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Possibility for membrane modification of end-of-life reverse osmosis spiral-wound elements 

was investigated in this study. End-of-life membrane was successfully cleaned from the 

membrane fouling and converted to ultrafiltration membrane by oxidation in sodium 

hypochlorite solution. For the first time, in-situ layer-by-layer coating with polyelectrolytes 

was performed inside a spiral-wound element. Polyelectrolytes pair used in this study was 

cationic polyacrylamide and an anionic sodium polyacrylate. Dependence of cationic 

polyelectrolyte solution viscosity on different temperatures was studied and analyzed with 

Modular Compact Rheometer. Obtained membrane surface modification was studied by 

means of flux and rejection properties. Membrane zero sample, from autopsied spiral-wound 

module, was prepared and compared with the coated membrane. Zeta-potential and Fourier-

transform infrared spectroscopy were used to analyze the membrane surface before and after 

coating. Best results were achieved for the membrane coated with thirteen bilayers, with 

pure water permeability of 8 L/(m2*h*bar) and magnesium sulfate rejection of 70%. Given 

results showed the possibility for the layer-by-layer polyelectrolytes assembly inside of the 

spiral-wound module. Applied technology represents a sustainable way for the reuse of the 

membranes with expired service life.  
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1. INTRODUCTION 

 

 

Membrane technology is a separation process which has many different applications 

including wastewater treatment and water desalination. Along with increasing demand for 

membrane installations to obtain clean water, the number of modules that outlived their 

specified service life, or, in other words, end-of-life (EoL) modules is also growing. It is 

estimated that more than 840 000 reverse osmosis (RO) modules are disposed each year, 

whereas the carbon footprint for manufacturing and transporting a new 8” RO module is 

estimated as 87 kg of CO2 emissions in the atmosphere release (Coutinho de Paula & Santos 

Amaral, 2018; Landaburu-Aguirre et al., 2016).  

 

EoL membrane modules are commonly: 1) incinerated to obtain thermal and electrical 

energy, which increases CO2 emissions in the atmosphere or 2) replenishing landfills, 

increasing their footprint (Lawler et al., 2012; Lawler, Alvarez-Gaitan, Leslie, & Le-Clech, 

2015; Pontié, Awad, Tazerout, Chaouachi, & Chaouachi, 2017). This situation contradicts 

principles of the circular economy – the main direction of the development in the European 

Union (EU) countries, its main goal contributes to the rethinking of the use of products with 

expired lifecycle and finding a possibility for their reuse (European commission, 2019; 

Landaburu-Aguirre et al., 2016). According to Jorge Senán-Salinas (2020) impact of the 

recycled membrane on the environment is significantly lower than it is for the new 

membranes production. At the same time, the expediency of EoL membrane recycling from 

the financial point of view strongly depends on the number of available EoL modules and 

the improvements in the membrane recycling processes (Senán-Salinas, Blanco, García-

Pacheco, Landaburu-Aguirre, & García-Calvo, 2020). 

 

Thin-film composite (TFC) RO and nanofiltration (NF) membranes currently dominate the 

global membrane market, due to their great separation performance. Unfortunately, one of 

the major problems in the membrane separation processes is the membrane fouling, thus 

depending on the level of fouling the lifetime of the TFC membranes varies from 3 to 7 years 

(Coutinho de Paula & Amaral, 2017). Nonetheless, several ways to extend their work period 

exist. One way is that they can be rejuvenated by removing the membrane's fouling with 

help of different cleaning agents (da Silva, Ambrosi, dos Ramos, & Tessaro, 2012; Moradi, 
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Pihlajamäki, Hesampour, Ahlgren, & Mänttäri, 2019). If the rejuvenation is not possible, 

they can be used for lower grade separation or some other purposes, for example utilizing in 

membrane biofilm reactor (Morón-López, Nieto-Reyes, Senán-Salinas, Molina, & El-

Shehawy, 2019). 

 

Preparation of EoL RO and NF membranes for lower grade treatment such as microfiltration 

(MF) and ultrafiltration (UF) can be done by means of chemical modification with the 

application of different chlorine chemicals and oxidants. Insofar as the top selective layer of 

TFC membranes usually consist of amide bonds and based on polyamide (PA) chemistry, 

hence they are strongly susceptible to chlorine. Removal of selective PA layer enhances EoL 

membrane properties such as pure water permeability (PWP), whereas promoting the 

decrease in salts rejection (Coutinho de Paula, Martins, Ferreira, Isabella Coelho de Melo, 

& Amaral, 2018; García-Pacheco et al., 2018; Geise, Park, Sagle, Freeman, & McGrath, 

2011; Molina et al., 2018; Stolov & Freger, 2019). 

  

Moreover, EoL membranes can be modified with different surface modification methods 

such as grafting and coating, and different treatment techniques, like chemical modification, 

ultraviolet irradiation treatment, and ionized gas (plasma) treatment (Miller et al., 2017, pp. 

4662–4711). Among these methods, coating with so-called layer-by-layer (LbL) technology 

is the most promising and intensively studied technology. The basic working mechanism of 

the LbL technology represents an assembly of oppositely charged polyelectrolytes (PEs) 

onto the substrate surface (Decher, Hong, & Schmitt, 1992; Decher, 1997; Menne, 2017). 

Application of such technology in combination with preliminary removal of the selective 

PA layer and its subsequent replacement with a new, usually, PE layer can result in the 

successful TFC EoL membrane modification (Moradi et al., 2019). 

 

A vast number of studies (Kochan, Wintgens, Wong, & Melin, 2010; Korzhova et al., 2020; 

Liu, Chen, Yang, & Deng, 2019; Nava-Ocampo et al., 2020) have been done investigating 

the possibility of membrane surface modification utilizing LbL technology, majority of these 

studies are bench-scale experiments onto flat-sheet membranes or other types of supporting 

material. Despite numerous studies in the field, in-situ coating of commercial modules like 

spiral-wound (SW) has not been done yet. This work will be focusing on modification of 

SW elements. The primary objective of this thesis was to prove the concept of LbL PEs 
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assembly on the membrane surface inside of a SW element. The experimental plan is 

presented in Figure 1. 

 

 

Figure 1. EoL membrane modification experimental plan. 

 

 

 

 

 

 

 

 

 

 

 

Membrane 
cleaning

• Alkaline cleaning with Ultrasil 110

1.Feed Ultrasil 110 solution (1 v/v%) to the feed tank

2.Circulation of the solution throughout the module

3.Membrane soaking overnight under static conditions

4.Rinsing the membrane with water until no detergent left in the 
system

Removal of PA 
layer

• Chemical modification with NaOCl

1.Feeding the NaOCl solution (below 1 wt%) to the membrane

2.Circulation of the solution for several minutes

3.Membrane soaking in the solution (exposure time varied)

4.Rinsing the membrane with water

LbL PEs assembly

• Sequential application of cationic and anionic PE solutions

1.Feeding the cationic PE solution onto the membrane surface

2.Rinsing the element with NaCl solution

3.Rinsing the element with water

4.Repeating the procedure with anionic PE solution
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2. LITERATURE REVIEW 

 

 

2.1. SPIRAL-WOUND MEMBRANE ELEMENT DESIGN 

 

SW elements are composed of several envelopes with TFC membranes in it, representing 

plate-and-frame system (Figure 2), wherein TFC membrane is a flat sheet membrane mainly 

prepared by interfacial polymerization (IP) which consist three thin layers (Alaei 

Shahmirzadi & Kargari, 2018):  

1. Non-woven base layer such as polyester. 

2. Supporting microporous polyethersulfone or polysulfone layer. 

3. Terminating top selective PA layer. 

 

 

Figure 2. Plate-and-frame design. 

 

Envelopes with TFC membranes in SW elements are tightly rolled in the spiral around 

perforated permeate pipe. This design has several advantages such as reduction of pressure 

drop along the membrane surface and the possibility for a larger membrane area with a 

minimum footprint (Mulder, 1996).  
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SW elements operate in the cross-flow filtration mode which means the occurrence of 

tangential flow inside the module providing constant molecules transportation along the 

membrane surface. The module’s basic configuration includes two channels (feed and 

permeate); leaves of the membrane, that are divided by mesh-like spacers, glued together, 

and rolled around permeate tube; membrane housing and permeate tube itself (Dickson, 

Spencer, & Costa, 1992; Rodgers, 1995; Schwinge, Neal, Wiley, Fletcher, & Fane, 2004). 

The detailed SW module design is presented in Figure 3. 

 

 

Figure 3. SW module design with TFC membrane telescopic view (Abdel-Fatah, 2018). 

 

Area where the mesh-like spacer is located is very sensitive to clogging. Blocking of that 

area also leads to feed channel clogging, especially taking in consideration that SW modules 

are not back-washable, which means water only enters from the feed side and no backflush 

is possible. To prevent channel clogging and extend the life of the module it is important to 

arrange pretreatment to reduce the amount of suspended particles and minimize chances of 

concentration polarization (Cui, Jiang, & Field, 2010; Pal, 2017). 

 

 

2.2. MEMBRANE CLEANING AND CHEMICAL MODIFICATION  

 

EoL membranes can be directly or indirectly reused, where indirect reuse means membranes 

autopsy and application of its parts for other membranes or applications, whereas direct reuse 
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means the cleaning of the membranes and their chemical modification (Coutinho de Paula 

& Amaral, 2017). Several factors can affect the EoL membrane performance prior cleaning 

and regeneration process, these factors are presented in Figure 4 and explained in the 

following sections.  

 

 

Figure 4. Factors affecting EoL membrane performance (Coutinho de Paula, Gomes, & 

Amaral, 2017) 

 

2.2.1 Membrane pretreatment and cleaning  

The EoL membrane cleaning process depends on the storage conditions in which EoL 

elements were kept (Coutinho de Paula & Amaral, 2017). Dry membranes are hard to 

rejuvenate to the extent of its initial state, so only partial recovery is possible. The same 

principle applies to the physical damage of the membrane inside the modules. If the selective 

layer defected or any tearing appears in the membrane’s envelope, it is less likely that EoL 

membrane will be successfully rejuvenated (da Silva et al., 2012). 
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Typically, dry PA membranes are rewetting with help of sodium bisulfite (NaHSO3) and 

then stored in the sealed bags to reduce membrane biofouling and maintain hydration 

(Lawler et al., 2013). In most of the studies, where LbL surface modification with PEs is 

used, membranes are rewetted and cleaned from fouling by ethanol (Ilyas, English, Aimar, 

Lahitte, & de Vos, 2017; Wang, Zhang, Ji, & Fan, 2012) or propanol and hydrochloric acid 

(HCl) (Lawler et al., 2013), albeit they can also be cleaned with different alkaline membrane 

detergents (Moradi et al., 2019). For the effective rewetting of the SW modules, it is 

sometimes recommended to pressurize the membrane with the cleaning solution under at 

least 10 bars with closed permeate valve (Lawler et al., 2013). The effect of rewetting and 

cleaning is proportional to the successful membrane oxidation. Furthermore, membrane 

wetting before coating with PEs can help to enhance membrane adsorption capacity (Menne, 

2017). 

 

2.2.2. Membrane chemical modification 

Chemical modification of the membranes is another way of the direct EoL membrane reuse. 

EoL membrane modification performed with different oxidative agents. The basic principle 

of the membrane oxidative modification is the removal of the top selective PA layer of TFC 

RO, or NF membranes, which results in the membranes with different properties and 

performances, typically lower grade performance membranes such as MF or UF (Louie, 

Pinnau, & Reinhard, 2011; Rodríguez, Jiménez, Trujillo, & Veza, 2002).  

 

The most frequently applied chemical oxidant for the membrane chemical modification is a 

basic solution of sodium hypochlorite (NaOCl), in which the top selective PA layer is 

degraded due to the nucleophilic attack of the strong base. PA layer also can be removed by 

other oxidants such as potassium permanganate (KMnO4) (Rodríguez et al., 2002). Although 

oxidant concentration, as well as its contact time with the membrane surface, are very 

important parameters, it is especially important to know when further surface modification 

with PEs is planned, since the longer the membrane exposure to the oxidative agent the more 

negative its surface charge, this can result in choosing the rightly charged PE for the first 

layer assembly (Do, Tang, Reinhard, & Leckie, 2012; Kwon & Leckie, 2006; Simon, 

Nghiem, Le-Clech, Khan, & Drewes, 2009). Herein pH of the oxidant must be in the range 

of the alkaline solution, inasmuch as acidic pH of the solution leads to the hydrolysis of the 

PA layer and the decline in oxidation (Pontié, 2015; Veza & Rodriguez-Gonzalez, 2003).  
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Chemical modification is a widely studied process for the TFC EoL membrane reuse, 

moreover, studies on the rejuvenation of the EoL membrane using chemical modification 

have been already conducted both on the bench and pilot-scale (Coutinho de Paula et al., 

2018). Coutinho de Paula et al. (2018) converted EoL NF membrane inside the SW module 

into new membrane for lower grade treatment, with the properties corresponding to UF 

membrane. Subsequently, partial removal of the PA layer leads to a decline in salt retention 

of the membrane, whereas PWP is increased (Pontié, 2015; Veza & Rodriguez-Gonzalez, 

2003). 

 

The oxidation system design also can affect the modification process, especially in the 

complicated structure of the SW modules. An example of the pilot-experimental setup used 

for chemical oxidation is presented in Figure 5. The vertical position of the module during 

oxidative treatment supposingly helps to deposit the active solution along the membrane 

surface equally throughout the whole element, which is another imporant key factor affecting 

the successful membrane modification (Ettori, Gaudichet-Maurin, Aimar, & Causserand, 

2013; García-Pacheco et al., 2018). 

 

 

Figure 5. Pilot-scale experimental setup for the membrane oxidation (Casadellà and Meca, 

2018, p. 22). 
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2.3. LbL TECHNOLOGY  

 

LbL method, applied on membranes, represents a creation of multilayers, or, in other words, 

several thin films on top of the substrate surface, usually by application of variable layers in 

a sequential manner with contrarily charged matter (e.g., anionic, and cationic PEs), the 

process also consists of washing steps in between each layer deposition (Figure 6) (Decher 

et al., 1992; Decher, 1997; Richardson, Björnmalm, & Caruso, 2015). LbL technology can 

be used for the fabrication of the brand-new membranes as well as for rejuvenation of EoL 

membranes (Xu et al., 2015). 

 

 

Figure 6. Principle of LbL PEs assembly (Menne, 2017). 

 

The method has several advantages such as relative simplicity of preparation and 

inexpensiveness, with the possibility to choose among the variety of available materials to 

deposit by LbL (metals, nanoparticles, polyions, ceramics, etc.). LbL assembled multilayers 

are in the range of few nanometers. The method also allows to control the thickness of the 

depositing layers, moreover, method gives the opportunity to tailor the desired properties of 

the film by selecting a number of layers, charge of the layers and their macromolecular nature  

(Cheng, Yaroshchuk, & Bruening, 2013; Harris, Stair, & Bruening, 2000; Jin, Toutianoush, 

& Tieke, 2003; Joseph, Ahmadiannamini, Hoogenboom, & Vankelecom, 2014; Krasemann 
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& Tieke, 2000; Malaisamy & Bruening, 2005; Richardson et al., 2015; v. Klitzing & Tieke, 

2004). 

 

2.3.1. Materials used for membrane surface modification by LbL technology  

In general, there are three types of materials used for membrane surface modification with 

LbL technology, thus are PEs (Reurink Dennis, 2020; te Brinke, Reurink, Achterhuis, de 

Grooth, & de Vos, 2020), inorganic nanoparticles (Chan et al., 2014; Sunny, Vogel, Howell, 

Vu, & Aizenberg, 2014), and carbon-based nanomaterials (Mahmoud, Mansoor, Mansour, 

& Khraisheh, 2015; Xu et al., 2015). 

 

In membrane science, LbL coating is usually done by application of different PEs. 

Membranes modified with PEs also called as polyelectrolyte multilayer (PEM) membranes. 

PEs are polymers that bear an ionic charge in their repeating unit, they can be divided into 

two groups: strong and weak PEs. The major difference between these two groups is that 

weak PEs are ionizable and their dissociation depends on the pH value of the solution, 

meanwhile strong PEs can keep their charge throughout different pH range and dissociate 

independently of the solution pH value. For the membranes surface modification, different 

types of PEs are used. PEs are usually assembled onto the membrane surface in pairs. Some 

of the PEs divided by groups presented in Figure 7.  
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Figure 7. Commonly used PEs divided by groups. 

 

Several studies have shown that when films are formed from a combination of strong and 

weak PEs its structure and thickness is depending on the pH of the polymer solution  

(Elzḃieciak et al., 2009; Shiratori & Rubner, 2000). For example, the experiments 

investigating the layer formation with pair of strong (PSS) and weak (PEI) PEs in the 0.15M 

NaCl solution, have shown that at pH=6 PEI is fully charged, and the formed layers are more 

homogeneous and thicker. Moreover, the LbL buildup pattern is linear with its thickness 

increased proportionally to the number of the coated bilayers. In contrary, PEI with pH=10.5 

and representing weaker charged PE, result in the formation of thinner layers with more 

heterogeneous structure, whereas LbL buildup pattern sways up and down, and shows rather 

non-monotonous growth behavior (Elzḃieciak et al., 2009, pp. 3255–3259). Additionally, on 

the type of PEs assembled depends properties of resulted multilayers such as smoother 

surface and higher hydrophilicity of the formed layers, this, resulting in higher charge 

density for salt rejection and greater antifouling properties (Xu et al., 2015). 

 

LbL assembly with PEs and membrane surface modification by fabrication of PEMs is an 

intensively studied field, thus different strategies and new materials are getting involved. For 
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example, Reurink et al. (2019) applied a new strategy of LbL coating for PEM fabrication 

as they adjusted a new terminating Nafion layer on top of the PAH/PSS coated membrane, 

which helped to decrease multilayer swelling by 50% and increase hydraulic membrane 

resistance, lowering the permeation of small micropollutants through the membrane by 97% 

(Reurink, te Brinke, Achterhuis, Roesink, & de Vos, 2019).  

 

In another study Rijnaarts, et al. (2019) applied LbL PEs coating on ion exchange membrane, 

results showed improvement in monovalent selectivity of brackish water (BW) (Rijnaarts, 

Reurink, Radmanesh, de Vos, & Nijmeijer, 2019). In addition, in thesis written by (Menne, 

2017), LbL coating technology was performed on EoL polymeric hollow fiber module and 

tubular ceramic monolith showing higher stability and competitive performance of EoL NF 

membranes compared to commercial membranes and resulting in higher cost-effectiveness 

due to its secondary use. 

 

Membrane modification with inorganic nanoparticles is a second possible type of materials 

that is usually aimed to improve the permselectivity of the membrane. Silicon dioxide (SiO2) 

reportedly used as a well proved inorganic material which helps to generate high porosity 

layer (Chan et al., 2014; Dafinone, Feng, Brugarolas, Tettey, & Lee, 2011; Lee, D., Rubner, 

& Cohen, 2006; Sunny et al., 2014). 

 

Xu and collogues (2015) stated that single bilayer of silicon dioxide applied on the surface 

of TFC membranes can increase their salt rejection from approximately 30 % up to 50%, at 

the same time a greater number of the applied bilayers (more than one) is unjustifiable 

because salt rejection remains constant as with single bilayer and water flux reduce. It should 

be noted that when the inorganic nanomaterials are used, the thickness of bilayer will be 

larger compared to the layers fabricated with PEs. Surface modification with inorganic 

nanoparticles faces the same problem of balance between water flux and salt rejections as 

membrane modification with PEs (Xu et al., 2015). 

 

The third type of material for membrane surface modification are carbon nanomaterials. 

Carbon nanomaterials namely carbon nanotubes and graphene-based nanomaterials due to 

their good separation and anti-microbial properties have gained a lot of attention in the past 

few years  (Das, Ali, Hamid, Ramakrishna, & Chowdhury, 2014; Han, Xu, & Gao, 2013; 
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Kandjou et al., 2019; Lee, H. D., Kim, Cho, & Park, 2014; Yan, Wang, Li, Loh, & Zhang, 

2017). Membranes modified with carbon nanomaterials have greater antifouling potential, 

higher permeability, and water flux properties (Mahmoud et al., 2015; Goh & Ismail, 2015). 

 

As well as previous materials, used for modification, carbon nanoparticles having its own 

limitations, for instance, it is hard to create a large area of graphene monolayer. Last but not 

least problem, - is a creating of high-density nanoparticles, with homogeneous and 

administrate sizes on the graphene sheet (Dreyer et al., 2010; Koenig et al., 2012). 

 

Modification with carbon nanoparticles is a very promising innovation in future applications. 

The most recent studies found in the literature investigate for example coating of PA RO 

membrane in single layer deposition using zwitterionic polymer and dopamine, resulted 

membrane surface was smoother than parental one and showed better antifouling, anti-

adhesion qualities (Xia et al., 2020). Furthermore, several researchers suggested to coat 

membranes with silver nanoparticles and single-walled carbon nanotubes for the same 

membrane fouling preventing (Xu et al., 2015; Shahkaramipour et al., 2017).  

 

In this work selection of PEs was based on its possibility for wide application and availability 

status as well as price criteria. Non-toxicity of the chosen PEs was another factor in order to 

arrange a more sustainable way of membrane modification. Chemical stability of PEs and 

resistance to oxidation agents also were considered.  

 

2.3.2. LbL thin-film deposition methods 

Several coating methods can be applied while preparing thin films with LbL assembly, 

including spin-coating, immersion, spraying, fluidic and electromagnetic assembly (Menne, 

2017; Li et al., 2012; Richardson et al., 2015). Each method has its advantages and 

disadvantages, and the appropriate method selection depends on the desired properties of the 

fabricated thin films. In literature, related to LbL thin film fabrication, mostly immersion, 

and spraying coating methods are described as they considered to be easier and/or more 

effective compared to other coating methods. However only immersion, and fluidic methods 

are truly applicable in the formation of the PEM membranes on an industrial scale, albeit 

spray coating of the tubular modules have been investigated as well by (Tang, Ji, Gong, Guo, 
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& Zhang, 2013), and proved to be sufficient for this membrane module design, thus working 

principles of the mentioned methods will be closely described. 

 

2.3.2.1. Immersion (dip) coating 

This method is done by dipping a substrate into the desired coating material solution, 

considered to be basic and easiest among all the coating methods. Immersion coating 

includes several washing steps between each dipping in order to remove material that 

remains unbounded (Figure 8). (Lee et al., 2006; Decher et al., 1992; Dubas & Schlenoff, 

1999).  

 

 

Figure 8. Dip-coating method (Richardson et al., 2015). 

 

One of the most important properties of the resulted multilayers composite by this method 

is its layer thickness witch reportedly depends on the adsorbed particle thickness, 

furthermore homogeneous film can be achieved when using particles or polymer multilayers 

(Lee et al., 2006; Gaines 1983). 

 

Immersion coating can be done manually or with the use of computer programs and robotics, 

automation of the process using this type of technologies allows to achieve better results in 

terms of film smoothness and thickness, also using of robotic technologies, helps to reduce 

the time of the coating procedure (Lee et al., 2006; Dubas & Schlenoff, 1999). 

 

As for assembly of the polymeric materials using dip-coating, Detcher et al. (1992); Dubas 

& Schenoff (1999) concluded that for the successful layer formation at least 15 minutes of 

polymer immersion is required (Decher et al., 1992; Dubas & Schlenoff, 1999). The layer 

formation time using polymers can be decreased slightly by mixing them with the magnetic 
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stirrer right before deposition onto a coated surface, albeit mixing with a magnetic stirrer 

hardly applicable in the pilot-scale environment (Fu et al., 2011).  

 

2.3.2.2. Coating by spraying  

Spray assembly represents spreading the aerosolizing polymer solution in a sequential 

manner onto the substrate. This method is faster than dip coating and film thickness here 

depends on the position from which coating solution is spread (vertically, horizontally), the 

concentration of the suspension, spray duration, flowrate, etc. (Figure 9) (Schlenoff et al., 

2001; Izquierdo et al., 2005).  

 

 

Figure 9. Spray coating method (Richardson et al., 2015). 

 

The main disadvantage of the method in most cases is a non-homogeneous film due to 

gravity draining occurring through the spraying process, mainly this problem can be solved 

by rotating the substrate while spray deposition (Izquierdo et al., 2005; Mulhearn et al., 2012; 

Alongi et al., 2013; Gittleson et al., 2012). 

 

2.3.2.3. Spin coating  

The spin coating usually performed in two major ways: spreading of the coated solution onto 

a spinning substrate or stable substrate that gets spun after the coated solution was adjusted 

(Figure 10) (Chiarelli et al., 2001). Spinning is a quick method that can be done in 

approximately 30 seconds plus method helps to achieve more homogeneous films due to 

many different forces (centrifugal, viscous, air shear, electrostatic, etc.) involved in this type 

of coating process. Resulted films are smoother and thinner compared to dip coating 

assembly methods (Seo et al., 2008).  
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Figure 10. Spin coating (Richardson et al., 2015). 

 

Thickness of the film made by this method depends on the spinning speed, the higher the 

speed the thinner the resulted film will be (Chiarelli et al., 2001). The general advantage is 

the possibility to create multilayer film by coating nonpolar or uncharged polymers (Li et 

al., 2012). The disadvantages of the method are that uniform films can only be deposit on 

polar surfaces and also there can be certain difficulties with homogenous film production on 

surfaces with a large area. 

 

2.3.2.4. Fluidic (dynamic) assembly  

The fluidic assembly method is a type of dynamic thin film fabrication. Thin films made 

with fluidic channels where channel walls and substrate located in the fluidic channel are 

getting coated by application of pressure or vacuum to move polymers and wash solutions 

through channels (Figure 11). 

 

 

Figure 11. Fluidic coating (Richardson et al., 2015). 

 

Two important parameters distinguished in coating using fluidic assembly method: 1) 

polymer solutions concentration, with higher concentrations resulting in thicker layer 
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formation and 2) contact time, with longer contact time between polymer and surface, 

resulting in better polymer adsorption (Kim, Lee, Kumar, & Kim, 2005). 

 

Concluding the above described LbL deposition techniques, static (dip-coating) and 

dynamic (fluidic) coating are the most feasible techniques of LbL thin-film fabrication in the 

pilot testing conditions, whereas other methods are more suitable for bench experiments with 

flat-sheet membranes.  The static or passive coating is driven by passive adsorption of the 

substance onto surface material without pressure adjustments, whereas dynamic or active 

coating is done under certain pressure and defined crossflow velocity speed. Combination 

of these two methods can result in the better PEs adsorption onto the membrane surface. 

Table 1 represents membranes coated by LbL deposition using different methods, as well as 

properties of the resulted membranes. 
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Table 1. Properties of different PEM membranes prepared by LbL technology with different assembly methods. 

Membrane 

type 

Film 

support 

layer 

Coating 

method 

Coating 

contact 

time, 

minutes 

PE type 

PE 

concentration, 

g/L 

Salt 

concentration 

in PE solution, 

moles 

Number 

of bilayers 

Resulted PEM membrane performance 

References 

Water 

flux, 

L/(m2*h) 

 

Pressure, 

bar 

Salt 

retention, 

% 

Resulted PEM membranes 

properties 

 Fabricated 

membrane Hydrophilicity, 

contact angle, 

∘ 

Layer 

thickness, 

nm 

Flat-sheet 
polyacrylo-

nitrile 

static 

30 

PEI 3 

- 1.5 

31.2 - 
83.2 

(MgCl2) 
38.1 - 

Crosslinked 

NF membrane 

with en-

hanced per-

formance 

 (Liu et al., 

2019) 

dynamic PAA 0.6 20.9 20 
96.5 

(MgCl2) 

hollow fiber 
polyether 

sulfone 
dynamic 15 PAH / PAA 0.1 

0.05 

(NaNO3) 
7 6.52 ± 0.5 

1 

 

60 

(Na2SO4) 
- 120 

Increased 

fouling 

resistance 

(Ilyas et al., 

2017) 

Flat-sheet polysulfone 

static 

15 

PDADMAC 

0.4 wt% 0.5 (NaCl) 3 55 10 90 

70.8 

- 

Enhanced NF 

membrane 

performance 

 (SU, Wang, 

Wang, Gao, 

& Gao, 

2012) 
dynamic PSS 56.2 

Flat-sheet 
Polyethersul-

fone 
immersion - 

PDADMAC/

PSS 
1 wt.% 

1.5 

(NaCl) 
5 12.33 5 

22.5 % -

NaCl  

73.8% - 

MgSO4 

45.4 ± 5 
321.00 ± 

11 

Enhanced NF 

membrane 

performance 

Ng et al., 

2014 

Flat-sheet 
polysulfone 

(PSF) 
spinning 0.12 

PDADMAC/

PVS 
1.3 - 120 

90 

40 

21 57.8 

2-3 

Enhanced UF 

membrane 

performance 

(Fadhillah et 

al., 2012) 
PAH/PVS 37 53 57.9 

Flat sheet 

Porous 

polyacryloni-

trite/ 

polyethylene 

terephthalate 

(PAN/PET) 

supports 

immersion 20-30 PVA/PVS 
0.4/1.6 

 
1 (NaCl) 60  

0.5685 5 

84% - 

NaCl 

96% - 

Na2SO4 

- - 

Water 

softening and 

desalination 

(Jin et al., 

2003) 

4.548 40 

93.5% - 

NaCl 

98.5% - 

Na2SO4 

- - 
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2.3.3. Factors affecting LbL PEM fabrication and deposition 

The properties and successful fabrication of PEM membrane can be tailored by controlling 

several parameters presented in Figure 12. In this study all of the parameters were monitored, 

albeit pH value of the depositing PEs solutions were not regulated. 

 

 

Figure 12. Key parameters for PEM membrane fabrication. 

 

When creating a PEMs with LbL technology, it is important to define one term called charge 

compensation. This term characterizes the interaction between surface charge and the 

adsorbed PE. The charge of the adsorbing material is neutralized when the oppositely 

charged PE is attached onto to its surface. Subsequently, it is important to define another 

term which is charge overcompensation, – the condition when the terminating adsorbed PE 

cannot neutralize the bulk charge, so it remains on the surface and creates a reversed surface 

charge (Schlenoff and Dubas, 2001, pp. 592–598). 

 

One of the most important parameters affecting the formation of PEMs is the ionic strength 

within the PEs solution. This parameter can be regulated by changing salt concentration in 

the PEs solution. High salt concentration (more than 0.05 M) in the depositing solution 

increasing the ionic strength of the attached PE resulting in thicker and therefore more open 

layers. The growth of the layers formed with PEs containing high salt concentration 

representing a non-linear pattern. As an opposite, PEs with low salt concentration (from 

0.005 to 0.5 M) and hence low ionic strength result in the thinner and denser layers whereas 

layer formation follows linear growth pattern (Antipov, Sukhorukov, & Möhwald, 2003; 

Patel, Dobrynin, & Mather, 2007; Schlenoff & Dubas, 2001). 
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Type of PEs is another important parameter. Different properties of PEs pairs can as well 

result in different PEM properties. The role of the final PE layer is also among the immense 

importance since its properties can affect overall fabricated PEM parameters such as 

hydrophilicity, surface charge, etc. (Reurink Dennis, 2020).  

 

For example, membrane swelling can be decreased or increased in dependence of the PEM 

terminating layer, in the PDADMAC/PSS pair fabricated multilayer has greater swelling 

effect if the PEM is terminated with PDADMAC, whereas PAH/PSS fabricated PEMs will 

have swollen effect higher if PEM is PSS terminated. In the PDADMAC/PSS pair, this 

phenomenon can be explained as of PDADMAC PE has more mobility in comparison to 

PSS PE, hence it can easier penetrate fabricated PEM during its adsorption phase, this leads 

to the excessive amount of PDADMAC within the fabricated multilayer, whereas PSS is in 

dearth. Excess of PDADMAC within the PEM results in positive charge within the 

multilayer, which is increasing the swelling of the fabricated PEM. The lack in the mobility 

of PSS makes the PEM top layer vitreous, which subsequently leads to a decrease in 

adsorption of the following PSS layers (Ghostine, Markarian, & Schlenoff, 2013; Köhler et 

al., 2009). 

 

2.3.4. PEM stability and removal 

PEM physical stability depends on the molecular weight of the applied PEs. The higher the 

molecular weight, the more charges of the PEs are bounded to the surface, resulting in lower 

desorption due to the greater number of chargers that needs to be unbound from the surface 

at the same time, which subsequently leads to higher stability (de Grooth et al., 2015; 

Reurink Dennis, 2020). 

 

Chemical stability of the PEMs is another factor, that was partially described in the previous 

sections as of membrane chemical modification with oxidants, although several studies have 

shown the higher stability rate of PEM fabricated membranes in comparison to TFC PA 

commercial membranes, for example, PEMs fabricated with such PEs pairs as 

PDADMAC/PSS and PAH/PSS exhibited the significant NaClO stability in comparison to 

PA membranes (de Grooth et al., 2015, pp. 153–159; Cho et al., 2015, pp. 2791–2796). It is 

also reported that if weak PEs were involved in PEMs fabrication, then these PEMs along 

with the application of high salt concentration, can as well be removed by varying the pH of 



30 

 

the solution. Washing the membrane with high salt concentration provides screening of the 

PEs charges, hence decreasing their electrostatic interactions between anions and cations 

(Ahmadiannamini et al., 2015, pp. 149–158; Menne, 2017, pp. 1–149).  

 

LbL technology can be used to create sacrificial PEMs which are the type of regenerable 

layers. These layers are specifically fabricated for the subsequent removal of the foulant 

layer, using the same principle as of high salt concentrations and defined pH level. PEMs 

can be then reconstructed back by flushing the membrane with relative PE solution. 

Sacrificial PEMs are a sustainable technique for the foulants removal, especially in RO 

membranes (Nava-Ocampo et al., 2020, p. 114650; Son et al., 2018, pp. 584–590; Ilyas et 

al., 2017, pp. 286–295).  
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3. EXPERIMENTAL PART 

 

 

3.1. AIM OF THE EXPERIMENTAL PART 

 

The main objective of the experimental part was the in-situ modification of the EoL TFC 

membrane surface inside the SW element in the pilot-scale experiments. To achieve the 

desired goal EoL membranes were pretreated and chemically modified into UF membranes, 

with further LbL coating with PEs. Phased plan of the experiments as follows: 

1) Preparation of the solutions: PEs solution, NaCl and NaClO solution. 

2) Cleaning the membrane with the alkaline detergent solution – Ultrasil 110 with a 

concentration of 1 v/v%.  

3) Membrane chemical modification into UF membrane by partial removal of the 

membrane’s PA layer with NaClO with the concentration below 1 wt%. 

4) For the converted membrane: identification of the flux as a function of time, by 

measuring water mass of the permeated solution and the degree of salt retention, 

measured as a difference in conductivities between feed and permeate flows. 

5) In-situ membrane coating of the converted membrane by means of altering PE solutions, 

with washing steps with NaCl and water, in between each PE layer deposition. 

6) Evaluation of the fabricated PEM membrane performance as a function of flux and salt 

retention, as well as neutral components analysis – polyethylene glycol (PEG) rejection.  

 

 

3.2. MATERIALS AND METHODS 

 

3.2.1. EoL SW elements used 

Membrane modification was done in the pilot conditions with two 4’’ EoL SW elements 

(SW-1 and SW-2). The main parameters of the used SW membrane elements are presented 

in Table 2. Used SW elements had the same configuration and were not different from each 

other in terms of main technical parameters. 



32 

 

Table 2. Main operational parameters of the applied SW elements used in this study for LbL 

assembly (Oltremare, 2014). 
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Packed membranes are TFC membranes comprised of a non-woven polyester base layer, a 

polysulfone supporting layer and a semipermeable PA top layer. SW elements design also 

consist of polypropylene spacers in between the membranes (Figure 13). 
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Figure 13. TFC membrane composition (on the top), membrane from both sides and mesh-

like spacers withdrawn from the SW module (on the bottom). 

 

Membrane surface area is 7.9 m2 (85 ft2). Nominal and minimum salt retention 99.6% and 

99.4%, respectively. Used elements are pressure vessel integrated and don’t require 

additional housing for the monitoring (Figure 14). 

 

 

Figure 14. Used SW module in experiment 
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3.2.2. Experimental setup design 

Experiments were conducted using a pilot-scale unit. System design included:  

1. One feed tank (13 L).  

2. One vertical centrifugal pump (Grundfos, CRN 4-190 A-P-G-AUUE, Denmark) controlled 

by a frequency converter (Vacon, Finland). 

3. A peristaltic hose pump (Watson-Marlow 520U, UK). 

4. A flowmeter with a valve for flow regulation.  

5. An EoL membrane module (Oltremare liquid separation, Italy).  

6. Two manometers – one in the inlet of the membrane module and another one in the outlet of 

the module.  

7. Water bath (Lauda RP 855, Germany). 

8. Five supply containers to store PE solutions, salt solution, NaClO solution and pure water.  

Photo of the system design is presented in Figure 15. Schematic representation of the setup 

can be found in Appendix I. 

 

 

Figure 15. Photo of the experimental setup with the installed SW module. 
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3.2.3. Coating materials and supported chemicals 

The polycation, cationic polyacrylamide with the molecular weight of 10–15 MDa and the 

polyanion, sodium polyacrylate – molecular weight of 0.03–0.06 MDa were provided by 

Kemira Oyj (Finland) and used without further purification. Used PEs are commonly known 

flocculants and widely applicable in wastewater treatment processes (Bolto, 2006). 

Chemical structures of used PEs presented in Figure 16. PEs solutions for coating of SW-1 

were prepared by dissolving the PE in deionized water without any background salt addition. 

Whereas PEs solutions for SW-2 were prepared by dissolving the PE in NaCl solution. 

Deionized water was used only for coating of first 8 bilayers in the SW-1, further 

experiments were conducted using tap water. Concentrations of PEs and NaCl varied 

depending on the experiment. Sodium chloride, NaCl (> 99.0%) produced by Fluka 

(Germany).   

 

Figure 16. Generic structures of applied PEs, cationic polyacrylamide (on the left) and 

sodium polyacrylate (on the right).  

 

Membranes coating was preceded by the pre-treatment stage comprised of cleaning and 

further chemical modification. EoL membrane fouling layer was cleaned with an alkaline 

detergent solution - Ultrasil 110, supplied by EcoLab inc. (USA). Chemical composition of 

Ultrasil 110 given in Table 3. Removal of the foulants from the surface provides the 

membrane rejuvenation and increases the possibility for better chemical modification. 

 

Table 3. Chemical composition of Ultrasil 110 (Ecolab, 2018). 

Component name Concentration, % 

Ethylenediamine tetraacetate (EDTA) 5-10 

Sodium hydroxide (NaOH) 5-10 
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Component name Concentration, % 

Sodium cumenesulfonate (SCS) 1-5 

Dodecylbenzenesulfonic acid, sodium salt 1-5 

 

Chemical modification and partial PA layer removal were completed with NaClO (11–15% 

active chlorine) supplied by Alfa Aesar (Germany). For coated membranes retentions 

performance analysis, magnesium sulfate, MgSO4 (> 99.0% purity) and PEG (> 99.0% 

purity) supplied by VWR Chemicals and Honeywell Fluka were used, respectively. The 

purified water used in the beginning of the experiments was obtained from Siemens Protegra 

CS RO electro-deionization (EDI) system (ρ > 17MΩ cm). After coating of 8 bilayers of the 

membrane in SW-1, the water source was changed to tap water and used until the end of the 

experiments. Water conductivities for salt retention analyses were measured with Teo-pal 

electrochemical analyzer (Finland). 

 

3.2.4. EoL membrane pre-treatment  

Membranes cleaning was performed overnight for SW-1 and 48 hours for SW-2. Ultrasil 

110 solution circulation throughout the system was performed before membranes soaking 

and continued for 30-40 minutes. Each of the tested membrane elements were soaked in the 

Ultrasil 110 solution with a concentration of 1 v/v % (pH: 11.5-12). Static flow conditions 

were applied to achieve removal of the membrane fouling layer. After the mentioned time 

of exposure, detergent was removed from the system and SW elements were thoroughly 

rinsed with water. Cleaning time for SW-1 and SW-2 varied in regard to the visible 

membrane fouling, defined by the retentate quality (color, presence of colloids) after 

washing.  

 

The following step was to partially remove the membrane’s aromatic PA top layer by feeding 

NaClO solution to the filtration system. The chemical modification performed by applying 

the same principle of active solution (NaClO) circulation, and further membrane soaking, as 

for the membrane cleaning with Ultrasil 110, but with varying concentrations of the solution 

and the exposure time. The concentration of the exposed NaClO solutions never exceeded 1 

wt% to protect the membrane’s base and supporting layers from oxidation. Both cleaning 

with Ultrasil 110 and chemical modification were performed without any TMP. After 
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completion of the chemical modification, SW elements were rinsed with purified water (for 

SW-1) and tap water (for SW-2) and kept for further LbL coating. 

 

3.2.5. LbL membrane coating  

LbL assembly with PEs was performed in-situ on the pre-treated EoL membranes for the 

fabrication of PEMs. The LbL assembly was done by application of peristaltic pump. PEs 

were assembled onto the membranes surface in the sequential manner using the combination 

of dynamic and static adsorption. The coating procedure was done for SW-1 and SW-2 

differently, in order to investigate the best coating strategy. Contact time, PEs and NaCl 

solutions concentration and coating methods varied. Since membrane surface after NaClO 

oxidation has a negative charge, coating began with positively charged PE. At first 

polycation was slowly pumped through the membranes without any TMP. To avoid the 

dilution of the PE solution, the water presented inside the SW elements was drained into the 

drain system, for the experimentally defined period of time (10-15 minutes). After pure water 

was removed from the elements and only PE solution is left inside, the closed circle 

circulation by means of the returning of PE solution into feed tank began. Circulation of the 

PE solution throughout the elements, with applied 0.5-0.9 bar pressure, defined as a dynamic 

adsorption stage, following this stage static adsorption was applied. During the static 

adsorption, the pump was disabled, and membranes left soaking for an established time 

period. The next step was to rinse the membranes with NaCl solution, in order to flush out 

all the unbounded PEs from the membrane surface. Flushing with pure water was the last 

step before the polyanion deposition. Flushing with water was done in order to recover water 

conductivities. The elements were washed until the pure water conductivities were achieved. 

Following that, polyanion solution was pumped inside the elements and all the previous steps 

were repeated in the same manner as for the polycation. Assembly of both PEs solutions is 

defined as the creation of one bilayer. The circle continues until the desired number of 

bilayers is achieved. General step by step strategy presented in Table 4. 
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Table 4. Initial LbL coating steps. 

Step № Coating process Time, min 

Pump 

velocity, 

ml/min 

Comments 

1 

Replace water 

from the system by 

PE solution 

9 1000 

Water is drained 

and replaced by 

PE solution 

2 

 

PE circulation, 

using peristaltic 

pump 

 

10 

 

180 

 

Closing of the 

permeate side is 

omitted. The 

retentate is 

drained. 

3 Membrane soaking 15-20 - 

All the element 

outlets are 

closed, solution 

remain in the 

element under 

static conditions 

4 
Rinsing with NaCl 

solution 
10 500 

PE solution is 

drained and 

permeate side of 

the module left 

open 

5 Rinsing with water 20 1000 

6 

Repeating steps 

with anionic 

charged PE 

- - - 

 

Milli-Q water was used initially as a source of water for all of the experimental steps and 

performance analyses, however, after coating of 8 bilayers in SW-1, the source of water was 

changed to tap water and used without any additional treatment for the rest of the 

experiments. Also, the initial plan was to drain PEs solution into the drain system after it 

passed through the membrane module, that was done for the first 8 bilayers of the SW-1. 
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Although due to increased coating time, starting from 9th bilayer, it was decided to recirculate 

PEs solutions back to its corresponding container, in order to prevent depletion of the PEs 

reserves. At this point, all the circulated solutions along with permeate retained were 

returning back into the container. 

 

Following steps were done during coating of SW-1: at first cationic PE solution was pumped, 

from the container with the corresponding solution, inside the SW module and its retentate 

was drained. This step was done in order to flush out all the water left inside the element and 

lasted for the experimentally defined time of 9 minutes and a flowrate of 1000 ml/min. Next 

step was the PE recirculation for 50 minutes and a flowrate of 500 ml/min, after that 

recirculation continued for 10 minutes at a lower flowrate of 160 ml/min. Since PEs solutions 

for the SW-1 module was prepared in the absence of salt, the high viscosity of the cationic 

PE was observed, explained by its higher molecular weight. The higher viscosity of the 

solution prevented a normal PE recirculation at a lower flowrate of 160 ml/min, regarding 

this, permeate side was closed to create some pressure within the module and ease the 

solution recirculation. Although throughout rest of the recirculation process permeate side 

remained open. After 60 minutes of continuous PE recirculation, membrane soaking in the 

PE was performed, all valves were closed and permeate blocker installed. Thereafter 

membrane soaking, PE solution was again pumped through the membrane, with retentate 

draining, for a couple of minutes and at 500 ml/min flowrate. Next step was to flush the 

membrane with 0.05 M NaCl solution, the membrane was flushed with the salt solution for 

at least 10 minutes at 500 ml/min flowrate. The last step was to rinse the membrane with 

water, rinsing continued until the initial water conductivity values were observed. During 

NaCl flushing and water rinsing, the closing of the permeate side was omitted. All the above 

steps were repeated for the oppositely charged PE, for the formation of one complete bilayer.  

 

Coating strategy for the SW-2 was slightly different. PEs were dissolved in NaCl solution 

with different concentrations of 0.05M (for first 3 bilayers), 0.2M (for 4-7 bilayers) and 0.5M 

(for 8-10 bilayers), salt solution with corresponding concentrations was prepared for the 

membrane rinsing. Also, PEs concentration was changed from 0.5 g/L, used for coating of 

SW-1 and first 7 bilayers of SW-2, to 1 g/L for SW-2 (8-10 bilayers). The water flushing 

time with PEs was increased from 9 minutes to 18 minutes due to decreased flowrate of 400 

ml/min. Flowrate for the PEs recirculation for the first 50 minutes was decreased to 300 
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ml/min. For membrane coating in SW-2 throughout the whole coating procedure, apart from 

soaking, the closing of the permeate side was omitted, and due to salt addition in the PEs 

solution, the problem with high viscosity of the cationic PE was eliminated. PEs solution 

recirculating after soaking was also excluded, in order to reduce the amount of coating steps. 

 

Since the PEs solution was recirculated back to the containers, pH and conductivities were 

monitored to prevent solutions dilution. The monitored values are presented in Table 5. At 

any solution dilution or if any contamination was observed the old solutions were replaced 

with the new ones. 

 

Table 5. Working solutions values at ambient temperature. 

Milli-Q water Tap water NaCl (0.5M) 
Cationic 

polyacrylamide 
Sodium polyacrylate 

pH 
Conductivity, 

µS/cm 
pH 

Conductivity, 

µS/cm 
pH 

Conductivity, 

mS/cm 
pH 

Conductivity, 

mS/cm 
pH 

Conductivity, 

mS/cm 

6.7 1.74 7.2 114.1 5.7 46.0 3.5 46.4 7.6 45.7 

 

It is worth to notice that for the anionic PE, with pKa value of 4-5, its complete dissociation 

or (de) protonation depends on the pH of the solution, whereas cationic PE does not require 

any pH regulation, due to full quaternization of the quaternary ammonium, hence cationic 

polyacrylamide will carry its positive charge at any pH range, whereas anionic sodium 

polyacrylate solution requires pH monitoring (Moradi et al., 2019, pp. 300–308).   

 

3.2.6. Applied calculations 

Membranes performance was defined from PWP and retention calculations. The calculations 

were performed by measuring several fluxes as a function of time, at different pressures. 

Membrane compaction was performed before flux and salt retention measurements. The 

compaction was done for 50-60 minutes at highest measurements pressure of 6 bars. After 

50-60 minutes, the pressure was decreased, and measurements began from the lower values 

(1 or 2 bars) and up to higher values (6 bars). The LbL assembly was performed by 

application of peristaltic pump. For these experiments, flux was measured under the time of 

60 seconds. Final PWP results are the relation of fluxes to their respective pressure values.   
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Flux (L/(m2h)) was defined as: 

 
𝐽 =

𝑉

𝐴 ∗ 𝑡
 

(1) 

 

where V is the total volume of water collected from the permeate during sampling time 

interval t, and A is the nominal membrane area in the module.  

 

For more accurate results PWP (L/(m2h*bar)) was calculated as:  

 
𝑃𝑊𝑃 =

𝑉

𝐴 ∗ 𝑡 ∗ 𝑝
 

(2) 

 

where p is TMP.  

 

Modified membranes were characterized by measuring retention (rejection) of salt solution 

(MgSO4) with the concentration of 0.5 g/L (500 ppm). The salt rejection (R%) was defined 

as: 

 
𝑅% =

𝐶𝑓 − 𝐶𝑝

𝐶𝑓
= 1 −

𝐶𝑝

𝐶𝑓
 

(3) 

 

where, Cp and Cf are the solute concentrations in the permeate and in the feed tank, 

respectively.  

 

The same principle as for salt rejection (3) applied for the retention of organic compounds 

using PEG solution. After measuring the rejections SW element was flushed with tap water. 

 

3.2.7. Molecular weight cut-off (MWCO) 

Basic membrane principle is the separation of the molecules by its sizes. One way to 

characterize porous membranes is based on its permeation-related parameters by filtration 

of the solutes that are retained by the membrane. Decline in retention of the solutes, based 

on their molecular weight, by 90% called cut-off value (Figure 17)  (Mulder, 1996). 
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Figure 17. MWCO (Mulder, 1996) 

 

PEG with different molecular weight was used to determine MWCO of the PEM modified 

membrane (SW-1). To obtain the result total organic carbon (TOC) analysis using TOC 

analyzer (SHIMADZU, TOC-L series) was applied. Cut-off value was calculated by means 

of fractional rejection using the same formula as for salt retention (3). 

 

3.2.8. Analytical devices for the membrane surface analyses and PEs viscosity 

measurements  

For the determination of the viscosity changes as a function of temperature and background 

salt concentrations rheometer analysis using Anton Paar rheometer was performed (Figure 

18). Cationic polyacrylamide was used for this analysis as it has higher molecular weight 

compared to anionic PE used in this study. Rheometer analysis is done at the shear rate of 

100-10 1/s and different temperature levels (20, 40 and 60 °C). 
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Figure 18. Modular Compact Rheometer. 

 

PEM removal to obtain zero sample for further membrane surface analysis, as well as PEM 

stability tests, were performed in Amicon cell. Setup (Figure 19) used for PEM membrane 

performance testing and PEM removal contains Amicon cell, laboratory balance scale, 

magnetic stirrer and pressure gauge (not shown in the picture), the system is equipped with 

nitrogen supplier. 

 

 

Figure 19. Amicon cell setup. 
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Surface charge before and after PEM removal was defined by analyzing the membrane 

surface with Anton Paar SurPASS zeta potential analyzer (Figure 20). 

 

 

Figure 20. Electrokinetic Analyzer Anton Paar SurPASS. 

 

Comparison of zero sample, coated membrane and PEs layer was done by analysis of their 

Fourier-transform infrared spectroscopy (FTIR) spectra. The FTIR spectra obtained from 

Frontier MIR/FIR Spectrometer (Figure 21).  

 

 

Figure 21. Fourier Transform IR spectrometer. 
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4. RESULTS AND DISCUSSIONS 

 

 

The overall goal of this study was an in-situ coating of EoL membranes inside SW elements 

with some preliminary treatment of the membrane, hence it was expected to prolong EoL 

membrane lifespan and simultaneously help to achieve the resulted membrane properties, 

comparable to those of NF membranes. For this purpose, cationic polyacrylamide and 

anionic sodium polyacrylate for the PEM membrane fabrication were used as a supplying 

PE material. On two Oltremare’s Low Energy BW SW elements, LbL coating with varying 

PEs and background salt concentrations was prepared. For the determination of surface 

modifications and resulted membranes properties water flux, salt retention and MWCO 

evaluations were arranged.  

 

 

4.1. EFFECT OF TEMPERATURE AND SALT CONCENTRATION ON PE 

SOLUTION VISCOSITY 

 

PEs solutions for LbL coatings usually prepared by dissolving PEs in the NaCl solution. The 

salinity of water, as well as increase in temperature of the solution, reduce PEs solution 

viscosity. PEs with high molecular weight have to be monitored on its viscosity level, since 

high molecular weight of PEs results in a higher viscosity of the solution, and especially, in 

the coupe with lower operational temperatures, thus the PEs passage through the membrane 

will be hampered. When PEs with high molecular weight are employed in the coating it is 

especially important to regulate the background salt concentration. Presence of background 

salt in the PEs solution helps to reduce the solution viscosity, the higher the salt concentration 

the lower the viscosity of the PEs solution.  

 

0.5 g/L of PE solution with two different background salt concentrations of 0.05 M and 0.5 

M, were prepared and tested (Figure 22). Viscosity values were taken at the shear rate of 10 

1/s. Viscosity as a function of shear rate for different temperatures (20, 40 and 60 °C) 

presented in Appendix II. 
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Figure 22. Dependence of viscosity on temperature and salt concentration in the PE solution. 

 

It is foreseen that with an increase in temperature and NaCl concentration in PE solution 

viscosity of the solution decreases. Higher temperatures lead to polymer stretching which 

reduces the viscosity of the solution. 

 

 

4.2. CLEANING OF THE MEMBRANE FOULING AND PA LAYER REMOVAL 

 

Initially, SW-1 EoL membrane was cleaned from fouling and chemically oxidized to remove 

its aromatic PA layer. Fouling can result in the reduction of the membrane performance, but 

also it can limit the effect of the PA layer oxidation during the membrane chemical 

modification. Cleaning of the SW-1 element with Ultrasil 110 solution helped to increase 

membrane performance in terms of increased flux and subsequently increased PWP, thus 

initial PWP of the received EoL element was 1.9 L/(m2h*bar) and after Ultrasil 110 cleaning 

reached 6.4 L/(m2h*bar) (Table 6). 
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Table 6. PWP of EoL membranes before and after Ultrasil 110 cleaning. 

SW 

element 

PWP as received, 

L/(m2*h*bar) 

PWP after Ultrasil 110 

cleaning, L/(m2*h*bar) 
Clearing time, hours 

SW-1 1.9 6.4 24 

SW-2 5.1 5.6 48 

 

Cleaned EoL membrane was then exposed to NaClO, which led to significantly increased 

flux. Chemical modification with NaClO (98280 ppm*h) showed an increase in membrane 

PWP by 211% in comparison to the membrane PWP achieved after Ultrasil 110 cleaning 

(Figure 23).  

 

 

Figure 23. EoL membrane performance before/after cleaning and chemical modification. 

 

To prevent membrane support and base layers from damage caused by high doses of oxidant 

exposure, and achieve only partial PA layer removal, NaClO was fed to the system several 

times at a very low concentration. After every NaClO exposure flux was measured. 

Dependence of flux on time of NaClO exposure presented in Figure 24, data representation 

in table format can be found in Appendix III. 
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Figure 24. Flux at 2 bars in dependence of NaClO exposure time. 

 

As it can be seen from Figure 24 membrane’s flux increased as the exposure time of the 

NaClO increased, therefore, increased flux led to proportionally decreased salt rejection, 

which was defined as a difference in salt water conductivities between permeate and feed. 

When the exposure time of NaClO reached 98280 ppm*h, the salt retention of the membrane 

was measured, and the rejection results showed 5% MgSO4 retention. Such low retention of 

the salt ions can be an indicator for a partial PA removal since the decomposition of the top 

selective PA layer results in the more open membrane surface. Therefore, successful 

membrane modification into a lower grade treatment membrane was achieved. Moreover, 

considering previous studies (Moradi et al., 2019), membrane surface charge after chemical 

modification with NaClO results in the negatively charged membrane, which is an important 

characteristic to know before the implementation of the LbL. The longer the NaClO 

exposure the more negatively charged membrane would be. 

 

As for the SW-2 greater membrane fouling was observed which led to the increasing in the 

Ultrasil 110 exposure time up to two days. The quality of the cleaning solution of the SW-2 

soaked overnight in Ultrasil 110 (1 v/v%), as well as after two days soaking in the detergent 

solution presented in Figure 25. 
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Figure 25. Samples of Ultrasil 110, 1 v/v% solution (on the left) loaded in the SW-2 element, 

cleaning solution after 24 hours treatment (in the center) and retentate after 48 hours of 

cleaning (on the right).  

 

PWP of SW-2 as received was 5.1 L/(m2*h*bar), after 48 hours of Ultrasil cleaning the 

changes were still neglectable and increased slightly to 5.6 L/(m2*h*bar) (Table 6). The 

membrane then was oxidized in the same manner as for the SW-1. Overall NaClO 

concentration during the membrane chemical modification was 123945 ppm*h (Figure 26), 

which is higher than in SW-1, there are few reasons for that, first being that SW-2 was 

espoused to NaClO solution twice: one time at 30800 ppm*h and second time at 93145 

ppm*h, whereas in SW-1 NaClO solution was introduced to the module 4 times at very low 

concentrations (14980 ppm*h, 27300 ppm*h, 52500 ppm*h, 3500 ppm*h). There were not 

serious changes in PWP observed after first two times of NaClO exposure on the membrane 

surface in SW-1, so it can be the result of NaClO decomposition due to lower chemical 

stability at low active concentrations, another reason could be weakening of the effect of 

chemical due to the long shelf life of the substance, as well as possible solution dilution 

while within the system. pH of NaClO solutions, prepared for membrane chemical 

modification, was measured only before the solutions were fed into the modules and was in 

the range of 12.0-12.5.  
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Figure 26. Dependence of membrane flux at 2 bars on NaClO concentration for SW-2. 

 

The results of flux at 2 bars after chemical modification with NaClO were 40.3 L/(m2*h). 

Which is slightly lower than the results achieved during SW-1 membrane modification 47.9 

L/(m2*h). Changes in flux during Ultrasil cleaning and chemical modification with NaClO 

as well as the flux of the received EoL membrane are presented in Figure 27. 

 

 

Figure 27. SW-2 changes in fluxes during pretreatment operations. 
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4.3. IN-SITU FABRICATION OF PEM USING LBL TECHNOLOGY  

 

PE layers were assembled in a sequential manner, whereas first layer assembly began with 

feeding the cationic PE solution into the SW module, explained by negatively charged 

membrane surface, obtained after NaClO exposure. Both modules were coated using the 

same LbL thin-film assembly, although a certain difference in coating time, number of 

bilayers, PEs and NaCl concentrations presented throughout the coating procedure and 

between the modules.  

 

The membrane in the SW-1 was coated with 13 bilayers. First eight bilayers were coated 

using Milli-Q water, and the time of PE solution circulation and soaking was 15 minutes 

each, overall coating time was 30 minutes. After coating of 8 bilayers PWP and salt retention, 

measurements showed insignificant changes, so it was decided to increase PEs contact time 

with the membrane, by increasing coating time from 30 minutes up to two hours. Now the 

PEs solution circulation continued for an hour, with further one-hour membrane soaking in 

the PEs solution, as it was described previously. The source of water also changed from 

Milli-Q water to tap water. There were no meaningful changes observed that could affect the 

coating due to changes in a water source, although some water pretreatment such as MF, 

strongly recommended in order to eliminate changes in tap water quality, among which 

increased presence of iron ions, subsequently might contaminate the membrane surface, and 

disturb coating procedure due to increasing in conductivities of the solutions made in tap 

water. 

 

All salt retention measurements were performed by using 500 ppm MgSO4 solution. While 

coating the SW-1 it was observed that salt retention started to increase constantly as the 

coating time and the number of bilayers increased, thus after 3 bilayers salt retention was 

around 7-10%, coating of 8 bilayers showed salt retention close to 16.4%, and after coating 

of 11 bilayers salt retention was more than 50% and the coating of 13 bilayers showed the 

MgSO4 retentions of almost 70% with PWP of 8 L/(m2*h*bar). PEM layer formation for 

SW-1, as a function of Flux at 2 bars and salt retention vs. number of bilayers, can be 

observed from Figure 28. 
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Figure 28. Changes in flux and salt retention at 2 bars vs. number of bilayers for SW-1. 

 

From Figure 28 it can be observed that the drop in flux by the end of the coating procedure 

equals to 50%, whereas salt retention increased sevenfold. 

 

Since only slight changes in flux decreasing were observed while coating first three bilayers 

it can be suggested that during coating of these bilayers membrane’s pore closing process 

was predominant, whereas pore-dominant regime was observed after the increased number 

of bilayers (Reurink Dennis, 2020). Besides that, PEs solution in the absence of salt formed 

extremely thin layers, and only with increased bilayers number, some changes can be 

noticed. The layer-dominated regime of PEM growth started after coating of 3 bilayers. 

 

The same tendency of PEM formation was observed in the SW-2 (Figure 29). Although 

lower retentions can be seen with each bilayer coating. Supposedly the reason for this is the 

greater fouling of the received EoL membrane, which was not completely cleaned during 

pretreatment steps and resulted in preventing the membrane from the successful layer 

formation. Thus, the coating was performed on top of the fouling layer and it is suggested 

that fabricated PEM behavior was alike to those of the sacrificial PEMs, prepared by some 
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researchers for further better membrane cleaning (Ahmadiannamini et al., 2015, pp. 149–

158; Nava-Ocampo et al., 2020, p. 114650; Son et al., 2018, pp. 584–590). 

 

Salt retention of 4th and 5th coated bilayers was 19%, the linear increase in salt retention was 

observed from 6th bilayer coating with 24.5% MgSO4 rejection. Salt retention of 31.6% and 

36.5%, was observed for 8th and 10th bilayers, respectively. 

 

 

Figure 29. Changes in flux and salt retention at 2 bars vs. number of bilayers for SW-2. 

 

Changes between PWP and salt retention for each coated bilayer for SW-1 and SW-2 can be 

found in Appendix V and Appendix VI, respectively. For a better understanding of the LbL 

PEM buildup comparison of the membranes coated with 8 bilayers are presented in the table. 

Table 7. Comparison of membranes in SW-1 and SW-2 after coating of 8 bilayers. 
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As it can be seen from the Table 7 the rejection of the modified membranes is still low, it 

can be explained by several factors: 

1. Coating PEs solution for the PEM SW-1 was not prepared in the  NaCl solution but rather 

flushed after PEs deposition is done. The absence of salt in the PEs solution leads to 

formation of very thin layers, which are insufficient for such a high membrane area of the 

SW element used, considering the fact that PEs solution deposition along the membranes 

surface inside the elements is rather complicated and nonhomogeneous due to complex 

element design.  

2. LbL coating of first 8 bilayers for the PEM SW-1 was performed with shorter contact 

time, as further experiments proved, certain changes in the coating contact time and coating 

strategy gave better results as for increase in salt retention. 

3. 8 bilayers of PEM SW-2 was coated with higher concentration of NaCl (0.5M) in PE, as 

well as concentration of PEs was increased from 0.5 g/L to 1 g/L. Addition of NaCl and 

changes in PEs concentrations helped to significantly increase salt retention, even after 

deposition of just one bilayer. 

4. Lower PWP of PEM SW-2 can be explained as of increased PE concentration, as well as 

higher salt concentration in the PEs and flushing solutions leads to the formation of denser 

and clumper layers which increases salt retention but also decreases the PWP. 

5. It is especially important to notice that first two bilayers deposited onto chemically cleaned 

membrane defines the success of the further coatings.  

 

During LbL coating with PEs, it was observed that the coating time plays a significant role 

in layer formation. Certainly, when the coating time increased, the better coating results in 

terms of increased salt rejection were observed. Longer contact time hypothetically promotes 

better adsorption of PEs onto the membrane surface, especially considering SW modules 

design, where active transport of PEs onto the membrane surface is limited due to the 

presence of membrane spacers. 

 

Overall, the afterwards conclusion was made that the in-situ modified with PEs membrane 

in SW-1 is NF membrane with the negatively charged surface. The separation principle of 

fabricated membranes is based on Donnan exclusion mechanism, where ions with the same 

charge as the charge of the membrane are excluded from the membrane.  At the same time 

membrane modified in SW-2 showed lower salt selectivity results, which is presumably was 
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affected by poorer membrane cleaning performance and greater membrane fouling, whereas 

it is observed that cleaning procedure must be selected exclusively for every other element, 

the cleaning duration must be regulated in dependence of the membrane fouling conditions. 

 

4.3.1. LbL coating from the element rear end 

Used experimental setup designed in a way where the solutions can be pumped from the rear 

end of the element. In order to achieve equal coating onto the whole membrane area, and, 

also to investigate the possibility for such type of coating within the SW module, coating 

from the rear end was performed for the last two bilayers of SW-2 module. The results 

reviled 4% increase in salt rejection. Among that increase in TMP was observed. Therefore, 

it is not recommended to perform such type of coating inside the SW modules, since their 

design specifically exclude the possibility for backwashing and any other type of similar 

procedures.  

 

4.3.2. Membrane characterization with PEG filtration 

Neutral components retention analysis with different PEG sizes of 6000,8000,10000,12000 

and 20000 Da was performed for the modified PEM membrane in SW-1 element. Filtrations 

with PEG 6000 and 8000 were performed after coating of 11 bilayers, whereas PEG 10000, 

12000 and 20000 after coating of 13 bilayers. The initial feed concentration of the analyzed 

PEG solutions was 200 ppm. Maximum retentions of PEG 6000-10000 Da were in the range 

of 77-79%. PEG 12000 Da was retained by 83%, whereas PEG with a molecular weight of 

20000 Da revealed the retention of 91%, which represents the cut-off value of the fabricated 

PEM membrane (Figure 30). The best retentions were achieved at one bar pressure 

filtrations, in addition decrease in TOC concentration with increased pressure was observed, 

hypothetically some components remained within the module, due to significant membrane 

area (7.9 m2) and its structure in comparison to the smaller volume of the feed tank (13 L). 

Full data for MWCO is presented in Appendix IV.   
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Figure 30. 6,8,10,12 and 20 kDa PEG filtrations and the best molecular weight cut-off 

results, PEG concentration in the feed 200 ppm. 

 

 

4.4. SW MODULE AUTOPSY  
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the membrane layers. Since it was not possible to analyze EoL membrane surface before 

modification performance in the pilot conditions, the zero sample was performed by means 

of PEM removal from one of the membrane coupons taken after autopsy. PEM stability was 

tested alongside.  

 

79,6

77,4

80,0

83,4

91,2

50

55

60

65

70

75

80

85

90

95

100

0 5000 10000 15000 20000 25000

P
E

G
 r

e
je

c
ti

o
n
, 
%

Molecular weight, Da



57 

 

 

Figure 31. Autopsied SW module. 

 

An attempt was made to obtain zero sample by PEM removal with high 5M NaCl 

concentration as well as by NaClO (2833 ppm*h) oxidation. Membrane coupon with the 

active area of 0.0038 m2, was placed into the Amicon cell and exposed to 5M NaCl solution 

for 60 minutes under continuous stirring and without pressure adjustment. After NaCl 

treatment, flux measurements, at 1,2 and 4 bars were performed and showed no changes in 

PWP (Table 8), thus it can be suggested that coated membrane is stable at up to 5M NaCl 

concentrations.  

 

Table 8. Flux and PWP values before and after 5M NaCl exposure. 

Applied 

pressure, bar 

Flux before 

treatment, 

L/(m2*h) 

PWP before 

treatment, 

L/(m2*h*bar) 

Flux after 5M 

NaCl exposure, 

L/(m2*h) 

PWP after 

5M NaCl 

exposure, 

L/(m2*h*bar) 

1 12.6 
12.6 

 

9,5 9,5 

2 25.3 17,4 8,7 

4 50.5 36,3 9,1 

 

The membrane coupon then was exposed to NaClO (2833 ppm*h) under continuous stirring 

conditions. The flux at 2 bars of the NaClO exposed membrane increased up to 53.7 
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L/(m2*h) compared to PEM coated membrane, where the flux at 2 bars after coating was in 

the range of 25.3 L/(m2*h), whereas flux at 2 bars of the membrane in the SW module after 

NaClO (98280 ppm*h) oxidation and before LbL coating was 47.9 L/(m2*h). The flux 

results before and after PEM removal in the Amicon cell can be seen from the Figure 32.  

 

  

Figure 32. Membrane flux results before and after PEM removal. 

 

Zeta-potential analysis was performed to analyze the surface charge of the coated membrane, 

to compare the charges of the coated membrane to the charge of pristine membrane, zero 

sample exposed by NaClO was analyzed. Three samples were taken from the different parts 

of the coated membrane, thus one sample was taken from the feed inlet of the second 

membrane layer, second sample was obtained from central part of the third layer and third 

sample was taken from the permeate outlet of the fourth membrane layer.  

 

From Figure 33 it can be observed that membrane surface charge after 2833 ppm*h NaClO 

exposure became more negative compared to the PEM coated membrane, whereas at pH 7 

PEM membrane surface charge in the central part of the membrane was -29 mV and for 

membrane exposed to NaClO at the same pH rate the surface charge became -60 mV.  
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Moreover, comparison of coated membrane from the different parts of the membrane shows 

that feed inlet and central parts of the membrane in general showed the non-homogeneous 

layer formation along the membrane surface, as well as unequal solution deposition 

throughout the SW module. Thus, the solutions fed in the system during coating as well as 

cleaning and chemical modification were not deposited equally, also some parts of the 

membrane remained uncleaned.  

 

 

Figure 33. The zero-sample surface charge and charges of the different PEM membrane 

layers. 

 

The presence of PEs on the membrane surface was investigated by ATR-FTIR analysis. The 

infrared spectra of three different samples are shown in Figure 34. For the successful analysis 

PEs layer was prepared and scanned separately. The PEs layer preparation was done in the 

beaker by mixing of two PEs solutions together with further dehydration of the solution in 

the oven for 24 hours, thus the PEs powder was scratched from the surface and analyzed in 

FTIR spectrometer. The concentration of the prepared PEs corresponded to the concentration 

of the PEs solutions used during coating of the SW-1, thus 0.5 g/L of each PE. No 

background salt was adjusted, since coating of the SW-1 was performed without background 

salt. Tap water was used for the solution preparation. Hence PEs layer (blue line), zero 
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sample (black line) and coupon with the coated membrane, taken from the central part of the 

membrane (red line) were compared . 

 

 

Figure 34. FTIR spectra of prepared membrane coupons and PEs. 

 

The peak of O-H (carboxylic acid) and C-H (alkane) stretch for the coated membrane is 

decreased in sharpness as compared to peak for PEs sample. Whereas sharpness of amide 

C=O for coated membrane increases. Aromatic C=C amide peak for PEs is strong and sharp 

peak whiles its intensity for zero sample and coated membrane decrease, respectively. The 

PEs peak for sulfonyl stretch in the fingerprint region is sharped while intensity for the 

coated membrane is decreased gradually. Zero sample showed maximum intensity sulfone 

S=O stretch peak while intensity for coated membrane and also the sharpness of PEs sample 

decreases, respectively. Zero sample and coated membrane sample both showed strong sharp 

peaks of C-I stretch. The ATR-FTIR spectra for above-mentioned samples showed that there 

is a coating of PEs cationic polyacrylamide and an anionic sodium polyacrylate onto the 

membrane and also the structural composition of the membrane. The FTIR spectra of the 

samples taken from the feed inlet and permeate outlet are presented in the Appendix VII. 

 

 

 



61 

 

4.5. MAIN CHALLENGES IN THE MEMBRANE COATING INSIDE THE SW 

ELEMENTS 

 

EoL membrane cleaning protocol differs from the cleaning procedures performed on the 

bench scale with the flat-sheet EoL membranes. The alkaline detergent cleaning time 

strongly depends on the degree of the EoL membrane fouling, but longer alkaline treatment 

can as well affect the membrane surface properties (Kallioinen et al., 2016). The time of 

membrane chemical oxidation also varies and needs to be regulated. 

 

One of the main difficulties that might affect the successful coating of the SW element is its 

spacer. Since the spacer function is to provide turbulence and prevent the formation of the 

fouling layer onto the membrane surface, as well as, to reduce concentration polarization, 

most of the PEs solution used for membrane coating, hardly reach the exact membrane 

surface.  

 

The non-homogeneity nature of layer formation during performed LbL coating and the 

possibility to feed the coating solution only from one side of the element, due to SW system 

design, limits the chances for quick and successful layer formation. Although some 

implementation of different coating strategies, as well as certain changes in the experimental 

setup design, can significantly improve the chances for the successful coating with higher 

retention values. 
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5. CONCLUSION AND FUTURE PERSPECTIVES 

 

 

Two SW modules were cleaned, chemically modified and coated with LbL PEs assembly, 

at the pilot scale. In both cases PWP reduction and increase in salt rejection were observed, 

which indicates in certain changes that have occurred on the membrane surface during the 

LbL assembly. 

 

Due to the novelty of the experiments involving the coating of membranes within SW 

modules, the following conclusions, observations, and suggestions were made: 

1. In-situ chemical modification of the EoL membrane and its thoughtful cleaning 

directly affects afterwards coating with PEs. 

2. Achieved results of almost 70% MgSO4 rejection and the proportional decrease in 

PWP to the number of coated bilayers indicate that LbL coating within the SW module is 

possible although many parameters have to be considered. 

3. The coating procedure of membranes in SW elements has to be optimized in a way 

that the coating solution could be delivered to the membrane surface as much as possible, 

avoiding the passive passage of the PEs within the module, the flowrate control in this case, 

is mandatory. 

4. Coating time is among the most important parameters, affecting the successful PEs 

transportation onto the membrane surface. Increased PEs contact period with the membrane, 

especially the immersion phase, provides better PEs adsorption.  

5. Ionic strength, hence, the salt concentration of the coating solution should be chosen 

thoughtfully, pH of the solution containing weak PEs should be monitored and decreased or 

increased accordingly to its dissociation constant (pKa value). 

6. PEs concentration must be chosen wisely and balanced with the background salt 

concentration, remembering the basic principles of layer formation, whereat PEs in the 

solution with higher salt concentration will result in thicker, denser, and dumped layers, 

whereas lower salt concentrations will form more uniform and thinner layers. 

7. Membranes in SW modules are tightly packed membranes with the significant active 

area, wherein homogeneous layer formation is complicated and PEs deposition rather 

random, thus more bilayers need to be coated. 
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8. In case if the water source, used for coating, is tap water, - the installation of guard 

filters or MF system, prior to the feed exposure to the membrane is favorable and will help 

to eliminate factors affecting the successful membrane coating, such as penetration of 

different external agents onto the membrane surface. 

9. Certain improvements in the experimental setup design such as SW module 

allocation position (vertical or horizontal), increased volume of the feed tank and flowmeter, 

as well as the introduction of the more powerful pumping equipment into the experimental 

process, is preferable. 

 

The performed work is another step forward towards the fabrication and creation of 

renewable materials. Rational and thoughtful use of resources, - one of the key points in the 

development of a sustainable society. Thus, there is great potential for the improvements and 

better things are yet to be done. 
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APPENDICES 

Appendix I. Scheme of the experimental setup. 

 

Figure 35. Schematic representation of the pilot-scale setup and equipment. 



 

 

Appendix II. Viscosity as a function of shear rate for different temperatures. 

 

 

Figure 36. Viscosity vs. shear rate for 0.5 g/L PE dissolved in 0.05M NaCl. 

 

 

Figure 37. Viscosity vs. shear rate for 0.5 g/L PE dissolved in 0.5M NaCl. 
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Appendix III.  Dependence of flux on NaClO exposure time. 

 

Table 9. Flux vs. NaClO ppm*h for SW-1. 

NaClO, ppm*h Presssure, bar Flux L/(m2*h) 

0  

 

2 

 

 

9.7 

14980 11.0 

42280 15.2 

94780 38.0 

98280 47.9 

 

Table 10. Flux vs. NaClO ppm*h for SW-2. 

NaClO, ppm*h Presssure, bar Flux, L/(m2*h) 

0 

2 
 

14.6 

30800 15.5 

123945 40.3 

 

 

Appendix IV. MWCO of coated membrane in SW-1. 

 

Table 11. 6 kDa PEG filtrations. 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

1 104 21,18 79,6 

2 87,62 21,05 76,0 

3 85,75 26,17 69,5 

4 86,32 28,38 67,1 

6 63,45 34,62 45,4 

 

 



 

 

Table 12. 8 kDa PEG filtrations. 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

1 83,27 18,83 77,4 

2 82,78 21,98 73,4 

3 70,38 24,57 65,1 

4 55,67 27,17 51,2 

6 55,39 28,04 49,4 

 

Table 13. 10 kDa PEG filtrations. 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

1 90,19 18,06 80,0 

2 81,3 24,5 69,9 

3 78,82 26,21 66,7 

4 77,35 29,09 62,4 

6 75,03 26,87 64,2 

 

Table 14. 12 kDa PEG filtrations. 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

1 90,77 15,09 83,4 

2 74,88 15,28 79,6 

3 68,39 22,03 67,8 

4 71,36 23,52 67,0 

6 71,59 23,22 67,6 

 

Table 15. 20 kDa PEG filtrations 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

1 94,76 8,357 91,2 

2 67,75 11,36 83,2 



 

 

Pressure 
TC concentration in the 

feed tank, mg/L 

TC concentration in the 

permeate, mg/L 
R% 

3 47,87 12,86 73,1 

4 42,75 13,83 67,6 

6 51,39 15,61 69,6 

 

 

Appendix V. PWP and salt retention for the SW-1. 
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Appendix VI. PWP and salt retention for the SW-2. 
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Appendix VII. FTIR spectra of the membrane samples taken from the feed inlet and 

permeate outlet. 

 

 

Figure 38. FTIR spectra of PEs layer, membrane zero sample and the sample of the coated 

membrane from the feed inlet. 

 



 

 

 

Figure 39. FTIR spectra of PEs layer, membrane zero sample and the sample of the coated 

membrane from the permeate outlet. 

 


