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ARTICLE INFO ABSTRACT

Keywords: Layered graphene oxide (GO) membranes have been widely employed for water desalination in forward osmosis
Forward osmosis me“}braﬂes (FO) systems, however, the balance between performance and long-term stability of membranes is still a trade-off
Reduced graphene oxide in the practical application. A newly developed laminar GO-based FO membrane was prepared by a two-step

Hyperbranched polyethylenimine
Polyethylene glycol
Water desalination
Membrane stability

protocol, including acid treatment of GO before crosslinking and reduction of GO by hyperbranched poly-
ethylenimine (HPEI), and followed by coating HPEI-reduced graphene oxide (HPEL:rGO) laminates by poly-
ethylene glycol (PEG). It is suggested that the long-chain and amino-enrichment HPEI polymer can be covalently
bonded with the acid-treated GO at elevated temperatures. This chemical process partially removed oxygen-
containing functional groups of GO and formed a nanocomposite structure with tuned interlaminar spacing
for better selectivity of NaCl ions. Subsequently, the infiltration of PEG molecules through the HPEI-rGO
structure improved the hydrophilicity, and hence the water permeability across the PEI60k:rGO/PEG mem-
brane. In this study, the resultant membrane exhibited water flux of 7.7 LMH, salt rejection efficiency of 97.9 %,
and low reverse solute flux of 0.56 gMH in an FO filtration process. Also, synergistic effects of the double-
polymer modification reinforced enhancement of dimensional integrity and durability of the membrane struc-
ture in both ionic and harsh conditions.
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1. Introduction

Water crisis is becoming inevitably problematic to humankind due to
the limited resources of freshwater on the earth [1,2]. Researchers have
recently given an intensive attention to develop various water treatment
technologies to meet the global demand for clean water access [3]. As
such, forward osmosis (FO) has been considered as one of the efficiently
innovative water treatment and purification processes owing to its lower
energy consumption compared to the reverse osmosis (RO) [4,5]. FO is
osmotically driven technique by the natural pressure generated from the
difference in concentrations between feed and draw solutions across a
semipermeable membrane for water desalination [6,7]. However, there
are still challenges with FO prior to its practical implementation for
water desalination, including low water permeability, internal concen-
tration polarisation (ICP) and reversible membrane fouling, efficient
solutions to tackle these key concerns in FO processes remain needed
[4]. These issues are mainly related to few types of
commercially-available polymeric membranes which provide limited
and insufficient water flux [8]. Therefore, there has been recently an
emerging need to develop alternative membranes for
commercially-available FO polymeric membranes which can improve
the performance of FO desalination [9].

In recent years, graphene, and its derivatives (e.g., especially gra-
phene oxide (GO)) have been considered as an excellent candidate for
the fabrication of water-based desalination membranes [10-15]. This is
attributed to their unique two-dimensional laminar structure, high hy-
drophilicity, and abundantly oxygen functional groups [13,15]. Several
studies have been devoted to developing the implementation of GO
sheets as a selective layer for FO desalination films using several ap-
proaches such as vacuum-assisted filtration, spin-coating, drop-casting,
layer-by-layer (LBL) [16], and recently electrophoretic deposition (EPD)
[17]. However, the stability of pristine GO membranes in wet environ-
ments remain the bottleneck for their practical implementation due to
the weak hydrogen bonds between oxygen functional groups of GO
sheets [18]. This can lead to enlarge the interlayer spacing between GO
sheets, and thus significantly expand the nano-channels in the mem-
brane [19-21]. As such, this can lower the rejection performance to-
wards small ionic species than common FO membranes. Moreover, the
chemical and mechanical stability of GO-based laminar FO membranes
is still challenging since the practical application of FO desalination
involves physical and chemical washing procedures [22-24]. Therefore,
there is an urgent need to develop the design criteria and assembling
processes of GO-based membranes to overcome the trade-off between
chemical and physical stability and desalination performance in FO
processes [24].

Recently, there has been reported that several strategies are being
developed to overcome the stability issues of GO membranes in FO
desalination [24,25]. GO laminates in FO membranes can be improved
by chemically reducing their oxygen-containing functional groups,
crosslinking with different chemical agents and nanoparticles, or a
combination of both [17,19,21,23,26-31]. In addition, Other GO-based
membrane fabrication strategies involved the reduction of GO lami-
nates, and this can be followed by infiltration of charged nanomaterials
[i.e., polydopamine (pDA) and polystyrene sulfonic acid (PSS)] [16,32].
Consequently, the stability of GO layers can be enhanced, and the
nanochannels can relatively be tuned, which can increase the rejection
performance towards hydrated salt ions [33]. Nevertheless, water
transport across modified GO membranes could be obstructive by an
uncontrolled reduction of GO laminates or addition of different agents,
which might lead to altering GO nanochannels or formation of more

Polymer 312 (2024) 127644

compact structure of GO membranes [28]. Therefore, there is still an
urgent demand to search for more effective cross-linkers that can facil-
itate the fabrication of promising GO-FO membranes which is yet not to
be achieved.

In this regard, it has been reported in the literature that hyper-
branched polyethylenimine (HPEI) was remarkably successful in
enhancing GO membranes’ hydrophilicity and rejection efficiency to-
wards heavy metal and ionic species through functionalisation with
amine groups [18,34]. This can be achieved by combination strategies of
Donnan effects and size exclusion for ions separation mechanisms [34].
However, long-term stability of HPEI-GO membranes remain not known
in FO desalination. As such, polyethylene glycol (PEG), as a non-toxic
polymer and biocompatible agent, has been extensively functionalised
and studied in several applications to enhance the surface modification
and stability of GO sheets via covalent and non-covalent processes
[35-38]. Previous studies have importantly demonstrated that the
cross-linking approach of GO-based membranes specifically relies on the
functionalisation of GO sheets [18,34].

In this work, a novel two-step modification strategy is designed and
employed to prepare highly stable and charged GO-based FO mem-
branes. The protocol mainly includes (i) crosslinking, reduction, and
amine-enrichment modification of Hydrochloric acid (HCl)-treated GO
sheets by HPEIL and (ii) infiltration of water dispersible PEG through the
microstructure of HPEI-functionalised reduced graphene oxide (rGO)
film to enhance its wettability and stability. The activation and stabili-
sation of carbon groups of GO sheets is the key factor for construction of
sufficiently active site anchors for reaction with amine groups from HPEI
and PEG. For this purpose, the GO was initially treated with HCI acid,
and subsequently reduced and crosslinked with HPEI, followed by the
deposition of HPEI-rGO dispersion on a polymer substrate via a vacuum-
assisted assembly technique, while the ultimate step was to increase the
hydrophilicity and provide a high dimensional stability of the as-
prepared membrane by the infiltration of PEG. To best of our knowl-
edge, this is the first time to report the two-step functionalisation
approach to bind GO with HPEI and PEG for fabrication of a stable FO-
based desalination membrane. The novelty of this work lies in the
development of the above protocol for laminated HPEI/PEG-modified
rGO membranes. Key innovative aspects include: (1) Enhanced func-
tionalisation stability: HCI treatment of GO to improve chemical stability
and reactivity, preventing degradation during high-temperature wet-
chemical processes. (2) Optimised cross-linking: Controlled cross-linking
of HPEI with HCl-treated GO and subsequent PEG modification, result-
ing in stable and laminated rGO membranes. (3) Improved membrane
performance: Optimisation of HPEI and PEG incorporation conditions,
producing membranes with improved properties, as evidenced by
detailed characterisations. This method addresses significant challenges
in GO functionalisation and stability, advancing membrane materials for
desalination applications. The functionalisation approach of GO, and
crosslinking and modification of GO membranes were discussed in more
detail. The optimisation process for selecting the most stable HPEI-rGO
dispersion for preparation of membranes was also further studied.
Different characterisations, including physicochemical and morpholog-
ical properties, were conducted to investigate and evaluate the surface
properties and stability performance of rGO modified membranes. In
addition, the desalination performance of crosslinked membranes was
evaluated in FO laboratory-scale process. This study could remarkably
provide the breakthrough for design and fabrication of new generations
of promising FO membranes.

2. Experimental
2.1. Chemicals and materials
Freeze-dried GO powder (with a variable particle size) was obtained

from William Blythe, UK. Hydrochloric acid (0.1 M) was purchased from
Fisher Scientific, UK. Hyperbranched Poly (ethylenimine) solution
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Fig. 1. (a) Schematic of the synthesis process, and (b) associated mechanisms of laminated GO and PEI60k:rGO frameworks, and the fabrication method of PEI60k:
rGO/PEG membranes.

(HPEI, M;: 60,000 — M,: 750,000 g/mol, 50 wt % in H20) and Poly- sheet membrane (CTA with an averaged pore size: ~0.45 pm, porosity:
ethylene glycol (PEG, (CoHy),.H20, My,: 10,000 g/mol) were purchased ~70 %, thickness: ~50 pm [39-41]) was purchased from STERLITECH,
from Sigma-Aldrich, UK. Commercial FTSH20 Cellulose Triacetate flat U.S. Commercial Cellulose Acetate (CA) membrane filters (pore size:
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0.22 pm, porosity: 80 %, diameter: 47 mm) were obtained from CamLab,
UK. Sodium chloride (NaCl, M,,: 58.44 g/mol) was purchased from
VWR, UK. Dextrose (CgH1206, My,: 180.16 g/mol) was purchased from
Alfa Aesar, UK. Deionised water (DIW), with a resistivity of 18.2 mQ-cm
at 25 °C, was collected from an ultrapure water purification system and
used throughout this study. All chemicals and reagents were of analyt-
ical grade purity and used as received.

2.2. Methods

The facile preparation protocol of laminated HPEI/PEG-modified
rGO membranes was developed, as illustrated in Fig. (1) (see Scheme
1). The targeted protocol was simply divided into two main stages as
follows:

2.2.1. STAGE (1): preparation of HCl-treated GO sheets

Our initial synthetic efforts to functionalise GO sheets with HPEI
were unsuccessful, showing minimal or no reactivity between GO and
HPEL Literature work has shown that GO can easily degrade during wet-
chemical functionalisation procedures at increased temperatures.
Therefore, GO was treated with HCl prior to HPEI functionalisation,
following a literature procedure that has shown substantially improved
chemical GO stability and reactivity upon HCI treatment [42]. Briefly,
freeze-dried GO powder (200 mg) was dispersed in 200 mL of DIW and
sonicated using a probe sonicator (Fisher Scientific FB705-700w ultra-
sonic homogenizer), with an amplitude of (50) and power of 40 W, for
30 min to get a homogeneous GO solution. The obtained GO dispersion
was then centrifuged (ThermoFisher Scientific, Megafuge™ R16
Centrifuge Series) at 10,000 rpm for 30 min to remove the supernatant
which contained minor amounts of few layered GO. GO particles were
further washed three times by DIW using a centrifugation process at 10,
000 rpm for 1 h. The obtained GO was then dispersed in 0.5 mL of hy-
drochloric acid (0.1 M) and stirred (Asynt, ADS-HP-NT hotplate stirrer)
for about 30 min at 40 °C in a water bath. The HCl-treated GO was
further washed eight times by DIW using a centrifuge (10,000 rpm, 1 h)
until the pH (Mettler Toledo SevenCompact S220 pH meter) of the su-
pernatant reached neutral to remove excess of acid. Finally, the final
product was freeze-dried (LABCONCO FreeZone —50 °C Benchtop
Freeze Dryer) for 72 h to yield brown/green particles which were stored
in a desiccator under Ny gas. Scheme (1) also shows adapted steps of
functionalising GO with HCl in the first stage of the chemical synthesis.

2.2.2. STAGE (2): facile preparation of cross-linked and modified rGO
membranes

A certain amount of freeze-dried HCl-treated GO (50 mg) was
dispersed in 50 mL of DIW by ultra-sonication (BRANSONIC 2800-E CPX
ultrasonic water bath) for 30 min to produce HCI-GO dispersion (1 mg/
mL). The resultant dispersion and controlled amount of HPEI solution
were mixed, by adding HCl-GO dropwise into the HPEI solution to avoid
any aggregations, under a vigorous stirring, and subsequently ultra-
sonicated further for 10 min in a water bath. The mixture was refluxed
under a vigorous stirring at 80 °C for 2 h. At this stage, a further reaction
was occurred at which the brown/green coloured HCI-GO dispersion
turned to be darker black coloured which elucidated the transformation
of GO to rGO. Different HPEI-GO feeding ratios (0.01:1, 0.06:1, 0.1:1
and 1:1) were considered and compared during the fabrication process.
After optimising the most stable feeding concentration of 0.06 mg/mL
(see Section S1, SI), the obtained homogenous dispersion was vacuum
filtrated through the CA support filter membrane, and self-assembly of
HPEI-rGO laminates occurred during the filtration process (denoted as
PEI60k:rGO). Subsequently, a controlled amount (1 mL) of the as-
prepared PEG solution (with an optimised concentration of 0.1 mg/mL
(see Section S2, SI)) was also vacuum filtered through the PEI60k:rGO
film, followed by rinsing with DIW to remove the excess of PEG (denoted
as PEI60k:rGO/PEG). The resultant membranes were then kept in a
desiccator for 24 h before drying in a vacuum oven (GALLENKAMP
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Fistreem vacuum oven) at 40 °C for 2.5 h. Lastly, the obtained mem-
branes were again stored in a desiccator for further use. For character-
isation comparison, HCl-treated GO dispersion (1 mg/mL) was also
vacuum filtered through the commercial CA substrate and similarly
dried to form a control sample (denoted as GO). The schematic illustra-
tion by which the preparation of the crosslinked rGO membranes was
indicated in the second stage of the membrane fabrication process, as
presented in Scheme (1).

As shown in Fig. (S3), the HCl-treated GO membrane (GO mem-
brane) demonstrated a dark, brown/green colour owing to the reduction
of natively hydroxyl groups present in GO during the esterification
process [21,42]. Contrastingly, as-prepared PEI60k:rGO and PEI60k:
rGO/PEG membranes exhibited graphitic-like black surfaces. This is
attributed to recovery of graphitic sp?> bonding and reduction of
oxygen-containing functional groups [43].

2.3. Material and membrane characterisation

Physicochemical properties and morphologies of the as-prepared
dispersions and membranes were characterised using various analyt-
ical techniques. The hydrodynamic size diameter (HD) and surface
charges were together measured by the dynamic light scattering (DLS,
with dual-angle measurements) using Zeta potential (ZP) analyser
(Malvern Zetasizer Nano ZSP ZEN5600). The percentage of elemental
chemical compositions was determined using the CHNS-O analyser
(Flash EA2000 elemental analyser, ThermoFisher Scientific). The
interlayer spacing (i.e., nanochannels) between modified GO and rGO
membranes was analysed using X-ray diffraction (XRD, Bruker D8
advance diffractometer equipped with K-Cua and radiation 1.5406 A
with 2 6 range from 5° to 50° and scanning rate range between 0.25°/
min and 1°/min. In addition, the XRD data was processed as follows: (i)
baseline was subtracted, (ii) scale was normalised, and (iii) cosmic rays
and peak noises were removed. Chemical functionality of membranes
were characterised using Fourier transform infrared spectrometer (FTIR,
Nicolet iS10, ThermoFisher Scientific) in the range from 525 to 4000
em™! with a scanning resolution of 16 em™!. Surface morphology,
microstructure and surface chemical compositions of membranes were
characterised by field emission scanning electron microscope (FE-SEM,
Hitachi SU8230, Leeds Electron Microscopy and Spectroscopy Centre)
operated at 2 kV and equipped with an energy-dispersive X-ray (EDX,
Oxford Aztec INCA 350) spectroscopy. The Surface topography of
membranes, in terms of root-mean-squared (Rq) surface roughness,
average surface roughness (R,) and maximum roughness depth (Rpax),
was investigated under non-contact mode and over a scanning area of
[1.0] x [1.0] pmz by atomic force microscopy (AFM) using (Bruker
Innova-IRIS AFM system). The surface wettability of membranes was
determined by measuring water contact angle (WCA) of DIW droplets on
the surface of membranes at 25 °C using the sessile drop method
(SMaRT, KSV CAM 200 Optical Contact Angle Tensiometer).

2.4. Evaluation of membrane performance in an FO process

The performance of membranes was conducted in a laboratory-scale
FO system for 2 h, as shown in Fig. 54 (a) and (b). The system contains of
an in-house designed and built membrane cell (with an active membrane
area of 6.16 cm?), as depicted in Fig. S5, which was set up in FO mode (i.
e., the active layer of membrane facing the feed solution tank and the support
layer facing draw solution tank). The feed solution tank was filled with 1 L
of DIW, whereas the draw solution tank was filled with 1 L. of 0.6 M NaCl
ionic solution. Before commencing the FO tests, concentrations of the
feed and draw solutions were individually assessed and recorded. This
ensured that any variations in the ionic contents of the feed solution
during FO operations were solely due to the reversed NaCl ions. This was
achieved by calculating the difference between the concentration of the
DS (comprising NaCl solution) at specific time intervals and the initial
concentration of DIW as FS at the starting time (0 min). The feed and
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draw solution were set to be continuously circulated counter-currently
across the membrane at room temperature with a constant flowrate of
200 mL/min (~2.3 cm/s and 0.5 bar) using two gear pumps (Model:
07555-15, Masterflex™, Cole-Parmer™, U.S) connected to pressure
gauges (RS PRO Dial, UK). Here, the FO testing method was adjusted to
suit the capability of our FO laboratory setup. To determine the amount
of permeated water, weight changes of the feed solution were accurately
recorded using a digital balance (AND EK-3000i compact, A & D
Weighing, U.S) at 5 min intervals. The water flux (Jy, L/m2.h, LMH)
was calculated as follows [40,41,44]:

AV
Where (A V) is the volume change of the feed solution (in L) over a time
interval (A t in h), (A) is the effective area of the membrane (in m>3).

To assess the reverse solute flux (RSF) of the NaCl solution across the
membrane to the feed solution side (DIW tank), the total dissolved solute
(TDS) of NaCl in the feed solution was measured using a conductivity
meter (FiveEasy™ Plus FP30, Mettler Toledo, Germany) over 2 h. The
reverse solute flux (Js, g/mz.h, gMH) was calculated using [40,41,44]:

(CVe) — (Co Vo)

J.=
s A At

()
Where (Cp in g/L) and (V) are initial salt concentration and volume of
feed solution, respectively, and (C; in g/L) and (V,) are the corre-
sponding values of salt concentration and volume of feed solution over
the operation time (A t). Each experiment was repeated three times, and
average results were reported in this study.

The specific salt flux (Jsp in g/L) of membranes, which is defined as
the ratio of permeated NaCl solution to the amount of water permeation
flow counter-currently across the membrane. This factor was deter-
mined by dividing the reverse solute flux over the water flux as follows
[8,40,411:

I

Jo =
S Jw

3

To evaluate the salt rejection efficiency of membranes, the same FO
configurational mode was used, however, 0.1 M of (1 L) NaCl and 0.5 M
of (1 L) of dextrose aqueous dispersions were used as feed and draw
solutions, respectively. Each salt rejection performance experiment was
conducted for 3 h. The water flux (Jy, L/m2.h) was similarly calculated
by measuring weight changes using equation (1). The percentage of salt
rejection (R, %) was calculated using [40,41,44]:

— CP
R_<176f) x 100 @

Where (Cp) is the concentration of permeated salt from the feed solution
to the draw solution, based on the corresponding mass changes of
migrated water, (Cy) is the initial concentration of salt in the feed so-
lution tank.

2.5. Structural stability testing of membranes

The dimensional stability and durability of as-fabricated membranes
were tested under different mechanical and chemical conditions. The
membranes were chemically tested for a certain duration by dipping
samples into 0.6 M NaCl aqueous solution, representing the salt contents
dissolved in a real seawater of 35.03 g. The NaCl solutions were stored in
a dark place at 25 °C and replaced every 24 h to maintain a constant
concentration. The exposure tests were conducted over different dura-
tions, and the chemical stability in the ionic solution was evaluated
qualitatively as function of testing time.

To evaluate the long-term dimensional stability, beside monitoring
the mechanical stability of membranes during FO desalination and hy-
draulic backwashing stages, the as-prepared membranes were also
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Fig. 2. (a) Hydrodynamic average size analysis, (b) surface zeta potential, and
(c) chemical elemental compositions of GO and PEI60:rGO particles.

qualitatively tested by exposure to sonication in DIW using an ultra-
sonicator (with ultrasonic frequency of 80 Hz) over different periods.
Again, the mechanical stability was also evaluated qualitatively as a
function of exposure time. Moreover, the mechanical strength of mem-
branes was also quantitatively evaluated through tensile testing and
structural integrity assessments under rigorous testing conditions. Here,
tension tests were carried out using a universal testing machine (Instron
Model 3369), operating at a speed rate of 2.0 mm/min, applying a
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groups of GO, PEI60k:rGO, and PEI60k:rGO/PEG membranes.

maximum load of 2.5 N. Before testing, the samples were carefully
prepared by cutting them into strips measuring 0.5 cm x 5.0 cm.

3. Results and discussion
3.1. Characteristics of modified GO-based materials

The concentration of HPEI of 0.06 g/L was selected for preparation of
a stable PEI60k:rGO dispersion to ensure uniformity with the membrane
fabrication process, based on the optimisation procedure indicated in
Section (S1, SI). As can be described in Fig. 2 (a), DLS results for GO-
based sheets demonstrated different size measurements than HPEI
cross-linked rGO sheets. The average hydrodynamic diameter (HD) of
GO laminates dispersed in water was approximately 1256 + 63 nm. By
‘grafting to’ of the HPEI molecule, the size of the formed PEI60k:rGO
sheet was enlarged to almost 1313 + 66 nm. It is important to point out
that the physiochemical properties and performance of the doped GO-
based membranes can be significantly affected by the length of the
HPEI molecule. This polymer has a longer molecular chain and more
positive surface charge. These properties can easily keep the distance
between GO layers tuned, and similarly retain stably electrostatic sur-
face charges [18,34]. Accordingly, the HPEI can simultaneously have
the potential to enhance salt rejection and retain an excellent water
permeability of the as-prepared GO-based membranes.
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Zeta potential (ZP) is a measure of the electrical surface charge of the
membrane [45]. The ZP of GO and PEI60k:rGO laminates were
measured at different corresponding pH, as shown in Fig. 2 (b). It was
observed that the surface charge of GO laminates becomes more nega-
tive as the pH increases. This was because of the prompted deprotona-
tion of carboxylic groups at the edges of GO sheet in water at higher pH
[17,46]. This was also due to the acid modification of GO that resulted in
more stable carbon groups with effectively obtained negative charges
[16]. Similarly, PEI60k:rGO laminates demonstrated an increase in the
surface charge with increasing pH due to increased protonation of
carboxyl groups on GO sheets by HPEI molecules at higher pH [47,48].
As a result, the electro-positively charges retained by functionalising
rGO laminates with HPEI can effectively provide an adequate electro-
static repulsion force to most common seawater ionic salts. In this work,
PEI60k:rGO membranes were fabricated using a stable deposit at pH of
11.4.

To further investigate physicochemical characteristics of modified
GO-based laminates, the CHNS-O analysis was conducted to confirm the
successful functionalisation of the GO material using the HPEL Fig. 2 (c¢)
showed that the PEI60k:rGO composite confirmed the presence of car-
bon (C), nitrogen (N), and oxygen (O) elements with distinctive weight
percentages compared to that of GO sheets, which relatively confirmed
the presence of amine groups [47,49]. Whereas GO particles only
showed C and O elements, where the percentage of oxygen was higher
than that of the PEI60k:rGO sample, indicating the presence of sufficient
oxidation for graphene [50]. The carbon-to-oxygen (C/O) ratio of the
PEI60k:rGO was around 3, although GO laminates retained C/O ratio of
2.2. Therefore, the higher C/O ratio of PEI60k:rGO can be attributed to
the reduction of oxygen-containing functional groups such as hydroxyl,
carboxylic and epoxyl [28]. These findings were in line with EDX results
shown in Section (S3, SI). As a result, the interlayer spacing between
rGO laminates would be subjected to decrease, and this can facilitate
higher salt rejection performance for membranes. This was explained in
more detail with the FTIR analysis of chemical structures for resultant
membranes in Section (6.2).

3.2. Characterisation of modified GO-based membranes

The interlayer spacing between GO-based laminates was examined
using an XRD spectra analysis, as shown in Fig. 3 (a). It is noteworthy
that d-spacing (i.e., nano-channel) plays an important role for fast
transport of water molecules and sieving of ionic species [23,30]. The
diameter of pathway between GO-based laminates can effectively
determine the performance of the as-prepared membranes. The XRD
profile of the prepared GO membrane exhibited a peak at 2 6 = 10.78°
which was corresponding to a nano-channel distance of 0.82 nm [51],
however, the PEI60k:rGO membrane showed three distinctive peaks at
about 2 6 =12.37°, 28.76°, and 48.46°, corresponding to nano-channels
widths of 0.72, 0.31 and 0.18 nm. Accordingly, the reduction of
d-spacing between modified rGO laminates was due to the removal of
oxygen functional groups attached on the modified GO sheets after
chemical functionalisation with the HPEI [43,52]. This led to the partial
restoration of graphitic structure for the peak observed at 2 6 = 28.76°,
which was supported by FTIR analysis. In addition, peaks shown at 2 0
=12.37° and 48.46° were attributed to the presence of un-exfoliated GO
and un-oxidised graphite material, respectively [43]. For the PEI60k:
rGO/PEG membrane (with an optimum PEG concertation of 0.1 mg/mL, as
illustrated in Section (S2, SI)), there was a peak observed at 2 6 = 28.02°,
similar to that for the PEI60k:rGO membrane, which indicated a
nano-channel width of 0.33 nm. Although, the intensity of that peak was
reduced which could be attributed to the PEG infiltration through the
structure of PEI60k:rGO laminates, and thus decreasing their crystallo-
graphic quality. Moreover, the peak observed at 2 6 = 12.37° for PEI60k:
rGO laminates was shifted to lower value of 9.62°, revealing the increase
in d-spacing of 0.91 nm after coating PEI60k:rGO laminates with PEG.
This increase in the nano-channel width was due to high degree of PEG
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molecular chain intercalation with the un-exfoliated GO and PEI60k
doped rGO sheets, which is in agreement with the reported literature
[53,54]. The effect of functionalisation approach, at which the PEG
influenced the d-spacing between the cross-linked PEI60k:rGO lami-
nates, was schematically illustrated in Fig. (S7).

Fig. 3 (b) shows the change in characteristic peaks of FTIR spectra for
GO, PEI60k:rGO and PEI60k:rGO/PEG membranes. For the structure of
GO laminates, there were characteristic signal peaks observed at
approximately 760 cm’l, 1080 cm’l, 1260 cm’l, 1580 cm’l, 1690
em ™! and 3475 cm™! which corresponded to skeleton vibrations of
C-OH, C-O, C-O-C stretching, C-C small stretching, C=0 stretching
and -OH stretching, respectively [42,55,56]. It was obvious that the
hydroxyl groups were partially reduced after treatment with the HCIL
acid to create a stable carbon framework for further functionalisation
with other nanomaterials [16]. Accordingly, it was expected that C=0,
C-O-C or C—=C skeleton vibrations were mostly dominating the reaction
between the GO and hydrogen bonding of the acid molecule [42,57].
This can be confirmed by increasing signals intensity of C—=0 and C-O-C
stretching. It is important to reveal that HC], under thermal conditions of
40 °C, can facilitate slightly the partial reduction of GO
oxygen-containing functional groups, particularly epoxyl and hydroxyls
[42]. The acidic condition created by HCl can also help removing metal
ion impurities which might be present in the GO from the oxidation
process of the graphite during the synthesis of GO [58]. These metal ions
could interfere with subsequent chemical reactions, and it is accordingly
vital to remove them. When the GO surface is ensured to be clean from
impurities, the HCl treatment can ensure that functional groups are
more uniformly distributed and accessible, leading to a stable carbon
structure, which is crucial for effective functionalisation with HPEI
molecules. Furthermore, HCl, under a treatment temperature of 40 °C,
could also facilitate dehydration reactions, where water is removed from
adjacent hydroxyl groups, leading to the formation of additional C=C
bonds [42,58-60]. This process can further contribute to the restoration
of the sp? carbon network, enhancing the stability of the GO. These
dehydration and condensation reactions could be useful for preparing
more suitable GO structure for subsequent chemical modifications. The
more graphitic structure of GO formed after the acid treatment would be
more compatible with the functionalisation with HPEI molecules,
resulting in better bonding and more stable GO laminates. This reaction
can effectively link the HPEI covalently to the GO structure, creating a
stable amide bond between the two molecules. After crosslinking and
modification with amino groups of HPEI molecules, the structure of
PEI60k:rGO laminates had possessed new peaks at around 1357 ecm ™},
1570 ecm ™!, and 3250 cm™! which were related to —CN bond in the
secondary amine, -NH bond in the abundant secondary amine and -NH
bond in the primary amine groups, respectively [61,62]. In addition,
FTIR spectra of the HPEI doped rGO membrane exhibited a reduced
structure of carbonyl/carboxylic groups and almost removal of epoxy
contents [34]. This can illustrate that amine groups of the HPEI had
reacted with epoxy and carbonyl/carboxylic groups of the treated GO
through a covalent bonding during crosslinking reactions, as follows:
GO-COOH + HPEI-NH, — GO-CONH-HPEI + H,0 [34,49,62]. There-
fore, the expected structure in Scheme (S1, SI) elucidated that there
could be only two amine groups from the HPEI molecule to react with
the GO, as indicated by the presence of amine groups in the FTIR
spectrum for the PEI60k:rGO composite. As a result, the surface of the
GO had been imparted with further partial reduction of
oxygen-functional groups and obtained abundant positive charge by
amine groups of HPEIL, which can further enhance material’s properties
and effectively facilitate a high desalination performance. After coating
of PEI60k:rGO layers with PEG molecules, it was clearly observed that
there were no changes in the intensity of pre-existing primary and sec-
ondary absorption bands of amine groups. In addition, one newly
intense peak at around 2830 cm™! was detected, which was corre-
sponding to ~CHj [36,54]. Also, the intensity of C-O stretching band at
1090 cm™! was significantly elevated for the PEI60k:rGO/PEG
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Fig. 4. SEM cross-section of microstructures of (a) GO, (b) PEI60k:rGO, and (c)
PEI60k:rGO/PEG membranes.

membrane compared to that of the PEI60k:rGO. Therefore, this can be
evident the PEG was successfully grafted onto both HPEI molecules and
modified rGO laminates between two adjacent amide bonding by the
esterification reaction with -OH bond on the surface of PEI60k:rGO
sheets. From this point, it was suggested that the chemical structure of
the PEI60k:rGO/PEG membrane could involve reaction of one amid
group of PEG molecules, which could be perpendicularly cross-linked
with two parallel HPEI doped rGO sheets through non-covalent in-
teractions (both electrostatic interaction and weak van der Waals force).
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Fig. 5. AFM measurements of CA substrate, GO and rGO modified membranes.

This can enhance the surface wettability and stability of the PEI60k:
rGO/PEG membrane.

Assessment of surface morphology allows determination of the sur-
face structure of deposited materials on the membrane. As can be seen in
Fig. S8 (a) and (b), the commercial CA substrate exhibited a highly
porous and rough surface [63]. After deposition of GO-based layers on
the CA membrane, it was clear that uniform GO-based films were suc-
cessfully fabricated without visible defects, forming typically
wrinkled-like structures for GO laminates [16], as seen in Fig. S8 (c - h).
It should be noted that the surface of GO-based membranes exhibited
less rough morphology after cross-linking and modification with HPEI
and PEG molecules, simultaneously, confirming the change in their
chemical structures as illustrated in FTIR spectra. Also, it was observed
that the surface morphology of GO-based membranes had no visible
pores, even for magnified SEM images, which could be formed in a
nanoscale size. Besides, this could prove that the interlayer spacing can
be the dominant pathway to facilitate molecular/ionic transport across
GO-based membranes [34].

In terms of thickness of deposited layers, the GO membrane
demonstrated the thinnest layer (402 + 20.1 nm), followed by PEI60k:
rGO (570 =+ 28.5 nm) and PEI60k:rGO/PEG (740 4 37 nm) membranes,
as shown in Fig. (4). It should be noted that, in our work, the thickness of
all functionalised GO-based membranes increased gradually after
modification with HPEI molecules. This could be attributed to an in-
crease of the thickness of PEI60k:rGO laminates, compared to that of the
GO after crosslinking, but with a reduced interlayer spacing as shown in
XRD patterns. Besides, a further increase with the thickness of the
PEI60k:rGO/PEG film was also observed, which was due to the inter-
calation of PEG molecules between PEI60k doped rGO laminates,
resulting in slight increase in their d-spacing, as agreed with XRD results
in Fig. 3 (a).

Surface topography measurements, in terms of surface roughness,
were performed using AFM to further characterise the surface
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Fig. 6. Water contact angle measurements of CA substrate and GO-
based membranes.

morphology of membranes. As shown in Fig. (5), the PEI60k:rGO/PEG
membrane demonstrated the lowest surface measurement, followed by
PEI60k:rGO, GO and CA support membranes. After the deposition of GO
laminates onto the CA support layer, the average surface roughness was
slightly reduced due to the presence of hydrophilic oxygen-containing
functional groups within the chemical structure of the GO. When GO
laminates were modified by the amine-based HPEI, the average rough-
ness was decreased and thus defects on the GO surface were covered due
to the change in the chemical structure of membranes [64,65]. In
addition, a further decrease in the surface roughness was observed after
coating with the PEG, due to the intercalation of more amine groups
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PEI60k:rGO and PEI60k:rGO/PEG membranes. [DI water and 0.6 M NacCl ionic solution were selected as feed and draw solutions, respectively].

[54]. The findings agreed with observations from SEM images (see
Fig. S8, SD).

The surface hydrophilicity also plays a key role in the desalination
performance and anti-fouling property of the membrane. Water contact
angle measurements of CA support and GO-based membranes were
presented in Fig. (6). It was observed that hydrophilicity of the CA
substrate was increased after the coating with the GO, due to presence of
abundant oxygen functional groups. However, the wettability of the
PEI60k:rGO membrane was decreased after functionalisation of GO with
the HPEIL due to the reaction of GO oxygenated-carboxyl groups with
HPEI amine groups [34]. Therefore, the WCA measurement of the HPEI
crosslinked rGO membrane was increased. In comparison, the wetta-
bility of PEI60k:rGO doped PEG membrane was further increased, owing
to the addition of more amide groups on the surface of PEI60k:rGO/PEG
membrane, which confirmed obtained results from FTIR analysis. It
should be noted that, despite the reduction of wettability of cross-linked
rGO membranes compared to that of the GO, the amount of hydrophilic
oxygen-functional groups on their surfaces can be still sufficient in the
range of hydrophilic surfaces to provide a good water permeability [32,
64].

3.3. Evaluation of rGO membranes performance in an FO desalination

Performance of the as-prepared rGO-based membranes, compared to
the commercial CTA-FO membrane, was initially assessed by measuring
water flux and reverse solute flux in FO-based membrane system under
same conditions, as presented in Fig. (7). Fig. 7 (a) showed that the
water flux trend of the PEI60k:rGO/PEG membrane was higher than that
of the PEI60k:rGO and CTA-FO membranes, at which it exhibited a more
stable water permeation after around 55 min than the other tested
membranes in the FO process. In addition, the PEI60k:rGO film was seen
to achieve the highest average water flux, followed by PEI60k:rGO and
commercial CTA-FO membranes, as quantitatively presented in Fig. 7
(b), which is in agreement with the reported literature [66]. This

confirmed that the intercalation of PEG molecules, through the surface,
into the microstructure of the PEI60k:rGO membrane effectively
improved its hydrophilicity and provided low-friction hydrophobic
nano-channels, which supported WCA measurements and SEM obser-
vations. Although, it should be pointed out that the micrometre thick-
ness of resultant rGO membranes was obviously the barrier for their low
water permeation, nevertheless, it could be beneficial for reduction of
ions selectivity.

As rGO-based membranes involved the use of a support layer (i.e., CA
substrate), the ICP effect was evaluated by measuring the reverse solute
permeation across membranes, as shown in Fig. 7 (c). The average
reverse solute flux of the PEI60k:rGO membrane was less than that of
PEI60k:rGO and CTA-FO membranes, as a results of HPEI and PEG
modification reactions with the GO. For both modified rGO-based
membranes, the interaction between HPEI and GO sheets facilitated
the fast forward water transport. Also, it prevented the occurrence of a
high concentration difference between feed and draw solution sides near
the membrane surface, and hence lowering the effective osmatic pres-
sure across membranes [20], owing to its tuned inter-layer spacing and
possessed Donnan exclusion effect [18,67]. This was observed to be
further enhanced by the deposition of hydrophilic PEG, which
confirmed results for obtaining higher water flux for the PEI60k:rGO/-
PEG membrane compared to other tested membranes. Resultant obser-
vations were confirmed by calculating the specific salt flux, as seen in
Fig. 7 (d). It can be described that the specific salt flux of the PEI60k:
rGO/PEG membrane induced the lowest value, compared to that of the
PEI60k:rGO and commercial CTA-FO membranes. This implied that the
PEI60k:rGO/PEG membrane achieved least effects of the ICP
phenomenon.

To further evaluate the ion permeability across tested membranes,
the same FO system was used under same conditions (with DI water and
0.6 M NaCl solution selected as feed and draw solutions, respectively).
Fig. (S9) indicated trends of the NaCl concentration permeated across all
membranes as a function of testing time. Amongst membranes, the CA
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to the CTA-FO membrane. [0.1 M NaCl solution and 0.5 M dextrose were used
as feed and draw solutions, respectively].

substrate was the most permeable to Na™ and Cl~ ions from draw to feed
sides, as seen in Fig. SO (a). After deposition of the GO layer onto the CA
support layer, the ion permeability of the GO membrane was decreased
by almost 95 %. It was also observed in Fig. S9 (b) that resultant rGO-
based membranes (i.e., both HPEI- and HPEI/PEG-rGO) exhibited
lower ion permeation rates (around 78 % and 26 %, respectively) than
that of GO and commercial CTA-FO membranes, respectively. This was
attributed to their tightened interlaminar spacing, micrometre thickness
and active Donnan effects near the surface of membranes. On the other
hand, it was found that there was a very slight change in the permeation
of ions between as-fabricated rGO-based membranes, which accordingly
agreed with results of the reverse solute flux. Therefore, obtained ion
permeation results proposed that rGO-based membranes can effectively
provide higher salt rejections than GO and commercial CTA-FO mem-
branes for FO desalination.

To evaluate the salt efficiency of membranes in FO desalination
system, 0.1 M NaCl and 0.5 M dextrose were employed as feed and draw
solutions, respectively. As seen in Fig. 8 (a), the PEI60k:rGO/PEG
membrane demonstrated the highest water permeation followed by
PEI60k:rGO and CTA-FO membranes, which agreed with obtained re-
sults of the ICP- FO evaluation under same FO conditions. However, the
salt rejection performance of the PEI60k:rGO/PEG membrane showed
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slightly higher ion diffusivity rate than that of the PEI60k:rGO mem-
brane, confirming more forward salt ions permeated across the mem-
brane from the feed side to the draw side. In comparison, the CTA-FO
membrane exhibited the highest salt rejection efficiency, which is in line
with the reported literature [16,20].

To further understanding the conceptual mechanism of salt re-
jections for the resultant rGO-based membrane, the effect of membrane
charge was further investigated. It is noteworthy that the charge on the
surface of membrane can have a significant role on the electrostatic
repulsion of charged ions (i.e., Donnan exclusion theory), as reported in
the literature [18,28,34,67]. In this study, the electroneutrality of
resultant HPEI doped rGO laminates on surfaces of membranes was well
maintained to reject charged co-ions. Herein, the PEI60k:rGO surface
possessed a positive charge of +43.6 mV (with pH 11.4), but the PEG
solution had a much weaker positively surface charge of +9.3 mV, ac-
cording to the obtained ZP results. Therefore, the PEI60k:rGO mem-
brane was suggested to have stronger electrostatic repulsion force which
could reject more cationic species (i.e., co-ions of Na™) than that of the
PEG coated PEI60k:rGO membrane. As such, the infiltration of PEG was
firstly proposed to be the reason for slightly diminishing the salt rejec-
tion efficiency of the PEI60k:rGO/PEG membrane. The second potential
reason could be that the intercalation of the PEG material induced
d-spacings to be increased between PEI60k:rGO laminates, as observed
in XRD results, compared to those without PEG coating. This could lead
to the permeation of more hydrated ions across the PEG coated PEI60k:
rGO membrane from feed solution to draw solution sides. Fig. (9) rep-
resents expected conceptual mechanisms for improving desalination
performance, in terms of water flux and salt retention, across the
as-prepared PEI60k:rGO/PEG membrane.

To further assess the desalination performance of tested rGO mem-
branes in an FO process, the FESEM-EDX analysis of sieving forward ions
(i.e.,, Na* and Cl7) was required, as depicted in Fig. (S10). It was
observed that the atomic weight percentage of Cl~ ions on the surface of
the tested PEI60k:rGO membrane was higher than that of the PEG
coated PEI60k:rGO membrane. This could be attributed to strong elec-
trostatic attractions between the positively charged surface of the
PEI60k:rGO membrane and negatively charged Cl™ ions, resulting in a
cake-formation of excess Cl™ co-ions on the surface of the membrane
[68], as seen in Fig. S10 (a). Therefore, this could significantly
contribute to reduce the forward water flux across nano-channels of the
PEI60k:rGO film, which could confirm obtained results from the FO
desalination. On the other hand, as presented in Fig. S10 (b), the PEI60k:
rGO/PEG membrane showed a lower amount of Cl~ elements but
slightly higher quantity of Na* elements than that of the PEI60k:rGO
membrane. This may confirm our proposed hypothesis of intercalating
PEG molecules into PEI60k:rGO sheets, and their effects for enhancing
water permeation and lowering the salt rejection. Despite these findings,
the PEI60k:rGO/PEG membrane can still be promising in the FO appli-
cation because of its excellent desalination performance.

3.4. Structural integrity assessment of modified GO membranes

Since mechanical and chemical washing processes are regularly
required to recover the performance of FO membranes, the stability of
GO-based laminates has been a bottleneck for their practical applica-
tions. To assess the long-term dimensional durability and integrity of as-
fabricated membranes, GO and rGO-based membranes were firstly
assessed by immersing in 0.6 M of the NaCl ionic solution, as shown in
Fig. (10) (Supported by Fig. (S11)). It can be observed that the GO
membrane was detached from the CA substrate and started to disinte-
grate from day 1, until completely destroyed within less than one week.
Contrastingly, the structure of the PEI60k:rGO membrane demonstrated
a well-maintained stability for almost 4 weeks. In comparison, after
coating of PEI60k:rGO sheets with the PEG, the stability and structural
durability of the resultant membrane were further improved and
maintained for more than 6 weeks without any visible damages. The
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Fig. 9. Schematic diagram of possible mechanisms for improving desalination performance (i.e., water flux and salt rejection) across the PEI60k:rGO/PEG membrane
(along with possible chemical structures) [43,49,62], where water molecules are attracted by PEG coated PEI60k:rGO laminates and transported through ultra-fast

hydrophobic nanochannels by the capillary force, while charged feed ions are being rejected by size exclusion and electrostatic repulsion forces near the surface
of the membrane.

{Exposure Time in 0.6 M Nacl)

Membrane 1 day 1 week < 4 weeks 2 6 weeks
GO 2 i - -

PEI6Ok:rGO 5 4 3 -
PEI60k:rGO/PEG 5 5 5 4
Excellent (Score: 5) Good (Score: 4) Fair (Score: 3-2) - Poor (Score: 1-0)

Fig. 10. Stability evaluation of GO-based membranes based on an industrial rating scheme, dipped in 0.6 M of NaCl solution as a function of time.

(Structural durability in ultrasonication)

Membrane <5 min <20 min <50 min
GO - -
PEI60k:rGO 3 -

PEI60k:rGO/PEG

5 5
I:I Stable (Score: 5) I:l Disassembled (Score: 4)

D Deformed (Score: 3-2) - Critically damaged (Score: 1-0)

4

Fig. 11. Structural durability evaluation of GO-based membranes, exposed to ultra-sonication based on an industrial rating scheme.
obtained observations can confirm that the excellent stability of PEI60k: molecules formed tail bonding between two neighbouring GO sheets,

rGO/PEG was due to the tight bonding between PEG and HPEI doped resulting in an insufficient force to tightly maintain the structure of the
rGO sheets. In the case of the PEI60k:rGO membrane, some of HPEI membrane. As a result of the limiting effect of sodium ions, the PEI60k:
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Fig. 12. Assessment of the mechanical integrity and durability of membranes
via tensile strength testing.

rGO membrane started to loss its initial structure and stability after a
certain time of exposing in the ionic solution [29,44].

To evaluate the structural integrity and durability of membranes, GO
and rGO films were also compared by testing them in a harsh condition
under ultrasonication for a certain duration. As can be observed in
Fig. (11) (Supported by Fig. (512)), the GO membrane was not separated
from the CA substrate but easily deformed in a short testing time. On the
other hand, the PEI60k modified rGO membrane maintained a good
stability in the sonicator for about 20 min, owing to strong interactions
between the GO and crosslinked HPEI molecules [18,34]. In compari-
son, the PEI60k:rGO/PEG membrane demonstrated the best durability
and stability and remained unchanged for more than 50 min. As pro-
posed, PEG molecules played a vital role to further stabilise stacked
PEI60k:rGO laminates, as well-agreed with the reported literature [35].

The structural integrity of GO-based membranes was also investi-
gated during the FO performance process. As expected, the GO mem-
brane easily lost its integrity and, hence, its FO performance was not
considered in this study, for any comparison with other modified rGO
membranes. On the other hand, the modified rGO membranes showed
an excellent stability for 3 h during FO performance evaluation tests.
Therefore, it can be concluded that the successful functionalisation be-
tween HPEI, and modified GO laminates significantly improved the
structural integrity of modified rGO membranes. This was further
enhanced with addition of PEG molecules. As such, the PEG was well-
maintained the stability of the PEI60:rGO membrane by providing a
strong attraction between HPEI modified rGO laminates.

Membranes predominately encounter shear stresses due to the fric-
tion between its surface and cross-flowing fluids, particularly in an ideal
FO system [69-71]. Several factors can influence the performance of FO
membranes, including properties of raw materials, fabrication tech-
niques and parameters, the inclusion of doping additives, and structural
characteristics such as porosity and tortuosity [72]. Therefore, it is
crucial to further investigate the dimensional stability of membranes in
more vigorous conditions. To assess mechanical properties of fabricated
membranes relative to commercial CA substrate and CTA-FO mem-
branes, various tests for quantifying the mechanical integrity, including
maximum load, tensile strength, and elongation at the break, were
performed, with that results presented in Fig. (12) and Fig. (S 13). It is
important to highlight that commercial CTA-FO membranes typically
demonstrate superior chemical and mechanical stability across various
pH levels and under mechanical stresses, with a minimal degradation
[73-76]. It was observed that the CTA-FO membrane demonstrated the
highest maximum load, tensile strength, and elongation at break
compared to other tested membranes, reflecting its ability to resist
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breaking coupled with significant flexibility under tension and before
rupture. This is due to its dense structure and well-integrated cellulose
triacetate polymer matrix of typically manufactured phase
inversion-based CTA membranes [41,76]. This observation aligns well
with our stability performance assessments of the commercial CTA-FO,
as detailed in Fig. (12) and as reported in our previous work [41]. In
comparison, CA membranes, which were used in this work as support
layers to GO and rGO modified membranes, exhibited the lowest me-
chanical strength under tension conditions (Fig. 12). Typically, CA
membranes show lower mechanical stability and flexibility due to their
inherent material properties and presence of more voids within their
structure which weaken the material, and this can limit their application
under high-stress conditions [77]. After the incorporation of GO onto the
top of CA substrates using a vacuum filtration, this likely reduced the
effective porosity of the membrane by filling pores and providing a more
uniform surface, beside the inherent mechanical stability of GO mate-
rial. This could explain that there was observed a slight increase in
mechanical strength and flexibility (Fig. 12), as GO laminates may
bridge and reinforce the porous structure of the CA support, resulting in
a more cohesive material on the membrane. A Further increase in the
mechanical strength and stability was demonstrated when HPEI and
rGO were synergistically doped, as the HPEI provided strong intermo-
lecular interactions when crosslinked with the GO, which contributed to
the enhancement of the structural integrity. Therefore, the PEI60k:rGO
membrane showed an improved tensile strength and mechanical prop-
erties compared to the GO-coated membrane (Fig. 12). This suggests
that the introduction of HPEI with rGO likely to further reduce the
porosity by filling more of voids and creating more compact and uniform
structure, and interconnected network within the membrane [18,34].
The mechanical strength and flexibility of PEI60k:rGO membrane was
further improved after the infiltration of the PEG, which could explain
the slightly more increase in the tensile strength, as depicted in Fig. (12).
Infiltrating the PEG into the structure of the PEI60k:rGO membrane
provided a strong attraction between HPEI modified rGO laminates,
which could be explained by decreasing the porosity of the membrane,
created a slightly denser structure but provided a more hydrophilic
nature [35]. The obtained results of mechanical properties are
well-aligned with qualitative findings of chemical and mechanical sta-
bility assessments of GO-based and rGO modified membranes.

To further elaborate on the mechanical stability of rGO coated CA
membranes, the thermo-dynamic compatibility between functionalised
polymers (i.e., HPEI and PEG) and CA polymer substrates could be
evaluated by considering the Flory-Huggins interaction parameter,
which is a measure of the interaction between different polymer species
[78,79]. When the interaction parameter is considered to be low, it in-
dicates better miscibility and hence, better compatibility between
doping polymers and the substrate [80-82]. This improved compati-
bility can enhance the mechanical stability of membranes [78]. For bi-
nary interactions, the Flory-Huggins parameter typically should be less
than 0.5 [79,80]. It should be important to state that the reduction in
oxygen-containing functional groups of GO and the presence of amine
groups from the HPEI could form hydrogen bonds and interact electro-
statically with hydroxyl groups of the CA substrate [83]. These in-
teractions are favourable, which is likely proposed to lead to a lower
interaction parameter than 0.5, implying good compatibility. This could
reveal that the PEI60k:rGO coating will adhere more strongly to the CA
substrate. This was proposed to reduce the likelihood of mechanical
failure during FO cross-flow operations. This strong interaction between
polymer layers could also help to maintain the integrity of the mem-
brane under harsh conditions (i.e., stress), enhancing its mechanical
stability. Infiltering the PEG into the PEI60k:rGO structure introduced
additional hydrophilic groups, which could be potentially altering the
interaction with the CA substrate [83,84]. PEG chains can interact with
both the CA substrate and the PEI60k layer through hydrogen bonding
and van der Waals forces, as stated in Section 3.2. The presence of PEG
was proposed to further decrease the interaction parameter (>0.5) due
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Table 1

Comparison of water permeation and NacCl salt rejection of rGO-based membranes, being evaluated in a lab-scale FO desalination system.
Membrane/Substrate Feed concentration (M)  Thickness of deposited rGO layer (nm)  Water flux (LMH)  NaCl rejection (%)  Reverse solute flux (§MH)  Ref.
PEI60k:rGO/CA 0.1 ~570 ~4.8 98.6 0.59 This work
PEI60k:rGO-PEG/CA 0.1 ~740 ~7.7 97.9 0.56 This work
rGO/MCE 0.1 ~159.7 ~37.5 96 4.67 [28]
pDA-rGO/MCE 0.1 ~170.4 ~46.9 92 2.62 [28]
rGO-AgNPs-pDA/ 0.03 ~150 ~18.3 65.6 4.96 [20]

MCE

rGO/MCE 0.03 ~150 ~13.9 63 4.21 [20]
rGO/CNT 0.009 ~51 ~2.11 96.6 1.52 [17]1
rGO/PES 0.009 ~51 ~2.02 95.7 1.48 [17]1

to its differently chemical nature compared to CA and HPEI, which could curation, Conceptualization. Rachel Bocking: Writing — review &

be well-integrated into the PEI60k:rGO matrix, and hence formed a
stable coating with the CA substrate. This could ensure high compati-
bility and mechanical stability, which aligned well with quantitative and
qualitative assessments for the chemical and mechanical stability of
modified rGO membranes.

To establish a better understanding of the obtained results, water
flux and salt rejection parameters of the as-prepared rGO membranes (in
this work) were compared to other recently developed rGO-FO mem-
branes which have been reported in the literature. These comparisons
were thoroughly summarised in Table (1). As can be clearly described,
the salt rejection efficiency of our prepared rGO membranes out-
performed that of the other membranes, however, our water permeation
rates were slightly compromised compared to the reported literature. In
addition, the comprehensive evaluation of the long-term chemical and
mechanical stability of rGO-based FO membranes in the current litera-
ture remain limited [40,41,85].

4. Conclusion

The facile fabrication of the PEI60k:rGO/PEG membrane was suc-
cessfully performed via a novel two-step chemical procedure. This firstly
included the construction of stable carbon-based GO frameworks by the
acid treatment with HCI, followed by reduction and crosslinking of acid-
treated GO with HPEI molecules. The last step involved the hydrophilic
modification with a low concentration PEG solution. As a result of
functionalisation and modification reactions, simultaneously, the as-
prepared rGO membranes possessed highly stable microstructures,
tightened inter-layer spacing between modified GO laminates, and suf-
ficiently hydrophilic surfaces. The synergistic effect of HPEI and PEG
within the PEI60k:rGO/PEG membrane structure significantly improved
its water absorption rate and salt retention efficiency towards charged
salt ions. In FO desalination tests, the as-fabricated PEI60k:rGO/PEG
membrane clearly demonstrated around 37 % and 82 % higher water
flux rates than PEI60k:rGO and CTA-FO membranes, respectively, with
significantly improved rejection performance for forward and reverse
solute fluxes. Furthermore, the resultant membrane exhibited excellent
mechanical and chemical stability through evaluating its structural
durability in harsh conditions and ionic solutions. This study can be the
breakthrough for development of new rGO-based membranes for the
practical application of FO desalination. Therefore, future studies should
focus on optimising concentration of the PEG for more permeability and
stability enhancements. Moreover, the thickness of modified rGO layers
needs to be controlled to further improve water permeability rates while
maintaining an excellent selectivity of small molecular ions. Besides,
Future research should also focus on further investigation and optimi-
sation, such as enhancing the surface modification to improve anti-
fouling capabilities.
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