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ABSTRACT  

 

Due to the continuing growth in RO desalination plants and the finite lifespan of the RO 

membranes, large stocks of the end-of-life (EoL) RO membranes are discarded to landfills. 

This has become a critical challenge in the RO desalination industry. The overall objective of 

this study was to validate the possibility of direct reuse of the end-of-life seawater reverse 

osmosis membranes (EoL SWRO) for brackish water desalination in order to limit the 

environmental impact of their disposal. This study investigates the membrane performance and 

characterization of four SWRO modules (EoL-M1, EoL-M2, EoL-M3, and EoL-M4). The 

hydraulic performance of the old membranes was assessed using 5,000 ppm synthetic (NaCl) 

brackish water and real brackish water, and was compared with the performance of two 

commercial membranes, namely brackish water RO membrane (BW30) and nanofiltration 

membrane (NF90). 84-92% NaCl rejection was achieved by direct reuse of EoL membranes, 

which was higher than the rejection characteristics obtained using commercial BW30 and NF90 

membranes. Removal of common salts represent in natural water sources (Na2SO4, Mg2SO4 

and MgCl2) and humic substances was also investigated using EoL membranes. The rejection 

of Na2SO4, MgSO4 and MgCl2 salt solutions was in the range of (50.0-85.8%) with a highest 

rejection value was obtained for Na2SO4 and the lowest rejection was observed for MgCl2 

solution, while a complete rejection was achieved for humic acid. Salt rejection of real brackish 

water filtration by the EoL membranes (75-77%) presented NF-like properties (Salt rejection 

was obtained for NF90 membrane was 77%). Therefore, the potential of reusing EoL SWRO 

is promising and thus benefit the desalination industry and the environment in Oman. 

 

Keywords: Reverse osmosis, end-of-life membranes, desalination, brackish water, 

environmental impact, reuse 

 

 

1.0 INTRODUCTION 

 

The demand for freshwater has been 

increasing on a global scale [1-4]. Many 

countries are expected to face critical 

water shortages by 2050, and Oman is 

one of them [2, 5]. In recent years, 

numerous desalination plants have been 

built to cover the increased demand for 

freshwater [6]. Reverse osmosis (RO) 



60    Noor Al-Hamimi et al. 

membrane technology dominates the 

desalination market nowadays, holding 

65% [2] of the currently installed 

desalination capacity around the world, 

with more than 10,000 installations of 

various RO sizes [3, 5, 7, 8].  

The operational lifespan of RO 

membranes, e.g., the stability of the 

permeate flux and salt retention, is 

finite and is dependent on the feed 

water quality, operating conditions, 

type of membrane and cleaning routine. 

Feed water pretreatment and regular 

cleaning of membranes are the most 

common practices applied to extend the 

lifetime of RO membranes [9]. 

However, there are many factors 

contributing to the decline of membrane 

performance over its lifetime including; 

irreversible membrane fouling and 

degradation of the active membrane 

layer [1, 2, 8, 10]. Routine cleaning 

processes are commonly carried out in 

desalination plants (with oxidative 

solutions, acids and bases), in order to 

restore the permeate flux [9]. However, 

with long-term operation of RO 

systems, the repetitive and incidental 

exposure of membranes to cleaning and 

antifouling agents degrade the active 

polyamide (PA)  layer of RO 

membranes causing a loss in membrane 

performance [8, 11]. A general review 

of membrane technology reports a 

replacement rate of commonly 10-20 % 

per year (Every 2-5 years) for seawater 

applications and between 5-10 % per 

year (Every 5-7 years) for brackish 

water applications [2]. However, this is 

highly dependent upon the operating 

conditions of RO system and the quality 

of feed water [10, 11]. These damaged 

membranes are known as end-of-life 

(EoL) membranes which are defined as 

used membranes that have been 

removed from their primary 

applications due to irreversible decline 

in their performance [10-12].   

Large stocks of EoL RO membranes 

have accumulated over the years due to 

the continuing growth of RO 

desalination [10, 12-14]. An estimate of 

>840,000 old RO modules are 

discarded annually worldwide 

considering that >5.6 million seawater 

RO modules are installed in 150 

countries [15], with an average 

replacement rate between 10 and 20% 

per year.  This is equivalent to >14,000 

tons of plastics assuming an average 

weight of 17 kg per EoL RO module. 

This is a critical issue, that will only get 

worse in the future [2]. Currently, EoL 

RO membranes are considered as waste 

and are generally incinerated or 

disposed in local landfills. The disposal 

of EoL RO membranes is emerging as a 

primary environmental concern leading 

to a significant environmental impact 

[2, 8, 11, 14, 16].  

Alternative options can be 

considered for EoL membranes in order 

to manage their landfill disposal; one 

possible solution involves direct reuse 

of EoL seawater RO membranes within 

lower salinity feed systems like 

brackish water desalination, seawater 

pretreatment and wastewater treatment. 

Other options include: direct recycling 

of EoL membranes by chemical 

conversion into NF or UF membranes, 

indirect recycling; whereby RO 

membranes are unrolled then recycled 

[2, 8, 10, 12, 13]. Another alternative 

for EoL membranes includes the use of 

RO modules with different 

performances within the same pressure 

vessel in order to optimize the overall 

process efficiency [11]. Among all of 

these alternatives, direct recycling is the 

most studied process [2].  

Direct reuse of EoL membranes 

offers a great promise in water 

treatment industry. However, a small 

number of studies identified the direct 

reuse potential of these EoL 

membranes. Direct reuse refers to the 

use of EoL membranes that were 

considered unsuitable for their primary 

application within a secondary 
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application [2]. Ould et al. [17] 

investigated the opportunity to directly 

reuse EoL seawater RO membranes 

followed autopsy procedure to 

determine the permeability and salt 

rejection of discarded RO membranes 

using synthetic NaCl solution.  Based 

on the values of the solute concentration 

observed for the permeate due to 

convection (Cconv) for the tested virgin 

and used membranes, the authors 

concluded that the tested EoL RO 

membranes had NF membranes 

properties [17]. They found that the 

Cconv values observed for the virgin RO 

membranes were close to zero while the 

value of the same parameter (Cconv) was 

1.8 g/L for the old membranes which 

means that solute transport through RO 

membranes occurred only by pure 

diffusion. Therefore, by considering 

that in NF process solute transfer occurs 

by diffusion and convection and in 

ultrafiltration process (UF) solute 

transfer occurs only by pure convection, 

they approved that the tested old SWRO 

membranes are well NF membranes. 

Prince et al. [18] compared the 

performances of old brackish water RO 

(BWRO) membranes to those reported 

for new membranes using synthetic 

NaCl solution. The performance testing 

was conducted at a pressure of 15.5 bar. 

It was shown that although all tested 

membranes were no longer in 

accordance with the manufacturer’s 

performance criteria of 99.5% rejection, 

all sampled membranes showed more 

than 96% salt rejection [18]. Moreover, 

Kraemer and Rosa [19] studied the 

direct reuse of discarded RO 

membranes, after water 

demineralization processes, in the 

treatment of a cooling tower effluent in 

a petrochemical company. The 

permeate of this process was utilized as 

a makeup water for the cooling tower.  

The main objective of this work is to 

investigate the possibility of direct 

reuse of EoL seawater RO membranes 

for brackish water treatment. Different 

water qualities have been assessed to 

evaluate the hydraulic performance of 

the EoL membranes. Results are 

compared with commercial BW30 RO 

and NF90 nanofiltration membranes. 

Furthermore, surface characterization 

of the EoL membranes was also 

performed using different 

characterization techniques. 

 

 

2.0 MATERIALS & 

METHODOLOGY 

 

2.1 Materials and Membranes 

 

Sodium Chloride (NaCl, BDH, 

England), Sodium Sulphate anhydrous 

(Na2SO4, Sigma Aldrich, Germany), 

Magnesium Sulphate hepta-hydrate 

(MgSO4.7H2O, Merck, Germany) and 

Magnesium Chloride (MgCl2, Sigma 

Aldrich, Germany) synthetic solutions 

were prepared by mixing the required 

quantity of each salt with deionized 

water to achieve a concentration of 

5,000 mg/L. Humic acid solution (10 

mg/L) was prepared by dissolving 10 

mg of commercially available humic 

acid powder (Sigma-Ardrich) in 1L of 

ultrapure water. 

EoL membranes were cleaned prior 

to being analyzed or reused. Cleaning 

was performed by immersion using a 

combined acid-base chemical cleaning 

using 6% w/v sodium hydroxide 

(NaOH, pH 11) and 6% w/v citric acid 

(pH 4) solutions. Membranes were 

preserved in deionized water for 30 

minutes before and after each cleaning 

step. Sodium hydroxide purchased from 

Sigma Aldrich was prepared by diluting 

a commercial product (6 g of NaOH) in 

100 ml of deionized water. Citric acid 

purchased from Merck company was 

prepared by diluting the commercial 

reagent with deionized water (6 g of 

citric acid in 100 ml of deionized water) 
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and supplemented with sulphuric acid 

to lower the pH to 4. These solutions 

were stored in two containers to be used 

for all cleaning processes. 

All tests were performed on EoL 

thin-film composite (TFC) PA RO 

membranes, which were cut from 

different 8̎ spiral wound modules 

discarded from seawater desalination 

plants in Oman (Figure 1). Flat sheet 

membrane samples with different levels 

of fouling, chemical and/or physical 

damage were cut from each membrane 

module in order to conduct membrane 

performance test and membrane surface 

characterization (with or without 

cleaning, depending on characterization 

type and research requirements).  The 

used end-of-life SW30HR DOW 

Filmtec RO membrane modules are 

classified as follows; EoL-M1, EoL-

M2, EoL-M3 and EoL-M4. The 

performance of these EoL membranes 

was compared with commercial 

brackish water RO (BW30) and NF 

(NF90) membranes. Moreover, the 

commercial SW30HR RO membrane 

was used to compare the surface 

characteristics of the used EoL 

membranes with the properties of the 

commercial membrane. DOW Filmtec 

virgin membranes were purchased from 

Sterlitech Corporation. The 

specifications of the commercial 

SW30HR, BW30 and NF90 

membranes is shown in Table S1, 

supporting information. Membrane 

samples were characterized using 

several methods in order to understand 

the relationship between structure and 

properties of the top layer with 

membrane performance.  

 

   
 

Figure 1 (a) Dissection of EoL membrane module and (b) Extraction of EoL membranes flat 

sheets 

 

 

2.2 Membranes Characterization  

 

The surface morphology of all 

membranes was characterized using a 

field emission scanning electron 

microscopy (FESEM, JEOL JSM-

7600F) operated at accelerated voltage 

of 20 kV. The membranes were dried 

for two days in an electronic desiccator 

(SECADOR DESICCATOR, USA) 

prior to the SEM analysis. Energy 

dispersive X-ray spectroscopy (EDS) 

was coupled with SEM analysis 

(Oxford instruments (X-Max, UK) 

(a) (b) 
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detectors and data were interpreted by 

AZtec nanoanalysis software) to 

examine the chemical content of the 

membrane surface. EoL seawater RO 

membranes were characterized by 

attenuated total reflection-Fourier 

transform infrared (FTIR) spectroscopy 

using a PerkinElmer, FT-IR 

spectrometer. The spectra were 

recorded at a resolution of 4.0 cm-1 in 

the frequency region of 4000–500 cm-1, 

with an average of 32 scans per sample. 

Previously the samples were dried for 

two days in an electronic desiccator 

(SECADOR DESICCATOR, USA) to 

remove moisture. Membrane fouling of 

EoL membranes was identified by 

Thermal Gravimetric analysis (TGA) 

using Perkin Elmer (STA 6000) 

analyzer under inert atmosphere using 

N2 gas. The experiments were 

conducted at a heating rate of 10 C/min 

and a gas flow of 20 ml/min from 25 C 

to 800 C. Nitrogen gas purging was 

applied for 5 minutes prior to the 

experiment. Static contact angles of 

membranes were determined with 

Optical Theta Lite attention tensiometer 

instrument (Biolin Scientific, Sweden) 

using the sessile drop technique. All 

membrane samples were fixed on 

microscopic glass supports, then 5-μL 

of deionized water (DI) water was 

placed on the membrane surface using a 

Hamilton syringe at 25 °C. Five 

different places that were randomly 

chosen on the membrane surface were 

acquired to yield an average result of 

the contact angle. EoL membrane 

samples were cleaned and then dried for 

two days before contact angle analysis 

in an electronic desiccator (SECADOR 

DESICCATOR, USA). X-ray 

photoelectron spectroscopy (XPS) 

spectra were conducted using an 

Omicron Nanotechnology XPS system. 

A monochromatic Al K radiation (h= 

1486.6 eV) of source voltage 15 kV and 

an emission current of 20 mA was 

employed for analysis. All scans were 

conducted at a base pressure of ~ 10-10 

mbar. The composition of the sample 

was extracted from the wide scan while 

the individual element peaks were 

recorded at constant analyzer 

transmission energy of 20 eV. As 

charging effects are unavoidable in the 

XPS study of non-conducting samples, 

charge compensation was performed by 

electron gun flooding. The obtained 

XPS spectra were deconvoluted to their 

individual components using Gaussian 

Lorentzian function after background 

subtraction with Shirley function in 

Casa XPS software (Casa Software Ltd, 

UK). The binding energies were 

calibrated with respect to adventitious C 

1s feature at 284.6 eV. 

 

2.3 Membrane Setup and 

Performance  

 

A laboratory-scale reverse osmosis 

system operates in a cross-flow 

configuration was used to carry out the 

end-of-life membranes performance 

characterization. The cross flow system 

comprised of a 15 L feed tank, a high 

pressure pump (provided up to 10 bar 

pressure), a pressure vessel to contain 

one flat sheet membrane featuring an 

active membrane surface area (A) of 

55.4 cm2 and an electrical control panel. 

The desired operating pressure was 

achieved by adjusting the valves located 

in the retentate and permeate streams, 

and by setting the digital pressure 

switch to the required pressure. A cross-

flow RO system is shown in Figure 2. 

The performance of EoL membranes 

was examined with respect to permeate 

flux and salt rejection using four 

different membrane sheets (EoL-M1, 

EoL-M2, EoL-M3, and EoL-M4). All 

tests were performed in the cross-flow 

RO system at 10 bar (Figure 2). All 

tested RO membranes were initially 

soaked in deionized water for 24 h prior 

to any further testing. For all 

experiments, the system was allowed to 
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stabilize for 1 h before recording any 

results. The permeate flux (J) was 

calculated using Equation 1 [20], by 

measuring the volume of water 

collected during 10 minutes interval ∆𝑡, 

where the active membrane surface area 

(A) was 55.4 cm2.  

 

𝐽 =  
𝑄

∆𝑡 𝐴
                                 (1) 

 

Where J is the permeate flux (L/m2.s), 

Q is the permeating volume (L), A is the 

membrane area (m2) and ∆𝑡 is the time 

interval (s). 

 

Salt rejection is calculated using the 

following formula [3]:  

 

𝑅 = 100% (1 −
𝐶𝑝

𝐶0
)              (2) 

 

Where R is the salt rejection (%), Cp and 

C0 are the salt concentrations (mg/L) in 

permeate and feed water streams, 

respectively. Salt concentration was 

measured using a conductivity meter. 

Permeate volume and TDS readings 

were recorded every 10 minutes for 90 

minutes filtering time.  

 

2.3.1 Membrane Performance 

Characterization using Deionized 

Water and Synthetic NaCl Solution 

 

Permeate flux of the EoL membranes 

and commercial BW30 and NF90 

membranes was first tested using 

deionized water. Secondly, permeate 

flux and salt rejections of these 

membranes were tested using 5,000 

mg/L synthetic NaCl at the same 

operating pressure of 10 bar.  

 

2.3.2 Removal of different Salts 

(NaCl, Na2SO4, MgSO4 and MgCl2) by 

EoL Seawater RO Membranes  

 

The removal of (NaCl, Na2SO4, MgSO4 

and MgCl2) salts was investigated using 

one flat sheet EoL seawater RO 

membrane (EoL-M1) following the 

procedure above to assess the ability of 

EoL membranes to remove the most 

common salts found in seawater and 

natural brackish water.  

 

2.3.3 Removal of Humic Acid by EoL 

Seawater RO Membranes  

 

The ability of EoL membranes to 

remove natural organic matter was 

assessed using 10 mg/L humic acid. 

After 1 h stabilization, a permeate 

sample was collected every 30 minutes 

up to 90 minutes. Permeate flux and HA 

concentration was obtained for each 

collected sample. Ultraviolet-visible 

(UV-Vis) spectrophotometer (Ocean 

Optic, USB4000) was used to 

determine HA absorbance of all 

samples at 200 nm to 800 nm 

wavelengths using 3.5 ml from each 

sample. Deionized water was used as a 

reference for all tested samples. 

Rejection of HA was calculated using 

Equation 2.  
 

2.3.4 Evaluation of EoL Membranes 

Performance for Brackish Water 

Treatment 
 

In this part, natural brackish water 

treatment was investigated by the direct 

reuse of the EoL SWRO membranes in 

the cross flow RO system. The used 

brackish water (5000 mg/L) was 

supplied from Al Khoudh area (Oman) 

ground water. Brackish water filtration 

was first performed directly without 

pretreatment in order to investigate the 

ability of EoL seawater RO membranes 

to deal with brackish water as a single 

treatment method. Then, brackish water 

was initially filtered by microfiltration 

(0.45 μm filter) as a pretreatment step 

before conducting RO filtration with 

old membranes. 
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Figure 2 (a) Cross-flow filtration setup used for evaluation of EoL RO membranes 

performance, (b and c) Pump and digital pressure switch, (d and e) Membrane vessel and flat 

sheet membrane 

 

 

 

 

 

Feed tank 
Electrical control 

panel 

Membrane 

vessel 
Pump 

(a) 

Adjustment 

knob 

Digital pressure switch 

(b) (c) 

Membrane pressure vessel Flat sheet membrane 

(d) (e) 
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3.0 RESULTS AND DISCUSSION 

 

3.1 EoL Membranes Surface 

Characterization 

 

EoL RO membrane samples were 

imaged using FE-SEM (Field Emission 

Scanning Electron Microscopy) to 

investigate the changes in membrane 

surface morphology after the end of 

their lifetime and also after the cleaning 

process. EoL membrane images, along 

with an image of virgin SW30HR 

membrane for comparison. Energy 

dispersive X-ray spectroscopy (EDS) 

was coupled with SEM analysis to 

examine the chemical content of the 

membranes surface. Results are shown 

in Figure 3. 

Based on the SEM images and the 

EDS spectra of the aged membranes 

[Figure 3 (b, c, d and e)], various types 

of deposits, i.e., Na, Cl, Mg, Al and Si, 

are observed in the end-of-life 

membranes surface before cleaning 

which were due to RO desalination 

process. Moreover, sulphur observed in 

the EDS spectra for all the membranes 

is a characteristic of the polysulfone 

support layer [17]. SEM micrographs of 

the EoL membranes after cleaning 

[Figure 3 (f, g, h and i)] show less 

contaminants compared to the EoL 

membranes before cleaning and are 

approximately similar to that of a virgin 

SW30HR membrane (Figure 3a). The 

use of the combined chemical cleaning 

process was shown to be effective for 

removing these deposits from the 

surface of EoL-M1 and EoL-M4 

membranes as shown by Energy-

dispersive X-ray spectroscopy results. 

EDS of EoL-M1 and EoL-M4 are 

similar to the EDS observed for virgin 

SW30HR membrane (Figure 3a). EDS 

analysis of EoL-M2 and EoL-M3 

membranes after cleaning [Figure 3 (g 

and h)] showed that membranes surface 

was much cleaner, however; fouling 

constituents were still detected from the 

surface of these membranes after the 

cleaning process. The main elemental 

composition of the membranes surfaces 

as detected in EDS spectrum 2 of both 

EoL-M2 and EoL-M3 were C, O, and S 

which were the most predominant 

elements and N, Si, Al, Mg and K that 

were only present in low 

concentrations, probably due to the 

incomplete removal of the fouling 

constituents during the cleaning 

process. Therefore, EDS analysis 

suggests that the fouling constituents 

remaining on the surface of EoL 

membranes after the cleaning processes 

included mixture of organic and 

inorganic materials. 
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Figure 3 FE-SEM/EDS analysis of (a) virgin SW30HR RO membrane, and EoL seawater RO 

membranes (b, c, d and e) before and (f, g, h and i) after cleaning 
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Spectrum 2 

Spectrum 2 

Spectrum 2 

Spectrum 1 

Spectrum 1 
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The functional groups of the EoL 

membranes surface were identified by 

ATR-FTIR. Figure 4 a and b shows the 

FTIR spectra of the EoL membranes 

compared to a commercial SW30HR 

RO membrane. The spectra from the 

EoL membranes show a broad peak at 

3310 cm-1 corresponding to free and 

hydrogen bonded N-H stretching [21]. 

The peaks at 2930-2970 cm-1 are 

assigned to aliphatic C-H bonds [22]. 

The peaks at 1665 cm-1 and 1543 cm-1 

are representative of C=O and N-H 

stretching vibration of amide I and 

amide II from the thin polyamide layer. 

The peaks at 1609 cm-1, 1488 cm-1 and 

1448 cm-1 are related to C=C ring 

vibrations of polyamide [21]. The peaks 

at 1506 cm-1 and 1588 cm-1 were 

attributed to polysulfonyl group in the 

polysulfone porous supporting layer 

[23]. The prominent peak at 1242 cm-1 

is assigned to C-O-C asymmetric 

stretching vibration in polysulfone [24]. 

No additional peak appeared and all 

spectra in aged membranes are 

consistent with the commercial 

SW30HR RO membrane which 

indicates that there are no changes in the 

chemical structure of the tested EoL RO 

membrane samples across the entire 

spectra. However, aged membranes 

spectra in wavenumber at 3310 cm-1 

(Figure 4a) and wavenumber between 

1400 to 1800 cm-1 (Figure 4b) represent 

small reduction in the intensity of N-H, 

C=C and C=O peaks compared to the 

spectrum of virgin SWRO membrane, 

this indicates that the top layer of aged 

membranes starts to degrade as a result 

of continuous filtration and cleaning 

process. 

 

 
 

Figure 4 ATR-FTIR spectra of commercial SW30HR RO membrane and EoL SWRO 

membranes (a) wavenumber ranged between 520 and 4000 cm-1 and (b) wavenumber ranged 

between 1400 and 1800 cm-1 

 

 

Thermogravimetric analysis (TGA) 

results of the virgin and the EoL 

membranes are shown in Figure 5a. All 

TGA curves showed similar behavior in 

which two main weight loss regions 

were observed. The initial temperature 

of decomposition was detected between 

370 and 440 °C and is attributed to the 

polymer degradation [25, 26]. The 

second stage of decomposition (from 

470-550 °C) is due to backbone 

cleavage of the polymer [25]. A very 

small weight loss can be observed at 

250 °C may be attributed to the removal 

of the remaining organic fouling 

contaminants on the membrane surface 

(a) (b) 
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after the cleaning process. However, a 

slightly more weight loss can be 

observed for EoL-M3 between 320-400 

°C and for EoL-M1 and EoL-M4 

(between 450-550 °C, inset in Figure 

5a) which indicates that these 

membranes are less stable compared to 

the virgin SW30HR RO membrane 

because of the fouling. 

Water contact angle (WCA) values 

observed for the end-of-life membranes 

are shown in Figure 5b. All end-of-life 

membranes showed contact angle 

values lower than 90. WCA values of 

EoL-M1 (51°  5°), EoL-M2 (38°  4°) 

and EoL-M4 (50°  3°) are lower than 

the SW30HR (59°  3°) except EoL-M3 

(85°  3°). The lower WCA values for 

EoL-M1, EoL-M2 and EoL-M4 

probably due to the inorganic foulant or 

biofilm form at the membranes which 

cannot be completely removed, or a 

slight degradation of the membranes 

after the continuous filtration and 

cleaning process. Contradictory result 

of higher WCA value for EoL-M3 is 

obtained owing to the domination of 

organic foulant which may change the 

surface chemistry of EoL-M3. 

Although the WCA results for EoL-M1 

and EoL-M4 are comparable, the lowest 

WCA value for EoL-M2 and the highest 

for EoL-M3 are probably due to the 

inefficient cleaning method that 

removed only part of the inorganic and 

carbon-based organic fouling 

constituents. The domination of carbon-

based organic fouling constituents in 

EoL-M3 was confirmed by observing 

the increased carbon content (71.3 Wt 

%, Figure 3h) for EoL-M3 when 

compared to EoL-M2 (69.7 Wt %, 

Figure 3g) in EDS analysis. Typically, 

a droplet contact angle measurement of 

less than 90 will classify a membrane 

surface as hydrophilic. The lower the 

contact angle the greater the tendency 

for water to wet the surface and the 

higher the hydrophilic character and the  

permeate flux [27].  

 

 
 

Figure 5 (a) TGA graph of commercial SW30HR RO membrane and EoL SWRO membranes, 

inset is temperature range between 450 and 550 C and (b) WCA of commercial SW30HR RO 

membrane and EoL SWRO membranes 

 

 

XPS measurement was conducted to 

verify the elemental composition and 

surface properties of the virgin 

(SW30HR) and the tested end-of-life 

membranes (EoL-M1 – EoL-M4). XPS 

is a unique surface-sensitive technique 

that detects electrons originated only 

from the top few nanometers (~10 nm). 

(b) (a) 
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Therefore, the elemental information of 

only the upper PA layer can be attained 

for all membranes. XPS survey spectra 

in Figure 6 show predominant peaks of 

C 1s at 284.6 eV, N 1s at 399.7 eV, O 

1s at 532.2 eV acquire from the 

aromatic poly amide (PA) seawater RO 

membranes [28]. The additional Na 1s 

at 1072.6 eV is detected in the virgin 

sample due to the membrane's storage 

in a preservative agent like sodium 

meta-bisulfite before use in the RO 

desalination process. The combined 

chemical cleaning process can 

effectively remove the fouling 

constituents on the surface for all EoL 

membranes and no additional peaks are 

detected. 

 

 
 

Figure 6 XPS survey spectra of membrane samples: EoL-M1, EoL-M2, EoL-M3, EoL-M4 and 

SW30HR 

 

 

The chemical environment of C 1s 

element is further studied by 

deconvoluting of C 1s for virgin and 

EoL-M1 – EoL-M4 membranes. High 

resolution XPS spectra of core level C 

1s peaks for the virgin and EoL-M4 are 

shown in Figure 7a and b and other C 1s 

deconvoluted membrane samples (EoL-

M1, EoL-M2 and EoL-M3) were shown 

in Table S2 (supporting information). C 

1s spectrum for the virgin membrane 

(Figure 7a) can be deconvoluted into 

three components at 284.6 eV, 286.1 eV 

and 287.8 which can be attributed to C-

C/C-H from aliphatic and aromatic 

bonds, C-O/C-N from part of the amide 

bonds and C=O from carbonyl groups 

of carboxylic acid and amides, 

respectively. For EoL-M4 membrane 

(Figure 7b), the binding energies at 

284.6 eV, 286.0 eV and 287.7 eV can 

be assigned to C-C/C-H, C-O/C-N and 

C=O bonds [29]. In EoL-M4 

membrane, the amount of C−C/C-H 

was reduced substantially from 66.2% 

(the virgin) to 50.3% and an increase in 

C=O from 7.5 % (the virgin) to 20.4% 

were due to the formation of inorganic 

and organic foulant at membrane 

surface.  
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Figure 7 High-resolution XPS spectra of C1s for (a) SW30HR and (b) EOL-M4 membranes 

 

 

3.2 EoL Membranes Performance 

Characterization: Deionized Water 

and synthetic NaCl Solution 

 

The performance of EoL membranes 

and commercial BW30 & NF90 

membranes were investigated in terms 

of water flux and salt rejection in a 

cross-flow RO system using deionized 

water and synthetic NaCl solution 

(5,000 mg/L). Figure 8 shows the 

resulting pure water flux (L/m2.h) 

versus filtering time (minutes) for all 

tested membranes. The obtained flux 

was approximately constant with time 

for all membranes; this indicates that 

there was no leakage within the RO 

system. Among the old membranes, 

EoL-M1 shows the highest permeate 

flux (17.6 L/m2.h) while EoL-M3 

shows the lowest value (6.5 L/m2.h). 

This result can be explained based on 

water contact angle measurements of 

EoL membranes as shown in Figure 5b. 

EoL-M3 presented lower hydrophilic 

character because its contact angle 

value was higher compared to EoL-M1, 

EoL-M2 and EoL-M4 membranes. 

Therefore, EoL-M3 has the lowest 

permeate flux compared to the other 

two membranes. On the other hand, in 

spite of the highest hydrophilicity of the 

EoL-M2 membrane (lower contact 

angle), EoL-M1 was found to have the 

highest permeate flux of 17.6 (L/m2.h). 

This is probably due to the membrane 

fouling that can decrease the contact 

angle when crystalline structures or 

biofilms form, leading to a decline in 

permeate flux [30]. 

 

(a) (b) 
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Figure 8 Deionized water flux of EoL membranes & commercial BW30 and NF90 membranes 

at 10 bar 

 

 

Figure 9 shows permeate flux values 

obtained with time for all tested 

membranes using 5,000 mg/L NaCl 

feed solution. When comparing the 

permeate flux of EoL membranes with 

BW30 and NF90 membranes; results 

show that permeate flux of old 

membranes is around 60% and 65% 

lower than BW30 and NF90 

membranes (Figure 9), respectively. 

This indicates that EoL membranes 

could be utilized for lower scale 

applications like small-scale RO 

systems. Another suggestion is to use 

these membranes at a relatively higher 

operating pressure, to increase the rate 

of water production, in lower grade 

applications like selective 

demineralization of brackish water and 

wastewater treatment. This is especially 

interesting for those processes which 

require low-cost membranes due to a 

high membrane replacement rate [31]. 

Overall, it is evident that all reused RO 

membranes will feature varying 

hydraulic performances, which will 

need to be considered when identifying 

reuse applications. 

 

 
 

Figure 9 Flux of EoL RO membranes compared to commercial BW30 and NF90 membranes 

using 5,000 mg/L NaCl feed solution 
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Figure 10 shows rejection performance 

of the same membrane samples with 

time. NaCl rejection obtained using 

EoL-M1, EoL-M2, EoL-M3, and EoL-

M4 membranes were in the range of 84-

92%. EoL membranes presented higher 

salt rejection than commercial BW30 

and NF90 membranes (salt rejection 

was around 80% in case of commercial 

BW30 membrane and around 65% in 

case of NF90 membrane). These results 

showed a great promise of the direct 

reuse of the EoL SWRO membranes for 

lower specification applications. 

Compared to commercial NF 

membranes, end-of-life RO membranes 

are less-expensive alternative for water 

purification. The application of EoL 

membranes for brackish water 

desalination was tested during the 

experimental work and results will be 

discussed in section 3.5.

 

 
 

Figure 10 Rejection of EoL RO membranes compared to commercial BW30 and NF90 

membranes using 5,000 mg/L NaCl feed solution 

 

 

3.3 Removal of Common Salts 

(NaCl, Na2SO4, MgSO4 and MgCl2) 

by EoL Seawater RO Membranes 

 

The removal of single salts of NaCl, 

Na2SO4, MgSO4 and MgCl2 from their 

aqueous solutions was investigated 

using EoL-M1 membrane. EoL-M1 

was investigated because it showed the 

highest NaCl rejection as shown in the 

previous section. As shown in Figure 

11, the highest rejection was achieved 

for Na2SO4 (85.8%) and NaCl (84.1%) 

while rejection of MgCl2 was the lowest 

(50%) and rejection of MgSO4 was 

moderate (70%). This sequence can be 

explained based on solute transport 

mechanisms including; charge effects 

(Donnan exclusion mechanism, which 

is often used to explain the influence of 

membrane charge on the retention of 

ions) and/or diffusion and molecular 

size exclusion of the salts. These results 

are in accordance with the Donnan 

theory (for negatively charged 

membranes) except for sodium chloride 

that was expected to have lower 

rejection than MgSO4. The unexpected 

high rejection of NaCl can be explained 

by the contribution of diffusion on the 

transport of solutes through the 

membrane. On the basis of diffusivity; 

Gallab et al. [32] found that at high feed 

concentrations ( ≥ 5,000 mg/L), the 

mass transfer coefficient (k, (m/s)) for 

magnesium salts was higher than that of 

sodium salts (Table 1), subsequently 

lower rejection was obtained for 

magnesium salts as a result of the higher 

diffusivity of magnesium, despite of its 

larger hydrated ionic radius (Table 2). 
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Figure 11 Salt rejection of each salt solution of 5,000 mg/L by EoL-M1 membrane at 10 bar 

 

 

A little increase in the retention of 

Na2SO4 than NaCl is caused by size 

effects of the sulphate and chloride 

anions, where SO4
2- has a larger 

hydrated radius compared to Cl- as 

shown in Table 2. Moreover, Labbez et 

al. [33] showed that rejection of ions by 

PA membranes is often controlled by 

the affinity of the membrane material 

for charged ions which determined its 

fixed charged and thus its ability for 

ionic retention. In other words, each ion 

could have its individual contribution to 

the surface charge of the membrane by 

the means of adsorption. For example, 

he showed in the same study that a 

membrane gains a positive charge in 

presence of MgSO4 and MgCl2 and a 

negative charge in presence of KCl and 

K2SO4. However, because of the 

stronger adsorption of membrane for 

chloride ions compered to sulphate 

ions, the effective membrane volume 

charge is much stronger for KCl 

solution than for K2SO4 solution [33]. 

This result explains the reduced 

rejection percent of NaCl compared to 

Na2SO4 and equivalent to the case of 

MgCl2 and MgSO4. Therefore, it is clear 

that prediction of salts rejection by 

organic membranes becomes very 

specific and complicated. 

 
Table 1 Mass transfer coefficient for different salts at 5,000 mg/L [32] 

 

 

 

 

 

 
Table 2 Ionic and hydrated ionic radii of the studied ions [32] 

 

 

 

  

Salt (5,000 mg/l) K (m/s) × 10-2 

NaCl 1.23 

Na2SO4 1.28 

MgSO4 1.43 

Ion Ionic radius (nm) Hydrated ionic radius 

(nm) 

Hydration energy (kJ mol-

1) 

Na+ 0.095 0.365 407 

Mg2+ 0.074 0.429 1921 

Cl- 0.181 0.347 376 

SO4
2- 0.23 0.38 1138 
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The permeate flux obtained each 10 

minutes during 90 minutes filtration of 

four salt solutions is illustrated in 

Figure 12. The permeate flux obtained 

for Na2SO4, NaCl, and MgSO4  was 

approx. 7.8-8.6 L/m2h, while the flux of 

MgCl2 was approx. 11 L/m2h. Usually, 

high salt rejection is achieved at the 

expense of low flux and vice versa [1]. 

Overall, EoL-M1 exhibited excellent 

rejection of different salts with 

reasonable flux which gives a good 

indication of the capability of EoL 

membranes to reject the major of 

common salts in seawater and brackish 

water. Hence, EoL RO membranes can 

be directly used in different applications 

including seawater pretreatment and 

water purification. 

 

 
 

Figure 12 Permeate flux of 5,000 mg/L salts observed using EoL-M1 membrane at 10 bar 

 

 

3.4 Humic Acid Removal 

 

The performance of the directly used 

EoL membranes (EoL-M1, EoL-M2, 

EoL-M3 and EoL-M4) was also studied 

using 10 mg/L humic acid solution at 10 

bar. Feed and permeate solutions were 

analyzed by UV-Vis spectroscopy in 

the wavelength range of 200 to 800 nm. 

Predicted absorbance values were 

converted to concentrations where HA 

rejection was obtained using (Cp/Co) 

ratio. Figure 13 shows the calculated 

HA rejection and filtrate flux of 

samples collected during 30 minutes 

after two hours of continued filtration. 

Results indicate that all of the reused 

membranes showed excellent HA 

rejection reaching 99.6% for some 

filtrate samples. Therefore, EoL 

seawater RO membranes can be utilized 

in pretreatment section of water 

treatment plants to overcome fouling 

problems by removing a high fraction 

of natural organic matter (NOM) and 

other contaminants from feed water. 

Moreover, the difference in permeate 

flux obtained using different EoL 

membranes was discussed in section 

3.2. In addition, it was found that the 

flux of humic acid (23 L/m2h) is higher 

than the flux values obtained for 

different salt solutions (6-11 L/m2h) 

using EoL-M1 as shown in previous 

section. This is due to the higher 

concentration of feed in case of 

synthetic salts filtration (5,000 mg/L) 

which results in higher osmotic pressure 

and this leads to higher flux resistance. 

Thus, permeation flux decreases with 

increasing of salts or organics 

concentration contained in feed water. 
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Figure 13 Rejection and permeate flux of HA obtained by filtration of 10 mg/L HA feed using 

four EoL membranes 

 

 

3.5 Direct Reuse of EoL Membranes 

for Brackish Water Treatment  

 

EoL seawater RO membranes were 

used for natural brackish water 

treatment in order to validate the ability 

of directly reused EoL membranes for 

brackish water treatment. Brackish 

water filtration was first assessed 

without any pretreatment, and then 

pretreatment of brackish water was 

performed using vacuum filtration 

(0.45 𝜇𝑚  membranes). A detailed 

analysis of the brackish water sample 

(groundwater) collected from Al 

Khoudh area in Oman can be found in 

Table S3 in the supporting information.  

 

3.5.1 Without Pre-treatment  

 

Figure 14 shows that permeate flux 

observed for 5,000 mg/L brackish water 

filtration by EoL membranes have 

lower values compared to commercial 

BW30 and NF90 membranes. The 

permeate flux of EoL-M1 and EoL-M4 

was 20 and 50% lower than the flux 

values obtained for BW30 and NF90 

membranes, respectively. While the 

flux of EoL-M2 and EoL-M3 

membranes was around 50 and 64% 

lower than the flux obtained for the 

commercial BW30 and NF90 

membranes at the same operating 

conditions, respectively. Seawater RO 

membranes have lower flux compared 

to brackish water RO membranes 

because the surface of SWRO 

membranes contains more hydrophilic 

groups (-COOH) and presents lower 

roughness than BWRO membranes 

[34]. 
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Figure 14 Flux of old RO membranes compared to commercial BW30 and NF90 membranes 

using 5,000 mg/L BW feed 

 

 

Salt rejection of all membranes was 

tested using 5000 mg/L brackish water, 

results are illustrated in terms of salt 

rejection and total dissolved solids 

(TDS) in Figures 15 a and b, 

respectively. Rejection of EoL 

membranes (75-77%) was within the 

commercial NF90 membrane rejection 

performance (which showed a rejection 

of 77%) except for EoL-M2. Salt 

rejection values obtained for EoL-M2 

were intermediate between the 

commercial BW30 and NF90 

membranes. Product water by old 

membranes presents TDS values 

between 800-1300 mg/L, which are 

within the permissible limit of irrigation 

water (500-2000 mg/L [35]). Therefore, 

the product water of BW filtration by 

EoL SWRO membranes can be used for 

irrigation purposes to cover the 

agricultural water demand. This 

practice will reduce the overall cost of 

irrigation by producing water suitable 

for crop irrigation with lower cost of 

filtering elements (compared to the 

higher cost of commercial BWRO and 

NF90 membranes). Moreover, in some 

cases, desalinated water has to be 

adapted to the crop and soil 

requirements by blending with raw 

water stream. 
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Figure 15 (a) Salt rejection and (b) TDS values obtained for EoL membranes and the 

commercial BW30 and NF90 membranes using (5,000 mg/L) brackish water at 10 bar 

 

 

3.5.2 After Pretreatment  

 

Figures 16 a and b show water flux and 

salt rejection obtained using EoL-M2 

before and after brackish water 

pretreatment. As it can be observed 

from these figures, following the 

pretreatment step, permeate flux and 

salt rejection have slightly increased. 

This increment occurred as a result of 

removing part of the insoluble and 

suspended impurities from the raw 

water stream that causes membrane 

fouling. However, permeate flux and 

salt rejection have only increased by 5-

15%. This result suggests that the EoL 

RO membranes could potentially be 

used for lower specification 

applications with little or no treatment 

depending on the raw water 

characteristics and the required product 

quality. Moreover, the difference in the 

hydraulic performance of old 

membranes due to the pretreatment step 

might be significant in long term 

processes.  

 

 

 

 

 

 

(a) 

(b) 
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Figure 16 (a) Permeate flux and (b) Salt rejection of EoL-M2 membrane using 5,000 mg/L 

brackish water feed before and after pretreatment 

 

 

4.0 CONCLUSIONS 

 

Large stocks of EoL RO membranes 

have been accumulated over the years 

and their management should be 

considered as an important action for 

the sustainability of RO 

technology/industry. The main 

objective of this study was to validate 

the possibility of direct reuse of the EoL 

SWRO membranes for water treatment 

without any membrane treatment or 

modification that would add to the 

operational costs (OPEX). Permeate 

flux and salt rejection of four different 

EoL membranes (EoL-M1, EoL-M2 

EoL-M3 and EoL-M4) were tested 

using different feeds (Deionized water, 

NaCl solution (5,000 mg/L) and natural 

brackish water (5,000 mg/L)) at 10 bar, 

results of these membranes were 

compared with the performance of two 

commercial membranes (BW30 and 

NF90). Moreover, removal of common 

salts found in natural water sources 

(Na2SO4, Mg2SO4 and MgCl2) and 

humic substances (HS) was also 

investigated. Moreover, EoL 

membranes were characterized by 

TGA, FTIR, SEM, WCA and XPS 

techniques. It was shown that 84-92% 

NaCl rejection was achieved by end-of-

life SWRO membranes. Excellent 

rejection of different salts [Na2SO4 

(85.8%), NaCl (84.1%), MgSO4 

(70.0%) and MgCl2 (50.0%)] was 

exhibited by EoL-M1, while 

approximately complete rejection was 

achieved for humic acid. The permeate 

water quality observed by using EoL 

membranes for brackish water filtration 

showed salt concentrations in the range 

of 800-1300 mg/L, which was within 

the permissible limit of agriculture 

water. These results are encouraging, in 

particular for Oman where the farmers 

are facing the challenging salinization 

of their groundwater, and therefore 

there is an increasing demand for 

brackish water desalination. Hence, the 

potential reuse of EoL RO membranes 

will contribute to meeting the demands 

of these farmers. 
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Table S1 Specifications of the commercial SW30HR, BW30 and NF90 membranes as provided 

by manufacturer (Dow filmtec membranes) 

 
Membrane DOW 

BW30 RO 

Membrane 

DOW NF90 

Nanofiltration 

Membrane 

DOW 

SW30HR 

RO 

Membrane 

Type Standard Low energy, low 

pressure 

High 

rejection 

Permeability ((L

・h-1・m-2))/bar 

44/18 78-102/9 29-40/55 

pH range 2-11 2-11 2-11 

Rejection 99.5% BW 99.0% MgSO4 

rejection 

99.6% 

Pore size/ 

MWCO 

~100 Da ~200-400 Da ~100 Da 

Polymer Polyamide-

TFC 

Polyamide-TFC Polyamide-

TFC 

 

 
Table S2 Quantitative analysis of individual carbon components on membrane sample surface 

using high resolution C 1s spectra 

 

Sample 

% Concentration 

C-C/C-H 
C-

O 
C=O 

SW30HR 66.2 26.4 7.4 

EoL-M1 34.6 45.3 20.1 

EoL-M2 44.9 28.6 26.5 

EoL-M3 52.4 22.8 24.8 

EoL-M4 50.3 29.3 20.4 

 

Brackish Water Sample (Groundwater) Characterizations 

 

The brackish water sample (groundwater) collected from Al Khoudh area in 

Oman was analysed using a conductivity meter (Myron L Company Ultrameter 

II), a pH meter (a Mettler Toledo–Seven Compact pH/Ion Meter), alkalinity was 

determined using volumetric titration with 0.02 N sulphuric acid (H2SO4), total 

hardness of brackish water was determined using complexometric titration 

method with EDTA (total Hardness is defined as the sum of calcium and 

magnesium concentrations, expressed in mg/L), brackish water anions were 

determined using Metrohm Professional Compact Ion Chromatography system 

with Metrohm 858 Professional Sample Processor. A detailed analysis of the 

brackish water sample is shown below. 
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Table S3 Water quality parameters of the brackish water collected from Al Khoudh area in 

Oman 

 

Parameter Quantity 

pH  8.04 

Electrical Conductivity – uScm-1 (micro  9500 

Siemens per centimeter)   

Color (Hazen Units)  < 5 

Turbidity (NTU)  0.51 

Total Dissolved Solids - mg/L 5035 

Total Alkalinity – mg /L as CaCO3 230 

Bicarbonate Alkalinity mg /L as CaCO3  230 

Carbonate Alkalinity 0 

Hydroxide Alkalinity 0 

Total Hardness mg /L as CaCO3 1350 

Calcium Hardness mg /L as CaCO3 116 

Cations - mg/L   

Sodium 1728 

Potassium 54 

Calcium 46.3 

Magnesium 259.1 

Anions - mg/L   

Fluoride 0.46 

Chloride 3090.3 

Nitrite Not detected 

Bromide 16.8 

Nitrate 48.7 

Phosphate Not detected 

Sulphate 497.3 

 

 


