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Forward osmosis (FO), a pressure-free membrane process, holds significant promise for water purification
and seawater desalination. However, its efficiency is often limited by internal concentration polarization
(ICP). To address this challenge, high-performance thin-film nanocomposite (TFN) membranes were
developed by modifying poly(ethersulfone) (PES) substrates with varying amounts of graphene oxide-
graft-poly(2-dimethylaminoethyl methacrylate) (GO-g-PDMA) nanoplates. The PDMA polymer is syn-
thesized via atom transfer radical polymerization (ATRP) and covalently grafted onto azide-functionalized
GO via click chemistry. This study systematically investigates the effects of GO-g-PDMA loading on sub-
strate morphology, polyamide (PA) active layer formation, and overall membrane performance. Compared
to bare GO, GO-g-PDMA significantly enhances the PES substrate’s hydrophilicity, porosity, and water
permeability. The optimally loaded TFN membrane (0.5 wt% GO-g-PDMA) exhibits superior FO perform-
ance, achieving water fluxes of 27.8 + 1.9 L m~2 h~! (LMH) in FO mode and 52.1 + 1.5 LMH in PRO mode.
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the unmodified TFC membrane, underscoring its improved resistance to ICP. These findings highlight the
potential of GO-g-PDMA-functionalized substrates for enhancing FO membrane performance through
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1. Introduction

Providing sufficient potable water is essential for the sustainabil-
ity of industrial operations and human life. In light of rapid
population growth and the limited availability of global fresh-
water resources, cost-efficient and rapid seawater desalination
and wastewater treatment have become increasingly important to
meet the demand for high-quality water across sectors." The
development of advanced processes with low operating costs and
minimal energy consumption holds promise for enabling sus-
tainable potable water production from unconventional sources.’
Forward osmosis (FO) has recently attracted considerable atten-
tion as a novel membrane-based technology in both industrial
applications and academic research.’> The FO process involves
two solutions with differing osmotic pressures: the draw solution
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synergistic improvements in the structure and function.

(DS), which possesses a higher osmotic pressure, and the feed
solution (FS), which has a lower osmotic pressure.* During FO,
the osmotic pressure gradient drives water to permeate through
the FO membrane toward the DS side while limiting solute
passage.” The FO process is widely favored for its low energy con-
sumption, high water recovery potential, and relatively low
fouling propensity.>” These advantages make FO technology
highly attractive and widely applied across diverse fields, includ-
ing food processing, seawater desalination, power generation,
pharmaceutical intermediate enrichment, and wastewater treat-
ment.. Although FO offers several advantages over pressure-
driven membrane technologies, it still encounters major limit-
ations, including: (1) intrinsic membrane shortcomings, (2)
difficulties in recovering water from diluted draw solutions, and
(3) concentration polarization (CP) effects that obstruct indus-
trial-scale application.® Advancing high-performance membranes
is considered a crucial step toward the successful commercializa-
tion of FO technology. Numerous studies have aimed to develop
FO membranes that deliver high water permeability along with

minimal reverse salt flux.”™* Commonly, FO membranes are pre-
pared using different approaches, such as (i) the layer-by-layer

(LBL) self-assembly technique,'* (ii) thin-film composite (TFC)
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membranes fabricated through interfacial polymerization (IP),
and (iii) self-standing PA rejection layers formed without a sup-
porting substrate."®> Among these, TFC-FO membranes are widely
used for their superior solute rejection, high water permeability,
and resistance over a broad pH range."* The fabrication of
TFC-FO membranes typically involves two main steps: (1) cre-
ation of a porous substrate via non-solvent induced phase separ-
ation (NIPS), and (2) IP reaction between m-phenylenediamine
(MPD) in the aqueous phase and trimesoyl chloride (TMC) in
hexane to form the PA selective layer."” Each layer in the TFC-FO
membrane architecture plays a distinct and essential role in
boosting the overall separation performance. The substrate
mainly governs the structural stability of the TFC membrane
during FO, while the PA active layer determines the membrane’s
selectivity. In the FO mode with the active layer facing the feed
solution (ALFS orientation), water permeation dilutes the draw
solution at the PA-support interface, significantly lowering the
effective osmotic pressure gradient and thus reducing water flux
due to internal concentration polarization (ICP)."® ICP is strongly
affected by substrate characteristics such as tortuosity, porosity,
and thickness. These factors are collectively described by the
structural parameter (S)."> A lower S value indicates reduced ICP
effects and improved FO membrane performance. Recently,
extensive research has focused on minimizing ICP by developing
TFC-FO membranes with highly porous, thin substrates and
improving substrate hydrophilicity through techniques such as
surface modification,"” template-assisted fabrication,'® blending
with hydrophilic additives,'® and nanomaterial incorporation.*
In recent years, integrating hydrophobic polymer substrates with
hydrophilic nanomaterials to tailor substrate properties has
emerged as a promising strategy for enhancing FO membranes.
Various inorganic and organic nanostructures have been utilized
for this purpose, including layered-double hydroxides,”!
Zn0-Si0, core-shell nanoparticles,” graphene oxide (GO),>?
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MoS,,>* quaternary GO,* carbon nanotubes,®® metal-organic
frameworks,”” and amine-functionalized zinc oxide.*® Among
them, GO nanosheets have gained attention as effective mem-
brane materials owing to their oxygen-rich surface functionalities
(carboxyl, epoxy, and hydroxyl groups), which impart excellent
hydrophilicity and tunable surface chemistry. Although GO-incor-
porated nanocomposite substrates exhibit excellent permeability
and hydrophilicity, the limited affinity between hydrophobic sub-
strates and hydrophilic GO nanoplates must be carefully
addressed.” This weak compatibility between the polymer sub-
strate and GO nanoplates can negatively impact the mechanical
strength and stability of the nanocomposite support layers
during the FO process. Additionally, achieving uniform dis-
persion of GO nanoplates remains a significant challenge due to
their high surface energy, which results from competing entropic
(n—r stacking) and enthalpic (hydrogen bonding) interactions™.
Surface functionalization of GO is considered an effective strat-
egy to overcome this issue. For instance, the “polymer grafting
to” technique is recognized as a suitable method to reduce GO
aggregation within the polymer matrix.>*° To date, various GO-
based nanofillers have been modified with different polymers
and applied to membrane modification, including GO-g-
PHEMA,*" GO-g-PSBMA,**> GO-CS,* and PEG-g-GO.** Among
these functional modifiers, hydrophilic polymers such as poly(2-
(dimethylamino)ethyl acrylate) (PDMA) have gained attention as
promising candidates due to their excellent functionalization
capacity and interfacial compatibility.*

Based on this background, in this investigation, we developed
a novel TFN-FO membrane utilizing PDMA-graft-GO (GO-g-
PDMA) nanoplates as blending nanofillers. The GO-g-PDMA
nanofillers were successfully prepared via a click reaction by
grafting alkynyl-PDMA brushes onto GO-N; nanoplates, and the
resulting nanofillers were thoroughly analyzed. Five nano-
composite substrates were then constructed by incorporating GO
and GO-g-PDMA in varying amounts via the NIPS method.
Subsequently, the PA rejection layer was established on the
nanocomposite substrates to obtain the TFN-FO membranes.
We examine in detail the effects of GO or GO-g-PDMA nanofillers
on the substrate and PA active-layer properties, including further
assessment of how variations in the substrate and PA rejection
layer influence the FO efficiency of the TFN-FO membranes.

2. Experimental

2.1. Materials

Graphite powder, supplied by Alfa Aesar Company, was used
for the synthesis of GO nanoplates. Potassium permanganate
(KMnOy, 99%), sulfuric acid (H,SO,, 98%), hydrogen peroxide
(H,0,, 30%), phosphoric acid (H3PO,, 99%), and hydrochloric
acid (HCl, 37%) were procured from Merck and employed in
the preparation of GO nanoplates. Sodium azide (NaNj,
Merck), (3-glycidyloxypropyl) trimethoxysilane (GPTMS,
Merck), and ethanol (C,Hs0H, >99.9%, Merck) were used to
synthesize azide-functionalized GO (GO-N;) nanoplates. For
the synthesis of alkyne-terminated PDMA polymer, propargyl
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2-bromoisobutyrate (PBiB, 98%) was used as the initiator,
(2-dimethylamino)ethyl methacrylate (DMA, 98%) as the
monomer, copper(i) bromide (CuBr, 99%) as the catalyst, N,N,
N',N',N"-pentamethyl diethylene triamine (PMDETA, 98%) as
the ligand, and dimethyl formamide (DMF, 98%) as the
solvent—all obtained from Merck. Polyethersulfone (PES)
powder (M,, = 58000 g mol™, Ultrason® E 6020, BASF Co.,
Germany) was used as the polymeric support, while polyethyl-
ene glycol (PEG, M,, = 400 g mol ', Merck, Germany) serves as
the pore-forming agent. N-Methyl-2-pyrrolidone (NMP, Merck)
is used as the solvent for fabricating the support layers. Two
monomers, water-soluble m-phenylenediamine (MPD) and
hexane-soluble trimesoyl chloride (TMC), were provided by
Merck and used to form the PA layer on the support through
the IP process. Anhydrous n-hexane (>99.9%, Merck) and de-
ionized (DI) water were used to prepare the aqueous MPD and
organic TMC solutions. Sodium chloride (NaCl, 99%) was pur-
chased from Merck and used to prepare draw solutions (DS) at
various concentrations for FO performance evaluation.

2.2. GO synthesis

GO nanoplates were synthesized using a modified Hummers’
method.* In this method, an acidic mixture (9:1) of 20 mL of
H;PO, and 180 mL of H,SO, was first prepared. Then, 1.5 g of
graphite powder and 9.0 g of KMnO, were added to the acidic
solution, and the mixture was stirred at 35-40 °C. The acidic sus-
pension was then stirred at 50 °C for 24 h. After this period, the
mixture was allowed to cool to room temperature. Subsequently,
200 mL of cold DI water containing 1.5 mL of H,0, was added.
Under continuous stirring, an orange-yellow suspension formed.
This suspension was centrifuged at 4000 rpm for 4 h, and the
supernatant was decanted. The acidic GO gel was then stirred in
30% HCI solution for 8 h, rinsed multiple times with ethanol
and DI water, and recovered via centrifugation. Finally, the puri-
fied GO gel was dried in a freeze dryer for 24 h.

2.3. Azide-functionalization of GO nanoplates (GO-N;)

GO-N; nanoplates were synthesized in two steps: (i) covalent
grafting of GPTMS onto GO nanoplates via the reaction with
—-OH groups, and (ii) a ring-opening reaction between sodium
azide and the epoxy ring. In a 200 mL dried round-bottomed
flask, 1.0 g of as-prepared GO nanoplates was dispersed in
100 mL of anhydrous ethanol and stirred for 1 h to form a
uniform suspension. Next, 0.1 g of GPTMS was added to the
brownish GO suspension, and a silane-functionalization reaction
was carried out at 70 °C for 12 h. To produce GO-N; nanoplates,
0.6 g of NaN; was introduced into the reaction mixture, and stir-
ring was continued at 70 °C. After 12 h, the reaction was termi-
nated. The resulting GO-N; nanoplates were collected using
three repeated cycles of centrifugation (4000 rpm, 10 min) and
redispersion (15 min) in DI water and ethanol, followed by
drying in a vacuum oven at 40 °C.

2.4. Synthesis of alkynyl-terminated PDMA

In this work, an alkyne-terminated PDMA homopolymer was
synthesized via ATRP using alkyne-terminated PBiB as the
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initiator (Fig. 1a). Specifically, 103 mg (0.5 mmol) of PBiB,
7.86 g (50 mmol) of DMA, 35.8 mg (0.25 mmol) of CuBr, and
104 pL (0.5 mmol) of PMDETA were combined in a 50 mL
Schlenk flask containing 20 mL of dry DMF. The reaction
system was degassed three times using a freeze-pump-thaw
cycle, followed by ATRP polymerization at 80 °C for 12 h. The
polymerization was terminated by adding 100 mL of water,
and the reaction mixture was heated to 80 °C to induce precipi-
tation of the PDMA polymer. For further purification, the
PDMA polymer was dissolved in THF and passed through an
alumina column to remove any residual Cu'. The purified
polymer solution was then concentrated by rotary evaporation
and precipitated with hexane as the nonsolvent. "HNMR
(CDCL;): 1.0 ppm (9H, -CHj3), 1.8 ppm (2H, -CH,-), 2.4 ppm
(6H, -N(CHj3),), and 2.6 ppm (2H, -N-CH;-).%°

2.5. Preparation of GO-g-PDMA nanoplates

In this study, alkynyl-PDMA chains were grafted onto GO-N;
nanoplates at a 1:1 mass ratio of GO to PDMA via a click reac-
tion. To initiate the process, 0.6 g of GO-N; was dispersed in
20 mL of DMF containing 0.6 g (0.23 mmol) of alkyne-termi-
nated PDMA, 0.025 g (0.18 mmol) of CuBr, and 0.04 g
(0.23 mmol) of PMDETA, while nitrogen was bubbled through
the mixture. The reaction proceeded at 25 °C for 72 h. Following
the grafting step, the resulting PDMA-functionalized GO nano-
plates were isolated by centrifugation (5000 rpm for 10 min),
thoroughly rinsed with DMF and DI water, and subsequently
dried in a vacuum oven at 50 °C. The final product was labeled
as GO-g-PDMA.

2.6. Preparation of the nanocomposite substrates

In this work, all substrates, both pristine and nanocomposite,
were fabricated using the conventional NIPS method. PES was
employed as the polymer support, anhydrous NMP as the
solvent, PEG-400 as the pore-forming agent, and GO or GO-g-
PDMA as the nanofillers. DI water was used as the non-solvent
coagulation bath. Prior to solution preparation, PES powder was
dried at 70 °C for 12 hours to eliminate any surface-adsorbed
moisture. A predetermined amount of nanoplates (either GO or
GO-g-PDMA) was dispersed into a premixed solution of NMP
and PEG, followed by 2 hours of sonication to ensure a stable,
uniform suspension. Subsequently, PES powder was added to
the casting solution and dissolved at 80 °C under continuous
stirring. After complete dissolution, the solution was left undis-
turbed overnight to allow any trapped air bubbles to escape. The
degassed casting solution was then cast onto a clean glass plate
using a doctor blade with a 100 um gap, and the plate was
immediately immersed in a DI-water bath for 1 hour. Once soli-
dified, the flat sheet substrates were transferred to a fresh DI-
water coagulation bath and soaked for 24 hours to guarantee
thorough solvent exchange between NMP and DI-water. Finally,
the resulting substrates were stored in DI-water until further use
in the IP reaction and characterization steps.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic representation of the synthetic route for GO-g-PDMA nanoplates.

2.7. Fabrication of a PA rejection layer

TFC and TFN-FO membranes were prepared via the IP reaction
between TMC in the organic phase and MPD in the aqueous
phase on pure and nanocomposite PES substrates, respectively.
Initially, optimal concentrations of MPD (2.0 wt%) and TMC
(0.1 wt%) were dissolved in DI water and n-hexane, respectively.
The top surface of the nanocomposite PES substrate was taped

This journal is © The Royal Society of Chemistry 2026

onto a clean glass plate and soaked in the MPD solution for
2 minutes. After removing residual MPD droplets from the sub-
strate surface using an air knife, the MPD-absorbed substrate was
immersed in the TMC solution for 90 seconds to form the PA
thin film. To remove unreacted TMC monomer, the formed PA
skin layer was gently rinsed with n-hexane. The fabricated TFN
membrane was then placed in an oven at 60 °C for 1 minute to
ensure the formation of a stable, cross-linked PA active layer. After
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washing the PA surface with DI water, all as-fabricated TFC and
TFN membranes were stored in a DI water bath at 4 °C before
structural characterization and performance testing. The unmodi-
fied TFC-FO membrane was fabricated following the same pro-
cedure without the addition of nanoplates. A TFC-FO membrane
made from the pure PES substrate was used as the control.

2.8. Characterization of the prepared GO and GO-g-PDMA
nanoplates

The GO, GO-N;, and GO-g-PDMA nanoplates were analyzed
using Fourier transform infrared spectroscopy (FTIR, Bruker,
Equinox 55) to investigate their chemical compositions in the
400-3900 cm™' range. X-ray diffraction (XRD) analysis was
used to characterize the crystalline structure of the GO-g-
PDMA nanoplates by using a PHILIPS PW1730 diffractometer
from the Netherlands, with Cu Ka radiation (1 = 1.54056 A) at
40 kV and 30 mA. Data collection covered a 26 range of 7° to
60°, using a step size of 0.05° and a counting time of 1 second
per step. Field-emission scanning electron microscopy
(FE-SEM; Tescan VEGA) was used to observe morphological
differences between GO and GO-g-PDMA nanoplates. Prior to
SEM analysis, GO and GO-g-PDMA samples were dispersed in
ultrapure ethanol by sonication and then deposited onto
aluminum foil. The dried samples were gold-sputtered to
enhance conductivity. Elemental analysis of GO-g-PDMA
nanosheets was performed using energy dispersive spec-
troscopy (EDS) coupled with SEM. Thermal properties of the
nanoplates (GO, GO-N;, and GO-g-PDMA) were investigated by
thermogravimetric analysis (TGA, Q600, TA, USA) under an
inert atmosphere. Approximately 5 mg of each sample was
heated from room temperature to 600 °C at 10 °C min™", and
the polymer graft content was calculated from the mass loss.

2.9. Membrane characterization

The chemical compositions of the substrates and their corres-
ponding PA active layers were characterized using attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR, Bruker, Equinox). Spectra are recorded over the
wavenumber range of 600-2300 cm™'. The morphology of the
substrates’ top and bottom surfaces, and their cross-sections,
as well as the top surface of the PA layer, was examined using
scanning electron microscopy (SEM, Tescan, VEGA). For cross-
sectional imaging, samples were immersed in ethanol, frac-
tured in liquid nitrogen, and then coated with a thin platinum
layer to enhance conductivity. Energy-dispersive spectroscopy
(EDS) analysis was performed to investigate the distribution of
GO-g-PDMA nanosheets within the substrate structure, and
elemental-mapping images were generated to visualize their
dispersion throughout the TFN-FO membrane.

The surface roughness of the substrates and PA thin layers
was measured in tapping mode using atomic force microscopy
(AFM, Solver, NT-MDT). Membrane samples (~2 cm?®) were
fixed to the sample holder and scanned over a 5 pum X 5 pm
area. Membrane hydrophilicity was evaluated by water contact
angle (WCA) measurements using the sessile drop method
with a goniometer (CAG-20 SE, JIKAN, Iran). Membranes were

220 | Polym. Chem., 2026,17, 216-235

View Article Online

Polymer Chemistry

dried in an oven until reaching a stable weight before testing.
A 2 pL droplet of ultrapure water was placed on the membrane
surface, and images were captured with a digital camera. Each
membrane was analyzed at three random locations to mini-
mize experimental error.

Substrate porosity (¢, %) was determined using the gravi-
metric method. Substrates were removed from DI water,
surface water was gently blotted, and they were immediately
weighed. Samples were then dried at 50 °C until constant
weight was achieved. Porosity was calculated using eqn (1):

(my = ma)pw "

e =
(mw —ma)/pw +ma/pe

where m,, and my are the weights of wet and dry substrates,
respectively; pw is the density of water (1.0 g cm™®); and pp is
the density of PES (1.37 g cm™).

2.10. Pure water permeability (PWP) measurement

The pure water permeability (PWP) test was conducted to
evaluate the substrate hydrophilicity by measuring water flux
through the substrate. All tests were performed on substrates
with an effective surface area of 4.9 cm?, using a custom-made
cross-flow module. During the measurement, deionized (DI)
water was used as the feed solution, and the substrate was sub-
jected to a hydraulic pressure of 5 bar at 25 °C. The PWP value
was calculated using eqn (2):

Vv
PWP=—— (2)
A X At

where V is the volume of permeate collected (L), Ay, is the
effective membrane area (m?), and At is the test duration (h).
Using the porosity and PWP data, the average pore radius 7,
(nm) of the substrates was calculated via the Guerout-Elford-
Ferry equation (eqn (3)):

\/(2.9 —1.75¢) x 8QyT
p=

&

(3)

The PWP value, expressed as Q (m® s™'), represents the
volumetric flow rate of the permeate and is influenced by the
applied external hydraulic pressure AP (Pa). In the Guerout-
Elford-Ferry equation, T (cm) corresponds to the substrate
thickness, and 7 (Pa s) denotes the dynamic viscosity of water
at room temperature.

2.11. Evaluation of the membrane FO performance

The FO performance of the fabricated TFC and TFN membranes
was evaluated using a lab-developed cross-flow FO permeation
system with an effective membrane surface area of 4.9 cm?. Key
performance parameters were measured, including water flux
(Jw, LMH), reverse salt flux (Js, gMH), and membrane selectivity
(JsJw), following established protocols. All tests were conducted
at 25 °C using aqueous NaCl solutions at varying concentrations
(0.5, 1.0, 1.5, and 2.0 M), with deionized water serving as the FS
or DS depending on the test mode. The permeation cell operated
at a cross-flow rate of 100 mL min~'. Membrane performance

This journal is © The Royal Society of Chemistry 2026
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was examined in both FO mode (where the PA rejection layer
faces the FS) and PRO mode (where the PA rejection layer faces
the DS). Each FO test was run for approximately 30 minutes to
ensure system stabilization, after which water flux and reverse
salt flux data were recorded. To ensure reproducibility, each
membrane was tested three times.

Water flux, J,, was calculated by measuring the change
in FS mass over time using a digital balance, according to

eqn (4):

Amg

— Pr
Jw Am X At

(4)

where Amyg is the change in FS mass (kg), pr is the density of
the FS at room temperature (kg m™>), At is the duration of the
test (s), and Ay, is the effective membrane area (m?).

Reverse salt flux, J;, was calculated based on conductivity
measurements of the FS using a conductivity meter (WTW
GmbH, Germany) and according to eqn (5):

VG — VoG

Js =4 Al (5)

where V, and V;, are the FS volumes (L) before and after the FO
test, respectively, and C, and C, are the corresponding FS salt
concentrations (g L™).

2.12. Evaluation of the membrane’s intrinsic characteristics

Water permeability (4, LMH per bar) and salt rejection (Rs) of
the as-fabricated TFC and TFN membranes were evaluated
using a constant-pressure dead-end reverse osmosis (RO) per-
meation setup. Membrane coupons of 3.14 cm? were cut from
each wet membrane and mounted in the RO system. DI water

View Article Online
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salt rejection. Prior to each measurement, membranes were
stabilized for 20 minutes. All experiments were conducted
at 25 °C for 1 hour, with each test repeated three times
using different membrane coupons. Water permeability J was
calculated based on the volume of permeated DI water using

eqn (6):

. av
Ay X At X AP

J (6)
where AV (L) is the volume of permeate collected, A,, (m?) is
the effective membrane area, At (h) is the time interval, and
AP (bar) is the applied hydraulic pressure. Salt rejection (R)
was determined using the conductivity measurements of the
feed and permeate solutions according to eqn (7):

C
RN““::<1"Ef> x 100

(7)

where C¢ and C, (ppm) are the salt concentrations in the feed

and permeate, respectively. The salt permeability coefficient B

(LMH) was calculated by fitting the rejection data into eqn (8):
1— Ry B

= (8)

Rs  A(AP — Am)

where Axn (bar) is the osmotic pressure difference across the
membrane. Furthermore, the membrane structural parameter
S (pm), which reflects internal concentration polarization, was
estimated by fitting the measured A and B values to eqn (9). In
this equation, np and np represent the osmotic pressures of the
draw and feed solutions, respectively, and D is the salt
diffusion coefficient.

and 1000 ppm NacCl solution were pressurized to 5 bar across g Dy In Anp + B (9)
the PA active layer to determine the water permeability and " Jw Anp+Ju+B
*la) M,=2578¢g/mol [0} f
= M,, = 2656 g/mol ///\o —B
1 PDI =1.03 | o
4 b
5 c
b N—d
] d/
£
w ] d
2
2
2]
E b c f+g
1 I leﬂ
] A
- ? ) % WY
0.0 "= o0 2000 ® 15 B B 1110 5 8 7 6 5 4 3 2 1 0
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Fig. 2 (a) GPC chromatogram and (b) *H NMR spectrum of the alkynyl-terminated PDMA polymer.
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3. Results and discussion

3.1. Preparation of GO-g-PDMA

In this study, GO-g-PDMA nanoplates were synthesized via a
click reaction between alkyne-terminated PDMA and azide-
functionalized GO. The overall synthetic route is illustrated in
Fig. 1. Alkyne-terminated PDMA was synthesized by ATRP
using PBiB as the initiator. GPC analysis of the obtained
polymer (Fig. 2a) reveals a number-average molecular weight
of 2578 g mol™* and a weight-average molecular weight of
2656 g mol ', indicating a narrow molecular weight distri-
bution of 1.03. The chemical structure of the synthesized
PDMA was further confirmed by 'H NMR spectroscopy
(Fig. 2b), which shows characteristic signals corresponding to
the polymer backbone and side groups. The spectrum vali-
dated successful polymerization and purification of the
alkyne-terminated PDMA.

Azide-functionalized GO (GO-N;) was synthesized in two
steps. First, graphene oxide was reacted with (3-glycidyloxypro-
pyl)trimethoxysilane (GPTMS) to introduce epoxy groups via
silanization of the GO surface. In the second step, the epoxy-
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functionalized GO was reacted with sodium azide to form
azide groups on the GO surface. The successful synthesis of
GO-N; and subsequent grafting of PDMA chains onto GO via
the click reaction were verified using several techniques
including FTIR, XRD, TGA, FE-SEM and EDS analyses.

FTIR. In the FTIR spectrum of the synthesized GO via the
modified Hummers’ method, characteristic absorption peaks
are observed at 3300 cm™' (O-H stretching vibration),
1725 em™' (C=O stretching vibration), 1040 cm™ (C-O
stretching vibration), and 1615 cm™" (C=C stretching in aro-
matic rings).>” These typical peaks also appear in the spectra
of GO-N; and GO-g-PDMA nanoplates, confirming the preser-
vation of the fundamental GO structure after functionalization.
However, their intensities decrease markedly in the GO-N; and
GO-g-PDMA samples, likely due to the partial reduction of oxy-
genated groups during azide modification and PDMA grafting.
As shown in Fig. 3a, new absorption peaks emerge at 1095 and
2090 cm™' in the GO-N; spectrum, which correspond to the
Si-O-Si stretching and azide (-Nj) stretching vibrations,
respectively. These features verify the successful introduction
of GPTMS and azide groups onto the GO surface. Additionally,
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(a) Comparison of FTIR spectra of the GO, GO-N3, GO-g-PDMA, and PDMA polymer, (b) XRD pattern, and (c) TGA curve of the GO-g-PDMA.
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the GO-N; sample shows a band at 2930 cm ™", attributed to C-
H stretching of the propyl chain in GPTMS. In the GO-g-PDMA
spectrum, characteristic absorption bands arise from the
grafted PDMA polymer, including C=O stretching
(1725 em™), C-N stretching of the dimethylaminoethyl group
(1070 cm™"), N-CHj stretching (2792 em™"), and C-H stretch-
ing (2985 cm™").*® These peaks clearly confirm that the click
reaction effectively grafts PDMA chains onto the GO
nanoplates.

XRD. Fig. 3b displays the XRD pattern of the GO-g-PDMA
nanoplates. According to our previous work,*' the peak at 26 =
9.6° corresponds to the (001) plane of oxidized graphene
sheets. This peak reflects the regular interlayer spacing caused
by abundant oxygen-containing functional groups, such as
hydroxyl, carbonyl, epoxy, and carboxyl groups. A secondary
broad and weak peak at 26 = 43.3° is also observed and is typi-
cally attributed to residual unoxidized graphitic domains
present in trace amounts within the GO structure.’® In the
case of GO-N3, the characteristic peak at 26 = 9.6° is retained,
though its intensity is notably diminished, indicating partial
disruption of the ordered GO stacking. Additionally, a broad
peak at 26 = 22.6° appears, attributed to the formation of an
amorphous SiO, layer during GPTMS functionalization. This
feature facilitates the successful chemical modification of the
GO surface and the partial disruption of its crystalline struc-
ture.*® For the GO-g-PDMA nanoplates, the disappearance of
the GO (001) peak at 20 = 9.6° suggests that the intercalation
of PDMA chains significantly disturbs the layered GO struc-
ture. Moreover, the appearance of a broad peak around 26 =
19° is consistent with the presence of amorphous PDMA seg-
ments, further confirming the successful grafting of the
polymer onto the GO surface.*?

(b) GO-g-PDMA 500 nm

N Br
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TGA. TGA analysis of the GO-g-PDMA nanoplates was con-
ducted under inert conditions, and the results are shown in
Fig. 3c. The GO-g-PDMA curve was compared with the GO and
GO-N; curves, as reported previously.®" All samples exhibit an
initial weight loss below 100 °C, which corresponds to the
evaporation of physically adsorbed moisture. For the GO
sample, a significant mass loss occurs around 250 °C, primar-
ily due to the thermal decomposition of labile oxygen-contain-
ing functional groups.*’ In contrast, the GO-N; and GO-g-
PDMA samples exhibit notably reduced weight loss in this
temperature range, suggesting partial removal of oxygenated
functionalities during functionalization with GPTMS and
sodium azide, consistent with the FTIR results (Fig. 3b). The
GO-N; sample shows a total mass loss of approximately
15.5 wt% between 300 °C and 600 °C. For the GO-g-PDMA
nanoplates, the total weight loss in the same temperature
range increases to about 24.0 wt%, indicating that the grafted
PDMA polymer accounts for an estimated 8.5 wt% of the total
mass.

SEM images and EDS analysis. SEM was used to examine
morphological changes in GO after PDMA functionalization.
As shown in Fig. 4a, pristine GO typically exhibits a crumpled,
sheet-like morphology with a relatively smooth surface. The
presence of oxygen-containing functional groups introduces
wrinkles and folds that disrupt the intrinsic planar structure
of graphene sheets.”” Upon grafting PDMA onto the GO
surface, as illustrated in Fig. 4b, a notable increase in surface
roughness was observed. This appears in the SEM images as a
more textured morphology, with visible protrusions and
surface irregularities attributed to the presence of polymer
chains. Complementary to the SEM results, EDS analysis
(Fig. 4c) detected the presence of nitrogen (N) and bromine
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Fig. 4 SEM images of (a) GO and (b) GO-g-PDMA,; (c) EDS spectrum of the GO-g-PDMA nanoplates.
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(Br) in the GO-g-PDMA sample. These elements originate from
the dimethylaminoethyl side groups of PDMA and the
bromine-based ATRP initiator, respectively, and serve as sup-
porting evidence for the successful grafting of PDMA onto the
GO surface.

3.2. Substrate preparation and characterization

In this study, PES substrates were modified using GO-g-PDMA
at three different loadings. For comparison, an additional PES

View Article Online

Polymer Chemistry

substrate was prepared with unmodified GO at the same
loading. A pristine PES substrate without any additives was
also fabricated as a control. The preparation procedure for all
substrates followed the method described in the Experimental
section. The specific composition details of each formulation
are summarized in Table 1.

All PES-based substrates containing GO and GO-g-PDMA
were analyzed using ATR-FTIR spectroscopy, and the recorded
spectra are shown in Fig. 5(a). The spectra of all fabricated
substrates exhibit characteristic bands corresponding to the

Table 1 Compositions and labels of GO and GO-g-PDMA modified PES substrates and the corresponding TFN-FO membranes

Substrates PES (g) NMP (g) PEG-400 (g) Nanofiller type Content” (g) Corresponding FO membranes
PES 3.0 13.0 4.0 — 0.0 TFC

PES-GOy 5 3.0 13.0 3.9 GO 0.1 TFN-GOy 5

PES-GOPy 55 3.0 13.0 3.95 GO-g-PDMA 0.05 TFN-GOP, »5

PES-GOP, 5 3.0 13.0 3.9 GO-g-PDMA 0.1 TFN-GOP, 5

PES-GOP, 3.0 13.0 3.8 GO-g-PDMA 0.2 TFN-GOP,

“The nanofiller contents (GO or GO-g-PDMA) are based on the total mass of the casting solutions.
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Fig. 5 ATR-FTIR spectra of (a) the prepared PES-based substrates containing GO and GO-g-PDMA nandfillers, (b) the fabricated TFC and TFN-FO

membranes, and (c) magnification of the support layer ATR-FTIR spectra.
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(a) SEM images of the top surface morphologies and corresponding digital photographs of the substrates; (b) SEM images of the bottom

surface morphologies; and (c) cross-sectional SEM images of the substrates.

PES polymer. Specifically, the bands at 1483, 1296, and
1239 cm™" are attributed to the vibrations of aromatic rings,
asymmetric stretching of O=S=—O0, and C-O-C vibrational
bonding, respectively. Further analysis of the ATR-FTIR spectra
of the support layers revealed that the peak at 1615 cm™"
became more intense as the GO-g-PDMA nanofiller concen-
tration increased (Fig. 5c). This peak corresponds to the
stretching vibrations of aromatic groups in the GO nanofiller.
This spectroscopic finding likely explains the darker coloration
of the support layers as nanofiller concentrations increase
(Fig. 6a).

The effect of GO-g-PDMA incorporation on membrane mor-
phology was investigated using SEM images. All substrates
were fabricated using the conventional NIPS process, in which
the NMP solvent in the cast polymeric film was exchanged
with water (the non-solvent) to form a solid membrane. The
NIPS rate critically affects the substrate structure. Most studies
indicate that hydrophilic nanofillers enhance the casting solu-
tion’s tolerance to water content, thereby slowing the NIPS
rate.*> Consequently, the incorporation of GO-g-PDMA is
anticipated to substantially affect the structure of the modified
PES substrates. As shown in Fig. 6a, the top surfaces of all sub-
strates appear relatively smooth, with no visible GO or GO-g-
PDMA nanosheets. This contrasts with membranes containing
non-carbon nanofillers, such as silica** and TiO,,*> where
nanofillers are typically visible on the membrane surface fol-
lowing the NIPS process. Similarly, other carbon-based nanofil-
lers, such as GO-g-PHEMA,*' QGO,* and CNTs,*® exhibit no

This journal is © The Royal Society of Chemistry 2026

surface accumulation. This suggests that the carbonaceous
nature of GO nanosheets and the PES polymer ensures
effective dispersion of GO within the polymer matrix, prevent-
ing agglomeration on the membrane surface.’”” Additionally,
the photographs in Fig. 6a illustrate that the substrate color
gradually darkens with increasing nanofiller concentrations.

The morphology of the bottom surface of FO membranes
directly influences water and solute diffusion through the sub-
strate pores, so it is essential to analyze the structural changes
that occur when hydrophilic nanofillers are added. Fig. 6(b)
presents SEM images of the bottom surfaces of all substrates,
revealing significant morphological modifications. The pore
sizes on the bottom side of GO or GO-g-PDMA-modified sub-
strates are considerably larger than those of the unmodified
substrate. This variation in pore size can be attributed mainly
to two factors: (1) the interfacial affinity between the glass
plate and the casting solution, and (2) the interval between
gelation initiation and film detachment.*® Since a porous sub-
strate helps mitigate ICP, it is reasonable to expect that the
modified substrates will exhibit enhanced performance in FO
processes.

Cross-sectional SEM images provide further insights into
the impact of nanofillers on substrate morphology. As shown
in Fig. 6c, all substrates exhibit two distinct regions: a dense
top layer and a porous bottom layer, characteristic of mem-
branes formed via the NIPS process.*® The unmodified PES
substrate exhibits irregular pore structures in the cross-
section, resulting from rapid solvent-nonsolvent (NMP-water)

Polym. Chem., 2026, 17, 216-235 | 225
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Fig. 7 Three-dimensional AFM images of PES substrates modified with GO and GO-g-PDMA nanofillers, showing variations in surface roughness.

exchange during phase inversion, driven by PES’s intrinsic
hydrophobicity.>® In contrast, substrates modified with GO or
GO-g-PDMA demonstrate significantly larger and more
uniform pores throughout the cross-section. Increasing the
GO-g-PDMA content encourages the creation of elongated
finger-like pores, probably because the hydrophilic groups in
GO and GO-g-PDMA reduce the solvent-nonsolvent exchange
rate during NIPS, thereby promoting pore formation. However,
at a higher GO-g-PDMA concentration of 1.0 wt%, the mor-
phology shifts from finger-like to sponge-like, accompanied by
a decrease in porosity. This change is likely due to the aggrega-
tion of GO-g-PDMA nanosheets at elevated loadings, which
reduces their ability to effectively influence the phase inversion
process.

In addition to influencing morphology, nanofillers also
affect the surface roughness of membranes. Fig. 7 shows three-
dimensional surface images of PES, PES-GO, s, PES-GOP ,s,
PES-GOP, 5, and PES-GOP; substrates. The average surface
roughness (R,, nm) values are reported alongside the images.
The pure PES substrate exhibits a relatively rough surface, with
an R, value of 12.5 + 2.8 nm, which is higher than that of the
GO and GO-g-PDMA-modified PES substrates. This reduction
in roughness is likely due to the hydrophilic nanofillers at the
surface, which contribute to a more controlled NIPS process
and result in smoother membranes. However, at the highest
nanofiller loading in PES-GOP;, the R, value increases again to
an approximate value similar to that of bare PES. This increase
could be due to nanofiller agglomeration, which decreases the
uniformity of nanofiller coverage on the substrate surface and
consequently impacts roughness.

The addition of nanofillers to the PES substrate also alters
the intrinsic membrane properties, such as porosity, mean

226 | Polym. Chem., 2026, 17, 216-235

pore size, hydrophilicity, and pure water permeability (PWP).
The porosity of the substrates is measured using the gravi-
metric method, and the results are shown in Fig. 8a.
Increasing the GO-g-PDMA loading from 0 to 0.5 wt% signifi-
cantly enhances the porosity of the PES matrix, increasing it
from 74.4 + 1.5% to 82.6 + 1.1%. This increase in porosity can
be attributed to several mechanisms: (1) the intercalation of
GO-g-PDMA nanosheets into the PES polymer chains, which
causes structural modification of the matrix, and (2) the
inherent hydrophilicity of GO-g-PDMA nanosheets, which
improves the overall hydrophilicity of the casting solution,
affecting NIPS during substrate formation and resulting in a
more porous structure.*> However, when the GO-g-PDMA
loading exceeds the optimal 0.5 wt% and reaches 1.0 wt%, a
slight decrease in porosity is observed (78.4 = 1.2%). This
reduction likely results from increased viscosity of the casting
solution, which affects the NIPS process, and from potential
pore blockage due to excessive nanosheet aggregation. To
further assess the effect of PDMA grafting on porosity enhance-
ment, pristine GO nanosheets are also incorporated into the
PES matrix at 0.5 wt%. The resulting porosity for the PES-GO 5
sample (78.03%) is higher than that of the pure PES substrate
but lower than that of the PES-GOP, 5 substrate. This result
suggests that polymer grafting on the GO surface significantly
improves the nanofiller’s ability to enhance porosity. The pres-
ence of grafted PDMA chains improves compatibility between
the GO nanosheets and the PES matrix, thereby minimizing
aggregation and promoting a more uniform dispersion
throughout the substrate.

In addition to porosity, Fig. 8a also shows the WCA
measurements of the substrates, which serve as an indicator of
surface hydrophilicity. The hydrophilicity of a substrate plays a

This journal is © The Royal Society of Chemistry 2026
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of the corresponding substrates.

crucial role in determining water flux. For the PES-GO, 5 sub-
strate, the presence of oxygen-containing functional groups in
GO nanosheets reduces the WCA to 73.5° + 0.94. A more pro-
nounced decrease in WCA is observed when GO-g-PDMA
nanosheets are incorporated, particularly up to 0.5 wt%, indi-
cating a substantial improvement in surface hydrophilicity.
Specifically, the WCA of the unmodified PES substrate was
recorded as 77.0° + 1.45, which decreased to 63.2° + 0.86 in
the PES-GOP, 5 substrate. This reduction is mainly due to the
inherent hydrophilicity of GO-g-PDMA nanosheets, which is
provided by the polar functional groups in the PDMA chains.
PDMA possesses tertiary amine groups (-N(CHj3),) and ester
groups (-COO), which can form strong dipole-dipole inter-
actions with water molecules, thereby improving the wettabil-
ity of the substrate surface. Notably, the WCA decrease is more
substantial in the PES-GOP, s sample than in the PES-GOg s
sample, which contains unmodified GO. This enhanced hydro-
philicity is attributed to improved compatibility between the
GO nanosheets and the PES matrix resulting from PDMA graft-
ing.”’ The polymeric modification enhances nanosheet dis-
persion and reduces aggregation, resulting in a more homoge-
neously hydrophilic surface and improved overall membrane
performance.

The mean pore size and PWP are other key substrate pro-
perties influenced by the nanofillers. The pore size trend is
similar to the porosity trend, which shows that by increasing
the nanofiller content, both porosity and mean pore size are
enhanced simultaneously. As shown in Fig. 8b, the PWP of the
PES-GO, 5 substrate reaches 134.4 + 4.7 LMH per bar, repre-
senting an increase of approximately 36% compared to the
unmodified PES substrate (98.3 + 6.3 LMH per bar).
Remarkably, the PES-GOP, s substrate exhibits the highest
PWP value of 204.1 + 5.2 LMH per bar, more than twice that of
the pristine PES. Several mechanisms contribute to this

This journal is © The Royal Society of Chemistry 2026

enhancement in permeability: (1) increased porosity facilitates
more efficient water transport through the membrane matrix,
(2) enhanced surface hydrophilicity promotes water adsorption
and diffusion, (3) the formation of well-developed finger-like
pores optimizes water flow pathways; and (4) the GO-g-PDMA
nanofillers function as hydrophilic nanochannels, enabling
additional water transport routes.>”

3.3. Influence of substrate modification on the PA active

layer

The PA active layer in TFC-FO membranes is responsible for
selective water transport while rejecting solutes. In this study,
all PA layers were fabricated using the same IP method on
different PES-based substrates. However, notable variations in
the structure and properties of the PA layers were observed
depending on the substrate. As with the substrates, the TFC
and TFN membranes were characterized using ATR-FTIR spec-
troscopy. Because the ATR-FTIR beam penetration depth was
approximately 1 pm and the thickness of the PA layer was
about 400 nm, characteristic peaks from the substrates were
also detectable. Nonetheless, all TFN membranes display dis-
tinct peaks at 1540 cm™', 1610 cm™*, and 1660 cm™", which
correspond to N-H in-plane bending (amide II), C=C aromatic
ring stretching, and C=0 stretching (amide I), respectively.”?
The presence of these peaks confirms the successful formation
of the PA selective layer.

In general, the morphology of the PA layer changes depend-
ing on the substrate, as shown in Fig. 9a. The formation of the
PA layer generally proceeds through two stages: initially, MPD
reacts with TMC at the water-organic interface to form an ultra-
thin, nodular PA layer. Then, the Marangoni effect enhances
the transport of MPD toward the organic phase, restructuring
the nascent layer into a characteristic ridge-and-valley mor-
phology. On the unmodified PES substrate (TFC), the PA layer

Polym. Chem., 2026, 17, 216-235 | 227
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(a) Top surface SEM images showing the morphological differences in the PA layers of TFC and TFN-FO membranes; (b) three-dimensional

AFM images depicting changes in surface roughness with increasing GO-g-PDMA content; and (c) cross-sectional SEM images illustrating the
overall membrane structure and thickness of the PA layers formed on different substrates.

appears the smoothest, with a relatively uniform nodular mor-
phology. This is attributed to the limited adsorption of MPD
onto the hydrophobic, low-porosity PES surface."® In contrast,
as the GO-g-PDMA content in the substrate increases, the PA
layer develops a rougher, more textured surface. This trans-
formation is primarily due to the improved hydrophilicity and
porosity of the modified substrates, which enable greater
absorption of the MPD solution and result in a more vigorous
interfacial polymerization reaction. A rougher PA surface
increases the effective surface area available for water trans-
port. This trend is supported by AFM analysis shown in
Fig. 9b, where the average surface roughness (R,) increases
from 43.8 + 7.2 nm for the TFC membrane to 83.5 + 11.3 nm
for TFN-GOP,, 5. These findings confirm that variations in sub-
strate wettability and porosity strongly influence the mor-
phology of the resulting PA layer.>*

In addition to surface morphology and roughness, the thick-
ness of the PA layer is a critical factor influencing the water per-
meability and solute rejection performance of TFN-FO mem-
branes. Notably, the trend in PA layer thickness correlates closely
with changes in surface roughness. The measured thicknesses
of the PA layers for TFC, TEN-GO, s, TEN-GOP, ,5, TEN-GOP, 5,
and TFN-GOP; membranes are 319.75 + 55, 339.25 + 11, 401 + 9,
541.5 + 53, and 468.25 + 46 nm, respectively. The observed
increase in PA thickness is attributed to several factors, includ-
ing enlarged surface pore size of the substrates, enhanced

228 | Polym. Chem., 2026, 17, 216-235

absorption of MPD monomers into the substrate surface pores,
and an accelerated IP reaction®®. These factors promote the for-
mation of a thicker and more developed PA layer, which can
influence membrane separation properties. The cross-sectional
images of the TFN membranes were further analyzed to investi-
gate the distribution of GO-g-PDMA within the PES substrate.
Fig. 10 shows the elemental mapping results for the TFN-GOP, 5
sample, highlighting the uniform distribution of carbon, nitro-
gen, sulfur, oxygen, and silicon across the membrane cross-
section. Notably, the presence of silicon and nitrogen, originat-
ing from the GPTMS moieties introduced during the azide-
functionalization of GO nanosheets, serves as distinctive
markers, differentiating the GO-g-PDMA nanofiller from the
intrinsic elements of the PES substrate. The uniform distri-
bution of these elements throughout the membrane cross-
section indicates uniform dispersion of the GO-g-PDMA nanofil-
ler and suggests a high degree of compatibility between the func-
tionalized nanofiller and the PES matrix.

3.4. Evaluation of intrinsic separation performance

The intrinsic separation characteristics of the TFC and TFN-FO
membranes, including water permeability (4), salt per-
meability coefficient (B), salt rejection (R), the B/A ratio, and
the membrane structural parameter (S value), are critical for
determining membrane performance in FO applications.

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 EDS elemental mapping images of the TFN-GOPg s membrane.

Table 2 Intrinsic transport parameters of TFC and TFN-FO membranes
evaluated under RO mode: water permeability (A), salt permeability (B),
salt rejection (R), selectivity ratio (B/A), and structural parameter (S)

FO A (LMH
membranes per bar) R (%) B(LMH) B/A(bar) S (um)
TFC 1.22 +0.06 94.4 + 0.30 + 0.25 + 579 +
0.6 0.04 0.03 40
TFN-GOy 5 1.63 +0.10 93.8+ 0.45 + 0.27 + 442 +
0.35 0.03 0.015 73
TFN-GOP, s 1.97+0.1  95.1+ 0.42 + 0.21 + 385 +
0.3 0.05 0.015 29
TFN-GOP, 5 2.53+0.09 963+ 0.41 + 0.16 + 270
0.45 0.07 0.02 26
TFN-GOP, 2.47 +0.18 91.03 = 1.04 + 0.42 + 350 +
0.61 0.15 0.03 42

These parameters are measured for each membrane and are
summarized in Table 2. Both GO and GO-g-PDMA-modified
TFN-FO membranes demonstrate higher A values than the
unmodified TFC membrane, indicating enhanced water per-
meability. In particular, increasing the GO-g-PDMA content led
to a notable increase in A value, which corresponds with the
formation of a rougher PA active layer, as confirmed by SEM
and AFM analyses. A rougher PA surface increases the effective
contact area with water, thereby improving water permeability.
The R values vary with the type and concentration of the nano-
filler. The TFN-GO, s membrane exhibits a slightly reduced R
value (93.8 + 0.35%) compared to the TFC membrane (94.4 +
0.6%). In contrast, the TFN-GOP,; membrane shows an
improved R value, attributed to a uniform, well-formed PA
rejection layer resulting from optimal nanofiller distribution.
However, further increasing the GO-g-PDMA content to
1.0 wt% (TFN-GOP,) results in a reduced R value (91.03 +
0.61%), likely due to defective PA layer formation caused by
nanofiller aggregation at higher concentrations. The salt per-

This journal is © The Royal Society of Chemistry 2026
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meability coefficient (B), calculated from A and R values, fol-
lowed a similar trend, initially decreasing with moderate GO-g-
PDMA content and increasing at higher loading levels. These
trends in A, B, and R values highlight the role of GO-g-PDMA
in improving water permeability and selectivity when uni-
formly dispersed but in causing performance deterioration at
high loading. The S value, which characterizes the ICP effect,
is also evaluated using data from RO and FO tests. A lower S
value indicates diminished ICP and improved FO flux.>>>® The
unmodified TFC membrane exhibited the highest S value
(579 + 40 pm) and the lowest FO flux. In contrast, TFN-GOP, 5
shows the lowest S value (270 + 26 pm), corresponding to the
highest FO flux. These results suggest that the addition of GO-
g-PDMA nanosheets effectively reduces the ICP effect, improv-
ing overall FO membrane performance.

3.5. FO performance

The FO performance of the TFC and GO-g-PDMA-modified
TFN membranes was evaluated using a cross-flow permeation
cell under both FO and PRO modes. The results, including
water flux (J,,), reverse salt flux (J), and specific reverse salt
flux (Js/Jw), are shown in Fig. 11. The unmodified TFC mem-
brane exhibited J,, values of 13.12 + 0.82 LMH and 21.55 + 1.2
LMH under FO and PRO modes, respectively. The incorpor-
ation of GO-g-PDMA nanosheets into the PES substrate led to a
marked enhancement in water flux with increasing nanofiller
content from 0.25 to 0.5 wt%. For instance, the J,, values for
the TFN-GO,s5, TFN-GOP,,s5, and TFN-GOP,; membranes
increased to 17.3 + 1.45/31.09 + 1.2 LMH, 20.27 + 0.83/38.58 +
1.3 LMH, and 27.82 + 1.96/52.1 + 1.4 LMH under FO/PRO
modes, respectively. This enhancement in FO performance is
primarily attributed to the introduction of hydrophilic GO-g-
PDMA nanosheets into the membrane matrix. These nanofil-
lers improve the substrate’s average pore size and overall poro-
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Fig. 11 Water flux (Jy,) and reverse salt flux (Js) of TFC and GO/GO-g-PDMA-modified TFN-FO membranes in (a) FO mode and (b) PRO mode.
Tests are performed using a 1 M NaCl draw solution and DI water as the feed.

sity, while promoting the formation of elongated finger-like
structures. Additionally, the nanosheets significantly enhance
membrane hydrophilicity, as evidenced by reduced water
contact angles. These morphological and surface improve-
ments synergistically enhance water transport across the
membrane.’”*® In addition to the favorable structural features
of the substrate, the increased roughness of the PA active layer
also contributes to the improved water flux observed in the
GO-g-PDMA-blended TFN-FO membranes. A rougher PA layer
provides a larger effective contact area for interaction with
molecules, thereby enhancing permeability.
Consequently, the improved water flux can be attributed to the
synergistic effects of enhancements in both the substrate
structure and the PA active layer morphology. The FO perform-
ance data also reveal that the J, values in PRO mode are con-
sistently higher than those in FO mode for all membrane
samples. This trend aligns with a well-established principle in
FO processes, where PRO mode generally experiences reduced
ICP effect compared to FO mode.>® However, in the TFN-GOP,
sample, a slight reduction in J,, is observed due to the nanofil-
ler’s non-uniform dispersion at higher concentrations.
Specifically, increasing the nanofiller content increases the vis-
cosity of the casting solution, which can alter membrane mor-
phology, leading to the formation of a sponge-like substrate
structure with less favorable water-transport characteristics.

In addition to water flux (J,), the reverse salt flux (J5) is a
critical parameter that significantly influences the overall
efficiency and selectivity of membranes in the FO process.
Fig. 11a and b illustrate the Js trends for both TFC and TFN
membranes modified with GO or GO-g-PDMA over a concen-
tration range of 0-1.0 wt% under FO and PRO operation
modes. With increasing GO-g-PDMA content, J; values gradu-
ally increased, reaching their maximum at a nanofiller loading
of 1.0 wt%. Specifically, J; increased from 2.6 + 0.28/4.5 +
0.5 gMH for the unmodified TFC membrane to 6.9 + 1.25/8.83
+ 0.76 gMH for the TFN-GOP; membrane under FO/PRO

water
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modes, respectively. This elevated J; in TFN-GOP; aligns with
the observed trends in salt permeability (B) and salt rejection
(R) values, suggesting defective PA layer formation at high
filler loading. Nonetheless, the J; values for all GO and GO-g-
PDMA-modified TFN membranes remain relatively low and are
below those typically reported for many conventional TFC-FO
membranes in the literature, indicating a favorable balance
between permeability and selectivity.

Moreover, membrane selectivity, defined by the ratio of
reverse salt flux to water flux (Js/Jw), is a key metric for evaluat-
ing FO membrane performance. High selectivity, indicated by
a low Ji/J value, is essential in applications such as desalina-
tion, water treatment, and resource recovery, as it ensures
efficient water transport while minimizing solute leakage. A
major challenge in FO membrane design is overcoming the
inherent trade-off between water permeability and salt rejec-
tion. As depicted in Fig. 12a, the TFN-GOP,s; membrane,
which incorporates 0.5 wt% GO-g-PDMA nanofiller exhibited
the lowest Ji//J,, ratios of 0.15 (FO mode) and 0.13 (PRO mode),
indicating superior selectivity. However, this ratio increased
sharply when the nanofiller content was raised to 1.0 wt%,
reflecting diminished performance, likely due to nanofiller
aggregation or non-uniform distribution. These findings high-
light that the TFN-GOP,s membrane achieves an optimal
balance between high water permeability and low reverse salt
diffusion, making it a promising candidate for high-perform-
ance FO applications.

To evaluate the FO performance of the optimal TFN-GOP, 5
membrane, the influence of varying DS concentrations (0.5,
1.0, 1.5, and 2.0 M NacCl) on water flux is investigated and com-
pared with the unmodified TFC membrane, as shown in
Fig. 12(b). In both membranes, J,, increases with increasing DS
concentration, attributable to the corresponding increase in
osmotic pressure, which drives water transport in the FO
process.®® However, the TFN-GOP, 5 membrane shows a much
sharper increase in J,, compared to the unmodified TFC mem-

This journal is © The Royal Society of Chemistry 2026
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brane. For example, as the DS concentration increased from
0.5 to 2.0 M, the TFC membrane showed increases in J, of
approximately 103% and 114.5% under FO and PRO modes,
respectively. In contrast, the TFN-GOP, 5 membrane shows a
remarkable increase of approximately 393.4% and 366% under
the same conditions. This pronounced enhancement is attrib-
uted to the improved structural properties of the GO-g-PDMA-
modified substrate, including enhanced hydrophilicity,
increased porosity, and a more favorable finger-like pore mor-
phology. These features help mitigate the ICP effect, particu-
larly at higher DS concentrations, thereby sustaining higher
water flux.

Stability of GO-g-PDMA in the TFN-FO membranes. The
long-term stability of hydrophilic nanofillers within the mem-
brane matrix is essential for preserving membrane perform-
ance, structural integrity, and resistance to environmental
stress during FO operations. To evaluate the stability of GO-g-
PDMA nanosheets in the PES substrate, UV-vis spectropho-
tometry is employed. The TFN-GOP,s; membrane was
immersed in DI water under agitation for 30 days. After this
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period, the water was analyzed to detect any leached GO-g-
PDMA. The UV-vis spectrum shows no characteristic absorp-
tion peaks for GO-g-PDMA, indicating no leaching. This result
confirms the strong compatibility and stable incorporation of
GO-g-PDMA within the PES matrix, supporting its potential for
long-term use in FO membranes without compromising struc-
tural integrity or performance.

To demonstrate stability, we also evaluated water flux,
reverse salt flux, water permeability coefficient, and salt rejec-
tion rate of the optimized TFN-GOP,s membrane. After
storage in DI water for 6 months, its performance was tested in
FO and RO systems. Results showed that even after six
months, the water flux and reverse salt flux of the TFN-GOP,, 5
membrane remained almost unchanged. Likewise, the water
permeability coefficient and salt rejection rate exhibited no sig-
nificant change. This indicates that the GO-g-PDMA nanofiller
has excellent stability within the support layer.

To give a clearer view of how GO-g-PDMA nanosheets affect
the membrane substrate, a comparison table (Table 3) has been
prepared. This table compares the osmotic performance para-

Table 3 Comparison of the FO performance of the TFC and TFN-GOP, s membranes developed in this study with other GO-based FO membranes

reported in the literature

Membrane code ~ TFC TFN-GOP, 5 TFN-GP,,°* TFC M, CN/rGO-M-0.5  TFN-2 TFN-GO
Substrate PES PES Psf PSf PES PSf PSf

Jw (LMH) 13.0 27.8 15.6 21.3 32.5 13.4 9.2
Selectivity (g L™) 0.15 0.1 0.23 0.22 0.46 0.41

Jw improvement — 112 165 130 30 55.8 7.0

(%)

Modifiers No filler GO-g-PHEMA GO-CS rGO/C;3N, LDH/GO GO
Weight ratio — 0.5 0.4 0.5 0.5 2.0 2.0
(Wt[’/o)

S value (}Lm) 579 270 710.8 484 163 138 —

Test conditions 1.0 M NacCl/ 1.0 M NaCl/DI- 1.0 M NaCl/DI- 1.0 M NacCl/ 1.0 M NaCl/DI- 1.0 M NacCl/ 1.0 M NaCl/DI-
DS/FS DI-water water water DI-water water DI-water water
Ref. This work This work 31 33 61 62 23

This journal is © The Royal Society of Chemistry 2026
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meters of the FO membranes developed in this study (TFC and
TFN-GOP, 5) with those reported for other GO-based FO mem-
branes in the literature. Additionally, the percentage improve-
ment in J,, relative to the unmodified TFC membrane is shown
to quantify the performance enhancement. Among the mem-
branes evaluated, the TFN-GOP, ; membrane demonstrates the
most favorable combination of high water flux, low reverse salt
flux, and superior selectivity, highlighting its competitiveness
and optimal design relative to other GO-modified FO
membranes.

4. Conclusion

This study demonstrates the development and optimization of a
high-performance TFN-FO membrane incorporating GO-g-PDMA
nanosheets. The functionalization of GO with PDMA via click
chemistry is confirmed using FTIR, XRD, TGA, SEM, and EDS
analyses. Embedding GO-g-PDMA into the PES substrate signifi-
cantly enhances its structural and physicochemical properties. At
an optimal loading of 0.5 wt%, the modified substrate exhibits
increased porosity (82.6 + 1.1%), improved hydrophilicity (WCA:
63.2 + 0.86°), and elevated pure water permeability (204.1 + 5.2
LMH per bar). These enhancements are attributed to the syner-
gistic effects of uniform nanofiller dispersion, greater surface
wettability, and the formation of an optimized finger-like pore
structure. These improvements effectively reduced ICP, as shown
by the lower structural parameter (S = 270 + 26 pm) of the
TFN-GOP, s membrane, thus enhancing overall FO performance.
The interfacial polymerization on the modified substrate formed
a PA active layer with increased surface roughness (R, = 83.5 +
11.3 nm) and thickness (541.5 + 53 nm), which enhanced the
effective surface area for water transport while maintaining high
salt rejection. In FO and PRO modes, the TFN-GOP, 5 membrane
achieves water fluxes of 27.82 + 1.96 LMH and 52.1 + 1.4 LMH,
respectively, using a 1.0 M NaCl draw solution, representing a
124% and 100% increase, respectively, over the unmodified TFC
membrane. Notably, the TFN-GOP,s membrane also exhibits
superior selectivity (low J/J,, ratio), outperforming other GO-
based FO membranes reported in the literature. However, exces-
sive loading of GO-g-PDMA (1.0 wt%) led to nanofiller aggrega-
tion, reduced porosity, and compromised PA layer formation,
highlighting the critical importance of optimizing nanofiller con-
centration. Overall, incorporating GO-g-PDMA nanosheets offers
a promising strategy to simultaneously address ICP limitations
and enhance both water permeability and membrane selectivity.
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