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ARTICLE INFO ABSTRACT
Keywords: In this study, an innovative electro-oxidative technique was employed to create graphene-based forward osmosis
Forward osmosis desalination (FO) membranes. This involved constructing Polyethyleneimine crosslinked reduced graphene oxide (PEL:rGO)

Reduced graphene oxide
Electrochemistry
Membrane fouling
Structural integrity

layers on scalable flat-sheet substrates functionalized with polyethylene glycol-Poly(3,4-ethylene-
dioxythiophene)-poly (styrenesulfonate) (P:P:P) via electrophoretic deposition. Under the optimized electric
potential of 10 V, we successfully combined PEL:rGO laminates with P:P:P support layers, resulting in a highly
porous structure. The double-sided coated PEL:rGO membrane (DS-PEL:rGO) exhibited superior performance
compared to the single-sided PEL:rGO membrane (SS-PELrGO). DS-PEL:rGO showed higher ion salt rejection (95
%) than that of SS-PEL:rGO (90.1 %) but slightly lower than the commercially-available Cellulose Triacetate
(CTA-FO) membrane (99.3 %) in lab-scale FO desalination process. Interestingly, the resultant DS-PEL:rGO
membrane exhibited reduced specific salt flux (0.014 g/L) compared to SS-PEL:rGO and CTA-FO membrane
(0.017 g/L and 2.549 g/L, respectively). The antifouling properties of PEL:rGO membranes were assessed using
synthetic seawater with sodium alginate. Under a 3.0 V DC potential, both PEl:rGO membranes experienced a 30
% increase in recovered flux compared to membranes without an electric field. This improvement was attributed
to electro-oxidation mechanisms between PEL:rGO and oppositely charged ions, along with the unique nano-
composite structure formed by PEL:rGO and P:P:P chains, contributing to enhanced membrane integrity.

1. Introduction treatment [1,2]. Compared to pressure- and thermally-driven membrane
systems, FO is osmotically driven process by the chemical potential of

With increasing demand for low-energy consumption technologies draw solutes under no pressure requirement [3,4]. However, develop-
for water treatment, forward osmosis (FO) has recently stood out as a ment of high-performance FO membranes is still the bottleneck for
breakthrough method for seawater desalination and wastewater practical applications, and research efforts continue with the aim of
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graphene oxide; PEG, poly-ethylene glycol; EIS, electrochemical impedance spectroscopy; AC, alternating-current; NMP, N-methyl-2-pyrrolidone; SA, sodium algi-
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developing a new generation of FO membranes [5]. Commercial FO
membranes still suffer from low antifouling properties and Internal
concentration polarisation (ICP) issues, and their long-term perfor-
mance can be also reduced by cleaning procedures during practical
operations [6,7]. These identified challenges predominantly stem from
the utilisation of a limited range of commercially-available polymeric
membranes in the FO process, resulting in lowered water permeability
and desalination efficiency [8,9]. Most recently, a few membrane sup-
pliers have attempted to develop commercial polymeric FO membranes
(e.g., CTA) by altering their morphology which can improve water flux
and minimise ICP effects. These improvements are found to be more
suitable for wastewater treatment and impaired-aqueous feed solutions,
however, such membranes still suffer from fouling and low water
permeation for FO water desalination applications due to the low
porosity and dense morphology [10-12]. Consequently, there exists a
pressing requirement for the innovation and advancement of novel
membrane materials to enhance the performance of FO, specifically
tailored for water desalination purposes.

In recent years, the use of different nanotechnologies and nano-
materials has enabled the fabrication of novel and conductive FO
membranes with high water permeability, salt rejection and anti-fouling
performances [13-15]. As compared to commercially-accessible mem-
branes, 2D graphene-based laminar membranes, including graphene
oxide (GO) and reduced graphene oxide r(GO), have been receiving
significant attention as promising candidates in water desalination and
removal of organic molecules from water. Such laminar membranes can
offer excellent ion selectivity by simply tuning interlaminar spacing
between two adjacent GO sheets through reduction of GO or interaction
with other cross-linkers and nanomaterials [6,16]. Different fabrication
methods, including vacuum-assisted filtration, spin-coating, drop-cast-
ing, layer-by-layer (LBL), and electro-phoretic deposition (EPD), were
employed to prepare layered GO-based FO membranes [17-20].
Nevertheless, construction of GO-based FO membranes under applied
electrical potentials has been reported rarely [21]. This approach may
open a new avenue for developing scalable membranes, particularly the
fabrication of conductive GO-based FO membranes which can offer
long-term desalination and stability performance, and better antifouling
properties, outperforming the commercially-available FO polymeric
membranes.

The reduction efficiency of graphene oxide (GO) using hydrophilic
acids such as hydrobromic acid (HBr), hydroiodic acid (HI), sodium
borohydride (NaBH,4) and hydrazine hydrate (HH) plays a crucial role in
determining the properties of interest, particularly the electrical con-
ductivity of the resulting reduced graphene oxide (rGO) films [21-24].
High electro-conductivity is of supreme importance in various applica-
tions, including reducing fouling through electro-oxidation processes in
water-based treatment membranes [21,25]. Moreover, chemically
modified graphene and its derivatives have shown promise in enhancing
the dispersion of electrically conducting composites within polymeric or
inorganic matrices, leading to numerous potential practical applications
[21]. The synthetic methods of chemically modified GO significantly
impact the performance and characteristics of rGO films, opening new
possibilities for advanced materials for fabrication of newly developed
water purification membranes using the FO process.

Lee et al., [26] successfully prepared polyethylenimine reduced
graphene oxide (PEL:rGO) with an electrical conductivity of 492 S/m,
significantly outperforming acid reduced graphene oxides. However, the
electro-conductivity of polymeric-based reduced graphene oxides for
preparation of conductive membranes still requires further
investigation.

Over the last few years, there have been several research efforts to
use conductive polymers for the preparation of water-based treatment
membranes, especially for the prevention of fouling [27,28]. As such,
poly (3, 4-ethylenedioxythiophene):poly(styrene sulfonate), with the
chemical formula (PEDOT-PSS), is a type of conductive polymers which
has controllable electrical conductivity, outstanding environmental
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stability, and easy processability. PEDOT:PSS consists of two molecules
of negatively charged PSS coating a conjugated and positively charged
PEDOT polymer [29,30]. However, the electrical conductivity of pris-
tine PEDOT:PSS is low as a result of PSS moieties, hence the practical
demand for the production of highly conductive PEDOT:PSS thin films is
still on-going for many industrial applications. Accordingly, many ef-
forts have sought to increase electrical conductivity of such polymers by
weakening the electrostatic interaction between anionic PSS and
cationic PEDOT chains [31,32]. In this regard, various additives have
been developed for doping with the PEDOT:PSS polymer to enhance its
electrical conductivity, such as polar solvents and compounds, surfac-
tants, acids, and poly-ethylene glycol (PEG) [33-35]. In addition,
several researchers have reported improvements in the electrical con-
ductivity of PEDOT:PSS through the incorporation of carbon-based
nanomaterials as composites. These carbon nanomaterials have
included carbon nanotubes (CNT) and graphene for electro-based
practical applications, such as thermo-electric devices [36-38]. How-
ever, fabrication of rGO supported PEDOT:PSS films for water-based
treatment by the concept of electrochemistry of conductive materials
has not been reported yet. Such rGO composites present a further key
route to develop a new generation of high-performance of laminar GO-
based FO membranes for water desalination.

Advancements with the electrochemical oxidation processes for the
prevention of organic foulants have been implemented with high effi-
ciency in several water industrial applications [21,39-41]. Direct and
indirect oxidation processes are responsible for hindering the accumu-
lation of organic foulants through hydroxyl radicals and electron
transfer between contaminants in water and the surface of anode under
applied potentials [28]. In this regard, Rastgar et al., [40] have recently
developed a novel electro-oxidative protocol to overcome the organic
fouling in layered rGO-FO membranes. By imposing 2.0 V DC electrical
potential on the surface of the prepared rGO membranes, the fouling
behavior was significantly improved, resulting in 98.7 % of membrane
flux recovery ratio. In addition, Liu et al., [42] have experimentally
demonstrated an outstanding use of electro-chemical approaches to
enhance the resistance to organic and microbial fouling of conducting
carbon supported FO membranes under 2.0 V DC electrical potential
applied in an electro-chemical cell. Despite the advances in the newly
developed conductive membranes for anti-fouling behavior, the devel-
opment of ideas and protocols for preparation of conductive FO mem-
branes with highly balanced performance between anti-fouling ability
and dimensional stability remains highly desirable and of substantial
practical interest.

In this study, novel strategies are developed to fabricate conductive
GO-based FO membranes by combing of as-synthesised PEL:rGO lami-
nates onto the surface of conductively modified PEDOT:PSS support
membranes using an EPD method under an optimized DC electrical
potential. Herein, the synergistic utilisation of a conductive substrate
composed of PEDOT:PSS/PEG with a conductive active layer, specif-
ically tailored through chemical modification for the PEL.rGO mem-
branes, illustrates an innovative approach, which to the best of our
knowledge, has not been reported in the literature. This approach aims
to resolve challenges associated with water permeation, anti-fouling
properties, and stability concerns in FO-based desalination mem-
branes. Furthermore, the fundamental principles of chemical modifica-
tion applied to address these issues in FO-based membranes can also be
extended and implemented within conducting membrane systems.
Taking advantage of electro-conductivity of PEL:rGO nanostructures, the
conductive membrane is synchronously prepared. Here, PEl:rGO lami-
nates were stripped through an electrochemical exfoliation process, and
that anodic-PEL:rGO was assembled onto the surface of cathode-PEDOT:
PSS/PEG conductive substrate. The effect of the electrochemical process
on the morphological and microstructural properties is further studied
using different analytical techniques. Electrochemical properties of
conductive membranes are also studied before and after fouling tests
with the aid of surface electrochemical analyser. The performance and
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stability of conductive PEL:rGO/ PEDOT:PSS/PEG - FO membranes are
experimentally evaluated through comparison with the commercially
available CTA-FO membrane and other GO conductive membranes re-
ported in the literature. Moreover, the anti-fouling behavior of the
resultant membranes is studied under and without DC electrical field in
an FO desalination lab-scale system.

2. Experimental
2.1. Materials

As-synthesised branched polyethylenimine doped reduced Graphene
Oxide (PEI: rGO-0.01) dispersion was prepared according to the pro-
cedure reported in section (SI-1, ESI 1) (with 0.5 mg/mL GO concentra-
tion, stock GO dispersion from William Blythe Ltd, UK). Commercial poly
(3, 4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT: PSS,
3.0-4.0 % in H50, high-conductivity grade, > 200 S/cm, pH 1.5-2.5), N-
methyl-2-pyrrolidone (NMP, 99 % pure), N, N-Dimethylformamide
(DMF, 99.9 %, anhydrous), sodium Alginate (SA), and polyethylene
glycol (PEG 400, Mw = 400 g.mol~!) were purchased from sigma-aldrich
(UK). 4-methyl piperidine (4-MP) was provided by Fluorochem Limited.
Non-Woven Fabric (NWF, soft and pure Polypropylene Material, 375 pm
Thick) was obtained from EasyMerchant Limited (UK). Sodium chloride
(NaCl, M.W: 58.44 g/mol) was provided by VWR International Ltd.
Dextrose (CsH1206, M.W: 180.16 g/mol), calcium chloride (CaCly, M.W:
110.98 g/mol), and sodium sulfate (NazSO4, M.W: 142.04 g/mol) were
purchased from Alfa Aesar. Commercial FTSH20 Cellulose Triacetate
flat-sheet (porosity:~ 70 %, thickness:~ 50 pm) membranes were pur-
chased from STERLITECH corporation. Ethanol (CH3CH,0H, > 70 % v/
v) and sodium hypochlorite (NaOCI, > 10 % chlorine, M.W: 74.44 g/
mol) were provided by Scientific Laboratory Supplies (SLS). Deionised
(DI) water (18.2 MQ-cm) from an ultrapure water purification system

2)

4-MP
(12 wt.%) a PEDOT:PSS
® & NmPoMF (60 Wt.%)
PEG-400 (25 wt.%)
(3 Wt.%)
| —

Stirring at 350 rpm for Addition of conducting
5 min polymer and
continous stirring for
48 h

Washing and storing
P:P:P support
membrane in DI water

Evaporation and
drying in air for 24 h
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was used throughout this work.

2.2. Methods
2.2.1. Membrane fabrication

2.2.1.1. Fabrication of P:P:P scalable support layers. The as-prepared
support membrane (denoted as P:P:P) was prepared by casting through
non-solvent induced phase separation (NIPS) at ambient temperature
[43]. Here, the fabrication process of the conductive substrates was
explained based on the controlled amounts of additive materials, as
shown in Fig. 1 and Fig. SI-2. It is worth mentioning that our initial
membrane preparation efforts to prepare homogenous and stable mix-
tures of doped conducting polymer with no PEG-400 were unsuccessful,
showing fracture on the surface of the cast PEDOT:PSS layer after drying
the support membranes. Hence, DMF/NMP (25 wt%) was simulta-
neously mixed with 4-MP (12 wt%, as a gelation inhibitor to the
mixture) and PEG-400 (3 wt%, as stability and conductivity enhance-
ment agent to the additive polymer) for 5 min. PEDOT: PSS conducting
polymer (60 wt%) was then added dropwise to the mixture over 10 min.
The whole mixture was kept stirring at 350 rpm at room temperature for
48 h to prepare a homogenous solution. Then, the solution was heated in
a water bath at 45 °C for 8 h under continuous and constant stirring in a
sealed beaker to swell the polymer mixture and ensure the polymer was
completely dissolved. Subsequently, the obtained polymer solution was
kept in a vacuum oven at 40 C for 4 h to completely remove any air
bubbles.

The synthesised PEDOT:PSS/PEG solution was cast on a non-woven
fabric fitted onto the top of a hydrophobic surface that was held by
scotch tape on flat glass sheet, using a micrometer adjustable applicator
(BGD 209/2S, Biuged). The resultant membrane (denoted SS-P:P:P) was
then dried for 4 h at room temperature, and then another layer of doped

5

Kept in vacuum oven at 40 °C for 4
h to remove bubbles

Transfer the mixture
into water bath at 45°C
and kept stirring for 8 h

<

Casting solution (Twice) on
NWF membrane

Fig. 1. Schematic illustration of the preparation protocol for the conductive P:P:P support membrane.
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polymer was cast again and dried for 24 h. After drying, the membranes
were immersed and rinsed several times with a fresh DI water over 12 h
to remove any excess of contaminates. The obtained membrane was kept
in a DI water and stored inside a sealed chamber at 25 °C for further use.
For performance comparison, another conducting substrate was pre-
pared by coating the doped polymer mixture similarly on both sides of
the non-woven. This resultant support layer was denoted as (DS-P:P:P)
membrane.

2.2.1.2. Electrochemical preparation of conductive (P:P:P/PELrGO)
membranes. Electrochemically conductive membranes were fabricated
by electrophoretic deposition in a crystallising dish (9.5 cm diameter,
5.5 cm height). A titanium (Ti) plate (with maximum DC potential of 25
V; size of 7.0 x 3.0 cmz) was horizontally fitted at the base of the dish
and used as an anode. The as-prepared P:P:P support membranes (size of
5.5 x 5.1 cm?) was used as a cathode and placed perpendicular to the Ti
plate using membrane holder in-house built (prepared using highly
conductive copper wires, as shown in Fig. SI-3), with an adjusted dis-
tance of approximately 1.0 cm between the cathode and anode. The
crystallising dish was filled with the as-synthesised PEL:rGO dispersion
to a height approaching 1.0 cm from the base. Using an electrical power
supply, an optimized DC voltage of 10 V was applied between the Ti
cathode and the P:P:P flat-sheet anode as shown in Fig. 2 and Fig. SI-4
[see supplementary video for electrochemical reaction and assembly —
ESI 2]. After an optimum coating time of 7 h, the PEL.rGO dispersion
started to bubble and expand, and simultaneously PEL:rGO sheets began
to strip-off from the water dispersible mixture and assemble on the

Journal of Water Process Engineering 59 (2024) 104809

surface of P:P:P support membranes by electrophoresis process. The
obtained conductive membrane (denoted as SS-PEL:rGO) was dried and
stored in a desiccator for later use. For comparison, a double-sided
conductive membrane (denoted as DS-PELI.:rGO) was also prepared by
assembling PEL:rGO laminates through applying the same EPD voltage
on both sides of the P:P:P support membrane. Modelled structures of the
commercial NWF and prepared P:P:P substrates and PEL.rGO mem-
branes are shown in Table 1. The resultant membranes which were
fabricated by both casting and EPD methods, are presented in Fig. SI-5,
ESI 1.

2.3. Characterisations

2.3.1. Zeta potential (ZP)

The zeta potential of PEI-doped rGO dispersions was measured at
various time intervals using a Zetasizer Nano ZSP ZEN5600 (Malvern
Panalytical, UK). The equilibration time was set to 120 s, and the
measurements were conducted at ambient temperature using the auto
processing mode. Prior to the ZP measurements, dispersion samples
were prepared by optimizing their dilution factor by 5x. Measurements
were repeatedly taken to ensure the stability of ZP surface charges.

2.3.2. Fourier transform infrared (FTIR) spectroscopy

Membrane samples were subjected to Fourier Transform Infrared
(FT-IR) spectroscopy using a NICOLET iS10 equipped with a diamond
Attenuated Total Reflectance (ATR) accessory from Thermo Fisher. The
measurements were performed in transmission mode, covering a

P:P:P support
membrane
DC power
supply
Conducting
membrane holder (+)
Anode

.- ) .

’,"_u 4 \ Cathode 5
/ E% —~——=— 0 \ “ " "/ F1cm
i 25 QI © '. > Z 3
L tf |IEQ3ZTE|
1 e C e —_ ]
V8.8 Y o i . PEL:rGO dispersion

B ! Ti plate

L 3

-

SS-PELrGO

PEL:rGO coating layer

DS-PEI:rGO

PEL.rGO/P:P:P
membranes

Fig. 2. Schematic presentation of the fabrication scheme of SS- and DS-PEL:'rGO conductive membranes using the in-house built electrochemical EPD setup, including
illustration of intercalation and assembly of PEl:rGO laminates by electro-conductivity interactions on surface of P:P:P conductive substrates.
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Table 1
Configurational structures of commercial NWF, P:P:P substrates, and PEL.rGO
(EPD) membranes.

Sample Modelled structure

NWF

- Pristine NWF Film

SS-P:P:P

| single P:p:P layer

- PP:P-coated NWF

DS-P:P:P

| 14P:p:P layer

P:P:P-coated NWF

- 20 p:pp layer

SS-PELrGO

Single PELrGO laminates
Single P:P:P layer

PiP:P-coated NWF

DS-PEL.rGO

ated NWE

| 29 pipip layer

| 2 PELrGO laminates

wavelength range of 525 to 4000 cm™!. Each sample underwent 64

scans, and the spectral resolution was set at 4 cm ™.

2.3.3. Raman spectroscopy

The Raman spectra of the membranes were acquired using a HORIBA
JOBIN YVON LabRAM HR 800 Raman Microscope with a 600 In/mm
grating. The measurements were carried out with a 50 times magnifi-
cation, employing a 532 nm laser. The Raman shift range explored
ranged from 500 to 2500 cm . To ensure the quality of the data, several
steps were taken. First, a baseline subtraction was performed to enhance
the signal-to-noise ratio. The data acquisition parameters were opti-
mized for accurate and reliable results. Each sample was exposed for
600 s, with a laser power of approximately 10 mW. To improve the
signal robustness, three accumulations were performed for each sample,
enhancing the statistical significance of the measurements.

2.3.4. X-ray diffractometer (XRD)

X-ray Diffraction (XRD) analysis was conducted using a Bruker D2 X-
ray diffractometer equipped with a Cu-K (o) radiation source (wave-
length, A = 1.5418 A). The X-ray diffractometer was operated at a
constant voltage of 30 kV and current of 10 mA. Each XRD scan lasted
for 20 min, during which the sample was rotated at a speed of 30° per
minute. The XRD measurements covered a 20 angle range from 5° to 80°,
with a step size resolution of 0.02°, and each step took approximately
41.3s.

2.3.5. Surface morphology

Field emission scanning electron microscopy (FE-SEM) using an
SU8230 Hitachi instrument, in conjunction with energy dispersive X-ray
spectroscopy (EDX) from OXFORD instruments, was employed to
comprehensively analyse the surface characteristics, cross-sectional
profiles, and surface chemical compositions of the membrane speci-
mens. In advance of SEM imaging, all samples were meticulously
mounted onto specialized aluminum SEM stubs, followed by a carbon
coating process utilizing an ion sputtering device for a duration of 3 min.
FE-SEM images were acquired utilizing the normal lens mode, with
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operational parameters set at an accelerating voltage of 2.0 kV and an
optimal working distance of 8.0 mm. For EDX investigations, a high lens
mode was utilized, and data were collected at an accelerating voltage
and working distance of 15.0 kV and 15.0 mm, respectively.

The surface topography of the membranes was analyzed using a
Bruker - NPFlex Surface 3D Optical Profilometer. This technique quan-
tified the surface roughness in terms of the average roughness (R,). The
measurements were carried out in a non-contact mode with a scanning
rate of 25 min per scan. The instrument used a 10x objective and
scanned an area of 5.0 mm x 5.0 mm.

2.3.6. Water contact angle (WCA)

The wettability of the surface membrane was evaluated using the
sessile droplet method using a KVS optical tensiometer (KSV CAM 200).
To assess wettability, a 1.58 pL droplet of deionised (DI) water was
carefully positioned on the membrane surface. The contact angles were
measured and averaged using the ‘Attension Theta’ software. To ensure
reliability, each measurement was performed three times at different
positions on the membrane, allowing good assessment for the stability of
droplets and the consistency of the results.

2.3.7. Electrochemical properties of membranes

The electrochemical impedance spectroscopy (EIS) of the mem-
branes was conducted using a four-point probe method on an interface
1010ETM Potentiostat workstation (Gamry instruments Inc.) within a
Memmert HCP150 humidity chamber at a temperature of 25 °C. Prior to
measurement, the membrane samples were cut into dimensions of 3.0
cm x 1.0 cm. The samples were then placed in a BekkTech BT-110
conductivity clamp, consisting of a Teflon case with two current elec-
trodes and two potential-sensing electrodes, spaced apart from each
other (refer to Fig. SI-6, ESI 1). To enhance conductivity, the membrane
samples were fully immersed in DI water. The potentiostatic EIS mea-
surement parameters were configured as follows: initial frequency
(10,000 Hz), final frequency (0.1 Hz), AC voltage (10 mV rms), and
estimated resistance (Z) of 10 Q. To ensure accuracy and reliability, the
EIS measurements were repeated five times for each sample, both before
and after anti-fouling tests. From the EIS measurements, the conduc-
tivity (k, S/m) of membranes was theoretically determined as follows
[27]:

L
k= rwa W
where (R) is resistivity of membranes (in Ohms). (L) is the distance
between two coupling electrodes (in m), (W) and (d) are measured
width and thickness of the membrane (in m), respectively.

2.4. Evaluation of membrane performance in an FO system

Forward osmosis experiments were conducted using lab-scale sys-
tems shown in Scheme (SI-2, ESI 1). The FO membrane cell which holds
the membrane with an effective area of 6.16 cm?, separates feed and
draw solutions tanks. For FO desalination test, 0.1 M NaCl (aqueous) and
0.5 M dextrose (aqueous) were used as feed and draw solutions,
respectively. The solutions were hydraulically circulated using a gear
pump at room temperature with an optimum flow rate of 200 mL/min
for 6 h. Water flux (Jw, L~m*2-h*1, LMH) and salt rejection (R, %)
across the membranes was determined using the following Eq. [44]:

AV
Jy=——
A.At

—(1-%
R= (1 c,-) x 100 ®3)

(2)

where (4V) is the measure of volume changes of the feed solution (in L)
across the membrane active area (A in m?) at the interval time (At in h).
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(Gp) and (Cy) represent permeate salt and initial feed salt concentrations,
determined by the change in the total dissolved solid (TDS),
respectively.

For determination of ICP effects, the reverse salt ions were deter-
mined using the same FO system, with DI water and 0.6 M NaCl aqueous
solution used as feed and draw solutions, respectively. The revere solute
flux (RSF, Js, g-m_z-h_l, gMH) was calculated as follows [13]:

A(C V)

WY, @

where (C; in g/L) and (V in L) denote the change in salt concentration

and volume of the feed solution across the effective area of membrane

(A) at an interval time (At). Moreover, the specific salt flux (Jsp, g/L) of

membranes was determined as the ratio of the RSF to the water flux

using [45-471:
‘]S

J.xp =7

7. )

Intrinsic separation properties of membranes, including the pure
water permeability coefficient (A), the salt permeability coefficient (B),
the porosity (¢), the structural parameter (S) and tortuosity (z), were
assessed according to the data obtained from the four-stage theory as
illustrated in Section (S2, SI).

2.5. Membrane fouling test procedure

Anti-fouling properties of the resultant membranes were determined
by conducting fouling experiments in the same FO process, under both
zero voltage and applied electrical field, as shown in Fig. SI-7, ESI 1. The
procedure is adopted from literature [40,48] and slightly modified to fit
the capability of our FO lab-scale rig. Initially, a feed solution, con-
taining 1 mM of CaCl; and 10 mM of Na;SO4, and 1 M of NaCl as a draw
solution were counter-currently circulated in the FO lab-scale process.
After flow stabilisation for 80 min, SA (1000 ppm) as an organic foulant
was added dropwise into the above feed solution to start the fouling
tests. Each fouling experiment was performed in two cycles of 8 h, (16 h
in total), with a crossflow rate of 8.5 cm/s at room temperature. To
assess the fouling reversibility after each cycle, the membrane was then
exposed to hydraulic backwashing at high crossflow (1236 mL/min) for
30 min using a DI water on both sides of membrane surface. The flux
recovery ratio (FRR, %) and total flux decline ratio (R;, %) were
calculated using [40,48]:

FRR = Ir x 100 (6)
Jo

JO - Jsteady

R, =
! Jo

x 100 ()

where Jg (LMH) denotes the recovery flux after backwashing of mem-
brane, Jo (LMH) represents the initial water flux, and Jsteqqy (LMH)
indicates the steady water flux obtained during fouling tests.

The anti-fouling behavior of the membranes were assessed under an
optimized electrical potential of 3.0 V applied on the surface of the
membrane using a direct current (DC) power supply (LOGNWEI® 30 V,
10 A). Using two pieces of copper tape, one point on the membrane
surface was connected to a cathode and another point was connected to
a stainless-steel sheet as an anode with a fixed distance of approximately
0.3 cm, as shown in Fig. SI-8, ESI 1.

2.6. Structural stability tests

The chemical stability and durability of membranes were qualita-
tively evaluated by soaking in aqueous solutions of NaCl (with a con-
centration 0.6 M) and NaClO (with different concentrations of 1000,
10,000, and 30,000 ppm). Prior to the experiments, the samples were cut
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into small strips and structural durability of each membrane was peri-
odically monitored.

The mechanical strength of membranes was determined by con-
ducting tensile testing and structural integrity testing on harsh envi-
ronmental conditions. The tensile test on membranes was performed
using a universal testing machine (Instron Model 5566) with a tension
speed rate of (2.0 mm/min) and maximum load of 2.5 N. Prior to the
measurements, the samples were prepared by cutting into strips of 0.5
cm x 5.0 cm. On the other hand, the structural integrity test was also
conducted by simply ultra-sonicating the membrane samples (size cut of
2.0 cm x 2.5 cm) in a water bath and qualitatively monitoring their
stability as a function of time.

3. Results and discussion
3.1. Deposition mechanism of PEL:rGO laminates on P:P:P support layer

After successful preparation of P:P:P support layers, the PEL:rGO
laminates were carefully applied onto the surface of P:P:P substrates
using the EPD technique, employing an optimal voltage of 10 V over
three different durations: 4, 7, and 10 h. During the DC voltage appli-
cation, the edge sites and grain boundaries of the PEL:rGO anode un-
derwent oxidation, leading to the expansion of the modified rGO layers
[49]. Simultaneously, the water electrolysis process generated hydroxyl
radical anions, which were incorporated into the expanded PELrGO,
while oxygen resulting from water ionization entered the PEL:rGO layer
[49,50]. This action caused the dissociation of the PEL:rGO dispersion,
and subsequently, PEL.rGO laminates were separated from the water
dispersible solution. Guided by the electric field, the formed PEL:rGO
sheets moved towards the cathode and assembled on the surface of the P:
P:P substrate, as demonstrated in the supplementary video (SI - ESI 2).
Notably, the positively charged PEL.rGO was attributed to the proton-
ation of carboxyl groups at the edges of GO flakes, interacting with the
positive charges from PEI [51]. Furthermore, it was observed that the
electronegativity of PELrGO laminates towards the P:P:P substrate
increased for the freshly synthesised PEL:rGO dispersion with higher ZP
value (higher pH 7.4), compared to that of one-week old which has
lower ZP value and accordingly reduced pH (pH 3.9), (refer to Fig. SI-9,
ESI 1). This phenomenon could describe the progressive degradation of
amine groups for the PEL:rGO dispersion over a period, elucidating the
rationale behind the suboptimal performance of the one-week-old
sample in the process of membrane fabrication. The electrophoretic
process allowed the deposition of PEL:rGO laminates onto the cathode P:
P:P flat-sheet substrate, exploiting the electric field force, as depicted in
Fig. 2. The significance of zeta potential in the electrophoretic deposi-
tion of membranes was also noted. In essence, the electrophoretic
mobility of particles directly correlated with their zeta potential,
emphasizing the importance of zeta potential in determining deposition
efficiency [52]. Notably, the higher zeta potential value of the syn-
thesised PEL.rGO dispersion made it more suitable for electrophilic
membrane deposition compared to dispersions with lower zeta poten-
tials (refer to Fig. SI-9, ESI 1).

3.2. Membrane morphology characterization

Fig. 3.a depicts the SEM images of showing the surface morphology
of both the P:P:P support layers and PEl:rGO-based membranes, fabri-
cated through NIPS and EPD techniques, respectively. For the P:P:P
support layers, as shown in Fig. 3.a-i and -ii, the coated membrane
displays a smooth and uniform PEDO:PSS/PEG coating. However, the
presence of NWF fibers is still evident on the surface of the coated layers.
The cross-sectional SEM images Fig. S10.a and b of SS- and DS-P:P:P
layers reveal that the membrane comprises nanofiber layers with a
thickness of approximately 378 + 18.9 pm and 381 + 19.3 pm,
respectively. These underlying nanofibers exhibit high porosity
throughout the membranes microstructure, facilitating maximum
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Fig. 3. (a) FE-SEM surface morphology and cross-sections, (b) average surface roughness and (c¢) dynamic contact angle measurements of conductive P:P:P and PEIL:
rGO membranes, compared to the commercial NWF film.
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contact between the P:P:P layers and the draw solution during FO op-
erations. This feature leads to a higher mass transfer area and, conse-
quently, increased water flux [53,54]. On the other hand, (Fig. 3.a-iii, -v,
and -vi) demonstrate the surface morphology of the SS- and DS-PEL:rGO
membranes. Notably, the PELrGO selective layer was successfully
formed on the P:P:P support sheets. The SEM images after EPD deposi-
tion reveal a leaf-like structure with typically undulating and wrinkled
features, unlike the nanofibrous matrix observed in the P:P:P support
layers. These typical wrinkles are attributed to the stacked PEL:GO
boundaries, which serve as both water permeability enhancers and
spaces for enhancing mechanical strength [20,48]. Furthermore, at-
tempts were made to determine the thickness of the deposited PEL:rGO
laminates, as shown in Fig. 3.a-iv, vii, and viii and Fig. SI-10.a and b, ESI
1. The SS-PEL:'rGO membrane exhibited a PEL:rGO laminate thickness of
(395 4+ 13.6 nm), while the DS-PEL:rGO membrane demonstrated
double-side laminates with thicknesses of (485 + 21.2 nm) and (411 +
18.6 nm), respectively. Characterizing the cross-sections of deposited
PEL:rGO laminates proved to be challenging, but SEM analysis provided
valuable insights into their thickness.

Surface NPFlex characterization plays a critical role in understanding
the overall surface topology on a larger scale, particularly the surface

roughness of membranes. This knowledge is of utmost importance in
controlling the antifouling behavior of the membrane [55]. In Fig. 3.b
and Fig. SI-13, ESI 1, the average surface roughness measurements and
corresponding 2D and 3D NPFlex images of the as-prepared membranes
were summarised and depicted, respectively. An interesting observation
is that the introduction of PEDOT:PSS/PEG casting leads to a reduction
in the average surface roughness of the NWF (nano-fibrous) membranes.
This decrease is attributed to a diminishing electrostatic interaction
between PEDOT and PSS [34]. Furthermore, the addition of PEG further
contributed to reduce the surface roughness in the PEDOT:PSS polymer
backbone [34,56,57]. The topographic images of the P:P:P (PEDOT:PSS/
PEG) membranes reveal a uniform ridge-and-valley morphology, which
is characteristic of membranes formed through the NIPS method [27].
However, after coating these membranes with PEL:rGO laminates using
EPD, a noticeable improvement in smoothness is observed. This
enhancement is attributed to the presence of randomly dispersed PEI:
rGO on the P:P:P membrane surface, effectively covering substrate de-
fects due to the PEI crosslinked rGO laminates [58-61]. It is noteworthy
that the average roughness (R,) of the resulting PELrGO membranes is
substantially decreased compared to the P:P:P membranes. This reduc-
tion in roughness proves to be highly beneficial as it helps mitigate
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fouling propensity on the membrane surface.

The WCA analysis reveals the wettability of the membrane surface, a
critical aspect affecting filtration performance and membrane fouling
[61]. In osmotically driven membrane processes, the wettability of the
membrane surface is crucial to performance. This is because solutes can
diffuse exclusively within the wetted area of the support sheet, while the
unsaturated parts within the internal structure of the support layer
cannot be considered as actual mass transfer areas [62]. Fig. 3.c and
Fig. SI-14, ESI 1 illustrate the changing of WCA of NWF, P:P:P, and PEIL:
rGO-based membranes. After applying PEDOT:PSS/PEG on P:P:P-coated
membranes, the water contact angles were observed to be lower
compared to pristine NWF. This improvement is attributed to the pres-
ence of the sulfonic group (SO3H) and amine group (—NHj;) from PSS
and PEG, respectively [56,63,64]. These functional groups enhance the
surface energy and polarity of the membranes, making them more hy-
drophilic, and hence resulting in higher water flux. The content of
PEDOT:PSS/PEG was found to be the most influential factor in
enhancing the membranes wettability. On the other hand, the contact
angles for PELrGO-based membranes increased due to the partial
removal of functional groups (carboxyl, epoxy, and hydroxyl groups)
[61]. Despite this, the membranes still retained some GO content and
amine groups, as indicated by contact angles <90° [46,61]. These
membranes with such WCA angles appear to be well-suited for FO water
applications.

3.3. Membrane physico-chemical analysis

The investigation of the chemical structures of P:P:P and PEL:rGO/P:
P:P membranes was firstly conducted using FT-IR spectroscopy, as
depicted in Fig. 4.a. In the FTIR spectrum of the P:P:P film, the presence
of peaks at 2873 em~! (C—H stretching) and 1710 em~! (C—O—H
bending) confirms the presence of PEG in the film and on the surface of
the fabric. Additionally, peaks at around 1320, 1110, and 485 em™!
indicate C=O0 stretching from the ether linkage of PEG, and a broad peak
at 3490 cm ™! corresponds to —OH stretching. The spectrum also con-
firms the presence of S—O sulfonyl stretching group (sulfur bonds) and
C—C stretching from the PEDOT:PSS at prominent peaks around 1255
em ! and 1471 em ™}, respectively [34,57,65,66]. After coating the P:P:
P film with PEL:rGO laminates, new peaks are observed at 1480.7 em Y,
suggesting the presence of carboxyl and carbonyl functional groups.
Additionally, peaks at 3241.6 cm ™, 1584 cm ™~ ‘and 610.3 cm ™! indicate
the incorporation of nitrogen-containing amine groups through PEI
molecules, confirming the successful integration of these groups on the
surface of PEL.rGO-based membranes [26,58,61,67].

In the context of the hybrid P:P:P thin film, the interaction between
PEDOT and PSS within the polymer matrix is primarily driven by the
Coulombic force of attraction [68]. The introduction of PEG serves as a
screening agent, enhancing the ionic interaction between PEDOT and
PSS through hydrogen bonding. This, in turn, facilitates better phase
separation between the two components, leading to improved electrical
conductivity [56,57]. Additionally, the presence of PEG promotes the
aggregation of PEDOT particles on the surface of NWF after NIPS coating
treatment. This aggregation reduces inter-chain or inter-domain charge
bounding, resulting in enhanced charge transfer within the 3D con-
nected PEDOT particles [57]. To form a chemically and mechanically
stable hybrid thin film, PEG is functionalized with chemical linkages to
both the conductive PEDOT:PSS film and the NWF substrate [57,69,70].
Similarly, when considering the PEL:rGO deposition process, it is
reasonable to expect that PEL.rGO laminates can infiltrate the porous
topology of the PEDOT:PSS/PEG structure. During the electrochemical
process, the PEL:rGO could be ionically interacted through crosslinking
of amine groups with the sulfonyl and amino groups of PSS and PEG
molecules, respectively, further reinforcing the structure
[26,30,46,57,71]. A schematic representation of this plausible mecha-
nism is provided in Fig. SI-17, ESI 1.

The Raman spectra of P:P:P and PELI:rGO/P:P:P membranes were also
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Fig. 4. (a) FTIR spectra, (b) Raman spectra, and (¢) XRD patterns of the as-
prepared P:P:P conductive film and PEL:rGO/P:P:P composite membrane.

studied Fig. 4.b. For the P:P:P film, vibrational modes of PEDOT were
identified at 1518 cm™!, 1482 cm ™!, 1345 cm ™!, and 1280 ecm ™!, cor-
responding to different inter-ring bonds stretching vibrations. Vibra-
tional modes of PSS were located at 1120 cm ™ *and 992 cm ™!, attributed
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to (O—S stretching) and (C—S—C stretching), respectively. The Raman
shift of (C—C asymmetric stretching) at 1583 cm ! indicated a reduc-
tion in the intensity of certain fingerprints, indicating partial removal of
PSS from the outer shell of the PEDOT molecule, which might be
interacted with PEG molecule and PEL:rGO sheets [29,31,32,72,73].
However, no clear observation of PEG was noticed in the Raman spec-
trum of PEDOT:PSS/PEG (P:P:P) film. On the other hand, the addition of
PEI to the rGO for PEI:rGO/P:P:P membrane led to changes in the Raman
spectra, showing the partial removal of oxygen-containing functional
groups and the transition of sp® carbon into sp? carbon in the PEL.rGO
sample [26,58,67,74]. The electrical conductivity obtained from this
modified rGO, with shorter and broader D and G bands positioned at
1344.9 cm ™! and 1598.6 cm ™! (Ip/Ig ~ 1.15), could be sufficiently high
for electro-oxidation processes [24].

XRD diffraction patterns for prepared P:P:P and PEL:rGO/P:P:P
membranes were investigated (Fig. 4.c). In the PEDOT:PSS/PEG film,
four peaks were observed at 26 values of approximately 6.15°, 19.93°,
23.79°, and 26.37°, corresponding to lattice d-spacings associated with
n—n lamella stacking and inter-chain ring stacking between PEDOT:PSS
[31,75-77]. The addition of PEG showed negligible changes in the d-
spacing, indicating that the amino group of PEG had no significant effect
on the crystal structure of PEDOT:PSS [32]. After deposition of modified
rGO, the PEL:rGO/P:P:P membrane exhibited two distinct peaks at 26
values of 9.34° and 23.28° with corresponding d-spacings of 9.46 A and
3.82 A, respectively. The first peak indicated the presence of un-
exfoliated GO, while the sharp peak at 23.28° suggested partial
removal of functional groups due to the incorporation of PEI [26,67,78].
Although the d-spacing effects on electrical conductivity might be
obscured by the high defect rates in PEL:rGO [24], a uniform coating of
reconstructed PEL:rGO flakes with smaller interlayer space is expected to
enhance salt-rejection efficiency, while the presence of GO could
improve membrane hydrophilicity and water permeability.

3.4. Membrane conductivity

The primary goal of this study is to develop novel PEL:rGO/P:P:P
composite membranes with an improved electrical conductivity. This
can effectively aim to enhance anti-fouling and desalination perfor-
mances of modelled seawater (i.e., water with different cations and
anions) in an FO process through separating charged ions by applying an
electrical field, considering advantages of ionisable functional groups
attached to the PEL:rGO active layers [21,79]. Here, the obtained elec-
trical resistance and conductivity values of the prepared membranes are
shown in Table 2. The corresponding electrochemical impedance
spectra (EIS) of the membranes using Nyquist curves, which revealed
single relaxation behavior with indicative of Debye behavior, are illus-
trated in Fig. SI-18, ESI 1. The results indicated that the NWF sample,
without any PEDOT:PSS/PEG coating, had the lowest electrical con-
ductivity. In contrast, the P:P:P samples with PEDOT:PSS/PEG de-
positions demonstrated significantly enhanced electrical conductivity,
surpassing the PEL:rGO-based membranes by 5 to 6 times [28,32,34].
Moreover, herein, the intensity of membrane coating (i.e., P:P:P and PEIL:
rGO) plays an important role for enhancement of electrical conductivity
[24]. The improvement in electrical conductivity for the P:P:P samples
can be attributed to the creation of more charge carriers in the polymer
matrix at the percolation threshold [34]. These carriers find electrical

Table 2
Electrical resistance and conductivity measurements of membrane samples.

Sample Resistance (R, Ohms) Conductivity (k, S/m)
NWF 48,880 =+ 401 0.07 + 0.006
SS-P:P:P 132.9 +£ 7.55 26.5 £ 1.785
DS-P:P:P 99.24 + 5.92 35.3 + 3.112
SS-PELrGO 676.8 + 35.1 5.2 + 0.315
DS-PEL:rGO 636.5 + 32.8 5.5+ 0.321
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pathways to facilitate efficient charge transport. On the other hand, the
conductivity mechanism in the PELrGO films is influenced by factors
such as structural defects, functionality, and layer disorder of the gra-
phene layers [26,40]. The reduction treatment duration during the
preparation of PELrGO films also affects their electrical conductivity.
While higher reaction temperatures may create highly conductive net-
works, the interlayer spacing of modified rGO laminates can be
decreased, making the membranes impermeable to water molecules
[24]. Notably, the use of a small PEI:GO ratio (PEL:rGO-0.01) signifi-
cantly improved the electrical conductivity of the resulting rGO. How-
ever, increasing the PEI content would dramatically reduce the electrical
conductivities of the rGO due to nonconductive PEI being chemically
attached to the rGO surface [26]. Nonetheless, the tunable electrical
conductivity of PEL.rGO membranes makes them promising for water
treatment applications through electro-oxidation processes.

3.5. FO membranes performance

Upon optimizing the deposition time for PEl:rGO-based membrane
fabrication (see section SI-4, ESI 1), comparison tests for two types of
membranes, SS-PEL:rGO and DS-PELrGO, with the commercially avail-
able CTA-FO membrane were conducted in FO processes, specifically FO
desalination and ICP evaluation tests. Our findings, encompassing water
permeation rates, salt retention, reverse solute flux, and selectivity, are
presented in Fig. 5. To assess the salt rejection capabilities of the
membranes in FO, a lab-scale FO system was operated using a 0.1 M
NaCl solution as the feed solution and 0.5 M dextrose as the draw so-
lution. Fig. 5 (a) shows the water flux across each membrane, revealing
that the SS-PEL.rGO membrane exhibits the highest water flux (mean
value: 117 LMH), followed by the DS-PEI:rGO membrane (63.9 LMH),
and lastly, the commercial CTA-FO membrane (5.91 LMH). In Fig. 5.b,
the SS-PEI membrane (90.1 %) exhibited a slightly lower salt rejection
compared to the DS-PEL:rGO membrane (95 %) and CTA-FO membrane
(99.3 %). This observation implies that the SS-PEL.rGO membrane
allowed more ions to pass through in comparison to the DS-PEL:rGO
membrane. The reason behind this could be attributed to the
increased pore size and pore volumes in the SS-PEI:GO membrane
[27,53]. The limited diffusion of PEL:rGO laminates through the SS-P:P:P
substrate may have failed to effectively block microspores within the
structure of the membrane, in contrast to the DS-P:P:P support layer.

In Fig. 5 (c), the average water flux (J,,) and reverse solute leakage
(Js) through the membranes were measured in FO experiments using 0.6
M Nacl solution as the draw solution and DI water as the feed solution.
The study investigated three types of membranes: SS-PEL:rGO, DS-PEL:
rGO, and CTA-FO. The results showed that in the FO mode, the mean
water flux values were 76.6, 59.4, and 4.4 LMH for SS-PEL:rGO, DS-PEI:
rGO, and CTA-FO membranes, respectively. Among these membranes,
the DS-PEL:rGO membrane had the lowest reverse solute flux at 0.86
gMH, followed by the PEL:rGO membrane (1.28 gMH) and the com-
mercial CTA-FO membrane (11.2 gMH). The reverse solute diffusion
observed in the FO process can negatively impact the efficiency of the
process by reducing the osmotic pressure, contaminating the feed so-
lution, and triggering a loss of the draw solute [46,54,80]. The intro-
duction of a highly porous and hydrophilic support layer, however, can
help minimise the osmotic pressure drop [53]. In our study, it was found
that the high-water flux hindrance caused by the support layer led to an
osmotic pressure gradient between the bottom of the support layer and
the active layer interface. The DS-PEL:rGO membrane addressed this
hindrance through double-coating and Donnan effect mechanisms
[13,46,61,81]. However, the thicker dense layer resulting from the
double-sided deposition of DS-PEL:rGO might be a reason for its lower
water flux compared to the SS-PEL:rGO membrane. Furthermore, salts
rejected by the SS-PEL:rGO layer could accumulate in the salt-permeable
P:P:P coating layer due to the repulsive force of sulfonic groups towards
the anions (Cl ), leading to slight concentration polarisation within the
P:P:P coating layer [46]. The specific salt flux (Jsp) was used as an
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Fig. 5. (a) Water permeation rates and (b) salt rejection efficiency of as-prepared PEL.rGO membranes compared to the commercial CTA-FO membrane, being
evaluated in FO mode using 0.1 M NacCl solution and 0.5 M dextrose as feed and draw solutions, respectively. (c) Water flux and reverse solute permeation, and (d)
specific salt flux of CTA-FO and PEL:rGO-based membranes, being assessed for level of salt rejection of the active layer across membranes with DI water and 0.6 M
NaCl solution were used as feed and draw solutions at room temperature, respectively.

important parameter to assess FO membrane efficiency by representing
the level of salt rejection across the active layer of the membrane [47],
and it was found that DS-PEL:rGO, SS-PEL:rGO, and CTA-FO membranes
achieved rejection ratios of 0.014, 0.017, and 2.549 g/L, respectively.
This was owing to the significant decrease of the RSF values than the
water flux rates of DS-PEL:rGO membrane compared to the SS-PEL:rGO
and CTA-FO membranes, respectively. This could partially compro-
mise the effects of ICP across the PEI:rGO-based membranes, which is in
a good agreement with the reported literatures [47,82,83].

To confirm the effect of reducing RSF across the membranes, in the
FO-ICP evaluation test, the concentration of ion permeation through
different membranes over time was examined, and the results are
depicted in Fig. SI-20, ESI 1. As anticipated, the NWF membrane
exhibited the highest permeability to sodium and chloride ions, followed
by SS-P:P:P, DS-P:P:P, CTA-FO, SS-PEL:rGO, and DS-PEL.rGO mem-
branes. Notably, the DS-PEL:rGO membrane showed a reduction of
approximately 31.2 % in the ion permeation rate compared to the SS-
PEL.rGO membrane. These findings highlight the varying degrees of
ion permeability among the tested membranes, with NWF being the
most permeable and DS-PEL:rGO displaying the lowest permeation rate,
indicating its potential for specific applications requiring controlled ion
transport. This confirmed that the DS-PEl:rGO membrane exhibited
higher ion rejection capability for desalination compared to the SS-PEI:
rGO membrane. However, the DS-PEL:rGO membrane also showed a
lower water permeation rate due to the additional P:P:P and PEL:rGO
layers on the membrane, but these slightly retarded ion permeation as
compared to SS-PEL:rGO. The obtained findings are in a good agreement
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with the intrinsic transport properties demonstrated in (Section SI-2, ESI
1). Here, results demonstrated that the DS-PEl:rGO membrane offered
the best overall performance in terms of ion rejection while maintaining
reasonably good water permeation compared to the SS-PELrGO
membrane.

3.6. Membrane anti-fouling properties

Enhancing the anti-fouling propensity of membranes is crucial for
ensuring the long-term stability of large-scale desalination plants [84].
Fouling propensity significantly affects the membrane separation per-
formance and operational lifespan, as it involves the accumulation of
foulant molecules on the membrane selective layer. This fouling can
occur through various mechanisms, such as electrostatic interactions,
hydrophobic effects, hydrogen bonding, and London-van der Waals
attractions. These mechanisms can block the pore entrances, impeding
water permeation through the membrane structure [40,85,86]. In this
study, the anti-fouling ability of two types of membranes, SS- and DS-
PELrGO, was investigated and compared to the commercial CTA-FO
membrane. SA was selected as a model foulant and bridging agents
like calcium, sodium, chloride, and sulfate ions were used during ex-
periments conducted under FO mode to evaluate the interaction of
foulants with the membrane active surface layers. Fig. 6.a illustrates the
evolving FO normalized water fluxes for the membranes when exposed
to a high concentration of SA (1000 ppm). Beside the commercial CTA-
FO membrane, both PEL:rGO membranes (under DC and no DC voltage)
exhibited various decline levels in water flux during the initial 80 min,
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Fig. 6. (a) Normalized water flux profiles during fouling experiments in FO
process, and (b) anti-fouling properties (recovered flux and water flux decline
ratios) of as-prepared SS-PEL:rGO and DS-PEL:rGO membranes (under both no
voltage and optimum voltage of 3 V), compared to that of commercial CTA-
FO membrane.

which can be attributed to a reduction in draw solution concentration
before adding foulants [85]. Upon the addition of SA foulants, both PEI:
rGO membranes (under no DC potential) showed a higher decline in
water flux, comparable to the SS- and DS-PEL:rGO (under 3.0 V) and
CTA-FO membranes, indicating adsorption of SA macromolecules on the
surfaces leading to membrane fouling. It is noteworthy that CTA-FO
membrane exhibited a stable flux, compared to PEl:rGO-based mem-
branes, despite it is being a non-electrical conducting membrane. This is
primarily due to its uniform pore structure, consistent engineered per-
formance, optimized surface properties, and precise manufacturing
processes, which can maintain reliable and consistent filtration perfor-
mance over a certain time [87,88]. These findings are supported by our
SEM and NPFlex morphology and structure observations, as shown in
Fig. SI-24, ESI 1 and Fig. SI-26, ESI 1, respectively. After backwashing
process, the water flux decline rates for PEL:rGO membranes (under no
DC potential) slightly increased during the second cycle test, confirming
severe membrane fouling. Notably, the PEL:rGO membranes (with zero
DC potential) experienced more severe fouling than the commercial
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CTA-FO membrane under the same conditions Fig. 6.a. This more sever
fouling is due to SA macromolecules adsorbing immediately onto the
membrane surface and clogging water pass channels [89]. In the course
of this investigation, when no voltage was administered during the
fouling protocol process, the water flux of PEL:rGO-based membranes
primarily relied on the intricate characteristics of its pore structure
Fig. 6.a. However, by applying an optimized electric potential of 3.0 V to
both PELrGO membranes, water flux trends were significantly
increased, this indicated a drastic decline in membrane fouling during
the two-cycle fouling protocol tests. This remarkable anti-fouling
property observed in the PEl:rGO-based membranes can be attributed
to the electro-oxidation process induced on the surface by the DC po-
tential [28,40]. Slight bubbling of oxygen on the surface of membrane
due to an electro-oxidation process induced higher feed re-circulation
and drag forces, preventing foulant diffusion into the open pores and
thus increasing water flux [90]. DS- and SS-PEL:rGO membranes (with
no voltage) lost flux more rapidly and were more severely fouled
compared to the prepared PEl:rGO membranes evaluated under 3.0 V
and the commercial FO-CTA membrane Fig. 6.b. The DS-PEL:rGO (3.0 V)
membrane exhibited the best performance with the least total flux
decline ratio value and the highest water recovery, indicating superior
anti-fouling behavior in Fig. 6.b. The study suggests that factors such as
surface charge, roughness, and hydrophilicity influence the anti-fouling
behavior of water treatment-based membranes [27,85]. The presence of
negatively charged GO sheets could function as a repulsive agent,
facilitating the repulsion of negatively charged SA foulants via electro-
static repulsion, applicable only in the hybrid electro-oxidation/
membrane process by applying DC potential [40]. Surface elemental
analysis confirmed reduced deposition of Na*, Cl~, Ca%", and S* ions
during the electro-oxidation process for the PEL:rGO membranes
compared to those assessed under no electric potential (Fig. SI-21, ESI
1). Electrical conductivity measurements and surface roughness data
also supported the findings, as presented in Table SI-5 and Fig. SI-23 and
SI-26, ESI 1. Another critical parameter, but less significant than the
surface charge, could be the surface roughness of membranes. Generally,
less rough surfaces with an extended surface area potentially provide
less space for adhesion of foulants, making them less susceptible to
fouling [27,85]. Conclusively, the PEl:rGO-based membranes, particu-
larly the DS-PEL:rGO (3.0 V) membrane, demonstrated enhanced anti-
fouling properties, primarily attributed to the application of DC poten-
tial, surface charge, and surface roughness. These findings have signif-
icant implications for improving the stability and performance of
desalination plants. For further details and models, refer to Section (SI-5,
ESI 1).

3.7. Stability performance assessment

Our study highlights the significance of using PEL:rGO laminates, in
combination with a P:P:P interfacial layer, in enhancing the structural
integrity and durability of membranes, with promising characteristics
for FO desalination applications. It should be noted that CTA-FO mem-
branes generally exhibited superior chemical and mechanical stability
under different pH levels and mechanical stresses without significant
degradation [87,91-93]. This has been consistent with our stability
performance assessment observations for the commercial CTA-FO
membrane during chemical and mechanical testing (supported by
Table SI-6, ESI 1), compared to that of P:P:P and PEL:rGO membranes.
Therefore, in this work, a thorough assessment of the structural integrity
and durability was only conducted and included for SS-P:P:P, DS-P:P:P,
SS-PELrGO, and DS-PELrGO membranes. To compare their perfor-
mance, these membranes were immersed in a 0.6 M NaCl solution, as
depicted in Fig. 7.a and Fig. SI-29, ESI 1. The results were compelling
and showed distinct behaviours for each type of membrane. The SS-P:P:
P and DS-P:P:P membranes experienced disintegration starting from day
100, while the SS-PEI:rGO membrane began to decompose gradually
from day 80. Surprisingly, the DS-PEL:rGO membrane maintained its
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(a) (Exposure Time in 0.6 M NaCl)

Membrane Day 0 Day 10 Day 20 Day 30 Day 40 Day 60 Day 80 | Day 100 | Day 120
SS-P:P:P 5 5 5 5 5 5 5 4 4
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SS-PEI:rGO 5 5 5 5 5 5 4 3 2
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Fig. 7. Dimensional stability and durability of conductive substrates and rGO-based membranes (following an industrial score rating), being exposed to (a) 0.6 M NaCl

ionic solution, and (b) NaClO ionic solution with different concentrations.

initial state for an extended period of 120 days without any damage. The
exceptional durability of the DS-PEL:rGO membrane can be attributed to
the role of the PEI cross-linker. By creating multiple bonds with neigh-
bouring GO nanosheets, the PEI cross-linker significantly enhanced the
structural integrity of the membrane, preventing the separation of GO
nanosheets [51,60,61]. Additionally, the PEI cross-linker formed strong
ionic bonds with the PEDOT:PSS/PEG molecules, further contributing to
the membrane’s ability to retain its original structure. These findings
demonstrate a clear advantage of using PEL:rGO laminates to double
coat both sides of the P:P:P membranes. This approach not only
improved the structural integrity and durability but also ensured that
the membrane maintained its stability during the ionic testing with
NaCl. On the other hand, the SS-PEL:rGO membrane had stability issues
due to some PEDOT:PSS/PEG molecules forming weaker bonds with the
PEL:rGO sheets. Consequently, this membrane could not hold the PEI
rGO laminates firmly enough to preserve its initial structure during the
NaCl ionic testing.

The chlorine tolerance of prepared P:P:P and PEL:rGO-based mem-
branes was assessed by subjecting them to aqueous solutions of sodium
hypochlorite (NaOCl) with concentrations of 1000, 10,000, and 30,000
ppm. It is worth noting that in industrial processes, only a few ppm of
chlorine are typically used for the membrane cleaning process [54].
Fig. 7.b and Fig. SI-30, ESI 1 show the results of the chlorine tolerance
test for DS-PEL:rGO, SS-PELrGO, DS-P:P:P, and SS-P:P:P membranes.
The DS-PEL:rGO membrane exhibited the highest chlorine resistance
when exposed to high ppm concentrations of chlorine for 8 h at room
temperature, followed by the SS-PELrGO, DS-P:P:P, and SS-P:P:P
membranes in descending order of chlorine resistance. However, when
the exposure time to chlorine was extended to 24 h, the PEI:rGO-based
membranes started losing their structural integrity, while the P:P:P-
based membranes were completely damaged. This deterioration is
attributed to the decomposition of ionic bonding between PEDOT:PSS/
PEG molecules and PEL:rGO laminates due to the strong chlorine effect
[94,95]. Additionally, the hydrogen bonding between PEDOT:PSS/PEG
molecules and NWF is completely diminished over the same duration,

possibly due to the limiting effect of Na™ [96]. These findings are
consistent with the observations made during dipping tests in a 0.6 M
Nacl solution.

To assess the long-term dimensional stability of the prepared mem-
branes, P:P:P substrates and PEL:rGO-based membranes were subjected
to sonication in DI water for varying durations. In Fig. 8.a and Fig. SI-31,
ESI 1, it is evident that all membranes maintained good dimensional
stability during 60 min of sonication. However, the SS-PEL:rGO mem-
brane gradually started to collapse after this time, DS-P:P:P, SS-P:P:P,
and DS-PEL'rGO membranes remained unchanged and exhibited excel-
lent structural integrity for over 100 min. While the outstanding me-
chanical stability of the P:P:P substrates remains poorly understood, the
DS-PELrGO membrane securely anchors PELrGO sheets with the
PEDOT:PSS/PEG molecules, even under conditions of static and
shearing stress [97].

The durability of both prepared SS-PEL:rGO and DS-PEL:rGO mem-
branes was investigated during the fouling process, and the results are
illustrated in Fig. SI-32, ESI 1. Digital images of the SS-PEL:rGO and DS-
PEL:rGO membranes after >16 h of operation, showed no signs of defects
or fractures on the membrane surface. However, when comparing the
corresponding FE-SEM images of the SS-PEL.rGO and DS-PEL:rGO
membranes, a notable difference emerged. The SS-PEL:rGO membrane,
which had been subjected to prolonged use under continuous pulsating
flow (shear stress of the fluid) from the gear pump, displayed abrasion
on both the P:P:P and PELrGO layers. Consequently, the efficiency of
this membrane decreased with extended operation time, leading to
increased permeation of salt ions through its surface. Furthermore, the
integrity of the PEL:rGO layer, along with the P:P:P interfacial layer, was
compromised, making it susceptible to detachment from the NWF sub-
layer. In contrast, the DS-PEl:rGO membrane exhibited remarkable
stability during the fouling test, remaining unchanged even after oper-
ating for several hours. This outcome confirmed that the double-coating
protocol had significantly improved the structural stability of the
membrane. In summary, the results indicated that the DS-PELrGO
membrane outperformed the SS-PELrGO membrane in terms of
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Fig. 8. Evaluation of mechanical integrity and durability of membranes, during (a) ultrasonication testing (following an industrial score rating process), and (b) tensile

strength testing.

durability and structural stability, making it a more reliable option for
prolonged operation under the fouling process. In addition, the me-
chanical stability of our prepared PEL.rGO membranes during fouling
tests relied on the strong chemical binding between PEL:rGO laminates
and P:P:P molecules. Moreover, the application of DC voltage, which
leads to oxygen bubbling on the membrane surface, did not have sig-
nificant effect on the integrity of the membrane.

In an ideal FO system, the membrane should primarily experience
shear stress resulting from the friction between the membrane surface
and cross-flow fluids [27,53,98]. Several factors could impact the
membrane usage, including the properties of the raw materials, meth-
odologies and parameters of fabrication, incorporation of doping addi-
tives, and considerations of structural characteristics such as porosity
and tortuosity [99]. Consequently, it is of a great importance to further
investigate the dimensional stability of the membranes. To evaluate the
mechanical properties of the prepared membranes in comparison to
NWF, various mechanical integrity tests were conducted, and the results
are presented in Fig. 8.b and Fig. SI-33, ESI 1. In most cases, NWF films
are predominantly produced via the electrospinning technique, which
inherently results in enhancing internal porosity [100]. Therefore, the
NWEF layer had a higher mechanical strength, but a lower elongation rate
compared to the other modified membranes. Among the prepared P:P:P
membranes, the DS-P:P:P membrane demonstrated the lowest tensile
strength, but a slightly higher elongation rate compared to the SS-P:P:P
and NWF membranes. This behavior is attributed to the influence of acid
dopants on the intermolecular reconfiguration of the DS-P:P:P film
during the dual-coating procedure, consequently leading to a reduction
in membrane strength. Notably, the DS-PEL:rGO membrane exhibited
the highest elongation rate among all the tested membranes. This can be
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attributed to several factors. Firstly, the method of preparation involved
the double-coating of P:P:P mixture with chemically stable PEL:rGO
laminates, which allowed for their effective interconnection on the NWF
film. Another possible reason for the enhanced mechanical strength of
the DS-PEL:rGO membrane could be the slight percolation of acid from
the P:P:P membranes during the electrochemical process [56]. These
characteristics contribute to its overall mechanical robustness and su-
perior performance.

Table 3 summarises the performance of our prepared membranes,
SS-PELrGO and DS-PELrGO in comparison with other conductive
membranes used in forward osmosis studies for water treatment. Our
membranes demonstrated superior water flux, NaCl ion selectivity, and
dimensional stability compared to those reported in other research
works [20,40]. It is worth noting that the anti-fouling performance
under a DC electric potential of our membranes was not as high as that
reported in the literature [40]. This difference could be attributed to the
distinct behavior of hybrid electro-oxidation/membrane materials,
operating through direct and indirect oxidation mechanisms which was
utilized in the work by Rastgar et al. [40]. Overall, our findings highlight
the exceptional characteristics of the SS-PEL.rGO and DS-PELrGO
membranes, which outperformed other conductive membranes in
various aspects, making them promising candidates for forward osmosis
applications. However, further research is needed to fully understand
the mechanisms behind the varying anti-fouling performance and opti-
mize the electrochemical properties of the membranes (refer to Section
SI-5, ESI 1). Furthermore, it is worth noting while the mechanical
integrity of rGO membranes fabricated in this work is comparable to the
commercial CTA-FO membrane, their chemical stability may be
compromised by their significantly higher antifouling and desalination
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Table 3
Comparison of electrochemical properties, water permeation, salt selectivity, and stability of conductive rGO-based membranes, being assessed in a laboratory-scale
FO system.
Membrane Fabrication Water treatment R (/K (S/ Water flux Selectivity (g/ Anti-fouling FRR/R; (%) under Stability Ref.
method process m) (LMH) L) DC voltage
SS-PEL:rGO EPD FO 498.1/8.1 117.2 0.014 (NaCl) 76.18/23.81 (3.0 V) Good Mech./Chem. This
Work
DS-PEI: EPD FO 622.1/6.4 79.8 0.015 (NaCl) 86.93/13.06 (3.0 V) High Mech/good This
rGO Chem. Work
rGO/CNT EPD FO - 22.6 0.07 (NaCl) - Excellent Chem. [20]
rGO/PSF Dead-End FO 4984/1.8 10.5 1.48 (NaCl) 99/1.3 (2.0V) Low Mech. [40]
Filtration

performances under electrical potential.

4. Conclusion

In this research, a newly developed method was employed to create
PEL:rGO/P:P:P-based membranes through electrophoretic deposition.
The membranes were subjected to various tests, including FO desali-
nation, ICP evaluation, and fouling experiments using monovalent salt
ions and organic SA to assess their antifouling properties. The physico-
chemical and morphological analyses confirmed the successful and
tight combination of PEL:rGO laminates with the P:P:P substrates by
applying an optimized DC potential of 10 V in a one-step electro-
chemical approach. Upon assembling PEL:rGO laminates on the P:P:P
membranes, the electrical conductivity of the resulting SS- and DS-PEI:
rGO membranes decreased due to the chemical reduction process of
graphene oxide. However, the PEI crosslinked rGO maintained sufficient
hydrophilicity to facilitate water permeability across the membranes, as
evidenced by higher water contact angles compared to P:P:P substrates.
In FO experiments, the SS- and DS-PEL:rGO membranes exhibited su-
perior desalination performance, with improved water permeation and
ion selectivity compared to the commercial CTA-FO membrane. By
applying an optimal electrical potential of 3.0 V, the fouling behavior of
the fabricated PELrGO-based membranes significantly improved,
resulting in stabilized water flux without any decline even after multiple
testing cycles. The improved performance was attributed to direct and
indirect oxidation reaction mechanisms. Moreover, the PEL:rGO-based
membranes demonstrated structural integrity and long-term durability
when subjected to mechanically harsh and high ionic strength envi-
ronments. The bonding investigation between PEL:rGO sheets and PEG
functionalized PEDOT:PSS suggested that the membranes possess
structural robustness due to a membrane-wide network of ionic bonds
arising from interactions between the PEL:rGO sheets and the aligned
PEDOT:PSS/PEG chains. This study offers a promising direction for
developing high-performance FO membranes by utilizing functionalized
rGO, with significant potential for water purification applications.
Nonetheless, further optimisation and research are needed, particularly
in enhancing the conductivity of the PEL.rGO/P:P:P membranes to
mitigate potential drop issues during the FO fouling process and running
process for a long-term. Furthermore, future research endeavours will
extend beyond the assessment of the resultant membranes to examine
their anti-fouling performance under the electrical potential concerning
also inorganic foulants within the context of the FO desalination process.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jwpe.2024.104809.
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