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Preface 

Stop!  

“Did you wash those strawberries well, before placing them in your child’s 

lunchbox?”  

“Won’t you wear that face mask before you ride your motorbike home during this 

busy traffic hour?” 

“Did you just fill your water bottle from the clear-looking river because you ran out 

of water on a trek?” 

“Are you going to indulge in a buffet of oysters, mussels, and shrimps? Did you not 

read the news about shellfish?”     

  You must be familiar with some version of at least one of these expressions. The 

common factor between these and many more precautionary fears is the presence of 

pollutants in unhealthy amounts in our air, water, and soil, compromising our health. 

Strawberries and spinach contain the highest amounts of pesticide residue1, 

automobiles are primarily responsible for air pollution in cities2, river water contains 

micropollutants including nano-plastics, medicinal residues, and industrial 

discharge3, while shellfish commonly contain heavy metals including mercury and 

cadmium.4 But, those pesticides and heavy metals were not on the menu when you 

ordered your food.  

  You might have felt discomfort and helplessness when you read the above lines 

because you care for the environment. You may carry your own cloth bags to the 

supermarket, buy biologically grown food, and actively separate your waste. Yet, it 

does not seem enough. Something forces you to feel guilty for all your actions.  
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But, stop!  
  The use of alternative materials and the adoption of responsible practices 

demonstrate our intention to seek sustainable solutions. It is one step toward 

designing eco-friendly products, revolutionizing industrial practices, and stricter 

environmental laws. This thesis describes an honest attempt to orient plastics and 

membrane fabrication into the direction of sustainability. Moreover, the resulting 

membranes can play an effective role in removing pollutants, such as heavy metals, 

from our waste waters to prevent their accumulation in the environment.   
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Translation 

Us humans, who acknowledge the beauty and complexity of the natural 
order, must strive to keep the air pure, the rivers clean, the soil nourished, 

trees and herbs nurtured, treat all species like our own, and worship the Sun. 
Only then, does sweetness flow from everywhere. 

                                                                   - Madhu suktam (Rik Veda)  
                                                                                (rik = nature, vidya = knowledge)                        

                                                     circa 3000 BCE° 

 

 

  

मध ुवाता ऋतायते मधु �र�� �स�वः। मा�ीनर्ः स�ौषधीः॥ 
मध ुन�मुतोष�स मधुम�ा�थर्वँ रजः। मधुद्यौर�ु न िपता॥ 
मधुमा�ो वन�ितमर्धुमाँ अ�ु सूयर्ः। मा�ीगार्वो भव� ुनः॥ 
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Introduction 
  Human beings can be considered scientists by nature.5 When not subjected to 
pressure, we are all curious, like to test ideas, gather information, and discuss with 
others. In scientific terminology, these four traits can translate to hypothesizing, 
experimentation, literature review, and peer review. Irrespective of the time and 
place in history, the quest for knowledge has led to a gradual increase in 
understanding of natural phenomena, and our perspectives are ever-expanding. 
Anthropologists suggest that early humans were present in different parts of the 
planet without knowledge of each other’s existence. They agree that the development 
of human instincts for self-preservation, use of raw materials, agriculture, and 
building tools also occurred entirely independently.6 Much before the agricultural 
revolution, hunter-gatherers had a thorough understanding of the natural world 
because their sustenance depended on the comprehensive knowledge of the plants 
and minerals they gathered, and the animals they hunted.7 Consecutively, local 
systems of herbal medicine emerged and laid the foundations for modern 
pharmacology as well as regional cuisines.8,9 Lifestyles, festivals, and food habits 
were in tune with nature’s cycles such as the annual seasons.  
   These systems of medicine focused primarily on health, and only next on 
treatment. This emphasizes that their sources of health and medicine, such as water 
and soil, needed to be maintained in their uncontaminated forms.10 Belief systems 
originated, such as the worship of beneficial resources and natural phenomena, so 
that the community collectively keeps them protected.11–13 

Legends of the five elements     

  Most ancient cultures broadly classified nature into five symbolic ‘elements’, 
referring to five broad divisions of our environment - air, water, earth, fire, and space. 
Air and water are easy to understand, earth refers to soil and minerals, fire refers to 
the sun and other sources of energy, and one interpretation of space can be as a 
collective term for ‘design and geometry of things’. The Greek classification of the 
five elements dates back to pre-Socratic times and was proposed by Empedocles and 
Aristotle.14 It persisted all through the middle ages and the Renaissance, heavily 
influencing European thinking and culture. Other examples include ancient Rome 
(corners of Pagan rituals), Egypt (alchemy elements), Dagara (African medicine 
wheel), Babylonia (Elements), Mesopotamia (Pantheon deities), Māori 
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(Kaitiakitanga), China (Wu Xing), India (Pancha Mahabhutas), Japanese (Godai), 
and native Americans (wheel of medicine).15–18  

 

 

Figure 1.1  The symbolic elements of nature represented in a globe.  
Illustrated by Jiaying Li. 

  Stories continue to be woven around them, influencing literature and cultures. Even 
today they inspire renowned fantasy and fiction such as the infinity stones of Thanos 
(The Avengers, Marvel Studios), captain planet and the five planeteers (Ted Turner), 
the fifth element (Luc Besson), Avatar: The Last Airbender (Nickelodeon), 
Elemental Dragons (Ninjago), and the upcoming film Elemental (Pixar, 2023). Even 
the four symbols in playing cards are based on these elements.19,20 
  In many ways, these myths symbolize and emphasize the need to preserve the 
environment. The systems in our body, such as the respiratory, digestive, and 
circulatory systems, are interdependent. But they are also dependent on the systems 
outside our body. For example, plants and algae can be seen as one-half of our 
breathing equipment. Similarly, many biological events on earth are interconnected, 
such as the biogeochemical cycles. When one is disrupted, it can also affect the 
others. The health of our planet and our ability to prosper depends on their quality. 
Let us look at the current status of the five elements individually. 
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Elements and their Pollution 

  The air we breathe is a mixture of nitrogen and oxygen with trace amounts of other 
gases.21 The introduction of gaseous components (SO2, COx, NOx, CH4) and/or 
particulate matter pollutes the air. These pollutants are carried to the lungs and 
absorbed into the bloodstream. While air pollution has been an issue throughout 
history, the onset of the industrial revolution exponentially worsened it. Today, it 
causes 7 million premature deaths and is the biggest environmental health risk.22 
Clean air is a global priority.  
  Potable water is indispensable for everyday activities but over 20% of the global 
population faces an acute scarcity. Most of the available non-saline water is 
contaminated with micropollutants, plastics, agricultural runoff, and 
microorganisms, making it unsuitable for consumption without purification. Water 
purification and desalination of seawater can save millions of lives and prevent 
diseases.  
  Soil quality is essential to grow healthy crops as well as retain moisture. The 
reduction of organic content due to deforestation converts soil to sand, causing 
desertification of large areas of land each year. Other stresses such as nutrient and 
salt imbalances are major contributors to bad soil quality. Improper disposal of 
waste, leaky landfills, and agricultural pesticides have worsened the soil condition.  
  Fire could here refer to energy sources. Transitioning from fossil fuel-based 
economies to renewable energy can significantly reduce pollution of all categories, 
and the ill effects of global warming. Relying mostly on renewables, such as the sun, 
wind, water, and geothermal sources will help to achieve sustainability for the planet.  
  Space can be interpreted as the design and geometry of processes and 
constructions. Many natural systems are sustainable and inspire intelligent 
technologies and eco-friendly architecture. Examples include energy efficiency and 
noise cancellation in Shinkansen bullet trains inspired by kingfishers, and robust 
lattices as building materials inspired by marine sponges.23,24 Bad designs, on the 
other hand, need continuous and strenuous efforts to sustain and cause a chain 
reaction of calamities. In chemical engineering, the principles of green chemistry are 
an exemplary route toward sustainable design.  
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Figure 1.2. Interconnected environmental systems and pollution mechanisms. 
Illustrated by Jiaying Li 

  It is apparent that all the elements of the environment are interdependent. A coal-
burning factory releasing untreated (design) gases and particles into the air results 
in precipitation through the rain into waterbodies and soil. For that reason, we will 
now step away from the powerful symbolism of the 5 elements, and simply use 
‘environment’ as a collective term.     

Sustainability 

“In the bigger scheme of things, the universe is not asking us to do 
something, the universe is asking us to be something. And that’s a whole 

different thing.” 

- Lucille Clifton 

                                                 Poetess, Robert Frost Medal & Emmy winner 

  The above statement by Clifton was not meant to be speculative but is resolutely 
practical. It asks several good questions- How would we shape our decisions if we 
opted to serve as curators of the planet, rather than agents of its domination, its 
plunderers? In the face of unending battles of the presumed “good” over “bad”, and 
creating complex boundaries and walls, what would it take for us to understand the 
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rather simple concept of borderless sustainability? Sustainability and pollution do 
not have borders.  
  Now that the causes have been identified, a consolidated roadmap to the prevention 
and cure of the above pollution can be discussed. Solutions can be broadly divided 
into three categories: 

(a) Research, knowledge, and education- Comprehensive and purposeful 
research, connecting scholars of different fields, and teaching the next 
generation  

(b) Sustainable fabrication- cradle to cradle25 supply chains to eliminate the 
concept of waste, eco-friendly and recyclable materials, low energy 
processes   

(c) Clean-up of existing waste- filtration, selection, enrichment, degradation, 
and purification of air, soil, and water in effective processes 

  This thesis aims to contribute to each of these three categories through (a) original 
and purposeful research, on (b) eco-friendly and recyclable materials for low energy 
membrane processes for (c) water treatment, ion-selectivity, and enrichment.  

1.1 MEMBRANES 
  Selective barriers are part of all life forms in nature, separating them from their 
environment. These biological membranes have three key purposes: (a) to prevent 
the entry of toxins; (b) to act as channels for nutrients, ions, waste, intercellular 
activities, and communication; and (c) to separate incompatible, but essential 
metabolic processes inside organelles. Inspired by nature, separation technologies 
have been developed by humans for specific applications like purification, treatment 
(Figure 1.3), and selectivity in various processes.  
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Figure 1.3. Cleaning-up using membranes fabricated sustainably can reduce 
pollution and support our goal of a sustainable planet. Illustrated by Jiaying Li. 

1.1.1 Membrane processes 
  Water treatment, effluent purification, energy generation and storage, and 
industries such as dairy, chemicals, pharmaceuticals, and petroleum, all utilize 
membranes and have their own specifications depending on the process and mixtures 
being separated. Consequently, there is a huge variety of existing membranes, and 
more are being researched. Broadly, their separation mechanisms fall under (a) size, 
(b) charge, and (c) affinity-based exclusions and the membranes are porous or dense.  
  Microfiltration (MF) and ultrafiltration (UF) use porous membranes having pores 
of 0.1 – 10 µm and 2 – 100 nm respectively. The pores should be relatively smaller 
than the particles that need to be stopped to achieve high rates of separation. 
Microfiltration operates at pressures less than 2 bar and is frequently employed to 
stop bacteria and micropollutants in wastewater treatment, alcohol clarification, and 
plasma separation from blood.26 Ultrafiltration effectively separates proteins and 
viruses, colloids, and dispersions.  
  Nanofiltration (NF) and reverse osmosis (RO) membranes are relatively dense and 
are driven by a pressure gradient. NF membranes have pores of 1 – 2 nm operating 
at 2 - 20 bar pressure and are used for water softening, removing organic molecules, 
etc. Due to their small pore size, Donnan and dielectric effects are also significant, 
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leading to complex separation mechanisms.27 RO is a liquid-driven process wherein 
the membranes with pores < 1 nm allow nearly nothing except water to pass.  It is 
an energy-intensive process and is majorly used in desalination.28,29 Gas separation 
can occur via different mechanisms as the membranes can be porous or dense. Their 
affinity with the species and differences in transport speeds play a major role, like in 
other processes using dense membranes.  
  Ion exchange membranes are used to separate different ionic species in solution due 
to the presence of a high charge density. Their interaction with ions based on affinity, 
charge, and/or size determines ion transport and selectivity. Typically, a voltage 
difference is applied to transport or concentrate certain charged components from a 
feed solution or suspension (Figure 1.4), making this an electrically driven 
membrane process.30   

 
Figure 1.4. Ion exchange membranes used in an electrodialysis-type setting for 

concentrating saltwater into brine and diluate. 

  Our society is undergoing a transition from combustion-driven to electricity-based 
technologies. Electricity will increasingly be an important carrier of energy in the 
future. Therefore, membrane processes driven by electricity are very relevant. In this 
regard, ion-exchange membranes (IEMs) can play an invaluable role to support the 
transition. IEMs are the core of important processes such as desalination of seawater, 
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removal of acids and salts from pharmaceutical solutions, ion recovery from 
industrial streams, and membrane electrolysis. They are also an integral part of fuel 
cells and energy storage devices like batteries and electrolyzers, which are essential 
for a cleaner future. With this in mind, in this thesis, we focus on ion-exchange 
membranes and their sustainable fabrication. 

1.1.2 Ion-exchange membranes 
  Ion exchange membranes (IEMs) are a class of fully dense membranes containing 
fixed positive or negative charges and are called anion- or cation- exchange 
membranes respectively. Anionic groups are typically -SO3

- and -COO- while 
cationic charges are -N+HR2 and -N+R3. They can be made from both inorganic and 
organic materials. Inorganic IEMs are made of bentonites, zeolites, or zirconium 
phosphate and are currently only used in high-temperature fuel cells due to their 
brittleness and high cost. Organic polymeric materials used as IEMs are typically 0.2 
-1 mm thick fluorinated or non-fluorinated hydrocarbon films with fixed positive or 
negative ions.31–33 
  The flux of ions through the membranes depends on the transport of the ions, which 
are very different inside the membrane for oppositely charged ions. Their selectivity 
is determined by the Donnan exclusion principle, according to which, a layer of 
oppositely charged ions is formed close to the membrane surface called the boundary 
layer, caused by the potential due to which many more counterions are incorporated 
in the membrane, which are transported.34  
  The polymer matrix determines the chemical and mechanical stability of IEMs, 
while the density of fixed ions and their type determine the electrical resistance and 
ability to select counterions (permselectivity). The ideal IEM would have the 
following properties:30 

(a) Superior mechanical properties- high tensile strength and low swelling in 
solutions 

(b) Good chemical stability- ideally stable over the whole pH range 
(c) Low resistance- a low barrier for counterion passage under an electrical 

gradient  
(d) High permselectivity- impermeable to co-ions and easy permeability for 

counterions 
(e) Prepared sustainably from non-polluting and fully recyclable components.  
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However, in reality, most available membranes compromise on one or more of these 
properties based on the application, typically including unsustainable fabrication 
methods. 

1.1.3 Unsustainable solvents and functionalizing agents 
  Agents that cause harm to our natural resources are unsustainable for long-term use. 
Solvents and harsh chemicals are no exception. The membrane industry employs 
several such toxic substances in large quantities for fabricating commercial 
membranes. Ironically, materials designed to purify and clean are themselves 
produced in ways that create more effluents that need treatment.  
  Porous membranes and supports for dense membranes are typically fabricated by 
techniques such as nonsolvent induced phase separation (NIPS) and thermally 
induced phase separation (TIPS). NIPS requires the dissolution of the polymer in 
unsustainable and toxic organic solvents such as N-methyl pyrrolidone. TIPS 
requires an organic solvent as well as very high temperatures, rendering it severely 
unsustainable.35  
  Commercial IEMs can be homogenous or heterogenous. Homogenous IEMs are 
prepared using two approaches- (a) in-situ polymerization of monomers containing 
ionic moieties, and (b) functionalizing neutral films by using reactants such as 
halogenation agents by post-modification. Heterogenous membranes use powdered 
ion-exchange resin with a binder like polyvinyl chloride or polyethylene to be 
extruded at the polymer melting point. All of these processes require harmful 
chemicals including toxic fluorinating agents that require washing with a lot of 
water.36 Further, polymers such as polyvinylchloride (PVC), polyethylene (PE), 
polypropylene (PP), and polyethylene terephthalate (PET) are blended in, rendering 
the membrane non-recyclable and non-biodegradable. This adds to the  plastic 
pollution and landfills.37,38  

1.1.4 Environment-friendly membranes  
  The growing awareness about unsustainable practices has led to environmental 
protection acts such as the Registration, Evaluation, Authorisation, and Restriction 
of Chemicals (REACH) of the European Chemicals Agency (EHCA) and the US-
FDA, among others.39,40  It has also motivated several research groups to work 
towards sustainable membrane fabrication by using cleaner solvents or by inventing 
new eco-friendly methods.41,42  Polyelectrolyte membranes have been a 
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breakthrough in this field with polyelectrolyte multilayer-based membranes being 
researched extensively and already being commercially available (Figure 1.5).43–48  
   

 
Figure 1.5. Schematic drawings of PE and PEC free-standing membrane 

preparation methods. (a) Solvent evaporation method, (b) membrane preparation 
NIPS technique, (c) membrane preparation with stimuli-responsive PEs via APS, 

(d) interfacial complexation technique, (e) PEC deposition membranes (f) 
multicasting technique, each layer can be with any type of PE or PEC solutions, (g) 

membrane preparation via complexation induced APS. Modified reprint from 
Durmaz et al. 53 with permission from ACS Publications, copyright 2021. 

  Baig et al. recently reported a sustainable alternative to NIPS called the Aqueous 
Phase Separation (APS) to make free-standing membranes using water as the 
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solvent.49 pH and salt triggers were employed, and micro, ultra, and nanofiltration 
membranes were successfully made.50,51 Furthermore, they used APS to demonstrate 
the fabrication of hollow fiber membranes.52 However, all these membranes are 
porous owing to their solvent exchange procedure which does not permit its 
application to prepare fully dense ion-exchange membranes. At this stage, it is first 
important to explain what polymers and polyelectrolytes are, to understand their 
potential for environmentally friendly ion-exchange membranes.   

1.2 MATERIAL 
1.2.1 Polymers and Polyelectrolytes  
  Polymers are very large molecules with structures consisting of many small, 
covalently bonded repeating units called monomers. The monomers can be 
connected in linear, branched, or networking chains. Innumerable polymers exist 
naturally, while they are also synthesized for engineering textiles, coatings, plastics, 
etc.54 Polyelectrolytes are a special class of water-soluble polymers whose 
backbones or functional groups are charged. Positively and negatively charged ones 
are called polycations and polyanions respectively, while those containing both 
charges are termed polyzwitterions or polyampholytes.   
  The genetic functions of organisms are regulated by natural polyelectrolytes such 
as proteins, RNA, DNA, polypeptides, and polysaccharides. Amino acids combine 
in different ways to contain positive, negative, or ampholytic groups to form 
proteins. Synthesis of artificial polyelectrolytes involves ionic, free-radical, ring-
opening, or condensation polymerization reactions. They are used in innumerable 
applications from chromatographic separations, additives, and coatings to drug 
delivery, scaffolds, and tissue culture.55 Some common synthetic polyelectrolytes are 
shown in Figure 1.6. 
  The degree of ionization in solution determines if a polyelectrolyte is strong or 
weak. While strong polyelectrolytes ionize completely over the whole pH range, 
weak ones depend on the pH to do so.56 The polyelectrolyte charge and 
concentration, along with the ionic strength of the solution determine the structural 
conformation of the polyelectrolyte. They can vary from extended rod-like 
conformation in low ionic strengths due to the repulsion between like-charged 
groups on the backbone, to coiled structures in high ionic strength solutions, wherein 
the charges are screened by counterions.  
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Figure 1.6. Structures of some synthetic polyelectrolytes. Cations: poly(N,N-
dimethyl-3,5-dimethylene piperidinium) (PDDP); poly(allylamine) (PAH); 

poly(vinylbenzyltrimethylammonium) (PVTA); poly(diallyldimethylammonium) 
(PDADMA); poly(vinylamine) (PVA). Anions: poly(acrylamido-2-

methylpropanesulfonate) (PAMPS); poly(vinylsulfonate) (PVS); poly(acrylic acid) 
(PAA); poly(styrenesulfonate) (PSS). Reprint from Fu et al.  with permission from ACS 

Publications, copyright 2017. 

1.2.2 Polycation and polyanion interactions 
  When oppositely charged polyelectrolyte chains are allowed to meet in solution, 
they can interact in different ways based on the aqueous conditions giving us a 
solution, complex coacervate, soluble complex, or a complex, where in each case 
solutions are made and mixed. They may also be used to deposit multilayers on a 
charged substrate by electrostatically attaching polyelectrolyte monolayers 
alternatively.  
  Many ways to deposit multilayers have been developed since Iler57 demonstrated it 
for the first time in 1966, and was revived by Decher in 1997, including spin coating, 
spraying, and alternated dipping in oppositely charged solutions.58 Further, their 
properties have been extensively researched by controlling parameters including 
hydrophobicity, type, ionic strength, and film thickness.59 An insightful observation 
was the exponential build-up of layers at high temperature60 and salt concentrations61 
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attributed to an interpenetration effect wherein the polyelectrolytes behave fluid-like 
rather than as a glassy material.  
  Soluble complexes usually contain a weak polyelectrolyte in excess, rendering the 
complex soluble. Michaels demonstrated the use of solvents or high salt to bring 
complexes to this state. Such material is used for coatings and films by applying 
them on a surface, and then evaporating the solvent or washing out the salt.62 
  Complex coacervates are liquid-like phases. They are dense, relatively little liquid-
like macrophases accompanied by a supernatant with a larger volume.63 The chains 
in these phases are in dynamic equilibrium, shown by Equation E1. Such a phase is 
accompanied by incompatibility with the solvent in the presence of low cross-
linking, shown by their higher viscosity compared to solutions (Figure 1.7). Since 
their first description in 1911 by Tiebackx, they have been reported and utilized in 
many applications.64  
         PE+ A- (aq) + PE- B+ (aq)   PE+ A- (coa) + PE- B+ (coa)  ……E1 

 

 
Figure 1.7. Effect of salt (Increasing from Left to Right) on the Microstructures of 

PEC Solid (Undoped), Solid (Doped), Coacervate, and Solution. All steps are 
reversible and all compositions are in equilibrium. Reproduced from Q. Wang et 

al.65 with permission from ACS Publications, copyright 2021 

  In a specific scenario where the polyelectrolytes are charged and close to 
stoichiometry, a high amount of ionic crosslinking results in the formation of a 
polyelectrolyte complex (PEC).66  Such a material was reported first in 1932 by De 
Jong et al. and later by Fuoss in 1949.67,68   
This process is typically described by Equation E2 where complexation occurs 
between polyelectrolyte chains PE+ and PE- in the forward reaction with the release 
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of counterions A- and B+. The backward reaction is called doping, wherein the 
complex dissociates back by reacting with salt.  
        PE+ A- (aq) + PE- B+ (aq)   PE+ PE-  + A- (aq) + B+ (aq)  ……E2 

1.2.3 Processing polyelectrolyte complexes into dense plastics 
  Common plastics can be categorized into thermoplastics and baroplastics based on 
the method of processing, whose plasticization is driven by temperature and pressure 
respectively. Semi-crystalline or crystalline thermoplastics need to be heated to their 
melting points to allow chain movements, while amorphous thermoplastics transition 
from a glassy to rubbery state above their glass transition temperatures (Tg).69,70 
Baroplastics melt at temperatures lower than the Tg when adequate pressure is 
applied. In both cases, such processing does not accompany changes in the 
mechanical or chemical properties of the plastics, and they return to their glassy 
states upon cooling or pressure release.71 They are typically processed by extrusion 
or compression moulding.  

 
Figure 1.8. Polyelectrolyte complexes can be rigid solid chunks like shredded tofu, 

a lump like mozzarella, or even a pasty cheese spread. 

  PECs do not always have a definitive form, with their consistencies ranging from 
pasty cheese spread to solid mozzarella or feta chunks to shredded tofu (Figure 1.8). 
In either case, they are tough and rigid. PECs are brittle and glassy in their dry state, 
elastic in their wet state, and behave like a gel in the presence of a lot of salt. Due to 
this, for a long time, they were thought to be impossible to process. In 2009, Porcel 
et al. ultracentrifuged a PEC with much salt to form a hydrated gel containing pores.  
After this attempt, several methods to process PECs have been gradually found. 
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  Michaels et al demonstrated polyvinyl benzyl trimethyl ammonium chloride 
(PVBTAC) and polystyrene sulfonate (PSS) casting and precipitation into PECs 
using a ternary system of NaBr, water, and acetone.72  Here, acetone was added to 
interact with the organophilic backbone. The limitations of casting doped PECs 
include high porosity and the use of suitable solvents that do not degrade the 
polymers.  
  In Porcel’s attempt by ultracentrifugation, polydiallyldimethylammonium 
chloride (PDADMAC) and PSS were used in a stoichiometric ratio with a lot of salt 
to obtain a hydrogel. It was observed that excess PSS was trapped in the hydrogel, 
rendering viscoelastic properties to the PEC comparable to discs of the human 
vertebral column, with the potential to be used as implants. The drawbacks of this 
method include the scale and size limitations, in addition to high porosity (>50%).73  

 
Figure 1.9. Images of (A) an extruded PEC tape, (B) an extruded PEC rod, (C) an 
extruded PEC tube, and (D)its cross-section. Scale bars: 0.5 mm. Reproduced from 
R. Shamoun et al.74 with permission from Wiley Online Library, copyright 2012. 

  Shamoun et al. studied the processing of PECs by extrusion in detail. They 
extruded different shapes including sheets and rods at 6 g.min-1. PEC was chopped 
and stored in 1 M NaCl for 24 h, extruded into fibers, cut into pieces, soaked in NaCl 
again, and re-extruded into the desired shape (Figure 1.9). The constraints of this 
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method include the presence of micro pores, the time-consuming procedure with 
several steps, and the need to re-extrude to obtain uniform shapes.75,76   
  Polyelectrolyte complexes do not soften or melt at elevated temperatures and 
combust at very high temperatures. However, the ionic crosslink density can be 
reduced in the presence of hydrated salt ions which break ionic bonds and 
compensate the charged sites of individual polyelectrolytes extrinsically. While salt 
dopes the complex, water molecules plasticize it and make it soft. A dynamic 
equilibrium is established between the breakage and formation of physical crosslinks 
for a specific salt concentration. Schlenoff and Schaaf coined the term ‘Saloplastics’ 
to describe materials made by processing PECs by saltwater plasticization.73     

1.2.4 Saloplastics by hot-pressing? 
  The presence of reversible crosslinks in saltwater doped PECs makes them suitable 
for processing. Weak crosslinks allow the material to flow when pressure is applied 
and the chains slide when the material gains the desired shape. Further, the mobility 
of polymer chains is enhanced when they are heated above the Tg.77 In this thesis we 
propose that a hot press could provide both heat and temperature in a monitored 
manner while facilitating control over the thickness and shape of the formed 
saloplastics. It is a quick, low-cost, and single-step process for high product quality. 
Further, the shape of the product is controlled without additional steps ensuring zero 
material wastage. Hot-pressing is also scalable for very large as well as very small 
outputs. Therefore, hot-pressing was chosen as the technique to make thin saloplastic 
sheets while aiming to overcome the limitations of the other processing methods, 
most importantly porosity and processing time.78  

1.2.5 Conventional plastics versus Saloplastics 
  Dense transparent materials are required for innumerable applications from visible 
packaging to membrane materials. However, their disposal has been a global concern 
but their production is only increasing.79 Several alternative materials such as 
biodegradable polymers are suggested but are either expensive, incompatible, or 
compete with the food chain. Also, their application in most cases needs 
modifications or composite formation which makes it impossible to recycle them.  
  Saloplastics are tough and mouldable but cleave easily in high salt concentrations. 
Common polyelectrolyte complexes are biocompatible and hence do not cause the 
issues that thermoplastics cause. Further, their modifications or composites can also 
be cleaved through the same method of salt doping and filtration of the additive. 
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Therefore, saloplastics appear to be a good alternative, especially as functional 
plastics. 

1.2.6 Saloplastic ion-exchange membranes 
  Successful fabrication of free-standing porous PEC membranes, as well as porous 
and dense PEM-based membranes80 have come a long way in the direction of green 
membrane technology. To fabricate free-standing IEMs, the porosity of APS 
membranes needs to be eliminated. The pores may collapse by sufficient drying but 
the gradient in ion-exchange procedures may force them to reopen. IEMs need to be 
completely pore-free for successful operation.  
  Constructing PEMs of micrometer thicknesses needs careful layer-by-layer 
preparation for many hours. A successful attempt in making dense saloplastic 
membranes could allow the formation of large films in required shapes and 
thicknesses within a short time. In addition, there are possibilities to control 
mechanical properties and tune the ratio. Charge screening by salt ions may support 
recyclability, which can be an important property of novel dense saloplastics.75   
  Ultimately, the purpose behind this endeavour is the expectation that the five highly 
desired IEM characteristics detailed in Section 1.1.2: (a) superior mechanical 
properties, (b) good chemical stability, (c) low resistance, (d) high permselectivity, 
and (e) sustainability are possible to achieve through this approach.  

1.3 DISSERTATION OUTLINE 
  The environmental issues discussed above clearly suggest that we live in a period 
where it is critical to transit to sustainable manufacturing practices and technologies. 
Ion exchange membranes are a significant tool in this perspective, in terms of their 
applicability in a range of essential technologies. However, the fabrication 
procedures of currently available membranes are themselves polluting and 
unsustainable. The goal of this thesis is to develop polyelectrolyte-based dense 
materials and demonstrate their use as ion-exchange membranes fabricated more 
sustainably.  
  In Chapter 2, the focus is on production process design and product geometry 
(saloplastic production). Two strong polyelectrolytes are complexed and parameters 
such as concentrations, salt, and molecular weights for processible complex 
formation are explored. A simple hot-pressing approach is devised and the first fully 
dense saloplastic is reported. Thickness control is achieved. Mechanical properties 
are studied, and advanced and reinforced saloplastics are made. 
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  Chapter 3 is directed toward the application of these saloplastics as ion-exchange 
membranes. An anion exchange membrane is fabricated, whose characteristics are 
investigated and compared to commercial ones. Long-term stability in extreme 
acidic and basic conditions was observed, for possible use in alkaline fuel cells and 
batteries for energy generation and storage.  
  In Chapter 4, other polyelectrolyte couples were chosen and it was possible to 
expand the work presented in Chapters 2 and 3 to fabricate cation exchange 
membranes as well. The net charge on membranes was tuned by varying the 
monomer ratio and polyelectrolyte type, and the corresponding separation properties 
were investigated for water-based applications such as desalination. 
  Chapter 5 focuses on a specific PEC saloplastic for its interesting monovalent-
monovalent selectivity of K+/Na+. This is very useful in agriculture to minimize soil 
and plant stresses caused by excess sodium accumulation by treating irrigation water.  
  Chapter 6 is structured around the sustainability of these dense saloplastics, 
discussing post-processing methods including recycling, self-healing, annealing, and 
incorporation of active biomolecules. It closes the loop by especially demonstrating 
a simple recycling method for saloplastics, as against most common plastics that are 
incinerated causing air pollution and ozone layer depletion.  
  Chapter 7 is a general discussion of the results as well as their projections to outline 
some immediate steps to enhance the capability of the membranes. It also provides 
an outlook on other possible geometries and materials for future work. 
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Abbreviations 

PSS Polystyrene Sulfo nic Acid 

PSS Polystyrene Sulfonic Acid 

Na-PSS Sodium Salt of Polystyrene Sulfonic Acid 

PAH (PAAm-HCl) Poly(Allylamine Hydrochloride) 

PVH (PVA-HCl) Poly(Vinylamine Hydrochloride) 

PDADMA Poly(Diallyl Dimethyl Ammonium) 

PDADMAC Chloride salt of Poly(Diallyl Dimethyl Ammonium) 

PAA Poly(Acrylic Acid) 

PEI Poly(Ethylene Imine) 

PAMPS Poly(Acrylamido-2-Methylpropanesulfonate) 

PVS Poly(Vinylsulfonate) 

PVTA Poly(Vinylbenzyltrimethylammonium) 

PDDP Poly(N,N-Dimethyl-3,5-Dimethylene Piperidinium) 

SPEEK Sulfonated Poly (Ether Ether Ketone) 

PSaMA Polystyrene-Alt-Maleic Acid 

P4VP Poly(4-Vinylpyridine)  

PVBTAC Polyvinyl Benzyl Trimethyl Ammonium Chloride 

PET Polyethylene Terephthalate 

PFE Polyfluoroethylene 

PDVB Polydivinyl Benzene 

PPO Polyphenylene Oxide 

PVC Polyvinylchloride 

PP Polypropylene 

PTFE Polytetrafluoroethylene 

HDPE High-Density Polyethylene 
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LDPE Low-Density Polyethylene 

ABS Acrylonitrile Butadiene Styrene  

PE Polyethylene 

LbL Layer-by-Layer 

PECOV Polyelectrolyte Coacervate 

PEC Polyelectrolyte Complex 

AgNO3 Silver Nitrate 

K2CrO4  Potassium Chromate 

NaOH Sodium Hydroxide 

HCl Hydrochloric Acid 

NaCl Sodium Chloride 

KCl Potassium Chloride 

NaBr Sodium Bromide 

KBr Potassium Bromide 

NaHCO3 Sodium Bicarbonate 

Na2CO3 Sodium Carbonate 

-COO- Carboxylic acid group 

PET Polyethylene Terephthalate 

-SO3
- Sulfonate Group 

RNA Ribonucleic Acid  

DNA Deoxyribonucleic Acid 

PEM  or PEMU Polyelectrolyte Multilayers  

UF Ultrafiltration 

MF Microfiltration 

NF Nanofiltration 

RO  Reverse Osmosis 

NIPS Non-Solvent Induced Phase Separation 
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APS Aqueous Phase Separation 

IEX Ion Exchange  

IEC Ion Exchange Capacity 

IEM Ion exchange Membrane 

CEM Cation Exchange Membrane 

AEM Anion Exchange Membrane 

AEC Anion Exchange Capacity 

CEC Cation Exchange Capacity 

ROS Reactive Oxygen Species  

REACH Registration, Evaluation, Authorisation, And Restriction 
of Chemicals 

EHCA European Chemicals Agency 

US-FDA United States Food And Drug Administration 

WU Water Uptake 

RWC Relative Water Content 

TGA Thermal Gravimetric Analysis  

DSC Differential Scanning Calorimetry 

FESEM Field Emission Scanning Electron Microscopy 

UV-VIS Ultraviolet-Visible 

HLC  Haber-Luggin Capillary 

DC Direct Current 

AC Alternating Current 

Tg Glass Transition Temperature 

ASTM American Society For Testing And Materials  

ATP Adenosine Triphosphate  

MLD Minimal Liquid Discharge  
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“Most of the time, I consider a polyelectrolyte complex as one polymer,  

and the salt as the solvent.  
So when you change salt, it is like changing the solvent.” 

                                 - Elif nur Durmaz  
                                                     PhD defense  | 29 October, 2021 
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ABSTRACT  

Salt-plasticized polyelectrolyte complexes (PECs) of sodium polystrenesulfonate 
(Na-PSS) and polydiallyldimethylammonium chloride (PDADMAC) were found to 
be fully dense (non-porous) when hot-pressed under optimal conditions. The quality 
of these saloplastics is determined by the molecular weights of polyelectrolytes, the 
salt type, and concentration, as well as processing conditions like pressure and 
temperature. Higher molecular weights give more compact precipitates that are easy 
to process while decreasing the molecular weight led to particulate ones. Both the 
type and concentration of salt on complex formation and doping are explored and 
are found to play an equally important role. The effects of individual hot-pressing 
parameters, namely, pressure and temperature are studied thoroughly, facilitating the 
formation of uniform free-standing films over a wide range of thicknesses from 8 
µm to 1 mm. For the first time, saloplastics were studied as free-standing films that 
are dense even at the nanometer scale. In their dry states, they were brittle and strong, 
showing a uniform Young’s modulus over a range of relevant thicknesses, while the 
wet states were rubbery and elastic, showing a decreasing trend with thickness. In 
the wet state, the inverse trend is due to the quicker drying of thin films. Within a 
single hot-pressing step,  protruding shapes and structures from the surface were 
efficiently made at different length scales. Moreover, saloplastics were also 
successfully reinforced with thin woven and nonwoven fibers for enhanced tensile 
strengths, higher than conventional thermoplastics. Overall, this work demonstrates 
an easy approach to fabricate dense saloplastics and their unique mechanical 
properties.
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2.1 INTRODUCTION 
  The quest for dense, cheap, and easily recyclable transparent materials has been a 
long-drawn one. From packaging materials to self-healing plastics, they are used in 
a wide array of applications.1 Flexible transparent materials, such as low-density 
polyethylene (LDPE), are cheap and allow us to visually examine products without 
having to open the packaging, but their disposal is of growing concern. Microplastics 
seep into our waterways2 causing a whole new cycle of problems.3 Polycarbonate 
plastics contain BPA, which is a “chemical of concern”, endocrine-disrupting, and 
interacts with hormone receptors.4 Alternatives and many biodegradable materials 
such as PLA (Polylactic Acid) and cellulose acetate have been processed into 
plastics. However, different properties are desirable for different applications. Some 
applications demand properties such as biocompatibility, barrier for gases, or the 
ability to permeate a specific gas or ion. This necessitates the further development 
and exploration of suitable materials for particular applications.  
  Plastics are categorized in different ways depending on the context, one of which 
is the method of processing. In this regard, thermoplastics and baroplastics are the 
basis of popular moulding methods. Here, thermos (heat) or baros (weight/pressure) 
are the drivers of plasticity. A thermoplastic, such as polyethersulfone (PES), softens 
at an elevated temperature due to weakened intermolecular forces and is mouldable, 
while it hardens when cooled.5 Similarly, a baroplastic, such as PS-b-PBMA6,  
demonstrates melt-like behaviour when pressure is applied at temperatures much 
lower than the Tg.7 In either case, this happens without changing the inherent 
chemical or mechanical properties of the plastic. Thermosets are polymers that 
strengthen at elevated temperatures and cannot be remoulded after forming, unlike 
thermoplastics. This is due to extensive cross-linking, resulting in an infusible 
polymer network. 
  Polyelectrolytes fall into a special category. Charges confer a degree of 
hydrophilicity to polyelectrolytes.8 Tweaking this property in water-soluble 
polyelectrolytes allows them to be used as flocculants, coatings, and PEC 
nanoparticles to be used as vehicles for drug delivery.9 Insoluble ones are used 
effectively as hydrophilic soil binders. The pH of weak polyelectrolyte solutions can 
be regulated to induce complexation when desired, such as while fabricating micro- 
and nanoporous materials.10 The charged nature of such polymers gives rise to an 
opportunity to form polyelectrolyte complexes (PECs) when oppositely charged 
polyelectrolytes are mixed as aqueous solutions.11 The release of counterions leads 
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to entropy gain facilitating complexation.12 The beauty of this process lies in the fact 
that different types of materials can be prepared by choice of the polyelectrolytes 
and the complexation conditions such as the presence of salt.13,14  
  As mentioned, salt is an important ingredient that can help control PEC formation. 
This property is already applied in for example membrane preparation through 
Aqueous Phase Separation15 and polyelectrolyte multilayers.16 But also in more 
simple processes, predetermined quantities of salt can be used to facilitate sturdy 
PEC formation and precipitation to allow their further processing. Indeed salt-
induced plasticization of PECs gave rise to a fresh class of materials termed 
saloplastics17 (salo – salt), which can be processed into fibers and sheets by 
extrusion, spin-coating, and ultracentrifugation.18–20 They are ionically crosslinked 
but can be remoulded when plasticised with saltwater, conferring properties between 
thermoplastics and thermosets. They are biocompatible and possess self-healing 
properties, but often have a degree of porosity that limits their optical transparancy.21 
Table 2.1 summarises different processing methods from literature. Current 
limitations include elaborate procedures, porous structures, and lack of thickness 
control. 
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Table 2.1. A review of methods used in literature for processing polyelectrolyte 
complexes. 
 
Method Polyelectrolytes 

(Molecular weight) 
Relevant properties 

 Polyanion Polycation  
Extrusion PSS 

(200) 
 

PDADMAC 
(400) 

Extruded into various 
geometries, 
Pores up to 10 μm22 

Spin coating PSS 
(200) 

PDADMAC 
(400) 

Micropores21 

 PSS 
(200) 

PDADMAC 
(400) 

Complex formation, ground and 
converted to coacervate 
followed by spin coating, rinsed 
and dried 20 

 PSS 
(70) 

PDADMAC 
(400) 

Coacervate spin coated, rinsed 
and annealed23  

Solvent 
evaporation 

Alginic acid 
sodium salt 

Chitosan Centrifugation, complexation, 
pellet formation, resuspension 
in coacervate, dried and freeze 
dried24 

 PSS 
(200) 

PDADMAC 
(100-200) 

Complexed, settled in tube, 
dried in petri dish. 
Thickness up to 20 microns25  

Coated layer Gellan gum  
(200-300) 

Chitosan  
(190-310) 

Single biopolymer film 
immersed in oppositely charged 
film on both sides, dried26 
 

Patterned PSS 
(70) 

PDADMAC 
(200-350) 

Mould PEC gel with small 
applied pressure27 
Porous structure, non-
transparent 
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  Recently, dense polystyrene sulfonate (PSS) and poly(diallyl dimethyl ammonium) 
(PDADMA) saloplastics have been used as anion exchange membranes due to the 
presence of a net positive charge on them.28  Here, the plastics were prepared by a 
completely novel approach, hot-pressing, but the approach itself was hardly studied.   
  In this work, we introduce and study the material properties of novel dense 
saloplastics in  terms of their tensile strengths in both dry and wet states, and thermal 
properties with TGA and DSC. The hot-pressing approach is described in detail 
wherein several parameters are investigated. Systematic research on the influence of 
polymer chain length, salt type, and ionic strength on one hand, and the hot-pressing 
parameters like temperature and pressure on the other were performed. After much 
process optimisation, dense saloplastics are formed with uniform thicknesses in a 
narrow window of operating conditions. This work also showcases the possible 
flaws, their causes, and methods to eliminate them while processing such materials. 
The mechanical properties of the formed dense plastics are studied and compared to 
conventional plastics, showing the key role of water. It is also demonstrated that 
plastics with advanced structures and reinforcements can easily be prepared via hot-
pressing.  

2.2 EXPERIMENTAL 

2.2.1 Polyelectrolyte complexation 

  NaBr (>99%), NaCl (EMPROVE® ESSENTIAL), KCl (>99%), and KBr 
(EMPROVE® ESSENTIAL), Sodium salt of Poly(sodium 4-styrene sulfonate) (Na-
PSS) in three molecular weights: 1000 kg.mol-1 25 wt%, 200 kg.mol-1 30 wt%, and 
70 kg.mol-1 30 wt% in H2O, Poly(diallyldimethylammonium) chloride 
(PDADMAC)  in three molecular weights: 400-500 kg.mol-1 20 wt%, 200-300 
kg.mol-1 20 wt% g.mol-1, <100 kg.mol-1 35 wt% in H2O were purchased from Sigma 
Aldrich and used as received. Milli-Q water was used from a Millipore Synergy ® 
Water Purification System.  

  Individual 125 mM Na-PSS and PDADMAC solutions were prepared with respect 
to their repeating monomer unit, at varying salt concentrations. Both solutions were 
poured into a third beaker under stirring for 30 min to form a PEC precipitate. Each 
precipitate was washed and stored in a 250 mM solution of the salt used for 
preparation.  
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2.2.2 Hot-press moulds.  

  Various metal and polymer slabs with dimensions 177 x 127 mm2 (equal to the 
length and breadth of the hot-press plates) were cut out from sheets. The metallic 
slabs were 7 mm thick while those of PVC, Teflon, and Delrin were 9 mm thick. 
PTFE Coated Fiberglass sheets with adhesive on one side (Lubriglas®-CHAP-1540) 
of thicknesses 0.122 mm and 0.225 mm were purchased from Reichelt 
Chemietechnik GmbH+Co (Heidelberg, Germany). They were cut to make spacers 
and glued to a slab (Figure 2.1). Adequate outlets were provided for extra PEC and 
water to leave when pressurised. An aluminium mould, for example, consists of two 
177 x 127 x 7 mm3 slabs of aluminium placed one on top of the other with the spacer 
glued to the lower slab.  

 

Figure 2.1. (a) Moulds for pressing PECs with spacers made of glass fiber 
reinforced Teflon (b) stainless steel etched mould with channels for overflow (c) 

Mould for make-to-size plastics. 

2.2.3 Hot-pressing 

  PECs were hot-pressed using an FVR ROLLIE 20 ton Desktop Rosin Press, (FVR, 
Canada). A schematic of the hot-press is shown in Figure SI 2.1. The anodised 
aluminium plates of the hot-press measure 177 x 127 x 38 mm3. To form a 
saloplastic, the PEC precipitate was placed on the lower plate of a mould and covered 
with the top plate. This sandwich was inserted between the aluminium plates of the 
hot-press. The two plates of the hot-press were then closed using the hydraulic 
system and no pressure was applied. A predetermined temperature was set for each 
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plate using the respective temperature controller and allowed to heat. When the set 
temperature was reached, a predetermined pressure was applied and the PEC was 
allowed to plasticize under these conditions for 5 minutes. The temperature was set 
to 25 °C and allowed to cool under pressure. When this temperature was reached 
(typically 30 minutes from 80 °C to 25 °C), the mould was taken out of the hot-press 
and opened. 

2.2.4 Water Uptake.  

  Plastic pieces of 1x1 cm2 were stored in MilliQ water for 24 h. The wet mass of 
each was recorded after removing surface water using a tissue. The samples were 
dried in an oven at 50 °C for 24 h and the dry masses were recorded. Water uptake 
is obtained from the following equation wherein mwet and mdry are the wet and dry 
masses respectively: 

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 𝒖𝒖𝒖𝒖𝑾𝑾𝑾𝑾𝒖𝒖𝑾𝑾 =
𝒎𝒎𝒘𝒘𝑾𝑾𝑾𝑾 −𝒎𝒎𝒅𝒅𝑾𝑾𝒅𝒅

 𝒎𝒎𝒅𝒅𝑾𝑾𝒅𝒅
 

2.2.5 Thermal Gravimetric Analysis (TGA) 

  A Perkin Elmer TGA 4000 instrument was used to perform TGA to measure the 
water content of the film. A small piece of the saloplastic was soaked in MilliQ water 
for 15 h (overnight). Extra water was soaked up by a Whatman® filter paper on each 
side. The saloplastic was then quickly inserted in the TGA holder to minimize the 
loss of moisture by evaporation. The temperature was swept from 30 °C to 120 °C 
while heating at 10 °C/min in the presence of N2, following which the temperature 
was maintained constant at 120 °C for 30 min to ensure complete drying of the 
saloplastic. The ratio of the difference in wet and dry weights to the dry weight gives 
the relative water content.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅 (𝑅𝑅𝑅𝑅𝑅𝑅) =
𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 −𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
∗ 100 

  In addition to this, the decomposition temperature of the saloplastic was determined 
by raising the temperature to 800 °C from room temperature at 10 °C/min. 
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2.2.6 Differential Scanning Calorimetry (DSC). 

  A DSC 6000 equipment was used to carry out DSC measurements at a heating rate 
of 10 °C/min from room temperature to 350 °C and cooled back to room temperature.  

2.2.7 Tensile strength. 

  An electromechanical testing system, Instron 5800, was used to measure the 
mechanical strength of the hot-pressed PECs. The size and shape of the samples were 
prepared according to the ASTM D88229,30 standard valid for polymer films with a 
thickness of less than 1 mm. The samples had a length of 50 mm and a width of 5 
mm, and different thicknesses. The method is similar to measurements reported in 
literature with the same procedure.31,32 The reported values are an average of at least 
three specimens measured at room temperature at a speed of 2 mm.min-1.  

2.3 RESULTS AND DISCUSSION 
  The process of pressing PECs to plastics involves two stages: Fabrication of 
processible PECs, and a procedure to press the PECs to plastics. Firstly, the influence 
of important parameters, such as the type and concentration of salt, as well as the 
molecular weight, on the formation of polyelectrolyte complexes is discussed. 
Subsequently, the fabrication of moulds for the hot-press is explained, followed by 
the processing of appropriate complexes, tuning parameters such as pressure and 
temperature. We will conclude by giving an overview of the different materials that 
were obtained and their characteristics. 

2.3.1 Preparation of polyelectrolyte complexes. 

  Equimolar solutions of the polyelectrolytes Na-PSS and PDADMAC were 
prepared according to their monomer ratio. Making two separate polyelectrolyte 
solutions and then combining them in a third bigger vessel under stirring was 
performed as this led to a better controlled and faster precipitation when compared 
to adding the Na-PSS solution into the beaker containing PDADMAC or vice versa. 
Optimal processable complexes were obtained by simultaneous pouring while 
stirring.  
  The effect of the molecular weight of the two polyelectrolytes was studied by 
considering three molecular weights of each. The molecular weights of Na-PSS were 
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70 kg.mol-1, 200 kg.mol-1, and 1000 kg.mol-1, while those of PDADMAC were 100 
kg.mol-1, 200-350 kg.mol-1, and 400-500 kg.mol-1. All the 9 possible combinations 
at the fixed 1:1 monomer ratio led to complex formation (Figure SI 2.2). The 
complex formed with the lowest molecular weights (PSS 70 kg.mol-1, PDADMAC 
100 kg.mol-1) had very fine aggregates. With PDADMAC 100 kg.mol-1, the size of 
the complex aggregates was small irrespective of the size of Na-PSS. With an 
increase in the molecular weight of PSS, the size of the aggregates marginally 
increased. On the other hand, an increase in the molecular weight of PDADMAC led 
to an increase in the aggregate size, especially for the 400-500 kg.mol-1 variant. The 
size marginally increased with PDADMAC of 200-350 kg.mol-1, while at 400-500 
kg.mol-1  big and mechanically stronger aggregates were formed. It was possible to 
hot-press all of them but the precipitates formed with the highest molecular weight 
polymers were the easiest to handle and process.  
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  To get a suitable precipitate, not only the polymer lengths but also the salt 
concentration and type of salt added are important, which have been studied by 
several groups for specific systems.33–35 In Figure 2.2(a), the series was made with 
a fixed polyelectrolyte concentration but progressively increasing salt (NaCl) 
concentration from 0 mM to 400 mM. Visually good complexes and clear 
supernatants were repeatedly obtained between 125 mM to 250 mM NaCl. In our 
study to form saloplastics via hot-pressing we discovered that ideal precipitates have 
a natural viscoelasticity to them for optimal processibility. Such precipitates appear 
like a chunk of mozzarella cheese, as for example shown for the KBr vial of Figure 
2.2(c), as opposed to discrete tiny particles in the first three vials of Figure 2.2(c). 
  To choose the type of salt best suited for our system, we started with common salt, 
NaCl. The PEC obtained consisted of small disperse granules that settled at the 
bottom when stirring was stopped. Next KBr was used, as it is used to prepare 
saloplastics in literature.17 This salt is referred to as a good dopant,36 which means it 
effectively softens the complex by externally compensating the charges on the 
polymer chains, allowing mobility. The PEC obtained with KBr was more compact 
with some few disconnected granules. This was easy to handle for further processing. 
Since this used K+ and Br- ions, NaBr and KCl were also tested to see which ion was 
making the difference and to understand the effective transition between the two 
salts. In Figure 2, it can be seen that both K+ and Br- ions appear to play a role in 
visual appearance of the PEC and we observed that the clump of PEC as seen in 
Figure 2.2(c), vial 4. Hence, complexes were made using both 125 mM and 250 mM 
with all 4 salts. From this exercise, it was apparent that 250 mM was better and more 
compact complexes where formed when mixed in  KBr. Further, with 250 mM KBr, 
complexation began instantly, indicated by a milky white solution followed by 
precipitation. After less than 5 min, there was a tough white ball of PEC at the bottom 
of the beaker making it difficult for the stirrer bar to move anymore (Video SI 2.1 in 
Supplementary information). When allowed to stir for at least 15 minutes, the 
supernatant gradually became clear, leaving behind a strong precipitate shown in vial 
4 of Figure 2.2(b). Such complex may be stored in the hydrated state for immediate 
use, or dried to form sugar-like particles (Figure SI 2.3) for convenient storage, 
transport, and later use. 
  



 

      
51 

2.3.2 Pressing PECs to Plastics. 
  When the precipitates were pressed in between the anodized aluminium plates of 
the hot-press, the material would mostly flow out from all edges and some of the 
trapped material would have non-homogenous transparent patches with the rest 
remaining translucent or white. It was also difficult to open the plates as the 
precipitate behaved as adhesive to form a strong sandwich and by opening it the 
plastic sheet deformed.  
  Therefore, a set of removable plates was considered. Several materials were 
experimented with to be used as plates (Table SI 2.1, Figures SI 2.4 and 2.5), and 
Delrin® (purchased from DuPont) was found to be low-friction and non-sticky. Also, 
unlike Teflon®, it was not entirely hydrophobic facilitating easy movement and 
plasticization of the polymer. It was stable at least until 130 °C, which is well above 
the intended hot-pressing temperature. Delrin® made the best plastic sheets in 
combination with glass fiber reinforced Teflon spacers.  
   The effects of temperature and pressure were studied. A preliminary experiment 
(Figure SI 2.6) was conducted on the flat hot surface. Further, the effect of 
temperature was studied using the hot-press from 17 °C to 110 °C at a constant 
pressure of 200 bar (Figure SI 2.7). At 17 °C, the PEC only flattened out and there 
was no hint of plasticization. There were lots of holes and the plastic was rubbery. 
Every increase of 5 °C until 40 °C led to an increased degree of plasticization. At 50 
°C, the saloplastic occupied the entire space between the moulds but still contained 
holes and white patches. Between 60 °C and 80 °C, the thickness of the plastic film 
became uniform. 90 °C was found to be the right temperature to obtain reproducible 
films with uniform thicknesses. Temperatures over 95 °C were tricky due to their 
proximity to the boiling point of water. Temperatures >100 °C led to the film sticking 
to the mould, or becoming brittle when left for longer durations. Plasticization was 
difficult at these conditions and a host of new issues emerged, including the loss of 
all water leading to pressing dried hard complexes at high pressures, thereby denting 
the Delrin plates. In some cases the dried complex became embedded in the dents of 
the plates.  
  A similar study was performed to optimize the amount of pressure applied during 
hot-pressing. The temperature was kept constant at 90 °C and the pressure was varied 
between 0 bar and 200 bar (see Figure SI 2.8). Due to the high temperature, the PEC 
already became transparent at 0 bar when the upper plate of the hot-press was just 
touching the mould. A gradual increases in pressure decreased the thickness of the 
saloplastic while also making it more even. This data is shown in Figure 2.3. At ~1 
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bar, the thickness is high and the error is very big. As we increase the pressure, the 
thickness, as well as error in thickness, reduces. A fairly uniform thickness close to 
the intended thickness of 150 µm is reached at pressures above ~100 bar. The value 
at 200 bar and 90 °C was 149 ± 3 µm. 
  The optimum quantity of PEC needed to obtain a compact film was also 
determined. 2.0 g of fully hydrated  precipitate was found to give a compact plastic 
of ~1.4 cm2, and thickness 100 µm weighing ~0.4 g, using a 122 µm deep mould. 
The loss in weight is due to the removal of water (60-80% of the mass of the 
precipitate) from the channels provided. There is no loss of material because any 
extra polymer pushed out of the channels can be reused for the next pressing. Hence, 
this process of making saloplastics is very efficient. 
    When the hydrated PEC weighed  >2.5 g, the precipitate spilled out of the edges 
onto the spacer impacting thickness control. Below 2.0 g, the applied pressure is not 
uniformly distributed, resulting in an inhomogeneous plastic not in its most compact 
state. When far too little PEC was used (<1.6 g), a film still formed, but only around 
the centre where the precipitate was placed, not touching the edges of the mould. 
The correct amount of PEC resulted in uniformly pressed sheets of plastic with the 
same thickness throughout, with a little excess material pushed out of the little 
channels provided for this purpose (see Figure 2.1). Therefore, the quantity of PEC 
not only influences the compactness of the film to form, but may also lead to 
inhomogeneity and non-uniform thicknesses as it impacts the spacer width. Hence, 
this aspect was found to be extremely important.  
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Figure 2.3. Variation of thickness with respect to pressure applied by the hot-press. 

Each point is an average of 10 values measured at different points of the 
saloplastic. 

  Glass fiber reinforced Teflon spacers were used to enable the production of 
saloplastics with different thicknesses. Pressure was a tool to facilitate this, and 
different thicknesses were made possible by altering the pressure as well as the 
thickness of the spacer (Table SI 2.2). Further, to avoid wastage of material, spacers 
were cut to the right shapes to get the right size and shape of the plastic piece as in 
Figure 2.2. Such films were sturdy, flexible, and homogeneous. The films were 
transparent, indicating that they were dense with no pores to reflect light. Shamoun 
et al. fabricated saloplastics using extrusion and ultracentrifugation. Their films are 
dense to the micro-scale. The microscopy images showed their largest pores to be 10 
um and the smallest ones were about 100 nm.17 We have shown that our hot-pressed 
plastics are completely dense even at the nanometer scale (Figure 2.4).22 These hot-
pressed plastics took up 40 ± 5 % of water, and the transparency was not affected by 
this. 
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Figure 2.4. (a) Fully transparent hot-pressed plastic (b) SEM image of the hot-
pressed plastic. 

  Inaccuracies may be observed in a hot-pressed plastic if the right conditions are not 
adhered to. As shown in Figure SI 2.9, when a large excess of precipitate is used, 
the volume in between the plates is insufficient and the material overflows and gets 
pressed in between the spacer and the top plate. This leads to a plastic that is thicker 
than the desired thickness, mostly inhomogeneous, and loss of material. When 
sufficient time is not given for the material to be plasticized after reaching 90 °C, the 
trapped air and water do not have a chance to escape leading to bubbles in the plastic. 
On the other hand, when they are pressed after being left for too long at a high 
temperature, patterns are formed. This is due to the loss of most water, thus lowering 
the plasticity of the complex. The formation of white patches may have different 
reasons- if the temperatures of the two plates differ by >10 °C while pressing, if the 
complex is not allowed sufficient time to plasticize, if there is insufficient water, if 
there is too little or no salt, or if the plates are not heating properly. Clearly, the 
preparation of saloplastics through hot-pressing is a sensitive process, where 
successful dense films are only obtained in a narrow region of parameters.  

2.3.3 Mechanical behaviour of hot-pressed plastics. 
   Thickness is an important parameter for characterisation as well as comparison of 
polymer films. It is known for thermoplastics that thickness influences the cooling 
rate, and hence, the characteristics of the resultant films.37 The tensile strength was 
measured in order to quantify the effects of thickness on the mechanical properties 
of the hot-pressed plastics. From the stress strain curves of dry plastics (examples in 
Figure 2.5(b)), it can be observed that the strain at break is very small, 0.01 to 0.02 
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mm/mm amounting to 1-2%, showing that the material is brittle in this state, as 
expected for a crosslinked material in the absence of a plasticizer.38 Elongation at 
break was measured to be 0.76 ± 0.11  mm. while the tensile strength was 22.75 ± 
1.79 MPa. It is known that hard materials are generally brittle39, which is in line with 
the high values of Young’s modulus (4-6 GPa) observed with an average standard 
deviation of <± 8%. Indeed, a comparison to traditional plastics (Table 2.2) shows 
that this material is strong. It is important to highlight that while saloplastics are held 
together by ionic crosslinks, thermoplastics like polyethylene, polystyrene, acrylic, 
and polyvinyl chloride owe their mechanical properties to their crystalline 
structures.40  

Table 2.2. Values of Young’s modulus for common plastics compared to hot-pressed 
saloplastics in their dry states. 

Material Young’s modulus 
32,41-43 

avg (MPa) 
Polycarbonate, moulded 2390 
HDPE, moulded 980 
LDPE, moulded 230 
PVC, moulded 2160 
Polystyrene, moulded 2750 
Acrylic, moulded 2940 
Cellulose acetate, 
moulded 

2080 

PSS-PDADMA plastic,  
150 µm, moulded 

5200 

PSS-PDADMA plastic, 
reinforced, 150 µm, 
moulded 

6552 

    
  Also, when thickness was increased, the Young’s modulus did not vary 
significantly (Figures 2.5(a) and (b)), indicating that the stiffness of such material 
remains constant as the thickness is increased. This is in line with the fact that 
Young’s modulus is a material property independent of the dimensions.44 This is also 
observed in common thermoplastics such as PVC and PE.37,39  
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Figure 2.5. (a) Young’s modulus as a function of the plastic thickness measured on 
the same day to work at a stable humidity of 68%. Each point represents an average 

of at least 3 measurements (b) Tensile stress as a function of tensile strain for 
representative dry plastics. These are standalone measurements and are similar to 
the trend observed with duplicate plastics with the same thicknesses. (c) Young’s 

modulus as a function of the wet plastic thickness (d) Tensile stress as a function of 
tensile strain for representative equilibrated wet plastics. 

  Although these hot-pressed plastics were not very sensitive to humidity changes in 
the environment, equilibration in MilliQ water led to them being more flexible. They 
were allowed to equilibrate in the water for 24 hours after which tensile tests were 
conducted again to quantify the effect of water plasticization. The extensions were 
1-2 orders of magnitude higher (40-80%) compared to the dry state (1-2%), thus 
completely changing the material properties (Figure 2.5(d)). The wet materials 
showed smaller Young’s modulus values compared to the dry state as reported in 
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Figure 2.5(c).  Wet plastics were much weaker and showed high elasticities in a 
linear regime (Videos SI 2.2 and 2.3). However, to perform tensile tests, the plastics 
were naturally taken out of water and measured in room conditions. Due to this, there 
was a gradual decrease in water content leading to an increase in stiffness. The linear 
elastic region seen by the initial steep increase in tensile stress is followed by a 
yielding region with a dip and/or a gradual slope instead of a linear regime due to 
drying of the plastic. For 350 µm thick plastics, the strain hardening was distinct 
before necking, with this becoming less distinct as the thickness decreased. It was 
observed that at <100 µm, the curves and moduli were similar to those before 
wetting. This is due to the measurement in room conditions where a thin film dries 
fastest during fitting and measurement, and most of the water taken up is lost. The 
thicker plastics retain water and show much lower moduli of tens or few hundred 
MPa. Clearly, water plays an enormous role in the material properties of these 
saloplastics, setting the hot-pressed dense saloplastic apart from other commonly 
used plastics.17 This is advantageous for their application as membrane materials 
which are used in the aqueous phase.    

  Although complexes formed using high molecular weights of the polyelectrolytes 
were easier to process, the precipitates from all the nine combinations of molecular 
weights (Figure SI 2.2) were processed as well. As long as at least one of the two 
molecular weights in a pair was larger than 100 kg.mol-1, processibility was 
straightforward by tuning the conditions. For lower molecular weight combinations, 
the precipitate was strained using filter paper and the filtrate was allowed to dry in 
air for a day to lose much water.  It was then hot-pressed. From Figure 6 it can be 
observed that the Young’s moduli of most of the resulting nine films were not very 
different from each other and their error bars overlap. The ones made from the lowest 
molecular weight of PSS (70 kg.mol-1) seemed to be the most brittle, also 
confirmed by a slightly higher value of Young’s modulus for each of the three 
PDADMAC molecular weight pairings. In hindsight, their precipitates were 
also the most fragile and formed powdery aggregates, and had shown the least 
elasticity (Figure SI 2.2). The small effect of Mw on the measured Young’s 
modulus is in line with the expected ionically crosslinked structure of the 
saloplastics. Because of the already high crosslinking density, additional 
effects that would be expected for higher Mw, such as entanglements, have a 
negligible effect on the material properties.  
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Figure 2.6. The effect of molecular weight of Na-PSS and PDADMAC on 
Young’s modulus of the respective hot-pressed plastics. Each point represents an 

average of at least three independent measurements. 

  The thermal properties of the plastic were measured by Thermal Gravimetric 
Analysis (TGA) and Differential Scanning Calorimetry (DSC) (Figure SI 10). In 
Figure SI 2.11, the TGA profile suggests that decomposition occurs between 370 
°C and 500 °C, similar to extruded saloplastics in literature.22 First, in order to 
evaporate water, the sample was heated from room temperature (18.3 °C) to 120 °C 
and cooled. The films were found to contain 10-12% water. It was then heated to 
800 °C to observe decomposition. From literature and Figures SI 2.11 and 2.12, it 
can be derived that the first peak ‘a’ (~ 400 °C) corresponds to the combustion of 
nitrogen, while the second peak ‘b’ (~ 450 °C) is that of sulphur, while a smaller 
peak ‘c’ at ~ 490 °C represents carbon.45,46 The DSC experiment showed only one 
peak at ~ 107 °C, which is due to trapped water. The degradation of this saloplastic 
corresponds to the temperatures at which traditional plastics such as LDPE (~ 240 
°C), cellulose acetate (250 °C ), and PET (400 °C) begin to decompose.47 

  Further, it is interesting to note from Figure 2.7 that the decomposition of the PEC 
plastic begins at 370 °C, lying in between that of pure individual polymers Na-PSS 
(~ 270 °C) and PDADMAC (~ 440 °C). Likely the sulfonic group of PSS becomes 
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more stabilized against decomposition, by the ionic bond with PDADMAC. The 
onset of decomposition of the plastic begins after that of Na-PSS, but has a steeper 
slope, and close to the latter until ~ 500 °C. At ~ 550 °C the Na-PSS is completely 
decomposed, but the components of PDADMA in the film are still present which 
continue to decompose.48   

 

Figure 2.7. Thermal Gravimetric Analysis comparison of the PSS-PDADMA 
plastic along with those of pure Na-PSS and PDADMAC. 

  The DSC profile of the PSS-PDADMA saloplastic is represented by Figure SI 
2.10. Clearly, the profile shows that there are no peaks, indicating that there are no 
evident thermal transitions taking place even until 300 °C. Hence, the saloplastic is 
very stable at higher temperatures in the absence of saltwater. However, when it is 
in a wet state in the presence of salt, the salt doping softens the plastic and 
plasticization occurs well below the Tg.  
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2.3.4 Advanced hot-pressing approaches 

  In addition to being completely dense, hot-pressed saloplastics offer several other 
advantages. This method has allowed the fabrication of free-standing dense films as 
thin as 8 µm and as thick as 1 mm. Hence, depending on the application, film 
thickness can be adjusted by over a factor of 100. Furthermore,  this method of 
processing enables us to fabricate patterned plastics without an extra process step. 
Different projected shapes such as cylindrical pillars and chevrons were successfully 
made in different dimensions. A hot-press mould with 250 µm deep macroscopic 
cylindrical patterns were made, which got precisely replicated in the hot-pressed film 
as shown in Figure 2.8 (a) and (b). Scanning Electron Microscopy images, such as 
in Figure 2.8 (c-f), show that these structures seamlessly protrude from the surfaces 
without causing cracks or folds.  
  In industry, polymers are required in several forms and strengths. When thin sheets 
of polymer are not strong enough for a specific purpose, they need to be reinforced 
by being embedded in a mesh of woven or non-woven fibres. Along with strength, 
advantages include lower cost, wear resistance, custom thermal, and electrical 
properties.49 PECs were conveniently hot-pressed into such meshes to form a 
uniform plastics of 100 µm each (Figure 2.9). In one case, a plastic woven mesh was 
used, which showed up to 26% increase in elasticity modulus (6552 ± 340 MPa) in 
comparison to a hot-pressed saloplastic of the same thickness (5200 ± 280 MPa). In 
another case, a non-woven paper mesh was used, which showed up to 31% increase 
(6812  ± 433 MPa). All these films maintained their density and no pores were seen 
after pressing. 
  Such advanced structures and reinforcements were made repeatedly and did not 
have any noticeable defects. Overall, the hot-pressing method demonstrates a 
reproducible approach with plastics being dense and thickness controlled with 
reduced swelling. The parameters presented have been arrived at after trying various 
permutations, as well as possible errors and irregularities. The simple and 
straightforward procedure with relatively short processing times allows it to be 
scaled up. Indeed, large scale hot-press devices are available, with surface areas up 
to 5 m2. Overall, it is a novel method with a potential to be applied in different fields 
allowing easy modification. 
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2.4 CONCLUSIONS 

  Saloplastics have been a breakthrough in the view of processability of 
polyelectrolyte complexes. However, the presence of pores and holes make them less 
useful in any practical applications. In this work, we have showcased for the first 
time, a novel hot-pressing method to make free-standing completely dense plastics 
and have also studied their properties. Key parameters for effective complexation, 
such as the molecular weight and concentrations of individual polyelectrolytes, type, 
and quantity of salt have been studied qualitatively and quantitatively in this work. 
K+ and Br- ions are shown to better aid complexation by extrinsic compensation 
compared to Na+ and Cl- ions. Hot-pressing parameters including temperature, 
pressure, and time have been studied in detail and their effects on film thickness and 
uniformity have been discussed. This dedicated study exposes a small window of 
opportunity to effectively process them into plastics. Hence their mechanical 
properties were also studied for the first time. The Young’s modulus was observed 
to be independent of film thickness when dry, but decreased with an increase in wet 
thickness. For the wet state, the inverse relation stems from the quicker drying of 
thinner films during the experiments. The nature of the complex is shown to strongly 
affect the quality of the hot-pressed saloplastic, in important parameters such as the 
water uptake. PECs have been effectively hot-pressed into woven and nonwoven 
meshes to make reinforced plastics with increased tensile strength, without the need 
for an extra process step. This method can be scaled up, and also allows the creation 
of profiles such as pillars, chevrons, or other protruding structures on the film surface 
in the micro and macro scale. Hot-pressing PECs to plastics overcomes challenges 
and opens doors to applications in many fields including biomedicine, ion-exchange 
membranes, and contact lenses. Overall, this work demonstrates a simple, effective 
hot-pressing method to make dense plastics, that are dense even on the nanometer 
scale.  
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Supplementary Information   |  Chapter 2 

 

Figure SI 2.1. FVR ROLLIE 20 ton Desktop Rosin Press, by FVR, Canada. 
(Photographed and used with permission from the manufacturer). 
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Figure SI 2.2. Effect of molecular weight of Na-PSS and PDADMAC. 

  The precipitates obtained by complexing Na-PSS and PDADMAC of different 
molecular weights (Figure SI 2.2) were all hot-pressed. The plastics were all 
positively charged, and the charge increased with increasing molecular weight with 
the Na-PSS 1000 kD and PDADMAC 400-500 kD having the highest positive 
charge. This may be due to chain entanglements as the molecular weight increases 
leading to all their charges not meeting their partners. 
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Figure SI 2.3. Polyelectrolyte complex in the (a) hydrated and (b) dried states. The 
polyelectrolyte complex may be oven-dried at 100 °C for ease of storage, handling, 
and transport when not used immediately. It can be hydrated later with saltwater to 

regain the earlier state. 
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Table SI 2.1. Trials of materials used for making the mould for the hot press. 
Material Observation Picture 
Metals 
1. Aluminium Polymer stuck to the plates, 

non-uniform thickness  
 

2. Brass 1. Uniform heating 
2. Dezincification.  
(Zinc is lost in the presence of 
saltwater leaving copper 
behind. This would eventually 
weaken brass and perforate it) 

Figure SI 2.4. 
Dezincification of brass 
slab  

3. Copper 1. Copper oxide layer needs 
cleaning every 3+ hot-press 
cycles 

2. If not observed, copper 
oxide on the mould gets 
transferred to the 
membrane as green patches  Figure SI 2.5. Oxidation 

of copper  
4. Stainless 

steel 
Comparable to aluminium   

Polymers 
5. Teflon™ 1. Minimum effect of heat 

and pressure. Hydrophobic 
nature dominates 

2. White stretched rubbery 
complex with holes 

 

6. Perspex® Membrane was non uniform, 
material did not withstand a 
combination of pressure and 
temperature 
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 Hot press moulds 

  The heating rods are inserted into thick aluminium slabs attached to the frame of 
the hot-press. As described in the manuscript, it was attempted to press the 
precipitated complex by placing them in between these slabs. The major issue was 
removal of the plastic from these two fixed plates. Hence, two rectangular plates of 
aluminium (1) were used as a starting point, which could be inserted and removed 
as a sandwich from the hot-press and opened. Although it was better, it was not 
convenient and the compression was not uniform. Another issue was that of absolute 
compaction. The plates were bound by walls only at the top and bottom, hence the 
edges were open for the material to flow out. Spacers with accurate thickness were 
needed to make sure there is a force on the side as well. In addition to that, spacers 
can facilitate the control of thickness. 
    It was decided to use the same material for the spacers as the slabs. A mould was 
designed by machining the bottom aluminium slab to make a pit in the center and 
small outlets for the extra polymer to escape (Figure 1a). The slabs were still sticking 
together, even on the edges, despite the spacing. Also, the issue of non-uniform 
heating of the slabs persisted. It would help if the edges had a non-adhesive material, 
different from the metal slab. After trying many materials and careful consideration, 
glass fiber reinforced Teflon™ was chosen. It is heat resistant and robust under 
pressure. Further, the adhesive on one side made it easy to stick after cutting into 
strips (manuscript Figure 2.1). This change made it easier to open the sandwich after 
hot-pressing. Also, the edges didn’t stick due to the hydrophobic nature of Teflon. 

7. PVC 1. Softened and deformed at 
60°C due to the high 
pressure and temperature 
used although it was rated 
to be safe until over 85°C.  

2. Smell of chlorine after 
opening the plates 

 

8. Delrin® 1. Uniform plastic films 
2. Easy to peel off the film 
3. Reproducible films 
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  To address the issue of non-uniform heating, metals with high conductivities could 
be helpful during heating and cooling. Brass (2) (an alloy of copper and zinc known 
for its high strength and low ductility) was used to replace aluminium in the mould. 
The plastic thus obtained was indeed more uniform. After a few iterations, it was 
observed that the surface formed a whitish layer with a strong unpleasant odour 
(Figure SI 2.4). This was found to be a specific form of corrosion, called 
dezincification, wherein zinc is lost in the presence of saltwater leaving copper 
behind. This if continued would eventually weaken the brass and perforate it.  
  Copper (3) was the next choice, which also did the job of brass. But like one would 
expect, the green copper oxide layer formed periodically needed cleaning. Moreover, 
the green oxide would get transferred to the structure of the hot-pressed film if not 
paid attention to (Figure SI 2.4). Stainless steel (4) behaved like aluminium and 
offered no practical advantage. The issue of sticking to the slabs persisted.  
  Anti-sticking agents such as nonstick sprays were used on the slabs but didn’t do 
well. They not only reacted with the PEC material and led to colored patches, but 
also caused non-uniform compaction. Some regions remained white and didn’t 
compact into a dense film, which was only complicating the matter at hand. 
  Polymeric moulds are not expected to heat uniformly, but a trade-off between 
uniform heating and non-stick nature. Teflon (5) slabs replaced the metal ones. Heat 
and pressure had a small effect on the moulding of the PEC. The absolute 
hydrophobic nature of Teflon did not cooperate with the molding process leading to 
a white stretched rubbery PEC when the mould opened. In this way, many polymeric 
materials were experimented with, and each displayed some issues. While Perspex 
(6) showed non-uniformities, PVC (7) started softening at 60 °C due to the high 
pressure used although it was rated to be safe until 80 °C.  
  Delrin (8) was the only material that allowed the formation of free standing films 
conveniently and reproducibly.  
  



 

   
75 

 
Figure SI 2.6. Preliminary heat and pressure experiment. (a) Zero pressure with 

temperature from the bottom, as in a pancake where the surface on which the batter 
is placed supplies heat. (b) Similar to ‘a’ and flattened with spatula. (c) temperature 

from two surfaces (top and bottom) without extra pressure (d) similar to ‘c’ with 
pressure. 

  The effects of temperature and pressure were studied. A preliminary experiment 
(Figure SI 2.6) was conducted on the flat hot surface of an upside-down clothes iron 
(~140 °C). In the first trial, 5 g PEC was placed on it and waited until all of the water 
was lost as steam. This (Figure SI 6a) resulted in an uneven crispy chip with holes 
and irregular thicknesses. In the second, 5g PEC was placed and a spatula was used 
to flatten the PEC (Figure SI 2.6b). A hard, brittle, and more homogeneous chip was 
formed. It contained very few holes and bubbles but was not uniformly thick. In the 
third trial, the PEC was sandwiched between two irons (Figure SI 2.6c), and this 
reduced the variations in the thickness of the chip. In the fourth, the pressure was 
applied with two irons, which led to a thin, translucent, non-flexible chip. (Figure 
SI 2.6d).  
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Table SI 2.2. Spacer (glass fiber reinforced Teflon) thickness and pressure conditions 
for thickness control.  

Saloplastic thickness 

(µm) ± 5 

Spacer thickness 

(µm) ± 5 

Pressure 

(bar) 

50 70 300 

100 120 100 

150 190 300 

200 240 100 

250 310 300 

300 360 200 

350 430 300 
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Figure SI 2.10. Dynamic Scanning Calorimetry (DSC) of a plastic made with high 
molecular weight Na-PSS (1000kD) and PDADMAC (450kD). 

 

Figure SI 2.11. Thermal Gravimetric Analysis (TGA) of a plastic made with high 
molecular weight Na-PSS (1000 kD) and PDADMAC (400-500 kD). 
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Figure SI 2.12. Derivative Thermogravimetry (DTG). This graph was obtained by 
taking a derivative of the TGA curve in Figure SI 2.9. 

 

  Video SI 2.1, SI 2.2 and SI 2.3 can be found via the link: 
https://doi.org/10.1016/j.polymer.2022.124583 

 

 

 

  

https://doi.org/10.1016/j.polymer.2022.124583
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Appendix  | Chapter 2 

Choice of polyelectrolytes  

  Sodium salt of polystyrene sulfonate (Na-PSS) and chloride salt of 
polydiallyldimethylammonium (PDADMA-C) were used as primary polymers for 
the research in this dissertation. Na-PSS, with the trade name Kayexalate®, has been 
approved by the Food and Drug Administration for ingestion stating its potential to 
treat hyperkalemia, where the patient has high amounts of potassium in the blood 
leading to debilitating heart and kidney functions. PDADMAC is commonly used 
for water treatment as it is a good binding agent to clays, bacteria, heavy metals, and 
dyes. It is also an essential ingredient in shampoos and paper manufacturing in the 
pulping stage.  
  In addition to safety, both Na-PSS and PDADMAC are soluble in water. They are 
strong polyelectrolytes that imply they are charged in the whole pH range. Their 
multilayers and complexes have been studied well providing a good starting point. 
While the Gibb's free energy of crosslinking for their monomer pair, styrene 
sulfonate and diallyldimethylammonium, is weak at only -3 kJ/mol, their polymers 
are massive, facilitating plentiful ion-pairing leading to strong complexation.  
  Weak polyelectrolytes are introduced in conjunction with these two standard ones. 
Polyallylamine hydrochloride (PAH) and Polyvinylamine hydrochloride (PVH) are 
used in biomedical applications like drug delivery.1,2 Polyacrylic acid has been used 
in biocompatible hydrogel sensors.3   
  In addition to convenience, their biocompatibility and sustainability are 
characteristics of these polyelectrolytes. Therefore, an educated choice of 
polyelectrolytes was made.  

References for appendix 

(1)  Antipov, A. A.; Sukhorukov, G. B.; Donath, E.; Möhwald, H. Sustained 
Release Properties of Polyelectrolyte Multilayer Capsules. J. Phys. Chem. B 
2001, 105 (12), 2281–2284. https://doi.org/10.1021/jp002184+. 

(2)  Grigorescu, G.; Rehor, A.; Hunkeler, D. Polyvinylamine Hydrochloride-
Based Microcapsules: Polymer Synthesis, Permeability and Mechanical 
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(3)  Jing, X.; Mi, H. Y.; Peng, X. F.; Turng, L. S. Biocompatible, Self-Healing, 
Highly Stretchable Polyacrylic Acid/Reduced Graphene Oxide 
Nanocomposite Hydrogel Sensors via Mussel-Inspired Chemistry. Carbon N. 
Y. 2018, 136, 63–72. https://doi.org/10.1016/j.carbon.2018.04.065. 
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ABSTRACT  

Polymeric ion-exchange membranes have come a long way since their invention, 
benefiting a wide range of processes, ranging from desalination to fuel cells. 
However, challenges such as alkaline stability, monovalent ion selectivity, cost-
effectivity, and process sustainability largely persist. This work showcases alkaline 
stable anion-exchange membranes made by hot-pressing of a polyelectrolyte 
complex of poly(styrenesulfonate) (PSS) and poly(diallyldimethylammonium) 
(PDADMA). This completely aqueous production approach leads to especially 
dense (non-porous) saloplastic films with an excess of cationic groups, 
demonstrating good stability even at high salinities (up to 2 M NaCl). On key 
performance indicators for anion exchange membranes, such as water uptake 
(~40%), permselectivity (up to 97%), ion exchange capacity (1.01 mmol.g-1), and 
resistance (2.3 ohm.cm2) the membranes show comparable values to commercial 
membranes. A drop in permselectivity at high salinities, however, indicates that the 
charge density of the membranes could be further improved. Still, what really sets 
these membranes apart is their natural long term (up to 60 days) stability at extreme 
acidic (pH 0) and alkaline conditions (pH 14) and a relevant monovalent selectivity 
of up to 6.3 for Cl- over SO4

2-. Overall this work showcases PDADMA/PSS based 
saloplastics as highly promising and stable anion-exchange membranes, that can be 
produced by a simple, scalable, and sustainable approach. 
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3.1 INTRODUCTION 
  Although the context of NASA’s Mars mission strategy - “Follow the water” is a 
world away, both literally and metaphorically, it precisely describes the very story of 
human settlements throughout history.1 Civilizations flourished around rivers and 
other water bodies since time immemorial because potable water is a human 
necessity.2 However, a shortage of clean water has been a cause of growing concern 
in the last century amidst the global emergency of climate change.3 Naturally, many 
technologies4 have been developed to make potable water5 and/or harness renewable 
energy.6 One such technology assisting man in both these spheres is electrodialysis, 
being used for seawater desalination7–9 as well as for sustainable salinity gradient 
power10,11, among other applications.12 Ion exchange membranes, which are mostly 
polymeric, make electrodialysis possible by selectively allowing certain ions to pass 
through them depending on their nature. While many commercial ion-exchange 
membranes have been developed, there is still a pressing need for more sustainable, 
pH stable13,14, and economically viable membranes. Such membranes could also play 
a key role in energy storage, for example, in alkaline fuel cells. 
  Especially regarding positively charged anion exchange membranes (AEMs), their 
stability in high pH solutions has been a challenge.15–17 For example, AEMs based 
on quaternary ammonium are the most common ones but are known to degrade in 
alkaline media by Hoffmann elimination17, nucleophilic substitution18, and/or ylide 
formation19. Hence, developing AEMs with high alkaline stability is important. 
Several attempts have been made in this regard but at the cost of sustainable 
production methods or a loss in other properties of the membrane.16  
  Polymeric structures can be (a) covalently bonded network systems, (b) secondary 
valence bonded linear macromolecular systems, or (c) held together by ionic 
linkages 20. The last three decades have garnered interest in ionically bound organic 
polymeric structures due to advancements in polyelectrolyte research.21 
Nevertheless, (a) and (b), called thermoplastics22 and cross-linked plastics23,24 
respectively, have been the primary focus of polymer science and technology for 
very long, including membrane production. Commonly used polymers for making 
ion exchange membranes include Nafion, polysulfones, polyfluoroethylene, poly 
divinylbenzenes, and polyphenylene oxide.25 Copolymers, blends, and composites 
have also been profusely explored.26–28  
  Thermoplastics such as polyethylene, acrylonitrile butadiene styrene (ABS), and 
polycarbonate are made by methods such as injection molding, extrusion molding, 
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thermoforming, spin casting, and compression molding (hot-pressing). Among these, 
hot pressing is a favorable one for making dense sheets due to its ability to produce 
desired shapes and thicknesses, defect-free and tailored compaction, without 
compromising on homogeneity.29   
  Polyelectrolytes, which are polymers bearing chargeable groups, have been in the 
limelight for more than a decade now. Focussed research has shown their properties 
to be increasingly interesting and important to several fields of study 20,30–32. In one 
interesting scenario, aqueous solutions of oppositely charged polyelectrolytes 
combine to form a polyelectrolyte complex (PEC) due to enthalpy of coulombic 
interactions, facilitated by entropy gained by releasing counterions.33 Several factors 
like polymer and salt concentrations, molecular weights, and mixing ratio are known 
to influence the quality and properties of the complex thus formed.34–36 Yano and 
Wada observed that water, a known plasticizer of PECs, also plays a dominant role 
in the attributes of PECs which display specific water uptake values, enough to 
facilitate ion pair hydration.37 
  In the meanwhile, the fundamental understanding of membrane separation 
mechanisms has synchronously increased, leading to the continuous revision of other 
facets of membrane fabrication38–40, assemblage, and characterization over the 
years.41,42 Similarly in the field of membrane production, polyelectrolytes and 
polyelectrolyte complex based materials have led to substantial innovation. 
Polyelectrolyte multilayers have shown especially promising separation 
performances in the fields of nanofiltration43, reverse osmosis, forward osmosis, and 
also as highly selective coatings for ion-exchange membranes.44 More recently, 
sustainable microfiltration and nanofiltration membranes were made by Aqueous 
Phase Separation (APS), wherein one study used a pH-responsive polymer, poly(4-
vinylpyridine) (P4VP)45, and the other used a copolymer, polystyrene-alt-maleic acid 
(PSaMA).46 Moreover, polyelectrolyte complexation was shown to allow the 
fabrication of whole microfiltration, nanofiltration, and ultrafiltration membranes via 
sustainable Aqueous Phase Separation.47,48,49  
  On the other hand, dense membranes for ion exchange applications such as 
electrodialysis are typically made using hydrophobic substrates and immobilized 
charged functional groups.50 They are called cation exchange membranes (CEMs) or 
anion exchange membranes (AEMs) depending on whether they contain fixed 
negative or positive ionic moieties respectively. Anionic moieties include carboxylic, 
sulfonic, and phosphoric acid groups, while examples of cationic ones are imidazole 
or quaternary ammonium cations.   Ideally, CEMs only allow the passage of cations, 
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while AEMs, anions. Since the 1920s, when Michaelis and Fujita worked on weak 
acid colloidum membranes, several types of ion exchange membranes (IEMs) have 
been developed.51–53 These include amphoteric IEMs, inorganic-organic hybrid 
IEMs, bipolar IEMs, and mosaic IEMs.50 The most common fabrication method uses 
polar aprotic solvents to dissolve polymeric materials, casting these solutions, and 
further evaporating the solvents. Other methods that have been developed over the 
years include polymer blending, pore filling, electrospinning, and in-situ 
polymerization.54–56 The latest ones include polyelectrolyte multilayer (PEMU) 
membranes wherein oppositely charged polyelectrolytes are adsorbed on a substrate 
in an alternating fashion.57–59 The interest in such membranes has increased 
exponentially as they have displayed outstanding selectivities in myriad 
applications60,61, most significantly, ion exchange.62,63  
  Both the earlier mentioned sustainable methods, APS and PEMUs, use 
polyelectrolytes. Polyelectrolyte complexes were thought to be unprocessable until 
Schlenoff and coworkers successfully compacted saltwater plasticized PECs into 
dense materials by ultracentrifugation and extrusion.64 They aptly coined the term 
‘Saloplastic’ for such materials, accentuating the indispensable role salt plays as a 
softener, analogous to what temperature and pressure do to thermoplastics and 
baroplastics respectively.65,66 Although PECs were evidently porous, the Saloplastics 
they made were relatively dense with pores below 10 µm, and the lowest pore sizes 
being 100 nm.67  
  Among several combinations of polyelectrolytes, the properties of Polystyrene 
sulfonate (PSS) and Polydiallyldimethylammonium (PDADMA) complexes have 
been studied relatively well in literature, and are known to have selective properties 
in the case of polyelectrolyte multilayer membranes.44 Further, as strong 
polyelectrolytes, they are known to form stable complexes.64 Hence. They were 
chosen for this study.  
  Both polyelectrolyte multilayers and porous polyelectrolyte complexes have been 
shown to have highly relevant properties to allow their use as sustainable membrane 
materials for pressure-driven processes. In this work, we propose that dense 
polyelectrolyte complexes (saloplastics) could be very relevant as a new generation 
of sustainable ion exchange membranes, relevant for electrically driven processes. 
The required density of the saloplastics is achieved by a simple, sustainable, and 
scalable hot-pressing approach. These dense films are analyzed for their water 
content, ion-exchange capacity, resistance, and permselectivity, with a direct 
comparison being made to commercial membranes. Not only do the saloplastics 
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show very promising properties as cation-exchange membranes, but they also 
showcase additional benefits such as stability under extreme acid and alkaline 
conditions and a monovalent selectivity.  

3.2 MATERIALS AND METHODS  

3.2.1 Preparation of polyelectrolyte complexes 

  Poly(sodium 4-styrene sulfonate) (Na-PSS, Mw=1000 kg.mol-1, 25 wt% in H2O), 
chloride salt of Poly(diallyldimethylammonium) (PDADMAC),  Mw= 400-500 
kg.mol-1, 25 wt% in H2O),  KCl (>99%), and KBr (>99%) were purchased from 
Sigma Aldrich and used as received. Milli-Q water from a Millipore Synergy® Water 
Purification System was used to make polyelectrolyte solutions.  
  Na-PSS and PDADMAC solutions of 125 mM each were prepared with respect to 
their monomer repeat unit, with 250 mM KBr in each.68,69 For example, to make a 
100 mL Na-PSS solution, 2.98 g of KBr was first added to about 50 mL Milli-Q 
water and dissolved. Next, 10.30 g of 25 wt % Na-PSS was added to the saltsolution 
after which the solution was made up to 100 mL by adding sufficient water and 
mixed under magnetic stirring for 30 minutes. The PDADMAC solution was made 
similarly by adding 10.10 g of 20 wt % PDADMAC. The two solutions were poured 
into a 250 mL beaker under stirring. This precipitate was washed and stored in 250 
mM KBr.  
  Non-stoichiometric ratios of polyelectrolytes were studied, which eventually led to 
the same final composition of the polyelectrolyte complex. The complex seemed to 
have a natural preference for a ratio in which the polyelectrolytes combined, and this 
parameter was not further investigated.  

3.2.2 Preparation of hot-press moulds 

  Moulds were designed using Delrin for the endplates. PTFE Coated Fiberglass 
sheets with adhesive on one side (Lubriglas®-CHAP-1540) of thicknesses 0.122 mm 
and 0.225 mm were purchased from Reichelt Chemietechnik GmbH+Co 
(Heidelberg, Germany), and were cut in strips to be glued on edges as spacers 
(Figure 3.1).  
  Thin outlets were made to allow any excess water and polyelectrolyte complex to 
escape. Two endplates and a spacer constitute a casting mould. 
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Figure 3.1. (a) Moulds for pressing polyelectrolyte complexes (PECs), (b) Spacer 
made of glass fiber reinforced Teflon for thickness control and homogeneity. 

3.2.3 Hot-pressing 

  An FV20R Rolling Driptech Rosin Press, FlashVape, Canada was used for hot 
pressing of the polyelectrolyte complexes. 2 g of wet PEC was placed in the mould. 
This sandwich was inserted between the aluminum slabs of the hot press. The slabs 
of the hot press were closed such that they were just together and no pressure was 
applied. The temperature was set to 80 °C leading to a gradual increase from room 
temperature to the set temperature in 20 min. Subsequently, a pressure of 200 bar 
was applied and the PEC remained under these conditions for 5 min. Then, the 
temperature was set to 25 °C. When 25 °C was reached in ~ 30 min, the plastic PEC 
sheet was removed from the hot-press. 
  In order to compare hot pressed membranes with commonly used commercial 
membranes, Neosepta AMX and Neosepta ACS (purchased from Astom 
Corporation, Japan) were used. 

3.2.4 Swelling ratio and water uptake 

  Water Uptake (WU) of the PEC films was determined by measuring the fraction of 
weight change between a film in its wet and dry states. An as-prepared film was cut 
into a rectangular strip of 2 cm x 1 cm and dried in an oven at 30 °C for 24 h. The 
weight, as well as the length, width, and thickness of the sample, were recorded. 
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Further, the sample was immersed in MilliQ water or saltwater for 24 hours, after 
which the weight and dimensions were recorded again. The ratio of the difference in 
wet and dry weights of a membrane to the dry weight of the membrane gives the 
fraction of water uptake as shown in the following equation.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤 𝑢𝑢𝑢𝑢𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅 (𝑅𝑅𝑊𝑊) =
𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 

where mwet and mdry are the wet and dry masses respectively.  

3.2.5 Ion exchange capacity 

  Potentiometric titration was used to determine the ion exchange capacity (IEC) of 
the film.70 The anion exchange capacity was measured by the following procedure: 
The sample was first brought to the Cl- form, then Cl- was replaced by SO4

2-, and the 
released amount of chloride ions was determined by titration with AgNO3. To 
achieve this, 0.5 g of the dry membrane was soaked in 150 mL of 1.0 M NaCl for 15 
h. Further, it was rinsed and soaked in MilliQ water for 90 min while the water was 
replaced several times to remove sorbed NaCl. Next, the film was soaked in 50 mL 
of 1.5 M Na2SO4, and the solution was replaced twice to ensure a complete exchange 
of Cl- with SO4

2-.  These combined solutions were used to determine the Cl- content 
by titration with 0.1 M AgNO3 and a K2CrO4 indicator. The IEC was calculated by 
the following equation:  

𝐴𝐴𝑐𝑐𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 (𝐼𝐼𝐸𝐸𝑅𝑅) [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 

where 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3and 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 are the volume and concentration of AgNO3 respectively.  

  The cation exchange capacity was measured as follows:  The sample was first 
brought to the H+ form, then H+ was replaced by Na+, and the released amount of H+ 
ions was determined by titration with NaOH. To achieve this, 0.5 g of the dry 
membrane was soaked in 150 mL of 1.0 M HCl (ACS reagent 37 %, Sigma Aldrich)  
for 15 h. Further, it was rinsed and soaked in MilliQ water for 90 min while the water 
was replaced several times to remove sorbed HCl. Next, the film was soaked in 50 
mL of 1 M NaCl, and the solution was replaced twice to ensure a complete exchange 
of H+ with Na+. These combined solutions were used to determine the H+ content by 
titration with 0.1 M NaOH and a pH electrode (Metrohm pH 491). The IEC was 
calculated by the following equation:  
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 

where 𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 and 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 are the volume and concentration of NaOH respectively.  

3.2.6 Electrical resistance 

  A plexiglass cell with six compartments71 was used to measure the electrical 
resistance to the mobility of ions offered by a membrane. Both direct current (DC) 
as well as alternating current (AC) measurements were done at a constant 
temperature of 25 ± 0.2 °C, controlled by a thermostatic bath. Platinum coated 
titanium electrodes were placed in compartments on either end to apply a specific 
current, while Haber-Luggin capillaries (HLC in Figure SI 2.1) connected to 
calomel reference electrodes inserted into the central compartments measured the 
potential drop across the test membrane. These compartments circulated 0.5 M 
K2SO4 solution using a peristaltic pump. The test solution KCl was circulated in the 
two central compartments and a similar solution in the remaining two adjacent 
compartments. The test membrane was placed in between the central compartments 
while an auxiliary commercial CEM, Neosepta CMX (purchased from Astom 
Corporation, Japan), was placed between every other pair of chambers.  

  The test membranes were each equilibrated for 24 h before testing. DC resistance 
was the slope of the IV curve generated when currents of 0-200 mA were supplied 
via the electrodes and corresponding voltage drops measured by the capillaries. All 
resistances are reported as area resistances after subtracting the solution resistance, 
as well as multiplying by 0.785 cm2, the effective area of the membrane. AC 
resistance was measured by supplying an AC signal with a fixed amplitude of 5 mA 
and varying frequency from 1-100 MHz, and recording the response using a 
potentiostat PGSTAT302N (Metrohm Autolab, The Netherlands). Within the 100 – 
1000 Hz frequency range, the impedance measured with the minimum phase shift 
value is the AC resistance. The resistance of the diffusion boundary layer is obtained 
by subtracting the AC resistance from the DC resistance.  

3.2.7 Monovalent ion selectivity 

  In addition to the electrical resistance of KCl, that of K2SO4 was determined in 
solutions of the same normality, i.e., 0.25 M K2SO4. The monovalent ion selectivity 
of the ion exchange membrane is given by the following equation: 
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𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶SO42−
𝐶𝐶𝐶𝐶− =

𝑅𝑅SO42−
 𝑅𝑅𝐶𝐶𝐶𝐶−

 

  Where 𝑅𝑅SO42− is the resistance measured in 0.5 N (0.25 M) K2SO4 solution and 𝑅𝑅𝐶𝐶𝐶𝐶− 
is that measured in 0.5 N (0.5 M) KCl. Such a resistance-based selectivity is known 
to correspond well to resistances achieved using large scale electrodialysis 
experiments72. 

3.2.8 Permselectivity 

  An ion-exchange membrane, unlike a porous membrane, is dense. A gradient is 
needed to drive ions to diffuse through it when it is placed between two chambers 
with salt solutions (Figure SI 2.2). Ideally, an AEM allows anions (counterions) to 
pass and retains cations (co-ions), and vice versa. This property is called 
permselectivity. A calomel reference electrode (VWR, The Netherlands) was 
positioned in each of the two test chambers to measure the voltage drop due to the 
concentration gradient when salt solutions of different concentrations are circulated 
on either side of the membrane. 

  Numerically, permselectivity is calculated as the ratio of the experimental voltage 
measured by electrodes to the theoretical Nernst potential for an ideally 
permselective membrane. 

𝑃𝑃𝑅𝑅𝑤𝑤𝑚𝑚𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶 (%) =
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝑤𝑤𝑑𝑑𝐸𝐸𝐸𝐸𝑤𝑤𝐸𝐸𝑤𝑤𝑁𝑁𝐶𝐶

 𝑉𝑉𝐴𝐴𝑤𝑤𝑑𝑑𝐸𝐸𝑁𝑁𝑤𝑤
∗ 100 

Where, 

𝑉𝑉𝐴𝐴𝑤𝑤𝑑𝑑𝐸𝐸𝑁𝑁𝑤𝑤 =
𝑅𝑅𝑅𝑅
 𝑧𝑧𝑧𝑧

𝑅𝑅𝑐𝑐
𝑅𝑅2𝛾𝛾2
 𝑅𝑅1𝛾𝛾1

 

 

  C1 and C2 are the concentrations of the salt solutions, z is the mols of electrons 
transferred, and γ1 and γ2 are the activity coefficients. In addition to permselectivity, 
these measurements reveal the nature of charges on the membrane. Depending on 
whether the voltages are positive or negative corresponding to the arrangement of 
the electrode system, it can be concluded whether a membrane is an anion exchange 
membrane (AEM) or cation exchange membrane (CEM). 
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3.2.9 pH stability 

  Hot-pressed PECs whose permselectivities were measured were stored in 1 M (pH 
0) HCl (ACS reagent 37 %, Sigma Aldrich)  and 1M (pH 14) NaOH (pellets, Sigma 
Aldrich) for 60 days. The permselectivities were tested again after rinsing with 
MilliQ water and equilibrating in the KCl test solution for 24 h. 

3.3 RESULTS AND DISCUSSION 
  The versatility of polyelectrolyte complexes has been demonstrated in several 
applications73, and membrane science is no exception. The objective of this study 
was to determine if a polyelectrolyte complex based plastic prepared by hot (80 °C) 
pressing (200 bar) a polyelectrolyte complex of PSS and PDADMA can be used as 
an anion exchange membrane in electrodialysis. There are several parameters such 
as pressure, temperature, time, and amount of water that determine the exact 
properties of the plastic. Here these parameters were optimized to obtain defect-free 
and completely transparent films. In the present work, the basic morphology of the 
plastic was first examined, followed by electrochemical characterization, and finally, 
acid and alkaline stability were studied over time.  

 

Figure 3.2. A saloplastic film prepared by hot-pressing a polyelectrolyte complex 
of poly(styrenesulfonate) and poly(diallyldimethylammonium). 

   As shown in Figure 3.2, the high pressure applied to the polyelectrolyte complex 
in the presence of heat resulted in a dense transparent film. Such hot-pressed plastics 
are completely transparent, sturdy, and flexible. Under such conditions, defect-free 
membranes are obtained, also without any presence of bubbles. Transparency is an 
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indication that the material is dense and non-porous. Field emission scanning 
electron microscopy (FESEM) was performed to confirm this. It was observed that 
the material was fully dense down to the nanometer scale (Figure 3.3). 
  Baig et al. demonstrated polyelectrolyte complexation by Aqueous Phase 
Separation to synthesize membranes of average pore sizes ranging between 5 µm to 
2 nm and effectively used them as microfiltration, ultrafiltration, and nanofiltration 
membranes.47 On the other hand, relatively dense Saloplastics made by extrusion or 
ultracentrifugation have been reported to still have pores ranging between 10 µm to 
100 nm.67 In contrast, the films prepared by us are truly dense and thus have the 
desired structure for ion exchange type membranes. 

Figure 3.3. Field Emission Scanning Electron Microscopy (FESEM) images of a 
plastic made by hot pressing a polyelectrolyte complex of PSS and PDADMAC at 

different magnifications. 

  Polymers are known to swell when exposed to compatible fluids, and the presence 
of chemical or physical crosslinks prevents the structure from dissolving.74  The 
structure swells and is not broken down, and a state of equilibrium is attained. Flory-
Rehner theory assumes that only two opposing, equal entropic forces exist at such 
an equilibrium, thermodynamic mixing force, and polymer–retractile force.75 The 
degree to which a particular polymer swells at equilibrium gives us information on 
its crosslinking density. In the case of PECs, their ionic nature contributes to these 
forces, leading to higher interactions with water, but they can also lead to 
embrittlement when completely dry due to a high modulus. On the other hand, water-
plasticized PECs have a lower modulus and hence are tough and processible. This 
was observed in hot-pressed PECs too. They were brittle and hard in their dry state, 
especially at low humidities, as opposed to being flexible and stretchable in their 
hydrated state.   
  The water content of the hot-pressed PSS/PDADMAC plastics was measured to be 
40 ± 5 %, the reproducibility of which is shown in Figure SI 3.3. In electrodialysis 
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we deal with salt solutions of varying ionic strengths, therefore the water content of 
the hot-pressed membranes was evaluated as a function of ionic strength. The results 
of these experiments can be found in Figure 3.4. Each point represents two samples 
with duplicate measurements, averaging four values. With an increase in salt 
concentration, the membranes are expected to swell due to doping, leading to the 
breaking of the ionic links between the polyelectrolyte pair. This leads to greater 
hydration, and in turn, swelling.76  

 

Figure 3.4. Water uptake by hot-pressed plastics in different concentrations of 
NaCl. Each point represents an average of four numbers - two samples, tested 

twice each. Error bars represent the standard deviation. 

  In Figure 3.4 it can be seen that water uptake is constant up to 2 M NaCl. Beginning 
from 2 M salt, the film became visibly weaker and at 3 M, also became sticky and 
difficult to handle. Above this ionic strength, it also became difficult to accurately 
determine the hydration of the film, explaining the larger error bar for water uptake 
at 3M salt. Figure SI 3.4 demonstrates a similar study at 4 different temperatures, 
demonstrating only a weak effect of temperature on the film hydration. Similar 
systems such as polyelectrolyte multilayers (PEMUs) of PSS/PDADMA and 
extruded PSS/PDADMA saloplastics have displayed high water uptake values and 
increased swelling as the salt concentration was increased. Salt is also known to play 
a role in the swelling of most commercial ion-exchange membranes such as Nafion 
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membranes, whose water uptake depends on the salt concentration.77 Our PEC based 
films are stable even at higher salinities (2 M), which would allow their use for most 
electrodialysis type applications. 

 
Figure 3.5. Change in permselectivity with membrane thickness shown by hot-
pressed plastics of three thicknesses. Each pair of KCl solutions (0.01/0.05 M, 
0.03/0.15 M, and 0.05/0.25 M) had a concentration ratio of 5. The error bars 

indicate the standard deviation. If no error bar is visible, then the error is smaller 
than the used marker. 

  It has been found that the polyelectrolyte complex made by stoichiometric mixing 
of individual polyelectrolyte solutions contains excess cationic groups78. Hence, the 
presence of a slight positive charge is expected. The ion exchange capacity (IEC) of 
a membrane indicates the extent of ionic groups in the polymer matrix available for 
ion exchange. As our membrane is expected to contain both anionic and cationic 
charges, it was important to measure both capacities. The anion exchange capacity 
was measured to be 1.37 ± 0.16 mmol.g-1, while the cation exchange capacity was 
0.36 ± 0.03 mmol.g-1. That leaves us with a net ion exchange capacity of 1.01 ± 0.19 
mmol.g-1. The commonly used commercial membranes,  Neosepta AMX, Neosepta 
ACS (Tokuyama Soda, Japan), and Selemion AMV (Asahi glass, Japan) have IECs 
of 1.6 ± 0.2 mmol.g-1 80, 1.7 ± 0.3 mmol.g-1 81, and 2.2 ± 0.3 mmol.g-1 respectively. 
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This indicates that the charge density is lower than that of these commercial 
membranes, but is of comparable magnitude.  
  An ion-exchange membrane with high water uptake tends to have lower 
selectivity82, as swelling lowers the charge density in the membrane. This was 
investigated by measuring permselectivity, i.e., the ability to selectively allow either 
cations or anions to pass through. This property was evaluated by placing the hot-
pressed membrane between two chambers containing solutions with the same salt at 
different concentrations. As shown in Figure 3.5, 0.01/0.05 M salt solutions allowed 
anions to selectively permeate up to 97%, also indicating that the membranes are 
positively charged. The values decreased to 88% for the 0.03/0.15 M combination 
and the values slumped to an average of 60% when the concentrations were increased 
to 0.05/0.25 M. These measurements indicate that the PSS/PDADMAC based 
plastics can function as anion exchange membranes with high selectivities. The fact 
that the permselectivity drops at higher salinity indicates a lower charge density in 
such a membrane and hence, it can only be used efficiently at lower salt 
concentrations, or with lower permselectivities at higher salt concentrations. This 
finding is also supported by literature, which shows that permselectivity decreases 
as the ionic conductivity (permeability) increases. This can be attributed to the fact 
that when the salt concentration increases, the sorption of co-ions increases, leading 
to a decrease in permselectivity.83  
  In general, membrane thickness is known to influence the performance of ion-
exchange membranes.84 To investigate the effect of thickness on permselectivity, 
three different membrane thicknesses comparable to the thickness of commercial 
membranes, 100 ± 2 µm, 150 ± 3 µm, and 200 ± 3 µm, were chosen. The results can 
be found in Figure 3.7 from which it was deduced that permselectivity remains 
unchanged when the membrane thickness was increased from 100 ± 2 µm to 150 ± 
3 µm. However, this value decreased slightly when the thickness was increased to 
200 ± 3 µm, although the decrease was limited to less than 10% in each case. Figure 
SI 3.7 shows that the permselectivity is maintained even in very thin membranes (30 
– 80 µm).  
  The permselectivity is one property of ion exchange membranes that is known to 
remain relatively constant with changes in membrane thickness. Studies with Nafion 
membranes, PES blended SPEEK membranes, and other lab-made membranes 
reported in literature have shown small or insignificant changes in permselectivity 
with respect to thickness.77,84,85  
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  The resistance that a membrane material offers to the passage of ionic current 
through it is another important property of ion-exchange membranes that is required 
to be investigated. This resistance, unlike permselectivity, is known to be dependent 
on thickness. For an ohmic conductor, the resistance is expected to increase as the 
thickness of the material increases.86 In this regard, membranes with thicknesses  30 
± 2 µm, 50 ± 3 µm, 80 ± 2 µm, 100 ± 2 µm, 150 ± 3 µm, and 200 ± 3 µm were used 
to determine the area resistance, obtained by measuring the potential difference 
across the membrane after supplying DC. Figure 3.6 contains the results, wherein 
each point is an average of four values, obtained by measuring the area resistance of 
two membranes twice. The resistance was observed to increase linearly with 
membrane thickness which is in line with literature. Studies with extruded sulfonated 
polyimide membranes, Nafion, and other commercial membranes have clearly 
shown this trend.84,86–88 The homogeneity of the membrane structure along its 
thickness can also be inferred from this. As the thickness of a conductive film 
decreases, ions travel faster through it. Thus, thinner membranes reduce the 
resistance to ions and are beneficial for electrodialysis. This is clearly shown for 
membranes thinner than 100 µm wherein the resistances are extremely small, and 
are almost negligible for 30 µm membranes. This translates to monovalent 
selectivity, which is shown to be inversely proportional to the membrane thickness 
(Figures SI 3.5 and SI 3.6), with a 50 µm membrane displaying an excellent 
selectivity of 6.3. Although difficult to handle, a 30 µm membrane further shows an 
even higher selectivity for Cl- over SO4

2- ions, especially as result of the nearly 
negligible resistance to Cl-. Such a low resistance could indicate the occurrence of 
defects and needs to be studied in much greater detail. Thinner membranes also 
reduce the material needed, in turn reducing the fabrication cost.  
  The increase in selectivity as a the membrane becomes thinner, indicates that the 
selectivity stems from a surface effect rather than a bulk effect. It is thus likely that 
the monovalent ions are able to more easily approach and enter the membrane 
compared to the divalent ions. For thinner membranes, such a surface selectivity 
becomes more dominant. 
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Figure 3.6. Variation of area resistance with membrane thickness offered to sulfate 
and chloride ions in 0.5 N K2SO4 and 0.5 N KCl respectively. Hot-pressed plastics 

of thicknesses: 30 ± 2 µm, 50 ± 3 µm, 80 ± 2 µm, 100 ± 2 µm, 150 ± 3 µm, and 
200 ± 3 µm have been tested. Each point is an average of four values (two 

membranes measured twice). If no error bar is visible, then the error is smaller than 
the used marker. 

  Table 3.1 summarizes the properties of the PSS/PDADMA membrane and common 
commercial membranes. The values of ion exchange capacity, area resistance, and 
permselectivity of hot-pressed membranes indicate that our membranes are 
comparable to their commercial counterparts. 
  While reasonable selectivities and low resistance to the transport of ions are the 
fundamental requirements for membranes to possess ion-exchange characteristics, it 
is also important for them to be stable in highly acidic or alkaline conditions. This 
necessity has posed a serious challenge to membrane scientists.  
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  To investigate this, eight membranes were cut in two. Permselectivity was 
determined for one half of each membrane. Four of the other halves were stored in 1 
M NaOH solution at pH 14 and the remaining four were stored in 1 M HCl solution 
at pH 0 for 60 days. In each case, permselectivity was determined after washing them 
with Millli Q water, KCl, and equilibrating in it for 24 hours. The stability of these 
membranes in alkaline and acid media was understood by comparing the 
permselectivity values before and after the pH 14 test. Figure 3.7 shows that the 
values, each point representing 2 membranes with duplicate measurements, have not 
changed significantly, clearly indicating the good stability of these membranes in 
alkaline media. This is further supported by water uptake values measured before 
and after the pH 14 treatment, which were identical. This stability is attributed to the 
nature of the polyelectrolytes, PSS and PDADAMA, which are both strong and 
hence remain charged in the entire pH regime. Moreover, both polyelectrolytes have 
a very high chemical stability, and will not degrade even under extreme pH 
conditions. 

 
Figure 3.7. Permselectivity measurements before and after storage in 1 M NaOH 
(pH 14) and 1M HCl (pH 0) for 60 days. Each point represents an average of four 
values (two membranes measured twice each). The error bars indicate the standard 
deviation. If no error bar is visible, then the error is smaller than the used marker. 
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  It has been demonstrated by Elshof et al. that PSS/PDADMA based polyelectrolyte 
multilayer nanofiltration membranes have excellent long-term chemical stability in 
terms of pure water permeance, molecular weight cut-off, and salt retention.94 
Several studies have made efforts to improve the alkaline stability of anion exchange 
membranes. Some of these have been successful in making materials with good 
stability, but possess other drawbacks. For instance, Hibbs used a polyphenylene 
backbone and trimethylammonium cations and made the material alkaline stable by 
introducing a hexamethylene spacer between the two.95 Similarly Tomoi et al., have 
tethered a polystyrene backbone to an alkyl trimethyl ammonium cation using a 
variety of ethers.96 However, the synthesis of such materials is challenging as it 
requires cations with long tethers which are difficult to obtain, while the membrane 
itself can degrade via Hofmann elimination.15   Several cationic functional groups 
have been explored too as an alternative to benzyltrimethylammonium cations 
appertaining to their low alkaline stability.97–99 One such study by Noonan et al. 
evaluated a tetrakis(dialkylamino)phosphonium cation and obtained impressive 
stabilities.100 However, the inclusion of such cations introduces increased 
complexities as well as higher costs, in addition to low conductivities. In the case of 
Ruthenium and Cobaltcenium cations, there is also a risk of interfering with 
electrode reactions.15 In comparison, our membranes combine a sustainable 
approach to production, with very decent ion exchange properties and high alkaline 
stability.  

3.4 CONCLUSIONS 
  Academia and industry are working on transitioning to more sustainable methods 
of membrane fabrication, with polyelectrolyte complexation being one attractive 
route. Here we demonstrate that dense saloplastics made by simple hot-pressing of 
polyelectrolyte complexes are promising materials to act as anion exchange 
membranes. 
  Electrochemical characterization demonstrates that these completely dense 
saloplastic membranes can selectively allow counter-ions to pass through them while 
blocking co-ions with permselectivities up to 97%. Ionic resistance measurements 
show that these PEC materials offer resistances comparable to commercial anion 
exchange membranes. They are also selective to chloride ions over sulfate ions, with 
an excellent selectivity of up to 6.3 for 50 µm films , while their high stability in 
extreme acidic and alkaline media sets them apart from commercial IEMs.  
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  It is especially promising that these low-cost saloplastic membranes are simple to 
make with easily synthesizable and procurable starting materials. They have the 
potential to be further improved and tailored to specific applications using other 
polyelectrolyte couples, additives, and crosslinking. Initially, the focus would be on 
improving the charge density, to guarantee high permselectivities also at higher ionic 
strengths, and on tuning the internal charge balance to also prepare cation exchange 
membranes based on this material. With that in place, saloplastic ion exchange 
membranes hold a real promise to make ion-exchange based processes cheaper, more 
sustainable, and more selective. 
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Supplementary Information   |  Chapter 3 

 
 

Figure SI 3.1. Schematic illustration of a six compartment cell used to measure 
the membrane resistance. The membrane to be investigated is placed in the 
center, in between the Haber-Luggin capillaries (HLC). V is the potential 

over the HLC when an electric current I is applied. 
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Figure SI 3.2. Schematic illustration of a two-compartment cell used to 

measure the permselectivity of an ion-exchange membrane. The membrane to 
be investigated is placed in between the chambers, wherein KCl solutions of 

different concentrations are circulated on either side. An ideally permselective 
ion exchange membrane allows only counterions (anions) to pass and blocks all 
co-ions (cations). This quickly leads to the formation of measurable potential. 

  Mobility of water in an ion-exchange membrane plays an important role in its 
functioning, and determining its equilibrium water content is essential in this 
regard. The water content of the hot-pressed PSS/PDADMAC plastics was 
measured to be 40 ± 5%,  the reproducibility of which was studied in Figure SI 
3.3. Most commercial anion exchange membranes are known to have water 
contents ranging from 16% to 50%  in their wet states. Hence, hot-pressed 
plastics have comparable water content. The above also demonstrates how 
reproducible these samples can be prepared, with very small variations in 
thickness and swelling. 
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Figure SI 3.3. shows the water content in a wet hot-pressed saloplastic at 

equilibrium as weight percent. Each point represents a fresh piece of membrane 
prepared under identical conditions, all of them having the same thicknesses of 

150 ± 3 µm. 

 
Figure SI 3.4. A temperature study of water uptake as a function of salt 
concentration. At 50 °C the membrane placed in 3M KCl could not be 

measured as it was very weak to handle. 
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Figure SI 3.5. Monovalent-ion selectivity of the hot-pressed PECs as a 

function of membrane thickness (50 - 200 µm). 

 
Figure SI 3.6. Monovalent ion selectivity of the hot-pressed PECs as a 

function of membrane thickness (30 - 200 µm). The membranes which are 30 
µm thick have an extremely low resistance to the passage of chloride ions. Due 
to this, the ratio of sulphate to chloride ions turns out to be very high. However, 

it is not easy to handle free standing membranes which are 30 µm thick for 
practical purposes. 
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Figure SI 3.7. Permselectivity of the hot-pressed PECs as a function of 

membrane thickness (30 - 200 µm) in 0.03/0.15 M KCl solution. 

   The permselectivity of all the measured membranes lie close to 90% with a 
deviation of up to 5% seen in thicker and very thin membranes. 
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“Als je te langzaam gaat, gaat je paard overal heen. En als je te snel gaat, 
verlies je de controle. Vind het juiste tempo.” 

 

Translation:  

“If you go too slow, your horse goes everywhere. And if you go too fast, 
you lose control. Find the right pace for yourself.”  

                                 - Daphne Waaiers 

                                         Horse-riding instructor,  
                                                             Manege de Horstlinde, Enschede 

                                     (7 February, 2019) 
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ABSTRACT 

Saloplastic-based ion exchange membranes (IEMs) can be produced by simple hot-
pressing of polyelectrolyte complexes. This work investigates the effects of varying 
the ratio of mixing and the choice of polyelectrolytes on the key property for any 
IEM, the charge density. Moreover, their mechanical, material, and separation 
properties are studied. While studying a variety of polyelectrolyte combinations, 
based on strong-strong, strong-weak, and weak-weak combinations, we observe that 
not all systems can be effectively hot-pressed. Only for the strong-strong system, and 
under stoichiometric ratio could polyelectrolyte complexes be hot-pressed directly, 
while for other ratios and all strong-weak systems centrifugation was required to 
obtain suitable complexes. Weak-weak systems were not found to be processible. In 
general, the excess charge of the resulting saloplastic can be controlled by simply 
varying the polyelectrolyte ratio, but up to a limit beyond which additional charge is 
likely removed in the supernatant.  An anomaly was the PSS-PVH system which 
produced an anionic membrane when there was an excess of positive polyelectrolyte. 
Overall the work shows clearly that a large variety of ion exchange membranes can 
be produced when both polyelectrolyte type and ratio are carefully chosen. The 
resulting membranes show performance in terms of selectivity that is slightly below 
that of commercial ion-exchange membranes, likely due to the somewhat smaller 
charge densities that could be achieved.   
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4.1 INTRODUCTION 
  Polyelectrolyte complexation has become an increasingly important tool in 
membrane science over recent years.1 Dilute aqueous solutions of oppositely charged 
polyelectrolytes can be applied2 in an alternating fashion on flat-sheet or hollow-
fiber supports to form polyelectrolyte multilayers (PEMs) that function as the active 
separation layer of the membranes. Alternatively, concentrated solutions can be 
phase-separated using a pH or salt trigger to form sustainable porous membranes for 
micro, ultra, and nanofiltration by Aqueous Phase Separation (APS).3,4 Complex 
coacervates of polyelectrolytes have also been spin-coated into layers to form 
different porous structures.5 Clearly, multiple approaches exist to utilize 
polyelectrolyte complexation as the basis of membrane formation.   
  The layer-by-layer approach to applying PEMs on a porous or dense substrate is an 
established method to make or modify membranes. Different combinations of 
polyelectrolytes, such as Polystyrene sulfonate (PSS)- polyallylamine hydrochloride 
(PAH), PSS-polydiallyldimethyl ammonium (PDADMA), and polyacrylic acid 
(PAA)-PAH have been well studied for various types of separations.6–8 Studies have 
demonstrated an enormous control over the charged nature of the PEM and through 
that their ion separation properties by tuning pH, salinity, and application procedures. 
Here, positive and negative layers are coated alternatively by dipping the substrate 
into dilute solutions of polyelectrolytes. While the structure is thus formed layer-by-
layer, it is important to understand that a PEM typically does not retain separately 
charged layers 9 Indeed, chains intermix behaving as bulk sections of complexed 
polymer with only the surface(top layer) that may be more highly charged.  
  The above suggests that separation layers based on complexed polyelectrolytes 
made in a single step, would still have the very relevant separation properties and 
versatility of the PEM based NF membranes10 This would be especially relevant for 
electrodialysis type applications, where a dense ion-exchange membrane (IEM) is 
required with a common thickness in the µm range, something that would take an 
immense amount of coatings steps when prepared using LbL.11  
  Fully dense materials, as would be required for ion exchange membranes, are in 
polymer processing typically achieved by using pressure and/or temperature.12 In 
polymer science, this translates to compression moulding methods such as extrusion.  
The Schlenoff group has demonstrated the processing of polyelectrolyte complexes 
by extrusion using saltwater. They were appropriately labelled ‘saloplastics’ as salt 
dopes the complex while water plasticizes it, and the provision of heat in the extruder 
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enhanced the mobility of the polymer chains. However, these saloplastics are not 
devoid of pores.13 Therefore, in our previous work, a hot pressing method was 
devised to overcome this, utilizing pressures of up to 200 bar.14,15 A well-studied 
system of two strong polyelectrolytes- polystyrene sulfonate (PSS) and 
polydiallyldimethylammonium (PDADMA) were employed to facilitate this, and the 
plastic was found to contain an excess positive charge. The obtained plastic sheets 
were further used as an anion exchange membranes.14,16 In a follow-up paper, a 
saloplastic based anion exchange  membrane was also developed based on PSS-
PVH, with very relevant selectivities for Na+ over K+.16  
  In the case of PSS-PDADMA, increasing the molecular weights of the individual 
polyelectrolytes was shown to increase the net charge of the complex formed 
between them.15 Higher molecular weights indicate longer chains, leading to more 
entanglements, and thus not all of the functional groups can be accessed by those of 
the oppositely charged polymer. This effect was observed to be higher when both 
polyelectrolytes have high molecular weights, and hence high molecular weights 
were also adopted for all systems studied in this work.15  
  In literature, charge variation has been demonstrated by changing the salt 
concentration in the initial polyelectrolyte solutions.17 Shamoun et al were able to 
achieve increased charge up to 24% by precipitating PSS-PDADMA complexes in 
2.5M NaCl solutions.18 This is an additional testimony that varying the quantities of 
parameters do influence the final charge of precipitates, and in turn, that of the 
saloplastics. However, for their application as ion exchange membranes, a dense 
structure is desired. The presence of a large number of counterions in the precipitate 
as well as the quantities of salt used led to crystallization and finally to pores and 
white membranes during our trials. Hence, it does not result in IEMs and this 
approach was not employed.  
  Also the binding strengths of different polyelectrolyte pairs have been studied by 
Jincheng Fu et al.19 A polyelectrolyte is categorized as strong or weak depending on 
its degree of ionization in solution. Strong polyelectrolytes are those that ionize 
completely independent of the solution pH, while weak ones depend on the pH for 
the same. In general, strong polyelectrolyte combinations are shown to have tougher 
complexes and enable more control. To obtain saloplastics with different net charges, 
tuning the amount of salt can tune their ratio. This process leads to weaker plastics 
and other unfavorable properties. For weak polyelectrolytes, a change in pH can also 
be used to tune the net charge of the resulting plastic. 
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  The use of saloplastics as ion exchange membranes requires significant charge 
densities, and being able to tune this property can allow control over their separation 
properties, but also over their physical and mechanical properties. To achieve control 
over the net charge of saloplastics, the current manuscript focuses on varying the 
ratios of oppositely charged monomers. Moreover, we study the effect of 
polyelectrolyte type, by studying various combinations of strong/strong, 
strong/weak, and weak/weak polyelectrolytes. The properties of these saloplastics 
were studied and different behaviours were found depending on the charged 
monomer ratio and the choice of polyelectrolytes. Consequently, we show that both 
cation and anion exchange membranes can be made and that their charge densities 
can be controlled effectively by tuning the ratio of mixing and choice of 
polyelectrolytes.  

4.2 MATERIALS AND METHODS  
4.2.1 Materials 
  Poly(sodium 4-styrene sulfonate) (Na-PSS, Mw = 1000 kg.mol-1, 25 wt% in H2O), 
chloride salt of Poly(diallyldimethylammonium) (PDADMAC), Mw = 400-500 
kg.mol-1, 25 wt% in H2O),  Polyacrylic acid (PAA), Mw=250 kg.mol-1, 35 wt% in 
H2O, NaCl (>99%), KCl (>99%), and KBr (>99%) were purchased from Merck 
Nederland. Polyvinylamine (PVA-HCl) was purchased as Lupamin (MW = 350 
kg.mol-1) from BASF Belgium and used as received. Polyallylamine Hydrochloride 
(PAA-HCl) Mw = 150 kg.mol-1, 40 wt% in H2O was obtained from Nittobo Medical 
Co, Japan. Hydrochloric acid, HCl (37 %), and Sodium hydroxide, in the form of 
NaOH pellets, were both purchased from Sigma Aldrich.  Milli-Q water from a 
Millipore Synergy® Water Purification System was used to make polyelectrolyte all 
solutions. 

4.2.2 Preparation of polyelectrolyte complexes  
  Each combination of anionic and cationic polyelectrolytes was prepared differently 
in accordance with the ratio in which they are known to combine from literature, as 
well as other specific observations. 
4.2.2.1 PSS-PDADMA complex  

  Complexes were prepared in a five different monomer ratios- 3:1, 2:1, 1:1, 1:2, 1:3. 
To achieve this, two separate single-polyelectrolyte solutions were prepared for each 
ratio with 125 mM of KBr. The total mass of the dry polymer (PSS+PDADMA) was 
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kept constant at 30 gL-1 for all the ratios. They were then mixed by pouring both 
solutions simultaneously into a third beaker under stirring, and allowed to stir for 3 
h. Afterwards, each solution was allowed to rest for 24 h.  
4.2.2.2 PSS-PAH complex 

  Individual solutions of Na-PSS and PAH were prepared in the ratios according to 
their monomer repeat unit respectively.49 For this system 100 mM KBr was added to 
all polyelectrolyte solutions to facilitate complexation.  
4.2.2.3 PSS-PVH complex 

  Solutions of Na-PSS and PVH were individually prepared, in the ratios 3:1, 2:1, 
1:1, 1:2, 1:2.5, 1:3. 150 mM KBr was used and samples were prepared similar to the 
method described in section 2.2.1. 
4.2.2.4 PAA-PDADMA complex 

  Individual solutions of PAA and PDADMAC20 were prepared in the ratio of 1:1 
with respect to the monomer unit, similar to the method described in section 4.2.2.1, 
in 50 mM NaCl.  
4.2.2.5 PSS-PEI complex 

  Individual solutions of PSS and PEI were prepared in the monomer ratio 2:1 with 
100 mM KBr in each solution.  

4.2.3 Hot-press moulds 
   A Delrin® (DuPont) sheet was cut into two rectangular plates of dimensions 
150x100x6 mm3. On the bottom plate, a spacer was glued. It was cut out of a PTFE 
coated Fiberglass sheet (Lubriglas®-CHAP-1540) of thickness 0.122 mm with 
adhesive on one side (Figure SI 4.1), purchased from Reichelt Chemietechnik 
GmbH+Co (Heidelberg, Germany). Narrow outlets were made on each edge to 
facilitate excess water, polyelectrolyte complex, and air to escape. The top plate was 
used as it is as. Together, they constitute a mould. 

4.2.4 Centrifugation 
  The dispersed complex with/without supernatant was poured into centrifuge tubes 
and centrifuged using a Corning® LSE™ Compact Centrifuge at 6000 rpm for 30 
min. The supernatant was discarded and this was repeated at least twice until the 
precipitate was compact enough to be handled and processed.  
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4.2.5 Hot-pressing 
  A FV20R Rollie Driptech Rosin Press (purchased from FVR, Canada) was used to 
hot-press polyelectrolyte complexes. For this, weighed PEC was placed on the lower 
plate of the mould, and closed with the upper plate. This mould was placed in 
between the aluminium slabs of the hot-press. The slabs of the hot-press were slowly 
closed together in such a way that they touched but were not subjected to any 
pressure. The heating was switched on and the desired temperature for each PEC was 
set, leading to an increase from room temperature in 10-15 min. The mould was 
allowed to sit at this temperature for 10 min before a PEC-specific pressure was 
applied. The PEC was allowed to remain so for 5 min. Finally, the temperature was 
set to 25 °C, to allow gradual cooling. When 25 °C was reached in ~ 30 min, the 
pressure was released, mould opened, and the plastic PEC sheet was removed. 

Table 4.1. Hot-pressing conditions for different PEC pairs. 

Combination Hot-pressing 
temperature 

°C 

Hot-pressing 
pressure 

bar 

Approx. weight of wet 
precipitate 

(for a 150 µm film of 1 
cm2) 

PSS-PDADMA 90 200 1.3 

PSS- PVH 95 150 1.6 

PSS-PAH 90 150 1.5 

PAA-
PDADMA 

75 50 1.4 

 
4.2.6 Water content and water uptake  
  A film was weighed in storage condition, fully hydrated, as well as dehydrated 
states, and the differences were compared with the latter to understand water uptake. 
For hot-pressed films of each combination of polyelectrolytes, films were cut into 
rectangular strips of 2 cm x 1 cm, and masses were recorded (msto) at 37-40 % 
humidity. These samples were then immersed in MilliQ water for 24 h, after which 
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the masses were again recorded (mwet). Next, they were dried in a vacuum oven at 
30 °C for 24 h. The masses were recorded once again (mdry).  
  Similarly, the difference in storage (air) and dry masses of a membrane, taken as a 
ratio to the dry mass gives the value of water content in ambient storage conditions, 
shown by the following equation.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅 𝑅𝑅𝑐𝑐 𝑅𝑅𝑅𝑅𝑤𝑤 (𝑅𝑅𝑅𝑅) =
𝑚𝑚𝑁𝑁𝐸𝐸𝑑𝑑 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 

  The difference in wet (water) and dry masses of a membrane, taken as a ratio to the 
dry mass gives the value of water uptake. It is the water content in the film after 
equilibration in water, which is shown by the following equation.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤 𝑢𝑢𝑢𝑢𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅 (𝑅𝑅𝑊𝑊) =
𝑚𝑚𝑤𝑤𝑁𝑁𝑤𝑤𝑤𝑤𝑑𝑑 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 

4.2.7 Ion exchange capacity (IEC) 
  Potentiometric titrations were performed to determine the anion and cation 
exchange capacities, AEC and CEC, of each film respectively.21 Then, depending on 
the type of membrane, the lower value was subtracted from the higher value to obtain 
the net IEC. 
  To determine the AEC, the samples were first brought to the Cl- form by soaking 
0.2 g of dry membrane in 150 mL of 1.0 M NaCl for 24 h. Next, the membrane was 
rinsed and soaked in MilliQ water for 90 min, during which the water was replaced 
several times to remove the sorbed NaCl. The Cl- ions were replaced by SO4

2- ions 
by soaking the film in 50 mL of 1.0 M Na2SO4, during which the solution was 
replaced twice to ensure a complete exchange of Cl- with SO4

2-. These three solutions 
were combined and the amount of chloride ions released from the sample was 
determined by titration with 0.1 M AgNO3, whose endpoint was indicated by 
K2CrO4. The AEC was calculated as follows:  

𝐴𝐴𝑐𝑐𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 (𝐴𝐴𝐸𝐸𝑅𝑅) [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3and 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 are the volume and concentration of AgNO3 respectively.   
  To determine the CEC, the sample was brought to the H+ form by immersing 0.2 g 
of dry membrane in 150 mL of 0.5 M HCl for 24 h. Next, it was rinsed in MilliQ 
water and soaked for 2 h during which the water was replaced several times to 
remove sorbed HCl. Further, H+ ions were replaced by Na+ by soaking in 50 mL of 
1 M NaCl, and the solution was replaced twice to ensure a complete exchange of H+ 
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ions with Na+. These solutions were combined released amount of H+ ions was 
determined by titration with 0.1 M NaOH in the presence of a pH electrode 
(Metrohm pH 491). The CEC was calculated by the following equation:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁and 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 are the volume and concentration of NaOH respectively.  

4.2.8 Permselectivity 
  The ability of a membrane material to allow the passage of counterions (anions for 
an anion exchange membrane, and vice versa) while retaining co-ions is termed 
permselectivity. A test membrane was inserted between two chambers (Figure SI 
4.2) with different concentrations of KCl solution in circulation. Each chamber had 
a calomel reference electrode (VWR, The Netherlands) measuring the voltage drop 
induced by the concentration gradient generated due to the difference in 
concentration on either side of the membrane. Numerically, the permselectivity is 
calculated as the ratio of the experimental voltage measured by electrodes to the 
theoretical Nernst potential for an ideally permselective membrane. The Nernst 
potential is given by 

𝑉𝑉𝐴𝐴𝑤𝑤𝑑𝑑𝐸𝐸𝑁𝑁𝑤𝑤 =
𝑅𝑅𝑅𝑅
 𝑧𝑧𝑧𝑧

𝑅𝑅𝑐𝑐
𝑅𝑅2𝛾𝛾2
 𝑅𝑅1𝛾𝛾1

 

  Here, C1 and C2 are the salt concentrations while γ1 and γ2 are the activity 
coefficients. Using the above theoretically calculated voltage as well as the 
experimental voltage, the permselectivity is calculated as 

𝑃𝑃𝑅𝑅𝑤𝑤𝑚𝑚𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶 (%) =
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝑤𝑤𝑑𝑑𝐸𝐸𝐸𝐸𝑤𝑤𝐸𝐸𝑤𝑤𝑁𝑁𝐶𝐶

 𝑉𝑉𝐴𝐴𝑤𝑤𝑑𝑑𝐸𝐸𝑁𝑁𝑤𝑤
∗ 100 

  Each membrane was equilibrated in a 0.1M KCl solution for at least 24 h before 
the permselectivity measurement. 

4.2.9 Electrical resistance 
  The electrical resistance offered by a membrane to the mobility of ions was 
measured using a six-compartment cell (Figure SI 3) made of Plexi glass22. A 
constant temperature of 25 ± 0.2 °C was maintained using a thermostatic bath. The 
two end compartments housed platinum-coated titanium electrodes to apply specific 
currents. Haber-Luggin capillaries connected to calomel reference electrodes were 
inserted into the central compartments to measure the potential drop across the test 
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membrane. The test solution, for example, KCl, was circulated in the two central 
compartments using a peristaltic pump. A similar solution was circulated in each of 
the two adjacent compartments on either side. 0.5 M solution of K2SO4 was 
continuously circulated in the end chambers. Commercial cation exchange 
membranes, Neosepta CMX from Astom Corporation (Japan) were placed in 
between every pair of chambers except the central ones, where the test membrane 
was inserted using a holder (Figure SI 4.4). The holder consists of two discs with 
gaskets to hold the membrane in place and avoid any leakage of the salt solution. 
Each test membrane was equilibrated in the test solution for at least 24 h before 
testing. The electrodes supplied currents of 0-200 mA resulting in voltage drops 
measured by the Haber Luggin capillaries. An IV curve was plotted and the slope 
was determined for the DC resistance. The solution resistance (obtained by 
measuring the resistance of the holder without a membrane) was subtracted from 
each value and multiplied by 0.785 cm2, the effective area of the membrane, to obtain 
the value of area resistance reported in this paper.  
A 5 mA fixed amplitude AC signal was supplied and the frequency was varied from 
1-100 MHz while the response was recorded with a PGSTAT302N, Metrohm 
Autolab (The Netherlands) potentiostat. The impedance was measured with a 
minimum phase shift value in the frequency range 100 – 1000 Hz to obtain the AC 
resistance. The AC resistance was subtracted from the DC resistance to obtain the 
resistance of the diffusion boundary layer.  

4.2.10 Ion selectivity  
  The ion selectivity of the ion exchange membranes is given by the following 
equation: 

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐴𝐴−𝐵𝐵
− =

𝑅𝑅𝐴𝐴−
 𝑅𝑅𝐵𝐵−

 

Where 𝑅𝑅𝐴𝐴− is that measured in AClx and 𝑅𝑅𝐵𝐵− is the resistance measured in BCly 
solutions, x and y are the valencies of A and B respectively. Three monovalent ions 
(Li+, Na+, K+) and two divalent ions (Ca2+, Mg2+) were used as chloride salts in 
aqueous solutions to determine the resistances. All the solutions were made such that 
they had the same ionic strengths for fair comparison. 
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4.2.11 pH stability 
  Permselectivities of hot-pressed plastics were measured and then the samples were 
stored in 1 M (pH 0) HCl (37 %)  or 1M (pH 14) NaOH. After the duration of storage, 
the samples were rinsed thoroughly in MilliQ23–25 water and the permselectivities 
were measured again. For samples that degraded, the experiment was repeated with 
the next number, for instance, pH 2 or 13, and so on until the stability range was 
determined for each sample.  

4.2.12 UV-Vis spectroscopy 
  Opacity was assessed using a UV 1800 spectrophotometer from Shimadzu 
Corporation, Tokyo, Japan, Plastics were cut into strips of  8 x 32 mm2 and placed in 
the cuvette to measure the absorbance at 600 nm wavelength. The absorbance was 
recorded and the opacity was calculated as follows, wherein d is the thickness of the 
sample in mm: 

𝑂𝑂𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 =
𝐴𝐴𝐴𝐴𝑃𝑃𝑐𝑐𝑤𝑤𝐴𝐴𝑅𝑅𝑐𝑐𝑐𝑐𝑅𝑅600

𝑑𝑑
 

4.2.13 Thickness measurements  
  All mentioned thicknesses were measured using a handheld series 293 micrometer 
from Mitutoyo Instruments. Each reported value is an average of at least five 
different measurements taken at random positions.   

4.2.14 Commercial membranes 
  The properties of hot-pressed plastic membranes were compared with commercial 
membranes, Neosepta AMX, CMX, and Neosepta ACS (obtained from Astom 
Corporation, Japan). 

4.3 RESULTS AND DISCUSSION 
  The results and discussion section is divided into four parts, beginning with (a) the 
processibility of polyelectrolyte complexes into saloplastics, followed by (b) their 
physical and mechanical properties, (c) the effect of the ratio of mixing on the charge 
density and ion-exchange performance of the saloplastic membranes, and finally (d) 
they are compared to the characteristics of common commercial membranes and 
discussed. 
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4.3.1 Processing polyelectrolyte complexes to saloplastics  
The processability of a complex depends on its compactness, which is a result of the 
affinity between the polyelectrolytes.20 While saloplastics have been previously 
made using combinations like PAA-PAH26, most work has been performed with PSS-
PDADMA27–29, including their use as tissue scaffolds30 and as ion-exchange 
membranes.16 For this work we selected a much broader range of systems, including 
strong-strong, strong-weak, and weak-weak combinations, where we study their 
processing into saloplastics under varying monomer ratios. Table 4.1 gives an 
overview of these systems, while they are discussed in detail hereafter. 

NaPSS-PDADMAC.  
  The complexation and processing of the two strong polyelectrolytes, PSS with 
PDADMA, has been studied in the literature in several ways and for different 
applications. Their multilayers (PEM) have been examined for properties such as 
hydrophilicity31, ion transport32, and doping, and have been designed for applications 
including drug delivery33, bio-nanoparticle incorporation,34, and membranes.35  
Porous free-standing PSS-PDADMA  membranes have been demonstrated by 
solution casting.3 Shamoun et al. extruded stoichiometric complexes29 and evaluated 
the effects of factors such as salt concentration, temperature, kinetics, and 
diffusion.36 Thermal transitions in dried polyelectrolytes have also been studied.37  
  Five monomer ratios of  PSS:PDADMA, 3:1, 2:1, 1:1, 1:2, and 1:3, were chosen 
and complexes were made with KBr (125 mM) as a background salt (Figure 4.1). 
For the stoichiometric (1:1) ratio, a clear supernatant was obtained with a precipitate 
which was easy to handle and process, similar to observations in literature.29 The 
processing and properties of this complex have been studied in detail in our previous 
work.16 The other 4 ratios also led to a macrophase separation, but milky supernatants 
indicating the presence of small PECs droplets/particles where one of the 
polyelectrolytes is in excess allowing their stabilization in solution. These systems 
required centrifugation before hot-pressing, after which the supernatants became 
translucent. The plastics formed with the ratios 2:1 and 1:2 were fragile compared to 
the stoichiometric complex, those formed at ratio 1:3 were even weaker, while the 
3:1 plastic was extremely weak and the films folded and curled while handling. 
Hence, only small pieces of the 3:1 plastic were available for characterization.  
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Figure 4.1. PSS:PDADMA complexes in monomer ratios 3:1, 2:1, 1:1, 1:2, and 1:3 
in the presence of 125 mM KBr. Multiple batches were made to ensure 

reproducibility 

NaPSS-PVH(Cl).  
  Na-PSS (strong polyanion) and PVH (weak polycation) were combined in 
monomer ratios of 3:1, 2:1, 1:1, 1:2, and 1:3. Unlike the PSS:PDADMA complex, 
this combination initially gave a milky dispersion of tiny complex particles in all the 
above ratios. Clear macro- and micro- phases were observed only for the ratio 1:2, 
with a clear supernatant. For the other ratios, a fraction of the particles settled when 
allowed to sit still for more than 24 h, while others remained suspended in solution. 
These complex particles are likely more charged and so small that sedimentation 
does not occur as expected. Also, 1:3 was visually less hazy than 1:1 and had a good 
precipitate. Hence a 1:2.5 ratio was added to the sequence (Figure 4.2), giving the 
same clear separation as the 1:2 ratio.  
  The ratios 3:1, 2:1, 1:1, and 1:3 were transferred into centrifuge tubes and 
centrifuged at 6000 rpm for 6 h. Better phase separation was seen, but the 
supernatants were still translucent indicating the presence of PECs. Cycles of 
centrifugation and supernatant discharge was repeated a few more times, for 1h each, 
until there was no more retrievable supernatant. Further, precipitates were not easily 
processible and were pasty. Videos 1 and 2 of the supplementary information show 
the differences in the precipitates of PSS-PDADMA and PSS-PVH. The former is 
sturdy and difficult to tear, like a ball of mozzarella16, but the latter was softer and 
contained smaller aggregates, like concentrated cheese spread.  
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Figure 4.2. PSS-PVH complex in different ratios 3:1, 2:1, 1:1, 1:2, 1:2.5, and 1:3. 

Multiple batches were made to ensure reproducibility. 

NaPSS-PAH complex.  
  Multilayer studies have shown good selectivities and tunable properties for this 
combination of polyelectrolytes.38 Na-PSS (strong polyanion) and PAH (weak 
polycation) were combined in monomer ratios of 3:1, 2:1, 1:1, 1:2, and 1:3 (Figure 
4.3). This led to a milky white phase in each ratio, unlike the more colloidal 
suspensions in the case of PSS- PVH mixtures. Some phase separation (although not 
compact) and a clear supernatant were observed only for the 1:1 ratio. Such a state 
does not allow processing and hence all the ratios were centrifuged at 6000 rpm for 
6 h. After discharging the supernatant, the centrifugation and supernatant discharge 
cycles of 1h each were repeated until the complex was compact enough to be 
processed. In this way, for the ratio 1:1, a complex that was convenient to handle 
was obtained after at least 4 centrifugation steps. The other ratios needed longer 
centrifugation times due to their pasty nature, and was even sticky in the case of 3:1. 

 
Figure 4.3. PSS-PAH complex in different monomer ratios, 3:1, 2:1, 1:1, 1:2, and 

1:3.  Multiple batches were made to ensure reproducibility. 
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  All ratios yielded dense films. However, only the plastics obtained from the 1:1 
ratio were sturdy with reproducible thicknesses. The ones from 1:3 and 3:1 had 
substantial variations in thickness at different points of the film (which is reflected 
in the tensile measurements).  

PAA-PDADMA complex.  
  It is known from literature that the interaction between these two polymers is not 
very strong.20,39 Several ratios were attempted but were difficult to bring to a 
processible state. The complex formed with a 1:1 ratio was a lump of sticky 
substance glued to the stirrer bar and the beaker. The supernatant was observed to be 
whitish-grey and cloudy. Washing and removing the excess gluey substance made it 
reasonably processible. It was then hot-pressed at a relatively low temperature of 
75°C. The plastic thus formed was sturdy in the dry state, but was weak in the wet 
state in comparison to the other polyelectrolyte pairs. When dry, it was observed to 
crack easily when bent. Also, in higher salt concentrations (>1 M NaCl), the film 
became unstable (Figures SI 4.5-4.7).  

PSS-PEI complex.  
  PSS:PEI was combined in a 1:2 monomer ratio. The precipitate was very brittle and 
it was difficult to phase separate from the supernatant. After several rounds of 
centrifugation, a brittle lump was obtained. Hot-pressing failed multiple times with 
Delrin, and charring of the film was observed at temperatures above 85°C. Reduction 
of the temperature below 70 °C flattened the precipitate but did not lead to 
plasticization. Between 70 °C and 85 °C, brittle, inhomogeneous, partially 
plasticized material was obtained, which was difficult to handle or use (Figures SI 
4.8-4.9).  Hence, processing of the PSS:PEI complex into a saloplastic was 
unsuccessful.  

Weak-weak combinations.  
  Apart from the above-mentioned ones, other combinations consisting of both weak 
polyelectrolytes, such as PAA-PAH, PAA-PVH, and PEI-PAA were experimented 
with. They did not yield suitable complexes even after multiple trials (Figure SI 
4.10) and hence were not considered for processing. PAA-PAH was processible but 
the saloplastic was unstable already at atmospheric humidity (Figure SI 4.11-12).  
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Table 4.1. Summary of tried polyelectrolyte combinations and their processibility. 
System Combinations Processible  Comments Studied 

further 
strong-strong 

1 PSS-
PDADMA 

   

 3:1 After centrifugation  Yes 
 2:1 After centrifugation  Yes 
 1:1 Easiest processibility Stiff 

mozzarella-
like 

Yes 

 1:2 After centrifugation  Yes 
 1:3 After centrifugation  Yes 

strong-weak 
2 PSS-PVH  Only 

dispersed 
aggregates 

 

 3:1 After centrifugation  Yes 
 2:1 After centrifugation  Yes 
 1:1 After centrifugation  Yes 
 1:2 After centrifugation  Yes 
 1:2.5 After centrifugation Clear 

supernatant 
Yes 

 1:3 After centrifugation  Yes 
     

3 PSS-PAH    
 3:1 After centrifugation Sticky/ Pasty Yes 
 2:1 After centrifugation Pasty Yes 
 1:1 After centrifugation Pasty/ Clear 

supernatant 
Yes 

 1:2 After centrifugation Pasty Yes 
 1:3 After centrifugation Pasty Yes 
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4 PAA-
PDADMA 

   

 1:1 Yes, difficult Sticky. Not 
reproducible 

Yes 

5 PSS-PEI No Burns at the 
temperature 
required to 
plasticize 

No 

weak-weak 
6 PAA-PAH No gel-like 

complex 
No 

7 PAA- PVH No gel-like 
complex 

No 

8 PEI-PAA No fluid complex No 

 
4.3.2 Physical and mechanical characterization 
  For the saloplastics made in the previous section, the basic material properties are 
analyzed here. Studying the thickness, structure, and absence of pores supports aids 
in their characterization as ion-exchange membranes.40 Their pH stability relates to 
the possibility of their application in specific separations and processes.41  
Furthermore, the percentage of water present in a plastic determines its storage and 
handling conditions. Very low values indicate brittleness and require extra care while 
handling them.42 The water uptake indicates swelling, and hence is instrumental in 
understanding the charge density and can be compared to permselectivities and ion 
exchange capacity.43   
  The hot-pressed plastics made from the best processible ratio in each of the four 
combinations (PSS-PDADMA, PSS-PAH, PSS-PVH, and PAA-PDADMA) were 
photographed (Figure 4.4). They were all transparent and uniform and had slight 
visual differences such as the roughness and colour. The stoichiometric PSS-
PDADMA plastic was by far the most transparent and uniform, whereas the ones 
made from PSS- PVH and PSS-PAH had a yellow tint as the PAH and PVH solutions 
were yellow.44 PAA-PDADMA plastics were observed to have a matte appearance 
and to be more brittle. UV-Vis measurements showed very low opacity values for all 
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the four films confirming their transparency (Figure SI 4.13). Among these, the PSS-
PDADMA films had the lowest opacities while those of PSS-PAH and PSS-PVH 
were comparable. 

 
Figure 4.4. Photographs of the best processible ratio for each system, and field 

emission scanning electron microscopy (FESEM) images at 100,000x 
magnification of hot-pressed saloplastics from (a) 1:1 PSS:PDADMA, (b) 1:2 PSS: 

PVH, (c) 1:1 PSS:PAH, and (d) 1:1 PAA:PDADMA. 

  Under the scanning electron microscope, they all had a dense structure with no 
observable pores in the nanometer scale, the limit of the field emission scanning 
electron microscope (>1.2 nm). Further, no water permeability was recorded when 
such membranes were subjected to a dead-end permeability test, confirming that the 
membranes do not have pores.  
  From Figure 4.5 it can be observed that as we deviate from stoichiometry, the 
percentage of water in the plastics increases without exception. This can be attributed 
to the presence of extra charges because one of the polyelectrolytes is in excess.45     
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The general trend of water uptake is shown in Figure SI 4.14. Among the 
polyelectrolyte pairs, PSS-PAH was observed to swell the least, while its water 
content was relatively higher for most ratios. On the other hand, PSS-PDADMA took 
up the most water.46 It has been observed for polyelectrolyte multilayers47 that the 
swelling of PSS-PAH is relatively constant with varying parameters such as salt 
concentration and ratio whereas the percentage of water taken up significantly varies 
for PSS-PDADMA.48 The additional swelling for non-stoichiometric ratios is due to 
the association of some water molecules with extra charges due to the excess 
presence of one polyelectrolyte. PSS-PDADMA swells extensively, with a water 
uptake of 62.4 ± 9.0 %. 

 
Figure 4.5. The water content of saloplastics made from different polyelectrolyte 

combinations and ratios. Error bars represent an average of at least 3 
measurements. 

  Tensile tests were performed to determine their strengths and correlate to their water 
contents. Across all three polyelectrolyte combinations, Young’s modulus is seen to 
be the lowest at or near stoichiometry (Figure 4.6). This is justified in the light of 
the water contents of the films, as a lower water content leads to a stronger and more 
brittle plastic with a higher Young’s modulus.49 In the PSS-PDADMA series, plastics 
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made with the 1:1 and 1:2 ratios show similar values. For PSS-PVH and PSS-PAH, 
their respective moduli for every ratio other than 1:1 are very similar with 
overlapping error bars. This is justified as they are nearly structural twins, with PAH 
having a single additional -CH2 group (Figure SI 4.15).50 PAA-PDADMA (1:1) had 
lower moduli of 3100 ± 380 MPa.  

 

 
Figure 4.6. Tensile strengths of saloplastics in megapascals (MPa). Each value is 

an average of at least 3 measurements measured at a humidity of 42%. Refer Table 
SI 4.1 for values. 

  For several applications, IEMs need to be stable in a range of pH values. The 
stability of a stoichiometric PSS:PDADMA saloplastic in high and low pH was 
demonstrated in our previous work.16 A similar test with the other PSS:PDADMA 
ratios showed that the 1:2 plastics were stable over 14 days in pH 1 and pH 14, while 
1:3 and 2:1 showed signs of degradation at high pH (Table 4.2). The 3:1 plastics 
immediately began turning white, indicating pore formation. They disintegrated 
below pH 2 and above pH 9. All the ratios of the PSS- PVH and PSS-PAH plastics 
were stable between pH 2 and 8 while the 2:1, 1:1, and 1:2 (also 1:2.5 for PSS- PVH) 
were also stable at pH 1 and up to 9. This is supported by the pKa values of PAH and 
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PVH around 9, beyond which they get deprotonated.4 Baig et al. reported similar 
stabilities for PSS-PAH porous membranes.51  The PAA-PDADMA plastics were 
unstable below pH 5 owing to the pKa value of PAA being 4 below which its 
carboxylic acid groups get protonated.52,53  

Table 4.2. pH values indicating the stability range of hot-pressed saloplastics 

System Ratio 3:1 2:1 1:1 1:2 1:3 

1 PSS-PDADMA 2-9 1-12 1-14 1-14 1-12 

2 PSS- PVH 1-8 1-8 1-9 1-9 2-9 

3 PSS-PAH 2-8 1-8 1-9 1-9 2-8 

4 PAA-PDADMA NA NA 5-9 NA NA 

 
4.3.3 Characterization as ion-exchange membranes 

  Ion-exchange membranes depend on charged sites in the material to repel co-ions 
and to attract counterions to transport the latter across the membrane. Three 
characterization methods have been employed to link their charged nature to their 
separation properties. The amount of charged sites is represented by the ion exchange 
capacity (IEC) in mmol g-1 as measured by an acid-base titration method. The 
resistance to the passage of counterions is represented by the ohmic resistance 
(units), and finally, the permselectivity gives a clear indication of the membrane 
selectivity for counterions over co-ions  
  For the PSS-PDADMA system,  the ratio of 1:1 was measured to have a net IEC of 
1.01 ± 0.2 mmol g-1.16    With an increase in PDADMA, the positive charge does not 
increase significantly as would be expected even when doubling or tripling the 
amounts (See also Table SI 4.2).  A modest IEC of 0.96 ± 0.2 mmol g-1 was recorded 
for 1:2 and 1.11 ± 0.3 mmol g-1 for 1:3. This indicates that altering the monomer ratio 
in the mixing solutions does not necessarily alter the ratio in which they complex. 
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There even seems to be a kind of maximum excess charge that can be reached by 
altering the ratio, beyond that the excess polyelectrolyte is likely removed with the 
supernatant. Doubling or tripling the amount of PSS (2:1 and 3:1), on the other hand, 
led to IECs of 0.45 ± 0.2 mmol g-1 and -0.31 ± 0.2 mmol g-1 respectively (Figure 4.7 
a-c). The negative sign here indicates that the net charge on the saloplastic is 
negative. That means that for these ratios it was possible to control the resulting 
saloplastic charge, by simply changing the monomeric ratio in the solution.    
  A similar study was conducted by Durmaz et al for porous membranes of PSS-
PDADMA with ratios closer to 1:1, namely 1:0.8, 1:0.9, 1:1, 1:1.1, and 1:1.2, 
through aqueous phase separation. Here, the zeta potential measurements revealed 
an excess of positive charge when PDADMA was in excess, as well as at the 1:1 
ratio, while the ones with excess PSS gave negative membranes.3 The current system 
is similar, however, with the shift from positive to negative saloplastics made with 
the ratios 3:1 and 2:1. This further shows that our system clearly allows charge 
variations, although the total charge density is not very far apart, and can be 
controlled only to an extent.   
  The PSS-PAH system had a similar trend to PSS-PDADMA, with a maximum 
excess of positive charge at 1:2 and 1:3 and a negative excess at 3:1 and 2:1. Again, 
quite some chains are likely removed in the supernatant, meaning that the control is 
limited. The IEC value of  0.98 ± 0.2 mmol.g-1  at 1:2 is reasonable and an increase 
in the cationic polyelectrolyte PAH to a 1:3 ratio does not significantly change this 
number. On the other hand, the system nearly neutralizes at the 1:1 ratio. Increasing 
PSS led to a gradual increase in the net negative charge for 2:1 and 3:1. Compared 
to system 1, the ratios shift to the right but the trend remains the same overall. For 
PSS-PAH it does become much more clear that both positive and negative 
saloplastics can be prepared by simply varying the monomeric mixing ratio of the 
initial complexes.   
  Interestingly, the PSS-PVA system shows a contrasting trend to PSS-PAH and PSS-
PDADMA. Here a negative excess in charge is obtained at ratios where there is an 
excess of the cationic PVA, while an excess of positive charge is obtained when PSS 
is in excess. This was also the system wherein the supernatants were not totally 
transparent even after repeated centrifugation, indicating that significant amounts of 
polyelectrolyte complex were removed with the supernatant. Likely the excess 
polyelectrolyte remains mostly in the solution, allowing the other polyelectrolyte to 
dominate the more solid complexes obtained by centrifugation.  
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  The ratio that was easiest to process was 1:2.5 with an IEC of  -1.1 ± 0.2 mmol.g-1. 
A slight variation to 1:2 and 1:3 decreased the values but the plastics remained 
negative. However, when the PSS- was further increased, the saloplastics were near 
neutral or slightly negative. While PAH only has an additional -CH2 group in 
comparison to PVH, the complexes resulting from their combination with PSS have 
very different properties.54 
 



 

   
146 

 



 

   
147 

 



 

   
148 

 



 

   
149 

Figure 4.7: A comparison of the Ion Exchange Capacities (IEC) (a-c), Resistances 
(d-f), and Permselectivity (g-i) of membranes made with different ratios of PSS-
PDADMA, PSS-PVH, and PSS-PAH. Error bars represent an average of at least 

two values. For the IEC, negative values indicate a negatively charged membrane. 
The resistance offered to the passage of counterions by each membrane after 
subtracting the solution resistance normalized with the area. All values are 

presented in Ω·cm2. Each value is an average of at least 3 measurements. For the 
permselectivities, error bars represent an average of at least two values. Negative 

values indicate a negatively charged membrane. 

  The resistance offered to the flow of ions was tested by supplying current across a 
membrane and measuring the voltage in a 0.5 M KCl solution.50  The lowest 
resistances to the transport of counterions were observed (Figure 4.7 d-f) for the 1:1 
and 1:3 ratios in PSS-PDADMA, 1:2 and 1:2.5 for PSS-PVH, and 1:2 and 1:3 for 
PSS-PAH, corresponding to the saloplastics with the highest excess charges. With 
more charge, plastic is naturally expected to function better as a conductor of 
counterions. In general, the resistance values lie between 2.20 ± 0.30 and 3.41 ± 0.40 
Ω·cm2 (Table SI 4.3). These are comparable to common commercial cation 
exchange membranes but slightly lower as compared in Table 4.3.  

  The selectivities to counterions were measured by placing membranes between two 
chambers with circulating KCl salt solutions, one with 0.03 M and another with 0.15 
M while recording the voltages. The calculated permselectivities are tabulated in 
Table SI 4.4 and plotted in Figure 4.7 g-i.   
  We find a very strong correlation between the measured IEC values and the 
resulting permselectivity values, especially for the PSS-PDADMA series. The 
highest permselectivity of 90.4 ± 2.8 % was observed for the ratio of 1:3, comparable 
to 89.8 ± 1.9 % for 1:1. Nevertheless, the mass (assay) of the polyelectrolyte complex 
precipitate obtained for 1:3 is much lower than in the stoichiometric case. Further, 
the water uptake and tensile strengths also favour the 1:1 saloplastic making it more 
viable. At 1:2, it drops to 71.5 ± 2.1 %.  
  For PSS-PVH, the ratios 1:2.5 and 1:2 are favorable with -89.1 ± 1.1 % and -66.2 
± 2.0 % respectively. Earlier, Fu et al. reported that their PSS- PVH complex 
precipitates had an excess negative charge in them.20 Nearly neutral plastics are 
obtained at a ratio of 2:1, while they are positive beyond this. Membranes made with 
the third system, PSS-PAH, displayed reproducible permselectivities of 95.2 ± 0.9 
% and 92.6 ± 0.6 % at 1:3 and 1:2 ratios respectively. However, 1:2 is a better choice 
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for usage due to the higher yield of polyelectrolyte complex and ease of handling 
when wet. 
  Overall, the trends of ion-exchange capacities, resistances, and permselectivities 
for the three systems correlate well. For PSS-PDADMA, 1:1 and 1:3 show the 
highest IEC and permselectivity, with low resistances to the passage of counterions. 
Similarly, for PSS-PVH it is at ratio 1:2.5 and for PSS-PAH at 1:2 and 1:3. 
  In the case of PAA-PDADMA, the saloplastics were not always homogenous with 
thicknesses varying up to ±20% in some cases. Further, their fragile nature required 
careful mounting on the holder (Figure SI 4.6) before equilibration as it was not 
stable and would curl or fold otherwise. The membranes had a negative charge, with 
ion exchange capacities of -0.68 ± 0.36 mm g-1. The fragile nature and instability in 
1M NaCl did not allow the accurate measurement of ion exchange capacity for this 
combination of polyelectrolytes. Hence the IEC number is only a ballpark estimate. 
The resistance to was measured to be 4.7 ± 0.36 Ω·cm2, while the permselectivity 
was -58 ± 5.1 %. Overall, the PAA-PDADMA system may need other solvents such 
as ethanol in the polyelectrolyte solutions to form processible complexes.19  
  Ideally, a solid lump-like precipitate is ideal to process. However, most ratios of all 
the combinations give small nanoscale aggregates with supernatants that are not 
clear. This shows their tendency to not mix in the ratio that we initially intend them 
to, leading to unexpected effects such as in PSS-PVH. Although predicting such 
behaviour proved difficult, this is interesting and still shows the ability to change the 
charge density of these systems by tuning the two parameters- polyelectrolyte type 
and ratio.  

4.3.4 Discussion and comparison to commercial membranes 

  Based on the various ratios and combinations that were made and discussed above, 
the best ones were chosen based on a trade-off between easy processibility and good 
permselectivity.  

  In general, PSS-PDADMA plastics were the most sturdy with the 1:1 membrane 
being the best. The 1:3 membrane is equally good, but much material is wasted in 
the process of obtaining the saloplastic. PSS-PVH displays the best cation exchange 
properties at 1:2.5 with competitive resistance and mechanical properties. The PSS-
PAH system displays low resistance as well as good permselectivity at 1:2 while 
higher amounts of PSS- do not lead to an ion-selective saloplastic.  
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  The targeted thickness in each of the saloplastic membranes was 100 µm. While the 
PSS-PDADMA and PSS-PVH systems were reproducibly very close to the target 
thickness, PSS-PAH had a slightly larger error. The PAA-PDADMA system had the 
largest deviation due to the nature of the polyelectrolyte complex.   
  Table 4.3 compares the properties of these ion-selective saloplastics with common 
commercial membranes. The current work showcases two anion- and cation- 
exchange membranes each, compared to the same number of common commercial 
membranes. Among the physical properties, the saloplastics are transparent and non-
reinforced, as opposed to most commercial ones that make use of a mesh or substrate. 
Saloplastic membranes are sturdy with Young’s moduli generally higher than 
commercial membranes, although they could be reinforced for further stability.15 
Another advantage is the ability to tune the thicknesses by simply changing the 
thickness of the mould, without any additional modification required.  
  The water uptake of commercial ones are comparatively smaller (19-32 
𝑚𝑚𝑁𝑁2𝑂𝑂 𝑚𝑚𝐸𝐸𝑤𝑤𝐸𝐸𝑚𝑚𝑑𝑑𝑁𝑁𝐸𝐸𝑤𝑤⁄  %), which leads to better utilization of the charges by retaining 
a higher charge density.56  The saloplastic ones, on the other hand, take in >32%, 
which could potentially be improved by using crosslinkers such as glutaraldehyde.57 
Further, the net ion exchange capacities are about 1 mmol/g as against an upwards 
of 1.5mmol/g for commercial membranes.58,59 The combination of lower IEC and a 
higher degree of swelling also explains the somewhat lower permselectivities for the 
saloplastic membranes. This is reflected in the charge densities of PSS-PDADMA 
and PSS-PAH, which are 60% of their commercial counterparts, and that of PSS-
PAH is 56%. Indeed, permselectivities are modest at up to 90% for PSS-PDADMA 
and PSS-PVH membranes, but better for the less swollen PSS-PAH with a 
permselectivity of 94 %. The permselectivities for the commercial membranes are 
still higher, ranging between 94 and 97%. The ion exchange performances of 
saloplastic membranes are in the range of commercial ones, and they show lower 
resistance to the transport of counterions, except in the case of PAA-PDADMA due 
to its weak nature. 
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  The four polyelectrolyte pairs, complexed and pressed to saloplastics, are testimony 
to the possibility of many more such combinations to be processed into dense sheets. 
A careful study of each such combination may allow specific functionalities and 
properties for niche applications, such as monovalent selectivity of Cl-/SO4

2- or 
K+/Na+.14,16 The demonstrated role of the polyelectrolyte pairs in membrane science, 
in general, has facilitated a lot of work in polyelectrolyte multilayer (PEM) based 
hollow fiber membranes7,60 and more recently in Aqueous Phase Separation of 
porous membranes.61,62  Further, expanding these to reverse osmosis and ion 
exchange may require tolerance to higher pressures and/or extreme conditions such 
as pH or temperature.63,64 In addition, specific abilities to separate particular ions can 
be highly beneficial. Stoichiometric PSS-PDADMA saloplastics are pH stable and 
are demonstrable for monovalent-divalent anion-selective properties favouring 
chloride over sulphate ions. The utilization of tailor-made polyelectrolytes with 
different functional groups can further broaden the scope of such separations. 
Furthermore, bipolar membranes may be fabricated by combining oppositely 
charged saloplastic membranes by the same hot-pressing approach with an additional 
step. These could be supportive in the transition from the use of harmful solvents 
toward green ways of membrane production.  
  Overall, varying the ratio of monomers in polyelectrolyte complexes allows much 
control over the charge in the saloplastic membranes. Incorporating different 
polyelectrolytes further allows tunability of their properties, and can lead to a wide 
array of options as observed in polyelectrolyte multilayer membranes. The method 
is versatile and offers a range of sustainable possibilities for further research in dense 
membranes.  Here the focus has been on the use of dense saloplastics as ion-
exchange membranes, but we expect that these materials could be interesting for 
other applications 

4.4 CONCLUSIONS 
  This work demonstrates the possibility to control the charge density of 
saloplastic ion-exchange membranes by tuning the ratio of monomer units 
across different polyelectrolyte pairs. Other properties of saloplastics are also 
influenced, such as the water content, tensile strength, pH stability, and 
electrochemical properties. However, an increase in the monomer ratio of one 
of the polyelectrolytes does not always guarantee a change in the net charge. 
While with PSS-PDADMA and PSS-PAH, an increase in positive 
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polyelectrolyte content led to positively charged saloplastics and vice-versa, 
the PSS-PVH combination showed an unexpected opposite trend. For the 
PSS-PDADMA, PSS-PAH, and PSS-PVH membranes, the 1:1, 1:2, and 1:2.5 
monomer ratios were respectively the best combinations as ion-exchange 
membranes. Their tensile strengths were typically higher than those of 
commercial membranes, while their resistances were comparable, and 
permselectivities were in the same range. The higher swelling and lower Ion 
exchange capacities could be improved by crosslinking. They are a new 
sustainable avenue and clearly display their possibility to compete with the 
performances of their commercial counterparts. Further, the variation of 
properties with a change in pH could be additionally interesting, wherein an 
isoelectric point, similar to our observations, could be mobile depending on 
the pH.  

4.5 REFERENCES 
(1)  Durmaz, E. N.; Sahin, S.; Virga, E.; Beer, S. de; Smet, L. C. P. M. de; Vos, 

W. M. de. Polyelectrolytes as Building Blocks for Next-Generation 
Membranes with Advanced Functionalities. ACS Appl. Polym. Mater. 2021. 
https://doi.org/10.1021/ACSAPM.1C00654. 

(2)  Li, J.; Van Ewijk, G.; Van Dijken, D. J.; Van Der Gucht, J.; De Vos, W. M. 
Single-Step Application of Polyelectrolyte Complex Films as Oxygen Barrier 
Coatings. ACS Appl. Mater. Interfaces 2021, 13 (18), 21844–21853. 
https://doi.org/10.1021/ACSAMI.1C05031. 

(3)  Durmaz, E. N.; Baig, M. I.; Willott, J. D.; de Vos, W. M. Polyelectrolyte 
Complex Membranes via Salinity Change Induced Aqueous Phase 
Separation. ACS Appl. Polym. Mater. 2020. 
https://doi.org/10.1021/acsapm.0c00255. 

(4)  Baig, M. I.; Durmaz, E. N.; Willott, J. D.; de Vos, W. M. Sustainable 
Membrane Production through Polyelectrolyte Complexation Induced 
Aqueous Phase Separation. Adv. Funct. Mater. 2020, 30 (5), 1907344. 
https://doi.org/10.1002/adfm.201907344. 

(5)  Kelly, K. D.; Schlenoff, J. B. Spin-Coated Polyelectrolyte Coacervate Films. 
ACS Appl. Mater. Interfaces 2015, 7 (25), 13980–13986. 



 

   
155 

https://doi.org/10.1021/acsami.5b02988. 

(6)  Liu, G.; Dotzauer, D. M.; Bruening, M. L. Ion-Exchange Membranes 
Prepared Using Layer-by-Layer Polyelectrolyte Deposition. J. Memb. Sci. 
2010, 354 (1–2), 198–205. https://doi.org/10.1016/j.memsci.2010.02.047. 

(7)  te Brinke, E.; Reurink, D. M.; Achterhuis, I.; de Grooth, J.; de Vos, W. M. 
Asymmetric Polyelectrolyte Multilayer Membranes with Ultrathin 
Separation Layers for Highly Efficient Micropollutant Removal. Appl. 
Mater. Today 2020, 18, 100471. 
https://doi.org/10.1016/j.apmt.2019.100471. 

(8)  Cheng, C.; Yaroshchuk, A.; Bruening, M. L. Fundamentals of Selective Ion 
Transport through Multilayer Polyelectrolyte Membranes. Langmuir 2013, 
29 (6), 1885–1892. https://doi.org/10.1021/la304574e. 

(9)  Mateos‐maroto, A.; Abelenda‐núñez, I.; Ortega, F.; Rubio, R. G.; Guzmán, 
E. Polyelectrolyte Multilayers on Soft Colloidal Nanosurfaces: A New Life 
for the Layer‐by‐layer Method. Polymers. 2021, 13 (8), 1221. 
https://doi.org/10.3390/polym13081221. 

(10)  Baig, M. I. Sustainable Polyelectrolyte Complex Membranes Produced via 
Aqueous Phase Separation, University of Twente, Enschede, The 
Netherlands, 2021. PhD Dissertation, University of Twente, Netherlands. 
https://doi.org/10.3990/1.9789036552417. 

(11)  McKeen, L. W. Markets and Applications for Films, Containers, and 
Membranes. In Permeability Properties of Plastics and Elastomers; Elsevier, 
2017; pp 61–82. https://doi.org/10.1016/b978-0-323-50859-9.00004-x. 

(12)  Biron, M. Detailed Accounts of Thermoset Resins for Molding and 
Composite Matrices. In Thermosets and Composites; William Andrew 
Publishing, 2014; pp 145–267. https://doi.org/10.1016/b978-1-4557-3124-
4.00004-3. 

(13)  Fu, J.; Abbett, R. L.; Fares, H. M.; Schlenoff, J. B. Water and the Glass 
Transition Temperature in a Polyelectrolyte Complex. Macroletters. 2017, 6 
(10), 1114–1118. https://doi.org/10.1021/acsmacrolett.7b00668. 

(14)  Krishna B, A.; Zwijnenberg, H. J.; Lindhoud, S.; de Vos, W. M. Sustainable 
K+/Na+ Monovalent-Selective Membranes with Hot-Pressed PSS-PVA 
Saloplastics. J. Memb. Sci. 2022, 652, 120463. 



 

   
156 

https://doi.org/10.1016/J.MEMSCI.2022.120463. 

(15)  Krishna B, A.; Willott, J. D.; Lindhoud, S.; Vos, W. M. De. Hot-Pressing 
Polyelectrolyte Complexes into Tunable Dense Saloplastics. Polymer 
(Guildf). 2022, 243, 155–163. 

(16)  Krishna B, A.; Lindhoud, S.; de Vos, W. M. Hot-Pressed Polyelectrolyte 
Complexes as Novel Alkaline Stable Monovalent-Ion Selective Anion 
Exchange Membranes. J. Colloid Interface Sci. 2021, 593, 11–20. 
https://doi.org/10.1016/j.jcis.2021.02.077. 

(17)  Ghostine, R. A.; Shamoun, R. F.; Schlenoff, J. B. Doping and Diffusion in an 
Extruded Saloplastic Polyelectrolyte Complex. Macromolecules 2013, 46 
(10), 4089–4094. https://doi.org/10.1021/ma4004083. 

(18)  Fayrouz Shamoun, R. Electronic Theses, Treatises and Dissertations The 
Graduate School; PhD Dissertation, University of Florida, 2013. 

(19)  Fu, J.; Fares, H. M.; Schlenoff, J. B. Ion-Pairing Strength in Polyelectrolyte 
Complexes. Macromolecules 2017, 50 (3), 1066–1074. 
https://doi.org/10.1021/acs.macromol.6b02445. 

(20)  Fu, J.; Schlenoff, J. B. Driving Forces for Oppositely Charged Polyion 
Association in Aqueous Solutions: Enthalpic, Entropic, but Not Electrostatic.  
J Am Chem Soc. 2016, 138 (3), 980-90. 
https://doi.org/10.1021/acs.macromol.6b02445. 

(21)  Kikhavani, T.; Ashrafizadeh, S. N.; Van Der Bruggen, B. Identification of 
Optimum Synthesis Conditions for a Novel Anion Exchange Membrane by 
Response Surface Methodology. J. Appl. Polym. Sci. 2014, 131 (3). 
https://doi.org/10.1002/app.39888. 

(22)  Galama, A. H.; Hoog, N. A.; Yntema, D. R. Method for Determining Ion 
Exchange Membrane Resistance for Electrodialysis Systems. Desalination 
2016, 380, 1–11. https://doi.org/10.1016/j.desal.2015.11.018. 

(23)  World Health Organisation. PH in Drinking-Water Revised Background 
Document for Development of WHO Guidelines for Drinking-Water Quality; 
2007; Vol. 2. 

(24)  Kulthanan, K.; Nuchkull, P.; Varothai, S. The PH of Water from Various 
Sources: An Overview for Recommendation for Patients with Atopic 
Dermatitis. Asia Pac. Allergy 2013, 3 (3), 155. 



 

   
157 

https://doi.org/10.5415/apallergy.2013.3.3.155. 

(25)  National Oceanic and Atmospheric Organization. Ocean acidification | 
National Oceanic and Atmospheric Administration 
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-
acidification (accessed Dec 16, 2021). 

(26)  Reisch, A.; Tirado, P.; Roger, E.; Boulmedais, F.; Collin, D.; Voegel, J. C.; 
Frisch, B.; Schaaf, P.; Schlenoff, J. B. Compact Saloplastic Poly(Acrylic 
Acid)/Poly(Allylamine) Complexes: Kinetic Control over Composition, 
Microstructure, and Mechanical Properties. Adv. Funct. Mater. 2013, 23 (6), 
673–682. https://doi.org/10.1002/adfm.201201413. 

(27)  Schaaf, P.; Schlenoff, J. B. Saloplastics: Processing Compact Polyelectrolyte 
Complexes. Adv. Mater. 2015, 27 (15), 2420–2432. 
https://doi.org/10.1002/adma.201500176. 

(28)  Porcel, C. H.; Schlenoff, J. B. Compact Polyelectrolyte Complexes: 
“Saloplastic” Candidates for Biomaterials. Biomacromolecules 2009, 10 
(11), 2968–2975. https://doi.org/10.1021/bm900373c. 

(29)  Shamoun, R. F.; Reisch, A.; Schlenoff, J. B. Extruded Saloplastic 
Polyelectrolyte Complexes. Adv. Funct. Mater. 2012, 22 (9), 1923–1931. 
https://doi.org/10.1002/adfm.201102787. 

(30)  Porcel, C. H.; Schlenoff, J. B. Compact Polyelectrolyte Complexes: 
“Saloplastic” Candidates for Biomaterials. Biomacromolecules 2009, 10 
(11), 2968–2975. https://doi.org/10.1021/bm900373c. 

(31)  Jisr, R. M.; Rmaile, H. H.; Schlenoff, J. B. Hydrophobic and 
Ultrahydrophobic Multilayer Thin Films from Perfluorinated 
Polyelectrolytes. Angew. Chemie - Int. Ed. 2005, 44 (5), 782–785. 
https://doi.org/10.1002/anie.200461645. 

(32)  Farhat, T. R.; Schlenoff, J. B. Ion Transport and Equilibria in Polyelectrolyte 
Multilayers. Langmuir 2001, 17 (4), 1184–1192. 
https://doi.org/10.1021/la001298+. 

(33)  Tang, Z.; Wang, Y.; Podsiadlo, P.; Kotov, N. A. Biomedical Applications of 
Layer-by-Layer Assembly: From Biomimetics to Tissue Engineering. 
Advanced Materials. John Wiley & Sons, Ltd December 18, 2006, pp 3203–
3224. https://doi.org/10.1002/adma.200600113. 



 

   
158 

(34)  Michel, M.; Ball, V. Diffusion of Nanoparticles and Biomolecules into 
Polyelectrolyte Multilayer Films: Towards New Functional Materials. In 
Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials: 
Second Edition; John Wiley & Sons, Ltd, 2012; Vol. 2, pp 691–710. 
https://doi.org/10.1002/9783527646746.ch28. 

(35)  Te Brinke, E.; Achterhuis, I.; Reurink, D. M.; De Grooth, J.; De Vos, W. M. 
Multiple Approaches to the Buildup of Asymmetric Polyelectrolyte 
Multilayer Membranes for Efficient Water Purification. ACS Appl. Polym. 
Mater. 2020, 2 (2), 715–724. https://doi.org/10.1021/acsapm.9b01038. 

(36)  Ghostine, R. A.; Shamoun, R. F.; Schlenoff, J. B. Doping and Diffusion in an 
Extruded Saloplastic Polyelectrolyte Complex. Macromolecules 2013, 46 
(10), 4089–4094. https://doi.org/10.1021/ma4004083. 

(37)  Lyu, X.; Clark, B.; Peterson, A. M. Thermal Transitions in and Structures of 
Dried Polyelectrolytes and Polyelectrolyte Complexes. J. Polym. Sci. Part B 
Polym. Phys. 2017, 55 (8), 684–691. https://doi.org/10.1002/polb.24319. 

(38)  Krasemann, L.; Tieke, B. Selective Ion Transport across Self-Assembled 
Alternating Multilayers of Cationic and Anionic Polyelectrolytes. Langmuir 
2000, 16 (2), 287–290. https://doi.org/10.1021/la991240z. 

(39)  Lai, X.; Gao, G.; Watanabe, J.; Liu, H.; Shen, H. Hydrophilic Polyelectrolyte 
Multilayers Improve the ELISA System: Antibody Enrichment and Blocking 
Free. Polymers (Basel). 2017, 9 (2), 51. 
https://doi.org/10.3390/polym9020051. 

(40)  Presland, A. E. B.; Greenwood, A. D.; Block, M. Structure of Ion-Exchange 
Membranes. Nature. Nature Publishing Group 1966, 16 (1), 394. 
https://doi.org/10.1038/212394a0. 

(41)  Daems, N.; Milis, S.; Verbeke, R.; Szymczyk, A.; Pescarmona, P. P.; 
Vankelecom, I. F. J. High-Performance Membranes with Full PH-Stability. 
RSC Adv. 2018, 8 (16), 8813–8827. https://doi.org/10.1039/c7ra13663c. 

(42)  Luangaramvej, P.; Dubas, S. T. Two-Step Polyaniline Loading in 
Polyelectrolyte Complex Membranes for Improved Pseudo-Capacitor 
Electrodes. E-Polymers 2021, 21 (1), 194–199. 
https://doi.org/10.1515/epoly-2021-0019. 

(43)  Dow Chemical Company. Dowex Ion Exchange Resins: Fundamentals of Ion 



 

   
159 

Exchange. Met. Finish. 1999, 97 (12), 69–70. 

(44)  Poly(allylamine hydrochloride)-Pharmaceutical intermediates-Zhangjiagang 
Cpolymer Chemicals Co.,Ltd. http://www.cpolymer.com/en/pharmaceutical-
intermediates/paa_hcl.html (accessed Feb 28, 2022). 

(45)  Sarkar, B.; Jaiswal, M.; Satapathy, D. K. Swelling Kinetics and Electrical 
Charge Transport in PEDOT:PSS Thin Films Exposed to Water Vapor. J. 
Phys. Condens. Matter 2018, 30 (22), 225101. https://doi.org/10.1088/1361-
648X/aabe51. 

(46)  Zerball, M.; Laschewsky, A.; Von Klitzing, R. Swelling of Polyelectrolyte 
Multilayers: The Relation Between, Surface and Bulk Characteristics. J. 
Phys. Chem. B 2015, 119 (35), 11879–11886. 
https://doi.org/10.1021/acs.jpcb.5b04350. 

(47)  Nagy, B.; Campana, M.; Khaydukov, Y. N.; Ederth, T. Structure and PH-
Induced Swelling of Polymer Films Prepared from Sequentially Grafted 
Polyelectrolytes. Langmuir 2022, 38 (5), 1725–1737. 
https://doi.org/10.1021/acs.langmuir.1c02784. 

(48)  Dubas, S. T.; Schlenoff, J. B. Swelling and Smoothing of Polyelectrolyte 
Multilayers by Salt. Langmuir 2001, 17 (25), 7725–7727. 
https://doi.org/10.1021/la0112099. 

(49)  Sahputra, I. H.; Alexiadis, A.; Adams, M. J. Effects of Moisture on the 
Mechanical Properties of Microcrystalline Cellulose and the Mobility of the 
Water Molecules as Studied by the Hybrid Molecular Mechanics–Molecular 
Dynamics Simulation Method. J. Polym. Sci. Part B Polym. Phys. 2019, 57 
(8), 454–464. https://doi.org/10.1002/polb.24801. 

(50)  Kopping, J.; Biyani, K.; Connor, E.; Hecker, S.; Lees, I.; Huynh, G.; 
Salaymeh, F.; Zhang, H.; Bergbreiter, D.; Mansky, P.; Mu, Y.; James, M.; 
Elizabeth, C.; Shao, G.; Lee, A.; Madsen, D. Crosslinked Polyvinylamine, 
Polyallylamine, and Polyethyleneimine for Use as Bile Acid Sequestrants. 
US Pat. 9181364B2, 2015. 

(51)  Baig, M. I.; Willott, J. D.; de Vos, W. M. Tuning the Structure and 
Performance of Polyelectrolyte Complexation Based Aqueous Phase 
Separation Membranes. J. Memb. Sci. 2020, 615, 118502. 
https://doi.org/10.1016/J.MEMSCI.2020.118502. 



 

   
160 

(52)  Schilli, C. M.; Zhang, M.; Rizzardo, E.; Thang, S. H.; Chong, Y. K.; 
Edwards, K.; Karlsson, G.; Müller, A. H. E. A New Double-Responsive 
Block Copolymer Synthesized via RAFT Polymerization: Poly(N-
Isopropylacrylamide)-Block-Poly(Acrylic Acid). Macromolecules 2004, 37 
(21), 7861–7866. https://doi.org/10.1021/ma035838w. 

(53)  Khanlari, S.; Dubé, M. A. Effect of PH on Poly(Acrylic Acid) Solution 
Polymerization. J. Macromol. Sci. Part A Pure Appl. Chem. 2015, 52 (8), 
587–592. https://doi.org/10.1080/10601325.2015.1050628. 

(54)  Demirci, S.; Sütekin, S. D.; Kurt, S. B.; Güven, O.; Sahiner, N. Poly(Vinyl 
Amine) Microparticles Derived from N-Vinylformamide and Their Versatile 
Use. Polym. Bull. 2021, 1–23. https://doi.org/10.1007/s00289-021-03874-9. 

(55)  Durmaz, E. N.; Willott, J. D.; Mizan, M. M. H.; de Vos, W. M. Tuning the 
Charge of Polyelectrolyte Complex Membranes Preparedviaaqueous Phase 
Separation. Soft Matter 2021, 17 (41), 9420–9427. 
https://doi.org/10.1039/d1sm01199e. 

(56)  Saito, K.; Tanioka, A.; Miyasaka, K. A Study of Effective Charge Density of 
Swollen Poly(Vinyl Alcohol) Membrane Mixed with Poly(Styrenesulfonic 
Acid). Polymer (Guildf). 1994, 35 (23), 5098–5103. 
https://doi.org/10.1016/0032-3861(94)90671-8. 

(57)  Tong, W.; Gao, C.; Möhwald, H. Manipulating the Properties of 
Polyelectrolyte Microcapsules by Glutaraldehyde Cross-Linking. Chem. 
Mater. 2005, 17 (18), 4610–4616. https://doi.org/10.1021/cm0507516. 

(58)  Krol, J. J. Monopolar And Bipolar Ion Exchange Membranes - Mass 
Transport Limitations, Enschede, 1997. 

(59)  Luo, H.; Agata, W. A. S.; Geise, G. M. Connecting the Ion Separation Factor 
to the Sorption and Diffusion Selectivity of Ion Exchange Membranes. Ind. 
Eng. Chem. Res. 2020, 59 (32), 14189–14206. 
https://doi.org/10.1021/acs.iecr.0c02457. 

(60)  Regenspurg, J. A.; Martins Costa, A. F.; Achterhuis, I.; De Vos, W. M. 
Influence of Molecular Weight on the Performance of Polyelectrolyte 
Multilayer Nanofiltration Membranes. ACS Appl. Polym. Mater. 2021, 5, 
2962–2971. https://doi.org/10.1021/ACSAPM.1C00826. 

(61)  Nielen, W. M.; Willott, J. D.; de Vos, W. M. Aqueous Phase Separation of 



 

   
161 

Responsive Copolymers for Sustainable and Mechanically Stable 
Membranes. ACS Appl. Polym. Mater. 2020, 2 (4), 1702–1710. 
https://doi.org/10.1021/acsapm.0c00119. 

(62)  Willott, J. D.; Nielen, W. M.; de Vos, W. M. Stimuli-Responsive Membranes 
through Sustainable Aqueous Phase Separation. ACS Appl. Polym. Mater. 
2020, 2 (2), 659–667. https://doi.org/10.1021/acsapm.9b01006. 

(63)  Marino, M. G.; Kreuer, K. D. Alkaline Stability of Quaternary Ammonium 
Cations for Alkaline Fuel Cell Membranes and Ionic Liquids. ChemSusChem 
2015, 8 (3), 513–523. https://doi.org/10.1002/cssc.201403022. 

(64)  Arges, C. G.; Zhang, L. Anion Exchange Membranes’ Evolution toward High 
Hydroxide Ion Conductivity and Alkaline Resiliency. ACS Applied Energy 
Materials. 2018, 1(7), 2991–3012. https://doi.org/10.1021/acsaem.8b00387. 

 

 

 

  



 

   
162 

Supplementary Information   |  Chapter 4 

 

Figure SI 4.1. Glass fibre reinforced Teflon sheet as spacer glued to the 
edges of a Delrin plate to create moulds. 

 

Figure SI 4.2. Permselectivity set-up. 
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Figure SI 4.3. Resistance setup. Six chamber plexiglass cell with central 
chambers containing the circulating salt solution for testing. Electrodes 

supply current and voltage is measured by Haber Luggin capillaries. 

 

Figure SI 4.4. Holder for a test membrane to be inserted between chambers 
to measure permselectivity or resistance. The picture shows one of the two 

halves between which the membrane is placed and sealed by the black 
gaskets shown around the central opening. 
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Figure SI 4.5. Photograph of initial hot-pressing of PAA-PDADMA before 
removing outer gel-like layer, making it nearly impossible to process. 
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Figure SI 4.6. Photograph of PAA-PDADMA complex after cleaning, and 
saloplastic in the dry state (storage condition). 
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Figure SI 4.7. PAA-PDADMA saloplastic weakened and became gel-like in 
1M NaCl or 0.1M HCl for 24 h. 
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Figure SI 4.8. PSS-PEI saloplastic hot-pressed at 70°C with 
inhomogeneities, non-plasticized patches, and holes 
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Figure SI 4.9. PSS-PEI saloplastic hot-pressed at 90°C seems charred. 

 

Figure SI 4.10. Typical best-complex formed by a combination of two weak 
polyelectrolytes. 
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Figure SI 4.11. PAA-PAH complex after centrifugation and allowed to 
concentrate by drying. 

 

Figure SI 4.12. PAA-PAH hot pressed saloplastic unstable in storage 
conditions (humidity); inconvenient to handle. 
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Figure SI 4.13. Opacity of different saloplastics measured using UV-VIS 
spectroscopy. 

 
Figure SI 4.14. Water uptake of saloplastics made from different 

polyelectrolyte combinations and ratios. Error bars represent an average of 
at least 3 measurements 
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Figure SI 4.15. Line diagrams of Na-PSS with PAH and PVA showing 
difference in structures of PAH and PVA. 
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Figure SI 4.16. Polycations and polyanions that successfully led to processible 
plastics from their complexes. 

FOOTNOTES 
  Stability after staying in acids and bases for 14 days was calculated by measuring 
permselectivities before and after the storage. While PSS-PDADMA  Note that the 
experiments themselves were not conducted in high or low pH.  

  PAH and PVH differences: The polyvinylamine hydrochloride and polyallylamine 
hydrochloride that were used had the same counterion, chloride, and have similar 
structures except for the presence of an excess carbon and two associated hydrogens 
in the latter. However, their individual complexes with polystyrene sulfonate (PSS) 
were found to be positively and negatively charged respectively. The nature of charge 
is maintained on processing into saloplastics, confirmed by permselectivity 
measurements and ion exchange capacity as shown in their respective sections. 

  Video SI 4.1 can be found via this link: 
https://youtube.com/shorts/knY1P3KnUCM?feature=share 

  Video SI 4.2 can be found via this link: 
https://youtube.com/shorts/6SddjZ5Ez5c?feature=share 

https://youtube.com/shorts/knY1P3KnUCM?feature=share
https://youtube.com/shorts/6SddjZ5Ez5c?feature=share
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“We share this planet, our home, with millions of species.  
Justice and sustainability both demand that we do not use more 

resources than we need.” 

“Soil, not oil, holds the future for humanity.” 

               -Dr. Vandana Shiva 

                                           Sustainability expert, Environmentalist 
                                                  All-party Parliamentary Group meeting, London  

 10 April, 2020 
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ABSTRACT 
Monovalent selective cation exchange membranes could play an important role in 
balancing the K+ /Na+ ratio in agricultural feed streams to prevent the toxic effects 
of excess Na+ in the plant and soil systems, especially in greenhouses and dry areas. 
A polyelectrolyte complex of polystyrenesulfonate and polyvinylamine in the 
monomer ratio 1:2.5 is hot-pressed to form a dense saloplastic. The plastic takes up 
42% w/w water when equilibrated, while ion-exchange capacity measurements show 
that it is negatively charged with a net ion-exchange capacity of 1.1 ± 0.4. Resistance 
measurements show a very promising  preferred conductivity for K+ over Na+. This 
was confirmed by measuring K+ and Na+ transport through the membrane under 
diffusive conditions from an aqueous mixture of KCl and NaCl. Commercial 
membranes show resistance-based selectivities of 1.32 ± 0.1 to 1.19 ± 0.1, and  
diffusion based selectivities of 0.99 ± 0.1 to 0.78 ± 0.1.  In contrast, the selectivities 
for the newly developed saloplastic membrane were 1.80 ± 0.33 for the resistance-
based selectivity while the diffusion-based selectivity was 1.91 ± 0.1. The procedure 
is green as toxic solvents and/or halogenating agents, typically used to make cation 
exchange membranes, are not needed. This work thus highlights how monovalent 
selective membranes with a relevant K+/Na+

 selectivity can be prepared by a simple 
and sustainable hot-pressing approach.   



   
181 

5.1 INTRODUCTION 
  Salts are imperative to the growth and development of living beings. The demand 
of each salt ion, such as Na+, Ca2+, K+, Cl-, I-, and PO4

3-, is in a specific range. 
Optimal quantities and relative ratios are important for an organism as they help 
regulate the osmolarity and pH of organs, tissues, and cells. In humans, the body 
utilizes salt ion buffers to maintain homeostasis of the blood pH at 7.4.1  Also, the 
electrical activity of neurons, enzymatic digestion, biochemical reactions, the 
osmolarity of tissues, and cells, etc depend on the balance of salt ions in specific pH 
ranges.  An excessive intake of sodium, for example, can lead to hypertension and 
reduced bone density, and in extreme cases to cardiovascular diseases and 
carcinoma.2 
  This has also been observed in plants.3 Plant growth and survival depend on the 
metabolic processes occurring in plant cells, which in turn are dependent on the 
balance of specific salt ions.4,5 Imbalances induce abiotic stresses6 leading to survival 
responses such as reduced photosynthesis and osmolyte accumulation, while in 
extreme cases, stomata closure and programmed cell death.7,8 Collectively, they are 
accountable for the reduction of agricultural produce and loss of cultivable land, 
resulting in negative economic impacts.9 Soil salinity induced abiotic stresses 
severely reduce the yield of crops that play a critical role in the worldwide food 
demand, namely rice and wheat, which account for over 28% of all crop area,10,11 
and other important crops like corn and potatoes.12,13  
  A majority of salt-imbalanced soils are known to have toxic Na+ concentrations.14 
Among salt imbalances, a high level of Na+ is known to cause ionic toxicity, 
oxidative stress, and the production of Reactive Oxygen Species (ROS) which 
damage the DNA.15  Studies also show damages to the chloroplast which reduces the 
chlorophyll a and b quantities and impacts photosynthesis.16  The plasma membrane 
loses its semipermeability due to the exchange of intracellular ion K+ with the Na+, 
the extracellular ion present in excess17. These collectively lead to the deficiency of 
ions such as K+ and Ca2+ in the plant.18 
  The macronutrient K+ facilitates the flow of carbohydrates, nutrients, and water 
within plant tissues, functioning of stomata, and inhibit crop diseases. It activates 
enzymes making way for the production of starch, protein, and adenosine 
triphosphate (ATP) to optimise the rate of photosynthesis.19  The K+ to Na+ ratios are 
studied as an indicator of healthy K+ concentration in plant tissues.20,21  



 

   
182 

  Additionally, water that is used for irrigation purposes in dry areas accumulates 
excess Na+ due to factors including evaporation, rainfall, and preferential uptake of 
K+.22,23 Several studies show that greenhouses also accumulate Na+ 24,25, and such an 
ion imbalance increases over time reducing soil quality, plant nutrition, and water 
uptake.26,27 Further, Na+ build-up in the wastewater of greenhouses is known to be a 
predominant drawback in achieving minimal liquid discharge (MLD) aimed to 
maximise the reuse agricultural water and minimise disposal.28  
  There are several methods to mitigate this partially or wholly. Soils oversaturated 
with Na+ may be flushed with low-salinity water.29 Salts mixtures low in NaCl, 
including K+, Mg2+, and Ca2+ can be sprayed.30 Fertilizing with Ca2+ has shown 
contradictory results in various studies. However, assisting K+ in its competition with 
Na+ for being absorbed by the roots in the soil has proven to be a sustainable method.  
  It is therefore desirable that the water has a greater  K+ to Na+ ratio. This eventually 
balances the absorption, uptake, translocation, and distribution in the plant.21,31 Ion 
exchange membranes are used to separate or remove specific ions from a solution 
mixture. However, K+ and Na+ have similar ion exchange equilibrium coefficients 
and physicochemical properties, and hence it is conventionally difficult to separate 
them.32 Commercial membranes are not available for this application, and the few 
studies that have described such monovalent-monovalent ion selectivity are based 
on simulations51,52 or preliminary studies.24,31,33,34 Supported Liquid Membranes53,54 

and bilayered ion-exchange membranes55 have also been used to correlate 
electrophoretic mobility, transport properties, and permeation rates.  Such studies 
have given valuable insights into the behaviour of these ions and possibilities to 
separate them. Unfortunately, these membranes are expensive to make, may have 
complex operating procedures, or necessitate the use of extreme operating conditions 
in terms of pH, temperature, or pressure. In treating large streams even a modest 
selectivity between the ions can matter considerably. 
  While the use of polyelectrolytes and their complexes in various forms is not new 
to the membrane society, their application as free-standing films is still in its 
formative stages.35 Especially, ion exchange and selectivity require charge and a 
certain density to achieve, let alone monovalent-monovalent selectivity. Bruening’s 
group has reported high selectivities for ion combinations such as K+/Mg2+, Li+/Co2+, 
and K+/La3+ by effectively coating PSS/PAH multilayers on Nafion membranes.36–38 
Saloplastics are novel materials made by salt-processing polyelectrolyte complexes39 
and have only very recently been used as anion exchange membranes.40 The current 
work showcases a monovalent-monovalent K+/Na+ cation-selective membrane 
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fabricated by processing a polyelectrolyte complex by a simple hot-pressing 
approach. The novel membrane is thoroughly characterized and its resistance and 
diffusion based selectivity for K+/Na+ is compared to that of commercially available 
membranes.    

5.2 MATERIALS AND METHODS  

5.2.1 Materials 

  Poly(sodium 4-styrene sulfonate) (Na-PSS, Mw=1000 kg.mol-1, 25 wt% in H2O), 
KBr (>99%), NaCl (>99%), and KCl (>99%), 0.1M AgNO3 solution, and K2CrO4 
(>99%) were obtained from Merck Nederland. Polyvinylamine hydrohloride (PVA-
HCl) purchased as Xelorex RS1300 (MW=350 kg.mol-1) and used as received. 
Hydrochloric acid (HCl) as ACS reagent 37 % and Sodium Hydroxide pellets was 
purchased from Merck, The Netherlands. Milli-Q water from a Millipore Synergy® 
Water Purification System was used to make polyelectrolyte solutions.  

5.2.2 Polyelectrolyte complexation 

  Individual solutions of Na-PSS and PVA-HCl were prepared. To make each 
solution, KBr salt was first added to 100 mM (millimolars) and dissolved, and then 
the polyelectrolyte was added to 125 mM. The solutions were then stirred for 15 
minutes. Next, they were poured simultaneously in the ratio 1:2.5 according to their 
monomer repeat units respectively, into a third beaker. This was magnetically stirred 
to facilitate complexation.  
  After ~ 30 minutes of stirring, the complex was allowed to sit for 3 hours. Further, 
excess water was removed by centrifuging the complex at 6000 rpm for 10 min to 
be able to handle it for processing.  

5.2.3 Hot-pressing  

  An FV20R Rollie Driptech Rosin Press was purchased from FVR, Canada. The 
aluminium plates of the hot-press were used to compress lab-designed moulds to 
hold the precipitate. A mould was made with rectangular Delrin® (DuPont) plates 
of dimensions 12 x 17 cm2. On the lower plate, a spacer made with PTFE coated 
Fiberglass (Lubriglas®-CHAP-1540) was glued and channels were created to allow 
excess polymer to escape, as described in a previous work40. The precipitate was 
weighed and placed in the centre of the mould, which was in turn placed between 
the aluminium plates of the hot-press. The temperature was set to 85 °C and allowed 
to heat from room temperature while the plates of the hot press only touched the 
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mould without pressurising it. 10 min after the system reached 85 °C, a pressure of  
150 bar was applied gradually so that the plasticized polymer evenly distributes over 
the volume of the mould. In 15 min, the heating is switched off while the system is 
kept under pressure until the system cools to room temperature. The saloplastic is 
then retrieved from the mould.  

5.2.4 Pre-treatment 

  The hot-pressed plastic was washed thoroughly in DI water to remove salt ions and 
equilibrated in the relevant test solution for 24 h prior testing (0.5M KCl solution for 
the resistance measurements, and a solution containing 0.3M each of NaCl and KCl 
for the concentration experiment).  

5.2.5 Electrical resistance 

  The electrical resistance was measured similar to other different works40–42 using a 
six-compartment cell. The KCl or NaCl solutions were maintained at a constant 
temperature of 25 ± 0.2 °C while platinum coated titanium electrodes applied 
currents. Calomel reference electrodes measured the potential drop across the 
membrane via narrow salt bridges (Figure 5.1). Each obtained value was corrected 
for liquid resistance by subtracting a blank resistance value measured in the absence 
of a membrane.  
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Figure 5.1. Measurement of the resistance to cation passage through the PSS-PVA 
CEM by circulating 0.5M NaCl or KCl in the central chambers around the 

membrane. 

5.2.6 Selectivity by resistance in single cation system 

  The ion selectivity of the PSS-PVA membrane based on resistance measurements 
is given by the following equation: 

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐴𝐴𝑁𝑁+
𝐾𝐾+ =

𝑅𝑅𝐴𝐴𝑁𝑁+
 𝑅𝑅𝐾𝐾+

 

Where 𝑅𝑅𝐴𝐴𝑁𝑁+ is that measured in NaCl and 𝑅𝑅𝐾𝐾+ is the resistance measured in KCl 
solutions. Both solutions were made at the same ionic strengths for correct 
comparison. 
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5.2.7 Selectivity in a mixed cation system 

  The test membrane was placed between two chambers of circulating fluids (Figure 
5.2). One contained an aqueous solution of a mixture of NaCl and KCl (0.2 M each), 
while the other contained MilliQ water. Small samples were extracted from both the 
reservoirs at specific time intervals. In this case the selectivity is measured by the 
following equation: 

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐴𝐴𝑁𝑁+
𝐾𝐾+ =

𝑐𝑐𝐾𝐾+
 𝑐𝑐𝐴𝐴𝑁𝑁+

 

Where 𝑐𝑐𝐾𝐾+  and 𝑐𝑐𝐴𝐴𝑁𝑁+ are the concentrations of K+ and Na+ ions measured in samples 
taken at different time intervals. 

 

Figure 5.2. Monovalent-ion selectivity experiment by circulating an equimolar 
mixture of NaCl and KCl in one chamber and MilliQ water in the other. The water 
shell is rigid for Na+ and fluid for K+. The PSS-PVA cation exchange membrane is 

in between. 

5.2.8 Long-term stability of selectivity   

  The monovalent selectivity measurement in a mixed cation system was 
continuously allowed to run for 80 h. 
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5.2.9 Ion chromatography 

   A Metrohm® Eco IC analyzer was used to determine the concentrations of ions. 
The anionic eluent was 5 mM Na2CO3 with 0.2 mM NaHCO3, and the cationic eluent 
was 4 mM HNO3. Also, the anion and cation columns were Metrosep A Supp 17 - 
150/4.0 and Metrosep C6 150/4.0, both purchased from Metrohm.  

5.2.10 Ion-exchange capacity 

  Potentiometric titrations were performed to determine the anion and cation 
exchange capacities, AEC and CEC, of the films respectively.43  

  To determine the IEC for the anions, the samples were first brought to the Cl- form. 
Next, the Cl- ions were replaced by SO4

2- ions. The number of chloride ions released 
was determined by titration with AgNO3. About 0.2 g of the dry membrane was 
accurately weighted and soaked in 150 mL of 1.0 M NaCl for 24 h. Next, it was 
rinsed and soaked in MilliQ water for 90 min, during which the water was replaced 
several times to remove the sorbed NaCl. Finally, the film was soaked in 50 mL of 
1.0 M Na2SO4, during which the solution was replaced twice to ensure a complete 
exchange of Cl- with SO4

2-. These three solutions were combined and titrated with 
0.1 M AgNO3 in the presence of the indicator K2CrO4. The endpoint was indicated 
by a red precipitate. The IEC was calculated as follows:  

𝐼𝐼𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 (𝐼𝐼𝐸𝐸𝑅𝑅) [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3and 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 are the volume and concentration of AgNO3 respectively.   

To determine the IEC for the cations, the sample was brought to the H+ form. 0.2 g 
of dry membrane was soaked in 150 mL of 0.5 M HCl for 24 h. Next, it was rinsed 
in MilliQ water and soaked for 2 h during which the water was replaced several times 
to remove sorbed HCl. Finally, the film was soaked in 50 mL of 1 M NaCl, and the 
solution was replaced twice to ensure complete exchange of H+ ions with Na+. These 
solutions were combined and titrated with 0.1 M NaOH, in the presence of a pH 
electrode (Metrohm pH 491). The IEC was calculated by the following equation:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁and 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 are the volume and concentration of NaOH respectively.  
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5.2.11 Water Permeability 

  A dead-end filtration setup was used to measure the water permeability of the 
hydrated membranes for > 60 hours. Firstly, circles of diameter 25 mm were punched 
out of a hot-pressed membrane sheet. They were equilibrated for at least 24 h in an 
aqueous solution containing 0.3 M NaCl + 0.3M KCl. Both feed and permeate side 
were filled with the same solution to ensure no osmotic pressure difference existed 
and a fast response to volume changes at the permeate side was obtained. As the 
membranes are used in an aqueous environment, the water permeability was also 
measured at 2.5 bar in 0.3 M NaCl + 0.3 M KCl aqueous solution. The permeate side 
was closed to minimize evaporation.  

5.3 RESULTS AND DISCUSSION 
  A precipitated polyelectrolyte complex of PSS-PVA was pressed into a plastic film 
by hot-pressing. A key strength of this approach is that no organic solvents are 
required in the  production process, making it sustainable compared to typical solvent 
casting based methods to prepare ion-exchange membranes. The plastic was 
transparent as seen in Figure 5.3(a), and a field emission scanning electron 
microscope (lowest resolution 1.2 nm) image of the top surface is shown in Figure 
5.3(b). This showed that no pores or defects were present even at a resolution 
>100,000x. To further confirm the lack of pores, continuous water permeability 
measurement for >60 h was performed. The flux was observed to be below 0.2 
ml/m2/h, being the detection limit of the instrument. Longer measurements most 
likely would have decreased the detection limit but lacked relevance as it results in 
a convective flux being less than 5.4 x 10-11 ms-1. The water uptake of these plastic 
films was measured to be 42 ± 6 % when equilibrated in MilliQ water. A net negative 
charge of the membrane was observed by ion exchange capacity measurements, with 
a measured IEC value of 1.1 ± 0.4. Hence, the potential to be used as a cation 
exchange membrane was considered.   
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Figure 5.3. Hot-pressed PSS-PVA membranes showing (a) transparency and (b) 
microstructure. 

  The ease with which a specific ion passes through a membrane material can be 
determined by measuring the ionic resistance (Figure 5.1). Such determinations can 
also be used for comparative studies between two ions, wherein the membrane shows 
a higher transport resistance for one ion compared to another. A larger value suggests 
the need for a larger applied voltage, the driver, to facilitate ion transport. Resistance 
comparisons are known to be predictive for a selectivity44, wherein the transport 
selectivity is the ratio of the resistances. Rijnaarts et al. reported such selectivity for 
monovalent-divalent ion pair Na+ and Mg2+ to be up to 7.8.45  
  Hot-pressed PSS-PVA membranes of 100 µm had a resistance of 6.2 ± 0.6 Ω.cm2 
to K+ and 11.2 ± 0.8 Ω.cm2 to Na+ in 0.5M aqueous KCl and NaCl solutions and are 
already corrected for changes in liquid conductivity (Figure SI 5.1-5.2). The 
selectivity thus obtained is 1.80 ± 0.33. Such measurements were performed for 
membranes of three other thicknesses (70 µm, 150 µm, and 200 µm). Similar results 
were obtained and are reported in Figure 5.4, but the best selectivity was found for 
thin membranes. Separating a mixture of monovalent-divalent ions is challenging, 
and even more so for two monovalent ions. Sodium and potassium cations are similar 
in many ways, including their physiochemical and electrochemical behaviour. 
Commonly used commercial cation exchange membranes Neosepta CMX and 
Selemion AMV were tested under similar conditions for comparison, which 
showed selectivities of 1.32 ± 0.16 Ω.cm2 and 1.19 ± 0.10 Ω.cm2 respectively. 
  Comparing the resistances offered to the passage of both ions is established through 
resistance-based selectivity by a straightforward measurement of voltage generated 
across the membrane while passing current. However, the complex interplay of 
factors finally resulting in a selectivity based on the measurement of ion 
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concentrations is possible by the diffusion-based selectivity. While resistance based 
selectivity is an established method, measurement of ion fluxes strongly helps to 
confirm this effect. To achieve this, a membrane of 100 µm was placed in between 
two chambers, one with MilliQ water, and the other with a mixture of KCl and NaCl, 
0.2 M each. Both solutions were circulated continuously to avoid stagnation of the 
liquid at the membrane surfaces (Figure 5.2). Samples were taken from the 
reservoirs at different time intervals to determine the concentrations of Na+ and K+ 
ions by Ion Chromatography (Figure 5.5a). The ratio of the normalised 
concentrations of K+ and Na+ in the chamber initially containing MilliQ water is the 
selectivity (Figure 5.5b). While the initial values of selectivity were 2.42 ± 0.14 
possibly due to absorption of ions (Figure SI 5.3), they stabilised at 1.85 ± 0.17. 
This value of  was relatively stable for over 35 hours, and is understood to be a 
combination of factors.  

 

Figure 5.4. The left axis shows the resistance to K+ (▲) and Na+ (▼) ions 
measured in KCl and NaCl solutions individually for different membrane 

thicknesses. The right axis shows the resulting selectivity of K+/Na+, represented 
by grey unfilled squares. The error bars represent an average of at least two 

measurements each. 
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  We begin with a 1:1 ratio of Na+ and K+ ions on the concentrate side, and MilliQ 
water on the dilute side. Transport from the concentrate to dilute stream is governed 
by two factors, the ion concentration difference over the membrane and the 
difference in diffusion constant in the membrane. For traditional permselective ion 
exchange membranes the concentration difference is governed by the Donnan 
equilibrium. Following the Donnan equilibrium, assuming the membrane adapts 
quickly to equilibrium conditions, a 1:1 starting concentration of a salt mixture 
results in a 1:1 adsorption in the membrane and hence a 1:1 transport of ions. This 
result is obvious from the two tested commercial membranes that show a long term 
flux selectivities for K+/Na+ of 0.99 ±  0.07 and 0.78 ±  0.03  for Ralex CMH and 
Neosepta CMX respectively (Figures 5.6a-d). The saloplastic membrane clearly 
behaves differently. Here the ratio of activities across the PSS-PVA membrane is no 
longer 1. Hence, theoretically it should result in a situation where the system tries to 
balance this effect by decreasing the driving force for the fastest ion. However, 
apparently it does not significantly slow down, potassium is continuously diffusing 
significantly faster through the membrane than sodium. The measured ratio of fluxes 
is higher than the ratio of their diffusion speeds in water. This suggests that the 
transport in the ionic environment of the membrane is less governed by interactions 
with the counterions of the membrane. This may be due to the large amount of ionic 
groups in the bulk of the saloplastic film. Whereas all ionic groups in the commercial 
membrane contribute to the exclusion effect, in saloplastic, even if this is an excess 
of >1 meq/g, it is only a minor amount of the total ionic groups. The bulk of the 
membrane volume can therefore behave different as compared to the inert bulk of 
the ion-exchange membranes.  
  In the resistance experiment, diffusion governs the transport through the membrane. 
Since the membranes were virtually non-permeable to water at 2.5 bar, convective 
transport can be neglected. The crystal radii of Na+ and  K+ are 97 pm and 133 pm 
respectively.46 However, Na+ is a kosmotrope in the Hofmeister series which attracts 
and immobilizes water around itself strongly, with a greater apparent molecular 
weight than in its anhydrous state (Figure 5.2). These water molecules move along 
with the Na+ ion, reducing the effective diffusion. K+ is a chaotrope with a dynamic 
hydration shell around it.47 The Stoke’s radius of Na+ is much higher at 195 pm while 
that of K+ remains 133 pm. The diffusion coefficients of Na+ and K+ in water are 
respectively 1.33 and 1.96 (*10-9 m2/s) at 20 °C48, so that K+ selectively diffuses 1.47 
times faster.  



 

   
192 

         

 

Figure 5.5. In (a), K+ (▲∆) and Na+ (▼∇) concentrations (mM) are shown for the 
hot-pressed PSS-PVA membrane when placed in between a solution of mixed KCl 

and NaCl on one side and DI water on the other (refer Figure 5.2). The left and 
right axes represent the diluate (▲▼) and concentrate (∆ ∇) respectively, against 

time (hours) on the x-axis. (b) represents the diluate concentration based selectivity. 
The error bars represent an average of two measurements. 
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Figure 5.6. In (a) and (c), K+ (▲∆) and Na+ (▼∇) concentrations (mM) are shown 

for two commercial membranes, Neosepta CMX and Ralex CMH, respectively 
when placed in between a solution of mixed KCl and NaCl on one side and DI 
water on the other (refer Figure 2). The left and right axes represent the diluate 

(▲▼) and concentrate (∆ ∇) respectively, against time (hours) on the x-axis. (b) 
and (d) represent the diluate concentration based selectivity for the two 

membranes. The error bars represent an average of at least two measurements. 
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  The measured selectivity values of 1.85 ± 0.17 were consistent and reproducible. 
Hence, in addition to the difference in their speeds in water, there is a kinetic 
selectivity of the membrane material. When K+ is adsorbed, its soft shell does not 
hinder the diffusion as much as the hard shell of water around Na+.49 For diffusion 
in a solid material, the size is expected to be an important factor. However, the pure 
ion size is not significant in comparison to that of the water shell.  
  In order to explain the different behaviour of the salt transport through the 
saloplastic membranes as compared to commercial cation exchange membranes, 
some hypotheses were formulated. The differences in the hydration shells of these 
cations also correspond to their interaction with polar groups in the bulk. An OH- 
edge in graphene membranes allowed K+ permeation while rejecting Na+.33 Charged 
mosaic membranes also showed a selectivity owing to the interaction of the ions with 
oppositely charged and polar groups.50 Our PSS-PVA plastic membranes too are 
made of a combination of cationic and anionic groups, and the polarity of the amine 
group may favour the K+ selectivity as in the case of OH-. Further, amine groups in 
their aqueous phase are surrounded by OH- ions, which interact favourably with the 
dynamic shell of water molecules around K+ ions, unlike with Na+.  
  As a result of the different interactions, the PSS-PVA membrane has a preference 
for K+ without completely rejecting Na+ ions, leading to enrichment of K+ but still 
retaining lower quantities of Na+. This is ideal for agricultural purposes indicated at 
the start, where a reduction in Na+ concentration is a need without complete 
elimination, at a steady state.24 While there are no commercial membranes selecting 
K+ over Na+, the advent of such a membrane is very promising. 

4.4 CONCLUSIONS 
  A simple hot-pressing approach, not requiring any organic solvents, was used to 
process a complex precipitate of PSS-PVA into a dense saloplastic sheet with 
effective surplus of negative charge. Such a plastic has a water uptake of 42% and 
an effective cation exchange capacity of 1.1 ± 0.4 mmol.g-1. Resistance-based 
selectivity revealed a preference towards K+ over Na+, which was further confirmed 
by long term ion flux values, showing a K+ over Na+ cation (monovalent) selectivity. 
The authors attribute this to the hydrated shell sizes of the ions, wherein Na+ has a 
stronger adhesion to water molecules as opposed to K+ ions, where they are mobile. 
The absence of the selectivity for two commercial cation exchange membranes 
shows that saloplastics behave differently, favouring diffusional selectivity rather 
than generally observed concentration based selectivity, i.e. a transport that is 
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governed  by the Donnan equilibrium. In addition to this, it is hypothesized that the 
presence of amine groups in the complex adds to selectivity for K+. Other advantages 
include the simple and reproducible fabrication, and the possibility of scaling up 
when compared to other membranes.35 Hence, the membrane is potent to be used in 
applications where the ratio of K+/Na+ needs to be enhanced, while not completely 
removing Na+. It would therefore be suitable for agricultural feed water adjustment 
processes to irrigate plants while maintaining a healthy salt balance.  
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Supplementary Information   |  Chapter 5 

 

Figure SI 5.1. Example I-V curves of the PSS-PVA saloplastic membranes 
compared to the  commercial membranes Neosepta CMX and Ralex CMV 

obtained by supplying direct currents and measuring the corresponding voltages. 
The values of voltage are as measured. 
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Figure SI 5.2. Example I-R curves of the PSS-PVA saloplastic membranes 
compared to the  commercial membranes Neosepta CMX and Ralex CMV 

obtained by multiplying the measured resistance values after subtracting the 
solution resistances. 

Measurement of resistance 

  A six compartment plexiglass cell1,2  was designed to measure the electrical 
resistance to the mobility of sodium and potassium ions offered by the membranes 
(Figure 5.1). Direct current (DC) measurements were performed at a constant 
temperature of 25 ± 0.2 °C, controlled by a thermostatic bath. Platinum coated 
titanium electrodes are present in compartments on the two ends to apply a 
predetermined current. Haber-Luggin capillaries are connected to calomel reference 
electrodes which are inserted into the central compartments. These measured the 
potential drop across the test membrane.   These compartments circulated 0.5 M 
K2SO4 or Na2SO4 solution using a peristaltic pump. The test solution KCl or NaCl 
circulates in the two central compartments and a similar solution circulates in the 
remaining two adjacent compartments.  
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  The test membrane was placed in between the central compartments while a 
standard commercial cation exchange membranes, Neosepta CMX (purchased from 
Astom Corporation, Japan), are placed between every pair of chambers other than 
the central two.  
  All the test membranes were equilibrated for 24 h in the test solution KCl or NaCl 
before testing. DC resistance was the slope of the IV curve generated when currents 
between 0-100 mA were supplied by the above mentioned electrodes and the 
corresponding voltage drops are measured by the capillaries.  

Calculation of final resistance 

  Before measuring the resistance of each membrane, a blank measurement was 
performed without the membrane. This blank measurement is the value of the 
solution resistance. All resistances are reported as area resistances after subtracting 
the solution resistance. Further, the values are each multiplied by the effective area 
of the membrane (Figure SI 5.2).  
  Example calculation:  
Final resistance = (Measured resistance – Solution resistance) x (Membrane area) 
                          = (19.12 Ω - 11.44 Ω) x 0.785 cm2 
                          = 6.03 Ω.cm2 
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Figure SI 5.3. Complete selectivity values of resistance including the initial points 
during equilibration/absorption. The error bars indicate an average of at least two 

measurements. 
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“When you look up to someone, you tend to look down on someone 
else. When we avoid both, people are suddenly less overwhelming, and 

easier to deal with.”  
                        -Pandit. Davis Juggaev  

                                       Founder, Coimbatore Farmers Association 
                                                Conversation on 1 December, 2018 
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ABSTRACT 
Saloplastics of sodium polystyrene sulfonate (Na-PSS) and 
polydiallyldimethylammonium chloride (PDADMAC) are non-porous when hot-
pressed under optimal conditions. Such plastics have the advantage of post-
processibility through salt doping and water plasticization, two parameters that are 
also critical in their fabrication. Here, we demonstrate quantitatively that the most 
favourable condition for these complexes is a neutral state.  Annealing with saltwater 
(0.7 M KBr), as well as recycling by dissolution at high salinity (1.5 M KBr) 
followed by complexation through dilution, both demonstrate a transition to a more 
neutral complex.  Annealing with small volumes of concentrated saltwater triggered 
self-healing in the form of the closing of small cuts and pores, while larger cuts could 
be healed with some additional mechanical pressure. Annealing also facilitated the 
successful incorporation of active lysozyme which could cleave bacterial cell walls. 
Self-healed plastics remained charged and their tensile strength reduces by 10%, but 
recycled plastics become more  neutral, leading to an increase in tensile strengths. 
Clearly, salt water post-processing is an effective tool to repair, functionalize, and 
recycle saloplastics.
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6.1 INTRODUCTION 
  Common plastics cause a variety of environmental problems including air pollution 
and the presence of microplastics in drinking water, food, and marine life.1,2 These 
are due to ineffective methods of plastic disposal such as in oceans and landfills, 
dump yards, and incineration.3,4 The difficulty to reuse/recycle and repair, has led 
researchers to constantly look for sustainable alternatives.5,6  Current alternatives 
include plant-based polymers such as cellulose and pectin, which are partial 
solutions leading to issues in the supply chain of their raw materials.7,8  
  Recycling is a coveted area in the plastics industry and an important option that is 
available to reduce its environmental impact.9 It provides the opportunity to reduce 
the consumption of fossil fuels, but also CO2 emissions and disposal issues.10 Also, 
other issues persist, including the difficulty in incorporating materials such as 
nanoparticles for functionality or active biomolecules for antibacterial properties.11 
Nevertheless, less than 10% of the plastic produced globally is recycled, as most 
plastics cannot be recycled due to their quality and contamination with additives or 
usage.12  
  Polyelectrolytes and their complexes could be a practical solution to the plastic 
menace. Their ability to form processible complexes with oppositely charged ones 
has opened up many possibilities for their use and functionality.13 A recently 
developed method is hot-pressing of complexes into dense saloplastics, which are 
sturdy and easily tunable.14 Saloplastics are processed by salt-plasticization, wherein 
salt dopes the chains and water facilitates plasticization.15  
   Thermodynamically, polyelectrolyte chains tend to complex to reach neutrality. 
However, due to kinetics, steric differences, chain entanglements, and 
rearrangements, complexes are usually formed with an excess of one 
polyelectrolyte.16 These trapped charges lead to non-neutrality. The extent of charge 
depends on the choice of polyelectrolytes and the ratio of their combination. Further, 
when such complexes are processed into rigid shapes, this net charge of the PEC also 
translates into the product.17  
   However, we do not always desire charged materials. Charges are associated with 
higher water uptake, and hence swelling.18 On the other hand, neutral plastics tend 
to remain rigid with minimal swelling in the presence of moisture. This also bestows 
higher tensile strengths and Young’s moduli to such plastics. In applications such as 
transparent packaging materials, good mechanical strength, as well as low water 
swelling (and transport), are desired. 
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  Post-processing can be a tool to manipulate the charge of the PECs. The crosslinks 
in such saloplastics need to be weakened to allow rearrangement of chains and add 
or remove excess charges by abandoning the excess chains. A solution containing 
just enough salt to weaken these crosslinks, but not too much such that the saloplastic 
disintegrates, may assist such post-processing. The current work is a qualitative 
experiment toward such changes. 
  In the case where annealing cleaves crosslinks and assists the PEC in the 
rearrangement of chains, it may also aid self-healing at higher concentrations.19,20 
Then, the chains need to form new crosslinks by bridging with those on the opposite 
side of a crack or a puncture, eventually healing the material. Schlenoff et al. 
conducted trials on porous PEC films of PSS-PAH and showed that they combine.21 
However, the property of self-healing in dense saloplastics has not been explored.  
  The state where crosslinks are broken or loose could also be utilized to slip in other 
charged components.22 A useful example is the incorporation of antibacterial 
enzymes, such as lysozyme23 for antibacterial plastics. This can result in packaging 
material that is functional, recyclable, and sustainable.24  
  Hydrated salt is the plasticizer for processing PECs, which were otherwise 
considered impossible to process. This property can also be taken advantage of for 
post-processing PEC saloplastics by salt-annealing them. It can close the loop 
through recyclability, and assess the possibility of their further research in 
sustainable plastics. This work explores such post-processing of saloplastics with 
salt, with special attention to self-healing and recyclability to demonstrate these as 
plastics of the future, as suitable candidates for achieving true sustainability in 
plastics.  

6.2 MATERIALS AND METHODS 
  Poly(diallyldimethylammonium) chloride (PDADMAC)  of molecular weight: 
400-500 kg.mol-1 [20 wt.% in H2O], sodium-Poly(sodium 4-styrene sulfonate) (Na-
PSS) in molecular weight 1000 kg.mol-1 25 wt% in H2O, NaCl (EMPROVE® 

ESSENTIAL), KCl (>99%), and KBr (>99%), and lyophilised hen egg lysozyme 
(L876) and micrococcus lysodeikticus (M3770) were purchased from Merck, 
Nederland and used as received. Milli-Q water was used from a Millipore Synergy 
® Water Purification System.  
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6.2.1 Polyelectrolyte complexation  

  Individual 125 mM solutions in the 1:1 monomer ratio of Na-PSS and 
PDADMAC were prepared. They were poured into a third beaker under 
stirring. Within 30 min, a polyelectrolyte complex precipitated.  

6.2.2 Hot-pressing 
  A desktop Rosin Press- FVR ROLLIE 20 ton, was purchased from FVR, 
Canada to hot-press PECs. The anodised aluminium plates of the hot-press 
measure 177 x 127 x 38 mm3. The PEC was placed on the lower plate of a 
Delrin mould, prepared as in the previous work,14 and covered with the top 
plate after which it was inserted into the hot-press. The aluminium plates of 
the press were closed but pressure was applied. A predetermined temperature 
of 90 °C was allowed to reach. Thereafter, a pressure of 200 bar was applied 
to the salt-plasticized PEC to move the chains into a thickness-controlled 
sheet.  After 5 min, the temperature was set to 25 °C and allowed to cool 
without lifting the pressure. In about 30 min, room temperature is attained, and 
the mould was taken out of the hot-press. The saloplastic formed was lifted off 
the lower plate and stored in an airtight bag. 

6.2.3 Ion exchange capacity  
  Potentiometric titration is used to for ion exchange capacity (IEC) measurements.25 
The anion exchange capacity was measured by the following procedure: 0.5g of the 
dry membrane was soaked in 150 mL of 1.0 M NaCl for 15 h. Further, it was rinsed 
and soaked in MilliQ water for 90 min while the water was replaced several times to 
remove sorbed NaCl. Next, the film was soaked in 50 mL of 1.5 M Na2SO4, and the 
solution was replaced twice to ensure a complete exchange of Cl- with SO4

2-.  These 
combined solutions were used to determine the Cl- content by titration with 0.1 M 
AgNO3 and a K2CrO4 indicator. The IEC was calculated by the following equation:  

𝐴𝐴𝑐𝑐𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 (𝐴𝐴𝐸𝐸𝑅𝑅) [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 

where 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3and 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝑂𝑂3 are the volume and concentration of AgNO3 respectively.  

  The cation exchange capacity was measured as follows:  0.5g of the dry membrane 
was soaked in 150 mL of 1.0 M HCl (ACS reagent 37 %, Sigma Aldrich)  for 15 h. 
Further, it was rinsed and soaked in MilliQ water for 90 min while the water was 
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replaced several times to remove sorbed HCl. Next, the film was soaked in 50 mL of 
1 M NaCl, and the solution was replaced twice to ensure a complete exchange of H+ 
with Na+. These combined solutions were used to determine the H+ content by 
titration with 0.1 M NaOH and a pH electrode (Metrohm pH 491). The IEC was 
calculated by the following equation:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑎𝑎𝑅𝑅 𝑅𝑅𝑅𝑅𝑢𝑢𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝐶𝐶 (𝑅𝑅𝐸𝐸𝑅𝑅) [
𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅

 𝑎𝑎
] =

𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁
 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑

∗ 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 

where 𝑉𝑉𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁and 𝑅𝑅𝐴𝐴𝑁𝑁𝑂𝑂𝑁𝑁 are the volume and concentration of NaOH respectively.  
  The net IEC is the absolute number difference between the two values. 

6.2.4 Annealing  
  Saloplastic pieces of 5x5 cm2 were salt annealed by immersing in a solution of 0.7 
M KBr in water by dissolving 4.2g KBr in 50 mL of MilliQ water. They were stirred 
at a low speed for 2h.  
  For annealing with polyelectrolytes, saloplastic pieces were immersed in a solution 
of 0.7 M KBr, also containing 0.125 M PSS or PDADMA in water, stirred for 2h.  

6.2.5 Lysozyme incorporation and UV-Vis spectroscopy 
  Saloplastic pieces of 1x1 cm2 were salt annealed by immersing in an aqueous 
solution of 0.7 M KBr for 2h. They were removed and submerged in a 7.5 mg L-1 
aqueous solution of lysozyme. A suspension of 0.15 mg mL-1 lyophilized 
micrococcus lysodeikticus is prepared at a pH 6.2 in a 50 mM buffer of potassium 
phosphate. The saloplastics are removed from the lysozyme solution and wiped with 
a tissue sufficiently to ensure there is no adsorbed lysozyme on the surface and also 
to keep it dry. Next, they were transferred into tubes containing the buffer with 
bacteria. At specific intervals of time, samples were taken and the absorbance at 450 
nm was measured using a Perkin Elmer UV-vis spectrometer. When active, 
lysozyme destroys the cell walls of the bacteria leading to a reduction of absorbance 
over time. This activity is measured in Units cm-2 determined by the following 
equation wherein A(T) and A(B) are the absorbances at 450 nm min-1 for the test 
sample and the blank respectively, and S is the membrane surface area: 

𝑼𝑼𝑼𝑼𝑼𝑼𝑾𝑾𝑼𝑼 𝒄𝒄𝒎𝒎−𝟐𝟐 =
𝑨𝑨(𝑻𝑻) − 𝑨𝑨(𝑩𝑩)

 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 ∗ 𝐒𝐒
∗ 𝟎𝟎𝟎𝟎𝟎𝟎 
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6.2.6 Self-healing  
  Saloplastics were cut into pieces of approximately 2x1 cm2. A long cut was made 
across 3/4th the length of each plastic. They were placed on a rigid board and about 
10 mL of 1 M KBr solution was spread on each film such that it is just immersed 
and sufficient. It was allowed to plasticize for 30 min, after which a slight pressure 
was applied with a spatula such that the ends can connect. This was allowed to sit 
for 90 min. Thereafter, the healed films were immersed in 0.3 M KBr for 30 min, 
after which they were removed. 

6.2.7 Recycling  

  Saloplastic pieces of 5x5 cm2 were immersed in a 100 mL solution of 1.5 M KBr 
in water and stirred for 30 min to dissolve completely. The solution was filtered with 
a fine mesh where impurity particles were removed. Next, 1100 mL was added to 
the beaker and stirred for 30 minutes to obtain a PEC lump precipitate. This is one 
complete cycle of recycling.  

6.2.8 Tensile strength 

  An Instron 5800 electromechanical testing system was employed to measure 
mechanical strength. The ASTM D88226,27 standard (valid for polymer films with a 
thickness of less than 1 mm) was used to prepare samples with a length of 50 mm 
and a width of 5 mm. The reported values are an average of at least three specimens 
measured at room temperature at a speed of 2 mm min-1.  

6.3 RESULTS AND DISCUSSION 

  Post-processing of dense PEC saloplastics will be discussed in four parts: (a) 
annealing, (b) active enzyme incorporation, (c) self-healing, and (d) recycling. This 
order of discussion is due to the increasing concentrations of salt used for the 
respective post-processing method. All following discussed post-processing 
methods use KBr as the salt. Figure 6.1 is an overview of the KBr concentrations 
used, increasing from 0.7 M for annealing, to 1 M for healing, and 1.5 M for 
dissolution to completely recycle.  
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Figure 6.1. Post-processing of PSS-PDADMA saloplastics with different 
concentrations of KBr. 

(a)  Annealing 

  Introducing a saloplastic to significant concentrations of KBr allows for chain 
mobility facilitating rearrangements, and can also lead to some extrinsic charge 
compensation with counterions K+ and Br-. This was thought of as a possibility to 
incorporate new polyelectrolyte chains or other charged entities.  
  After several trials, 0.7 M KBr was chosen as the ideal concentration for overnight 
soaking assuring annealing without making the saloplastic sticky. Ion exchange 
capacity measurements (Figure 6.2) before and after soaking in KBr indicated that 
annealing reduces the net charge of the plastic. Continuous stirring further reduced 
the net charge.  
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Figure 6.2. IEC comparison between non-annealed, KBr annealed, KBr annealed 
under continuous stirring, annealed with PSS in KBr, and annealed with PDADMA 

in KBr. The error bars represent the standard deviation by averaging at least 3 
measurements. 

  In the next stage, the annealing salt solution also contained 125 mM PSS or 
PDADMA to check if the charge density could be increased by incorporating some 
extra polyelectrolyte chains. However, this did not occur. The saloplastic was 
observed to still remove part of the excess charge, and not incorporate any new 
chains. This confirms the strong tendency of polyelectrolyte complexes to rearrange 
to reach optimum crosslinking. 
  The plastics were then cleaned to remove excess 0.7 M KBr solution, and a lower 
salt concentration of 0.3 M KBr was added such that excess salt taken up by the 
plastic was removed. DI water reservoir was not used for this purpose as it creates a 
huge salt gradient between the membrane and the water, where salt ions rush out 
leaving pores in the plastic, rendering it white and porous (Figure 6.3). 
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Figure 6.3. The (a) healed saloplastic turns (b) white if transferred 
from high KBr concentration to DI water directly. 

(b) Salt-annealed lysozyme incorporation  

  The previous step also facilitates the integration of biomacromolecules such as 
enzymes into the saloplastic, because harsh chemicals or solvents that destroy them 
are not used.23 Here, salt-annealed saloplastics are immersed in a 7.5 mg L-1 
lysozyme solution to demonstrate that this enzyme can be taken up in its active form. 
Further, the biocatalytic activity of such plastics is shown by their ability to cleave 
the cell walls of the gram-positive lyophilized bacteria- micrococcus lysodeikticus. 
Figure 6.4 shows PSS-PDADMA saloplastics with and without lysozyme. 
  UV-vis spectroscopy was used to measure the absorbances of the lysozyme-
incorporated saloplastics over a span of 5 h and compared to the absorbances of the 
bacterial cell suspension (blank), non-annealed saloplastics, and lysozyme solution. 
In Figure 6.5, the absorbances for the blank and non-annealed saloplastic are similar. 
However, a steep decrease in absorbance at 450 nm is observed for the saloplastics 
treated with lysozyme indicating the decrease in turbidity of the solution due to the 
cleavage of bacterial cell walls by lysozyme. The pure lysozyme solution shows a 
much steeper decrease compared to lysozyme incorporated membranes due to the 
direct contact unlike the latter wherein lysozyme is embedded inside the matrix of 
the saloplastic. This could be because not all lysozyme is accessible to the substrate 



 

   
219 

as the substrate is big, and not all lysozyme is incorporated in the saloplastic. Hence, 
the concentration of lysozyme in the saloplastic is lower than the concentration of 
lysozyme solution. These measurements confirm the presence of active lysozyme 
and have the potential to be applied for antibacterial packaging applications. 

 

Figure 6.4. Saloplastic pieces of 1x1 cm2 (a) with, and (b) without lysozyme. 

 

Figure 6.5. The enzymatic activity of PSS-PDADMA saloplastics. 
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(c)  Self-healing 

  Self-healing can be autonomous or assisted. Both have their advantages, and the 
advantage of an assisted process is that it can be controlled. The system under 
consideration, a PSS-PDADMA saloplastic with a cut along its length, was allowed 
to stay in a solution with a high salt concentration (1M KBr). KBr is a strong dopant 
according to Hoffmeister’s series28 and Wang et al. dissolved their PECs at 1.8 
M.29,30 The choice of 1 M KBr was made, as it is just enough to weaken the crosslinks 
but not disintegrate the film. Further, the precaution of not immersing the film in a 
saltwater bath or reservoir was taken such that it does not lead to excess salt 
accumulation or release of excess chains into such a bath. This is to ensure that the 
net charge on the piece of saloplastic remains the way it was intended to be.  
  Figure 6.6 shows the stages of healing, wherein 5(a) contains a piece of saloplastic 
with a long cut, to which a little salt solution is added and allowed to temporarily 
soften as in 5(b). 5(c) shows the plastic after the ends are slightly pressed for them 
to join and 5(d) shows an example of a healed plastic. Heating is not required and 
the characteristics of the saloplastics for use as an ion-exchange membrane remain 
unaltered.16  
  For large cuts, assistance may be needed by slightly pressing the edges, but 
small holes were observed to self-heal in 1M KBr without any assistance. In 
any case, minimal pressure after healing secures the connections and ensures 
stability for further use.  

  Such a mechanism is extremely beneficial, especially in membrane science. 
Membrane materials are expensive and cannot be stitched together when they 
rupture, needing replacement of the whole membrane. Saloplastic sheets, on 
the other hand, only need saltwater to be repaired and can be used as before. 
Tensile strengths in unhealed and healed samples were found to be similar 
with a decrease of less than 10% for healed saloplastics at 4800 ± 390 MPa 
compared to 5200 ± 260 MPa. 

  Lastly, in case a big hole is formed, a patch of saloplastic can be placed on 
the defect so as to cover it, and saltwater healing can be achieved.  
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Figure 6.6. Stages of self-healing. (a) saloplastic sample 2x1 cm2 cut in the 
centre (b) sufficient 1M KBr solution spread on the film for 2 h (c) after 

equilibration in 0.3 M KBr for 30 min (d) healed film.  

(d) Fully recycling hot-pressed saloplastics  

The concentration of KBr, when increased beyond 1.3 M leads to irreversible 
softening of the chains due to high salt doping. The complex consequently 
disintegrates the chains and, under stirring, dissolves the saloplastic with effective 
charge screening between the chains. 1.5 M KBr solution was chosen to effectively 
achieve this in < 30 min as shown in Figures 6.7 (a) and (b). Following this, a 
filtration step with a mesh can be included to remove any impurities that may be 
present in the saloplastic due to previous usage.  
  The solution is diluted, using demi water, such that 125 mM of salt is present, as 
shown in Figure 6.7(c). At this salinity, the charges are no longer effectively 
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screened and complexation will occur. Upon dilution (and magnet stirring 
complexation begins instantly, as shown in Figure 6.7(d-f).  Phase separation with 
a clear supernatant is observed.  
  Processing this recycled polyelectrolyte complex by hot-pressing gives a 
transparent and strong saloplastic, as in Figure 6.8(b). Such a cycle can be repeated 
about five times to obtain usable saloplastics, beyond which the plastic was found to 
become rough and not mouldable, such as in Figures 6.8(e) and (f). This can be due 
to the reduction of the length of the polymer chains in each cycle, such as in paper 
recycling where the lengths of the fibres reduce in each pulping and processing step. 
Eventually, the fibres are too short and weak to be processed anymore, usually 
between four and seven recycling cycles.31 The tensile strength was observed to 
increase after the first recycling, at 5700 ± 320 MPa compared to 5200 ± 260 MPa, 
and the corresponding ones were comparable to the recycled plastic. The recycling 
was reproducible and the plastics were mouldable each time.  
  In a case that the saloplastic contains charges initially, such as the ones tested in 
this work, this complete ‘annealing’ neutralizes the plastic. This was observed by 
permselectivity measurements with 0.03/0.15 M KCl solutions, which resulted in 
less than 10% permselectivity as opposed to 90% for non-recycled PSS-PDADMA 
saloplastics. This further confirms the strong drive of polyelectrolyte complexes to 
rearrange by removing excess charge by eliminating excess chains in saltwater.  
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Figure 6.7. Stages of self-healing. (a) saloplastic sample 2 x1 cm2 cut in the centre 
(b) sufficient 1M KBr solution spread on the film for 2 h (c) after equilibration in 

0.3 M KBr for 30 min (d) healed film. 
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Figure 6.8. (a) complex formed after dissolving saloplastic two times, (b) 
saloplastic recycled twice, (c) saloplastic recycled three times, (d) saloplastic 

recycled four times, (e) saloplastic recycled six times, and (f) saloplastic 
recycled seven times. 

  This method of recycling is ideal for usage in applications that do not require 
charges in the plastic. However, it is possible to add an excess of the required 
polyelectrolyte to further induce charges in the plastic. It is also possible to 
incorporate nanoparticles, clays, or functional elements in any stage of recycling 
coupled with a filtration step, making the process advantageous for a variety of 
applications.  
  In Chapter 4 we have shown that it is possible to make saloplastics from other 
polyelectrolyte combinations. The post-processing characteristics of these 
saloplastics have not yet been studied, but we expect that for these other 



 

   
225 

combinations the right parameters can be found to achieve annealing and successful 
incorporation of enzymes, self-healing and recycling.  

 6.4 CONCLUSIONS 

  Post-processing of dense saloplastics is shown qualitatively and for the first time. 
A variety of methods become possible by increasing the concentration of KBr in 
water. With a 0.7 M KBr solution, dense saloplastics were annealed to reduce the net 
charge or incorporate active enzymes to imbue antibacterial properties. Raising the 
concentration to 1 M facilitates self-healing, wherein cuts and defects are repaired 
successfully with or without the reduction in net charge, which can be tuned based 
on the need. The resulting tensile strengths of healed saloplastics were comparable 
with less than a 10% decrease.  

  Complete recycling of dense saloplastics has been demonstrated, and up to seven 
cycles were performed. Usable saloplastics were obtained for five cycles, wherein 
impurities can be filtered out. Each of the processing methods also shows that the 
PSS-PDADMA PECs utilize any opportunity for rearrangements. Overall, saltwater 
annealing is effective in post-processing saloplastics by recycling, healing, and 
incorporating bioactive enzymes.  
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Saloplastic membranes |  A General Discussion  
OVERVIEW  
  Salt-plasticized polyelectrolyte complexes were aptly termed ‘saloplastics’ by J.B. 
Schlenoff and Pierre Schaaf about a decade ago.1,2 This first evidence of PEC 
processibility opened a new window toward understanding polyelectrolyte 
complexes and their behaviour. Ever since, several aspects and properties of such 
material have been researched by different groups. 3–6 While doping in saloplastics 
was studied by Ghostine7, glassy rheological behaviour has been investigated by J. 
Lutkenhaus8, and their time-dependent dynamic properties at different salt 
concentrations and temperatures were studied by Shamoun.9 Such studies have also 
led to insights into diffusion and its mechanical behaviour in salt solutions.10 Until 
now, saloplastics fabricated by extrusion and spin coating were reported to have 
pores in the micrometer scale which promotes their use in certain applications11, but 
restricts them where dense materials are needed.  
  This thesis showcases the elimination of porosity by introducing a hot-pressing 
method, leading to fully dense saloplastics for the first time (Chapter 2). This 
enabled their characterization as membranes for ion-exchange. This was newly 
demonstrated (Chapter 3) by reporting excess positive charge with a strong 
polyelectrolyte system, PSS-PDADMA, backed by permselectivity data in salt 
solutions. This was replicated in other polyelectrolyte systems and ratios, including 
weak polyelectrolytes (Chapter 4), showing that the process is tunable. Specific 
useful selectivities, such as monovalent-divalent selectivity of Cl-/SO4

2- and 
monovalent-monovalent selectivity of K+/Na+ were also reported for different 
polyelectrolyte systems (Chapters 3 and 5 respectively).  
  Some drawbacks of commercially available membranes, such as the use of toxic 
chemicals and complicated synthetic procedures have been addressed with this 
method, which is eco-friendly and a single-step process.12,13. In addition, it is possible 
to assist in healing when a saloplastic is damaged, and can also be fully recycled 
(Chapter 6).  Overall, a strong foundation has been laid for the application of 
saloplastics as membranes. 
  While these are clear merits, several challenges still persist. The total charge in 
saloplastic membranes is currently low when compared to their commercial 
counterparts. In addition, swelling is higher, leading to even lower charge densities. 
This chapter addresses these concerns by charting directions for further research in 
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improving the membrane material. Moreover, different geometries are proposed and 
other possible applications for dense saloplastics are discussed.  

7.1 MEMBRANE MATERIALS  
  To improve the quality of saloplastics and their membrane properties, optimization 
of the membrane material is the first step. The choice of polyelectrolytes and their 
pairing, directly influence the charge and swelling of the formed complexes, and 
thereby that of the corresponding saloplastics. In addition, they could be further 
controlled by adding specific nanoparticles or by crosslinking, leading to higher 
charge densities. This section discusses these possibilities. 

Polyelectrolytes and their combinations 
  It is well established that oppositely charged macromolecules associate when their 
aqueous solutions are mixed, leading to various interesting architectures.14 Among 
these, polyelectrolyte complexes are the most phase-separated and, in some aspects, 
can be analogous to the solid-state among the states of matter. Monomer units 
generally contain amine derivatives in polycations, while strong polyanions carry 
sulfonates and weak ones carry carboxylates.15  A fundamental requirement in the 
choice of a polyelectrolyte pair for this study is its ability to form a complex in the 
first place. Next, the complexes formed need to be in a processible state. For instance, 
weak hydrated complexes are formed when a salt of a polymethacrylic acid is used.16 
This leads to low processibility and high swelling in the final product, which is 
undesired.  
  The choice of polyelectrolytes included sulfonic acid and carboxylic acid groups, 
as well as aliphatic and aromatic ones. Also, both ammonium and amine-containing 
ones were present. This allowed different types of comparisons. From the research 
in this work as well as literature it seems that at least one polyelectrolyte needs to be 
strong in each pair for the complex to be processible. An important addition would 
be the incorporation of monomers with different charge densities. Although it is 
expected that for polymers with high charge densities, the swelling would cause 
concern, a thorough investigation can lead to clarity and allow optimization. 
Polyacrylic acid (PAA) was one such polymer used in this study. Further, the strong 
polyelectrolytes, polyvinyl sulfonate (PVS), and poly (vinyl benzyl trimethyl 
ammonium) chloride, could be good additions for their charge densities as well as 
the sulfonic acid and ammonium groups, respectively. Care must be taken such that 
the pKa values are not very close to that of water, such as poly(2-
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(dimethylamino)ethyl methacrylate) (PDMAEMA,  ̴ 7) to avoid fluctuations and 
polymer loss during operation as membranes in saltwater. Polyelectrolyte (block) 
copolymers are interesting to control charge and for their functionalities, while 
membranes with modified polyelectrolytes can provide specific permselectivities, 
like guanidinium-modified poly(allylamine hydrochloride) (PAH-Gu) is known to 
enhance the permeation of H+ and Na+.17 This thesis elucidates two cases of ion 
selectivity, while other such selective separations may be possible with different 
combinations and/or ratios.  
  In a slightly more complex setting, a combination of more than two polyelectrolytes 
can assist our quest for charge density. For instance, a three-polyelectrolyte system 
with different ratios of PSS-PDADMA-PAH was made (Figure 7.1). The strong 
polyanion, PSS, was constant in all, while the total polycation content was split 
between PDADMA (strong) and PAH (weak).  A clear trend was observed, wherein 
the beaker on the left (without PAH) was the most phase separated and the right 
(without PDADMA), the least. The five sub-ratios in between these two, with 
increasing PAH concentration and decreasing PDADMA, are accompanied by a 
decrease in phase separation. The complexes containing more PDADMA are more 
compact and precipitate well. However, all the precipitates can be centrifuged and 
processed by following the methods described in Chapter 5. Such a system can be 
used to obtain the properties of two systems, PSS-PDADMA and PSS-PAH, in the 
proportion desired.   

 

Figure 7.1. Series of a three polyelectrolyte system PSS:PDADMA:PAH in five 
ratios, in addition to the PSS:PDADMA 1:1 system on the left and the PSS:PAH 

system in the right 

  Apart from the polyelectrolytes used here and other commercially available ones, 
they can be synthesized based on need. The working pairs or functional groups are 
decided upon, and the rest is formulated thereafter. For example, the sulfonate group 
(-SO3) has been supportive of stable and processible complex formation. Ionic 
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strengths are given primary importance to ensure a strong complex, while not making 
it too brittle. The backbone can be chosen such that it is not very rigid. Since the 
formation of the complex is driven by the entropic release of counterions, the choice 
of counterions matters. A certain amount of salt ions are added to facilitate 
complexation and doping, for which KBr is considered to be ideal for doping based 
on the Hoffmeister series. The quality of the complex may be enhanced when the 
counterions of the individual polyelectrolytes are K+ and Br-. 
  Saloplastics of PSS-PDADMA are biocompatible and byproducts of degradation 
do not interfere with the functioning of the body as they exit.18 While such systems 
are a positive step toward sustainability and a low human footprint, biologically 
derived materials are being portrayed to be the way forward. Care must be taken that 
their supply chains do not interfere with those of food and that natural habitats or 
forests are not destroyed to facilitate growing specific species of flora.19,20   
  The influence of salt also calls for long-term permselectivity experiments. The 
presence of salt, although in low concentrations, may anneal the saloplastic 
membranes with time and continued circulation, leading to lower charge densities in 
the long run. However, no such indications were observed within the scope of the 
current research.  
  Chapter 2 shows that humidity strongly impacts the mechanical behaviour of dense 
saloplastics. This implies that the complete removal of water, for example, by 
flowing nitrogen or a mixture of gases can make it utterly brittle. Such an observation 
was made when a saloplastic was tested for gas barrier properties, wherein the 
membrane withstood gases for a short duration but shattered soon after all the 
moisture was removed. Plasticizers may be blended into saloplastics for applications 
involving gases.  

Crosslinking  
  An important advantage of using weak polyelectrolytes such as PVH and PAH, in 
combination with PSS, is the possibility to form crosslinks between the amine groups 
when they are combined such that the weak polyelectrolyte is in excess.21 Such 
crosslinking can allow better control of the charge distribution and density, and also 
increase stability. It is challenging to adapt into the current system due to the 
plasticization step during hot-pressing. Therefore, it needs to be a post-processing 
step. 

  A preliminary experiment was conducted with PSS-PVH and PSS-PAH systems, 
using different percentages- 0.05%, 0.1%, and 1% w/w,  of glutaraldehyde (GA) as 
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crosslinker. GA reacts with the amines and reduces the amount of positive charge. 
The procedure included equilibration in saltwater (1M KBr) for 24 h followed by 
immersion in an aqueous solution of glutaraldehyde for 24 h. The permselectivity in 
0.03/0.15 M KCl was measured before and after the crosslinking experiment.  

Table 7.1. Permselectivity measured in 0.03/0.15 M KCl before and after 
crosslinking with different weight percentages of glutaraldehyde.  

 No GA 0.05% 0.1% 1% 

PSS-PVH 90 ± 1 91 ± 2 88 ± 2 86 ± 3 

PSS-PAH 88 ± 2 92 ± 3 90 ± 3 89 ± 1 

 

  The permselectivity increased by 1% for PSS-PVH and 4% for PSS-PAH after 
crosslinking in a very low concentration (0.05%) of glutaraldehyde. However, higher 
concentrations yielded negative results with higher deviations. With sufficient 
crosslinking, the system is expected to become negatively charged. While additional 
experiments and optimization are necessary, this indicates that crosslinking is a 
possibility.22 Other methods of crosslinking, such as with ultraviolet light, are 
interesting options that can increase charge density with the use of suitable 
crosslinkers. 

Nanoparticle incorporation                                                                                                   
  In literature, charged nanoclays such as montmorillonite (MMT) have been used to 
incorporate additional charge, while also providing mechanical support.  Initial 
experiments were conducted by blending different percentages (0.5% – 20%) of 
MMT into the polyelectrolyte solutions of the PSS-PDADMA system before 
complexation. The hot-pressed films showed differences in permselectivity and 
increased mechanical strengths. However, with an increase in the percentage of 
MMT, the films were increasingly brittle. Hence an optimization is necessary. MMT 
was also modified to its hydrogenated and organophilised forms, further changing 
the properties of the films.  On the other hand, laponite, a nanoclay known to absorb 
water, was blended to obtain saloplastics with increased swelling. Therefore, it is 
possible to tune the swelling, and thereby charge density, by this method. Also, 
nanoclays such as MMT are non-toxic and economical, and can also be used as fillers 
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to reduce the overall costs while increasing the mechanical strength of the hot-
pressed plastic. 
  Materials with additional functions and specific properties are interesting, and 
people are always on the lookout for better materials. While saloplastics themselves 
function as membranes, incorporating particles with specific properties may 
facilitate their application in niche areas. Incorporating carbon nanotubes (CNTs) 
can lead to electrical conductivity and better strength, while keeping the material 
light.23 Adding metal nanoparticles such as aluminium and copper can enhance heat 
dissipation. Integrating soft magnetic particles like iron can be advantageous in 
reducing electromagnetic losses. Nanoparticles need to be homogenous and 
preferably bound closely to the polymer. This may be achieved sustainably by 
altering the particle surface using atmospheric plasma, as against an acid bath that 
consumes chemicals and generates waste. Several other nanoparticles can be added 
for antimicrobial and selective barrier properties.24  Overall, nanoparticles are 
potentially capable of enhancing specific properties of saloplastic membranes. 

7.2 MEMBRANE GEOMETRY AND 
ALTERNATIVE MEMBRANE APPLICATIONS 
  An important advancement with a membrane would be the possibility to produce it 
in desired geometries for optimized utilization. This is surely a possibility with hot-
pressed saloplastics. Two oppositely charged flat sheets can be combined seamlessly 
as a bipolar membrane, dense wires can be extruded at high pressures towards 
making hollow fibers, and reactions may be carried out by embedding catalyst 
particles directly onto the alkaline stable membranes. This section illustrates such 
opportunities. 

Bipolar membranes 
  The earlier chapters of this book describe and report the fabrication of both anion- 
and cation-exchange membranes from different combinations and ratios of 
polyelectrolytes. Two such oppositely charged membranes can be combined to make 
a bipolar membrane.  
  The combination was attempted in our lab. The chosen membranes are cut in the 
required shape. These pieces are immersed in 0.2 M KCl to hydrate them and also 
take up some salt. After equilibration, they are superimposed and placed in a mould, 
which is inserted between the plates of a hot-press. The heating is switched on with 
a set temperature of 85 °C. Once the temperature is reached, a pressure of 2 bar 
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(minimum pressure to keep them flat while they ‘heal’ at the interface) is applied for 
10 minutes. At this point, the heating is switched off and allowed to cool. The 
pressure is released after cooling to room temperature. The sheets combine 
flawlessly, and the parameters can be modified based on their effect on the final 
product. 

 

Figure 7.2. Images to illustrate the fabrication of bipolar membranes. (a) and (b) 
individual hot-pressed anion and cation exchange membranes, (c) superimposed 
membranes, (d) 0.2 M salt solution dropped before immersing in equilibration 

solution, and (e) joined as a single bipolar membrane by mild hot-pressing 
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Hollow fibres 
  Hollow fiber membranes have several advantages over flat sheet ones including a 
more optimal usage of surface area (high surface to volume ratio) and easy 
incorporation in flow streams.25 Currently available hollow fibers, including those 
from Polylactide-co-glycolide (PLGA), utilise solvents such as chloroform and N-
methyl pyrrolidone (NMP) which are harmful and hazardous for the environment. 
Moving to polyelectrolyte-based systems would eliminate such possibilities and 
promote safety with sustainability. Therefore, fabricating hollow fiber membranes 
from polyelectrolyte complexes can be a useful and logical step in the future. 
Separation processes such as Donnan dialysis, wherein differences in concentration 
are drivers of selectivity rather than an applied potential, can be beneficiaries of such 
membranes. Further, these may also be extended to Hollow fiber membrane 
bioreactors (HFMBs), addressing the issue of cell contamination by the residues of 
toxic solvents typically used in their fabrication.26 
  To demonstrate the possibility, a first step was taken by extruding thin wires 
(Figure 7.3) from PSS-PDADMA in our laboratory using the hot-press. 
Polyelectrolyte complex was placed in the mould of the hot press and a very thin 
outlet was created on one edge only, as per the required diameter of the wire. A 
regular hot pressing step was carried out and the edge exuded wires during and for a 
while after pressing.  
  It was possible to successfully extrude wires with a uniform diameter as thin as 40 
µm, and up to 4 mm. Typically hollow fibers have diameters of 50 – 200 µm.27 These 
wires were imaged by scanning electron microscopy where it is shown that they are 
dense (Figure 7.4). Hence, making hollow fibers is potentially possible with the 
engineering of an appropriate extruder with a nozzle made of Delrin and a very thin 
rod in the centre to create the cavity. However, the following challenges must be 
overcome: 

1. The corrosion of extruder parts which are made of metal due to the presence 
of salt and higher temperatures.  

2. Placement of a very thin rod at the centre may cause it to move during 
extrusion. Even a slight movement can cause the cavity to be uneven 
and render the fibre to be useless.  

3. Collecting the fibres, for instance by rolling them, can be an issue due 
to the fragility of such fibres and the nature of the material may cause 
cracks and/or ridges.  
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4. Storage in dry conditions may cause cracks due to the brittleness of 
the material, and hence a salt solution may be needed for long-term 
storage.  

 

 

Figure 7.3. Extruded wires by making channels in the hot pressing mould 
demonstrating the possibility of hollow fibre fabrication. Top and side images to 
compare to a one Euro cent coin (diameter = 16.25 mm, thickness = 1.67 mm).   
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Figure 7.4. Scanning electron microscopy images of extruded wires by making 
channels in the hot pressing mould demonstrating the possibility of hollow fibre 
fabrication. (a) and (d) individual wires extruded using a hot-press, (b) and (e) 

cross-sections, (c) and (f) surfaces of the cross-sections 
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Alkaline fuel cells for hydrogen energy  

  The additional advantage of positively charged PSS-PDADMA membranes is their 
high alkaline stability. This can be utilized in in an alternative application- hydrogen 
production through alkaline fuel cells (AFCs) for efficiently generating clean energy. 
It would be highly beneficial to aid the energy transition from fossil fuel-based 
sources to green sources. Stable alkaline membranes are a need of the hour as the 
ones currently available are not steady at high pH.  Such technology utilizes hydrated 
membranes to transport OH- ions. Catalyst-coated membranes (CCMs) are a 
standard, wherein the membrane surfaces are coated with suitable catalysts on the 
two sides. The hot-pressing technique allows embedding the catalyst particles onto 
the membrane without the laborious process of ink preparation and spraying.  
  Challenges may include the operation at high temperatures, wherein the saloplastic 
membranes currently in use are unstable. Crosslinking would be needed to achieve 
stability and operate at different conditions.  

7.3 NON-MEMBRANE AVENUES FOR HOT-
PRESSED SALOPLASTICS 
  Dense saloplastics are not only membrane material, but can also be perceived as 
transparent media for other applications. They can be easily recycled and can be an 
eco-friendly alternative to conventional plastics. Their flexibility and strength allow 
possibilities in contact lenses, biomedical, and packaging applications.  

Contact lenses 

  Commercially sold contact lenses are based on silicone acrylate, silicone hybrids 
or  polymethyl methacrylate (PMMA).28 Silicone hydrogel as well as regular 
hydrogel lenes are made of plastics that are hard and brittle in their dry state but 
soften and become gel-like in the hydrated state. While the general thickness of such 
lenses is  40 - 90 µm, their ideal thickness spans between 40 - 60 µm. Further, the 
water content in contact lenses ranges between 38% and 75% by weight.  
  All of the above attributes are also valid for hot-pressed saloplastics.29 Thickness 
control permits the fabrication of very thin (<50 µm), yet robust lenses. Their water 
contents lie in the required range, and are tunable by changing the polyelectrolyte 
combinations and/or ratios. Further, the stability of saloplastics, even in harsh 
conditions, would support regular usage. They are relatively low-cost, while the 
simplicity of the fabrication process can allow straightforward modifications 
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facilitating further research and development in this avenue. The biocompatibility of 
polymers such as PSS and PDADMA potentially reduces the possibility of 
commonly reported allergies and other side effects.30 In this regard, combinations 
incorporating bio-polyelectrolytes offer a greater opportunity for future research, 
displaying impressive advantages over currently used commercial materials.  

Scaffolds for tissue engineering 

  Repair and replacement of damaged tissues is a major focus in the field of tissue 
engineering. These procedures include the usage of cells from the body in 
combination with scaffolds to act as templates for regenerating tissue.31  The sample 
cells procured from the human body are used for in vitro cell culture where they 
multiply in carefully controlled conditions. They are trypsinized and incorporated 
into an artificial scaffold before implanting it into the body, facilitating in vivo 
regeneration.32   
  Incorporating foreign substances must be done innocuously, which calls for several 
criteria to be fulfilled by materials aiming to be scaffolds. The imperative properties 
are as follows- (a) Biocompatible, which is needed for cells to proliferate function 
normally, while causing negligible inflammatory responses.33  (b) Biodegradable, as 
they are a temporary frame to support the growth of a natural extracellular matrix, 
leading to their replacement over time. Eventually, the by-products must leave the 
body without hindering the functions of other organs.34 (c) Robust, to last the 
intended duration and tolerate abrasion in the site in the anatomy, as well as to allow 
surgical procedures. (d) Architecture, in order to allow the movement of water, ions, 
nutrients, and waste.  
  This renders scaffold fabrication laborious and expensive. Among a plethora of 
such materials, hydrogels are being researched for their ability to hold water, pass 
ions, and mechanical properties. Further, they can mimic soft tissues which increase 
their biocompatibility.35 Hot-pressed saloplastics offer similar advantages and may 
fulfil the necessary criteria. Several polyelectrolytes and their combinations such as 
PSS and PDADMA have shown biocompatibility and biodegradability.36 Their 
mechanical strengths, flexibility, pH stability, water contents, incorporation of 
proteins for ligands, and permeability to ions are all favourable, while the simplicity 
and inexpensive fabrication are auxiliary benefits.  
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Advanced packaging materials  

  The purpose of plastic packaging, apart from preservation and increasing shelf life, 
is low transportation weight, customizable, and visibility to the customer. Eco-
friendly alternatives such as paper-based and reusable materials may fulfil most 
criteria with respect to preservation but are largely unsuccessful due to their opaque 
nature, procurement, bottlenecks in the supply chain, or high costs. Bio-plastics 
sourced from cellulose and other derivatives are being attempted, but are linked to 
competition with food supplies when sourced on the scale of current packaging 
demands. Sustainable ideas for sources include crop waste,37 seaweed,38, and algae. 
On the other hand, advanced packaging materials meet special demands such as 
antimicrobial and selective barrier properties.39  

  Hot-pressed saloplastics can be supportive in the transition to sustainable 
packaging. Properties such as mechanical strength, flexibility, transparency, and 
simplicity match the existing plastics. They can be thickness controlled, reused, and 
easily recycled. The major advantage offered by such saloplastics is the ease of 
blending in nanoparticles, functional and antimicrobial agents, and enzymes. 
Antimicrobials such as titanium dioxide, silver, and copper can be easily 
incorporated, oxygen scavengers such as iron, cobalt, and glucose oxidase enzyme 
can be added as er requirement, and carriers for deliverables such as enzymes can be 
embedded. Hot-pressed saloplastics can also be used as smart packaging by 
incorporating nanosensors.40    

7.4 GENERAL CONCLUSIONS 
  The saloplastic, consisting of two distinct charged polymers, is a fresh perspective 
on plastics in an era where conventional plastics are perceived much more 
negatively.  It is a marvel to see that plastic can be stable at extreme pH values, but 
so easily dissolvable in high concentrations of salt in water.  

  The initial focus of this thesis was the processing of charged polyelectrolyte 
complexes into dense sheets.  A hot-pressing approach was found to be the most 
suitable with reproducible thickness. The purpose of densification was their use as 
ion-exchange membranes, which was possible with the first positively charged PSS-
PDADMA saloplastic. This was replicated with other polyelectrolyte combinations 
while understanding their properties and tunability. While the charge density needs 
improvement, separation properties were reasonable. Among the observations, an 
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increase in the positively/negatively charged polyelectrolyte in the mixing ratio led 
to a corresponding effect on some measures in PSS-PDADMA and PSS-PAH 
systems. However, the PSS-PVH system showed an inexplicable opposite effect, 
also leading to a monovalent selective cation exchange membrane at a ratio of 1:2.5 
of PSS: PVH.  

  This thesis has laid the foundations for a new field by demonstrating dense 
saloplastics coupled with their use as ion-exchange membranes for the first time. As 
a sustainable method, I am certain that it can aid the current transition of membrane 
science towards a toxin-free fabrication industry. With further improvements in the 
materials, great potential for their use in other applications can be foreseen.  

7.5 REFERENCES 
(1)  Porcel, C. H.; Schlenoff, J. B. Compact Polyelectrolyte Complexes: 
“Saloplastic” Candidates for Biomaterials. Biomacromolecules 2009, 10 (11), 2968–
2975. https://doi.org/10.1021/bm900373c. 
(2)  Schaaf, P.; Schlenoff, J. B. Saloplastics: Processing Compact 
Polyelectrolyte Complexes. Adv. Mater. 2015, 27 (15), 2420–2432. 
https://doi.org/10.1002/adma.201500176. 
(3)  Reisch, A.; Tirado, P.; Roger, E.; Boulmedais, F.; Collin, D.; Voegel, J. C.; 
Frisch, B.; Schaaf, P.; Schlenoff, J. B. Compact Saloplastic Poly(Acrylic 
Acid)/Poly(Allylamine) Complexes: Kinetic Control over Composition, 
Microstructure, and Mechanical Properties. Adv. Funct. Mater. 2013, 23 (6), 673–
682. https://doi.org/10.1002/adfm.201201413. 
(4)  Costa, R. R.; Costa, A. M. S.; Caridade, S. G.; Mano, J. F. Compact 
Saloplastic Membranes of Natural Polysaccharides for Soft Tissue Engineering. 
Chem. Mater. 2015, 27 (21), 7490–7502. 
https://doi.org/10.1021/acs.chemmater.5b03648. 
(5)  Krishna B, A.; Willott, J. D.; Lindhoud, S.; Vos, W. M. De. Hot-Pressing 
Polyelectrolyte Complexes into Tunable Dense Saloplastics. Polymer. 2022, 243, 
155–163. 
(6)  Ghostine, R. A.; Shamoun, R. F.; Schlenoff, J. B. Doping and Diffusion in 
an Extruded Saloplastic Polyelectrolyte Complex. Macromolecules 2013, 46 (10), 
4089–4094. https://doi.org/10.1021/ma4004083. 
(7)  Ghostine, R. A.; Shamoun, R. F.; Schlenoff, J. B. Doping and Diffusion in 



 

   
245 

an Extruded Saloplastic Polyelectrolyte Complex. Macromolecules 2013, 46 (10), 
4089–4094. https://doi.org/10.1021/ma4004083. 
(8)  Suarez-Martinez, P.; Lutkenhaus, J.; Batys, P.; Sammalkorpi, M. Time-
Temperature and Time-Water Superposition Principles Applied to 
Poly(Allylamine)/Poly(Acrylic Acid) Complexes. Macromolecules 2019, 52 (8). 
https://doi.org/10.1021/acs.macromol.8b02512. 
(9)  Shamoun, R. F.; Hariri, H. H.; Ghostine, R. A.; Schlenoff, J. B. Thermal 
Transformations in Extruded Saloplastic Polyelectrolyte Complexes. 
Macromolecules 2012, 45 (24), 9759–9767. https://doi.org/10.1021/ma302075p. 
(10)  Wang, X. S.; Ji, Y. L.; Zheng, P. Y.; An, Q. F.; Zhao, Q.; Lee, K. R.; Qian, 
J. W.; Gao, C. J. Engineering Novel Polyelectrolyte Complex Membranes with 
Improved Mechanical Properties and Separation Performance. J. Mater. Chem. A 
2015, 3 (14), 7296–7303. https://doi.org/10.1039/c4ta06477a. 
(11)  Shamoun, R. F.; Reisch, A.; Schlenoff, J. B. Extruded Saloplastic 
Polyelectrolyte Complexes. Adv. Funct. Mater. 2012, 22 (9), 1923–1931. 
https://doi.org/10.1002/adfm.201102787. 
(12)  Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chem. 
Soc. Rev. 2010, 39 (1), 301–312. https://doi.org/10.1039/b918763b. 
(13)  Hossain, M. M.; Wu, L.; Liang, X.; Yang, Z.; Hou, J.; Xu, T. Anion 
Exchange Membrane Crosslinked in the Easiest Way Stands out for Fuel Cells. J. 
Power Sources 2018, 390, 234–241. 
https://doi.org/10.1016/j.jpowsour.2018.04.064. 
(14)  Fuoss, R. M.; Sadek, H. Mutual Interaction of Polyelectrolytes. Science (80-
. ). 1949, 110 (2865), 552–554. https://doi.org/10.1126/science.110.2865.552. 
(15)  Bakeev, K. N.; Izumrudov, V. A.; Kuchanov, S. I.; Zezin, A. B.; Kabanov, 
V. A. Kinetics and Mechanism of Interpolyelectrolyte Exchange and Addition 
Reactions. Macromolecules 1992, 25 (17), 4249–4254. 
https://doi.org/10.1021/ma00043a003. 
(16)  Chollakup, R.; Smitthipong, W.; Eisenbach, C. D.; Tirrell, M. Phase 
Behavior and Coacervation of Aqueous Poly(Acrylic Acid)-Poly(Allylamine) 
Solutions. Macromolecules 2010, 43 (5), 2518–2528. 
https://doi.org/10.1021/ma902144k. 
(17)  Paltrinieri, L.; Poltorak, L.; Chu, L.; Puts, T.; van Baak, W.; Sudhölter, E. J. 
R.; de Smet, L. C. P. M. Hybrid Polyelectrolyte-Anion Exchange Membrane and Its 
Interaction with Phosphate. React. Funct. Polym. 2018, 133, 126–135. 



 

   
246 

https://doi.org/10.1016/j.reactfunctpolym.2018.10.005. 
(18)  Porcel, C. H.; Schlenoff, J. B. Compact Polyelectrolyte Complexes: 
“Saloplastic” Candidates for Biomaterials. Biomacromolecules 2009, 10 (11), 2968–
2975. https://doi.org/10.1021/bm900373c. 
(19)  Goodall, C. Bioplastics: An Important Component of Global Sustainability | 
Carbon Commentary; 2022. (Accessed March 2022). 
https://www.carboncommentary.com/blog/2011/09/02/bioplastics-an-important-
component-of-global-sustainability.  
(20)  Petersen, K.; Væggemose Nielsen, P.; Bertelsen, G.; Lawther, M.; Olsen, M. 
B.; Nilsson, N. H.; Mortensen, G. Potential of Biobased Materials for Food 
Packaging. Trends in Food Science and Technology. Elsevier February 1, 1999, pp 
52–68. https://doi.org/10.1016/S0924-2244(99)00019-9. 
(21)  Baig, M. I.; Durmaz, E. N.; Willott, J. D.; de Vos, W. M. Sustainable 
Membrane Production through Polyelectrolyte Complexation Induced Aqueous 
Phase Separation. Adv. Funct. Mater. 2020, 30 (5), 1907344. 
https://doi.org/10.1002/adfm.201907344. 
(22)  Reurink, D. M.; Willott, J. D.; Roesink, H. D. W.; De Vos, W. M. Role of 
Polycation and Cross-Linking in Polyelectrolyte Multilayer Membranes. ACS Appl. 
Polym. Mater. 2020, 2 (11), 5278–5289. https://doi.org/10.1021/acsapm.0c00992. 
(23)  Lommatzsch, U. Plastics and Nanoparticles – the Perfect Combination - 
Research News 10-2010-Topic 3; Germany, 2010. 
https://www.fraunhofer.de/en/press/research-news/2010/10/plastics-
nanoparticles.html. (Accessed 11 February 2022)  
(24)  Chaudhry, Q.; Scotter, M.; Blackburn, J.; Ross, B.; Boxall, A.; Castle, L.; 
Aitken, R.; Watkins, R. Applications and Implications of Nanotechnologies for the 
Food Sector. Food Additives and Contaminants - Part A Chemistry, Analysis, 
Control, Exposure and Risk Assessment. Taylor & Francis Group 2008, pp 241–258. 
https://doi.org/10.1080/02652030701744538. 
(25)  van Bruijnsvoort, M.; Schoenmakers, P. J. MEMBRANE PREPARATION 
| Hollow-Fibre Membranes. In Encyclopedia of Separation Science; Academic Press, 
2000; pp 3312–3319. https://doi.org/10.1016/b0-12-226770-2/05101-2. 
(26)  Ye, H.; Cui, Z. F.; Ellis, M. J.; Macedo, H.; Mantalaris, A. Hollow Fiber 
Membrane Bioreactor Technology for Tissue Engineering and Stem Cell Therapy. 
In Comprehensive Membrane Science and Engineering; Elsevier, 2010; Vol. 3, pp 
213–227. https://doi.org/10.1016/B978-0-08-093250-7.00014-1. 

https://www.carboncommentary.com/blog/2011/09/02/bioplastics-an-important-component-of-global-sustainability
https://www.carboncommentary.com/blog/2011/09/02/bioplastics-an-important-component-of-global-sustainability
https://www.fraunhofer.de/en/press/research-news/2010/10/plastics-nanoparticles.html
https://www.fraunhofer.de/en/press/research-news/2010/10/plastics-nanoparticles.html


 

   
247 

(27)  Mohanty, K.; Purkait, M. K. Membrane Technologies and Applications; 
John Wiley & Sons, Ltd: Chichester, UK, 2011. 
https://doi.org/10.1002/0470020393. 
(28)  Musgrave, C. S. A.; Fang, F. Contact Lens Materials: A Materials Science 
Perspective. Materials (Basel). 2019, 12 (2). https://doi.org/10.3390/ma12020261. 
(29)  Krishna B, A.; Lindhoud, S.; de Vos, W. M. Hot-Pressed Polyelectrolyte 
Complexes as Novel Alkaline Stable Monovalent-Ion Selective Anion Exchange 
Membranes. J. Colloid Interface Sci. 2021, 593, 11–20. 
https://doi.org/10.1016/j.jcis.2021.02.077. 
(30)  Arshad, M.; Carnt, N.; Tan, J.; Ekkeshis, I.; Stapleton, F. Water Exposure 
and the Risk of Contact Lens-Related Disease. Cornea 2019, 38 (6), 791–797. 
https://doi.org/10.1097/ICO.0000000000001898. 
(31)  O’Brien, F. J. Biomaterials & Scaffolds for Tissue Engineering. Materials 
Today. 2011, 88–95. https://doi.org/10.1016/S1369-7021(11)70058-X. 
(32)  Misra, S. K.; Boccaccini, A. R. Biodegradable and Bioactive 
Polymer/Ceramic Composite Scaffolds. In Tissue Engineering Using Ceramics and 
Polymers; Woodhead Publishing, 2007; pp 72–92. 
https://doi.org/10.1533/9781845693817.1.72. 
(33)  Ali, O. A.; Mooney, D. J. Converging Cell Therapy with Biomaterials. In 
Cellular Transplantation; Academic Press, 2007; pp 591–609. 
https://doi.org/10.1016/B978-012369415-7/50032-6. 
(34)  Lyons, F. G.; Al-Munajjed, A. A.; Kieran, S. M.; Toner, M. E.; Murphy, C. 
M.; Duffy, G. P.; O’Brien, F. J. The Healing of Bony Defects by Cell-Free Collagen-
Based Scaffolds Compared to Stem Cell-Seeded Tissue Engineered Constructs. 
Biomaterials 2010, 31 (35), 9232–9243. 
https://doi.org/10.1016/j.biomaterials.2010.08.056. 
(35)  Zhang, Y.; Li, Z.; Wang, Z.; Yan, B.; Shi, A.; Xu, J.; Guan, J.; Zhang, L.; 
Zhou, P.; Mao, Y. Mechanically Enhanced Composite Hydrogel Scaffold for in Situ 
Bone Repairs. Mater. Sci. Eng. C 2022, 112700. 
https://doi.org/10.1016/j.msec.2022.112700. 
(36)  Yang, M.; Zhang, Y.; Zhang, H.; Li, Z. Characterization of PEDOT:PSS as 
a Biocompatible Conductive Material. In 2015 IEEE 10th International Conference 
on Nano/Micro Engineered and Molecular Systems, NEMS 2015; Institute of 
Electrical and Electronics Engineers Inc., 2015; pp 149–151. 
https://doi.org/10.1109/NEMS.2015.7147397. 



 

   
248 

(37)  Singh, S. Craste – Crop waste into materials. https://craste.co/ (accessed Mar 
21, 2022).  
(38)  Dasgupta, N.; Ranjan, S. Nanotechnology in Food Packaging; 2018; pp 129–
150. https://doi.org/10.1007/978-981-10-6986-4_8. 
(39)  Li, J.; Van Ewijk, G.; Van Dijken, D. J.; Van Der Gucht, J.; De Vos, W. M. 
Single-Step Application of Polyelectrolyte Complex Films as Oxygen Barrier 
Coatings. ACS Appl. Mater. Interfaces 2021, 13 (18), 21844–21853. 
https://doi.org/10.1021/ACSAMI.1C05031. 
(40)  Chausali, N.; Saxena, J.; Prasad, R. Recent Trends in Nanotechnology 
Applications of Bio-Based Packaging. J. Agric. Food Res. 2022, 7, 100257. 
https://doi.org/10.1016/j.jafr.2021.100257. 
 

  



 

   
249 

 

 

 

Summary 

 

 

  



 

   
250 

English Summary 
  This thesis begins with an introductory chapter[1] that places the work in the context 
of the needs of today and describes its objective in a larger frame. It informs the 
reader about membranes, especially for ion-exchange, including the principles 
governing transport through such materials. Polyelectrolytes and their complexes are 
introduced, and their processing into saloplastics is discussed. The advantages, 
especially in terms of simplicity and sustainability, of saloplastic membranes, are 
highlighted.  

 For the fabrication of dense saloplastics, the first pair of polyelectrolytes, PSS-
PDADMA,  is chosen in Chapter 2 and suitable conditions for their complexation 
are studied. Factors for complexation, such as molecular weight, concentrations, and 
salt content, and those for hot pressing, such as saltwater, temperature, pressure, and 
time, are explored. A mould is constructed and edges of different thicknesses are 
utilized to achieve control over the thickness of saloplastic films with a variation of 
just  ̴5%. Suitable plastics are fabricated and their physical and mechanical properties 
are investigated. Increased mechanical strengths were observed following 
reinforcement of the saloplastics with woven and non-woven mats, all during the 
process of hot-pressing. Patterned projections in the micro-scale were also achieved 
by using suitable moulds. 

  The dense and charged nature of hot-pressed plastics led to the exploration of their 
membrane characteristics in Chapter 3. PSS-PDADMA combined in a 
stoichiometric ratio resulted in a positively charged saloplastic. At low salt 
concentrations (0.01-0.05 M KCl), it was observed to have permselectivity up to 
96%, while at higher salt concentrations (0.05-0.25 M KCl) the values were < 60%. 
These effects were attributed to a relatively low charge density, as confirmed by a 
higher degree of swelling and lower ion exchange capacity than commercial 
membranes. The resistances were low, and the membrane showed a relevant mono 
to divalent anion selectivity. The membrane also showed good stability at low and 
high pH, the latter being an advantage for applications at extreme pH values.  

  To study the behaviour of other polyelectrolyte combinations, weak 
polyelectrolytes were introduced in Chapter 4. An important addition is the study of 
non-stoichiometry and its effect on the quality of the polyelectrolyte complex, and 
in turn, that of the plastic. A change in the polyelectrolyte ratio introduced changes 
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in the quantity and sign of the net charge in the saloplastic, while also altering other 
properties. These changes were different for each pair and did not necessarily follow 
the change in type or percentage of excess polyelectrolyte introduced. A first 
negatively charged membrane was obtained from PSS-PVA and showed good ion-
exchange properties. Weak-weak polyelectrolyte pairs were observed to lead to 
precipitates that were too soft and sticky to be processed. 

  Excess Na+ is known to be a major cause of soil toxicity and abiotic stresses in 
plants, especially in greenhouses and dry regions. The agricultural importance of K+ 
selectivity over Na+ is explained in Chapter 5, and an approach to enrich the K+ 
concentration is proposed.  PSS:PVA saloplastics fabricated at 1:2.5 ratio were found 
to be modestly monovalent-monovalent K+/Na+ cation-selective, improving the 
selectivities observed for commercial membranes. A hypothesis is presented and the 
possible causes are discussed. 

  The ‘sustainability’ aspect of such dense saloplastics is further researched in 
Chapter 6 in terms of recyclability and non-autonomous self-healing properties. 
Saloplastics are shown to be recyclable over five times by the addition of high salt 
concentrations, filtering out any impurities, diluting to complexation conditions, and 
finally hot pressing. They are also demonstrated to be self-healing when assisted by 
saltwater, which would be very handy, especially in saltwater applications. The 
advantage of salt-plasticized materials and their role in annealing is emphasized, 
leading to neutral plastics. Salt-annealing slightly loosens the chains and facilitates 
the incorporation of active enzymes in saloplastics. This is demonstrated using 
lysozyme, an antimicrobial enzyme that catalyses the hydrolysis of bacterial cell 
walls. It is shown by lysozyme activity that the lysozyme is incorporated and remains 
active in the saloplastic.  

  A final chapter puts forth a general discussion and some thoughts on possible 
directions the work can be continued in.   
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Nederlandse Samenvatting 
Dit proefschrift begint met een inleidend Hoofdstuk 1 dat het werk plaatst in de 
context van de behoeften van vandaag en het doel ervan in een groter kader 
beschrijft. Het informeert de lezer over membranen, in het bijzonder voor 
ionenuitwisseling, inclusief de principes voor transport door dergelijke materialen. 
Polyelektrolyten en hun complexen worden geïntroduceerd, en hun verwerking tot 
saloplastics wordt besproken. De voordelen, vooral op het gebied van eenvoud en 
duurzaamheid, van saloplastische membranen worden belicht. 

 Voor de fabricage van dichte saloplastics wordt het eerste paar polyelektrolyten, 
PSS-PDADMA, gekozen in Hoofdstuk 2 en worden geschikte omstandigheden voor 
hun complexering bestudeerd. Factoren voor complexvorming, zoals 
molecuulgewicht, concentraties en zoutgehalte, en die voor warmpersen, zoals zout 
concentratie, temperatuur, druk en tijd, worden onderzocht. Er wordt een mal 
geconstrueerd en er worden randen van verschillende diktes gebruikt om controle te 
krijgen over de dikte van saloplastische films met een variatie van slechts ̴5%. 
Geschikte kunststoffen worden vervaardigd en hun fysische en mechanische 
eigenschappen worden onderzocht. Verhoogde mechanische sterktes werden 
waargenomen na versterking van de saloplastics met geweven en niet-geweven 
matten, allemaal tijdens het proces van warmpersen. Projecties met patronen op 
microschaal werden ook bereikt met behulp van geschikte mallen. 

  Naar aanleiding van de dichte en geladen aard van warmgeperste kunststoffen, 
werden hun membraankenmerken onderzocht in Hoofdstuk 3. PSS-PDADMA, 
gecombineerd in een stoichiometrische verhouding, resulteerde in een positief 
geladen saloplastic. Bij lage zoutconcentraties (0,01-0,05 M KCl) werd een 
permselectiviteit tot 96% waargenomen, terwijl bij hogere zoutconcentraties (0,05-
0,25 M KCl) de waarden <60% waren. Deze effecten werden toegeschreven aan een 
relatief lage ladingsdichtheid, zoals bevestigd door een hogere mate van zwelling en 
lagere ionenuitwisselingscapaciteit dan commerciële membranen. De weerstanden 
waren laag en het membraan vertoonde een relevante een- tot tweewaardige 
anionselectiviteit. Het membraan vertoonde ook een goede stabiliteit bij lage en hoge 
pH, wat een voordeel is voor toepassingen bij extreme pH-waarden.   

Om het gedrag van andere polyelektrolytcombinaties te bestuderen, werden in 
Hoofdstuk 4 zwakke polyelektrolyten geïntroduceerd. Een belangrijke toevoeging 
is de studie van afwijking van stoichiometrie en het effect ervan op de kwaliteit van 
het polyelektrolytcomplex, en daarmee op die van het plastic. Een verandering in de 
polyelektrolytverhouding introduceerde veranderingen in de hoeveelheid en het 
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teken van de nettolading in de saloplastic, terwijl ook andere eigenschappen 
veranderden. Deze veranderingen waren verschillend voor elk paar en volgden niet 
noodzakelijk de verandering in type of percentage van de geïntroduceerde overmaat 
polyelektrolyt. Een eerste negatief geladen membraan werd verkregen van PSS-PVA 
en vertoonde goede ionenuitwisselingseigenschappen. Er werd waargenomen dat 
zwakke-zwakke polyelektrolytparen leidden tot precipitaten die te zacht en plakkerig 
waren om te worden verwerkt.   

  Het is bekend dat een teveel aan Na+ een belangrijke oorzaak is van bodemtoxiciteit 
en abiotische stress bij planten, vooral in kassen en droge gebieden. Het agrarische 
belang van K+-selectiviteit ten opzichte van Na+ wordt uitgelegd in Hoofdstuk 5, en 
er wordt een benadering voorgesteld om de K+ concentratie te verrijken. PSS:PVA 
saloplastics vervaardigd in een verhouding van 1:2,5 bleken bescheiden monovalent-
monovalent K+/Na+ kation-selectief te zijn, wat de waargenomen selectiviteit voor 
commerciële membranen verbeterde. Er wordt een hypothese gepresenteerd en de 
mogelijke oorzaken worden besproken. 

  Het aspect ‘duurzaamheid’ van dergelijke dichte saloplastics wordt in Hoofdstuk 6 
verder onderzocht in termen van recycleerbaarheid en niet-autonome 
zelfherstellende eigenschappen. Het is aangetoond dat saloplastics meer dan vijf keer 
recyclebaar zijn door de toevoeging van hoge zoutconcentraties, het uitfilteren van 
onzuiverheden, verdunning tot complexerende omstandigheden en tenslotte heet 
persen. Het is ook aangetoond dat ze zelfgenezend zijn wanneer ze worden 
ondersteund door zout water, wat erg handig zou zijn, vooral bij toepassingen met 
zout water. Het voordeel van met zout geplastificeerde materialen en hun rol bij het 
zout-annealing wordt benadrukt, wat leidt tot neutrale kunststoffen. Zout-annealing 
maakt de ketens iets losser en vergemakkelijkt de opname van actieve enzymen in 
saloplastics. Dit wordt aangetoond met lysozym, een antimicrobieel enzym dat de 
hydrolyse van bacteriële celwanden katalyseert. Lsozymactiviteit kan worden 
waargenomen en dit toont aan dat het lysozym wordt opgenomen en actief blijft in 
de saloplastic. 

  Een laatste hoofdstuk bevat een algemene discussie en enkele suggesties over 
mogelijke richtingen waarin het werk kan worden voortgezet. 
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“The manuscript is poor. The authors just claim that their work is good, 
and the membrane is good. However, why is good, there are no appropriate 
analysis and explaination. The readers can not know what's the 
contribution of the manuscript.  

So there are no enough contribution to publish the manuscript in the 
journal. The writing is poor. It is difficult to handle the emphasis of 
manuscript.” 

                                                              

                       - Reviewer 2  
                           (Entire review) 

 

 

“Ouch” 

                -Ameya 
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