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Abstract 

This article describes for the first time the elaboration of a cationic exchange membrane 
(CEM) from an end-of-life reverse osmosis (RO) membrane. The cationic exchange 
membrane has been prepared in two successive steps: (i) chlorine attack and (ii) 
filtration/adsorption of a polystyrene sulfonic acid (PSS) electrolyte solution. 
Physicochemical characterizations have been undertaken including (Na+) transference number 
(t(Na+)), diffusion flux measurements (Js), cationic exchange capacity (CEC) determinations, 
as the properties encountered for a classical cationic exchange membrane. The hydraulic 
permeability (Lp) was also determined to characterize the molecular weight cutoff. This novel 
membrane denoted as ANIMMAX has also been characterized by ATR-FTIR and SEM/AFM 
tools. We have utilized an old brackish water membrane denoted BW30 (stocked in bisulfite 
1% for 10 years) to develop a new sulfonated UF membrane with a molecular cutoff of 55 
kDa. We have observed that the roughness was divided by 2 (295 to 144nm) showing a lower 
propensity to fouling/biofouling of the novel membrane elaborated. As for the application, the 
newly synthesized membrane has been tested during 4 days of experiments in a fungal 
microbial fuel cell laboratory set-up vs Nafion© 117 the usual cationic membrane in MFC 
technology. We observed a lower external resistance with a value of 8 kOhm vs 37 kOhm for 
ANIMMAX vs Nafion®117, respectively. 
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1.  Introduction

Membrane technology is one of the recognized advanced processes for water reclaiming [1], 
nutrient recovery [2],and has also been one of the methods to extract metals from different 
sources[3]. There is various pressure-driven membrane including reverse osmosis (RO), 
microfiltration (MF), ultrafiltration (UF), and nanofiltration (NF) also have their potential use 
in reclaimed water production [4], among which, RO has been the most established 
desalination technology. It has been estimated that more than 840,000 end-of-life RO 
membrane modules (> 14,000 tons of plastic waste) are annually discarded in landfills 
worldwide [5, 6]. Considering the above-mentioned reasons, the current research suggests 
moving the membrane technology into a circular economy approach and propose an 
alternative to end-of-life membranes management. According to previous publications, 
recycled membranes could be technically comparable to NF and UF commercialized 
membranes [7–9] and they could be even highly competitive in economic terms [8].Along 
these lines, recycled membranes with NF and UF properties can be obtained by a certain 
exposure dose to an oxidizing agent [10–12]. Recycled membranes could be potentially 
reused in diverse NF processes, including water for agriculture, for irrigation (golf, 
recreational areas), as fusible or sacrificial membranes, and in RO process pretreatment [8].

RO is a useful technique that has been applied to produce drinking water in addition to the 
nanofiltration (NF) and electrodialysis (ED) processes [13]. One attractive application of NF 
membranes is first its softening properties for water treatment and more recently engaged for 
the recovery of lithium from brines, especially in mixed lithium–magnesium natural salted 
waters[3]. End-of-life RO membranes and NF-like recycled membranes could be a suitable 
option for treating urban wastewaters (i.e., tertiary treatment). No rapid fouling was detected, 
and ions rejection was higher than 75 % of all the cases. Transformation of end-of-life RO 
membranes has been carried out employing an oxidizing agent [9].An innovative 
improvement to be considered to find a second life to these RO end-of-life membranes for 
indirect recycling could be and for the first time, the preparation of proton exchange 
membranes (PEM) dedicated to the fungal microbial fuel cell (FMFC) after complete 
elimination of the active polyamide layer.

Many aerobic and anaerobic treatment methods have been applied to treat wastewater [14]. 
Among various anaerobically treating methods, microbial fuel cells (MFCs) are a promising 
technology to treat wastewater simultaneously with producing energy. The MFC is a 
bioreactor that uses bacteria as electrocatalysts to convert the bioenergy of biomass in 
wastewater into electrical energy [14]. It commonly consists of an anode and a cathode, either 
separated by a PEM that acts as a solid electrolyte bridge or connected directly via the 
wastewater substrate that also acts as an electrolyte bridge. At the anode, anaerobic microbes 
acting as biocatalysts oxidize the organic constituents of the wastewater, which is also called 
the substrate, to generate protons, electrons, and i.e., carbon dioxide. Protons migrate to the 
cathode from the anodic chamber through the membrane. While electrons migrate to the 
cathode through an external circuit to complete the circuit and generate electrical power until 
today, various types of membranes have been used in MFC, but the Nafion® membrane 
remains the most common membrane used. However, the high cost and the biofouling 
sensibility of the Nafion® membrane has led to the development of other cost-effective 
membranes [15, 16]. Generally, membrane fouling is one of the most effective parameters 
limiting the membrane efficiency for long-term applications. In 2018 a complete review has 
been done on the issue and novel solutions [17].  It is reported that membrane biofouling 
normally occurs on the membrane surface facing the anode chamber of the MFC by 
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attachment of bacteria and organic substrates to form a biofilm that is less homogenous than 
the biofilm on the anode carbon felt surface [18]. Biofouling will deteriorate membrane 
performance and reduce its durability. Subsequently, the power output of the MFC will be 
affected i.e. by the additional resistance of the biofilm deposited. To maintain an efficient 
MFC performance, the fouled membranes have to be replaced with new membranes, with a 
lower propensity to biofouling and which increases MFC operational cost [19].

Proton exchange membranes are the most frequently used separators in dual-compartments 
MFC. Due to the role of proton transportation in MFC performance, PEMs are included 
among one of the most important components in the cell. The Nafion® membrane is classified 
among the preferred separators for MFCs [20]. This membrane is chemically and thermally 
stable, has low resistance and high proton conductivity because the negatively charged 
hydrophilic sulfonate group attached to the hydrophobic fluorocarbon backbone promotes 
proton transport. However, new researches have been conducted to replace it due to some 
limitations and there have been many substitute membrane understudies [21, 22]. 
(Bio)Fouling will deteriorate membrane performance and reduce its durability. With the use 
of Nafion®, people have observed their propensity for biofouling[20, 23, 24].Besides its high 
cost, it can be covered with biofilm in a microbial fuel cell and reduce its performance. To 
solve this, anti-biofilm strategies are implemented [25]. Very recently, Shabani et al[22] have 
developed a composite polymer electrolytes membrane for microbial fuel cell application by 
the incorporation of graphene oxide nanosheets in sulfonated polyether ether ketone, and have 
found higher performance compared with Nafion®117 membrane, in terms of power density, 
voltage, and coulombic efficiency. 

Currently, despite no real solutions to prevent biofouling formation on membrane surfaces, 
researchers have tried to reduce biofouling formation through anti-adhesion [26–28] and 
antimicrobial techniques [29, 30]. In the future, a novel anti-biofouling technique should be 
developed to prevent biofouling formation on membrane surfaces, which does not interrupt 
the anaerobic bacteria activities in anode solution as well. The current work can make several 
significant contributions to the field of cost-effectiveness and biofouling issues, as here, a 
novel PEM has been proposed by applying discarded RO membranes preconditioned as 
support. This is also the first time that an RO membrane is proposed in a microbial fuel cell, 
which again is a key factor in the reduction of costs in the whole process. The influence of 
factors, such as Na+ transference number (denoted t(Na+)), diffusion flux measurements 
(denoted Js), CEC (cationic-exchange capacity), topography by the average roughness 
(denoted Ra), and morphology of the membranes has been deeply investigated. We also have 
compared all the obtained results on our end-of-life RO modified new cationic-exchange 
membrane with the commercialNafion®117 membranes. 

2. Experiments
2.1. Solutions and salts

All solutions were prepared using the ultrapure (UP) water system, PURLAB CLASSIC UV-
UF (Elga lab water, VEOLIA WATER STI company, France), delivering UP water with the 
following parameters: TOC < 0.1 mgL-1, pH 6.5 and conductivity < 2μS cm-1, at 27 °C. 
Membrane pieces were cut for determination of t(Na+), Js, and CEC. Samples of studied 
membranes were kept for SEM/AFM analysis. Poly (styrene sulfonic) acid sodium salt 
solution (Mw of 70,000) (see Fig1), sodium chloride, hydrochloric acid, were all purchased 
from Aldrich Chemical Company, USA.
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Fig. 1 a) Polystyrene sulfonic acid (PSS), b) Schematic representation of the thin-film 
composite membraneBW30, and c) Molecular structure of Nafion® polyelectrolyte membrane 

2.2. Membrane transformation protocol

In the present study, the commercial membrane of Nafion®117 and an old RO sample of BW30 
(purchased by Filmtec, France) were studied (Fig1b and c). The Nafion®117 was a previously used 
membrane stocked in the lab for 7 years; it has been investigated in an earlier study of for anti-
microbial approach (see [24]) and in the development of a novel hybrid biofuel cell [25] by authors. 
The BW30 was also a membrane previously studied for brackish water solutions treatment [26] and 
used for brackish water desalination [see 26]. The old BW25-40 industrial spiral wound membrane 
was stocked in bisulfite 1% aqueous solution when not used Before modifications, the old BW30 
membrane was carefully cut into a suitable size to be used in the membrane cell (a circle of 3 cm in 
diameter). The chlorine solutions were prepared by diluting commercial Cl2 with UP water. Three 
modifications have been applied to the membrane sample to prepare it for the objective of PEM use. 
First, the end-of-life RO membrane was immersed into aCl2solution 11000 ppm and exposed for 4h, 
6h, 8h, and 15h at room temperature (approximately 27°C) under a stirring speed of 200 rpm (BW30- 
Cl24H, 6H, 8H, and 15H). After the exposure time, membranes were thoroughly washed with UP 
water and stored in a plastic test tube with UP water until they will be used (modification 1). 
Secondly, the membrane surface was exposed to an aqueous solution containing 0.02 M PSS in 0.5 M 
NaCl for 1 h, 2 h, 3 h, 8 h, and 1 night (modification 2) (PSS 1h, 2h, 3h, 8h, and 1 night). Finally, to 
improve the membrane modification, the PSS solution was filtrated into the membrane treated with 
Cl2 at a transmembrane pressure of 2bar and immersed in the same PSS solution for 1 night. The 
three steps of transformation process for the end-of-life BW RO membrane are presented in 
Fig.2. We will test the optimum chosen membrane, named ANIMMAX, after the modifications in the 
FMFC (ANIMMAX:  here we called the old BW30 RO membrane treated with Cl2 for 1night (≈15h) 
and modified with the polyelectrolyte by coupling filtration/adsorption of the PSS for 1night)
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Fig. 2 Schematic description of the end-of-life BW RO membrane in 3 steps

2.3.  Membrane potential measurements for Na+ transference number determination

A common experimental cell containing two compartments separated by the target membrane 
(1.54 cm2 of a geometrical surface) was used for membrane potential measurements. The 
solution (25 cm3) in both compartments was stirred to minimize the effect of boundary layers 
on potential measurement and thermostated at 27 °C. It consisted of a concentration cell 
similar to the Hittorf’s cells model [31, 32].For membrane potential measurements, sodium 
chloride solutions were used in the range of 10−3–10−2 mol L−1  on each side of the 
membrane(C1 and C2). While C2 was maintained constant at 10−3 mol L−1, C1 was variable 
from 10−3 to 10−2 mol L-1. The developed potential difference across the membrane was 
measured with a digital voltmeter (high entrance impedance value of 10 MΩ) (CHAUVIN, 
ARNOUX MULTIMETER) using two saturated mercury sulfate electrodes (SMSE) from 
Radiometer-Analytical (France). The difference between the two SMSE is regularly checked 
using a saturated potassium sulfate (K2SO4) solution to be lower than 5 mV. Measurements 
were performed 5 min after membrane immersion into the solutions to ensure that a steady 
state was established. For a charged membrane, and by using the Teorell-Meyer-Sievers 
model [31], the theoretical membrane potential (Δϕ)i=0 is expressed by:

(Δϕ)i=0 = E1-E2= (1-2tm
+) (RT/nF) ln(C1/C2) (1)

where tm
+ denotes the transport number of the cation electrolyte in the membrane phase. In the 

present study, the cation was chosen as Na+ and n =1. The transport numbers (t(Na+)) 
measured for the different studied membranes have to be compared with the t(Na+) in free 
diffusion which is previously reported to be 0.39 in the examined concentration range [33]. T 
is the thermostated temperature of the experiment (22ºC) and F is Faraday’s constant (96485 
C mol-1).
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2.4.  Diffusion flux measurements

In the current study, authors follow the method reported by Ltcif et al. [34], which focuses on 
measuring the leakage of an electrolyte through the ion-exchange membranes (IEMs) while it 
separates a solution of this electrolyte from UP water. This study was carried out on two 
studied membranes as Nafion® and BW30 along with the electrolytes NaCl at a concentration 
of 0.1M. Before use, both membranes were soaked in UP water for a minimum of 3 h, 
replacing the water every hour, and then rinsing with UP water. The conductivity values were 
then recorded in the diluted compartment versus time using a conductometer CONSORT 
C830 purchased by Bio block Scientific company (France) and further applied to 
calculate Js explained in mol m−2 s−1 as reported elsewhere [34–37]. Temperature is 
maintained at 27 °C.

By knowing the volume (V) of the diluted compartment and the surface of the membrane (S) 
in contact with the solutions, the flow of electrolyte (denoted as Js) transferred across Hittorf's 
cells were calculated as:

Js = V ΔC2 / S Δt = V Δχ / S K Δt  (2)

with 1/K = 1,365,079 S−1cm2mol (K: calibration constant linking the conductivity to the 
concentration), V is the cell volume (50.10−6m3), S is the surface area (113097.10−6m2), Δχ is 
the conductivity variation (μS cm-1) and Δt is time variation (s).

2.5. Cationic exchange capacity (CEC)

The CEC of modified BW30 and Nafion®117 membranes studied were determined by 
following the AFNOR method (AFNOR NFX45-200, 2005) based on the principle of an 
acidic-basis titration, as reported by Li [38]. About 1 g of the membrane was immersed into 
1M hydrochloric acid (HCl) for 24 h and then rinsed with UP water.  The membrane was then 
dried in a desiccator for 48 h and weighed (W). The membrane was then immersed into 50 
mL of NaCl (2M) for 24 h. Sodium hydroxide (NaOH) (0.1 or 0.01 M) was then used to 
titrate the NaCl solution and phenolphthalein was adopted as the universal indicator to 
determine the neutral point. CEC can be estimated by equation (3):

CEC = (M. V) NaOH / W (3)

where: M and V are the molar concentration and the volume of NaOH solution (ml), 
respectively, and W the weight of dried membrane (g)

2.6. Hydraulic permeability

A Millipore stirred ultrafiltration cell Amicon© type model 8200 with 200ml volume capacity 
was used. The cell remains fixed in the retaining stand until the pressure-relief valve is 
opened and the cap depressed. The stand provides a large base for improved cell stability. The 
applied transmembrane pressure was 4 bar (400 kPa). The temperature was maintained at 
27°C by a thermostated bath. Those experiments were conducted to check the consequences 
of the Cl2 attack and estimate the effect of PSS sorption on the hydraulic permeabilities. 

Poiseuille's law is well illustrated for a porous UF/NF done membrane to measure the pure 
water flux using the Eq. (4):
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Jv = Lp ∆P (4)

with Jv measured with ultrapure water flux (in L h-1m-2), P the transmembrane pressure, and 
Lp the hydraulic permeability (in L h-1m-2bar-1). Lp was determined as usual from the slope of 
the graph of flux vs P. The membrane surface of the Amicon© cell is 20 cm2.For the pristine 
membrane BW30, hydraulic permeability to UP water was 3.5 L h-1 m-2 bar-1 at 20°C, as 
reported earlier[13]. A polysulfone UF membrane with a molecular weight cut-off (MWCO) 
of 10kDa, and a hydraulic permeability to UP water of 80 L h-1 m-2 bar-1 at 20°C, was 
purchased by Orelis company (France) and used to determine the MWCO of the modified 
BW30. Furthermore, a 0.45 m filter purchased by Biblock company (France) was added in 
the cathodic compartment of the MFC to filtrate ambient air before its use to limit bacteria 
contamination.

2.7. FEG-SEM analysis of the modified surfaces

The surface of the samples was characterized by scanning electron microscope with a field 
emission gun (FEG-SEM) using an LEO 1530 apparatus at a 3 keV acceleration voltage, 
allowing both minimization of irradiation damages and obtention of few nanometers of 
resolution. Observations were conducted until ×10000 magnification. To increase the quality 
of the images, it was necessary to cover the analyzed surfaces with an ultra-thin layer of Pt 
(4nm thickness) deposited by evaporation under a vacuum (BAL-TEC MED 020 Balzers 
Lichentstein apparatus).

2.8.  AFM analysis 

The membrane morphologies were imaged using AFM equipment of Nanoscope III device 
from VEECO company (USA), in contact mode in the air with a scan rate of 1 Hz and 400-
400-pixel resolution. The cantilevers used for such imaging were from VEECO company 
(Dourdan, France), with a specified spring constant between 0.44 and 0.63 nN and a resonant 
frequency of 17–20 kHz. Furthermore, the same cantilever was used for all AFM images and 
all the AFM treated in this way. To prepare the samples, membranes were firstly dried at 
room temperature in a desiccator and then attached to steel discs with double side-scotch tape. 
The images were obtained over a small area of 50 μm × 50 μm. The analyses were carried out 
by WSxM 5.0 free software, which can provide full details about features of the surface such 
as peak to valley ratio, average roughness, and biofilm thickness.

The mean roughness (denoted Ra) is the mean value of the surface relative to the center plane. 
The plane for which the volume enclosed by the image above and below this plane is equal 
and calculated as:

dydxyxz
LL

Ra
Ly Lx

yx
  

0 0

),(1  (5)

where z (x, y) is the surface relative to the center plane and Lx and Ly are the dimensions of 
the analyzed surface.

In the present work, AFM has been applied for the different steps of modifications of the 
average roughness of the oldBW30 membrane vs Nafion® 117.
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2.9.  Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy

Membranes exposed to Cl2 and PSS were characterized by ATR-FTIR spectroscopy, 
spectrum one (Perkin-Elmer, France). ATR/FTIR analyses were performed on the polyamide 
active layer of the BW30 membrane, on BW30 after 8 h exposed into Cl2solution, on support 
polysulfone layer, andBW30 after 8h exposed into Cl2solution + PSS adsorption. IR spectra 
were recorded on a Perkin-Elmer spectrometer (Spectrum one) using the UATR accessory. 
The UATR accessory contained a ZnSe/diamond flat plate crystal at a nominal incident angle 
of 45°, and an average depth penetration of 2 μm. Each spectrum presented is the result of 32 
accumulations obtained with a resolution of 4 cm−1 with air as the background. All the 
samples were pressed with the same force to obtain equivalent intimate contact between ATR 
crystal and the sample surface. Spectra were corrected to take into account the wavelength 
dependence of ATR and baseline corrected [39].

2.10. Experiments in MFC

2.10.1. Scedosporium dehoogii fungal culture

Scedosporium dehoogii strain UA 110350859-01 isolated from a soil sample in the vicinity of 
Angers (France) was used throughout this study. The fungus was routinely maintained by 
weekly culture on yeast extract-peptone-dextrose (YEPD) agar medium containing (per liter): 
yeast extract, 5 g; peptone (Sigma), 5 g; dextrose (Sigma), 20 g; and chloramphenicol 
(Prolabo), 0.5 g. After 2 weeks of incubation, conidia were harvested from cultures on YEPD 
plates by flooding the agar surface with 15 mL of ultrapure water. The obtained fungal 
suspension was then filtrated on a 40-μm-pore-size sterile nylon filter, and conidia were 
pelleted from the filtrate by centrifugation at 4000 × g for 5 min at 4 °C, resuspended in 10 
mL of sterile ultrapure water, and finally counted with a hemocytometer. Conidia were then 
inoculated into yeast extract-peptone (YEP) broth supplemented with APAP then, the culture 
medium was distributed into 50 mL flasks, that were incubated for 2 weeks at 25 ± 2 °C with 
constant shaking (IKA-WERKE, Germany)at 126 rpm [40].

2.10.2. Bioanode elaboration 

Carbon Felt (CF) (area of 10 cm²) (purchased from Carbon Lorraine supplier, France) was 
used as fungal biofouling support. Before use, the CF was cleaned successively with a 1M 
HCl solution and UP water, then immersed in a 1:1 (volume ratio) mixture of ethanol/water 
for a few minutes followed by sonication (2 min at 47 kHz) in UP water to achieve ethanol 
rinsing, and finally, the CF was autoclaved at 120 °C during 15 min before colonization by 
the fungus. The CF anode was immersed in a suspension of Scdosporium dehoogiispores for 
one week. The biofilm was then developed by polarization on the CF at -0.15V vs. SCE 
(Saturated Calomel Electrode (reference electrode)) during one week under sterilized 
conditions, the only carbon source was 4-HBz (4-hydroxybenzoate) at 0.9 g/L for the biofilm 
formation [41]. 

2.10.3. Cathode elaboration 

The CF cathode was first electrochemically pretreated under the following conditions: CV 
between 0.0 and 1.2 V vs. SCE in 0.1 M NaOH during 10 cycles. CF pretreatment is essential 
to achieve good reproducibility of the poly-NiTSPc film deposition. The electrodeposition 
potential was previously optimized at 0.8 V vs. SCE [41]. Then electrochemical deposition of 
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poly-NiTSPc was achieved in 0.1 M NaOH and 2 mM NiTSPc aqueous solution at a fixed 
potential of +0.8 V vs. SCE during 3000 s to optimize the poly-NiTSPc matter to be 
deposited. The oxidation of H2O during the first oxidative potential scan at E =0.8 V creates OH° and then a 
variety of functional groups on the electrode surface leading to the coupling of the NiTSPc complexes to the 
electrode surface via an –O–Ni (II) bond (denoted oxo-bridge). During the further scans i.e., the further 
oxidation at E=0.8V, the attached Ni (II) complexes oxidize to Ni (III) and bind to a new Ni-complex, supplied 
to the electrode surface by diffusion, via oxo-bridges. Thus, the film structure is imposed by the stacking of the 
complex layers via the interconnecting oxo-bridges. The MFC cathode is an electrode where the 
electron acceptors are reduced, which commonly is an oxygen reduction reaction. Oxygen, the 
electron acceptor in the cathodic part, is obtained from free air by sparging it continuously 
into the cathodic solution in a double chamber MFC, [42]. A 0.45 m filter purchased by 
Biblock company (France) was added in the cathodic compartment of the MFC to filtrate 
ambient air prior to its use, to limit the bacteria contamination.

2.10.4. MFC set up.

The MFC set up is divided into two compartments separated by a membrane that allows 
protons to go through it from the anodic to the cathodic chamber. On one hand, the anode 
solution consists of 100 mg L-1 APAP (Acetaminophen) in a Phosphate Buffer Solution (PBS) 
0.1 M, pH 7.4 as on the other hand, the cathode solution consists of 0.1 M PBS, pH 7.4 and 
oxygen from the air was provided to the cathode chamber before filtration using a 0.45 μm 
filter. An external resistance of 1 kΩ is connected to the electrodes [43–45] to shuttle 
electrons from the anode to the cathode. This external resistance was used to determine the 
power output during MFC discharge. Electrons generated by the fungus from the substrate 
APAP oxidation are directly transferred to the anode and then flow to the cathode through a 
conductive material containing a resistor. The electrons that reach the cathode combine with 
protons that diffuse from the anode through the protons exchange and oxygen provided from 
the air; the resulting product is water. When electrons flow from the anode to the cathode, 
they generate the current and voltage to make electricity.

To determine the resistance of the studied membrane we use Ohm’s law:

U = R.I   (6)

Where U is the Electromotive Force, R is the Resistance (Ohm) and I is the Current Intensity 
(A). The power densities predicted b Equation 7:

P = U.I   (7)

U: Electromotive Force      I: Current Intensity

Various externals have been loaded using a resistance box ranging from 10 MOhm to 10 
Ohm. By this means, we have obtained the data of voltage, current, and power. Then, the 
power and current values were normalized to the electrode surface area reported as power 
density and current density. 

3. Results and discussion
3.1. Nafion characterization in MFC
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Fig 3a and b display 2D and 3D AFM images of our old Nafion®117 membranes before its 
application in the fungal MFC. It may be seen that the average roughness (denoted Ra) is high 
for the old Nafion® 117 tested presently (Ra= 122±20nm).

Fig 3 (a) and (b)  2D and 3D topographies of the old Nafion®117 membranes, (c) and (d) 
SEM (magnification×1000) morphological images of old Nafion117 membrane, without and 
with fungal 

As the surface roughness is high it favors membrane biofouling that deteriorates MFC 
performances, an important fact to be considered during the present study. Fig. 3c and 3d 
show the morphologies of the old Nafion®117 membranes with and without fungal biofilm, 
respectively. In Fig. 3c, we observed the presence of isolated bacteria from inadequate 
membrane storage. For this membrane, the only fouling agents were particles from the 
air[19]. As shown in Fig.3d, it can be seen when compared with Fig.3c the formation of a 
fungal biofilm and fungal contamination (filamentous and spores of S. dehoogii are well 
observed as attempted) on the membrane surface [46].

As previously reported by Lteif et al. [34], knowing the salts transport permeability in terms 
of Na+ transport number and NaCl diffusion flux could also help to estimate the consequences 
of this biofouling growth on membranes properties, as, in the same manner, these parameters 
are determined to help the users to motivate the choice of initial IEM [34].In the present 
study, those parameters have been determined to estimate the effect of biofouling/aging on 
their initial performances. In Table 1, the transference number of Na+, salt diffusion flux 
(NaCl), and CEC have been reported to estimate the level of ‘‘degradation’’ of the 
Nafion®117 with biofilm in comparison to a pristine and old one (previously used).
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Table 1. Average transference number Na+ (t(Na+)), diffusion flux (Js), and cationic exchange 
capacity (CEC) determined for the pristine, old and with a biofilm of 1 month of the 
Nafion®117 membranes in MFC.

Membranes parameters Pristine Nafion®117 Old Nafion®117
without biofilm

old Nafion®117 with 
biofilm

t(Na+) (±0.02) 0.95 0.87 0.74
Js×106(mol m-2s-1)(±10-7) 1.70* 8.84** 3.98**
CEC (meq g-1) (±0.1) 1.10 0.90 ND

*NaCl 0.6M     **NaCl 0.1M    ND: Not determined (all experimental data in Table 1 is the 
mean of 2 measurements)

Table 1 shows a low decrease of t(Na+) in old membranes comparing to the pristine one, from 
0.95 to 0.87 (8% decrease) as the expression of aging. Between pristine and the membrane 
with biofilm, t(Na+) has decreased from 0.95 to 0.74 (20% decrease), because the biofilm 
reduces the ability for the membrane to exchange charges, confirming similar observations 
done on a CEM, (see [34]). This result is inconsistent with another study that reported the 
t(Na+) of 0.81, 0.81, 0.88, and 0.92 for Nafion®117, 115, 112, and 111, respectively, [47–
49].Analyzing the parameters of Js and Ra helps us to understand observed variations of 
transference numbers. Indeed NaCl salt diffusion decrease by half in the presence of the 
biofilm, as illustrated in Table 1. Furthermore, we have observed that the time of membrane 
exposition to the biofilm could change the IEM properties. 

We believe that the resistance to the transport of Na+ through the membrane is prevented by 
the fungi biomass by steric and charge repulsion. In general, the fungi biomass has negative 
surface charges [50], and these charges can repulse the passage of the Na+ by electric 
repulsion and then suggest that H+ should be also avoided by the biofilm deposited days after 
days in a microbial fuel cell.

Nafion®, still being undeniably the most commonly used membrane in MFCs, has good 
proton conductivity because the negatively charged hydrophilic sulfonate group is attached to 
the hydrophobic fluorocarbon backbone promotes proton transport through it [51]. As stated 
by the transference number, due to the easy formation of biofouling on its surface, it is 
recommended that the Nafion®117 membrane should be replaced soon to improve MFC 
membrane efficiency limiting the added resistance of a large biofilm deposited.

As expected, biofilms reduce the ion transport through the membrane, as they generally 
hinder chemically and/or physically the ion migration or liquid transfer. The study conducted 
earlier in 2011[52], investigating the effect of deposited biofilm on Nafion® efficiency 
int(Na)+, reported a decrease of 0.96 to 0.91 for the membrane with a pseudomonas sp. 
biofilm, which confirmed the obtained results in the present study. Also, the Nafion® 117 with 
biofilm showed a lower transference number (0.74) comparing to the sample without the 
biofilm (0.87) as reported in Table1. Then the necessity to develop an anti-biofouling strategy 
is urgent. Our choice in this approach is to propose a new CEM development from an end-of-
life RO membrane and dedicated to FMFC application. As earlier, it has been stated that 
activation modification of RO, provided enhanced anti-fouling features [53].

3.2. Reused end-of-life RO membrane as a new ionic exchange membrane in a fungal 
microbial fuel cell
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3.2.1. Membrane Surface transformation protocol by Cl2

To study membrane transformation by Cl2, t(Na+), NaCl diffusion flux measurements, CEC, 
and surface characterization were extensively investigated by us. Old RO membranes were 
transformed by using 11 g L-1Cl2 solution to eliminate the polyamide (PA) layer. Fig 4 shows 
the evolution of the potential difference () versus Log(C1/C2).
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Fig. 4 Membrane potential difference, , versus Log C1/C2 (pristine BW30 and after 4h, 6h, 
8h, and 15h of Cl2 attack)

The transport numbers t(Na+) has been calculated from the slope of the curves in Fig 4, 
according to Eq.1. The calculated transport numbers t(Na+) measured for the different 
membranes were reported in Table 2. The variations of the conductivity of electrolyte 
solutions at a concentration of 0.1 molL-1 as a function of time are measured for the studied 
membranes with different exposed Cl2 time, as reported in Fig 5.
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Fig. 5 Evolution of the conductivity of NaCl 0.1 mol L-1 overtime for the membrane BW30 
(pristine BW30 and after 4h, 6h, 8h, and 15h of Cl2 attack)
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The conductivity remains constant for the old membrane BW30 and increases linearly with 
time after being exposed to Cl2. The diffusion laws are calculated from the slopes of these 
curves, according to Eq.2. Diffusional flow values Js are reported in Table 2. In Fig 6, the flow 
rate of ultrapure water is reported as a function of transmembrane pressure (P) for the 
different studied membranes.
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Fig. 6 Effect of operating pressure on the pure water permeates flux Jv for the studied 
membranes BW30, BW30-Cl215h, and BW30- Cl215h+Filtration PSS (T=27°C).

As attempted the evolution is linear by Poiseuille's law illustration. The hydraulic 
permeabilities Lp calculated from the slopes are reported in Table 2. 

Table 2. t (Na+), Js and Lp values of initial BW30 membrane and after its exposure to free 
chlorine (ND= not determined)

Properties BW30 Cl2(4h) Cl2(6h) Cl2(8h) Cl2 (15h)

t(Na+) (±0.02) 0.64 0.45 0.46 0.43 0.40

Js(molm-2s-1) (±0.1) 3.09 10
-6

1.76 10
-5

1.98 10
-5

2.21 10
-5

2.99 10
-5

Lp (Lh-1m-2bar-1) 
(±0.1)T=27°C 249 ND ND ND 436

In Table 2, we observed a decrease of t(Na+) for old BW30, and after 15h exposed to Cl2 
membranes from 0.64 to 0.40 (24% decrease). After 15 hours exposure time into Cl2 solution, 
the transport number of Na+ is the same as in free diffusion (t(Na+)= 0.39) [33]. The dramatic 
decrease of t(Na+) could be attributed to microporosities that appeared after the total 
elimination of the PA layer. Furthermore, the use of the Cl2 changed greatly the diffusion 
phenomena in the RO old membrane vs the treated with Cl2. This hypothesis was 
corroborated by comparing the diffusion coefficients of 4h and 15h (immersed in Cl2), 1.76 
10−5 mol m-2s−1and 2.99 10−5 mol m-2s−1, respectively. The value for the commercial 
membrane was found to be 3.09 10−6 mol m-2s−1.At 27°C, hydraulic permeability for RO 
membrane equals 436 L h-1m-2bar-1, as for the pristine BW30 previous experiment it was 
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reported as3.5 L h-1m-2bar-1at 20°C.The dose level for our studied membrane is 165000 ppm.h 
vs 300000 as reported by Molina et al.[54].Temperature correction at 20°C (viscosity 
correction of 3% per degree) shows a  Lp20 = 344 L h-1.m-2.bar-1. For a known temperature, 
i.e. 20°C, and for a well-known UF membrane i.e. PS UF 10 kDa with a measured Lp0 = 80 L 
h-1m-2 bar-1 and dp0=3 nm, we can determine the pore diameter (dp) with the equation 
(8) using the known Lp=344 L h-1 m-2 bar-1[55]:

Lp / Lp0 = (dp / dp0 )2           (8)

dp obtained is 6 nm from the following empirical equation: 

dp =0.076. (MWCO)0.4               (9)

With dp in nm and MWCO is molecular weight cut-off in Da.

We have calculated an MWCO of 55 kDa as an ultrafiltration membrane.
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Ra = 295 ±10 nm

Ra = 144 ±10 nm

2 m
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Fig. 7 (a, a’) SEM/AFM images of old pristine BW30 membrane, and (b, b’) afterCl2 
treatment 15h  

In Fig 7, SEM, and 3D-AFM images of old BW30 membrane, and after 15h exposure, Cl2is 
presented. According to the SEM morphologies observed in Fig 7a and b, it has been proved 
that the membrane surface does not show the same morphology demonstrating the effect of 
the Cl2oxidation on the PA layer. Regarding the average roughness of 295 nm observed by 
AFM, (50 * 50µm2), is confirmed by the work of Dach et al [13]. After 15h of treatment with 
Cl2, the surface of the membrane became more homogeneous and smoother (see Fig 7b’).
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Finally, we have elaborated from an old BW30 a new UF membrane with a molecular cutoff 
of about 55 kDa, whereas at the beginning of its life it was 187 Da. We have also divided the 
Ra by 2 (295 to 144nm) showing a lower propensity to fouling of the novel membrane 
elaborated.

3.2.2. Adsorption of PSS in Membrane Surface transformation by Cl2

The end-of-life RO membrane was efficiently transformed into a polysulfone (PS) UF 
membrane by exposing it to Cl2solution for 15h. In general, the PS layer was not affected by 
the exposure to the Cl2. The degradation of the PA was confirmed by SEM micrographs of 
surface-membrane and completed by ATR-FTIR analysis in section 3.2.3. The degradation of 
this active layer leads to the appearance of the porous PS structure as shown in SEM 
micrographs. The roughness of the novel UF membrane was analyzed by AFM and the 
obtained values are comparable to the roughness of a commercialized UF membrane.

As the next step to improve the surface, a modification by PSS has been followed. An 
additional layer can be attached to a membrane surface by immersing the membrane into a 
solution containing a modifier. The modifier (PSS) will deposit on the membrane surface by 
adsorption thus a new layer will be formed. In this work, the membrane was simply dipped or 
immersed in a PSS solution for different times (1h, 2h, 3h, 8h, and 1 night). In Fig 6, the 
BW30-Cl215h+Filtration PSS (T=27°C) shows an Lp of 405L h-1 m-2 bar-1 in comparison to 
BW30 treated to Cl215h with an Lp of 436L h-1 m-2 bar-1. PSS adsorption by filtration shows a 
decrease in the hydraulic permeability of 7%. Considering Equation (8), we have estimated x 
the thickness of PSS deposited: 436/405 = (7/7-x)2and obtained x=0.25 nm. This thickness 
corresponds to a monolayer of PSS deposited. The thickness of adsorbed PSS on the 
membrane surface is an ultra-thin layer. Furthermore, Fig 8 shows the  versus LogC1/C2 
which varies as attempted linearly with LogC1/C2. The t(Na+) is calculated from the slope of 
the curves, according to Eq.1. The calculated transport numbers measured for the different 
studied membranes were reported in Table 3.
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Fig. 8 Evolution of difference of potential versus Log C1/C2 (UF 55 kDa modified by PSS 
sorption 1h, 2h, 3h, 8 h, and 15 h)

The variations of the conductivity of electrolyte solutions at a concentration of 0.1 mol/L as a 
function of time are measured for the membranes with different PSS exposure times, as 
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reported in Fig 9. The diffusion flow is calculated from the slopes of the curves according to 
Eq.2. the values of Js for the membranes are reported in Table 3.
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Fig. 9 Conductivity of NaCl 0.1 mol L-1 overtime for the membrane BW30 (BW30-Cl2 15h 
and BW30- Cl215h+Filtration PSS (T=27°C).

Table 3 shows an increase of transport numbers t(Na+) for membrane treated by Cl2 at a 
different time of PSS immersion from 0.44 to 0.56. Na+ transport number increase could be 
attributed to PSS adsorption during the exposure in PSS for the BW30 membrane. The RO 
membrane treated with Cl2 has a diffusion flux higher than that of the PSS-modified 
membrane. It could be a clogging effect associated with an electrostatic repulsion of the 
counter-ion of NaCl because of the presence of PSS.

Table 3. Transference number and diffusion flux number of PSS modifications vs time of 
adsorption of the attacked BW30 Cl215 h

t(Na+) and Js of initial BW30 membrane and after its immersion duration in PSS solution. 

ND: Not Determined 

SEM and 3D-AFM images of the old BW30 membrane after 15h exposure Cl2and PSS 8h are 
presented in Fig 10. According to the SEM measurement results Fig. 10a and Fig. 7b, it is 
observed that the morphologies are different, the deposition of the polyelectrolyte (PSS) can 
be observed in Fig 10.a.

Without 
PSS

PSS 
1h

PSS 
2h

PSS 
3h

PSS 
8h

PSS 
1night

t(Na+) (±0.02) 0.40 0.44 0.53 0.55 0.56 0.51

Js(mol m-2s-1)(±0.1) 2.29 10-5 ND ND ND                                   3.09 10-6 ND
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Ra = 123±10 
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(a)                                                                                     (b)

Fig. 10 SEM (a) and AFM(b) images of BW30 membrane treated by Cl215h+ PSS 8h

In the presence of PSS (see Fig 10b) we estimated Ra at 123 ± 10 nm in comparison to the 
membrane treated with Cl2 with a Ra of 144 ± 10 nm (see Fig. 7b’). The little decrease of Ra 
observed proves that the PSS has changed the surface of the membrane. So we can conclude 
the interest in coupling two modification methods; the filtration and the adsorption of the PSS 
to improve membrane modification with the polyelectrolyte [56, 57]. The PSS setting on the 
pore walls hardly changes the porosity of the membrane (7% loss) but proves its presence in 
the membrane. The decrease of the diffusion flux following the filtration and the adsorption of 
the PSS complete the results of the Na+ transport number obtained. In Table 4, CEC values 
have been reported for the old Nafion®117, the old RO membrane, RO + Cl2 (1 night) +PSS 
(8h) and RO + Cl2 (1 night) +PSS (filtration+ adsorption 1night).

Table 4. Cationic exchange capacity for the various studied membranes

Membranes CEC (meq g-1) (±0.1) Ref.
Nafion®117 0.9 [34, 58]
RO 0.003 Present study
ROCl2(1night) +PSS (8h) 0.009 Present study
ROCl2(1night) + PSS (filtration +adsorption 1night) 0.017 Present study

Based on data presented in Table 4 it is observed that the old Nafion membrane has a similar 
CEC value as reported in Pontié et al.[25]. The Nafion membrane has good proton 
conductivity due to the negatively charged hydrophilic sulfonate group attached to the 
hydrophobic fluorocarbon backbone that promotes proton transport through it [20]. After 
modification with PSS, the CEC has increased two folders, but remains insufficient compared 
with commercial Nafion® membrane and will be improved in future work.

3.2.3. ATR-FTIR results

The functional groups and chemical structure of old RO membranes, after exposed to Cl2 
solution and after PSS modification is investigated by FTIR spectroscopy as shown in Fig. 11. 
The FTIR spectrum of the PA layer exhibits characteristic functional groups at 1583cm-1 
corresponding to the amide II band associated with N-H plane bending. This result is 
consistent with this observed in other studies [54, 59].By comparing the spectrum of 
polyimide layer (a) and after 8h exposed into Cl2 solution, it can be seen that the intensity of 
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polyamide peaks is reduced with the Cl2 exposure intensity, and they become nearly the same 
as polysulfone peaks after 8h due to the near-complete removal of the polyamide layer. This 
result is in concordance with the results in scanning electron microscopy (see section 3.2.1).In 
spectra of PSS (d) and old membrane after 8h exposed into Cl2 solution and PSS adsorption 
(e), a peak located at 1634cm-1 is attributed to the C=C stretching mode sp2 hybridized 
carbon. This result confirms PSS adsorption into the membrane.

Fig. 11 FTIR spectra of (a) BW30 membrane with PA layer (b) BW30 membrane with PS (c) 
BW30 membrane after 8 h exposure to Cl2 solution (d) PSS and (e) BW30 membrane after 8h 

exposure to Cl2 solution and PSS adsorption.

3.3. FMFC experiments with Nafion®117 vs novel end-of-use RO modified.

To test the membrane potential as PEM in an FMFC, we have applied the modified RO 
membrane (ANIMAX) and Nafion in the reactor. Fig.12 showed the polarization curves of the 
ANIMAX membrane in the microbial fuel cell in comparison to Nafion®117. Fungi can 
utilize the paracetamol as the carbon source due to its enzymatic activity without production 
of harmful byproducts (fully presented in the previous work [60]). which results in the 
production of electrons, protons, and some basic compounds. The produced electrons transfer 
through an external circle passing a resistance and generating the current. The polarization 
curve displays the values of voltage, current, and power, which is essential for the evaluation 
of MFC performance. Here we can observe that regardless of the voltage amounts, the 
modified end-of-use RO membrane showed a similar power density of 0.28± 0.05 mW m-2 to 
the Nafion 117 of 0.29± 0.05 mW m-2. We suggest this might be due to the internal resistance 
of the membranes obtained from the slopes of the voltage vs current density, it was 
determined as 37000 and 8000 Ohm for Nafion®117 and modified end-of-use RO, 
respectively. It means that the novel membrane is more conductive in the FMFC than the 
Nafion® membrane. The lower resistance caused to minimize the loss of energy in the MFC 
which resulted in an acceptable power density. By considering the results of current density, 
we can observe that at their maximum power density, the RO membrane achieved a higher 
current density than Nafion (a value of 6 mA m-2). As the final step, in this work we have 
studied the propensity to be fouled of the studied membranes after 4 days (first step of a 
biofilm deposition) using AFM, see Fig 13.
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Fig. 12 Evolution of polarization curves observed for modified end-of-use RO membrane 
improved RO= ANIMMAX vs Nafion®117

Fig. 13 a and b show the topographies of the old Nafion®117 and modified RO, after 4 days of 
application in the FMFC. The presence and the formation of a fungal biofilm are observable 
on the Nafion® 117 with the apparition of a homogeneous film in the left corner of the image 
13a’. It means that the biofilm after 4 days is well installed. On the contrary, the end-of-life 
RO modified membrane shows a heterogeneous surface without the presence of a film only 
some debris that means its lower propensity to biofilm deposition vs Nafion 117. The 
topographical characterization of those membranes was drawn in 2D and 3D. 

Fig. 13(a’) (a’’) 2D and 3D topographical images of Nafion® 117, (b’) (b’’)end-of-life RO 
membrane 

It may be seen in Fig. 13 that the Ra is higher for the Cl2/PSS membrane (Ra=250±10nm) 
compared to Nafion®117 (Ra= 125±20 nm), illustrating well the homogeneous biofilm 
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observed as a heterogeneous surface, respectively. We hypothesize that the polysulfone UF 
membrane modified by the PSS layer presents a more hydrophilic surface as our fungus 
presents more hydrophobic properties then minimizing biofilm installation. On the contrary, 
Nafion®117 based on C-F hydrophobic groups as skeletal of the membrane facilitating the 
adhesion of the fungus.

4. Conclusion

This article describes for the first time the elaboration of a new PEM from end-of-life reverse 
osmosis (RO) membrane. The cationic exchange property has been introduced by the 
association of a hydrochloric acid attack to the polyimide layer and a filtration/adsorption 
operation of the polystyrene sulfonic acid (PSS). Physicochemical characterizations have been 
undertaken such as (Na+) transference number (t(Na+)), diffusion flux measurements (Js), 
cationic exchange capacity (CEC), and typical CEC properties observed. Furthermore, the 
end-of-use RO modified membrane presents a heterogeneous surface without the presence of 
a biofilm well established showing its lower propensity to fungus biofilm. Future work will 
improve the density of charge of –SO3

- groups i.e., by grafting procedure. Therefore, this 
study tends to be an innovative approach that could provide an alternative within the indirect 
recycling of discarded RO membranes, avoiding their disposal in landfills followed by 
moving the membrane technology into a circular economy.
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Rebuttal/list of changes in manuscript ID: IONICS-2020-1161, IONICS 

Dear Editor-In-Chief; I would like to bring your attention to the answers based on itemized 
questions, comments and corrections required by the reviewers.

Reviewer # 1

Reviewer’s comment N°1:

The authors did not develop a new membrane, but rather chemically modified an end-of-life 
reverse osmosis (RO) membrane for application in MFC. So it is better to replace the expression 
“developing a new membrane” by “transforming an old membrane”.

Author’s Answer: 

Thank you, We have replaced the title “Development of a novel proton exchange membrane 
from an end-of-life reverse osmosis membrane and its application in a fungal microbial fuel 
cell”

 by 

“Transforming an end-of-life brackish water reverse osmosis membrane in a cationic-exchange 
membrane and its application in a fungal microbial fuel cell”.

Reviewer’s comment N°2:

In the experimental part, the authors worked with a used membrane, in this case it is very 
important to specify the state of this membrane before transformation: How long the membrane 
was used? In which conditions (Temperature, type of water used, etc.) the old membrane was 
used?

Author’s reply: 

Thank you. We have added this description in section 2.2

In the present study, the commercial membrane of Nafion®117 and an old RO sample of 
BW30 (purchased by Filmtec, France)were studied (Fig1b and c). The Nafion®117 was a 
previously used membrane stocked in the lab for 7 years; it has been investigated in an earlier 
study of for anti-microbial approach (see [24]) and in the development of a novel hybrid 
biofuel cell [25] by authors. The BW30 was also a membrane previously studied for brackish 
water solutions treatment used for brackish water desalination [see 26]. The old BW25-40 
industrial spiral wound membrane was stocked in bisulfite 1% aqueous solution when not 
used. Before modifications, the old BW30 membrane was carefully cut into a suitable size to 
be used in the membrane cell (a circle of 3 cm in diameter).
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Reviewer’s comment N°3:

Please correct the legend of figure 2.

Author’s reply: 

We appreciate your comment. It has been corrected accordingly in figure 2. 

Reviewer’s comment N°4:

To better understand, the authors should also add a scheme to clarify the experimental 
protocol for membrane transformation.

Author’s reply: 

Thank you for highlighting the point. It has been added accordingly on Fig 2.

Reviewer’s comment N°5:

The authors should remove this unnecessary paragraph “The anode …… which leads to low 
power production [41] ” from section 2.10.2.

Author’s reply: 

Thank you. We have eliminated the mentioned paragraph accordingly in section 2.10.2.

Page 27 of 38

Ionics

Ionics



For Peer Review

Reviewer’s comment N°6:

In section 2.10.3, could the authors provide the detailed mechanism of the deposition of nickel 
on the carbonaceous support?

Author’s reply: 

Thank you, it has been added accordingly in section 2.10.3:

The oxidation of H2O during the first oxidative potential scan at E =0.8 V creates OH° and 
then a variety of functional groups on the electrode surface leading to the coupling of the 
NiTSPc complexes to the electrode surface via an –O–Ni (II) bond (denoted oxo-bridge). 
During the further scans i.e., the further oxidation at E=0.8V, the attached Ni (II) complexes 
oxidize to Ni (III) and bind to a new Ni-complex, supplied to the electrode surface by 
diffusion, via oxo-bridges. Thus, the film structure is imposed by the stacking of the  complex  
layers  via  the  interconnecting  oxo-bridges.

Reviewer’s comment N°7:

 In the results and discussion part (section 3.1.), what is the point of showing the characteristics 
of the Nafion® membrane on its own? It is better to compare it directly with RO membrane in 
the same section.

Author’s reply: 

Thank you.

 In the present study we aimed at investigating the potential of using a second life RO 
membrane as a CEM to study its feature being used as a CEM in an MFC. Various types of 
membranes have been used in MFC, but the Nafion® membrane remains the most common 
membrane used, and it is a reference membrane to compare the newly synthesized one. 
However, the challenges of high cost and the biofouling of the Nafion® has led to the 
development of other cost-effective membranes. 

Reviewer’s comment N°8:

Authors did not provide the mechanism of oxidation of paracetamol with the fungus. Please 
provide it if possible.

Author’s reply: 
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It has been provided accordingly on page 18, section 3.3 “Fungi can utilize the paracetamol as 
the carbon source due to its enzymatic activity without production of harmful by-products. 
which results in the production of electrons, protons, and some basic compounds. The 
produced electrons transfer through an external circle passing a resistance and generating the 
current.”

Reviewer’s comment N°9:

Could the by-products, generated by the oxidation of paracetamol, affect the new 
membrane?

Author’s reply: 

The membrane in the MFC plays the role of separator and transports the protons through its 
channel. The used novel membrane here, has been studied fully and undergone the 
characterization in terms of its stability (see the refs). So, to our knowledge this is not going to 
happen as the membrane is selective through the cations.
1- Shabani, M., Pontié, M., Younesi, H. et al. Biodegradation of acetaminophen and its main 
by-product 4-aminophenol by Trichoderma harzianum versus mixed biofilm of Trichoderma 
harzianum/Pseudomonas fluorescens in a fungal microbial fuel cell. J Appl 
Electrochem 51, 581–596 (2021). https://doi.org/10.1007/s10800-020-01518-w  

2- Mehri Shabani, Habibollah Younesi, Ahmad Rahimpour, Mostafa Rahimnejad,

Upgrading the electrochemical performance of graphene oxide-blended sulfonated 
polyetheretherketone composite polymer electrolyte membrane for microbial fuel cell 
application, Biocatalysis and Agricultural Biotechnology,Volume 22,2019,101369,ISSN 
1878-8181,  https://doi.org/10.1016/j.bcab.2019.101369    
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Reviewer # 2

The manuscript is very interesting in terms of 'RECYCLING" of the R.O membranes.
The characterization of the modified membranes, especially with SEM and AFM, is very 
useful to follow the "status" of the membranes.
A remarkable efforts noticed in this direction.
Overall, the materials characterization is well performed and described.

However, the discussion of the work and the way of presenting your findings in many places 
of the manuscript is "very descriptive" and may "lengthy".
In many occasions, I feel "Lost" and unable to follow the authors idea.
Different way of manuscript arrangement is highly recommended.

The authors appreciate the reviewer comments. The comments have been done and corrected 
throughout the text displaying with the red color. 

Less theoretical discussion also is recommended.

Thank you. Authors tried to remove some parts which considered to be the theoretical 
discussion.

The last point here is the impact of using "old" and "used" RO membranes treated with "HCl" 
on their mechanical properties and the proposed "reuse". 

The authors appreciate all your comments. Here, the authors have utilized the Cl2 to treat the 
membrane surface in order to improve and modify its performance as a CEC and as well 
avoid the discharge of used RO membranes. 

In general, my recommendation is performing a "Major revision" of the manuscript
before reconsidering for publication.

Summing up, again, it is a great pleasure to send my warmest regards to the reviewers for their 
invaluable comments and also thanks for the improvement made before possible publication. My 
final appreciation goes to Prof. Eric Wachsman Editor-in-Chief as well as the editorial committee 
for gathering evaluations to enhance the quality of this paper. 

With kind regards,

Mehri SHABANI

Dept. of Chemistry 
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Fig. 1  a) Polystyrene sulfonic acid (PSS), b) Schematic representation of the thin-film composite 
membrane BW30, and c) Molecular structure of Nafion® polyelectrolyte membrane 

Fig. 2 Schematic description of the end-of-life BW RO membrane in 3 steps
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Fig 3 (a) and (b) 2D and 3D topographies of the old Nafion®117 membranes, (c) and (d) SEM 
(magnification×1000) morphological images of old Nafion117 membrane, without and with 
fungal 
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Fig 4 Membrane potential difference, , versus Log C1/C2 (pristine BW30 and after 4h, 6h, 8h, 
and 15h of Cl2 attack)
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Fig. 5.  Evolution of the conductivity of NaCl 0.1 mol L-1 overtime for the membrane BW30 
(pristine BW30 and after 4h, 6h, 8h, and 15h of Cl2 attack)
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Fig. 6 Effect of operating pressure on the pure water permeates flux Jvfor the studied membranes 
BW30, BW30-Cl2 15 h, and BW30- Cl2 15h+Filtration PSS (T=27°C).
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Fig. 7 (a, a’) SEM/AFM images of old pristine BW30 membrane and (b, b’) after Cl2 treatment 
15h  
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Fig. 9  Conductivity of NaCl 0.1 mol L-1 overtime for the membrane BW30 (BW30-Cl2 15 h and 
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Fig. 10 SEM (a) and AFM (b) images of BW30 membrane treated by Cl2 15h+ PSS 8h
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Fig 11  FTIR spectra of (a) BW30 membrane with PA layer (b) BW30 membrane with PS (c) 
BW30 membrane after 8 h exposure to Cl2 solution (d) PSS and (e) BW30 membrane after 8h 

exposure to Cl2 solution and PSS adsorption.

Fig. 12 Evolution of polarization curves observed for modified end-of-use RO membrane  
improved RO= ANIMMAX vs Nafion®117 
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Fig. 13 (a’) (a’’) 2D and 3D topographical images of Nafion® 117, (b’) (b’’) end-of-life RO 
membrane 
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