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Layer-by-Layer deposition of charged polymers on filtration membranes is considered a 

promising method for increasing ion rejections of more open membranes. Likewise, simple 

surface charge enhancement of open membranes offers interesting possibilities for developing 

highly permeable and ion-selective membranes. In this master’s thesis work, the two said 

modification methods were combined to produce selective and high-flux membranes. 

 

In this work, commercial regenerated cellulose ultrafiltration membrane was first modified by 

TEMPO-mediated oxidation. The non-dissociable primary hydroxyl groups at membrane 

surface could be converted into charge-asserting carboxylic moieties and furthermore surface 

charge was increased significantly. Besides assessing the filtration performance of oxidized 

membranes, they were additionally utilized as substrates for sequential deposition of 

poly(sodium 4-styrenesulfonate) and poly(diallyldimethylammonium chloride). The 

performance of the coated membranes was examined, and the multilayer was further 

conditioned with exposure to concentrated salt solution. 

 

Based on zeta potential measurements, surface charge could be intensified from -30 mV up to 

-100 mV via TEMPO oxidation, with overall clear logarithmic relation between exposure and 

surface charge. Additionally, pure water permeabilities and molecular weight cut-off values of 

the membranes increased as the oxidation exposure was raised. By mere oxidation, Na2SO4 

rejection could be increased at best from 4 % to 36 %, while pure water permeability was 

doubled from original membrane. MgCl2 and NaCl rejections did not change notably. 

 

Polyelectrolyte deposition was successful for all substrates, best adhesion occurring on highest-

charge membranes. Without multilayer stratification, pure water permeabilities decreased to 

one fifth of original, salts were rejected non-selectively and PEGs were rejected uniformly, 

independent of their size. Salt treatment of multilayer increased SO4
2-

 rejection from below 20 

% to 60 %, and lowered Mg2+
 rejection from around 20 % to 0 %. Based on the results, 

multilayer smoothening with NaCl is crucial to produce selective and high-flux membranes. 
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Suodatuskalvon toimintaa voidaan parantaa muodostamalla sen pinnalle kerroksittainen 

polykationeista ja -anioneista muodostuva rakenne. Myös yksinkertainen pintavarauksen 

lisääminen voi saada avoimetkin kalvot pidättämään varattuja partikkeleita läpäisten samalla 

runsaasti vettä. Tämän diplomityön tavoitteena oli valmistaa ioniselektiivinen, mutta helposti 

vettä läpäisevä kalvo pintavarausmuokkauksen ja päällystyksen avulla. 

 

Tässä työssä kaupallista, regeneroidusta selluloosa-asetaatista valmistettua ultrasuodatuskalvoa 

muokattiin TEMPO-hapetuksella. Menetelmän avulla ei-ioniset primääriset hydroksyyliryhmät 

hapetettiin negatiivisesti varautuneiksi karboksylaateiksi, mikä lisäsi kalvon negatiivista 

pintavarausta huomattavasti. Kalvojen suodatustoimintaa arvioitiin sellaisinaan ja lisäksi niitä 

käytettiin substraatteina, joiden päälle rakennettiin kerroksittainen päällyste polynatrium-4-

styreenisulfonaatista ja polydiallyylidimetyyliammoniumkloridista. Näiden päällystettyjenkin 

kalvojen toimintaa tutkittiin, ja kerroksen tasoitusta konsentroidulla suolaliuoksella selvitettiin. 

 

Zetapotentiaalimittausten mukaan alkuperäisen kalvon pintavarausta kyettiin nostamaan -30 

mV:sta -100 mV:iin TEMPO-hapetuksen avulla hapetusaltistuksen ja pintavarauksen ollen 

logaritmisesti riippuvaiset toisistaan. Myös kalvojen puhdasvesivuo- ja leikkauskokoarvot 

kasvoivat hapetinaltistuksen lisääntyessä. Pelkällä hapetuksella Na2SO4-retentiot nousivat 

parhaimmillaan 4 %:sta 36 %:iin, puhdasvesivuon samalla noustessa kaksinkertaiseksi. MgCl2-

ja NaCl-retentiot eivät muuttuneet hapetuksen myötä oleellisesti. 

 

Polyelektrolyyttipäällystys onnistui kaikkien pohjakalvojen päälle, mutta parhaat tulokset 

saavutettiin korkean hapetusaltistuksen substraateilla. Ilman päällystekerroksen tasoitusta, 

vesivuot laskivat viidenteen alkuperäisestä ja suolat sekä PEGit pidättyivät ei-selektiivisesti 

varauksesta tai molekyylikoosta riippumatta. Suolakäsittely nosti SO4
2--retention alle 20 %:sta 

60 %:iin ja laski Mg2+-retention 20 %:sta nollaan. Tulosten mukaan pinnan tasoittaminen 

suolaliuoksella on tärkeä käsittelyvaihe selektiivisen ja läpäisevän kalvon valmistuksessa. 
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SYMBOLS AND ABBREVIATIONS 

 

A  effective filtration area  m2 

c  concentration  g/L, mol/L, M, ppm 

J  flux   L/(m2 h) 

m  mass   g, kg 

n  amount of substance  mol 

M  molar mass   g/mol, Da 

MWCO  molecular weight cut-off   g/mol, Da 

p  pressure   bar 

P  permeability   L/(m2 h bar) 

R  rejection/retention  % 

t  time   min, h 

V  volume   L 

ζ  zeta potential   mV 

 

 

AFM  atomic force microscopy 

BL  bilayer 

CA  cellulose acetate 

DI  deionized 

EDL  electrical double layer 

HPLC  high performance liquid chromatography 

IEP  isoelectric point 

LbL  layer-by-layer 

MF  microfiltration 

NF  nanofiltration 

PA  polyamide 

PAA  poly(acrylic acid) 

PAH  poly(allylamine hydrochloride) 

PDADMAC  poly(diallyldimethylammonium chloride) 

PE  polyelectrolyte 

PEG  poly(ethylene glycol) 

PEI  polyethylenimine 

PSS  poly(sodium 4-styrenesulfonate) 

PSU  polysulfone 

PWF  pure water flux 

PWP  pure water permeability 

RID  refractive index detector 

RO  reverse osmosis 

SEC  size exclusion chromatography 

SEM  scanning electron microscopy 

TEMPO  2,2,6,6-tetramethylpyperidine-1-oxy radical 

TFC  thin-film composite 

UF  ultrafiltration 
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1 INTRODUCTION 

In the recent decades, membrane technology has been gaining growing attention in water 

treatment industry and research. Amongst its several positive attributes, especially low energy 

demand, lack of chemicals, and easy continuous operation are considered noteworthy benefits 

of membrane filtration. However, a notorious drawback of membranes is their tendency to lose 

separation capacity over time due to different fouling mechanisms. These phenomena are often 

reversible in short term but could ultimately lead to irreversible state of lowered performance. 

Consequently, the modification of membranes for improved longevity, recyclability, industrial 

feasibility, and moreover general performance has become an essential area of research. 

(Coutinho de Paula & Amaral 2017; Mulder 1991) 

Amongst many properties, membrane surface charge can be altered. By charge enhancement, 

for example by oxidation, the separation efficacy, filtration capacity and fouling resistance can 

be affected. Another modification methodology rapidly gaining interest is the coating with 

charged polymers. By constructing the topmost layer of a membrane with such polyelectrolytes, 

one can alter the thickness, effective pore size, hydrophilicity, and charge characteristics of the 

resulting membrane. Albeit the two distinct modification approaches are well established on 

their own, their combined effects are yet somewhat unexplored, even though the charge 

properties and polyelectrolyte deposition are known to affect each other and the performance 

of resulting structure. (Hammond 2000; Joseph et al. 2014; Mänttäri et al. 2006) 

This master’s thesis work aims at producing a selective, high flux membrane in a facile and 

straightforward manner. The typical polyelectrolyte deposition is augmented with a prior 

charge-enhancing treatment of substrate membrane. In the literature part, the methods for 

surface charge enhancement for different membranes are assessed based on the knowledge of 

membrane materials and their charge-asserting characteristics. Furthermore, the typical 

methods and materials in polyelectrolyte deposition, and their effects on membranes are 

discussed. In the experimental part, the surface of a commercial regenerated cellulose 

ultrafiltration membrane is oxidized to different levels of charge via TEMPO-mediated 

oxidation. The treated membranes are then coated with polyelectrolyte multilayers and the 

effects of underlying substrate properties through the identically constructed multilayers are 

assessed by model compound rejection and flux studies. Multilayer conditioning via high-

concentration salt treatment is additionally studied. 
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LITERATURE REVIEW 

2 MEMBRANE FILTRATION 

A membrane is defined as a semipermeable barrier between two phases. Membranes can be 

comprehended as sieves or filters with a fine structure and pores tight enough to separate even 

individual molecules or ions. Large array of compounds, varying from salts to polymers and 

bacteria can be separated, depending on the specific membrane characteristics. The basic 

principle of membrane filtration is rather simple; a solution is fed onto the membrane surface 

where it is divided into fractions that permeate through and that are retained. (Mulder, 1991) 

The simplistic scheme of membrane separation is shown in Figure 1. 

 

Figure 1 Simplified scheme of solution fractionation using membrane filtration. (Mulder, 1991) 

 

Based on only Figure 1, some of the most important performance-describing parameters for a 

membrane can already be apprehended. These key characteristics depict the capacity of a 

membrane alongside its capability to reject compounds from permeating through. 

Filtration capacity simply means the amount of permeate obtained as a function of time. It can 

be directly measured as permeate flux per filtration area (J, L/(m2 h)). Over the intended 

pressure range of a membrane, flux is expected to increase linearly with pressure increments. 

By measuring fluxes in different pressures, a more comprehensive permeability value can be 

determined (P, L/(m2 h bar)), where the flux is furthermore made proportional to the applied 

pressure. (Mulder, 1991)  

The apparent rejection or retention value (R, %) describes how much the target compound 

concentrations differ in permeate and feed fractions. Moreover, this important value describes 

the effective separation capability of a membrane. (Mulder, 1991)  
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Conversely, high permeability often comes at a cost of actual separation capability and 

selectivity. As the overall process performance and product yield rely on both factors, the 

selection of optimal membrane is often a compromise. (van Reis & Saksena, 1997) 

 

2.1 Classification 

The first distinction between membrane processes is the driving force. Energy is always 

required to separate spontaneously mixed solutions, and the separation can be driven exploiting 

trans-membrane differences, or gradients of pressure, concentration, temperature, electrical 

potential, or a combination of them. Each of the driving forces are accompanied by deploying 

a suitable type of membrane and module. (Mulder, 1991)  

Amongst the different applications for membranes, perhaps the most notable and industrially 

important is the pressure-driven filtration of generally aqueous solutions. (Strathmann, 2001) 

For such purposes, it is practical to classify membranes based on their tightness using indicators 

like pore size and cut-off value. The commonly used pore size value simply refers to the mean 

or effective diameter of pores in a membrane. Molecular weight cut-off value (MWCO, g/mol, 

Da) is the molar mass of a compound, for which rejection is 90 %, i.e., only 10 % of such 

compound can permeate through the membrane. If neither of these values are practical enough, 

rejections for specific salts or molecules can be used additionally for membrane description. 

(Cleveland et al. 2002; Mulder, 1991) 

The membrane classes from the most open to the densest are microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF) and reverse osmosis (RO). The distinctions between these classes are 

somewhat ambiguous and dependent on the manufacturer. (Mulder, 1991) Figure 2 shows the 

membrane classes by pore size, and describes typical compounds attributed to the respective 

size class. It should be noted that the MWCO is not a universal value, as rejections can be 

affected, for example, by molecule type and morphology alongside the molar mass. 

Additionally, the reported pore sizes in NF and RO are theoretical to some extent because 

tighter membranes usually do not possess actual measurable pores. Due to higher hydraulic 

resistance and increasing osmotic pressure, tighter membrane classes require higher pressure to 

sustain the permeate flux. (Hausmann et al. 2012)  
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Figure 2 Membrane classification by pore size and vague molecular weight cut-off values. 

Adapted from Hausmann et al. (2012) and Mulder (1991). 

 

2.2 Membrane structures and materials 

Membranes can exist in a few different fundamental structures depending on their preparation 

method, constituent materials and effective pore sizes (Mulder, 1991; Strathmann, 2001). Some 

of the most distinct structures are schematically presented in Figure 3. If the cross-sectional 

structure is homogenous throughout, the membrane is called symmetrical. These membranes 

consist of a single material or homogenous mixture, and in theory, their porosity and transport 

capabilities are identical at all locations. (Hausmann et al. 2012; Koros et al. 1996) 

Asymmetrical membranes, on the other hand, possess a heterogenous structure that consists of 

several structural planes with differing morphologies. The asymmetrical class comprehends 

composite-like multi-material structures as well as skinned single-material membranes. 

(Hausmann et al. 2012)  

 

Figure 3 Typical cross-sectional structures of symmetric and asymmetric membranes 

(Strathmann, 2001). 
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Furthermore, a large array of different membrane materials exists to satisfy different operational 

and structural demands (Hausmann et al. 2012). Material choice can in the grand scheme be 

between inorganic materials, like glass or metals, and organic polymers, latter type being more 

prominent and common (Singh, 2005) and central in this work as well. 

Typically, materials for porous MF and UF membranes are chosen based on their high 

resistance against harsh conditions and low fouling tendency, while the flux and rejection 

optimization are not as crucial. This moreover means that the membranes can be made 

symmetric, which is simple and cheap. Contrary, in the case of dense NF and RO membranes, 

selectivity and ideal permeance are the major factors for material selection. For this purpose, 

the selective layer should be made as thin as possible to diminish the hydraulic resistance 

(Mulder, 1991; Singh, 2005). The frail active layer needs to be further complemented by highly 

permeable support layer, which tend to be equivalent to UF membranes (Yang et al. 2019). 

Table I lists some common materials for each class of filtration. It is noteworthy that cellulose- 

and polyamide- (PA) based membranes are prevalent in all filtration classes.  

Table I Some common materials for MF, UF (Mulder, 1991), NF and RO (Yang et al. 2019) 

membrane active top-layers. 

MF UF NF  RO  

cellulose esters cellulose esters cellulose esters cellulose esters 

polyamides polyamides polyamides polyamides 

polyethersulfone polyethersulfone   

polysulfone polysulfone   

polyvinylidene fluoride polyvinylidene fluoride   

polyether imide polyimide   

polytetrafluoroethylene polyacrylonitrile   

 

2.2.1 Cellulosic membranes 

The first produced synthetic membranes were cellulose-derived and yet even today especially 

acetates of cellulose are highly regarded. In comparison to other common materials, cellulose 

is highly hydrophilic, which is often an advantage due to lower fouling tendency and higher 

flux performance. The characteristic traits of cellulose largely owe to the abundance of polar 

hydroxyl groups and homogeneous straight chain structure. Major drawbacks of cellulosic 

materials, however, include the rapid hydrolysis in alkaline or acidic conditions, low heat 

tolerance and tendency for biological degradation, hindering their popularity in many industrial 

and municipal filtration applications. (Mulder, 1991; Singh, 2005)  
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Manufacturing of cellulosic membranes in industrial scale is typically conducted via phase-

inversion techniques. Consequently, the poor solubility of naturally occurring cellulose in 

common solvents poses challenges for the preparation. Feasible production of cellulose 

membranes thus often includes chemical modification, such as acetylation, to improve 

solubility for phase-inversion, and consequent deacetylation to create regenerated cellulose 

membranes. Currently, alternative methods for non-derivatizing cellulose membrane 

preparation, for example utilizing ionic liquids, are widely being investigated. (Lopatina et al. 

2020; Mulder, 1991) 

One of the most interesting attributes of cellulose are, however, the vast opportunities for 

functionalisation, enabled by the abundant hydroxyl groups, as shown on Figure 4. The most 

reactive site of cellulose polymer is the primary alcohol group at C-6, which can easily be 

subjected to direct oxidation or covalent bonding. For example, oxidation could be used for  

enhancement of negative surface charge (Isogai et al. 2011), and other reactions could be 

utilized to improve grafting or coating properties (Tavakolian et al. 2020). Such modification 

of cellulose can however be hindered, if the C-6 hydroxyl group has often already been 

occupied by acetylation, for example. The other, secondary alcohol groups are mostly viable 

for grafting purposes, since they can only be oxidized to ketones (Saito et al. 2005). 

Additionally, the pyranose rings can be opened by periodate ion oxidation, for instance, to 

introduce open carbonyl sites for further modification. (Mulder, 1991; Tavakolian et al. 2020)  

 

Figure 4 The structure and typical functionalisation routes of cellulose (Tavakolian et al. 2020). 
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2.2.2 Polyamide membranes  

Polyamides, typically as active toplayers of thin-film composite (TFC) membranes, have been 

gaining market share from cellulosic and other membranes due to their superior chemical 

resistance, filtration capacities, and easy preparation of remarkably thin PA layers via interfacial 

polymerization. Compared to cellulosic materials, PA TFC membranes might have slightly 

elevated fouling tendency, alongside relatively higher costs. (Mulder, 1991; Yang et al. 2019) 

Polyamide membranes are a rather miscellaneous assortment, as a variety of different starting 

monomers can be used for their preparation (Mulder, 1991). The common denominator for PA 

membranes is the recurring amide group in the repeating unit of the polymer (Yang et al. 2019). 

Characteristic traits for PA membranes include strongly pH-dependent surface charge and 

hydrophilicity, numerous modification possibilities via carboxylic, amine and amide moieties 

and somewhat high fouling tendency due to abundant adsorptive sites and aromatic structures 

(Mänttäri et al. 2006). Since polyamides can have varying amounts of nonpolar aromatic 

structures and polar sites, the physicochemical properties such as hydrophilicity will vary case 

by case. In Figure 5, one possible structure of a fully aromatic PA material is shown. Such fully 

aromatic polyamides typically have particularly high hydrophobic nature, but also good 

chemical resistance. For alternative semiaromatic structures, the hydrophobicity is accordingly 

less emphasized. (Riley et al. 2000) 

 

Figure 5 Repeating units of commercial membrane polyamide prepared from m-

phenylenediamine and trimesoyl chloride. (Riley et al. 2000) 

 

2.2.3 Polysulfonic membranes 

Another common membrane material type is polysulfones. They are a group of 

characteristically hydrophobic polymers containing aromatic rings in the repeating unit. At least 

for membrane applications, the most important polymers of this group are polysulfone (PSU) 

and polyethersulfone (PES). Polysulfones are popular due to their remarkable resistance against 
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harsh and abrasive conditions, the main disadvantage being increased fouling tendency due to 

hydrophobicity. (Mulder, 1991)  

PES and PSU are typically prepared via phase inversion, resulting in a symmetric structure, 

well suited for MF and UF membranes and TFC supports. The structure of polyethersulfone is 

shown on Figure 6. Compared to several other common membrane materials, polysulfonic 

membranes lack directly functionisable sites, and instead their modification methods namely 

focus on addition of functional structures via aromatic substitution. (Mulder, 1991; Zhao et al. 

2013) 

 

Figure 6 Structure of polyethersulfone. Letter A signifies the common location at aromatic ring, 

where functional groups are added. Adapted from (Zhao et al. 2013) 

 

2.3 Separation mechanisms 

Based on the effective pore size, structure and material of membrane, the separation mechanism 

varies between mainly three distinct mechanisms, as presented in Figure 7. With the more open 

MF and UF membranes, the rejection is mainly governed by size exclusion, meaning that 

solutes and particles larger than the effective pore size are retained by a sieving-like mechanism. 

In addition to simple size exclusion, the sieving mechanism also involves the effect of particle 

morphology, meaning that also the shape of a particle has effect on the rejection. (Baker, 2012; 

Mulder, 1991) 

When the pores are small, or the membrane top-layer is nonporous altogether, the solute 

transport and rejection can be explained via solution-diffusion model. According to the model, 

solutes are dissolved to the membrane material matrix and transported through via diffusion. 

Rejection of compounds is thus firstly based on the solubility of them in membrane material 

and secondly the different diffusivities through the material. Compounds that do not dissolve 

in the membrane material, are rejected. (Baker, 2012; Mulder, 1991) 

Finally, especially in RO and NF classes, the effect of charge can determine rejection. Due to a 

phenomenon called Donnan exclusion, a charged membrane surface can reject dissolved 

species of a similar charge. Based on their charge, some solutes can be rejected even if the pore 
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size is not sufficiently small to otherwise retain them. In a mixed solution, due to 

electroneutrality demand, also counterions are retained along with the actual Donnan excluded 

species. (Mulder, 1991; Singh, 2005)  

 

Figure 7 The A) sieving B) solution-diffusion and C) charge-based rejection mechanisms. 

Adapted from Baker (2012) 

 

2.4 General phenomena of a charged surface 

Electrical charges of solutes and membrane surface play a significant role in filtration. Most 

importantly owing to the functional groups of polymers in a membrane, hydrophobic and 

electrostatic forces are present at membrane surfaces. The principal phenomena related to 

surface charge are crucial for understanding especially functioning of dense membranes, but 

moreover the performance and modification prospects of all membranes from MF to RO. 

(Miller et al. 2017; Mulder, 1991) The interplay of a charged surface and nearby ions is 

explained with a so-called electrical double layer (EDL) model, schematically presented in 

Figure 8. 

The chain of electrostatic phenomena originates at a theory, where immersion of a surface in 

an electrolytic liquid will cause charge distributions. Perhaps the most typical reasoning for this 

is that the polymeric surface contains partially charged dipoles that attract ions towards it, 

giving the surface an apparent charge via ionic film layer. An alternative explanation attributes 

the dissociation of specific surface groups to charging of the surface. For instance, this could 

be typical for a carboxylic group that readily deprotonates at alkaline conditions, leaving the 

surface with a negative charge. (Hiemenz & Rajagopalan, 1997; Pihlajamäki, 1998) 

According to the Stern theory, the charged surface attracts a layer of oppositely charged ions to 

neutralize the net charge. This immobile layer of adsorbed or strongly associated counterions 
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is called the Stern layer. Next to the Stern layer, lies a region of mixed ions called the diffuse 

layer. Within the diffuse layer, exists a surface of shear, which differentiates the ions into 

immobile (closer to surface) and mobile (further away from surface) regions. Due to the 

underlying surface charge, the charge distribution is still uneven with an excess of counterions. 

Yet further away from the surface, at the end of diffuse region, the solution becomes uniform 

in terms of charge distribution as the potential caused by the surface becomes negligible. (Butt 

et al. 2004; Park & Seo, 2011) Along with EDL model, Figure 8 notates the characteristic 

potential planes that are often referred to.  

 

Figure 8 The model of electrical double layer and the potential planes associated to it. Adapted 

from (Pihlajamäki, 1998). 

 

The potential planes can be examined mostly on a theoretical level, and their exact 

determination in terms of spatial location or specific potential measurement is challenging 

(Grant, 1993). However, the outermost potential plane, zeta potential (ζ), located at the surface 

of shear or slipping plane, can be measured indirectly by studying the movement of charged 

particles near this boundary. (Mulder, 1991)  

In essence, zeta potential manifests as electric potential caused by movement of electrolyte 

solution in relation to the charged surface. This quantity is a practical measure for the 
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electrokinetic forces near membrane surface and is commonly used to represent the surface 

charge of a membrane. The determination of zeta potential is established on four electrokinetic 

phenomena (Table II), which are furthermore based on moving either solid or liquid phase in 

relation to the other to study the electrokinetic phenomena. In specific, electro-osmosis or 

preferably streaming potential are the most typical zeta potential analyses for membrane 

surfaces. (Elimelech et al. 1994; Pihlajamäki, 1998) 

Table II Comparison of the four electrokinetic phenomena. (Elimelech et al. 1994) 

 Electrophoresis Sedimentation 

potential 

Electro-

osmosis 

Streaming 

potential 

Static phase liquid liquid  solid solid 

Moving phase solid solid liquid liquid 

Applied force Electric field Movement of solids Electric field Forced flow 

Induced effect Movement of solids Electric potential Flow of liquid Electric potential 

Adequate for 

membranes 

no no yes yes 

 

Generally, zeta potential is treated as a pH-dependent value. The pH where the observed ζ value 

is zero, is called the isoelectric point (IEP) and at this point, rejections for especially charged 

species are at minimum (Williams, 2014). Often polymeric materials in membranes possess 

amphoteric properties, meaning that the surface could become negatively or positively charged 

depending on the ambient pH. A typical behaviour for polymeric, such as PA membrane is to 

have positive ζ values at pH lower than IEP, and accordingly negative values at higher pH 

values (Mänttäri et al. 2006). 

 

2.5 Modification for life-cycle optimization 

As presented, the basic principles of membrane filtration are already well understood down to 

molecular level, along with the characteristics of commonly utilized materials. Nevertheless, 

comprehensively unsolved problems do still exist, fouling perhaps being the most prominent 

one. Furthermore, long membrane life cycle is naturally preferred, both of which can be affected 

by suitable material choice for the given application.  

Concisely, fouling refers to the decreased filtration capacity of a membrane due to, for instance 

adsorption of various foulants onto the pores. Present knowledge on fouling control relies on 

appropriate choice of materials and filtration conditions, as well as sequential washing. 
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Additionally, the antifouling properties of a membrane can be promoted via various surface 

modifications. (Coutinho de Paula & Amaral, 2017; Guo et al. 2015) The active layer of a 

membrane ought to be durable in the process conditions, and fouling, or pore clogging, should 

be minimized by mindful assessment of the interplay of influent matrix and membrane, 

especially in terms of hydrophilic and electrostatic forces present (Hausmann et al., 2012). 

More hydrophobic polymers, such as PES, PSU, and many polyamides, tend to adsorb 

hydrophobic foulants, leading to flux decrease. This is the common case in water-related 

separation tasks, and hydrophilicity-promoting surface modification is then desired. 

Additionally, smoother surfaces often correlate with minimal fouling tendency, as there is less 

surface area for the foulants to adhere. (Vrijenhoek et al. 2001)  

As an example, the approximate life cycle of RO membrane extends to only around five years. 

Furthermore, the lifetime can be significantly shorter if the feed solution pre-treatment or 

membrane cleaning sequences are not sufficient. (Coutinho de Paula & Amaral, 2017) The 

reasoning, irreversible fouling or capacity loss is schematically depicted on Figure 9. The 

relatively short lifetime ought to be elongated to improve process economy and waste 

minimization and in general to make membranes more applicable in the industrial scheme 

(Coutinho de Paula & Amaral, 2017). Here novel opportunities for surface modification, 

coating and end-of-life recycling practices are pressingly needed and searched for. 

 

Figure 9  The trend of decreasing flux due to irreversible fouling. Adapted from Koltuniewicz & 

Noworyta (1994). 
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3 ENHANCEMENT OF MEMBRANE SURFACE CHARGE 

The traditional method of membrane modification is to manipulate the surface chemistry. For 

the purposes of this work, namely charge-related modification is discussed. By promoting the 

dissociation of existing functional groups or by chemically adding such moieties, the charge 

can be enhanced. The motive for such surface treatment could be in enhanced filtration 

performance, especially of ionic and charged species (Mänttäri et al. 2006) or superior adhesion 

of surface coating materials (Joseph et al. 2014), both being fundamental aspects for this thesis 

also. Naturally, surface modification is strongly material-dependent and needs to be examined 

case-by-case. General classifications and outlines for methodologies can be, however, made.  

 

3.1 Variation of pH 

The simplest of charge manipulation methods is to adjust dissociation rate of functional surface 

groups by pH control. Albeit not surface modification per se, this is highly important parameter 

in terms of membrane rejection and adsorption behaviour (Joseph et al. 2014). As an example, 

nanofiltration membranes NF200 and NF270 from Dow are reported to contain high amounts 

of carboxylic and amine groups on the active top layer (Mänttäri et al. 2006). Due to this, zeta 

potential of these membranes is strongly dependent on ambient pH, which needs to be adjusted 

according to application. Figure 10 demonstrates the effect of pH on surface charge (ζ) via 

weakly dissociable surface groups. With non-dissociable polymers, changes in ζ would be 

significantly smaller, as the charge would not be affected by pH variation. 

 
Figure 10  The effect of pH on dissociation of two polyamide membrane’s surface groups, and 

consequent drastic changes in surface charge. Adapted from Mänttäri et al. (2006) 



 21   

 

3.2 Chemical functionalisation 

The pH adjustment is however often not sufficient treatment, if particularly high charge is 

needed, or dissociable groups are absent altogether. In such cases, charge-asserting moieties 

can be brought to the membrane surface via different chemical approaches. Chemical 

functionalisation of the membrane surface can be approached in two distinct ways. If 

appropriate surface structures already exist, they can be converted to a charge-asserting form. 

An example of such approach would be oxidizing neutral primary alcohols into carboxylic 

groups that can dissociate. Alternatively, if the membrane surface lacks such modifiable groups, 

they can often be introduced by chemical bonding, often referred to as grafting. 

 

3.2.1 Uncatalyzed oxidation 

Presence of oxidizable groups, like primary alcohols or aldehydes is required for this simplistic 

approach, for which, this category of modification is especially well suited for cellulosic and 

polyamide membranes. Strong oxidants are known to degrade most of the membrane types, 

often causing increased negative surface charge. Long-term exposure to oxidizing agents 

damages the membrane, but at reasonable contact times, the oxidation can be used to tune the 

surface charge without sacrificing the filtration performance. (Combe et al. 1999; Moradi et al. 

2019; Simon et al. 2009) 

For example, cellulose acetate membranes can be modified by 35 % H2O2 solution, as presented 

by Combe et al. (1999). At a neutral pH, only a contact time of 30 minutes (175000 ppmh) 

could be used to decrease zeta potential from -5 to -10 mV. 120 min exposure (700000 ppmh) 

lowered the zeta potential value down to -15 mV accordingly, while the effective pore size 

increased, and water flux decreased slightly.  

Simon et al. (2009) had a similar result regarding hypochlorite oxidation of NF and RO 

polyamide membranes, with an exposure time of 18 hours.  Zeta potential comparisons for four 

different oxidized and native PA membranes are shown on Figure 11, all of which exhibit 

increasingly negative surface charge. Especially with the 500 mg/L (9000 ppmh) NaOCl 

dosages, measured salt rejections stayed virtually unchanged, as did water permeabilities. 
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Figure 11  Zeta potential curves of four native PA membrane surfaces compared to after 

treatment with 500 mg/L (9000 ppmh) and 2000 mg/L (36000 ppmh) hypochlorite 

dosages. (Simon et al. 2009) 

 

Albeit both Combe et al. (1999) and Simon et al. (2009) report slightly decreasing water 

permeabilities, oxidative treatment rather typically results in an elevated permeability due to 

degradation of the membrane (Moradi et al. 2019). The oxidation exposure should thus be high 

enough to induce the desired surface charge enhancement, but still low enough to avoid 

excessive degradation. 

 

3.2.2 TEMPO-mediated oxidation 

A more defined way of oxidizing the surface is to utilize more specific reaction routes, which 

could better target the reaction to desired locations, avoiding excessive material degradation. 

TEMPO-mediated oxidation has drawn interest as a remarkably efficient and selective method 

for oxidizing primary alcohols into carboxylic acids. (Saito & Isogai, 2004) 

Albeit applicable for other materials also, TEMPO oxidation has specifically been recognized 

as a potent method for polysaccharide, and moreover native cellulose modification. The method 
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is used to oxidise the primary -OH groups at C-6 of cellulose surface into aldehydes and finally 

to carboxylic groups that assert negative charge, without affecting the bulk material structure. 

Pure cellulose could be rather challenging to oxidize selectively in a non-catalysed manner, as 

with low oxidant dosages the conversion would be insufficient while high dosages would 

degrade the cellulose structure. (Isogai et al. 2011; Saito & Isogai, 2004)  

In the typical approach, 2,2,6,6-tetramethylpyperidine-1-oxy radical (TEMPO) and NaBr are 

present in catalytic amounts, and sodium hypochlorite (NaOCl) is the main oxidant. (Saito & 

Isogai, 2006) Figure 12 shows the proposed oxidation reaction mechanism, where NaOCl and 

NaOH are consumed, while NaBr and TEMPO function as catalysts. It should be noted that 

other alternatives for the oxidation do exist, including a TEMPO/NaOCl/NaClO2 system in 

acidic conditions. (Isogai et al. 2011) 

 

Figure 12 Schematic of TEMPO-mediated oxidation reaction of cellulose. The original cellulose is 

represented on bottom-right and its primary alcohol group is firstly converted to aldehyde 

and finally to carboxylate, as presented on top-right. (Saito & Isogai, 2006) 

 

The number of carboxylates can be controlled by reaction time or reagent concentrations, and 

the conditions in general are relatively mild, requiring a pH of around 10 at room temperature. 

For example, Figure 13 shows the effect of NaOCl dosage on the carboxylate content on 
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cellulose surface. With already rather low dosages, the amount of oxidized surface groups could 

be increased, and eventually, all formed aldehydes further converted to carboxylates also. (Saito 

& Isogai, 2006) Regarding the surface treatment of cellulose membranes, this method offers 

interesting basis for increasing negative surface charge but has been underwhelmingly studied 

so far, research focussing instead mostly on cellulosic pulp or nanofiber oxidation (Isogai et al. 

2011). 

 

Figure 13 Effect of NaOCl dosage on surface carboxylate and aldehyde contents during TEMPO-

mediated oxidation of native cellulose fibres. (Saito & Isogai, 2006) 

 

3.2.3 Grafting 

For instance, polysulfones tend to lack directly functionisable sites, and modification is 

approached often via aromatic substitution. Essentially, grafting refers here to the addition of 

chemical moieties into polymer structure via various reactions. The broad umbrella term of 

grafting offers virtually endless possibilities for modification, hence examples of the commonly 

applied charge-enhancing methods, sulfonation, carboxylation and amination are discussed 

here. 

The addition of sulfonic acid group into a polymeric structure is called sulfonation. Typically 

sulfonation is associated with modification of polysulfones, but it is reportedly applicable also 

to, for instance, PVDF (Figure 14) and cellulose membranes. (Daems et al. 2018; Tavakolian 

et al. 2020)  
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Figure 14 Example of a grafting procedure. PVDF membrane is first dehydrofluorinated, then 

polystyrene is grafted on it and furthermore sulfonated to produce negatively charged 

membrane. (Daems et al. 2018) 

 

Daems et al. (2018) were able to significantly increase the negative charge of a PVDF 

membrane by grafting polystyrene into the structure, which could be furthermore sulfonated by 

simple immersion in a chlorosulfonic acid solution in 1,2-dichloroethane (Figure 14). Here, the 

introduced aromatic ring acted as adhesion location for sulfonic group. Figure 15 shows how 

the zeta potentials evolve along with each modification step, finally resulting a rather pH-

independent -30 mV for the sulfonated, polystyrene grafted PVDF. Such stable behaviour of ζ 

was considered an indication of a successful and quite full sulfonation, as the strongly acidic 

surface groups should remain deprotonated irrespective of the pH value. (Daems et al. 2018) 

 

Figure 15 Effect of grafting and sulfonation on PVDF membrane zeta potential. (Daems et al. 2018) 
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Similarly, carboxylic groups can be introduced to a polymeric structure. Möckel et al. (1998) 

published a study where they prepared polysulfone UF membranes with differing carboxylate 

contents (Figure 16). Carboxylation was conducted prior to membrane casting by first lithiating, 

or adding lithium moieties into the structure, and then consequently substituting them with 

carboxylic groups. The degree of substitution could be accurately coordinated by varying the 

amounts of chemicals and process conditions.  

Figure 16 demonstrates the behaviour of zeta potential as the carboxylic acid content in 

polysulfone structure is varied. Interestingly, native PSU exhibited the strongest peak negative 

charge, and adding -COOH groups to the structure diminished the peak zeta potential. Higher 

degree of substitution correlated with more pH-stable surface charge. The converse 

phenomenon was attributed to increased hydrophilicity and changes in electrical double layer 

due to enhanced water adsorption. This example also comes to show the complexity of surface 

modification.  

 

Figure 16  Comparison of zeta potentials of native and carboxylated polysulfones membranes. The 

numbers in legend signify the degree of substitution, i.e. the -COOH content (Möckel et 

al. 1998). 

 

Besides the more common negative charge, also positive charge can be introduced to membrane 

surface. One way of doing this is to graft polymerize amine groups into the structure. For 

example, with polysulfone, this can be done by nitrating the bulk polymer for example with 

mixtures of nitric acid and sulfuric acid or ammonium nitrate and trifluoroacetic anhydride, and 



 27   

then consequently reducing the nitrate groups into amines using reducing agents such as 

tin(II)chloride with hydrochloric acid. (Alenazi et al. 2017)  

Furthermore, amination of cellulose acetate in solution has been conducted by grafting 

poly(methyl methacrylate) onto the primary alcohol group of cellulose, and subsequently 

adding amine-rich tetraethylenepentamine to the graft polymer. The zeta potential at pH 7 

changed from -5.1 mV (native CA) to -33.7 mV (grafted CA) to finally +44.4 mV (aminated 

and grafted CA), displaying dramatic increase of positive surface charge by the amine addition. 

(Gebru & Das, 2018) 

 

3.3 Irradiation 

High energy irradiation, in form of UV irradiation or plasma treatment can also be utilized in 

membrane modification. In some situations, these techniques can be considered a subcategory 

of grafting, as the energy-intensive radiation is often used for formation of radicals and 

furthermore graft polymerization of desired functional groups. Moreover, the energy of radicals 

can be targeted towards the rearrangement or internal reactions of the polymeric structure, 

without addition of foreign functionalities. (Wang et al. 2018) 

Grafting aside, plasma treatment for membrane surface charge modification can be approached 

in two ways. The distinction is between the plasma gases, which can be either inert or reactive 

(oxidative or reductive). (Wang et al. 2018) Reis et al. (2016) studied the effect of plasma 

treatment on the properties of commercial PA TFC BW30 membrane from Dow Filmtec. The 

plasma activation was conducted using inert argon gas with different excitation powers and 

treatment times. Figure 17 shows the effect of 50 W plasma treatment on the surface charge of 

membrane. In comparison, treatments with 10 W and 80 W had similar trends but less 

significant effect overall. The charge enhancement was attributed to reconfiguration of the 

surface groups during etching and re-deposition. 
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Figure 17 The effects of 50 W argon plasma treatment on polyamide membrane zeta potential 

(denoted here as streaming potential) with 1 - 30 min exposure times (Reis et al. 2016). 

 

Similarly, UV or other type of irradiation can be used for surface activation. UV has been 

employed, for instance, by Ehsani et al. (1997), to modify a commercial polysulfone membrane. 

The effective wavelength of the UV light was 254 nm and the exposure time was 20 minutes. 

This treatment made the zeta potential at pH 6 decrease from -3 mV to -10 mV, as the polymeric 

material reacted into carboxylic and sulfonic acid groups. Such phenomena can be furthermore 

utilized in graft polymerization with or without additional initiators, depending on the 

photoactivity of the substrate material.  

 

3.4 Intermolecular bonding 

In comparison to other methods, a mild, but potentially efficient surface modification route is 

by simple adsorption of charge-inducing molecules onto the membrane surface. By utilizing 

weak intermolecular bonding, actual chemical reactions are not necessary, which makes this 

methodology usable for potentially all types of membrane materials, as specifically reactive 

sites are not needed. 

For example, Huang et al. (2015) coated a TFC PA membrane with polydopamine, followed 

up by titanium dioxide adsorption. The zeta potential at pH 7 decreased from around -33 mV 

to -43 mV via the simplistic adsorptive modification, which furthermore increased rejections 

of various pharmaceutical compounds. 
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As a novelty, Maalige et al. (2020) treated TFC PA membranes with deep eutectic solvents 

(DESs), in this case mixtures of biomass-derived molecules like choline chloride and urea. The 

research showed that by DES treatment at around 40 ℃, negative membrane surface charge 

could be intensified notably (Figure 18), along with improved permeance and similar rejection 

capabilities. DESs were suggested as a promising recyclable and multifunctional solvents for 

simultaneous surface cleaning, charge enhancement and flux improvement. The changes were 

attributed to hydrogen bonding of cationic and anionic DES constituents onto the PA surface. 

However, the possibility of actual chemical alterations in polymeric material caused by DESs 

should not be ruled out either (Nieminen et al. 2020).  

 

Figure 18 The effects of different DES treatments on polyamide membrane surface charge. The 

contact time was 24 hours at 40 ℃ and the used DESs were combinations of choline 

chloride, ethylene glycol, urea and glycerol. (Maalige et al. 2020) 

 

Finally, a methodology regarding adsorption of charged polymers onto a membrane surface has 

been extensively studied for surface charge enhancement, along with many other applications. 

As an introductory example, Egueh et al. (2010) conducted a sequential adsorption scheme of 

negatively charged poly(sodium 4-styrene sulfonate) and positively charged poly(allylamine 

hydrochloride) on a rather neutral UF PES membrane. Adsorption of the positively charged 

polymer increased the zeta potential from around -5 mV to +38 mV, while the addition of 

negatively charged polymer reduced the zeta potential to – 44 mV. This sequential deposition 

technique of polyanions and polycations is furthermore discussed in depth in the next chapter.  
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4 LAYER-BY-LAYER POLYELECTROLYTE DEPOSITION 

The overall performance and characteristics of a membrane, such as surface charge, rejections, 

permeability, and hydrophilicity can be modified via coating. The coating compounds can vary 

from inorganic ions to large organic polymers and the number of layers could range from one 

to even hundreds, all depending on the intended performance gain. Accordingly, the adhesion 

of the layers can be achieved via multiple routes, such as covalent bonding, adsorption, or ionic 

bonding. (Miller et al. 2017)  

The so-called layer-by-layer (LbL) technology for membrane modification has increasingly 

drawn attention due to its ease of application, low costs, and resulting homogeneous and tailored 

surface properties (Hammond, 2000). Specifically, polyelectrolyte (PE) deposition by LbL is a 

technology well established by Decher and his research group in 1991. Figure 19 shows the 

formation of polyelectrolyte bilayer. In the method, charged polymers are fixed on a surface 

utilizing the electrostatic attraction between the functional groups of the substrate and 

polyelectrolyte. In essence, LbL is as simple as letting oppositely charged polymer chain attach 

onto a charged surface. Successively, another layer with again opposite charge is added, and 

this way the addition of polyelectrolyte layers with alternating charges is continued as long as 

needed. Typically, polyelectrolytes are dissolved in water, along with background salt. (Decher, 

1997)  

 
Figure 19 The formation of polyelectrolyte bilayer. Positively charged substrate first adheres a 

polyanion film, and consecutively a polycation film. Loosely bound excess polymers are 

washed off between deposition steps. (Decher, 1997) 

 

The common goals of membrane modification, such as selectivity improvement or fouling 

reduction can be approached via polyelectrolyte deposition. Furthermore, instead of mere 

surface modification, the whole active layer could be built by polyelectrolyte deposition, 
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minding the herewith discussed phenomena. As membranes often have a lifecycle of a few 

years, they could be eventually reincarnated by removing the active surface layer and replacing 

it with PE multilayer structure. Such procedure has been presented by Moradi et al. (2019), who 

treated end-of-life composite membranes, comprising of PA top-layer, polysulfone support and 

polyester base, by oxidation to partly remove the polyamide selective layer. The support 

material was then coated with PE multilayer and the resulting product had properties similar to 

a corresponding commercial NF membrane. In this example, as rather typically, LbL deposition 

was employed, first and foremost to enhance salt rejections. 

 

4.1 Polyelectrolytes 

The term polyelectrolyte refers to polymeric compounds that have repeating units of ionizable 

functional sites. They can be synthetically prepared or be of a natural origin. Depending on if 

the polyelectrolyte contains mostly negative, positive or both charges, it is called anionic, 

cationic or ampholytic, respectively. (Hess et al. 2006)  

When dissolved, PEs dissociate into large polyions and a multitude of small counterions, adding 

to the total ionic strength of the solution. Furthermore, given that the dissociable groups are 

characteristically either acids (polyanions) or bases (polycations), the degree of dissociation is 

dependent on solution pH. If the PE is completely dissociated independent of pH value, it is 

called a strong polyelectrolyte, and if only partially, depending on the ambient pH, it is called 

a weak polyelectrolyte. (Bhattarai & Ghimire, 2020)  

Contrary to common small-molecule acids and bases, however, it has been presented that the 

large polyacids or bases do not actually protonate or deprotonate fully. Furthermore, strong 

polyelectrolytes are in some studies defined as having a pKa or pKb value of around 1 or below, 

meaning that in reasonable pH values, they would be mostly, but not completely charged. (L. 

Li et al. 2012) Table III shows the abbreviations, structures, and main characteristics of some 

of the most common PEs for layer-by-layer deposition.  
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Table III Comparison of commonly studied polyelectrolytes for membrane coating. (Elshof et al. 

2020; Fadhillah et al. 2012; Kolasińska et al. 2007; Qin et al. 2013; Shiratori & Rubner, 

2000; te Brinke et al. 2020) 

Polyelectrolyte Structure Properties 

PSS, 

poly(styrene sulfonate) 

 

Strongly anionic 

Stable layers at all pH values 

Promotes hydrophilicity 

PAA, 

poly(acrylic acid) 

 

Weakly anionic 

High charge density 

Layer thickness control via pH 

Promotes hydrophilicity 

PAH,  

poly(allylamine 

hydrochloride) 

 

Weakly cationic 

High charge density 

Layer thickness control via pH 

Promotes hydrophilicity 

Flexible structure 

PDADMAC, 

poly(diallyldimethyl-

ammonium chloride) 

 

Strongly cationic 

Stable layers at all pH values 

Promotes hydrophobicity 

PEI, 

Polyethylenimine 

 

Weakly cationic 

Homogeneous layers 

Variously branching structure 

High charge density 

 

4.2 Layer growth mechanisms 

As already shown on Figure 19, the practical approach of LbL deposition consists of sequential 

addition of alternatively charged PE layers and rinsing loosely bound excess away after every 

cycle. (Decher, 1997) While this simplistic description is mostly sufficient from practical point 

of view, it is worthwhile understanding other factors and mechanisms related as well.  

 

4.2.1 Charge compensation 

The main mechanism behind layer growth is the charge reversal by overcompensation. In the 

phenomenon, by the addition of PE, the previous surface charge is firstly neutralized and 
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furthermore overcompensated, and the surface is left with an opposite charge. The charge of 

PEs can be compensated intrinsically by another PE, or extrinsically by small residing 

counterions. This preference between affinities affects the layer growth modes and ultimately 

the resulting multilayer thickness. (Joseph et al. 2014; Schlenoff et al. 1998)  

When intrinsic PE-PE attractions are strong, linear nanometre-scale growth with each bilayer 

can be observed, while exponential thickness growth is observed when extrinsic interactions 

dominate and counterions participate strongly in layer formation. In the latter case, only a few 

bilayers can make the structure thicker by several orders of magnitude compared to linear 

model. (Joseph et al. 2014; Schlenoff et al. 1998; Schlenoff & Dubas, 2001) These growth 

modes, which are specific to the polyelectrolyte-counterion systems, can be exploited in 

designing and preparation of specific multilayer structures. 

The addition of background salt will induce more extrinsic compensation and in general 

produce thicker multilayers (Schlenoff & Dubas, 2001). This was shown by Tang and Besseling 

(2016), as presented in Figure 20. They varied the background NaCl concentrations of 

PDADMAC (0.6 g/L) and PSS (0.3 g/L) deposition solutions and observed that generally higher 

salt concentration correlated with higher refractometry signals i.e., thicker multilayers. Layer 

growth shifted from linear, to parabolic to exponential, as salt concentrations were increased.  

 
Figure 20 Reflectometry signal (i.e., thickness) of polyelectrolyte multilayer as a function of layer 

number. PDADMAC and PSS concentrations were 0.6 g/L and 0.3 g/L, respectively and 

the background salt concentration varied, as presented in the legend. (Tang & Besseling, 

2016) 
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4.2.2 Adsorption regimes 

When it comes to coating porous substrates, namely membranes, it is crucial to also understand 

the placement of the deposited multilayer. It has been presented that the PEs can either attach 

inside the pores or on top of them, as shown in Figure 21 (Stumme et al. 2021). These simplistic 

build-up mechanisms are accordingly called pore-dominated and layer-dominated adsorption 

regimes (de Grooth et al. 2015). In reality, the adsorption process is probably more complicated 

as presented here, but this two-state model is still sufficient for explaining general filtration 

performance of a coated membrane. 

 

Figure 21 Pore-dominated PE adsorption (left) takes place both on top of membrane and inside 

pores leaving pores open, while layer-dominated adsorption (right) creates a uniform film 

on top of porous structure. (Stumme et al. 2021) 

 

Intuitively, it is easy to understand the importance of adsorption regime on membrane 

performance, as the two cases represent completely different membrane structures. The pore-

dominated adhesion results an open and porous structure, characteristic for UF and MF 

membranes, while the layer-dominated version resembles a more typical nonporous and tight 

TFC structure, as commonly seen with NF and RO membranes.  

Moreover, membrane resistances or permeabilities can be used to determine, whether the 

adsorption is in pore- or layer-dominated regime. (de Grooth et al. 2015; Stumme et al. 2021) 

As shown on Figure 22, the initial PE bilayers affect the membrane resistance only slightly, as 

the pores remain open. In the following additional layers however, the resistance increases 

rather sharply, indicating that the pores become fully covered and the adsorption has 

transitioned to layer-dominated regime. Stumme et al. (2021) have used the permeability and 

resistance values to calculate a share factor for depiction of each regime, but they could 

similarly be differentiated from mere permeability values, as the critical points of each curve 

reside at around the same layer number. 
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Figure 22 Membrane permeability (a), resistance (b) and so-called share factor combining the two 

(c) as a function of PE double layers (bilayers). Initial plateau in all said values indicates 

adsorption inside pores, sharp drop or rise is attributed to transition zone, and the plateau 

after indicates layer dominated multilayer growth. (Stumme et al. 2021) 

 

Especially for enhanced ion rejection, the layer-dominated regime is preferred, as the uniform 

film layer structure employs the solution-diffusion mechanism, along with charge based 

rejection mechanism, while open pores would offer ions direct access to permeate (de Grooth 

et al. 2015). This effect was also demonstrated by Stumme et al. (2021), as shown in Figure 23. 

The rejection of MgSO4 starts to increase when the PE adsorption progresses to transition 

regime, and accordingly plateaus soon after entering layer-dominated region. The preferrable 

layer-dominated region can generally be reached faster, i.e., with fewer bilayers, if a tighter 

substrate is used, or accordingly larger molar mass PEs are deposited (de Grooth et al. 2015; 

Stumme et al. 2021). 

  
Figure 23 MgSO4 rejection of the PE coated membrane as a function of layer number. Vertical lines 

signify the adsorption regimes, which correlate with the plateaus and increase of salt 

rejection. Adapted from Stumme et al. (2021)  
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4.2.3 General factors for controlling layer growth 

Naturally, the selected PEs affect the layer formation greatly. Differences between 

polyelectrolytes are seen, for instance in their rigidity, molar mass, hydrophobicity, and charge 

density. Rigid, large, and hydrophilic polymers result in generally thicker bilayers, while 

hydrophobic and strongly charged polymers result in stable and thin layers. Increased 

hydrophobicity is attributed to higher ion repulsion and thus higher amount of intrinsic 

compensation. (Joseph et al. 2014) Figure 24 demonstrates the effect of polymer charge on the 

layer growth. Highly charged PEs pack densely close to the surface, while lower polymer 

charge allows increased structural rigidity and thickness. 

 
Figure 24 The (a.) electrical double layer, (b.) EDL with non-charged or low charge polymer and 

(c.) EDL with highly charged polyelectrolyte In subfigure (a.), the Stern and shear planes 

are not overlapping, but rather drawn really close to each other. (Quemeneur, 2010) 

 

Properties of the solution, such as salt concentration, pH, and temperature, have a significant 

role in the deposition. As a rule of thumb, higher concentration of background salt or 

counterions hinders the affinity between of PEs, increases extrinsic charge compensation and 

furthermore makes the multilayer structure more irregular, rough, and thick. Additionally, salts 

can cause swelling by plasticizing the polymeric structure which is often not desired. (Dubas & 

Schlenoff, 1999) The pH of the solution controls dissociation of weak polyelectrolytes, as well 

as functional groups of substrate, and  furthermore increased charge density correlates with 

more stable and homogeneous layers. (Joseph et al. 2014; Shiratori & Rubner, 2000) 

Finally, the role of substrate itself should be noted. Hoogeveen et al. (1996) concluded in their 

studies, that for the adsorption and stability of initial few layers of PEs, the substrate itself 

played an important role. Figure 24 further explains this by showing how the adsorption of the 

first polymer layer partly takes place even directly on substrate surface. However, for the 

outermost layers, the effect of underlying substrate is reported to diminish, as the PE-PE 

interactions became more predominant in terms of layer growth. Thus intuitively, at least the 
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initial layer ought to match the substrate properties in terms of charge density and hydrophilicity 

to promote stratified layer structure. For enhanced adhesion, smooth substrates with a charged 

surface should be preferred. (Joseph et al. 2014) Furthermore, the substrate MWCO affects the 

polymer choice, as PEs should be larger than the membrane pore to emphasize layer-dominated 

growth (Stumme et al. 2021). 

 

4.3 Deposition techniques 

The polyelectrolyte deposition can be approached in several different ways, depending on the 

substrate and desired multilayer characteristics. The methods merely vary in their way of 

dispersing the PE solution on the substrate. Common factors affecting the choice of deposition 

technique include substrate morphology, time available for deposition and the requirements 

regarding multilayer stratification and thickness. These methods are commonly divided into 

five distinct groups, further described in the following subchapters and summarized in Table 

IV. 

 

4.3.1 Immersive coating 

The original and still widely popular method for layer deposition is simple dip-coating. In this 

approach, polyelectrolytes are dissolved in a solution, wherein the substrate is immersed. 

During immersion, the self-assembly of PE layer takes place due to diffusion and electric forces. 

After this, the coated substrate is rinsed and dipped in the next PE solution, accordingly. 

(Decher et al. 1992; Decher & Hong, 1991) Dip-coating is an easy and definitive method that 

produces dense and thick multilayers. However, depending on the required deposition time, the 

overall stepwise process could become quite extensive and thus unviable for large-scale 

industrial processes. (Joseph et al. 2014) 

Immersive coating possesses a low degree of control over the adsorption, as deposition time 

and PE solution concentration are the only adjustable parameters. Consequently, the dip-coated 

multilayers tend to be interlaced and non-specific. Especially in small scale, however, the 

method is easily implemented and cheap. (Richardson et al. 2015) 
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4.3.2 Spray coating 

Schlenoff et al. (2000) presented a novel alternative for sequential immersion technique, based 

on spraying the solutions onto the substrate. In the procedure, the coating and rinsing solutions 

were dispersed onto substrate using a rudimentary spraying device. Still, same solutions as in 

dip-coating were used, but the deposition time for each layer could be reduced from minutes to 

seconds, while preserving comparable adsorption efficacy regarding layer growth. (Joseph et 

al. 2014; Y. Li et al. 2012; Schlenoff et al. 2000) 

Spray-coating usually produces well-ordered layer structures on simplistic, mainly flat 

substrates. In addition to solution characteristics and contact time, spraying introduces new 

controllable parameters, such as spraying distance, pressure, direction for controlling the 

multilayer build-up. However, albeit the spraying itself is fast, the self-assembly of 

polyelectrolytes might still be inefficient, leading to excessive wasting of unused PEs. 

Additionally, the nature of spraying does not allow for coating of modular or complex 

substrates. (Richardson et al. 2015; Schlenoff et al. 2000) 

 

4.3.3 Spin coating 

Another advancement, spin coating, combines the effect of rapidly rotating motion into the 

immersive adsorption scheme. The introduced centrifugal forces expedite rearrangement of the 

polyelectrolytes, simultaneously removing the loosely bound polymers. This results in a highly 

ordered multilayer structure and furthermore a smoother and thinner film, compared to 

traditional dip-coating, as interpenetration of adjacent layers is minimal. In general, high 

rotational velocity produces smoother and thinner layers than slow spinning speeds. Downsides 

of this approach are the practical restrictions, like necessity for specific equipment and only 

small applicable substrate surface area, that also needs to be completely planar. (Cho et al. 2001; 

Joseph et al. 2014; Y. Li et al. 2012)  

 

4.3.4 Electromagnetically enhanced coating 

Further, the original immersive deposition can be accelerated with electromagnetic effects. In 

electromagnetic layer assembly, the deposition of charged polymers is driven by electric field 

between electrodes. The applied voltage can be utilized to control the layer thickness or 

deposition time. This somewhat rare technique results in dense and potentially thickest layers 
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out of any deposition methods. The main hinderance for this technology is the equipment and 

knowledge demand for the assembly process. (Richardson et al. 2015) 

 

4.3.5 Dynamic coating 

The final distinct assembly method is called fluidic or dynamic assembly. In this technique, by 

the aid of pressure, forced flow and/or other asserted force, the PE solution is dispersed over 

the substrate. For membrane coating, this methodology is especially interesting, as it can be 

conducted even in a filtration module, where the polymer solution is applied to the membrane 

using pressure of flow. By fluidic assembly, even normally unattainable locations, such as small 

capillaries can be reached, which makes it a truly advanced extension of traditional immersion-

coating. (Richardson et al. 2015; Sanyal & Lee, 2014) Typically dynamic coating procedure 

includes varying combinations of different steps, including contacting substrate with PE – 

background salt solution, rest or compaction, and rinsing with salt solution and clean water 

(Moradi et al. 2019). 

Fluidic assembly introduces higher degree of control through automatization, depending on the 

set-up in question. Flow rate, applied pressure, contact times and rinsing sequences are amongst 

the easily adjusted parameters affecting multilayer build. (Richardson et al. 2015). Regarding 

layer thickness, the PE concentration and contact time are still the governing factors (Kim et al. 

2005). Pressurization during the coating procedure is attributed to smoother surface 

morphology and more ordered layers (Liu et al. 2019). Ilyas et al. (2017) reported that for 

hollow fibre membranes, higher cross flow velocities and pressures during deposition correlate 

with higher permeabilities of the coated membrane. It is thus possible that the more extreme 

dynamic conditions interfere and hinder the PE adsorption, as it takes more dynamically 

deposited bilayers to reach similar performance as statically coated layers. Figure 25 compares 

the permeability evolution of statically and dynamically coated membranes, revealing 

differences in layer build-up. 
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Figure 25 Membrane permeability as a function of bilayers for different cross flow velocities during 

coating. (Ilyas et al. 2017) 

 

The five distinct deposition methods are thus differently applicable for various PE-substrate 

systems, depending on their individual nuances. The essential features of each discussed system 

are summarized and compared to each other in Table IV.  

 

Table IV Comparison of general characteristics of different polyelectrolyte deposition 

methodologies. Adapted from (Richardson et al. 2015) 

 Immersion Spin Spray Electromagnetic Dynamic 

 

 
 

 
  

Substrate Versatile Planar, small 

surface area 

Versatile,  

mainly 2D 

Versatile Versatile, 

complex 

Speed Slow Fast Fastest Medium Medium 

Utility Easy, cheap 

 

Easy, small-

scale 

Easy,  

cheap 

Costly, specific 

equipment 

Automizable, 

specific 

equipment 

Layers Varying 

quality, 

interlaced 

Thinnest, 

highly 

ordered 

Stratified, 

smooth 

Thickest,  

rough 

Thin, 

specific 
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4.4 Effects of polyelectrolyte layers on membrane performance 

In order to design and prepare a well-functioning PE membrane, several different factors need 

to be taken into consideration. Along with selecting appropriate polyelectrolytes, also the 

sufficient multilayer thickness should be examined. In terms of flux and rejection performance, 

these two factors are perhaps the most significant, and are discussed thus here. Additionally, 

different combinations of PEs, background salts and multilayer thicknesses can induce a variety 

of side phenomena, some of which are also addressed here. 

 

4.4.1 Effects of multilayer thickness 

As with membranes in general, thicker active layer correlates with lower permeability due to 

increased hydraulic resistance. Specifically in the case of LbL deposition, the easily controlled 

multilayer thickness can be exploited in optimization of flux and rejection capabilities (Xu et 

al. 2015). As a part of their investigation, Liu et al. (2019) demonstrated the effect of the first 

few bilayers of PEI and PAA on polyacrylonitrile support membrane performance. Expectedly, 

the water flux decreased when more layers were added. The generally applicable (Arslan et al. 

2020; Sanyal & Lee, 2014; Xu et al. 2015) inverse relation of multilayer thickness and 

permeability can be seen on Figure 26. 

 

Figure 26 Concurrent increasing of MgCl2 rejection and decreasing of pure water permeability 

when bilayers of PEI and PAA are added on polymeric UF membrane. (Liu et al. 2019) 

 

Along with decreasing flux performance, an increasing trend in MgCl2 rejection can be 

observed on Figure 26 as the multilayer thickness increases (Liu et al. 2019). The result is again 
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rather expected and universal. The comprehensive rejection improvement can be attributed to 

better sealing of the substrate pores, as more bilayers are added. In other words, the effective 

pore size becomes smaller and more consistent, when stable and well-ordered bilayers are 

added. (Fadhillah et al. 2012; Joseph et al. 2014) The effect of decreasing pore size was also 

shown by Dillmann et al. (2020), who managed to decrease the MWCO (90 %, PEG) of 

capillary PES membrane from approximately 100 kDa down to just over 0.3 kDa with 8 bilayers 

of PDADMAC and PSS. 

Another interesting application for PEs exists in surface morphology modification. 

Characteristically, higher number of bilayers correlates with smoother membrane surfaces, as 

shown on Figure 27. Furthermore, the study of Ishigami et al. (2012) showed that antifouling 

property of a polyamide-top RO membrane could be improved by LbL deposition of up to 6 

PSS/PAH bilayers, while salt rejection persisted. Higher layer number correlated with a 

smoother surface, linearly increasing hydrophilicity, and decreasing foulant adsorption, all of 

which are associated with a longer steady and easily recovered permeate flux in common water-

related filtration applications. Analogous antifouling results are shown, for instance, with 

coating of polysulfone membrane with lignosulfonate/PEI bilayers. (Gu et al. 2019) 

 

Figure 27  Atomic force microscope images of (A) clean PA RO membrane, (B) RO membrane with 

6 layers and (C) 12 layers of PSS and PAH. More layers correlates with clearly smoother 

surface morphology. (Ishigami et al. 2012) 

 

4.4.2 Odd-even effects 

The effect of the terminating, i.e., outermost monolayer is often referred to in context of odd-

even effects. Rather than only focussing on layer thickness as the governing factor of multilayer 

properties, the effects of individual PE properties, such as hydrophobicity, charge and their 

tendency to swell should be considered also. Odd-even effect can be observed for many 

membrane characteristics, often including, but not limited to permeability or surface charge. 

The odd-even effects typically manifest as zig-zag patterns, the other PE increasing said values, 



 43   

while the other one lowers them. These effects are combinations of PE properties, substrate 

properties and background salt concentrations, and thus the systems should always be designed 

case-by-case. (de Grooth et al. 2015; Malaisamy et al. 2011) 

Figure 28 displays the odd-even behaviour of permeabilities for a PDADMAC/PSS system 

deposited on sulfonated PES support. By adding a PE monolayer, the permeability is either 

increased or decreased. The figure additionally encompasses the effect of background salt 

concentration. In the two otherwise similar systems, at low salt concentrations, PSS-terminated 

layers possess higher permeability, while mere addition of background salt can make 

PDADMAC-terminated surfaces more permeable of the two PEs. In this case, the reversal of 

order is explained by varying layer thicknesses and resulting different swelling behaviour inside 

and outside membrane pores. Furthermore, overall, lower background salt concentration 

correlated with approximately ten times higher permeabilities. (de Grooth et al. 2015)  

  

Figure 28 Odd-even effects of permeability. The coating off PDADMAC and PSS (0.1 g/L, 

respectively) was performed on PES-based hollow fibre substrates. Background salt 

concentration determined, which PE as outmost layer induced higher PWP. (de Grooth 

et al. 2015) 

 

While permeability displays somewhat vaguely explained odd-even trends, other surface 

properties can be more accurately predicted by odd-even effects. When it comes to the apparent 

surface charge, the choice of outermost layer is predominant, because in theory, the charges of 

underlying layers have been compensated. (Schlenoff & Dubas, 2001; Xu et al. 2015) 

Hydrophobicity of the resulting product follows the same outlines, as the outermost layer 

governs the hydrophobic or hydrophilic nature of the membrane (Malaisamy et al. 2011; Ng et 
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al. 2013). Figure 29 presents the dramatic effect of the outermost layer on the zeta potential and 

hydrophilicity of the membrane. PDADMAC as a hydrophobic polycation correlates with more 

positive zeta potential and higher water contact angle, while the hydrophilic polyanion PSS 

correlates with more negative zeta potentials and lower water contact angles.  

 

Figure 29  Increasing odd-even trends of peak zeta potential (left) and water contact angle (right) 

values, when PSS and PDADMAC layers are added on commercial NF270 PA 

membrane. (Malaisamy et al. 2011) 

 

Furthermore in Figure 29, a trend of intensifying peak values can be observed for both zeta 

potential and contact angle. This phenomenon is case-dependent and could thus be even 

reversed in some situations (Malaisamy et al. 2011). Nonetheless, it can be concluded that the 

charge and hydrophobic effects of each layer do accumulate to some extent, indicating that 

bilayer number is relevant in conjunction with outermost layer properties. The participation of 

underlying layers is especially noteworthy for rejection of charged species, as illustrated in 

Figure 30. (Ng et al. 2013) 

 
Figure 30 Representation of how even the underlying polyelectrolyte layers participate on rejection 

of differently charged compounds, leading to possibly higher selectivity. (Ng et al. 2013) 
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4.4.3 Excess overcompensation and salt annealing 

In contrast, some polyelectrolyte systems do not form uniform layers or display easily predicted 

odd-even trends. A known example of such unbalanced system is the extensively utilised 

PDADMAC/PSS pairing, for which an excessive PDADMAC overcompensation can often be 

observed (Figure 31). The mechanism behind asymmetric deposition is yet rather unknown, but 

it can be easily noticed as drifting of an odd-even trend towards the other PE. (Fares et al. 2015; 

Reurink et al. 2018) Figure 31 shows how the zeta potential of PDADMAC/PSS system 

gradually drifts towards more positive values, indicating excess overcompensation of 

PDADMAC and furthermore lack of PSS. 

 

Figure 31 Zeta potential of both PDADMAC- and PSS-terminated multilayers drift towards more 

positive values due to excess overcompensation of PDADMAC. The red points show the 

effect of treatment with 2 M NaCl for 30 minutes and consequently adding one PSS 

monolayer. (Reurink et al. 2018) 

 

The method for reversing the excess overcompensation drift is to expose the multilayer to 

highly concentrated salt solution. In this so-called salt annealing, commonly NaCl in 

concentrations over 1.5 mol/L is used to induce glass transition of the polymer mixture, 

dispersing the excess PDADMAC evenly over the surface. This can be followed up by PSS 

addition, which recovers the expected properties of PSS-terminated multilayer, as seen from 
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the highly negative surface charges (red data points) in Figure 31. (Fares et al. 2015; Reurink 

et al. 2018) The dispersing of a rough and likely mixed-polymer surface into a smooth single-

polymer surface by the described procedure is shown on Figure 32. Furthermore, a thorough 

salt annealing (Fig. 32 B) is compared to milder NaCl treatment (Fig. 32 D), demonstrating the 

difference of high and low salt exposures. 

 

Figure 32  AFM images showing the effect of salt annealing of 20-bilayer PDADMAC/PSS system 

on its surface morphology. A) and C) represent multilayers before salt treatment, B) after  

seven cycles of 2 M NaCl annealing and consecutive PSS deposition, while D) has been 

treated with two cycles of 1 M NaCl and consecutive PSS deposition (Fares et al. 2015) 

 

Most importantly, the salt annealing has been successfully used to improve polyelectrolyte-

coated membrane performance. Reurink et al. (2018) furthermore demonstrated that when 

depositing PSS-terminated multilayers on PES-based hollow fibre membranes, along with 

excessively accumulating PDADMAC (Figure 31),  membranes became more selective towards 

positively charged Mg2+ ions instead of negative SO4
2- ions. For example, after 13 layers 

(terminated with PSS), the sulfate rejection could be increased from 39 % to 95 %, via salt 

annealing and simultaneously magnesium rejections could be lowered from 90 % to 

approximately 42 %, restoring the intended separation performance. This finding is important 

in terms of optimizing filtration performance of PE-coated membranes. 

However, whether the smoothening effects can be solely attributed to actual glass-transition 

annealing is up for debate. As presented in Figure 33, concentrated salt solutions do also induce 

etching-like effect on the multilayer by dissolving and removing part of the polymers. The 

overall smoothening mechanism is most likely a combination of both etching and annealing. 

Furthermore, one should be mindful of the appropriate salt solution exposure, since a rather 

significant loss of multilayer mass could occur. (Han et al. 2012)  
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Figure 33 Material loss from (PSS/PDADMAC)7 multilayer during 2-hour treatment with 0 – 5 

mol/L NaCl solutions. (Han et al. 2012) 
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EXPERIMENTAL WORK 

5 MATERIALS AND METHODS 

The experimental section of this work consists of oxidative membrane surface charge 

enhancement, followed up by LbL coating and salt annealing procedures. The main objective 

was to study the effect of substrate charge on polyelectrolyte layer formation and furthermore 

to produce highly permeable membranes capable of high salt rejections. The schematic 

summary of the experimental work is shown on Figure 34. 

 
Figure 34 Graphical summary of the experimental work. 

 

5.1 Chemicals and membranes 

The membrane subjected for modification, coating and resulting performance assessment was 

RC70PP from Alfa Laval. RC70PP comprises of polypropylene support and a regenerated 

cellulose acetate top. The manufacturer-reported MWCO value was 10 kDa, making it a UF 

membrane. (Alfa Laval) 

The iodometric titration method was employed for determining assay of NaOCl. The NaOCl 

analyte was accompanied with KI, starch and HCl to form reaction mixture, the titrant being 

Na2S2O3. 



 49   

Poly(ethylene glycols) were used for membrane MWCO and neutral compound rejection 

studies. Filtration tests of charged species were performed utilizing NaCl, MgCl2 and Na2SO4. 

In the polyelectrolyte deposition, PSS and PDADMAC were the polyanion and -cation, 

respectively. NaCl was used as the background salt and in salt annealing procedure. 

Furthermore, all utilized chemicals along with their CAS-numbers, brands and purity grades 

are listed on Table V. All solutions and dilutions were prepared using deionized (DI) water with 

a conductivity value below 2 µS/cm.  

 

Table V Chemicals, their brands, purities and their applications in the experimental work. 

Chemical Brand, grade Application 

TEMPO (CAS: 2564-83-2, 

2,2,6,6-tetramethylpyperidine-

1-oxy radical) 

ACROS Organics, 98 % 

Surface 

charge 

enhancement 

NaBr (CAS: 7647-15-6) J.T.Baker, BAKER ANALYZED 

Reagent 

NaOCl (CAS: 7681-52-9) VWR Chemicals, GPR RECTAPUR 

NaOH (CAS: 1310-73-2) VWR Chemicals, AnalaR NORMAPUR 

Ethanol (CAS: 64-17-5) Altia, Etax B 

KI (CAS: 7681-11-0) Riedel-de Haën, R.G. 

Iodometric 

titration 

HCl (CAS: 7647-01-0) VWR Chemicals, GPR RECTAPUR 

Starch Grocery 

Na2S2O3 (CAS: 7772-98-7) Sigma-Aldrich, ReagentPlus 

PEG (CAS: 25322-68-3, 

Poly(ethylene glycol)) 

0.6 kDa, Fluka Chemika, purum 

1 kDa, Merck, for synthesis 

4 kDa, Fluka Analytical, Ph Eur 

8 kDa, Sigma Life Science, BioUltra 

12 kDa, Fluka Chemika, purum 
Filtration 

tests 
NaCl (CAS: 7647-14-5) Merck, EMSURE 

MgCl2 (CAS: 7786-30-3) Alfa Aesar, 99 % 

Na2SO4 (CAS: 7757-82-6) Merck, EMSURE 

PDADMAC (poly(diallyldi-

methylammonium chloride) 

CAS: 26062-79-3) 

Aldrich, 100 – 200 kDa (phase 1) 

Sigma-Aldrich, <100 kDa (phase 2) 

LbL 

deposition PSS (poly(styrene sulfonate), 

CAS: 25704-18-1) 

Alfa Aesar, 70 kDa 

NaCl (CAS: 7647-14-5) Merck, EMSURE 
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5.2  Oxidation of membranes 

The modification of RC70PP is approached via TEMPO-mediated oxidation. The purpose of 

this modification was to enhance the surface charge to distinct different levels by oxidizing the 

free primary -OH groups to carboxylates. The utilized method with the preliminary amounts of 

chemicals for treating a gram of cellulose was adapted from the rudimentary work of Saito & 

Isogai (2004).  

The required amounts of reagents were estimated by measuring the cellulose content of 

RC70PP membrane. This was simply achieved by weighing a washed and dried membrane 

sheet, scraping the cellulosic top-layer off, and measuring its mass. As such, the rough cellulose 

acetate content by mass was approximated to be 12.85 %. The TEMPO-oxidations were 

conducted in four separate runs, with namely varying the NaOCl concentration. The amounts 

of chemical used in the four runs are shown on Table VI 

 

Table VI The initial amounts of reagents in TEMPO-mediated oxidations. The amounts are in 

millimoles per estimated gram of cellulose acetate, total solution volume being 200 mL.  
1st 

treatment 

2nd 

treatment 

3rd 

treatment 

4th 

treatment 

TEMPO, mmol/gCA 0.032 0.016 0.014 0.014 

NaOCl, mmol/gCA 10.377 2.423 2.156 0.719 

NaBr, mmol/gCA 0.243 0.243 0.216 0.216 

 

Several membrane sheets were treated simultaneously in a beaker. Firstly, the membranes were 

cleaned with warm water and soaked in DI water thoroughly. To 200 mL of pure water, 

respective amounts of NaBr and TEMPO were added. The reaction was then started by adding 

NaOCl, and adjusting the pH to 10.8, where it was furthermore maintained by periodic addition 

of small amounts of 0.5 M NaOH. Duplicate membrane samples were taken out of the reaction 

vessel after set time intervals. To suppress the reaction, membranes were immediately 

immersed in ethanol. After a thorough, 15 min quenching of reaction, the membranes were 

rinsed and stored in deionized water. The oxidation exposures were calculated according to 

equation (1), based on the hypochlorite concentration and exposure time of each membrane. 

For the purposes of this formulation, all reagents were assumed to be in excess in comparison 

to cellulose acetate. 
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𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =

𝑛(NaOCl)
𝑉 ∙ 𝑡𝑜𝑥

𝑚(CA)
 (1) 

where 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 NaOCl exposure dose  
𝑚𝑀∙ℎ

𝑔𝐶𝐴
 

 𝑛(NaOCl) initial amount of sodium hypochlorite 𝑚𝑚𝑜𝑙 

 𝑉 solution volume  𝐿 

 𝑡𝑜𝑥 exposure time  ℎ. 

 

5.3 Layer-by-layer coating 

The sequential coating procedure was conducted via fluidic assembly, deploying an 

automatised setup. The rather simplified schematic of the coating system is shown in Figure 

35. In the procedure, substrates were initially washed, after which a sequence of PE deposition, 

compaction and rinsing was repeated as long as needed. In the system, four membrane sheets 

could be coated in parallel, resulting equivalent deposition conditions on each surface. The 

setup allowed for accurate monitoring of deposition times, applied pressures, flow rates and 

rinsing sequences. The flow channel dimensions were 20 mm x 52 mm x 1 mm for width, 

length, and height, respectively. 

 
Figure 35 Simplified flow chart of the dynamic coating setup.  

 

The sequence of PE deposition is shown in Table VII. PDADMAC (0.100 g/L) was used as the 

polycation and PSS (0.128 g/L) as polyanion. The selected concentrations corresponded to a 
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1:1 molar ratio for the charge asserting repeating units of the polymers. As background salt, 

NaCl (0.1 mol/L) was present in both polyelectrolyte solutions as well as in salt washing step. 

In pure water rinsing, DI water (conductivity below 2 µS/cm) was used. The presented five 

steps produced one bilayer (BL), and by repeating steps 2 – 5, more layers could be added. 

Flows were always kept distinctly in the laminar region. 

 

Table VII Polyelectrolyte deposition sequence. The membrane flow channel was approximately 20 

mm wide and 1 mm high. *The H2O rinsing was continued until either the effluent 

conductivity was below 3µS/cm, or the reported time limit was reached. 

 Step Duration (s) Pressure (bar) Flowrate (mm/s) 

1 Washing 10 ~1 ~21 

2 
Polycation 

Compaction 

300  

60 

0.40 

0.75 

3.1 

0 

3 
NaCl rinse 

H2O rinse 

120 

360*  

0 

~1 

3.1 

~21 

4 
Polyanion 

Compaction 

300  

60 

0.40 

0.75 

3.1 

0 

5 
NaCl rinse 

H2O rinse 

120 

360*  

0 

~1 

3.1 

~21 

 

The coating procedure was conducted two phases. In the phase 1 experiments, the coating was 

executed in sets of 3BL + 3BL + 3BL + 3BL + 6BL + 12BL, PSS always left as the outmost 

layer, total amount being thus 30 bilayers. Between coating sets, membrane filtration 

performance was evaluated. After each coating set, the deposition solutions were exchanged 

for new ones, to avoid excessive dilution or unintended mixing of the solutions. For larger sets, 

the solutions were replaced after 9 bilayers. 

The phase 2 coating consisted of similar sequence as presented above but additionally included 

periodic high-concentration salt annealing treatment. In the phase 2 coating, PDADMAC was 

left first as the outside layer, followed up by addition of PSS layer, annealing, and addition of 

another PSS layer. Half numbers representing PDADMAC-termination and A annealing, the 

layers were added as follows: 5.5BL + PSS(A) + 5.5BL + PSS(A) + 5.5BL + PSS(A) + 11.5BL 

+ PSS(A), totalling again 30 bilayers in the end. Filtration performance was evaluated after 

addition of said sets. 

The salt annealing of deposited multilayers was conducted with 2 mol/L NaCl solution in a 

semi-automatic sequence, presented in Table VIII. The annealing itself (step A1) was 



 53   

performed manually in a static manner, where the module was firstly washed with the 

concentrated salt solution and then was let sit for a period of time. The following washing, and 

deposition of polyanion layer were performed in the automized system.  

 

Table VIII Polyelectrolyte 2 M salt annealing procedure. Step A1 was performed manually and steps 

A2 – A5 using the automized setup. *NaCl and H2O rinsing were continued until influent 

and effluent had same conductivity values. **The H2O rinsing was continued until either 

the effluent conductivity was below 3µS/cm, or the reported time limit was reached. 

 Step Duration, s Pressure, bar Flowrate, mm/s 

A1 

NaCl (2 M) rinse 

NaCl (2 M) annealing 

H2O rinse 

* 

1800 s 

* 

 

- 

 

- 

A2 Washing 10 ~0.7 ~15 

A3 
NaCl (0.1 M) rinse 

H2O rinse 

120 

600** 

0 

~0.7 

3.1 

~15 

A4 
Polyanion 

Compaction 

300 

60 

0.40 

0.75 

3.1 

0 

A5 
NaCl (0.1 M) rinse 

H2O rinse 

120 

600** 

0 

~0.7 

3.1 

~15 

 

5.4 Filtration experiments 

The filtration performance was studied in a flat-sheet crossflow membrane filtration system. 

The system comprised of a feed tank with temperature-controlled water circulation, membrane 

module with four parallel cells, rotameter, pressure valve and gauge, and Hydra-Cell diaphragm 

pump. The flowrate could be converted from rotameter percentage to crossflow velocity (m/s) 

using a calibration curve given in Appendix 1. The same membrane module as in coating step 

was used, flow channel dimensions thus being 52 x 20 mm x 1 mm again. 

All parallel membranes were fed the same feed solution, and their combined reject was 

circulated back to the feed tank. Permeate streams were collected separately from each 

individual membrane. In Figure 36, the filtration system is displayed, and the flow directions 

of each stream are colour coded. Yellow stream is the feed, green is the permeate, and red is 

the reject, that is mixed back to the feed tank. 
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Figure 36 Crossflow membrane filtration system utilized in membrane filtration experiments. From 

the feed tank (orange), the feed stream (yellow) is fed to the membrane modules, where 

it is divided into four separate permeates (green) and a combined reject (red), which is 

circulated back to the feed tank. 

 

The filtration performance was assessed by measuring pure water permeabilities (PWP) and 

model compound rejections before and after any membrane modifications. In order to unify the 

concentration polarization effects, all of the permeate samples were collected at approximately 

110 L/(m2 h) flux with crossflow velocity of 1.63 m/s, Reynolds number value thus being 

approximately 3500. Prior to any filtrations, membranes were compacted for 20 minutes at a 

pressure where flux was over the targeted value. In the filtrations, feed tank water circulation 

was set to 25 °C. The model compound filtrations were conducted always in the same order and 

between the filtrations, the system was washed with deionized water until the conductivities of 

each stream were around 10 µS/cm. 
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The applied model solutions to represent rejections of charged species were 500 ppm NaCl, 500 

ppm MgCl2, 500 ppm Na2SO4, representing type 1-1, 2-1 and 1-2 cation-anion charge pairings, 

respectively. To depict the neutral organic compound rejections and moreover evolving 

MWCO values, a combined solution of 0.6, 1, 4, 8 and 12 kDa PEGs was used. Based on HPLC-

SEC data, 12 kDa PEG had decomposed into several smaller molar mass units, namely adding 

3 kDa species into the mixture. The sizes of decomposition products were approximated from 

SEC column elution times. (Appendix 1) Due to unpredicted decomposition, the feed 

concentrations for 0.6 kDa, 1 kDa, 4 kDa and 8 kDa PEGs varied between 400 – 650 ppm, and 

for 3 kDa PEG, approximately between 100-200 ppm. (Appendix 1) 

First at a set pressure, the permeate flux was determined by measuring the amount of permeate 

obtained over the filtration time. The calculation is presented in expression (2). 

𝐽 =
𝑉𝑝

𝐴 ∙ 𝑡
, (2) 

where 𝐽 permeate flux  𝐿/(𝑚2ℎ)  

 𝑉𝑝 collected permeate volume  𝐿 

 𝐴 effective filtration area  𝑚2 

 𝑡 elapsed filtration time  ℎ. 

After the fluxes at distinct pressures were determined, they could be converted into 

comprehensive permeability value, as presented in equation (3). 

𝑃 =
Δ𝐽

Δ𝑝
, (3) 

where 𝑃 permeability  𝐿/(𝑚2 ℎ 𝑏𝑎𝑟) 

 Δ𝑝 pressure increment 𝑏𝑎𝑟. 

Independent of the target compound and their quantification method, rejections were calculated 

according to equation (4). The retention value simply describes how much a set compound has 

been removed from permeate phase in comparison to original feed. 

𝑅 =
𝑐𝑓𝑒𝑒𝑑 − 𝑐𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑐𝑓𝑒𝑒𝑑
∙ 100%, (4) 

where 𝑅 rejection  % 

 𝑐 concentration 𝑔/𝐿. 
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When individual PEG rejections were plotted as a function of their molar mass, an 

approximation of molecular weight cut-off value for the membrane could be made. The MWCO 

values were determined by graphical interpolation of PEG rejection curves, seeking for the 

molar mass value corresponding with 90 % rejection. 

 

5.5 Analytical methods 

Here the exploited analytical devices and methods are described more in depth. The chemicals 

and coating solutions were analysed with iodometry and pH measurements, membrane surface 

characterization relied on surface charge and electron microscopy investigations, and the 

filtration feed and permeate concentrations were depicted with conductivities and 

chromatographic measurements. 

 

5.5.1 Iodometric titration 

The main oxidant in membrane surface modification, sodium hypochlorite, is a rather unstable 

chemical. Over time, NaOCl will decompose to form chlorate, sodium chloride and oxygen gas. 

Hypochlorite solution is best preserved in dark and cool conditions with a pH between 12 and 

13. Regardless however, the reported hypochlorite, or more commonly active chlorine, is often 

vague, and the actual concentrations might vary. (OxyChem, 2014) To ensure comparable and 

accurate results, a multi-step iodometric redox titration method was employed for determination 

of active chlorine content. The adapted method was fundamentally based on the principles 

presented by Willson (1935), further modified by Kingsborogh Community College (2010).  

In the first step, the hypochlorite solution was diluted to contain approximately 5 % active 

chlorine. To 25 mL of this NaOCl solution, 15 ml of 10 % KI solution was added. Furthermore, 

this mixture was made acidic with 25 mL of 1 M HCl. Herein, all hypochlorite is converted to 

hypochlorous acid, which furthermore oxidizes iodides to triiodide ions in stoichiometric 

relation, as presented in following reaction equations. 

NaOCl (𝑎𝑞) + HCl (𝑎𝑞) → HOCl (𝑎𝑞) + NaCl (𝑎𝑞) (5) 

HOCl (𝑎𝑞) + HCl (𝑎𝑞) + 3I−(𝑎𝑞) → I3
− (𝑎𝑞) + 2Cl−(𝑎𝑞) + H2O (𝑙) (6) 

In the second step, 3 ml of 1 % starch indicator solution was added to mixture to form a strongly 

blue complex with triiodide. This mixture was then titrated with 0.26 M sodium thiosulfate 
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solution, which reduces the triiodide ions back to iodide form, as presented in the following 

reaction equation (7).  

[𝑠𝑡𝑎𝑟𝑐ℎ  I3
−] + 2S2O3

2−(𝑎𝑞) → 3I−(𝑎𝑞) + S4O6
2−(𝑎𝑞) + 𝑠𝑡𝑎𝑟𝑐ℎ  (7) 

The titration endpoint was indicated by the sudden change of solution colour from dark blue to 

completely clear (Figure 37), as the last of triiodide-starch complexes were broken.  

 
Figure 37 The colour of hypochlorite solution A) after KI addition, B) after acid and indicator 

addition and C) after reaching titration endpoint. 

 

Based on the stoichiometry of presented chemical equations, the original amount of NaOCl can 

be calculated accurately, if KI was added in excess. The combined formula (8) for conversion 

of thiosulfate solution volume into sodium hypochlorite content is as follows. The obtained 

value can be further converted to active chlorine equivalent by dividing with a factor of 1.05, 

which is the ratio of sodium hypochlorite and chlorine molar masses. (OxyChem, 2014). 

𝑤𝑡% (NaOCl) =

1
2

∙ 𝑐(Na2S2O3) ∙ 𝑉(Na2S2O3) ∙ 𝑀(NaOCl)

𝑉𝑁𝑎𝑂𝐶𝑙 ∙ 𝜌𝑁𝑎𝑂𝐶𝑙
∙ 100%, (8) 

where 𝑤𝑡%  content by mass % 

 𝑐(Na2S2O3) thiosulfate concentration 𝑚𝑜𝑙/𝐿 

 𝑉(Na2S2O3) consumed thiosulfate 𝐿 

 𝑀 molar mass  𝑔/𝑚𝑜𝑙 

 𝑉𝑁𝑎𝑂𝐶𝑙 NaOCl solution volume 𝐿 

 𝜌𝑁𝑎𝑂𝐶𝑙 NaOCl solution density 𝑔/𝐿. 
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5.5.2 Surface charge 

The effects of surface functionalisation and LbL coating on membrane surface charge were 

determined with SurPASS electrokinetic analyzer (Anton Paar GmbH). Prior to all 

measurements, any surplus preservatives or impurities were rinsed off with deionized water. 

The membrane samples were cut to 10 mm x 20 mm pieces, adhered to sample holders with 

double sided tape, and mounted then to an adjustable gap cell.  

Prior to zeta potential measurement, samples and the system were thoroughly rinsed with pure 

water and successively 1 mmol/L KCl solution. In the rinsing, target pressure was set to 200 

mbar and the cell gap was adjusted to approximately 120 µm during the rinsing sequences. The 

main solution was accordingly 1 mmol/L KCl whose pH was adjusted to approximately 8 with 

dilute KOH solution. Nitrogen gas was bubbled to the solution throughout the measurement to 

avoid dissolution of CO2 and consequent changes in pH. 

The measurement sequence comprised of automatic titration using 0.05 mol/L HCl, 160 s 

rinsing at 200 mbar, and 20 s streaming current measurement at 200 mbar. Each datapoint was 

an average of four consecutive measurement ramps. The automatic titration was continued until 

pH 3 with substrate samples and until pH 4 with coated samples to avoid detachment of 

polyelectrolytes. The measured streaming current values as a function of pH were converted 

into zeta potential values using the Helmholtz-Smoluchowski equation (9). 

𝜁 =
𝑑𝐼𝑠𝑡𝑟

𝑑Δ𝑝
∙

𝜂

𝜀 ∙ 𝜀0
∙

𝐿

𝐴
   (9) 

where  𝜁  zeta potential   𝑉 

 𝐼𝑠𝑡𝑟 streaming current  𝐴 

 𝑝 pressure   𝑏𝑎𝑟 

 𝜂 viscosity of electrolyte  𝑘𝑔/(𝑚 𝑠) 

 𝜀0 vacuum permittivity   𝐹/𝑚 

 𝜀 dielectric constant of electrolyte - 

 𝐿 streaming channel length  𝑚 

 𝐴 streaming channel cross-section 𝑚2. 
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5.5.3 Conductivity and pH 

In single salt solutions, conductivity could be used for depiction of salt concentrations and 

furthermore rejections. The model salt concentrations in feed and permeate fractions were 

analysed with Consort C3010 multi-parameter analyser utilizing a temperature-compensated 

probe. 

The pH values of TEMPO-oxidation mixture and LbL coating solutions were monitored with 

Metrohm 744 pH meter. 

 

5.5.4 HPLC-SEC 

The PEG concentrations of feed and permeate streams were determined with size-exclusion 

chromatography (SEC) using Agilent Technologies 1260 Infinity HPLC system connected to a 

refractive index detector (RID). DI water was used as the eluent and the column was 300 x 7.8 

mm PolySep-GFC-P 3000 from Phenomenex. 

Samples contained five PEGs with different molar masses and thus different hydrodynamic 

radii. In a SEC column, compounds with smallest radii have longest retention times while larger 

compounds elute faster. Prior to any measurements, the samples were filtrated through 0.2 µm 

regenerated cellulose filters. The peaks in RI detector signal could finally be integrated, the 

obtained area representing concentration of each PEG. 

 

5.5.5 SEM  

Scanning electron microscopy (Hitachi SU3500 Scanning Electron Microscope) was used for 

surface characterization of membranes before and after surface modification. The samples were 

vacuum dried and sputtered with gold (60 %) – palladium (40 %) mixture prior to microscopy. 

The micrographs were taken with 10 kV acceleration voltage at 500x, 2000x and 10000x 

magnifications. 
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6 RESULTS AND DISCUSSION 

Herein, the effects of modification on membrane performance and characteristics are discussed. 

For clarity of several figures, measured datasets have either simply been connected with straight 

dotted lines or fitted with mathematical functions (continuous lines). The proposed 

modification route is shown Figure 38, and the filtration performance is assessed and discussed 

at each step.  

 

Figure 38 Scheme of the utilized membrane modification route.  

 

6.1 TEMPO-mediated oxidation 

The first step of experimental working was to map out the different effects of TEMPO-mediated 

oxidation on membrane performance. In this chapter, the impacts of hypochlorite exposure on 

essential membrane characteristics, like rejections and permeabilities, are shown. In this 

chapter, membrane samples are referred to with their respective hypochlorite exposure, or their 

approximate zeta potential value measured at pH 7. For example, native RC70PP is thus zero-

exposure and -30 mV membrane. 

 

6.1.1 Surface charge 

In theory, the TEMPO-catalysed oxidation should solely affect the surface charge of a cellulose 

membrane, as the oxidation reaction converts primary hydroxyl groups into charge asserting 

carboxylic groups. The practical effect of oxidation exposure on zeta potential can be seen on 

Figure 39. As the hypochlorite dosage is increased either by lengthening exposure time or 

increasing concentration over cellulose gram, a logarithmic increase in negative zeta potentials 

can be observed. Accurate prediction of the oxidation reaction is however challenging, as 

indicated by notable variance between measured datapoints and proposed mathematical model.  
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Figure 39 The impact of NaOCl exposure during TEMPO oxidation on the zeta potential (at pH 7) 

of the membrane. Numeric zeta potential data is enclosed in Appendix 5. 

 

The variation between seemingly similar oxidations can be mainly attributed to the unknown 

and possibly varying degree of acetylation of the membrane. The oxidation of primary -OH 

groups into charged -COOH groups is most likely hindered, if they are already reserved by 

acetyl groups. Furthermore, the overall logarithmic relation of exposure and resulting surface 

charge can also be ascribed to the amount of free primary -OH groups left. Around an exposure 

of 30 – 50 mMh/g, the somewhat linear dependence flattens out due to most of the oxidisable 

groups having already reacted. The oxidation can still be continued further, but structural 

disintegration of the membrane might also be possible, as the residual chemicals, namely 

NaOH, begin to shift their target from surface oxidation to instead deacetylation and hydrolysis. 

(Mulder, 1991; Singh, 2005) Another reason for non-linear reaction behaviour can be attributed 

to possibly insufficient mixing inside the reaction vessel. 

 

6.1.2 Surface morphology 

The SEM micrographs on Figure 40 show the little effect of oxidative treatment on the surface 

morphology of RC70PP membrane. The non-treated membrane possesses mostly smooth and 

undetailed surface but contains some visible defects in approximately a size range of 1 – 20 

µm. When the membrane is TEMPO-oxidised with a high (372 mMh/gCA) exposure, the visible 

defects are removed, leaving only the seemingly unharmed smooth cellulose acetate surface.  
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Figure 40 Comparison of native RC70PP and TEMPO-oxidized (372 mMh/gCA) RC70PP surface 

morphologies. The SEM micrographs were taken with a 2000-fold zoom. 

 

6.1.3 Permeability 

After the oxidative surface treatment, pure water permeabilities were measured to assess the 

possible non-visible degradation of the samples. The objective of TEMPO oxidation was not 

necessarily to influence the membrane openness, but instead maintain the structural integrity 

while merely increasing surface charge. Figure 41 demonstrates that all oxidative treatments 

resulted in an increased permeability, perhaps partly due to altered hydrophilicity of 

carboxylated surface, but also structural degradation. For exposures below 30 mMh/gCA, the 

permeabilities rise by, at most, one third of the original. For highest exposures, however, the 

permeability can be doubled, implying significant degradation of the cellulose acetate top-layer. 

  

Figure 41  Pure water permeabilities of original and TEMPO oxidised membranes. Permeability 

increase in percent of the original is also shown in the figure. The more accurate filtration 

data is enclosed in Appendix 4. 
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6.1.4 Model compound rejections  

The MWCO values of three differently oxidised membranes were compared with the native 

RC70PP to gain more knowledge on the opening of the membrane pores, and furthermore 

structural changes. The degradation can be clearly seen in Figure 42, with the development of 

molecular weight cut-off values. For PEGs, the original membrane displayed approximately 2.8 

kDa MWCO value. This value rather linearly increased with higher hypochlorite exposures, 

finally reaching 8 kDa with the highest, 372 mMh/gCA exposure. Interestingly, all MWCOs, 

even after excessive oxidation, were lower than the manufacturer-reported 10 kDa cut-off of 

RC70PP. 

 

Figure 42 MWCO values and individual PEG rejections against NaOCl exposure. The MWCO 

values increase linearly, as demonstrated with the linear fit, only the appearance of which 

is distorted by logarithmic x-axis. PEGs were filtrated as a combined solution, total 

strength being approximately 2000 ppm. Additional filtration data in Appendix 4. 

 

Furthermore, as the negative zeta potential could be increased by TEMPO-mediated oxidation, 

the applicability of these membranes for salt separation was assessed. While usually only NF 

and RO membranes are considered to be able to retain ions, some reports do exist on rejection 

of multivalent salts with highly charged UF membranes, based on Donnan exclusion. (Chen et 

al. 2017; Jitsuhara & Kimura, 1983)  
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As shown on Figure 43, the oxidized RC70PP was capable of fractionating salts based on their 

charge. Furthermore, Na2SO4 was rejected increasingly better when negative surface charge 

was intensified. With the most charged membrane (-100 mV), a 35.8 % sulfate rejection could 

be reached. In comparison, even this most charged (-100 mV) membrane could not reject NaCl 

and MgCl2 by any more than 6 % and 4 %, respectively.  

 
Figure 43 Rejections of NaCl (1-1), MgCl2 (2-1) and Na2SO4 (1-2) as functions of membrane zeta 

potential. Salts were filtrated individually at room temperature at permeate flux of 110 

L/(m2 h), feed concentration being 500 mg/L. Additional filtration data is enclosed in 

Appendix 4. 

 

The salt rejection trends can be explained simply by the ion pairings. Na2SO4 is a 1-2 type salt 

containing large divalent sulfate anion along with two small monovalent cations, which are 

easily rejected by Donnan exclusion at strongly negative membrane surface. The type 1-1 NaCl 

and type 2-1 MgCl2 hold only small monovalent chloride anions, which along with either 

monovalent or divalent cations are not rejected as well.  

Interestingly, even though the most charged membrane (-100 mV) became much more open 

(98 % PWP increase, 186 % MWCO increase) during oxidative treatment, the sulfate rejection 

remained decently high, providing the best results of all oxidised membranes. It is likely, 

however, that the rejection would be even higher if the surface charge could be increased 

without significant opening of the porous structure, as too wide pores could accommodate 

electrically neutral regions due to insufficiently thin EDL compared to pore width. 
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6.2 LbL deposition on modified substrates 

From the oxidation studies, three differently treated membranes, along with the native RC70PP 

membrane were selected for the phase 1 polyelectrolyte coating step. Herein, the effects of 

TEMPO-mediated oxidation and furthermore surface charge on the formation of 

polyelectrolyte multilayer are assessed and the resulting effects on key membrane performance 

parameters are discussed.  

In this section, the membrane samples are either referred to with only the substrate zeta potential 

value, or they are coded based on the substrate surface charge and number of deposited PE 

bilayers. E.g. –55mV/18BL would signify 18 PDADMAC/PSS bilayers added on top of a 

substrate that was oxidised to approximately -55 mV surface charge determined at neutral pH. 

Figure 44 shows the zeta potentials of the four studied membranes along with the pH values of 

the coating solutions. The -30mV membrane (black dataset) was the non-oxidized reference. 

The pH values of coating solutions are additionally shown to highlight the substrate surface 

charge during coating. 

 

Figure 44 The zeta potentials of substrate membranes in phase 1 LbL coating experiments. Vertical 

red and blue lines signify the pH values of PDADMAC and PSS coating solutions, 

respectively. 

 

6.2.1 Surface charge  

To investigate how the coated membranes inherit the substrate properties, the zeta potentials of 
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-30mV/30BL, -40mV/30BL, -55mV/30BL and -100mV/30BL. All membranes lost a 

significant part of their initial surface charge due to coating. For the three initially lowest charge 

membranes, zeta potential settled at around -20 mV after 30 bilayers, while -100mV/30BL 

membrane possessed ζ value of -40 mV after the complete coating procedure. Figure 45 

displays the membrane surface charges before and after coating. 

 

Figure 45 Zeta potentials of studied membranes before coating and after 30 PDADMAC/PSS 

bilayers. The reported values were measured at neutral pH and the relative changes of 

negative surface charges are marked in percent. Numeric zeta potential data is enclosed 

in Appendix 5. 

 

It is quite rare to have such highly charged substrates in LbL deposition and the underlying 

mechanisms of diminishing charges are thus somewhat unknown. The unsatisfactory charge 

overcompensation can possibly be attributed to inadequate contact of substrate and coating 

solutions, or incompatible physicochemical properties of the substrate-PE system, leading to 

rough surface morphology and a mixed multilayer. The harsh decrease of surface charge is thus 

most likely a combination of disarrayed PE layers containing excess PDADMAC that shifts the 

surface charge values closer to zero. In the literature, large variety of different surface charges 

for PSS-terminated PDADMAC/PSS multilayers have been reported, ranging from as low as -

150 mV even up to positive values, showing the importance of layer uniformity. (de Grooth et 

al. 2015; Fares et al. 2015; Malaisamy et al. 2011; Reurink et al. 2018) 
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6.2.2 Multilayer surface morphology 

The deposition of polyelectrolytes was further assessed by scanning electron microscopy. The 

micrographs in Figure 46 reveal that the substrates (Figure 40) were successfully coated, but 

the multilayers were unevenly formed and coarse. Overall, clear correlation between substrate 

charge and surface roughness cannot be observed, but the most charged substrate has perhaps 

the flattest and most amorphous appearance, while other surfaces are slightly more granular. 

 

 

Figure 46 SEM micrographs of the studied membranes after 30 bilayers of PDADMAC/PSS with 

10000-fold magnification. Additionally, micrographs with 500x and 2000x 

magnifications are enclosed in Appendix 3. 

 

Overall, the roughness can at least partly be attributed to somewhat incompatible properties of 

substrate and initial PE monolayer. The competitive interplay of electrostatic attraction and 

hydrophobic repulsion between rather hydrophilic cellulose acetate and more hydrophobic 

PDADMAC (Malaisamy et al. 2011; Mulder, 1991) results most likely a rough, uneven, and 

thick initial layer. The deposition then continues in an irregular manner, promoted by the 

existing PDADMAC- or PSS-rich clusters. Additionally, the irregularities on substrate surfaces 
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(Figure 40) might act as nuclei for enhanced deposition, them being more abundant on low-

exposure membranes and absent on the highest charge membrane, accordingly. 

The rough surface morphologies support the assumption of mixed-polymer multilayers, 

suggested also by diminishing zeta potentials. To avoid such uneven deposition, other substrate-

PE pairings could be explored, pursuing a more compatible system in terms of similar 

hydrophilicities along with surface charges. 

 

6.2.3 Permeability  

The cumulative adhesion of PEs onto the membrane can be observed from decreasing pure 

water permeabilities. Analogously to formulation of Stumme et al. (2021), the permeabilities 

decrease first slowly, suggesting PE adsorption mostly inside membrane pores. Then, transition 

from pore- to layer-dominated regime is indicated by sharper decrease of PWPs, and the plateau 

in the end implies that pores are filled, and adsorption takes place solely on top of the 

membrane. The permeability curves against bilayer number are shown on Figure 47.  

 

Figure 47 Pure water permeabilities of differently oxidized membranes as functions of 

polyelectrolyte bilayer number. PWPs were determined at room temperature, non-linear 

flux values being excluded. Measurement data can be found in Appendix 4. 

 

Moreover, the flux performance was stable and linear at different applied pressures for three 

low-charge membranes throughout the coating process. However, the -100mV membrane had 
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a distinct breaking point at certain pressure limit, where the flux would suddenly increase 

dramatically. This breaking point pressure increased when more bilayers were deposited. The 

initial flux performance could be restored if the high-pressure exposure lasted only minutes, 

while extensive filtration at above breaking point pressure resulted a permanently elevated 

permeability. An example of the flux breaking point and its effect on permeability is enclosed 

in Appendix 2. 

Considering the initial adsorption regimes, the pore-dominated adsorption is most distinct for 

the non-oxidised -30mV membrane, as the permeability is rather constant after 3 initial bilayers. 

For the slightly oxidized -40mV and -55mV membranes, the adsorption seems to incorporate 

transition zone in the beginning based on the steadily decreasing PWP values, while -100mV 

membrane displays a dramatic drop of water permeability right after initial three bilayers, likely 

entering the layer-dominated adsorption already. For all four membranes, the water 

permeabilities stabilize to similar level of around 15 – 25 L/(m2 h bar) after 12 bilayers, at latest. 

The reasoning of the observed stronger LbL deposition on more charged substrates could be 

attributed simply to abundant interaction sites between PE and substrate. Higher surface charge 

correlates with higher number of carboxylic moieties to bind the initial PDADMAC monolayer. 

It is furthermore possible that larger pores have an encouraging role in the adsorption. Long PE 

chains could coil up and fit into the significantly more open -100mV/0BL membrane pores 

filling them more rapidly. On the other hand, tighter substrates will not accommodate coiled 

polymers, but only let small portion of each PE chain inside the pores, leading to slower pore 

filling and thus wider transition zone. In the literature (Malaisamy & Bruening, 2005; Moradi 

et al. 2019), analogous results regarding more rapid pore blockage of open membranes and 

rather slower pore blockage of tighter membranes can be found.  

For instance, for flat sheet PES membranes, it has been shown that when 500, 300, 50 and 10 

kDa UF membranes are coated with identical PE multilayers, the most open membrane displays 

lowest pure water permeability after stabilization period. With model compound solution 

fluxes, the trend is even clearer, 50 kDa membrane possessing two-fold permeability in 

comparison to the 500 kDa membrane after coating. (Malaisamy & Bruening, 2005) 

Furthermore, Moradi et al. (2019) showed that when polyelectrolyte multilayers are constructed 

on differently oxidized substrates, the more oxidized, i.e. more open membranes possess lowest 

pure water permeabilities after LbL deposition.  
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6.2.4 Neutral compound rejections  

The filtration of neutral PEGs revealed an interesting phenomenon. Albeit the PWPs decreased 

after each bilayer, displaying increasing membrane resistance, the PEG rejections for higher 

molar mass compounds were reduced, indicating more open membrane structure. Conversely, 

the rejections of smaller PEGs were increased when more layers were added on top of the 

membranes. In the beginning, for the substrates, and first few bilayers of coating, the PEG 

rejections resembled rather typical shape of an MWCO curve, with low rejections for smaller 

compounds and high rejections for large compounds. With increasing number of bilayers, the 

curves began to flatten, and after 30 bilayers, all membranes displayed almost completely flat 

PEG rejection curves, as  presented in Figure 48. 

 

Figure 48 The PEG rejection curves of the studied membranes. Each subfigure encompasses the 

complete evolution of the respective membrane from 0 to 30 bilayers of coating, 

increased bilayer number being indicated by colour-coding. PEGs were filtrated as a 

combined solution (total 2000 ppm) in room temperature, at around 110 L/(m2 h) flux. 

The accurate filtration data is enclosed in Appendix 4. 
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The phenomenon could be explained with transition from size-exclusion rejection mechanism 

into solution-diffusion, as the pores are filled and coated with dense PE structure (Stumme et 

al. 2021). Speculatively, PEGs might display poor solubility in the CA membrane matrix, and 

separation is based on size exclusion with uncoated substrates. Meanwhile, different size PEGs 

could be more soluble in the PE coating matrix. Moreover, uniform permeation can be observed 

if the PEGs are similarly soluble, independent of their size. It should be reminded however, that 

solution-diffusion is usually only applied to small compounds, here utilised PEGs being rather 

large molecules. High molar mass usually correlates with lower diffusivity (Mulder, 1991). 

Anyhow, the phenomenon is especially interesting considering that beneath the polyelectrolyte 

multilayer, same substrate resides as before coating. In other words, even if the PEGs would 

permeate by diffusion through the PE multilayer, they should be at latest rejected at the interface 

of substrate, as they did prior to coating. Furthermore, it seems indicative that additionally some 

sort of pore dilation of substrate takes place, which could be attributed to swelling of 

polyelectrolytes inside pores (de Grooth et al. 2015), opening them wider, so that all PEGs have 

enough space to permeate. Alternatively, when PEs are accumulated to the opposite sides of 

the pores, their electrostatic repulsion could induce dilation of the pore. 

The described and speculated event is rather unexplored in scientific literature, some studies 

mainly reporting more expected decrease of MWCO values when more layers are added. 

(Dillmann et al. 2020) Moreover, the rejections of neutral molecules can be often neglected and 

left unreported, as LbL treatment typically aims at increasing rejections of charged species. 

However, the enhanced permeation of large polymers could potentially be used in different 

mixed-solution filtration applications. 

 

6.2.5 Salt rejections  

The rejections of NaCl, MgCl2 and Na2SO4 were monitored during the coating. For all 

substrate-multilayer compositions, monovalent NaCl was rejected poorly, -40mV/30BL 

providing the highest rejection of 8.5 %. MgCl2 rejections were low in the beginning but 

increased as layers were added, again the best rejection (27.5 %) belonging to -40mV/30BL. 

The Na2SO4 rejections peaked with relatively low number of bilayers (3 – 9), after which they 

plateaued. Highest rejection was obtained with -100 mV/3BL (41.5 %), while at the end of 

coating procedure after the final, 30th bilayer, -40mV/30BL possessed the highest rejection 
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(27.2 %) of the four compared membranes. The salt rejections as functions of bilayer number 

are shown in Figure 49. 

 
Figure 49 Salt rejections of coated membranes as functions of bilayer number. From top to bottom, 

rejections for 500 ppm NaCl, MgCl2 and Na2SO4 are presented. Salts were filtrated 

individually at room temperature. Additional information enclosed in Appendix 4. 

 

As the PE bilayers accumulated, salt rejections were expected to increase due to formation of 

film layer and consequent accentuation of charge based and solution-diffusion rejection 

mechanisms (Stumme et al. 2021). Given that PSS was always left as the outmost layer, 

providing the surface with a negative charge, especially divalent SO4
2- was expected to be 

rejected well. As both Na+ and Cl- ions showed negligible rejections, the higher rejections of 

MgCl2 and Na2SO4 can be attributed to the divalent nature of Mg2+ and SO4
2- ions, respectively. 
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Interestingly, sulfate rejections decrease after rather low number of bilayers, while magnesium 

rejections begin to rise around the same layer number. The main implication of this 

phenomenon is that the multilayer is not stratified, as a completely uniform and smooth PSS 

outside should retain sulfate anions selectively and let magnesium cations permeate better. The 

possible explanation for low and non-selective rejection capabilities with thick multilayers is 

the intercalation and mixing of positive PDADMAC and negative PSS, sort of leaving pathways 

for all salt ions to permeate. 

When comparing the fully coated (30 bilayers) membranes, -40mV/30BL displays best 

rejections for all salts. The fact that the medium-charge membrane performs best could be 

attributed to favourable relation between surface charge and degradation, as the -40mV 

membrane had slightly increased negative surface charge in comparison to native RC70PP, but 

the hypochlorite exposure was perhaps still low enough to maintain structural integrity, in 

comparison to more charged samples. Especially in the case of Na2SO4 rejections, the initial 

rejections governed by substrate surface charge, were rather well maintained even after 30 

bilayers. For the most part, the order of performance is kept the same also, -30mV substrate 

membranes being always the worst, followed up by -55mV and -40mV. The -100mV substrate 

membrane is an exception to this order, as it has the best rejections initially, but is surpassed by 

-40mV during the coating sequence.  

 

6.2.6 Adsorption regime and selectivity 

The somewhat erratic behaviour of both PEG and salt rejections can be attributed to the PE 

adsorption regimes. When PWP curves are used to implicate pore-dominated and layer-

dominated regions, the rejection characteristics can be observed to change, when layer-

dominated adsorption region is entered. This observation offers valuable insight on designing 

selective substrate/PE-systems and their possible further treatment to avoid non-selective states. 

Figure 50 assembles the salt rejections of each individual membrane as a function of bilayer 

number to demonstrate the concurrency of permeability and salt rejection evolution. At the 

borderline of transition zone and layer-dominated adsorption regime (red line), the Na2SO4 

rejections turn to decrease, and simultaneously MgCl2 rejections start to first increase. For the 

-30mV, -40mV and -55mV substrate membranes, this borderline is somewhere between 9 and 

15 bilayers, while -100mV substrate membrane has it already around 3 bilayers.  
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Figure 50 Development of salt rejections of each individual membrane, as bilayers are added. 

Vertical red lines represent the proposed borderline between transition zone and layer-

dominated adsorption regions and are deduced from the stabilising PWP values. It is at 

this borderline, where salt rejections start to act unexpectedly. 

 

It is near this same borderline region, where PEG rejections start to strongly approach each 

other. Small molar mass PEGs display an increasing rejection trend when bilayers are added, 

while larger molar mass PEGs are rejected worse. The plotted rejection curves resemble a 

funnel-like shape, which seems to be narrower and more convergent when substrate surface 

charge is higher. After only three bilayers, the -100mV substrate membrane is completely non-

selective towards the different PEGs, while the less oxidised membranes sustain some 

selectivity even after 30 bilayers. All in all, thicker and presumably more layer-dominated 

multilayers seem to be thus correlating with non-selectivity. 
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Figure 51 The individual PEG rejections as functions of bilayer number for each membrane. 

Vertical red lines signify the proposed beginning of layer-dominated adsorption regime. 

It is around this borderline, where significant converging of PEG rejections can be first 

observed. 

 

It is evident that selectivity is lost when entering the layer-dominated multilayer build-up. 

Whether this can be ascribed to solution-diffusion model requires further research. For the -

100mV membrane, the PEG rejections can be even dragged down to zero, when permeate is 

collected past the pressure breaking point (Appendix 2). Such behaviour could possibly be 

utilized for enhanced separation of charged and non-charged solutes, if only the salt rejections 

could be improved to feasible level. Conversely, a layer-dominated multilayer seems to be 

required for enhanced salt rejections, indicating that some further treatment is necessary if 

higher rejections, as presented in the literature (Liu et al. 2019; Moradi et al. 2019), are desired.  
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6.3 Salt annealing of multilayer 

The non-selective state of coated membranes was attempted to overcome via high concentration 

salt annealing using 2 M NaCl solution. As the multilayer was assumed to be mixed, the salt 

annealing could be used to stratify and even out the differently charged polymers at multilayer 

surface. (Fares et al. 2015; Reurink et al. 2018) Three differently TEMPO-oxidized membranes 

along with native RC70PP (-30mV) were selected for these second phase coating and filtration 

experiments. Here, the samples are first PDADMAC-terminated, after which they are coated 

with PSS-layer, annealed, and then finished with one more PSS-layer. 

The zeta potentials of substrates used in the 2nd phase experiments are shown in Figure 52. 

Herein the membrane coding comprises of substrate surface charge and number of bilayers. The 

whole number bilayers signify annealed, PSS-terminated multilayers, and half-numbers 

PDADMAC-terminated multilayers. The letter A is referring to this second phase of coating 

and filtration experiments, where the multilayer was annealed during the coating sequence. For 

example, -50mV/29.5ABL would signify 29 PDADMAC/PSS bilayers and one PDADMAC 

monolayer coated on top of -50 mV substrate.  

 

Figure 52 The zeta potentials and naming of substrates used for second phase coating and filtration 

tests. Vertical red line indicates the pH of PDADMAC coating solution, and the vertical 

blue line indicates the pH of PSS coating solution to highlight the substrate charges 

during coating.  
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6.3.1 Surface charge 

The initial surface charges are compared to those of completely coated and annealed 

membranes in Figure 53. Additionally, the charge of PDADMAC-terminated -30mV/27.5ABL 

is shown. Again, the addition of 30 PDADMAC/PSS bilayers reduced the zeta potentials closer 

to zero. However, in comparison to first phase membranes, the surface charges did not change 

as drastically now that recurring salt annealing was incorporated in the sequence.  

 
Figure 53 Zeta potentials of substrates and 30 bilayer annealed membranes. Additionally, zeta 

potential of PDADMAC-terminated (27.5 bilayers), non-oxidized RC70PP is shown. 

Numeric zeta potential data for all samples is enclosed in Appendix 5. 

 

For PDADMAC-PSS systems, the excessive accumulation of PDADMAC is often reported in 

the literature. The phenomenon usually occurs as distinctly positive zeta potential values, 

introduced by excess polycation. (Reurink et al. 2018) Herein, however, a PDADMAC-

terminated multilayer comprising of 27.5 bilayers displays negative charge, contrary to 

literature. The difference between ζ of -30mV/27.5ABL and -30mV/30ABL is negligible, albeit 

the terminating polyelectrolytes are different. 

The rather similar zeta potentials of PDADMAC- and PSS-terminated surfaces offer an 

important insight to the CA-PDADMAC/PSS system. The always negative zeta potentials 

indicate that specifically in this system, PDADMAC does not necessarily accumulate in excess, 

as often presented in the literature. Furthermore, the reason for non-selective ion rejection can 

be attributed to mixed polyelectrolyte matrix, where PSS seems to actually govern the surface 

charge. 

-22 %

-9 % -38 %

-41 %

-80

-70

-60

-50

-40

-30

-20

-10

0

-30mV -40mV -50mV -70mV

Z
et

a 
p
o
te

n
ti

al
 a

t 
p
H

 7
, 
m

V

Membrane

Substrate

30A BL

27.5A BL



 78   

6.3.2 Effect of annealing on surface morphology 

At least partly, the reasoning for weaker surface charges after deposition can be seen via surface 

morphology studies. Figure 54 presents the effects of periodic salt annealing on surface 

morphology of the 30-bilayer coated membranes. On the non-oxidized -30mV substrate (native 

RC70PP), seemingly no multilayer was formed at all, while the more charged membranes 

possessed  substantially smoother surfaces than without annealing (Figure 46). The -

70mV/30ABL membrane displayed distinctly most uniform surface morphology, while the two 

medium-charge membranes had smooth but rather discontinuous surfaces. Clearly, the 

oxidative treatment enhances the polyelectrolyte adhesion. 

 

Figure 54 SEM micrographs of 30 annealed, PSS-terminated bilayers on coated on top of the 

oxidized membranes with 10000-fold magnification. Additional micrographs with other 

magnifications can be found in Appendix 3. 

 

The proposed performance enhancing mechanism of salt annealing is to smoothen the roughly 

deposited multilayer by inducing glass transition, and furthermore replacing the mixed 

multilayer with a stratified one. (Fares et al. 2015) The observed smooth surface morphologies 

thus indicate successful salt annealing, but the completely absent multilayer of -30mV 

-30mV/30ABL -40mV/30ABL 

-50mV/30ABL -70mV/30ABL 
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membrane proposes that the salt treatment can also be quite degradative towards the PE layers. 

Furthermore, the samples that did sustain the multilayer, possess an openly porous structure 

and it is unknown whether these cavities expose only an underlying PE layer, or the actual 

substrate. The gaps could also be merely a side effect of vacuum drying pre-treatment prior to 

SEM imaging, and thus not be present in the actual wetted membranes. 

 

6.3.3 Permeability 

PWP evolution of the coated membranes match with the cavities observed in SEM micrographs. 

Moreover, it seems indicative that the substrates are not fully covered with PEs even after 30 

deposited bilayers, especially in case of the three lower-charge membranes. 

Throughout the coating procedure, the PWPs remain higher than in the phase 1 coating. Here, 

the -30mV, -40mV and -50mV membranes do not display clear transition zone from pore-

adsorption to layer-adsorption, but instead the flux performance decreases slowly and quite 

linearly. The addition of annealed PSS layer on top of PDADMAC slightly increases the PWP, 

resulting in a zigzag like odd-even effect of PWPs. The PWP graphs of PDADMAC-terminated 

and annealed PSS-terminated low-charge membranes are shown in Figure 55. 

 

Figure 55 The pure water permeabilities of -30mV, -40mV and -50mV membranes throughout the 

second phase coating procedure, measured at room temperature. Triangle shapes 

represent annealed, PSS-terminated multilayers and round shapes preceding 

PDADMAC-terminated multilayers. Measurement data enclosed in Appendix 4. 
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The most oxidized membrane, -70mV on the other hand displays more distinct changes in 

PWPs, as shown in Figure 56. The rather clear odd-even PWP behaviour of PDADMAC-

terminated and annealed PSS-terminated -70mV membranes is additionally visible. In general, 

permeability values decrease first sharply, and plateau at around 12 – 18 bilayers. Thus, around 

these bilayer numbers, the layer-dominated adsorption region likely begins. However, albeit -

70mV/0ABL shows similar initial flux performance as the previously studied -100mV/0BL, 

the transition zone is now much wider, whereas previously the most open membrane entered 

layer-adsorption immediately after first bilayers. It is noteworthy that similarly to the other 

annealed membranes, the -70mV membrane stays significantly more permeable throughout the 

coating procedure, when compared to 1st phase experiments (Figure 47).  

 
Figure 56 The pure water permeability of -70mV membrane as a function of deposited bilayers. 

Red data series represents PDADMAC-terminated multilayers, and blue data series 

shows the permeability of the following salt annealed and PSS-terminated surfaces. The 

arrows signify the annealing procedures (PSS + annealing + PSS), and the resulting PWP 

increase is shown in percent. Additional measurement data enclosed in Appendix 4. 

 

In all cases, salt annealing and consequent addition of a PSS layer results in an elevated pure 

water permeability. In the literature, often the opposite has been reported for PDADMAC/PSS 

pairings (Reurink et al. 2018). Based on theory of de Grooth et al. (2015), PDADMAC-

terminated multilayers give higher permeability to a membrane if the deposition is in the layer-
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dominated regime due to different swelling behaviour inside and outside pores. This theory, 

along with other converging results, was however studied using more hydrophobic substrates, 

and the applicability of the model to highly hydrophilic RC70PP substrate is unknown, but it is 

plausible that throughout the coating, the membranes stayed in transition region between pore- 

and layer adsorption. Additionally, the odd-even effects here are most likely a combination of 

both annealing and terminating layer, and cannot be solely attributed to either singular reason.  

Moreover, when the coating procedure includes sequential salt annealing, the PWPs stay rather 

high universally. In phase one experiments, non-annealed membranes after 30 bilayers had 

approximately 15 – 20 L/(m2 h bar) water permeabilities, while the corresponding second phase 

membranes permeate pure water at around 30 – 40 L/(m2 h bar). This is indicative of the 

multilayer becoming thinner due to salt treatment and possessing thus lower resistance. Based 

on SEM micrographs, it seems that the thin multilayers and consequent high permeabilities are 

mostly due to loss of PEs from the surface, at least for lowest charge membranes. Other factors, 

such as smoother dispersion of roughly deposited PEs, and compaction of the multilayer could 

additionally take part in the thinning of the multilayer, at least for the high-charge substrate 

membranes. 

 

6.3.4 Neutral compound rejections 

The PEG rejections after 29.5 and 30 bilayers were measured in order to assess the effect of 

salt annealing and layer stratification on neutral compound permeation. The -30mV, -40mV 

and -50mV substrate membranes display rather unchanged PEG rejection curves when 

compared to previously presented corresponding substrates (Figure 48). The -70mV/29.5ABL 

membrane, however, exhibits analogous flat-line rejection curve, which interestingly is reverted 

to the more typical shape via salt annealing and addition of one more PSS layer. The PEG 

rejection curves for the second phase membranes are shown on Figure 57. 
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Figure 57 PEG rejections of PDADMAC-terminated (29.5) and annealed PSS-terminated (30) 

multilayer membranes. PEGs were filtrated as a combined solution, total concentration 

of which was approximately 2000 ppm. Additional experimental data is enclosed in 

Appendix 4. 

 

In case of -40mV and -50mV substrate membranes, annealing only negligibly reduces the 

rejections of PEGs below 4 kDa. The -30mV membrane does not display any difference 

between 29.5 and 30 bilayers. Surprisingly, even 30 bilayers do not induce similar non-selective 

rejection performance as with the non-annealed species (Figure 48). This is in agreement with 

poorly reduced PWP values and indicates that the multilayer formation has been somehow 

compromised by the salt annealing. Contrary, the -70mV membrane functions rather similarly 

to the first phase membranes. The salt annealing and PSS-coating of -70mV/29.5ABL 
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membrane induces a shift from non-selective PEG rejection to what seems like more pure size 

exclusion mechanism.  

The differing PEG rejections are most probably interplay of different factors. It is likely that 

the high-concentration salt treatment either compacts the deposited layers, reopening the porous 

structure beneath, or even dissolves and detaches some of the PEs away from the surface. 

Additionally, PEGs might be less soluble in pure PSS surface obtained via annealing, and 

accordingly more soluble in mixed polymer matrix, if the previously speculated solution-

diffusion mechanism is viable here. Furthermore, different terminating layers can swell the 

multilayer differently (de Grooth et al. 2015), which can also affect the PEG rejections.  

  

6.3.5 Salt rejections 

The problem with non-annealed multi-layered membranes was their poor selectivity and 

altogether low rejections for charged solutes. By integrating sequential salt annealing into the 

LbL deposition scheme, the salt rejections could be affected notably compared to phase 1 

membranes. The effects of 2 M NaCl treatment were alternating depending on the substrate 

oxidation exposure.  

The -30mV, -40mV and -50mV substrate membranes maintained the separation performance 

inherited from the substrates and did not display any changes in salt rejections during layer 

deposition. With the corresponding non-annealed membranes (Figure 49), especially MgCl2 

rejections displayed increasing trend when bilayers were added. When the multilayer is 

repeatedly annealed, even the PDADMAC-terminated multilayers do not reject the divalent 

magnesium cation. Slight differences can be observed between the sulfate rejections of PSS-

terminated and PDADMAC-terminated membranes, albeit they are altogether quite low. These 

findings agree with the virtually unchanged PEG rejections and PWPs for said membranes, 

indicating strongly that somehow the iterative salt annealing prevented satisfactory multilayer 

formation, at least to the extent of desired layer-dominated film adsorption. The salt rejections 

of low-charge membranes are compared side by side after 29.5 bilayers (PDADMAC-

terminated) and 30 bilayers (annealed PSS-terminated) in Figure 58.  
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Figure 58 From top to bottom, NaCl, MgCl2 and Na2SO4 rejections for -30mV, -40mV and -50mV 

membranes. Salts were filtered individually with feed concentration of 500 ppm at 25 

degrees Celsius. Additional filtration data enclosed in Appendix 4. The differences 

between PDADMAC-terminated (29.5BL, left side) and annealed PSS-terminated 

(30BL, right side) membrane rejections are compared side by side. 

 

The previously discovered non-selective state was however reached with -70mV membrane 

when non-annealed PDADMAC was left as the outmost layer. By salt annealing and adding 

one more PSS monolayer, the non-selective condition of PDADMAC-terminated membrane 

was surmounted, and the resulting annealed membrane showed tremendous selectivity towards 

Na2SO4, while MgCl2 rejection was reduced to zero. This phenomenon could be replicated at 

all examined bilayer numbers, but the best results were obtained after 18 bilayers, when the 
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layer-dominated adsorption regime was at the latest certainly reached. The Na2SO4, MgCl2 and 

NaCl rejections of the -70mV membrane as a function of bilayer number are collectively 

presented in Figure 59. The figure includes both PDADMAC-terminated and annealed PSS-

terminated membranes to emphasize the difference made by simple salt treatment and one 

additional PSS layer. 

 

Figure 59 Salt rejections of -70mV PDADMAC-terminated (left) and PSS-terminated annealed 

(right) membranes. The PDADMAC-terminated membranes behave rather similarly with 

non-annealed PSS-terminated membranes in phase 1 (Figure 50). Filtrations were 

performed at room temperature, using 500 ppm feed solutions of individual salts. 

Permeate was collected at around 110 L/(m2 h). Additional filtration data can be found 

in Appendix 4. 

  

-10

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30

R
ej

ec
ti

o
n
, 
%

Bilayer number, -

Na2SO4 MgCl2 NaCl

-10

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30

R
ej

ec
ti

o
n
, 
%

Bilayer number, -

PDADMAC-terminated Annealed PSS-terminated 

 0  0 

Na2SO4 MgCl2 



 86   

7 CONCLUSIONS 

In this work, a commercial regenerated cellulose acetate membrane was modified by TEMPO-

mediated oxidation and successively by layer-by-layer polyelectrolyte coating. The goal of 

producing ion-selective high-flux membrane was reached when the modified membrane was 

additionally conditioned with high-concentration salt solution. 

A rather clear logarithmic correlation between oxidation exposure and intensifying negative 

surface charge could be observed. Additionally, membranes became more open in terms of pure 

water permeability and molecular weight cut-off values. At best, the original -30 mV surface 

charge could be increased up to -100 mV, while cut-off increased from 2.8 kDa to 8 kDa and 

water permeability increased from 58.5 to 116.2 L/(m2 h bar). Simultaneously, Na2SO4 rejection 

could be increased from 3.8 to 35.8 %, while MgCl2 and NaCl rejection remained low. The 

commercial ultrafiltration membrane could be thus modified to possess two-fold flux and 

significantly increased sulfate selectivity via catalysed oxidation. 

Furthermore, unassisted polyelectrolyte deposition resulted lowered water permeabilities along 

with rather non-selective salt rejections. More charged substrates adhered more 

polyelectrolytes, resulting in higher resistance and also generally higher rejections. 

Interestingly, coated membranes started to permeate PEGs uniformly independent of their 

molar mass, implying the existence of unexplored filtration mechanisms of cellulose acetate – 

PDADMAC/PSS system, as decreasing cut-off values would be more expected instead.  

By high concentration NaCl conditioning, the roughly formed polyelectrolyte multilayers could 

be smoothened significantly. For low-charge substrates, salt treatment removed the multilayer 

partly or completely, shown also by poorly evolving permeances and rejections. Multilayers 

deposited on high charge substrate could, however, be improved significantly by annealing. 

Ultimately the coated high-charge membrane showed 60 % Na2SO4 rejection, around 10 % 

NaCl rejection and 0 % MgCl2 rejection after 18 and 30 bilayers with salt annealing. Pure water 

permeabilities of these membranes remained at around 40 L/(m2 h bar), i.e., significantly higher 

than many commonly used nanofiltration membranes, or even previously reported well-

performing polyelectrolyte multilayer membranes. All membranes lost, however, significant 

part of their initial negative surface charge due to coating, albeit the negative polyanion was 

left outmost. 
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All in all, the best performing membranes for filtration usage as such, or as polyelectrolyte 

substrates seem to be those with highest surface charges and thus highest oxidation exposures. 

High-exposure membranes display generally highest sulfate rejections, most open pores, 

highest permeabilities, and most rapid and stable (in terms of salt annealing) multilayer build-

up. The pore- and layer-dominated adsorption regimes proved to be important indicators of 

deposition progress and were also indicative of selectivity.  

Future research is needed to provide more insight on the functioning of cellulose-

PDADMAC/PSS system, which as a novel combination is yet unreported in the literature. At 

this point, open questions regarding, for example, unexpected non-selectivity between different 

salts or different molar mass PEGs exist. Rather remarkably, the coated membranes could 

permeate compounds, that were size excluded by the same membrane prior to coating. 

Additionally, the results of this work propose rather non-reported type of polyelectrolyte 

overaccumulation, as the surfaces were always negative, contrary to literature, where excessive 

PDADMAC deposition is instead reported. Moreover, a lot of optimization in deposition 

procedure could be done, as even the thick 30-bilayer multilayers could not reach any more 

than 60 % sulfate rejection, contrary to literature. 

The uneven deposition of said polymers on regenerated cellulose acetate substrate is worth 

investigating as well. Such hydrophilic substrates are rarely utilized, and could be better suited 

for more hydrophilic polyelectrolytes, accordingly. It is concluded here that salt annealing is a 

potent remedy for mixed and non-selective polyelectrolyte surface, but the actual mechanism 

of the annealing procedure is rather vaguely explained thus far. The possibility of using 

different annealing schemes to design and adjust multilayer properties potentially offers many 

possibilities for even better separation of salts.  

Furthermore, if the system would be better understood, it could be exploited in wastewater or 

process stream purification, where mixtures of salts and organic molecules exist, for example. 

Already, a promising high-flux and sulfate-selective membrane has been prepared here, which 

could potentially outperform some low-flux commercial alternatives, if the permeate was 

filtrated twice, for instance.  
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APPENDICES 

APPENDIX 1 Calibration curves  

 

Figure A1 Conversion of HPLC-SEC RID signal area to concentration (g/L). 

 

 

Figure A2 PEG molar masses and their correspond elution times in HPLC-SEC.
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Figure A3 Calibration curve for nanofiltration system rotameter with the four-parallel cell 

membrane module. 
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APPENDIX 2 Example of flux breaking point and its effects 

 
Figure A4 Pure water fluxes of 12 bilayer coated membranes. Breaking point of -

100mV/12BL occurs at 6 bar and the low flux can be recovered if the high 

pressure exposure is short. 

 
Figure A5 Pure water fluxes of 12 bilayer coated membranes after several hours of filtration 

around 5-6 bar. PWF of -100mV/12BL begins to rise already after 4 bar and is 

significantly higher than prior to filtrations (Fig. A4). 

 
Figure A6 Pure water fluxes of 12 bilayer coated membranes after high pressure exposure 

and successive overnight rest period. PWF became again linear and thus 

permeability became stable, but still higher than original (Fig. A4).
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Figure A7 The PEG rejections of -100mV/18BL and -100mV/30BL at below (round 

symbols) and above (triangle symbols) breaking point pressures. High pressures 

drop the rejections uniformly to around zero. 
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APPENDIX 3 SEM micrographs 

 

 

 
Figure A8 SEM micrographs of 30BL PSS-terminated phase 1 membranes with 500x and 

2000x magnification.
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Figure A9 SEM micrographs of different annealed membranes with 500x magnifications. 

Both PSS- and PDADMAC-terminated membranes are significantly smoother 

than non-annealed membranes. -70mV/30ABL was pictured in two different 

locations.
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Figure A10 SEM micrographs of different annealed membranes with 2000x magnifications. 

Both PSS- and PDADMAC-terminated membranes are significantly smoother 

than non-annealed membranes. -70mV/30ABL was examined in two different 

locations. 
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Figure A11 SEM micrographs of PDADMAC-terminated and annealed PSS-terminated 

membranes with 10000x magnifications. -70mV/30ABL was examined in two 

different locations, first of which is reshown here for convenience. 
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APPENDIX 4 Filtration data 

Table AI Pure water fluxes of 1st phase membranes. 

  
-30mV  -40mV -55mV -100mV 

BL number 

(compaction 

 pressure) 

p, bar J, L/(m2 h) 

0BL 

(2 bar) 

0.75 66.3 57.7 63.5 101.0 

1 75.0 77.9 80.8 126.9 

1.5 112.5 115.4 118.3 187.5 

3BL 

(3.5 bar) 

0.75 63.5 60.6 63.5 28.8 

1 80.8 77.9 77.9 37.5 

1.5 118.3 115.4 109.6 54.8 

2 150.0 150.0 144.2 75.0 

3 199.0 201.9 193.3 106.7 

6BL 

(5 bar) 

0 0.0 0.0 0.0 0.0 

1 75.0 66.3 63.5 31.7 

1.5 106.7 101.0 95.2 40.4 

2 132.7 126.9 112.5 51.9 

3.5 201.9 193.3 187.5 101.0 

5 265.4 262.5 268.3 271.2 

9BL 

(6 bar) 

0 0.0 0.0 0.0 0.0 

1 60.6 34.6 37.5 26.0 

2 103.8 66.3 69.2 46.2 

3.5 155.8 109.6 106.7 86.5 

5 199.0 150.0 147.1 124.0 

6 230.8 181.7 184.6 323.1 

12BL 

(7 bar) 

0 0.0 0.0 0.0 0.0 

1.5 49.0 31.7 28.8 26.0 

3 89.4 60.6 60.6 46.2 

4.5 124.0 86.5 86.5 69.2 

6 161.5 129.8 118.3 103.8 

7 181.7 158.7 141.3 213.5 

18BL 

(7 bar) 

0 0.0 0.0 0.0 0.0 

1.5 26.0 23.1 23.1 26.0 

3 49.0 43.3 40.4 40.4 

4.5 69.2 66.3 60.6 69.2 

6 92.3 98.1 86.5 106.7 

6.5 101.0 118.3 95.2 222.1 

30BL 

(10 bar) 

0 0.0 0.0 0.0 0.0 

2 26.0 20.2 23.1 40.4 

4 49.0 40.4 46.2 72.1 

6 69.2 63.5 75.0 124.0 

8 98.1 86.5 101.0 173.1 

10 135.6 121.2 135.6 323.1 
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Table AII Pure water fluxes of 2nd phase membranes. 
  

Native -30mV -40 mV -50 mV -70 mV 

Bilayer number 

(compaction 

pressure) 

p, bar J, L/(m2 h) 

0BL 

(2 bar)  

0.75 57.7 60.6 69.2 135.6 

1 75.0 77.9 86.5 158.7 

1.5 106.7 112.5 129.8 230.8 

2 138.5 144.2 164.4 331.7 

5.5BL 

(4 bar) 

1 77.9 77.9 80.8 80.8 

2 132.7 132.7 138.5 141.3 

3 184.6 184.6 196.2 225.0 

6BL 

(4 bar) 

1 75.0 77.9 80.8 115.4 

1.5 101.0 109.6 115.4 167.3 

2 126.9 135.6 144.2 210.6 

3 178.8 184.6 201.9 311.5 

11.5BL 

(5 bar) 

1 75.0 75.0 80.8 43.3 

2 126.9 129.8 132.7 80.8 

3 176.0 176.0 184.6 124.0 

4 222.1 219.2 236.5 176.0 

12BL 

(5 bar) 

1 75.0 83.7 80.8 83.7 

1.5 101.0 112.5 112.5 112.5 

2 126.9 138.5 138.5 141.3 

3 173.1 190.4 193.3 204.8 

17.5BL 

(6 bar) 

1 75.0 75.0 75.0 28.8 

2 126.9 126.9 126.9 49.0 

3.5 190.4 190.4 190.4 83.7 

5 248.1 245.2 248.1 132.7 

18BL 

(6 bar) 

1 72.1 77.9 77.9 75.0 

2 124.0 132.7 132.7 132.7 

3 170.2 187.5 184.6 178.8 

4 213.5 230.8 227.9 225.0 

29.5BL 

(8 bar) 

2 106.7 86.5 80.8 66.3 

3 147.1 118.3 115.4 95.2 

4 184.6 150.0 144.2 144.2 

5 219.2 176.0 176.0 170.2 

30BL 

(7 bar) 

1 69.2 72.1 72.1 66.3 

2 121.2 124.0 121.2 109.6 

3 152.9 155.8 152.9 141.3 

4 201.9 204.8 199.0 184.6 
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Table AIII Filtration data (pressure, flow rate, flux) for phase 1 membranes.

BL   -30mV -40mV -55mV -100mV  

0 NaCl 

500ppm 

p 1.5 1.5 1.5 0.75 bar 

V 32 32 32 22 % rotameter max 

F 117.5481 120.4327 126.2019 114.6635 L/(m2h) 

MgCl2 

500ppm 

p 1.5 1.5 1.5 0.75 bar 

V 32 32 32 22 % rotameter max 

F 115.3846 118.9904 121.875 105.2885 L/(m2h) 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 0.75 bar 

V 32 32 32 22 % rotameter max 

F 124.7596 121.875 128.3654 100.9615 L/(m2h) 

PEG P 1.25 1.25 1.25 0.9 bar 

V 30 30 30 24 % rotameter max 

F 92.69231 91.53846 92.62821 119.9038 L/(m2h) 

3 

 

NaCl 

500ppm 

p 1.5 1.5 1.5 3 bar 

V 32 32 32 36 % rotameter max 

F 110.3365 116.8269 110.3365 116.1058 L/(m2h) 

MgCl2 

500ppm 

p 1.5 1.5 1.5 3 bar 

V 32 32 32 36 % rotameter max 

F 110.3365 108.1731 106.0096 129.0865 L/(m2h) 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 3 bar 

V 32 32 32 36 % rotameter max 

F 110.3365 106.7308 113.2212 116.1058 L/(m2h) 

PEG p 1.5 1.5 1.5 2 bar 

V 32 32 32 32 % rotameter max 

F 115.3846 115.3846 109.5385 173.0769 L/(m2h) 

6 NaCl 

500ppm 

p 2 2 2 3 bar 

V 32 32 32 32 % rotameter max 

F 128.3654 134.1346 134.1346 112.5 L/(m2h) 

MgCl2 

500ppm 

p 2 2 2 4 bar 

V 32 32 32 32 % rotameter max 

F 131.5385 125.7692 113.0769 151.1538 L/(m2h) 

Na2SO4 

500ppm 

p 2 2 2 3 bar 

V 32 32 32 32 % rotameter max 

F 130.9615 122.3077 110.7692 130.3846 L/(m2h) 

PEG p 2 2 2 3 bar 

V 32 32 32 32 % rotameter max 

F 131.0769 127.7308 110.3077 73.39744 L/(m2h) 

9 NaCl 

500ppm 

p 2.5 3 3 4.5 bar 

V 32 32 32 32 % rotameter max 

F 124.0385 105.5769 98.07692 125.7692 L/(m2h) 

MgCl2 

500ppm 

p 2.5 3 3.5 3 bar 

V 32 32 32 32 % rotameter max 

F 113.0769 103.2692 104.4231 117.1154 L/(m2h) 

Na2SO4 p 2.5 3.5 4 4 bar 
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500ppm V 32 32 32 32 % rotameter max 

F 110.7692 110.7692 113.0769 125.7692 L/(m2h) 

PEG p 3 4 4 4 bar 

V 32 32 32 32 % rotameter max 

F 96.56805 124.7976 111.2069 148.5705 L/(m2h) 

12 NaCl 

500ppm 

p 4 5.5 5.5 5.5 bar 

V 32 32 32 32 % rotameter max 

F 110.3365 106.7308 103.8462 124.0385 L/(m2h) 

MgCl2 

500ppm 

p 4.5 5.5 6 5.5 bar 

V 32 32 32 32 % rotameter max 

F 112.5 113.2212 111.0577 118.9904 L/(m2h) 

Na2SO4 

500ppm 

p 5 6 6 4.5 bar 

V 32 32 32 32 % rotameter max 

F 117.5481 124.7596 113.9423 112.5 L/(m2h) 

PEG p 5 5.5 5.5 4 bar 

V 32 32 32 32 % rotameter max 

F 116.129 100.3846 94.84615 106.4011 L/(m2h) 

18 NaCl 

500ppm 

p 6.5 6.5 6.5 4.5 bar 

V 32 32 32 32 % rotameter max 

F 98.79808 116.1058 96.63462 108.8942 L/(m2h) 

MgCl2 

500ppm 

p 6.75 6.75 6.75 4.5 bar 

V 32 32 32 32 % rotameter max 

F 94.47115 108.8942 93.02885 124.0385 L/(m2h) 

Na2SO4 

500ppm 

p 7 7 7 4.5 bar 

V 32 32 32 32 % rotameter max 

F 103.8462 111.0577 106.7308 109.6154 L/(m2h) 

PEG p 7 7 7 4.5 bar 

V 32 32 32 32 % rotameter max 

F 101.1538 97.78846 115.5769 113.75 L/(m2h) 

30 NaCl 

500ppm 

p 9 9 9 7 bar 

V 32 32 32 32 % rotameter max 

F 111.0577 103.8462 110.3365 103.8462 L/(m2h) 

MgCl2 

500ppm 

p 9.5 9.5 9.5 5.5 bar 

V 32 32 32 32 % rotameter max 

F 106.7308 96.63462 113.2212 133.4135 L/(m2h) 

Na2SO4 

500ppm 

p 10 10 10 5.5 bar 

V 32 32 32 32 % rotameter max 

F 122.5962 113.9423 124.7596 105.2885 L/(m2h) 

PEG p 9.5 9.5 9.5 7 bar 

V 32 32 32 32 % rotameter max 

F 114.4231 98.07692 108.2692 129.7115 L/(m2h) 
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Table AIV Salt filtration data for phase 2 membranes.

BL Feed  -30mV -40mV -50mV -70mV  

0 NaCl 

500ppm 

p 1.5 1.5 1.5 0.75 % rotameter max 

V 32 32 32 22 L/(m2h) 

F 113.2212 123.3173 137.0192 116.8269 bar 

MgCl2 

500ppm 

p 1.5 1.5 1.5 0.75 % rotameter max 

V 32 32 32 22 L/(m2h) 

F 112.5 121.1538 134.1346 111.0577 bar 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 0.75 % rotameter max 

V 32 32 32 22 L/(m2h) 

F 113.9423 121.1538 134.1346 100.2404 bar 

5.5 NaCl 

500ppm 

p 1.5 1.5 1.5 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 111.0577 115.3846 118.9904 116.1058 bar 

MgCl2 

500ppm 

p 1.5 1.5 1.5 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 106.7308 113.9423 115.3846 103.125 bar 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 107.4519 113.2212 116.1058 98.07692 bar 

6 NaCl 

500ppm 

p 1.5 1.5 1.5 1 % rotameter max 

V 32 32 32 26 L/(m2h) 

F 106.7308 114.6635 118.9904 102.4038 bar 

MgCl2 

500ppm 

p 1.5 1.5 1.5 1 % rotameter max 

V 32 32 32 26 L/(m2h) 

F 108.8942 118.2692 122.5962 109.6154 bar 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 1 % rotameter max 

V 32 32 32 26 L/(m2h) 

F 108.1731 117.5481 119.7115 104.5673 bar 

11.5 NaCl 

500ppm 

p 1.75 1.75 1.75 3 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 118.9904 121.875 126.2019 116.1058 bar 

MgCl2 

500ppm 

p 1.75 1.75 1.75 3 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 114.6635 118.9904 121.1538 101.6827 bar 

Na2SO4 

500ppm 

p 1.75 1.75 1.75 3 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 116.1058 121.1538 123.3173 100.2404 bar 

12 NaCl 

500ppm 

p 1.5 1.5 1.5 1.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 110.3365 118.2692 117.5481 129.0865 bar 

MgCl2 

500ppm 

p 1.5 1.5 1.5 1.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 106.7308 115.3846 115.3846 120.4327 bar 

Na2SO4 

500ppm 

p 1.5 1.5 1.5 1.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 104.5673 113.2212 113.2212 113.9423 bar 
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17.5 NaCl 

500ppm 

p 1.75 1.75 1.75 4.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 114.6635 116.8269 116.1058 113.9423 bar 

MgCl2 

500ppm 

p 1.75 1.75 1.75 4.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 112.5 113.9423 111.7788 108.1731 bar 

Na2SO4 

500ppm 

p 1.75 1.75 1.75 4.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 113.2212 112.5 111.0577 106.7308 bar 

18 NaCl 

500ppm 

p 1.75 1.75 1.75 1.75 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 114.6635 124.0385 121.875 121.875 bar 

MgCl2 

500ppm 

p 1.75 1.75 1.75 1.75 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 111.7788 121.875 118.9904 115.3846 bar 

Na2SO4 

500ppm 

p 1.75 1.75 1.75 1.75 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 113.9423 121.875 120.4327 110.3365 bar 

29.5 NaCl 

500ppm 

p 2 3 3 4 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 116.1058 132.6923 124.7596 103.8462 bar 

MgCl2 

500ppm 

p 2 3 3 4.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 109.6154 126.9231 118.9904 121.875 bar 

Na2SO4 

500ppm 

p 2 3 3 4.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 107.4519 122.5962 115.3846 98.79808 bar 

PEG p 2.5 3 3 5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 116.8269 115 105.3846 117.6923 bar 

30 NaCl 

500ppm 

p 2 2 2 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 119.7115 124.0385 118.9904 108.8942 bar 

MgCl2 

500ppm 

p 2 2 2 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 118.9904 122.5962 116.8269 105.2885 bar 

Na2SO4 

500ppm 

p 2 2 2 2 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 118.2692 121.1538 116.1058 99.51923 bar 

PEG p 2.5 2.5 2.5 2.5 % rotameter max 

V 32 32 32 32 L/(m2h) 

F 125 126.1538 119.6154 108.4615 bar 
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APPENDIX 5 Zeta potential data 

Table AV Zeta potential data of phase 1 substrates.
 

pH ζ, mV ζ Stdev 

-30mV/0BL,  

native RC70PP 

8.4939225 -32.802321 0.45095282 

7.78093017 -32.2371116 0.25438408 

7.21511008 -31.7273172 0.21764339 

6.892807 -31.1662733 0.26843414 

6.71407225 -30.9352998 0.36084656 

6.31823183 -30.308617 0.3647556 

5.98286083 -29.8856054 0.28343975 

5.59192758 -28.8209281 0.52126851 

5.25297425 -27.6593821 0.27875529 

4.960039 -26.1158439 0.34878054 

4.66429017 -24.5263677 0.26894167 

4.33359208 -21.8470213 0.13549678 

4.05597483 -18.9189341 0.09411101 

3.75901008 -15.6994289 0.14696821 

3.45972442 -11.976958 0.18483227 

3.19611483 -8.77797438 0.56589808 

3.03456483 -7.10264527 0.59669346 

-40mV/0BL 

7.87940517 -40.3451695 0.18692665 

7.022643 -38.5051604 0.88028472 

6.19321458 -37.3565684 0.65761323 

5.55700117 -35.0756997 0.63112995 

5.20378308 -32.7860529 0.4229534 

4.90246333 -30.5876912 0.44095958 

4.58996583 -27.7700724 0.24330319 

4.30734342 -24.5824183 0.330252 

3.99708058 -20.665823 0.29420791 

3.72702317 -16.6628245 0.50155538 

3.44099058 -12.1720763 1.06932999 

3.14535767 -7.38083633 2.20305261 

2.970897 -5.16360826 1.74845079 

-55mV/0BL 

8.25592375 -55.6867994 0.29614599 

7.76769817 -56.176639 0.48488205 

7.4581565 -55.0687121 0.89342849 

7.16596975 -55.4134545 0.76644498 

6.81723692 -55.2179255 0.9763101 

6.39706092 -54.7057917 0.75746437 

5.84229608 -52.8657851 0.55179209 

5.39946583 -50.3915813 0.73786195 

5.05920867 -47.6111562 0.49450435 

4.74488908 -44.2320248 0.51350542 

4.31098133 -38.5111185 0.64128856 
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3.996302 -33.5248851 0.64365215 

3.68584808 -27.8822529 0.73746389 

3.39585775 -21.9362328 1.00613067 

3.119813 -15.8749866 1.41569697 

2.95264533 -12.3525987 1.12510541 

-100mV/0BL 

8.167112 -103.312647 3.01024019 

7.65367483 -102.873525 3.19319574 

7.24933133 -101.394367 4.29482131 

6.72313283 -99.6307257 4.9247385 

5.86835583 -95.744142 4.69197078 

5.40920058 -92.6387166 4.46171669 

5.05403225 -88.6485476 4.08925852 

4.75681425 -83.3514997 4.1188774 

4.30188142 -73.7563163 3.42315174 

3.98017192 -64.4680156 3.48092857 

3.66689308 -53.6839535 2.96757396 

3.35824075 -42.1725268 2.03834518 

3.09171925 -31.8613362 0.89472046 

2.92753325 -25.5668327 0.81254071 

 

Table AVI Zeta potentials of phase 2 substrates. 

Sample name pH ζ, mV ζ Stdev 

-40mV/0ABL  

8.19452725 -41.9394314 0.56888305 

7.39086342 -39.527293 0.54658178 

6.41843933 -36.2560595 0.49567226 

5.64894658 -33.898362 0.5522313 

5.22335808 -31.1112896 0.41774595 

4.89082108 -29.031325 0.52735644 

4.59227517 -27.4430242 0.63685029 

4.29057 -25.1648833 0.29483932 

3.95973333 -21.4999061 0.25048345 

3.64101433 -17.2850573 0.56686267 

3.3500155 -12.9336684 1.20435984 

3.07409917 -8.11749282 2.04896208 

2.90917008 -5.92233749 1.8976144 

-50mV/0ABL 

8.3707835 -54.2930203 1.32864221 

8.0056905 -51.8904271 3.61447976 

7.75340108 -53.850226 1.40310816 

7.5590165 -53.6676851 1.41988691 

7.413167 -52.5764655 2.17938513 

7.2762685 -52.8908699 1.44531616 

7.09238675 -52.0246466 2.27965276 

6.80424492 -51.5826754 1.58210873 
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6.41471358 -50.4986306 1.28432378 

5.84278 -47.8814166 1.41562793 

5.34784008 -44.7177785 1.10702196 

4.98912117 -41.8322876 0.94036202 

4.68341617 -38.4059754 0.78688422 

4.29813867 -33.3585537 0.63253738 

3.98114275 -28.2506004 0.61063752 

3.6682895 -22.7657832 1.01672021 

3.36083025 -16.849224 1.41344598 

3.09693292 -11.6986369 1.99587979 

2.93415167 -8.88112898 2.44393362 

-70mV/0ABL 

8.38019675 -73.507412 4.01783827 

7.82136267 -71.5526353 3.41147248 

7.453677 -70.504737 2.80774495 

7.05794942 -69.2403015 1.90582211 

6.509866 -67.5810482 0.44403845 

5.77404658 -64.7193512 0.34163848 

5.37006033 -62.0146896 1.24078038 

5.03698775 -59.4310541 2.19830413 

4.72781408 -56.1342664 1.98920533 

4.3061815 -51.5103621 2.31625867 

3.98093875 -44.3185992 1.15773468 

3.66516425 -36.8615455 1.01655276 

3.37353358 -29.8527243 0.56841886 

3.09631067 -22.1025515 0.74879649 

2.929038 -17.3995138 0.2257417 

 

Table AVII Zeta potential data of phase 1 fully coated membranes. 
 

pH ζ, mV ζ Stdev 

-30mV/30BL 

7.92582783 -20.4922993 0.28429312 

7.13619067 -19.3281584 0.32353634 

6.30603942 -17.8190348 0.58969509 

5.62700992 -16.0569759 0.20704885 

5.22195167 -14.0625787 0.18865266 

4.89234575 -12.00834 0.25498471 

4.5845205 -9.93107586 0.25838159 

4.16495958 -6.83529392 0.53583679 

3.79694017 -3.89581579 0.95619412 

-40mV/30BL 

7.94560025 -21.1642018 0.83224927 

7.25381892 -20.8587694 0.54282401 

6.54269308 -19.5774564 0.2109209 

5.90129742 -16.9440075 0.36447902 
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5.38318508 -14.1413228 0.6048253 

5.04228375 -13.0629434 0.39237016 

4.72759575 -10.7831982 0.44431978 

4.29895542 -7.69444077 0.47797199 

3.91095625 -6.09021747 0.63986909 

-55mV/30BL 

7.96008 -23.170957 0.15254743 

7.25844983 -21.9509759 0.37878664 

6.63681933 -20.5420405 0.76414395 

6.08181183 -19.3239253 0.32811607 

5.56960367 -17.0583684 0.28252122 

5.19997892 -15.0033787 0.20037865 

4.88001917 -12.7652589 0.25458229 

4.57442892 -10.4283446 0.27993313 

4.16081683 -6.85314562 0.35350098 

3.83880625 -3.70186353 0.62807296 

-100mV/30BL 

7.96211825 -42.4594209 0.12078947 

7.32140458 -39.7087519 0.65273312 

6.772914 -38.2564003 0.38724669 

6.28594567 -35.6688413 0.71910669 

5.80403708 -32.575203 0.53713085 

5.3433445 -28.4293723 0.50267697 

4.98146208 -24.2780586 0.55243366 

4.67307283 -20.1459301 0.45093748 

4.2928855 -13.2267531 0.76313755 

3.9691705 -7.74228399 1.06271547 

Table AVIII Zeta potential data of phase 2 fully coated membranes. 
 

pH ζ, mV ζ Stdev 

-30mV/30ABL 

8.008257917 -25.0688039 0.77556244 

7.296075167 -24.9253825 0.67417635 

6.626002333 -24.2200293 0.59545453 

6.48222375 -24.2571415 0.53340591 

5.886212083 -23.1957393 0.50254654 

5.385253917 -21.6908515 0.47137182 

5.04067375 -20.1872269 0.38755386 

4.743545917 -18.6278894 0.41420666 

4.297501417 -15.0738944 0.53296039 

3.970775083 -12.0806208 0.55263607 

-40mV/30ABL 

7.935677083 -35.1057355 0.2595562 

7.31456 -34.8840071 0.32012735 

6.753471417 -34.5848832 0.1880588 

6.259397583 -33.924608 0.3795136 

5.645409083 -32.666953 0.41495943 

5.23387675 -31.0048661 0.26820339 
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4.892281 -28.9692506 0.30818902 

4.57667875 -26.4520289 0.17000747 

4.296197167 -23.4652431 0.29203788 

4.056481083 -20.4844152 0.18426975 

3.740064167 -15.7001156 0.27700054 

-50mV/30ABL 

7.99990175 -32.957131 0.69711158 

7.347140333 -32.2742138 0.92293811 

6.764392667 -31.9809898 0.81684522 

6.241074083 -31.5638359 0.71885328 

5.656998917 -30.5030752 0.30413197 

5.2607785 -28.9618673 0.24677445 

4.915296917 -26.8995947 0.46482464 

4.611720667 -24.5790445 0.42475568 

4.161440333 -20.2343817 0.23070912 

3.845873167 -16.2296242 0.18322942 

-70mV/30ABL 

8.141312167 -42.1606565 5.37814178 

7.41628575 -41.8115751 5.13507546 

6.834055167 -41.172921 5.12068733 

6.245774917 -40.2961723 5.0227546 

5.683623 -40.2546194 4.66310794 

5.25894575 -38.1940105 4.36745127 

4.934672583 -36.1234353 4.28603157 

4.626578 -33.9021233 3.91766863 

4.152436833 -28.466144 3.13044415 

3.830752667 -24.1487913 2.58628394 

-30mV/27.5ABL 

7.93196183 -20.1856755 1.02603555 

7.26951967 -19.1834351 0.61401237 

6.68093708 -18.5830978 0.09521829 

6.14804592 -18.0521797 0.62154438 

5.60265433 -16.5831348 0.39126974 

5.22552508 -15.3125892 0.52088098 

4.88997175 -13.7117385 0.38943428 

4.59164283 -12.1817079 0.21149906 

4.15197833 -9.29048932 0.32560768 

3.78254508 -5.76407974 0.29359127 

 

 


