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A B S T R A C T

The ever-increasing concentrations of micropollutants (MPs) found at the outlet of conventional wastewater
treatments plants, is a serious environmental concern. Polyelectrolyte multilayer (PEM)-based nanofiltration
(NF) membranes are seen as an attractive approach for MPs removal from wastewater effluents. In this work,
PEMs of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) were coated in a layer by layer
(LbL) fashion on the surface of a polyacrylonitrile ultrafiltration support to obtain PEM-based NF membranes.
The impact of PEM post-treatment, by applying salt and thermal annealing, was then investigated in terms of
swelling, hydrophilicity, permeability, and ion rejection. While thermal annealing produced a more compact
structure of PEM, it did not improve the ion rejection. Among the different salt concentrations examined for the
salt-annealing process, the highest ion rejection was observed for (PAH/PAA)15 membranes annealed in 100mM
NaNO3, interestingly without any decrease in the water permeability. This membrane was studied for the re-
jection of four MPs including Diclofenac, Naproxen, 4n-Nonylphenol and Ibuprofen from synthetic secondary-
treated wastewater, over a filtration time of 54 h. At an early stage of filtration, the membrane became more
hydrophobic and a good correlation was found between the compounds hydrophobicity and their rejection. As
the filtration continued until the membrane saturation, an increase in membranes hydrophilicity was observed.
Hence, in the latter stage of filtration, the role of hydrophobic interactions faded-off and the role of molecular
and spatial dimensions emerged instead in MPs rejection. To test the suitability of the membranes for the ease of
cleaning and repeated use, the sacrificial PEMs and foulants were completely removed, followed by re-coating of
PEMs on the cleaned membrane. The higher MPs rejection observed in salt-annealed membranes compared to
the non-annealed counterparts (52–82% against 43–69%), accompanied with still low ion rejection, confirm the
high potential of PEM post-treatment to achieve better performing PEM-based NF membranes.

1. Introduction

Micropollutants (MPs) are usually defined as “chemical compounds
present at extremely low concentrations i.e. from ng L−1 to µg L−1 in
the aquatic environment, and which, despite their low concentrations,
can generate adverse effects for living organisms” [1]. Sources of MPs
in the environment are diverse and many of those originate from mass
produced materials and commodities [2]. In conventional wastewater

treatment plants (WWTPs), primary wastewater treatment uses the
physical process of sedimentation to remove settleable suspended solids
from wastewater. While, secondary wastewater treatment uses biolo
gical treatment to remove dissolved and fine suspended organic matter,
and in some cases nutrients, from wastewater [3]. Hence, today’s
WWTPs were never designed to remove MPs from municipal waste
water, and as a consequence, MP accumulation in water bodies is in
creasing [4]. Over the last few years, this has created concerns due to



[31]. In addition, post treatment of the multilayers in salt solution, i.e.
salt annealing, also brings significant variation of the multilayer
structure [33]. The films can be annealed when they are immersed in
salt solutions of higher concentrations [34]. According to Izumrudov
and Sukhishvili [35], the stability of the multilayers composed of two
polyacids poly(methacrylic acid) (PMAA) and PAA increased after an
nealing the PEMs in NaCl solutions [35]. Salt annealing enhances the
mobility of polyelectrolyte chains that are otherwise “frozen” in place
via numerous ion pairs cross links [36]. Indeed, the salt ions compete
with the polyelectrolyte ionic groups for binding sites. This competition
can lead to dissociation of the polyelectrolyte ion pairs, and thus should
increase the mobility of dissociated polyelectrolyte chains [37].

One of the major disadvantages of NF and RO based membrane
processes is the production of a “concentrate” stream containing all
retained compounds [38]. So far, some achievements have been re
ported for the treatment of membrane concentrates (mainly using ad
vanced oxidation processes and adsorption with activated carbon
[39,40]). These methods however have only been examined at la
boratory or pilot plant scales. Additionally, the high cost of these post
treatment processes can inhibit their wider implementation [41,42].
Thus, biological treatment of the concentrate has been lately taken into
account by some scientists [43,44]. The main obstacle for a biological
treatment of MP containing concentrates is their high salinities, i.e.
above 1% (10 g L−1 NaCl), that can cause high osmotic stress for the
involved microorganisms or the inhibition of the reaction pathways in
the organic degradation process [45,46]. Indeed, the efficiency of MPs
biodegradation drastically declines due to the high salt content of the
concentrate steam [47 49]. In view of this, our recent studies focused
on the application of LbL made NF membranes for tertiary treatment of
municipal wastewater [22,23]. In these studies, two weak oppositely
charged polyelectrolytes, PAH and PAA (Fig. 1S in supplementary data)
were coated onto hollow fiber dense ultrafiltration (UF) membranes by
dip coating [21]. In contrast to available commercial NF membranes
that combine high salts and MPs rejection, a unique membrane with a
low salt rejection (∼17% for NaCl) and a very promising removal of
MPs (∼44 77%) was obtained [22]. This membrane could thus remove
MPs without producing a highly saline concentrate stream that would
otherwise disrupt its biological treatment. Moreover, it does not con
siderably change the salt balance of the effluent, making it an ideal
effluent for the irrigation of agricultural crops that are sensitive to the
salinity balance of the water used [50,51].

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.seppur.2018.07.071.

The aim of this investigation is to study the impact of thermal and
salt annealing processes on weak PEM based membranes in terms of
MPs removal from secondary treated wastewater. PEMs composed of
PAH and PAA were coated on the surface of flat sheet polyacrylonitrile
(PAN) UF membranes. The PEMs were then post treated by thermal
and/or salt annealing, and were carefully characterized before and after
annealing by hydration ratio, hydrophobicity, permeability and ion
rejection. Afterwards, the rejection behavior of the best membrane for
the removal of four MPs (including 4n Nonylphenol (listed in the
Directive 2008/105/EC [6] and 2013/39/EU [7]), Diclofenac (listed in
the Decision 2015/495/EU [8]), Naproxen and Ibuprofen (both not
listed in the European legislations [10]) from synthetic secondary
treated wastewater was studied over the filtration time. As severe
fouling would always be a large problem in the MP removal from
wastewater, we additionally show that these membranes can be easily
cleaned using a sacrificial layer approach. The fouled membranes were
cleaned by a cleaning solution to release both the foulants and the sa
crificial PEMs coating. The re deposition of the same PEMs on the pre
rinsed membranes was subsequently performed.

their potentially harmful effects on the aquatic environment towards
humans. This has persuaded researchers to develop, or improve ad
vanced (tertiary) treatment technologies to be placed after the sec
ondary treatment for enhanced removal of MPs [5]. Moreover, en
vironmental regulations have been prepared to establish a framework
for a water protection policy, for example within the EU. The first list of
the EU’s environmental quality standards was published in 2008 under
the Directive 2008/105/EC [6]. Five years later, the Directive 2013/
39/EU was launched to update the previous documents [7]. This di
rective suggested the monitoring of 49 priority substances and 4 metals,
and also proposed the first European Watch List which was then pub
lished in the Decision 2015/495/EU of 20 March 2015 [8]. This list
comprises 17 organic compounds, named “contaminants of emerging
concern (CECs)”, unregulated pollutants, for which Union wide mon
itoring data needs to be gathered for the purpose of supporting future
prioritization exercises [9,10]. In addition to these compounds, there
are many organic compounds that are still not listed in the European
environmental regulations. According to the review paper of Sousa
et al. [10], 28 organic MPs not listed in the European legislation, were
found at concentrations above 500 ng L−1. Therefore, more research
about occurrence and fate is needed for many of these emerging com
pounds.

Frequently used options to remove MPs from municipal wastewater
effluents are: advanced oxidation processes [11,12], adsorption pro
cesses [4,13], and membrane filtrations [14]. Of these options, the
high pressure membrane processes nanofiltration (NF) and reverse os
mosis (RO) are of great interest because of their higher removal rate,
modularity and the possibility to integrate them with other systems
[15]. For several applications, such as wastewater reclamation, the high
energy consumption, high capital investments and operational costs of
RO membranes has led to the preferred use of NF membranes over RO
membranes [14,16]. In the last decade, the development of better
performing NF membranes by surface modification techniques like
grafting and interfacial polymerization is seen [17,18]. Since these
processes are costly, laborious and rely on environmentally unfriendly
solvents [19], the method chosen for this study was layer by layer (LbL)
deposition technique. In this approach, the membrane is alternatively
exposed to polycations and polyanions, to build polyelectrolyte multi
layers (PEMs) of a controllable thickness [20,21]. Based on previous
works, we know that these PEM coatings lead to membranes with
properties expected for NF membranes, such as a good retention for
small organic molecules and some retention of mono and divalent salts
[22,23]. Parameters, such as ionic strength, pH, charge density, and the
type of polyelectrolytes, influence the LbL process and determine the
final properties of the resulting PEMs [24 26]. Apart from that, the
stability of PEMs should be taken into account. For example, some
PEMs are commonly highly swollen in water or even removed at higher
salt concentration [27 30]. To increase PEMs stability, thermal and salt
annealing where here chosen as both are common approaches to PEM
annealing, especially for studies aimed at the study of their materials
properties. Moreover, both approaches are relatively mild, and are not
expected to lead to any damage to the PEM coating or to the support
membrane.

It has been demonstrated that thermal annealing (i.e. exposing the
PEMs to heat for a defined period of time) of these weaker PEMs is able
to lead to improved stability and robustness [27,31]. Heating of mul
tilayers up to>200 °C caused an amidization reaction between the
COO− groups of poly (acrylic acid) (PAA) and the NH3

+ groups of poly
(allyl amine) hydrochloride (PAH) to form amide (NHCO) cross links
that rigidify the multilayers [32]. Despite the PEMs’ stability through
covalent crosslinks, the best arrangement of the multilayers would not
be as separated layers but as complexes, where there is a maximal
compensation between the negative and positive charges. PEMs’ re
arrangement into denser complexes, could also provide more stability.
Thermal annealing increases mobility of the polyelectrolytes allowing
them to re arrange in the films to find more convenient conformations



2. Experimental

2.1. Chemicals

The polymer PAN (Mw=150,000 Da) was obtained from Scientific
Polymer Product Inc., USA. The solvent, dimethyl sulfoxide (DMSO)
was purchased from Acros Organics, Belgium. Other chemicals in
cluding two weak polyelectrolytes (PAH with Mw=15,000 gmol−1

and PAA with Mw=15,000 gmol−1), all salts (CaCl2·2H2O, Na2SO4,
NaCl, K2HPO4, MgSO4·7H2O, NaNO3), peptone, meat extract and urea
were obtained from Sigma Aldrich. The main supplier of all analytical
grade MPs, with the physico chemical properties given in our previous
study [22], was also Sigma Aldrich.

2.2. Synthetic wastewater

Synthetic secondary treated municipal wastewater was prepared
according to the “OECD Guideline for Testing of Chemicals” [52,53].
This media contained 50 ± 2mg L−1 of chemical oxygen demand
(COD), 10 ± 1mg L−1 of total nitrogen (TN) and 1 ± 0.1mg P
PO4

3− L−1. Mother stock solutions of MPs were separately prepared in
highly pure methanol at a concentration of 1 g L−1, stored in 15 mL
amber glass bottles and kept in a freezer (−18 °C). Daughter stock so
lutions of each MP were then prepared separately in Milli Q water from
their individual mother stock solutions. An appropriate amount of each
MP was subsequently added to the synthetic wastewater to reach to the
target concentration of MPs in the feed. Here, as discussed in our pre
vious study [22], the final concentrations of Diclofenac, Naproxen,
Ibuprofen and 4n Nonylphenol were 0.5, 2.5, 40 and 7 µg/L, respec
tively, based on available data in literature about concentration of
target MPs in effluents of conventional municipal WWTPs.

2.3. COD, TN, and P PO4
3− measurements

Feed samples were initially filtered through 0.70 μm glass fiber fil
ters (VWR, 516 0348, France). The analysis was later carried out by
means of HACH LANGE kits (LCI 500 for COD, LCK 341 for TN, LCK 304
for NH3 N, and LCK 341 for P PO4

3) along with a DR3900 Benchtop VIS
Spectrophotometer equipped with a HT200S oven (HACH LANGE,
Germany). These parameters were measured in duplicate and the
average values are reported.

2.4. Preparation of hydrolyzed PAN (PAN H) membranes

According to the protocol described by Xianfeng Li et al. [54], PAN
H flat sheet membranes were prepared via the phase inversion method.
In short, 15 wt% PAN was dissolved in DMSO overnight at ambient
temperature. It was then degassed for 3 h and the bubble free solution
was cast on the smooth surface of a non woven polypropylene/poly
ethylene (PP/PE) support (Novatexx 2471, Freudenberg, Germany) by
an automated casting machine (Automatic Film Applicator, Braive In
struments) at 2.25 cm s−1 casting speed to form a 250 µm thick wet
film. The solvent was allowed to evaporate for 60 S prior to immersing
the film in demineralized water (as a non solvent solution) for
∼15min. In order to provide the surface with a negative charge,
membrane hydrolysis was performed i.e. PAN films were immersed in
10 wt% NaOH at 50 °C for 40min while stirring at 100 rpm. Under al
kaline condition, part of the CN groups are converted into COO−. The
resulting PAN H membranes were then washed with tap water to re
move the remaining NaOH, and were stirred overnight in demineralized
water at ambient temperature, and finally stored in demineralized
water for further use.

2.5. Attenuated total reflectance (ATR) Fourier transform infrared

spectroscopy (FTIR)

ATR FTIR was used to determine the functional groups present at
the membrane surface, by collecting an infrared spectrum in the range
370 4000 cm−1 [55]. This method was used to confirm the hydrolysis
of the PAN support into a negatively charged membrane support (PAN
H). ATR FTIR spectra of membranes were acquired using a spectro
meter (Varian 670 IR, Varian Inc., USA) in absorbance mode. Two
coupons per membrane were air dried overnight prior to the mea
surements to minimize the effect of water. From each coupon, three
points were selected and the average of absorbance values are reported.

2.6. Preparation of PEM based membranes/silicon wafers

LbL deposition of oppositely charged weak polyelectrolytes was
performed by dip coating [21]. The PAN H membranes were first put
into the background electrolyte solution (50mM NaNO3) for 15min, in
order to wash the pores [55]. Buildup of PEMs was then carried out by
means of an automated dip coating machine (HTML, Belgium) com
prising four compartments: the 1st and 3rd compartments are for both
polyelectrolytes and the 2nd and the 4th for rinsing solutions [56]. In a
sequencial manner, PAN H membranes were entirely immersed in a
0.1 g L−1 polycation solution (PAH) containing 5mM NaNO3 at pH 6
and at ambient temperature. After 30min, membranes were put in a
rinsing solution containing only NaNO3 with an ionic strength and a pH
similar to that of the coating solution for 15min to remove any loosely
bound polymer chains. To form the first bilayer of PAH/PAA, the
membranes were dipped for 30min in a 0.1 g L−1 polyanion solution
(PAA) at pH 6 and an ionic strength of 5mM NaNO3 and rinsed again in
a separate rinsing solution exactly as before. This pattern was repeated
until the formation of the desired number of polycation/polyanion bi
layers i.e. (PAH/PAA)n [23]. Selected PEM based membranes were se
parately annealed in solutions of 50, 100 and 150mM NaNO3 for 20 h
at room temperature [36,57]. The thermal annealing process was
conducted by heating of some of the membranes to 60 °C for 5 h [58] in
order to impose chemical crosslinking between the amine group and the
carboxylic acid of the PAH and PAA polyelectrolytes, respectively [59].

In order to measure the dry and wet thicknesses of adsorbed poly
electrolytes (Section 2.7), the same deposition technique was also ap
plied on the surface of silicon wafers, pre treated by a 10 min plasma
treatment using a low pressure Plasma Etcher (JLS designs Ltd, UK),
leading to a reproducible negative charge at the surface of all wafers.
After coating, all samples were dried under a nitrogen stream prior to
further measurements.

2.7. Spectroscopic ellipsometry

Dry and wet thicknesses of deposited multilayers on the surface of
the plasma treated silicon wafers were measured using an in situ

Rotating Compensator Spectroscopic Ellipsometer (M 2000X, J. A.
Woollam Co, Inc.) operated in a wavelength range from 370 to 920 nm
at incident angle of 70°. The wavelength range used was dictated by
significant light absorption by the windows of the test cell below
370 nm, and by water absorption above 920 nm. The time resolution
was around 2 s per full spectral scan, and the light spot size was about
2mm. In the present study, the Cauchy model was used to fit to the
ellipsometric parameters (Δ and ψ). The Cauchy model (n(λ)=A+B/
λ2, where A and B are the Cauchy parameters) describes how the re
fractive index (n) depends on the wavelength (λ), and is commonly
used for thin polymeric coatings. Data obtained on three parts of each
wafer were reported as a mean dry thickness ± standard deviation. By
using Milli Q water, and a Woollam wet cell, the wet thickness of the
multilayers was also measured three times for each wafer. By dry and
wet thicknesses, the hydration ratio was determined by Eq. (1) [60,61],
and denotes the fraction of water in the layer.
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2.8. Contact angle

Optical contact angle measurements were performed using a Krüss
goniometer (Drop Shape Analyzer DSA 10 Mk2) in order to investigate
the membranes hydrophilicity. Sessile drops of 2 µL deionized water
was used to measure the contact angle. These measurements were
carried out at three locations per membrane coupon and the average
and standard deviation are reported. The measurement was carried out
five seconds after the bubble was placed on the surface of the mem
branes. The membranes’ hydrophilicity was evaluated before, during
and after filtration of the MP bearing synthetic effluent. Clean and fo
uled membranes were dried for 24 h at room temperature (20 °C) before
the contact angle measurements.

2.9. Membrane performance

The performance of the PEM based membranes was tested using a
high throughput dead end filtration system (HTML, Belgium) con
taining 16 filtration cells with 3.14 cm2 membrane area each. The
system was pressurized with nitrogen (2 bar), and the feed solution was
constantly stirred at 600 rpm to minimize concentration polarization.
Before filtration tests, membranes were initially equilibrated by fil
tering deionized water until the permeate stream would remain con
stant.

2.9.1. Water and solute permeability

In order to calculate the permeability (Lm−2 h−1 bar−1), Eq. (2)
was used, where V is the permeate flowrate (L h−1), A is the membrane
area (m2), and P is the applied pressure (bar). From each type of
membranes, two coupons were selected and the average permeability
with standard deviations are reported.

=Permeability
V

A P. (2)

2.9.2. Salts retention

The concentrations of NaCl, Na2SO4 and Na3PO4 in the feed solu
tions were adjusted to 0.1 g L−1 of each in mixed salt solutions. To
determine the anion concentrations, an ion chromatograph machine
(Metrohm 883 Basic IC Plus, USA) equipped with an anion separation
column (Metrosep A Supp 5 100/4.0, Metrohm, USA) and software
MaglCnet 3.1 was used. The sample loop was 20 µL and a conductivity
based detector was used. The chemical suppression was performed with
100mM H2SO4 and a mobile phase of 5mM Na2CO3/5mM NaHCO3

was applied at a flow rate of 1.0mlmin−1. Furthermore, single salt
solutions containing 0.1 g L−1 of CaCl2 were also prepared. The con
centration of CaCl2 was measured with a conductivity meter (Consort
C3010, Belgium). Finally, the retention value R was calculated ac
cording to Eq. (3), where Cp and Cf are the solute concentration in the
permeate and feed, respectively. Each measurement was performed in
duplicate and the average values with standard deviations are reported.

⎜ ⎟= ⎛
⎝
− ⎞

⎠
×R

C

C
1 100

p

f (3)

2.9.3. MPs retention and analysis

In the case of wastewater filtration for MP retention, membrane
compaction was first performed at 2 bar for 2 h using demineralized
water. Subsequently, the MPs bearing synthetic effluent was filtrated
for 54 h in order to provide sufficient membrane saturation to ensure
steady state rejections. During the filtration, permeate and feed samples
were collected after 2, 4, 7, 23, 27, 31, 46, 50 and 54 h. A large volume

of the MPs bearing feed solution was used. Throughout the filtration,
there was no a significant change in the volume and MPs concentration
in the feed solution. To minimize concentration polarization, the feed
solution was constantly stirred at 600 rpm, and the filtration was per
formed by a relatively low flux.

For MP analysis, samples were shipped to the LaDrôme laboratory
(France) in a freeze box for analysis within 24 h under the analyzing
license of cofrac ESSAIS. A multi detection procedure including Gas
Chromatography (coupled with ECD/NPD mass spectrometry) and
Liquid Chromatography (along with DAD, fluorescence, tandem mass
spectrometry) was applied for all MPs with Limit of Quantification (LQ)
of 0.01 µg/L for Diclofenac, Naproxen and Ibuprofen, and 0.04 µg/L for
4n Nonylphenol. Each measurement was performed in duplicate and
the average of rejections with standard deviations are reported.

2.10. Cleaning protocol of the fouled membrane

After filtration of MP bearing wastewater for 54 h, a modified
cleaning protocol adapted from Ilyas et al. [62] and Fujioka et al. [63]
was applied in order to remove both the sacrificial PEMs and foulants.
Ilyas et al. [62] have already concluded that (PAH/PAA) multilayers
can act as sacrificial coatings allowing them to be easily cleaned. The
fouled membrane was first rinsed with the rinsing solution (3M NaNO3,
pH:3) in a dead end mode at a low pressure (2 bar) for 180min.
Membrane samples were subsequently stored in a 50 mL glass beaker
filled with the rinsing solution. This beaker was then immediately put
in a simple water bath (at ∼30 °C) for overnight. The membrane was
then washed with Milli Q water to remove residual cleaning solution.
Removal of the PEMs and foulants was investigated by comparing the
permeability before and after rinsing to see if the permeability could be
restored to that of the pristine uncoated membrane. Finally, re de
position of the same multilayer of (PAH/PAA) was manually performed
on the cleaned membrane and permeability was again measured. (Be
cause of the small size of the membrane coupons already used for the
filtration, we were not able to use the dip coating machine. That is why
coupons were re coated by using beakers filled with polyelectrolyte and
rinsing solutions under identical conditions as for the dip coating ma
chine).

3. Results and discussion

In first part of this section, the PEMs and the PEM based membranes
are characterized using ellipsometric measurements, ATR FTIR analysis
and the contact angle. The second part deals with the performance of
the PEM based membranes, in terms of the permeability, salt and MP
retention and cleanability.

As described in the experimental section, PEMs were deposited on
the surface of PAN H membranes to form (PAH/PAA)15 and (PAH/
PAA)15 PAH multilayers to ensure that the separating membrane is
dense and free of defects. In addition, these PEMs were coated on the
surface of plasma treated silicon wafers with the same preparation
method. Afterwards, post treatment of the PEM based membranes/
wafers was immediately performed. According to these procedures,
four categories of membranes/wafers were finally produced and tested:
(i) non annealed, (ii) thermally annealed, (iii) salt annealed, and (iv)
salt and thermally annealed PEMs.

3.1. Properties of PEMs

3.1.1. Ellipsometric measurements

The thickness and water content of PEMs are important parameters
particularly when the membrane surface modification is combined with
other post treatments [58]. In this study, the hydration ratio of PEMs
deposited on the surface of plasma treated silicon wafers were obtained
using dry and wet ellipsometric thicknesses. Both the dry and wet
thickness of the multilayers generally increased after additional coating













PEMs for MPs polishing. In contrast to thermal annealing, salt an
nealing of PEMs enhanced salts rejection. The membrane also achieved
a significantly improved rejection for some selected MPs. At initial steps
of filtration, apparent rejections for both hydrophobic and hydrophilic
MPs were governed by adsorption phenomena, whose role fade away
over time. The membrane then became more hydrophilic when steady
state rejection of MPs was achieved. Contribution of the molecular
weight was higher than other dimensional parameters in steady state
rejection of all MPs by salt annealed PEMs membranes, while MPA was
a better surrogate parameter for the non annealed membranes. A quite
high removal of MPs next to the easy cleaning of both PEMs and fou
lants without employing any physical force are achievable in salt an
nealed PEMs membranes, making them a promising technology for
advanced wastewater treatment. These results were also accompanied
with a relatively low salts rejection, allowing the production of low
saline concentrate streams that would make biological treatment much

more straightforward.
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Fig. 7. MPs-bearing wastewater permeability (L m−2 h−1 bar−1) of the salt-
annealed (PAH/PAA)15 membrane after the following steps: (A) uncoated
pristine membrane; (B) pristine salt-annealed coated membrane; (C) rinsing of
pristine coated membrane with cleaning solution for 180min; (D) fouled salt-
annealed coated membrane; (E) rinsing of fouled membrane with cleaning so-
lution for 180min; (F) rinsing of fouled membrane with cleaning solution for
overnight; (G) regeneration of PEMs on the cleaned UF membrane.
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