but they are nearly always prepared using large quantities of unsustainable and
toxic aprotic solvents. In this study, a water-based, sustainable and simple way of making
polymeric membranes is presented without the need for harmful solvents or extreme pH
conditions. Membranes were prepared from water-insoluble polyelectrolyte complexes (PECs)
via aqueous phase separation (APS). Strong PEs, poly(sodium 4-styrenesulfonate) (PSS) and
poly(diallyldimethylammonium chloride) (PDADMAC) were mixed in the presence of excess of
salt, thereby preventing complexation. Immersing a thin film of this mixture into a low salinity
bath induces complexation and consequently the precipitation of a solid PEC-based membrane.
This approach leads to asymmetric nanofiltration membranes, with thin dense top layers and
porous, macrovoid-free, support layers. While the PSS molecular weight and the total polymer
concentrations of the casting mixture did not significantly a�ect the membrane structure, they
did a�ect the film formation process, the resulting mechanical stability of the films and the
membrane separation properties. The salt concentration of the coagulation bath has a large e�ect
on membrane structure and allows for control over the thickness of the separation layer. The
nanofiltration membranes prepared by APS have a low molecular weight cut-o� (<300 Da), a high
MgSO4 retention (∼80%) and good stability even at high pressures (10 bar). PE complexation
induced APS is simple and sustainable way to prepare membranes where membrane structure
and performance can be tuned with molecular weight, polymer concentration and ionic strength.

6.1 Introduction

Non-solvent Induced Phase Separation (NIPS) became the dominant technique to produce
polymeric membranes shortly after its discovery in the 1960s. In this technique, a homogeneous
polymer solution is cast and then immersed in a coagulation bath that contains non-solvent
which has a low a�nity for the polymer. The non-solvent, typically water, should be completely
miscible with the solvent so that the non-solvent will replace the solvent when the cast film
is immersed in the coagulation bath. Immersion in the non-solvent bath leads to the controlled
precipitation of the polymer film into a porous membrane. The membrane structure and thus its
performance depend on both the polymer/solvent/non-solvent interactions (thermodynamics)
and the mass transport through the system (kinetics). For example, fast and immediate
precipitation of a polymer often leads to asymmetric membranes [1]. These asymmetric
membranes have thin, dense skin layers on top, that provide selectivity, and thicker porous parts
that provide mechanical strength. The natural tendency of NIPS to form asymmetric structures
is an important reason why NIPS was a major breakthrough [2].

NIPS is a simple and versatile technique, however, the solvents used for this process are nearly
always dipolar aprotic solvents and these are mostly reprotoxic and harmful to the environment
[3]. The most commonly used solvent is N-methylpyrrolidone (NMP), a solvent that has recently
come under increased scrutiny, with the European Union introducing new regulations to restrict
its usage from 2020 [4]. Figoli and co-workers reviewed publications using numerous non-toxic
solvent replacements for NIPS and thermally induced phase separation (TIPS) processes [5]. In
their detailed review, several solvents were evaluated as promising candidates to replace these
harmful solvents; however, most of the alternatives come with their own downsides. Specifically,
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some of the alternatives are unable to dissolve the desired polymers at high concentrations [6],
others are expensive (e.g. ionic liquids) or produced using limited natural resources (e.g. solvents
containing phosphorous) or have problematic hazardous properties (e.g. ionic liquids, dimethyl
sulfoxide) [5]. Finally, the solvents should ideally be recyclable, and should thus be easy to
separate from the non-solvent water after membrane formation.

While greener organic solvents are promising, an even more sustainable approach would be to
use water as both the solvent and the non-solvent. To achieve this, a polymer is required that
is soluble and insoluble in aqueous media depending on conditions such as pH, salinity and
temperature. For example, poly(vinyl alcohol) [7] and hydroxypropylcellulose [8] membranes
have been prepared in aqueous media via TIPS, followed by chemical crosslinking for stability.
The membranes were evaluated in terms of phase behavior, mechanical properties, swelling and
pure water permeabilities, but were not studied for their separation behavior. A major downside
of TIPS is that typically only symmetric membranes can be formed; for asymmetric membranes
a concentration gradient through the casting film (from top to bottom) is required as is the case
for traditional NIPS [9]. Inspired by the traditional NIPS process, de Vos showed that aqueous
phase separation can be achieved using weak polyelectrolytes whose solubility is pH-dependent
[10]. Using this approach, Willott et al. prepared porous poly(4-vinylpyridine) asymmetric and
symmetric membranes by variations of casting solution and coagulation bath composition [11].

Polyelectrolytes (PEs) are polymers that have charged repeating units accompanied by small
counter-ions and due to the charged nature of the repeating units they dissociate in a polar
media (e.g. water). When two oppositely charged PEs are mixed, they interact and can form
polyelectrolyte complexes (PECs) which are typically water-insoluble. An important point to
understand, especially for this work is that the driving force for complexation is the entropic
gain via release of small counter-ions [12]. PEs are classified as weak or strong depending on
the pH-response of the charges. If the monomers can dissociate or be neutralized depending on
the pH of the medium, then the PE is classified as weak. On the other hand, for strong PEs the
repeating units remain charged over entire pH range (i.e. pH 1–14). In this case, charges cannot
be neutralized, but they can be screened by high salinity (i.e. excess counter-ions). The phase
behavior of PECs as a function of salt concentration reveals that PECs exist in a homogeneous
solution phase at high salinity while they are solid precipitates at low salinity [13,14]. These
two points suggests that a phase separation method utilizing polyelectrolyte complexation can
be used to prepare membranes. Significantly, PE complexation can be performed entirely in
aqueous media thus eliminating the need for toxic solvents.

Coating layers of PECs sequentially, namely polyelectrolyte multilayers (PEMs) on porous
support membranes has been demonstrated to give the membranes with excellent performance
such as selectivity [15–19], stability [20], resistance to fouling [21,22], and hydrophilicity
[16,21,23,24]. Of all systems studied, the combination of poly(sodium 4-styrenesulfonate)
(PSS) and poly(diallyldimethylammonium chloride) (PDADMAC) was found to be especially
promising due to the high resistance against chemical cleaning, showing a 100 times higher
chemical stability against oxidants [20] and better selectivity towards fluoride [25], sulfate
[26], and phosphate [27] ions compared to commercial membranes. pH stability of this PE
pair is also outstanding, PSS-PDADMAC multilayer films exhibited similar wetting properties
between pH 4 and 11 [28]. More significantly, PSS-PDADMAC coated membranes showed stable
MgSO4 retention even at high acid concentrations such as 3 M HCl [29]. Thus, polyelectrolyte
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multilayer based nanofiltration membranes, especially of PSS and PDADMAC, hold a great
promise. Unfortunately, the preparation of PEM membranes is very time consuming and
laborious. Moreover, the support membrane is still produced with NIPS which requires the
harmful solvents. For decades, using PEMs was the main way to facilitate polyelectrolyte
complexes as functional materials since bulk PECs were known to be unproccesible due to being
infusible and very brittle in dry state [30]. In 2009, the concept of saloplastics were introduced
and pioneered to production of a new set of PEC-based materials [31]. The term saloplastic
basically refers to polyelectrolyte complexes that can be processed after treatment with saline
water. Schleno� and coworkers demonstrated a great variety of possibilities that these materials
can be applied [31–35]. Porous saloplastic materials are obtained by centrifugation [31,36] and
electrospinning [37] of coacervate phases, or by desalting homogeneous PE solution in between
semi-permeable membranes [38]. In addition, doped PECs can be extruded to obtain dense
materials in various shapes (tape, tube, rod, fiber) [32,33] or spin coated [34,39], cast [40,41],
and pressed in between templates [42,43] to obtain transparent films. Moreover, some of the
saloplastics show self-healing behavior which can operate under room temperature and tuned by
type of salt [35,44]. The majority of saloplastics reported in literature are composed of PSS-
PDADMAC [31–34,37–39,42,43,45] emphasizing its properties such as chemical and thermal
stability, biocompatibility and no requirement for crosslinking agent.

Addition to saloplastics mentioned above, PE complexation has been used by Sadman et al. to
prepare porous membranes [46]. In their work, PECs were obtained by mixing two strong PE
solutions. After PECs were extruded and treated with salt water annealing, they were partially
dissolved at varying salt solutions to obtain coacervates and then cast into thin films. The
resultant membranes had high pure water permeability (75 to 400 L·m–2·h–1·bar–1) and high
rejection towards polystyrene beads (100 nm and larger), indicating that these membranes were
in the ultrafiltration (UF) range. This study showed that making membranes on the basis of
polyelectrolyte complexation is possible, however, there were a couple of drawbacks related to
the membrane production procedure. Besides the multiple step membrane preparation process,
casting coacervates in di�erent salinities instead of homogeneous solutions results in change in
polymer concentration, and the hydration of the coacervates, which provides limited control over
the membrane structure and performance and only UF membranes were prepared. In Chapter
2 we demonstrated that it is also possible to prepare membranes by casting homogeneous PE
mixtures instead of coacervates. A switch between two extreme pH regimes was used to control
the complexation of a strong polyanion and a weak polycation. Polymer molecular weight,
polymer concentration and coagulation bath salinity were the factors that gave a great control
over the membrane structure and resulted in membranes ranging from microfiltration (MF) type
to nanofiltration (NF) type.

In this work, we discuss the formation and performance of the PEC based nanofiltration
membranes prepared by aqueous phase separation (APS). We use PSS and PDADMAC as the
strong polyanion and polycation pair, respectively. Herein, a simple change in salt concentration
is used to control complexation instead of switching between extreme pH values as was used in
Chapter 2. Therefore by using a salt-switch, the membrane formation conditions are milder and
the requirement for using a weak and strong PE pair is removed. In this study, a homogeneous
mixture of the two strong PEs is prepared at a high salinity where the entropic driving force
for complexation is eliminated. Therefore, the PE chains are in a dissolved and coiled form
and surrounded by an excess of counter-ions (Figure 6.1). The homogeneous polyelectrolyte
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Figure 6.1 A schematic illustration of membrane preparation procedure for salt triggered
complexation induced aqueous phase separation. Homogeneous mixture of two oppositely
charged PEs are mixed at high salinity, casted on a substrate and immersed in a low salinity

bath.

mixture is cast on a substrate and immersed in a low salinity water bath. This dilutes the excess
of counter-ions, and allows polyelectrolyte complexation based on counter-ion release. The
oppositely charged PE chains interact with each other and form a water-insoluble polyelectrolyte
complex. The precipitated polymer is considered to have an amorphous, entangled structure [30]
and the charges are mostly compensated by an oppositely charged monomer rather than small
counter-ions (see Figure 6.1). In preparing the PSS-PDADMAC membranes by complexation
induced APS, we intend to combine the excellent separation performance of PSS-PDADMAC
PEM-based nanofiltration membranes with a simple and sustainable production process. We
investigate the e�ects of polymer concentration, molecular weight and coagulation bath salinity
on membrane structure and performance. We show that nanofiltration membranes are obtained,
of which the structure and performance can be tuned with the salinity of the coagulation bath.
The performance of the membranes is studied by pure water permeability, salt retention and
molecular weight cut-o� measurements, at pressures up to 10 bars.
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6.2 Experimental Section

6.2.1 Materials

Poly(sodium 4-styrenesulfonate) (PSS, Mw ∼70 kDa, 200 kDa and 1000 kDa in aqueous
solution), Poly(diallyldimethylammonium chloride) (PDADMAC, Mw∼200-350 kDa, 20 wt% in
water), Magnesium Sulfate (MgSO4) and 2-propanol (IPA) were purchased from Sigma-Aldrich.
Poly(ethylene glycol) (PEG) of di�erent molecular weights (200, 400, 600, 1000, 1500 and
2000 Da) were purchased from Merck. Sodium Chloride (NaCl, pharmaceutical grade, SanalP)
was kindly supplied by Akzo Nobel.

6.2.2 Solution preparation

The as received PSS and PDADMAC solutions were used to prepare casting solutions containing
10 wt%, 12.5 wt%, and 15.4 wt% total polymer. Firstly, water (if needed) and NaCl were added
to PSS and PDADMAC solutions, separately. After the solutions became homogeneous, they
were mixed such that the monomer ratio is stoichiometric. Here, a stoichiometric monomer
ratio means that the ratio of PSS monomers to PDADMAC monomers is equal to 1. For the
mixtures with 17.5 wt% and 20 wt% polymer, stock solutions of PSS and PDADMAC were dried
(separately) in an oven at 80 °C overnight. Then, the desired solutions were prepared by mixing
the dried polymer, NaCl, and water. PSS and PDADMAC solutions were mixed and stirred over
16 hours to form a stoichiometric, amber-colored, homogeneous mixture. The mixture was left
overnight, without stirring, to remove air bubbles. Properties of PE casting mixtures used in this
study are listed in Table 6.1.

Table 6.1 Properties of the homogeneous PE mixtures used for membrane preparation.

PSS Mw
(kDa)

PDADMAC
Mw (kDa)

Total polymer
concentration (wt%)

70 15.5
200 15.4
1000 15.5
200 200 – 350 10.0
200 12.5
200 17.5
200 20.0

6.2.3 Casting

Homogeneous mixtures were cast at a thickness 0.3 mm with casting knife on a transparent
plastic sheet (referred to as acetate sheet by the provider, JEJE Produkt) and immediately
immersed in a coagulation bath. The coagulation bath consisted of either Milli-Q® water
(resistivity at 25 °C is 18.2 MΩ.cm) called 0 M, or 0.5 M, 1.0 M, 1.5 M and 2.0 M NaCl. After
10 minutes in the desired coagulation bath, the membranes were transferred to washing baths
containing demineralized water and the washing bath was refreshed four times in total, to remove
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any remaining salt. PSS-PDADMAC complexes do not swell in many organic solvents like
isopropanol [47]. Therefore after the washing steps, the membranes were immersed in 30 vol%,
then 60 vol%, then 90 vol% and lastly pure IPA baths so that membranes could be removed from
the substrate without causing any deformation of the membrane. Membranes were stored in IPA
prior to any filtration test.

6.2.4 Membrane characterization

Membrane samples were taken from IPA and air dried, then they were broken after immersion
in liquid nitrogen. The samples were sputter coated with a 5 nm chromium layer (Quorum
Q150T ES). Then the cross-section and surface morphologies of the membranes were investigated
by scanning electron microscopy (SEM, JSM6010LA) integrated with energy dispersive X-ray
spectrometer (EDS).

Besides observing and comparing cross-section morphologies of the membranes, the average skin
layer thicknesses were also measured. To do that, cross-section images at x5000 magnification
were analyzed with ImageJ software. The distance between the top edge of the cross-section
and the closest visible pore to the edge is defined as the skin layer thickness. Multiple positions
were measured and the average value is reported as the skin layer thickness of the membrane.
A representative skin layer thickness measurement is given in Figure S6.1 in the supporting
information.

Membrane samples were taken from IPA, rinsed with demineralized water to exchange IPA and
then the membranes were tested in terms of their filtration performance. First, pure water
permeability measurements were conducted. For that, the membranes were placed in dead-end
filtration cells in which pure water was pressurized towards the filtration system by nitrogen gas.
Permeate was collected and its weight was measured as a function of time, giving the pure water
flux (Jw). The membrane active area for the cells operated at 4 bar was 3.0 cm2, while for the
cells operated at 10 bar this was 15.3 cm2. The permeability was calculated by taking the slope of
flux over transmembrane pressure, ∆p(bar), equation 6.1:

P =
Jw
∆p

(6.1)

Where P is the permeability L·m–2·h–1·bar–1, and Jw is the water flux. After the pure water
permeability measurements, the membranes were subjected to retention tests. For these tests,
the same dead-end set-up was used and instead of pure water, a solution containing the carefully
selected probe molecule (MgSO4 and PEG) was fed while stirring the feed solution within the
dead-end cell. Retention of the membrane was calculated using equation 6.2:

R =

1 −
Cp(

Cf+Cr

2

)
 × 100 (6.2)

Where Cp, Cf, and Cr are the concentrations of the solute in the permeate, feed and in the
retentate, respectively. The feed is the solution that was in the cell prior to the rejection test,
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while the retentate is the solution that was left in the cell after the test (see Figure S6.2 in the
supporting information).

Pure water permeability and retention measurements were performed at the same
transmembrane pressure for the same membrane piece (either 4 bar or 10 bar). Retention tests
were performed for either a 5 mM MgSO4 solution or a mixture of PEG molecules to investigate
the molecular weight cut-o� (MWCO) of the membranes. For both cases, approximately 20 mL
of solution was fed to the filtration cell. The permeate was collected such that recovery ratio
(permeate/feed, g/g) does not exceed 1/3 for MgSO4 retention tests and 1/20 for MWCO tests in
order to keep concentration polarization to a minimum. For MgSO4 retention, concentrations
of feed, permeate, and retentate samples were calculated by analyzing the conductivities of the
samples. For MWCO measurements, a mixture of PEGs with molecular weights of 200, 400,
600, 1000, 1500 and 2000 Da was prepared so that each PEG was at a concentration of 1 g·L–1.
Samples were analyzed by Gel Permeation Chromatography with a size exclusion column
(Agilent 1200/1260 Infinity GPC/SEC series, Polymer Standards Service column compartment
and data center (UDC 810 Interface). Sample solution flow rate was 1 mL·min–1 and eluent
was 50 mg·L–1 NaN3 in Milli-Q® water, samples went through two Polymer Standards Service
Suprema 8x300 mm columns in series: 1000 Å, 10 µm followed by 30 Å, 10 µm. Concentration
vs molecular weight curves were obtained for feed, permeate, and retentate samples and
converted into retention vs molecular weight graphs (i.e. a sieving curve). MWCO is defined
as the molecular weight of the solute that the membrane retains by 90% i.e. where the sieving
curve reaches the 90% level [48]. In this work, for some of these membranes, the sieving curve
did not reach exactly 90% retention, although it reaches a plateau. This is an indication of a
defect on the membrane and therefore, the maximum retention level that the curve reached was
considered as the 100% rejection level. The MWCO value was estimated relative to the level
considered for total rejection (see Figure S6.3 in the supporting information).

6.3 Results and Discussion

In this work, porous polymeric films were prepared from polyelectrolyte complexes with the
aqueous phase separation technique (see Figure 6.1). Di�usion of salt out of the film upon
exposure to a low salinity bath was used to trigger PE complexation. In this section, we first
explain the selection of a suitable polyelectrolyte mixture, more specifically we discuss the e�ect
of PSS molecular weight and polymer concentration of the mixtures. Thereafter, we discuss
the e�ect of coagulation bath salinity on the structure and the performance of the resulting
membranes.

6.3.1 Selection of suitable polyelectrolyte mixture: E�ect of molecular weight

Films were prepared by immersing a thin layer of a homogeneous PE mixture into a coagulation
bath containing Milli-Q® water. These mixtures had the same polymer and salt concentrations
(15.5 wt% polymer and 18 wt% NaCl) and only the PSS molecular weight was varied (70 kDa,
200 kDa and 1000 kDa) which will be referred as 70 kDa PSS, 200 kDa PSS and 1000 kDa PSS,
respectively.

SEM images of the films are presented in Figure 6.2. Cross-section images of the films are shown
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Figure 6.2 SEM images of cross-section and top surfaces of the membranes prepared with
mixtures of varying PSS molecular weight. All cross-section images are at x1000 magnification

while top surface images at x5000 magnification.

in the left column, and the top surface images are shown in the right column. The cross-section
images clearly show that all the films have an asymmetric structure with thin dense layers at
the top and porous support layers below. Higher magnification SEM images (Figure S6.4 and
S6.5 in supporting information) show no visible pores on the surface (up to that magnification)
indicating the density of the selective layers. Moreover, support layers have interconnected pore
structure, with pores visible through other pores (i.e. open-cell spongy structure). Therefore it
is expected that the selective layers dominate the resistance to permeation, while the support
layers are highly permeable. These SEM images immediately demonstrate that our approach
successfully leads to the formation of membranes with the highly desired asymmetric structure.
Also striking is that no macrovoids are observed in the support structure: macrovoids are a
common and generally undesired feature when preparing membranes by NIPS. The viscosity of
the casting solution is typically a major factor controlling the phase inversion kinetics. Solutions
with di�erent viscosities are expected to phase separate at di�erent rates and therefore lead to
membranes with di�erent cross-section morphologies. Although, there is a substantial di�erence
in the viscosities of the mixtures with 70 kDa, 200 kDa and 1000 kDa PSS (see Table S6.1 in
the supporting information), all three membranes have essentially the same asymmetric structure.
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For all three asymmetric films, no defects and/or pores were observed from the surface SEM
images at magnifications up to x10000 (see Figure S6.4 in the supporting information). Some of
the surface SEM images in this paper show particle-like structures on the membranes (like the
ones prepared with 70 kDa and 1000 kDa PSS). The exact cause of these structures could not
be determined, however, they are considered to be polymer precipitates since no substantial
di�erence from the bulk of the film can be observed from the elemental analysis (see Figure S6.6
in the supporting information). Additionally, no e�ect of these impurities was observed on the
membrane performance tests.

No substantial di�erences between the films can be seen from the SEM images, but conversely
there are distinct di�erences in the membrane performance. The pure water permeability (PWP)
values of the membranes were measured at 4 bar with a dead-end filtration set-up. While a
stable flux could not be achieved with the 70 kDa PSS film, the 200 kDa and 1000 kDa PSS films
had stable PWP values of approximately 1.0 L·m–2·h–1·bar–1 and 0.4 L·m–2·h–1·bar–1, respectively.
Longer polymer chains (i.e. higher molecular weight) results in more chain entanglements and
this in turn provides films with a greater mechanical strength [49]. A stable water flux was not
observed for the 70 kDa PSS film, while the 200 kDa PSS and 1000 kDa PSS films showed good
stability, indicating that higher molecular weights are needed to obtain enough entanglement for
mechanical stability. Figure S6.7 in the supporting information shows that the skin layer thicknesses
of membranes prepared with the 200 kDa PSS and the 1000 kDa PSS are very close to each other,
while the PWP values are quite di�erent. This indicates that the membrane skin layer becomes
denser with more entanglements leading to a lower permeability. Although the 1000 kDa PSS
membrane is expected to show a better rejection, it has a much lower permeability than the
200 kDa PSS membrane and the membrane formation procedure is much more di�cult and
time-consuming compared to the 200 kDa PSS membrane due to gelation of the 1000 kDa PSS
solution (see Figure S6.8 in the supporting information). Since the 70 kDa PSS film did not show a
stable membrane performance and the 1000 kDa mixture has such a high viscosity, the 200 kDa
PSS mixture was used for further experiments.

6.3.2 E�ect of overall polymer concentration

The polymer concentration of the casting solution is a widely used parameter for the NIPS
process to control membrane structure [48]. For APS, homogeneous PE mixtures with di�erent
polymer concentrations ranging from 10 wt% to 20 wt% were prepared (see Table 6.1). 10 wt%
polyelectrolyte mixture with 18 wt% salt is slightly turbid than the other (see Figure S6.9 in the
supporting information), however, that mixture was cast and formed a continuous film. Figure 6.3
shows the cross-section and surface SEM images of the films prepared with mixtures at these
di�erent polymer concentrations. Films mentioned in this section will be referred to by the
polymer concentration of the casting mixture.

Except for the 10 wt% film, all these films again have an asymmetric structure with a thin skin
layer and a porous and sponge-like support layer. The cross-section of the 10 wt% film shows
delamination within the entire structure and the surface is porous (defects) unlike others. For the
12.5 wt% film there is a dense skin layer, however, the skin layer is very thin and has some defects
on the surface. Both of these films were mechanically weak and therefore, were not investigated
further. Increasing the polymer concentration is known to reduce membrane pore size [48], and
this has been observed for porous PSS-PDADMAC films in literature [38]. Therefore, polymer
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Figure 6.3 SEM images for cross-section and top surfaces of the membranes prepared with
mixtures of varying total polymer concentration. All cross-section images are at x2500

magnification and focused on the upper part of the membrane while surface images at x5000
magnification.

concentrations higher than 12.5 wt% are needed for mechanically stable membranes. SEM images
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of the 15.4 wt%, 17.5 wt% and 20 wt% films are nearly identical. They have thicker skin layers
(Figure S6.7 in the supporting information) when compared to 12.5 wt% film and similar pore
structure for the support layers is observed. Again, to investigate the membrane properties, pure
water permeability tests were conducted at 4 bar with a dead-end filtration set-up. Obtained
PWP values are 1.0, 0.1, and 0.2 L·m–2·h–1·bar–1 for 15.4 wt%, 17.5 wt% and 20 wt% membranes,
respectively. Skin layer thicknesses and the decrease in the PWP clearly show that increasing
the polymer concentration densifies the skin layer leading to a lower water transport. These
three membranes are good candidates to investigate further, but importantly, the preparation
procedure (see Experimental Section) and high viscosity of the PE mixtures at 17.5 wt% and
20 wt% polymer (see Table S6.1 in the supporting information) makes them non-ideal for membrane
production. For this reason the concentration of 15.4 wt% polymer mixture was chosen for all
further experiments.

6.3.3 E�ect of coagulation bath salinity

So far, the di�erent polyelectrolyte mixtures were prepared and evaluated in terms of the
membranes that they form. Although increasing the molecular weight of PSS and increasing
the total polymer concentration does not a�ect the membrane morphology significantly, these
factors do a�ect the membrane properties. The homogeneous polyelectrolyte mixture prepared
using 200 kDa PSS and having 15.4 wt% polymer was chosen as the most promising mixture,
because it is easy to prepare then cast and it leads to reasonable pure water permeabilities. In the
following, this mixture is used and the NaCl concentration in the coagulation bath is varied from
0 M to 2 M to obtain membranes. The salinity of the coagulation bath will reduce the driving
force for the complexation and thus slow down the di�usion of ions from the casting mixture to
the bath. Therefore, it is expected that di�erent membrane structures and performances can be
obtained by varying the coagulation bath salinity.

Figure 6.4 shows SEM images of the films prepared with coagulation baths of di�erent salinity.
The left column gives images focused on the upper part of the cross-section, the right column
gives the top surface images. It can be observed that all films have an asymmetric structure with
a thin dense skin layer and porous support layer. The porous support layer is sponge-like in
structure for the 0 M, 0.5 M and 1 M films, with relatively small interconnected pores. However,
for 1.5 M and 2.0 M films, the internal pores are much larger and this makes the films mechanically
less stable. As in the traditional phase separation process, precipitation kinetics are expected
to be the major factor in determining the membrane structure. As the NaCl concentration in
the coagulation bath increases, the precipitation takes longer (see Figure S6.10 in the supporting
information). Since the driving force for polyelectrolyte complexation is the entropic gain due to
the release of counter-ions, the salt ions present in the coagulation bath limit this release which
leads to a slower complexation process and consequently, a slower precipitation of the PEC. It
can be seen in Figure S6.10 in the supporting information that the precipitation rate of the 2.0 M film
is much slower than the others, in fact, in order to solidify the film fully, it has to be transferred
to a washing bath of demineralized water. Additionally, salt is known to be a plasticizer for PECs
[30,50,51] and PSS-PDADMAC multilayers are known to undergo a so-called glass transition in
salinities higher than 1.5 M NaCl [52,53]; because of this, many studies use 2.0 M NaCl to anneal
PSS-PDADMAC multilayers [52,54]. Therefore, it is speculated that the combination of longer
precipitation times and more mobile PE chains resulted in larger pores and/or defects for 1.5 M
and 2.0 M films. Besides the large defects in the skin layer seen in the 2.0 M film surface SEM
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Figure 6.4 SEM images for upper part of cross-section and top surfaces of the membranes
prepared with varying salt concentrations of coagulation bath. All images are at x5000

magnification.

image, large cavities in the cross-section of the 1.5 M and 2.0 M films indicate that these films
will not be as mechanically stable. Indeed, during the PWP measurements on these films, the
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Table 6.2 Skin layer thickness and molecular weight cut-o� values of membranes.

Membrane Skin layer thickness
(µm)(a)

MWCO (Da)(b)

0 M 0.6 ± 0.2 250 ± 30
0.5 M 1.0 ± 0.2 280 ± 40
1.0 M 1.2 ± 0.4 250 ± 30

(a)Skin layer thicknesses were measured for at least 10 di�erent points from one SEM image.
(b)MWCO values are average of 3 measurements.

water flux was not stable and reproducible. Therefore, we did not continue characterizing these
films further.

Morphology of a membrane is one of the factors that directly a�ects the membrane
performances, however, especially for dense membranes, molecular properties such as charge
and a�nity towards solutes become very important. In this section we discuss the performance
of the membranes prepared with the PE mixture with 200 kDa PSS and 15.4 wt% polymer,
coagulated in either 0 M, 0.5 M or 1.0 M NaCl baths. For asymmetric membranes, the dense
part (i.e. skin layer) provides the membrane its selectivity while porous part is very permeable
and gives the mechanical support to the membrane. Therefore the resistance of the membrane
towards water permeation is dominated by the skin layer and its thickness is inversely correlated
to the permeability [2]. Comparing the 0 M, 0.5 M and 1.0 M films, the skin layer is the thickest
for 1.0 M film (see Table 6.2) and the thinnest for 0 M film. Therefore, it is expected that the
1.0 M membrane will have the lowest permeability (the highest water resistance). The PWP
values of membranes (Figure 6.5) range from 0.4 L·m–2·h–1·bar–1 to 1.0 L·m–2·h–1·bar–1. These
values indicate that the membranes are in the dense nanofiltration (NF) range, and they are in
agreement with what we expected from SEM images.

In order to understand the application range of these membranes, molecular weight cut-
o� measurements were performed. We stress that the MWCO values reported here provide
information on the separation properties of the active separation layer. Still, in many cases
we also observed defects that decreased the overall MWCO of the membranes. The high
polydispersity of especially the PDADMAC studied in this work could play a major role in the
occurrence of these defects, as polydispersity is known to a�ect phase separation behavior of the
polymer in relation to membrane formation [55]. Reducing the occurrence of defects in these
PSS-PDADMAC membranes will be critical in their further development.

Membranes with MWCO values between 200 Da and 1000 Da are considered as NF membranes
[2] and as shown in Table 6.2, all three PEC membranes fall in this range and can be considered
as dense NF membranes. Based on this criteria, these membranes would be very suitable for
the removal or concentration of small organic molecules, for example in bio-refineries or in the
removal of organics from waste water [2].

To further evaluate the performance of these novel NF membranes, the separation performance
of the membranes towards multivalent ions was studied. For that, 5 mM of MgSO4 is used as feed
solution. Plain bars in Figure 6.5 show the performance of three di�erent membranes at 4 bar in
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Figure 6.5 Pure water permeability and MgSO4 retention of the membranes. The left hand side
of the dashed line (plain bars) shows the results of the filtrations at 4 bar while the right hand
side of the line (patterned bars) is at 10 bar. Pure water permeability values are the average and
error bars are the standard deviation of at least five measurements. Retention values are from

at least three di�erent measurements.

terms of pure water permeability (pink/red bars) and MgSO4 retention (white bars). Although
the PWP values progressively decrease with increasing skin layer thickness, MgSO4 retentions of
the membranes increase from approximately 62% to 81%.

The MWCO, PWP, and salt retention data shows that these membranes perform in the NF range,
however, NF membranes are preferably operated at pressures higher than 4 bar [48]. In order to
understand if these membranes can operate under these more challenging conditions, filtration
experiments were also performed at 10 bar for the 0 M membrane. Patterned bars in Figure 6.5
show the performance at 10 bar. Firstly, the PWP at 4 bar is 1.0 ± 0.2 L·m–2·h–1·bar–1, while the one
at 10 bar is also 1.0 ± 0.1 L·m–2·h–1·bar–1. This constant PWP illustrates that the membrane flux is
linearly proportional to the transmembrane pressure, moreover, the membranes can withstand
10 bar of pressure without structural compaction or defect formation. It needs to be noted that
for this membrane 10 bar was found to be the limit of stability, above this pressure an unstable
performance was observed. However, at 10 bar, the water flux was stable for over 20 continuous
hours and over a total of 50 hours during the PWP measurements. Figure 6.5 shows that the
MgSO4 retention at 10 bar is approximately 83%, while at 4 bar the retention is around 63%.
This is in line with the expectation that these membranes function as dense membranes that
separate on the basis of solution di�usion. An increase in pressure leads to a higher driving force
for water permeation but not for the salt molecules. With increased water transport and similar
salt transport the e�ective retention increases [2].

The PWP values reported here are consistently low relative to the ones of PSS-PDADMAC
multilayer membranes in literature (5 to 15 L·m–2·h–1·bar–1) [20,29,56–59]. This variation might
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Figure 6.6 Pure water permeability values of 0 M, 0.5 M, and 1.0 M membranes. The test was
performed once for all the three membranes for approximately 55 hours.

be due to di�erences in selective layer thickness and density. On the other hand, MgSO4
retentions are reasonably comparable, in literature, best results varies from 60% to more than
90%. Besides experimental di�erences, the defects observed in MWCO tests may be the cause of
being near to the low-end of this range. Although this comparison indicates there is still room
for improvement, it also implies that membrane formation via salinity change APS technique is
a good direction to follow for the preparation of sustainable NF membranes.

The stability of the membranes was not only evaluated as a function of transmembrane pressure
but also as a function of time. Structural compaction is typically indicated by a decrease in water
flux over time and is generally seen for polymeric membranes at the beginning of a filtration.
However, a stable membrane is expected to maintain a persistent flux after the initial compaction
period. In Figure 6.6, the water permeability of 0 M, 0.5 M and 1.0 M membranes are given.
The pure water permeability tests were continued over 55 hours for each membrane. After a
compaction period of less than 5 hours (not included in the graph), the membranes showed a
stable permeability. It needs to be noted that the erratic flux behavior is not an indication of
instability of the flux but they are deviations resulting from the experimental set-up. These
membranes thus show excellent stability over time when exposed to pure water. In some cases,
exposure to MgSO4 during the retention tests lead to a drop in flux. We expect that the ions are
taken up by the membrane leading to some plasticization of the membrane matrix.

Together with the mechanical stability, these PSS-PDADMAC membranes are expected to be
stable in organic solvents and under extreme pH conditions [29,47]. Indeed, 0 M membranes
showed no observable changes when they are immersed in 1 M NaOH and 1 M HCl for 40 days
(see Figure S6.11 in supporting information).
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In this work, PSS-PDADMAC polyelectrolyte complex membranes were prepared via a simple
aqueous phase separation approach that does not use any organic solvents or harsh aqueous
conditions like extreme pH values. This APS system has a natural tendency to form asymmetric,
nanofiltration membranes. The membrane morphology can be tuned by coagulation bath salinity
and the resultant membranes are macrovoid-free which is a highly beneficial feature for a
phase separation approach. Separation performance and mechanical stability of the membranes
indicate that they are promising candidates for NF applications. Moreover, after being used, the
salts from the coagulation baths can easily be recycled making the overall system much more
sustainable compared to conventional phase separation membranes. Overall, this study shows a
unique and sustainable way of making polymeric nanofiltration membranes with good separation
properties.

6.4 Conclusion

In this study, we produced membranes by aqueous phase separation (APS) induced by
polyelectrolyte complexation. Complexation is achieved by exposing a thin film of a
homogeneous mixture of polyanion and polycation prepared at high salinity to a coagulation bath
with a low salinity. Complexation of the two strong polyelectrolytes leads to phase separation
and to the formation of asymmetric membranes with dense top layers and porous support layers.
The e�ects of polyanion molecular weight, total polymer concentration of the mixture, and the
coagulation bath salinity on membrane formation were investigated. It was seen that increasing
both the molecular weight of PSS and the total polymer concentration led to denser membrane
matrices and also improved the mechanical properties of the films; likely due to more chain
entanglements. The optimal casting mixture was found to be the one with 200 kDa PSS and
15.4 wt% polymer which combined the positives of ease of preparation with good mechanical
properties of the resulting membranes.

In the second part of this work, the coagulation bath salinity was varied and resultant membranes
were studied in terms of their morphology, permeability and retention performances. SEM
cross-section images revealed that increasing the coagulation bath salinity resulted in membranes
with thicker skin layers and larger pores in the support layers. At high bath salinities, namely
1.5 M and 2.0 M NaCl, the combined e�ects of longer precipitation times and more mobile PE
chains resulted in structures that could not be used as stable membranes. However, at lower
salinities (0 M, 0.5 M and 1.0 M NaCl), useful membrane structures were obtained. These
membranes had water permeabilities ranging from 0.4 to 1.0 L·m–2·h–1·bar–1 and MWCO values
between 200 and 300 Da. Together with these low MWCO values, good MgSO4 retentions
(>60%) were found showing that these membranes indeed function as nanofiltration membranes.
All of these membranes show good long term stability at 4 bar of applied pressure, with the
membrane produced at 0 M NaCl having good long term stability even at 10 bar. An increase in
transmembrane pressure led to significant increases in ion retention (from approximately 60 to
80%), as expected for dense membranes that separate species on the basis of solution di�usion
mechanism.

We have demonstrated that it is possible to prepare novel nanofiltration membranes with
good mechanical properties and separation performance in a simple single step aqueous phase
separation process. Further optimization of the APS process is expected to lead to higher water
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fluxes, selectivities and better mechanical properties. This work thus demonstrates that APS is
a very relevant and sustainable alternative to the traditional aprotic solvent based NIPS process.
Interesting for future work is the fact that PSS-PDADMAC complexes are very stable in organic
solvents, especially in non-polar ones [47]. Therefore, in further research these nanofiltration
membranes will be investigated in terms of their organic solvent nanofiltration performance.
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6.5 Supporting Information – S6

Figure S6.1 A representative scheme for measurement of the skin layer thickness of PEC
membranes. Green bars show the places that are measured and the average of the result of over

10 green bars were taken and reported as skin layer thickness in the paper.
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Figure S6.2 Schematic drawing of dead-end filtration cells, indicating the feed, retentate and
permeate solutions.

Figure S6.3 An example for sieving curves. This curve is for a 0.5 M membrane MWCO
measurement. As mentioned in the paper, many times sieving curve did not reach the 100%
retention level. Then a relative total rejection level was estimated as the maximum retention

obtained from higher molecular weights. MWCO value was estimated as the molecular weight
where the sieving curve reached the new 90%.
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Figure S6.4 A representative SEM image of the membrane top surface at x10000 magnification.
There is no pores observed up to this magnification. This image is for a membrane prepared
from the mixture with 200 kDa PSS and 15.4% polymer and coagulation bath was Milli-Q®

water.

Figure S6.5 A representative SEM image of the membrane cross-section focused near the skin
layer at x10000 magnification. There is a dense skin layer and porous support layer with inter
connected pores. This image is for a membrane prepared from the mixture with 200 kDa PSS

and 15.4% polymer and coagulation bath was Milli-Q® water.
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Figure S6.6 SEM image of a 0 M membrane and EDS map showing carbon, nitrogen, oxygen
and sulfur distribution. Other than the particle at the bottom of the image, the map shows

even distribution of the elements throughout the film. Therefore the particles on the surface
are considered to be polymer-sourced.

Table S6.1 Compositions and viscosities of PE mixtures used in this study. Coaxial cylinder
type rotational viscometer (HAAKETM ViscotesterTM 550, ThermoFisher Scientific, USA) was
used to measure the viscosity of polyelectrolyte mixtures. Approximately 15 mL of mixture was

poured into outer cylinder (SV-DIN) then inner cylinder is placed and viscometer was
assembled. The dynamic viscosity was measured as a function of shear rate (2.5 – 250 s–1) at

293 K and the extrapolated values at 0 shear rate are reported below.

PSS Mw
(kDa)

PDADMAC
Mw (kDa)

Total polymer
concentration

(wt%)

Viscosity at zero
s–1 shear rate

(Pa·s)

70 200 – 350 15.5 2.7
200 200 – 350 15.4 6.8
1000 200 – 350 15.5 14.5
200 200 – 350 17.5 10.7
200 200 – 350 20.0 21.9
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Figure S6.7 The skin layer thicknesses of the membranes prepared with mixtures of varying PSS
molecular weight and varying polymer concentration. Mixtures with di�erent PSS molecular

weight have 15.4% polymer in total, and mixtures of varying polymer concentrations were
prepared with 200 kDa PSS.

Figure S6.8 Image of 200 kDa and 1000 kDa PSS solutions, one minute after the vials were
turned upside down showing that while 200 kDa PSS solution is a viscous liquid, 1000 kDa PSS

is a gel.
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Figure S6.9 Images of 10 wt% and 15.5 wt% polyelectrolyte solutions. Both solutions have 18
wt% NaCl. 10 wt% solution is slightly more turbid than the other indicating that beginning of

phase separation.
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Figure S6.10 Immersion of the casting mixture of 200 kDa PSS with 15.4% polymer in di�erent
coagulation baths. Salinity of coagulation baths are varying from 0 M to 2 M NaCl. The

time-lapse photos indicate that it takes a longer time for the homogeneous clear mixture to
become opaque solid film as the salt concentration of the coagulation bath increases. The

casting film in 2.0 M NaCl bath was transferred to a washing bath of demineralized water in
the 6th minute in order to solidify the film further and complete the phase separation.

Inhomogeneity in the opaqueness of the film indicates the uneven density of the precipitated
film.
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Figure S6.11 Pieces of 0 M membrane immersed in 1 M NaOH (pieces on the top raw) and 1 M
HCl (pieces at the bottom) for 40 days. No change is observed in terms of opacity and size of

the membrane pieces.
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Abstract

Hollow fiber membrane geometry is the preferred choice for many commercial membrane
operations. Traditionally, these membranes are prepared via the non-solvent induced phase
separation technique (NIPS) where a polymer dope solution is pushed through a spinneret into a
non-solvent bath. Unfortunately, the dope solution always contains a reprotoxic organic solvent
such as N-methylpyrrolidone (NMP). Increasing restrictions on the use of NMP and related
solvents have led to the development of sustainable alternatives like the aqueous phase separation
(APS) technique which utilizes water as both the solvent and the non-solvent for the production
of membranes. In this work, we demonstrate for the first time the production of sustainable
hollow fiber membranes via the APS technique in a dry-jet wet spinning process. The dope
solution comprising of poly(sodium 4-styrenesulfonate) (PSS) and polyethyleneimine (PEI) is
prepared by directly mixing the two polyelectrolytes in a monomer molar mixing ratio of 1:2
(PSS:PEI) at a higher pH. This dope solution along with an aqueous bore liquid is pushed through
a single orifice spinneret into an acetate bu�er coagulation bath. PEI becomes charged at low
pH and immediately forms a polyelectrolyte complex with PSS. The composition of the bore
liquid and coagulation bath were systematically varied to study the e�ect on the structure and
performance of the resulting hollow fiber membranes. Microfiltration type PSS-PEI hollow fiber
membranes showing a complete retention of oil droplets were obtained via the APS technique.
Similarly, ultrafiltration type membranes having a pure water permeability in the range of 12
– 15 L·m–2·h–1·bar–1 and a molecular weight cut-o� of ∼7800 – 11600 Da were successfully
prepared. The research presented in this work demonstrates the versatility of APS and brings
the approach one step closer to large scale use and production.

7.1 Introduction

Hollow fiber membranes were the result of research and development on reverse osmosis
membranes, initiated by industrial giants such as Mahon, Dow and Du Pont in the 1960s [1].
Since then, they have been used as suitable candidates for many applications; from the medical
field [2,3] to water purification [4–7] and gas separation [8,9]. There are clear advantages in
using the hollow fiber membrane geometry as compared to the flat sheet and tubular geometries;
they have higher per unit volume productivity resulting from high packing density and the
subsequently substantial collective surface area [1]. To illustrate this point, a 0.04 m3 membrane
vessel can house 575 m2 of 90 µm-diameter hollow fibers, 30 m2 of spiral-wound flat sheet
membranes and only 5 m2 of membrane area in tubular modulation [10]. Also, hollow fibers
can be potted and hosted within standard-sized tubes for mass packing, as opposed to spiral-
wound and tubular configurations which require additional hardware such as spacers and/or
porous supports.

Preparation of hollow fibers is not without its challenges though. While these membranes allow
upscaling for increased productivity, this function stems directly from the number of single
fibers produced. Therefore, the fabrication process must be relentlessly stable as one defective
membrane could compromise a whole bundle of fibers’ performance.

Polymeric hollow fiber membranes are mostly produced via a procedure known as non-solvent
induced phase separation (NIPS), first developed by Loeb and Sourirajan for flat sheet membrane
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fabrication [11]. In NIPS, a solid membrane is obtained by the controlled precipitation of a
polymer solution. However, the polymer solution typically organic contains solvents such as the
reprotoxic NMP which is toxic and can adversely a�ect the human health while at the same
time imposes massive recycling costs to satisfy stringent environmental regulations. Growing
concerns have led to the restriction of NMP in the EU through the REACH legislation [12].

Water is the most abundant solvent available but this potential remains largely untapped since
most polymers used for NIPS simply are not water-soluble. Enter polyelectrolytes (PE), a class of
polymers soluble in water with a negative or positive charge on their repeating units, surrounded
by counter ions. Upon interaction of two oppositely charged PEs, a gain in entropy due to the
release of these counter ions leads to the formation of polyelectrolyte complexes (PEC) which
can themselves be water-insoluble solid materials [13,14].

In the previous chapters we have successfully produced flat sheet membranes made of
polyelectrolyte complexes in a completely aqueous environment by regulating the pH or the
salinity as the phase separation stimuli, thereby completely eliminating the need for NMP
[15–18]. In this Aqueous Phase Separation (APS) approach, water acts as both the solvent and
the non-solvent according to the pH/salinity conditions. Control over the final pore structure
through the phase inversion kinetics allows formation of a range of porous and dense membranes
with good performance. Earlier in the thesis we discussed the e�ects of change in salinity, change
in pH, and the crosslinking conditions on the process of PEC membrane preparation [16,19,20].
There, it was concluded that using poly(sodium 4-styrenesulfonate) (PSS) and the polycation
polyethyleneimine (PEI) is especially a promising system, as compared to the other systems
as it operates under mild pH conditions and leads to higher water permeabilities for similar
separation properties. The PSS-PEI pair had clear advantages over the PSS–poly(allylamine
hydrochloride) (PSS-PAH) pair and the PSS and poly(diallyldimethylammonium chloride) (PSS-
PDADMAC) pairs; it ensures operability in milder sustainable pH ranges as opposed to harsher
conditions corresponding to PSS-PAH (pH ∼14 to pH ∼1) and improves low fluxes and limited
pore size tunability of PSS-PDADMAC [21] while reducing its corresponding labor needed [22].

So far, all the APS studies have focused on producing flat sheet membranes. For larger scale
applications, spiral-wound and hollow fiber modulations are primarily used. The hollow fiber
membranes also have the advantage of less fouling propensity over the spiral-wound modulation
(no need for spacers), while allowing a wide range of polymers to be used for optimal products
[1]. Recently, Emonds et al. [23] managed to fabricate tubular PEC membranes using PSS-
PDADMAC with salinity being the stimulus for phase separation. They managed to fabricate
defect-free nanofiltration tubular membranes by adding glycerol to the bore fluid. However,
preparing a stable hollow fiber membrane still remains a challenge. Naturally, focusing the
attention towards producing hollow fiber PEC membranes is the next step in solvent-free
membrane production via the APS for large-scale membrane applications.

In this study, for the first time we prepare PSS-PEI based hollow fiber membranes via the
APS method. There are several reasons to choose PSS and PEI as the polyelectrolyte pair to
produce hollow fiber membranes. First, the two polyelectrolytes can directly be mixed in aqueous
conditions to obtain a homogeneous solution without any additives, as described in Chapter
5. In addition, the solution can be precipitated in mild pH of acetate bu�er (pH ∼3.6 – 5)
conditions to obtain various types of membranes having tunable pore sizes. The concentration
and pH of the acetate bu�er were found to be the major factors influencing the precipitation
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kinetics and the resultant morphology of PSS-PEI membranes. The concentration of the bu�er
determines its bu�er capacity. As a result, the rate of PSS-PEI precipitation increases with the
acetate bu�er concentration. Here, we utilized the knowledge generated in Chapter 5 to produce
hollow fiber membranes via the dry-jet wet spinning method. In this method, there are two
precipitation baths; one on the lumen side (bore liquid) and the second bath is outside the fiber.
Consequently, the additional tuning parameters mean that the morphology of the fibers can
be carefully controlled by systematically varying the composition of both the baths. Apart from
these, the air gap length and the bore to dope flow rate ratio are also relevant during hollow fiber
spinning that influence the final structure of the fibers [24–26]. SEM micrographs were recorded
of the various fibers produced to observe the impact of individual factors on the shape and pore
structure of the fibers. Pure water permeability (PWP) and retention tests were conducted to
evaluate the performance of the resultant membranes. The research presented in this chapter
provides a foundation for the production of sustainable hollow fiber membranes.

7.2 Experimental Section

7.2.1 Materials

The chemicals poly(sodium 4-styrene sulfonate) (PSS, powder form, Mw ∼1000 kDa), branched
polyethyleneimine (PEI) (>99%, Mw ∼25 kDa), sodium acetate anhydrous (reagent plus, 99%),
glacial acetic acid (ACS reagent, ≥99%), glutaraldehyde (GA, 50 wt% in water), glycerol (ACS
reagent≥99.5%), n-hexadecane (>99%), sodium dodecyl sulfate (SDS, >99%), oil red EGN (solvent
red 26, analytical standard), polyethylene glycol (PEG) with molecular weights 1500, 3000, 6000,
10000, 20000, and 35000 Da, albumin from bovine serum (BSA) as lyophilized powder (≥98%),
sodium phosphate dibasic heptahydrate (>99.9%), and sodium phosphate monobasic dihydrate
(>99%) were purchased from Merck, The Netherlands. Milli-Q® Ultrapure water purification
system was used to obtain deionized water. All the chemicals were used without any further
purification.

7.2.2 Preparation of the dope solution

First, a 35 wt% aqueous solution of PSS was prepared by adding deionized water to pure PSS.
Similarly, deionized water was added to PEI to obtain a 35 wt% aqueous solution. The two
polyelectrolyte solutions were then mixed in a monomer molar mixing ratio of 1:2 of PSS:PEI
to obtain a 35 wt% dope solution which was stirred until it became homogeneous. The molar
mixing ratio was calculated based on the molecular weights of monomers of PSS (∼206 Da) and
PEI (∼43 Da, per ethyleneimine unit). The composition of the dope solution is mentioned in
Table 7.1. The pH of the dope solution was ∼12 which was measured using a handheld pH meter
(pH 110, VWR).

Table 7.1 Composition of the PSS-PEI dope solution.

Dope solution PSS (wt%) PEI (wt%) Water (wt%)

PSS:PEI (1:2) 24.7 10.3 65
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The viscosity of the dope solution was measured on a HAAKETM ViscotesterTM 550 Rotational
Viscometer (ThermoFisher Scientific, USA). Approximately 25 mL dope solution was poured
into SV-DIN spindle cylinder which was then mounted on the viscometer. The dynamic viscosity
of the dope solution was measured at 20 °C with increasing shear rate (24.9 s–1 to 1000 s–1). The
dope solution had a dynamic viscosity of ∼2.5 ± 0.2 Pa·s at a shear rate of 24.9 s–1.

7.2.3 Hollow fiber membrane spinning

The PSS-PEI hollow fiber membranes were spun at room temperature using the dry-jet wet
spinning method. The dope solution was first poured into a stainless steel syringe (Chemyx Inc,
USA) and left to de-gas overnight to remove any air bubbles. The acetate bu�er baths, used to
precipitate PSS-PEI, were prepared by mixing acetic acid and sodium acetate in specific amounts
to obtain bu�er baths at pH 4 having di�erent concentrations i.e. 0.1 M, 0.25 M, 0.4 M, 0.5 M,
and 0.75 M. Similarly, the pH of the acetate bu�er was also controlled from pH 3.6, 4, 4,5, and
5 by changing the amount of acetic acid and sodium acetate while keeping the concentration
constant at 0.5 M. Furthermore, 0.01 wt% glutaraldehyde (GA) was added to all the coagulation
baths as a crosslinking agent for the amines of PEI. On the other hand, four di�erent types of bore
liquids were used to produce hollow fibers: 1) deionized water, 2) aqueous solution of glycerol
(30wt% and 50 wt%), 3) 0.25 M acetate bu�er at pH 4, and 4) mixture of 0.25 M acetate bu�er at
pH 4 with 30 wt% glycerol.

Since the pH of the PSS-PEI dope solution is approximately ∼12, it is necessary to have a
spinneret that can withstand high pH and high salinity. Therefore, a special single-orifice
spinneret having no welded parts was used for the production of hollow fiber membranes. The
diameter of the spinneret needle was 1 mm with a cap having a diameter of 1.6 mm. The flow
rates of the dope and the bore liquid were kept constant at 3 mL·min–1 and the air gap length was
kept at ∼11 cm for all the membranes. First, the bore liquid was pumped through the spinneret
needle followed by the dope solution. The resultant fiber was allowed to fall in the coagulation
bath under the action of gravity as shown in Figure 7.1. The resultant fibers were not drawn,
meaning that there was no take-up velocity. The fibers were kept in the coagulation bath for
18 h, which is also the crosslinking time for GA. The fibers were then taken out, thoroughly
washed, and stored in deionized water for further use.

7.2.4 Membrane characterization

The surface and cross-section morphology of the hollow fiber membranes was observed using
scanning electron microscopy, SEM (JSM-6010LA, JEOL, Japan). All the membrane samples for
SEM were first stored in a 20 wt% glycerol solution for 4 h, taken out, and then left to dry inside
an aerated fume hood. For cross-section SEM imaging, the glycerol dried hollow fiber membranes
were immersed in liquid N2 for 20 s and carefully fractured to reveal the cross-section. The SEM
samples were then stored in a vacuum oven operating at 30 °C for 24 h. Before taking the SEM
images, samples were sputter coated with a 5 nm thin layer of Pt/Pd alloy using Quorum Q150T
ES (Quorum Technologies, Ltd., UK) sputter coater.

For pure water permeability (PWP) measurements, the hollow fiber membranes were first potted
into modules having one fiber each with an e�ective length of 6.5 cm. For each di�erent type
of membrane, three modules were prepared and the average value with standard deviation is
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Figure 7.1 Schematic illustration of the dry-jet wet spinning process to produce PSS-PEI hollow
fiber membranes via the aqueous phase separation (APS) technique. The dope solution

contains the strong polyanion, PSS, in its charged (extended conformation) state and PEI in its
uncharged state. The dope solution is pushed through the single-orifice spinneret and is
immersed into acetate bu�er coagulation bath where PEI becomes charged and forms a

polyelectrolyte complex with PSS.

reported here. The PWP was measured in a dead-end configuration with a shell side feed, see
Figure S7.1, supporting information. The permeability tests were conducted at an applied water
pressure of 1 bar and the mass of the permeating water was measured automatically on a weighing
balance connected to a computer. The PWP (P, in L·m–2·h–1·bar–1) was calculated using equation
7.1:

P =
Jw
∆p

(7.1)

Here Jw is the pure water flux calculated from the change in permeate volume (L) per unit
e�ective membrane area (3.26 cm2) per unit time (h) and ∆p is the pressure di�erence (bar)
between the feed and the permeate side.

The microfiltration performance of the membranes was evaluated using an oil-in-water emulsion
that was prepared following the procedure described by Dickhout et al. [27]. Briefly, 100 mg·L–1
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n -hexadecane containing 20 mg·L–1 Oil red EGN (dye) was added to 463 mg·L–1 SDS while
stirring at 14000 rpm for 20 min. The average diameter of the oil droplet in the emulsion was
3– 4 µm. Oil red EGN is only soluble in n-hexadecane and therefore, is used as a marker for
the oil droplets. The n-hexadecane oil droplet retention tests were conducted at 0.4 bar of feed
pressure in the dead-end configuration. The feed and permeate samples were analyzed via UV–vis
spectrophotometer (Shimadzu UV-1800, Japan) at λmax = 521 nm, which corresponds to the
maximum absorbance wavelength of the dye. A calibration curve was obtained with the known
concentrations of n-hexadecane in SDS emulsion on the x-axis and the UV-vis absorbance on the
y-axis. This calibration curve resulted in a straight line which means that the absorbance data
could be directly correlated to the concentration of n-hexadecane in the sample. The retention
(R) was then calculated using equation 7.2:

R =

[
1 −

Cp

Cf

]
× 100 (7.2)

Where Cp and Cf are the concentration of n-hexadecane in the permeate and the feed side,
respectively.

For determining the molecular weight cut-o� (MWCO) of the membranes, an aqueous solution
of PEGs having di�erent molecular weights i.e. 1500, 3000, 6000, 10000, 20000, and 35000 Da
was used. This solution was prepared by dissolving 1 g·L–1 of each PEG in deionized water.
The PEG solution was filtered through the membranes in a dead-end configuration with feed
from the shell side. The feed and the permeate were collected and analyzed via Gel Permeation
Chromatography (GPC, Agilent 1200/1260 Infinity GPC/SEC series, Polymer Standards Service
data center and column compartment). Milli-Q® ultrapure water containing 50 mg·L–1 NaN3
was used as the eluent at flow rate of 1 mL·min–1 through the GPC column (10 µm Polymer
Standards Service Suprema 8 × 300 mm 1000 Å and 10 µm 30 Å, connected in series). The
concentration of PEGs in feed and permeate were determined via the refractive index and the
retentions were then calculated using equation 7.2. MWCO was estimated by constructing a
sieving curve of retention (%) on y-axis and the molecular weight of PEG (Da) on the x-axis. The
molecular weight of PEG that showed 90% retention was the MWCO of the membrane.

The ultrafiltration performance of the hollow fiber membranes was analyzed similarly by
filtering an aqueous solution of BSA through the membranes in a dead-end configuration at
1 bar of pressure with a shell side feed. The solution was prepared by dissolving 0.1 wt% BSA in
0.1 M phosphate bu�er at pH 7.4. The pH was adjusted using 0.1 M HCl/NaOH solution. The
phosphate bu�er consisted of sodium phosphate dibasic heptahydrate and sodium phosphate
monobasic dihydrate. The feed and permeate samples were collected and analyzed via UV–vis
spectrophotometer at λmax = 280 nm which is the maximum absorbance wavelength of BSA. The
BSA retention of was calculated using equation 7.2.
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7.3 Results and Discussion

7.3.1 Composition of the bore liquid

In comparison to the flat sheet membranes, the hollow fiber membrane geometry provides
additional parameters to control the rate of precipitation and hence the resulting membrane
morphology. One such parameter is the composition of the bore liquid [28,29]. Having the same
bore liquid as the coagulation bath can result in hollow fiber membranes with two skin layers.
In this work, the aim was to have skin layer only on the outer surface of the hollow fiber with
a relatively porous inner surface (lumen side). This was achieved by having 0.5 M acetate bu�er
at pH 4 in the coagulation bath which is a strong non-solvent for PSS-PEI and provides a dense
skin layer on the outer surface as described in Chapter 5. As for the bore liquid, the composition
was carefully selected after several trials to obtain mechanically strong membranes having porous
lumen side.

First, only deionized water was used as the bore liquid which formed membranes without a
proper hollow structure, see Figure 7.2a. Water at neutral pH does not trigger polyelectrolyte
complexation between PSS and PEI and as a consequence, the direction of precipitation is from
the outside of the fiber (acetate bu�er bath) towards the inner lumen side (bore side, water).
Furthermore, the combination of viscosity and the flow rate of the water in bore liquid is not
su�cient to maintain the hollow structure at the lumen side. Therefore, to make the fibers
more hollow, the bore liquid flow rate was first increased to 5 mL·min–1 and then to 6 mL·min–1.
However, this approach resulted in fibers having thinner walls causing them to break easily.
While these initial measurements did not immediately lead to ideal HF membranes, they do
already provide clear indications that the HF geometry is possible with the APS approach, but
further tuning is required.

Another approach to improve the hollowness of the fibers was to increase the viscosity of the
bore liquid. It is known from literature that glycerol increases the viscosity of the bore liquid
and prevents the hollow fiber membranes from collapsing [25]. Therefore, aqueous solutions of
30 wt% and 50 wt% glycerol were used as bore liquids and the e�ects can clearly be observed in
the cross-section SEM images shown in Figure 7.2c and e where the resultant membranes have
hollow lumen contours. However, these membranes lacked the mechanical strength to sustain
1 bar of feed water pressure. This is because no precipitation occurs at the lumen side as the
combination of water and glycerol is not a non-solvent for PSS-PEI. In this case too, the sole
direction of precipitation is from the outside of the fiber (acetate bu�er) towards the lumen
side. Consequently, the lumen surfaces are completely porous with uneven porosity as shown in
Figure 7.2d-f and does not provide adequate mechanical strength for the hollow fibers to sustain
pressure.

Conversely, using a strong non-solvent for PSS-PEI, such as the acetate bu�er, in the bore
liquid results in dense skin layers on the lumen of the hollow fiber membranes. Figure S7.2
in the supporting information shows such hollow fiber membranes prepared using di�erent
concentrations of pH 4 acetate bu�er as the bore liquid. The coagulation bath remained the
same i.e. 0.5 M acetate bu�er with 0.01 wt% GA. It is known from Chapter 5 that the rate of
precipitation increases with the increase in acetate bu�er concentration and denser membranes
are typically obtained at a higher concentration of the acetate bu�er [32]. This is because the
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Figure 7.2 Cross-section and inner (lumen side) surface SEM images of PSS-PEI hollow fiber
membranes showing the e�ect of adding glycerol in the bore liquid. Images a) – b): only water,

c) – d), 30 wt% glycerol, and e) – f) 50 wt% glycerol as the bore liquid. The membranes were
prepared in coagulation baths containing 0.5 M acetate bu�er at pH 4 with 0.01 wt%

glutaraldehyde.

bu�er capacity increases at higher concentrations thereby lowering the pH of the PSS-PEI
casting solution relatively quicker. Since pH is the driving force for this version of APS, a
quick change in the solution pH at higher bu�er concentrations results in rapid polyelectrolyte
complexation of PSS and PEI.

The hollow fiber membranes prepared using acetate bu�er in the bore liquid showed skin layers
on both the lumen and the outer surfaces as shown in the cross-section images of Figure S7.2a, c,
and e. However, the membranes were not perfectly hollow and showed irregular lumen side
contours. Especially, when 0.75 M acetate bu�er was used as the bore fluid, the resultant
membranes showed an oval shaped lumen structure. Peng et al. concluded that oval shaped
lumen in the hollow fiber membranes is due to the significantly faster precipitation rates and
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can be controlled by reducing the rate of precipitation [30]. Since the precipitation rate of the
membranes prepared in 0.25 M and 0.5 M acetate bu�er is relatively slower than 0.75 M, the oval
shaped contour of the hollow fiber does not exist in these membranes. Using a strong non-solvent
in the bore means that the dope solution precipitates as soon as it comes in contact with the bore
liquid and continues precipitating from the inside throughout the entire length of the air gap
(∼11 cm in this case, see Figure 7.1). A dense skin layer is immediately formed on the lumen side
of the fiber due to instantaneous precipitation induced by the acetate bu�er and acts as a barrier
for further mass transfer. As a result, an asymmetric structure with a dense skin and a porous
substructure is formed on the lumen side of the fiber. As soon as the dope solution comes in
contact with the coagulation bath, precipitation also starts from the outer surface and continues
towards inside. Consequently, a dense skin layer with a porous substructure is also formed at the
outer surface of the fiber. These dense skin layers on both the ends of the fiber act as barriers
for the solvent (high pH) and non-solvent (low pH bu�er) exchange, resulting in asymmetric
membrane morphology [31]. As a result, a three layered structure is formed where a highly porous
layer is sandwiched between two relatively dense layers which ultimately leads to delamination,
see the cross-section images in Figure S7.2a, c, and e in the supporting information. The rapid rate
of precipitation on the lumen side eventually leads to hollow fibers having irregular contours.

The acetate bu�er concentration in the bore liquid significantly influences the membrane
morphology of the lumen surface. When 0.25 M acetate bu�er is used as the bore liquid, the
resultant hollow fiber membrane had porous lumen surface as seen in the SEM image shown
in Figure S7.2b. As the acetate bu�er concentration in the bore is increased to 0.5 M and then
further to 0.75 M, the lumen side becomes more dense as shown in Figure S7.2d and f. This is
expected because a higher concentration of acetate bu�er leads to more dense membranes as
described earlier. However, having dense skin layers on both the lumen and the outer surfaces
of the hollow fibers made them mechanically weaker due to their three-layered delaminated
structures and could not be processed further.

It has now been established that using glycerol as the bore liquid results in membranes having
only outer skin layer and a completely porous lumen side while using acetate bu�er as the
bore liquid results in membranes having two skin layers with a porous structure sandwiched
in between. Therefore, a combination of these two bore liquids can be beneficial to obtain a
hollow fiber membrane that has an outer skin layer and also a relatively less porous lumen surface.
While the acetate bu�er is a strong non-solvent for PSS-PEI and facilitates rapid precipitation,
the addition of glycerol to the bore liquid increases its viscosity and slows down the rate of
precipitation. Thus, the concentration of glycerol and the acetate bu�er can be carefully tuned to
obtain desired membrane structures on the lumen side of the fiber. In this case, the concentration
of glycerol was fixed at 30 wt% and the concentration of the pH 4 acetate bu�er was then varied
from 0.25 M to 0.75 M, Figure S7.3 in supporting information. When the bore liquid containing
0.25 M acetate bu�er with 30 wt% glycerol was used, the resultant hollow fiber membranes
showed a relatively porous lumen surface (see Figure S7.3b). As the acetate bu�er concentration
in the glycerol containing bore is increased to 0.5 M and then further to 0.75 M, the resultant
hollow fiber membranes again showed relatively dense skin layers on the lumen side of the fiber,
see Figure S7.3d and f. As a result, these membranes with two skin layers were mechanically weak
and could not sustain water pressures.

Therefore, the composition of the bore liquid was fixed at 0.25 M acetate bu�er with 30 wt%
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glycerol as this combination resulted in membranes having a proper hollow contour with
relatively less porous lumen side.

7.3.2 E�ect of acetate bu�er concentration in the coagulation bath

Now that the composition of the bore liquid is fixed, the concentration of acetate bu�er in the
coagulation bath was investigated. Figure 7.3 shows the cross-section SEM images of the PSS-PEI
hollow fiber membranes prepared in di�erent concentrations of the pH 4 acetate bu�er in the
coagulation bath.

Figure 7.3 Cross-section SEM images of the PSS-PEI hollow fiber membranes showing the
e�ect of acetate bu�er concentration in the coagulation bath on the membrane morphology.

Images a) – c) 0.1 M, d) – f) 0.25 M, g) – i) 0.4 M, j) – l) 0.5 M, and m) – o) 0.75 M acetate bu�er
concentration in coagulation bath.
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As described earlier, the rate of precipitation increases with the increase in the bu�er
concentration. The rate of precipitation was significantly slower (>10 min) for membranes
prepared in 0.1 M acetate bu�er. Figure 7.3b shows the cross-section SEM image of the outer
surface of the resultant hollow fiber membrane which depicts an asymmetric structure having
finger-like macrovoids that are closer to the precipitation front and a more open and delaminated
substructure. At lower concentrations such as 0.1 M, the amount of acetate bu�er is not su�cient
to continue the solvent (high pH) and non-solvent (acetate bu�er) exchange throughout the
thickness of the fiber. As a result, only a small region close to the coagulation bath precipitates
instantaneously while the rest precipitates at relatively slower rate. This can be observed by
looking at the cross-section SEM image in Figure 7.3b where the region closer to the coagulation
bath i.e. the outer surface of the fiber precipitates first, forming an asymmetric structure with
finger-like macrovoids. The thickness of this region is approximately ∼100 µm. A higher
magnification image of this region is shown in Figure 7.3c where the relatively denser outer
most skin layer with more oval shaped macrovoids in the immediate substructure can be clearly
observed. After formation of the outer skin, the rate of precipitation is significantly slowed down
because the concentration of the bu�er is not su�cient to continue the precipitation at the same
rate. This results in a more open substructure as observed in the SEM image of lumen surface
shown in Figure 7.4b. The SEM images also indicate extreme delamination of the membrane
making them mechanically fragile.

Increasing the acetate bu�er concentration in the coagulation bath to 0.25 M increases the rate of
precipitation and resulted in hollow fiber membranes that precipitated instantaneously. These
fibers possessed su�cient mechanical strength to be handled for SEM sampling, see Figure 7.3d–f.
The e�ects of relatively faster precipitation rate are immediately visible in these images where
the cross-section SEM image in Figure 7.3f reveal a typical asymmetric structure having a dense
top layer (shown in Figure 7.4c) with finger-like macrovoids in the substructure. This kind of
asymmetric structure is typically associated with instantaneous (rapid) phase separation [31,33].
In addition, the lumen surface of these membranes was relatively less porous, shown in Figure
7.4d, as compared to the fibers prepared in 0.1 M acetate bu�er bath (Figure 7.4b).

Further increasing the acetate bu�er concentration to 0.4 M and then to 0.5 M also increased
the rate of precipitation resulting in membranes with elongated finger-like macrovoids as seen
in Figure 7.3i and l. Both these membranes had dense top layers as shown by the outer surface
SEM images in Figure 7.4e and g. Furthermore, the lumen surfaces of these membranes were
significantly compact as compared to the ones mentioned before, compare Figure 7.4d, f and h.
Further increasing the acetate bu�er concentration to 0.75 M resulted in hollow fiber membranes
showing irregular lumen structure. These kind of irregularities in the lumen are not uncommon
and are mostly related to the spinning conditions such as the bore fluid composition and the flow
rate [30]. Santoso et al. attributed the irregular lumen contour to the rapid formation of a dense
skin layer on the inner side of the fiber which causes stresses and strains on the nascent fiber
[34]. However, these types of hollow fiber contours are undesired because they can influence the
mechanical strength and also the performance of the hollow fiber membranes.

The cross-section SEM image shown in Figure 7.3n shows a finger-like macrovoid type structure
that continues throughout the thickness of the fiber. This is because the amount of acetate bu�er
is su�cient to continue the solvent (high pH) and non-solvent (acetate bu�er) exchange at a
rapid rate until the whole fiber completely precipitates. The lumen surface of this membrane
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Figure 7.4 SEM images of the outer and inner (lumen) surfaces of the PSS-PEI hollow fiber
membranes prepared in di�erent concentrations of pH 4 acetate bu�er. Images a) – b) 0.1 M, c)

– d) 0.25 M, e) – f) 0.4 M, g) – h) 0.5 M, and i) – j) 0.75 M.

205

7



CHAPTER 7.

Figure 7.5 E�ect of acetate bu�er concentration in the coagulation bath on the pure water
permeability and n-hexadecane oil droplet/BSA retention of PSS-PEI hollow fiber membranes.

The membranes were prepared in pH 4 acetate bu�er containing 0.01 wt% GA.

also showed a relatively denser structure if compared to the rest, see Figure 7.4j. The hollow
fiber membranes were tested for pure water permeability at 1 bar of applied water pressure and
the results are shown in Figure 7.5, together with data on their retention behavior.

The hollow fiber membranes prepared in the 0.25 M acetate bu�er baths ruptured under water
pressure because of their porous structure and weaker mechanical strength. On the other hand,
the membranes prepared in 0.4 M bu�er showed a higher pure water permeability (PWP) of
∼900 ± 400 L·m–2·h–1·bar–1 even though there were no visible pores on the top surface of the
membranes, see Figure 7.4e. Such a high permeability could possibly be due to the formation
of micro-cracks that can appear in the membranes upon application of pressure. Nevertheless,
the membranes showed stable PWP and therefore, was also tested for retention. An oil-in-water
emulsion having an oil droplet size of 3–4 µm was filtered through the membranes at 0.4 bar
of feed pressure. It was found that these membranes retained oil droplets with 100% retention
which makes them microfiltration or open ultrafiltration type membranes. Unfortunately, the
membranes did not retain any protein (BSA).

On the other hand, the membranes prepared in 0.5 M and 0.75 M acetate bu�er baths showed
PWP of∼15 ± 2 and 12 ± 5 L·m–2·h–1·bar–1, respectively. These values are more in accordance with
the microstructure shown in Figure 7.4g and i where the top surface looks dense and does not
show any visible pores at the given magnification. The MWCO of these membranes, determined
by sieving curves shown in Figure S7.4, was ∼11600 Da for membranes prepared in 0.5 M and
∼7800 Da for the membranes prepared in 0.75 M acetate bu�er. These MWCO values are
typical for tight ultra-filtration type membranes. Therefore, the membranes were also tested
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Figure 7.6 Cross-section SEM images showing the e�ect of pH of the acetate bu�er in the
coagulation bath on the membrane morphology. Images a) – c): pH 3.6, d) – f): pH 4.5, and g) –

i) pH 5. The membranes were prepared in 0.5 M acetate bu�er containing 0.01 wt% GA.

for retention using a 0.1 wt% BSA (protein) solution. BSA is a typical protein solution used
for evaluating the performance of ultrafiltration type membranes because it has a molecular
weight of ∼66 kDa and a hydrodynamic radius of ∼4.3 nm [35]. The BSA solution was filtered
through the membranes at a feed pressure of 1 bar and the corresponding retention results are
presented in Figure 7.5. It was found that the membranes prepared in 0.5 M and 0.75 M acetate
bu�er completely retained BSA, further demonstrating these membranes to function as tight UF
membranes.

The results presented here signify that the structure, morphology, and performance of the PSS-
PEI hollow fiber membranes can be tuned by varying the spinning conditions. Both, micro- and
tight ultrafiltration type membranes were obtained by simply changing the concentration of the
acetate bu�er in the coagulation bath. In addition, the amount of glycerol and the acetate bu�er
added in the bore fluid could be controlled to adjust the precipitation rate on the lumen side.
Another viable option to further control the precipitation kinetics in the lumen side would be
to add non-solvent, such as water at pH ∼8–10 in the bore liquid that will significantly slow
down the precipitation kinetics in the lumen side resulting in porous morphology.

7.3.3 E�ect of the coagulation bath pH

In this version of APS, the polyelectrolyte complexation of PSS-PEI is induced by a pH shift.
The dope solution has a pH of ∼12 where PEI remains in its uncharged state. Lowering the pH

207

7



CHAPTER 7.

Figure 7.7 SEM images of the outer and inner (lumen) surfaces of the PSS-PEI hollow fiber
membranes prepared in di�erent pH of 0.5 M acetate bu�er. Images a) – b) pH 3.6, c) – d) pH

4.5, and e) – f) pH 5.

of this solution to ∼4 as shown before, causes PEI to acquire charge and form a polyelectrolyte
complex with PSS. As mentioned in Chapter 5, the branched PEI used in this work contains
31% primary, 39% secondary, and 30 % tertiary amines, having a pKa value of 4.5, 6.7, and 11.6,
respectively. As a result, varying the pH of the bath influences the charge density of PEI. The
extent of polyelectrolyte complexation and the rate of subsequent precipitation can therefore be
controlled by varying the pH of the coagulation bath. PSS-PEI hollow fiber membranes were
prepared in 0.5 M acetate bu�er at di�erent values of the bu�er pH such as pH 3.6, pH 4.5,
and pH 5 to study the e�ect on the fiber structure and morphology. Figure 7.6 shows the cross-
section SEM images of the resultant membranes. For the cross-section SEM images of hollow
fiber membranes prepared in pH 4, see Figure 7.3j, k, and l.

208



CHAPTER 7.

Figure 7.8 E�ect of pH of the acetate bu�er in the coagulation bath on the pure water
permeability of PSS-PEI hollow fiber membranes. The membranes were prepared in 0.5 M

acetate bu�er containing 0.01 wt% GA.

Since pH determines the charge density of PEI, at pH < 4.5 all the amines of PEI are expected
to be charged. As a result, in pH 3.6, PSS and PEI instantly form a highly crosslinked
polyelectrolyte complex leading to instantaneous precipitation. This quick precipitation results
in typical asymmetric structures with a dense outer layer, shown in Figure 7.7a, and finger-like
macrovoids shown in the SEM images of Figure 7.6b and c. The membranes also showed signs of
delamination of the lumen side (Figure 7.6a) and hence the inner surface image shown in Figure
7.7b is not a true representation. Furthermore, these membranes were relatively rigid and fragile.

Increasing the bu�er pH in the coagulation bath beyond pH 4.5 (> pKa of primary amines)
reduces the charge density of PEI leading to a reduced degree of ionic crosslinks. In addition,
the membranes precipitate relatively slower. Comparing the cross-section SEM images of Figure
7.6b, e, and h, it can be observed that the region of the outer surface of the fiber which has finger-
like macrovoids decreases with increasing the bath pH (4.5 and 5). This is because the rate of
PSS-PEI precipitation decreases at elevated pH which a�ects the formation of macrovoids. The
membranes prepared at pH 4.5 and 5 were also not circular as seen in SEM images of Figure
7.6d and g. The irregular outer surface could possibly be due to the slower rate of precipitation
which likely causes hydrodynamic instability in the dope solution while it is precipitating in the
coagulation bath. Accordingly, the lumen side of these membranes also showed a more open
porous structure visible in Figure 7.6d and g.

The PWP of the membranes was measured at 1 bar of applied water pressure and the results are
shown in Figure 7.8. The PWP of membranes prepared in pH 3.6 was ∼540 ± 110 L·m–2·h–1·bar–1

which is higher if correlated to the top surface SEM image Figure 7.7a which shows no
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visible pores at given magnification. As mentioned before, these membranes were rigid and
relatively fragile and therefore, could possibly develop micro-cracks at applied water pressures.
Consequently, the membranes show higher PWP with a large error bar. The membrane, however,
retained 100% of n-hexadecane oil droplet. In comparison, the membranes prepared at pH 4.5
and 5 showed a stable PWP of ∼60 ± 21 and 260 ± 46 L·m–2·h–1·bar–1, respectively with a smaller
error bar. Unfortunately, these membranes did not show any retention for BSA solution meaning
that the pore size of these membranes is larger than the size of BSA which is ∼9 nm. Therefore,
the membranes were used to filter oil droplet from oil-in-water emulsion. Figure 7.8 shows that
the membranes retained 100% oil droplets.

Overall, the presented APS hollow fiber membranes show interesting properties and structures
that can be fine-tuned by varying the pH of the acetate bu�er. The bu�er pH could be used
in combination with the bu�er concentration to have more control over the precipitation
kinetics. For example, slightly lower acetate bu�er concentrations e.g. 0.25 M could be used
in combination with a low pH (∼3.6) to obtain a denser structure. On the other hand, a higher
concentration of the bu�er with a higher pH (∼5) could be used to obtain mechanically stable
porous membranes.

7.4 Conclusions

For the first time we have successfully demonstrated the production of hollow fiber membranes
via the sustainable aqueous phase separation technique. A 35 wt% polymer solution comprising
of PSS and PEI was prepared by directly mixing the two polyelectrolytes in a monomer molar
mixing ratio of 1:2. The high pH dope solution was pushed through a single-orifice spinneret
and precipitated in mild acidic conditions of pH 4 using the acetate bu�er as the coagulation
bath. The appropriate conditions for hollow fiber spinning were identified to produce PSS-PEI
membranes having asymmetric membrane morphology. The composition of the bore fluid played
a critical role in determining the rate of precipitation, the final structure, and properties of the
membranes. It was found that having a dense outer skin layer and a relatively porous inner
layer is beneficial for obtaining mechanically stronger hollow fiber membranes. Therefore, a
combination of pH 4 acetate bu�er and glycerol solution was used as the bore liquid. The acetate
bu�er acts as a non-solvent for PSS-PEI while the high viscosity of glycerol helps maintain the
hollow shape of the fiber. Similarly, the coagulation bath composition was found to have a large
influence on the membrane structure and performance. The hollow fiber membranes prepared
in low concentrations of the acetate bu�er such as 0.1 M and 0.25 M lacked the mechanical
strength to sustain water pressures. In comparison, the fibers prepared in 0.4 M, 0.5 M, and
0.75 M showed adequate mechanical strength to be used for permeability tests. The membranes
prepared in 0.4 M acetate bu�er had a pure water permeability of ∼800 L·m–2·h–1·bar–1 with
100% oil droplet retention, making them microfiltration type membranes. On the other hand, the
membranes prepared in 0.5 M and 0.75 M acetate bu�er showed a pure water permeability of∼15
and 12 L·m–2·h–1·bar–1, respectively. These membranes were also able to retain 100% of BSA and
showed MWCO in the range of ∼7800 – 11600 Da and therefore, can be used for ultrafiltration
applications. The pH of the coagulation bath directly a�ects the ionization degree of PEI. At
higher pHs such at pH 4.5 and pH 5 of the acetate bu�er, PEI is not fully charged resulting in
lesser ionic crosslinks and also slower precipitation rate leading to membranes that possess more
open and porous lumen structures. The pure water permeabilities of these membranes was ∼60
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and ∼260 L·m–2·h–1·bar–1 with 100% oil droplet retentions. In this work, the APS technique has
been taken one step closer to large-scale production by demonstrating the successful preparation
of hollow fiber membranes. The findings of this work can contribute towards development of
more hollow fiber APS membranes utilizing other polyelectrolyte pairs.
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7.5 Supporting Information – S7

Figure S7.1 Test setup for measuring pure water permeability and retentions of the hollow fiber
membranes.
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Figure S7.2 Cross-section and inner surface SEM images of the PSS-PEI hollow fiber
membranes prepared using di�erent concentrations of the acetate bu�er (without glycerol) in
the bore fluid. Images a) – b): 0.25 M, c) – d), 0.5 M, e) – f) 0.75 M acetate bu�er at pH 4. The
membranes were prepared in coagulation baths containing 0.5 M acetate bu�er at pH 4 with

0.01 wt% glutaraldehyde. Dope and bore fluid rate: 3 mL·min–1.
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Figure S7.3 Cross-section and inner surface SEM images of the PSS-PEI hollow fiber
membranes prepared using mixture of acetate bu�er and glycerol in bore fluid. Images a) – b):
0.25 M, c) – d), 0.5 M, and e) – f) 0.75 M acetate bu�er with 30 wt% glycerol as the bore fluid.
The membranes were prepared in coagulation baths containing 0.5 M acetate bu�er at pH 4

with 0.01 wt% glutaraldehyde. Dope and bore fluid rate: 3 mL·min–1.
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Figure S7.4 Sieving curve showing the retention of polyethylene glycol as a function of its
molecular weight for PSS-PEI hollow fiber membranes prepared in a) 0.5 M and b) 0.75 M

acetate bu�er with 0.01 wt% glutaraldehyde. Bore liquid: 0.25 M acetate bu�er with 30 wt%
glycerol. The molecular weight cut-o� (MWCO) is the molecular weight of PEG which is 90%

retained.
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8.1 Summary

In Chapter 1, we started this journey by discussing ‘sustainability’, especially in these crucial
times when our relationship with the environment is strained. One way to repair our
relationship with the environment is to develop, encourage, and financially support sustainable
manufacturing techniques. This can be achieved by implementing and utilizing the 12 principles
of Green Chemistry as discussed in Chapter 1. Greener technologies and processes are the future
and really the only way forward for the humankind and the Earth in the long run. One such e�ort
to pursue a greener production of polymeric membranes has been presented in this thesis. We
have successfully demonstrated that membranes can be prepared without using any unsustainable
organic solvents. The polyelectrolyte complexation (PEC) based ‘Aqueous Phase Separation
(APS)’ technique described in this thesis relies solely on water to produce polymeric membranes.
This new technique provides a great deal of control over membrane structure and properties,
just like the traditional organic-solvent based approaches. PEC membranes with tunable pore
sizes have been prepared and optimized for a multitude of applications. The following sections
summarize the major conclusions of the research work conducted in this thesis.

In Chapter 2 we explored polyelectrolyte complexation as one of the routes to obtain sustainable
APS membranes. Here, the phase separation is achieved by changing the pH of the casting
solution containing a strong polyanion i.e. poly(sodium 4-styrenesulfonate) (PSS) and a weak
polycation i.e. poly(allylamine hydrochloride) (PAH). The casting solution is prepared by
mixing the two polyelectrolytes in a monomer molar mixing ratio of 1:2 (PSS:PAH) at pH ∼14.
Immersing a thin film of this solution in a pH ∼1 bath causes PAH to acquire charge and
immediately form a polyelectrolyte complex with PSS. It was found that the molecular weights
of the polyelectrolytes and the concentration of the casting solution are crucial parameters that
have a significant impact on the membrane structure and properties. Utilizing polyelectrolytes
having lower molecular weights typically resulted in porous PEC membranes that are well
suited for microfiltration applications. The pore size of these membranes could be controlled
from 0.2 µm down to 80 nm by simply varying the casting solution concentration, thereby
a�ecting the kinetics of phase separation. On the other hand, utilizing higher molecular
weight polyelectrolytes resulted in membranes having average pore sizes in the range of 2 –
5 nm, perfectly suited for tight ultrafiltration applications. Additionally, the kinetics of phase
separation were controlled by adding NaCl to the precipitation bath, allowing the polyelectrolyte
chains to rearrange into dense complexes. Nanofiltration type membranes, well suited for
organic micropollutant (Mw 250 – 630 Da) removal, were obtained in this way. We successfully
demonstrated that APS is indeed a versatile technique that provides great control over the
membrane pore size and structure resulting in membranes that can be used for di�erent
applications. This greener approach to membrane fabrication completely eliminates the use of
organic solvents while providing excellent membranes.

In Chapter 3, we explored various additional factors influencing the thermodynamics of solution
and the kinetics of phase separation of the PSS-PAH based APS membranes. Since PAH is a
weak polyelectrolyte, it exists in its charged state at neutral and acidic pH. Therefore, in order
to prepare a casting solution, NaOH needs to be added to the PAH solution before mixing it
with the PSS. The amount of added NaOH is critical as it determines the pH of the solution
and as a result, the charge on PAH. A clear homogeneous solution cannot be obtained if the
amount of added NaOH in PAH is not enough to completely remove its charge. However, adding
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significantly larger amounts of NaOH results in salting-out of PAH. Therefore, it is important
to carefully balance the amount of NaOH added to PAH to obtain a clear PSS-PAH casting
solution. We also found that the monomer mixing ratio of PSS:PAH significantly influences
the mutual interactions of the polyelectrolytes in the casting solution thereby a�ecting the
dynamic viscosity. Consequently, the kinetics of phase separation are severely impacted by the
monomer mixing ratios resulting in membranes with di�erent morphologies. Since this version
of APS relies on the change in pH to induce phase separation, the pH of the coagulation bath
becomes critically important since it is the driving force for complexation. It was found that if
the driving force for complexation/phase separation is high, such as from solution pH of ∼14
to coagulation bath pH ∼0.5, the membranes formed instantaneously having dense and brittle
structures. On the other hand, at higher bath pHs (pH > 1) the resultant membranes precipitated
slower, had porous structures, and were mechanically weak. The pH of the coagulation bath,
therefore, also controls the kinetics of polyelectrolyte complexation and the subsequent phase
separation, and hence can be fine-tuned to obtain desired membrane morphology. Another
important parameter that was found to a�ect the membrane structure and properties is the
amount of crosslinking agent. Glutaraldehyde (GA) was added to the coagulation bath to
crosslink the amine groups of PAH. It was revealed that the pore size of the membranes could
be tuned from 2 nm through to 450 nm by varying the amount of GA in the coagulation
bath. The stability of the PSS-PAH membranes was evaluated by immersing the membranes
in highly saline solutions i.e. 1 M NaCl and 1 M KBr for 1 week. The results revealed that
the morphology and performance of the membranes remain una�ected after exposure to saline
solutions. Additionally, the membranes showed chemical stability against 1200 ppm sodium
hypochlorite solution which is typically used as the cleaning agent for polymeric membranes.
The results presented in Chapter 3 thus reveal the versatility of pH shift induced APS technique
where numerous tuning parameters are available to produce PSS-PAH membranes with various
structures, properties, and performances.

In Chapter 4, the applicability of the PSS-PAH membranes was taken one step further by
showing that these membranes can also act as excellent support materials for functional
coatings. Ultrafiltration type PSS-PAH membranes, obtained in Chapter 2, were coated with
polyelectrolyte multilayers using three di�erent polyelectrolyte pairs. It was found that only
4.5 bi-layers were required to transform the membranes into dense nanofiltration types that
show a molecular weight cut-o� (MWCO) in the range of 210 to 390 Da with salt retentions
in excess of 90%. In addition, interfacial polymerization (IP) was performed on the PSS-PAH
membranes to obtain nanofiltration membranes that yielded excellent separation performance.
There are several benefits of using PSS-PAH membranes as supporting materials. For instance,
the natural positive charge on the membranes facilitates the multilayer build up without any
pre-treatments. Additionally, the excess amines of PAH provide additional bonding with the
polyamide layer during IP, thereby improving the adhesion of the coating. These developments
demonstrate that the APS approach allows membranes that can be used as excellent supports for
functional coatings.

One major downside of these membranes described so far, is that they require extreme pH
environments (from pH ∼14 to pH ∼1) to induce polyelectrolyte complexation. This problem
was alleviated in Chapter 5 where polyethyleneimine (PEI) was used as a weak polyelectrolyte to
prepare PSS-PEI membranes. The benefit of using PEI is that it is easily available in its uncharged
state which means that a casting solution can directly be prepared by mixing PSS and PEI without
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adding any NaOH. Consequently, extreme pH, for example pH ∼1, is not necessary to induce
phase separation. The PSS-PEI solution can be precipitated at a benign pH of 4 to obtain
PEC membranes. Similar to the PSS-PAH based APS membranes, the impact of several tuning
parameters such as the molecular weight of PEI, the concentration and pH of the coagulation
bath, and the amount of crosslinking agent was investigated in detail. Contrary to what was
observed for the PSS-PAH membranes, using higher molecular weight polyelectrolytes resulted
in microfiltration type PSS-PEI membranes and vice versa. This has to do with the branched
nature of higher molecular weight PEI (∼750 kDa) which forms a more open polyelectrolyte
complex with PSS. On the other hand, excellent nanofiltration type membranes having a MWCO
of ∼200 Da were obtained using relatively lower molecular weight PEI (∼25 kDa). PSS-PEI
membranes performed even better as compared to the PSS-PAH membranes. In addition, the
casting solution viscosity is significantly lower for the former at the same polymer concentration,
making it easier to process for flat sheet membrane production. The major benefit, however,
remains that these membranes can be prepared at mild pH conditions, making this APS approach
even more sustainable and environmentally friendly.

In Chapter 6 an entirely di�erent approach to prepare PEC membranes was taken where
instead of pH, salt was used as the driving force for complexation. Here, a mixture
solution of two oppositely charged strong polyelectrolytes i.e. PSS as polyanion and
poly(diallyldimethylammonium chloride) (PDADMAC) as polycation, was prepared at high salt
concentrations where the charges are screened. The solution was then cast as thin film and
immersed in deionized water where the salt di�uses out of the solution leading to polyelectrolyte
complexation and subsequent phase separation. Asymmetric nanofiltration membranes having
MWCO of <300 Da with dense top layers and porous support were prepared via this approach.
The e�ect of various parameters such as the molecular weights of the polyelectrolytes, the
polymer solution concentration, and the bath salinity were investigated in detail. It was found
that the salinity of the coagulation bath is a critical parameter that determines the rate of
precipitation and the resulting thickness of the separation layer. The foremost advantage of
this salt-induced APS is that it does not rely on changes in pH at all while producing sustainable
nanofiltration type membranes.

In all described chapters above we described producing flat sheet sustainable membranes via
the APS technique. An important step to further establish the versatility of APS lies in the
production of hollow fiber (HF) membranes.

In Chapter 7 we showed that PSS-PEI based hollow fiber membranes can indeed be prepared via
the APS technique. HF membranes for micro- and ultrafiltration applications were prepared by
carefully tuning the fiber spinning conditions. This approach opens up a world of possibilities
for APS membranes where also other polyelectrolyte systems such as the PSS-PAH and PSS-
PDADMAC systems could be used for the production of excellent HF membranes. Additionally,
e�orts could also be devoted to studying other potential polyelectrolyte pairs to develop APS
membranes for specific applications which will be discussed later in the coming sections.

8.2 Outlook

In this section further recommendations and a future perspective is presented that outlines
various routes that can be taken to improve the existing APS membranes while also providing
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a roadmap to achieve a more complete sustainability in the field of polymeric membranes.
However, before going into the recommendations, it is important to mention that the research
presented in this thesis is still in its infancy, but nonetheless presents an outstanding platform
to further advance the field of sustainable membranes.

First the recommendations regarding membranes that are already prepared in this thesis are
presented highlighting the potential approaches to improve the properties of these existing
APS membranes and other tuning parameters that can provide control over the membrane
morphology.

8.2.1 PSS-PAH membranes

The pH shift induced APS technique is versatile and as mentioned earlier, numerous parameters
are available to control the precipitation process. As shown in Chapter 2, the molecular weight of
the polyelectrolytes plays a crucial role in determining the pore size of the resultant membranes.
Using PAH having a molecular weight of ∼17.5 kDa resulted in microfiltration type membranes,
while ultrafiltration type membranes were obtained with ∼150 kDa PAH (without NaCl in
bath). Increasing the molecular weight even further to, for example ∼450 kDa would increase
the viscosity of the casting solution while at the same time reducing the pore size of the resultant
membranes. In this manner, nanofiltration type membranes could potentially be obtained
without having to add NaCl in the coagulation bath.

Talking about NaCl, currently, 4 M of NaCl is required to obtain nanofiltration type membranes
that are able to retain on average ∼80% of organic micropollutants with molecular weights
in the range of ∼250 to ∼600 Da. However, these membranes did not show any significant
retention of salts like MgSO4 and MgCl4. Such a large amount of NaCl in the bath is also
not ideal for large scale production of these membranes. Instead a salt such as KBr could be
used which has a higher doping constant than NaCl [1]. It is well known that the type of
salt significantly impacts the properties of polyelectrolyte multilayers [2]. Typically thicker
multilayers are obtained with KBr as compared to NaCl, at the same ionic strength [3–5]. This
could mean that relatively lower amounts of KBr would be needed to facilitate polyelectrolyte
chain rearrangements as compared to NaCl. It is expected that denser PEC membranes showing
enhanced salt selectivity can possibly be obtained by using KBr instead of NaCl. However,
increasing the KBr concentration beyond a certain point could a�ect the PEC membrane
formation itself as it can extrinsically compensate for the charges on the polyelectrolyte chains
thereby decreasing the ionic crosslinking density [1]. Therefore, it becomes vital to control
the amount of KBr in the coagulation bath to obtain membranes having adequate mechanical
strength.

Furthermore, the dynamic viscosity of 12 wt% PSS-PAH solution is approximately 48 Pa·s
which is significantly higher than the polymer solutions typically used for producing polymeric
membranes. Such a high viscosity makes it a challenge to obtain HF membranes at ambient
temperatures. Reducing the polymer concentration is one option to reduce the viscosity but it
substantially compromises the mechanical stability of the fibers. The other option is to heat
the PSS-PAH solution during the fiber spinning to have a better control over the fiber spinning
process. Since viscosity is temperature dependent and the kinetics of phase separation are linked
to the viscosity of the solution, temperature of the polymer solution can be used to control the
membrane morphology.
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8.2.2 PSS-PEI membranes

The case of PSS-PEI membranes is slightly di�erent from PSS-PAH membranes. For instance,
the added NaOH in PAH requires extreme pH in the bath to form a PSS-PAH polyelectrolyte
complex. This is not the case for PSS-PEI where no base is added to the weak polyelectrolyte.
Consequently, a strong acid is not required to complex PSS and PEI. In this study, an acetate
bu�er was used to produce flat sheet and HF PSS-PEI membranes. This bu�er was selected
mainly because of the mild pH range that it covers i.e. pH 3.6 to 5.6 and is cheap and readily
available. As explained in the previous section, the type of salt is an important parameter that
can determine the final properties of PEC because of di�erent doping constants. Bu�er solutions
with di�erent types of salts could be potentially used to produce PSS-PEI membranes in mild
pH conditions. One such example is the citrate bu�er which can be prepared in the pH range
∼3 to pH ∼6 using non-toxic chemicals. Citric acid, which is one of the components used to
prepare the citrate bu�er, has three ionizable hydrogen atoms as compared to only one in acetic
acid. Consequently, citric acid has three pKa values and therefore, the pH of the citrate bu�er
could have a larger influence on the PSS-PEI membrane structure as compared to the acetate
bu�er.

One other key parameter is the molecular weight of the polyelectrolytes as mentioned before.
Microfiltration type flat sheet membranes were obtained using the higher molecular weight
branched PEI (∼750 kDa) while nanofiltration type membranes were obtained with a lower
molecular weight PEI (∼25 kDa). Therefore, it can be hypothesized, based on the results
presented in this thesis, that ultrafiltration type membranes could possibly be obtained using
PEI having a molecular weight in between the two, such as ∼270 kDa which is commercially
available. One may argue about using linear PEI for producing PEC membranes however, it
is quite expensive and notoriously di�cult to produce at higher molecular weights. PSS-PEI
membranes could also be prepared using branched PEI having di�erent degrees of branching.
Currently, microfiltration type PSS-PEI membranes have an average pore size of ∼80 nm. Using
branched PEI with a higher degree of branching could possibly result in a slightly more open
polyelectrolyte complex resulting in membranes with even larger pore sizes.

In case of HF membranes, there are several operating parameters that can be manipulated to
obtain desired membrane morphologies. First is the concentration of the polymer solution
and its viscosity which partly determines the rate of phase separation. A higher polymer
concentration improves the mechanical stability and reduces the pore size of the membrane
by slowing down the precipitation kinetics. Therefore, the composition of the coagulation
bath and the bore fluid become critically important and should be carefully controlled to
obtain necessary mechanical strength while maintaining the desired pore morphology. Another
important parameter is the ratio of the flow rates of dope and bore fluids that can determine the
wall thickness of the hollow fiber. A thicker wall provides more mechanical strength but at the
same time reduces the pure water permeability of the membranes.

Similar to what is described for the flat sheet PSS-PEI membranes, other types of bu�er solutions
should be investigated to study the e�ect on membrane formation kinetics and the resultant
morphologies. In addition, additives such as polyethylene glycol could also be used in the bore
fluid to increase the solution viscosity and maintain the hollow structure inside of the fiber while
also controlling the membrane formation kinetics. The air gap distance, which is the distance
between the spinneret needle and the surface of the coagulation bath, is also an important
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parameter during spinning. Depending on the composition of bore fluid and coagulation bath,
it determines the membrane pore size and morphology of the resultant membranes. If a strong
non-solvent is used as the bore fluid, the air gap distance becomes critically important as the
precipitation would begin from the inside and can reach the outer edge of the fiber even before
it touches the coagulation bath.

In this work, dense nanofiltration type PSS-PEI hollow fiber membranes could not be obtained
even though the coagulation bath composition was the exactly the same as the one which
provided nanofiltration flat sheet membranes. Hollow fiber spinning is quite di�erent from
flat sheet membrane casting and in most cases, the same recipe would give di�erent membrane
morphologies in di�erent geometries [6]. This is because the flat sheet membrane production is
a rather static process especially at lab scale, while hollow fiber membrane production is a more
dynamic process where several operating parameters are involved. Therefore, controlling the
phase separation kinetics and the membrane morphology becomes a challenge in HF spinning.
Based on the above mentioned discussion, future e�orts could be devoted towards finding the
operating conditions that can produce dense nanofiltration type PSS-PEI membranes.

8.2.3 PSS-PDADMAC membranes

The PSS-PDADMAC membranes prepared in Chapter 6 showed decent nanofiltration
performance and had MWCO in the range of 250 – 280 Da. Additionally, the membranes
were able to withstand 10 bar of applied water pressure without showing any signs of instability.
However, one of the limitations was the lower PWP of these membranes, which was in the range
of 0.4 – 1 L·m–2·h–1·bar–1. The membranes were prepared using the PSS-PDADMAC solution
mixed at a monomer molar mixing ratio of 1:1. As mentioned earlier, the monomer mixing ratio
determines the interactions of the polyelectrolyte chains and the structure of the resulting PEC.
Therefore, by changing the monomer ratio slightly, it is possible to form a PEC membranes
with relatively larger pores that show higher pure water permeability while maintaining the salt
selectivity.

In this work, NaCl was used to screen the charges of PSS and PDADMAC in the casting solution.
As mentioned in the previous section, the type of salt significantly influences the properties of
the resultant PEC due to di�erent doping constants. Therefore, KBr, having higher doping
constant than NaCl, should be used to prepare the casting solution. In this way polymer
solutions with higher concentrations (∼20 wt% as opposed to currently ∼15 wt%) could be
prepared as less amount of KBr would be needed to homogenize the polyelectrolyte mixture.
The amount of KBr in the solution also a�ects the phase separation kinetics and therefore, shall
be carefully controlled. Similarly, KBr can be added to the coagulation bath to slow down the
phase separation kinetics to obtain desirable membrane morphology. Naturally, other types of
salts could also be used either in solution or in the coagulation to give further control over the
phase separation kinetics and thereby, the resulting membrane structures.

The major advantage of PSS-PDADMAC membranes is that the precipitation process is fairly
simple and does not involve any pH change. Membranes are simply prepared in deionized water
and because of this specific reason, this polyelectrolyte pair was used first to produce hollow fiber
membranes. A 15 wt% PSS:PDADMAC dope solution containing 18 wt% NaCl was prepared in a
monomer molar mixing ratio of 1:1. This is the same solution that was used in Chapter 6 to obtain
nanofiltration type membranes. For hollow fiber membranes, the bore fluid and the coagulation
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Figure 8.1 SEM images of PSS-PDADMAC hollow fiber membranes prepared using 20 wt%
dope solution containing 15 wt% KBr with two di�erent bore fluid compositions. Images a) to
d): without KBr in the bore fluid and images e) to h): with 7.5 wt% KBr in the bore fluid. The
SEM images c), d) and g), h) are the cross-section images of the outer and inner surface of the

hollow fiber membranes, respectively.

bath contained deionized water. However, the resultant membranes could not maintain their
hollow structure and collapsed inside water.

Therefore, NaCl was substituted for KBr to obtain a dope solution having 20 wt% polyelectrolyte
and ∼15 wt% KBr. Here, the e�ects of adding KBr are immediately observed in terms of the
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dope solution concentration which is now 20 wt% as compared to ∼15 wt% with NaCl. This
is because a lesser amount of KBr is needed to obtain a clear homogeneous PSS-PDADMAC
solution. Moreover, the dope solution needs to be closer to the precipitation point, meaning that
the amount of salt needs to be just enough to keep the mixture a clear liquid (no precipitation).
As a result, the polyelectrolyte complexation and the subsequent phase separation occurs
instantaneously. Two di�erent types of bore fluids were used to produce hollow fiber membranes
using this dope solution, see Figure 8.1. First, HF membranes were prepared using the same bore
fluid as the coagulation bath i.e. deionized water (Figure 8.1a-d). The idea was to have skin
layers on the inside as well as outside of the hollow fiber membranes. Afterwards, 7.5 wt% KBr
solution was used as the bore fluid to slow down the precipitation kinetics on the inner side of
the hollow fiber membranes (Figure 8.1e-h). Adding salt to the bore fluid acts as adding solvent
to the non-solvent in terms of traditional solvent-based approaches.

The di�erence in phase separation kinetics can be seen by looking at the cross-section SEM
images shown in Figure 8.1b and f. When bore fluid without any KBr is used, Figure 8.1b, the
membrane precipitates from outside as well as inside at the same rate. This quick precipitation
leads to the formation of asymmetric structures with a thin dense layer on top and a porous
sublayer showing macrovoids. In comparison, when a 7.5 wt% KBr solution is used as the bore
fluid, the macrovoids are not as pronounced as before, Figure 8.1f. This di�erence can be clearly
observed by looking at the SEM images of the inside surface of the HF membranes shown in
Figure 8.1d and h. The membrane prepared without KBr in the bore fluid showed a dense
skin layer on the inside of the fiber Figure 8.1d. In comparison, for the membranes prepared
using 7.5 wt% KBr solution as bore fluid a more open structure can be seen, Figure 8.1h. This
is because KBr is a solvent for the PSS-PDADMAC polyelectrolyte pair, and adding solvent to
non-solvent slows down the precipitation rate resulting in such membrane morphology. These
results clearly indicate that the salt concentration in the bore fluid and also in the coagulation
bath can be controlled to obtain membranes with di�erent morphologies. Unfortunately, these
PSS-PDADMAC membranes could not be used under pressure because of their poor mechanical
strength and excessive swelling in water. Potting these membranes to make a module remains
a challenge because the membranes need to be dried before potting with glue. The membranes
shrunk slightly after drying from glycerol solution but were strong enough to make a membrane
module. However, the membranes swell with water when the modules are tested for PWP
measurements. These membranes eventually break from the glued part of the module that
holds the membranes together. This is because some part of the membrane is surrounded by
solid adhesive and does not come into contact with water. The rest of the membrane swells in
water creating stress on the interface between the glued part of the membrane and the swollen
membrane, eventually leading to collapse. A possible application of these membranes could be
solvent filtration where swelling is not a problem. Solvents such as ethanol or IPA could be
filtered using these membranes.

One possible way to control the degree of swelling is to change the monomer molar mixing
ratio of the polyelectrolytes. As a result, the stoichiometry of the resultant PEC membrane
changes and the charge on the membranes can be e�ectively controlled. Therefore, to obtain
mechanically stronger PSS-PDADMAC hollow fiber membranes, other monomer mixing ratios
could be used. Our initial experiments with PSS:PDADMAC (1:0.7) indicated that the resultant
PEC membranes showed improved mechanical strength and lesser degree of swelling during
PWP measurement. Unfortunately, these membranes could also not be tested under pressure
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as they also broke during measurement. Therefore, further research on the e�ect of salt and the
monomer mixing ratios is needed to obtain mechanically stronger PSS-PDADMAC hollow fiber
membranes.

8.2.4 Challenges for current APS membranes

While the APS membranes presented in this work have several advantages, it would be unfair
not to mention the challenges and certain limitations. For instance, one major property that
needs improvement is the pure water permeability (PWP) of the APS membranes. Currently,
the PWP of nanofiltration type APS membranes presented in this thesis lies in the range of 0.5
– 4 L·m–2·h–1·bar–1. In comparison, most nanofiltration membranes reported in literature have
a PWP in the range of 1 – 40 L·m–2·h–1·bar–1 [7,8]. A membrane with a higher PWP is desired
because of energy e�ciency. Indeed, APS is still a new approach and hopefully more e�ort will
be devoted towards improving the water permeability of these membranes. One of the ways that
may improve the PWP could be to add polyethylene glycol (PEG) in the polyelectrolyte casting
solution that can potentially act as pore former. However, the amount of PEG must be carefully
optimized such that the selectivity is not compromised. On the other hand, e�orts could also be
devoted to increasing the selectivity of the APS membranes by making them dense for forward
and reverse osmosis applications. There are increasing arguments that suggest that high water
permeability has a limited impact on the energy e�ciency of the desalination process and highly
selective membranes, even with relatively lower water permeabilities, might even be preferable
[9–11].

One other limitation is that the stability of PSS-PAH and PSS-PEI membranes is significantly
compromised in highly basic solutions having pH >12 and pH>8, respectively, as mentioned in
Chapter 3 and Chapter 5. This is because the weak polyelectrolytes PAH and PEI begin to de-
protonate thereby losing their charge at such high pHs. Consequently, the ionic crosslinking
density decreases and the PEC begins to ‘de-complex’. This is not a major concern since the
operating pH of most water treatment processes is well below pH 8. Still, one way to improve the
pH stability of PSS-PAH and PSS-PEI membranes is by crosslinking the weak polyelectrolytes.

Drying the APS membranes is currently a slight challenge. This problem is not new and
is also common for membranes prepared via the traditional solvent-based approaches [12].
Currently, the APS membranes are stored in deionized water before testing them for PWP
and retention experiments. Taking the membranes out of water and letting them dry in the
ambient atmosphere causes them to either densify and become a hard transparent material, or
if low molecular weight polyelectrolytes are used, disintegrate into small pieces. Therefore, the
PEC membranes need to be kept hydrated before testing their separation properties. One way
to dry these membranes, which was also used in this thesis, is to treat them with a glycerol
solution which prevents the pores of the membrane from collapsing. Apart from glycerol, a
solvent exchange process can also be used where the water in the membranes is replaced, in
steps, with volatile solvents like isopropyl alcohol (IPA) which resides in the pores and evaporates
after a while, conserving the pore size. Such techniques are widely used as post-treatment steps
for membranes to retain their structure and morphology [13,14]. Further, freeze-drying the
membranes can also be potentially used to dry the membranes without significantly altering
the membrane structure.
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8.2.5 Other polyelectrolyte systems for APS membrane production

In this research, we have used four types of polyelectrolytes to produce PEC membranes. Indeed
several other polyelectrolytes with di�erent chemical structures are available that can be used
to produce PEC membranes via the APS technique. Some of these polyelectrolytes are shown in
Figure 8.2.

Figure 8.2 Chemical structures of polycations and polyanions that can be used for producing
PEC membranes via the APS technique. The polycations include, PDMAEMA:

poly(2-(dimethylamino)ethyl methacrylate), PDDPC: poly(N,N-dimethyl-3,5-dimethylene
piperidinium chloride), PVTAC: poly(vinyl benzyl trimethyl ammonium chloride), PVH:

poly(vinylamine hydrochloride), and PAHDAH: poly(allylamine hydrochloride-diallylamine
hydrochloride). The polyanions include, PAA: poly(acrylic acid), PVS: poly(vinylsulfonate),

PAMPS: poly(acrylamido-2-methylpropanesulfonate), PSS-PS: poly(sodium 4-styrene
sulfonate/styrene copolymer), and sulfonated poly (ether ether ketone) (SPEEK).

It has been established in this thesis that a combination of a strong and a weak polyelectrolyte
or two strong polyelectrolytes can produce mechanically stable PEC membranes that are able
to sustain water pressures and show solute retentions. However, if two weak polyelectrolytes
are used, it is generally di�cult to obtain mechanically strong PEC membranes. Also, their
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morphology is di�cult to control. This is because the pH range where both the polyelectrolytes
are su�ciently charged is usually quite narrow. A typical example is that of poly(acrylic acid)
(PAA) and PAH, see Figure 8.2 for the chemical structure. PAA is a weak polyanion and has
a pKa value in the range of 5–5.5 [15], while PAH is a weak polycation having a pKa value of
∼8.5–9 [16]. Consequently, PAA is charged at pH > 5 and PAH is charged at pH < 9. It is
important to mention here that pKa denotes the pH value where half of the repeating units of
a polyelectrolyte are charged [17]. The degree of PAA ionization/charging increases with the
increase in pH value above pH 5. As a result, the pH range where a highly ionic crosslinked
polyelectrolyte complex with PAH can be obtained is around pH 5 to pH 8. Nevertheless, the
PAA-PAH pair has been successfully utilized for building polyelectrolyte multilayers on top of
porous support membranes [18,19]. However, obtaining free-standing PEC membranes using
this pair still remains a challenge.

Fu et al. conducted a study on the ion pairing strength of several polyelectrolyte pairs and
found that relatively weaker interactions are observed among polyelectrolytes pairs having PAA
[20]. All the drawbacks aside, one potential advantage of using weak polyelectrolytes is that the
casting solution can be prepared at both acidic or basic conditions. PAA is uncharged in acidic
conditions such as pH 2 or 3, and can be mixed with PAH without forming a PEC. Such a solution
can then be precipitated at slightly basic (pH > pKa of PAA) conditions where PAA acquires
charge to form a PEC membrane. On the other hand, a PAA-PAH solution can also be prepared
at pH > 9 where PAH is uncharged and a thin film of this solution can then be precipitated
at a relatively lower pH to obtain a PEC membrane. However, to impart mechanical stability,
higher molecular weights (>500 kDa) of both the PAA and PAH are to be used. Additionally,
the casting solution concentration could be kept higher to obtain mechanically stronger and
potentially denser PAA-PAH membranes.

Another potential candidate for producing PEC membranes is PDMAEMA, poly(2-
(dimethylamino)ethyl methacrylate), see Figure 8.2 for structure. PDMAEMA is a weak
polycation having a pKa value of ∼7 [21] and can be mixed with a strong polyanion such as PSS
at pH >7 to obtain a homogeneous casting solution which can then be precipitated in acidic pH
conditions to obtain PEC membranes. PSS-PDMAEMA polyelectrolyte complex has successfully
been studied for drug delivery applications [22]. One of the benefits of using PDMAEMA is that
it can be quaternized by alkyl bromide which not only enhances its water solubility but also
makes it a strong polycation. PDMAEMA can easily be paired with other polyanions shown
in Figure 8.2 for instance, PAA, PAMPS, and PSS-PS to obtain PEC membranes. Another
advantage of PDMAEMA is that it can be used to produce both pH-induced APS as well as
salt-induced APS membranes because of its availability in weak and strong states. The di�erent
structures of these polyelectrolytes will provide PECs with interesting properties that can be
controlled by changing the PEC formation conditions such as the pH, the molecular weights
of the polyelectrolytes, and the ionic strength of the solution. Similarly poly(vinyl benzyl
trimethylammonium chloride) (PVTAC), a strong polycation, shown in Figure 8.2 can be used
in pair with a polyanion to produce PEC membranes. If a strong polyanion is used with PVTAC,
salt-induced APS would be the preferred route to obtain PEC membranes because it can screen
the charges on the polyelectrolyte chains in the solution that cannot be otherwise influenced by
the pH change. Strong polyanions such as PSS and poly(acrylamido-2-methylpropanesulfonate)
(PAMPS) can be used with PVTAC to prepare PEC membranes.
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Some other polycations presented in Figure 8.2 include poly(vinylamine hydrochloride) (PVH),
poly(N,N-dimethyl-3,5-dimethylene piperidinium chloride) (PDDPC), and poly(allylamine
hydrochloride-diallylamine hydrochloride) (PAHDAH). The chemical structure of PVH is quite
similar to PAH and it can be hypothesized that it would most likely behave in the same way
as PAH. Similarly, PDDPC is quite similar to PDADMAC in structure and can be paired with
strong polyanions such as PSS to obtain a PEC as shown by Fu et al. [20].

In the very beginning of this PhD, PAHDAH was paired with PSS to prepare PEC membranes
via the pH-induced APS technique. A 15wt% PSS-PAHDAH solution was prepared at high pH
and precipitated at pH ∼1. The resultant films were porous but brittle and could not be used
as membranes. These preliminary results established the feasibility of PAHDAH as one of the
polyelectrolytes that can be used to prepare PEC membranes. However, further experiments
are required to explore various parameters that can be fine-tuned to obtain mechanically
stronger PSS-PAHDAH membranes. Higher casting solution concentration and crosslinking
the PAHDAH while precipitation could be one way to improve the mechanical stability of such
membranes.

Another polyelectrolyte pair that was investigated in the earlier stages was PSS-PS and PAH.
PSS-PS is a copolymer of poly(sodium 4-styrene sulfonate) and polystyrene, see Figure 8.2 for
structure. Similar protocol as described in Chapter 2 was followed to prepare the PSS-PS:PAH
polymer solution. Briefly, NaOH was first added to the PAH solution to make it uncharged.
Afterwards, 20 wt% aqueous solution of PSS-PS was mixed with the basic 16 wt% PAH solution
in monomer molar mixing ratio of 1:2 to obtain 18 wt% PSS-PS:PAH solution. The solution
was cast on a glass plate and immediately immersed in a coagulation bath at pH ∼1 containing
4 M NaCl and 0.05 wt% glutaraldehyde. The resultant membranes were taken out after 24 h and
washed with deionized water for further usage. Figure 8.3 shows the top and bottom surface and
cross-section SEM images of the resultant membranes.

The PSS-PS:PAH membranes were relatively brittle and could not be used for pressure driven
membrane processes. The top surface SEM image, Figure 8.3a, shows a patterned structure
which are basically micro-cracks that appear because of the brittleness. The cross-section
image, Figure 8.3c and d, show a typical asymmetric morphology having a relatively dense top
layer with sub-layer having finger-like macrovoids. The images also indicate that precipitation
kinetics was fairly quick for these membranes resulting in the formation of macrovoids in the
substructure. It can be concluded from these preliminary results that PSS-PS:PAH membranes
can indeed be prepared by the APS technique. However to improve the mechanical strength
of these membranes, a higher molecular weight PSS-PS in combination with a higher polymer
concentration could be used.

The major advantage of using PSS-PS copolymer is that the polyelectrolyte chains are relatively
sti� as compared to PSS. In addition, the hydrophobic styrene group of the copolymer, which
does not participate in the polyelectrolyte complexation, is resistant to salt doping, possibly
resulting in more stable PECs. Furthermore, the amount of water in the final PEC for PSS-
PS:PAH membranes is relatively low as compared to PSS-PAH membranes resulting in reduced
degree of swelling for the former. As a result, the mechanical properties of the final PECs are
influenced by having more hydrophobic moieties in the structure.

Another interesting polyelectrolyte is the sulfonated poly (ether ether ketone) (SPEEK), which is
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Figure 8.3 SEM images of the PEC membranes prepared using PSS-PS copolymer and PAH as
polyelectrolytes. The polymer solution contained PSS-PS:PAH in 1:2 monomer molar mixing
ratio and the concentration was ∼18 wt%. The molecular weight of PSS-PS was ∼19 kDa and
of PAH was ∼150 kDa. The membranes were prepared at pH ∼1 bath containing 4 M NaCl

and 0.05 wt% glutaraldehyde. a) top surface, b) bottom surface, and c), d) are the cross-section
SEM images of the membranes.

a rigid polymer with an aromatic backbone and has shown high thermal stability and mechanical
strength, see Figure 8.2 for structure. SPEEK acts as a polyanion due to the presence of ionizable
sulfonate group and has been used to prepare nanofiltration type multilayer membranes in
combination with PDADMAC [23]. In addition, a polyelectrolyte complex of SPEEK with
polyaniline (PANI) has been used for pH sensing applications [24]. Due to its lengthy and
sti� backbone owing to the styrene group, SPEEK can be an interesting choice to produce
mechanically strong free-standing PEC membranes.

In conclusion, hundreds of polyelectrolytes having di�erent structures and properties could
potentially be used to prepare PEC membranes via the APS technique, making it even more
versatile. Interesting structures and morphologies could be obtained and even fine-tuned for
desired applications. However, based on the results presented in this thesis, it can be concluded
that a combination of a strong and a weak polyelectrolyte or both strong polyelectrolytes is
better in terms of obtaining mechanically stronger PEC membranes. Another interesting route
would be to use polyampholytes in combination with the polyelectrolytes. Polyampholytes are
charged polymers that have both positive and negative charges. Kudaibergenov et al. reviewed
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several polyampholyte-polyelectrolyte pairs that are able to form PECs [25]. Polyampholytes
such as sulfonated cardo poly(arylene ether sulfone) (SPES) have been used with single-charged
1-butyl-3-methylimidazolium chloride ([BMIM]+Cl–) to build multilayers via the layer-by-layer
approach [26]. However, to the best of our knowledge, there is no published research on free-
standing PEC membranes using polyampholytes. Therefore, future e�orts could also be devoted
towards exploring this field.

8.2.6 Bio-derived polyelectrolytes and achieving complete sustainability

While all the above-mentioned polyelectrolytes have the potential to produce PEC membranes
via the APS technique, most of them are still synthetically obtained from petroleum-based non-
renewable sources. Same is the case for traditional non-solvent induced phase separation (NIPS),
where most of the polymers are obtained from petroleum-based sources. Significant amount of
research has been conducted to develop sustainable polymers for NIPS membranes. A few such
examples include cellulose [27], bamboo fiber reinforced poly(lactic acid) [28], chitosan [29], and
poly(lactic acid) [30]. The major limitation in using bio-derived polymers was the mechanical
integrity of the resultant membranes, however, these concerns are now being addressed by
researchers. However, control over the resultant NIPS membrane morphology still remains a
major challenge and a focus of on-going research.

Similarly, the true sustainability of the APS technique can only be realized by utilizing bio-
derived raw materials for producing PEC membranes. Interestingly, nature has long been
applying the APS technique by means of the sandcastle worm (Phragmatopoma Californica). These
worms build tubular honeycomb-like structures underwater by gluing together sand grains using
a polyelectrolyte based adhesive [31]. The adhesive is composed of two classes of oppositely
charged macromolecules. One class includes polycations that are rich in lysine, glycine, histidine,
and tyrosine residues and the other consists of macromolecules that are acidic polyanionic
proteins [32]. The sandcastle worm secretes these oppositely charged macromolecules in sea-
water where they phase separate into a solid porous adhesive. The macromolecules used by the
sandcastle worm are quite complex but the concept is the same as aqueous phase separation. A
better option for producing PEC membranes via bio-derived polyelectrolytes would be to use
raw materials that are readily available and easy to modify.

Recently, Ushimaru et al. produced moldable polyelectrolyte complex with tunable mechanical
properties using ε-poly-l-lysine and Lignosulfonate, which are bio-derived polyelectrolytes, see
Figure 8.4 for the chemical structures [33–35].

Lignosulfonate is a byproduct of wood pulping process and contains abundant sulfonate groups.
On the other hand ε-polylysine is a naturally occurring cationic polyelectrolyte produced by
microorganisms such as Streptomyces albulus [34]. It is hypothesized that due to the large number
of ionic sulfonate groups in Lignosulfonate, a PEC membrane with stronger interactions with ε-
polylysine can be prepared under aqueous conditions. In addition, the resultant PEC membrane
can be expected to have strong mechanical properties as demonstrated by Ushimaru et al. with
these bio-derived materials [33].

Other bio-based polyelectrolytes that have been used to prepare PECs are sodium
carboxymethylcellulose (CMC) and chitosan (CS) [36–38]. CMC is obtained from cellulose,
which itself is a biopolymer and acts as polyanion. CS, on the other hand, is a polycation
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Figure 8.4 Chemical structure of bio-derived polyelectrolytes; sodium lignosulfonate (partially
shown) and ε-poly-l-lysine. The abundant sulfonate groups in lignosulfonate can potentially

form PEC membranes with high ionic crosslinking density.

that is obtained from chitin, a chemical compound produced by aquatic life. A CMC-CS
mixture solution can be prepared at low pH where CMC is uncharged and can be precipitated
at neutral to slightly basic pHs to obtain PEC membranes. Currently, such membranes are being
developed by a PhD student at the MST cluster at University of Twente. The membranes have
shown promising initial results and are in the process of being optimized. Another bio-based
polyelectrolyte pair is the oxidized sodium alginate and CS which has been used to prepare PECs
via the layer-by-layer process [39].

Producing membranes with tunable morphologies using these bio-derived polyelectrolytes could
be a challenge as the pH range where both the polyelectrolytes are su�ciently charged to give
highly crosslinked PEC is generally narrow. Nevertheless, such challenges need to be addressed
if APS technique is to be made completely sustainable.

8.3 Overall conclusions

Membrane processes actively contribute towards a healthy and greener environment by
producing safe drinking water, treating the wastewater, and separating/purifying gases. It
is a technology that continues to grow and evolve. It is only time now that the methods
by which these polymeric membranes are produced, be made more environmentally friendly
and sustainable. This thesis presents one such technique to produce polymeric membranes in
an environmentally sustainable manner without using any organic solvents. Water, the most
abundant resource and a universal solvent, was utilized in this research to produce sustainable
polymeric membranes. Depending on the pH, water can act as solvent or a non-solvent for
the polyelectrolytes. This specific characteristic of polyelectrolytes was utilized to produce pH-
induced polyelectrolyte complexation based APS membranes. We successfully demonstrate that
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the APS technique provides a great deal of control over the resultant membrane structure,
properties, and performance. Just like NIPS, several tuning parameters are available which can
be fine-tuned to produce membranes with desired morphology and for specific applications.
What is remarkable is that after successfully producing flat-sheet membranes, we have taken the
APS technique a step closer to commercialization by also producing hollow fiber membranes
which is the preferred geometry for commercial membrane products. However, one may argue
that the pure water permeability of our APS membranes is lower than the commercial NIPS
membranes. While it is true that this is one of the limitations at the moment, however, we need
to keep in mind that the approach is completely new and still in its infancy. It took decades
for the currently dominant NIPS process to evolve to the position it is now where almost all
the commercial membranes are prepared via this technique. APS is just a few years old and
has a lot of potential. It has already achieved remarkable targets in such a short time. Needless
to say that there is plenty of room for improvement in terms of the membrane permeability
and separation performance and I certainly believe that given the pace of sustainability drive
in the membrane industry, it is only a matter of time before the APS membranes will compete
head-to-head with the traditional NIPS membranes. The research presented in this thesis and
the resultant publications contribute towards scientific understanding of APS membranes and
hopefully takes the polymeric membrane production techniques to a new era of sustainability.
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Samenvatting

In Hoofdstuk 1 zijn we deze reis begonnen met het begrip ‘duurzaamheid’, extra belangrijk in
deze cruciale tijd waarin onze relatie met het milieu gespannen is. Een manier om onze relatie
met het milieu te herstellen is het ontwikkelen, aanmoedigen en financieel ondersteunen van
duurzame productietechnieken. Dit kan worden bereikt door het implementeren en gebruiken
van de 12 principes van de Groene Chemie, zoals besproken in Hoofdstuk 1. Duurzamere
technologieën en processen zijn de toekomst en de enige manier waarop we als mensheid
met de aarde op de lange termijn vooruit kunnen. Dit proefschrift presenteert een nieuwe
manier voor een duurzamere productie van polymeermembranen. We hebben succesvol laten
zien dat membranen gemaakt kunnen worden zonder niet-duurzame organische oplosmiddelen.
De waterige fase scheidingsmethode (APS), gebaseerd op de complexatie van polyelektrolyten
(PEC), zoals die in dit proefschrift beschreven wordt, maakt alleen gebruik van water om
polymeermembranen te produceren. Met deze nieuwe techniek kunnen de structuur en de
eigenschappen van de membranen goed gecontroleerd worden, net als bij de traditionele
benaderingen die organische oplosmiddelen gebruiken. PEC-membranen met controleerbare
poriegroottes werden gemaakt en geoptimaliseerd voor verschillende toepassingen. De volgende
secties vatten de belangrijkste conclusies samen van het onderzoek dat voor dit proefschrift is
uitgevoerd.

In Hoofdstuk 2 hebben we de complexatie van polyelektrolyten onderzocht als een van de routes
om duurzame APS membranen te verkrijgen. De fasescheiding is hier verkregen door de pH
van de strijkoplossing te veranderen. Deze oplossing bevat een sterk polyanion, poly(natrium-
4-styreensulfonaat) (PSS) en een zwak polykation, poly(allylamine hydrocholoride) (PAH). De
strijkoplossing wordt gemaakt door het mengen van de twee polyelektrolyten in een molaire
mengratio van de monomeren van 1:2 (PSS:PAH) bij pH ∼14. Het onderdompelen van een
dunne film van deze oplossing in een bad met pH ∼1 leidt ertoe dat PAH een lading op zich
neemt en onmiddellijk een polyelektrolytcomplex vormt met PSS. Het onderzoek liet zien dat
de molecuulgewichten van de polyelektrolyten en de concentratie van de strijkoplossing cruciale
parameters zijn met een significante impact op de membraanstructuur en -eigenschappen.
Polyelektrolyten met een lager molecuulgewicht resulteren typisch in een poreus PEC-membraan
wat zeer geschikt is voor toepassing als microfiltratiemembraan. De poriegrootte van deze
membranen kan gecontroleerd worden van 0.2 µm tot 80 nm door simpelweg het variëren van
de concentratie van de strijkoplossing, en daarmee door het beïnvloeden van de kinetiek van
de fasescheiding. Aan de andere kant leidt het gebruik van polyelektrolyten met een hoger
molecuulgewicht tot membranen met een poriegrootte rond de 2-5 nm, perfect geschikt voor
dichte ultrafiltratie toepassingen. Daarnaast werd de kinetiek van de fasescheiding gecontroleerd
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door het toevoegen van NaCl aan het neerslagbad, waardoor de polyelektrolytstrengen zich
herschikken naar dichte complexen. Dit leidde tot nanofiltratiemembranen, geschikt voor
het verwijderen van organische microvervuilingen met een molecuulgewicht van 250-630 Da.
We hebben succesvol laten zien dat APS inderdaad een veelzijdige techniek is die een grote
controle geeft over de membraanporiegrootte en -structuur, resulterend in membranen die
gebruikt kunnen worden voor verschillende toepassingen. Deze duurzamere benadering voor
membraanfabricatie maakt geen gebruik van organische oplosmiddelen, maar leidt wel tot
excellente membranen.

In Hoofdstuk 3 hebben we verschillende andere factoren bestudeerd die de thermodynamica van
de oplossing en de kinetiek van de fasescheiding van de PSS-PAH gebaseerde APS membranen
beïnvloeden. Omdat PAH een zwak elektrolyt is, bestaat het in geladen vorm bij neutrale
en zure pH. Om een strijkoplossing te maken, is het daarom noodzakelijk om NaOH toe te
voegen aan de PAH oplossing voor deze te mengen met de PSS. De hoeveelheid NaOH die
toegevoegd wordt is belangrijk, omdat het de pH van de oplossing bepaalt en daarmee de lading
van de PAH. Een heldere, homogene oplossing kan niet worden verkregen als de hoeveelheid
NaOH die is toegevoegd aan PAH niet genoeg de lading ervan weghaalt. Het toevoegen van
significant grotere hoeveelheden leidt echter tot het neerslaan van de PAH. Daarom is het
belangrijk om zorgvuldig de toe te dienen hoeveelheid NaOH te bepalen om een heldere PSS-
PAH strijkoplossing te verkrijgen. We hebben ook geconcludeerd dat de monomeermengratio
van PSS:PAH de onderlinge interacties van de polyelektrolyten in de strijkoplossing sterk
beïnvloedt, en daarmee ook de dynamische viscositeit beïnvloedt. Als gevolg daarvan wordt
de kinetiek van de fasescheiding sterk beïnvloed door de monomeermengratio’s, resulterend in
membranen met verschillende morfologie. Omdat de fasescheiding in deze variant van APS
gecreëerd wordt door de verandering in pH, wordt de pH van het coagulatiebad van groot
belang omdat het de drijvende kracht is voor complexatie. Deze studie laat zien dat als de
drijvende kracht voor complexatie/fasescheiding hoog is, bijvoorbeeld bij een oplossing met pH
∼14 en een coagulatiebad met pH ∼0.5, de membranen instantaan gecreëerd worden met dichte
en broze structuren. Aan de andere kant leidden coagulatiebaden met hogere pHs (pH > 1)
tot trager precipiterende membranen, poreuze structuren en mechanisch zwakte. De pH van
het coagulatiebad controleert dus ook de kinetiek van de complexatie van de polyelektrolyten
en de daarop volgende fasescheiding, en moet daarom verfijnd worden om de gewenste
membraanmorfologie te verkrijgen. Een andere belangrijke parameter die invloed bleek te
hebben op de membraanstructuur- en eigenschappen is de hoeveelheid verknopingsmiddel.
Glutaaraldehyde (GA) werd toegevoegd aan het coagulatiebad om de aminogroepen van PAH te
verknopen. Dit werk liet zien dat de poriegrootte van de membranen gestuurd kon worden van
2 nm tot 450 nm door het variëren van de hoeveelheid GA in het coagulatiebad. De stabiliteit
van de PSS-PAH membranen werd bepaald door de membranen onder te dompelen in zeer zoute
oplossingen, namelijk 1 M NaCl en 1 M KBr, gedurende één week. De resultaten laten zien
dat de morfologie en de prestaties van de membranen niet beïnvloed werden na blootstelling
aan deze zoute oplossingen. Bovendien lieten de membranen chemische stabiliteit zien voor
een 1200 ppm natriumhypochloriet oplossing, een oplossing die typisch wordt gebruikt als
schoonmaakoplossing voor polymeermembranen. De resultaten die gepresenteerd worden in
Hoofdstuk 3 laten dus de veelzijdigheid zien van de APS techniek gebaseerd op een verandering
in pH, met verschillende verfijningsparameters om PSS-PAH membranen te produceren met
verschillende structuren, eigenschappen en prestaties.
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In Hoofdstuk 4 laten we zien dat de PSS-PAH membranen ook gebruikt kunnen worden als
goede ondersteuningsmaterialen voor functionele coatings. Ultrafiltratie PSS-PAH membranen,
verkregen in Hoofdstuk 2, zijn gecoat met polyelektrolyt multilagen door gebruik te maken
van drie verschillende polyelektrolytparen. Het bleek dat slechts 4.5 bilagen nodig waren
om deze membranen te veranderen in dichte nanofiltratiemembranen, die een molecular
weight cut-o� (MWCO) tussen de 210 en 390 Da laten zien met zoutretenties boven de
90%. Een andere benadering was het gebruik van grensvlakpolymerisatie (IP) op de PSS-PAH
membranen om nanofiltratiemembranen te verkrijgen met zeer goede scheidingseigenschappen.
Er zijn verschillende voordelen verbonden aan het gebruik van PSS-PAH membranen als
ondersteuningsmateriaal. De natuurlijke lading op de membranen maakt het bijvoorbeeld
mogelijk om multilagen te coaten zonder enige voorbehandeling. Daarnaast zorgt de overmaat
aan amines in PAH voor een extra binding met de polyamide laag tijdens IP, wat de adhesie van de
coating verbeterd. Deze ontwikkelingen laten zien dat de APS-benadering tot membranen leidt
die uitstekend als ondersteuningsmateriaal voor functionele coatings gebruikt kunnen worden.

Een groot nadeel van de membranen die tot dusver beschreven zijn is dat ze een extreme pH
(van pH ∼14 tot pH ∼1) nodig hebben om de complexatie van polyelektrolyten te veroorzaken.
Dit probleem was verholpen in Hoofdstuk 5, waar polyethyleenimine (PEI) gebruikt is als zwak
polyelektrolyt om PSS-PEI membranen te produceren. Het voordeel van het gebruik van PEI
is dat het makkelijk beschikbaar is als ongeladen molecuul, wat betekent dat de strijkoplossing
direct gemaakt kan worden door het mengen van PSS en PEI, zonder NaOH toe te voegen. Als
gevolg daarvan is een extreme pH, zoals pH ∼1, niet nodig om fasescheiding te veroorzaken.
De PSS-PEI oplossing kan neerslaan bij een milde pH van 4 om PEC-membranen te verkrijgen.
Net als bij de PSS-PAH gebaseerde APS-membranen is ook hier de impact van verschillende
verfijningsparameters verder onderzocht, namelijk het molecuulgewicht van PEI, de concentratie
en de pH van het coagulatiebad, en de hoeveelheid verknopingsmiddel. In tegenstelling tot
wat we gezien hebben voor de PSS-PAH membranen, leidt een hoger molecuulgewicht van de
polyelektrolyten tot microfiltratie type PSS-PAH membranen en vice versa. Dit is gerelateerd
aan de vertakte natuur van PEI met een hoger molecuulgewicht (∼750 kDa), wat een meer
open polyelektrolyt vormt met PSS. Aan de andere kant zijn excellente nanofiltratie type
membranen met een MWCO van ∼200 Da verkregen met behulp van PEI met een relatief laag
molecuulgewicht (∼25 kDa). PSS-PEI membranen presteerden nog beter in vergelijking met de
PSS-PAH membranen. Bovendien is de viscositeit van de strijkoplossing significant lager voor
de eerstgenoemde bij dezelfde polymeerconcentratie, wat het proces om vlakke velmembranen
te maken vergemakkelijkt. Het belangrijkste voordeel van deze membranen is echter dat ze bij
mildere pH condities gemaakt kunnen worden, wat deze APS-benadering nog duurzamer en
milieuvriendelijker maakt.

In Hoofdstuk 6 is een compleet andere benadering om PEC-membranen te fabriceren gekozen,
door in plaats van de pH, zout te gebruiken als drijvende kracht voor complexatie. Een mengsel
van twee sterke polyelektrolyten met tegenovergestelde lading, namelijk PSS als polyanion
en poly(diallyldimethylammoniumchloride) (PDADMAC) als polykation, is gemaakt bij hoge
zoutconcentraties waardoor de ladingen afgeschermd zijn. De oplossing werd vervolgens als
een dunne film uitgestreken en ondergedompeld in gedemineraliseerd water, waar het zout
uit de oplossing di�undeert wat tot de complexatie van polyelektrolyten leidt, en vervolgens
tot fasescheiding. Asymmetrische nanofiltratiemembranen met een MWCO van <300 Da met
een dichte toplaag en een poreuze ondersteuningslaag werden gemaakt met deze benadering.
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Het e�ect van de verschillende parameters zoals de molecuulgewichten van de polyelektrolyten,
de polymeerconcentratie en de zoutconcentratie van het bad werden in detail bestudeerd. Er
is gebleken dat de zoutconcentratie van het coagulatiebad een kritische parameter is, die de
snelheid van precipitatie en de resulterende dikte van de scheidingslaag bepaalt. Het grootste
voordeel van deze fasescheiding die door het zout wordt veroorzaakt, is dat het niet afhangt van
een verandering in pH, terwijl het wel duurzame nanofiltratie type membranen produceert.

In alle hierboven beschreven hoofdstukken hebben we de productie van duurzame vlakke
velmembranen beschreven, allen gemaakt met de APS-techniek. Een belangrijke stap verder in
de veelzijdigheid van APS is het produceren van holle vezelmembranen. In Hoofdstuk 7 hebben
we laten zien dat PSS-PEI gebaseerde holle vezelmembranen inderdaad geproduceerd kunnen
worden met de APS-techniek. Holle vezelmembranen voor micro- en ultrafiltratietoepassingen
werden gemaakt door zorgvuldig de condities waarbij de vezels gesponnen werden af te stellen.
Deze benadering opent een wereld aan mogelijkheden voor de APS-membranen, waarbij ook
andere polyelektrolytsystemen zoals de PSS-PAH en PSS-PDADMAC systemen gebruikt zouden
kunnen worden voor de productie van excellente holle vezelmembranen. Bovendien zou er
ook onderzoek gedaan kunnen worden naar andere potentiële polyelektrolytparen om APS-
membranen te ontwikkelen voor specifieke toepassingen.
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