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Abstract
Addressing the challenge of lowpermeability in Thin-FilmNanocomposite (TFNC)membranes is
crucial for improvingwater filtration efficiency. Despite advancements inmembrane technology, the
interface between the substrate and active layer remains a critical research gap affecting overall
permeability. This study aims tofill this gap using electrospun recycled polyethylene terephthalate
(rPET) substrates combinedwith graphene oxide (GO). A vacuum-assisted self-assemblymethodwas
employed to coatmicroporous rPET substrates withGO. Extensive characterization techniques,
including Scanning ElectronMicroscopy (SEM), Transmission ElectronMicroscopy (TEM), x-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Brunauer–Emmett–Teller
(BET) analyses, demonstrated the uniformGO layer formation on rPET substrates, indicating
enhanced structural and operational efficiency. The integration ofGO resulted in a crystalline
structuremodification, improved surfacemorphology, and increasedwater permeability. The
optimized rPET-GOmembranes showcased a significant decrease inwater contact angle to
approximately 93 degrees, denoting enhanced hydrophilicity and, consequently, better permeability
compared to uncoated rPETmembranes. Despite increased hydrophilicity, themembranes exhibited
reduced but stable permeability rates, highlighting the effectiveness of theGO and rPETblend in
advancingmembrane functionality. Thesefindingsmark a significant advancement inmembrane
technology, offering enhancedwater permeability efficiency and paving theway for a substantial
impact on sustainable watermanagement. Additionally, this study underscores the importance of
recycling in developing advancedmaterials for environmental applications.

1. Introduction

To address the global challenges of water scarcity and pollution, advancements inmembrane technology,
particularly pressure-driven Thin-FilmNanocomposite (TFNC)membranes, have emerged as promising
solutions for efficient water filtration and desalination [1]. Thesemembranes use nonporous thinfilm active
layers for ion rejection, while the underlying substrate offersmechanical support to the delicately thin active
layer. Thesemembranes continuously undergo performance improvements such as permeability enhancement
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to reduce energy (pressure) requirements. Althoughmuch of this focus has been on refining the active layer
[2, 3], the role of the substrates beneath is also crucial for themembranes’ overall effectiveness. These substrates
not only contribute tomechanical support but also significantly influence themembranes’filtration capabilities,
impacting bothflux and separation efficiency [4, 5].

The performance of Thin-FilmNanocomposite (TFNC)membranes is significantly influenced by the
structure of the substrate layer, including its pore structure, sizes, and porosity. These characteristics directly
impact the formation and efficacy of the active layer, which is crucial for themembrane’s ability to separate and
filter [6]. The substrate not only providesmechanical support but also plays a critical role in determining the
membrane’s overall permeability byminimizing the resistance towater flow through the support layer. In the
process of interfacial polymerization (IP), which is key to forming the active layer, the substrate’s properties
influence crucial aspects such as the deposition and diffusion ofmonomers, and ultimately the active layer’s
thickness, density, andmorphology [6–9]. This interplay between the substrate’s structure and the active layer’s
formation underscores the substrate’s importance in the development and performance of TFNCmembranes,
impacting both the efficiency of waterfiltration and the energy required for the process.

The use of highly porousmicrofiltration (MF) electrospun nanofibrousmembrane (ENMs) as alternative
support layers to the currently used phase invertedmembranes can help improve separation performance in
terms of improvedmembrane permeability andminimizedwaterflow resistance [10, 11]. However, the large
pore sizes, roughness, and hydrophobicity of ENMs are not ideal for forming thin-film active layers, resulting in
defects andweak adhesion strength between the substrate and the thin-film active layer. Various polymers such
as polyacrylonitrile (PAN) [12], polyimide [13], Polyvinylidene fluoride (PVDF) [14], polysulfone (PSF) [15],
etc, have been electrospun as substrates for TFNC in various applications including (forward osmosis (FO),
nanofiltration (NF), and pressure-retarded osmosis (PRO) systems [15, 16]. Recently, the use of PETENMs
[17, 18], and increase in interest in the use of recycled PET [19] inwastewater treatment [20], even in its recycled
form, has opened new avenues in the fields of water purification (e.g. heavymetals removal), biomedical [21, 22]
and food technologies (e.g. apple juice clarification) [21]. The rPETENMshave been applied as good crude oil
adsorbents in a study by Topuz et al In their unmodified form, themicroporous and hydrophobic nature of the
rPET,withwater contact angle of 137 degrees, was highly beneficial in terms of oil sorption performance. The
interaction between the hydrophobic benzene rings in the rPET structure and the non-polar hydrocarbons of
the oil was through the intermolecular forces (i.e. van derWaals dispersion forces).With these forces of
attraction, the good adsorption capacity of 14 g g−1 was therefore attained [23]. Zhao et al produced hydrophilic
PETENMswith a combination ofmicro- and nano-sized fibers with the help of additives, usingmelt
electrospinning. The resulting PETENMswith reduced pore sizes were able to reject titania nanoparticles (TiO2

NPs) at 95%MF efficiencywith theflux of 7900 Lm−2 h−1 [24].Maryam et al incorporatedmetal oxides (ZnO/
y-FeOOHNPs) into the rPETmatrix for nanofiltration (NF) of heavymetals and obtained goodwater
permeability and high rejection rates: pure waterflux of 169.39 kg.m−2 h−1 and∼95% lead rejection at 0.5 bar
pressure. The incorporation ofmetal oxideNPs into the rPETpolymermatrix led to the reduction in the
resulting rPETENMs surface roughness, increase in porosity and decrease inmean pore radius enhancing
rejection capabilities (through charge effects, chelatingmechanisms and size exclusions of the hydrated radii of
the heavymetals [25]. On the other hand, as themicroporous ENMs do not structurallymeet the requirements
of pressure-drivenmembrane processes (nanofiltration (NF) and reverse osmosis (RO)), particularly for
rejection of smaller salt ions and therefore at higher pressures exceeding 1 bar. It is quite common to perform the
necessary surfacemodifications to construct new densermembranes [26–29]. The surfacemodifications of
ENMs include surface coatings by hydrophilic polymers or nanomaterials such as graphene oxide (GO)
nanosheets [7, 30]. Thus, the thin layer coated onto the ENMcan serve as an interlayer (between the ENM
substrate and thinfilm active layer) to provide a smoother hydrophilic platform for depositing or coating the
active layer. The coating ofGO sheets as active or interlayers forNFhas been performed on various ENMs
substrates such as PAN, polyesters, and other polymers with aromaticπ-systems, either by dip-coating or
vacuumassisted filtration techniques [31, 32], while only a few studies havemade use of PET, particularly the
electrospun and recycled counterparts [33, 34].

Despite these advancements, a significant research gap remains, in optimizing the interface between the
substrate and active layer to enhance overallmembrane permeability. This study addresses this gap by
introducing a unique approach inmembrane technology using graphene oxide (GO)nanosheets and
electrospun recycled polyethylene terephthalate (rPET) to enhance the permeability of TFNCmembranes for
NF andROprocesses. GOnanosheets, employed as laminar layers, function as an interlayer between the
substrate and the active layer, revolutionizing the traditional structure of pressure-drivenmembranes. The
process involves coating electrospunmicroporous rPET substrates with a composite of GOusing a vacuum-
assisted self-assembly (VASA)filtrationmethod. Thismethod is noted for its simplicity and effectiveness,
allowing precise assembly of intercalatedGO interlayers. By addressing the limitations of traditional substrates
and active layers, this approach offers a significant leap forward in creating effectivemembranes with enhanced
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permeability. Consequently, this advancement holds considerable potential formitigating global water scarcity
and pollution,marking a crucial step towards sustainable watermanagement and environmental preservation.
Moreover, the utilization of recycledmaterials like PET emphasizes the importance of recycling in developing
advancedmaterials for environmental applications, promoting sustainability and reducing waste.

2.Materials andmethods

2.1.Materials
Recycled PET (rPET) pellets were obtained fromMpact Recycling, SouthAfrica. The viscosity averagemolecular
weight of the rPETpolymer solutionwas 73.06 kg mol−1. Hydrochloric acid (HCl), sulphuric acid (H2SO4),
potassiumpermanganate (KMnO4), hydrogen peroxide (H2O2), and graphite (powder,<20 μm, synthetic),
were all purchased fromMerck, SouthAfrica. All chemicals used in the experiments were of research grade and
used as received. The density of the synthesizedGOpowder was 1.86 g cm−3 asmeasured by a pycnometer
(Micromeritics AccuPyc II 1340,USA).

2.2. Preparation of nanomaterials
2.2.1. Synthesis of GO
GrapheneOxide (GO) sheets were synthesized by utilizing amodified version ofHummers’method, as outlined
in thework of Kumar et al [35]. Themethodmakes use ofH2SO4 andKMnO4wherebyNaNO3 andH3PO4were
excluded to avoid the release of toxic gases. Themethodmakes use of a low-cost scalable route for high-grade
GOproductionwhile usingminimumchemical reagents and reducing the synthesis time. The typical procedure
was as follows: concentratedH2SO4was added to 40 g of graphite powder and stirred for 60 min at 25 °C. The
small portions of 160 g of KMnO4 (∼5 g)were added slowly to the abovemixture under stirring, for 17 min (1
graphite: 91.5H2SO4:4KMnO4). The exothermic reactionmixture reached amaximum temperature of 52 °C,
after which, started to decrease, and the reaction temperaturewas then set to 50 °C in a reactor. This continued
for 6 h under stirring to allow the reaction to complete. The reactionmixture turned brownish to indictate
complete oxidation process. Following the completion, the reactionmixturewas cooled naturally, then poured
on∼4 L of icewater with 1%ofH2O2 solution. To removeMn impurities and acid residues, the solutionwas
furtherwashedwith deionizedwater and centrifuged several times at 4000 rpm. The collected residuewas again
mixedwith 5%HCℓ to remove the remaining salts and centrifuged (4000 rpm) using deionizedwater (1 L) and
the supernatant was discarded away. The dark-brownish product (graphite oxide) obtainedwas re-dispersed in
deionizedwater and ultrasonicated for 90 min to get GO sheets. Finally, the centrifuged product was dried in a
vacuumoven at 60 °C to obtain a driedGO sample after 24 h.

The process is illustrated infigure 1.

2.3. Preparation of rPET as the substrate
The preparation of ENMs substrate (electrospun rPET) using electrospinning technique, was performed as
stated in our previous work [36].

2.3.1.Modification of rPET substrate by deposition of theGO
Compositemembranes of electrospun rPET-GOwere fabricated by depositing theGOonto the electrospun
rPET substrate. GOwasfirst produced in various concentrations utilizing diverse solvents, detailed in
subsection 2.3.1.1. Thismodification process employed a vacuum-filtration process known as vacuum-assisted
self-assembly (VASA) technique, which is illustrated infigure 2.

2.3.1.1. Effect of the solvent system on the preparation of GO
GOdispersions were prepared by adding 10mg of GOpowder into 10ml of different solvents, to achieve a
concentration of 1mgml−1. These solvents were acetone (Ace), deionizedwater (H2O), isopropyl alcohol (IPA),
and ethanol (EtOH). TheGOdispersions were sonicated to form a uniformdispersion and then deposited onto
the rPET substrates using theVASA technique. After coating, the obtained rPET-GOmembranes were oven-
dried at 90 °C for 5 min. The resultantmembranes, were labeled according to the solvent used; i.e. rPET-GO-
Ace, rPET-GO-EtOH, rPET-GO-IPA, and rPET-GO-H2O for acetone, ethanol, IPA andH2O, respectively, and
served to evaluate how different solvents affect the adherence ofGO to the rPET surface. It was discovered that
waterwas the superior solvent forGO application, prompting its exclusive use in subsequent experiments
investigating the influence ofGOconcentration variations on the substrate’s properties.
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2.3.1.2. Effect of GO loading
The study investigated the effect of GOcontent on the d-spacing between theGO layers, by varying the amount
ofGOpowder (i.e. quantities of 10 to 50mg). Thesewere added to 50ml of deionizedwater to achieve
concentrations from0.2 to 1mgml−1. After sonication for 10 min, a uniformly exfoliatedGO suspensionwas
obtained. These suspensions were designated asGO-10, GO-15, GO-25, andGO-50, to represent the amount of
GO they contained. The sonicated dispersions were then applied to the rPET substrates using a vacuum-assisted
filtrationmethod. The resultingmembranes labelled as rPET-GO-10, rPET-GO-15, rPET-GO-25, and rPET-
GO-50, respectively.Membranes with 10 and 15mg ofGO resulted in a uniform coating, , andwere therefore
selected for further studies.

Figure 1. Synthesis of GOusing improvedHummersmethod. Reproduced from [35], with permission fromSpringerNature.

Figure 2.Preparation ofGO-coated rPET substrate (GO-rPET) byVacuum-assisted self-assembly (VASA).
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2.4. Characterization of rPET,GOand rPET-GO
The surfacemorphology of rPET, GO, and rPET-GOmembranes was investigated using the scanning electron
microscopy (SEM) (JEOL JSM-7500F, Tokyo, Japan), operating at an accelerating voltage of 3 kV and an
emission current of 10 μAunder high vacuum (9.5× 10−5 Torr). Prior to SEM imaging, themembrane samples
weremounted onto aluminium stubs using double-sided tape and then coatedwith carbon to prevent charging
and ensure good conductivity under the electron beam. Additionally, the surface features of rPET, GO, and the
rPET-GO compositemembranes were examined usingMultimodeAtomic ForceMicroscopy (AFM,
NanoScopeVersion (R) IV, London,UK), which alsomeasured the height, lateral dimensions, and the thickness
of theGO sheets. For AFManalysis, GO suspensions were spread onto siliconwafer substrates, left to air dry, and
then placed on anAFM stage for assessment.

Chemical functionalities within the rPET,GO, and rPET-GOmembranes were analyzed through
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy using a Perkin-Elmer
Spectrum100 spectrometer, spanning awavelength range from800 to 4000 cm−1 with 32 scans at a resolution of
4 cm−1. Furthermore, x-ray diffraction (XRD) analysis, utilizing a PANanalytical X’Pert PRO instrument
(Netherlands) and equippedwith nickel filteredCuKα radiation (λ= 1.5406Å), was conducted to assess the
chemical and crystalline composition. It was specifically used to identify crystalline phases and to calculate the
interlayer spacing between nanosheets using the Bragg equation, as depicted in equation (1) [37]:

( )q l=d n2 . sin . 1

Where d is the interlayer spacing ofGOnanosheets (nm)within theGOcoating (rPET-GO), θ is the diffraction
angle, n= 1 is the order of reflection, andλ= 1.540598 and is thewavelength of x-ray.

Hydrophilicity was assessed using aDSA100 contact angle analyzer fromKRUSS, Germany, throughwater
contact angle (WCA)measurements at ambient temperature, to evaluate the surface wettability of the rPET/GO
mats. This was achieved by employing the sessile drop technique, where themembrane samples were positioned
on a stage, and droplets ranging from6 to 8microliters (μL) of deionizedwaterwere precisely applied to the
surfacewith amicro-syringe. A real-time camera recorded the droplet’s profile, to calculate theWCA.

The specific surface area ofGOwas determined using theN2 adsorption–desorption isotherms using the
Micromeritics (TriStar II 3020Version 3.02) instrument, by applying the Brunauer–Emmett–Teller (BET)
technique. Prior to analysis, the samples were degassed under high temperature of 150 °C, for 4 h, in order to
remove any gaseous impurities within the powdered samples. Additionally, the thermal stabilities of rPET and
GOwere analyzed throughThermogravimetric Analysis (TGA) using a PerkinElmer TGA4000, at a consistent
heating rate of 10 °Cmin−1 in an air atmosphere, a temperature range of 25 to 800 °C.

The high-resolution transmission electronmicroscopy instrument (HRTEM; JEOL, 2100F-JEM,Japan)
operated at 200 kV, was used to investigate themorphology and structural features of the synthesizedGO.

2.5.Membrane permeability performance
Thewater permeance of themembranes wasmeasured on a homemade dead-end vacuum filtration device with
an effective area of 14.51 cm2 under a pressure difference of 1.0 bar at room temperature. The parameters used
during permeance tests are shown in table 1. The total volume of deionizedwater used as the feed to test the pure
water permeance of rPET, rPET-GO-10, and rPET -GO-10was 1000ml. Therefore, we directly recorded the
permeance of rPET, rPET-GO-10, and rPET -GO-15membranes when the feed pressure reached 1.0 bar until
the target duration of 30 minwas reached. The permeance (J) (Lm−2 h−1 bar−1)was calculated according to
equation (2).

( )=
D

J
V

A tP
2

whereV (L) is the volume of permeatedwater,A (m2) is the effectivemembrane area,Δt (h) is the permeate time,
P (1.0 bar) is the pressure difference, respectively.

Table 1.Parameters for permeability test ofmembranes.

Membrane

Volume of collectedwater (ml) at
different time Membrane cross section areas

1 min 10 min 30 min A1× 10−4 (m2) A2× 10−3 (m2) A3× 10−3 (m2)

rPET 0.125 0.35 0.75 1.77 1.08 5.027

rPET-GO-10 0.016 0.06 0.045 1.77 1.08 5.027

rPET-GO-15 0.01 0.055 0.032 1.77 1.08 5.027

5

Nano Express 6 (2025) 015012 MKZamisa et al



3. Results and discussions

3.1.Morphology of the synthesizedGO
Themorphological characteristics of the synthesizedGO are presentedwith SEMandTEM images as depicted
infigures 3(a) and (b), respectively. The SEM image from figure 3(a) showsmultilayers of re-stacked exfoliated
GO sheets. The sheets also display a crimped appearancewith some folds and corrugations at the edges as
observed on the TEM image infigure 3(b). TheGO sheets have lateral dimensions of a few hundred nanometres,
as also observed in other studies [35].

The nanoscalemorphologies before sonication display theGOpowders in their aggregated form. The sizes
of theGO sheets ranged from700 nm to 5 μm,with an average of 2 μmas indicated infigure 3(c), measured by
dynamic light scattering (DLS). Following sonication, theGO exhibit reduced aggregation, with particle sizes
now spanning from100 nm to 2.5 μmand amean size of 670 nmas shown infigure 3(c′). This sonication process
aimed to disperse theGOclusters into less aggregated sheets. The dispersedGO sheets were expected to stack as a
uniformnanosheetmultilayer, forming a smooth coating (or interlayer) on the rPET substrate (section 3.2.2).

Moreover, the AFM images infigure 4 corroborated the SEMandTEMobservations. Specifically,
figure 4(a), which illustrated the height profile for agglomerates, indicated that theGO sheets, prior to
sonication, formed agglomerates due to their inherent tendency to stack, resulting in structures of varied heights
and indicating a level of pre-exfoliation aggregation. The calculated average dimensions of the agglomeratedGO
sheets (before sonication)were established as 15.5 nm in thickness and dimensions of 0.246× 1.872 μminwidth
and length, respectively, detailed infigures 4(b) and (b’). The identified thickness of 15.5 nm implies an assembly
of approximately 15GO sheet layers. Conversely, post-sonicationmeasurements revealed a diminished
thickness of 2.9 nm, indicative of the presence of single sheets or aminimal stack of 2 to 3GO sheet layers, as
depicted infigures 4(c), (c’), (d), and (d’).

Infigure 5, the BET curves for theGOpowder exhibit characteristics of amesoporous texture, aligningwith
Type IV isotherms typically indicative of such structures. TheGO’s surface areawas determined to be 15m2 g−1,

Figure 3. (a) SEMand (b)TEM images depicting the surfacemorphologies ofGOpowder. (c)Particle size distribution of GObefore
sonication, (c’)Particle size distribution of GOafter sonication.
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which is significantly lower than the values often cited in the literature, typically greater than 70m2 g−1 [38, 39].
This discrepancy can likely be ascribed to the agglomeration of theGOparticles, which underscores the necessity
of sonication prior to application to disperse these aggregates and potentially exposemore surface area.

The desorption limb of the isotherm further reinforces the complexity of theGO’s pore architecture,
suggesting a heterogenous assortment ofmesopores interspersedwith larger voids. Such a distinctive porosity
profile is instrumental in defining the adsorptive behavior of GO. These surface and structural characteristics are
crucial for GO’s efficacy in various functional roles, including its use in sensor technologies, filtration systems,
and as a supportivematrix for catalytic processes. The lower surface area observedmay impact these
applications, as it suggests a reduced number of active sites for interactionwith other substances. Therefore,
optimizing the sonication process could be key to enhancing the performance of GO in its intended applications.
Acknowledging the importance ofmaximizing the available surface area for these applications, we employed
sonication intending to disperse the agglomerates and enhance the surface area of theGO.

Figure 4.AFMmicrographs ofGObefore and after sonication: (a)height profile for agglomerates labeled a, b, and c, before sonication,
(b) and (b’) lateral sizes: length, thickness, andwidth before sonication, (c), (c’) and (d), (d’)width, and length and thickness of theGO
single ormonolayer sheets after sonication.
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3.2.Modification of rPETmembrane surface: coating of rPET substrate byGO-interlayer
3.2.1. Effect of solvent system
Vacuum-assisted self-assembly (VASA) is a simplemembrane fabrication technique performed by a vacuum
filtration process using nanoparticle dispersions such as nanosheets/rods to produce highly ordered uniform
films. It is aflow-directed filtration ofGOnanosheet dispersions either in an aqueous or organicmedia. In this
technique, theGOdispersions containing disordered nanosheets will eventually generate a thin film layer of
highly orderedGO-layeredmembrane [35]. In this section, the previously electrospun hydrophobic rPET
substrate wasmodified by deposition or coating ofGO layer as a hydrophilic interlayer. TheGOdispersions
were prepared using various solvents (H2O, IPA, ethanol, and acetone, to formGO-H2O,GO-IPA, GO-EtOH,
andGO-Acetone dispersions, respectively). These were used to evaluate the effectiveness of GO coating or
deposition on the rPET. The coatedmembranes are shown infigure 6. The coating usingGO-H2O andGO-
EtOHdispersionswas not coated as afilm, instead, theywere deposited as agglomerates onto the rPET fibers.
The poor depositionwas due to themicroporous structure of the rPET fibrousmembrane. The dispersedGO
particles were too small to be captured by the large pores of the electrospun rPETmembrane. In addition, the
GO sheets agglomerated and formed larger clusters, whichwere then captured between the fibers and loosely
bound onto the rPET surface.When coated ontomembranes, the thinGO laminar sheets tend to fold and
wrinkle, thus resulting in aggregates. TheGO-acetone coating, on the other hand, was uniform, as visually
observed infigure 6(c’). However, the even coating showed thatmicroscopically, some crackswere visible, as
observed in the SEM image infigure 6(c). Acetone is known as a good solvent forGOcoating because of its
higher evaporation rate. TheGO-IPA coating, on the other hand, was evenly coated and showed the desired
morphology of afilm layer, but not uniform throughout themembrane surface. The sheets were uniformly
stacked as ordered layers instead of agglomerates. However, the incorporation ofGO into the polymermatrix of
rPETfibers during electrospinning did not havemuch effect in improving the hydrophilicity of themembrane,
as previously stated in our previous work [36], asmost of theGOwas embeddedwithin the fibers.However, the
effect of GOwasmore pronouncedwhen the sheets were coated onto themembrane surface rather than
embedding themwithin the polymermatrix of the fibers.

TheXRDplots infigure 7 show that both rPET andGOpeaks are present in all GO-coated rPETmembranes,
except the rPET-GO-H2Omembrane. GOdispersed inH2Owas poorly deposited on the substrate due to the
agglomerates rather than afilm layer formation, as observed infigures 6(b) and (b’) above. Therefore, theGO
peakwas not evident for the rPETGO-H2O sample. TheGOpeak at 2 theta of 10.25° showed a slight shift to a
higher angle (11.04–11.25°) in all the other GO solvent systems, with additional peaks appearing on the rPET-
GO-acetonemembrane. The d-spacingwas only reduced from0.86 ofGOpowder to 0.79 nm for rPET-GO-ipa
and 0.4 nm for rPET-GO-EtOH and rPET-GO-acetone. The use of various solvents resulted in a decrease in the
d-spacing and hence the decrease in theGOnanochannel size within theGO sheets. Other factors that affect the
GOcoating are the coating time, volume, and concentration of theGO solution (GO loading) [40].

Dispersing theGO in various solvents had little effect on the rPET structure, except for the rPET-GO-Ace
sample. Acetone is known to promote crystallinity in the amorphous rPET substrate as it does onmost polymers

Figure 5.Nitrogen adsorption–desorption of GOpowder.
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Figure 6. SEM images depicting a) rPET substrate before coating withGOdispersions prepared using various solvents namely, (b)
water (H2O), (c) acetone (Ace), (d) isopropanol (IPA), and (e) ethanol (EtOH); Photographic images of theGO-coated rPET substrates
(b’)–(d’).

Figure 7.XRDpatterns of rPET coatedwithGOdispersions prepared using various solvents.
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[40, 41]. This, however, due tomembrane shrinkage,may adversely affect the rPETnanofibrousmembrane
structure, e.g. reduction in the porosity. According to the coating quality of theGOonto the rPETmembranes
using the various solvents, the rPET-GO-ipa did form a smoothGO film coating layer, however, in a
discontinuousmanner. Therefore, coating usingH2O as a solvent will be investigated further. In the next section
of solvents used,H2Owas the selected solvent used to investigate the effect of solvent volume on theGO coating.
The volume ofGO-H2Odispersionwas then increased from10ml to 50ml. Of the volumes used (10, 25, and 50
ml), the 50ml volume successfully coated the rPET substrate and formed a smooth homogeneous film layer, as
shown in the following section.

3.2.2. The effect of GO loading and coating of GO onto rPET substrate
GOat varying amounts of 5, 10, and 15mg, was dispersed in 50mlDIH2O to study the effect of GOdosage on
the coating and the d-spacing of the coatedGO sheets. The SEM images infigures 8(a) and (b) show a smoother
morphology of theGO-coated rPETmembranes as compared to the previously prepared infigure 6. As observed
in the SEM images infigures 8(a) and (b), the compact and densely packedGO thin filmswere uniformly coated
and showed good affinity for the rPET substrate, unlike the loosely packed deposition of theGO sheets prepared
using smaller volume of 10ml solvents infigure 6. This was an indication that theremay be a strong bond
between theGO sheets and the substrate. TheGOhydroxyl and carboxyl groups formed hydrogen covalentπ
bondswith the aromatic groups of the rPET substrate [42, 43]. The ordered stacking of theGO sheets was due to
the sufficient liquidmedium for theGO sheets to disperse (50ml), whereas with the lower volumes of 10ml,
therewas a high possibility for re-agglomeration of the dispersedGO sheets while collidingwith one another,
due to the confined space, when smaller volumes are used. Zhao and co-workers stated that the deposition of the
GO sheets is a process that follows a possiblemechanismwhere the dispersedGO sheets are immobilized on the
rPET substrate through hydrostatic forces (i.e. force caused by the pressure loading ofGOdispersion acting on
the underlying rPET substrate) duringwater or solvent removal (drying). This forms the first assembled layer of
single GO sheets. AsmoreGO comes into contact with thefirst assembled layer of GO sheets, hydrostatic force,
and the solvent-mediated inter-sheet attractions, cause a new additional layer of GO sheets to form. The layering
process repeats, and thefilm grows until all theGOdispersion is used up [44].

The fundamental issue forGOmembranes is the control of the interlayer spacing tomake it an effective ion
separationmembrane layer by enhancing its ion sieving effect [45]. The increased volume allows easier stacking
of theGO sheets during vacuum filtration, thus forming an even, intactfilmwithout agglomeration [46].

LowerGO concentrations (<10mg) appeared to be inadequate for the effective deposition on the rPETfiber
substrate surface, whereas higher concentrations> 15mg seemed to bemore susceptible to agglomeration.
Therefore, GO contents of 10 and 15mgwere sufficient to form a uniform coating layer (figures 8(a), (b)).

Figure 8. SEM images showingmorphology of theGO coated rPET substrates at varying concentrations: (a) 10mgGO (rPET-GO-
10), (b) 15mgGO (rPET-GO-15). Digital photographs for coated rPET: (a’)GO−10, (b’)GO-15.
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3.2.3. Surface features of the rPET-GOmembranes
The three-dimensional AFM images of themembrane surfaces for electrospun rPET and rPET-GO (i.e. rPET
substrate before coating and rPET coatedwithGO) are shown infigure 9. The brightness or colour variation
depicts the height of themembrane surface. Brighter regions represent ridges, hence, a rougher surface. The
roughness parameters, i.e. Ra andRq, were captured at a scan area of 10× 10 or 5× 5 μmand are shown in
table 2. Ra values are usually used to represent the surface roughness ofmembranes. The Ra for the pristine rPET
was slightly reduced after the incorporation ofGOwithin the fibers during electrospinning. For theGO-coated
membranes (rPET-GO-10 and rPET-GO-15), the surface roughness was significantly reduced, from194 nm for
the rPET substrate beforeGO coating to 38 nm forGO-10. The improved surface smoothness, which increases
with a decrease inGO content, from48nm for the rPET-GO-10membrane (10mgGOcontent) to 63.1 nm for
the rPET-GO-15membrane (containing 15mgGO). However, based on theCassie-Wenzel theory, these

Figure 9.AFMmicrographs of the electrospun rPET substrates: (a) rPET before coating, (b) rPETwithGO surface coating at 10mg
GO content (rPET-GO-10), (c) rPETwithGO surface coating at 15mgGO content (rPET-GO-15).

Table 2. Surface roughness parameters of rPET before and
after surface coatingwithGO.

Membrane Rq (nm) Ra (nm) Rmax (nm)

(rPET) 317 194 3022

rPET-GO-10 60.4 48 440

rPET -GO-15 80.8 63.1 603

Abbreviations: Rq= rootmean square average of height

deviations; Ra= average roughness; Rmax= themaximum

distance between the highest point and the lowest point on

the 3D image profiles.
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findings contradict those in the study byMehranbod, Khorram [47], who obtained an increase in surface
roughness upon coating of ENMs substrate withGO, and emphasized that surface roughness translates to
reducedWCA (hydrophilicity).

XRDwas used to determine the phase, crystallinity, and d-spacing of the synthesizedGOpowders and the
spacing between adjacent GO sheet layers in the laminated structure of the coatedGOonto the rPET substrate
(figure 10). ForGOpowder, a single sharp peak around 2θ value of 10.25° is equal to a d-spacing of 0.86 nm (8.62
Å) according to the Bragg equation (1), typical of GO laminatemembranes. This also shows that theGOwaswell
synthesized, as no additional graphite oxide peakswere evident. Thismeans all the graphite oxide sheets were
converted to graphene oxide (GO) during exfoliation. The small peak at 2θ of 42.06° shows that not all the
graphite oxidewas converted toGO (graphene oxide) during oxidation [46]. The interlayer spacing and
nanochannel size of GOmembranes (as GO-coated substrates) can be regulated by the intercalation of particles
between theGOnanosheets.

Infigure 11, theGOpeak (2θ of 10.25°) is visible for themembranes coatedwithGO,with the peak intensity
increasingwithGOamount, i.e. highest for the rPET-GO-15membrane. A slight shift to 10.77 ° and 11.13° for
rPET-GO-15 and rPET-GO-10, respectively, shows that there is a slight decrease in d-spacingwith a decrease in
GOamount. The decreasewas from0.86 nm for bulkGOpowder, to 0.82 and 0.79 for rPET-GO-15 and rPET-
GO-10, respectively. This shows a tighter packing of the stackedGO sheets coated onto themembranes, as
compared to the bulkGOpowder. The broad amorphous rPET hump is observed at about 2θ (10°–30°).

TheGO-coatedmembranes show the broad rPET hump to indicate that theGOcoating does not disrupt the
rPET substrates structure (rPET crystallinity was not disrupted by the physical interactionwithGO as no new
peaks emerged).

Figure 11 presents the FTIR spectra for graphene oxide (GO), recycled polyethylene terephthalate (rPET),
and theGO-coated. The spectrumofGO ismarked by distinct absorption bands linked to its oxygenated
functional groups. Awide absorption band near 3400 cm−1 is indicative ofO-H stretching vibrations from
hydroxyl groups. Pronounced peaks near 1720 cm−1 are representative of the C=Ostretching from carboxylic
groups. Additional notable peaks around 1220 cm−1 correspond to epoxy groups’C–Ostretching.
Furthermore, the absorption bands in the vicinity of 1050 cm−1 correlate with theC–Ostretching vibrations of
the alkoxy groups.

For rPET, the FTIR spectra showed characteristics of ester absorptions withC=Ostretching vibrations near
1710 cm−1 andC–Ostretching vibrations in the region of 1100 to 1300 cm−1. Additionally, the aromatic
stretching of C=C stretchingwas typically observed around 1500–1600 cm−1. The compositematerials

Figure 10.XRDpatterns of GOpowder, rPET,GO-coated substrates (rPET-GO-10 and rPET-GO-15).
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displayed a combination of the absorption features of GO and rPET. The loading ofGOwas observed to affect
the intensity of the absorption bands corresponding toGO’s functional groups. For instance, an increase in the
concentration ofGO (from rPET-GO-10 to rPET-GO-15)was observed to result in amore pronounced peak
due toC=Ostretching revealing amore interaction andwell-coated on the rPET.

The FTIR results were consistent with the XRD results, which also confirmed an even andmore uniform
coating for rPET -GO-15, as compared to the rPET-GO-10. These results are also consistent with the SEM
findings.

3.3. Performance evaluation of fabricatedmembranes
3.3.1. Hydrophilicity ofmembranes
Table 3 shows variousmembranes and their corresponding water contact angle (WCA) values, which serve as an
indicator of hydrophilicity,the affinity of amaterial for water. Recycled polyethylene terephthalate (rPET) serves
as the referencematerial and displays amoderate level of hydrophilicity with aWCAof 120 degrees.When rPET
is combinedwith graphene oxide (GO) and ethanol, there is amarginal decrease inwater attraction, as indicated
by a higherWCAof 139.10± 10 degrees. In contrast, an acetone treatment enhances themembrane’s affinity for
water, reducing theWCA to 101.11± 11 degrees. The hydrophilicitymarkedly intensifies for rPET-GO treated
with isopropanol, shownby a lowerWCAof 53.61± 6 degrees, and it is evenmore pronouncedwhenwater is
used in the treatment, lowering theWCA to a significant 21.13± 5 degrees. Nevertheless, these lowerWCAs are
attributed to clumping that leads to a non-uniform coating on the rPET surface. Furthermore, the quantities of
solvents such as water and isopropanol were notfine-tuned to disperse theGO sheets properly, causing a chaotic
deposition on the surface. However, for coatings in rPET-GO-15 and rPET-GO-10, with optimized solvent
volumes andGOamounts, theWCAs are recorded at 93.38± 7 degrees and 93± 10 degrees, respectively,
suggesting greater hydrophilicity than that of the untreated rPET.

Inmembrane technology, the affinity of amembrane for water, or hydrophilicity, typically has a direct
impact on its permeability: the greater the hydrophilicity, the easier it is for watermolecules to pass through.

Figure 11. FTIR spectra of rPET substrates coatedwithGO (i.e. rPET-GO-10 and rPET-GO-15).

Table 3.Hydrophilicity of
membranes.

Membranes WCA (°)

(rPET) 120

rPET-GO-EtOH 139.10± 10

rPET-GO-Acetone 101.11± 11

rPET-GO-ipa 53.61± 6

rPET-GO-H2O 21.13± 5

rPET-GO-15 93.38± 7

rPET-GO-10 93± 10
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This is because a hydrophilic surface creates a favourable environment forwater interactions, facilitating its
movement. The strategicmodificationsmade to rPETwith graphene oxide (GO) and a variety of solvents aimed
at enhancing themembrane’s surface properties, particularly to increase the rate of water passage for improved
waterfiltration. The efficacy of thesemodifications in terms of permeability can be better understood through
permeability tests. Such testingmeasures the capacity of water to penetrate themembrane, shedding light on the
effects of themodified surface chemistry and texture on themembrane’s performance in facilitatingwater flow.

3.3.2. Permeability ofmembrane
Figure 12 andSupplementary table 1 illustrate the permeabilityfindings for rPET, rPET-GO-10, and rPET-GO-15,
considering their respective cross-sectional areas. Infigure 12(A1) (A1 implies cross-section area= 1.77× 10−4),
the initial high permeability observed for the unmodified rPET (owing to the highly porous ormicroporous nature
that offers low resistance towater transport), which rapidly decreases,may still suggest rapidmembranewetting,
followed by the establishment of a steadyflowstate through the pores of themembrane.The notable difference
between the initial and subsequent permeability rates couldbedue to the immediate saturationof the smaller
cross-sectional area ofA1. TheGO-modifiedmembranes, rPET-GO-10 and rPET-GO-15, display a consistently
lower permeability from theoutset. This lower and stableflow rate across the smallest cross-sectional area, A1,
suggests that themodifications lead to amoreuniformand controlledflow, potentially due to the effect ofGO
layers on themembrane structure andpore characteristics.GO sheets deposited ontomembranes offermass
transfer resistancewhich increaseswith an increase inGO loading or thickness [10].

For figure 12(A2) (A2 implies cross-section area= 1.08× 10−3), the rPETmembrane also shows a
precipitous drop in permeability after the initialmeasurement. The larger cross-sectional area of A2 compared
toA1 allows for a greater volume offlow initially; however, the decline suggests that thewetting effect reaches a
limit quickly before stabilizing. As inA1, the rPET-GO-10 and rPET-GO-15membranesmaintain a low and
stable permeability, whichmight bemore desirable for applications that prioritise consistent performance over
higherflow rate.

Figure 12.Comparative permeability of rPET, rPET-GO-10, and rPET-GO-15, considering their respective cross-sectional areas,
(A1)–(A3).
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For figure 12(A3) (A3 implies cross-section area= 5.027× 10−3) presents the lowest initial permeability
among the three, which is logical given that A3 has the largest cross-sectional area. This inverse relationship
between the cross-sectional area and the initial permeabilitymight seem counterintuitive, but could be due to a
more even distribution of the flow across the larger area, resulting in lower localised velocities. Again, the
permeability for themodifiedmembranes is consistently low, demonstrating a potential design feature of the
GOmodification that prioritizes stability and perhaps selectivity over volume throughput.

The high permeation of water through themicroporous rPETmembrane, despite the highwater contact
angle (hydrophobicity), ismainly attributed to the large pore size [48]. For the nanoporousGO sheets, on the
other hand, water is transported through the distance between two adjacentGOnanosheets, which serve as a 2D
nanochannel between the hydrophobic carbonwalls, whereby thewater permeates through the slipflow theory.
This starts with theflowofwater towards the space between adjacent sheets or defects where it collects, and then
slips through the hydrophobic 2D channels [10]. Therefore, at the nanofiltration level, these hydrophilic GO
membranes can offer ultrafast water transport for highflux performance [10]. Therefore, thesefindings signify
the role of rPET in enhancingwater flux inmembrane-basedwater applications using TFNCmembranes, as well
as the role of theGOmodification towards both the selectivity and flux enhancement of suchmembranes.

In summary, the unmodified rPET substrate experienced a significant decrease in permeability after
filtration onset across all tested cross-sectional areas, indicating that factors other than compaction are at play,
such asmembranewetting and the establishment of aflow equilibrium,since the pressure usedwas only 1 bar,
ruling out compaction issues. TheGO-modifiedmembranes showmuch lower but consistent permeability rates
across all cross-sectional areas, likely reflecting the impact of theGO layers on the flowdynamics andmembrane
pore structure. The uniformperformance of themodifiedmembranes regardless of cross-sectional area is
significant, pointing to their potential infiltration applications where predictable and reliable performance (i.e.,
highmembrane fluxwhilemaintaining selectivity toward contaminants) is critical. Their lower permeability
suggests a trade-off between stability and high flow rates. Understanding this trade-off is vital for selecting the
appropriatemembrane type for specific filtration needs. Further studies, possibly including long-term filtration
tests and analysis of the impact of GOon themembrane’smicrostructure, would provide deeper insights into
optimising thesematerials for real-world applications.

Figure 13 and Supplementary table 2 show a comparative permeability of the rPET, rPET-GO-10, and rPET-
GO-15membranes over time at 1 bar pressure. Initially, at 0.0167 h, the rPETmembrane allows for an
exceptionally high volume ofwater to pass through, indicating an absence of initial resistance and possibly
pointing to a phasewhere the pores are fully open andnot yet affected by any filtering process. This is in contrast
with the rPET-GO-10 and the rPET-GO-15membranes, which displayed amuch lower permeability right from
the beginning. This suggests that the graphene oxide (GO)modifications alter the surface or pore characteristics,
possibly creating smaller or fewer pores, leading to a reduction inflow rate compared to the unmodified rPET.
Modification of rPETby coatingwith nanomaterials such asGO therefore, shows the potential growing interest
in applyingmicroporous ENs in applications that requiremembranes capable of removing theminutest of
contaminants such as divalent andmonovalent ions (e.g. desalination using TFNCmembranes) [12, 49, 50].

Moving to the 0.167 hmark, there is a significant decrease in the permeability of the rPETmembrane,
levelling out to a ratemore consistent with that of theGO-modifiedmembranes. This sharp reduction could be
indicative of the initial burst offlow reaching an equilibrium, or it could imply that the immediate highflowwas
due to transient conditions such as air being expelled from themembrane pores or themembrane being fully
wetted.On the contrary, the permeability of rPET-GO-10 and rPET-GO-15 remains relatively unchanged,
showcasing a consistent performance. The stability of thesemembranes could be a result of theGOproviding a
uniform flowpath or offering resistance to fouling, which can be particularly advantageous for applications
requiring controlled and reliable filtration processes.

By the timewe observed the results at 0.5 h, the permeability rates for allmembrane types were stabilized.
The permeability of the unmodified rPETno longer showed the drastic fluctuations seen earlier , which could
indicate that the initial rapid flowwas not representative of its consistent performance. Conversely, the rPET-
GO-10 and rPET-GO-15maintained their initial low permeability levels, reinforcing the notion that the
graphene oxidemodification contributed to a steady and predictablemembrane behaviour over time. The
comparative analysis between the rPET-GO-10 and rPET-GO-15membranes revealedminimal differences in
permeability (mainly due to their hydrophilicity as also revealed by similar water contact angle values in table 3),
suggesting that within the range of concentrations or treatments of GObetween these twomembranes, therewas
no significant impact on thewater flow rate. This consistency is important for industrial and environmental
applications where predictable outcomes are necessary.

In summary, these permeability profiles shed light on the short-termdynamics of themembranes under
study, emphasizing the substantial influence of graphene oxidemodification on theflow characteristics of rPET
membranes. The data underscore the potential of GO-modifiedmembranes to provide stable and reliable
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performance, which is particularly beneficial forfiltration applications where consistent quality is critical. For a
more comprehensive understanding of themembranes’ performance, particularly over prolonged durations
and in varied operational conditions, further testingwould be crucial.

4. Conclusion

This study addresses the critical issue ofmembrane permeability in Thin-FilmNanocomposite (TFNC)
membranes by integrating electrospun recycled polyethylene terephthalate (rPET) substrates with graphene
oxide (GO). Keyfindings reveal that the incorporation ofGO enhances the structural and operational efficiency
of themembranes, significantly improvingwater permeability. Characterization techniques such as SEM, TEM,
XRD, FTIR, and BET confirmed the uniform formation ofGO layers on rPET substrates, leading to crystalline
structuremodification and better surfacemorphology. The results have broad implications for thefield of
membrane technology, particularly inwaterfiltration and desalination. By optimising the interface between the
substrate and the active layer, this approach contributes to a deeper understanding and development ofmore
efficient TFNCmembranes. This advancement not only addresses the need for higher permeability but also
supports sustainable watermanagement practices by using recycledmaterials. Future research should focus on
further optimising the composition ofGO and rPET to enhance scalability and evaluate the long-term
performance of thesemembranes in various filtration applications. Additionally, investigating the interaction
between themembrane and different contaminants can provide insights into improving the selectivity and
durability of TFNCmembranes. This study acknowledges several limitations, including the potential variability
inGO layer formation and the need formore extensive long-termperformance testing. These factorsmay
influence the interpretation of results and highlight the necessity for continuous refinement inmembrane
fabrication processes. In conclusion, this researchmarks a significant step forward inmembrane technology,
offering enhancedwater permeability and paving theway for substantial advances in sustainable water
management. The innovative blend ofGO and rPET substrates demonstrates a promising solution to global

Figure 13.Comparative permeability of rPET, rPET-GO-10, and rPET-GO-15membranes over time at 1 bar pressure.
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water scarcity and pollution, encouraging further exploration and application of thesematerials in real-world
scenarios. Importantly, the use of recycledmaterials like rPETunderscores the critical role of recycling in
developing advanced, environmentally friendlymaterials, aligningwith global sustainability goals and reducing
waste.
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