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This thesis focuses on membrane formation via polyelectrolyte complexation 
induced aqueous phase separation (APS). Membranes are typically produced via 
phase separation methods in which toxic organic solvents are vital. The novelty of 
the APS approach is that only aqueous solutions are utilized to prepare membranes, 
which could eliminate the use of tons of organic solvents every year. Polyelectrolytes 
(PEs) are charged polymers and they have been used as membrane materials for 
decades, but mostly as membrane coatings or as a dense films. Obtaining porous, 
free-standing membranes was not possible with conventional methods until APS 
methods came into the picture. Here, either the stimuli-responsiveness or the 
complex formation behavior of PEs can be used to achieve phase separation. This 
leads to two complexation-based APS approaches, namely pH-switch and salinity-
switch. This thesis covers both of these approaches and a detailed discussion will 
take place on membrane formation and potential tuning parameters.

A brief introduction on polymeric membranes and membrane preparation 
techniques is given in Chapter 1. Conventional phase separation techniques and the 
current problems related to them as well as alternative approaches are reviewed. 
In addition, the novel Aqueous Phase Separation technique and the approaches to 
make PE-based membranes are introduced. 

Polymeric membranes have undergone significant development over the last 60 
years and nowadays membranes with advanced functionalities are vital to achieve 
more efficient separations. Here, features that help membranes to go beyond the 
standard separations or aspects that offer more than a standard membrane are 
considered as advanced functionalities in Chapter 2. Membranes based on PEs and 
polyelectrolyte complexes (PECs) that have these functionalities are reviewed in 
detail in Chapter 2. PE brushes and PE multilayer coatings are typical modifications 
applied onto membranes, while free-standing PE-based membranes can be obtained 
via conventional or aqueous phase separation techniques. Stimuli-responsiveness, 
fouling control, chemical stability, specific selectivity, antimicrobial activity 
and sustainability are the functionalities that are most frequently investigated in 
literature. Responsiveness and fouling control are properties common to most PEs, 
while chemical stability, specific selectivity and antimicrobial activity require either 
a specific PE or certain membrane formation conditions. Lastly, sustainability comes 
with the fact that PEs are processed in aqueous media, however, the production 
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of support membranes, post-treatment procedures, and the membranes produced 
with copolymers need to be examined carefully. Finally, a comprehensive outlook is 
given on the future of PE- and PEC-based membranes. 

The preparation of highly porous and free-standing membranes made completely 
from poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) 
(PAH) complexes are discussed in Chapter 3. PSS-PAH membranes are prepared 
with the so-called pH-switch approach of complexation-induced APS which is a 
sustainable alternative to the conventional nonsolvent induced phase separation 
(NIPS) technique. Membrane structure can be tuned with many parameters including 
PE concentration, polymer molecular weight and coagulation bath salinity. Among 
these, PE concentration and molecular weight directly affect solution viscosity and 
increasing the viscosity leads to decreasing phase separation rates which in turn 
leads to denser membrane structures. Similar behavior is seen in NIPS processes. On 
the other hand, coagulation bath salinity is a parameter unique to APS processes and 
it leads to PSS-PAH membranes with unique separation properties. A coagulation 
bath of 4 M NaCl resulted in nanofiltration type membranes where a cocktail of 
micropollutants was retained at 80% while the salt retentions were very low. The 
retention of micropollutants in combination with the permeation of salts would be 
very useful for applications like wastewater treatment where highly saline retentates 
bring extra complexity to the treatment. Therefore, it is clear that APS is not only a 
sustainable alternative for membrane production, it also provides more versatility 
to membrane performance. 

In Chapter 4 it is shown that obtaining membranes with the pH-switch approach 
to the complexation induced APS is not unique to just one polyelectrolyte pair. 
PSS and PAH are a strong polyanion and a weak polycation, respectively. In 
contrast, a weak polyanion poly(acrylic acid) (PAA) and a strong polycation 
poly(diallyldimethylammonium chloride) (PDADMAC) were selected in this 
chapter. As before, membranes in various structures were obtained. Both cellular, 
asymmetric and nodular, symmetric membranes were obtained with PAA-
PDADMAC complexes with many tuning parameters including but not limited to 
the ones investigated in the previous chapter. Casting solution pH, PE molecular 
weight and coagulation bath pH are the parameters that affect the phase separation 
behavior and they are analogous to solvent quality, polymer molecular weight and 
nonsolvent quality in NIPS processes, respectively. On the other hand, coagulation 
bath salinity and PE mixing ratio affect the complexation behavior and these are 
unique to the APS systems. Among the structures obtained with PAA-PDADMAC, 
nodular and symmetric membranes are relevant for microfiltration applications 
since they can retain more than 95% of 3 – 4 µm oil droplets. Cellular and asymmetric 
membranes are expected to be relevant for ultrafiltration or nanofiltration 
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applications, however, these membranes not being mechanically stable enough for 
filtration tests emphasizes the importance of the selection of PEs for material and 
membrane properties. 

In order to obtain PEC membranes with the pH-switch approach, at least one of 
the PEs must be a weakly charged one. This allows one to control the charges of 
the PE with pH and to obtain homogeneous casting solutions. In Chapter 5, it is 
shown that complexation-induced APS is not limited to pairs with one weak PE. 
Here, the salinity-switch approach is discussed for membranes prepared with two 
strong PEs, PSS and PDADMAC. Tuning the ionic strength allows control over 
complex formation by screening the PE charges. Homogeneous casting solutions 
are obtained by mixing these PEs at high NaCl concentrations and membrane 
formation is triggered by coagulation baths at low salinity. This approach not only 
permits the preparation of membranes with any polyanion-polycation pair, but 
it also provides much milder conditions for membrane formation than the earlier 
discussed extreme pH changes. The chapter starts with a discussion on the optimum 
casting solution properties for this PE pair where 200 kDa PSS and 15.4 wt% PE 
concentration are considered to be the best working condition. In the second part of 
the chapter, the effect of coagulation bath salinity is investigated. Increasing the salt 
concentration in the coagulation bath hinders the diffusion of salt from the casting 
solution to the bath which gives membranes with different structures. Increasing 
salt concentration increases the skin layer thickness which is inversely proportional 
to pure water permeance values. All membranes obtained in this chapter are suitable 
for nanofiltration applications. They have < 300 Da molecular weight cut-off and 
approximately 80% MgSO₄ retention, in addition, these membranes are stable 
against 10 bar transmembrane pressure for aqueous filtrations and maintain their 
integrity at pH conditions such as pH 0 and pH 14 for 40 days.

Chapter 6 is a continuation of the investigation on the PSS-PDADMAC pair 
and it is focused on the effect of PE monomer ratio on membrane charge. PSS to 
PDADMAC monomer ratio is varied between 1.0:0.8 to 1.0:1.2. All membranes 
were of asymmetric type and they can be utilized for nanofiltration applications 
with below 400 Da molecular weight cut-off. Permeance values are approximately 
1 L·m−2·h−1·bar−1 except the membrane prepared with 1.0:1.2 ratio solution which 
has more than 20 L·m−2·h−1·bar−1 permeance. Both positively and negatively charged 
membranes were obtained depending on the mixing ratio, which is reported for 
the first time in literature. There is a tendency for PSS-PDADMAC complexes to be 
positively charged as often reported. Salt type is very crucial for PECs due to the fact 
that it alters both the doping degree of the PEC and the mass transfer during phase 
separation (i.e. salt and PE diffusion). Therefore, it is hypothesized that the NaCl used 
here allows for the formation of negatively charged membranes unlike KBr which is 
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commonly used in work of others. The membrane charge changes in between 1.0:0.9 
ratio and 1.0:1.0 ratio solutions and this is confirmed by both the streaming potential 
measurements and salt retention tests. Negatively charged membranes retained 
Na₂SO₄ more than the others, while positively charged membrane retains MgCl₂ salt 
up to 90%. The mixing ratio affects the material properties as well as the membrane 
charge. Excess PE brings extra water to the membrane which makes it more swollen 
and less mechanically stable. While 1.0:1.2 membranes are the most swollen and the 
least mechanically stable, 1.0:0.9 and 1.0:1.0 membranes are the most stable. An ideal 
PSS-PDADMAC membrane with the combination of the high permeability of 1.0:1.2 
and mechanical stability of 1.0:0.9 membranes could be obtained by simultaneous 
formation of those membranes on top of each other.

Finally, the main conclusions of the thesis are given in Chapter 7 along with 
an outlook for complexation induced APS membranes. The outlook includes 
preliminary results of PSS-PDADMAC membranes used for filtrations with organic 
solvents and hollow fiber spinning. The chapter highlights that the know-how of the 
membrane formation with APS is achieved and that a critical point remains in the 
careful selection of the used materials. 
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Dit proefschrift richt zich op het maken van membranen middels polyelektroliet 
complexatie geïnduceerde waterige fasescheiding (APS). Membranen worden typisch 
gemaakt met fasescheiding methodes waarin toxische organische oplosmiddelen 
essentieel zijn. Het vernieuwende van de APS methode is dat alleen oplossingen 
op waterbasis gebruikt worden om membranen te maken waardoor het niet nodig 
is om elk jaar tonnen aan organische oplosmiddelen te gebruiken. Polyelektrolieten 
(PEs) zijn geladen polymeren die al decennia lang gebruikt worden in membranen 
maar voornamelijk als deklaag voor een membraan of als een dichte dunne laag. Het 
maken van poreuze los staande membranen was niet mogelijk met conventionele 
methodes tot APS in beeld kwam. Hiermee, kunnen de stimuli responsieve 
eigenschappen of het complexvormende karakter van PEs gebruikt worden voor de 
fasescheiding. Dit leid tot twee verschillende, op complexvorming gebaseerde APS 
methodes, namelijk de pH wisseling en de zout wisselingsmethode. Dit proefschrift 
omvat beide methodes en geeft een gedetailleerde discussie over de vorming van de 
membranen en de parameters om die te sturen.

In Hoofdstuk 1 word een korte introductie over polymeermembranen en de 
methodes om ze te maken gegeven. Conventionele fase scheidingstechnieken en de 
problemen die het met zich mee brengt en alternatieve methodes worden besproken. 
Daarnaast wordt ook de nieuw waterige fase scheidingsmethode en de manieren 
om PE-gebaseerde membranen te maken besproken.

Polymeermembranen zijn in de laatste 60 jaar veel verder ontwikkeld en 
tegenwoordig zijn membranen met geavanceerde functionaliteiten onmisbaar om 
betere en efficiëntere scheidingen te bereiken. De eigenschappen die ervoor zorgen 
dat een membraan meer dan een standaard scheiding kan leveren worden beschouwd 
als geavanceerde functionaliteiten in Hoofdstuk 2. De membranen gemaakt met 
PEs en polyelektroliet complexen (PECs) die deze eigenschappen hebben worden 
hier uitgebreid besproken. PE borstels en multilagen zijn typische modificaties 
die uitgevoerd worden op membranen, en met de APS kunnen vrijstaande PE-
gebaseerde membranen gemaakt worden. Eigenschappen van PEs die in de literatuur 
vaak onderzocht worden zijn onder andere: Stimuli-responsiviteit, controle over 
vervuiling, chemische stabiliteit, specifieke selectiviteit, antimicrobische werking, 
en duurzaamheid. De responsiviteit en controle over vervuiling zijn de meest 
voorkomende eigenschappen van PEs, terwijl chemische stabiliteit, specifieke 
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selectiviteit, en antimicrobische werking specifiek zijn voor bepaalde PEs of de 
manier waarop het membraan gemaakt wordt.  De duurzaamheid van PEs komt 
voornamelijk omdat ze in water verwerkt kunnen worden, echter de productie van 
de ondersteunende membranen, eventuele nabehandelingen, en het gebruik ervan 
in combinatie met copolymeren  heeft natuurlijk ook een sterk effect op de totale 
duurzaamheid van de membranen. Op het einde wordt er een uitgebreid toekomst 
beeld geschetst van het gebruik van PE en PEC gebaseerde membranen.

Het maken van membranen met gecomplexeerd poly(natrium 4-styreensulfonaat) 
(PSS) en poly(allylamine zoutzuur) (PAH) word besproken in Hoofstuk 3. PSS-
PAH membranen worden gemaakt met de pH wisselingsmethode voor complexatie 
geïnduceerde APS,  een duurzaam alternatief voor traditionele niet-oplosmiddel 
geïnduceerde fasescheidingsmethode (NIPS). De membraanstructuur kan gestuurd 
worden met verschillende parameters waaronder PE concentratie, molecuulgewicht 
van de PE, en de zoutgraad van het coagulatiebad. De concentratie en het molecuul 
gewicht van de PE hebben een sterk effect op de viscositeit van de oplossing, 
waar een hogere viscositeit leidt tot een langzamere fasescheiding en dus dichtere 
membraanstructuren. Dit gedrag is zeer vergelijkbaar aan wat er in NIPS systemen 
gebeurd. Echter de zoutgraad van het coagulatiebad is een unieke parameter voor de 
APS methode waarmee PSS-PAH membranen met unieke eigenschappen gemaakt 
kunnen worden. Met een coagulatiebad met 4 molair NaCl worden nanofiltratie 
membranen gemaakt waarmee 80% van een microverontreinigingscocktail werd 
tegengehouden terwijl er vrij weinig zout werd tegengehouden. Dit kan erg handig 
zijn voor toepassingen zoals afvalwaterzuivering waarbij de verwerking van het 
retentaat lastiger wordt als het erg zout wordt. Dit laat zien dat APS niet alleen 
duurzaam is maar ook meer flexibiliteit voor membraan eigenschappen bied. 

In Hoofdstuk 4 wordt gedemonstreerd dat het maken van membranen via de pH 
wisselingsmethode van complexatie geïnduceerd APS niet uniek is voor maar 
een polyelektroliet paar. In het vorige hoofdstuk zijn PSS en PAH gebruikt wat 
respectievelijk een sterk polyanion en een zwak polycation zijn. In dit hoofdstuk 
wordt het zwakke polyanion poly(acryl zuur) (PAA) en het sterke polycation 
poly(diallyldimethylammonium chloride) (PDADMAC) gebruikt. Net als in het 
voorgaande hoofdstuk zijn verschillende membraanstructuren gemaakt met zowel 
cellulaire asymmetrische als nodulaire symmetrische structuren. De parameters 
gebruikt bij het maken van PAA-PDADMAC complex membranen zijn vergelijkbaar 
met het systeem in het vorige hoofdstuk. De pH van de polymeer oplossing en het 
coagulatie bad, en het molecuulgewicht van de PE zijn weer belangrijke parameters 
en zijn vergelijkbaar aan de kwaliteit van het oplosmiddel en niet oplosmiddel, en 
polymeer molecuulgewicht in het traditionele NIPS respectievelijk. Verder worden 
ook de voor APS unieke parameters zoals de zoutgraad van het coagulatiebad en de 
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mix verhouding van de polyelektrolieten gebruikt om de fasescheiding te sturen. De 
symmetrische membranen die gemaakt zijn in dit hoofdstuk zullen voornamelijk 
relevant zijn voor microfiltatie toepassingen aangezien ze meer dan 95% van 
oliedruppels van 3 – 4 µm kunnen tegen houden. De asymmetrische membranen 
zouden geschikt voor ultrafiltratie of nanofiltratie moeten zijn maar de mechanische 
stabiliteit van deze membranen is echter te laag voor filtratie testen. Dit laat zien dat 
het belangrijk is om de juiste PEs te kiezen, afhankelijk van de toepassing.

Om PEC membranen te maken met de pH wisselingsmethode moet een van de 
PEs een zwak polyelektroliet zijn. Daardoor heb je controle over de lading en is 
het mogelijk om een oplossing te maken van de twee PEs zonder dat ze direct met 
elkaar complexeren. In Hoofdstuk 5 wordt aangetoond dat het ook mogelijk is om 
PEC membranen te maken met twee sterke PEs. Door gebruik te maken van de zout 
wisselingsmethode worden membranen gemaakt met PSS en PDADMAC. Door de 
ionische kracht van de PEs te sturen is het mogelijk om controle te krijgen over de 
complexatie van de PEs. Door een grote hoeveelheid NaCl toe te voegen aan de 
polymeer oplossing worden de ladingen van de PEs afgeschermd waardoor ze niet 
kunnen complexeren. Door ze dan in een bad met een laag zoutgehalte te brengen 
valt de afscherming weg en waardoor de PEs complexeren en dus een membraan 
vormen. Deze methode maakt het niet alleen mogelijk om membranen te maken met 
elk PE paar, maar het is ook veel milder omdat geen extreme pH nodig is. Het eerste 
gedeelte van het hoofdstuk bespreekt de optimale polymeer oplossing voor dit 
systeem en het tweede gedeelte bespreekt het effect van de zout concentratie in het 
coagulatie bad. Door zout toe te voegen aan het coagulatiebad is de diffusie van zout 
uit de polymeeroplossing langzamer waardoor andere membraanstructuren met 
dikkere toplagen en minder waterpermeabiliteit worden gevormd. Alle membranen 
gemaakt op deze manier zijn geschikt voor nanofiltratie toepassingen met een 
molecuulgewichtafsnede van minder dan 300 Dalton en ~80% MgSO₄ retentie. De 
membranen zijn ook stabiel onder 10 bar transmembraandruk en zijn stabiel in pH 
waardes van 0 tot 14 voor minstens 40 dagen. 

In Hoofdstuk 6 wordt het PSS-PDADMAC PE paar verder onderzocht en wordt 
er gekeken naar het effect van PE monomeer ratio. De ratio tussen de PSS en 
PDADMAC monomeren wordt gevarieerd van 1.0:0.8 tot 1.:1.2. Alle gemaakte 
membranen zijn asymmetrisch en geschikt voor nanofiltratie doeleinden met een 
molecuulgewichtsafsnede beneden de 400 Dalton. De meeste membranen hebben 
een permeatie van 1 L·m−2·h−1·bar−1 behalve de membranen gemaakt met de 1.0:1.2 
verhouding wat leiden tot een permeatie van 20 L·m−2·h−1·bar−1. Door het variëren 
van de mengratio zijn zowel positieve als negatieve membranen gemaakt wat nog 
niet eerder in de literatuur gerapporteerd is aangezien PSS-PDADMAC complexen 
de neiging hebben om positief geladen te zijn. Het zout type is erg belangrijk voor 
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de vorming van PECs aangezien de interactie tussen het zout en het PEC verschilt 
per zout type. Daarom is de hypothese dat het gebruik van NaCl, in plaats van KBr 
dat veel in literatuur gebruikt wordt, het mogelijk maakt om negatieve membranen 
te maken met PSS-PDADMAC. De lading van de membranen slaat om tussen een 
ratio van 1.0:0.9 en 1.0:1.0, wat wordt aangetoond met zowel stromingspotentiaal als 
zout retentie metingen. De negatief geladen membranen hebben een hogere retentie 
voor Na₂SO₄ terwijl de positief geladen membranen een betere MgCl₂ retentie, tot 
wel 90%, hebben. Behalve de retentie zijn ook mechanische eigenschappen van het 
membraan afhankelijk van het PE mengratio. Door een overschot aan lading zwelt 
het membraan meer waardoor het zwakker wordt. De 1.0:1.2 membranen zijn het 
zwakst terwijl de 1.0:0.9 en 1.0:1.0 membranen het meest stabiel zijn. Idealiter zou 
men dus een dunne laag van een 1.0:1.2 membraan dat een hoge permeabiliteit 
heeft, boven op een stabiel 1.0:0.9 membraan maken om zo het beste van beide te 
combineren.

Tot slot worden de belangrijkste conclusies van dit proefschrift in Hoofdstuk 7 
gegeven, samen met een vooruitblik op de verdere ontwikkeling van polyelektroliet 
complex APS membranen. Het vooruitblik laat ook resultaten zien van filtratie 
experimenten van PSS-PDADMAC membranen in organische oplosmiddelen en het 
spinnen van holle vezel membranen met PSS-PDADMAC. Dit hoofdstuk laat zien 
dat in dit proefschrift een hoop kennis vergaard is over het PEC APS systeem en dat 
materiaal selectie een kritiek punt is voor het maken van goede membranen.
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Introduction
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 INTRODUCTION

Membranes, sieves that work on very small length scales, are pivotal in many 
industrial separation applications including clean water production, kidney dialysis, 
gas separation and solvent separation [1]. Here, membranes are defined as barriers 
that are able to selectively permeate compounds under a certain driving force which 
results in a separation. As such, sensors, actuators, barriers, or biological membranes 
are out of scope of this thesis. Membranes can separate mixtures in a very large size 
range, from micrometer-big suspended particles in liquid streams (microfiltration) to 
angstrom-size gas mixtures (gas separation) [2]. When compared to other separation 
systems, membranes offer low energy requirements and low environmental impact 
operations [2].  

In our current era, the effects of climate change and pollution become very 
apparent in the form of, plastic islands, sea snots, and increasing occurrences of 
droughts, wildfires, floods, hurricanes and countless other disasters. Relieving the 
environmental pressure on the earth is something that we should have done long ago 
and it is has become something that we should do right now with calm and rational 
thinking. Every single process needs to be reviewed and renewed to become more 
sustainable. Although membrane applications are already considered to be more 
sustainable compared to other separation processes, increasing their efficiencies and 
lifetime, reducing the use of hazardous chemicals, and evaluation of recycling and 
reuse options are the concepts that need to be explored to achieve a more sustainable 
membrane technology [3]. It is estimated that every year, 50 million tons of water 
becomes contaminated with toxic solvents that are used for polymeric membrane 
manufacturing [4]. There is a great effort spent on finding alternatives for these 
solvents. In this thesis, a novel membrane production approach, Aqueous Phase 
Separation (APS), is investigated.  In APS, membrane formation occurs completely 
in aqueous media and the use of harsh chemicals is thus eliminated to a great extent. 
This thesis aims to investigate membrane formation through APS to contribute to a 
much more sustainable membrane production. 

Polymeric Membrane Preparation 

Membranes can be made of polymeric, ceramic, metallic, and composite materials. 
The end-use of the membrane is a major factor that determines the membrane 
material, however, among these material types, polymers take by far the largest 
share since they are versatile, low-cost and as polymeric membrane production is 
relatively easy [2,3].  Track-etching, stretching, and phase separation methods can 
be used to produce porous, free-standing polymeric membranes [1–3]. In addition, 
dense selective layers that allow molecular separations are mostly obtained by 
coating and interfacial polymerization methods. Here we will give a brief overview 
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In the track etching method, a high energy radiation passes through a thin dense 
polymeric film which damages the film locally and makes it susceptible to chemical 
attack. Then, the damaged parts are etched with caustic solutions resulting in highly 
isoporous membranes (Figure 1.1a) [5]. Although, this kind of membrane is highly 
selective due to a very narrow pore size distribution, they also have a relatively 
low flux due to their low porosity [1–3]. Expanded films are obtained by stretching 
the extruded polymers near melting temperature where the direction of expansion 
and the direction of stretching are perpendicular. Typically hydrophobic, semi-
crystalline polymers are used. Breathable water-proof fabrics under the tradename 
of Gore-Tex® are one well-known example for expanded membranes (Figure1.1b) 
[1,6]. Coatings can be used to make composite membranes where using different 
materials results in a combination of material properties which cannot be obtained 
with a single material. Interfacial polymerization (IP) and layer-by-layer (LbL) 
techniques are frequently utilized to coat a substrate membrane with a thin selective 
layer. In interfacial polymerization, a porous substrate membrane is immersed in 
a monomer solution and when pores are filled with it, another phase with another 
monomer/reactant is brought into contact with the substrate to let the polymerization 
reaction happen at the interface between the two phases (Figure 1.2a) [8]. This allows 
for the formation of very thin and rough selective layer which results in high fluxes 
[2]. In the LbL technique, oppositely charged polyelectrolytes are alternatingly 
adsorbed on top of each other (Figure 1.2b) [9,10]. Properties of polyelectrolytes 
(PEs) and polyelectrolyte complexes (PECs) endow to the resultant membrane with 
a large control over the selective layer thickness and its separation properties. Still, 
for the formation of porous membranes phase separation approaches are the most 

Figure 1.1 – SEM images of membranes prepared by (a) track-etching, (b) stretching and 
(c) nonsolvent induced phase separation. (a) shows low porosity, high isoporosity and 
low tortuosity of a typical track-etched membrane adapted with permission from [5]. (b) 
is an image for uniaxially stretched isotactic poly(4-methyl-1-pentene) films. Adapted with 
permission from [6]. (c) A typical integrally skinned asymmetric NIPS membrane with 
finger-like macrovoids. Adapted with permission from [7]. 

of these methods, with a focus in the next section on membranes produced by phase 
separation. 
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common, and as such this technique also provides the support membranes required 
for IP and LbL. 

Phase Separation

Phase separation is certainly the most common technique to prepare polymeric 
membranes, and with  good reason. It allows membranes in various structures to 
be made in a single step process, with many approaches and parameters that can be 
tuned to control pore size and structure. The general approach of this technique is 
first to obtain a polymer solution, shaping the solution in a desired form (flat-sheet, 
tubular, hollow fiber etc.) and then exposing this polymer solution to a condition 
where the polymer is not soluble anymore and precipitates. The condition that 
triggers polymer precipitation can be temperature change, solvent evaporation, 
contact with a nonsolvent or a combination of these [1,2,11]. In temperature induced 
phase separation (TIPS), a polymer solution is prepared at a temperature where 
the polymer is soluble and then the film is exposed to another temperature where 
the polymer become insoluble [1,11,12]. Solvent evaporation is another trigger 
where the polymer is dissolved in a volatile solvent and due to evaporation, the 
solvent is removed and the polymer concentration exceeds the solubility limit 
[1,11,13]. However, the most common approach is to bring the polymer solution in 
contact with a nonsolvent. This nonsolvent can be in vapor or liquid phase. When 
the polymer solution is brought into contact with the nonsolvent, the nonsolvent 
diffuses into the solution and the solvent diffuses out of it, creating a unfavorable 
environment for the polymer which results in precipitation [1,11–15]. Since the main 
phenomena that results in membrane formation is mass transfer (i.e. diffusion of the 

Figure 1.2 – Schematic drawings for (a) interfacial polymerization and (b) layer-by-layer 
methods for coating substrate membranes with thin selective layers. (a) Adapted with 
permission from [8], (b) adapted with permission from [10]. 
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solvent and the nonsolvent), this approach is sometimes called diffusion induced 
phase separation but mostly nonsolvent induced phase separation (NIPS) (Figure 
1.3). This approach is the most common among others since it enables one to obtain 
membranes in various structures, where especially integrally skinned asymmetric 
membranes (Figure 1.1c) were a major breakthrough when invented [1,16]. These 
types of membranes can be composed of only one polymer and the pore size changes 
along the cross-section of the membrane. The parts with smaller pores, frequently 
referred to as the skin layer, gives selectivity to the membrane and the parts with 
larger pores, support layers, enable a high flux and provide mechanical support 
to the skin layer [14]. The NIPS approach is very versatile in that it is possible to 
obtain different structures from one polymer/solvent/nonsolvent combination as 
well as to obtain the same structure with different combinations. Here, polymer/
solvent/nonsolvent interactions (thermodynamics) and mass transfer during the 
phase separation (kinetics) affect the resultant membrane structure and thus the 
membrane performance. 

In the NIPS method, a polymer is chosen according to the application that the resultant 
membrane is to be used for. The solvent is then chosen such that it can dissolve the 
polymer at high concentrations. The polymer concentration is important and there is 
a critical point below which precipitates are obtained as particles rather than a film 
due to a low degree of entanglement of the polymer chains [1,11]. Furthermore, the 
solvent should be highly miscible with the nonsolvent, while the nonsolvent should 
be a very poor solvent for the polymer to make it precipitate. Commonly, water is 
used as a nonsolvent. A polymer solution is prepared from the polymer and solvent, 
and occasionally, an additive is used for purposes like improved pore-forming and 
control over viscosity [1,11,17]. When the solvent is homogenous and free from 
air bubbles (to prevent defects), the solution is cast or spun. Then the solution is 

Figure 1.3 – A sketch describing nonsolvent induced phase separation. A polymer is dissolved 
in an organic solvent. The homogenous solution is then cast and immersed in a nonsolvent 
bath. Exchange of the solvent and the nonsolvent leads to formation of porous, integrally 
skinned asymmetric membranes. 
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immersed in a nonsolvent bath. Here, nonsolvent diffuses into the polymer solution 
and the solvent diffuses out (Figure 1.3). As the solvent concentration decreases, 
the nonsolvent concentration will increase in the vicinity of the polymer. At 
certain conditions, (depending on the polymer/solvent/nonsolvent combination 
and temperature) the polymer solution is not stable anymore and it separates 
into polymer-rich and polymer-lean phases. The polymer/solvent/nonsolvent 
composition changes with time and throughout the cross-section of the film. First, 
the parts the polymer solution is in contact with the nonsolvent becomes rich in the 
nonsolvent and if the conditions for phase separation are met, then that part phase 
separates and forms a skin layer. This skin layer hinders the diffusion of the solvent 
and the nonsolvent. Therefore, parts below the skin layer show a different phase 
separation behavior and this continues for the whole cross-section. This gradual 
phase separation is the reason that it is possible to obtain asymmetric membranes 
[12,14,18,19]. The skin layer has the smallest pores and is sometimes dense (for tight 
nanofiltration and reverse osmosis membranes) while the support layer has larger 
pores than the skin layer. Higher porosity provides higher permeability, however, 
if the size of the pores are too large (called macrovoids as in Figure 1.1c) [20] then 
they can create mechanically poor points which might be undesired especially for 
high pressure filtrations [11].  For the formation of a more symmetric membrane, the 
entire cross-section of the polymeric film should phase separate in a similar fashion 
(at similar conditions). This can be achieved when the nonsolvent is in contact with 
the polymer solution, the mixture should tolerate the nonsolvent and allow it to 
diffuse further in the cross-section. Since there is no skin layer to hinder the diffusion 
of the solvent and the nonsolvent the composition of the ternary mixture is similar 
throughout the cross-section leading to a simultaneous phase separation and more 
symmetric membranes [1,11].

Alternative Solvents

As argued earlier, choosing membrane processes to perform separations is often 
already a more sustainable approach. However, to be completely “green” there are 
many aspects that need to be evaluated from the synthesis of the material used for 
membrane production to the disposal of the end-product [21–24]. Using renewable 
resources and green solvents, reducing the mass and energy needed  to operate 
the membrane, increasing their efficiency and lifetime, reusing and recycling 
of membranes are all approaches that should be followed to develop even more 
sustainable membrane technology [23–25].  Among these, using green solvents 
arouse a great interest not only in the membrane field but also in others. There 
are so many solvent selection guides published in literature by now, that there are 
studies to universalize and ease the interpretation of these guides [26,27]. A great 
attention is given for replacement of the solvents in membrane manufacturing 



7

processes since most of the solvents used in current phase separation methods 
are toxic and harmful to the environment. Indeed, use of these solvents is under 
increasing scrutiny. N-Methyl-2-pyrrolidone (NMP), N,N-Dimethylformamide 
(DMF) and N,N-Dimethylacetamide (DMAc) are frequently used solvents and the 
European Union is moving towards wide ranging bans on the use of these [28–30]. 
Especially for NMP, use of it is already under strict regulations [28]. Even if it is not 
regulated by authorities, use of these solvents is of concern and researchers have 
already started to look for alternatives. First, already existing less-toxic alternatives 
were considered like dimethyl sulfoxide (DMSO), however less-toxic does not make 
the process sustainable [31]. Similarly, ionic liquids are also considered as greener 
alternatives due to their very low volatility and a toxicity that depends on the ionic 
components. Unfortunately, their high viscosity, high cost and varying toxicity 
need to be considered before implementing them [31–34].  Other alternatives like 
methyl lactate, ethyl lactate, triethyl phosphate, TamiSolve NxG, Rhodiasolv® Polar 
Clean, Cyrene™, gamma valerolactone are also investigated for the membrane 
formation via phase separation [31–34]. Although they do not eliminate all concerns 
regarding sustainable membrane production, all these solvents have advantages 
over conventional solvents. However, replacing the conventional solvents with 
greener alternatives changes the properties of the phase separation systems 
including solvent quality, casting solution viscosity, interactions (affinities) of 
polymer/solvent/nonsolvent components with each other [34]. This consequently 
affects the membrane structure and its performance. The already-established know-
how of phase separation processes helps to accelerate the development, but still 
each individual polymer/solvent/nonsolvent (and additive) system needs to be 
investigated individually which is very laborsome [17]. It is already agreed that 
sustainability will be a criteria for membrane selection [32], and on the way to the 
sustainable membrane technology using water as an alternative solvent deserves 
more attention [35]. 

Aqueous Phase Separation

Finding alternative solvents for phase separation processes is already an 
improvement for sustainable membrane production. However, these are still 
organic solvents and even if they are non-toxic, they still need to be separated from 
water (i.e. the nonsolvent) which will require energy. If the solvent is also water, 
then this extra separation step would be eliminated and membrane production 
would become even more sustainable. Therefore, the search for new ways to use 
water as solvent for the phase separation process has been started. There are some 
examples of TIPS in aqueous media, however these membranes have to be cross-
linked and membrane structure is limited to mostly symmetric porous structures 
[36,37]. De Vos showed that it is possible to make membranes in a similar fashion to 
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the NIPS approach but without using any toxic organic solvent [38]. Polyelectrolytes 
(PEs) are used for this approach including the use of pH-responsive weak PEs or 
the complexation of the two oppositely charged PEs (Figure 1.4). Here, both the 
solvent and the nonsolvent are water at a certain condition (pH or salinity). Since the 
membrane formation occurs completely in aqueous media, this approach is called 
Aqueous Phase Separation (APS). 

PEs are polymers that have charged groups in their structure as repeating units. 
Polyelectrolyte complexes (PECs) are formed when oppositely charged PEs interact 
with each other by intermolecular forces like electrostatic interactions [39–44]. The 
main driving force is the entropic gain due to the release of counterions thereafter 
complex formation [45,46]. The degree of this interaction (i.e. strength of the ion 
pairs) largely determines the material properties of the complex [39–44]. The ion 
pair strength is largely based on the PE type, however, it can be easily controlled by 
factors such as pH, ionic strength, and salt type. The charge of the PEs can be changed 
by the solution pH for weakly charged PEs, which also enables control of their 

Figure 1.4 – A sketch describing two different approaches to Aqueous Phase Separation. The 
upper panel is for APS with pH-responsive polycations. A casting solution is prepared at 
low pH and then immersed into high pH-bath in order to induce precipitation leading to the 
formation of porous membranes. The bottom panel shows complexation induced APS by a pH 
switch approach. A strong polyanion and weak polycation are mixed at high pH where the 
weak PE is neutralized. Following the casting step the polymer solution is immersed in a low 
pH bath leading to protonation of the polycation and subsequently complexation. 



9

conformation and complex formation behavior [47,48]. For strong PEs, the solution 
pH does not affect the charge density, however, for all PE types, ionic strength (i.e. 
existence of small ions) can screen the charges of the PEs, thereby changing the 
complex formation behavior [49]. If there is not enough interaction between PEs, 
then the PEs stay in the solution phase, otherwise the complex forms. The complex 
can be soft and viscous (i.e. a coacervate) or more solid and curd-like. The transition 
from a coacervate to a solid precipitate is mostly qualitatively observed, however a 
few techniques available for quantitative measurements [42,43,50] and this transition 
is governed by water and salt content of the complex [39,42,51]. 

There are two main ways to prepare APS membranes from PEs as simply depicted 
in Figure 1.4. In one way, stimuli-responsive PEs that are soluble in water in a 
charged state and insoluble in water in an uncharged state are used. Typically, pH 
responsive polymers are used. The solvent of this system is water at the pH where 
the PE is charged. The polymer solution is cast just as in NIPS and immersed in a 
bath at a pH where the PE is uncharged. Here, instead of diffusion of the solvent 
and the nonsolvent, diffusion of hydronium and hydroxide ions takes place and 
results in a local pH change and subsequent precipitation of the polymer. A type 
of cross-linking is needed for this method for chemical and mechanical stability of 
these membranes [52,53]. Willott et al. showed that the different membrane types can 
indeed be prepared using this approach. The produced membranes even retain some 
of their responsive behavior, where the flux of the poly(4-vinylpyridine) (P4VP)  
membranes can be altered with pH and this feature can be facilitated for membrane 
cleaning [52]. Nielen et al. showed that it is possible to obtain both microfiltration and 
nanofiltration membranes with a responsive alternating co-polymer, poly(styrene-
alt-maleic acid) (PSaMA) [53]. They also showed that the type and concentration of 
salt that can be used in the coagulation bath affect the phase separation behavior 
and the membrane structure [54]. In the second approach to APS, we have shown 
that a homogenous casting solution can be prepared at a certain condition where 
PEs are not interacting enough to form the complex. After casting, the condition is 
switched such that PEs are forming the complex by electrostatic interactions. This is 
also very similar to NIPS, however here instead of dissolving and precipitating the 
polymer, preventing and allowing complexation are the key steps. More specifically, 
in the approach with pH change (also called as pH-switch method), at least one 
of the PEs is required to be weak, so that its charge density can be controlled by 
the solution pH (Figure 1.4).  This helps to obtain a homogenous mixture of PEs. 
Although, there are examples of membrane and film formation from coacervates 
[55–58], casting a film from a solution phase is advantageous for a couple of reasons. 
First, coacervates are much more viscous than solutions [51], therefore solutions 
are much more easily processable. Viscosity directly affects the phase separation 
behavior of the polymer solution and very high viscosity is creates difficulties for 
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membrane preparation, especially for fiber spinning [59,60]. Secondly, the polymer 
concentration and hydration of the coacervate is very sensitive to ionic strength and 
salt type. Salt, water and polymer concentration are in equilibrium for coacervates 
[55], therefore a small change in one of them, changes others too, which hinders the 
reproducibility of the film formation. Therefore, in our studies, we prefer to use a 
homogenous mixture of oppositely charged PEs (which will also be referred as the 
casting solution) and a great deal of attention was given to obtain these mixtures. As 
mentioned before, pH is one of the options. A weak PE is kept uncharged at a certain 
pH which prevents the formation of the complex during mixing with oppositely 
charged PEs. After casting, it is immersed in a bath where the pH allow for the 
weak PE to become charged and interact with the oppositely charged PE to form 
water-insoluble complexes (Figure 1.4). In the second approach of complexation 
induced APS, i.e. salinity-switch, Figure 1.5, the PEs are not uncharged but the 
charges are screened via high salinity. Therefore, in theory, it is possible to obtain 
membranes with any PE pair, there is no restriction for one of them to be weak. Here, 
homogenous mixture of PEs is prepared at high salinity, which screens the charges 
of the PE enough to prevent complexation. Then, the casting solution is immersed 
in a low salinity bath, which dilutes the highly saline environment and cancels the 
screening effect. When the effect is removed, PE pairs can interact enough to form a 
membrane from water-insoluble PECs. 

Figure 1.5 – A sketch describing complexation induced aqueous phase separation via salt-
change. Polyelectrolytes are dissolved in water at high ionic strength. The homogenous 
solution is then cast and immersed in a low ionic strength bath. Exchange of the salt and 
water reduces the screening effect and  leads to formation of integrally skinned asymmetric 
PEC membranes.

Since this method is also a phase separation approach and has many similarities 
with NIPS, factors affecting the membrane structure are expected to be similar. In 
NIPS, as mentioned before, kinetics and thermodynamics together determine the 
structure of the formed membrane. For thermodynamics the polymer, solvent, 
nonsolvent type, and the affinity between them are of the key factors. For the 
kinetics, the solvent and nonsolvent diffusion rates, viscosity and temperature are 
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the key factors. Moreover, additives can be used to change viscosity, hydrophilicity 
to further tune the membrane performance. All of these parameters are expected to 
affect APS membrane structure as well. Solvent and nonsolvent are reciprocated as 
pH or salinity of the medium. Besides the factors affecting the NIPS process, there 
are factors affecting the PE complexation and naturally these would also affect the 
complex type and consequently the membrane structure. The factors such as the 
ratio of PEs, salt type, polymer concentration and of course the exact PE type. 

Scope of the thesis

In this thesis complexation induced Aqueous Phase Separation is studied as a more 
sustainable approach to produce polymeric membranes. An underlying hypothesis 
in the work is that as APS and NIPS are so related, that APS will allow similar or 
even larger control over membrane structure. It is expected that control parameters 
from NIPS, such a polymer concentration or molecular weight, will have similar 
effects in APS. Still, while the similarities between NIPS and APS are expected, the 
eventual membranes materials, polyelectrolyte complexes, will be very different. As 
such, the mechanical and chemical stability and performance of the PEC membranes 
will also be investigated. 

In Chapter 2, we focus on the role of polyelectrolytes and their complexes in membrane 
technology, and highlight the potential that they hold to produce membranes with 
advanced functionalities. In this literature review, advanced functionalities are 
defined as the features that make the PE-based membranes more preferred in terms 
of performance, membrane lifetime and/or sustainability. In Chapter 3 and Chapter 
4, we then apply the pH-switch-based APS approach where the similarities of APS 
with NIPS is highlighted and new parameters affecting membrane structure and 
performance is investigated. In Chapter 3, we do this with the combination of a 
strong polyanion and a weak polycation, allowing the production of microfiltration, 
ultrafiltration and nanofiltration membrane, through careful tuning of parameters 
such as polymer concentration, molecular weight and coagulation bath salinity. In 
Chapter 4 we do this with a weak polyanion and a strong polycation, demonstrating 
the versatility of the approach, finding especially strong connections between NIPS 
and APS. 

Chapter 5 and 6 showcase the possibility to obtain PEC-based membranes with 
a salinity-switch. Chapter 5 studies on the optimization of the casting solution 
conditions and the effect of coagulation bath salinity, while also demonstrating 
the high stability of the membrane regarding pressure and extreme pH conditions. 
Chapter 6 discusses the formation of both positively and negatively charged 
membranes with the same PE pair, by careful control over the polyelectrolyte mixing 
ratio. In the last chapter, possible research directions to take based on this thesis is 
discussed together with general remarks concluded during this doctoral project. 
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Abstract

The global society is in a transition, where dealing with climate change and water 
scarcity are important challenges. More efficient separations of chemical species are 
essential to reduce energy consumption and to provide more reliable access to clean 
water. Here, membranes with advanced functionalities, that go beyond standard 
separation properties, can play a key role. This includes relevant functionalities 
such as stimuli-responsiveness, fouling control, stability, specific selectivity, 
sustainability, and antimicrobial activity. Polyelectrolytes and their complexes are 
an especially promising system to provide advanced membrane functionalities. 
Here, we have reviewed recent work where advanced membrane properties stem 
directly from the material properties provided by polyelectrolytes. This work 
highlights the versatility of polyelectrolyte-based membrane modifications, where 
polyelectrolytes are not only applied as single layers, including brushes, but also 
as more complex polyelectrolyte multilayers on both porous membrane supports 
and dense membranes. Moreover, free-standing membranes can also be produced 
completely from aqueous polyelectrolyte solutions allowing much more sustainable 
approaches to membrane fabrication. The review demonstrates the promise that 
polyelectrolytes and their complexes hold for next-generation membranes with 
advanced properties, while it also provides a clear outlook on the future of this 
promising field.
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1. Introduction

Membranes find their place in countless applications from the production of 
drinking water to the separation of valuable pharmaceuticals, from gas sweetening 
to hemodialysis [1,2]. As the demand for reliable and efficient separations increases, 
the membrane market will continue to grow. The membrane separation and 
technology market size was estimated as USD 18.7 billion in 2019 and is expected to 
grow to USD 27.8 billion by 2027 [3]. Since the 1960s, when the membrane industry 
was born, membrane technology has developed rapidly [1]. Polymeric membranes 
have become the norm in sectors such as desalination processes, and it has been 
demonstrated that these membranes can be applied for many challenging separations 
like the separation of azeotropic mixtures [4], the removal of micropollutants from 
wastewater streams [5], and high-temperature gas separations [6]. With such a large 
range of well-developed membranes now being commercially available, it becomes 
important to think about the future of this field, how can we still push it forward? 
We foresee that the next milestone of this technology will be on the development of 
membranes with functionalities that go beyond standard separation (i.e., advanced 
functional membranes). Here, we define advanced functionalities as properties that 
ease the operation, that enhance the separation performance, or any other feature 
that makes the membrane preferable over others. In this context, they can also be 
seen as design parameters that follow naturally from the PE material properties. For 
example, the antifouling behavior of a membrane enables longer-term operations [7], 
stimuli-responsiveness provides great control over separation performance [8], while 
more sustainable membrane production is becoming a much more important factor 
when selecting a membrane for specific applications [9]. Moreover, membranes with 
a highly specific separation behavior, for example ion selectivity, would allow novel 
membrane processes to recover valuable components [10–13], while membranes 
with improved stability can allow separations under the extreme conditions (pH, T, 
salinity etc.) sometimes required for industrial separations [13–17]. 

One group of membrane materials that are especially promising to allow these 
advanced properties, are polyelectrolytes (PEs), polymers that have charged 
repeating units. Due to their charge, they are often soluble in water and when 
oppositely charged PEs interact, they can form insoluble polyelectrolyte complexes 
(PECs). Their unique properties make PEs very good candidates for building blocks 
of advanced functional membranes (Figure 2.1). For example, unlike typical polymers 
used in membrane production, PEs are hydrophilic due to their charged nature. 
Hydrophobic membranes suffer from fouling which decreases the production rate 
and increases the energy cost of the operation. On the other hand, hydrophilic 
polymers are less prone to foul and easier to clean [18]. Hydrophilicity is also required 
for applications such as pervaporation [19] (especially for dehydration of organic/
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aqueous mixtures) or oil-water separations [20]. PEs are highly desired for these 
kinds of applications, not only because of their hydrophilic nature, but also due to 
the possibility to tune their features (e.g. swelling and charge density). Especially for 
weak PEs, where chain conformation can be easily controlled with external stimuli 

Figure 2.1 – PE- and PEC-based membrane systems and their general functionalities.

like pH, it is possible to tune the membrane performance by using these features. 
Moreover, besides other rejection mechanisms, charge exclusion will substantially 
contribute to the performance of the charged membranes. Indeed, even when the 
membrane pores are larger than the charged solute, high rejections can be achieved 
with the help of electrostatic repulsion [21,22]. Interactions between the solute and 
the membrane is a major determining factor for separation properties and it is not 
necessarily be limited to electrostatic interactions. Certain PE-based membranes 
exhibit specific selectivities for certain compounds [23,24]. For example, PEC 
multilayers of poly(sodium 4-styrenesulfonate)/(poly(diallyldimethylammonium 
chloride) (PSS/PDADMAC) are selective for fluoride [25], sulfate [26], and phosphate 
[27] while polyionic liquids (PILs), a subgroup of PEs, show a good selectivity 
for CO2 depending on the molecular structure of the PILs [28,29]. In applications 
including organic solvents, most of the polymeric membranes need a post-treatment, 
in order to have good chemical resistance to the solvent. Polyelectrolyte complexes, 
however, are very stable in solvents due to their ionic crosslinking [30] and as a 
result there are already many examples in literature for PEC membranes being used 
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for pervaporation [19] and organic solvent filtration [31]. The chemical stability of 
PECs is not restricted to organic solvents, with a good selection of PEs it is possible to 
obtain membranes with remarkable stability against hypochlorite [32] and extreme 
pH conditions [11,33,34]. 

While some reviews have focused on the production of PE-based membranes [35] 
or their possible applications like electrolysis, electrodialysis, and fuel cells [36–38], 
so far there has been a lack of focus on the advanced functionalities that can be 
obtained by smart use of these promising materials. Therefore, in this review, we 
take a detailed look at the advanced functionalities that can be obtained using the 
large variety of PE- and PEC-based systems that have been developed in recent years. 
The review brings together the recent literature on advanced functional PE-based 
membranes with the focus on the last ten years. In general, advanced functionalities 
stem from the unique features and material properties of PEs, these can also be 
considered as design parameters and can be utilized to tune membrane properties. 
In Figure 2.1, we show an overview of the systems and functionalities discussed 
in this work. First, we discuss the simplest use of polyelectrolytes as adsorbed 
monolayers, but in particular as PE brushes. These coatings are mostly used to 
change the surface properties (e.g., wettability and surface charge) of the coated 
membrane, leading to excellent examples of antifouling and responsive membranes. 
After this section, polyelectrolyte multilayer (PEM) coatings are discussed in two 
parts: PEM-coated porous substrates, where the PEM coating becomes the effective 
separation layer, and PEM-coated dense membranes, where the PEM coating helps 
to improve the separation performance. For the PEM coatings applied to dense 
membranes a large dataset is compiled comparing ion selectivities of ion-exchange 
membranes in literature with an emphasis on the need for consistency in reported 
values. Subsequently, free-standing, integrally skinned PE-based membranes will 
be discussed, demonstrating that membranes can now also be prepared completely 
from polyelectrolytes. Finally, in the outlook we highlight the logical next steps 
and the significant opportunities that can be pursued for these systems, given their 
remarkable properties and chemical diversity. We believe that by the end of this 
review, it will be clear how remarkably useful PEs and their complexes are to create 
the next-generation of advanced functional membranes.

2.2. Single Polyelectrolyte Layers

Single polyelectrolyte layers can be composed of either positively or negatively 
charged polymers. Moreover, the polymers in these single layers can bear both 
positive and negative charges in their sidechains (zwitterionic polymers). In 
the following, we will consider these three types of polymers (Figure 2.2). These 
polymers can be applied via different techniques to the substrate to form single PE 
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layers. They can be physisorbed or covalently bonded to the substrate to form PE 
films, e.g. via catechol groups [39], and they can be prepared by spin coating [40] or 
vapor deposition [41].

When the polyelectrolytes or zwitterionic polymers are attached with one chain-
end to the substrate at a density that is high enough for the polymers to stretch 
away from the grafting plane, so-called polyelectrolyte brushes (PEBs) [42–44] are 
formed. They can be prepared by grafting to [45] or grafting from [46] techniques. 
The conformation of PEs in brushes is different from neutral polymers in brushes. 
For neutral brushes, polymers stretch away from the surface due excluded volume 
interactions [47,48], while PEBs swell by the high osmotic pressure induced by 
trapped counterions [49,50]. PEBs have gained a lot of attention due to their 
lubricious [51,52], antifouling [53] and stimuli-responsive [54,55] properties. For 
membrane applications, the latter two properties are of particular interest [56], so 
they will be treated in more detail in the next two sections, before discussing ways 
to increase the layer stability in Section 2.2.3.

2.2.1. Fouling Control

Polymers that prefer to interact with the water molecules, instead of foreign elements 
are good candidates for antifouling brushes, since they will effectively repel all 
fouling matter [57,58]. Many PEBs, such as poly(3-sulfopropyl methacrylate) 
(PSPMA) brushes and zwitterionic brushes such as poly(2-methacryloyloxyethyl 
phosphorylcholine) (PMPC) swell strongly in water. Therefore, these brushes 
are often employed in antifouling coatings [59,60]. Other polymers that are often 
utilized in antifouling coatings are based on sulfobetaines [61,62], carboxybetaines 
[63], and hydroxyl acrylamides [64]. It has been shown that the latter displays the 
best antifouling performance against nonspecific adsorption of proteins, cells, and 
micro-organisms [65]. Anti-fouling brushes have been applied in different membrane 
systems, such as on forward osmosis [66] and filtration [67] membranes for oil-water 

Figure 2.2 – Three types of charged brushes are considered: cationic polymers (left), anionic 
polymers (middle) and zwitterionic polymers (right). The surface anchors (in yellow) to 
obtain long-term stable PEBs are often composed of hydrophobic blocks and/or molecular 
structures that allow for multiple surface bonds. These anchors are not drawn to scale and in 
reality much thinner than the brush.
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Recently, it has been realized that coatings with both antifouling and antimicrobial 
functions (Figure 2.3) are needed to effectively prevent biofouling [60,70–72] and 
several strategies have been designed to achieve this. For example, binary brushes 
can be synthesized that are composed of antifouling polymers such as PMPC and 
antimicrobial cationic poly(2-(methacryloyloxy)ethyl trimethylammonium chloride 
(alkynyl-PMETA) polymers with alkynyl functionalities [71]. Often specific types of 
coatings need to be designed to prevent fouling by specific types of microbes. For 
instance, low-fouling brushes can be combined with components that kill bacteria 
such as Cu ions [60] or Ag nanoparticles [73], to prepare antibacterial coatings, while 
for antiviral coatings a cationic polymer, such as poly(ethyleneimine) (PEI), can be 
utilized directly [74] or functionalized with Cu or Ag particles for a better performance 
[75]. The latter two examples have been shown to effective kill and repel viruses in 
microfiltration membranes for application in drink water with only a small decrease 
in the transport properties. Moreover, antimicrobial antifouling brush coatings have 
been applied in reverse osmosis membranes with good permeability [76]. 

For optimal performance of antifouling PEBs, it is important to consider the design 
parameters of the brushes. The grafting density has a strong effect on the low-
fouling performance of brushes [77,78]. A higher grafting density will give rise to a 
higher polymer density, which increases the osmotic pressure. This makes it more 
difficult for foreign bodies to penetrate the brush [79–81], though exceptions can be 
expected for penetrants that are charged [82]. In situations where it is difficult to 
prepare brushes with high grafting densities, branched or comb-polymer brushes 
can provide an alternative route to obtain high polymer density and, thus, increased 

separations or filtration membranes for (drinking) water treatment [68,69]. More 
details on antifouling solutions on membranes will be discussed in sections 2.3.2, 
2.4.2 and 2.5.4. It is, however, important to already mention here that while anti-
fouling coatings can be very effective to reduce membrane fouling, reducing flux 
decline, they do tend to come with their own penalty to membrane permeance.  

Figure 2.3 – Polyelectrolyte brushes with both antifouling and antimicrobial function. 
Living microbes will be killed after contact with the brush due to the antimicrobial function, 
while the (dead) microbes are repelled by the anti-fouling function of the coating.
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effectiveness in preventing fouling [83]. Dispersity of the polymers in the brush 
will alter the polymer density distribution from approximately parabolic to convex 
[84–86]. Since this change reduces the polymer density near the brush surface, the 
antifouling performance against small particles will be reduced as well [87,88]. 
However, the opposite can occur for large particles, since polydisperse brushes are 
more difficult to compress [87].

2.2.2. Responsiveness

The conformation of PEs depends strongly on the environment and can be controlled 
by parameters such as the ionic concentration or the pH. For example, poly(acrylic 
acid) (PAA) changes its conformation depending on the pH [89]. In basic solutions, 
the pendant acidic groups deprotonate and charges are created in the sidechains. 
Consequently, the water affinity increases and the polymer swells. In contrast, in 
an acidic solution, PAA chains collapse due to protonation of the carboxyl groups. 
In the form of PEBs, strong interchain effects can enhance the responsiveness and 
strongly changes the swelling of these brushes. Therefore, the brushes can show 
a dramatic response to stimuli such as pH and salt concentration. While PEBs of 
strongly disassociating PEs, such as PSS tend to be rather insensitive to the pH [42], 
they respond strongly to the presence of ions [90]. Brushes composed of weak PEs, 
such as PAA, tend to respond to both the pH and the ionic strength of the solution 
[91]. Besides the solvent composition, electric fields can also be utilized to control the 
conformation of PEBs [92]. Since this stimulus can be applied externally, without the 
need to change the solution conditions, it provides an easy and effective control. The 
responsiveness of PEBs has made them popular systems for the design of functional 
surface coatings, because the swelling state of the brushes controls the surface 
properties of the coating [55]. Therefore, they can be used in the development of 
smart adhesives [93–95], switchable lubricants [96,97] and for wetting control [98,99]. 
Moreover, it allows for the controlled release of fouling components [100], which 
can be particularly useful in membrane applications. In addition, responsiveness 
of PEBs to the pH can be employed to tune the oil-adhesiveness of these coatings 
[101], which is relevant for oil-water separations. More examples of the usage of PE 
responsiveness in specific membrane applications will be given in sections 2.3.3 and 
2.5.3. 

2.2.3. Stability

Due to the strong hydration capability of PEBs, the polymers can be strongly stretched, 
which introduces enhanced tension near the anchor points [102]. Moreover, water 
can reach any hydrolysis-sensitive surface bonds [103,104]. This can potentially 
lead to degrafting of the PEBs, as has been observed for PAA brushes attached 
to Si wafers kept in in 0.1 M ethanolamine buffer (pH 9.0) with 0.5 M NaCl [105]. 
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Similar degrafting has been observed for carboxylated poly(oligo(ethylene glycol) 
methacrylate-random-2-hydroxyethylmethacrylate) (poly(OEGMA-r-HEMA)) 
brushes grafted from metal surfaces and kept in phosphate buffered saline solutions 
[106] and even for PSPMA brushes attached to Si wafers, exposed to humid air [107]. 
To prevent such degrafting of PEBs, several strategies for strong anchoring of the 
brushes have been developed (see Figure 2.2). They are based on the incorporation 
hydrophobic structures to prevent water from reaching hydrolysis-sensitive bonds 
or on increasing the number surface bonds. For example, when grafting block 
copolymers from surfaces that consist of hydrophobic blocks close to the surfaces 
and hydrophilic blocks exposed to the aqueous liquid [108–111], the hydrophobic 
blocks will collapse and protect the sensitive surface bonds. Alternatively, enhanced 
stability can be achieved by utilizing hydrophobic macroinitiators [112,113], tannic 
acids [72], or mussel-adhesive inspired catechol-based anchoring layers [71,114], 
that allow for multiple surface bonds. In particular, poly(glycidyl methacrylate) 
(PGMA) based surface anchors have been shown to be promising solutions for 
membrane applications [112]. PMPC brushes grown from these anchors keep their 
hydrophilicity even after immersion for 100,000 ppm hours in sodium hypochlorite 
solution. These strong surface anchors are much thinner (0.5-3 nm) than the PEBs 
(10-100nm) and are therefore not expected to affect the transport properties of 
membranes.

2.3. Polyelectrolyte Multilayers on Porous Substrates

Self-assembly of polyelectrolytes via electrostatic interactions can be used to build 
up multilayered materials with unique functionalities. Already in 1997, Decher 
demonstrated that the alternating exposure of a charged surface to positive and 
negative polyelectrolyte solutions, allows for layer-by-layer (LbL) deposition of thin 
films of polyelectrolytes, so-called polyelectrolyte multilayers (PEMs) [115]. The 
versatility of PEM fabrication via LbL technique on flat surfaces, as well for hollow 
multilayer capsules, allows for a class of stimuli-responsive materials with a wide 
range of applications, such as microreactors, microsensors, and drug delivery, for 
medicine, cosmetics, and pharmaceutics [116]. Such stimuli-responsive multilayers, 
which exhibit specific response to changes in the environmental conditions, like 
pH, temperature, ionic strength, magnetic field or light [116], are still having a huge 
impact on today’s chemistry, physics, biology, and materials science [117].

Particularly, in the last 10 years, the knowledge on LbL assembly of PEMs on porous 
supports, as schematically illustrated in Figure 2.4a for hollow fiber nanofiltration (NF) 
membranes, has been translated into application [35] and production of commercial 
membranes with advanced separation properties and functionalities [36]. PEM 
coatings allow for a nanometer-control over the membrane active layer thickness 
and chemistry [132–134]. In particular, the availability of different polyelectrolytes 
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Figure 2.4 – (a) Illustration of a PEM application on hollow fibers for membrane filtration. 
(b) Comparison of membrane divalent ion-selectivity (Na+/X2+) and water permeability 
(L·m−2·h−1·bar−1) as a function of different surface modifications from literature. Green 
diamonds represent single data points for PEM-coated nanofiltration (NF) membranes 
[118–121], purple triangles modified NF membranes [122–129], and blue circles commercial 
NF membranes [119,122,123]. (c) Permeability vs. micropollutant retention and (d) sodium 
chloride retention vs. micropollutant retention for asymmetric and symmetric PEM-coated 
membranes in comparison with commercial NF and reverse osmosis (RO) membranes. White 
symbols: commercial membranes; gray symbols: symmetric PEM-coated membranes from 
Brinke et al. [130]; dark symbols inside yellow circles: asymmetric membranes from Brinke et 
al. [130], Dashed lines: best single results obtained with commercial membranes; dotted lines: 
best single results obtained with commercial membranes for Bisphenol A. (e) The sacrificial 
layer concept applied to control biofilm growth. (c) and (d) Adapted with permission [130]. 
Copyright 2020, Elsevier. (e) Reproduced with permission [131]. Copyright 2020, Elsevier.
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as building blocks [115,121] as well as coating conditions (e.g., salinity [135,136] and 
pH [137,138]) allow the production of thin films with engineered functionality for 
multiple membrane applications, such as ion selectivity [139], fouling control [140], 
stability against harsh wastewaters [34,141], removal of contaminants from water 
[142,143], and responsiveness [144]. 

Despite the good separation properties reached by commercial membranes in the 
last decade, PEM-coated membranes provide a class of advanced functionalities 
which would benefit the membrane field. Below, we discuss in detail the most 
relevant ones, with a focus on unique separations, fouling control, responsiveness, 
and stability.

2.3.1. Specific Selectivity 

A tailored ion selectivity is still believed to be the holy grail of membrane filtration 
processes. Commercial membranes do exhibit high water-salt selectivity, but 
their ability to discriminate between different types of ions is still limited [145]. 
Nevertheless, PEM-coated membranes can already tackle challenging separations, 
including the separation of mono- and divalent ions [121,139,146,147].

 Cheng et al. demonstrated that a (PDADMAC/PSS)5.5-coated commercial NF 
membrane at low salinity (50 mM) can selectively remove several divalent cations 
(X2+), such as Mg2+, Ca2+, Sr2+, and Ba2+, from feedwater with mild salinity, like brackish 
water [119]. The rejection of divalent cations and therefore the Na+/X2+ selectivity of 
the NF membranes allows for highly selective separations of divalent cations and 
anions [146,147], which are the main culprits in inorganic scaling [119].

In Figure 2.4b, PEM-coated membranes [118–121] are directly compared to 
commercial NF membranes and to NF membranes prepared by other modification 
techniques, such as polymer grafting [122], atomic and molecular layer deposition 
[124,125], graphene oxide [127], and carbon nanotubes incorporation [126]. It can 
be clearly seen that the Na+/X2+ selectivities of PEM-based membranes are higher 
than those of commercial NF membranes, such as the popular DOW N90 [122] and 
NF270 [123], while retaining good water permeabilities. Clearly, PEM assembly is 
an attractive surface modification which allows for outstanding mono-/divalent ion 
selectivity also compared to the competing surface modifications [122–129]. 

Specific membrane selectivities are also urgently needed to combat the increasing 
concentrations of emerging contaminants in the waste and surface waters. Persistent, 
non-biodegradable and bio-accumulative contaminants in surface waters, also known 
as micropollutants (MPs), pose a severe threat to human health [148]. While the 
densest available reverse osmosis (RO) membranes can remove these contaminants 
sufficiently, they do so at very low water permeability and by producing a highly 
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saline, difficult to treat, MP wastestream [149]. 

Wang et al. recently fabricated and applied PEM-coated NF membranes with tailored 
selectivity for the effective removal of MPs from saline wastewaters, allowing a 
relatively high passage of salt, including for scale-forming divalent cations [147]. 
Brinke et al. succeeded in the preparation of a new class of membranes with unique 
separation properties, called “Chimera”, via asymmetric assembly of PEMs [130]. 
Coating first an open PSS/poly(allylamine hydrochloride) (PAH)-based multilayer 
to prevent defects, and second, a thin and dense PAA/PAH-based multilayer for 
fine-tuned separation properties, makes it possible to design these novel membranes 
with outstanding retention of micropollutants (98%, Figure 2.4c) and high water 
permeability (up to ≈13 L·m−2·h−1·bar−1), outperforming commercial membranes 
[130]. An additional advantage of these asymmetric PEM membranes is their low salt 
retention (Figure 2.4d) as salt does not accumulate in the MP-rich stream, facilitating 
the post-filtration treatment.

We can conclude that coating of porous membranes with PEMs allows for the 
fabrication of nanofiltration membranes with advanced separation properties 
compared to traditional membranes. In Table 2.1, we report various polyelectrolyte 
systems that, coated on ceramic and polymeric supports, allow for challenging 
separations of ions, pollutant removal and water purification. Here, we also report 
the coating and process conditions to help the reader to evaluate the performance of 
such PEM-coated membranes. The examples reported here highlight the large variety 
of possible applications of PEM-based membranes in the field of nanofiltration, and 
therefore their significant potential for commercialization.
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PEM Support Process conditions Performance Ref.
(PSS/PDADMAC)4.5 dip coating 
with 0.02 M polymer and 0.5 M 
NaCl

PES UF membrane
crossflow filtration, 
4.8 bar, flow rate: 18 
mL/min

13.9 L·m−2·h−1·bar−1, 95.9% SO4
2- rejection, 32 

chloride/sulfate selectivity 
[150]

(PDADMAC/PSS)6.5 dip coating 
with 0.1 g/L polymer and 0.5 M 
NaCl

Dense UF HF SPES 
membrane

crossflow filtration, 
Re~3800 

10.3 L·m−2·h−1·bar−1 79% CaCl2 rejection [135]

(PDADMAC/PSS)7 dip coating 
with 0.1 g/L polymer and 0.05 M 
NaCl

Dense UF HF SPES 
membrane

crossflow filtration, 
Re~3800 

15.6 L·m−2·h−1·bar−1, 71% NaCl and 96% Na2SO4 
rejection

[135]

(PDADMAC/PSS)5.5 dip coating 
with 0.1 g/L polymer and 0.2 M 
NaCl

TFC NF membrane
crossflow filtration, 
3.45 bar, crossflow 
velocity 21.4 cm/s

8.48 L·m−2·h−1·bar−1, 97% Mg2+ rejection, > 30 Na+/
Mg2+ selectivity 

[119]

(PDADMAC/PSS)4 dip coating 
with 0.1 g/L polymer and 0.2 M 
NaCl

PSf HF UF membrane
crossflow filtration, 
6.9 bar, crossflow 
velocity 21.4 cm/s

16.1 L·m−2·h−1·bar−1, 90% Emerging organic 
contaminants removal, <20% scale forming ions 
passage 

[142]

(PDADMAC/PSS)8 dip coating 
with 0.1 g/L polymer, 0.05 M 
NaCl, and pH 6.0

PES UF membrane
crossflow filtration, 
5 bar, crossflow 
velocity 1.1 m/s

Excellent stability with 10.7 L·m−2·h−1·bar−1, 95.5% 
MgSO4 rejection, 279 g/mol MWCO after ~1600 h 
exposure to both 0.1 M HNO3 and 0.1 M NaOH

[34]

(PDADMAC/PSS)8 dip coating 
with 0.02 M polymer, 0.5 M NaCl

Porous alumina (UF)
crossflow filtration, 
4.8bar, pH 8.4, flow 
rate: 18 mL/min

~20.8 L·m−2·h−1·bar−1, 98% phosphate rejection, 48 
chloride/phosphate selectivity 

[27]

Table 2.1 – Overview of coating conditions and performance of commonly used polyelectrolyte systems successfully applied on various 
membrane supports for the fabrication of PEM-based NF membranes. HF: Hollow Fiber, MF: Microfiltration, NF: Nanofiltration, Re: Reynolds 
number, UF: Ultrafiltration, TFC: Thin-Film composite
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crosslinked (PAH/PSS)8 dynamic 
LbL coating with 1 g/L polymer, 
0.5 M NaCl, pH~7 and coating flux 
30 L·m−2·h−1; 1 wt% GA solution 
filtrated at 2.5 bar for 2h 

Tubular ceramic 
α-Al2O3 MF membrane

crossflow filtration, 
4 bar, Re~6000 MWCO 170 Da, >90% NaCl rejection [151]

(PSS/PAH)5 dip coating with 0.02 
M PSS at 0.5 M NaCl and pH 2.3, 
and 0.02 M PAH at 1 M NaCl and 
pH 2.3

Porous alumina (UF)
crossflow filtration, 
4.8 bar, flow rate: 18 
mL/min

~7. L·m−2·h−1·bar−1, 95% MgCl2 rejection, 22 Na+/
Mg2+and 50 Na+/Ca2+ selectivity [121]

(PSS/PAH)7 dip coating with 0.02 
M PSS at 0.5 M NaCl and pH 2.1, 
and 0.02 M PAH at 0.5 M NaCl 
and pH 2.3

Porous alumina (UF)
crossflow filtration, 
4.8 bar, flow rate: 18 
mL/min

~11.3 L·m−2·h−1·bar−1, 50 glycine/L-glutamine 
selectivity [152]

(PSS/PAH)4.5 dip coating with 0.02 
M PSS at 0.5 M MnCl2 and pH 2.1, 
and 0.02 M PAH at 0.5 M NaBr 
and pH 2.3

Porous alumina (UF)
crossflow filtration, 
4.8 bar, flow rate: 18 
mL/min

99.4% sucrose and >99.9% reactive dyes rejection 
with small NaCl rejections (~29%) [153]

(PSS/PAH)10 dip coating with 0.1 
g/L polymer and 0.05 M NaCl; pH 
5.5 for PSS and pH 2.0 for PAH

Positively charged 
tight HF UF 
membrane

crossflow filtration, 
6.2 bar, crossflow 
velocity 1 m/s

9 L·m−2·h−1·bar−1, > 95% MgCl2 rejection, 267 g/
mol MWCO [154]

(PAH/PSS)8 dip coating with 0.1 
g/L polymer, 0.05 M NaCl, and 
pH 6.0

PES HF UF membrane
crossflow filtration, 
5 bar, crossflow 
velocity 1.1 m/s

Excellent stability with 9.7 L·m−2·h−1·bar−1, 97.5% 
MgSO4 rejection, 249 g/mol MWCO after ~1600 h 
exposure to 0.1 M HNO3

[34]

(PSS/PAH)8.5 dip coating with 20 
mM polymer, 0.5 M NaCl; pH 6.5 
for PSS and pH 3.0 for PAH

Modified MF alumina
dead-end filtration, 
other conditions 
not available

4.8 L·m−2·h−1·bar−1, 50.5 1-butyl-3-
methylimidazolium chloride/cellobiose 
selectivity 

[155]

(PAH/PAA)6 dip coating with 0.1 
g/L polymer, 0.005M NaNO3, pH 6

Dense HF SPES 
membrane

crossflow filtration, 
1.5 bar, crossflow 
velocity 4.5 m/s

48-80% MPs retention with low salt rejection 
(~17% NaCl) [156]
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(PAH/PAA)15 dip coating with 0.1 
g/L polymer, 0.005M NaNO3, pH 
6; annealed in 100 mM NaNO3

Hydrolyzed PAN 
membrane

dead-end filtration, 
2 bar, flow rate: 1 
mL/min

11.8 L·m−2·h−1·bar−1, 69.8% HPO4
2− rejection [157]

(PAH/PAA)10.5 dip coating with 1 
g/L polymer, 0.01M NaCl, pH 6 PES UF membrane

crossflow filtration, 
1.8 bar, crossflow 
velocity 0.63 m/s, 
pH 2

3.6 L·m−2·h−1·bar−1, 44% Cu2+rejection [158]

(PSS/PEI)10 dip coating with 0.1 
g/L polymer and 0.05 M NaCl, and 
pH 5.5 for PSS and pH 2.0 for PEI

Positively charged 
tight HF UF 
membrane

crossflow filtration, 
6.2 bar, crossflow 
velocity 1 m/s

4 L·m−2·h−1·bar−1, > 95% Na2SO4 rejection, 239 g/
mol MWCO [154]

(PSS/PEI)10 spin coated at 3000 rpm 
with 0.2 mL/s of 0.02 M polymer, 
0.05 M NaCl, and pH 8.0

PSf UF membrane
crossflow filtration, 
10 bar, crossflow 
velocity 0.65 m/s

0.9 L·m−2·h−1·bar−1, 94% MgCl2 rejection [159]

(PSS/PAS)10 dip coating with 0.1 
g/L polymer and 0.05 M NaCl; pH 
5.5 for PSS and pH 2.0 for PAH

Positively charged 
tight HF UF 
membrane

crossflow filtration, 
6.2 bar, crossflow 
velocity 1 m/s

22 L·m−2·h−1·bar−1, > 95% Na2SO4 rejection, 713 g/
mol MWCO [154]

(PAH/PVSA)8 dynamic LbL 
coating with 1 g/L polymer, 0.5 M 
NaCl, pH~7 and coating flux 30 
L·m−2·h−1

Tubular ceramic 
α-Al2O3 UF membrane

crossflow filtration, 
4 bar, Re~6000 MWCO 115 Da, >90% NaCl rejection [151]

(PAH/PVS)8 dip coating with 0.01 
M polymer, 1 M NaCl, pH 1.7 PAN/PET membrane dead-end filtration, 

5 bar 84% NaCl and 96% Na2SO4 [160]

crosslinked (PEI/PAA)1.5 dynamic 
LbL coating with 3 g/L PEI and 0.6 
g/L PAA; immersion in 3 wt% GA 
solution for 20 min 

Hydrolyzed PAN 
membrane

crossflow filtration, 
4 bar, flow rate: 
40L/h

2.27 L·m−2·h−1·bar−1, 95% MgCl2 rejection [161]
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2.3.2. Fouling Control

One of the major challenges of any membrane filtration is the occurrence of membrane 
fouling. This phenomenon leads to an increase in operating costs [162] and the 
need for chemical cleaning of the membrane [163], which in turn compromises the 
membrane stability and permeate quality over time [164]. As membrane fouling 
is a phenomenon that occurs at the water-membrane interface, membrane surface 
chemistry plays a crucial role in fouling [165].

One of the main advantages of PEM coatings is the great deal of control over 
the membrane surface chemistry, which in turn helps to alleviate membrane 
fouling [166]. For example, Fadhillah et al. produced (PDADMAC/PSS)-based NF 
membranes with relatively high fouling resistance to protein filtration, presenting 
only a 10% decrease in permeation flux from its initial value (3.32 L·m−2·h−1·bar−1) 
[167]. In addition, Virga et al. recently prepared PEM-based NF membranes with 
a zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine-co-acrylic acid) 
(PMPC-co-AA) top layer to filtrate surface water with different contaminants (e.g. 
proteins, polysaccharides, colloidal nanoparticles, and humic acids) [168]. These 
membranes with bio-inspired zwitterionic phosphorylcholine coatings exhibit 
excellent fouling resistance (with a flux decline <5% of its original value, i.e. 5.45 
L·m−2·h−1·bar−1) and stable selectivity during filtration of surface water. 

A different approach used to alleviate fouling focuses on the build-up of “sacrificial” 
multilayers based on PEs that can be removed, together with the fouling layer, to 
facilitate the membrane cleaning process [140,169], as illustrated in Figure 2.4d. 
The PEM removal is triggered by a quick change in pH [169], surfactant content 
[140], and/or ionic strength [131] of the feedwater, allowing for organic fouling 
and biofouling control, both in spiral wound and hollow fiber membrane systems. 
Finally, the multilayer can be rebuilt on the membrane surface to restore its 
separation properties. 

2.3.3. Responsiveness

Polyelectrolytes are also well known to be used as building blocks for responsive 
[116] and self-healing [170] materials. Recently, Jiang et al. prepared pH-responsive 
(poly(methacrylic acid)/poly(alkylmethacrylate))n (PMAA/PAMA) multilayers 
with tunable interfacial properties [171], while Xu et al. used block copolymer 
micelles (BCM) and hyaluronic acid (HA) biopolymers to develop temperature-
responsive, hydrogen-bonded multilayers [172]. However, multilayers can also be 
salinity-responsive. Irigoyen et al. reported that polyelectrolyte multilayers based 
on (PDADMAC/PSS)n assembled at 3 M NaCl can reduce their thickness of 46% at 
low ionic strength, offering interesting applications such as controlled barrier for 
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saline streams [173]. Lately, incorporating a zwitterionic polymer via LbL technique, 
de Grooth et al. prepared (poly(sulfobetaine methacrylate) (PSBMA)/PDADMAC)n 
electrolyte-responsive membranes [174]. They observed an increase in membrane 
permeability of even more than 100% at 1.5 M NaCl, mostly due to the increased 
swelling of the zwitterionic layers at high salinity. Such responsivity can potentially 
be used to facilitate the membrane backwash, and therefore its cleaning. 

2.3.4. Stability

Membranes are often used to treat challenging wastewaters, where the stability 
of traditional membranes can become compromised. PEMs allow the production 
of very stable membranes, which can go beyond that of commercial alternatives. 
Researchers have investigated different polyelectrolyte chemistries and stabilization 
strategies, including chemical crosslinking, to prepare stable PEM-coated membranes 
that can withstand challenging filtration conditions where the presence of organic 
solvents [31], extreme pH conditions [34], and high salinity [175] make difficult the 
application of commercial membranes. 

In particular, Li et al. showed that hydrolyzed polyacrylonitrile supports coated with 
a sulfonated poly(ether ether ketone) (SPEEK/PDADMAC)n multilayer to be very 
promising and stable for the filtration of challenging aprotic organic solvents, such 
as THF and DMF [176]. Elshof et al. demonstrated how (PDADMAC/PSS)-based NF 
polyethersulfone membranes show excellent and stable performances even under 
long-term exposure to extreme pH conditions, i.e., 1 M HNO3 (pH ≈0) and 1 M 
NaOH (pH ≈14) [34]. Even after more than two months of exposure, the membrane 
performance was still stable, with a pure water permeability of 10.7 L·m−2·h−1·bar−1, 
95.5% MgSO4 retention and molecular weight cut-off of 279 g·mol−1. Furthermore, 
as cleaning processes can also affect the stability of the membranes, different 
researchers have demonstrated that PEMs based on strong polyelectrolytes such as 
PDADMAC and PSS can withstand physical (e.g., backwash) [32,177] and chemical 
(via hypochlorite) [32] cleaning.

When weak polyelectrolytes are used to build the multilayer [131] or when the 
wastewater to treat contains small, charged molecules (like surfactants) [178], PEM-
based membranes can suffer from stability issues. In these cases, the stability of PEM 
membranes can be further increased via covalent crosslinking [151,175,179,180]. 
PAH/PSS-coated polyethersulfone membranes, stabilized via chemical crosslinking, 
can for example be used to successfully treat challenging wastewaters containing 
surfactants, such as produced water [141].
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2.4. Polyelectrolyte Multilayers on Dense Membranes

Similar to the formation of PEMs on porous supports, PEMs have also been built 
on dense membranes such as reverse osmosis membranes (ROMs) and various ion-
exchange membranes (IEMs), including cation-exchange (CEM), anion-exchange 
(AEM), Nafion, and bipolar membranes (BPMs). Although such dense membranes 
are already designed to be selective for a certain type of ions (IEMs) and/or show 
size-based exclusion properties [181], incorporation of PEMs can further tune their 
selectivity or impart other desired functionalities [36].

Figure 2.5 – (a) Illustration of a PEM application on a standard cation-exchange 
membrane to achieve Na+/Mg2+ selectivity in capacitive deionization. PAH and PSS stand 
for poly(allylamine hydrochloride) and poly(styrenesulfonate), respectively. Adapted with 
permission from reference [182]. Copyright 2020, American Chemical Society. (b) The 
trend in permselectivity (P) as a function of the type of the terminating layer. CMX and 



37

2.4.1. Specific Selectivity 

Following the successes of PEM coatings on porous supports, one of the most 
common applications of PEM-coated dense membranes is tuning the ion selectivity 
of IEMs in desalination processes. Figure 2.5a demonstrates the main mechanism to 
achieve monovalent/divalent cation selectivity via PEM-coated dense membranes. 
The alternating adsorption of PAH and PSS on a standard cation-exchange 
membrane can tune the monovalent cation selectivity in desalination. In 2014, Abdu 
et al. modified a standard-grade CEM (CMX) with an LbL assembly of PEI and PSS 
and implemented the PEM-coated membrane in an electrodialysis (ED) system [186]. 
The (PEI/PSS)n coating resulted in a higher Ca2+ rejection compared to the pristine 
CMX and moderate increase in ohmic resistance (PEM-CMX = 60.06 Ω·cm2, CMX = 
45.25 Ω·cm2) Figure 2.5b and 2.5c depict the change the chloride concentration in the 
diluted compartments for the bare and PEM-coated anion-exchange membranes. 
In case of PEM-coated AMX, the chloride concentration is lower than the one with 
bare AMX, meaning an increase in chloride over sulfate selectivity. Therefore, the 
addition of a PEM is a feasible way of introducing selectivity in ED. Furthermore, 
the terminating layer makes a small but distinct difference in selectivity: PEI-
terminated layers demonstrated higher Na+/Ca2+ selectivity values compared to 
the PSS-terminated layers (≈18% increase). The selectivity was rationalized by the 
charge exclusion of divalent cations and the higher hydrophobicity of the PEI-
terminated CMX. 6.5 bilayers of PEI/PSS were enough to reach a permselectivity 
value (PCa

Na) of 1.24, which is comparable with the commercial monovalent cation-
selective membrane (CMS) (PCa

Na = 1.23). Also, PEM-CMX required ≈50 Wh/mol Na+ 
while CMS required ≈80 Wh/mol Na+, meaning that similar selectivity values can 
be achieved with a lower energy consumption value by using PEM-coated CMX. 
In another ED study, White et al. implemented (PSS/PAH)n layers on a Nafion 115 
membrane and obtained K+/Mg2+ selectivity as high as >1000 [187]. In 2016, White 
et al. coated (PAH/PSS)5.5 on Nafion 117 to achieve Li+/Co2+ and K+/La3+ selectivities 
in ED [188]. Compared to the mono-/divalent cation selectivity of bare Nafion (<2), 
they reported Li+/Co2+ and K+/La3+ selectivities exceeding 1000. Yang et al. used the 
same approach in Donnan dialysis with (PAH/PSS)5.5-coated Nafion 115 membrane 
to differentiate within the monovalent cations and reached K+/Li+ selectivity values 

PEI stand for standard cation-exchange membrane and poly(ethylenimine), respectively. 
The empty squares represent the PEI-terminated and the empty circles represent the PSS-
terminated multilayers. Adapted with permission from reference [183]. Copyright 2014, 
American Chemical Society. (c) The change in the anion concentration in time in the diluted 
compartments of the experiments with the bare membrane and (d) the membrane with 15 
layers. (c) and are adapted with permission from reference [184]. Copyright 2013, Elsevier. 
(e) The comparison of the bare (left) and the PEM-coated (right) membranes for SDS (sodium 
dodecyl sulfate) fouling. Adapted with permission from reference [185]. Copyright 2018, 
Elsevier. 
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between 8 and 60 [78], although later the authors reported lower selectivities due 
to variations in different batches of the Nafion membranes [189]. The selectivity 
was attributed to the larger hydrated radius of Li+ that resulted in a lower diffusion 
coefficient through the dense PEM layer. Besides, a pH-induced swelling resulted 
in a further increase of the K+/Li+ selectivity, which was believed to be related to 
an increased accessibility of cation-exchange sites within the PEM at lower pH. 
In 2019, Rijnaarts et al. further investigated the mechanism of monovalent cation 
selectivity in ED and explained that after 8 layers of PAH/PSS the multilayer starts 
to have excess of PAH in the multilayer [190]. The overall positive charge, due to 
excess PAH, increased with higher number of layers, resulting in increased charge-
exclusion towards divalent cations. Sahin et al. reported a similar observation where 
bare CMX demonstrated selectivity to Mg2+, while the addition of a PEM resulted 
in a Na+/Mg2+ selectivity of ≈3 in a capacitive deionization (CDI) system due to the 
charge-exclusion effect of the PEM towards Mg2+ ions [182]. The positively charged 
PEM rejected the Mg2+ more than Na+, resulting in monovalent cation selectivity.

PEMs were also coated on AEMs to achieve mono-/divalent anion selectivity in 
multiple studies including ED [184,191], reverse ED [192], dialysis [193], and CDI [194]. 
For instance, Mulyati et al. used (PAH/PSS)7.5 on a standard- grade AEM (Neosepta, 
AMX) and achieved Cl−/SO4

2− selectivity in ED [184]. Figure 2.5c and 2.5d Recently, 
Cl−/SO4

2− selectivity between 7 and 14 was reported by using PDADMAC/PSS-coated 
AEM in CDI [194]. The authors reported that Cl– selectivity was preserved even at 
low concentrations of Cl− in the solution. Additionally, recent studies reported on the 
use of biodegradable polyelectrolytes (e.g., 2-hydroxypropyltrimethyl ammonium 
chloride chitosan, HACC [191,195,196] and N-O-sulfonic acid benzyl chitosan, 
NSBC [196]) as alternatives for synthetic polyelectrolytes. Upon the addition of the 
resulting PEMs, the Cl–/SO4

2− selectivity increased. 

So far, multiple ion selectivity definitions have been used by various research 
groups, which often limits the possibility to directly compare reported selectivity 
values. The most common selectivity definitions are listed in Table 2.2.
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Table 2.2 – Commonly used ion selectivity definitions in the literature. 

Symbol Equation Description
 Pj

i[186] 

or  

Sj
i [190]

 Ji and Jj are the flux (in mol·m-2·s-1) of the target 
and competing ions, respectively.  ci and cj (in 
mol/L) are the concentrations of the target and the 
competing ion on the diluate side, respectively. 

 Fj
i [188]*  Ji and Jj are the flux (in mol·m-2·s-1) of the target 

and competing ions, respectively, when the 
source phase contains equal concentrations of 
the target and the competing ions.

 ρj
i [182] 

or 

βj
i [197]

ci,0 and ci,f are initial and final concentrations 
of the target ion. cj,0 and cj,f are initial and final 
concentrations of the competing ion.

Rj
i [190] Ri and Rj are the resistance (in Ω·cm2) of the 

target and the competing ion, respectively.

* In literature, there is no symbol used for this type of selectivity; here we introduce F for 
matters of clarity. 

There are several factors that may affect the ion selectivity of a PEM-modified 
membrane during desalination operations. Therefore, we summarized cation 
and anion selectivity studies in Tables 2.3 and 2.4, respectively, to understand 
the effects of these factors on selectivity. For each selectivity value of a modified 
and/or bare membrane, the number of layers in the PEM, the desalination method 
and the operational conditions as well as the flux values (if applicable) are listed. 
Standard-grade AEMs and CEMs (i.e., Fujifilm type 1 AEM and CEM, Neosepta 
CSE and ASE, and CJMA-2 standard CEM from Hefei Chemjoy Polymer Material) 
were abbreviated as CMX and AMX in Tables 2.3. and 2.4, respectively. Special-
grade cation-exchange membranes (CSO (Selemion) and CMS (Neosepta)), as well 
as anion-exchange membranes (ASV (Selemion) and ACS (Neosepta)) were added 
in the tables for comparison, as they are commercially available monovalent-ion 
selective membranes.

As stated above, building PEMs on dense membranes improves their mono-/
divalent ion selectivities. The terminating layer has a major effect on monovalent 
ion selectivity since the main mechanism of selectivity is the charge exclusion of 
divalent ions. As can be seen in multiple entries of Table 2.3 (i.e., 1, 5-9, 11-13), the 
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terminating layer needs to be the polycation in order to achieve monovalent cation 
selectivity. Similarly, the terminating layer should be the polyanion to achieve 
monovalent anion selectivity as shown in multiple entries (i.e., 1, 3, 5-7, 9-12, 14) in 
Table 2.4. In entry 10 of Table 2.3, bare Nafion 115 shows F K ≈ 2 selectivity and by 
using the same conditions, F K >1000 was achieved with PEM-coated Nafion 115. 
In an anion selectivity study (entries 1 and 2 of Table 2.4), a similar switch can be 
observed. Since the bare CMX and AMX have fixed negative and positive charges, 
respectively, divalent cations interact more with CMX while AMX shows affinity 
towards divalent anions. Another important parameter for tuning ion selectivity is 
the number of layers in the PEM, as the increased charge density and thickness of the 
PEM can further increase the rejection of divalent ions. For instance, by increasing 
the number of PE layers from 3 to 11, increased from F Li >23 to >6500 (in entries 
13-15 of Table 2.3). The effect of the number of layers on anion selectivity can be 
seen, e.g., in entries 39-42 of Table 2.4, where the rejection of SO4

2− with 5 layers was 
reduced by factor of ≈2 with 15 layers of PEs. However, increasing the number of 
layers to 23 did not improve the Cl− selectivity further. As explained in detail [36,198] 
and demonstrated in numerous studies [182,184,190,194], the overcompensation of 
charge by the polycation can result in an excess of positive charges in the PEM. While 
in case of monovalent cation selectivity this is a desired effect, an overall positive 
charge can reduce the rejection of divalent anions and therefore result in a lower 
mono-/divalent anion selectivity. The examples show that the type and the amount 
of charge of the PEM and the valence of ions can determine the affinity of the PEM 
towards ions. Next to the effect of charge (type and valency), also the hydration 
energy of ions is a key factor in selectivity. For instance, K+/Li+ (entry 21, Table 2.3), 
NO3

−/ Cl− and H2PO4
− (entries 46 and 47, Table 2.4) selectivities can be explained by 

the differences in the hydration energy values. To be specific, ions with a smaller 
hydration energy will pass through the PEM-coated membranes more easily. 

Moreover, the coating procedure of the PEMs can have a significant effect on the 
selectivity value. For instance, in entries 28 and 30 of Table 2.3, the only difference in 
between the experiments was the recipe for preparing the coating. In recipe 1 (entry 
28) has a 15 min rinsing step with 0.5 M NaCl, while in recipe 2 (entry 30), the rinsing 
step (1 min) is with demineralized water. Faster rinsing steps with demineralized 
water causes a higher intrinsic charge compensation between the PEs, resulting in 
a denser and less hydrated PEM. Therefore, with recipe 2, a less hydrated PEM can 
be established and a higher selectivity value (RMg

Na =7.8) was achieved compared to 
the PEM prepared with recipe 1 (RMg

Na =5.7). The degree of hydration in PEMs can 
also be tuned by crosslinking as shown in an anion separation study, which can 
be explained by two factors. First, crosslinking causes more compact PEMs that 
increases the rejection larger ions. Secondly, the sulfonate groups of the crosslinking 
agent increase the amount of negative charge within the PEM, resulting in a higher 
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rejection of divalent anions. In Table 2.4, the crosslinked PEM (entry 10, Table 2.4) 
shows a ≈2 times higher  P

SO4

Cl  value compared to the PEM without crosslinking (entry 
12, Table 2.4).

Not only the characteristics of the PEM and ions, but also the experimental 
conditions of desalination process are crucial while optimizing the ion selectivity. 
We first highlight an example that includes an ED process performed at different 
salt concentrations. With a source phase concentration of 0.01 M for both KNO3 and 
Mg(NO3)2,  F

K was found to be 22.1 ± 3.5 (Table 2.3, entry 6). For the same system, 
when the concentration of both salts was increased to 0.02 M, F K increased to 96 ± 
26 (entry 8, Table 2.3). Similarly, when the salt concentrations were 0.1 M, F K was 
reported to >20000, further indicating the importance of the salt concentration for the 
system. It was hypothesized that the relatively lower source-phase concentrations 
caused more water splitting and therefore a higher Mg2+ flux. In entries 11 and 
12 of Table 2.3, the same effect can be observed, where the higher concentration 
resulted in increased F Li (>360 vs. >1600). Also, in another ED study, a 10 times 
higher source-phase concentration resulted in ≈10 times higher F

SO4

Cl (entries 31 and 
32, Table 2.4). Although the higher FSO4

Cl could be sourced from the charge screening 
or ion adsorption in the PEM, a ≈10 times increase in FSO4

Cl even with the bare AMX 
(entries 35 and 36, Table 2.4) showed that this increase is not due to the PEM. Instead, 
the increase in Cl− flux in a higher source concentration is the main reason for the 
improved selectivity. Moreover, in both ED and diffusion dialysis (DD) studies, 
F

SO4

Cl are higher when the source-phase contains an excess of Cl− compared to SO4
2− 

(entries 26 and 34, Table 2.4). Therefore, both total salt concentration and the ion 
ratio affect the ion selectivity. 

Another experimental condition is that the amount of driving force during the 
desalination process. In a constant current (CC) operation, when the current density 
increases, less rejections of divalent ions are observed. For instance, increasing the 
current density from 1.27 to 2.54 mA/cm2, F K decreased from >1000 to 22.1 (entry 5 
and 6, respectively, in Table 2.3). Therefore, while comparing two F K values from 
two different studies, the amount of current/voltage as well as the type of method 
should be considered to achieve a fair comparison. One indication is the flux values 
of the ions to compare the selectivity values. For instance, in an ED study, F Na  is 
1.7 when the flux of Na+ is ≈ 3.5104 nmol·cm⁻2·s⁻1 (entry 33, Table 2.3). However, in 
another ED study, F K >1000 can be achieved since the driving force, and therefore 
the flux of the monovalent cation (K+, in this case) is much (×104 ) smaller (entry 5, 
Table 2.3).
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In conclusion, for an optimized system, the coating conditions of the PEM build-up 
(i.e., rinsing step, number of layers, degree of crosslinking), operational parameters 
(i.e., the composition of the salt solution) as well as the current density/voltage values 
should be considered carefully. To sum up, the combination of higher number of 
layers, therefore the charge density of the PEM, higher inlet concentration, and the 
smaller driving force (current/voltage) lead to higher X+/Y2+ selectivity values (Figure 
2.6). Also, the stability of the PEM depends on the duration of the process as well as 

Figure 2.6 – Schematic representation of the main parameters that affect the mono-/divalent 
cation selectivity in PEM-coated dense membranes. The values are taken from the citations 
that are listed in Tables 2.2 and 2.3 and as such do not represent optimized values. AC 
and UV stand for alternating current electrical field and ultraviolet approaches to establish 
crosslinking between PEs with agents like 1,4-bis(2’,3’-epoxypropyl) perfluoro-1-butane and 
(4,4-diazos-tilbene-2,2-disulfonic acid disodium salt, respectively.

the operating conditions. For instance, overlimiting current values (depending on 
the operation) can cause water splitting and even electromigration of the PEs [188]. 
As a result, reduction in current efficiency, fouling of membrane with insoluble 
metal hydroxides, and even lack of stability in long-term operations can occur. Also, 
film stability in ED can be affected by the chlorine generation during the operation 
[199].
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Table 2.3 – Overview of selectivity values and experimental details of the reported studies towards mono/divalent cations. Here, ED: 
electrodialysis, DD: diffusion dialysis, RM: resistance measurement, MCDI: membrane capacitive deionization, and RP: receiving phase. CC 
and CV represent a desalination process with constant current or constant voltage, respectively.

Entry PEM/

membrane

No. 
lay-
ers

Meth-
od

Conditions Flux

 (nmol· cm−2 ·s−1)

Selectivity Ref

1 PEI/PSS on 
CMX 21 ED CC, 15 mA/cm2, 0.05 M NaCl 

and 0.05 M CaCl2

Ca2+: 44.0, 

Na+: 60.1
P Na = 1.35 [186]

2 CMX bare ED CC, 15 mA/cm2, 0.05 M NaCl 
and 0.05 M CaCl2

Ca2+: 64.5, 

Na+: 40.3
 P Na = 0.64 [186]

3 CSO bare ED CC, 15 mA/cm2, 0.05 M NaCl 
and 0.05 M CaCl2

Ca2+: 35.2, 

Na+: 60.8
 P Na = 1.72 [186]

4 CMS bare ED CC, 15 mA/cm2, 0.05 M NaCl 
and 0.05 M CaCl2

Ca2+: 41.8, 

Na+: 53.1
P Na = 1.23 [186]

5
PSS/PAH 
on Nafion 

115
11 ED CC, 1.27 mA/cm2, 0.01 M 

KNO3 and 0.01 M Mg(NO3)2
K+: 6.9 ± 0.2, Mg2+: <0.005 F K > 1000 [187]

6
PSS/PAH 
on Nafion 

115
11 ED CC, 2.54 mA/cm2, 0.01 M 

KNO3 and 0.01 M Mg(NO3)2
K+: 6.28 ± 0.58, Mg2+: 0.318 F K = 22.1 ±3.5 [187]

7
PSS/PAH 
on Nafion 

115 (1-side)
11 ED CC, 2.54 mA/cm2, 0.01 M 

KNO3 and 0.01 M Mg(NO3)2
ND F K = 10.0±3.8 [187]

8
PSS/PAH 
on Nafion 

115
11 ED CC, 2.54 mA/cm2, 0.02 M 

KNO3 and 0.02 M Mg(NO3)2
K+: 13.5 ± 0.6, Mg2+: 0.149 F K = 96±26 [187]
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9
PSS/PAH 
on Nafion 

115
11 ED CC, 2.54 mA/cm2, 0.1 M KNO3 

and 0.1 M Mg(NO3)2
K+: 25.2 ± 1.6, Mg2+: < 0.001 F K > 20000 [187]

10 Nafion 115 bare ED CC, 1.27 mA/cm2, 0.01 M 
KNO3 and 0.01 M Mg(NO3)2

K+: 6.4 ± 0.3, Mg2+: 3.6 ± 0.1 F K = 1.8±0.1 [187]

11
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.01 M 

LiNO3 and 0.01 M Co(NO3)2

Li+: 2.95 ± 0.2, Co2+: 1.29 ± 
0.51 (pmol cm-2 s-1) F Li > 1600 [188]

12
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.02 M 

LiNO3 and 0.02 M Co(NO3)2

Li+: 3.18 ± 0.3, Co2+: 2.55 ± 
1.71 (pmol·cm-2·s-1) F Li > 360 [188]

13
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.1 M LiNO3 

and 0.1 M Co(NO3)2

Li+: 6.79± 0.18, Co2+ < 1 
(pmol·cm-2·s-1) F Li > 6500 [188]

14
PSS/PAH 
on Nafion 

117
4 ED CC, 0.63 mA/cm2, 0.01 M 

LiNO3 and 0.01 M Co(NO3)2

Li+: 2.39 ± 0.10, Co2+: 3.85± 
2.49 (pmol·cm-2·s-1) F Li  > 430 [188]

15
PSS/PAH 
on Nafion 

117
3 ED CC, 0.63 mA/cm2, 0.01 MLi-

NO3 and 0.01 M Co(NO3)2

Li+: 1.62 ± 0.10, Co2+: 37.3 ± 
25.5 (pmol·cm-2·s-1) F Li  > 23 [188]

16
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.01 M 

K(OAc) and 0.01 M La(OAc)3

K+: 0.46 ± 0.27, La3+: 1.58 ± 
1.00 (pmol·cm-2·s-1) F K > 93 [188]

17
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.02 M 

K(OAc) and 0.02 M La(OAc)3

K+: 4.40 ± 0.02, La3+: 1.27 ± 
0.46 (pmol·cm-2·s-1) F K > 2400 [188]

18
PSS/PAH 
on Nafion 

117
11 ED CC, 0.63 mA/cm2, 0.1 M 

K(OAc) and 0.1 M La(OAc)3

K+: 7.85 ± 0.69, La3+: <1  
(pmol·cm-2·s-1) F K > 7000 [188]

19 Nafion 117 bare ED CC, 0.63 mA/cm2, 0.01 M 
LiNO3 and 0.01 M Co(NO3)2

Li+: 1.9 ± 0.4, Co2+: 3.0 ± 0.7 F Li  = 0.66±0.08 [188]

20 Nafion 117 bare ED CC, 0.63 mA/cm2, 0.01 M 
K(OAc) and 0.01 M La(OAc)3

ND F K  = 1.61 ± 0.26 [188]
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21
PSS/PAH 
on Nafion 

115
11 DD 0.01 M KNO3 and 0.01 M 

LiNO3 + 0.01 HNO3 in RP
K+:2.01 ± 0.21, 

Li+: 0.039 ± 0.013
up to F K = 57±22 [78,189]

22
PSS/PAH 
on Nafion 

115
11 DD 0.02 M KNO3 and 0.02 M 

LiNO3 + 0.01 HNO3 in RP
K+:2.83 ± 0.31, 

Li+: 0.035 ± 0.003
F K  = 80±9 [78]

23
PSS/PAH 
on Nafion 

115
11 DD

0.1 M KNO3 and 0.1 M LiNO3 + 
0.01 HNO3 in RP K+:5.28 ± 0.69,

 Li+: 0.25 ± 0.05
F K  = 38±13 [78]

24
PSS/PAH 
on Nafion 

115
11 DD 0.01 M KNO3 and 0.01 M 

LiNO3 + 0.02 HNO3 in RP
K+: 0.35 ± 0.06, Li+:0.047 ± 

0.010 F K = 8.3±1.8 [78]

25 Nafion 115 bare DD 0.01 M KNO3 and 0.01 M 
LiNO3 + 0.02 HNO3 in RP

K+: 4.97 ± 0.44, Li+: 3.03 ± 
0.36 F K  = 1.7±0.3 [78]

26
PSS/PAH 
on Nafion 

115
11 ED

CC, 0.64 mA/cm2, 0.01 M KNO3 
and 0.01 M LiNO3 + 0.01 HNO3 

in RP

K+: 2.99± 0.13, 

Li+: 1.33 ± 0.03
F K  = 2.3±0.1 [78]

27 Nafion 115 bare ED
CC, 0.64 mA/cm2, 0.01 M KNO3 
and 0.01 M LiNO3 + 0.01 HNO3 

in RP
K+: 5.56 ± 0.81, Li+: 4.19 ± 

0.38 F K  = 1.3±0.1 [78]

28
PAH/PSS 
on CMX 
(recipe 1)

11 RM 0.5 M NaCl, 0.5 M MgCl2 ND RMg
Na = 5.7 [190]

29
PAH/PSS 
on CMX 
(recipe 1)

21 RM 0.5 M NaCl, 0.5 M MgCl2 ND RMg
Na  = 5.8 [190]

30
PAH/PSS 
on CMX 
(recipe 2)

11 RM 0.5 M NaCl, 0.5 M MgCl2 ND RMg
Na  = 7.8 [190]

31 CSO bare RM 0.5 M NaCl, 0.5 M MgCl2 ND RMg
Na  = 6.9 [190]

32 CMX bare RM 0.5 M NaCl, 0.5 M MgCl2 ND RMg
Na  = 3.5 [190]
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33
PAH/PSS 
on CMX 
(recipe 2)

11 ED CV, 3.5 V, 25mM NaCl and 
10mM MgCl2

Na+≈ 3.5104 Mg2+≈ 0.5104* P
Mg

Na = 1.7 [190]

34 CMX bare ED CV, 3.5 V, 25mM NaCl and 
10mM MgCl2

Na+≈ 2104 Mg2+≈ 1.5104* P
Mg

Na  = 0.5 [190]

35 PAH/PSS 
on CMX 11 MCDI CV, 0-1 V, 4 mM NaCl, 4 mM 

MgCl2
ND  βMg

Na = 2.8 ± 0.2 [182]

36 CMX bare MCDI CV, 0-1 V, 4 mM NaCl, 4 mM 
MgCl2

ND  βMg
Na = 0.5±0.04 [182]

37 CMS bare MCDI CV, 0-1 V, 4 mM NaCl, 4 mM 
MgCl2

ND  βMg
Na = 0.4±0.1 [182]

*Estimated from the graphs reported in the cited references.
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Table 2.4 – Overview of selectivity values and experimental details of the reported studies towards mono/divalent anions. Here, ED: 
electrodialysis, RED: reverse electrodialysis, DD: diffusion dialysis, CDI: capacitive deionization. CC and CV represent a desalination process 
with constant current or constant voltage, respectively. PSS-MA stands for poly(styrenesulfonic acid-co-maleic acid) sodium salt.

Entry
PEM/

membrane
No. 

layers Method Conditions Flux (nmol·cm−2·s−1) Selectivity Ref

1 PSS/PAH on AMX 15 ED CC, 2 mA/cm2, 0.01 M 
NaCl, 0.01 M Na2SO4

ND  ≈ 2.5* [184]

2 AMX bare ED CC, 2 mA/cm2, 0.01 M 
NaCl, 0.01M Na2SO4

ND ≈ 0.8* [184]

3 PSS-MA and HACC 
(crosslinked) 15 ED CC 15 mA/cm2, 50 mM 

NaCl and 50 mM Na2SO4
ND = 4.81 [191]

4 AMX bare ED CC 15 mA/cm2, 50 mM 
NaCl and 50 mM Na2SO4

ND = 0.81 [191]

5 PSS/HACC on AMX 18 ED CC, 5 mA/cm2, 0.02 M 
NaCl and 0.02 M Na2SO4

ND  = 2.9 [200]

6 PSS/HACC on AMX 14 ED CC, 5 mA/cm2, 0.02 M 
NaCl and 0.02 M Na2SO4

ND ≈ 2* [200]

7 PSS/HACC on AMX 6 ED CC, 5 mA/cm2, 0.02 M 
NaCl and 0.02 M Na2SO4

ND ≈ 1.5* [200]

8 AMX bare ED CC, 5 mA/cm2, 0.02 M 
NaCl and 0.02 M Na2SO4

ND = 0.66 [200]

9 PSS/HACC on AMX + 
crosslinked 17 ED CC, 5 mA/cm2, 0.05 M 

NaCl and 0.05M Na2SO4
ND ≈ 3.8* [195]

10 PSS/HACC on AMX + 
crosslinked 11 ED CC, 5 mA/cm2, 0.05 M 

NaCl and 0.05 M Na2SO4
ND              = 4.36±0.13 [195]

11 PSS/HACC on AMX + 
crosslinked 5 ED CC, 5 mA/cm2, 0.05 M 

NaCl and 0.05 M Na2SO4
ND ≈1.5* [195]
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12 PSS/HACC on AMX 11 ED CC, 5 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND ≈ 2.1* [195]

13 AMX bare ED CC, 5 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND  = 0.39±0.06 [195]

14 NSBC/HACC on AMX 15 ED CC,10 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND  = 47.04 [196]

15 AMX bare ED CC,10 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND = 0.81 [196]

16 ACS bare ED CC,10 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND  = 13.6 [196]

17 ASV bare ED CC,10 mA/cm2, 0.05 M 
NaCl and 0.05 M Na2SO4

ND = 22.3 [196]

18 PSS/PEI on CMX 11 RED CC, 4.0 mA/cm2, 0.05M 
NaCl and 0.05 Na2SO4

Cl−: 106.5, 

SO4
2−: 50.1

= 1.67 [192]

19 PSS/PEI on CMX 15 RED CC, 4.0 mA/cm2, 0.05M 
NaCl and 0.05 Na2SO4

Cl−: 106.0, 

SO4
2−: 43.3

= 2.44 [192]

20 PSS/PEI on CMX 21 RED CC, 4.0 mA/cm2, 0.05M 
NaCl and 0.05 Na2SO4

Cl−: 85.5, 

SO4
2−: 42.1

 = 1.89 [192]

21 CMX bare RED CC, 4.0 mA/cm2, 0.05M 
NaCl and 0.05 Na2SO4

Cl−: 103.2, 

SO4
2−: 95.3

 = 1.1 [192]

22 ACS bare RED CC, 4.0 mA/cm2, 0.05M 
NaCl and 0.05 Na2SO4

Cl−: 105.3, 

SO4
2−: 35.1

 = 2.7 [192]

23 PSS/PAH on AMX 11 DD 0.01 M NaCl and 0.01 M 
Na2SO4

Cl−: 1.47 ± 0.20, SO4
2−: 

0.31 ± 0.16
F

SO4

Cl
 = 5.3±1.7 [193]

24 PSS/PAH on AMX 11 DD 0.1 M NaCl and 0.1 M 
Na2SO4

Cl−: 8.14 ± 0.39, SO4
2−: 

0.06 ± 0.01      = 37±31 [193]
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25 PSS/PAH on AMX 11 DD 0.01 M NaCl and 0.1 M 
Na2SO4

Cl−:1.55 ± 0.06, SO4
2−: 0.57 

± 0.09  = 27.9±5.0 [193]

26 PSS/PAH on AMX 11 DD 0.1 M NaCl and 0.01 M 
Na2SO4

Cl−:7.40 ± 0.53, SO4
2−:Not 

Detected
 > 200 [193]

27 AMX bare DD 0.01 M NaCl and 0.01 M 
Na2SO4

Cl−: 6.12 ± 0.12, SO4
2−: 

3.70 ± 0.22
      = 1.66±0.08 [193]

28 AMX bare DD 0.1 M NaCl and 0.1 M 
Na2SO4

Cl−:30.0 ± 1.9, SO4
2−: 2.30 

± 0.19
   = 13.0±0.4 [193]

29 AMX bare DD 0.01 M NaCl and 0.1 M 
Na2SO4

Cl−:2.85 ± 0.07, SO4
2−: 6.61 

± 0.12
  = 4.3±0.1 [193]

30 AMX bare DD 0.1 M NaCl and 0.01 M 
Na2SO4

Cl−:35.16 ± 3.17, 
SO4

2−:0.361 ± 0.064
 = 9.9±1.0 [193]

31 PSS/PAH on AMX 11 ED CC, 1.13 mA/cm2, 0.01 M 
NaCl and 0.01 M Na2SO4

Cl−:6.72 ± 0.13, SO4
2−:0.91 

± 0.09
 = 7.4±0.6 [193]

32 PSS/PAH on AMX 11 ED CC, 1.13 mA/cm2, 0.1 M 
NaCl and 0.1 M Na2SO4

Cl−:19.37 ± 0.37 , 
SO4

2−:0.28 ± 0.02
   = 69.3±5.2 [193]

33 PSS/PAH on AMX 11 ED CC, 1.13 mA/cm2, 0.01 M 
NaCl and 0.1 M Na2SO4

Cl−:4.54 ± 0.21, SO4
2−:2.65 

± 0.28
   = 17.3±2.4 [193]

34 PSS/PAH on AMX 11 ED CC, 1.13 mA/cm2, 0.1 M 
NaCl and 0.01 M Na2SO4

Cl−: 18.38 ± 0.77, 
SO4

2−:0.018 ± 0.008
 > 81 [193]

35 AMX bare ED CC, 1.13 mA/cm2, 0.01 M 
NaCl and 0.01 M Na2SO4

Cl−:7.38 ± 0.31, SO4
2−:5.57 

± 0.26
      = 1.32±0.01 [193]

36 AMX bare ED CC, 1.13 mA/cm2, 0.1 M 
NaCl and 0.1 M Na2SO4

Cl−:34.11 ± 1.63 SO4
2−: 

3.13 ± 0.12
  = 10.9±0.2 [193]

37 AMX bare ED CC, 1.13 mA/cm2, 0.01 M 
NaCl and 0.1 M Na2SO4

Cl−: 3.62 ± 0.29, 
SO4

2−:11.34 ± 0.57 = 3.2±0.1 [193]

38 AMX bare ED CC, 1.13 mA/cm2, 0.1 M 
NaCl and 0.01 M Na2SO4

Cl−:57.76 ± 5.04, 
SO4

2−:0.695 ± 0.11 = 8.4±1.1 [193]
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39 PSS/PDADMAC 15 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND 7 < β
SO4

Cl <14 [194]

40 PSS/PDADMAC 14 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND β
SO4

Cl
≈ 2 [194]

41 PSS/PDADMAC 5 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND 3 < β
SO4

Cl  < 6 [194]

42 PSS/PDADMAC 23 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND β
SO4

Cl  ≈ 1* [194]

43 PSS/PDADMAC 14 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND β
SO4

Cl  ≈ 1.5* [194]

44 AMX bare CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND β
SO4

Cl  ≈ 2 [194]

45 ACS bare CDI CV, (±)1 V, 10 mM NaCl, 
10 mM Na2SO4

ND β
SO4

Cl  ≈ 7 [194]

46 PSS/PDADMAC 15 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM NaH2PO4

ND 1.5 < βH2PO4

Cl
< 5.5* [194]

47 PSS/PDADMAC 15 CDI CV, (±)1 V, 10 mM NaCl, 
10 mM NaNO3

ND β
Cl

NO3  ≈ 1.5* [194]

*Estimated from the graphs reported in the cited references.
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2.4.2. Fouling Control 

PEM-coated AEMs were also used in antifouling studies in ED [184,185] and reverse 
ED [192]. When the terminating layer is PSS, the negatively charged hydrophilic 
outermost layer improved the antifouling properties of the AEM against various 
foulants including sodium dodecylbenzene sulfonate [184], sodium dodecyl sulfate 
(SDS) [185], and humic acid [192]. For example, Zhao et al. demonstrated that 
deposition of (PSS/PDADMAC)5.5 on AEM prevented the SDS formation on the 
membrane, and therefore, the electrical resistance reduced and ion transport through 
the membrane was unaffected in presence of SDS (Figure 5e) [185]. Moreover, a PEM 
coating can simultaneously enhance the energy conversion efficiency by three-fold 
compared to the pristine AEM, while still perform as an antifouling layer [192]. 
Likewise, ROMs have been combined with PEMs to reduce membrane fouling [201–
203]. For instance, Ishigami et al. coated ROMs with (PAH/PSS)3 and (PAH/PSS)6 and 
concluded that the surface roughness decreased, and hydrophilicity increased with 
higher number of layers [201]. In filtration experiments, the modified membranes 
were tested against hydrophobic foulants, humic acid and dodecyl trimethyl 
ammonium bromide (DTAB). The polyanion-terminated PEM coating reduced the 
amount of fouling in all cases, even for a cationic surfactant (DTAB). Moreover, a 
real-time surface technique called quartz crystal microbalance with dissipation 
(QCM-D) was used to determine bovine serum albumin (BSA) fouling. The QCM-D 
fouling study showed that the PEM coating resulted in ≈2 times less protein fouling. 
The surface mass densities of adsorbed BSA were calculated as 3.0 mg·m−2 and 
1.5 mg·m−2 for pristine gold sensors and gold sensors coated with (PAH/PSS)3, 
respectively, further proving the antifouling character of the PEM. More recently, 
PEMs were used as sacrificial coatings for fouling control for ROMs [131,204]. When 
the membrane was fouled with organic foulants, both the biofilm and the PEM were 
flushed with concentrated brine solution and a fresh PEM was coated in-situ (Figure 
2.5e) [204].

2.4.3. Catalytic Effect in Dissociation Water

Another application of PEM-coated IEMs is to improve the water splitting capability 
of the membrane [186,205]. In 2013, Abdu et al. deposited a PEM in between the 
anion-exchange and cation-exchange layers of a BPM [205]. The PEM enhanced the 
rate of water dissociation due to the fixed charge groups of the PEM that behave as 
catalysts. In 2014, the same research group reported this also for a PEM-coated CEM 
[186]. In that work, water dissociation occurred with PEI-terminated multilayers, 
while PSS-terminated multilayers showed no significant catalytic effect, allowing 
switchable water splitting at the membrane-PEM interface. 
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2.4.3. Solvent Transport and Separation

Furthermore, PEMs can improve the performance of direct methanol fuel cells when 
applied on Nafion membranes [206,207]. Jiang and Tang showed that (PDADMAC/
PAA)n multilayers reduced the methanol transport of Nafion membranes significantly 
as well as lowered the proton conductivity of the membrane [206]. LbL assembly 
of different polyelectrolyte combinations have also been employed in RO for the 
separation of isopropanol-water mixtures yielding promising separation factors up 
to 1075 [208].

2.4.4. Stability 

Besides their various applications, PEMs also have been proven to be highly stable 
coatings on dense membranes. They can be built at different pH values ranging 
from 2.3 to 9.3 [78], remain intact in salt solutions up to 0.5 M [190], and under 
electric fields [182,194]. In order to improve the chemical and physical stability of 
PEMs further, covalent bonds within the loose multilayers can be formed via UV 
irradiation [195,209]. 

2.5. Polyelectrolytes and Polyelectrolyte Complexes as Free-Stand-
ing Membranes

So far, PE or PEM coatings on membranes have been discussed, and we gave 
numerous reasons and examples why PEs are advantageous for many membrane 
applications by their nature. In this part, we will discuss membranes that are entirely 
composed of PEs either in homopolymer form or in copolymer form. In order to 
distinguish from the membranes with PE or PEM coatings, in this section, membranes 
will be referred to as ‘free-standing membranes’. Most of the membranes discussed 
here are indeed free-standing, however, the ones on macroporous substrates (for 
mechanical support during filtration) are also included. Blends or cases where PEs 
are incorporated to the membrane after the membrane formation are out of the scope 
of this part. First, material properties of PEs and PECs for membrane applications 
will be discussed. Next an oversight is given of free-standing membrane preparation 
and finally the advanced functions of these kinds of membranes will be discussed 
in detail. 

2.5.1. General Properties and Functionalities 

As explained earlier, PEs are water-soluble due to the charges along their polymer 
chains. However, when oppositely charged PEs form a complex via electrostatic 
interactions, strong ionic crosslinking makes the material resistant to many solvents 
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[30]. While such stability can be considered as a real advantage, it also means that it 
is not possible to process PECs in a conventional manner. Until the end of the 2000s, 
the lack of processability of PECs was still an issue. Some dense films from PECs 
could be obtained and were studied mostly for pervaporation applications [210]. 
However, obtaining a porous film with good control over structure was not possible. 
In 2009, Schlenoff and coworkers showed that these materials are plasticized by salt 
and introduced the term “saloplastic” [211]. Using salt as a plasticizer allowed the 
PECs to be formed in different shapes and sizes, proving that PECs are actually 
processable just like thermoplastics [33,212–214]. This accelerated the research on 
saloplastic materials, and many papers have been published on advanced functional 
saloplastics with self-healing [215–217], shape recovery [218], patternability [219], 
antifouling [18], gas barrier [220], chemical stability [212] features. Additionally, 
incorporation of PECs with other kinds of materials such as nanoparticles is also 
demonstrated indicating it is possible to have materials with even more advanced 
functions [221–224]. Moreover, PECs are plasticized and then processed after being 
exposed to saline aqueous solutions without using toxic organic solvents suggesting 
saloplastic materials can be prepared in a sustainable manner. The introduction of 
saloplastics to the literature signaled that PEC films can be obtained in many ways 
and these films can have numerous functions which will be particularly useful for 
membrane applications. 

2.5.2. Free-Standing Membrane Formation

Investigations on PEC film [225] and membrane [30,226] formation already started 
decades ago. However, it hit the significant obstacle of lack of processability of PECs 
as discussed above. When dry, PECs are infusible, brittle, and resistive to most of the 
solvents [30,227]. Therefore, shaping PECs in desired forms, including membrane 
formation, was not possible with conventional methods like phase separation. On 
the other hand, PE bulk films were soft, sticky, highly swollen in the presence of 
water, and very sensitive to humidity. Although these are desired features for some 
applications, they are not ideal for filtration-based separations, and a complex 
formation or a kind of crosslinking is needed for most of the cases in order to 
suppress these effects [228]. 

Preparation of the free-standing membranes from only one PE was possible with 
conventional methods such as solvent evaporation [229] (Figure 2.7a) or nonsolvent 
induced phase separation (NIPS) [230] (Figure 2.7b). On the other hand, in 
order to prepare free-standing PEC membranes, researchers had to develop new 
methods. Therefore, most of the research is focused on preparing and evaluating 
the performance of the membranes rather than developing them further to have 
advanced functions. Interfacial complexation, multi-casting, and PEC deposition are 
among these methods which are illustrated in Figure 2.7. In interfacial complexation 
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(Figure 2.7d), a PE film is immersed in a bath containing oppositely charged PEs 
[19,231]. In multi-casting methods (Figure 2.7f), either PEC dispersion is cast, dried, 
and cast again on top of the previous one [22], or a PE solution is cast followed by 
casting of oppositely charged PE solution on top of it [226,232]. In the PEC deposition 
method (Figure 2.7e), dilute solutions of oppositely charged PEs mixed to obtain a 
dispersion. Then, this PEC dispersion is cast followed by evaporation of the solvent 
(usually water) to form the film [228,233–236] or the dispersion is filtered where the 
membrane is obtained on that filter [237,238]. Mostly for these methods, membrane 
formation occurs completely in aqueous media, which is a very desired feature, 
especially in terms of sustainability and clean production. However, these methods 
suffer from several problems including non-uniform ionic crosslinking, very long 
evaporation times, lack of scalability, and low control over membrane structure 
(i.e., mostly dense films are obtained). Recently, Krishna B et al. demonstrated 
a new method for the formation of dense PEC membranes, which is obtained by 
pressing a PEC agglomerate at a certain temperature [33] (Figure 2.7h), and many 
of the drawbacks mentioned before are not seen for hot-pressed membranes. It is 
also possible to have free-standing membranes with conventional phase separation 
methods. For this, either poly(ionic liquids) (PILs) [28,239–242] or copolymers of 
regular membrane polymers with PEs [20,243–248] are used. Although the organic 
solvent used in the phase separation methods becomes a big issue [9], membrane 
preparation is very well established with great control over the structure. 

If it is possible to process PECs just like regular thermoplastics, it means that it is 
also possible to prepare free-standing PEC membranes with a phase separation 
approach just like NIPS membranes. Indeed, de Vos introduced the aqueous phase 
separation (APS) approach for the preparation of membranes made of PEs and PECs 
in totally water-based processes [249]. In order to make membranes from a single 
polymer, weak PEs are used. Casting solutions are prepared at a pH where the weak 
PE is charged, and soluble in water, and after casting, the film is immersed in a bath 
at a pH that the PE is insoluble in water [250,251] (Figure 2.7c). On the other hand, 
PEC membranes are obtained either via the pH- or salinity-switch method (Figure 
2.7g). In the former, a homogenous mixture of oppositely charged PEs is obtained 
by keeping the pH at a point where weak PE is uncharged and not interacting with 
the other one. Casting is followed by immersion of the mixture in a bath where both 
of the PEs are charged, interacting with each other, and forming the PEC membrane 
[252]. In the salinity-switch method, a casting solution is prepared at high salinity 
in order to screen the charges of the PEs and therefore preventing the complex 
formation. When this solution is in the coagulation bath of low salinity, then the 
charge screening disappears, and PEs form the complex [253]. The last method is 
also investigated by others with the emphasis of how sustainable and scalable the 
method is [254,255]. It is clear that with the APS approach, it is possible to combine 
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the know-how and versatility of the NIPS method with the desired features of PE 
membranes.

2.5.3. Responsiveness 

Most of the recent research on advanced functional, free-standing PE-based 
membranes is on stimuli-responsive behavior. PEs change the chain conformation 
depending on several factors, including ionic strength, solvent type, temperature, 
and pH. Therefore, membranes made from a PE that responds to these external 
stimuli would be expected to be stimuli-responsive as well. There are many papers 
on pH-responsive membranes made with both homopolymers [251,256–258] and 
copolymers [20,21,262–264,238,243,245–247,259–261]. The responsive behavior is 
observed as either a change in surface properties, a gating mechanism where pore 
size changes with the external stimuli, or swelling of the whole material. Weak 
polyelectrolytes such as poly(2-dimethylamino ethyl methacrylate) (PDMAEMA), 
poly(4-vinylpyridine) (P4VP), and PAA are frequently used. Mostly, at a pH 
where the PE is charged, the polymer chains get an extended conformation due 
to repulsion of the monomers leading to swelling of the polymer. Xiang et al. 
showed that it is possible to control hydrophilic properties of the membranes 
composed of PDMAEMA and poly(vinylidene fluoride) (PVDF) copolymer [20]. 
At pH ≈7, PDMAEMA chains are collapsed and PVDF is more exposed, therefore 
the membrane is more hydrophobic letting oil permeate. On the other hand, at low 
pH (≈2), PDMAEMA chains are extended and cover the PVDF, resulting in more 
hydrophilic membranes where oil/water separations are possible (Figure 2.8a). 
Figure 2.8c shows the pH-dependent flux of PS-b-P4VP membranes, where a small 
pH change enables one to alter the water flux by orders of magnitude [21]. Here, the 
flux is higher when P4VP chains are collapsed (i.e., when the gates are open). On the 
other hand, Figure 2.8e also shows the pH-dependent flux behavior of a membrane 
composed completely of P4VP homopolymer [251]. Unlike the previous ones, this 
membrane has a lower resistance for water permeation at low pH where P4VP is 
charged and extended since the swelling of the whole material leads to more open 
structures.

Since the transition between a coiled and extended form of the PE chains is not sharp, 
membrane permeability can easily be fine-tuned with pH. Moreover, especially for the 
membranes from copolymers, permeability also depends on the surface properties. 
When the hydrophilic PE is in a coiled form, the hydrophobic part of the copolymer 
is more in contact with the filtration medium, a decrease in membrane flux can be 
observed with the increase of the hydrophobicity (Figure 2.8b, d) [20,21]. Finally, the 
pH affects the charge density of the weak PEs and consequently the charge exclusion 
mechanism of the separation, which is a key factor for the separation of charged 
compounds like proteins, dyes, salts, and micropollutants. For example, Qiu et al. 
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Figure 2.7 – Schematic drawings of PE and PEC free-standing membrane preparation 
methods. (a) solvent evaporation method (solvents including water), (b) membrane 
preparation from block copolymers via NIPS technique, (c) membrane preparation with 
stimuli-responsive PEs via APS, (d) interfacial complexation technique, while the type of PE 
is not important, here, the viscous film is the polycation which is immersed in polyanion bath, 
(e) PEC deposition membranes prepared through removing water from PEC dispersion, (f) 
multi-casting technique, each layer can be with any type of PE solution, as well as with PEC 
solutions, (g) membrane preparation via complexation induced APS, (h) dense membrane 
preparation by hot-pressing. 
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studied the separation of similarly sized proteins where the membrane charge is one 
of the factors to control this separation as sketched in Figure 2.8d [21]. 

Most of the papers on stimuli-responsive membranes investigated the effect on flux. 
However, only a few investigated the membranes with a rejection test of a compound 
[245,246,248,251,265,266] and to our knowledge, there are very few investigating the 
separation of similar species [21,258]. The reported rejection tests are very frequently 
done with BSA in order to examine the fouling behavior of the membranes which 
will be discussed later. 

Other than pH, also ionic strength [230,251,260,266], temperature [243,247,262,267] 
and redox-responsive [268] behavior of PE bulk membranes is studied. The 
mechanism is again completely dominated by the conformation of the PE. The 
gate mechanism studied for drug-release and dialysis membranes as well that are 
excluded from this review.

2.5.4. Fouling Control

As stated earlier, fouling is a major problem for membrane applications. Hydrophobic 
membranes tend to foul easily, but as membranes get more hydrophilic, there will be 
more water molecules between the membrane and the foulant and therefore it will 
be less favorable for the foulant to be adsorbed on the surface [246,248]. Therefore, 
many membrane studies have been dedicated to increasing the hydrophilicity 
of the membranes using PEs. PEs due to their charged nature are hydrophilic, a 
feature that can even be tuned by their charge density. Many studies on stimuli-
responsive behavior of the membranes also investigated the fouling behavior of 
the PE free-standing membranes [245,246,248,251,265,266]. It is reported that as 
the membranes get hydrophilic, it becomes more difficult to foul the membrane 
[20,246,269]. Moreover, when fouled it is easier to clean the membrane by adjusting 
the pH where the PE is charged. Willott et al. showed that crosslinking P4VP free-
standing membranes introduces fixed charges and by controlling the crosslinking 
degree, it is possible to control the self-cleaning degree of the membranes [251]. Very 
frequently, the flux recovery data (pure water flux after cleaning with respect to the 
one before fouling) of PE-based free-standing membranes is over 90%. This means 
that although it is not possible to do the filtrations at a pH where the membrane 
shows high resistance to fouling, it can be easily cleaned, and cleaned membranes 
can perform as well as new membranes. The literature on this is predominantly on 
copolymer membranes which are prepared with NIPS. There are a few studies on 
antifouling saloplastic material [18] and to our knowledge, the work of Willott et al. 
is the only study that investigates stimuli-responsive and self-cleaning functions of 
homopolymer free-standing membranes [251] prepared with APS. 
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2.5.5. Stability

PECs and many PEs are known with being chemically resistive towards organic 
solvents. As in other polymers, the chemical stability of PEs and PECs is highly 
dependent on solvent-polymer interactions. Moreover, the chemical stability of a 
membrane is determined by the stability of the polymer, the extent of crosslinking, 
and the extent of the entanglements. For PECs, electrostatic interactions between 
oppositely charged PEs, which are also called ionic crosslinks, contribute to the 
stability of the membrane. Free-standing pervaporation membranes and PEMs used 
for organic solvent nanofiltration (OSN) already indicate the great compatibility of 
PE-based membranes. For free-standing PEC membranes, Sadman et al. reported 
stable fluxes over varying transmembrane pressure for several organic solvents 
Figure 2.8f [254] and Fares showed swelling behavior of PSS-PDADMAC based 
saloplastics [270], pointing out that PEC membranes will be particularly useful for 
filtrations with organic solvents. Other than stability against organic solvents, pH 
stability of these membranes is also important. Here, the extent of ionic crosslinking 
is more important which is mostly dependent on PE type. For example, Baig et al. 
reported the pH stability of PSS-PEI free-standing membranes is only up to pH 10 
[271], this is because of the pH-dependent behavior of the weak polycation PEI. It is 
speculated that at conditions higher than pH 10, the membrane starts to de-complex 
because of PEI becomes less charged due to excessive deprotonation. On the other 
hand, it is reported that PSS-PDADMAC membranes are stable at pH 0 to pH 14 
[33,253]. Pham et al. showed that anion exchange membranes from ionenes, a class 
of PEs, are stable in alkaline solutions and organic solvents like dimethyl sulfoxide, 
N-methyl-2-pyrrolidone and dimethylacetamid [272]. Krishna B et al. exposed the 
hot-pressed PSS-PDADMAC membranes to 1 M HCl and 1 M NaOH solutions for 
60 days and the membranes exhibit great stability against this extreme pH without 
sacrificing from the permselectivities [33]. The difference in the stability of these PEC 
membranes does not only result from different types of PEs, as also the polyanion to 
polycation ratio in the complex, the strength of ion-ion interactions, and the extent of 
crosslinking and entanglements are affecting factors. This implies that it is possible 
to tune the stability of these membranes further with an informed selection of PEs 
and membrane preparation conditions. 
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Figure 2.8 – (a) A sketch showing the pH-responsive oil/water separation of PVDF-co-
PDMAEMA membranes, (b) pH-responsive pure water flux of PVDF-co-PDMAEMA 
membranes, (a) and (b) are adapted with permission from reference [20]. Copyright 2015, The 
Royal Society of Chemistry. (c) A sketch showing the separation of similarly sized proteins 
with positively charged polystyrene-b-poly-4-vinylpyridine block copolymer (PS-co-P4VP) 
membranes, which protein to be retained is depending on the net charge of the protein which 
depends on the pH of the medium, (d) pure water flux (green line) vs. pH plot for PS-co-
P4VP membranes), (c) and (d) are adapted with permission from reference [21]. Copyright 
2012, American Chemical Society. (e) pH- and ionic strength-dependent behavior of the flux 
of membranes completely composed of P4VP homopolymer. Adapted with permission from 
reference [251]. Copyright 2019, American Chemical Society. (f) flux over transmembrane 
pressure plot showing the linear relationship for PSS—poly(N-ethyl-4-vinylpyridinium) 
(QVPC2) PEC membranes. Adapted with permission from reference [254]. Copyright 2019, 
American Chemical Society.
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2.6. Conclusion and Outlook

In the past decade, the use of polyelectrolytes to modify or produce membranes 
has received much attention and has led to many examples of highly promising 
functionalities. Attaching just a single layer of polyelectrolyte, either as a 
brush or a physiosorbed layer, is already enough to produce membranes with 
excellent antifouling properties, responsive membranes through a gating 
mechanism and even anti-viral and/or anti-bacterial properties. Moreover, 
when applying polyelectrolytes in a complex form, through the formation of 
polyelectrolyte multilayers, more advanced functionalities become possible. 
Next to antifouling and pH- and salt-responsive coatings, it has now also 
become possible to create membranes with sacrificial coatings, for easy 
cleaning, and membranes with very specific selectivities. Polyelectrolyte 
multilayers, both on porous and dense membranes can allow very high 
selectivities between multivalent and monovalent ions, going beyond what 
is possible with more traditional membrane coatings and materials. Other 
specific selectivities, including selectivity between monovalent ions and 
membranes with a high retention to small organics molecules and a low 
salt retention also become possible. In the past decade, it has also become 
clear that porous free-standing membranes can be completely made out 
from polyelectrolyte complexes. Some approaches are especially promising 
as they allow the formation of membranes without use of organic solvents, 
providing a platform to make membrane production much more sustainable. 
The produced free-standing membranes can be as diverse as membranes 
produced with organic solvents, besides they can have the same advanced 
functionalities, ranging from stimuli-responsive properties to separation 
behavior. Some of the PEM- and PEC- based free standing membranes also 
demonstrate very high stabilities under problematic conditions, for example 
in organic solvents or when exposed to extreme pH conditions. 

Overall, it can thus certainly be concluded that polyelectrolytes are highly 
promising materials to allow the formation of next-generation membranes 
with advanced functionalities. However, in many ways the field is still 
developing, and much more exciting work on these versatile materials 
are expected in the near future. For example, by focusing not on just one 
single functionality, but rather use polyelectrolytes in smart ways to achieve 
multifunctional membranes, where for example, low fouling, easy to clean 
and specific selectivities are combined [169]. 

A natural advantage of polyelectrolytes is their solubility in water, allowing 
the fabrication of polyelectrolyte coatings and even complete membranes 
without the need for organic solvents. While a clear advantage from a 
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sustainability point of view, this can certainly be pushed further. One 
idea is to use bio-based PEs in membrane separations. Although, there are 
few recent studies that have focused on the monovalent anion selectivity 
and pervaporation with biodegradable PEs (mostly chitosan derivatives) 
[192,196,197,228], there is much room to explore the use of PEs such as 
pectin, alginic acid, and cellulose derivatives in the context of membrane-
based separations.

Moreover, it has been well established that polyelectrolyte complexes 
have self-healing properties, allowing them to heal from small and larger 
damage in sufficiently salt water. For PEM coatings and for the free-standing 
membranes such self-healing properties would be a huge advantage, one 
that has the potential to lengthen the product lifetime, further improving 
sustainability. Still, up till now the self-healing properties of PEC membranes 
and PEM membrane coatings has received no real attention. In addition, 
polyelectrolyte complexes tend to lose their stability under extremely saline 
conditions, or in the presence of surfactants. For those conditions good 
crosslinking approaches will become necessary. For example, microfiltration 
membranes made from PILs by Dani et al. are stable against high ionic 
strength solutions since the films are covalently cross-linked by UV-light 
[273]. On the other hand, this feature can be useful for membrane reuse. 
Wu et al. showed it is possible to reprocesses PIL-PAA membranes in high 
concentration salt solutions [274]. 

One other great advantage of PE- and PEC-based materials is that additives 
can easily be incorporated/intercalated to allow additional functionalities and 
further improvement of membrane properties. Indeed, based on the successes 
of the early examples of PEMs including ion-selective receptors [275–278], the 
recovery and harvest of specific ions from aqueous solutions via PEM-coated 
dense membranes can be further tuned in the future. The incorporation 
of tailored ion-selective groups [186] may allow selectivity between 
monovalent ions for PEM-based membranes. Recently, the intercalation 
of SDS bilayers in a (PDADMAC/PSS)n multilayer allowed for thinner 
multilayers, with increased pore size, and a higher hydrophilicity, which 
resulted in a 100% increase in water permeability without compromising the 
SO4

2−
 rejection [279]. These results highlight how small molecular additives 

may become a novel approach to enhance and fine-tune the performance 
of PEM-coated membranes. Additionally, nanoparticles [280–282] and 
metallo-polyelectrolytes [283] can be incorporated into the multilayer to 
increase PEM-based membrane performance (e.g., permeability, selectivity, 
strength, and hydrophilicity) [280,284]. Here, future research is expected 
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to focus on membranes with incorporated ion-selective nanoparticles for 
selective adsorption and recovery (via pH regeneration) of specific resources 
from wastewater, thereby combining filtration and adsorption in a single 
step process. Finally, polyelectrolyte multilayers could be combined with 
functional biological moieties, such as enzymes. Current PEM-based 
membranes can stop already stop MPs with a high efficiency. However, 
recent work on PEM-based biocatalytic membranes, with incorporated, 
show that MP rejection and degradation could be combined in a single 
process [285–287]. 

We do stress that in future research on improved membrane selectivities 
it is very important to work with standardized process conditions, and 
standardized selectivity definitions and rejection/permeation performances 
that allow direct comparison of different studies. Moreover, these separation 
performance values should be reported as an average of multiple (minimum 
3) experiments and standard deviations should be reported to facilitate a 
better understanding of the reproducibility of the production process of 
modified and new membranes.

Finally, the natural stability of polyelectrolytes and their complex in organic 
solvents, coupled to their high crosslink densities make PE- and PEC-based 
membranes relevant for many applications that go beyond water treatment. 
It has already been shown that PEM-based membranes can be very relevant 
for solvent filtration [36], while PEC-based membranes have also been shown 
to dramatically reduce the permeability of oxygen in packaging materials 
[220,288]. Such oxygen barrier properties, also point to the relevance of these 
materials for the fabrication of advanced gas separation membranes, which 
are relevant for, e.g. CO separation and storage [289]. We thus foresee a very 
bright future for polyelectrolyte-based advanced functional membranes, for 
applications in water treatment, but also in industrial processes that require 
the separation of organic solvents and gasses.
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Abstract 

Nonsolvent induced phase separation (NIPS) is the most common approach to 
produce polymeric membranes. Unfortunately, NIPS relies heavily on aprotic 
organic solvents like N-methyl-pyrrolidone. 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.
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3.1. Introduction

Membrane technology is widely used in many applications, for example, in the 
production of drinking water, the treatment of waste-water, the separation of 
chemicals, and kidney dialysis [1]. Most of the commercially available membranes 
are made from polymers using a technique now known as nonsolvent 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-methyl-pyrrolidone (NMP) [3]. Then, the polymer solution is cast as a 
thin film and subsequently immersed in a so-called ‘nonsolvent’ bath, that is nearly 
always water. As the solvent (NMP) and nonsolvent (water) are miscible, they 
undergo an exchange such that the water diffuses into the polymer solution and 
the NMP diffuses 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 nonsolvent, 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 liters of waste-water 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. 
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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 
different 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 nonsolvent 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 permeance 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.
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To truly replace NIPS with a more environmentally friendly process, it is essential to 
design 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 PSS. (Figure 3.1). 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 to 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 different classes of membranes to be made including microfiltration 
membranes that allow the treatment of oily waste-water, ultrafiltration membranes 
that can effectively 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.
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3.2. Experimental Section

3.2.1. 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 different 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). 

Figure 3.1 – 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.
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Deionized water was obtained from a Milli-Q® Ultrapure water purification system. 
All the chemicals were used without any further purification.

3.2.2. Preparation of polyelectrolyte casting solutions 

Two sets of casting solutions were prepared using different molecular weights (Mw) 
of PSS and PAH (Table 3.1). 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 3.1). On the other hand, PSS (30 wt%, MW ca. 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 (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 sufficiently 
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]. 
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Table 3.1 – Two sets of PSS-PAH casting solutions used in this work.

PSS, MW 
(kDa)

PAH, MW 
(kDa)

Polyelectrolyte solution 
concentration [wt%]

Nomenclature

200 17.5

10

Low Mw PE

12
14
16
18
20

1000 150
8

High Mw PE10
12

Similarly, casting solutions of high Mw PEs were prepared under the following 
conditions. First, a set of PAH solutions having different 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. 

3.2.3. Viscosity Measurements

The viscosity of all the PE casting solutions was measured using a HAAKE™ 
Viscotester™ 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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3.2.4. 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 different 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 
permeance 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.

3.2.5. 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 3.1:

0
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where ζ is the zeta potential (V), I is the streaming current, P is the pressure (Pa), η 
is the dynamic viscosity of electrolyte solution (Pa·s), ε is the dielectric constant of 
the electrolyte solution, e0 is the vacuum permittivity (F·m−1), κB is the bulk electrolyte 
conductivity (S·m−1), and R is the resistance (Ω) inside the streaming channel. 

3.2.6. Pure water permeance and retention tests

Samples were prepared by cutting the membranes into circular disks of 25 mm 
diameter. Pure water permeance tests were conducted using a dead-end cell setup 
(Figure S3.1, 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. The permeate mass was 
measured as a function of time using an electronic weight balance that was connected 
to a computer. Pure water permeance, P (L·m−2·h−1·bar−1), was then calculated using 
equation 3.2: 

(3.2)

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). Δp is 
the trans-membrane pressure difference (bar). Three samples from each membrane 
were tested and the average value with the standard deviation is reported. 

Three different 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 (0.02g·L−1) to the emulsion during stirring as a 
marker for oil droplets. Retention tests were conducted on three different 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 lmax = 521 nm (maximum absorbance wavelength of 
Oil red EGN). Retention, R (%) was calculated using equation 3.3: 

(3.3)
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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 buffer 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 lmax = 280 nm. The retention was calculated 
using equation 3.

Nanofiltration separation performance was characterized using a mixture of eight 
different 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 2.2 mm column (ThermoScientific, USA). First, a calibration curve 
was made by analyzing different concentrations of feed solutions (Figure S3.7, 
supporting information). The retention was then calculated using equation 3. Three 
samples of each membrane were tested for micropollutant retention measurements 
to ensure reproducibility. MgSO₄ retention tests were conducted using 5 mM MgSO₄ 
feed solution. The feed, retentate, and permeate conductivity was measured using a 
handheld conductivity meter (WTW Cond 3210). 

3.3. Results and Discussion

In this work, a new Aqueous Phase Separation (APS) approach is proposed that uses 
water as a solvent and nonsolvent for the polyelectrolytes. The phase separation is 
driven by a pH switch. A homogenous 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.
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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 Schiff base reaction (Figure S3.2, 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 3.1 in the Experimental 
Section for casting solution compositions), with membranes from the low Mw PE 
solutions discussed first. 

Figure 3.2a 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 1–5 mm in size. The membranes have a relatively well-defined top layer of 
1–2 mm 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 nonsolvent 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 3.1), 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 
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 different 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.
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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 3.2a 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 3.2b. Membranes prepared using the 12 wt% PE 
solution have relatively larger pores in the top surface; the average pore size is ~0.23 
mm 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 is increased to 16 wt%. At 20 wt% PE, the average pore size is ~0.08 
mm, with the pores easier to see in the high magnification FE-SEM image, Figure 
S3.3, supporting information. The pore size distribution becomes narrower with the 
increasing concentration of PE in the solution (Figure 3.2b). 

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 
nonsolvent exchange. Therefore, the large differences in membrane microstructure 
as a function of PE concentration in the casting solution, observed in Figure 3.2a, 
can be related to the viscosity of the casting solutions. Figure 3.3 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 difference 
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 3.2a, 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 phase inversion of traditional NIPS membranes [6]. 

The pure water permeance of a membrane is a vital parameter that provides insight 
into membrane porosity, its substructure, and its hydrophilicity. Figure 3.2c shows 
the pure water permeance 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 permeance of ~3200 
L·m−2·h−1·bar−1 for the membranes prepared with 10 wt% PE. Increases in the PE 
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concentration result in membranes with smaller pores and hence lower water 
permeance values. The pure water permeance 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 permeance of ~150 L·m−2·h−1·bar−1. The 
water permeance values obtained for these membranes are in the range of typical 
microfiltration and ultrafiltration membranes. 

The removal of oil droplets from waste-water 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 3.2c), in line with 
smaller and thus more selective pores. The lower oil retention of 74% at 10 wt% 
PE can also be attributed to the presence of significantly larger pores (see Figure 

Figure 3.2 – a) Cross-section and top surface SEM images of membranes prepared using low 
Mw polyelectrolytes showing the effect of solution concentration (wt%) on membrane pore 
structure, b) pore size distribution, and c) pure water permeance 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.
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3.2a 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 difference 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. 

Figure 3.3 – 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 are 
for solutions prepared using high molecular weight polyelectrolytes (PSS 1000 kDa, PAH 
150 kDa).
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Moving on to the high Mw PE, Figure 3.4a 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 
distribution skewed toward higher pore size (Figure 3.4b). 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 3.3). 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 3.4a where the morphology 
gradually shifts from finger-like macro voids (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 S3.4 in supporting information shows the time-lapse 
photographs of the precipitation of these membranes.

Figure 3.4c shows the pure water permeance and BSA retention of the membranes 
prepared using the three PE concentrations. Pure water permeance decreases as a 
function of PE concentration. Membranes prepared with 8 wt% PE had the highest 
permeance 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 3.4b). 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 permeance 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 permeance 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 3.4b). It can be concluded that the membranes separate BSA molecules based 
on the size-exclusion mechanism. The high retentions also demonstrate that little to 
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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 different Mw of PEs but having the same PE concentrations, 
Figure 3.3. 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 difference is due to the large difference 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 

Figure 3.4 – a) Cross-section and top surface SEM images of membranes prepared using 
high Mw PE solutions showing the effect of concentration of PE in solution on membrane 
structure, b) pore size distribution, and c) pure water permeance and BSA retention. All the 
pore size distributions were calculated by generating histograms with 40 bins each with a 
size of 0.5 nm.
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PE chains in polyelectrolyte complexes [13,33]. Figure 3.5a shows the cross-section 
and top surface SEM images of the membranes prepared at different 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 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 images of two different 
membranes are shown in Figure S3.5 (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 different 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 permeance and retention tests were also performed on these membranes. 
The 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 waste-water 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 difficult 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 3.5b shows that the water permeance decreases as the membranes become 
more compact due to the addition of NaCl in the coagulation bath. While the 
permeance 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 3.5b. A detailed graph showing the 
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retentions of all the eight micropollutants as a function of NaCl concentration in 
bath is presented in Figure S3.8 (Supporting Information). Membranes prepared 
in 4 M NaCl had a permeance of ~2 L·m−2·h−1·bar−1 with the highest retentions for 
the eight micropollutants tested (Figure 3.5c). 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 3.5c, 
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 effects [34]. Since the membranes themselves are positively charged as shown 
by the streaming potential in Figure S3.9, supporting information, the high retention 
(>98%) of the positively charged Atenolol molecule is expected. 

Figure 3.5 – a) SEM images of cross-section and top surface, b) Pure water permeance 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.
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As mentioned earlier, typically reverse osmosis and dense nanofiltration membranes 
are used to remove micropollutants from waste-water 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 difficult 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 different 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 permeance 
of these membranes is not affected 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.

3.4. 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 waste-water and ultrafiltration membranes 
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that are able to concentrate dilute protein solutions. This large degree of control 
over pore size is very similar to that 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 difficult 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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Supporting Information 

  Table S3.1 – Micropollutant types and their molecular weights.

Micropollutant Type Molecular 
weight 

(g·mol–1)

Charge at pH 
= 5.8

Atrazine Herbicide 216 Neutral
Bisphenol-A Endocrine disruptor 228 Neutral
Naproxen Anti-inflammatory 230 -
Sulfamethoxazole Anti-bacterial 263 Neutral/-
Atenolol β-blocker medicine 267 +
Phenolphthalein pH indicator 318 Neutral
Bezafibrate Lipid lowering drug 361 -
Bromothymol Blue pH indicator dye 624 Neutral
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Figure S3.1 – Schematic illustration of the dead-end filtration setup. Micropollutant and 
oil-water emulsion retention tests were also conducted on a similar setup.

Figure S3.2 – Reaction scheme showing the formation of Schiff-base imine from a reaction 
between an aldehyde and an amine.
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Figure S3.3 – Top surface FE-SEM image of the membrane prepared using 20 wt% PE (low 
Mw). Pore size in excess of 100 nm can be seenin the top layer. 
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Figure S3.4 – 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 S3.5 – Cross-section SEM images of membranes prepared in different 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 S3.6 – 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 S3.7 – Calibration curve for the micro-pollutant 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 micro-pollutant 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. 

Figure S3.8 – Micro-pollutant retentions of the membranes prepared in different 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 micro-pollutant molecules. The micro-pollutants on x-axis are 
arranged based on their molecular weights (low to high). 
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Figure S3.9 – 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.

Figure S3.10 – Pure water permeance 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 permeance 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

In recent work, Aqueous Phase Separation (APS) based on pH-change induced 
polyelectrolyte complexation has shown great potential for the preparation of 
sustainable polymeric membranes with tunable structures. Unfortunately, thus 
far this has only been possible with a single polyelectrolyte (PE) combination. 
In this work, we demonstrate that this APS approach extends beyond a single 
system by preparing sustainable membranes from polyelectrolyte complexes 
(PECs) of the weak polyanion poly(acrylic acid) (PAA) and the strong polycation 
poly(diallyldimethylammonium chloride) (PDADMAC). PE solutions are mixed 
in an acidic medium where PAA is uncharged, and then this mixture is cast and 
immersed in a coagulation bath at a pH where PAA becomes charged and able to 
form a PEC with the oppositely charged PDADMAC. Since this process includes 
both phase separation and PE complexation, it is expected that membrane structure 
and performance is influenced by a combination of many factors. Casting solution 
pH, PAA molecular weight, and coagulation bath pH all directly affect the phase 
separation behavior of PAA-PDADMAC complexes in ways similar to conventional 
nonsolvent induced phase separation (NIPS). In addition, coagulation bath salinity 
and PE mixing ratio influence the complexation behavior. Through tuning of all 
these parameters it is possible to create a wide variety of membrane structures, 
ranging from nodular symmetrically porous membranes, to asymmetric membranes 
with cellular pores and in some cases dense top layers. The nodular membranes 
show good performance as microfiltration membranes with excellent oil retention 
(>95% for 3–4 µm droplets) and good water permeances. However for the cellular 
membranes, filtration led to collapse of the porous structure, emphasizing the 
importance of PE selection for membrane applications.
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4.1. Introduction

Polymeric membranes are mostly produced by phase separation techniques. 
Nonsolvent induced phase separation (NIPS) is the preferred approach due its 
versatility and simplicity [1]. For NIPS, a polymer is dissolved in an organic solvent 
and precipitated in the form of a membrane when the polymer solution is immersed 
in a nonsolvent bath (commonly water). The nonsolvent must be miscible with the 
solvent so that solvent can diffuse out and nonsolvent can diffuse into the polymer 
solution to trigger precipitation of the polymer upon immersion. The interactions 
of polymer, solvent, and nonsolvent together with the kinetics of phase separation 
are the main factors that affect membrane structure and consequently membrane 
performance. NIPS is very well-established since its discovery in the early 1960s and 
there exist many factors that affect the process. Lately, the toxicity of commonly used 
solvents for NIPS such as N-methyl-2-pyrrolidone (NMP) have been highlighted 
and the use of these types of solvents has become increasingly regulated [2]. 
Therefore a range of approaches have been devised with the goal to reduce the 
environmental impact of NIPS. Recent literature discusses the use of alternative 
solvents [3,4], approaches that treat the contaminated nonsolvent streams [5] as 
well as an evaluation of complete life-cycle of polymeric membranes [6]. Recently, 
approaches have been developed to obtain phase separation membranes from 
water-based media [7,8] including the aqueous phase separation (APS) approach 
[9–11]. Driven by the awareness of sustainability in the membrane field, APS opens 
novel pathways to produce new porous materials and innovative ways to meet 
environmental requirements. 

APS requires the use of a polymer that can be both soluble and insoluble in water. 
Using stimuli-responsive polymers is one way to fulfil this requirement. In the 
literature, temperature-responsive polymers [7,12] and pH-responsive polymers 
have been used [10,13]. Here, homogenous polymer solutions are prepared under 
the condition where the polymer is soluble in water. Subsequent control over the 
stimuli, allows the polymer to be precipitated in the form of a solid membrane. In 
a slightly different approach, instead of using just one polymer, polyelectrolyte 
complexation of two oppositely charged polyelectrolytes (PEs) has also been 
reported for membrane production via APS [8,11,14]. When two oppositely charged 
PEs mix they form a polyelectrolyte complex (PEC) that is usually water-insoluble. 
In water, PEs are accompanied by small counter-ions and upon complexation these 
counter-ions are released to the solution leading to an increase in the entropy of the 
system. This entropic gain is the main driving force of PE complexation, although 
other interactions (electrostatic, hydrogen bonds, van der Waals) can also have an 
effect [15]. Besides not using toxic solvents for membrane preparation, a cross-
linking step is not necessary for the two PE approach, while it is in single polymer 
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APS approaches. In addition, new tuning parameters, like the ratio of the PEs in the 
complex, enrich the control over phase separation. 

PEs are classified as strong or weak; strong PEs are the ones that remain charged over 
the entire pH range (1-14), whereas weak PEs are charged at only certain pH values. 
Very simply, the pH value at which half of the repeating units of a PE are charged 
is defined as the pKa value [16] and a polyanion can be charged when the solution 
pH is above the pKa value, and uncharged below the pKa; vice versa is valid for 
polycations. Therefore by controlling pH, it is possible to mix weak polyanions and 
polycations without complexation and later trigger complexation and precipitation 
of PEC after casting.

Membrane formation using PECs of two strong PEs has been reported in the work 
of Sadman et al. [8] and a previous publication from our group [14]. In these cases, 
since both the PEs are strongly charged it is not possible to control the complexation 
reaction by pH, rather complexation can be controlled by charge screening by using 
high salt concentration solutions (a so-called salinity change induced approach). 
These studies reported the formation of porous membranes that can operate for 
ultrafiltration [8] and nanofiltration [14] applications. However, an especially 
promising approach results from the formation of PEC membranes from the 
strong polyanion poly(sodium 4-styrenesulfonate) (PSS) and the weak polycation 
poly(allylamine hydrochloride) (PAH)[11]. Here, casting solutions were prepared at 
high pH where PAH is uncharged and membranes were obtained at low pH where 
PAH is charged and able to form a PEC with PSS (a so-called pH triggered approach). 
Depending on the PE molecular weight, PE concentrations, and coagulation bath 
salinity, membranes can be made ranging from the microfiltration to nanofiltration 
regimes. The developing literature on PEC based membranes with APS clearly show 
that, not only is it possible to make membranes without using toxic chemicals (as in 
NIPS), it also has remarkable potential for a wide array of membrane applications 
due to great control over membrane structure through new and already known 
tuning parameters.

So far pH triggered APS has only been possible with a single polyelectrolyte couple 
(PSS-PAH). One of the aims of this study is to show that membrane formation via 
pH-triggered APS is also possible for other PE combinations. Each PE pair has 
different interactions, different phase separation behavior and therefore different 
final PEC properties. In order to prove that membrane formation is not specific to 
just one PE pair, it is almost a necessity to demonstrate the possibility to use other 
pairs for membrane formation. For that reason, in this study the weak polyanion 
poly(acrylic acid) (PAA) and the strong polycation poly(diallyldimethylammonium 
chloride) (PDADMAC) are used. These PEs are the inverse counterparts to the PSS-
PAH system [11], where the anion was a strong polyelectrolyte and the cation was 
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a weak polyelectrolyte. This is the first report on PAA-PDADMAC membranes 
prepared by APS, however PAA-PDADMAC bulk complexes and multilayer films 
were studied before which can be a guide for this study. PAA and PDADMAC are 
thus well established to form PE complexes, but the interaction is also known to be 
weaker than for other typical PE pairs [17,18].The phase behavior and precipitation 
kinetics as well as thin PAA-PDADMAC multilayer-coated membranes have been 
previously reported. Liu and coworkers studied the complexation kinetics of PAA-
PDADMAC, especially for conditions with different PE mixing ratios and different 
salt concentrations [19]. Their results indicated that overall complexation occurs 
in three stages and that at the first stage counter-ion release occurs in the order 
of milliseconds. Koetz and Kosmella studied the effect of PE concentration and 
molecular weight on the phase behavior of poly(sodium acrylate) and PDADMAC 
complexes [20], showing that higher molecular weight polymers are more prone to 
undergo phase separation. Francius et al. observed for PAA-PDADMAC multilayers 
that donut-like shapes occurring on the surface just after the assembly where these 
shapes and rest of the film have different properties (like hydration and Young’s 
modulus). These shapes disappeared due to natural aging within several days or 
thermal treatment within couple of hours [21]. Bütergerds and coworkers studied the 
effect of the degree of ionization of PAA on PAA-PDADMAC multilayer growth [22]. 
Even at very low degrees of PAA charge (only 6% ionized), layer growth occurred 
indicating that complexation of these to PEs is not only due to ion-ion interactions, 
as also confirmed by other work [23–25]. Alonso and coworkers worked on the effect 
of pH on PAA-PDADMAC multilayer growth in the frame of effect of pH on PAA’s 
hydration properties [25]. Interestingly, they claimed that at pH 13 where the PAA 
supposed to be completely charged, the complexation of PAA-PDADMAC is not 
favorable. They explained that PDADMAC has hydrophobic nature and when PAA 
is fully ionized the repeating units are surrounded by water molecules. In that case, 
PAA-PDADMAC ionic bonds releases less energy than the one needed to break 
hydrogen bonds between water and PAA. On some occasions PAA-PDADMAC 
have been used as thin membrane coatings, to act as sacrificial membrane coatings 
[26], drug release systems [27], organic solvent nanofiltration membranes [28] and 
oxygen barriers [29].

In this study, for the first time, PAA-PDADMAC complex membranes were 
prepared by pH-induced aqueous phase separation. Homogenous casting 
solutions are prepared by mixing the two PE solutions at a pH where PAA is 
uncharged (pH<<pKa of PAA ~ 4.5 [22,25,30,31]) and unable to form a complex 
with PDADMAC. After casting the film is immersed in a coagulation bath at a pH 
where PAA becomes charged (pH>>pKa of PAA ~ 4.5), which triggers the formation 
of the PAA-PDADMAC complex. This study does not only shows the possibility 
of membrane formation for PE pairs other than PSS-PAH, it also investigates the 
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phase separation behavior of this PE pair. Since it is a totally different pair from our 
previous work [11] it is expected to have different properties and phase separation 
behavior. Still the trends demonstrate that, a parallel between APS and NIPS can 
be made by considering an acidic pH to be the solvent and a alkaline pH as the 
nonsolvent of NIPS process; allowing for a real and clear connection between APS 
and traditional membrane production. Overall, we show that there is a connection 
between the factors that influence membrane formation in NIPS and factors that 
affect membrane formation in APS by PE complexation. Here, the effect of casting 
solution pH, PAA molecular weight, coagulation bath pH and salinity, and finally 
PE mixing ratio were all investigated and the structure and filtration performances 
of resultant membranes are characterized.

4.2. Experimental Section

4.2.1. Materials

Poly(acrylic acid) (PAA, Mw ~250 kDa, 35% in water and Mw ~450 kDa, ~1250 kDa and 
~3000 kDa, powder), poly(diallyldimethylammonium chloride) (PDADMAC, Mw 
200–350kDa, 20% in water), sodium dodecyl sulfate (SDS, ≥99% pure), oil red EGN 
and n-hexadecane, sodium hydroxide (NaOH, ≥98% pure), sulfuric acid (H2SO4, 
≥ 97% pure) and hydrochloric acid (HCl, ACS Reagent 37%) were all purchased 
from Sigma Aldrich. Sodium Chloride (NaCl, pharmaceutical grade, SanalP) was 
kindly supplied by Akzo Nobel. MilliQ water (resistivity at 25 °C of 18.2 MΩ.cm) 
was used in coagulation baths and all PE solutions (unless indicated otherwise). 
Demineralized water (conductivity ~5 µS.cm-1) was used in the membrane washing 
steps after coagulation. 

4.2.2. Membrane preparation

Solution preparation

pH 1 and pH 3 solutions refer to PE mixtures prepared with PAA of 250 kDa 
molecular weight. The pH 3 solution was prepared by mixing stock solutions of PAA 
(250 kDa) and PDADMAC as received in a desired ratio. Here, the mixing ratio is 
defined as the ratio of the number of PAA monomers to PDADMAC monomers. The 
pH of the polyelectrolyte solutions were measured with an indicator paper, as due 
to the high viscosity of the polymer solutions, using a pH-meter was not possible. 
The pH of all PE solutions and mixtures used in this study is given in Figure S4.1 
in Supporting Information. The PAA stock solution was found to have a pH value 
of 1 and the PDADMAC solution had a pH 5, while after mixing the pH value of 
the solution was around 3. pH 1 solutions were prepared by adding H2SO4 (≥ 97% 
pure) to the stock PE solutions. 0.04 g of acid was added per 1 g PAA solution (35 
wt%) and 0.10 g of acid was added per 1 g of PDADMAC solution (20 wt%). After 
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homogenization, the pH of PAA and PDADMAC solutions were approximately 
1. These individual solutions were mixed together in a desired ratio and the final 
solution pH was always close to 1. High Mw solutions refer to PE mixtures prepared 
with 450 kDa PAA. An aqueous solution is prepared by mixing 3.23 g water and 0.16 
g 1 M NaOH for every 1.00 g of PAA powder. After homogenization, the pH of the 
solution was approximately 3 and it is then mixed with PDADMAC stock solution 
in desired ratio, leading to pH 3 PE mixture. All solutions used in this study and 
their properties are summarized in Table 4.1. Prior to casting, all the solutions were 
stored without stirring to remove air bubbles in order to reduce membrane defect 
formation. 

Table 4.1 – Properties and composition of the PE mixtures used in this study

PAA Mw PDADMAC 
Mw

pH of 
the 
solution

Mixing ratio

(PAA:

PDADMAC)

Total polymer 
Concentration

pH 1 
solution

250 kDa
200 – 350 
kDa

1 2:1 23.2 wt%

pH 3 
solution

250 kDa
200 – 350 
kDa

3
2:1 25.1 wt%
2.5:1 25.8 wt%
3:1 26.5 wt%

High Mw 
solution

450 kDa
200 – 350 
kDa

3 2.5:1 21.4 wt%

Casting

Transparent and bubble-free solutions were cast on a Teflon plate or on transparent 
plastic sheets (to be able to easily observe the phase separation rate) with a casting 
knife of 0.3 mm casting thickness. Then, the cast film was immersed in a coagulation 
bath. The coagulation bath pH was adjusted with NaOH and NaCl was used for 
saline coagulation baths. After coagulation, the membranes were washed at least 
4 times with demineralized water for at least 20 min per washing step. During 
coagulation, a small amount of dispersion of the casting solution to the coagulation 
bath was observed for some cases (an example for the dispersion is given in Figure 
S4.2 in Supporting Information). 
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4.2.3. Membrane Characterization

Structure

Membrane samples were air dried and then fractured after immersion in liquid 
nitrogen. Some of the membranes lost their opacity during drying indicating 
collapse of the pores upon drying. In these cases, fresh un-dried samples of these 
membranes were first immersed in a 15 wt% glycerol solution then dried so that 
glycerol would fill the pores and prevent them from collapsing during drying. The 
samples were sputter coated with a 5 nm Pt/Pd layer (Quorum Q150T ES). The cross-
section and surface morphologies of the membranes were investigated by scanning 
electron microscopy (SEM, JSM6010LA).

Performance 

For the filtration performance of the membranes, first, pure water permance (PWP) 
measurements were conducted. For that, the membranes were placed in dead-end 
filtration cells in which pure water was pressurized towards the filtration system 
with nitrogen gas. Permeate was collected and its weight was measured as a function 
of time, giving the pure water flux (L·m−2·h−1). The membrane active area for the cells 
was 3.0 cm2. The permance (L·m−2·h−1·bar−1) was calculated by taking the slope of flux 
over transmembrane pressure (bar). 

After the pure water permance measurements, membranes prepared from pH 
3 solutions precipitated in the pH 12 bath were subjected to retention tests. For 
these tests, the same dead-end setup was used and instead of pure water, an oil-in-
water emulsion stabilized by the anionic sodium dodecyl sulfate (SDS) surfactant 
with droplet size of 3–4 µm was used. The emulsion is prepared by following the 
procedure of Dickhout et al. [32]. Firstly, n-hexadecane was colored with an oil red 
EGN dye in order to make the samples measurable by UV/vis. Approximately 0.2 
g of dye was mixed with 6 g of n-hexadecane, and this mixtures was filtered in 
order to remove undissolved particles. Then, this mixture was diluted with 0.463 
g/L aqueous SDS solution in order to obtain 0.2 wt% oil-water emulsion. This 
stock emulsion was mixed for 15 min at 14000 rpm. For filtration measurements, 
the emulsion was further diluted with the SDS solution 20 times to obtain a 0.01 
wt% oil-water emulsion. During retention tests the emulsion is stirred continuously. 
Before oil retention tests, membranes were compacted for approximately 2.5 hours 
of pure water permance testing at 0.5 bar and retention test were also conducted at 
this pressure until 10 mL of permeate was obtained. Feed, permeate and retentate 
samples were collected and analyzed with UV–vis spectrophotometer (Shimadzu 
UV-1800, Japan) at a wavelength of 521 nm. Retention is calculated as 
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where, CP , CF and CR are the concentrations of the oil in the permeate, feed and in 
the retentate samples, respectively. The feed is the solution that was in the cell prior 
to the rejection test, while the retentate is the solution that was left in the cell after 
the test.

4.3. Results and Discussion

Recently, APS by pH-triggered PE complexation was established for PPS-PAH and 
it shows great potential for sustainable membrane formation [11]. Here we aim to 
highlight that this approach will also work for other polyelectrolyte pairs, while also 
studying the many parameters that affect membrane structure and performance. 
This section discusses the effect of casting solution pH, polymer molecular weight, 
and coagulation bath pH together with a comparison of APS with traditional NIPS in 
terms of these factors. In addition, coagulation bath salinity and mixing ratio of the 
PEs will be discussed as new parameters that are specific to APS by PE complexation.

4.3.1. Casting solution pH

For polymeric membrane formation by phase separation it is always important to 
obtain clear and homogeneous casting solutions in order to obtain defect-free layers, 
since any agglomeration and any impurities lead to structural weaknesses within 
the membrane. In this study, casting solutions were obtained by suppressing the 
complexation of PAA and PDADMAC. This is achieved by protonation of PAA by 
adjusting the pH well below its pΚa value (which is ~4.5 [22,25,30,31]). Membranes 
are formed at pH values above the pΚa value of PAA as here PE complexation is 
triggered. A solution with a pH value lower than 4.5 is analogous to the solvent in 
NIPS process and a solution with a pH higher than 4.5 is analogous to the nonsolvent 
in NIPS process. In NIPS, the composition of the casting solution is known to strongly 
influence the phase separation process and therefore the structure of the resultant 
membranes [33–35]. Changing the pH of the casting solution in APS is equivalent 
to changing the composition (solvent to non-solvent ratio) of casting solution in 
the NIPS process. Different starting points in the phase separation system leads 
to different phase separation paths which in return changes the phase separation 
kinetics and therefore the membrane structure. Being closer to precipitation point, i.e. 
at pH 3 vs. pH 1, a more porous structure is expected due to faster phase separation.

(4.1)
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To understand the effect of pH of the casting solutions on membrane formation, 
PE mixtures at two different pH values (pH 1 and pH 3) were prepared. These 
solutions, in a 2:1 mixing ratio, were immersed in pH 12 bath. A mixing ratio of 
2:1 is selected as initially this led to the formation of membranes with reasonable 
mechanical properties; the effect of mixing ratio is discussed later. SEM images of 
membranes made from the pH 1 and pH 3 casting solutions are shown in Figure 4.1. 
The major difference between these two membranes is their general morphologies. 
While coagulation of the pH 1 solutions leads to asymmetric structure (thin skin 
layers on top of porous supporting layers), coagulation of pH 3 solutions resulted to 
symmetric membranes (similar porosity and pore size throughout the cross-section). 
This is completely in line with the observations in NIPS. That is, when nonsolvent 
is added to polymer solution, it is moved closer to the precipitation point and phase 
separation occurs faster leading to more open membrane structures [33]. Indeed 
for the pH 3 solution, phase separation starts immediately after immersion in the 
coagulation bath and is faster than the pH 1 solution as shown in Figure S4.3 in 
Supplementary Material.

The skin layers of pH 1 solution membranes are so thin that they are not easily 
distinguishable in the cross-section SEM images even at higher magnifications (see 
Figure S4.4). The existence of the skin layer can be confirmed from the top surface 

Figure 4.1 – SEM images of cross-section and top surfaces of the membranes prepared with 
pH 1 and pH 3 casting solutions in 2:1 mixing ratio. The solutions are coagulated in pH 
12 bath. Cross-section images are at ×500 magnification with 50 µm scale bars and surface 
images at ×5000 magnification with 5 µm scale bars.
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SEM image, where the membrane surface is covered with a thin layer, although there 
are large defect-like pores. The reason for these defects can be bubbles. Although all 
the casting solutions were stored without stirring until all visible bubbles disappear, 
bubble formation was observed occasionally during coagulation. Moreover, the 
supporting porous layer of the membrane from pH 1 solution exhibits a sponge-like 
cell structure. pH 3 solutions coagulated at pH 12 led to formation of membranes 
with a symmetric morphology. From the SEM images (Figure 4.1 and Figure S4.5) is 
can be seen that the membrane has a porous and nodular structure. 

Together with SEM observations, the pure water permance (PWP) of the membranes 
were measured as an important indicator of membrane performance. PWP 
measurements for the pH 1 solution membranes frequently resulted in total collapse 
of the membrane pores (indicated by decrease of water flux to zero over time) or 
less commonly rupture of the membrane (indicated by sudden increase in water 
flux). This behavior indicates that the membranes prepared from the pH 1 solution 
are mechanically weak as they cannot maintain their structure under the 0.5 bar 
pressure applied for the PWP measurement. SEM images of a membrane after 4 
hours of filtration are given in Figure S4.6 and these further confirm the total collapse 
of the porous structure. Although, the dense films obtained after filtration tests are 
mechanically more stable since they can withstand 4 bars of pressure more than 
16 hours, initial porous and permeable films are non-ideal to be used for filtration 
applications. In addition, the initial flux values obtained before the collapse of the 
structure from the PWP measurements were within the range of nanofiltration 
membranes, as would be expected based on existence of a dense skin layer. On the 
other hand, the PWP values of the pH 3 solution membranes were in the order of 1000 
L·m−2·h−1·bar−1 at 0.5 bar indicating the membranes can perform as microfiltration 
membranes. For these membranes, a certain amount of compaction during the initial 
stages of the flux measurements is observed (~60%), but this is followed by stable 
performance over 3 hours. SEM images confirm that this membrane remains porous 
after 4 hours of filtration (Figure S4.6). However, when the transmembrane pressure 
increased, flux decreased, (instead of increasing as mechanically stable membranes) 
indicating further collapse of the structure. This can be interpreted that 0.5 bar of 
pressure is optimum for these membranes to have high rejection and high flux, 
which is reasonable for microfiltration membranes.

What this section already clearly demonstrates is that the PAA-PDADMAC system 
also leads to the formation of stable membranes that can be produced through pH-
change induced polyelectrolyte complexation. This demonstrates that this APS 
approach is much more widely applicable than for just the paring of PSS-PAH 
studied by Baig et al. [11]. Likely many more weak and strong polyelectrolytes could 
be combined, allowing a wide variety of different materials to be studies for novel 
membrane materials. 
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4.3.2. Molecular weight 

Increasing molecular weight (MW) of the polymer used typically results in membranes 
with higher mechanical and chemical stability due to increased number of polymer-
polymer interactions and entanglements [36]. Together with more interactions the 
viscosity of the polymer solution changes with MW which immediately alters the 
phase separation kinetics resulting to different membrane structures. Moreover, 
it is reported that polymers with different molecular weights can have different 
phase separation behavior for typical NIPS polymers [34] as well as for PECs [20]. 
Therefore the MW of the polymer is seen as a very important parameter to control 
both membrane structure and stability. In order to understand the effect of MW 
and how it improves the mechanical stability of the membranes, solutions with 
higher molecular weight PAA are prepared. 450 kDa, 1250 kDa and 3000 kDa PAA 
powder were considered for solution preparation, however only 450 kDa resulted 
in a homogenous solution; others solutions were simply too viscous or formed an 
inhomogeneous gel. The viscoelastic behavior of the 450 kDa PAA solution and 
the PE mixtures prepared with it already showed some degree of gel formation, 
however, casting was still possible.

Figure 4.2 shows SEM images of the membranes prepared with solutions at pH 
3 from 250 kDa (pH 3 solution) and 450 kDa PAA (high Mw solution) coagulated 
in a pH 12 bath. Both membranes are porous and have symmetric structures. The 
membrane from 250 kDa PAA has nodular structure, while the membrane with 450 
kDa this structure is suppressed resulting to cellular pore structure. It is known for 
NIPS systems that nodular and cellular structures results due to phase separation 
following different paths in the phase diagram [1, 36]. This immediately shows 
that increasing PAA MW changes the phase separation behavior of the complex 
leading to membranes with different structures. Top surface images in Figure 4.2 
were analyzed for pore size distribution given in Figure S4.7. For both membranes 
average pore size is smaller than 0.5 µm, indicating that these membranes can 
operate for microfiltration applications [1]. Besides, the 450 kDa PAA membrane 
has a narrower pore size distribution with a slightly smaller average pore size. As 
the 450 kDa PAA membrane has smaller and cell-like internal pores, it is expected 
to be more mechanically stable and to undergo less structural compaction during 
filtration. However, filtration measurements conducted at 0.5 bar pressure shown 
in Figure 4.2 indicate that water flux drops to approximately 20% of its initial value 
within 3 hours of measurement. A degree of pore compaction during filtration is 
common for polymeric membranes [33], however this much of compaction implies 
larger structural changes. Indeed SEM images given in Figure S4.6 and Figure S4.8 
show that after filtration, the membranes compacted to become dense films. 
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Filtration results also show a three orders of magnitude difference in permance 
between the 250 kDa and the 450 kDa membranes although the porosity and 
thickness of the membranes are similar. During the experiments it was observed 
that 450 kDa PAA membranes shrank much more than 250 kDa ones during 
storage in water prior to filtration. SEM images (see Figure S4.8) show that after 
shrinking the membrane became thicker and less porous making it much more 
resistant towards water permeation than its initial state. Therefore, the orders of 
magnitude of difference in permance values of the membranes is likely due to 
structural changes of 450 kDa membranes upon shrinking. Although the exact 
reason why the 450 kDa membrane shrank much more than 250 kDa membrane is 
not completely clear, it may be due to differences in relaxation behavior of the PEs. 
Liu et al. reported structural rearrangement of the newly formed complexes [19], and 
Francius and coworkers reported physical aging for PAA/PDADMAC multilayer 
over several days [21]. Both these studies imply a high mobility of PEC chains after 
PEC formation. Such mobility would indeed allow chain reorientation/relaxation 
that could allow the observed shrinkage, especially if during complexation such 
relaxation was not possible. This could be more apparent at higher MW, where the 
high viscosity of 450 kDa PAA solution indicates a degree of gel formation due to the 
entangled conformations of the polymer chains. In summary, PE molecular weight 
certainly influences membrane structure, however for the case of PAA-PDADMAC, 
increasing the molecular weight of PAA led to significant changes in viscoelastic 
behavior which made the solution unsuitable for membrane preparation.

Figure 4.2 – SEM images and filtration measurements of the membranes prepared with 
250 kDa and 450 kDa PAA in 2.5:1 mixing ratio. The solutions were at pH 3 and they were 
coagulated in pH 12 bath. Cross-section images are at ×500 magnification with 50 µm scale 
bars, surface images at ×5000 magnification with 5 µm scale bars and filtration test were 
performed at 0.5 bar.
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4.3.3. Coagulation bath pH

It is well known that for the NIPS approach, coagulation bath composition has an 
immense effect on resultant membrane morphology [33,35] this is also true for APS. 
Analogous to adding solvent to the coagulation bath in NIPS to reduce the driving 
force for precipitation, in APS the pH of the bath provides the nonsolvent quality. 
Here, a more alkaline bath corresponds to a nonsolvent with a stronger precipitating 
power, while on the other hand, a less alkaline (more acidic) bath acts as if solvent is 
being added to the coagulation bath and creating a weaker driving force for solvent-
nonsolvent exchange, which in turn leads to a slower phase separation. 

Here, the pH 1 solution, at a 2:1 ratio, was cast and immersed in the coagulation 
baths at pH values from 5 through to 14 in steps of 1 pH unit. PE complexation 
occurred for all these coagulation baths pH values, however not all pH values led to 
the formation of homogenous films. The membrane precipitated in the pH 14 bath 
deformed during coagulation (Figure S4.9), with phase inversion possibly acting too 
quickly with subsequent film shrinkage also leading to some structural deformations. 
All other films could be operated as flat sheet membranes (Figure S4.9), with SEM 
images shown in Figure 4.3. All membranes have an asymmetric structure with very 
thin skin layers and spongy support layers. As the coagulation bath pH increases, 
the pores are getting smaller and the pore size distribution becomes narrower (small 
pores together with large cavities in pH 5.7 vs. nearly symmetric structure for pH 
13). Moreover, the support layer is better covered by the thin skin layer (large pores 
in pH 5 vs. almost no pore for pH 13). It is observed that as the coagulation bath 
pH increases, the phase separation rate increases. This completely matches with 
observations from NIPS systems [33] and expectations from the mechanism of PE 
complexation. The higher the pH of the coagulation bath, the greater precipitating 
power of the nonsolvent and the faster phase separation leading to a structure with 
smaller pores. Moreover, the larger the difference in pH values between the casting 
solution and the coagulation bath, the faster PAA can be charged which would lead 
to faster complexation and faster precipitation of the PEC. Membranes prepared with 
MilliQ water (pH 5.7) and demineralized water (pH 6-7) baths are not homogenous 
films, and are very weak and delaminate easily. Other films are homogenous and 
it is observed during the experiments that the membrane prepared with a pH 13 
bath has the best mechanical properties, which is most likely connected to its denser 
structure (smaller pores). 

pH 3 solution in 2:1 ratio was also immersed in coagulation baths with varying pH. 
For the coagulation baths with pH values up to 11, the phase separation rate was 
so low, and the casting solution became dispersed in the bath (as shown in Figure 
S4.2). This behavior is likely due to the low driving force for phase separation at 
these low bath pH values. It can be considered like adding nonsolvent to the casting 
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solution and adding solvent to the coagulation bath at the same time. In these cases, 
the pH of the casting solution and coagulation bath are very close to one another and 
this leads to a reduced solvent-nonsolvent exchange rate during phase separation. 
Thus, the polyelectrolyte complex is dispersed in the coagulation bath before the 
solidification point is reached. Additionally, immersing the pH 3 solution in a pH 
13 bath resulted to unevenly coagulated and deformed polymeric films (see Figure 
S4.10) while immersion in pH 12 bath led to homogenous and continuous films (as 
in Figure S4.3). Therefore pH 12 is considered to be the optimum for coagulation 
bath pH for the pH 3 solutions and it is used for the further experiments. 
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Figure 4.3 – SEM images of cross-sections of the membranes prepared by coagulation of the 
pH 1 solution in coagulation baths at varying pH values. The cross-section images are at 
×500 magnification and top images are at ×5000 magnification.
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4.3.4. Coagulation bath salinity

The parameters discussed so far all directly affect the phase separation process rather 
than PE complexation allowing us to make direct comparisons with NIPS. On the 
other hand, coagulation bath salinity is directly related with the PE complexation 
process since the presence of salt reduces the driving force for complexation. 
Moreover, salt is known to be a plasticizer for PECs [37], thus the complexation 
behavior and the PEC structure of PAA and PDADMAC is expected to differ 
when immersed in saline baths. Indeed, our previous work reported an increase in 
skin layer thickness and also changes in the porous support layer structure when 
coagulation bath salinity was increased [11,14]. 

Here, the pH 1 and pH 3 solutions are immersed in 0.5 M and 1.0 M NaCl baths. 
Cross-section and top surface SEM images of these membranes are given in Figure 
4.4. SEM images show that all membranes have an asymmetric structure. A very 
thin skin layer and a porous support layer are observed for all four membranes. 
The structure of the membranes prepared from pH 1 solution in saline baths are 
very similar to the ones prepared in alkaline pH baths. However, the difference in 
structure of membranes from pH 3 solutions coagulated in saline baths and alkaline 
baths are very striking. Figure 4.1 shows clearly that the membrane prepared in the 
alkaline bath has nodular structure and no skin layer is observed at the surface. On 
the other hand, the membranes prepared in the saline bath have sponge-like cellular 
structure and very thin skin layer on the surface just like the ones made from pH 1 
solutions. A comparison for SEM images of membranes prepared in alkaline baths 
and saline baths is given in Figure S4.11. When coagulation bath salinity increases, 
better coverage of the skin layer is observed, however it is still very thin and difficult 
to quantify from cross-section SEM images. This is a new observation as other 
studies [11,14] show increase in skin layer thickness with more concentrated saline 
coagulation baths.

Although structural differences have been observed upon addition of salt to the 
coagulation bath for APS membranes [11,14], this much of a structural difference 
(from nodular to cell-like, see Figure S4.11) has not been observed before. It is 
known that presence of salt changes the dissociation behavior of PEs [16]. Given 
that pKa value of PAA is approximately 4.5 [22,25,30,31], the pH difference with 
pH 1 solutions is approximately 3.5 and the membranes made from these solutions 
always have a cell-like structure. On the other hand, for pH 3 solutions the difference 
is approximately 1.5 and leads to nodular structures. In the presence of salt these 
differences increase due to a shift in the dissociation behavior of PAA and again 
cellular structure is observed. In the literature on NIPS, when phase separation 
occurs in the metastable region, membranes tend to have a sponge-like cell structure 
sand when it occurs in unstable region, the structure is commonly nodular [1,38]. 
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Salt changes the conformation and dissociation behavior of PEs [16], it also acts 
as a plasticizer for PECs making the chains more mobile [37] and suppresses the 
entropic gain due to counter-ion release when in the coagulation bath. Therefore, 
it affects both the thermodynamic and kinetic aspects of the complexation, which 
immediately changes the phase separation behavior of the PEC making the 
coagulation bath salinity a strong factor determining the structure of a membrane 
which is very specific to APS systems with PEs.

4.3.5. Mixing ratio

The monomer ratio of PEs in a PEC is an important parameter that affects the PEC 
structure and properties [39]. Any material made from PECs would be affected 
by the exact composition of the PEC. Therefore, monomer ratio is a new tuning 
parameter for the membranes prepared with PE complexation induced APS 
not present in traditional NIPS. In this section, the effect of mixing ratio of PAA 
monomers to PDADMAC monomers in the casting solutions is investigated. It 
needs to be noted that the mixing ratio referred to in this chapter is the monomer 
ratio of PEs in the casting solutions. It is possible that some of the polymer chains 
may leach out into the coagulation bath during phase inversion. This would result 
to a deviation between the mixing ratio and PEC’s actual monomer ratio, however 
it is assumed that mixing and actual composition of the PEC would be close to each 
other. For polyelectrolyte complexation, one might expect that an optimal ratio of 
complexation would be a 1:1 ratio of cationic and anionic monomers. Still, in recent 
years it has become clear that the natural ratio in which polyelectrolyte complexes 
form (or grow in layer-by-layer systems) is very specific to the exact polyelectrolyte 
pair. For polyelectrolyte pairs where both polyelectrolytes have strong charges, and 
where the monomers are of the same size, a ratio close to 1:1 is typically found, 
for example for PSS-PDADMAC [40]. However, for a large and strong polyanion 
monomer complexing with a small and weakly charged polycationic monomer very 
different ratios are found, for example 1:2 for PSS-PAH [41] also leading to the best 
mechanical properties. Looking at our monomers PDADMAC is large and strongly 
charged, while PAA has much smaller monomers that are weakly charged. As such 
also for this system, an optimal ratio would be expected with an excess of PAA 
over PDADMAC. Indeed, phase separation of solutions in 1:1 ratio result to gel-like 
structures whereas solid precipitates were obtained where PAA was in excess. 

In this section, pH 1 solutions and pH 3 solutions will be discussed separately. For 
the pH 1 solutions H2SO4 was first added to the stock PE solutions, then after that 
they are mixed in the monomer ratios of PAA to PDADMAC of 1.5:1, 2:1, 2.5:1 and 
3:1. Phase separation of pH 1 solutions in 1:1 ratio led to very soft and weak gel-like 
films. Since the polymer concentrations of the stock solutions were fixed for the initial 
PE solutions, the mixtures for the different monomer ratios have slightly different 
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Figure 4.4 – SEM images of cross-sections of the membranes prepared by coagulation of the 
pH 1 and pH 3 solution in coagulation baths of 1 M NaCl. The cross-section images are at 
×500 magnification and top images are at ×5000 magnification.
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polymer concentration as 22.3 wt%, 23.2 wt%, 24.0 wt% and 24.7 wt%, respectively, 
which is assumed not to have a significant effect on complexation and PEC structure. 
Mixing these PE solutions in monomer ratio 1.5:1 and 2:1 leads to clear solutions, 
while higher ratios lead to a undesired phase separation. Although the exact reason 
for the phase separation cannot be well understood, the effect is considered to be 
related with the observations of Litmanovic and coworkers [24] who showed that 
under acidic and excess PAA conditions, PAA and PDADMAC are interacting 
through ion-dipole interactions and this kind of complex shows UCST around 25 
°C. Indeed, Figure S4.12 shows the thermal behavior of pH 1 solutions prepared 
in various ratios. The solutions that phase separated at ambient temperature (~20 
°C) became homogenous upon heating and demixed again after cooled down. Since 
casting solution temperature is another parameter known to affecting membrane 
formation by phase separation, solutions were only cast at ambient temperature 
in order not to create further complexity. Although the work of Litmanovic and 
coworkers [24] does not directly help to explain why we see such a sharp difference 
in membrane formation as a function of mixing ratio, it does shows the importance 
of mixing ratio on phase behavior of PE mixtures.

The clear pH 1 solutions were cast and immersed in a pH 12 coagulation bath. Cross-
sections images of the resultant membranes are given in Figure 4.5. Both membranes 
are asymmetric with very thin skin layers and porous, spongy support layers. The 
1.5:1 ratio membrane has different degrees of porosity throughout the cross-section; 
with the larger pores on the top expected to lower the mechanical strength of the 
film. Indeed, the membrane was not strong enough to be placed into a filtration 
cell, moreover it is observed that the film delaminates from the part that has largest 
pores. On the other hand, the 2:1 ratio membrane does not have these large cavities 
and therefore it is more mechanically stable than the 1.5:1 ratio membrane. While 
the 2:1 ratio could now be considered an optimum for membrane formation for the 
pH 1 solutions, the membranes are still not strong enough for the filtration tests as 
already discusses in previous sections. 

pH 3 solutions were prepared by directly mixing the two PE solutions, as received. 
Again, the solutions were mixed in the ratio from 1.5:1 to 3:1, which slightly varies in 
polymer concentration from 24.1 wt% to 26.5 wt%. All mixtures led to clear solutions. 
When these solutions were coagulated in pH 12 coagulation baths they all formed 
opaque white films. However, the precipitate from the 1.5:1 mixture was so weak 
that it disintegrated in the coagulation bath as shown in Figure S4.13. SEM images 
of the other membrane cross-sections are shown in Figure 4.5. All these membranes 
are porous and have a symmetric morphology with a nodular structure, which can 
be more easily seen in a higher resolution SEM image in Figure S4.5. Membrane 
thickness decreases as the mixing ratio increases, which indicates the formation of 
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Figure 4.5 – SEM images of cross-sections of the membranes prepared with pH 1 and pH 
3 solutions with varying monomer ratio. The solutions are coagulated in pH 12 bath. The 
images are at ×500 magnification and scale bars indicate 50 µm
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more compact membranes with increasing mixing ratio. During experiments, it is 
observed that 2:1 membrane was more delicate than the others during handling.

Although the SEM images do not show a significant differences upon changes 
in mixing ratio, more distinguishable and reproducible changes are seen in the 
filtration results. Figure 4.6 shows PWP and oil retention results of these three 
membranes. PWP results show a decrease when the mixing ratio increases, again 
indicating a more compact (denser) structure of the higher ratio membranes. When 
these three membranes are compared, we find that all three show good removal of 
oil droplets at relevant water permances for microfiltration type membranes. Of all 
these membranes, the one prepared at a ratio of 2.5:1 has the best performance in 
terms of oil droplet rejection and a reasonable water permance for a microfiltration 
membrane. Therefore, the 2.5:1 ratio can be seen as an optimum for the preparation 
of microfiltration membranes, also given the better mechanical properties compared 
to the 2:1 ratio. 

The structure of a membrane plays a significant role in its mechanical stability 
and consequently its performance. Macrovoids are defined as big cavities in the 
polymeric film which causes low mechanical stability to the membrane. Moreover, 
cell-like structures are more desired than nodular structure for membranes. Applied 

Figure 4.6 – Pure water permance and n-hexadecane retention of the membranes prepared 
with pH 3 solution in different mixing ratios. Coagulation bath is at pH 12 for all membranes. 
The filtration tests were conducted at 0.5 bar. Data points are the average and error bars are 
the standard deviation of at least two different measurements
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force in cell-like structures is distributed better than in nodular ones making cell-
like structures more mechanically stable. An example for filtration tests of the 
membranes with nodular and cell-like structure is given in Figure S4.6. The ones 
with cell-like structure have also a skin layer making the membrane more resistant 
towards water permeation and therefore the initial PWP values are much lower than 
the membranes with nodular structure without a skin layer. However independent 
of the PWP value, all membranes show significant compaction with water 
flux values dropping by more than one third of their initial value. The extent of 
compaction indicates that while the films with cellular structure are not suitable for 
membrane applications, the ones with nodular structure can operate and function 
well for microfiltration. It is reported in literature that PAA-PDADMAC has weaker 
interactions when compared to other pairs and therefore a PEC from this PE pair is 
very mobile [17] possibly leading to weaker materials. In light of this information 
and our observations during the experiments, PAA-PDADMAC can certainly lead 
to the formation of relevant membrane structures, but other strong-weak PE couples 
should be tested to guarantee a better mechanical stability.  

4.4. Conclusion

This chapter discusses PEC induced membrane formation from the weak polyanion 
PAA and the strong polycation PDADMAC. Membranes were obtained from aqueous 
phase separation induced by pH triggered polyelectrolyte complexation. Formerly, 
it was shown that very promising membranes can be formed from the strong 
polyanion PSS and weak polycation PAH [11]. An immediate result of this current 
work is that membrane formation with pH induced PE complexation is shown to 
be widely applicable, rather than just being the feature of a single polyelectrolyte 
couple. Also for PAA-PDADMAC it was possible to obtain membranes with a good 
control over their structure. 

In this work, we have highlighted the versatility of pH induced APS systems and 
the many parameters that are available to control membrane structure and hence 
performance. Of these parameters, the effect of casting solution pH, molecular 
weight, coagulation bath pH and salinity and finally mixing ratio of PEs were 
investigated. The first three parameters mentioned are ones that affect the phase 
separation behavior of PECs. Significantly, their influence is completely in line with 
what one would expect from conventional NIPS systems, if the pH is considered as 
an analogue to the solvent to non-solvent ratio in the casting solution and coagulation 
bath. The strong link between our observations on APS and observations for NIPS 
indicate the similarities between the two approaches. In addition, coagulation bath 
salinity and PE mixing ratio affect the complexation behavior of the PEs and thus 
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resultant membrane structure. These parameters do not have a NIPS counterpart 
and are unique to PE complexation based APS.

The membranes with a symmetric nodular structure from pH 3 casting solutions 
in alkaline baths were found to be very relevant for microfiltration applications as 
indicated by very high oil-droplet retentions and good permances. Through tuning of 
the above parameters other structures could be prepared, including those with a thin 
skin layers and asymmetric cellular porous structures. Although these membranes 
have appealing structures, they were not considered suitable for pressure-driven 
filtration applications as the structure collapses during filtration experiments. 
Although this may be seen as a discouraging aspect, the observation clearly shows 
the importance of the PE selection in APS. Overall, the PE complexation induced APS 
approach is suitable for many PE systems and membrane structure and performance 
can be controlled via a number parameters akin to those found in both traditional 
phase separation and polyelectrolyte complexation literature. Therefore with an 
educated selection of PEs, knowledge of related processes and the drive towards 
more sustainable production process, APS membranes hold great promise in the 
field of membrane science and technology.
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Supplementary Information

Figure S4.1 – pH values of the polyelectrolyte solutions and mixtures used. pH was measured 
with indicator paper.

Figure S4.2 – Photograph of a membrane made with pH 3 solution, in 2:1 ratio coagulated 
in MilliQ water (pH 5.7) as an example of dispersion of PE solution to the coagulation bath 
as indicated by the bath becomes milky and translucent. 
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Figure S4.3 – Time-lapse photographs showing the membrane formation for pH 1 and pH 3 
solutions. (a) is the time solutions are immersed in coagulation baths, (b) is one minute after 
that and phase separation starts for pH 3 solution, (c) is five minutes after the immersion 
and (d) is ten minutes after immersion.

Figure S4.4 – Upper cross-section (left) and top surface (right) SEM images of the membrane 
prepared from pH 1 solution in pH 12 coagulation bath. Although top surface image shows 
that the membrane is covered with thin skin layer it is not distinguishable from the cross-
section image. 
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Figure S4.5 – SEM images of upper cross-sections of membranes prepared with pH 3 
solutions in 2:1 (left), 2.5:1 (middle) and 3:1 (right) PAA-PDADMAC mixing ratio. All 
three images are at ×5000 magnification, with 5 µm scale bars. Images showing that the 
membranes prepared from pH 3 solutions have nodular and porous structure.

Figure S4.6 – Representative filtration measurements of membranes prepared with pH 1 
and pH 3 solutions in 2:1 mixing ratio coagulated in pH 12 bath. Filtration measurements 
were at 0.5 bar. Permeance of the membrane from pH 1 solution starts at 3 L·m−2·h−1·bar−1 
and reduces to zero indicating total collapse of the membrane structure. On the other hand 
the one of pH 3 solution shows a significant compaction though it continues with relatively 
stable flux. Flux drop after 1 hour is more related with fouling, which microfiltration 
membranes are extremely sensitive. SEM images of membranes from pH 1 solution (bottom 
left) and pH 3 solution (bottom right). Images show structural changes of the membranes 
after 4 hours of pure water filtration at 0.5 bar. The membrane from pH 1 solution becomes 
dense after the collapse of the majority of the pores and the membrane from pH 3 solution 
keeps its porosity to a larger extent.
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Figure S4.7 – Pore size distribution of the membranes prepared from solutions with 250 kDa 
PAA (pH 3 solution) and 450 kDa PAA (high MW solution) by immersion in a pH 12 
bath. Size of the pores were measured with ImageJ software for more than a hundred pores. 
The distribution curve was plotted by generating a histogram with a 0.05 µm bin size.

Figure S4.8 – SEM images of membranes prepared with 450 kDa PAA, images are at ×500 
magnification. Images showing that shrinking led to a thicker and less porous membrane and 
filtration causes collapse of pores of the membrane leading to a dense film. 

Figure S4.9 – Photographs of membranes prepared with pH 1 solution in 2:1 PAA-
PDADMAC mixing ratio coagulated in baths with varying pH as indicated under the images
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Figure S4.10 – Photograph of membrane prepared with pH 3 solution in 2:1 PAA-
PDADMAC mixing ratio coagulated in pH 13 bath showing uneven phase separation

Figure S4.11– SEM images of membranes prepared with pH 1 and pH 3 solutions 
coagulated in pH 12 bath and 0.5 M NaCl bath. Images are at ×5000 magnification, focused 
at the top part of the cross-sections. While membranes from pH 1 solutions have no significant 
difference in structure, the ones from pH 3 solutions are completely different. 
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Figure S4.12 – Photographs of pH 1 solutions showing an UCST behavior. Solutions with 
monomer ratio 2.5:1 and 3:1 were demixed at room temperature. After heating the solutions 
at 30 °C for 15 min they become clear and turn back to demixed state after cooling down.

Figure S4.13 – Photograph of the membrane made from 1.5:1 pH 3 solution in coagulation 
bath of pH 12. Image shows inhomogeneous film formation and the film is falling apart 
without any external force applied.
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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 affect the membrane structure, they did affect 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 effect 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-off (<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. 
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5.1. Introduction

Nonsolvent Induced Phase Separation (NIPS) became the dominant technique 
to produce polymeric membranes shortly after its discovery in the 1960s. In 
this technique, a homogenous polymer solution is cast and then immersed in a 
coagulation bath that contains nonsolvent which has a low affinity for the polymer. 
The nonsolvent, typically water, should be completely miscible with the solvent 
so that the nonsolvent will replace the solvent when the cast film is immersed in 
the coagulation bath. Immersion in the nonsolvent 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/nonsolvent 
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-Methyl-2-
pyrrolidone (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, 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 nonsolvent 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 nonsolvent. 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 
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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 homogenous 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 multilayer based nanofiltration membranes, 
especially of PSS and PDADMAC, hold a great promise. Unfortunately, the 



165

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 treated with saline water. Schlenoff 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 homogenous 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, 
biocompatility and no requirement for cross-linking 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 permeance (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 different salinities instead of 
homogenous 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. Our research group recently 
demonstrated that it is also possible to prepare membranes by casting homogenous 
PE mixtures instead of coacervates [47]. 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 
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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 our earlier work [47]. 
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 
homogenous 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 
5.1). The homogenous polyelectrolyte 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 5.1). 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 
effects 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 
permeance, salt retention and molecular weight cut-off measurements, at pressures 
up to 10 bars. 
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Figure 5.1 – A schematic illustration of membrane preparation procedure for salt triggered 
complexation induced aqueous phase separation. Homogenous mixture of two oppositely 
charged PEs are mixed at high salinity, casted on a substrate and immersed in a low salinity 
bath.
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5.2. Experimental Section

5.2.1. 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 different 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. 

5.2.2. Membrane formation 

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 homogenous, 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, homogenous 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 5.1.

Table 5.1 – Properties of the homogenous PE mixtures used for membrane preparation

PSS Molecular Weight

PDADMAC

Molecular Weight Total Polymer Concentration
70 kDa

200 kDa

1000 kDa

200 kDa

200 kDa

200 kDa

200 kDa

200 – 350 kDa

15.5 wt%

15.4 wt%

15.5 wt%

10.0 wt%

12.5 wt%

17.5 wt%

20.0 wt%
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Casting

Homogenous 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 MilliQ 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 any remaining salt. 
PSS-PDADMAC complexes do not swell in many organic solvents like isopropanol 
[48]. 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.

5.2.3. Membrane characterization

Structure

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 ×5000 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 S5.1 in the Supporting Information.

Performance 

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 permeance 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 (J). 
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 permeance was calculated by taking 
the slope of flux over transmembrane pressure (TMP) as given below:
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where P is the permeance, J is the water flux and TMP is transmembrane pressure. 
After the pure water permeance 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 the following relationship:

 (5.1)

 (5.2)

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, while the retentate is the solution that was left in the cell after the test 
(see Figure S5.2 in the Supporting Information).

Pure water permeance 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-off (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. 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 and eluent was 50 mg/L NaN3 in MilliQ water, samples went 
through two Polymer Standards Service Suprema 8×300 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 
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reaches the 90% level [49]. 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 S5.3 in 
the Supporting Information).

5.3. Results and Discussion

In this work, porous polymeric films were prepared from polyelectrolyte complexes 
with the aqueous phase separation technique (see Figure 5.1). Diffusion 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 effect of PSS molecular weight and polymer concentration 
of the mixtures. Thereafter, we discuss the effect of coagulation bath salinity on the 
structure and the performance of the resulting membranes. 

5.3.1.Selection of suitable polyelectrolyte mixture

5.3.1.1. Effect of Molecular Weight

Films were prepared by immersing a thin layer of a homogenous PE mixture into 
a coagulation bath containing MilliQ 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 5.2. Cross-section images of the 
films are shown 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 
magnifications of the SEM images (Figure S5.4 and S5.5 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 
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feature when preparing membranes by NIPS. The viscosity of the casting solution 
is typically a major factor controlling the phase inversion kinetics. Solutions with 
different viscosities are expected to phase separate at different rates and therefore 
lead to membranes with different cross-section morphologies. Although, there is a 
substantial difference in the viscosities of the mixtures with 70 kDa, 200 kDa and 
1000 kDa PSS (see Table S5.1 in the Supporting Information), all three membranes 
have essentially the same asymmetric structure. For all three asymmetric films, no 
defects and/or pores were observed from the surface SEM images at magnifications 
up to ×10000 (see Figure S5.4 in the Supporting Information). Some of the surface 
SEM images in this chapter 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 difference from the bulk of the film can be observed from the 
elemental analysis (see Figure S5.6 in the Supporting Information). Additionally, no 
effect of these impurities was observed on the membrane performance tests. 

No substantial differences between the films can be seen from the SEM images, 
but conversely there are distinct differences in the membrane performance. The 
pure water permeance (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 [50]. 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 S5.7 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 different. This indicates that the membrane skin layer 
becomes denser with more entanglements leading to a lower permeance. Although 
the 1000 kDa PSS membrane is expected to show a better rejection, it has a much 
lower permeance than the 200 kDa PSS membrane and the membrane formation 
procedure is much more difficult and time-consuming compared to the 200 kDa 
PSS membrane due to gelation of the 1000 kDa PSS solution (see Figure S5.8 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.
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5.3.1.2. Effect of Overall Polymer Concentration

The polymer concentration of the casting solution is a widely used parameter for 
the NIPS process to control membrane structure [49]. For APS, homogenous PE 
mixtures with different polymer concentrations ranging from 10 wt% to 20 wt% 
were prepared (see Table 5.1). 10 wt% polyelectrolyte mixture with 18 wt% salt 
is slightly turbid than the other (see Figure S5.9 in the Supporting Information), 
however, that mixture was cast and formed a continuous film. Figure 5.3 shows the 
cross-section and surface SEM images of the films prepared with mixtures at these 
different polymer concentrations. Films mentioned in this section will be referred to 
by the polymer concentration of the casting mixture.

Figure 5.2 – 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 ×1000 
magnification while surface images at ×5000 magnification. 
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Figure 5.3 – 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 ×2500 
magnification and focused on the upper part of the membrane while surface images at ×5000 
magnification.
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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 [49], and this 
has been observed for porous PSS-PDADMAC films in literature [38]. Therefore, 
polymer concentrations higher than 12.5 wt% are needed for mechanically stable 
membranes. SEM images of the 15.4 wt%, 17.5 wt% and 20 wt% films are nearly 
identical. They have thicker skin layers (Figure S5.7 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 permeance 
tests were conducted at 4 bar with a dead-end filtration set-up. Obtained PWP values 
are 1.0 L·m−2·h−1·bar−1, 0.1 L·m−2·h−1·bar−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 S5.1 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.

5.3.2. Effect of coagulation bath salinity

So far, the different 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 affect the membrane 
morphology significantly, these factors do affect the membrane properties. The 
homogenous 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 permeances. 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 diffusion 
of ions from the casting mixture to the bath. Therefore, it is expected that different 
membrane structures and performances can be obtained by varying the coagulation 
bath salinity. 
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5.3.2.1. Membrane structure 

Figure 5.4 shows SEM images of the films prepared with coagulation baths of 
different 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 S5.10 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 S5.10 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 [30,51,52] and PSS-PDADMAC multilayers are 
known to undergo a so-called glass transition in salinities higher than 1.5 M NaCl 
[53,54]; because of this, many studies use 2.0 M NaCl to anneal PSS-PDADMAC 
multilayers [53,55]. 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 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 water flux was not stable and reproducible. 
Therefore, we did not continue characterizing these films further.
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Figure 5.4 – 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 ×5000 
magnification.
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5.3.2.2. Membrane performance

Morphology of a membrane is one of the factors that directly affects the membrane 
performances, however, especially for dense membranes, molecular properties such 
as charge and affinity 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 permeance [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 5.2) and the thinnest for 0 M film. Therefore, it is 
expected that the 1.0 M membrane will have the lowest permeance (the highest water 
resistance). The PWP values of membranes (Figure 5.5) 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.

Table 5.2 – Skin layer thickness and molecular weight cut-off values of membranes

Membrane
Skin Layer Thickness  

(µm) (a) MWCO (Da)(b)

0 M 0.6 ± 0.2 250 ± 30

0.5M 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 different points from one 
SEM image. (b)MWCO values are average of 3 measurements.

In order to understand the application range of these membranes, molecular weight 
cut-off 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 affect phase separation behavior of the polymer in relation to membrane 
formation [56]. Reducing the occurrence of defects in these PSS-PDADMAC 
membranes will be critical in their further development. 
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Membranes with MWCO values between 200 Da and 1000 Da are considered as 
NF membranes [2] and as shown in Table 5.2, 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]. 

Figure 5.5 – Pure water permeance 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 permeance values are the 
average and error bars are the standard deviation of at least five measurements. Retention 
values are from at least three different measurements.

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 5.5 show the performance of 
three different membranes at 4 bar in terms of pure water permeance (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 [49]. 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 5.5 show the performance at 10 
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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 
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 5.5 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 diffusion. 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 effective 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) [20,29,57–60]. 
This variation might be due to differences 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 differences, 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.

Figure 5.6 – Pure water permeance 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. 
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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 5.6, the water permeance 
of 0 M, 0.5 M and 1.0 M membranes are given. The pure water permeance 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 permeance. 
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 [29,48]. 
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 S5.11 in Supporting Information). 

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. 
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5.4. 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 homogenous 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 effects 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, permeance 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 
effects 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 permeances ranging from 0.4 to 1.0 L·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 diffusion 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 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 nonpolar ones [48]. Therefore, in further research these nanofiltration membranes 
will be investigated in terms of their organic solvent nanofiltration performance.
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Supporting Information

Figure S5.1 – 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. 

Figure S5.2 – Schematic drawing of dead-end filtration cells, indicating the feed, retentate 
and permeate solutions.



184

Figure S5.3 – 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%.

Figure S5.4 – A representative SEM image of the membrane top surface at ×10000 
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 MilliQ water.
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Figure S5.5 – A representative SEM image of the membrane cross-section focused near the 
skin layer at ×10000 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 MilliQ water.

Figure S5.6 – 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.
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Table S5.1 – Compositions and viscosities of PE mixtures used in this study. Coaxial 
cylinder type rotational viscometer (HAAKE™ Viscotester™ 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 Molecular 
Weight

PDADMAC 
Molecular Weight

Total Polymer 
Concentration

Viscosity at zero 
s−1 shear rate (Pa.s)

70 kDa 200 – 350 kDa 15.5% 2.7

200 kDa 200 – 350 kDa 15.4 % 6.8

1000 kDa 200 – 350 kDa 15.5 % 14.5
200 kDa 200 – 350 kDa 17.5% 10.7
200 kDa 200 – 350 kDa 20.0 % 21.9

Figure S5.7 – The skin layer thicknesses of the membranes prepared with mixtures of 
varying PSS molecular weight and varying polymer concentration. Mixtures with different 
PSS molecular weight have 15.4% polymer in total, and mixtures of varying polymer 
concentrations were prepared with 200 kDa PSS.
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Figure S5.8 – 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. 

Figure S5.9 – 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 S5.10 – Photographs showing the immersion of the casting mixture of 200 kDa 
PSS with 15.4% polymer in different coagulation baths. Salinity of coagulation baths are 
varying from 0 M to 2 M NaCl. (a) is the immersion moment, (b), (c), (d), (e) are 5 seconds, 
30 seconds, 5 minutes, and 10 minutes after the immersion, respectively. This shows that 
time for the homogenous clear mixture to become opaque solid film takes longer as the salt 
concentration of the coagulation bath increases. It takes 25, 30, 35 seconds for the coagulation 
baths 0 M, 0.5 M and 1.0 M NaCl, respectively. The casting film in 2.0 M NaCl bath was 
transferred to a washing bath of demineralized water in 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 S5.11 – 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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Chapter 6

Tuning the Charge of Polyelectrolyte 
Complex Membranes Prepared via 
Aqueous Phase Separation

This chapter has been submitted to Soft Matter as:

Tuning the Charge of Polyelectrolyte Complex Membranes Prepared via Aqueous 
Phase Separation; Elif Nur Durmaz, Joshua D. Willott, Md Mizanul Haque 
Mizan, Wiebe M. de Vos.
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Abstract

In this work, the polyelectrolyte ratio is studied as a tuning parameter to control 
the charge, and thus the separation properties, of polyelectrolyte complex (PEC) 
membranes prepared via Aqueous Phase Separation (APS). In this approach, various 
ratios of poly(sodium 4-styrenesulfonate) (PSS) and poly(diallyldimethylammonium 
chloride) (PDADMAC) are mixed at high salinity and the PEC-based membranes 
are then precipitated using low salinity coagulation baths. The monomeric ratio of 
PSS to PDADMAC is varied from 1.0:0.8 through to 1.0:1.2. Obtained membranes 
have an asymmetric structure and function as nanofiltration membranes with on 
average 1 L·m−2·h−1·bar−1 pure water permeance and < 400 Da molecular weight cut-
off (MWCO), except for 1.0:1.2 where the permeance was much higher (> 20 L·m-

2·h-1·bar-1) with a similarly low MWCO. For the first time, we report the formation 
of both negatively and positively charged PSS-PDADMAC based APS membranes, 
as determined by both streaming potential and salt retention measurements. We 
hypothesize that the salt type used in the APS process plays a key role in the observed 
change in membrane charge. The point where charge transitions from negative to 
positive is found to be between the 1.0:0.9 and 1.0:1.0 PSS:PDADMAC ratios. The 
polyelectrolyte ratio not only affects membrane charge, but also their mechanical 
properties. The 1.0:0.9 and 1.0:1.0 membranes perform the best with high salt 
retentions (up to 90% Na₂SO₄ and 75% MgCl₂, respectively) and better mechanical 
stability than other membranes. The higher permeance of the more charged, and 
thus more swollen, 1.0:0.8 and 1.0:1.2 membranes provide a relevant new direction 
for the development of APS-based PEC membranes. 
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6.1. Introduction

The majority of polymeric membranes are produced using toxic and unsustainable 
organic solvents such as N-methyl-2-pyrrolidone (NMP) and dimethylformamide 
(DMF) [1,2]. Recently, increasing attention has been given to making membrane 
production processes more sustainable. The use of alternative solvents has been 
discussed in great detail [3–5], where toxic organic solvents are replaced with greener 
alternatives with much of this research focused on the effect of these alternative 
solvents on membrane structure. More recently, the Aqueous Phase Separation 
(APS) approach has been introduced in which polymeric membranes are formed in 
aqueous media, with the aim of completely eliminating the use of the organic solvents 
[6,7]. Although there are earlier examples with temperature-responsive polymers 
[8,9], APS membranes are prepared from polyelectrolytes (PEs). Here, either pH-
responsive PEs [10,11], or polyelectrolyte complexes (PECs) [7,12–14] have been 
utilized. In the former, PEs are dissolved at a solution pH where they are charged, 
while after casting the polymer solution is immersed in a bath with a pH where the 
PEs are uncharged and insoluble in water [10,11]. This process is very similar to 
nonsolvent induced phase separation (NIPS), where the polymer is dissolved in an 
organic solvent and precipitated in a nonsolvent (typically water). In APS with single 
PEs, water acts as both the solvent and the nonsolvent, where the only difference 
between the solvent and the nonsolvent is the pH of the medium (acidic vs. alkaline). 
For APS with PECs, a mixture of oppositely charged water-soluble PEs (a polycation 
and polyanion) is prepared such that they are not interacting each other to form a 
complex, then after casting, the PE mixture is immersed in a bath where the PEs can 
interact and form the water-insoluble complexes. Currently, there are two ways to 
obtain PEC-based APS membranes: 1) by using PEs where at least one of them is 
weakly charged, then the PE charge can be controlled via pH and a mixture can be 
prepared at a pH where the weak PE is uncharged, while the coagulation bath pH is 
arranged such that the PE becomes charged and interacts with the other PE to form 
the complex. Baig et al. showed initially that a large pH change is needed [12], but 
then with a different selection of PEs it is also possible to obtain membranes with 
a much milder pH change [15]. In the salinity-change polyelectrolyte complexation 
approach (also used in this study), the membrane preparation conditions are even 
milder as the PE charges are screened by a high ionic strength of the medium, 
while the membrane is obtained in low ionic strength coagulation baths [7,13]. The 
formation of PEC-based membranes with APS is also very similar to NIPS, however, 
here rather than dissolving and precipitating a polymer, preventing and then 
allowing complexation are the key steps.

Membrane charge is a major parameter that affects separation performance. 
Typically, a high rejection of charged compounds can be achieved with charged 
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membranes, and this is true even if the membrane pores are larger than the size(s) 
of the compounds [16]. Here, charge exclusion dominates the rejection mechanism 
and it is dependent on the electrostatic repulsion forces impacted by the charged 
membrane. Due to attraction between charged groups of the membrane and water 
molecules, charged membranes are typically more hydrophilic than their neutral 
counterparts. This hydrophilic feature results in fouling-resistant membranes [17], 
which helps to lengthen membrane lifetime. Negatively charged membranes are 
even slightly more advantageous when compared to positively charged ones in 
terms of antifouling behavior since the majority of naturally occurring foulants are 
negatively charged [18].

Obtaining charged membranes with APS from single PEs is fairly straightforward, 
with the charge of the PE becoming the charge of the resultant membrane [10,11]. On 
the other hand, the resultant charge of membranes formed from the complexation 
of two oppositely charged PEs is more difficult to predict. Polyelectrolyte complexes 
which are prepared by mixing two PEs in a stoichiometric charge ratio are expected 
to have no net charge, however, in reality this is hardly ever the case [19,20]. 
This effect (sometimes called ‘overcharging’) is also observed for polyelectrolyte 
multilayer membranes [21]. For stoichiometric mixing ratios, the general tendency 
is that positively charged PECs are obtained [19,22]; this is especially true for 
poly(sodium 4-styrenesulfonate) (PSS), and poly(diallyldimethylammonium 
chloride) (PDADMAC) complexes [14,19,21,23,24]. Kamp et al., made PSS-
PDADMAC membranes by mixing the PEs in three different compositions. Even the 
membranes prepared from the mixture with excess polyanion (PSS) had a positive 
charge [14]. Although less frequent, PSS-excess PECs have also been reported. Imre et 
al. [25] prepared PSS-PDADMAC complexes in varying ratios and found PSS-excess 
PECs to have more Na+ ions as counterion, indicating a negative charge of the PECs. 
Similarly, Wang et al. studied the phase behavior of PSS-PDADMAC complexes and 
they observed that prepared coacervates could have an excess of PSS [20]. 

In this study, we investigate the factors affecting the charge of PEC-based membranes 
from PSS and PDADMAC. Moreover, the effect of membrane charge on performance 
is also studied. PSS and PDADMAC are mixed at a high NaCl concentration in 
varying monomer ratios from 1.0:0.8 to 1.0:1.2 (PSS repeating unit : PDADMAC 
repeating unit). These casting solutions were cast and immersed in pure water baths. 
Resultant membranes were characterized with scanning electron microscopy (SEM), 
pure water permeance (PWP), molecular weight cut-off (MWCO), salt retention, and 
zeta potential measurements. Overall, the work will demonstrate that for APS the PE 
ratio is a relevant tuning parameter to determine the membrane charge, a parameter 
that is simply not available in traditional NIPS. 
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 6.2. Experimental Section

6.2.1. Materials

Poly(sodium 4-styrenesulfonate) (PSS, MW ~200 kDa, 30 wt% in water), 
poly(diallyldimethylammonium chloride) (PDADMAC, Mw ~350 kDa, 20 wt% in 
water), poly(ethylene glycol) (PEG) of various molecular weights (200, 400, 600, 
1000, 1500, and 2000 Da) were purchased from Merck. Magnesium sulfate (MgSO₄), 
sodium sulfate (Na₂SO₄), magnesium chloride (MgCl₂), potassium chloride (KCl) 
and 2-propanol (IPA) were purchased from Sigma Aldrich. Sodium chloride (NaCl, 
pharmaceutical grade, SanalP) was kindly supplied by Akzo Nobel. 

6.2.2. Membrane preparation

In this study, membranes are prepared following procedures developed in our 
previous work [13]. PSS and PDADMAC solutions were prepared at high salinity. 
The PSS solution had approximately 15 wt% polymer and 17.5 wt% NaCl, while the 
PDADMAC solution had 16.3 wt% polymer and 18.8 wt% NaCl. After these initial 
PE solutions became fully homogenous, they were mixed to obtain casting solutions 
at the desired mixing ratio of PSS to PDADMAC. This ratio will be referred to as 
the monomer ratio or monomer mixing ratio and it only indicates the content of the 
casting solutions, importantly this does not mean that the content of the resultant 
membranes will be in the same ratio. The casting solutions used in this study are 
listed in Table 6.1.

Table 6.1 – Content of the casting solutions used for membrane preparation

PSS:PDADMAC
Mixing Ratio

Total Polymer 
Concentration 

(wt%)

Total NaCl 
Concentration 

(wt%)

Concentration 
of PSS 
(wt%)

Concentration 
of PDADMAC

(wt%)

1.0:0.8 15.5 18.0 9.5 6.0

1.0:0.9 15.5 18.0 9.1 6.4

1.0:1.0 15.5 18.0 8.7 6.8

1.0:1.1 15.6 18.1 8.4 7.2

1.0:1.2 15.6 18.1 8.0 7.6
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After mixing for at least 16 hours, the casting solutions were left without stirring (for 
at least 20 hours) in order to remove air bubbles as these commonly cause defects in 
membranes. Air bubble-free, amber-colored, and transparent casting solutions were 
cast on a plastic sheet with 0.3 mm casting thickness and immediately immersed in a 
bath containing MilliQ water (resistivity at 25 °C is 18.2 MΩ·cm). After coagulation, 
membranes were rinsed by transferring them to washing baths which were refreshed 
four times in total. After the rinsing step, membranes were immersed in 30, 60, and 
90 v/v% IPA baths, in order to remove the membranes from the plastic sheet without 
causing damage to the membrane. 

 6.2.3.Characterization

Scanning Electron Microscopy (SEM)

Membranes were taken from the IPA and air dried overnight. Membranes maintained 
their opaque appearance and this is a good indication of intact porous structure (i.e., 
the pores did not collapse during drying). Dry samples were immersed in liquid 
nitrogen and then broken in order to have a clear cut for cross-section images. The 
samples were sputter coated with a 5 nm Pt/Pd layer (Quorum Q150T ES) and were 
investigated by scanning electron microscopy (JSM6010LA). Cross-section images 
were also used to measure skin layer thickness of these membranes. Images at 5000 
magnification were analyzed with ImageJ software. 

Filtration Experiments

Membrane samples were taken from IPA and washed thoroughly with demineralized 
water. Samples were cut to size with a 25 mm diameter hole puncher and placed in a 
custom-made dead-end filtration cell. The membrane effective area was 3.0 cm2. The 
pure water permeance (PWP) measurements were performed first, followed by the 
retention tests. For PWP tests, MilliQ water was pressurized towards the membrane 
and the permeate was collected as a function of time. PWP tests were continued 
until stable fluxes were obtained. Permeance is given by the slope of the flux against 
the transmembrane pressure (TMP) curve. All membranes had stable water flux at 4 
bar of TMP, except for 1.0:1.2 mixing ratio membrane. An example for flux vs. TMP 
plot for 1.0:1.2 membrane is given in Figure S6.1 in the Supporting Information. All 
filtration tests of the membranes were operated at 4 bar except 1.0:1.2 membrane 
which was operated at 0.5 bar. After obtaining stable fluxes, retention tests were 
started for the same piece of membrane sample at the same TMP. 

Retention tests were conducted with either a mixture of small chain PEG molecules 
(for MWCO measurements) or with salts. The PEG mixture was prepared with a 
range of molecular weights (MWs) 200, 400, 600, 1000, 1500, and 2000 Da (1 g/L for 
each MW of PEG). This solution was fed to the same dead-end cell which was stirred 
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vigorously. The initial 1 mL of permeate was discarded, and the second 1 mL of 
permeate sample was collected for the measurement. Feed, permeate and retentate 
samples were analyzed with 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), Polymer Standards 
Service Suprema 8 × 300 mm2 columns in series: 1000 Å, 10 µm followed by 30 Å, 10 
μm)). The flow rate was 1 mL/min, and the eluent was 50 mg/L NaN₃ in MilliQ water. 
Retention vs. molecular weight (i.e., the sieving curve) was plotted and the molecular 
weight where 90% retention was achieved is the molecular weight cut-off (MWCO) 
value of the membrane [26]. There were some cases where the sieving curve reached 
a plateau without reaching 100% retention. When this occurs it is considered as a 
leak and the MWCO is approximated as the MW where the sieving curve reached 
10% below the plateau. In this case, the extent of the leak was determined by the 
difference between 100% and the retention value of the plateau. If any measurement 
has more than 50% leak, then this was not included in the average and standard 
deviation calculations. For further details of MWCO measurements please refer to 
reference [13].

Retention tests with salts were conducted with 5 mM MgSO₄, MgCl₂, Na₂SO₄ and 
NaCl solutions, separately. These solutions were fed to the dead-end cells and the 
measurement was performed while stirring vigorously. The solution in the cell before 
filtration is the feed solution, the permeate sample was collected during the filtration 
and the solution left in the cell is the retentate solution. Retention is calculated via 

 (6.1)

where CP, CF and CR are the concentrations of permeate, feed and retentate samples, 
respectively. Concentration of the samples were estimated by analyzing the 
conductivity of the solutions. 

Streaming potential

The streaming potential of the membranes was measured with an electrokinetic 
analyzer (Surpass, Anton Paar, Graz Austria) with an adjustable-gap cell. Prior to 
measurements, membranes were kept in 5 mM KCl solutions to equilibrate and 1 
cm  2 cm samples were cut. Two samples were placed in the cell such that skin 
layers of the samples are facing each other with a narrow slit in between. 5 mM 
KCl solution was pumped through the slit and the maximum pressure during the 
measurement is 200 mbar. A streaming current is created due to the flow of KCl 
solution and the zeta potential (ζ) is estimated by
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where I is the streaming current, P is pressure, η is dynamic viscosity, ε is the dielectric 
constant of the electrolyte solution, 𝜀0 is the vacuum permittivity, κB is the specific 
electrical conductivity of the electrolyte solution, and R is the ohmic resistance of 
the cell. Each sample was measured three times and at least three samples were 
measured for all membranes. Average and standard errors are given in the following 
section. 

6.3. Results and Discussion

In previous work, we prepared PSS-PDADMAC membranes via a complexation 
induced APS approach and the structure and performance of the membranes could 
be readily tuned with coagulation bath salinity, polymer molecular weight, polymer 
concentration, and the operation conditions [13]. Here, membranes are prepared 
with the same method, however this time the PSS to PDADMAC monomer mixing 
ratio in the casting solutions has been varied from 1.0:0.8 to 1.0:1.2. We study whether 
the PE mixing ratio is a relevant tuning parameter to control membrane charge and 
thereby membrane separation properties. First, there will be a short discussion on 
the general membrane properties, then a more detailed discussion on the effect of 
monomer mixing ratio on membrane charge will take place.

Membranes from PSS-PDADMAC complexes were prepared via salinity change 
induced APS. Homogenous casting solutions were prepared at high salinity where 
PE interactions are screened. Five solutions at 1.0:0.8, 1.0:0.9, 1.0:1.0, 1.0:1.1, and 
1.0:1.2 PSS to PDADMAC monomer mixing ratio were prepared. These casting 
solutions were immersed in MilliQ water immediately after casting. Solutions 
at 1.0:0.7 and 1.0:1.5 ratios were also prepared, however, these resulted in weak, 
gel-like films rather than solid, intact precipitates (see Figure S6.2 in Supporting 
Information). Here a too high excess of charge likely leads to excessive swelling of 
the membrane material resulting in poor material properties. 

SEM cross-section images of the resultant membranes are presented in Figure 6.1. 
Images are at 5000 magnification and show the parts of the membranes near the 
skin layers of the cross-sections. It is clear that all five membranes have thin skin 
layers and spongy support structures without any macrovoids as seen before [13], 
which is also a very typical structure of a NIPS membrane. SEM images of the cross-

 (6.2)
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sections of all the membranes studied here are given in Figure S6.3, and will be 
discussed later in this section together with filtration test results.

Figure 6.1 – SEM images of cross-sections of membranes prepared in varying ratio at ×5000 
magnification. Images are focused on the skin layer side of the cross-section

Figure 6.2a shows the skin layer thicknesses, as determined from the SEM figures, 
and the pure water permeance (PWP) values of the membranes. Thicker skin layers 
are obtained when the mixing ratio is close to 1.0:1.0 stoichiometry. Moreover, PWP 
decreases as the concentration of the PDADMAC in the casting solution increases, 
except for the 1.0:1.2 membrane where a very high PWP of is found. To check 
reproducibility, we prepared membranes following exactly the same procedure at 
least four times and the structure of these membranes were imaged with SEM each 
time. All of the cross-section SEM images are given in Figure S6.3. As can be seen 
in the figure, the membrane structures were mostly reproducible, but occasionally 
thicker skin layers were found. These thicker layers are likely the result of pore 
collapse during the drying process required for SEM imaging and are considered 
as outliers and were not included in Figure 6.2a.  Supporting this hypothesis is the 
fact that the PWP values have relatively small error bars (i.e., a high reproducibility, 
in line with our previous study regarding the 1.0:1.0 membranes [13]); these 
membranes were never dried unlike the samples for SEM measurements. The error 
bars of the PWP values of the 1.0:0.8 and 1.0:1.2 membranes are somewhat larger 
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than the others and these membranes are also softer and more swollen than the 
others (Figure S6.4). Charges attract water molecules and if one of the PE is in excess, 
there will be a higher affinity for water molecules which leads to plasticizing effect 
for PECs [24,27–29]. This results in softer and more swollen membranes and less 
reproducible measurements. 

Figure 6.2 – a) Skin layer thicknesses (orange circles) and pure water permeance values (blue 
bars) of the membranes. Skin layer thicknesses were measured from at least eighty different 
points in total of three different samples and error bars represent the standard errors. PWP 
values measured at least for ten different samples and error bars represent the standard 
errors. Note that for the PWP axis there is a break. b) Molecular weight cut–off values of 
three distinct measurements, error bars represent the standard deviations.

The molecular weight cut-off (MWCO) of the membranes was also measured. Figure 
6.2b shows the MWCO values of the resultant membranes and it is lower than 400 
Da for all cases, even for the 1.0:1.2 membranes that have a high PWP. This indicates 
that these films are indeed membranes (i.e. permeate selectively) and that they all 
perform as nanofiltration membranes [1]. MWCO values of the 1.0:0.9 and 1.0:1.0 
membranes are lower than the other membranes, which indicates that they are 
tighter (smaller average pore size) than the others. This can again be related to the 
effect of mixing ratio on material properties of the membranes. With a lower excess 
of charge, these membranes would be expected to be less swollen by water. Achari 
et al. reported that the PECs that are closer to the stoichiometric ratio have a higher 
Tg [30], due to a lower degree of water plasticization. The increasing number of ionic 
cross-links makes the PE chains less mobile and the PEC les permeable (i.e. denser). 
This is also consistent with the observations for PEMs, in which more swollen layers 
have higher permeances [31]. Moreover, it is worth noting that small defects were 
observed with MWCO measurements, in line with our previous study (see Table S6.1 
in Supporting information). It is speculated that the polydispersity of the PEs cause 
these defects as the phase separation behavior of the polymer chains is different 
for different chain lengths [13,32]. Because the polydispersity of the PEs was the 
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same as our previous study, these defects were expected. However, less leakage 
was observed for 1.0:0.8 and 1.0:1.2 membranes when compared to other mixing 
ratio membranes. This is possibly due to more swollen and softer nature of these 
membranes. The more the membranes are doped with water, the more mobile the 
polymer chains will be, leading to more resistive to defect formation. Overall, Figure 
6.2 clearly indicates that the obtained films are nanofiltration membranes making it 
interesting to study them for their retention of ions. 

The next step was to investigate whether PE mixing ratio is an effective parameter 
to control membrane charge. To study this, we measured the streaming potential 
of these membranes. Here, a 5 mM KCl solution flows through a narrow channel 
where the walls are two membranes with the skin layers facing the channel. The 
electric potential that results from this flow was measured as streaming potential 
which is directly related to the zeta potential of the membranes (see equation 6.2). 
The results are given in Figure 6.3 and clearly shows the charged nature of all the 
membranes. Even the 1.0:1.0 solution led to positively charged membranes, possibly 
indicating some leakage of PSS into the coagulation bath. Although counter-intuitive, 
overcharging of PECs is frequently observed [33,34] and positively charged PSS-
PDADMAC complexes [14,19,24] and multilayers [21] are frequently reported in 
literature. Membranes from 1.0:1.0 solutions and the solutions that have excess 
PDADMAC give positively charged membranes, while membranes from 1.0:0.9 
and more excess PSS are negatively charged. It is expected that the solutions that 
have a larger excess of one of the PEs will have higher charge densities. However, 
this is not observed, where the zeta potentials are rather stable except for the flip 
between 1.0:0.9 and 1.0:1.0. This likely stems from the swelling of the membranes 
that also increases with a higher charge density. More swelling dilutes the density 
of the charges and leads to a lower measured zeta potential. Our observations 
during membrane formation and during the handling for filtration tests confirms 
this expectation. Both 1.0:0.8 and 1.0:1.2 membranes are significantly softer than the 
other membranes and they are more swollen during the coagulation process (see 
Figure S6.2). Our results clearly show that it is possible to change the charge of the 
membrane with PE mixing ratio. There is a clear point in the mixing ratio (between 
1.0:0.9 and 1.0:1.0) where the resultant membrane charge flips between positive and 
negative. This is a unique observation. Krishna et al., prepared dense membranes 
by hot-pressing PSS-PDADMAC complexes and varied the molecular weight 
(MW) of the PEs. All combinations resulted in positively charged membranes [35]. 
Similarly, Kamp et al. prepared PSS-PDADMAC membranes with complexation 
induced APS, where they used solutions in three different ratios (1.0:0.8, 1.0:1.0, 
1.0:1.2). All the resultant membranes had an effective positive charge [14]. At first 
glance, the approach of Kamp et al. and this work looks fairly similar and there is 
no apparent reason to expect different membrane charges and structures. However, 
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when we look in detail, there are clear differences in PE molecular weight (PSS in 
this work 200 kDa, in the work of Kamp et al. 1000 kDa; PDADMAC: 350 kDa vs. 
500 kDa), total polymer concentration (15.5 wt% vs. 25 wt%) and salt type (NaCl 
vs. KBr) [14]. PE molecular weight cannot be the reason for the difference in results 
since Krishna et al. obtained positively charged PECs in all MW combinations [35]. 
Differences in polymer concentration could be a reason for differences in membrane 
structures, but it is a less likely reason for the difference in membrane charge. 
However, salt type is a very important parameter for the structure of PECs. In NIPS, 
thermodynamics and kinetics are the two major factors that determine membrane 
structure and performance [1,26,32] and it is already known that there are strong 
similarities in between APS and NIPS processes [14,36]. In literature, there are many 
studies that have reported that KBr is a better doping agent than NaCl for PSS-
PDADMAC complexes [20,34,37–39], this means that the solvent quality of KBr 
is higher than NaCl for PSS-PDADMAC complexes. Moreover, it is known that 
different salts have different diffusion rates within PECs [37], which would also 
affect the phase separation kinetics. Therefore, a simple change in salt type results 
in both a change in thermodynamics and kinetics, which could allow a change in 
membrane structure, performance, and charge. Unlike KBr, NaCl is the salt for PSS-
PDADMAC complexes that prevents expulsion of PSS to coagulation bath, which 
leads to formation of negatively charged membranes. The correct choice of salt type 
is thus essential in APS to make good use of the PE ratio as a tuning parameter to 
control the membrane charge. The only instance that we came across in literature 
for PSS-excess PECs was a study of Imre et al. [25] also Na+ and Cl− were used as 
counterions. 

Lastly, the effect of membrane charge on the separation of charged components 
was investigated. Individual samples of the membranes were subjected to retention 
tests of 5 mM MgSO₄, NaCl, MgCl₂, and Na₂SO₄ solutions. Retention values of the 
membranes for symmetric salts (divalent-divalent or monovalent-monovalent) are 
given in Figure 6.4a, and for asymmetric salts (divalent-monovalent or monovalent-
divalent) in Figure 6.4b. Retention values of symmetric salts are very similar to each 
other, except for the highly permeable 1.0:1.2 membranes and MgSO₄ retentions 
are always higher than NaCl retentions. On the other hand, for asymmetric salts 
retention is varying depending on the membrane mixing ratio. While 1.0:0.8 and 
1.0:0.9 membranes are able to retain the salt containing a divalent anion (Na₂SO₄) 
better, 1.0:1.0, 1.0:1.1 and, 1.0:1.2 membranes retain the salt that has a divalent 
cation (MgCl₂) better. This is very typical for separation mechanisms dominated by 
Donnan exclusion which applies for charged membranes [1,2,21,40]. Simply, the ions 
that have a higher valence are repelled more by the similarly charged membranes, 
therefore these ions are retained more during filtration. The retention results follow 
exactly the same trend as the streaming potential measurements confirming that 
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1.0:0.8 and 1.0:0.9 membranes are negatively charged while 1.0:1.0, 1.0:1.1, and 
1.0:1.2 membranes are positively charged. 

Figure 6.3 – Zeta potential of the membranes prepared in various mixing ratios in the casting 
solutions. At least three samples of each membrane were tested, each sample was measured 
minimum three times and a measurement gives four data points. Blue bars represent the 
average of these data points and error bars represent the standard errors.

Figure 6.4 – Salt retentions of the membranes. Each symbol represents a measurement. 
Dashed lines are the average of the measurements given to guide the eye. Red and pink 
squares are MgSO₄ retentions of this study and previous study [13], respectively and green 
circles are for NaCl retentions (a), orange squares are for MgCl₂ retention and blue circles 
are for Na₂SO₄ retentions (b).



210

For all measurements, retention performance of 1.0:1.2 membrane is the lowest. As 
PWP tests indicate, these membranes are the most permeable of all due being highly 
swollen by water, therefore, this membrane might have a more loose structure when 
compared to others. The relatively low ion retentions, coupled to the low MWCO 
(Figure 6.2) make this membrane quite relevant for separations where one would 
like to stop organic molecules while allowing salts to permeate [41]. 

Considering that the 1.0:0.9 and 1.0:1.0 membranes have similar performance to the 
1.0:0.8 and 1.0:1.1 membranes, respectively, and that these membrane are actually 
more mechanically stable (1.0:1.0 membranes are even stable at 10 bar pressure 
for more than 50 hours [13]), it is logical to choose the 1.0:0.9 or 1.0:1.0 membranes 
over the other ones studied here. Therefore, we can conclude that a little excess 
PE in the casting solution is more than enough to change the membrane charge 
and performance, while a larger excess reduces the mechanical properties of the 
membranes. Still, the 1.0:1.2 membrane is very interesting because of the high water 
permeance and the interesting combination of a low MWCO and low ion retentions. 
Combining membranes with good mechanical properties, with a thin layer of 
membranes with these interesting separation properties could be possible through 
double casting knives [42] or triple spinnerets [43].

 6.4. Conclusion

Five different casting solutions were prepared by mixing PSS and PDADMAC 
solutions at high salinity. The monomeric ratio of PSS to PDADMAC was varied from 
1.0:0.8 through to 1.0:1.2. The mixed solutions were cast and immersed in MilliQ water 
baths, leading to membrane formation. These membranes were then characterized 
for their structure, charge, and filtration performance. All membranes had similar 
morphologies with thin skin layers and porous support layers without the presence 
of macrovoids. When PSS was in excess in the casting solutions, the membranes 
were negatively charged and when the solutions were in stoichiometric ratio or with 
excess PDADMAC, the membranes were positively charged. This possibility to tune 
membrane charge by controlling PE ratio is reported for the first time and we argue 
that this is because of the role salt type plays. Unlike other papers in the literature, 
here we use NaCl which is a different dopant for PSS-PDADMAC complexes than 
KBr. The different salt type leads to differences in the thermodynamics and kinetics 
of the phase separation and results in differences in membrane structure and charge. 
It is likely that NaCl allows trapping of the excess polymer chains, while in KBr 
system the additional mobility would allow chain expulsion of PSS. 
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While negatively charged membranes retained Na₂SO₄ better, the positively charged 
membranes had a higher retention for MgCl₂, indicating a separation mechanism 
dominated by Donnan exclusion. The mixing ratio also affects the material properties 
of the membranes. Here, as the amount of excess PE was increased, the resultant 
membranes became more plasticized and swollen. Consequently, these membranes 
were more permeable yet they were less stable against applied transmembrane 
water pressure. The 1.0:0.9 and 1.0:1.0 membranes performed well with the 
lowest MWCO and good salt retentions combined with good mechanical stability. 
Therefore, there is no need to have casting solutions with large PE excesses unless 
membrane swelling and softness is desired. It takes only a small excess of a PE to 
completely change membrane separation performance. Still, for the larger excess of 
1.0:1.2 a very high water flux was obtained, with an interesting combination of low 
MWCO and low ion retentions. This opens up new possibilities in the preparation 
of PEC-based membranes where stoichiometric ratios are used for the mechanical 
properties, combined with an excess charge system that provides interesting 
separation properties.

Supporting Information

Figure S6.1 – Flux against transmembrane pressure plot of 1.0:1.2 membrane. Results for 
two distinct samples showing that this membrane is not stable pressures higher than 0.5 bar. 



212

Figure S6.2 – PSS-PDADMAC solution in 1.0:0.7 (left) and 1.0:1.5 (right) ratio was cast 
an immersed in MilliQ water. 1.0 0.7 films was cast in the size of approximately 2/3 of the 
one seen in the photograph, during coagulation it got swollen. 1.0:1.5 film was translucent 
and gel-like due to being highly swollen and this led to very weak films.
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Figure S6.3 – SEM images of cross–sections of membranes prepared in varying ratio at ×5000 magnification. Images are focused on the skin 
layer side of the cross–section. Each row represents one set of solutions prepared and precipitated at the same time. All membrane sets were 
prepared in exactly same way. There are two images in the third row of the 1.0:0.9 membranes. Both images belong to the same membrane sheet, 
however samples were dried at different times. Skin layers larger than 5 µm are not included in Figure 6.2a.
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Table S6.1 – Molecular weight cut-off and extent of leaks during filtrations of PEG solutions.

Mixing Ratio
Molecular Weight Cut-off

Cut-off (Da) Leak (%)

1.0 0.8 340 ± 30 8 ± 3

1.0 0.9 280 ± 20 20 ± 10

1.0 1.0 260 ± 30 20 ± 15

1.0 1.1 370 ± 30 20 ± 10

1.0 1.2 380 ± 10 15 ± 10

Figure S6.4 – PSS-PDADMAC 1.0 0.8 (left) and 1.0 1.2 (right) membranes. Bumps and 
wrinkles are due to swelling. Both membranes were cast in smaller sizes and they got swollen 
during coagulation. When compared to each other, 1.0 1.2 membranes are more swollen and 
softer. 
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Outlook

This thesis aims to develop new approaches to prepare sustainable membranes via 
phase separation approaches in aqueous media with a specific focus on membrane 
formation via polyelectrolyte complexation. Chapter 2 emphasizes how useful 
polyelectrolytes are as membrane materials. PEs continue to be used to impart 
advanced functionalities to membranes, with bio-based PEs becoming more widely 
studied. Well-known PE and PEC properties such as self-healing, however, remain 
largely unexplored for membrane applications. In Chapter 3, we have shown that 
it is possible to obtain membranes with a pH-switch based complexation approach. 
The next important step was to demonstrate that this promising approach was also 
possible with other types of PEs, which is exactly what Chapter 4 discusses with an 
emphasis on the importance of the PE selection. Additionally, Chapter 4 highlights 
the possibility of implementing the APS approach to the existing membrane 
production systems due to the similarities that exist between APS and conventional 
phase separation methods. In Chapters 5 and 6, the preparation of PSS-PDADMAC 
based membranes using a salinity-switch induced complexation is outlined. Besides 
the investigation of a wide range of tuning parameters for membrane formation, the 
effect of charge and hydration on material and membrane properties were discussed. 
Chapter 6 foresees how the combination of two membranes with different PE ratios 
can result in performances that exceed the initial membranes studied in Chapter 5. 
Even with the many advances described and discussed in this thesis, there remain 
several different avenues for improvement in terms of membrane performance as 
well as improving our understanding of the complex phase separation behavior 
involved. In this chapter, these possibilities will be discussed in further detail.
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7.1. Filtrations with Organic Solvents

PECs are known to be insoluble in many organic solvents and this feature is 
frequently mentioned as a disadvantage as this makes PECs difficult to process [1,2]. 
However, this feature could be very useful for applications where stability in organic 
solvents is required, such as organic solvent nanofiltration (OSN). Figure 7.1 shows 
the swelling of PSS-PDADMAC hot-pressed samples in different organic solvents as 
an indication for chemical stability.

PSS-PDADMAC samples become the most swollen in water-based solutions (≥35%) 
which is expected since water is a known plasticizer of PECs [3–5]. Increasing the 
solution ionic strength results in more swelling. On the other hand, when the films 
are immersed in organic solvents the swelling is very low. Less than 10% swelling 
was observed for IPA, NMP and toluene, which are harsh chemicals and typical 
solvents for many membrane polymers. For ethanol, approximately 20% swelling 
was observed and the small differences between the other solvents is possibly caused 
by differences in their hydrogen bonding capacity with the polymers [6]. Swelling 

Figure 7.1 – PSS-PDADMAC membranes in 1.0:1.0 ratio in Chapter 6 were hot-pressed to 
form a dense film, when they are completely dry, they are immersed in solvents and weight 
increase was measured. (mwet – mdry)/mdry is used to estimate swelling. The tests were ended 
when no more weight increase can be measured which is achieved within a week for water 
and water-based solutions, while more than two months for the other organic solvents. In the 
graph, blue bars represent the average of the final swelling of at least three different samples 
and the error bars are the standard deviations. Solvents are ethanol, isopropanol, N-methyl-
pyrrolidone, toluene, toluene saturated water, MilliQ water, 1 M NaCl, 1 M HCl, and 1 M 
NaOH, respectively.
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tests indicated that PSS-PDADMAC complexes are very stable in these solvents, no 
dissolution of the membranes was measured when the samples were immersed in 
the organic solvents. This means that, not only is it possible to prepare membranes 
without the need for harsh and toxic chemicals, the resulting membranes show a 
natural stability in these solvents. The PSS-PDADMAC membrane with a dense top-
layer in a 1.0:1.0 mixing ratio was tested for its pure solvent permeance and retention 
behavior. Figure 7.2 and Table 7.1 show the results of these tests. What Figure 7.2 
immediately indicates is that swelling and solvent permeance are related. In general, 
the lower the swelling, the more glassy the polymer is, and glassy polymers are less 
prone to permeate solvents. Indeed, we observed that these membranes are brittle (a 
trait of most glassy polymers) in many of the solvents. Pure solvent permeances are 
all lower than the pure water permeance of this membrane and the values are not 
reproducible for IPA filtrations. For NMP, the solvent flux was so low that it was not 
even measurable for some samples. 

Figure 7.2 – Pure solvent permeances of PSS-PDADMAC membrane in 1:1 ratio, different 
symbols represent different membrane samples. 
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Although these solvent permeances are low, it was possible to retain dyes in these 
solvents indicating that the PSS-PDADMAC films function as membranes in organic 
solvent media. However, the brittleness and inconsistency observed in Bromothymol 
blue retention in IPA both indicate the existence of defects within the membranes. 
This can be observed in pure solvent permeance tests as well. A relatively high 
permeance sample is expected to have more defects as more IPA is flowing through 
these defects. Higher swelling in ethanol than IPA and NMP is consistent with 
higher ethanol permeance, moreover, since PSS-PDADMAC is less brittle in ethanol, 
there is less chance for defect formation during filtration. However, to have a strong 
conclusion about the defects, further tests (like a dye test or molecular weight-cut 
off) should be conducted.

Table 7.1 – Dye retention of PSS-PDADMAC (1.0:1.0) membrane in ethanol and 
isopropanol. BB: Bromothymol Blue, RB: Rose Bengal, EtOH: ethanol, IPA: isopropanol.

BB in EtOH BB in IPA RB in IPA
Sample 1 95% 5% 84%
Sample 2 94% 68% 89%

After the PSS-PDADMAC (1.0:1.0) membranes, we tested some of other PEC 
membranes. Some of them have larger pure water permeance values (like PSS-PAH 
or PSS-PEI) and some of them are more rubbery in their hydrated state (like PSS-
PDADMAC in 1.0:1.2 ratio or PAA-PDADMAC). Since the swelling behavior of the 
PECs are similar to each other, densification of PEC membranes due to de-swelling 
in organic solvents would also be expected to be similar and more water-permeable 
membranes are expected to be more solvent-permeable as well. In addition, more 
rubbery membranes are less prone to defect formation during handling and filtration. 
Therefore, it was expected that higher permeances or less defects in organic solvents 
would be obtained with other PEC membranes when compared to PSS-PDADMAC 
in 1.0:1.0 mixing ratio. Table 7.2 summarizes our observations regarding different 
PEC membranes. 
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Table 7.2 – Observations for PEC membranes in organic solvents and during solvent filtration

PEC Feature In Organic Solvents During Filtration REF

PSS-PDADMAC 1.0:1.0 mixing ratio Stable, relatively rubbery Low flux
Ch.5 
[7]

PSS-PDADMAC 1.0:1.2 mixing ratio Stable, relatively rubbery
Inconsistent flux data due to defects 

formed during coagulation
Ch.6

PAA-PDADMAC Asymmetric type Stable and flexible Inconsistent flux data due to defects
Ch.4 
[8]

PSS-PEI NF type Stable
Too brittle for assembly in the filtration 

set-up
[9]

PSS-PAH Cross-linked, NF Stable Too brittle 
Ch.3 
[10]

PSS-PAH Bare, NF
Not resistive to IPA and 

ethanol
NA

Ch.3

[10]
 



227

Six different membranes were tested for their use in organic solvent filtrations and 
all performed below what is required for suitable OSN applications. However, a lot 
of information about PECs for OSN applications was learnt in these investigations. 
For one, the fact that these complexes/membranes are very stable in organic solvents 
is a valuable feature that can be exploited in separations. First of all, PSS-PDADMAC 
in 1.0:1.0 ratio membrane is certainly a membrane however it is not state-of-the-art, 
many optimizations are still possible. Secondly, the more rubbery PECs like PSS-
PDADMAC 1.0:1.2 and PAA-PDADMAC are stable but inconsistent fluxes were 
observed. This indicates that defects already formed during coagulation. Therefore, 
attention should be given to the phase separation process and its relationship to 
material properties to figure out how to form defect-free membranes. For example, 
a lower polydispersity PDADMAC sample would likely reduce defect formation, as 
mentioned in Chapter 5. In addition, more porous membranes from the same PECs 
can be used in other applications that use organic solvents (like organic solvent 
ultrafiltration and microfiltration) or these membranes might be ideal support 
membranes that can be coated with a selective layer. The cross-linked PSS-PAH 
and PSS-PEI membranes were mechanically stable in the hydrated state and were 
resistant to many organic solvents. We observed that the cross-linking needed in the 
hydrated state for mechanical stability lead to poorer mechanical properties of PECs 
in organic solvents where they were too brittle to handle. To balance that either less 
cross-linked membranes or more rubbery PE pairs should be used to prepare the 
membranes for OSN applications. 

It is worth remembering that not every membrane is suited to all filtration 
processes and careful membrane selection is vital. Ideal operations come from a 
good combination of membrane material and filtration medium. PSS-PDADMAC 
in 1.0:1.0 ratio is simply too much of a glassy polymer matrix to be used in these 
solvents and as such defects will always be created during handling and filtration. 
To be more tolerable to stresses, the PEC needs to be more rubbery in behavior, 
as they are in their more hydrated state (i.e. when water is present in the filtration 
process). Therefore, we conducted filtration tests with toluene saturated water, 
which is a model mixture for so-called produced water streams and is known to 
cause de-wetting of interfacial polymerization layers [11]. Figure 7.3 shows the 
toluene saturated water permeance of PSS-PDADMAC (1.0:1.0) membrane as a 
function of filtration time. As can be seen, for two samples the permeance is stable 
and relatively high compared to other solvents. This indicates that these membranes 
are good candidates for produced water filtrations. In a similar manner, PEC 
membranes are able to be used in pervaporation applications like dehydration of 
alcohols [12]. Membranes prepared during this thesis, especially the ones with 
excess PE have great potential for pervaporation applications. On the other hand, 
if APS membranes are required for OSN, then some modifications that increase the 
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mobility of the PECs are needed. Either a lower cross-linking or more rubbery PECs 
(different PEs, copolymers of PEs can be an option here) or some kind of additives 
that would slightly plasticize PECs might be a solution for such cases.

Figure 7.3 – Toluene saturated water permeance against operation time of PSS-PDADMAC 
(1.0:1.0) for two different samples.

 7.2. Hollow Fiber Spinning 

In Chapters 4 and 5, the similarities between NIPS and APS is discussed in great detail 
and the possibility of implementing APS to existing NIPS membrane production 
processes is mentioned. In order to take these steps, the first thing we investigated 
was hollow fiber spinning with the PSS-PDADMAC system. 

In Chapter 6, the importance of the salt type (i.e. solvent type) for controlling 
membrane charge is highlighted. Similarly, we observed the effect of salt type for 
fiber integrity during our initial hollow fiber spinning studies. First, the recipe for 
PSS-PDADMAC in 1.0:1.0 ratio membranes with NaCl was used. Although, hollow 
fibers were obtained, they were very elastic and did not maintain the hollow, 
cylindrical geometry when removed from the coagulation bath. Both the liquid and 
the coagulation bath was pure water for this trial, so consequently both the inside and 
outside of the fiber wall had skin layers (as expected from the flat sheet membranes 
studies). These layers hinder the diffusion of salt, and this entrapped salt plasticizes 
the PEC or even prevents complete complexation, meaning that although a fiber is 
formed, complete coagulation is not guaranteed. What was obtained is simply two 
dense skin layers on the fiber walls and a soft structure in between which makes the 
fibers weak and unable to maintain their shape.
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Kamp et al. obtained more open membranes with KBr [13] when compared to our 
membranes prepared with NaCl. KBr is reported to be a better dopant for PSS-
PDADMAC PECs [14], and in addition lower quantities of KBr are needed to obtain 
homogeneous casting solutions. Therefore, PSS-PDADMAC solutions with KBr 
were prepared. The fibers made from these solutions were able to maintain their 
shape. In Figure 7.4, SEM images of a fiber prepared with 20 wt% PE and 15 wt% KBr 
are given. Figure 7.4 shows that the obtained fibers are asymmetric with skin layers 
on both the inner and outer sides and spongy structure in between. Macrovoids 
are observed which is not seen for membranes obtained with NaCl solutions. This 
is also an indication that KBr and NaCl represent different solvent qualities for 
PSS-PDADMAC. Double skin layers (i.e. inside and out) would result in low water 
permeances which is undesirable [7,13]. In order to obtain more open structures, 
the bore fluid was changed from pure water to with a saline solution (7.5 wt% KBr). 
Figure 7.5 exhibits SEM images of fibers prepared with that solution. 

Figure 7.4 – SEM images of a fiber prepared from PSS-PDADMAC solution in 1.0:1.0 
mixing ratio, 20 wt% total polyelectrolyte concentration and 15 wt% KBr. Both the bore 
fluid and the coagulation bath are MilliQ water. Bore fluid and dope solution flow rates were 
1 mL/min and 2 mL/min, respectively. Gap height was 7 cm and cap size 1.6 mm.



230

Just like in Chapter 5, increasing salt concentration in the coagulation medium 
resulted in more open membrane structures, since adding salt is just like adding 
solvent to the coagulation bath in NIPS systems. Reduced phase separation rates 
resulted in microporous top layers [15,16]. The more porous side of the fiber (inner) 
allows for the diffusion of salt counterions and the softer and salt-doped parts in 
between the two skin layers was not observed in this case. Therefore, we have already 
identified an important tuning parameter for fiber spinning that is also true for flat-
sheet membranes. In order to provide more open structures, casting solutions with 
excess PEs were also spun. PSS-PDADMAC solutions in 1.0:0.7 mixing ratio in 15 
wt% KBr were prepared and spun. Contrary to flat-sheet membranes, fibers with 
excess PSS were not softer than the ones in a stoichiometric ratio. In fact, it was the 
strongest PSS-PDADMAC fiber in our studies so far. Excess PSS in the dope solution 
led to more open and more permeable PECs, which do not entrap counter ions, 
therefore full coagulation can be achieved simultaneously during the short fiber 
formation period (within seconds). 

Although these membranes look like very typical asymmetric NIPS membranes 
(Figures 7.4 and 7.5), unfortunately, they are not yet ideal. When potting the fibers to 
prepare hollow fiber modules, a fiber needs to be mostly dry for the glue to adhere. 
On the other hand, water is a plasticizer for PECs and dry and hydrated states of 
PECs have different sizes. Dry fibers were potted successfully and they were tested 
for pure water permeance measurements. However, rehydration of PEC fibers led 
to fiber swelling and consequently defects formed within the membranes, especially 

Figure 7.5 – SEM images of a fiber prepared from PSS-PDADMAC solution in 1.0:1.0 
mixing ratio, 20 wt% total polyelectrolyte concentration and 15 wt% KBr. Bore fluid is 7.5 
wt% KBr and the coagulation bath is MilliQ water. Bore fluid and dope solution flow rates 
were 1 mL/min and 2 mL/min, respectively. Gap height was 7 cm and cap size 1.6 mm.
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near the glued part. Moreover, fibers from the solutions with excess PSS have bubble-
like defects similar to flat-sheet counterparts. Obtaining defect-free fibers when in 
the module is a difficult task and other avenues are being explored.

Several initial steps should be taken to improve the performance and robustness of 
PSS-PDADMAC hollow fibers. The first point to note is that these fibers are good 
candidates for organic solvent filtrations as swelling in these solvents is much lower 
than in aqueous ones. Less swelling means that the risk of defect formation due 
to uneven swelling would be reduced. Secondly, other PEs like more hydrophobic 
ones or a copolymer can be used to decrease the degree of swelling. Moreover, 
with a triple-orifice spinneret two polymer solutions can be spun and the resultant 
membranes are expected to resemble so-called chimera membranes [17]. Phase 
separation of one solution would lead to open and hydrated membranes while for 
another solution it would result in more defect-free and less hydrated membranes. 
Simultaneous spinning of these solutions may lead to an asymmetry in hydration 
level and material properties throughout the membrane and a synergy of these 
properties would provide better membrane performance. Lastly, the importance of 
salt type is discussed before both in this thesis and in literature [18] and a more 
detailed investigation of the effect of salt type in relation to PEC membrane formation 
is still needed.

7.3. Other Polyelectrolyte Pairs

In the beginning of this thesis project, numerous PE pairs were used to obtain 
membranes, mostly with the pH-switch approach. The major focus was to obtain 
homogeneous mixtures first and then opaque (porous) solid films. Among these 
attempts some PE pairs formed a coacervate, not a homogenous solution, some PE 
solutions (e.g., poly(vinylbenzyl trimethyl ammonium chloride)) were too viscous 
(gel-like) and some precipitates (e.g., PAA-PAH) were too mobile. They over-spread 
on the casting substrate and also partially dissolved into the bath during what 
supposed to be a coagulation step. These attempts were more like a quick scan of 
options rather than an insightful evaluations. Now, with the knowledge gained in 
this thesis different PE pairs should be revisited and even the use of bio-based PEs 
can be explored. 

The salinity-switch approach discussed in Chapters 5 and 6 of this thesis does not 
require weak PEs to be used. Therefore, it can be seen as more versatile in terms of 
the PE pairs available. However, choosing a strong PE pair would be sensible as 
this facilitates the formation of strong ionic cross-links. Using PEs that are affected 
by fewer factors might also mean less control over the phase separation behavior. 
We see these differences in Chapter 3 and Chapter 5. While in Chapter 3 it was 
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possible to obtain membranes from microfiltration to nanofiltration with the PSS-
PAH pair tuned with pH and salt at the same time, in Chapter 5, it was only possible 
to obtain nanofiltration membranes and salt concentration was the only effective 
tuning parameter identified. This can be considered as a trade-off. We can either 
obtain membranes in various structures at relatively harsh conditions or use milder 
conditions and simpler approaches but with a narrower application range. 

The formation of an asymmetric membrane structure was a major breakthrough in 
the field of membrane science because it provides a combination of high selectivity 
and high flux. For APS membranes, an asymmetry in structure is also needed but 
not enough by itself. A kind of asymmetry in material properties are desired. Either 
covalent cross-linking (as in PSS-PAH) or a combination of PEs with other polymers 
or a combination of different PECs (as in chimera membranes) or a combination of 
different mixing ratio membranes (as suggested in Chapter 6) would result in much 
better performing membranes. 

So far we emphasized the importance of material properties for the future of APS 
membranes. Investigating aging behavior and thermal transitions of PECs in 
different mixing ratios and different hydration states is crucial to further understand 
their membrane properties. Moreover, all of the filtration tests were done in dead-
end mode for relatively short term in order to prove these obtained films are actual 
membranes, however, changing the mode of the filtration to cross-flow, studying 
longer operation times and retention tests with more complex mixtures would be 
essential to make the work more relevant to true applications.
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7.4. General Conclusions

The objective of this thesis can be divided into two main parts. First and foremost 
is to prepare membranes via complexation induced phase separation and to 
investigate the many factors that affect membrane properties. Secondly, it is to 
contribute to the development of sustainable membrane production processes by 
eliminating the use of toxic organic solvents. Even just after four years, the know-
how on the preparation of APS membranes is realized and well developed. We are 
able to prepare membranes by pH-switch, salinity switch and even a combination 
of these two approaches. Many PE pairs were investigated and this thesis sets the 
groundwork to explore many other PE pairs in a rapid and timely fashion. A major 
remaining step is to work towards the development of truly new state-of-the-art 
membranes and this is very possible through a careful and informed selection 
of the materials (like selection of PEs and salt). For the second objective, the APS 
method is already almost completely free from organic solvents which is a great 
step towards sustainable membrane production. However to realize a completely 
sustainable APS approach, a couple of things need to be considered; one of which 
is the polyelectrolyte production processes. There are many biopolymer/bio-based 
alternatives. But, before considering these, one needs to be reminded that every 
new ingredient brings a new complexity which requires dedicated effort to solve. 
However, with the experience from conventional phase separation and with the 
versatility of control parameters in APS, “the ideal membrane” is just around the 
corner. 
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