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Abstract: 

Nowadays, end-of-life (EoL) reverse osmosis (RO) membranes are considered as waste, hence they 
are incinerated or discarded in landfills. Due to the environmental problem of disposed membranes, 
their reuse as nanofiltration (NF) membranes was studied in this study. At first, the fouling of EoL 
membrane was cleaned and then the effect of sodium hypochlorite (NaOCl) on removing the 
polyamide (PA) layer and pure water permeability (PWP) of EoL membranes was investigated. With 
regard to NaOCl exposure intensities, three groups of EoL membranes with PWP of about 10, 20, and 
30 L/(m2h bar) were selected as substrates to convert them to NF membranes by deposition of 
polyelectrolyte (PE) multilayers. The effects of PE type, substrate permeability, and the charge of 
outer layer on the performance of the resultant NF membranes were studied. As one of the best results, 
NF membrane composed of eight bilayers of SC498/KE253 polyelectrolytes on substrates with PWP 
of 18 L/(m2h bar) had salt water permeability (SWP) of 11 L/(m2h bar) and 94% rejection of MgSO4. 
Other results are also competitive with commercial NF membranes. The maximum NaCl and MgSO4 
rejection of prepared membranes were 92% and 98%, respectively, at a feed pressure of 10 bar. In 
addition, the stability test showed that the prepared membranes are stable over a long period of filtration. 

 

Keywords: EoL RO membrane, Recycling, Polyelectrolyte multilayers, NF membrane, Desalination. 

 

1. Introduction 

Reverse osmosis technology is one of the most commonly used methods for seawater desalination 

and wastewater purification. This is often done using thin film composite (TFC) membranes. Several 

factors affect TFC RO membranes lifetime (5 – 7 years), one of which is the formation of fouling 

layer. The fouling is produced as a results of the removal of dissolved matter and particles in the feed, 

which can be classified as inorganic, organic and biological fouling [1].The disposal of TFC RO 

membranes after the end of their lifetime has negative effects on the environment, because most 

often EoL RO modules are incinerated to recover energy [2] or discharged in landfills. According to 
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Landaburu-Aguirre et al. [3] and the latest data of the International Desalination Association (IDA) 

[4], the total mass of disposed modules was estimated to be more than 16,500 tons in 2018, which 

indicates that the problem of disposed membranes needs urgent attention. This is in direct conflict 

with the objectives of the European Union in moving toward a circular economy system where the 

main purpose is to minimize waste. 

Recycling EoL RO membranes is the most preferred option to achieve this purpose either as direct 

reuse or after conversion to ultrafiltration membranes [5].  This is because reusing has also economic 

interests and not just environmental benefits [6]. Direct reuse is divided into three categories: (1) 

rejuvenation of EoL membranes, (2) using for lower grade treatment and (3) using for new 

applications [5]. The rejuvenating treatment is done by cleaning agents in order to remove most of 

the fouling and scaling [7]. If the EoL membranes performance is not suitable after rejuvenating 

treatment, they can be used for lower grade treatment application like brackish water treatment and 

seawater pretreatment [8-12]. Apart from these, the EoL membranes can be employed in other 

application like utilizing in membrane biofilm reactor. Morón-López et al. used EoL RO membrane 

as the support for biofilm formation to selectively remove microcystins [13]. Chemical conversion is 

the chemical removal of ultrathin top layer and conversion of EoL membrane into microfiltration 

(MF) and ultrafiltration (UF) membranes [6, 14-18]. Rodriguez et al., as pioneering researchers in 

this area, converted EoL RO membranes to MF and UF membranes by removing the PA layer using 

strong chemical oxidants, like NaOCl, hydrogen peroxide (H2O2), and potassium permanganate 

(KMnO4) [19, 20]. They concluded that KMnO4 with a dose of around 1000 ppm was the most 

effective oxidative agent, which reduced salt rejection of RO membranes to 2%. 

Lawler et al. examined three solutions of sodium hydroxide (NaOH), KMnO4, and NaOCl for 

removing the active layer of RO membranes [8]. After using NaOCl as the best oxidative agent, they 

found that the resulting UF membranes had better performance than commercial UF membranes in 

some cases. 

Several similar pieces of research have been accomplished in recent years. Table 1 summarizes these. 
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Table 1. Comparing the results of studies used NaOCl for removing PA layer of TFC RO membranes. 

Membrane type NaOCl exposure Intensity 
(ppm h) [ppm×h] 

Water permeability 
(L/(m2h bar)) 

NaCl rejection 
(%) 

Reference 

New BW30FR 300 000 [6250×48] 175±4 <4% [8] 
New BW30FR 187 500 [62500×3] 175±4 <4% [8] 
EoL BW (TM700) 72 000 40a - [8] 
Lab-made 131 520 [2740×48] 19.64 2.2 [21] 
New BW30FR 300 000 [125000×2.4] 59±5  <1% [22] 
EoL BW (CSM) 300 000 [125000×2.4] 115 <1% [22] 
EoL SW(TML820) 300 000 [125000×2.4] 9 <1% [22] 
EoL BW30 30 000   [124×242] 40.57±1.49 1.68% [18] 
EoL BW (TM720) 30 000   [124×242] 37.38±4.37 1.51% [18] 
EoL SW30 30 000   [124×242] 33.80±1.68 4.56% [18] 
EoL SW (TM820) 30 000   [124×242] 11.03±1.41 3.57% [18] 
EoL TW30 150 000 [10000×15] 18 <4% [23] 
EoL BW30 300 000 [55000×5.4] 116.7 12.6±0.2 [24] 

a test with pure water 

In this work, like the cited literature, NaOCl solution was used to convert EoL SW30 membrane to UF 

membrane.  After  this  step,  the  resulting  UF  membrane  was  transformed  into  nanofiltration  (NF)  

membrane by polyelectrolyte layer-by-layer (LbL) deposition. Gaining good NF membrane properties 

using EoL RO membrane as a substrate and bulk wastewater treatment chemicals in LbL deposition is 

the most valuable novelty in this study. 

LbL assembly as a simple and controllable technique [25] can be used for coating the oppositely 

charged polyelectrolytes (polycation/polyanion) on substrate for the fabrication of a multilayer film. 

This ability is very practical for membrane modification. Thus, several studies have been done in this 

regard and many of them coated polyelectrolyte multilayers on porous substrates to prepare NF and 

RO membranes with satisfactory performance [26-33]. For example, membranes composed of five 

bilayers of poly(styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) on porous alumina 

substrates had a salt water flux of 35 L/(m2h) and 95% rejection of MgCl2 at 4.8 bar [26]. In another 

study, Jin et al. [27] coated 60 bilayers of polyvinyl amine/polyvinyl sulfate (PVA/PVS) on porous 

PAN/PET supports. They observed complete rejection of MgSO4 and 84% rejection of NaCl at 5 bar. 

The salt water permeability of the composite membrane was 0.1 L/(m2h bar). Ng et al. prepared NF 

membranes by depositing five bilayers of poly(diallyldimethylammonium chloride) (PDADMAC) / 

PSS polyelectrolytes on poly(ether sulfone) (PES) membrane. Their results showed that water flux 

was 12 L/(m2h) and NaCl and MgSO4 rejections were 22.5 and 73.8%, respectively, at 5 bar [32]. As 

another example, porous alumina membranes coated with 4.5–5 bilayers of PSS/PAH showed water 

fluxes of 37.5–75 L/(m2h) and rejections of 88–97.6% for MgSO4, and water fluxes of 45.8-104.2 

L/(m2h) and rejections of 13-81% for NaCl at 4.8 bar [33].  
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In several studies, polyelectrolyte LbL deposition was used to reduce molecular weight cutoffs 

(MWCO) of porous membranes for fabricating tight UF membranes [34, 35]. Use of polyelectrolyte 

multilayers as membrane surface modification has received a lot of attention also in most recent 

studies [36-46]. 

The objective of this study was to investigate the performance of NF membranes prepared by 

polyelectrolyte multilayer coating on EoL RO membranes (after removing the PA layer) and compare 

the results with commercially available NF. The aim was also to use low-cost commercial 

polyelectrolytes in the preparation of multilayer coatings instead of bespoke and more expensive 

polyelectrolytes, as were used in the abovementioned studies. 

2. Material and methods 

2.1. Materials 

The end-of-life spiral wound SW30 RO membrane with the trademark of DOW Filmtec was used in 

desalination process. The membrane is composed of three layers, a PA top selective layer, a 

poly(sulfone) (PSf) supporting layer, and a polyester base layer. After some pretreatment, the EoL 

membrane was used as the substrate for polyelectrolyte multilayer coating.  

The performance of prepared membranes was compared with two commercial NF membranes of 

NF270 (Dow Filmtec) and Desal 5 DK (GE Osmonics). 

The fouling of EoL membranes was cleaned with an alkaline cleaner, Ultrasil 110 (EcoLab Inc.). 

Ultrasil 110 consists of EDTA (5–10%), NaOH (5–10%), sodium cumene sulfonate (1–5%) and sodium 

dodecylbenzene sulfonate (1–5%) [47].  

NaOCl (11–15% available chlorine) was purchased from Alfa Aesar Co., Germany, and used for the 

removal of the PA active layer of the EoL membrane.  

Sodium chloride, NaCl (>99.0%), and magnesium sulfate, MgSO4 (>99.0%) were purchased from 

Fisher Scientific and Sigma Aldrich, respectively. All water used in the experiments was obtained 

from an ELGA Labwater Centra-R120 water purification unit equipped with a deionization cartridge 

(  > 15M  cm). 

The polyelectrolytes with high charge density were supplied by Kemira (Finland) and used without further 

purification. Their characteristics and chemical structures are shown in Table 2 and Fig. 1, respectively.   
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Table 2. Characteristics of the polyelectrolytes used in this study. 

Product code Type MW (MDa) Chemistry pK 
SC498 Cationic 10-15 Cationic polyacrylamide  - a 
F2S Cationic 0.1-0.5 Polyethyleneimine  10 [48] 
SA190 Anionic 5-10 Acrylate polymer 4-5 [49] 
KE253 Anionic 0.03-0.06 Acrylate copolymer 4-5 [49] 

aSC498 is quaternary ammonium PE and due to full quaternization, the cationic charge will remain over the 
whole pH range, so there is no pKb (i.e. no dissociation or de/protonation) 

       
Fig. 1. Chemical structures of the polyelectrolytes used in this study. 

2.2. Pretreatment of EoL membranes before LbL deposition 

Initially, EoL SW30 RO membranes were completely soaked in 1 v/v% Ultrasil 110 solution (pH: 

12.3) without stirring for removing the fouling layer from the membrane surface. After 24 hours, the 

membranes were withdrawn from the Ultrasil 110 solution and rinsed with deionized water. Then, 

the PA active layer was removed by completely soaking in NaOCl solution at atmospheric pressure 

and under stirring condition. The pH of the 1.3 wt% NaOCl solution was 12.1 and the solution was 

protected from UV light to limit NaOCl deterioration.  

The NaOCl exposure intensity was in the range of 13,000 to 240,500 ppm h. To achieve the desired 

exposure intensity, the concentration of the NaOCl was kept constant at 13,000 ppm (1.3 wt%) and 

the exposure time was varied. 

The membranes were rinsed with deionized water at the end of pretreatment and kept in pure water 

until pure water permeability (PWP) was measured.  
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2.3. Water permeability and salt rejection of substrates (pretreated EoL membranes) 

Measurement of pure water permeability of substrates (PWPS) and their salt rejection was carried out 

using a dead-end Amicon stirred cell (model 8400) with a feed volume of 300 mL. PWPS (L/(m2h bar)) 

was defined as: 

ptS
VPWPS                             (1) 

where V is the total volume of permeate during the sampling time interval t at steady state, S is the 

effective membrane area in the module, and p is the feed pressure. S and p were 0.0038 m2 and 4 bar, 

respectively, in all UF tests. The salt rejection of substrate (RS%) was defined as: 

 100
C  C

2C    1  %R
RF

P
S               (2) 

where CP is the solute concentration in the permeate and CF and CR are the solute concentrations in 

the feed and retentate, respectively. After measuring PWP and salt rejection, all membranes were 

soaked in deionized water. 

 

2.4. Polyelectrolyte multilayer coatings 

Polyelectrolyte multilayer coating can be done using five distinct techniques, namely: (1) dipping, 

(2) spinning, (3) spraying, (4) electromagnetic, and (5) fluidic assembly [50, 51]. In this study, the 

fluidic assembly method was used to deposit PE on EoL membranes after removing their PA skin 

layer. 

After placing the membrane sample in a cell, a gear pump was used to circulate PE solutions from 

the two feed tanks over the membrane. Each of the feed tanks contained one litter of 1 g/L PE and 

0.05 M NaCl. 

The streaming potential test showed that substrates have a negative surface charge, so cationic 

polyelectrolyte solution was first circulated over the membrane with a flow rate of 180 mL/min and 

a pressure of 0.2 bar for 4 min. For the completion of polyelectrolyte deposition, the outlet was closed, 

and the circulation stopped for 1 min. Following this step, the remaining PE solution was drained, 

and the membrane surface was washed with 0.05 M NaCl solution to remove loosely bound 

polyelectrolytes.  
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The next PE deposition was begun after rinsing the flow channel with the deionized water to reach 

pure water conductivity. Anionic polyelectrolyte solution was deposited in the same manner and the 

whole process was cycled until reaching the desired number of bilayers, which was eight in this study. 

The LbL deposition was carried out at a temperature of 23 . 

 

2.5. Permeability and salt rejection of LbL-coated membrane 

The performance of LbL-coated membranes was evaluated in a cross-flow filtration setup with four 

parallel flat sheet membrane cells, as shown schematically in Fig. 2. The effective membrane area of 

each cell was 0.001 m2. Initially, all LbL-coated membranes were subjected to stabilization conditions 

with pure water at a feed pressure of 15 bar. Then, the performances of LbL-coated membranes were 

evaluated by filtering two aqueous NaCl and MgSO4 solutions (500 ppm) at two feed pressures of 5 

and 10 bar. All tests were accomplished at a temperature of 25±2 oC and a cross-flow velocity of 0.3 

m/s for at least 30 min.  

 
Fig. 2. Schematic diagram of cross-flow filtration setup used for evaluation of LbL-coated membranes 

Eq. 1 was also used for calculating pure water permeability after LbL coating (PWP) and salt water 

permeability (SWP). The salt rejection in cross-flow filtration setup, R%, was defined as: 

 100)/CC(1  R% FP                              (3) 

 The parameters of PWP, SWP, and R% without subscript are related to LbL-coated membranes. 
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2.6. Analyses 

The solution and membrane samples were analyzed using several methods to evaluate the effect of 

pretreatment and polyelectrolyte multilayer coatings. The analyses performed are listed in Table 3. 

Table 3. Analyses for the evaluation of pretreatment and polyelectrolyte multilayer coatings. 

Analysis Method Equipment 
pH - Metrohm 744 pH meter 
Conductivity - Knick konduktometer 703 
Contact angle Sessile drop method KSV CAM 101 and computer program CAM 2008 
Surface charge Steaming current SurPASS electrokinetic analyzer from Anton Paar 
FTIR  Universal attenuated total 

reflectance (UATR) 
Perkin Elmer FTIR Frontier Spectrometer  

SEM - JEOL (JSM-5800) 

 

3. Results and discussion  

3.1. Substrate properties before LbL coating 

3.1.1. Water permeability and salt rejections of substrates 

PWPS and NaCl rejection of EoL RO membranes were measured at different NaOCl exposure 

intensities. Most of experiments were repeated at least three times. The PWPS of samples before exposure 

to NaOCl were negligible. Therefore, their salt rejections could not be measured. For the samples after 

1 h exposure to NaOCl (13,000 ppm h), the PWPS, NaCl RS% and MgSO4 RS% were 3.7 L/(m2h bar), 

64% and 76%, respectively. Due  to  a  higher  degradation  level  of  the  PA  layer  at  a  higher  NaOCl  

exposure intensity, PWPS increases and reaches almost a plateau after 15 h (195,000 ppm h). This can 

be regarded as almost complete removal of the PA active layer at a higher NaOCl exposure intensity. 

After 18.5 h contact with NaOCl (240,500 ppm h), the PWPS and RS% of samples reached 51 L/(m2h 

bar) and almost zero, respectively. These results can be compared with those studies that have 

investigated the effect of NaOCl on EoL SWRO membrane (see Table 1). In our case the PWPs was 

significantly higher than 9 L/(m2h bar) achieved by Lawler et al. [22] with 300,000 ppm h of NaOCl 

exposure (NaCl rejection < 1%).  
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Fig. 3. Pure water permeability, NaCl and MgSO4 rejection of substrate (EoL membranes) after exposure to 
NaOCl solution with concentration of 13,000 ppm (feed pressure = 4 bar). The error bars represent standard 

deviation. 

 

3.1.2. ATR-FTIR spectroscopy of EoL RO membranes after exposure to NaOCl solution 

To better observe the effect of increasing NaOCl exposure intensity on the PA layer of EoL 

membranes, eight samples exposed to NaOCl at 1, 5.75, 6.5, 7.25, 9, and 18.5 h were selected for 

investigation by ATR-FTIR spectroscopy.  

The FTIR spectra of the abovementioned samples and a poly(sulfone) (PSf) membrane (as 

benchmark) are shown in Fig. 4. The difference between EoL1 and EoL2 in Fig. 4 is that EoL1 was 

analyzed without any cleaning treatment, but EoL2 was rinsed with deionized water after 24 hours of 

immersion in the Ultrasil 110 solution. All the spectra were normalized to band at 1487 cm-1, that is 

for aromatic in-plane ring bend stretching vibrations of the PSf support layer, which remains constant 

during the degradation of the PA layer. The spectra of EoL membranes show peaks at 1664 and 1542 

cm-1, corresponding to amide I and amide II bands, respectively, associated with C=O stretching and 

N–H plane bending. The peak at 1610 cm-1 is representative of the C=C stretching vibrations from 

the aromatic amide bonds [52]. These results are consistent with those observed in other studies [16, 

18, 22, 53].  
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 Fig. 4. ATR-FTIR spectra of EoL membranes before and after different NaOCl exposure times and a PSf 
membrane. 

By comparing spectrum of EoL1, EoL2 and virgin SW30 sample, it can be seen that foulants covered 

and decreased the sharpness of the polyamide peaks (like Amide I and II peaks at 1664 cm-1 and 1542 

cm-1 wavelength). The peaks of fouled membrane after cleaning (EoL2) is like virgin membrane, 

which indicates that Ultrasil treatment had only little effect on the polyamide. The intensity of 

polyamide peaks progressively reduced with the increase in NaOCl exposure intensity, and they 

became nearly the same as PSf peaks after 18.5 h due to the near-complete removal of the polyamide 

layer.  

 

3.1.3. SEM images 

The contaminants and foulants on the surface of the EoL1 membrane sample is visible in Fig. 5a that 

has an amorphous shape (non-crystalline) and lesser amounts of dispersed structure. To reveal the 

type of foulants in both structures, two Energy-dispersive X-ray spectroscopy (EDS) spectra were 

taken from both places, as illustrated in Fig. 6. A spectrum of amorphous shape in Fig. 6a shows a 

high level of Ca, O and C, which indicates that the deposited material was probably calcium carbonate 

(CaCO3) [54]. On the other side, high level of C, O and S can be seen in spectrum of dispersed 

structure in Fig. 6b. However, based on the data presented in two spectra, the foulants on the EoL 

membrane surface included mixture of organic matter and inorganic materials.  
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After the cleaning of the EoL membrane with Ultrasil solution, the SEM image in Fig. 5b shows less 

contaminants compared to Fig. 5a. Based on the EDS results, the weight percentage of calcium on the 

surface of the EoL2 sample is much less than on the EoL1 sample.  

The surface SEM images of the EoL membrane after exposure to the NaOCl solution for 7.25 h (Fig. 

5c) is similar to that on a virgin SW membrane (Fig. 5e), but according to the FTIR results in Fig. 4, 

we know that some bonds of the polyamide are chemically degraded, which is not detectable in the 

SEM image. The surface of the EoL membrane after 18.5 hours’ contact with the NaOCl solution (Fig. 

5d) does not differ from PSf (Fig. 5f). This similarity was also observed in the FTIR results (Fig. 4).  

 
Fig. 5. The surface SEM images of EoL SW membranes after (a) no operation, (b) cleaning with Ultrasil 110 

solution, (c) contact with NaOCl solution for 7.25 h, (d) contact with NaOCl solution for 18.5 h, (e) virgin 
SW membrane, and (f) virgin PSf membrane. 
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Fig. 6. EDS spectra from two places of EoL1 sample surface, (a) amorphous shape and (b) dispersed 

structure. 

3.1.4. Surface charge 

The surface charge of EoL membranes was determined before LbL coating. As shown in Fig. 7, the 

surface charge of all samples was negative after exposure to NaOCl, although it became more negative 

by increasing NaOCl exposure time for almost all pH levels, which corresponds with previous 

observations [55-57]. Therefore, LbL coating was started with cationic polyelectrolyte. 

     
Fig. 7. The surface charge of EoL membranes after exposure to NaOCl solution (before LbL deposition). 

3.2. Properties of LbL-coated membranes 

3.2.1. Permeabilities and salt rejections of LbL-coated membranes 

Seven EoL membranes with PWPS from 3.7 to 48.5 L/(m2h bar) were coated with (SC498/SA190)8. 

Their PWP, SWP, and MgSO4 rejection were measured in the cross-flow filtration setup at a feed 

pressure of 10 bar and are shown in Table 4 and Fig. 8.  
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Table 4. Permeability and MgSO4 rejections of NF membranes composed of (SC498/SA190)8 on substrates 
with different PWPS, (CF=500 ppm). 

PWPS  
L/(m2h bar) 

PWP  
L/(m2h bar) 

SWP 
L/(m2h bar) 

MgSO4 

R% 
3.7 3.2 3.3 96.6 

11.5 9.2 8.1 90.7 
20.0 14.9 13.7 89.1 
29.5 14.6 14.5 91.4 
33.0 13.8 19.6 66.0 
42.5 10.9 10.9 17.3 
48.5 8.5 8.8 16.6 

 

 
Fig. 8. PWP and MgSO4 rejections of LbL-coated membranes composed of (SC498/SA190)8 on different 

substrates as a function of PWPS 

The coverage of support by PE is evident from the decrease in water permeability after the deposition 

of eight bilayers of SC498/SA190. The results show that PWP first increased and then reduced with 

the increase of PWPS. The rejection of MgSO4 stayed above 90% until the support material pure water 

permeability exceeded 30 L/(m2h bar).  

Malaisamy and Bruening also observed such changes in LbL-coated membrane permeability with 

different MWCO of substrates [28]. It is obvious that substrates with higher PWPs have larger pores. 

By increasing the pore size, instead of absorbing the PE at the surface, it penetrates into pores and 

eventually blocks them. Thus, PWP decreases. 

The LbL-coated membranes with PWP of close to or more than 10 L/(m2h bar) and MgSO4 rejection 

of near or more than 90% were chosen to constrict the selection area of substrates for LbL coating. 

The range of PWPS corresponding to the above conditions is 10 to 30 L/(m2h bar), which is the middle 
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area presented in Figs 3 and 8. Therefore, three groups of EoL membranes with PWPS of about 10, 

20, and 30 L/(m2h bar) (in the following tables noted as A, B, and C, respectively) were prepared to 

convert them to NF membranes by LbL coating. Subsequently, the membranes with almost equal 

PWPS were selected in order to compare the performance. 

The performance of coated membranes with three different compositions of PE bilayers are presented 

in Table 5. Because of the large number of tests, just three were repeated randomly. Some of the best 

results were obtained for coated membrane B2-(SC498/KE253)8 with salt water permeability of 11.2 

L/(m2h bar) and 93.9% rejection of MgSO4. Excellent rejection of divalent ions but rather low 

permeability in group A may be also due to only partial removal of EoL membrane PA layer. 

Table 5. Permeabilities (L/(m2h bar)) and salt rejections of coated membranes composed of (SC498/SA190)8, 
(SC498/KE253)8, (F2S/SA190)8, and (SC498/SA190)8SC498 on different substratesa. 

Substrate 
Code PWPS PE bilayers PWP 

NaCl  MgSO4 
SWP R%  SWP R% 

A1b 12.2±0.7 (SC498/SA190)8 8.7±0.5 8.1±0.04 
[8.2±0.1] 

82.4±1.0 
[77.1±1.0] 

 
 

8.4±0.3 
[8.3±0.4] 

90.2±0.5 
[86.9±0.7] 

A2 12.4 (SC498/KE253)8 8.9 9.0 
[8.9] 

88.8 
[84.6] 

 
 

7.7 
[7.9] 

96.3 
[94.5] 

A3 11.6 (F2S/SA190)8 8.5 7.7 
[7.5] 

91.5 
[88.3] 

 
 

8.0 
[8.1] 

96.3 
[95.8] 

A4 11.7 (SC498/SA190)8SC498 6.5 6.7 
[6.3] 

85.3 
[79.1]  6.0 

[5.3] 
92.1 

[89.6] 
B1 20.0 (SC498/SA190)8 14.9 14.4 

[15.0] 
43.6 

[33.5] 
 
 

13.7 
[14.0] 

89.1 
[86.9] 

B2 17.7 (SC498/KE253)8 12.3 12.9 
[13.0] 

60.6 
[56.4] 

 
 

11.2 
[11.5] 

93.9 
[91.8] 

B3 17.1 (F2S/SA190)8 9.5 8.7 
[9.5] 

87. 6 
[81.1] 

 
 

9.0 
[9.1] 

98.3 
[97.4] 

B4b 20.1±1.2 (SC498/SA190)8SC498 13.9±0.1 14.1±0.6 
[14.0±0.6] 

55.4±2.8 
[47.9±2.6]  13.2±0.6 

[11.7±0.6] 
91.0±1.5 

[87.8±2.1] 
C1 29.5 (SC498/SA190)8 14.6 - -  14.5 

[15.4] 
91.4 

[91.0] 
C2 28.1 (SC498/KE253)8 15.0 14.7 

[15.6] 
56.4 

[53.5] 
 
 

14.1 
[15.1] 

89.3 
[87.8] 

C3b 30.0±2.0 (F2S/SA190)8  16.7±2.0 13.4±0.1 
[13.7±0.5] 

75.9±4.4 
[75.4±2.4] 

 
 

13.4±0.3 
[13.4±0.2] 

90.8±0.8 
[92.0±2.0] 

C4 29.7 (SC498/SA190)8SC498 14.5 19.14 
[18.73] 

36.2 
[41.0]  14.2 

[15.1] 
91.5 

[90.1] 
a Numbers inside the brackets were measured at a feed pressure of 5 bar. b Two coupons were tested. 

Table 6 presents the zeta potential and contact angle for coated membranes with (SC498/SA190)8, 

(SC498/KE253)8, and (SC498/SA190)8SC498 combinations.   
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Table 6. Zeta potentials, ZP (at pH close to 7), and contact angles, CA of (SC498/SA190)8, (SC498/ KE253)8, 
and (SC498/SA190)8SC498 films on different substrates. 

Substrate 
Code PE bilayers ZP 

(mV) 
CA 
(o) 

A1 (SC498/SA190)8 -38.4 77.05 
A2 (SC498/KE253)8 -24.4 79.69 
A4 (SC498/SA190) SC498 -23.5 77.19 

B1 (SC498/SA190)8 -32.0 55.00 
B2 (SC498/KE253)8 -22.6 75.23 
B4 (SC498/SA190) SC498 -21.9 74.51 
C1 (SC498/SA190)8 -26.2 46.55 
C2 (SC498/KE253)8 -26.4 65.02 
C4 (SC498/SA190) SC498 -20.7 71.48 

Water permeability decreased when coating layers changed from (SC498/SA190)8 to (SC498/KE253)8. 

This can be related to the lower hydrophilicity of the (SC498/KE253)8 layer, which is also confirmed 

by the results of contact angles in Table 6. 

To investigate the effect of altering surface charge (negative to positive) on membrane performance, 

a layer of SC498 was deposited on 8 bilayers of SC498/SA190. The comparison of the performance 

of membranes composed of (SC498/SA190)8SC498 and (SC498/SA190)8 on different substrates in 

Table 5 shows that salt rejections and water permeabilities increased and decreased, respectively. 

This can be explained by changes in the structure, charge, and hydrophilicity of LbL-coated 

membrane surfaces. 

The surface charge of membranes coated with (SC498/SA190)8SC498 still showed negative values, 

which was, however, somewhat less negative (neutralized to some extent) than the membrane coated 

just with (SC498/SA190)8 as shown in Table 6. 

A hypothesis is provided in Fig. 9. The membrane coated with (SC498/SA190)1 exhibits a negatively 

charged surface due to the outermost SA190 layer, while its negative charge comes from the 

dissociation of its -COOH (carboxyl) groups. The structure of weak polyelectrolytes like SA190 

depends on the solution pH, and they swell if the solution pH is more than pKa and collapse if the 

solution pH is less than pKa [58]. The pH of SA190 solution used for coating was 3.5, and less than 

its pKa (4-5). It is likely that during the coating of the first layer of SA190 on the SC498 layer, SA190 

chains form a collapsed structure, as depicted in Fig. 9. After deposition of the next layer of SC498 on 

(SC498/SA190)1, the surface charge is expected to be positive, but it is negative. The pH of SC498 

coating solution was 10.5, and more than the pKa of SA190, so the SA190 chains will become ionized 
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and then swell and diffuse out to the outer surface and render a negatively charged surface [48, 59]. The 

same thing happens in the subsequent layers.  

The diffusion of SA190 leads to the mixing of the SC498 and SA190 layers, which creates a slightly 

tighter structure in the surface of the coating layer. This was seen as a lower permeability and higher salt 

retention in the case where the last PE layer was SC498 (Table 5), although the negative zeta potential 

induced by (SC498/SA190)8 was 6–15 mV more negative than (SC498/SA190)8SC498. In addition, 

the more negatively charged (SC498/SA190)8 membrane showed higher hydrophilicity and higher 

permeability (Tables 5 and 6). 

 
Fig. 9. Schematics of the assembly of SC498 layer on (SC498/SA190)1 layer. 

3.2.2. Comparison with commercial NF membranes 

Fig. 10 compares the salt water permeabilities and salt rejection of prepared LbL-coated membranes and 

two commercial NF membranes under the same test conditions. Fig. 10 shows the permeability/rejection 

properties of the prepared LbL-coated membranes exceeded the properties of commercial membranes 

in some cases. For instance, membrane B3-(F2S/SA190)8 rejected over 98% of MgSO4 and 88% of 

NaCl which are very good values for membranes which permeability is 9 L/(m2h bar). This membrane 

represents very tight NF membranes or loose RO membranes. However, its permeability is exceptionally 
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high. As Fig. 10 shows, it is also possible to achieve a membrane that rejects divalent sulfate ions but 

permeates monovalent ions, e.g. C1-(SC498/SA190)8, and has rejection and permeability in the same 

range as the NF270 membrane.  

 

Fig. 10. Comparing the performance of LbL-coated membranes with commercial NF membranes 
 

3.2.3. Long-term stability of LbL-coated membranes 

Long-term stability is an important property of membranes. To investigate this parameter, the SWP 

and R% of two prepared membranes were measured by filtering a more concentrated solution of NaCl 

(3500 ppm) for 0.5 h and a somewhat longer time (10 h). The stability of the coated layer was then 

evaluated by comparing the variation of SWP and R% during these shorter and longer filtration 

periods.  

As shown in Fig. 11, no significant changes in SWP and NaCl rejection (R%) were observed after 

filtration for 10 h. This is indicative of the appropriate stability of polyelectrolyte layers on the 

prepared membranes.  
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Fig. 11. Stability of two LbL-coated membranes composed of (SC498/SA190)8 and (F2S/SA190)8 on A1 and 
C3 substrates, respectively. 

4. Conclusions 

A new application for EoL RO membranes was presented in this study. The fluidic assembly method 

was used to deposit polyelectrolyte multilayers on EoL membranes after removing their fouling and 

the degradation of PA layer. The polyelectrolytes used were commercially available, low-price 

polyelectrolytes, which makes the preparation of LbL-coated membranes economically attractive. 

Variation in the polyelectrolyte type, substrate permeability, and the charge of the outer layer affected 

the water permeability and salt rejection of the prepared membranes. The greatest MgSO4 rejection 

(98.3%) was obtained by coating eight bilayers of F2S/SA190 on substrates with PWP of 17.1 L/(m2h 

bar). In the best case, the permeability and rejection properties of the prepared LbL-coated 

membranes exceeded the corresponding values of commercial membranes. The promising results, 

along with long-term stability of the polyelectrolyte layers, indicate the possibility of using NF 

membranes as prepared in this study for practical applications. The results show that by controlling 

the substrate properties (permeability) and the proper selection of polyelectrolytes, the properties of 

prepared LbL-coated membranes can be tailored toward reverse osmosis or nanofiltration.  
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