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Nowadays, the global disposal of reverse osmosis membranes (RO) modules is occurring at 

an alarming rate, and the negative effects are intensifying. This prospective study was 

designed to investigate the technical feasibility of recycling end-of-life (EoL) RO 

membranes and their reuse as ultrafiltration (UF) and nanofiltration (NF) membranes as a 

new platform in the pulp and paper industry.  

This thesis intends to determine the extent to which the polyamide (PA) layer of EoL 

membrane can be chemically oxidized via sodium hypochlorite (NaOCl) facilitated by 

chloride (CaCl2) as accelerating catalyst in terms of application, recycled membranes can be 

effectively utilized for purifying the alkaline filtrate from the pulp mill. Moreover, this study 

seeks to explore the influence of post-modification of oxidized membranes via layer-by-

layer (LbL) polyelectrolyte deposition technique in filtration performance of oxidized 

membranes. Herein, two strong, pH-independent polyelectrolytes 

Poly(diallyldimethylammonium chloride) (PDADMAC) and poly(polystyrenesulfonic acid) 

(PSS) were utilized as polycation and polyanion during the self-assembly of polyelectrolyte 

multilayers (MPLs). The effectiveness of different oxidation levels of PA layer and further 

MPLs post-modification technique were evaluated in terms of pure water permeability 

(PWP), MgSO4 salt rejection, and total dissolved carbon (TDC) removal and conductivity 

rejection of alkaline filtrate as pulp and paper mills effluent before and after each step of 

modification. This study has identified the possibility of systematically controlling the 

chemical oxidation level of the polyamide (PA) layer to produce UF/NF membranes with 

various molecular weight cut-offs (MWCO). One of the more significant findings to emerge 

from this study is that with higher degradation of PA layer and further MPLs post-

modification, a NF membrane with higher PWP and similar MWCO can be achieved, 

compared to less oxidized one at the same polyelectrolyte bilayers modification. 



  

Taken together, the findings from this study can be employed as a reasonable approach to 

address the environmental impacts of EoL membranes and take the relevant economical 

advantages of recycled membranes in various applications, such as purification of effluents 

from pulp and paper mills.  
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  SYMBOLS  

Roman Symbols  

Cf Concentration of solute in feed  [mg/L] 

Cp Concentration of solute in permeate  [mg/L] 

𝐶𝑖
𝑓

 Feed concentration for sample i  [mg/L] 

𝐶𝑖
𝑝̅̅̅̅

 Average concentration of permeate for sample i [mg/L] 

CR Retentate concentration   [mg/L] 

J Mass flux    [kg/ (m2.h)] 

Pf Pore closing force   [Pa] 

P Pressure    [bar] 

𝑃 ̅ Average pressure   [bar] 

PEGR PEG rejection   [%] 

PWP Pure water permeability   [LMHb] 

PWPa Pure water permeability after filtration  [LMHb] 

PWPb Pure water permeability before filtration  [LMHb] 

PWPR Pure water permeability reduction  [%]  

R Rejection    [%] 

r Pore’s radius    [m] 

T Temperature    [ºC] 

t Time    [min] 

TDC Total dissolved carbon   [mg/L]  



  

TDCR Total dissolved carbon rejection  [%] 

Vf Volume of feed   [m3] 

Vi Volume of Permeate for sample i  [m3] 

VR Volume reduction   [%] 

VRF Volume reduction factor    

Greek Symbols 

𝛾  Surface tension   [Nm-1] 

∆ Difference between initial and target  

θ  Contact angle    [°] 

ABBREVIATIONS  

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

BW Brackish Water 

DI Deionized  

EAF Electric Arc Furnace  

EoL End-of-Life 

HCl Hydrochloric Acid 

HNO3 Nitric Acid 

H2O2 Hydrogen Peroxide 

LbL Layer-by-Layer 

LCA Life Cycle Assessment 

MF Microfiltration 



  

MgSO4 Magnesium Sulphate  

MWCO Molecular weight cut-off 

NaCl Sodium Chloride 

NaOCl Sodium Hypochlorite 

NaOH Sodium Hydroxide 

NF Nanofiltration 

PA Polyamide 

PDADMAC Poly(diallyldimethylammonium Chloride) 

PE Polyelectrolyte  

PEG Polyethylene Glycol 

PEM Polyelectrolyte Multilayer 

PET Polyethylene Terephthalate 

PP Polypropylene 

PSf Polysulfone  

PSS  Poly(polystyrenesulfonic acid  ) 

PWP Pure Water Permeability  

RO Reverse Osmosis 

SDS Sodium Dodecyl Sulfate  

SW Sea Water  

TFC Thin Film Composite 

UF Ultrafiltration  
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1 INTRODUCTION 

1.1  Background of Study 

Since the inception of membrane technology, the separation science has leveraged the 

versatility of membranes in numerous applications; furthermore, with the recent advancement 

in membrane science and technology, membranes have opened new windows of opportunity 

and innovation in gas and vapor separation in the petrochemical industry, as well as purification 

of macromolecular mixtures in the food and pharmaceutical industries  (Strathmann et al., 

2006). Moreover, membranes are essential components of energy conversion, chemical 

reactors, artificial organs, and drug delivery systems (Strathmann et al., 2006). 

There are many advantages to the use of membrane filtration, including its low energy 

consumption, smaller footprint, high quality of end product, and the reduction of chemical 

usage, which makes it a highly attractive technology  (Bilad et al., 2020). Membrane filtration 

technology also benefits from its high flexibility, which enhances its applicability across a wide 

range of tasks, from separating large particulates to removing dissolved compounds (Yu et al., 

2022). According to particle size and charge of retained species, membrane pore size and 

applied pressure, water treatment membranes (i.e., pressure-driven membranes) are 

categorized into four main groups, namely, reverse osmosis (RO), nanofiltration (NF), 

ultrafiltration (UF), and microfiltration (MF)  (Van Der Bruggen et al., 2003). As a result, 

membrane separation technologies play an increasingly significant role in issues related to the 

environment. This includes water treatment, pollutant processing, and the recovery of volatile 

or hazardous organic compounds. In addition to drinking water filters, batteries, biomedical 

purification, and controlled delivery, they are also used in small devices (Zhao et al., 2011). 

The increasing demand for separation science in membrane-based technologies is clearly 

evident in the membrane global market that is estimated to be worth $11.46 billion by 2029, at 

a CAGR of 6.5% over the forecast period from 2022-2029, with a market value of $7.38 billion 

in 2022 and $11.46 billion in 2029  (Fortune, 2022). 

There comes a point in the life of a membrane module when, even after it has been cleaned, its 

water flux and salt rejection have fallen below the minimum performance requirements set by 

the manufacturer. Increasing the feed inlet pressure to keep the water flow constant is one of 

the common indicators of declining RO system performance. Fouling and regular, inevitable 

chemical cleaning of membrane materials can lead to membrane degradation, shortening their 
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lifespan (Landaburu Aguirre et al., 2016). Consequently, the annual rate for membrane module 

replacement in RO plants is projected to be in the range of 10 to 20%, resulting in thousands 

of tons of waste generated each year (Devora-Isiordia et al., 2016; Greenlee et al., 2009). 

However, cleaning protocols are being developed before disposing of discarded RO membrane 

modules to prolong their operating lifetime or prepare them for reuse or recycling (Contreras-

Martínez et al., 2022). 

Due to strict national rules and regulations regarding the growing number of RO membranes 

approaching the end of their useful lives, attention has been brought to the membrane industry, 

as most of these membranes end up in landfills (García Pacheco et al., 2015). So, it is apparent 

that the potential disposal problem has become more serious. A study conducted by Lejarazu-

Larrañaga et al. indicated that the annual mass of old RO membranes reached 14 kilotons 

plastic waste (Lejarazu-Larrañaga et al., 2020). These membranes come from various industrial 

sectors, including the pulp and paper industry, which traditionally requires a substantial amount 

of water to produce paper. 

The pulp and paper sector is one of the world's most significant and well-established industries.  

During several operational processes, such as washing, pulping, bleaching, and papermaking, 

the pulp and paper industry traditionally consumes a considerable volume of water (Patel et al., 

2021). The pulp and paper industry uses ~20 m3 of water to manufacture 1 ton of paper, 

according to currently available data (Esmaeeli et al., 2023). Therefore, proper wastewater 

treatment is essential for minimizing environmental impacts and preventing environmental 

concerns, such as loss of environmental aesthetics, adverse effects on aquatic life, and 

increasing soil salinity, which eventually has an impact on a country's economic prosperity. 

(Patel et al., 2021) 

In the water, wastewater, and membrane industries, the use of life cycle assessment (LCA) has 

become more popular to reduce the environmental impact of wastewater treatment(Lawler et 

al., 2015). As a result, the potential for recycling end-of-life RO membranes, e.g. from seawater 

desalination plants to use of less demanding water treatment applications e.g. in the pulp and 

paper industry, including the pulp and paper industry, should be investigated more to limit 

waste and lessen the environmental impact. 

As shown in Figure 1, the waste management hierarchy contains several concepts. Figure 1 

can be used to determine which of the most sustainable management strategies for old RO 
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modules should be prioritized and assessed. Waste disposal is less desirable than direct reuse, 

and direct reuse is generally preferred over recycling (Lawler et al., 2012). 

 

Figure 1. The most preferred and least preferred methods of waste management (Lawler et al., 

2012) 

RO membranes are typically disposed of in local municipal landfills as soon as they have 

reached the end of their lives. Sustainable management tools have been developed to 

understand better and manage products and processes that have an impact on the environment.  

(Lawler et al., 2015).  

1.2 Objectives and Scope of the Study 

RO membranes have an expected lifetime of 5–8 years and are frequently replaced as 

consumables. Therefore, a unique waste stream is generated at the end of their lives. 

Researchers and industry have been working on extending the lifespan of RO membranes by 

developing better materials, manufacturing, operating, and cleaning practices. The academic 

and industrial sectors are becoming more interested in End-of-life membranes management, 

although only limited research has been published. (García Pacheco et al., 2017) 

The aims of the study are as follows: 

1. Recirculate end-of-life (EoL) reverse osmosis (RO) membranes as UF/NF membranes to 

purify water in the pulp and paper industry. 

2. Characterize the recycled membranes. 
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3. Tailor the properties of the membranes to optimize their performance. 

1.1 Research Methodology 

The research for this study is set up in a way that makes it possible to comprehend the research 

topic and accomplish the necessary goals fully. The methodology for the study, which 

combines theoretical and experimental parts, is shown in Figure 2. 

 

 

 

 

 

 

The literature review covers the research subject, background, and goals thoroughly. It 

discusses the causes of end-of-life membranes, their disposal, different types of fouling, and 

cleaning procedures. An extensive review of earlier studies in this area is also included in this 

thesis. In this section, a relevant part of the effort has also been put into an in-depth explanation 

of the layer-by-layer deposition method, which involves conventional and novel membrane 

coating methods. This study attempts to uncover knowledge gaps and provide a better 

understanding of the state of the research field by examining the literature to accomplish 

essential goals. 

The experimental part involves steps like choosing the most effective cleaning technique to 

remove fouling layers, oxidizing polyamide layer of EoL membrane at different oxidation 

levels, coating oxidized membranes with layer-by-layer technique, and purification of alkaline-

filtrate wastewater from pulp and paper mill using recycled membranes. Additionally, MgSO4 

salt rejection, pure water permeability, total dissolved carbon rejection, and Attenuated Total 

Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) are used to evaluate the 

membrane's functioning. As a reference, the performance of a commercial UF membrane 

(UH004 P) was assessed during the filtration of alkaline filtrate and compared with the 

performance of the recycled membranes. To extend the useable life of RO membranes, the 

• Introduction 

• End-of-life membrane 

• Polyelectrolyte-coated 

membrane using layer-by-layer 

technique 

 

• Experimentation 

• Results and decisions 

• Conclusions 

• Suggestion for future studies 

 

Experimental Part Theoretical part 

Figure 2. Structure of the thesis 
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research intends to improve comprehension of end-of-life membrane management and create 

improved materials, manufacturing, and operating procedures. 

In conclusion, this research includes a literature review to give the reader an understanding of 

the study topic and experimental techniques to accomplish its goals. Discussions regarding the 

findings of this study effort led to recommendations for additional research.  
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2 END-OF-LIFE MEMBRANE 

The degradation of membrane performance is usually caused by fouling or regular chemical 

cleaning that gradually damages the membrane material (Contreras-Martínez et al., 2022). 

Typically, membrane modules are considered at the end of their lifespan if their performance, 

such as water permeability or salt rejection, drops below the manufacturer's minimum 

operating requirements and it is not feasible to restore the required production values through 

any cleaning treatment (Contreras-Martínez et al., 2022; García Pacheco et al., 2017). If 

cleaning cannot restore the production values, the membrane needs to be replaced  (Contreras-

Martínez et al., 2022). 

2.1 The Current Membrane Waste Challenge 

2.1.1 Landfill Disposal 

The membrane efficiency of desalination plants gradually decreases over time, even after 

developing and applying effective cleaning products (Lejarazu-Larrañaga et al., 2020). 

Numerous prevention measures have failed to prevent the fouling of RO membranes, leading 

to thousands of tons of waste being disposed of yearly (Lawler et al., 2012). The decrease of 

permeate flow and the increase of transmembrane pressure are usually considered as the 

common indicators of initiating the cleaning cycle when these indicators differ by 10-15 

percent. By assuming abundant resources, today's economic system follows a linear pattern of 

“take-make-consume-dispose”. The abovementioned model does not exclude membrane-based 

industrial processes, and membranes generally need to be replaced when they can no longer be 

reused due to unrecoverable flow rate/water quality (Landaburu Aguirre et al., 2016). The 

pressing need for potable water propels the demand for the continuous growth of RO 

technology, which requires inevitable membrane module replacement, resulting in a 

continuous accumulation of end-of-life (EoL) modules. The rate of membrane replacement in 

desalination is estimated to be between 5 to 20 % each year (Greenlee et al., 2009). Membranes 

that have reached the end of their life are usually disposed of in landfills, in accordance with 

country-specific laws. Landfill disposal is wasteful, environmentally damaging, and costly 

when it comes to waste management. A cross-continental recycling society and EU circular 

economy system strongly oppose the approach of landfill disposal of EoL membranes 

(Landaburu Aguirre et al., 2016). Each year, the EoL reverse osmosis modules discarded in 

landfills worldwide are estimated at more than 840,000 modules(Lejarazu-Larrañaga et al., 
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2020). To promote reuse and recycling, industrial efforts and legislation that encourage change 

in domestic practices must be employed. The management of EoL membranes is handled by 

water treatment plant managers. Despite the limited alternatives and the low cost, membrane 

disposal continues to be a widespread practice (García Pacheco et al., 2017). Even though 

disposal costs may seem low, conducting a sustainability assessment will provide insight into 

both economic and environmental impacts  (Lawler et al., 2012). 

2.1.2 End-of-life Membrane Characteristics (Performance and Fouling) 

Once membranes have significantly decreased permeability and rejection coefficients that 

cannot be recovered with any cleaning procedure, it is recommended to replace them 

(Landaburu Aguirre et al., 2016). In order to identify reasons for membrane exhaustion, 

membrane autopsies could be performed on an EoL membrane, including series of observations 

and scientific tests. In an autopsy study of 600 RO membranes by Peña García et al., it was 

found that membrane failure is primarily caused by fouling followed by chemical damage 

(oxidation), physical damage (abrasion), and mechanical damage (rupture) (Peña García et al., 

2013). According to Peña García et al., most desalination RO membranes are recycled to treat 

Brackish Water (BW) in their end-of-life (Peña García et al., 2013). As result of BW 

membranes' higher fluxes, concentration polarization can exacerbate fouling. There are three 

major types of fouling in RO membranes (Figure 3): organic fouling, which occurs when 

proteins and humic substances are deposited on membrane surfaces; inorganic fouling occurs 

when inorganic salts precipitate on membrane surfaces; colloidal fouling (e.g., particulate 

humic substances, clays, silts, and clay particles are deposited); and biofouling occurs when 

biofilms adhere, accumulate, and form (García Pacheco et al., 2017). 

Membrane autopsy gives a complete insight into a specific membrane module. Fouling severity 

and type can significantly influence membrane performance depending on where the 

membranes are located in the treatment train (García Pacheco et al., 2017). Organic and metal 

oxide fouling, and biofouling are more prevalent in the first module of the treatment train in 

contact with the feed (García Pacheco et al., 2017). However, due to the increase of 

concentrated solution through the membrane modules of pressure vessels, the last modules 

located at the outlet of pressure vessels show more inorganic scaling fouling (García Pacheco 

et al., 2017). The first and last membranes are typically used in membrane autopsies. In order 

to restore membrane performance, appropriate membrane cleaning procedures are usually 

designed based on the information obtained after the membrane autopsy. As a result, the 
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operating performance of the membrane can be prolonged. The cost of autopsies is roughly 

four to five thousand dollars, including deconstruction and characterization (García Pacheco et 

al., 2017).  

 

Figure 3. The Life-Transformed project is collaborating with BW RO desalination plants 

which have a range of fouling from different membranes (García Pacheco et al., 2017) 

Nondestructive methods such as membrane weight can be used to identify fouling levels and 

types. It is possible for the weight of the membrane to increase by around threefold when a 

layer of salt is deposited on it (García Pacheco et al., 2017). Increasing the weight of the EoL 

membrane (high level of scaling, 3-fold of its original weight) generally leads to a decrease in 

salt retention and an increase in water permeability which could be attributed to the mechanical 

and/or chemical degradation of the PA layer during to its operational time and inevitable 

regular cleaning of the membrane (García Pacheco et al., 2017). Moreover, the severe scale 

formation could also damage the PA layer depending on the type of mineral scaling (PENA et 

al., 2013). In contrast, organic and/or inorganic fouling can occur, while old modules weighing 

less than 1.5 times their original weight are allowed. In this case, a RO membrane typically has 

the same salt retention as the commercial NF membranes (García Pacheco et al., 2017). For 

identifying membrane foulants, other characterization techniques should be employed, such as 

membrane autopsies, and the performance of membranes can also be characterized (García 
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Pacheco et al., 2017). This analysis aims to determine the best method for managing waste, as 

explained later (i.e., cleaning, recycling, reusing). 

2.1.3 Membrane Storage and Drying 

The method of storing and transporting used RO membranes is one challenge that can impact 

the future performance of end-of-life membranes. Storage protocols should be developed and 

applied to prevent biological growth on membranes. Food-grade sodium metabisulfite (1wt%) 

is usually used as the buffer in the standard protocol for membrane storage at a pH of more 

than 3 (DOW, 2017). After passing the solution through the membranes, each membrane is 

placed separately in plastic bags to prevent the entry of oxygen and subsequently vacuum 

sealed and packed. Ignoring these conventional preservation methods and maintaining 

hydration during end-of-life disposal leads to membranes drying and reducing permeate flow  

(CSM, 2006). 

 According to studies, this extreme decrease in permeability is caused by a reduction in pores 

size and volume within the polyethersulfone/polysulfone membrane layer. Moisture 

evaporating from membrane pores collapses the pores, resulting in a denser structure (García 

Pacheco et al., 2017). In this case, the Young-Laplace relationship can be used to explain the 

effect. 

∆𝑃𝑓 = 2𝛾𝑟𝑐𝑜𝑠𝜃 

Where Pf is the pore closing force (Pa), 𝛾 is the tension at the surface (Nm-1), r is the pore’s 

radius (m), and θ is the contact angle (°) between the liquid and the membrane material (García 

Pacheco et al., 2017). There is a direct relationship between the capillary pressure and the 

surface tension of the liquid. In addition, there is an inverse relationship between pore’s radius 

and the surface tension of the liquid. Membrane pores could collapse and form a denser 

structure when the exerted forces of the drying pores are greater than the swollen membrane 

modulus. Membrane pores shrink as forces increase, so rewetting the membrane pores requires 

more pressure (García Pacheco et al., 2017). The surface region of the membrane is most 

affected by porous collapse. Membrane pores at the surface layer are much smaller than those 

at the rest of the membrane, so the surface layer has a drastically different pore size 

(Subrahmanyan et al., 2003). RO membrane and tight PESPSF UF membrane both experience 

this permeability loss, which cannot be recovered during normal operation (García Pacheco et 

al., 2017). 



22 

 

 

The effect of pore collapse on hydraulic performance has been investigated in several studies 

(García Pacheco et al., 2017). A few drying techniques resulting in larger pore size have been 

developed in response to this decrease in permeability due to drying, but their quantification 

has not been completed. A membrane with a larger pore size is capable of being repeatedly 

wetted and dried due to the reduction in capillary force (García Pacheco et al., 2017). In most 

cases, these considerations apply to reverse osmosis membranes made from cellulose acetate, 

which are not commonly used. Drying the membrane has negative effects. Membrane 

manufacturing companies should note that this leads to a change in the structure of the pores 

of the PSf layer, and as a result, flux is irreversibly diminished (DOW, 2017). 

Lawler et al. examined the mechanisms resulting in pore collapse due to drying as well as the 

effectiveness of various methods of rewetting by using selective drying, and different analytical 

techniques, such as synchrotron small-angle X-ray scattering, scanning electron microscopy, 

atomic force microscopy, and rejection characterization  (Lawler et al., 2012).  

Within the study by García-Pacheco et al., pores collapse can only be irreversible at extreme 

drying, when 80% of the wetting water has been removed from the membrane structure, which 

results in a significant amount of permeability loss (García Pacheco et al., 2017). Due to a 

reduction in mean pore size, they found that UF membranes significantly rejected protein and 

humic substances after drying. However, drying does not reveal a substantial effect on RO 

membrane salt retention. Among the various suggested rewetting strategies for dehydrated 

membranes, including those recommended by membrane manufacturers, ethanol solutions 

containing 50% w/w of ethanol have been identified as the most effective method (García 

Pacheco et al., 2017). Over 50 hours of soaking in sodium lauryl sulfate solution also resulted 

in comparable performance recovery. Even when dried membranes were soaked in low 

concentration of HCl or HNO3 solutions according to the manufacturer's methods, total 

permeability recovery was never reached to the desired performance (García Pacheco et al., 

2017).  

2.2 End-of-Life Membranes Main Alternatives 

It is estimated 10-20% of membranes in desalination plants need to be replaced every year. 

Many negative aspects are associated with landfill disposal, including waste, environmental 

damage, and cost.  The goals of the European Union prioritize circular economies and recycling 

societies, rather than linear economies. The circular economy aims to minimize waste and 
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resource consumption while maintaining the value of materials and energy as far as possible. 

The extraction of raw materials, the design of materials and products, as well as waste 

management and recycling are necessary steps to achieve this goal (Landaburu Aguirre et al., 

2016). In Figure 4. a new integrated management plan for RO membranes is presented. It may 

lead the desalination industry to move toward a circular economy by designing spiral wound 

configurations that are recyclable in the near future (García Pacheco et al., 2017). The 

optimization of pretreatment and cleaning cycles of desalination plants as well as developing 

antifouling membranes, can prolong the lifespan of the membrane module, which is considered 

as the prevention acting (García Pacheco et al., 2017). Accumulation of end-of-life membranes 

is inevitable. The optimal alternative route is to evaluate the performance of the old 

membranes, their further validation, and determine a possible chemical cleaning protocol, 

although, reusing old membranes directly without any additional treatment (García Pacheco et 

al., 2017). 

 

Figure 4. New circular economy plan in desalination (Landaburu Aguirre et al., 2016) 

According to Figure 1, there are three possible alternatives for EoL membranes: (i) reuse, (ii) 

recycling, and (iii) energy recovery. 

2.2.1 Reuse 

In the waste pyramid, "reuse" means preparing waste products or components for reuse without 

any additional processing, which may involve checking, cleaning, or repairing operations. 

(European Parliament and Council, 2008). Previous research showed that end-of-life RO 

membranes perform similarly to NF membranes (Ould Mohamedou et al., 2010). 
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Consequently, worn-out RO membranes are often repurposed as "sacrificed" elements in 

desalination plants to mitigate fouling. Recently, Aqualia Co. undertook a pilot study to test 

mechanical and chemical methods for cleaning end-of-life RO membranes in their 

LIFE+REMEMBRANE project. The goal was to reuse the modules in the same desalination 

process or in other low-quality water applications like urban wastewater treatment. To achieve 

this objective, fouling must be removed from the polyamide (PA) layer without damaging it. 

The results showed promise for centralized management of end-of-life membrane systems, 

which has led to other reuse initiatives like the European project LIFE+RELEACH. However, 

not all RO membranes can be reused due to physical damage or extreme fouling, which is why 

recycling may be another option (Landaburu Aguirre et al., 2016). 

2.2.2 Recycling 

The European Union Waste Framework Directive from 2008 defines "recycling" as any 

recovery process where waste materials are transformed into products, substances, or materials, 

regardless of whether they are used for their original purpose or something else (European 

Parliament and Council, 2008). However, it excludes energy recovery and reprocessing waste 

into fuel or materials for filling operations. Membrane technology divides recycling into two 

types, direct and indirect, based on whether or not the recycled membranes maintain their 

original spiral wound structure (European Parliament and Council, 2008). 

The nature of filtration makes fouling inevitable in reverse osmosis membrane separation 

techniques; it shortens membrane lifespan and places a significant financial burden on RO 

membrane plants (Daly et al., 2020; Matin et al., 2021). One of the key objectives of RO 

desalination technology is to sustain water permeate flow over long periods without sacrificing 

salt retention to improve efficiency and lower operating costs (Daly et al., 2020). In order to 

accomplish this, each reverse osmosis desalination plant should be designed and programmed 

to implement effective, viable, and periodic cleaning strategies (Daly et al., 2020). Cleaning 

procedures seek to restore membrane performance when permeate flux drops by roughly 10% 

(Fritzmann et al., 2007; Matin et al., 2011).  

In contrast to microporous membranes, RO membranes do not contain visible pores, causing 

surface fouling on the thin film composite (TFC) membrane’s polyamide (PA) layer to be the 

primary fouling mechanism in RO membranes (Goh et al., 2018). The formation of biofilms 
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and the precipitation of inorganic salts are all examples of fouling in RO desalination 

membranes (Goh et al., 2018; She et al., 2016).  

Direct Recycling 

Direct recycling involves converting EoL reverse osmosis membranes by degrading the poly 

amid layers. Regarding the degradation of materials over time, the relative susceptibility of the 

PA layer to typical oxidative agents has been extensively examined (Donose et al., 2013; Kang 

et al., 2007; Mitrouli et al., 2010). Direct recycling is the most common method in which the 

membrane morphology and performance are altered by PA layer oxidation. Academic and 

industrial research is gaining interest in membrane direct recycling by chemical modification 

(Rodríguez et al., 2002). PA layer in RO membranes that experience irreversible fouling, which 

can be remedied through oxidation. Sodium hypochlorite (NaOCl) is one of the most common 

oxidizing agents which has been employed for oxidation of the PA layer, while other strong 

chemical oxidizers such as hydrogen peroxide (H2O2), sodium dodecyl sulfate (SDS), acetone, 

N-methyl-2-pyrrolidone, tannic acid, sodium hydroxide, and potassium permanganate may 

also be used during the PA layer oxidation process (García Pacheco et al., 2021; Lawler et al., 

2013; RAVAL et al., 2012). To oxidize the PA layer, RO membrane modules can be passively 

immersed in an oxidation solution or pumped through it. The oxidant concentration and 

exposure time are crucial parameters to consider during the process, as they can affect the 

degradation rate of the PA layer. The exposure dose can be calculated by multiplying the 

oxidizing agent’s concentration (ppm) by the exposure time in hours (h) and expressed in 

ppm.h. Additionally, the pH of the oxidant solution plays a significant role in degradation 

(García Pacheco et al., 2021; Lawler et al., 2013; RAVAL et al., 2012).  

The most common application of recycled RO membranes is for UF and MF membranes 

production. In these applications, the membranes are not transformed after oxidizing. Higher 

levels of exposure (ppm.h) to an oxidant with free chlorine as a PA degradant at a basic pH 

resulted in greater permeability in recycled membranes. To achieve NF membrane from EoL 

RO membrane, the degradation of the PA layer requires only a small amount of oxidizing agent. 

When it comes to UF membranes, higher exposure doses are required to ensure the PA layer is 

completely degraded. (Ambrosi and Tessaro, 2013; da Silva et al., 2012; Lawler et al., 2015) 

Table 1 summarizes the different alternatives reported in previous studies for the application 

of the recycled end-of-life RO membrane separation process.
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Table 1. Literature reports on alternative separation processes using RO membranes 

Membrane 
Oxidizing 

agent 

Expouxure time 

(ppm.h) 

PWP 

(LMHb) 

New 

application 
Performance and Results Ref. 

TFC NaOCl 187,000–300,000  

 

9.31–16.3 UF MWCO:10,000-100,000 Da 

PES commercial rejection is like that 

of UF commercial 

(Lawler et al., 

2013) 

EoL-TFC NaOCl 62,500  180 UF MWCO: 10,000 Da (Pontie, 2015) 

EoL-SW 

EoL-BW 

NaOCl, 

 

124–50,840  2.44–26.90 UF  

NF 

NF properties were observed in NaOCl 

membranes up to 122 h, followed by 

MF properties at 242 h. 

(García 

Pacheco et al., 

2015) 

EoL-Spiral 

wounded 

NaOCl 6,200–1,700,000  32–38.5 

 

NF  

MF 

80% salt rejection in long term 

experiments with UF like recycled 

membrane 

(García 

Pacheco et al., 

2018) 

EoL-SW NaOCl 130,000–240,500  11 NF Rejection of MgSO4> 98.3% for LbL-

coated membranes 

(Moradi et al., 

2019) 

EoL-TFC-

PA 

NaOCl 6000-26500 ppm.h 

for NF  

 

300,000 ppm.h for 

UF  

1.7 NF  

UF 

Membrane similar to NF: 1.5 LMHb 

permeability and DOC rejection of 

>81% 

UF membranes reject 74% of   

biopolymers and permeate 18-fold 

more than NF membranes 

(García 

Pacheco et al., 

2021) 

EoL-TFC NaOCl 350,000 ppm.h 1.12 UF An individual permeability of 1.12 

over an average permeability  

(Rodríguez et 

al., 2002) 
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Indirect Recycling 

The term indirect recycling refers to the process of changing the use of membranes or parts of 

them for industrial purposes. Incineration of spent recycled membranes can be an alternative 

to recycling EoL membranes (Landaburu Aguirre et al., 2016). 

Polymers are commonly used as a base material in membrane fabrication, especially the 

production of pressure-driven membranes (Cran et al., 2011). For instance, RO membranes are 

made of a thin film composite with a dense layer of PA encircled by an inner layer of 

microporous PSf and a nonwoven polyester (PET) webbing. Polypropylene (PP) and PET are 

the materials used to make feed and permeate spacers. Permeate tubes and end caps are made 

from acrylic butadiene styrene, and fiberglass outer casings are filled with proprietary epoxy-

like components (Cran et al., 2011). It is, therefore, possible to extract and recycle 

(mechanically and/or chemically) each of these materials (Landaburu Aguirre et al., 2016). 

A few studies have been conducted on how EoL modules can be recycled indirectly, including 

as exotic fabrics, decorations, and aggregates for composite materials previously(Landaburu 

Aguirre et al., 2016). Since PET spacers and acrylic butadiene styrene tubes are only exposed 

to clean water, they are the most likely candidates for recycling. Among the most common uses 

of PET is to produce drink containers, which are widely and routinely recycled (Ould 

Mohamedou et al., 2010). Hence, it would be possible to separate this material from PET waste 

and send it to a PET recycling plant. The main challenge with PP feed spacers remains the high 

level of fouling deposits on the membrane, which would require extensive cleaning (Ould 

Mohamedou et al., 2010). Membrane elements could directly reuse as decorative rocks, and 

weeds can be controlled by applying geotextiles under a layer of gravel within home gardens 

by recycling sheets and spacers (Ould Mohamedou et al., 2010). Feed spacers and acrylic 

butadiene styrene caps could promote microbiological growth in wastewater treatment as filler 

materials in conventional trickling filters. Previous studies have reported the recycling of fiber-

reinforced plastic composites, but no specific report on recycling module fiberglass could be 

found (Asokan et al., 2009; García Pacheco et al, 2017; López et al., 2012). In addition to 

landfilling and incinerating fiberglass, it could also be converted into a thermoset material by 

physical-mechanical recycling. Partial replacement of aggregates in cementitious mixtures 

could also be achieved using inert granular materials (García Pacheco et al, 2017). 
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2.2.3 Energy Recovery 

End-of-life products also provide an opportunity to release heat energy from solid wastes 

according to the waste management hierarchy (see Figure 1). Industrial processes often involve 

thermal processing, such as incineration, pyrolysis (a process in which heat is used without 

oxygen), gasification (an oxygen-free partial combustion), and catalytic conversion (Wu et al., 

2010). Due to their ability to produce fewer emissions, reduce waste residues, and increase 

energy recovery, gasification or pyrolysis is considered more environmentally friendly than 

incineration (Zaman, 2010). It is particularly significant to note that mixed plastic waste, such 

as the combination of materials used in membrane modules, can be processed using some of 

the above processes. Burning plastic solid waste can significantly diminish the pressure on 

landfills by reducing the volume by up to 99%. Furthermore, the recovered heat energy can be 

used to generate electricity or in other heat-related processes (García Pacheco et al., 2017). 

Using old RO membranes in thermal processes was first considered by studying their thermal 

decomposition (Cran et al., 2011). Apart from the outer casing of the module, which is made of 

fiberglass, synthetic polymers make up the other components (Saikia et al., 2012). It is 

estimated that 60-90% of the mass of major membrane components is carbon by mass. Further, 

since the membrane module contains the same amount of energy as coal, energy recovery 

through its incineration is viable (Saikia et al., 2012). As a consequence, waste volume can be 

substantially reduced, and valuable energy can be generated (Saikia et al., 2012). On the other 

hand, there is strong political and public opposition to incineration in some parts of the world, 

even though there has been a significant reduction in emissions thanks to current technology 

(García Pacheco et al., 2017).  

Pyrolysis treatment presents a different approach to recovering energy by transforming plastic 

through gasification, resulting in high-energy syngas (Al-Salem et al., 2009). Pyrolysis offers 

several benefits over conventional incineration, such as decreasing air contaminants and 

generating a fuel source. The tertiary treatment of plastic waste is therefore regarded as a highly 

sustainable choice (Al-Salem et al., 2009; García Pacheco et al., 2017). Syngas extraction is not 

a novel technique (coal was previously used as a feed material), but it represents a promising 

technique for energy recovery from waste plastic (García Pacheco et al., 2017).  

Several studies have been conducted in recent years on waste plastics and rubber use (García 

Pacheco et al., 2017). The electric arc furnace (EAF) steelmaking process has been introduced 
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as a novel substitute for old membrane polymer components (Sahajwalla et al., 2011) The 

incorporation of a substitute material, which is partially composed of waste polymers, actually 

enhances the EAF process by improving energy retention and promoting the formation of 

foamy slag. However, it is crucial to meet stringent feed quality standards during this process, 

as any form of contamination can adversely affect the quality of the steel produced (García 

Pacheco et al., 2017). The accumulation of material on the membrane surface and changes in 

the chemical composition of the module contribute to the feasibility of this process, although it 

is complex. While the industrial application of this process currently relies on the readily 

available waste resource of used tires, incorporating complex waste sources such as end-of-life 

membranes is not yet considered an appealing option (García Pacheco et al., 2017).  
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3 POLYELECTROLYTE-COATED MEMBRANES WITH LAYER-

BY-LAYER TECHNIQUE 

Layer-by-layer (LbL) assembly has been regarded as one of the simplest, most adaptive, 

efficient, and economical ways to produce thin films among the numerous membrane 

modification and fabrication approaches (Borges et al., 2014). In 1966, Iler made the original 

LbL technique suggestion (Iler, 1966) and created multilayer coatings on a solid surface by 

successively absorbing colloidal materials possessing positive and negative charge. Decher et 

al. used the LbL approach to create polyelectrolyte multilayers (PEMs) in the early 1990s 

(Decher et al., 1991) Since then, interest has risen in adopting the LbL approach for many 

applications, including optics, biomedicine, electromagnetic shielding, and interfacial heat 

dissipation (Zhang, X. et al., 2019).  

LbL assemblies can serve two purposes in membrane technology: (i) improving the membrane's 

selectivity for particular solutes, and (ii) preventing membrane fouling. LbL is adaptable to a 

variety of chemical compositions, enabling multilayer designs on porous separation membranes 

(Ghiorghita et al., 2021).  

3.1 Mechanism and Fundamentals of LbL 

Schlenoff et al. propose extrinsic as well as intrinsic overcompensation as the basis for the LbL 

assembly mechanism (Schlenoff et al., 1998). Two main mechanisms are currently being 

adopted in research into the transport mechanism through multilayer polyelectrolyte filtration 

membranes. One is the size exclusion mechanism derived from the membrane possessing 

various MWCO and electrostatic attraction/repulsion interaction mechanisms (Ghiorghita et al., 

2021; Wang et al., 2022).  

The pairing of charges on two polyelectrolytes with opposite charges is referred to as the 

intrinsic charge compensation (Wang et al., 2022). Figure 5 shows the sequential adsorption of 

polyelectrolytes possessing opposite charges on a negatively charged substrate. Extrinsic 

compensation occurs when an ion pairs with a charged counter-ion (Schlenoff et al., 2001). The 

exchangeable charges are found at the multilayer surface of most PEMs, and there are no 

counterions present for intrinsic charge compensation within the bulk of PEMs (Schlenoff et 

al., 2001). If the primary charge compensation is intrinsic with the strong attraction between 

polyelectrolytes, the thickness of formed PE layers follows the linear growth mode. When the 
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polyelectrolytes have weak or extrinsic compensations, these multilayers expand exponentially 

under diffuse in- and out-polyelectrolyte contact (Wang et al., 2022).  

 

Figure 5. Polyelectrolytes sequentially adsorb on a negatively charged substrate  

Understanding both polyelectrolyte and LbL assembly principles is key to forecasting how 

multilayers will be produced (Wang et al., 2022). The polyelectrolytes can affect the 

characteristics of the membrane, such as its charge, hydrophilicity, porosity, roughness, 

thickness, and mechanical strength. (Joseph et al., 2014). Therefore, it is essential to take this 

into account while selecting the appropriate polyelectrolytes for a certain separation goal. Two 

types of polyelectrolytes are commonly used in creating polyelectrolyte multilayers: strong 

polyelectrolytes and weak polyelectrolytes (Wang et al., 2022). Figure 6 shows common 

polyelectrolytes for LbL assembly. The multilayer thickness will be influenced by salts for 

strong polyelectrolytes. Under high ionic strength conditions, PEMs will produce multilayers 

that are thicker and less dense, have high permeability, and have a relatively poor selectivity 

(Tang et al., 2016). Even a small change in pH will significantly impact the multilayer structure 

and properties of weak polyelectrolytes. The polyelectrolytes can be fully charged or equally 

charged when pH is neutral, causing thin layers to form. The layers' thickness increases as pH 

increases or decreases since charge compensation takes more materials (Wang et al., 2022).  

Along with ionic strength and pH, temperature also plays a significant role in LbL assembly for 

multilayer creation (Tan et al., 2003). Due to high chain mobility, high temperature decreases 

enthalpic electrostatic attraction. Moreso, high temperature further increases the entropic gain 

of solvent molecules and the released counterions (Tan et al., 2003).  
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Figure 6. Common polyelectrolytes for LbL assembly 

There are several methods to perform the LBL assembly process for membrane preparations. 

These methods include conventional methods like immersive, spin, and spray coating, as well 

as novel methods such as electromagnetic and fluidic assembly.  The subsequent sections will 

provide an elaborate presentation of all the techniques (Richardson et al., 2015; Wang et al., 

2022). 

3.1.1 Conventional LbL Methods 

Typically, multiple immersion in solutions of oppositely charged polyelectrolytes for a set 

amount of time is required for immersive (dip) coating-assisted LbL assembly to manufacture 

Multilayer polyelectrolyte membranes. DI water is usually used to rinse the substrate and 

remove extra chemicals between each soaking step (Wang et al., 2022). The schematic of this 

process is illustrated in Figure 7 (A). The most popular method for creating LbL membranes is 

dip coating. However, it is an extremely tedious approach due to the several immersions and 

soaking steps. Scalability is another issue that prevents its use for numerous applications. 

(Wang et al., 2022). Dip coating can be done manually or using software and robots. Through 

the use of these types of technologies, the coating process can be automated to achieve superior 

film thickness and smoothness, as well as reducing the time required to complete the process 

(Richardson et al., 2015). 

In the spin coating method to produce NF membranes, polymer solutions with opposite charges 

are spun onto the support membrane. The membrane is washed with deionized water following 

each spin (Figure 7 (B)) (Wang et al., 2022). More homogeneous films can be produced when 

comparing spin assembly with dip coating assembly. There are several reasons for this, 
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including electrostatic interactions, which result in the adsorption and restructuring of 

polymers, and centrifugal, air shear, and viscous forces, that helps in the desorption of weakly 

bound polymers and dehydration of the films, propelling the assembly (Richardson et al., 2015). 

High speed spin coating can control surface roughness and deposition layer thickness. In 

comparison to dip coating, spin coating uses fewer resources and deposits each layer faster 

(Vozar et al., 2009). Nevertheless, this technique also requires cleaning procedures that produce 

chemical wastes and standard spin coaters are also typically made for flat surfaces rather than 

the intricate forms possible with immersive assembly, which are drawbacks for scalable 

production (Richardson et al., 2015; Wang et al., 2022). 

Spray coating is another method of LbL coating, in which films are put together by spraying 

successively aerosolized polymer solutions onto substrates (Richardson et al., 2015). In order 

to fabricate membranes, polymers are sequentially sprayed on the surface of the membrane to 

facilitate LbL (Dubas et al., 2001). Rinsing DI water is also necessary to get rid of unreacted 

chemicals (Richardson et al., 2015). Figure 7 (C) shows the schematic diagram of the spray 

coating LbL assembly. Spray assembly can produce film properties similar to those created by 

dip coating, including morphology, uniformity, chemical composition, and selective membrane 

properties. The film thickness depends on suspension concentration, spray flow rate, spray 

duration, resting duration, whether the substrate is washed and for how long, and whether the 

solution is sprayed horizontally or vertically. Moreover, spray assembly has been used in 

conjunction with other technologies to take advantage of unique benefits and automate the 

assembly process (Richardson et al., 2015). One of the drawbacks of spray LbL assembly is 

that the resulting films might not be homogeneous due to gravity draining effects, which 

promotes deposition close to solution drips, and due to uneven patterns brought on by the spray 

nozzles at certain distances. This issue can be solved by rotating the substrate while spray 

assembly occurs (Richardson et al., 2015; Wang et al., 2022). This enables the creation of more 

uniform films and sub-second spray durations for each layer. Since it is relatively simple to coat 

industrial scale surfaces and is effective on planar substrates, spray assembly has found use in 

a wide range of applications (Richardson et al., 2015). Nevertheless, chemical waste generated 

during spraying is also a major concern. For example, 99% of the polymers are thought to have 

been washed away during the spraying procedure, indicating that just 1% of the polymer gets 

absorbed on the surface of the support membrane (Schlenoff et al., 2000). 
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Figure 7. Conventional LbL assembly methods. (a) Immersive (Dip) coating. (b) Spin coating. 

(c) Spray coating (Richardson et al., 2015) 

3.1.2 Novel LbL Methods 

Electromagnetic assembly uses an electrical or magnetic field to create layers, coat electrodes 

into polymer solutions, or immerse and remove magnetic particle substrates from coating 

solutions (Ko et al., 2011; Richardson et al., 2015; Zhang, G. et al., 2008). The schematic 

illustration can be found in Figure 8 (A). Electrolytic cells use applied voltage to coat materials, 

also known as electrode position. Two electrodes are submerged in a polymer solution in the 

setup for the typical electrode position before an electric current is run across them. After 

washing, the electrodes are inserted into a solution containing an oppositely charged polymer, 

their polarities are switched, and the procedure is repeated  (Borges and Mano, 2014; 
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Richardson et al., 2015). Electromagnetic assembly can take advantage of current-induced pH 

or redox changes, using a driving force very distinct from that of the other major assembly 

categories. Compared to films created using conventional LbL assembly techniques, 

electromagnetically constructed films are thicker and more densely packed. Even though it 

requires specialized tools and knowledge, electromagnetic assembly offers a different method 

for assembling multilayer films (for example, through the magnetic handling of surfaces and 

materials or via electrically induced assembly), thus opening up additional opportunities for 

film assembly. However, it is still less common than some of the other technologies (Richardson 

et al., 2015). The electrodeposition process can assemble ions, polymers, and colloids more 

rapidly than immersion assembly (Richardson et al., 2015; Zhang, P. et al., 2008). 

Fluidic (dynamic) assembly is a method to establish multilayers inside fluidic channels by 

covering both the channel walls and a substrate positioned or immobilized within the channel. 

The procedure entails successively moving polymer and cleaning solutions down the channels, 

which can be fluidic parts like tubing, capillaries, or customized microfluidic networks 

(Richardson et al., 2015). The schematic illustration can be found in Figure 8 (B). Adhere to 

chamber-based QCM is a popular fluidic assembly technology that offers vital real-time data 

for analyzing thin-film characteristics and multilayer growth. Thicker films are often produced 

from polymer solutions with higher concentrations; contact time rather than flow rate 

determines the amount of adsorbed polymer (Richardson et al., 2015). While pipetting and static 

incubation may also be used, fluidic assembly is generally accomplished using pumps, capillary 

forces, or spinning to move the liquid through the channels. Nevertheless, fluidic assembly is 

similar to immersive assembly when polymer solutions remain in static contact with substrates 

for longer than 10 minutes (Richardson et al., 2015). Fluidic assembly is fast and low-cost, 

making it highly suitable for applications in various industries since it allows precise control 

over polymer amounts, thicknesses, and structures; besides that, rinsing steps are avoided 

(Borges et al., 2014). Flexibility, scalability, consistent deposition, and minimized chemical 

usage are among the other advantages of fluidic assembly. (Wang et al., 2022). Fluidic assembly 

offers additional opportunities for region-specific patterning (such as by masking a surface with 

a fluidic channel) and boosts the industrial capacity of multilayer assemblies. It also enables the 

assembly of multilayers on surfaces that are difficult to access by conventional methods (such 

as inside capillaries) (e.g., through parallelization of film assembly and decrease of reagent 

consumption) (Richardson et al., 2015). Although the setup of (micro) fluidic systems 
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necessitates specialized equipment and knowledge, these benefits make fluidic assembly 

appealing for a variety of applications  (Richardson et al., 2015). 

 

Figure 8. Schematic of a novel method for assembling LbLs. (A) Electromagnetic LbL 

assembly. (B) Fluidic (dynamic) LbL assembly   (Richardson et al., 2015) 

3.2 Applications of LbL-coated Membranes 

Polyelectrolyte multilayer (PEM) nanofiltration membranes have undergone extensive research 

over the years, and their potential has been proved in a variety of applications, including 

solvent-resistant nanofiltration, micropollutant removal, and water softening (Abtahi et al., 

2019; de Grooth et al., 2014; Elshof et al., 2020). NF membranes based on PEM are considered 

an attractive approach to removing micropollutants from wastewater (Abtahi et al., 2019; Elshof 

et al., 2020). Compared to traditional NF membranes, such as polyamide membranes made 

through interfacial polymerization, PEM membranes exhibit remarkable stability  (Elshof et al., 

2020) 



37 

 

 

De Grooth et al. showed that PEM hollow fiber NF membranes are able to be made with great 

physical stability, i.e. resistance to consecutive backwash cycles, by choosing the 

polyelectrolytes (De Grooth et al., 2015). In addition, PEM membranes showed a high chemical 

stability against hypochlorite cleaning, unlike polyamide thin film composite membranes (De 

Grooth et al., 2015). The chemical stability of PEM-based membranes was considered as a 

significant advantage (Elshof et al., 2020). PEM NF membranes offer alternatives to traditional 

NF membranes and address issues such as pH stability (Platt et al., 2004). However, there are 

few commercial options for pH-stable NF membranes. Traditional polyamide membranes 

hydrolyze at high pH levels, while alternatives may have limitations in resistance or be more 

expensive (Antony et al., 2010; Elshof et al., 2020; Lee et al., 2015). 

3.2.1 PEM-based Membranes Using PDADMAC/PSS Polyelectrolytes 

PDADMAC, poly(diallyldimethylammonium chloride), and PSS, also known as 

poly(polystyrenesulfonic acid), are widely used as cationic and anionic polyelectrolytes. 

Chemically, they can interact with various substrates, including hydrophilic and hydrophobic 

surfaces, such as glass, mica, quartz, silicon, gold, indium tin oxide, plastics, and more. 

(Bragaru et al., 2013).  Ahmadiannamini et al. conducted a study that aimed to explore the 

effects of acidic and alkaline solutions on PEMs. According to their findings, PDADMAC/PSS 

NF membranes remained stable in acidic and alkaline environments, in contrast to weak 

polyelectrolytes. It should be mentioned; however, that the study did not examine the 

membranes' stability over an extended period of time. (Ahmadiannamini et al., 2015). 

 A recent study conducted by Elshof et al. concluded that PDADMAC/PSS PEM NF 

membranes exhibit outstanding performance even under extreme pH conditions over extended 

periods (Elshof et al., 2020). The results indicate that PDADMAC/PSS PEM NF membranes 

are suitable for applications requiring extreme pH levels. Furthermore, their research suggests 

that pH-stable PEM nanofiltration membranes can be developed without additional chemical 

treatment (Elshof et al., 2020). Figure 9 represents PDADMAC/PSS LbL assembly. 
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Figure 9. Schematic representation of PDADMAC/PSS LbL assembly on negative charge 

substance  

Compared with commercial membranes, PDADMAC/PSS membranes show high performance 

and long-term stability. The net charge of PDADMAC and PSS is independent of pH, making 

them a suitable choice for alkaline or acidic solution (Elshof et al., 2020). Based on these 

findings, PDADMAC/PSS membranes are more suitable for a wide range of applications and 

offer several advantages over other membranes. Table 2 presents previous studies on 

PDADMAc/PSS LbL coating membranes
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Table 2. A comparison of polyelectrolyte coating conditions and performance on PEM-based NF membranes with common PDADMAC and PSS 

systems 

Support Materials Coating Condition Process Condition Performance and Results Ref. 

PES 

Hollow fiber 

Diner =1.5 or 0.9 

mm 

MWCO =100 

kDa 

1000 LMHb 

PDADMAC Mw = 400–500 

kg/mol, 20 wt %solution 

PSS Mw = 1,000 kg/mol, 

powder 

Dynamic coating with 

0.1M Nacl 

Crossflow filtration  

velocity of 0.03 m/s 

n=8 

P=2.5 bar 

MWCOPEG=335 Da 

IEP in PH=3 

70% SO4
2- rejection 

12 LMHb 

(Dillmann 

et al., 2020) 

Polysulphone 

(PS) 

MW=50000 Da 

MWCO =100 

kDa 

Rejection 97% 

40 LMHb 

PDADMAC MW= 150-200 

kDa, 20 wt% in water 

PSS MW=70 kDa, 30 wt% 

in water 

- 1.Dynamic coating 

with 0.4 wt% in water 

polymer and 0.1M 

Nacl 

2.Dynamic-Static 

3.Static 

Crossflow filtration 

n=5 

 

rejection (SO4
2-): 

1. Dynamic (n=5) 90% 

2.  Dynamic-static (n=5) 

75% 

3. static (n=5) 87% 

Flux (P= 1MPa): 

1. Dynamic (n=5) 50 LMH 

2.  Dynamic-static (n=5) 50 

LMH 

3. static (n=5) 54 LMH 

Contact Angel (n=5) 25⸰ 

 (SU et al., 

2012) 

Polysulfone (PSf) 

Flat sheet 

MWCO =20 kDa 

PDADMAC Mw = 400,000 

−500,000 Da, 20 wt % in 

water 

PSS Mw = 70,000 Da 

0.2 M polyelectrolyte 

and 0.2 M NaCl dip 

coating with and  

Cross flow Filtration  

Velocity=21.4 cm/s 

n=6 

P=6.9 bar 

90% SO4
2- rejection 

11.8 LMHb 

90% removal (emerging 

organic contaminants)  

<20% scale forming ions 

passage 

Contact Angel 67⸰ 

 (Wang  et 

al., 2020) 

Dense UF HF 

SPES Hollow 

fiber 

Diner = 0.8 mm 

PDADMAC MW= 150 

kDa, 20 wt% in water 

PSS MW=100kDa, 20 wt% 

in water 

0.1 M polyelectrolyte 

and 0.5 M NaCl dip 

coating with and 

Clossflow filtration 

Re∼3800 

n=6.5 

79 % CaCl2 rejection 

10.3 LMHb 

 

Contact angel 10-30 

  (De Grooth 

et al., 2015) 
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MWCO =75 kDa 

180 LMHb 

Dense UF HF 

SPES Hollow 

fiber 

Diner = 0.8 mm 

MWCO =10 kDa 

180 LMHb 

PDADMAC MW= 150,000 

Da, 20 wt% in water 

PSS MW=100kDa, 20 wt% 

in water 

0.1 M polyelectrolyte 

and 0.05 M NaCl dip 

coating with and 

Clossflow filtration 

Re∼3800 

n=7 

71% NaCl, 96% Na2SO4 

Rejection 

15.6 L·LMHb 

 

Contact angel 10-30 

 (De 

Grooth, 

Oborny et 

al., 2015) 

TFC NF (NFG) 

MWCO ~ 600–

800 Da 

10.1–12.3 LMHb 

PDADMAC Mw = 

400−500 kDa, 20wt % in 

water 

PSS Mw = 70 kDa 

0.1 M polyelectrolyte 

and 0.2 M NaCl dip 

coating with and 

Crossflow Filtration 

Velocity= 21.4 cm/s 

n=5.5 

P=3.45 bar 

94% Ca2+, 98% Mg2+ 

rejection 

8.48 LMHb 

>30 Na+/Mg2+ selectivity 

(Cheng et 

al., 2018) 

Polyethersulfone 

(PES) 

MWCO ~ 50-500 

kDa 

 

PDADMAC Mw = 

100−200 kDa, 20wt % in 

water 

PSS Mw = 70 kDa 

0.1 g/L polyelectrolyte 

and 0.2 M NaCl dip 

coating with and 

Crossflow filtration 

velocity=18ml/min 

n=4.5 

P=6.9 bar 

95.9% SO4
2- 

13.9 LMHb 

MWCO <500 Da 

(Malaisamy 

et al., 2005) 

PES 

Hollow fiber 

Diner = 0.7 mm 

MWCO = 10 kDa 

189 LMHb 

PDADMAC Mw = 

200−350 kDa, 20wt % in 

water 

PSS Mw = 70 kDa 

0.1 M polyelectrolyte 

and 0.05 M NaCl dip 

coating (pH=6.0) 

Crossflow filtration 

velocity=1.1 m/s 

n=5 

P=5 bar 

95.5% MgSO4 rejection 

Stability10.7 LMHb 

279 g/mol MWCO after 

∼1600 h exposure to both 

0.1M HNO3 and 0.1M 

NaOH 

(Elshof et 

al., 2020) 

Porous alumina 

(UF) 

PDADMAC Mw = 

100−200 kDa, 20wt % in 

water 

PSS Mw = 70 kDa 

Dip coating with 0.02 

M polymer, 0.5 M NaCl 

Crossflow filtration 

velocity=0.5 ml/s 

n=8 

P=4.8 bar 

PH=8.4 

98% phosphate rejection 

∼20.8 LMHb 

48 chloride/phosphate 

selectivity 

(Hong et al., 

2009) 

Polyethersulfone 

HF 

Hollow fiber 

Diner = 0.8 mm 

PDADMAC Mw = 

400−500 kDa, 20wt %  

PSS Mw = 1,000 kDa 

Dynamic coating with 

1g/L polymer, and 0.1 

mol/L NaCl 

Crossflow filtration 

velocity=0.5 ml/s 

n=10 

P=4.8 bar  

∼85-90% MgSO4 rejection  

∼15-17 LMHb 

(Menne, 

2017) 
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120 LMHb  

 

Commercial UF 

membrane 

(PES20) 

MWCO = 20 kDa 

 

PDADMAC Mw = 

400−500 kDa,  

PSS Mw = 1,000 kDa 

0-2 M NaCl dip coating Crossflow filtration 

n=5 

P=5 bar 

active surface area= 

14.6 cm2 

73.87 ± 7% MgSO4 salt 

rejection,  

22.52 ± 2% NaCl salt 

rejection, 

12.33 LMH 

2.97 selectivity of 

MgSO4/NaCl 

(Ng et al., 

2014) 

PES 

 

 

PDADMAC Mw = 

100−200 kDa 

PSS Mw = 70 kDa 

- Crossflow filtration 

velocity=0.5 ml/s 

n=4 

P=11 psi 

 

Contact angel 76 ± 6 

(Shan et al., 

2010) 

HFS 

Diner = 0.8 m 

MWCO = 10 kDa 

 

PDADMACMW=150 kDa, 

  

PSS MW=500–700 kDa, 

20.4 wt% in water 

0.01 wt% 

polyelectrolyte and 0.05 

M NaCl dip coating  

(pH=5.8) 

Crossflow filtration 

Re∼6000 

velocity=7.8 L/s 

n=7 

P=3 bar 

∼75% MgSO4 rejection  

∼25% CaCl2 rejection  

17 LMHb (pure water) 

MWCO∼250 g/mol 

(Scheepers 

et al., 2021) 

HFS 

Diner = 0.8 m 

MWCO = 10 kDa 

 

PDADMAC MW=150 

kDa, 

  

PSS MW=500–700 kDa, 

20.4 wt% in water 

0.01 wt% 

polyelectrolyte and 0.5 

M NaCl dip coating  

(pH=5.8) 

Crossflow filtration 

Re∼6000 

velocity=7.8 L/s 

n=5 

P=3 bar 

∼75% MgSO4 rejection  

∼80% CaCl2 rejection  

8 LMHb (pure water) 

MWCO∼310 g/mol 

(Scheepers 

et al., 2021) 

PES PDADMAC MW= 400-

500 kDa, 20wt.% in water) 

PSS MW=1,000 kDa, 25 

wt% in water, Pka=1 

0.1 g/L polyelectrolyte 

and 0.5 M NaCl 

dynamic coating with 

and 

Crossflow filtration 

Re>2300 

velocity= 2.65 m/s 

n=6 

P=10-15-20 bar 

PH=7  

75% phosphorous rejection 

92-94% Aluminum rejection 

4 LMHb   

(Remmen et 

al., 2019) 
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4 MATERIALS AND METHOD 

4.1 Materials 

The EoL membrane used in this study was the Compact 4040 low2 (manufactured by 

Oltremare Liquid Separation, Italy) in a spiral wound configuration. The membrane is 

composed of a polyamide-based composite material with NaCl rejection of 99.6%. It has the 

following key operational parameters: pH range of 3-10, maximum operating pressure of 14.5 

bar, the maximum temperature of 45 ℃, and chlorine concentration below 0.1 ppm. 

(Oltremare, 2021) 

A comparison was performed between prepared membranes and commercially available UF 

membranes NADIR® UH004 P. 

Commercial Ultrasil 110 (by EcoLab Inc.), technical grade ethanol (92.4 %, Altia Industrial), 

Sodium hydroxide pellets (>99%, Merck, Darmstadt, Germany), Nitric acid (65%, Merck, 

Darmstadt, Germany), were used for membrane cleaning that is an effective cleaning process 

that utilizes a mildly alkaline rinse to remove fouling from the surface of the membrane.  

EoL membranes' PA active layer was oxidized with Sodium hypochlorite (NaOCl; 11–15 v/v% 

chlorine, Thermos scientific). 

Magnesium sulfate (MgSO4; Mw = 120.37 g/mol, purity 99.7%) were purchased from VWR 

Chemicals and was used to measure the salt rejection. 

Pre- and post-degradation MWCO measurements have been measured by Polyethylene glycol 

(PEG) standards of 600 Da (by Fluka Chemie GmbH),1,000 Da (by Merck & Co.), 4,000, 

8,000, 12,000, and 35,000 Da (by Sigma-Aldrich). 

Sodium chloride (NaCl; Mw= 58.44 g/mol ; by Sigma-Aldrich), and two strong polyelectrolytes 

Poly diallyl dimethyl ammonium chloride (PDADMAC; Mw=400,000–500,000 g/mol high 

molecule weight, 20wt% in H2O; by Sigma-Aldrich) as cationic polyelectrolyte, and 

polystyrene sulfonic acid (PSS; Mw=70,000 g/mol, powder; by Alfa Aesar) as anionic 

polyelectrolyte for LbL coating have been used. Figure 10 shows the chemical structure of 

polyelectrolytes used in this study. 
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Figure 10. Chemical structures overview of PDADMAC and PSS polyelectrolytes  

In all the experiments and solution preparation, the deionized water (DI) was obtained from 

Centra-R 60/120 systems (by ELGA) containing deionized water of 0.5-1 μS/cm at 25 °C.     

4.2 Methods 

4.2.1  Cleaning of EoL Membranes’ Fouling 

Fouling of EoL membranes (Figure 11. Original dried EoL membrane ) has been cleaned using 

different methods (Table 3) and efficiency of methods was evaluated by permeability 

measurements. 

 

Figure 11. Original dried EoL membrane  
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Table 3. EoL membranes pretreatments for cleaning 

Substrate 

Code 

Treatment method 

EoL-001 
Soaked in MgSO4 (2000 ppm) for 24h. Thereafter washed with Ultrasil 110 

(0.2Wt.%,) for 24 h. 

EoL-002 
Soaked in technical Ethanol for 24 h. After that Ultrasil 110 (1Wt.% pH=12, 

conductivity=5 mS/Cm) for 24h. 

EoL-003 
Soaked in Ultrasil 110 (1 Wt.% pH=12, conductivity=5 mS/Cm) for 24h. 

Thereafter Ethanol for 24 h. 

EoL-004 
1) Soaked in NaOH 0.1M (PH=13) for 24 h. 2) HNO3 0.01M (PH=2) for 

24h. 

EoL-005 
1) Soaked in HNO3 0.01M (PH=2) for 24h. 2) NaOH 0.1M (PH=13) for 24 

h. 

EoL-006 
Soaked in Ultrasil 110 (1 w/w%, pH=12, conductivity=9 mS/Cm) at different 

time intervals (24 h, 48 h, 2.5 months).  

 

4.2.2 Polyamide Degradation 

Amicon cell (model 8400) was used to remove the PA layer from the cleaned EoL membrane 

under atmospheric pressure and stirring conditions with NaOCl solution as oxidizing agent 

containing 10 mM CaCl2 as a catalyst. The intensity of NaOCl exposure ranged approximately 

from 8,500-39,000 ppm.h. In order to prevent the loss of free chlorine in NaOCl solution, the 

solution was protected from UV light. Membranes were stored in pure water at 4°C after 

pretreatment. The setup for the Amicon cell is shown in Figure 12. 

 

Figure 12. Schematic diagram of dead-end Amicon cell model 8400 (Esmaeili et al., 2019) 
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EOL-006 membrane oxidation in 5 different exposure times has been studied.  

4.2.3 LbL Assembly (Multilayer Polyelectrolyte Coatings)  

Recycled EoL membranes with different permeability (i.e., different oxidation levels) were 

deposited with PE using the dynamic assembly method in this study. After placing a membrane 

sample in a cell, PE solutions were circulated over the membrane using a pump, with each feed 

tank containing one litter of 0.1 g/L PE and 0.2 M NaCl at 22 °C. Due to the negative charge 

of the membrane surface, first, a cationic polyelectrolyte solution was circulated on the 

membrane with a flow rate of 180 ml/min and a pressure of 0.2 bar for 6 minutes. The 

circulation was stopped within a minute to complete the polyelectrolyte deposition. In the 

following step, the remaining PE solution was washed from the membrane's surface with 0.2 

M NaCl for a minute. The membrane and flow channel were washed with deionized water in 

the next step before the subsequent oppositely charged PE layer deposition. The same 

procedure was followed for an anionic polyelectrolyte solution to form five bilayers on the 

surface of the recycled EoL membrane.  

 

Figure 13. Schematic diagram of the setup for evaluating LbL-coated membranes (Esmaeili et 

al., 2019) 

Membrane performance was evaluated in terms of pure water permeability (PWP) and MgSO4 

salt rejection, and molecular weight cutoff (MWCO). After each period of NaOCl exposure, 

membranes were washed with deionized water, and subsequently, pure water permeability 

(PWP) and MgSO4 salt rejection were measured before the continuation of the next step of 
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oxidation. At the end of oxidation, the MWCO of the membrane was determined using the 

mixture PEG solution. All experiments before LbL coating were carried out in a dead-end 

Amicon stirred cell, and the setup for evaluating LbL-coated membranes was a crossflow 

system that is shown in Figure 13.  

4.2.4 Pure Water Permeate (PWP) 

The calculation of PWP was performed by measuring several fluxes as a function of pressure 

at 25 °C. Flux (L/(m2.h)) as follows: 

𝐽 =
𝑉

𝐴×𝑡
                                                                         (1) 

Where V is the total volume (L) of water collected from the permeate in the sampling time 

interval t (min) and A is the surface area (m2) of the membrane in the module. A was 0.0038 

m2 in all dead-end filtration tests and 0.001 m2 for the crossflow filtration experiment. PWP 

(LMHb) was calculated as follows: 

𝑃𝑊𝑃 =
𝑉

𝐴×𝑡×𝑃̅
                                                                   (2) 

Where 𝑃 ̅is the average pressure (bar) across the membrane during the test. 

4.2.5 Salt Rejection 

In order to characterize the rejection of modified membranes (either oxidized or LBL coated), 

salt solution (MgSO4) at a concentration of 2000 ppm was used. A conductivity meter was used 

to measure the conductivity of salt solution (Consort C3010). In order to calculate rejection 

(retention, R%), the following formula was used: 

𝑅(%) = (
𝐶𝑓−𝐶𝑝

𝐶𝑝
) × 100 = (1 −

𝐶𝑝

𝐶𝑓
) × 100                                    (3) 

Where Cp and Cf represent solute concentration (mg/L) in permeate and feed, respectively. 

4.2.6 Molecular Weight Cut-off (MWCO) 

Permeating the PEG mixture with average molecular weights of 600, 1000, 4000, 8000, 12000 

and 35000 Da was used to determine the membrane molecular weight cutoff. The concentration 
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of each PEG was 300 ppm. Feed, permeate and retained samples were collected and their PEG 

concentrations were analyzed using High-performance liquid chromatography (HPLC, Agilent 

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

column was 300×7.8 mm PolySep-GFC-P 3000 from Phenomenex, and DI water was used as 

eluent. The rejection of each PEG was calculated as follows: 

𝑃𝐸𝐺𝑅(%) = (1 −
2𝐶𝑝

𝐶𝑓+𝐶𝑅
) × 100                                             (4) 

Where Cp, Cf, and CR represent solute (PEG) concentration (mg/L) in permeate, feed, and 

retentate. For some recycled membranes, the effect of different pressure on PEG rejection has 

also been studied. The MWCO (Da) represents the molecular weight (gr/mol) at which the 

membrane usually retains at least 90% of the molecules above that size. The PEG molecular 

weight against their retention was plotted to obtain the MWCO of the membranes. 

4.2.7 ATR-FTIR Spectroscopy  

The effect of surface cleaning and NaOCl exposure on original EoL membranes was analyzed 

using the PerkinElmer Frontier spectrometer (Perkin-Elmer Inc., Waltham, MA, USA) 

equipped with a universal attenuated total reflection (ATR) module featuring a diamond 

crystal. The objective was to evaluate the fouling, cleaning efficacy, and oxidation effects on 

the EoL membranes. The FTIR spectra of multiple membrane samples were measured at three 

random spots using a spectral resolution of 4 cm−1 and a wavenumber range of 4000–400 cm−1. 

Each spectrum was acquired in absorbance mode by averaging 10 scans with a 1 cm−1 data 

interval.  

4.2.8 Filtration of Alkaline Filtrate 

Alkaline filtrate from pulp and paper mills with conductivity of ~9 mS/cm, pH ~10 at 40±1 °C 

was used as a feed solution.  

All experiments before LbL coating were performed in a dead-end Amicon stirred cell at 4 

bars. The filtration was done in 3 cycles for all membranes except for the commercial UH004 

P membrane which only one cycle was conducted due to its low permeance flux. Initially, the 

pure water flux and salt rejection of the membranes were evaluated before filtration of alkaline 

filtrate test. Afterwards, 300 g alkaline filtrate feed solution was added to Amicon, and the 
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filtration was performed at 4 bar, and 40±1 °C until 250 g permeate was collected, which is 

considered as one cycle filtration experiment. Subsequently, 250 g fresh alkaline filtrate was 

added to the ⁓ 50 gr retentate from the first cycle, and the filtration was continued at the same 

operating conditions until the same amount of permeate was collected (250 g). A similar 

procedure was carried out for the third cycle. At the end of the filtration experiment, the 

performance of the membranes in terms of pure water flux and salt retention was evaluated and 

compared with their initial values before filtration. 10 mL samples were collected in each cycle 

separately to analyze the total dissolved carbon (TDC), conductivity, and pH.  

The filtration setup for LbL-coated membranes was a crossflow filtration system (Figure 13) 

with an effective surface of 0.001 m2. 20.3 Kg of alkaline filtrate feed solution was added to 

the tank. The filtration was conducted at a crossflow velocity of 2 m/s at 5.5 bar for 47 hours 

at 40±1 °C. During different time intervals, 10 mL samples were collected from both permeate 

and retained samples for TDC, conductivity and pH analyses.  

 

4.2.9 Pure water Permeability, Salt Rejection, pH, and Total Dissolved Carbon 

Analysis 

PWP before and after alkaline filtrate, and salt retention by measuring conductivity were 

calculated based on equation (2) and equation (3), respectively. pH (Consort C3010) and total 

dissolved carbon (TOC, Shimadzu Corporation, ASI-L) were also measured to compare the 

quality of permeate from different membranes. Total dissolved carbon (TDC) was calculated 

at different volume reduction (VR) as a function of mass collected through the filtration 

experiment. Volume reduction (%) can be expressed as follows: 

𝑉𝑅(%) = (
𝑉𝑖

𝑉𝑓
) × 100                                             (5) 

Volume reduction factor (VRF) has been calculated using equation (6) to obtain a better 

understanding of the concentration achieved during the filtration experiment. 

𝑉𝑅𝐹 =
𝑉𝑓

𝑉𝑖
                                                                 (6) 

Where Vi is the volume of permeate for sample i (m3), and Vf is the volume of feed solution 

(m3). 
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TDC rejection was calculated with consideration of VR at different volume reduction factors 

based on equation (7) as follows: 

𝑇𝐷𝐶𝑅(%) = (1 −

𝑙𝑛(1−(𝑉𝑅×
𝐶𝑖

𝑝̅̅ ̅̅

𝐶
𝑖
𝑓))

𝑙𝑛(1−𝑉𝑅)
) × 100                               (7) 

Where 𝐶𝑖
𝑝̅̅̅̅   is the average concentration of permeate for sample i (mg/L), 𝐶𝑖

𝑓
 is the feed 

concentration for sample i (mg/L), and VR represents volume reduction (%).  

The fouling tendency of the membranes was evaluated using pure water permeability reduction 

(PWPR) as follows: 

𝑃𝑊𝑃𝑅(%) = (
𝑃𝑊𝑃𝑏−𝑃𝑊𝑃𝑎

𝑃𝑊𝑃𝑏
) × 100                                           (8) 

Where PWPb (LMHb) and PWPa (LMHb) are pure water permeability before and after 

filtration of alkaline filtrate. 
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5 RESULTS AND DISCUSSION 

5.1 EoL Membrane Properties before coating 

5.1.1 Pure Water Permeability, MgSO4 Salt Rejection, NaOCl Exposure  

EoL membrane used in this study was completely dried without flux. Dehydration caused pore 

collapses in the tight membranes. As such, to remove the fouling layer membrane needed to 

rewet. Pure water permeability and MgSO4 salt rejection all membrane samples were tested at 

a dead-end Amicon stirred cell (Figure 12). 

The Compact 4040 Low 2 membrane, according to the data provided by manufacturer 

Oltremare, has a NaCl rejection of 99.6%. However, after cleaning step, the salt rejection was 

lower than the abovementioned rejection in all samples. According to the experimental results 

presented in Table 4, it was observed that soaking the membrane in ethanol (EoL-002) 

facilitated fouling removal and increased the PWP. This finding is consistent with the study by 

García Pachec et al., which reported that ethanol solutions were effective in rewetting the 

membrane pores and facilitating fouling removal (García Pacheco et al., 2017). The same result 

was obtained for the samples soaked in Ultrasil 110 (1% w/w) for 2.5 months (EoL-006), 

demonstrating the fouling layer's removal effectiveness.  García Pachec et al. further 

highlighted that the soaking of those dried membranes in low-concentration acids, as 

recommended by the manufacturer, was not as effective in restoring permeability compared to 

ethanol (García Pacheco et al., 2017). These results may indicate that using acid and bases may 

remove fouling but compromise the overall permeability of the membrane. A study by Dalwani 

et al. found that under extremely alkaline conditions, with a pH above 11, the membrane flux 

of thin film composite (TFC) nanofiltration was reduced. Alternatively, a higher pH can result 

in increased permeate flux due to the swelling of membrane pores (Dalwani et al., 2011). The 

technical data sheet for the membrane specifies an operational pH range of 3-10. However, the 

cleaning solutions used in this study exceeded this pH range. The high pH could cause damage 

to the polyamide layer of the membrane, resulting in increased pure water permeation and 

reduced salt rejection.  
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Table 4. EoL membranes pretreatments for cleaning results (pretreatment procedures are 

presented in Table 3) 

Substrate 

Code 

PWP 

(LMHb) 

MgSO4 

rejection 

Surface appearance 

EoL-001 2 93 % After washing with DI water, the fouling layer was 

not removed. 

EoL-002 4 64 % After washing with DI water, the fouling layer was 

completely removed. 

EoL-003 5 62 % After washing with DI water, the fouling layer was 

almost removed. 

EoL-004 0.3 57 % After washing with DI water, the fouling layer was a 

bit removed. 

EoL-005 0.5 33 % The fouling layer was looked grey. After washing 

with DI water, the fouling layer was a bit removed. 

EoL-006 5–6 60–94 % Fouling layer was easier to remove for samples that 

soaked in the   solution for longer periods of time after 

washing with DI water. 

 

The different NaOCl exposure intensities for all EoL membrane samples were continued until 

no significant change was reached in their PWP (Appendix 1). Rejection of MgSO4 salt and 

PWP was measured in different time intervals during the exposure. PWP of samples before 

exposure to NaOCl ranged from 2 to 6 LMHb, while MgSO4 salt rejection ranged from 60 to 

94% (at 5 bar).  

After 13640 ppm.h, the pure water permeability of EoL-001 was not significantly altered and 

reached 45 LMHb while the fouling layer was still on the membrane. EoL-002 achieved 240 

LMHb after 30690 ppm.h NaOCl exposure, while EoL-003 measured 215 LMHb since the 

fouling layer was completely removed with EoL-002 after the cleaning step. After one hour of 

exposure (3410ppm.h), EoL-004 and EoL-005 were completely blocked (PWP was almost zero 

at 5 bar), so they were not considered for the rest of the experiments. EoL-006 reaches 175 

LMHb after 39600 ppm.h exposure.  

Due to different factors, such as where the membrane sample in the module was cut or the level 

of fouling, MgSO4 salt rejection varied from 60-94%. The rejection of MgSO4 salt after 

oxidation reaches 3% in all samples, meaning the PA layer is entirely removed. The salt 

rejection was not measured for EoL-004 and EoL-005 due to their low PWP.    

The results showed that soaking end-of-life membranes in higher concentrations of Ultrasil 110 

can improve the removal of the fouling layers and oxidation. Taking this into consideration, 
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the rest of the experiments were carried out using Ultrasil 110 cleaning. Four EoL membrane 

coupons were cleaned with Ultrasil 110 cleaning method (EoL-006) and exposed to NaOCl at 

8680 ppm concentration at different time intervals to reach permeabilities of 12, 20, 45, and 

175 LMHb (Figure 14). All samples were named by their permeability, as shown in Table 5. 

PWP and MgSO4 salt rejection calculations were made based on equations (2) and (3). 

Table 5. EoL-006 PWP and MgSO4 salt rejection in different NaOCl exposure 

Substrate Code NaOCl exposure 

(ppm.h) 

PWP (LMHb) MgSO4 rejection (5 bar) 

EoL–006 0 6 93 % 

EoL–006–12 8,680 12 82 % 

EoL–006–20 13,020 20 77 % 

EoL–006–45 26,040 45 16 % 

EoL–006–175 39,060 175 3 % 

 

 

Figure 14. EoL-006 Pure water permeability (PWP) and MgSO4 salt rejection(R%) 

EoL-006-12 has the lowest exposure level (6880 ppm.h NaOCL). In this case study, the 

permeability of EoL-006-175 after 39,060 ppm.h reaches 175 LMHb as shown in Table 1. 

Pontie et al. exhibits an exposure level of 62,500 ppm.h and a permeability level of 180 LMHb  

(Pontie, 2015).  The characteristics and performance of all selected samples are discussed in 

Filtration of alkaline filtrate section 
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More information about the exposure level and appearance of the membrane surface during the 

experiment is provided in Appendix 1. 

5.1.2 ATR-AFTR Spectroscopy of EoL Membranes after Pretreatment 

The effect of the original EoL (EoL1) was investigated by ATR-FTIR spectroscopy, in 

comparison to the impact of Ultrasil 110 (1% w/w) cleaning (EoL2) and 8-hour exposure to 

310 ppm NaOCl&CaCl2 10mM (EoL3).  

Figure 15 shows the FTIR spectra for the aforementioned samples between 4000 and 400 cm-

1. Original EoL without treatment (EoL1) shows a strong, broad peak centred at 3400 cm-1. 

This sharp peak in EoL1 reflects -OH (hydroxle group) bounding, probably caused by organic 

fouling (Rahman et al., 2018). -OH bonding still remained after treatment, but the intensity of 

the peak decreased for both EoL2 and EoL3, indicating that the fouling layer was partially 

removed by cleaning and degradation of the PA layer. According to manufacturer data sheet 

compact low2 4040 membrane is sensitive to free chlorine (Oltremare, 2021) The intensity of 

the peak for EoL3 was less than EoL2 due to NaOCl-induced free chlorine degradation.  

 
Figure 15. ATR-FTIR spectra of EoL membranes samples (EoL1: without any treatments, 

EoL2: Ultrasil 110 (1% w/w), and EoL3: NaOCl 310ppm & CaCl2 10mM (~8 h) exposure 

after cleaning with Ultrasil 110 (1% w/w)) 
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Analysis of the absorption bands for regenerated membranes (EoL2 and EoL3) in Figure 15 

reveals that the 3000-3100 cm-1 range is attributed to C-H stretching vibration from aryl groups, 

while 2800-3000 cm-1 is due to -CH3 and =CH2 symmetric and asymmetric stretching 

vibrations. C-C in-ring vibrations are found at 1486, 1504, and 1584 cm-1, while O=S=O 

asymmetric stretching vibration is present at 1322 and 1293 cm-1. C-O stretching vibration is 

also seen at 1237 cm-1, and O=S=O is detected at 1175 and 1151 cm-1. Based on the study by 

Ficai et al., the peaks easily assigned the main absorbance bands of the polysulfone (Ficai et 

al., 2013).  Both of EoL2 and EoL3 membranes had peaks at 1664 cm-1, 1542 cm-1, and 1610 

cm-1. These peaks were attributed to amide I and II bands and C = C stretching vibrations from 

aromatic amide bonds, respectively. These peaks are consistent with previous research data  

(García-Pacheco et al., 2022). Peak intensity of amin I and II groups for EoL3 were found to 

be lower than that of EoL2, which was likely attributable to the effect caused by NaOCl due to 

the degradation of the PA layer. This was even more evident in the 1610 and 1542 cm-1 peaks, 

which began to take the shape of a shoulder. It is also probable that aromatic carbon is the 

source of the peak detected at 875 cm-1 in both EoL2 and EoL3, which is supported by previous 

research findings, respectively (Rahman et al., 2018). 

The intensity of the peaks in the spectrum of the EoL1 membrane was found to be lower in 

most areas than that of treated samples (EoL2 and EoL3), and it did not display the typical 

peaks of the PA layer (1664, 1542, and 1610 cm-1) due to the fouling on its surface. This issue 

has been previously reported by García-Pacheco et al. in an earlier study (García-Pacheco et 

al., 2022). 

5.1.3 Membrane Characterization with PEG Filtration 

To better understand the effects of NaOCl exposure on the PA layer of EoL membranes, five 

membrane samples with permeabilities of 12, 20, 45, and 175 LMHb (Table 5) were selected 

for PEG filtration using dead-end filtration Amicon stirred cell (Figure 12). 

Due to the different membrane samples’ permeabilities, the PEG retention was measured at 

different pressures such that the membranes have more or less the same flux (∼60-65 

kg/(m2.h)). Figure 16 shows the PEG rejection of the samples mentioned above. The rejection 

of PEG molecules with a size greater than 4000 Da is almost identical for all methods. 

However, the retention value for smaller PEG sizes at 1000 Da varies depending on the 

exposure of the PA layer to NaOCl and PWP. The PA layer of membranes with higher PWP 
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and more NaOCl exposure decomposed more than those with less NaOCl exposure and PWP, 

resulting in lower retention values for PEG at high levels of exposure to PA layers compared 

to those with lower levels of NaOCl exposure. EoL-006-12 (12 LMHb) has the highest PEG 

retention, while EoL-006-175 (175 LMHb) has the lowest PEG retention for smaller PEG sizes. 

 

Figure 16. PEG rejection (%) in the same PEG filtration flux 

The effect of pressure (2, 3, and 5 bars) on the PEG retention is also investigated for the 

membrane exposed at the lowest NaOCl oxidation exposure time (i.e., EoL-006-12). Figure 

17 shows that the results for 2 and 3 bar are close to each other. At 5 bars the value of PEG 

retention decreases in lower molecular weights compared to 2 and 3 bars. Figure 17 suggests 

that the pressure increases could facilitate the possibility of passing lower molecular weight of 

PEG molecules through the membrane. 
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Figure 17. EoL-006-12 PEG rejection at different pressures 

The MWCO for UH004 P is 4KDa, according to the manufacturer. All EoL-006 membrane 

samples except EoL-006-45 have a lower MWCO than UH004 P. Full MWCO data is 

presented in Appendix 2. 

5.1.4 Filtration of Alkaline Filtrate for EoL Membranes after NaOCl Exposure 

The change in the alkaline filtrate solution behavior in terms of possessing fresh feed solution 

or a solution after one month of storage was evaluated using UH004 P membrane in dead-end 

filtration Amicon stirred cell (Figure 12). Before starting the filtration experiments, the fresh 

feed solution was filtered through UH004 P once (UH004-002) and then the same feed after 

one month of storage (UH004-003). Figure 18 shows the filtration test for both UH004-002 

and UH004-003 samples. The feed solution shows similar filtration behavior during the 

filtration after one month, according to Figure 18. 
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Figure 18. Evaluation of the Alkaline Filtrate solution characteristics with UH004 P 

To better understand the effects of the exposure of EoL membranes’ PA layer in separation, 4 

membrane samples with permeabilities of 12, 20, 45, and 175 LMHb were selected for the 

filtration of alkaline filtrate. Figure 19 shows filtration of alkaline filtrate for EoL-006 samples 

in three cycles. Filtration continued until the volume reduction flux (VRF) reached ∼16% in 

the third cycle. All samples could achieve the target VRF except EoL-006-12 and EoL-006-20. 

EoL-006-12 in both the second and third cycles, the membrane sample EoL-006-20 in the third 

cycle could not reach the target VRF due to higher salt rejection value, tighter pores, and 

concentration polarization on the membrane’s surface. The permeability of EoL-006-12 is ∼12 

LMHb, and the membrane has tighter pores and higher salt rejection when compared to EoL-

006-20 (∼20 LMHb). The flux reduction as a result of concentration polarization and osmotic 

pressure is more evident for Eol-006-12 compared to EoL-006-20. According to Figure 18, 

the permeance flux of the UH004 P membrane remained almost constant during the filtration 

of alkaline filtrate. No reduction in pure water flux was observed when comparing the post-

filtration PWP with its original value before filtration (see Table 7). Compared to UH004 P, 

EoL membranes faced flux reduction which was caused by increasing the concentration 

polarization and osmotic pressure in the feed solution section 5.1.5 will discourse about it more.  
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Figure 19. Filtration of alkaline filtrate for EoL-006 samples 

In terms of appearance, permeate samples from EoL-006-12, and EoL-006-20, membranes 

were colourless. In contrast, permeate samples from EoL-006-45 membranes were a bit 

yellowish, especially in the second and third permeate. Moreover, no obvious difference 

between the feed solution and permeate samples' colour in EoL-006-175 was observed, 

indicating the low colour removal of EoL-006-175 membrane. Compared to EoL-006-12 and 

EoL-006-20, the UH004 P membrane’s permeate was still yellowish. The colour difference 

could be attributed to the membranes' cut-off value and salt rejection, suggesting that smaller 

molecules giving colour to the alkaline filtrate have passed through the membrane to the 

permeate (Appendix 3 provides more information).   

More information about filtration of alkaline filtrate for EoL-006 samples (Mass Flux 

(kg/(m2.h) at 4 bar vs Volume Reduction (%) plot) is presented in Appendix 4. 

5.1.5 Salt Rejection, pH, and Total Dissolved Carbon Analysis Within the Filtration 

10 ml of each permeate sample after every cycle, in addition to feed and retentate sample were 

collected to investigate the membrane's performance in terms of salt rejection, pH, and total 

TDC during filtration.  
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Table 6 presents conductivity rejection, pH, and TDC after filtration of alkaline filtrate for 

UH004 P membrane. The value of conductivity rejection for both UH004-002 and UH004-003 

were same while TDC in permeate sample for UH004-003 is a bit higher than UH004-002 due 

to the higher volume reduction. During the experiment, pH value remained almost constant 

without any significant changes. 

Table 6. UH004 P salt rejection, pH, and TDC after filtration of alkaline filtrate 

Substrate 

Code 
Remarks 

Total 

Dissolved 

Carbon 

TDC (mg/L) 

pH 

Conductivity 

Rejection 

(%) 

Overall 

VRF 

VR 

(%) 

TDC 

(%) 

UH004-002 

Permeate 1202 10 9 % 6 83 % 52 % 

Feed 1739 10 - - - - 

Retentate 4435 10 - - - - 

UH004-003 

Permeate 1288 10 9 % 10 90 % 54 % 

Feed 1742 10 - - - - 

Retentate 6069 10 - - - - 
 

Figure 20 shows EoL-006 membranes salt rejection (i.e., conductivity rejection) for each 

permeate sample after the first, second and third cycles. Salt rejection was calculated based on 

equation (3). With successive increases of the cycles, the quality of permeate in terms of salt 

rejection decreased, which can be attributed to the increase of concentration polarization after 

each cycle on membrane’s surface (i.e., reduction of flux). The salt rejection reported for 

alkaline filtrate here is lower than that of reported earlier corresponding MgSO4 due to the 

presence of monovalent salts in the alkaline filtrate. Based on their level of NaOCl exposure, 

EoL-006-12 has the highest average rejection, while EoL-006-175 has the lowest average 

rejection. Comparing the first cycle with UH004-002 and UH004-003 samples, EoL-006-12, 

EoL-006-20, and EoL-006-45 showed better results in terms of salt rejection even though they 

had higher permeability than UH004 P (∼6 LMHb). UH004 P salt rejection is approximately 

9%. EoL-006-12 salt rejection is 57%. EoL-006-20 salt rejection is 37%. EoL-006-45 salt 

rejection is 18%. EoL-006-175 salt rejection is 3%. 
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Figure 20. Salt rejection (i.e., conductivity rejection) at the end of each cycle for EoL-006 

membranes during filtration of alkaline filtrate 

The feed solution pH was approximately 10, and there were no significant changes in pH during 

the filtration process on permeate and retained samples (∼10). 

Figure 21 shows the value of total dissolved carbon for each permeate sample after the first, 

second and third cycles in the filtration of alkaline filtrate. Plots on the left present TDC in 

mg/L based on volume reduction factor, while bar charts on the right display TDC rejection 

(%) in each permeate sample based on equation (7). Similar to the salt rejection, the 

concentration of the TDC in the permeate increased after each concentration cycle due to the 

higher chance of dissolved carbon passing through the membrane, specifically, lower 

molecular weight ones, at higher concentration factor. TDC values of oxidized EoL membranes 

(EoL-006-12, EoL-006-20, and EoL-006-45) were compared with UH004-002, UH004-003 

samples at the same VRF (i.e., first cycle concentration. At ⁓83% VR (i.e., 1 Cycle 

experiment), the TDC in permeate for the oxidized membranes and to the UH004 P membranes 

were in the order of EOL-12 (765 mg/L) > EOL-20 (942 mg/L) > EOL-45 (1106 mg/L) > 

UH004 P (1202 mg/L). It is also worth noting that the EoL samples had higher permeability 

than UH004 P (⁓ 6 LMHb). 
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Figure 21. Total dissolved carbon (TDC) at the end of each cycle for EoL-006 membranes 

during filtration of alkaline filtrate 

More details about salt rejection (i.e., conductivity rejection), pH, and TDC have been provided 

in Appendix 5. 
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5.1.6 Pure water Permeability and MgSO4 Salt Rejection after Filtration of Alkaline 

Filtrate 

Pure water permeability at 3 bar and MgSO4 salt rejection (i.e., conductivity rejection) at 5 bar 

of four EoL-006 samples were measured in a dead-end Amicon stirred cell (Figure 12) to 

investigate membrane performance after filtration. 

Table 7 shows EoL-006 and UH004 P membrane samples’ PWP before and after filtration of 

alkaline filtrate. UH004-002 and UH004-003 PWP remained unchanged after the first cycle of 

filtration of alkaline filtrate. A 30% reduction in PWP was observed for EoL-006-12. PWP of 

EoL-006-20 and EoL-006-45 increased after filtration, while EoL-006-175 remained 

unchanged. 

Table 7. EoL-006 and UH004 P membrane samples PWP before and after filtration of alkaline 

filtrate 

Substrate Code PWPb (LMHb) PWPa (LMHb) PWPR (%) 

UH004-002 6 5–6 0 % 

UH004-003 6 5–6 0 % 

EoL-006–12 12 8–9 30 % 

EoL-006–20 20 21–23 0 % 

EoL-006–45 45 45–46 0 % 

EoL-006–175 175 175–176 0 % 

 

 
Figure 22. EoL-006 membranes MgSO4 salt rejection (i.e., conductivity rejection) at 5bar 

before and after filtration of alkaline filtrate 
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Figure 22 shows MgSO4 salt rejection for all EoL-006 membrane samples before and after 

filtration of alkaline filtrate. The trade-off between permselectivity and permeability could be 

the reason for the increase of the MgSO4 salt rejection of EoL-006-12, as its PWP decreased 

by 30% after filtration. The rejection of MgSO4 salts in EoL-006-20 and EoL-006-45 dropped, 

which could also be related to the increase in their PWP after filtration. There was no significant 

change in the MgSO4 salt rejection of UH004-002 and UH004-003 since their pure water flux 

remained similar before and after filtration. 

5.2  EoL Membrane Properties After LbL-Coating 

5.2.1 Pure Water Permeability, MgSO4 Salt Rejection, and Membrane Characterization 

with PEG Filtration after LbL coating 

Two EoL-006 membranes with a permeability of 45 and 175 LMHb were chosen for LbL 

coating. The performance of LbL-coated membranes with five bilayers of PDADMAC/PSS 

was evaluated in terms of PWP and MgSO4 salt rejection in the crossflow filtration setup shown 

in Table 8 and Figure 13 

Table 8. PWP, MgSO4 salt rejection, and PEG retention after LbL Coating 

Substrate Code 
Polyelectrolyte 

Bilayers 

PWP 

(LMHb) 

MgSO4 Salt 

Rejection (5 bar) 

PEG Retention 

(600 Da) 

EoL–006–45B (PDADMAC/PSS)5 14 90 % 97 % 

EoL–006–175B (PDADMAC/PSS)5 38 67 % 97 % 

The results for EoL-006-45B and EoL-006-175B could be compared with EoL-006-12, EoL-

006-20, and EoL-006-45. Four membrane samples show similar behavior. EoL-006-12's pure 

water permeability and MgSO4 salt rejection before filtration of alkaline filtrate were about 

12 LMHb and 82 %, while these values for the EoL-006-45B were approximately 14 LMHb 

and 90%. PWP and MgSO4 salt rejection before filtration of alkaline filtrate for EoL-006-20 

were 20 LMHb and 77 %, respectively, and for EoL-006-45 were 45 LMHb and 16%, whereas 

EoL-006-175B showed permeability of 38 LMHb and salt rejection of about 67%. The results 

show a better rejection of PWP and MgSO4 salts could be obtained using LbL-coated 

membranes.  

The study conducted by Ng et al., as published in Table 2, reported a PWP of 12 LMHb and 

74% MgSO4 salt rejection at 5 bars for the coated commercial membrane PES-20 with 

(PDADMAC/PSS)5  (Ng et al., 2014). In the present case study, both LbL-coated membranes 
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exhibited higher permeability than Ng et al.'s study. Furthermore, the EoL-006-45B 

membrane showed higher MgSO4 salt rejection than the 74% reported by Ng et al. However, 

the MgSO4 salt rejection for EoL-006-175B was 67% when compared to Ng et al.'s results, 

which could be attributed to the higher permeability of the EoL-006-175B membrane.  

LbL-coated membranes' pure water flux at different pressure was presented in Appendix 6. 

PEG filtration experiments were conducted on both samples with permeabilities of 14 and 38 

LMHb (Table 8) at 3 bars. Figure 23 shows the PEG retention of the samples mentioned 

above. Results show that two membranes with different sublayers coated with five PE bilayers 

have almost similar tested PEG retention. According to Table 7, after LbL coating, it is 

possible to achieve higher pure water permeability while maintaining similar PEG retention. 

However, the salt rejection may vary due to the open substrate of EoL-00-175 and plausible 

surface charge difference. Table 8 presents PEG retention for 600 Da in both coated 

membranes. PEG retention data is presented in Appendix 7. 

 
Figure 23. LbL-coated membranes PEG retention 

Compared with EoL membrane samples exposed to NaOCl samples (Figure 17), LbL-coated 

membrane shows better rejection in lower molecular weight (Figure 23). 

LbL-coated membranes have higher PEG retention value than the commercial membrane 

UH004 P (check Table 6 and Table 7). 
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5.2.2 Filtration of Alkaline Filtrate after LbL-coating 

The (PDADMAC/PSS)5 coated LbL membranes were tested in the crossflow setup shown in 

Figure 13 for filtration of alkaline filtrate. 

Figure 24 shows filtration of alkaline filtrate for LbL-coated membranes. Due to higher PWP, 

EoL-006-175B has a higher initial mass flux, but after a while (1140 min), mass flux for both 

membrane samples became similar. It is possible that the membrane with a higher permeability 

(EoL-006-175B) passed its critical flux and had more fouling, resulting in reduced permeability 

and a lower mass flux than the membrane with a lower permeability (EoL-006-45B). However, 

as supposed, the membrane with lower permeability (EoL-006-45B) was able to withstand the 

impacts of the alkaline feed solution better. Sections 5.2.3 and 5.2.4 will discuss more about 

this point. 

 

Figure 24. filtration of alkaline filtrate for LbL coated membranes 

Permeate samples from EoL-006-45B, and EoL-006-175B membranes were colorless more 

information is provided in Appendix 8.   

5.2.3 Salt Rejection, pH, and Total Dissolved Carbon Analysis within the LbL-coated 

Membrane Filtration 

10 ml of permeate samples at different time intervals, feed and retained samples, were collected 

to investigate the membrane's performance during filtration. Salt rejection (i.e., conductivity 

rejection), pH, and total TDC were measured for each sample. 

Figure 25 shows salt rejection during the crossflow filtration. The salt rejection drops due to 

fouling and an increase in the concentration of the feed solution during the interval time period. 
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Figure 25. Salt rejection (i.e., conductivity rejection) within filtration of alkaline filtrate for 

LbL-coated membranes 

The feed solution pH was approximately ∼10, and there were no significant changes in pH 

during the filtration process between permeate and retained samples (∼10). 

Figure 26 shows the value of total dissolved carbon for permeate in different time intervals.  

Plots on the left present TDC in mg/L, while bar charts on the right display TDC rejection (%) 

in each permeate sample based on equation (7). The difference in TDC values between first- 

and last-permeate samples may result from fouling, concentration polarization on membrane 

surface, or a combination of the two. Since the predicted TDC rejection value for EoL-006-

45B is higher than that of EoL-006-175B, it is tighter than EoL-006-175B.   

End-of-life LbL-coated membranes showed better results in terms of salt (%), and TDC 

retention (%) compared to the commercial membrane UH004 P (See Table 6). In comparison 

with EoL membranes that were exposed to NaOCl, LbL-coated membranes (EoL-006-45B 

with a permeability of 14 LMHb and EoL-006-175 with a permeability of 38 LMHb) 

demonstrated improved results in terms of salt rejection (%), TDC value (mg/L), and TDC 

retention (%), along with higher permeability than EoL oxidized membranes (EoL-006-12 with 

a permeability of 12 LMHb and EoL-006-20 with a permeability of 20 LMHb) Refer to Figure 

20, Figure 21, and Figure 26 for further details. 
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Figure 26. Total dissolved carbon (TDC) for LbL-coated membranes in the filtration of 

alkaline filtrate 

More information about salt rejection and TDC is provided in Appendix 9.  

5.2.4 Pure water Permeability and MgSO4 Salt Rejection After Filtration of Alkaline 

Filtrate 

LbL-coated samples were tested for pure water permeability at 3 bar and MgSO4 salt rejection 

(i.e., conductivity rejection) at 5 bar, utilizing a crossflow setup (Figure 13) in order to 

investigate membrane performance after filtration. 

Table 9 presents LbL-coated membranes’ PWP before and after filtration of alkaline filtrate. 

EoL-006-45B PWP increased about 48% while a 42% reduction in PWP was observed for 

EoL-006-175B. 

Table 9. LbL-coated membrane samples PWP before and after filtration of alkaline filtrate 

Substrate Code PWPb (LMHb) PWPa (LMHb) PWPR (%) 

EoL-006-45B 14 21 0 % 

EoL-006-175B 38 22 42 % 
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Figure 27. LbL-coated membranes MgSO4 salt rejection (i.e., conductivity rejection) at 5 bars 

before and after filtration of alkaline filtrate 

Figure 27 shows MgSO4 salt rejection for LbL-coated membrane samples before and after the 

filtration of alkaline filtrate. The permeability of EoL-006-175B is higher than EoL-006-45B 

due to a 42% flux drop, the possibility of fouling is heightened, and the salt rejection of MgSO4 

salt has increased as a consequence of this mass flux drop. The permeability of EoL-006-45B 

was less than EoL-006-175B, resulting in better separation than EoL-006-175B. EoL-006-45B 

pure water permeate was increased by 48% after filtration, and the MgSO4 salt rejection 

decreased by 7%.  Due to the higher permeability of EoL-006-175B, the membrane possibly 

passed its critical flux, and it could be the cause of the mass flux reduction and increasing the 

MgSO4 salt rejection value. 

LbL-coated membrane shows better results in MgSO4 salt rejection (Figure 27) and PWP 

(Table 9) compared to the commercial membrane UH004 P (See Table 6 and Table 7). 
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6 CONCLUSION 

EoL membrane samples' polyamide layers were successfully cleaned, exposed with oxidant, 

and coated with fluidic layer-by-layer polyelectrolyte assembly. Future commercial-scale 

research into the procedure will be profitable because the polyelectrolytes used are robust and 

widely accessible. 

The initial goal of the modification was to look into recycling RO membranes and using them 

as UF/NF membranes and compare the performance of these recycled membrane samples with 

the commercial membrane UH004 P. The following results were drawn from investigations 

utilizing AR-FTIR, PEG retention, PWP, MgSO4 salt rejection, and TDC (%) to characterize 

membranes EoL membranes: 

1. The EoL membrane's in-situ chemical alteration and cleaning directly influence its 

subsequent coating with polyelectrolytes. The most effective way to clean the fouling layer 

was to soak EoL membranes in Ultrasil 110 (1% w/w) over a more extended period (about 

2.5 months).   

2. End-of-life RO membranes can be recycled into UF membranes by removing a portion of 

the polyamide layers. It is also possible to rework the degraded layers by layer-by-layer 

overlaying and turn it into NF membranes.  

3. The LbL-coated membranes (5 bilayers) with different sublayer’s permeability (45 and 175 

LMHb) had similar retention for the measured PEGs (600, 1000, 4000, 8000, 12000, and 

35000); however, they showed different MgSO4 salt rejection and pure water permeability. 

4. Compared to the UF membranes achieved by polyamide degradation, LbL-coated NF 

membranes could achieve better MgSO4 salt rejection and pure water permeability. The 

LbL-coated membranes also removed better total dissolved carbon from alkaline filtrate. 

The highest MgSO4 salt rejection (90%) was achieved by a five-bilayer coating, resulting 

in an NF membrane with a pure water permeability of 14 LMHb. 

End-of-life RO membranes can be recycled into UF by oxidation of the polyamide layers. It is 

also possible to convert the degraded membrane with layer-by-layer coating into an NF 

membrane. End-of-life LbL-coated membranes after oxidation showed better results than 

membranes where some polyamide layers were partly or entirely removed. In both cases, the 
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degraded PA layer, and LbL-coated membranes' permeability and rejection characteristics, in 

the best-case scenario, outperform commercial membrane UH004 P. The findings demonstrate 

that manufactured LbL-coated membranes can be adjusted toward RO or NF membranes by 

regulating substrate characteristics (permeability) and the appropriate selection of 

polyelectrolytes. 
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7 SUGGESTIONS FOR FUTURE STUDIES 

The following recommendations for future investigations can be taken into consideration as a 

result of this study on flat membrane sheets: 

The efficiency of the recycling process on the spiral wound and hollow fiber membranes, which 

are frequently utilized in commercial applications, should be investigated as the current study 

was conducted on flat membrane sheets. 

The long-term performance of the recycled membrane should be tested, as in the current study, 

only short-term salt rejection and water permeability tests were performed. Future research 

should focus on evaluating recycled membranes' long-term stability and durability. 

Despite the fact that this recycling technique shows promise for environmentally friendly 

membrane recycling, future research could examine its environmental impact.  
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APPENDIX 

Appendix 1. EoL membranes cleaning and NaOCl exposure data and schematics. 

 
Figure 28. Pure water permeates of samples with different exposure NaOCl time 

 

Table 10. EoL membranes’ schematics during experiments 

Substrate 

Code 

Cleaning 

After Oxidation 
Before washing with 

DI water 

After washing with 

DI water 

EoL-001 

   

EoL-002 
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EoL-003 

   

EoL-004 

  

Due to low PWP (<1) 

did not used for rest of 

experiments. 

EoL-005 

  

Due to low PWP (<1) 

did not used for rest of 

experiments. 

EoL-006 

   

 

Appendix 2. PEG retention for EOL-006 membranes sample after oxidation. 

Table 11. PEG retention for EoL-006 samples within the same flux filtration 

PEG MW (Da) EOL-006-12 EOL-006-20 EOL-006-45 EOL-006-175 

35,000 93 % 90 % 100 % 100 % 

12,000 82 % 82 % 98 % 94 % 

8,000 82 % 82 % 97 % 83 % 

4,000 82 % 82 % 96 % 60 % 

1,000 80 % 81 % 84 % 8 % 

600 80 % 78 % 75 % 6 % 
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Table 12. Effect of the pressure in EoL-006–12 PEG retention 

PEG MW (Da) EoL-006–12 (5 bar) EoL-006–12 (3 bar) EoL-006–12 (2 bar) 

35,000 91 % 91 % 93 % 

12,000 84 % 85 % 82 % 

8,000 85 % 84 % 82 % 

4,000 85 % 85 % 82 % 

1,000 81 % 82 % 80 % 

600 78 % 81 % 80 % 

 

Appendix 3. UH004 P and EoL006 Filtration of Alkaline Filtrate Samples After Membrane 

Filtration 

 
Figure 29. Filtration of Alkaline Filtrate Samples (Feed, Permeates, and Retinted): (A)EoL-

006-12 (B)EoL-006-20 (C)EoL-006-45 (D)EoL-006-175 
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Figure 30. UH004 P Filtration of Alkaline Filtrate Samples (Feed, Permeates, and Retinted) 

 

Appendix 4. Filtration of Alkaline Filtrate EoL-006 sample (Mass Flux bar vs Volume 

Reduction) 

 
Figure 31. Filtration of Alkaline Filtrate EoL-006 sample in (Mass Flux at different Volume 

Reduction) 
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Appendix 5. Filtration of alkaline filtrate for EoL-006 membranes samples: conductivity, pH, 

and total dissolved carbon (TDC) data. 

Table 13. Filtration of alkaline filtrate for EoL-006 membranes: conductivity and pH at the 

end of each cycle  

Substrate 

Code 
Remarks pH 

Conductivity  

 (mS/cm) 

Overall 

VRF 
VR % 

EOL-006-12 

1 st Permeate 10 7 6 83 % 

2nd Permeate 10 8 8 77 % 

3rd Permeate 10 8 9 77 % 

1st & 2nd Permeate 10 7 8 87 % 

Average 3 Cycles' Permeate 10 7 9 89 % 

Feed 10 9 - - 

Retentate 10 22 - - 

EOL-006-20 

1 st Permeate 10 9 6 84 % 

2nd Permeate 10 10 11 83 % 

3rd Permeate 10 10 16 83 % 

1st & 2nd Permeate 10 10 11 91 % 

Average 3 Cycles' Permeate 10 10 16 94 % 

Feed 10 10 - - 

Retentate 10 18 - - 

EOL-006-45 

1 st Permeate 10 9 7 88 % 

2nd Permeate 10 9 11 80 % 

3rd Permeate 10 9 17 80 % 

1st & 2nd Permeate 10 9 11 91 % 

Average 3 Cycles' Permeate 10 9 17 94 % 

Feed 10 9 - - 

Retentate 10 12 - - 

EOL-006-

175 

1 st Permeate 10 9 6 84 % 

2nd Permeate 10 9 11 83 % 

3rd Permeate 10 9 16 83 % 

1st & 2nd Permeate 10 9 11 91 % 

Average 3 Cycles' Permeate 10 9 16 94 % 

Feed 10 9 - - 

Retentate 10 9 - - 
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Table 14. Filtration of alkaline filtrate for EoL-006 membranes: total dissolved carbon (TDC) 

at the end of each cycle  

Substrate 

Code 
Remarks 

TDC 

(mg/L)    

Overall 

VRF 
VR % 

TDC 

(%) 

EOL-006-12 

1 st Permeate 766 6 83 % 75 % 

2nd Permeate 975 8 77 % 65 % 

3rd Permeate 1013 9 77 % 60 % 

1st & 2nd Permeate 794 8 87 % 76 % 

Average 3 Cycles' Permeate 925 9 89 % 71 % 

Feed 1751 - - - 

Retentate 10185 - - - 

EOL-006-20 

1 st Permeate 942 6 84 % 74 % 

2nd Permeate 1050 11 83 % 69 % 

3rd Permeate 1140 16 83 % 65 % 

1st & 2nd Permeate 1106 11 91 % 72 % 

Average 3 Cycles' Permeate 1185 16 94 % 72 % 

Feed 2056 - - - 

Retentate 14655 - - - 

EOL-006-45 

1 st Permeate 1106 7 88 % 63 % 

2nd Permeate 1171 11 80 % 54 % 

3rd Permeate 1235 17 80 % 50 % 

1st & 2nd Permeate 1118 11 91 % 64 % 

Average 3 Cycles' Permeate 1161 17 94 % 66 % 

Feed 1774 - - - 

Retentate 9536 - - - 

EOL-006-175 

1 st Permeate 1578 6 84 % 23 % 

2nd Permeate 1643 11 83 % 15 % 

3rd Permeate 1699 16 83 % 8 % 

1st & 2nd Permeate 1620 11 91 % 24 % 

Average 3 Cycles' Permeate 1590 16 94 % 32 % 

Feed 1753 - - - 

Retentate 4608 - - - 
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Appendix 6. LbL-coated membranes pure water flux in different pressure. 

 
Figure 32. LbL-coated membranes pure water flux in different pressure  

 

Appendix 7. LbL coated membranes PEG retention (at 4 bar). 

Table 15. PEG retention (at 4 bar) in crossflow setup after LbL coating 

PEG MW (Da) EOL-006-45B EOL-006-175B 

35,000 99 % 99 % 

12,000 98 % 98 % 

8,000 98 % 98 % 

4,000 97 % 98 % 

1,000 97 % 97 % 

600 97 % 97 % 
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Appendix 8. Filtration of Alkaline Filtrate for LbL-coated Membranes  

 
Figure 33. Filtration of Alkaline Filtrate Samples (Feed, Permeates, and Retinted):  

(A)EoL-006-45B (B)EoL-006-175B 
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 Appendix 9. Filtration of alkaline filtrate for LbL-coated membranes:  conductivity and total 

dissolved carbon (TDC) data. 

Table 16. Filtration of alkaline filtrate for LbL-coated membranes: conductivity and pH at 

different time intervals  

Substrate 

Code 
Remarks 

Conductivity  

 (mS/cm) 

Overall 

VRF 
VR % 

EOL-006-45B 

Average Permeate (t=20 min) 4 1 0.3 % 

Average Permeate (t=180 min) 4 1 2 % 

Average Permeate (t=1100 min) 5 1.1 11 % 

Average Permeate (t=1420 min) 5 1.2 14 % 

Average Permeate (t=1660 min) 5 1.2 16 % 

Average Permeate (t=2600 min) 5 1.3 22 % 

Average Permeate (t=2820 min) 5 1.3 23 % 

Feed (t=0) 8 - - 

Feed (t=1420 min) 11 - - 

Feed (t=1660 min) 11 - - 

Feed (t=2600 min) 13 - - 

Retentate (t=2820 min) 14 - - 

EOL-006-

175B 

Average Permeate (t=20 min) 5 1 0.3 % 

Average Permeate (t=180 min) 5 1 2 % 

Average Permeate (t=1100 min) 5 1.1 11 % 

Average Permeate (t=1420 min) 5 1.2 14 % 

Average Permeate (t=1660 min) 5 1.2 16 % 

Average Permeate (t=2600 min) 5 1.3 22 % 

Average Permeate (t=2820 min) 5 1.3 23 % 

Feed (t=0) 8 - - 

Feed (t=1420 min) 11 - - 

Feed (t=1660 min) 11 - - 

Feed (t=2600 min) 13 - - 

Retentate (t=2820 min) 14 - - 
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Table 17. Filtration of alkaline filtrate for LbL-coated membranes:  total dissolved carbon 

(TDC) at different time intervals  

Substrate 

Code 
Remarks TDC (mg/L) VR (%) 

TDC 

(%)   

EOL-006-45B 

Average Permeate (t=20 min) 386 0.3 % 78 % 

Average Permeate (t=180 min) 408 2 % 77 % 

Average Permeate (t=1100 min) 442 11 % 76 % 

Average Permeate (t=1420 min) 467 14 % 74 % 

Average Permeate (t=1660 min) 493 16 % 73 % 

Average Permeate (t=2600 min) 547 22 % 71 % 

Average Permeate (t=2820 min) 563 23 % 70 % 

Feed (t=0) 1732 - - 

Feed (t=1420 min) 2507 - - 

Feed (t=1660 min) 2715 - - 

Feed (t=2600 min) 3644 - - 

Retentate (t=2820 min) 4047 - - 

EOL-006-

175B 

Average Permeate (t=20 min) 470 0.3 % 73 % 

Average Permeate (t=180 min) 448 2 % 74 % 

Average Permeate (t=1100 min) 477 11 % 74 % 

Average Permeate (t=1420 min) 496 14 % 73 % 

Average Permeate (t=1660 min) 515 16 % 72 % 

Average Permeate (t=2600 min) 570 22 % 70 % 

Average Permeate (t=2820 min) 585 23 % 70 % 

Feed (t=0) 1732 - - 

Feed (t=1420 min) 2507 - - 

Feed (t=1660 min) 2715 - - 

Feed (t=2600 min) 3644 - - 

Retentate (t=2820 min) 4047 - - 

 


