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Cellulose is a sustainable alternative to use as an ultrafiltration membrane material, but the 

microbial degradation restricts the wider utilisation of cellulose. The aim of this master’s 

thesis was to modify the cellulosic ultrafiltration membrane with polyelectrolyte multilayers 

to enhance its microbial resistance. 

Two different polyelectrolyte pairs were utilised: poly(diallyldimethylammonium chloride) 

(PDADMAC)/poly(sodium 4-styrenesulfonate) (PSS) and poly(vinyl amine) (PVAm)/ 

poly(acrylic acid) (PAA). From literature the positively charged PVAm polyelectrolyte’s 

antimicrobial properties stood out, so it was chosen as a promising material for 

polyelectrolyte coatings. The filtration performances of coated membranes were evaluated 

utilising permeance and rejection measurements, while the microbial resistance was assessed 

with the wastewater exposure tests. With these tests the effect of coatings on the microbial 

resistance of the membrane was evaluated. 

Both coating systems, PDADMAC/PSS and PVAm/PAA, of which especially the latter, 

display enhanced microbial resistance of the native cellulosic membrane and assist the 

membrane to sustain in wastewater exposure. Based on these results, the PVAm/PAA coated 

membrane was chosen for five days wastewater filtration and the membrane held its filtration 

performance through the filtration. So, it can be concluded that the PVAm/PAA coating is a 

promising alternative to enhance the microbial resistance of cellulosic membranes. 
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Selluloosa on ympäristöystävällinen materiaali käytettäväksi suodatuskalvoissa, mutta 

selluloosasta valmistettu ultrasuodatuskalvo on hyvin altis mikrobien aiheuttamalle 

hajottamiselle, joka estää kyseisten kalvojen käytön laajemmin. Tämän diplomityön 

tarkoituksena on parantaa selluloosasta valmistettujen suodatuskalvojen mikrobi kestävyyttä 

polyelektrolyyttipäällystyksillä. 

Kaksi polyelektrolyyttiparia valmistettiin käytettäviksi päällystyksiin: PDADMAC/PSS ja 

PVAm/PAA. Kirjallisuuden mukaan PVAm omaa antimikrobisia ominaisuuksia, jonka 

vuoksi se valittiin lupaavana polymeerinä mikrobeilta suojaavan päällystyksen tekoon. 

Päällystettyjen kalvojen suodatusominaisuuksia arvioitiin mittaamalla kalvojen 

läpäisevyydet ja retentiot, sekä mikrobikestävyyttä tutkittiin jätevesialtistuskokeen avulla. 

Näiden testien avulla pystyttiin vertaamaan päällystyksiä keskenään sekä ovatko 

päällystykset parantaneet alkuperäisen kalvon mikrobikestävyyttä. 

Molemmat päällystykset, PDADMAC/PSS ja PVAm/PAA, paransivat alkuperäisen kalvon 

mikrobikestävyyttä ja erityisesti PVAm/PAA päällystys auttoi kalvoa säilymään jätevedessä 

huomattavasti pidempään. Tämän vuoksi PVAm/PAA päällystettyä ultrasuodatuskalvoa 

päädyttiin testaamaan viisi päivää kestävässä jäteveden suodatuksessa, jonka tuloksena 

huomattiin, että päällystetyt kalvot säilyttivät suodatusominaisuutensa jatkuvasta 

mikrobialtistuksesta huolimatta. Päällystetyt kalvot myös onnistuivat puhdistamaan jätevettä 

niin, että ympäristöluvan määräämät maksimipitoisuudet alittuivat. Näin ollen PVAm/PAA 

päällystys on lupaava vaihtoehto selluloosasta valmistetuille ultrasuodatuskalvoille sekä 

niiden mikrobikestävyyden parantamiseksi.  
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Roman characters 

A effective filtration area [m2] 

c concentration [g/L, ppm, mmol/L] 

J flux  [L/(m2 h)] 

MWCO molecular weight cut-off [g/mol, Da] 

P permeance  [L/(m2 h bar)] 

p pressure  [bar] 

R rejection  [-] 

T temperature  [ºC] 

t time  [h] 

V  volume   [L, mL]  

 

Greek characters 

ζ zeta potential  [mV] 

 

Dimensionless quantities 

Re Reynolds number 

 

Abbreviations 

ATP Adenosine triphosphate [RLU (relative light unit)] 

BL bilayer 

B. subtilis Bacillus Subtilis 

CA cellulose acetate 



DI deionised 

DOC chemical oxygen demand 

E. coli Escherichia coli 

HPLC high performance liquid chromatography 

IEP isoelectric point 

LbL layer-by-layer 

MF microfiltration 

NF nanofiltration 

PAA  poly(acrylic acid) 

PDADMAC poly(diallyldimethylammonium chloride) 

PEG poly(ethylene glycol) 

PE polyelectrolyte 

PEM polyelectrolyte multilayer 

PSS poly(sodium 4-styrenesulfonate) 

PVAm poly(vinyl amine) 

PWP pure water permeance 

RO reverse osmosis 

SEM scanning electron microscopy 

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

TOC total organic carbon 

UF ultrafiltration 
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1  Introduction 

The world is currently facing many great challenges, such as climate change and resource 

shortages, which are extending the need for membrane technology to ensure the access to 

pure water for all. Filtration membranes can be made from different materials, but the 

sustainable and environmentally friendly alternatives are desired increasingly, making a 

biodegradable and renewable cellulose a great material to utilise for membranes. One 

disadvantage of cellulose as a membrane material is biodegradation. Microorganisms can 

degrade the cellulosic membranes and therefore they cannot be used as widely as they could. 

(Cruz et al., 2015; Mulder, 1996; Tahazadeh et al., 2021; Zhang, 2012) Thus, this thesis 

focuses on enhancing the cellulosic ultrafiltration membrane’s antimicrobial properties with 

polyelectrolyte multilayers to enable the wider use of cellulosic materials in different 

applications, e.g., in wastewater filtration. 

The utilisation of cellulosic membranes in wastewater treatment has not been studied much, 

but as previously mentioned, the biodegradation restricts the use of cellulosic membranes in 

that industry. In literature modifications have been made for cellulose fibres and membranes 

to make them microbial resistant with polyelectrolyte multilayers (PEMs) preventing the 

degradation of cellulosic materials. The studies have used a cationic polyelectrolyte called 

poly(vinyl amine) (PVAm) in PEMs, which has been observed to have antimicrobial 

properties, and hence the studies succeeded to make the cellulose fibres or membranes 

antimicrobial. (Cruz et al., 2015; Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman 

et al., 2009) 

In literature is described promising results wherein cellulosic materials have been made 

microbial resistant with PEMs. However, the coatings have only been made for cellulose 

fibres, filters, and dialysis membranes, and the functionality of coatings was tested with 

model microbe solutions.(Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman et al., 

2009) In this thesis, the tests and modifications are taken further; the cellulosic ultrafiltration 

membrane will be coated with polyelectrolyte multilayers to enhance the microbial 

resistance, while the coatings’ functionality will be tested with real wastewater.  
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Literature review 

2  Membranes and their surface modifications 

The basic principles of membranes are presented in this chapter, and their surface 

modification with TEMPO.mediated oxidation and layer-by-layer (LbL) deposition are 

explained as well. The TEMPO-mediated oxidation has a critical role as a pretreatment for 

cellulosic membranes, because it enhances the attachment of polyelectrolyte multilayers on 

membrane’s surface.  

2.1  Membrane filtration 

Membranes are widely used in various fields, ranging from water purification to healthcare 

applications. A membrane is a semipermeable barrier or interface that exists between two 

homogenous phases to allow certain components to pass through while retaining others 

(Figure 1). Membrane separation is a process whereby molecules or particles can be 

transported from one phase to another when subjected to a driving force. (Belfort, 2019; 

Mulder, 1996) 

 

Figure 1.  A two-phase system divided by a membrane. (Mulder, 1996) 
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The pressure driven membrane processes are divided into cross-flow and dead-end filtrations 

(Figure 2). During the cross-flow process, the feed stream is tangential to the flat or tubular 

surface of the membrane and undergoes division into two distinct streams: the permeate 

stream and the concentrate or retentate stream. The pressure difference across the 

membranes produces the permeate flux. The resultant product is obtained from either the 

permeate or concentrate stream, depending on the desired outcome. The tangentially moving 

feed stream washes away the filter cake to prevent blockages in cross-flow filtration system, 

but vice versa in dead-end filtration, the feed stream is normal to the membrane surface, 

facilitating the formation of the filter cake. (Abdullah et al., 2018; Jaffrin, 2012; Mulder, 

1996; Winans et al., 2016)  

 

 

Figure 2. Schematic representation of (A) a dead-end operation and (B) a cross-flow 

operation processes. (Lee et al., 2016). 

 

To evaluate the effectiveness of membrane processes, there are three key properties that need 

to be understood: selectivity (rejection), capacity (permeance), and mass transfer 

(concentration polarization and fouling). These three properties are connected and dependent 

on each other, in which case the balance between selectivity, capacity and mass transfer must 

be found to maintain the membranes acceptable performance for filtration. For years in 

liquid separations size difference has been used to ensure the desired selectivity of the 

membrane, which can be expressed using rejection (R). The permeance is a permeate flux 

per unit driving force. (Belfort, 2019; Mulder, 1996) 
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Membrane processes have become increasingly prevalent in various applications, and their 

use continues to expand. Membrane technology can be utilised in numerous separation 

processes and industries due to its versatile nature: water treatment, desalination, wastewater 

treatment, drinking water purification, and food, gas, and pharmaceutical industries. The 

advantages of membrane technology include easy compatibility with other separation 

processes, continuous separation, mild operating conditions, low energy consumption, and 

relatively small footprint. However, membrane fouling, and concentration polarization are 

the main drawbacks of membrane processes. The fouling during filtration may decrease the 

permeate flow rate and as a result energy consumption will increase. (Alfa Laval, 2023; 

Belfort, 2019; Diagne et al., 2012; Hofmann & Posten, 2003; Jaffrin, 2012; Mulder, 1996) 

2.2  Classification and morphology of membranes 

The driving force in membrane processes causes the transport of components from the feed 

stream through the membrane. Pressure, chemical potential, and differences across the 

membrane in concentration or temperature are some of the parameters that contribute to the 

driving force that transport components across the membrane. (Lopez et al., 2023; Mulder, 

1996) 

The Molecular Weight Cut-Off (MWCO) value indicates the molecular weight of a solute 

at which the membrane allows 10 % of the solute to pass through the membrane while 

retaining the rest. MWCO is an essential factor in membrane selection and process 

optimisation to achieve specific purification and separation goals. MWCO of membranes 

can be predicted with different methods, but the solute rejection measurement is a relatively 

accurate method. Polyethylene glycols (PEGs) are commonly used for the rejection 

measurement. (Mulder, 1996; Ren et al., 2006) 

Membrane can be classified by pore size and pressure-driven membrane processes have four 

categories: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO). However, it is essential to note that there are no clear-cut boundaries between 

these filtration processes. As the size of the particles or molecules decreases in filtration, the 

pore sizes in the membrane must as well become smaller, and higher pressure is needed to 

obtain the same flux. (Abdullah et al., 2018; Mulder, 1996)  
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The functionality of membranes varies based on their morphology, which can be divided 

into isotropic or symmetric membranes and anisotropic or asymmetric membranes. The 

isotropic microporous membrane possesses a firm network of interconnected pores and a 

void where pores are randomly distributed. In microfiltration and ultrafiltration, the isotropic 

microporous membranes are utilised. On the other hand, isotropic membranes are 

characterised by layered structures with varying porosity and pore size throughout the cross 

section of membrane. Typically, isotropic membranes consist of a thin selective layer atop 

on a thick, porous substructure, which can be seen in Figure 3Figure 3.. This thin selective 

layer is utilised for separation purposes, while the thick substructure provides a mechanical 

supportFigure 3.. (Baker, 2012; Lee et al., 2016) 

 

 

Figure 3. SEM micrograph of ultrafiltration membrane cross section, where porous 

substructure is seen (Synder Filtration, 2014). 

 

The structure of membranes typically consists of three primary components: a support layer 

that provides mechanical strength, a porous structure that controls molecular transport, and 

an active layer that acts as a selective barrier. These components collectively determine the 

membrane's permeability, selectivity, and mass transfer. (Abdullah et al., 2018; Ladewig & 

Al-Shaeli, 2017; Mulder, 1996) 

Membranes can be made from various materials, including polyamides (PA), 

polyethersulfone (PES), polysulfone (PS), polyvinylidene fluoride (PVDF), and 
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polyethylene (PE). Selecting a specific polymer as a membrane material is based on i.e., its 

structural properties, availability, low price, and ease of preparation. (Abdullah et al., 2018; 

Mulder, 1996) 

2.3  Surface modification of cellulosic membrane 

Cellulose is the predominant biomass material in nature (Qiu & Hu, 2013) and its derivative, 

cellulose acetate (CA) (Figure 4), has found application as a material for membranes. 

Cellulose acetate represents a biodegradable polymer that offers a sustainable, non-toxic, 

and low-cost alternative for membrane materials (Tahazadeh et al., 2021). Cellulose acetate 

exhibits a low fouling rate and possesses a hydrophilic nature, making it conducive to various 

functionalisation to achieve the desired properties as needed (Shimizu et al., 2020; 

Vatanpour et al., 2022). The activated hydroxyl groups presented in cellulose and in its 

derivatives enable the chemical modifications with various related functional groups through 

processes such as oxidation, hydrolysis, etherification, esterification (e.g. cellulose acetate), 

grafting copolymerization, and crosslinking reactions (Liu et al., 2017). However, cellulosic 

membranes also have disadvantages and limitations, such as limited temperature tolerance 

and chemical resistance, a narrower pH range, and sensitivity to certain chemicals 

(Vatanpour et al., 2022), but in chlorinated water the cellulose acetate membranes can 

operate whereas polyamide membranes degrade in it. Although the biodegradability of 

cellulose acetate’s sets its own challenges when used in wastewater filtration. (Murphy et 

al., 2001) 

 

 

Figure 4. Chemical structure of cellulose acetate (Vatanpour et al., 2022). 
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Through a versatile and selective TEMPO-mediated oxidation, cellulose can be chemically 

modified, and the same oxidation can be utilised for modifications of cellulosic membranes 

surface. The reaction involves the use of a stable radical called 2,2,6,6-tetramethylpiperidin-

1-oxyl (TEMPO) as a catalyst with sodium bromide (NaBr), along with a main oxidant 

sodium hypochlorite (NaClO). This oxidation process aims to selectively convert the 

primary C-6 hydroxyl groups (OH) of the cellulose polymer chains into carboxyl groups 

(COOH) (Figure 5). (Saito et al., 2007; Saito & Isogai, 2004, 2006) In the research of 

Nieminen et al. (2022) was enhanced the negative surface charge of a commercial cellulosic 

ultrafiltration membrane via TEMPO-mediated oxidation. The oxidation procedure was 

designed to selectively target the surface material of the membrane, ensuring minimal 

compromise to its structural integrity. This was achieved by minimizing exposure of 

oxidising agents. (Nieminen et al., 2022) 

 

 

Figure 5. Cellulose and its TEMPO-mediated oxidation. (Saito & Isogai, 2006) 
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2.4  Membrane coating via layer-by-layer assembly with polyelectrolytes 

Polyelectrolytes are polymers, which can be found in nature (i.e., DNA and proteins) and in 

industrial chemicals (i.e., polyacrylic acids (PAA) and polystyrene sulfonate (PSS)). 

Polyelectrolytes are a type of polymer that have ionisable groups present along their chains. 

These ionisable groups can have either positive or negative charges and are able to dissociate 

in polar solvents, such as water. Upon dissociation of ionisable groups, charges are imparted 

onto polymer chains and counterions are released into the solution. (Dobrynin & Rubinstein, 

2005)  

Polyelectrolytes have a unique and complex behaviour both in solution and on charged 

surfaces. This behaviour is caused by the electrostatic interactions between the charges of 

the polyelectrolytes, which are different from those of uncharged polymers. (Dobrynin & 

Rubinstein, 2005) Polyelectrolytes can be classified as acids (polyanions) or bases 

(polycations). Strong polyelectrolytes are independent of pH and can be fully dissociated 

and charged in the solution, while weak polyelectrolytes charge densities are pH-dependent. 

(Bhattarai, 2020; Choi & Rubner, 2005; Elshof et al., 2020)  

The ionization behaviour of weak polyelectrolytes can substantially deviate from their 

behaviour in solution when they are integrated into a multilayer film, for example pKa value 

of weak polyelectrolyte PAA can shift to lower pH values. The charge density of a weak 

polyelectrolyte can influence the multilayer growth, in which case changes in coatings 

thickness can be made with slight pH changes. (Choi & Rubner, 2005; Shiratori & Rubner, 

2000) In Table 1. Comparison of different polyelectrolytes, which are going to be utilised in 

this thesis (Elshof et al., 2020; Illergård et al., 2012; Shiratori & Rubner, 2000) the structure 

and properties of weak and strong polyelectrolytes are presented.
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Table 1. Comparison of different polyelectrolytes, which are going to be utilised in this thesis 

(Elshof et al., 2020; Illergård et al., 2012; Shiratori & Rubner, 2000) 

Polyelectrolyte Structure Properties 

PAA, 

poly(acrylic acid) 

 

Weakly anionic 

Control of layer thickness by 

pH or by background salt 

PSS, 

poly(styrene 

sulfonate) 

 

Strongly anionic 

Stable layers at all pH 

Control of layer thickness 

made only by background salt 

PVAm, 

poly(vinyl amine) 
 

Weakly cationic 

Antibacterial 

Control of layer thickness by 

pH or by background salt 

PDADMAC, 

poly(diallyldimethyl-

ammonium chloride) 

 

Strongly cationic 

Stable layers at all pH 

Control of layer thickness 

made only by background salt 

 

The Layer-by-Layer (LbL) method is a versatile coating technology introduced by (Decher 

& Hong, 1991). It involves building negatively and positively charged layers alternatively 

onto a substrate (Figure 6), such as a membrane, through entropic and enthalpic forces (Fu 

& Schlenoff, 2016). The materials used in the layers depend on the desired properties and 

can vary from commonly used polyelectrolytes to nanoparticles and other molecules. 

Polyelectrolytes are widely used in the LbL method and are referred to as polyelectrolyte 

multilayers (PEMs). The widespread use of PEMs is due to their applicability to almost any 

type of substrate, regardless of its composition or shape, provided that the polyelectrolytes 

are sufficiently charged. PEMs enable to achieve various mechanical, chemical, and 

physiochemical properties for coated materials. (Decher, 1997; Decher & Hong, 1991; Séon 

et al., 2015) 
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Figure 6. Representation of the first two adsorption steps, showing the deposition of a film 

beginning with a positively charged substrate (Decher, 1997). 

 

The most conventional LbL assembly methods are immersive and fluidic, which operate by 

the same principles. During the LbL assembly process, the membrane is submerged in a 

solution containing a charged component such as polyelectrolytes, causing it to attach to the 

surface of the membrane. The excess solution is then washed away, and the process is 

repeated alternatively with an oppositely charged component to create a multilayer structure. 

(Illergård et al., 2012; Ottenhall et al., 2018; Richardson et al., 2016) 

One of the main benefits of the LbL method is its precise control over the thickness and 

composition of deposited layers. Apart from the choice of materials discussed earlier, the 

number of bilayers (BL) can be customized for specific properties like selectivity, 

permeability, or surface charge. The BL consist of two layers. By using polyelectrolytes in 

the LBL method, the multilayers’ hydrophilicity and charge can be modified, and antifouling 

membranes can be made (Zhu & Jun Loh, 2015). Using water-soluble polyelectrolytes as a 

layering material offers a sustainable alternative since they are biodegradable, energy-

efficient, and a renewable. (Illergård et al., 2012). 
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3  Effect of microbes on membranes in wastewater treatment 

Microorganisms, or microbes, are tiny organisms that cannot be seen with the unaided eye 

and are divided into bacteria, archaea and eucarya life forms. They include bacteria, viruses, 

fungi, protozoa, moulds, and algae, and they play critical roles in ecological processes such 

as the carbon, phosphorus, oxygen, nitrogen, and sulphur cycles. The majority of microbes 

help Earth’s ecosystems and can be beneficial in food production and water treatment, but 

small percentage of microbes are harmful to humans and plants. (Fung, 1987; Sattley & 

Madigan, 2015) 

In municipal wastewater, microscopic life is mainly formed by bacteria, viruses, fungi, and 

protozoan parasites. They come from human activities and contribute to the biological 

complexity of wastewater. (Olaolu et al., 2014) In addition, microbes are utilised in 

wastewater treatment to remove pollutants and nutrients in a secondary biological treatment, 

often through the use of activated sludge. (Gernaey et al., 2004; Melin et al., 2006; Sonune 

& Ghate, 2004). However, microbes can pose challenges to membrane technology due to 

the membrane’s microbial degradation and biofouling. (Aryanti et al., 2017; Flemming et 

al., 1997)  

3.1  Biofouling on membrane 

Biofouling is a major issue in membrane systems, where microorganisms get trapped on the 

membrane surface and create an irreversible biofilm. As previously mentioned, the cross-

flow filtration helps to prevent the biofilm’s forming (Abdullah et al., 2018; Winans et al., 

2016), but not entirely. As seen in Figure 7, biofilm can grow on membrane’s surface apart 

the cross-flow, but the dispersal of microorganisms to feed solution is possible (Aryanti et 

al., 2017). The biofilm can cause complex hydrodynamic and physicochemical conditions, 

promoting concentration polarization. This phenomenon reduces the membrane's 

performance by decreasing permeate flux, changing membrane selectivity, increasing 

energy consumption, and potentially leading to membrane fouling and degradation over 

time. But on the other hand, the biofilm can have a beneficial property to work as a thin film, 
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thereby controlling foulant permeation and thus influencing the quality of the permeate 

(Chomiak et al., 2015) 

 

 

Figure 7. The biofilm formation on a membrane surface: (b) adsorption of microorganism 

(c) development of extracellular polymeric secretions (EPS), (d) biofilm growth, and (e) 

dispersal of microorganism from EPS (Aryanti et al., 2017) 

 

Although inorganic and organic dissolved substances and particles can be eliminated through 

pre-treatment with screening, microorganisms are more challenging. (Aryanti et al., 2017; 

Flemming et al., 1997; Wenten, 1995) Different methods have been proposed to prevent 

biofouling, such as cleaning methods and pre-treatment, which can reduce microorganisms 

by over 99% on the membrane surface. However, the remaining microbes can still reproduce 

themselves by consuming biodegradable substances in the water, and the membrane surface 

provides an ideal environment for rapid growth. (Aryanti et al., 2017) Other alternatives to 

make membranes more resistant for biofouling, are the choosing of antimicrobial polymers 

as a material for membranes (Wang et al., 2016), and modifying the membranes with 

different coatings such as zwitterions and silver which have antimicrobial properties (Cruz 

et al., 2015; Weng et al., 2016). 

3.1  Microbial degradation of cellulosic membrane 

Membrane degradation affects its filtration performance in three ways, mechanical strength, 

product quality and fouling propensity. The membranes functional properties, such as 

rejection or selectivity efficiency, will decrease and thus affect the products quality and 

quantity. (Antony & Leslie, 2011) The degradation of cellulosic membranes can be caused 
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by microbes, especially by fungi, in which case the microbes use the membrane as a carbon 

source when attached on membrane. (Cantor & Mechalas, 1969; Murphy et al., 2001) 

In addition to fungi and other microbes is a cellulase enzyme, which degrades cellulosic 

membranes. Cellulase is an enzyme, which catalyses the hydrolysis of the cellulose, which 

leads to the degradation of the cellulose. Cellulase is essential for the global carbon cycle, 

as it converts cellulose into simpler sugars such as glucose, which microorganisms can utilise 

as an energy and carbon source. Many fungi, some bacteria and all plants produce cellulase 

and therefore it can be present in wastewater from a variety of sources. (Walker & Wilson, 

1991; Wilson, 2009)  
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4  Enhancing membranes’ microbial resistance with PEMs 

The membranes can be modified with a variety of different methods to make it more 

microbial resistant, and membrane coating with polyelectrolyte multilayers (PEMs) is 

offering one method for it. Antimicrobial properties of polyelectrolyte multilayers are 

usually achieved by using substances in the coatings, which naturally have antimicrobial 

properties, such as silver and some polyelectrolytes. Antimicrobial properties can inhibit the 

growth of microorganisms or to kill them outright. Mostly the positively charged 

polyelectrolytes have antimicrobial properties because they can kill the bacteria by 

disrupting its membrane cell. (Aryanti et al., 2017; Ottenhall et al., 2018) Cationic poly(vinyl 

amine) PVAm is one example of the polyelectrolytes, which have antimicrobial properties 

and has been widely studied (Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman et 

al., 2009). 

Three different ways have been developed with PEMs to prevent microbial colonization: 

antimicrobial agent leaching, adhesion-resistant, and contact-killing strategy, respectively. 

The strategies are presented in Figure 8.  

 

Figure 8. Three primary strategies for designing antimicrobial PEM: antiadhesive films, 

contact-killing films and release-killing films. (Séon et al., 2015) 

 

The contact-killing strategy is more durable than the release-killing because functional 

groups are stable on the membranes’ surface. The anti-adhesive method prevents the 

microbes to reach the membrane’s surface, while the contact-killing membranes are made 
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with exposing or attaching the antimicrobial agents on the membrane surface, such as 

bactericidal positively charged cationic substrates. Hence, when bacteria come into contact 

with these antimicrobial surfaces, they will be killed.  (Séon et al., 2015; Zhu & Jun Loh, 

2015)   

4.1  Comparison of polyelectrolyte coatings antimicrobial properties 

Different studies are compared, where membranes or cellulose fibres have been modified 

with layer-by-layer assembly to have antimicrobial properties. (Illergård et al., 2012, 2015; 

Ottenhall et al., 2018; Westman et al., 2009). All studies listed on Table 2.  have used 

antimicrobial cationic polyelectrolyte PVAm for the polyelectrolyte layers to make 

cellulosic substrates microbial resistant. The PVAm was always added as the first and last 

layer in every PEMs. In Table 2.  is briefly presented the nature of each study and their main 

findings.  

Table 2. Summary of various studies’ nature and main findings 

Support material 

(odixation) 

Polyelectrolyte 

pair 

Bacterial 

test 

Anti-bacterial 

efficiency/ 

number of BL 

Reference 

cellulose dialysis 

membrane 

(TEMPO) 

polyvinyl amine 

PVAm C6 

/polyacrylic acid 

PAA 

E. coli 

inhibition the most 

obvious when  

1.5-3 BL 

(Westman et al., 

2009) 

anionic  

cellulose fibres  

polyvinyl amine 

PVAm/polyacrylic 

acid PAA 

E. coli, 

B. subtilis 

99.9 %, 

1.5 BL 

(Illergård et 

al., 2012) 

cellulose fibres 

(TEMPO) 

polyvinyl amine 

PVAm/polyacrylic 

acid PAA 

E. coli, 

B. subtilis 

“The importance of 

electrostatic 

interaction to the 

antibacterial effect”, 

1.5 BL 

(Illergård et al., 

2015) 

cellulose filter 

and cone coffee 

filter 

polyvinyl amine 

PVAm/polyacrylic 

acid PAA 

E. coli 
99.9 %, 

1.5 BL ≥ 2.5 BL 

(Ottenhall et 

al., 2018) 
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4.1.1  Modifications towards antimicrobial properties 

The antibacterial effect or efficiency of polyelectrolyte multilayers are presented in Table 2, 

and based on, the principles shown in Figure 8., the antibacterial effect is caused by contact-

killing method (Séon et al., 2015). Based on the article by Vivares & Ramos (2005), 

Westman et al. (2009) proposed a mechanism for how polyelectrolytes affect the contact 

killing of bacteria. According to the study of Westman et al. (2009), the polyelectrolytes peel 

off individual layers of the lipid layers on the bacterial membrane, resulting in the leach of 

the bacterial cell plasma and inducing a lethal effect for the bacteria. Furthermore, Westman 

et al. (2009) propose in their article that both configuration and concentration are responsible 

of the inhibition effect.  

As seen in Table 2. Summary of various studies’ nature and main findings all studies have 

used cellulose as the support material and are interested in making the microbial degradation 

prone material antimicrobial with polyelectrolyte multilayers. To enhance the adsorption of 

antimicrobial PVAm polyelectrolyte on cellulosic support material, the studies of Westmann 

et. al (2009) and Illergård et al. (2015) have modified the cellulosic fibres and dialysis 

membrane’s surface with TEMPO-mediated oxidation. The carboxylate groups of cellulose 

are revealed, which enhance the negative surface charge of the membranes or fibres, 

allowing the improvement for attachment of cationic PVAm. The utilisation of TEMPO-

mediated oxidation in the layer-by-layer method is desirable because it increases the 

adsorption of PVAm on the cellulosic support material (Figure 9), which increases the 

polymer content and thus the antimicrobial properties: the better inhibition of bacterial 

growth and bacterial reduction. (Illergård et al., 2015; Westman et al., 2009) The amount of 

PVAm adsorbed on the cellulosic fibres or membrane was analysed with nitrogen analysis 

(Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman et al., 2009). 
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Figure 9. Comparison of the polymer content of unoxidised fibres and TEMPO-oxidised 

fibres. The error bars indicate the standard deviations. (Illergård et al., 2015) 

 

The antimicrobial properties are pursued with PEMs in the studies listed in Table 2. 

Summary of various studies’ nature and main findings, but the number of PEMs bilayers can 

affect the support material’s microbial resistance. In the study of Westman et al. (2009) the 

inhibition of microbial growth with PVAm/PAA PEMs on cellulose membrane was 

observed, and the increasing number of bilayers on PEMs also decreased the bacterial 

growth. The most significant change was observed between 1.5 to 3 bilayers on PEMs, 

whereas the additional layers after this had no effect (Westman et al., 2009). Ottenhall et al. 

(2018) tested the same phenomenon in their study with 0.5 BL, 1.5 BL and 2.5 BL 

PVAm/PAA coatings, where PVAm was always the first and the last layer. They noticed the 

most sufficient coatings were 0.5 BL and 1.5 BL, where the most of the bacteria’s adsorption 

has happened onto cellulose fibres, but additional bilayers have no effect (Ottenhall et al., 

2018). According to a study by Illergård et al. (2012) 0.5 bilayer of PVAm on cellulose fibres 

can sufficiently reduce the bacterial growth, but with 1.5 BL the microbial reduction was 

higher. (Illergård et al., 2012; Ottenhall et al., 2018; Westman et al., 2009). But as a 

conclusion can be said that the 1.5 BL for PVAm/PAA is the most sufficient coating to 

inhibit bacterial growth on cellulosic surfaces according to studies in Table 2. 

The studies of Illergård et al. (2015) and Ottenhall et al. (2018) highlight the importance of 

electrostatic interactions in contact-killing films, because that enables the bacterial removal 

and physical adsorption from water without reducing the pore size of the membranes nor 

leaching the biocides into the water. Additionally, membrane filtration with contact-active 
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bacterial removal ensures complete decontamination as soon as the water has passed the 

filter without the need for bacterial inactivation (Ottenhall et al., 2018). The contact-killing 

strategy offers an interesting and promising method to be utilised in future research. 

4.1.2  Characterisation of antimicrobial properties 

There are different methods to assess if the antimicrobial property for the substrate is 

achieved. One method is to use model solutions of different bacteria, such as Escherichia 

coli (E. coli) and the bacterium Bacillus subtilis (B. subtilis), which were utilised in the 

articles presented in Table 2. Summary of various studies’ nature and main findings These 

bacteria, their amount and morphology can be analysed in various methods. In the article by 

Tang et al. (2013), light microscopy was used to observe the growth of E. coli on the surface 

of a membrane, meanwhile, Illergård et al. (2015) conducted an electron microscopy analysis 

to examine the bacterial cell morphology and assess the number of attached bacteria after 

their interactions with modified fibres. For cellulose fibres the fluorescent methods could 

not be used, because the background signal of the fibres was too high (Illergård et al., 2015).  

The antimicrobial properties of the adsorbed PVAm on the cellulose membrane can be tested 

by following the combination of bacterial growth, evaluating the bacterial reduction in poor-

nutrient conditions, and determining the effects of fibre leaching to antibacterial efficiency 

(Illergård et al., 2012; Westman et al., 2009). In the study conducted by Westman et al. 

(2009), bacterial growth was observed by placing the membrane between bacteria and agar 

containing nutrient sorbitol, which served as an indicator of microbial growth. The amount 

of degraded sorbitol was used to assess the PVAm/PAA coatings microbial resistance 

(Westman et al., 2009). In the research of Illergård et al. (2015) similar experiment was made 

to assess the PVAm/PAA coatings ability of removing the bacteria by keeping modified 

cellulose fibres and bacteria overnight in a suspension. To assess the functionality of the 

coating, the parallel exposure test was made with the unmodified cellulose fibres. After the 

overnight exposure, the remaining bacteria in the suspensions were counted and hence the 

antimicrobial properties of PVAm/PAA coating could have been assessed by comparing the 

results of unmodified and modified cellulose fibres. (Illergård et al., 2015). As can be seen, 

there are different methods to evaluate the antimicrobial properties of contact-killing 
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PVAm/PAA coating, but there is not one method above all others. Hence, it is desirable to 

use a combination of a few methods for more accurate results. 

4.1.3  Characteristics of antimicrobial PVAm and its benefits 

Previously the antimicrobial properties of PVAm/PAA PEMs have been confirmed in the 

nutrient-free conditions, but Illergård et al. (2012) in their study added bacteria and nutrients 

to PVAm/PAA-coated cellulose fibre suspension to mimic a real-world situation, where 

nutrients are present. The same antimicrobial properties were achieved as in the nutrient-free 

conditions, hence confirming the promising use of PVAm in polyelectrolyte multilayers to 

achieve microbial resistant. Additionally, there was no leaching of polymers, which 

indicated the wanted contact-killing antimicrobial mechanism of fibres. The antimicrobial 

properties of the coated fibres were evaluated, where the top layer was PVAm or PAA, and 

from the results in Figure 10. can be seen antibacterial properties of PVAm, while PAA is 

not having any. The antibacterial properties were measured with the combination of 

evaluating the reduction bacteria in nutrient-poor conditions, determining the fibre leaching 

and monitoring bacterial growth in the presence of nutrients. (Illergård et al., 2012) 

 

 

Figure 10. Comparison of the antibacterial activity of PVAm and PAA coated fibres against 

E. coli and B. subtilis. (Illergård et al., 2012) 
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In the study of Westman et al. (2009) the PVAm antimicrobial properties were evaluated via 

following microbial growth where sorbitol-nutrient degradation was utilised as an indicator. 

The membrane was placed between the sorbitol and bacterial solution, and it was followed 

if the bacteria can pass through the membrane to degrade the sorbitol on the other side of the 

membrane. The sorbitol was not degraded so much through PVAm/PAA coated membranes 

than through native cellulosic membrane. The study also confirmed that the cellulose 

membrane, with or without PVAm multilayers, is permeable to sorbitol, hence the bacterial 

inhibition was not caused by malnutrition but PVAm. (Westman et al., 2009) 

PVAm/PAA-modified cellulosic fibres and membranes have been proven to be microbial 

resistant against B. subtilis and E. coli by many studies (Illergård et al., 2012, 2015; Ottenhall 

et al., 2018; Westman et al., 2009). In addition, in the studies of Illergård et al. (2012) and 

Ottenhall et al. (2018) the environmentally friendly and affordable nature of PVAm/PAA-

coating is emphasised, because both polyelectrolytes are renewable and are sustainable to 

make. This makes the PVAm/PAA polyelectrolyte pair an excellent alternative to use in 

polyelectrolyte layers. Generally, PVAm has good antimicrobial properties and offers a 

promising alternative for PEMs, which can be utilised in different industries such as in 

wastewater filtration membranes.
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Experimental part 

5  Materials and Methods 

The main objective of this experimental work was to modify the cellulosic membrane with 

polyelectrolyte multilayers to enhance its microbial resistance. Two different polyelectrolyte 

coatings were made while maintaining the membrane’s filtration performance. The modified 

membranes were exposed to wastewater to assess the functionality of the coatings, and based 

on the results obtained, one coating was chosen to be tested in wastewater filtration. 

5.1  Chemicals and membranes  

The RC10PE membrane is characterised by its composition, with polyester as the support 

material and regenerated cellulose acetate as the selective top material. This membrane is 

designed for ultrafiltration (UF) applications, as the reported Molecular Weight Cut-Off 

(MWCO) value is 10,000 Da. (Alfa Laval) In this work RC10PE membrane was used as a 

base membrane for the layer-by-layer assemblies. Desal-5 DK and NFW membranes were 

used in wastewater filtration as reference membranes. Desal-5 DK nanofiltration membrane 

with a MWCO value of 150-300 Da, has a selective layer made of polyamide and a support 

layer made of polysulfone (Mazzoni & Bandini, 2006). The MWCO value of NFW 

nanofiltration membrane is 300-500 Da, and it is made of proprietary polyamide (Synder 

Filtration, 2024).  

Two different polyelectrolyte pairings were used. In the reference coating, PDADMAC was 

the polycation and PSS the polyanion. In the other coating, PVAm and PAA served as a 

polycation and -anion. NaCl was used as the background salt in both coatings. 

The wastewater used in this work, was from Toikansuo wastewater treatment plant. The 

wastewater was taken after the bar screen, but before preclarifier and any chemical addition. 
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Table 3. presents a comprehensive overview of chemicals, including their brands, purities, 

and applications within the experimental procedures. Deionised water (DI), conductivity 

under 2 uS/cm, was used to prepare all the solutions and dilutions in the study.  

Table 3. Summary of the chemicals used in the study 

Chemical Brand, grade Application 

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

titration 

H3PO4 (CAS: 7664-38-2) VWR Chemicals, GPR Rectapur 

Starch Grocery 

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

TEMPO (CAS: 2564-83-2, 2,2,6,6-

tetramethylpyperidine1-oxy radical)  

ACROS Organics, 98 % 

Surface charge 

enhancement 

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

NaOCl (CAS: 7681-52-9) Thermo scientific, 11-15 % 

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

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

PEG (CAS: 25322-68-3, 

Poly(ethylene glycol)) 

0.3 kDa, Fluka Chemika, Ph Eur  

1 kDa, Merck, for synthesis  

1.5 kDa, Fluka Analytical, Ph Eur 

3 kDa, Fluka Analytical, Ph Eur 

4 kDa, Fluka Analytical, Ph Eur  

8 kDa, Sigma Life Science, BioUltra  

12 kDa, Sigma-Aldrich 

35 kDa, Sigma-Aldrich, for synthesis 

Filtration tests 

Glyserol (CAS: 56-81-5, C3H8O3) 0.09 kDa, Merck, 99.3 % 

Ethylene glycol (CAS: 107-21-1, 

C2H6O2) 

0.06 kDa, VWR, min. 98 % 

L-Arabinose Crystalline (CAS: 

5328-37-0, C5H10O5) 

0.15 kDa CT98 

Sucrose (CAS: 57-50-1, 

C12H22O11) 

0.34 kDa Sigma 

D-(+)-Raffinose pentahydrate 

(CAS: 512-69-6, 

C18H32O16*5H2O) 

0.5 kDa, Fluka BioChemika, > 99 % 

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

MgSO4 (CAS: 231-298-2) VWR Chemicals, 99.7 % 

Crystal violet (CAS: 548-62-9)   

PDADMAC 

(poly(diallyldimethylammonium 

chloride) CAS: 26062-79-3) 

Aldrich, 400-500 kDa 

LbL deposition 

 

PSS (poly(styrene sulfonate), 

deposition CAS: 25704-18-1) 

Alfa Aesar, 70 kDa 

PVAm (poly(vinyl) amine, CAS: 

11616-55-8) 

Solenis 

PAA (poly(acrylic acid), CAS: 

9003-01-4) 

Aldrich Chemistry, 250 kDa 

NaCl (CAS: 7647-14-5) Merck, EMSURE 
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5.2  Surface charge enhancements 

The negative surface charge of the cellulose acetate RC10PE membrane was enhanced 

through TEMPO-mediated oxidation, where the free primary -OH groups were oxidised to 

carboxylates. The oxidation aimed to enhance the adhesion and durability of the applied 

polyelectrolyte coatings on the membrane's surface. The initial layer of the polyelectrolyte 

coating has a positive charge, in which case the interaction of stronger opposite charges 

causes enhanced adhesion. The TEMPO-mediated oxidation process was performed 

according to the research of Nieminen et al. (2022) with the oxidant exposure of 

50 M min m-2.  

Before the oxidation, the membranes were washed with warm water and deionised (DI) 

water to remove the remaining glycerol used for membrane storage. Subsequently, the 

membranes were soaked in DI water before any measurements. TEMPO mediated oxidation 

occurred in a large container, where were added the membrane, approximately 4 litres of DI 

water with constant mixing, along with the TEMPO (1 mmol/L) and NaBr (10 mmol/L). To 

initiate the TEMPO-mediated oxidation was added 2.63 mL of NaOCl-oxidant (11.5 %) to 

reaction solution. 

To adjust the pH of the reaction solution to 10.8, NaOH (1 M) was incorporated at regular 

intervals. After 120 minutes had passed, the oxidation was ended by adding 200 mL of 

ethanol into the container, where the membrane was left for an additional 10 minutes. 

Hereafter, the membrane was rinsed with pure ethanol and DI water before being stored in 

DI water for the further processing. 

5.3  Layer-by-layer coating  

Utilising an automated setup, the fluidic assembly method was employed to perform the 

layer-by-layer coating protocol. The protocol followed a consistent pattern: washing, 

deposition of PE, compaction, and rinsing, repeated until the desired number of layers is 

achieved. The setup enabled adjusting specific parameters, including flow rates, pressures, 

deposition and rinsing times. In Figure 11 a simple illustration of the automated coating 

setup is presented. In this study two different cell modules were used, and their flow channel 
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dimensions were 500 mm x 40 mm x 2 mm (length x width x height) and for the other cell 

module 200 mm x 150 mm x 2 mm. 

 

Figure 11. Automated coating setup as simplified 

 

The base membrane for all the coating assemblies was a TEMPO oxidised RC10PE 

membrane, while two different polyelectrolyte pair coatings were prepared in this work: 

PDADMAC/PSS and PVAm/PAA, respectively. Each polyelectrolyte solution was prepared 

individually at the concentration of 0.1 g/L with 0.1 M NaCl as a background salt. A 0.1 M 

NaCl solution was prepared separately for salt rinsing during the coating. The 0.2 M 

background salt was tested in the preparing of polyelectrolyte solutions and in the coatings 

salt rinsing, but the salt concentration was too high, and polyelectrolytes did not attach on 

the membrane surface. 

In literature (Illergård et al., 2012, 2015), the PVAm and PAA polyelectrolyte solutions have 

usually made with pH adjustment, instead of background salt. Therefore, one 5.5 BL 

PVAm/PAA coating in this work was prepared with PVAm solution at pH 9.5 and the PAA 

solution at pH 3.5, both without background salt. When the membrane was coated with pH 

adjusted solutions, 0.1 M NaCl was still used in the salt rinsing. The positively charged 

polyelectrolyte, PDADMAC or PVAm, was the first and outermost layer in each coating. 
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PDADMAC/PSS and PVAm/PAA coatings were applied at 2.5, 5.5, and 8.5 bilayers (BL) 

on membrane. Deionised water was employed for pure water rinsing and in polyelectrolyte 

solutions. Two different coating setups were utilised in this work, and their various phases 

are presented in Table 4. 

Table 4. Phases of polyelectrolyte deposition and the used parameters. 

Setup Step Duration (s) Pressure (bar) Flowrate (cm/s) 

A 

(500) 

PDADMAC/PSS 

1 Washing 9 0.5 10.4 

2 
Polycation 

Compaction 

180 

30 

0.4 

0.7 

10.4 

0 

3 

NaCl rinse 

H2O counter rinse 

H2O rinse 

30 

10 

60 

0 

0.5 

0.5 

10.4 

10.4 

10.4 

4 
Polyanion 

Compaction 

180 

30 

0.4 

0.7 

10.4 

0 

5 

NaCl rinse 

H2O counter rinse 

H2O rinse 

30 

10 

60 

0 

0.5 

0.5 

10.4 

10.4 

10.4 

B 

(500B) 

PVAm/PAA 

1 Washing 9 0.5 10.4 

2 
Polycation 

Compaction 

180 

30 

0.4 

0.7 

10.4 

0 

3 

NaCl rinse 

H2O counter rinse 

H2O rinse 

120 

10 

360 

0 

0.5 

0.5 

10.4 

10.4 

10.4 

4 
Polyanion 

Compaction 

180 

30 

0.4 

0.7 

10.4 

0 

5 

NaCl rinse 

H2O counter rinse 

H2O rinse 

120 

10 

360 

0 

0.5 

0.5 

10.4 

10.4 

10.4 

 

As seen in Table 4. Phases of polyelectrolyte deposition and the used parameters. the setup 

A was conducted for PDADMAC/PSS coatings, but after the coatings were made with this 

setup, it was observed that the coatings peeled off from the membrane surface. To avoid this, 

the rinsing time was increased for setup B, which was used for PVAm/PAA coatings. With 

longer rinsing times, the coatings were attached properly on the membrane surface.  

5.4  Filtration experiments 

Following the coating processes, the filtration properties of coated membranes were 

measured. The filtration performances were evaluated using the Amicon dead-end filtration 

system by Merck Millipore (Figure 12). The Amicon has adjustable parameters, including 

mixing speed, pressure, and temperature. The membrane’s area in the Amicon is 37 cm2. 
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Figure 12. Amicron filtration system 

 

Before and after the modifications, the filtration performances of membranes: pure water 

permeances (PWP) and neutral solute rejections, were evaluated in the Amicon system. The 

membranes were compacted for 10 minutes in the Amicon at a pressure, which was slightly 

higher than the pressures used in the actual measurements. All filtration experiments were 

conducted at room temperature (20-25 ℃). 

To determine the MWCO value of membranes, were utilised different combinations of 0.3, 

1, 8, 12 and 35 kDa PEGs, and ethylene glycol (0.06 kDa). Neutral solute samples were 

collected at a constant flux to enable the comparison of the results and to determine the 

MWCO values. The J/k ratio, which describes the concentration polarization on the 

membrane surface, was calculated with Equation 1. With J/k value the desired flux for the 

neutral solute filtrations was determined, while keeping the J/k value below 1. (Nieminen et 

al., 2024) 

ln (
1−𝑅

𝑅
) =

𝐽𝑉

𝑘
+ ln⁡(

1−𝑅0

𝑅0
)    (1) 

Where R is solute rejection [-], R0 is the intrinsic solute rejection [%], JV is the volumetric 

permeation flux [m/s] and k is the mass transfer coefficient [m/s]. 

The permeate flux is measured at a certain pressure, and the permeate accumulated during 

the filtration is calculated. This is illustrated in Equation 2.
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𝐽 =
𝑉𝑝

𝐴∗𝑡
     (2) 

Where J is permeate flux [L/(m 2h)], Vp is collected permeate volume [L], A is effective 

filtration area  [m2] and t is elapsed filtration time [h]. 

The permeate fluxes are measured at few different pressure points, after which the 

permeability can be calculated according to equation 3. 

𝑃 =
∆𝐽

∆𝑝
     (3) 

where P is permeability [L/(m2 h bar)] and ∆p is pressure increment [bar]. 

The rejection or retention value presents how much of the feed’s compounds have been 

removed from the permeate. This is described in Equation 4. 

𝑅 = 1 −
2∗𝑐𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑐𝑓𝑒𝑒𝑑+𝑐𝑟𝑒𝑗𝑒𝑐𝑡𝑒𝑑
    (4) 

where R is rejection [-] and c is concentration [g/L]. 

The MWCO values can be determined from the neutral solute rejections, when the retentions 

of individual neutral compounds are plotted against their molar masses (1 Da = 1 g/mol). 

Analysing the resulting curve makes it possible to estimate the point at which the retention 

curve reaches 90 %. This provides an approximation of the membrane’s MWCO value. 

(Mulder, 1996) 

5.5  Wastewater exposure experiments  

With wastewater exposure experiments the microbial resistance of native and coated 

membranes was assessed, and it was conducted on native and TEMPO oxidised RC10PE, 

on PDADMAC/PSS coated RC10PE and on PVAm/PAA coated RC10PE. There were 2.5 

BL, 5.5 BL and 8.5 BL of each coating in the exposure test. For the wastewater exposure 

tests, membranes were immersed in beakers filled with wastewater, which was pre-screened 

with a 125 µm sieve to remove larger solids. Air circulation was ensured in each beaker to 

prevent microbial anaerobic fermentation. The exposure beakers were placed in the fume 

hood at room temperature for four days, the picture of the set-up is presented in Figure 13.  
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Figure 13. The set-up of the wastewater exposure experiment, where aeration is connected 

in each beaker. 

 

Each beaker contained two circular 37 cm2 pieces of the same membrane. PWP and neutral 

solute rejections of both parallel membrane pieces were measured before wastewater 

exposure. The other membrane piece was washed daily with both warm water and DI water 

to remove possible loosely attached biofilm, additionally its filtration properties; PWP and 

neutral solute rejection, were measured daily. After these measurements, the membrane 

piece was returned back to the wastewater. Another membrane piece remained in the 

wastewater for four days without washing, but after the four-day wastewater exposure, the 

membrane piece was washed and measured. This procedure was repeated for all the selected 

membranes. The flux where neutral solute rejections were measured was 20 L/(m2 h). 

Samples were taken from the membranes exposed to wastewater for scanning electron 

microscopy (SEM) and microscopy analysis to evaluate the membranes morphology and 

microbial resistance. The membranes were native RC10PE, 2.5 BL PDADMAC/PSS and 

2.5 BL PVAm/PAA coated RC10PE membrane. A sample was taken for analysis from the 

membrane before and after the six-day wastewater exposure.  
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5.6  Measurements of microbes on membrane surface 

The microbial resistance of coated membranes was evaluated with the adenosine 

triphosphate (ATP) [RLU, (relative light unit)] measurements as well. ATP is a universal 

energy molecule found in all organisms including microorganisms, and therefore the 

microbial contamination can be seen with ATP measurement (Hygiena, 2024).  The samples 

were collected from the membranes exposed to wastewater to quantify microbial presence 

on the membranes' surface. The measurements were conducted on native and TEMPO 

oxidised RC10PE, and on PDADMAC/PSS and PVAm/PAA assembled RC10PE 

membranes with 2.5 BL, 5.5 BL and 8.5 BL coatings.  

The Hygiena® EnSURE® Touch luminometer with Hygiena® UltraSnap® sampling test 

was utilised for the ATP measurements. The sampling cuvette contained liquid-stable 

luciferase/luciferin reagent for activating the sampling test. When the reagent is brought into 

contact with the ATP sample, light is emitted, which is in direct proportion to the amount of 

ATP present in the sample. The luminometer can measure the emitted light as relative light 

units [RLU], which describes the microbial contamination. (Hygiena, 2024) 

To measure the ATP, two different methods were developed and UltraSnap® sampling 

cuvette was utilised in both methods. In the first method, a piece of membrane (d = 4 mm) 

was cut and placed into the sampling cuvette, whereas in another method a pre-moistened 

swab was utilised that came with the sampling cuvette; the swab was pressed against the 

membrane’s active surface to collect the sample and then it was placed in the sampling test. 

The methods are called “piece” and “swab” later, when the results are discussed. The reagent 

was released to sampling test, shaken for 10 seconds, and then analysed in the luminometer 

within 30 seconds after reagent releasing.  

5.7  Wastewater filtration experiments 

The wastewater filtration experiment was conducted to evaluate the microbial resistance and 

the functionality of commercial and coated membranes. In the filtration a 4-cell flat-sheet 

crossflow filtration system was used (Figure 14), which consists of a membrane module of 

four parallel membrane cells, a feed tank with temperature adjustment by water circulation, 

a rotameter, permeate flux gauges for all membranes, inlet and outlet pressure gauges, a 
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pressure valve, a pump and an automatic flux data collector. The flow rate was adjusted to 

2 m/s, and the Reynolds number was over 3500, maintaining the desired turbulent flow. The 

flow channel dimensions are same for all cells: 500 mm x 40 mm x 2 mm (length x width x 

height).  

 

Figure 14. A 4-cell flat-sheet crossflow filtration system 

 

All the membranes in the filtration system had the same feed solution, and the permeate and 

retentate flows were recycled back to the feed tank. The permeate samples from each 

membrane were collected separately. 

For wastewater filtration two parallel 2.5 BL PVAm/PAA coatings for TEMPO oxidised 

RC10PE membrane were made and as reference membranes two commercial nanofiltration 

membranes were utilised: NFW and Desal-5 DK. The nanofiltration membranes’, NFW and 

Desal-5 DK, permeances were closer to the 2.5 BL PVAm/PAA coated RC10PE 

membrane’s permeance and therefore they were chosen as reference membranes for the 

wastewater filtration. 

The filtration performances of the chosen membranes were evaluated before and after adding 

the wastewater into the system. The pure water permeance, neutral solute and salt rejections 

were measured and always in this order to avoid the contamination of neutral solute samples. 

In the neutral solute solution ethylene glycol (0.06 kDa), glycerol (0.09 kDa), arabinose 

(0.15 kDa), sucrose (0.34 kDa) and raffinose (0.5 kDa) were added in addition to 1.5, 4, 8, 
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12 and 35 kDa PEGs, each at a concentration of 50 ppm. The flux where all neutral solute 

samples were collected was 20 L/(m2 h) to ensure the comparability of the results. For salt 

rejections, 2000 ppm NaCl and 2000 ppm MgSO4 were used to evaluate the filtration 

performance of the membranes and to define the classification of coated membranes by pore 

size. The salts were collected at the flux of 20 L/(m2 h). 

For wastewater filtration, the municipal wastewater was screened with a 125 µm sieve to 

remove larger solids before adding it into the filtration system. The wastewater filtration was 

processed for six days, and no additional wastewater was added to the system. Permeate 

samples from each membrane were collected daily, and flux measurements were conducted 

throughout the filtration period. The cross-flow velocity was set to 2 m/s and the temperature 

of the wastewater was set to approximately 17 °C.  

5.8  Analytical methods 

This chapter provides a detailed overview of the analytical methods employed throughout 

the study. Chemical analysis was conducted using iodometric titration, while the wastewater 

was examined via pH and conductivity measurements. Membrane surface characterisation 

involved surface charge measurements and two microscopy technologies. Additionally, 

conductivities, chromatographic data, and carbon content measurements were obtained from 

the filtration processes' feed, permeate, and concentrate samples. 

5.8.1  Iodometric titration 

Sodium hypochlorite is the primary oxidant in TEMPO-mediated oxidation; it degrades over 

time and thus decrease its concentration. Hence, it is essential to verify the concentration of 

the NaOCl solution before TEMPO-mediated oxidation to ensure the success of the 

oxidation process and its repeatability. The active chlorine content can be determined with 

iodometric titration based on the standard (ISO 7393-3:1990, 1990). 

The titration process consists of two phases. In the first phase, a NaOCl solution was 

prepared in the reaction flask, followed by the addition of KI, which changed the solution to 

yellowish. Subsequently, the pH of the reaction solution was adjusted with phosphoric acid 
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(0.87 M), and in the second phase, sodium thiosulfate solution was titrated into the reaction 

solution until it turned pale yellow. Starch was then added, causing the solution to change to 

a blue colour. The titration continued until the reaction solution became clear, indicating it 

had reached equilibrium, the colour change is seen in Figure 15. 

 

 

Figure 15. The reaction solution has reached its equilibrium and turned clear. 

 

By determining the quantity of thiosulfate solution consumed during the titration, the total 

chlorine concentration can be calculated using the following equation 5. 

𝑐(𝐶𝑙2) =
𝑐1∗𝑉1

2∗𝑉0
    (5) 

Where c1 is concentration of Na2S2O3 [mmol/L], V0 is volume of test portion [mL] and V1 is 

the volume of used Na2S2O3 solution in titration [mL]. 

5.8.2  Membrane characterisation: surface charge, cut-off, structure 

The surface charge of native, TEMPO oxidised, and 2.5 BL PVAm/PAA coated RC10PE 

membranes were measured using the SurPASS electrokinetic analyser (Anton Paar GmbH). 

Before the analysis, the membranes were thoroughly rinsed with pure water and then cut into 

10 mm x 20 mm pieces. These cut membrane pieces were attached to sample holders with 

using a double-sided tape and subsequently positioned inside a gap cell for measurements. 

The system was first rinsed with pure water, followed by 1 mM KCl solution when the gap 

between the membrane pieces was set approximately to 130 µm. The target pressure for 
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rinsing and measurements was maintained at 200 mbar. After thorough rinsing, the main 

KCl-solution (1 mM) pH was adjusted to 8 with KOH. During the measurement process, 

nitrogen gas was introduced into the KCl solution to prevent the dissolution of CO2. 

The automated system followed the following cycle of phases: titration using 0.05 M HCl 

solution, rinsing (160 s), streaming current measurements (20 s), and measurement ramps, 

continuing until pH 3 was reached in steps. Four successive measurement ramps were taken 

to determine the streaming current as an average in certain pH. From streaming current, the 

zeta-potential was calculated. The graph with average zeta potential data points can be made 

as a function of pH, where the changes in the membrane surface charge can be observed. 

The concentration of PEGs and neutral compounds in feed, concentrate, and permeate 

samples were analysed with a size-exclusion chromatography (SEC) using Agilent 

Technologies 1260 Infinity HPLC system with a refractive index detector (RID). The 

samples contained five PEGs and five neutral compounds, which each had differing molar 

masses. The samples were filtrated through a 0.2 µm regenerated cellulose filter before 

measurements. The used column was a Phenomenex 300 x 7.8 mm PolySep-GFC-P 3000, 

and the used eluent was deionised water. 

Scanning electron microscopy (Hitachi SU3500) was used to analyse the membrane’s 

surface morphology before and after the wastewater exposure test. As the EDS detector, 

Thermo Scientific UltraDry was utilised. The samples were vacuum dried and plated with 

gold for microscopy. The micrographs were captured using an acceleration voltage of 5 kV 

and a magnification of 5000x. 

The optical microscope (Olympus with Highlight 2100) was used to analyse the membranes 

surface morphology before and after the wastewater exposure test. The samples were 

collected after the wastewater exposure and were washed with warm water and DI water. 

The samples were stained with 0.1 % crystal violet solution; the membrane pieces were 

settled in the crystal-violet solution for 20 minutes and then rinsed with DI water. 

5.8.3  Analysis of wastewater: conductivity, pH, TOC, COD, IC, nutrients 

Conductivity measurements were taken from model salt solutions to determine their 

rejections. Additionally, the conductivity measurements were taken from wastewater and 
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from the wastewater filtration feed and permeate samples. The conductivity measurements 

were obtained using the Consort multi-parameter analyser’s conductivity meter. 

The pH was measured from the wastewater and from the wastewater filtration feed and 

permeate samples by using pH meter of Consort multi-parameter analyser. 

With Shimadzu TOC-L equipment total dissolved carbon was analysed from the samples 

according to standard SFS-EN 1484 (1997). Prior to measurements, the wastewater filtration 

feed and permeate samples were filtrated through regenerated cellulose filters, with a size of 

0.45 µm and then diluted. From TOC concentration results can be calculated TOC rejections, 

which can as well utilised to determine chemical oxygen demand (COD) with an 

experimental correlation. 

The COD was determined from wastewater filtration’s feed and permeate samples, to assess 

the functionality of membranes used in filtration. For COD measurements were used COD 

cuvettes (Hach) with range of 15-150 mg/(L O2) or 100-2000 mg/(L O2) depending on 

wastewater sample. In the cuvette, 2 mL of sample was added and placed in the heat bath 

for two hours at 148 °C. After two hours, the samples were set to room temperature, and the 

COD could be measured with VIS spectrophotometer (Hach). 

Ion chromatography was used to analyse anions and cations using Thermo Fisher ICS-1100 

equipment. According to standard SFS-EN ISO 10304-2, anions were analysed with an 

IonPac AG22 (4 x 50mm) + AS22 (4 x 250mm) column system and 4.5 mM Na2CO3 + 1.4 

mM NaHCO3 eluent. The standard SFS-EN ISO 14911 was accorded for cations analysis, 

and IonPac CG12A (4 x 50mm) and CS12A (4 x 250mm) columns were used and methane 

sulfonic acid as an eluent. 

Wastewater filtration’s feed and permeate samples were filtrated through 0.2 µm regenerated 

cellulose filters and diluted before IC measurement. From the results, the membranes 

functionality in wastewater filtration can be evaluated.  

The membranes functionality was evaluated with nutrient measurements of total 

phosphorous (total P) and total nitrogen (total N). After alkaline persulfate digestion, total P 

and total N concentrations were determined from the wastewater filtration feed and permeate 

samples spectrophotometrically with a Gallery Plus Discrete Analyzer (Thermo Fisher). 

Initially, in the glass combustion tubes were added 5 mL of sample, 200 µL of 2M NaOH, 

and approximately 100 mg of potassium persulfate. These sealed tubes were then incubated 



44 

 

in a 120-degree heat bath for one hour, after which the acidified samples were neutralised 

with 200 µL of 2M NaOH. The remaining solid was removed by filtering the samples 

through a 0.45 µm regenerated cellulose filter. Phosphorus concentrations were determined 

employing the ammonium molybdate method, while nitrogen concentrations were assessed 

using the hydrazine method, following SFS-ISO 15923-1:2018 (2018) standard protocol. 
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6  Results and discussion 

The primary objective of this study was to enhance the membrane’s resistance to microbes 

through surface modifications. Two different coatings with varying numbers of layers were 

applied on membranes and their filtration properties and resistance to microbes were 

characterised and compared. 

Two different coatings for cellulosic RC10PE membrane were made: PDADMAC/PSS and 

PVAm/PAA with 2.5, 5.5 and 8.5 bilayers. Before layer-by-layer deposition, the native 

RC10PE membrane was TEMPO oxidised to make the membrane surface more negatively 

charged so the polyelectrolyte coatings would more ideally adhere on the membrane surface. 

All PDADMAC/PSS and PVAm/PAA coatings had the same TEMPO oxidised base 

membrane, hence the coatings’ filtration and antimicrobial properties can be compared. 

When polyelectrolyte solutions for coatings were made, NaCl was utilised as a background 

salt for all coatings, except for 5.5 BL coating the PVAm and PAA solutions were made 

without background salt but with pH adjustment. 

6.1  General characteristics of the modified membranes 

With zeta potential the surface charge of membrane can be evaluated, and the effect of 

coating on the membrane can be seen from the results. The surface charge was measured 

from native RC10PE, tempo-oxidised RC10PE, and tempo-oxidised RC10PE with 2.5 BL 

PVAm/PAA coating (Figure 16). The positively charged polyelectrolyte PVAm has been 

the top bilayer. 
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Figure 16. Effect of TEMPO oxidation and coating on membrane’s surface charge. Surface 

charges were measured for native RC10PE, TEMPO oxidised RC10PE, and TEMPO 

oxidised RC10PE with 2.5 BL PVAm/PAA coating. 

 

Based on the datapoints shown in Figure 16, the TEMPO mediated oxidation process has 

resulted in a more negative surface charge for the RC10PE membrane, as predicted. Despite 

a positive PVAm layer on top of the membrane, the surface charge remains negative, 

indicating that the coating is not evenly distributed. These observations suggest that the 

surface charge of the coated membrane is partly determined by the charge of substrate, which 

is the TEMPO oxidised RC10PE in this case. This phenomenon is supported by the fact that 

the curves for RC10PE-tempo and 2.5 BL PVAm/PAA exhibit the same shape, with the 

coating only causing a decrease in the surface charge of the coated membrane. 

The membrane’s pure water permeance (PWP) is an essential part of the membrane 

characterisation and can be affected by the surface charge of membranes and coatings. 

Therefore, in Figure 17 it is evaluated how PDADMAC/PSS and PVAm/PAA, with their 

different numbers of bilayers, affect the permeance of native RC10PE membrane. 
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Figure 17. Permeances of native RC10PE, TEMPO oxidised RC10PE and TEMPO oxidised 

RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 8.5 bilayers. The 

5.5 BL PVAm/PAA coating have been made with two ways: with background salt NaCl as 

in the other coatings and with pH adjustment. Error bars represented as standard deviations. 

 

Both diagrams in Figure 17 illustrates that the number of bilayers has an impact on the 

membrane’s permeance. As the number of bilayers increases, the permeance decreases due 

to tightened active layer. The permeance of oxidised RC10PE has increased, which can be 

attributed to a more negative surface charge, making the membrane more hydrophilic and 

allowing the pure water to pass through more easily. In addition, one possible explanation is 

that the pores of the membrane were opened due to TEMPO oxidation. When 

PDADMAC/PSS and PVAm/PAA coatings are compared, the PVAm/PAA coatings, with 

different numbers of bilayers, significantly decrease the membrane permeance. This can be 

explained with a better attachment of polyelectrolytes. 

Parallel samples of the membranes were taken, and the replicability of the coatings can be 

assessed based on the error bars from the results. As Figure 17 shows, adding more bilayers 

on top of the membrane results in more significant heterogeneous in the PDADMAC/PSS 

coatings, while heterogeneous stayed the same in PVAm/PAA coatings. Notably, the 5.5 BL 

coating with pH adjustment was more homogeneous and had lower permeance than the other 

PVAm/PAA coatings where background salt was used. 

In addition to permeances and surface charges, the characterisation of the membrane can be 

assessed with the MWCO value, which is linked to the membrane’s pore size. The MWCO 

value can be determined from neutral solute rejections and hence, it can be utilised to 
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compare how the PDADMAC/PSS and PVAm/PAA coatings and the number of bilayers 

(2.5, 5.5 and 8.5 BL) affect the membranes’ MWCO value. The comparison of the MWCO 

values is presented in Figure 18. 

  

Figure 18. MWCO values of native RC10PE, TEMPO oxidised RC10PE and TEMPO 

oxidised RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 8.5 

bilayers. The 5.5 BL PVAm/PAA coating has been made in two ways: with background salt 

NaCl as in the other coatings and with pH adjustment. All PEGs and neutral solute, each 50 

ppm, were filtrated with the flux of 20 L/(m2 h), with 500 rpm mixing. Possible error bars 

represented as standard deviations.  

 

The bars in Figure 18 show how the MWCO values of PVAm/PAA coatings have decreased 

and stayed the same apart from the number of bilayers. The MWCO values of parallel 

PVAm/PAA samples could not be determined, because the PEG rejections did not achieve 

90 % rejection. Both the permeances (Figure 17) and MWCO values (Figure 18) of 

PVAm/PAA coatings have decreased when compared to native RC10PE, which indicate 

about tightened membrane character. On the contrary, the PDADMAC/PSS coatings’ 

MWCO values have increased when the number of bilayers has increased on the membrane 

(Figure 18). This phenomenon can be explained, when the behaviour of different molar mass 

(kDa) neutral solute rejections are compared between native and coated membranes results 

in Figure 19.  
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Figure 19. The PEG rejections of native RC10PE, TEMPO oxidised RC10PE and TEMPO 

oxidised RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 8.5 

bilayers. The 5.5 BL PVAm/PAA coating has been made in two ways: with background salt 

NaCl as in the other coatings and with pH adjustment. The solution of PEGs and sugar, each 

50 ppm, was filtrated with the flux of 20 L/(m2 h). The lines are included merely as a guide 

for the eye. 

 

From the PVAm/PAA coatings in Figure 19, can be seen how the increased number of 

bilayers decreases the rejections of PEGs with bigger molar mass, but at the same time the 

smaller PEGs and sugar are rejected better when compared to the native membrane. To 

determine the MWCO value, the rejections of PEGs must achieve 90 %, but as seen in Figure 

19, the rejection curves of PVAm/PAA coated membranes achieve 90 % rejection at higher 

molar masses later than the native membrane or not at all, because the additional bilayers 

decrease the positions of the rejection curves lower. This same phenomenon has happened 

with PDADMAC/PSS coatings, not so visibly, but it explains the increase of MWCO values 

when the bilayers are added in Figure 18. 

One possible explanation why the PEG rejections are decreased with coated membranes is 

presented in the article by Nieminen et al. (2024). The coating has possibly made the 

membrane’s surface rough, which has caused the decrease in crossflow velocity near the 

membrane’s surface, and thus enabled for linear PEG molecules to settle vertically and pass 

through the membrane (Nieminen et al., 2024).  
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6.2  Durability of modified membranes in wastewater exposure test 

With the wastewater exposure experiment, the durability of membranes was evaluated with 

filtration performance measurements, including pure water permeance and neutral solute 

rejections. The results of PDADMAC/PSS and PVAm/PAA coatings with different numbers 

of bilayers were compared to the native RC10PE membrane, in which case were assessed 

the effect of coatings to filtration performances and to the microbial amount on the 

membrane surface. Cationic polyelectrolyte PVAm has antimicrobial properties according 

to various studies (Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman et al., 2009), 

and with the wastewater exposure experiment, it is possible to see if the PVAm/PAA coating 

will make the membrane more resistant to microbes than more commonly used 

PDADMAC/PSS coating. 

6.2.1  Effect of wastewater exposure on the membranes’ properties 

With pure water permeances and neutral solute rejections the membranes properties were 

evaluated during the wastewater exposure test. The membranes were kept in wastewater for 

four days, while their pure water permeances were measured daily. The permeance results 

are presented as a function of time for each PDADMAC/PSS and PVAm/PAA coatings with 

different numbers of bilayers in Figure 20. The RC10PE membrane with TEMPO oxidation 

has been the base membrane for both coatings. 
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Figure 20. Pure water permeances of native RC10PE, TEMPO oxidised RC10PE and 

TEMPO oxidised RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 

8.5 bilayers measured daily during wastewater exposure experiment. The 5.5 BL 

PVAm/PAA coating was made in two ways: with background salt NaCl as in the other 

coatings and with pH adjustment. The solution of PEGs and sugar, each 50 ppm, was filtrated 

with the flux of 20 L/(m2 h). The lines are included merely as a guide for the eye. 

 

The substrate membranes, RC10PE, and TEMPO oxidised RC10PE have opened a little after 

the first day and after four days in wastewater, both membranes have opened entirely as seen 

in Figure 20. TEMPO oxidation did not seemingly make any difference to microbial 

resistance, but both coatings, PDADMAC/PSS and PVAm/PAA, have kept their permeances 

during the wastewater exposure, indicating that both coatings will make the substrate 

membranes more microbial resistant in wastewater.  

The 8.5 BL PDADMAC/PSS coating had the same permeance every day, but the permeances 

of 2.5 BL and 5.5 BL PDADMAC/PSS coatings changed during the wastewater exposure 

test. From this can be observed how the number of bilayers matters on the PDADMAC/PSS 

coatings and makes the membranes’ permeances more stable with the additional bilayers. 

The PVAm/PAA coatings have much lower permeances, and the changes in permeances are 

minor when compared to PDADMAC/PSS results. Based on this, the PVAm/PAA coatings 

will keep the membranes’ permeances stable apart from the number of bilayers. Notably, 

both 5.5 BL PVAm/PAA coatings with pH adjustment and background salt, keeps a 

considerably good permeance during the exposure test. 

In addition to permeance measurements, the neutral solute rejections were measured daily 

during the exposure test to assess the durability of membranes via their cut-off values and 
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rejections. The rejection results of PDADMAC/PSS and PVAm/PAA coatings can be 

compared, and microbial resistance evaluated. In Figure 21 is presented the 8 kDa PEG 

rejections of native and TEMPO oxidised RC10PE, and PDADMAC/PSS and PVAm/PAA 

coatings with 2.5, 5.5 and 8.5 BL. 

 

 

Figure 21. The 8 kDa PEG rejections of native RC10PE, TEMPO oxidised RC10PE and 

TEMPO oxidised RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 

8.5 bilayers were measured daily during wastewater exposure experiment. The 5.5 BL 

PVAm/PAA coating was made in two ways: with background salt NaCl as in the other 

coatings and with pH adjustment. The solution of PEG, 50 ppm, was filtrated with the flux 

of 20 L/(m2 h). The lines are included merely as a guide for the eye. 

 

The 8 kDa PEG rejections of native and TEMPO oxidised RC10PE membranes have 

decreased after the first day (Figure 21), while their permeances increased in Figure 20, 

which would indicate the microbial degradation of the membranes (Figure 21). Both coatings 

on membranes have kept the 8 kDa PEG rejections high after the first three days, as well as 
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the permeances quite steady (Figure 20), in which case can be said that the both coatings, 

PDADMAC/PSS and PVAM/PAA, will make the cellulosic RC10PE membrane more 

microbial resistant.  

When PDADAMC/PSS and PVAm/PAA coatings are compared, the differences can be 

noticed after the fourth day, when the rejection of PDADMAC/PSS have decreased with 

each number of bilayers (Figure 21). Meanwhile the PVAm/PAA coatings with every 

number of bilayers still have kept the 8 kDa rejections quite high. It can be concluded that 

the PVAm/PAA coating make the membrane more resistant to microbes than 

PDADMAC/PSS coating. 

When PVAm/PAA coatings are examined more closely from Figure 21, odd behaviour of 

PEG rejections in the 8.5 BL coating can be noticed, which can possibly be explained with 

the surface roughness. In addition, the 2.5 BL PVAm/PAA coatings’ PEG rejections lightly 

decreased during the exposure test, whereas the 5.5 BL (NaCl) rejections remained steady. 

It was found that the number of bilayers has a slight effect on the PVAm/PAA coatings’ 

PEG rejections but does not affect the permeances (Figure 20). 

In addition to 8 kDa PEG rejections, the MWCO value changes during the wastewater 

exposure test were evaluated and the results are presented in Figure 22. for PDADMAC/PSS 

coatings and in Figure 23 for PVAm/PAA coatings as a function of time. The MWCO values 

can only be evaluated to 35 kDa, because PEGs with bigger molas mass have not been used 

in these filtrations. If the membrane’s MWCO value cannot be defined below 35 kDa, an 

arrow is presented.



54 

 

 

Figure 22. MWCO value changes during the wastewater exposure test of native RC10PE, 

TEMPO oxidised RC10PE and TEMPO oxidised RC10PE coated with PDADMAC/PSS 

with 2.5, 5.5 and 8.5 bilayers. The solution of PEGs, each 50 ppm, was filtrated with the flux 

of 20 L/(m2 h). The arrow describes the membrane’s MWCO value, which could not been 

determined, because the PEG rejections did not achieve 90 % rejection.  

 

As previously seen with native and TEMPO oxidised RC10PE membranes permeances 

(Figure 20) and 8 kDa PEG rejections (Figure 21.), the biggest changes happen after the first 

day. The MWCO value results (Figure 22.) are repeating the same pattern, where membranes 

cut-off values increased notably after the first day and cannot be assessed further. From all 

of this it can be said that the microbes have degraded the native and TEMPO oxidised 

RC10PE membrane rather fast.  

The PDADMAC/PSS coating will keep the membranes from opening for a little longer, but 

after the fourth day (Figure 22.), all PDADMAC/PSS coated membranes have been opened 

and thus possibly degraded by microbes. The 8.5 BL PDADAMC/PSS coated membrane 

kept its permeance most stable (Figure 20) during the wastewater exposure and the same can 

be seen from its MWCO values (Figure 22.), when it remained the cut-off values the first 

three days better than the other PDADMAC/PSS coatings with different number of bilayers. 

It is complicated to evaluate how the number of bilayers in PDADMAC/PSS coatings affects 

the microbial resistance of coated membrane, but presumably, the more there are bilayers, 
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the better the microbial resistance of PDADMAC/PSS coated membrane is. Probably, the 

bilayers prevent microbes from reaching the membrane surface and hence make the 

PDADMAC/PSS coated membranes last longer in wastewater than native or TEMPO 

oxidised RC10PE due to anti-adhesive process. 

 

 

Figure 23. MWCO value changes during the wastewater exposure test of native RC10PE, 

TEMPO oxidised RC10PE and TEMPO oxidised RC10PE coated with PVAm/PAA with 

2.5, 5.5 and 8.5 bilayers. The 5.5 BL PVAm/PAA coating was made in two ways: with 

background salt NaCl as in the other coatings and with pH adjustment. The solution of 

neutral solute, each 50 ppm, was filtrated with the flux of 20 L/(m2 h). The arrow describes 

the membrane’s MWCO value, which could not be determined, because the PEG rejections 

did not achieve 90 % rejection. 

 

From Figure 23 is seen how all the PVAm/PAA coatings have kept their MWCO values 

measurable. The permeances stayed the same in PVAm/PAA coatings with each number of 

bilayers (Figure 20), but the MWCO values increased (Figure 242), which may indicate of 

biofilm formation. When the MWCO values of PDADMAC/PSS (Figure 22.) and the 

PVAm/PAA coatings are compared, can be seen how considerably more microbial resistant 

the PVAm/PAA coated membranes are. Notably, both 5.5 BL PVAm/PAA coatings (NaCl 

and pH) have sustained their cut-off the same during the whole exposure experiment, while 
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these coatings stability was already noted with 8 kDa PEG rejection (Figure 21.) and 

permeances (Figure 20).  

6.2.2  Effect of daily washing to membranes performances 

During the wastewater exposure experiment the filtration properties of two parallel samples 

of each membrane were measured including the pure water permeances and neutral solute 

rejections. The other membrane piece was washed and measured daily during the four-day 

wastewater exposure test, but another piece was only washed and measured on the first and 

the last day of exposure test. These pieces are called “washed” and “unwashed”. The effect 

of daily washing could be assessed from the comparison of washed and unwashed 

membranes’ results. In the diagrams in Figure 24, the first day pure water permeances of 

each membrane were normalized to zero and the permeances of the washed and unwashed 

membranes after the exposure test are presented as a change in percentage, while comparing 

to the first day’s results. 

 

 

Figure 24. Changes on pure water permeances (PWP). Results of native RC10PE, TEMPO 

oxidised RC10PE and coated TEMPO oxidised RC10PE with PDADMAC/PSS and 

PVAm/PAA with 2.5, 5.5 and 8.5 bilayers are seen for daily washed piece and for the piece 

that remained in wastewater unwashed for four days. The 5.5 BL PVAm/PAA coating was 

made in two ways: with background salt NaCl as in the other coatings and with pH 

adjustment. 
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From Figure 24 can be seen how great the impact of daily washing has on native RC10PE 

membrane permeance, thus making it remaining longer in wastewater. On the contrary, for 

the TEMPO oxidised membrane the daily washing does not have such a big effect. Overall, 

the native and TEMPO oxidised RC10PE membranes have much higher PWP changes (%) 

when compared to coated ones. 

All PDADMAC/PSS coated membranes’ permeances have decreased as seen in Figure 24, 

which indicates that biofilms have formed on the membranes’ surfaces, while the PWP of 

unwashed PDADMAC/PSS membranes have decreased even further with more bilayers. 

The permeances of unwashed PVAm/PAA membranes have increased, while the washed 

membranes permeances have decreased (Figure 24), but as seen earlier in Figure 20. Pure 

water permeances of native RC10PE, TEMPO oxidised RC10PE and TEMPO oxidised 

RC10PE coated with PDADMAC/PSS and PVAm/PAA with 2.5, 5.5 and 8.5 bilayers 

measured daily during wastewater exposure experiment. The 5.5 BL PVAm/PAA coating 

was made in two ways: with background salt NaCl as in the other coatings and with pH 

adjustment. The solution of PEGs and sugar, each 50 ppm, was filtrated with the flux of 20 

L/(m2 h). The lines are included merely as a guide for the eye., the permeance changes of 

washed PVAm/PAA membranes were minor. As a conclusion from permeance results can 

be said that daily washing is desirable for PVAm/PAA coatings, but for PDADMAC/PSS 

coatings there is not a notable effect. In both coatings the unwashed 2.5 BL has kept the pure 

water permeances most stable.  

The effect of washing can be also roughly assessed from the look of the exposed membranes 

surface in addition to the other methods. Here the native RC10PE, 2.5 BL PDADMAC/PSS 

and 2.5 BL PVAm/PAA coated RC10PE membranes were exposed to wastewater for four 

days, after which all membranes were washed with warm and DI water, and pictures of the 

membranes were taken. The pictures are presented in Figure 255, the membranes above were 

washed daily during the wastewater exposure test, while the membranes below were kept in 

wastewater without washing for four days. 
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Figure 25. Pictures of membranes after the four-day wastewater exposure experiment (day 

4), membranes above were washed daily and membranes below were kept in wastewater 

without washing. The RC10PE membrane is the base membrane for both coatings. The 

“unwashed” membranes were washed on the fourth day before taking the picture. 

 

Figure 25 shows that all unwashed membranes have some dirt on their surfaces, but the 

2.5 BL PVAm/PAA coated membrane has the least. From daily washed membranes the 

native RC10PE and the PVAm/PAA coated membranes are the cleanest ones. PVAm/PAA 

coating seemingly does not accumulate biofilm on its surface, which might be explained 

with its claimed antimicrobial properties (Illergård et al., 2012, 2015; Ottenhall et al., 2018; 

Westman et al., 2009). 

In addition to permeance measurements and taken pictures, the PEG rejections were also 

utilised to assess the effect of washing on membranes. The MWCO values could not be 

determined for all the membranes, so the 8 kDa PEG rejections were used to evaluate the 

effect of daily washing. The 8 kDa PEG rejections of washed and unwashed membranes 

before (day 0) and after (day 4) the wastewater exposure test have been presented in Figure 

26 for PDADMAC/PSS coated membranes and in Figure 27. for PVAm/PAA coated 

membranes. 
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Figure 26. The 8 kDa PEG rejections of native RC10PE, TEMPO oxidised RC10PE and 

TEMPO oxidised RC10PE coated with PDADMAC/PSS with 2.5, 5.5 and 8.5 bilayers 

before (day 0) and after (day 4) the wastewater exposure experiment. The solution of PEGs, 

each 50 ppm, was filtrated with the flux of 20 L/(m2 h). 

 

For native and TEMPO oxidised RC10PE, the washing has increased their 8 kDa PEG 

rejection after the exposure test, but the rejections have still decreased notably as seen in 

Figure 26. The PDADMAC/PSS coatings have helped to remain the rejections higher, but 

the unwashing has remained better the rejections of 5.5 BL and 8.5 BL coated membranes. 

The possibility of biofilm formation was noted from the decreased permeance results of 

PDADMAC/PSS membranes (Figure 25) and the better PEG rejection of PDADMAC/PSS 

coatings (Figure 26), which also refers to possible biofilm. In literature Chomiak et al. (2015) 

describe in their article how thin biofilm may help with the rejections. Based on this, can be 

speculated that without washing the PDADMAC/PSS coated membranes sustain its filtration 

properties better than washed membranes due to greater biofilm formation, which seemingly 

has helped to keep the rejections of unwashed membrane higher. In addition, the increasing 

number of bilayers would seem to help the unwashed membrane to keep its rejections higher. 

From Figure 26 the PDADMAC/PSS coatings homogeneity can be evaluated. The washed 

and unwashed membranes before (day 0) wastewater exposure test are parallel samples, and 

their PEG rejections are quite similar, which indicates that the coating is homogenous. 
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Figure 27. The 8 kDa PEG rejections of native RC10PE, TEMPO oxidised RC10PE and 

TEMPO oxidised RC10PE coated with PVAm/PAA with 2.5, 5.5 and 8.5 bilayers before 

(day 0) and after (day 4) the wastewater exposure experiment. The 5.5 BL PVAm/PAA 

coating was made in two ways: with background salt NaCl as in the other coatings and with 

pH adjustment. The solution of neutral solute, 50 ppm, was filtrated with the flux of 

20 L/(m2 h). 

 

Prior to result discussion, the heterogeneous of the PVAm/PAA coatings has to be 

emphasised. The washed and unwashed membrane samples before (day 0) wastewater 

exposure test are parallel samples. Each coating was made on one larger piece of membrane, 

where were cut parallel membrane samples. There were assumed that the parallel samples 

have similar properties, but as seen in Figure 27, the PVAm/PAA coatings seem rather 

heterogeneously formed. The only exception is the 5.5 BL coating with the pH adjustment. 

In the future, the coating method should be improved for even coatings. 

Anyhow, all PVAm/PAA coated membranes have sustained their PEG rejections quite well 

when the rejections between day 0 and day 4 are compared and some rejections have got 

even higher after the wastewater exposure test (Figure 27). It is complicated to assess the 

effect of daily washing during the wastewater exposure on PVAm/PAA coated membranes 

based on PEG rejection results. This is due to the hetergeneous of coatings, but overall, the 

rejections are sustained significantly better by the PVAm/PAA coated membranes (Figure 

27.) than by the native RC10PE or PDADMAC/PSS coatings (Figure 26). 
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The 5.5 BL PVAm/PAA coating with the pH adjustment has shown rather good properties 

along the results and therefore a little summary is in order. As previously noticed, 5.5 BL 

PVAm/PAA coated membrane with background salt and with the pH adjustment had more 

stable filtration performances throughout the wastewater exposure test than the other 

PVAm/PAA coatings: the pure water permeances (Figure 20) and MWCO values (Figure 

23) remained the same during the exposure test. However, the biggest difference between 

5.5 BL PVAm/PAA pH and NaCl coatings are the higher neutral model solute rejection 

(Figure 19) with the pH adjusted coating as well as the coating homogeneity (Figure 27). As 

a conclusion, this layer-by-layer method where polyelectrolyte solutions are prepared with 

pH adjustments seems to be promising alternative for PVAm/PAA assemblies, as well as 5.5 

bilayers for PVAm/PAA coatings, with background salt or with the pH adjustment. 

6.2.3  Morphology of wastewater exposed membranes 

The morphology of membranes was analysed with SEM and an optical microscope to 

evaluate, how the wastewater exposure has affected the membranes surface morphology and 

have the coatings made the cellulosic RC10PE membrane resistant to microbes. The 

morphology of native RC10PE and 2.5 BL PDADMAC/PSS and 2.5 BL PVAm/PAA coated 

RC10PE membranes were analysed. These membranes were kept in wastewater for six days 

unwashed, after which the membrane pieces were rinsed with warm water and DI water, and 

eventually the pieces were stained for optical microscopy. For the optical microscope an 

unstained piece of native RC10PE membrane was taken as a reference membrane, which 

was not exposed to wastewater. The results are seen in Figure 28. Microscopy photos of 

reference membrane RC10PE’s active and support layer, and photos of stained membranes 

exposed to wastewater for six days: native RC10PE, 2.5 BL PDADMAC/PSS and 2.5 BL 

PVAm/PAA coated TEMPO oxidised RC10PE membranes. Close-up from 

PDADMAC/PSS 2.5 BL membranes’ detailed surface as well presented.. 
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Figure 28. Microscopy photos of reference membrane RC10PE’s active and support layer, 

and photos of stained membranes exposed to wastewater for six days: native RC10PE, 2.5 

BL PDADMAC/PSS and 2.5 BL PVAm/PAA coated TEMPO oxidised RC10PE 

membranes. Close-up from PDADMAC/PSS 2.5 BL membranes’ detailed surface as well 

presented.  

 

As seen in Figure 28, the active layer of the RC10PE reference membrane is even and little 

pores can be seen, which are present in the membranes structure. The support layer of the 

native RC10PE membrane is formed of long fibres, and from the close-up of the exposed 

2.5 BL PDADMAC/PSS membrane some fibrous structure can be seen. This is probably the 

fibrous support layer, which can be seen after the microorganisms have partially degraded 

the membranes active layer. Same kind of light toned, fibrous spots can be seen in exposed 

RC10PE, and exposed 2.5 BL PDADMAC/PSS coated membranes indicating severe 

1 mm 200 µm 

1 mm 1 mm 

1 mm 200 µm 

RC10PE: active layer RC10PE: support layer 

RC10PE  PVAm/PAA 2.5 BL 

PDADMAC/PSS 2.5 BL PDADMAC/PSS 2.5 BL: close-up 



63 

 

degradation. The 2.5 BL PVAm/PAA membrane does not have any light toned spots; in 

which case it has not possibly been degraded. On all exposed membranes surfaces black 

spots can be seen, which are probably microbial excreta or microorganisms themselves. 

To analyse the membranes morphology after the wastewater exposure, the SEM micrographs 

were taken in addition to optical microscopy. The SEM results of native RC10PE, 2.5 BL 

PDADMAC/PSS and 2.5 BL PVAm/PAA coated RC10PE membranes are presented in 

Figure 29. 

 

 

 

Figure 29. SEM microscopy photos of RC10PE, 2.5 BL PDADMAC/PSS and 2.5 BL 

PVAm/PAA coated TEMPO oxidised RC10PE membranes with 5000-fold magnification. 

 

In the SEM photos from Figure 29 microbes can be seen on the surface of native and 2.5 BL 

PDADMAC/PSS coated RC10PE membranes, but on the surface of 2.5 BL PVAm/PAA 

coated RC10PE membrane, there are no microbes clearly seen. On the surface of 

PVAm/PAA coated membrane is some filamentous material, which can be the coating itself 
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or when the antimicrobial properties of PVAm are noticed from literature, the material on 

the membrane’s surface presumably has come from inside the bacteria after the bacterial cell 

death (Illergård et al., 2012, 2015; Ottenhall et al., 2018; Westman et al., 2009). Based on 

the microscopy images from SEM and optical microscopy, the PVAm has possible 

antimicrobial properties and hence there has been success in making the cellulosic RC10PE 

membrane resistant to microbes with PVAm/PAA coating.  

6.3  Effect of coatings to microbial activity on membranes’ surface 

The ATP [RLU] was measured on membranes’ surface daily during the wastewater exposure 

experiment. The ATP measurements were taken with two different methods: with cut pieces 

taken from the membranes and with swab tests from the membranes’ surface. With ATP 

measurements could be assessed the effect of coatings to microbial activity on membranes’ 

surface. 

The effect of coating material on the number of microbes on membranes’ surface was 

evaluated for native RC10PE membrane, and TEMPO oxidised RC10PE with 2.5 BL 

PDADMAC/PSS and 2.5 BL PVAm/PAA coatings. The “swab” and “piece” tests were 

taken from the same membrane piece and the exposure test was made at the same time for 

all the membranes; hence the wastewater was from the same batch and same for all. The 

results are seen in Figure 30 with a logarithmic scale due to exponential growth of microbes 

(Smil, 2019). 
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Figure 30. ATP results from “swab” and “piece” methods during the six-day wastewater 

exposure experiment for native RC10PE membrane, and for TEMPO oxidised RC10PE with 

2.5 BL PDADMAC/PSS and 2.5 BL PVAm/PAA coatings. The area of “piece” samples was 

4 mm. Possible error bars represented as standard deviations.  

 

When the ATP results of “swab” and “piece” methods in Figure 30. are evaluated, the results 

are quite similar apart the used method. In addition, the coating material does not notably 

affect the microbial amount on the membranes’ surface, while there are quite similar number 

of microbes on each membranes’ surface. According to literature, the PVAm/PAA coated 

membrane was supposed to have antimicrobial properties, but that cannot be assessed with 

these ATP measurements, because ATP does not make any difference between living and 

dead microbes. 
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The effect of bilayers is assessed with the ATP measurements from cut pieces of membranes 

during the exposure experiment. Two sample pieces from different spots on the washed 

membrane’s surfaces were taken for one ATP measurement. The measurements were done 

for native and TEMPO oxidised RC10PE and for PDADMAC/PSS and PVAm/PAA 

coatings with 2.5, 5.5, and 8.5 bilayers. The results are shown in Figure 31 with logarithmic 

scale due the exponential microbial growth. The exposure tests for both coatings have not 

been made with the same batch of wastewater, which may affect the results. 

 

 

 

Figure 31. ATP results from “piece” test during the four-day wastewater exposure 

experiment for native and TEMPO oxidised RC10PE, and for PDADMAC/PSS and 

PVAm/PAA coatings with 2.5, 5.5, and 8.5 bilayers. The 5.5 BL PVAm/PAA coating was 

made in two ways: with background salt NaCl as in the other coatings and with pH 

adjustment. Two sample pieces from different spots on the membrane’s surface were taken 

for one ATP measurement. 
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From Figure 31. can be seen how the number of bilayers in PDADAMC/PSS coatings does 

not affect the ATP results, but with the PVAm/PAA coatings the more there are bilayers the 

more the ATP amount has increased. In addition to this, in both exposure tests can be seen 

the same pattern: after the first day the biggest growth has happened and after the second 

day the ATP levels have stayed at the same level.  

The presented membranes in Figure 31. have parallel samples, whose permeances and PEG 

rejections have been measured daily. Based on their results, the effect of the microbes to the 

membranes’ properties can be assessed. After the first day the permeances of native and 

TEMPO oxidised RC10PE membranes have increased (Figure 20) and vice versa the PEG 

rejections have decreased (Figure 21.). This can be explained with the notable increase of 

microbes in first day as seen in Figure 31. which probably has led to microbial degradation 

of membranes. The same microbial increase has happened to every other membrane as well, 

but the PDADMAC/PSS and PVAm/PAA coated membranes have kept their filtration 

properties apart the microbial load. The amount of ATP (Figure 31.) is lower in 

PDADMAC/PSS exposure test (< 10 000 RLU) than in PVAm/PAA exposure test (> 10 000 

RLU), but still the PVAm/PAA coatings have sustained the membranes’ functionalities 

longer and better than PDADMAC/PSS coatings. This can be seen in the results of 

permeances (Figure 20) and rejections (Figure 21.); the permeances did not change and 

neutral solute rejections remained higher with PVAm/PAA coatings. 

6.3.1  Comparison of ATP measurement methods 

Two different methods have been used; “swab” and “piece”, to measure the ATP value from 

the membranes’ surface. Next, these two methods are compared, and the repeatability of the 

methods are evaluated. In Figure 30., where native RC10PE, 2.5 BL PDADMAC/PSS and 

2.5 BL PVAm/PAA coated membranes ATP “swab” and “piece” measurement were taken 

daily to assess the effect of coating, two parallel samples with both methods were taken. But 

to test both methods repeatability, on the third day of the wastewater exposure test was taken 

five parallel samples with each method. In Figure 32 the ATP results of five parallel samples 

from “swab” and “piece” tests are shown. 
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Figure 32. Five parallel samples taken with “swab” and “piece” methods to evaluate the 

methods repeatability for the ATP measurements. Samples taken from native RC10PE 

membrane, and for TEMPO oxidised RC10PE with 2.5 BL PDADMAC/PSS and 2.5 BL 

PVAm/PAA coatings. 

 

The samples were taken arbitrarily from different parts of the membrane, and as seen in 

Figure 32, there was variance in the results of parallel samples. Therefore, microorganisms 

do not attach on the membranes’ surface evenly, and naturally this is seen as variance in the 

parallel ATP results. Although there is some variance in the results, the magnitude remains 

roughly the same, but the parallel samples are still recommended to take. From Figure 32 

the “swab” and “piece” methods’ relative errors are presented in Figure 33 to compare the 

methods repeatability and errors magnitude. 
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Figure 33. Relative errors between the “swab” and “piece” methods for native RC10PE 

membrane, and for TEMPO oxidised RC10PE with 2.5 BL PDADMAC/PSS and 2.5 BL 

PVAm/PAA coatings. 

 

From Figure 33 can be seen how the errors (%) in “swab” and “piece” methods are quite 

close to each other (< 20 %) in every membrane. Generally, the piece method seems to have 

bigger errors, but microbes grow exponentially in which case the accuracy of the microbe 

measurement is surprisingly adequate for both methods. Based on these findings, both 

methods are quite adequate, but with the “piece” method the area of the sample is obtained 

as a constant. The “swab” method uses the swab testers, but there might be some differences 

in how pre-moistened the swab is, which directly affect the area of the swab. Overall, big 

differences between the methods were not obtained and the repeatability of both methods is 

quite sufficient with the given circumstances. Further research is still proposed for sample 

taken protocol to ensure the repeatability. 

6.4  Utilising modified membranes in wastewater filtration 

Based on the results of wastewater exposure tests, the PVAm/PAA coating was chosen for 

wastewater filtration, because the membranes with PVAm/PAA coatings sustained their 

filtration performances in wastewater. The PVAm/PAA coating seemingly protected the 

membrane more than PDADMAC/PSS coating, which can be concluded from surface 

morphology analysis (Figure 29), because the PVAm/PAA coated membrane was not 
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seemingly degraded. For the number of bilayers in PVAm/PAA coating was chosen 2.5, 

because the 2.5 BL PVAm/PAA coated membrane retained its permeances best, when it was 

kept in wastewater unwashed for four days (Figure 24. ), and additionally, as a curiosity to 

see, if the 2.5 bilayers are enough to make RC10PE retain its properties in wastewater 

filtration without additional layers.  

The native RC10PE had much higher pure water permeance than the 2.5 BL PVAm/PAA 

coated RC10PE membrane and hence it could not be taken for the wastewater filtration as a 

reference membrane, because then the pressure would not be divided equally to all 

membranes in the system. Therefore, commercial Desal-5 DK and NFW nanofiltration 

membranes were chosen as reference membranes and for the filtration were made two 

parallel 2.5 BL PVAm/PAA coatings for TEMPO oxidised RC10PE membrane. The fluxes 

of membranes during the five-day wastewater filtration are seen in Figure 34, the dotted lines 

are only for clarifying the change of fluxes and are not meant to show the exact trends.  

 

 

Figure 34. Fluxes during the five-day wastewater filtration of two parallel 2.5 BL 

PVAm/PAA coated TEMPO oxidised RC10PE membranes, and of commercial Desal-5 DK 

and NFW. The parameters for wastewater filtration were set as followed: flowrate 2 m/s, 

temperature 17 °C and pressure ~ 4 bar. 

 

During the first day the fluxes of coated membranes have increased as seen in Figure 34, but 

after that the fluxes decrease evenly. The first day increase in flux of 2.5 BL (2) coated 
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membrane is probably due to measurement errors. When the first and last flux data points 

are compared from each membrane, the fluxes have sustained at the same level.  

6.4.1  Modified membranes’ suitability for wastewater filtration 

Permeate and feed samples were collected daily to follow the membranes filtration 

performances during the wastewater filtration. With the cross-flow system it was assumed 

that the flow is high enough to mix the wastewater in the feed tank, but when the feed tank 

was emptied after finishing the wastewater filtration, the wastewater at the bottom of the 

feed tank was darker, in which case was assumed that some settling has happened. From the 

feed and permeate samples’ conductivities (Figure 35) can be assessed the feed 

concentration and its possible changes due to settling. 

 

 

Figure 35. Feed and permeate samples’ conductivities of Desal-5 DK, NFW, and two parallel 

2.5 BL PVAm/PAA coated RC10PE membranes during the five-day wastewater filtration. 

 

As seen in Figure 35, the conductivities remained at the same level during the whole 

wastewater filtration, in which case the possible settling is not seen from conductivity results, 

because the settled material is mainly organic solid matter. The 2.5 BL PVAm/PAA coated 
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membranes permeate samples’ conductivities are higher than commercial membranes 

conductivities, but they can still keep the conductivity at the same level, just like the 

commercial membranes. If microbial degradation of the membrane happens, the 

conductivity of permeate samples would be the same as in feed samples. 

Next the 2.5 BL PVAm/PAA membranes are evaluated to see, if they can work in real 

wastewater treatment according to the environmental permit and its allowed maximum 

concentrations for outgoing purified wastewater (Aluehallintovirasto, 2015). In Figure 36 

the COD and total phosphorus (total P) results from permeate and feed samples during the 

wastewater filtration are presented, and the maximum concentrations from environmental 

permit have also been presented there. 

 

 

Figure 36. COD and total phosphorus results from permeate and feed samples of Desal-5 

DK, NFW, and two parallel 2.5 BL PVAm/PAA coated RC10PE membranes during the 

five-day wastewater filtration. The environmental permit’s (Aluehallintovirasto, 2015) 

granted maximum concentrations for outgoing purified wastewater are presented with dotted 

lines. 

 

As seen from Figure 36 the feed results of COD have decreased during the five-day filtration, 

which can be explained with the possible settling. After the first day the permeate samples’ 

COD results have gone under the maximum concentrations allowed by environmental 

permit, in which case all the membranes are qualified. With the total phosphorus being the 

same, the permeate concentrations go under the maximum after the first day, but after the 
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fourth day the coated membranes’ concentrations have increased. This might indicate that 

the 2.5 BL PVAm/PAA coated membranes do not last longer than three days under the given 

values of environmental permit, when the same wastewater is used, and any new wastewater 

is not added to the filtration system. 

For further studies, the wastewater filtration with native RC10PE membrane should be done, 

so the results from the wastewater filtration made in this study can be compared, hence the 

coatings functionality as microbial resistant layer can be confirmed. From exposure test 

results of permeance (Figure 20) and MWCO (Figure 22), were already seen how the native 

RC10PE has no antimicrobial properties. Therefore, it would be interesting to see the 

behaviour of the native RC10PE in wastewater filtration and compare the results to 2.5 BL 

PVAm/PAA coated RC10PE. 

6.4.1  Membranes’ filtration properties change after wastewater filtration 

The point of wastewater filtration was to solve how the membranes, and especially the coated 

membranes, will behave during the filtration and how their properties will change after the 

wastewater filtration. To assess the membranes’ filtration performance, the pure water 

permeances and rejections of 8 kDa PEG, MgCl2 and NaCl were measured before and after 

the wastewater filtration. The results are presented in Figure 37. 
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Figure 37. The filtration performances before and after the wastewater filtration of Desal-5 

DK, NFW, and two parallel 2.5 BL PVAm/PAA coated RC10PE membranes. The 50 ppm 

solution of 8 kDa PEG was filtrated with the flux of 20 L/(m2 h), the solution of MgSO4 

2000 ppm and NaCl were filtrated with the flux of 20 L/(m2 h). 

 

The first thing to notice from Figure 37 is that all “before” results of 2.5 BL PVAm/PAA 

coated membranes are quite close to each other, in which case the coatings have been made 

homogeneously and the coating process is repeatable. From the permeance results it can be 

seen how the coated membranes’ permeances decrease, which is probably caused by biofilm, 

as previously assumed from flux decreasing in Figure 34. The flux and permeance of 

commercial Desal-5 DK and NFW membranes have been approximately the same. The 

commercial membranes have kept the 8 kDa PEG rejections the same as well, but the coated 

membranes 8 kDa PEG rejections has increased after the filtration. This same phenomenon 

is seen in MgSO4 and NaCl salt rejections for both commercial and coated membranes, in 

which case biofilms have been formed on each membranes surface, which cause the 
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rejections to increase. The biofilms on the commercial membranes were not seen in the 

fluxes nor permeances, but the increased rejection tells that there is also a biofilm on top of 

the Desal-5 DK and NFW membranes. 



76 

 

7  Conclusions  

The main target of this work was to modify the cellulosic RC10PE membrane more 

microbial resistant with the layer-by-layer polyelectrolyte coatings. In literature (Illergård et 

al., 2012, 2015; Ottenhall et al., 2018; Westman et al., 2009) the PVAm polyelectrolyte was 

reported to have antimicrobial properties, and therefore it was chosen for the membrane 

modifications with PAA. As a reference coating a generally used PDADMAC/PSS 

polyelectrolyte coating with not known antimicrobial properties was chosen.  

The microbial resistance of cellulosic membranes was succeeded to enhance with both 

PDADMAC/PSS and PVAm/PAA coatings, and especially the PVAm/PAA coating 

enhanced cellulosic RC10PE membrane’s microbial resistance notably. In wastewater 

exposure test the membranes were kept in wastewater for several days, and the native 

RC10PE’s filtration performances decreased dramatically just after one day, while 

PVAm/PAA coated membrane retained its performance during several days. 

PDADMAC/PSS coating also helped the membrane to retain its performance, but not as well 

as the PVAm/PAA coating. 

From the wastewater exposure test it was observed that the PVAm/PAA coating enhanced 

the membrane’s microbial resistance, therefore the PVAm/PAA coated cellulosic membrane 

was chosen to be tested in wastewater filtration. During the five-days wastewater filtration, 

the PVAm/PAA coated membrane retained its filtration properties and in the first three days 

the permeate samples’ COD and total phosphorous concentrations were under the given 

maximum concentration determined in the environmental permit. Overall, the PVAm/PAA 

coating has shown a good microbial resistance and kept the membrane’s filtration 

performances, thus this coatings utilisation for wastewater filtration membranes should be 

studied more. 

The disadvantage of PVAm/PAA coatings was the heterogeneous of the prepared coatings. 

All polyelectrolyte solutions for PVAm/PAA coatings were made with background salt, 

except for one coating; where polyelectrolyte solutions were made without background salt, 

but with the pH adjustment. The PVAm/PAA coating with pH adjustment had the most 

homogeneous coatings, and therefore this method should be utilised when polyelectrolyte 

solutions are prepared for PVAm/PAA coatings. 
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In this study two methods to measure microbial contamination on membrane’s surface were 

developed: “swab” and “piece” methods. For both methods the UltraSnap® sampling test 

was utilised for the analysis with luminometer. The methods were used to evaluate the 

microbial load on the membranes’ surface due to wastewater exposure and at the same time 

the functionality and repeatability of the sampling methods were assessed. Apart from the 

fact that the samples were taken arbitrarily from different parts of the membrane, the 

repeatability of both methods were quite sufficient with the given circumstances. Overall, 

big differences between the methods were not obtained, but further research for the sampling 

protocol should be done to ensure the results’ repeatability even better. 

All in all, the PVAm/PAA coating is an excellent alternative for protecting cellulosic 

membranes from microbial degradation, and its possibilities in wastewater filtration should 

be investigated further. In addition, the PVAm and PAA polyelectrolytes are sustainable 

materials to be used in coatings, and when they are combined with the cellulosic membrane, 

a new and sustainable membrane modification can be created and to be utilised in wastewater 

filtration. 
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