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ARTICLE INFO ABSTRACT

Keywords: Graphene oxide (GO) based membranes have attracted tremendous interest owing to their unique lamellar
Photocatalytic structure resulting in excellent molecular filtration. However, the expansion of interlayer spacing of GO nano-
Self-cleaning flakes in liquid solutions, particularly in aqueous solution, and the adsorption of foulants in the layered nano-
Graphene oxide . .

7m0 confinement as well as on the surface adversely affects the long-term performance of the membranes. In this

work, one-dimensional zinc oxide (ZnO) nanorods were integrated with graphene oxide via in-situ crystalliza-
tion. A fast thermal treatment was applied to partially reduce the graphene oxide nanoflakes and chemically
‘lock’ the newly formed ZnO nanorods during the final step of hybrid membrane fabrication. It was found that
the partially reduced graphene oxide (rGO) provided excellent mechanical stability between the nanolayers and
also very stable and efficient molecular sieving properties. Interestingly, the ZnO nanorods not only served as a
space holder between neighbouring reduced graphene-oxide nanoflakes but also endowed the hybrid membrane
with responsive photocatalytic self-cleaning properties, which has been considered one of the most promising
approaches for energy-efficient environmental remediation. In water permeation tests, these graphene oxide-zinc
oxides (P-rGO/Zn0O) membranes exhibited ultrahigh permeance of 400 + 21 L m2h! bar’l, more than an
order of magnitude higher than the conventional rGO membranes. In the meantime, these membranes exhibited
excellent small organic molecule separation efficiencies with >98.8 + 1.2% rejections toward direct red 80, rose
bengal, reactive black 5, and trypan blue. More importantly, under ultraviolet-visible light irradiation, the
membrane demonstrated highly efficient self-cleaning behaviour for fast organic dye decomposition, enabling
excellent cyclic removal of pre-adsorbed dye molecules. Therefore, this intelligent self-cleaning hybrid mem-
brane has great potential in wastewater purification, particularly for ultrafast small organic molecule removal.

Hybrid membrane

1. Introduction

Rapid industrial development, urbanization, and population growth
have caused environmental pollution leading to water scarcity problems
[1,2]. Water pollution has recently been particularly prominent due to
the increasing demand for freshwater [3,4]. One of the major dangerous
contaminants is organic dyes that have been produced in large quanti-
ties by textile [5-7], paint [8], leather and paper industries [9-11]. Most
organic dyes are highly toxic, carcinogenic, and non-biodegradable [12,
13]. Thus, the presence of dyes is not only harmful to public health but
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also causes a deleterious effect on aquatic organisms [14,15]. Therefore,
it is important to minimise these pollutants by efficiently extracting
them either directly from the source or from the environment. To date,
various conventional technologies such as adsorption [16,17], distilla-
tion [18,19], flocculation [20], biodegradation [21,22] and advanced
oxidation processes [23-25], are broadly implemented in the industrial
sector to remove organic dyes from water. Nevertheless, the major
drawback of these techniques is the production of secondary pollutants
which requires subsequent treatment of the toxic sludge produced,
further increasing the operation cost [26,27].
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Recently, among various water treatment technologies, membrane
technology has earned tremendous attention over time due to its low
energy consumption, cost-efficiency, reduced chemical usage, and
reduction in the processing stages [28]. More specifically, graphene
oxide (GO) membranes emerged as a promising membrane material due
to the abundant oxygen-containing functional groups [29,30], adjust-
able interlayer spacing [31-33], and excellent mechanical strength -
possessing high flexibility [34,35]. Nonetheless, GO membranes have
low water permeability due to narrow interlayer spacing between GO
nanoflakes and are susceptible to fouling due to the adsorption prop-
erties of the membrane and the occurrence of concentration polarization
phenomenon during the filtration processes [36,37]. In addition, the GO
membrane is prone to swelling in an aqueous solution which causes a
deterioration of separation performance and shortened service life of the
membrane [38]. Therefore, to improve the practicality of GO mem-
branes in water separation, a mild thermal reduction is commonly used
as a post-treatment method, inhibiting swelling and -effectively
improving the stability of the GO-based membrane [39]. Unfortunately,
reduced graphene oxide (rGO) membranes normally demonstrate lower
permeability and selectivity than theoretical calculations [40]. Thus,
various nanoparticles (NPs) such as zinc oxide (ZnO) [41], titanium
oxide (TiO3) [42], silicon oxide (SiO3) [43], and metal-organic frame-
works (MOFs) [44-48] have been intercalated between GO nanoflakes
and function as a rigid spacer between the nanochannels, enhancing the
permeability of the rGO membrane.

To date, constructing membranes with self-cleaning properties via
photocatalytic degradation is one of the most promising technologies for
energy-efficient environmental cleaning [49]. This photo-induced
self-cleanable membrane exhibits superior anti-fouling performance
due to the degradation of organic dyes under UV light or visible irra-
diation. Semiconductor metal oxide NPs such as TiOz and ZnO not only
act as a rigid spacer between graphene nanoflakes, but also endow the
rGO membrane with photocatalytic properties [50]. Among them, ZnO
has a wide bandgap (3.2 eV) and a large excitation binding energy of 60
meV. It is widely applicable for graphene oxide membrane modification
due to its affordability, ease of synthesis, and lower toxicity than TiO,
[51-53]. Li et al. obtained rGO/ZnO/PSF membranes via the phase
inversion method for the removal of dye from wastewater [54]. Simi-
larly, Al-Rawashdeh et al. fabricated GO-ZnO membranes embedded
with metals such as silver (Ag) and Copper (Cu) for the removal of
organic dyes via photocatalytic reaction. In each case, the as-synthesised
membranes exhibit excellent photocatalytic activities with 100%
removal of dyes [55]. However, ZnO nanoparticles that were embedded
in the membrane might easily fall off and cause secondary pollution
[56]. One way of promoting the chemical interaction between different
components of a composite membrane is to synthesize the nanoparticles
in the presence of GO flakes. In this work, ZnO nanoparticles were
synthesised in the presence of GO flakes to take advantage of the
maximum chemical bonding. Hence, the development of a cost-effective
and facile approach to improving the stability and self-cleaning capa-
bility of the membranes is of great importance as well as huge interest.

In this work, we report a facile fabrication of a photocatalytic self-
cleaning rGO-ZnO membrane with a unique nanostructure. The ZnO
NPs intercalated in the first few layers of GO nanoflakes act as a pho-
tocatalytic self-cleaning layer and the GO layers below act as a selective
layer. The performance of the membranes for each stage of fabrication
and the mechanism of rejections were proposed. To determine the mo-
lecular cut-off of the membranes, different types of dye sizes were
analysed for rejection performance. The membranes also exhibit excel-
lent photocatalytic self-cleaning properties, and the self-cleaning
mechanism was discussed.
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2. Experimental section
2.1. Materials

Graphene oxide (GO) 1% dispersion was purchased from William
Blythe. Zinc nitrate hexahydrate (Zn(NOs)2-6H50; 98%), Tris-HCI buffer
solutions, dopamine hydrochloride (CgH11NO2-HCL; 99%) Tris-HCl (1
M), Methylene blue (CgH;;CIN3S), Methyl orange (C;4H;4N3NaOsS),
Rhodamine B (C2gH3;CIN203), Rose bengal (C20H4Cl41405), Uniblue A
(Co2H16N207S,) were obtained from Alfa Aesar. Reactive black 5
(CogH21N5Na4019Se), Reactive blue 4 (Co3Hp4CloNgOgSs), Direct red 80
(C45H26N10N3602186), Fast green F (C37H34N2N3201053), Trypan blue
(C34H28N6014S4), Remazol brilliant blue R (C22H16N2N3201153), Reac-
tive orange 16 (Cg0H17N3Na2011S3), Sodium hydroxide (NaOH) were
obtained from Sigma Aldrich. Polyethersulfone (PES) membrane (47
mm, 0.1 pm pore size) was ordered from Sartorius.

2.2. Fabrication of polydopamine (PDA) coating membranes

PDA-coated PES membrane synthesis was conducted by dip coating
the PES membrane with 100 nm pores (Sartorius) in a prepared solution
of 0.1 g PDA and 50 mL HCI-Tris buffer solution (50 Mm) for 1 hour (h).
After soaking, the coated membrane was washed with deionised water,
removing residual unbound PDA on the surface of PES membranes. The
as-prepared substrate indicated as P membrane was stored in ultrapure
water.

2.3. Preparation of single-layer graphene oxide (SLGO) membranes

Monolayer graphene oxide was firstly dispersed in deionised water
under vortex mixing (SciQuip Vortex Varimix) at 2400 rpm for 3 mi-
nutes (min), followed by 2 h sonication (Fisherbrand FB11002). The
dispersion was then centrifuged at 8000 rpm for 1 h at 20 °C (Thermo
Electron Corporation, PK131R) to remove large aggregates in the sus-
pension. The obtained solution was used as the stock SLGO solution, the
concentration of which was determined by Ultraviolet-Visible (UV-Vis)
spectroscopy (Thermo Scientific Evolution 60) (See supporting infor-
mation for further details, Figs. S1 and S2). Subsequently, films with
predictable theoretical thicknesses were prepared by simple dilutions of
the stock solution, the resultant SLGO nanoflakes were characterised by
atomic force microscopy (AFM). The SLGO-coated membrane was
fabricated by depositing the SLGO dispersion onto PES-PDA (P) mem-
brane support via vacuum filtration (Millipore filtration system) forming
the P-GO membrane. The actual thickness of the SLGO layer was
determined by cross-sectional Scanning Electron Microscopy (SEM)
analysis.

2.4. Preparation of rGO/ZnO hybrid membranes

rGO/ZnO hybrid membranes were fabricated by introducing Zn ions
into the SLGO solution prior to vacuum filtration. More specifically, 150
mL of SLGO stock solution containing ~400 nm of GO was sonicated for
30 min. Subsequently, 0.2 M of Zn(NO3)2-6H20 was added dropwise
with vigorous stirring for 1 h at room temperature (25 °C), allowing for
maximum adsorption of zinc ions to GO nanoflakes. The resultant
mixture was then filtered through the P-membrane forming a P-GO/
Zn?* film. Saturating the film surface, the as-prepared membrane was
then immersed in 0.2 M Zn(NO3),-6H,0 for 2 h at room temperature.
Thereafter, 0.4 M of sodium hydroxide solution was filtrated through the
P-GO/Zn?" membrane at 50 °C. Finally, the as-prepared membrane was
subjected to heat treatment at 150 °C for 4 h to fabricate a P-rGO/ZnO
membrane.

2.5. Membrane performance analysis

The membrane’s filtration performance was evaluated using a
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vacuum filtration apparatus (0.5 bar). The flux (F) of the membrane was
determined by calculating the volume of permeate in unit time, ac-
cording to Eq. (1):

F=V /(A ¢ At e AP) Eq. (1)

Where V is the volume of permeate (L), A is the effective filtration area
(m?), At is the filtration time (h), and AP is the applied pressure (bar).
The flux of the membrane for various organic dyes was tested by filtering
50 mL of the feed solution through the membrane. The dye concentra-
tion was measured using a UV-Vis spectrophotometer (Thermo Scien-
tific Evolution 60). The dye rejection (R) was calculated according to Eq.
(2):

R=(1-C,/Cyp) x 100% Eq. (2)

Where C;, is the dye concentration (ppm) in permeate and Cg is the dye
concentration (ppm) in the feed solution.

2.6. Photocatalytic self-cleaning experiment

The photocatalytic self-cleaning property of the as-prepared P-rGO/
ZnO membrane was evaluated by continuous filtration of rose bengal
(RB) dye with a concentration of 10 mg/L at 0.5 bar for 2 h. The
membrane was exposed to UV irradiation (Xenon UV-visible lamp) with
a wavelength of 350-450 nm for 1 h and subjected to another cycle. The
permeate was collected every 5, 40, and 120 min and analysed using a
UV-Vis spectrophotometer (Thermo Scientific Evolution 60) to deter-
mine the membrane’s long-term use capabilities.

2.7. Characterisations

The surface and cross-sectional morphology of the prepared mem-
brane were characterised using scanning electron microscopy (SEM;
JEOS JSM-ITI100). Cross-sectional imaging was conducted by freeze
fracturing the membrane in liquid nitrogen prior to SEM analysis.
Contact angle (CA) measurements were performed using the Ossila
contact angle goniometer and software. UV-Vis spectra for analysing the

PES Dopamine

B4 Wi "
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dye concentrations were performed using a Thermo Scientific Evolution
60 UV-Vis spectrophotometer. XPS analysis was conducted using X-ray
photoelectron spectroscopy (XPS; Scienta 300) with SPECS mono-
chromated XPS in monochromated mode with aluminum Ka radiation.
X-ray diffraction (XRD; Bruker D8 Advance) analysis was carried out
with Cu Ka radiation in a 20 range of 4.0°-40.0°. The energy dispersive
X-ray analysis (EDS) analysis was performed using Oxford Instruments
Xman" 150 detector. Fourier transform infrared spectroscopy (FTIR;
Nicolet iS10) analysis was carried out at 500-4000 cm™!. Atomic force
microscopy (AFM) images were obtained on a JPK Nanowizard 4XP
under tapping mode. The heavy metal concentration before and after
adsorption was measured using inductively coupled plasma optical
emission spectroscopy (ICP-OES) PerkinElmer Optima 8300 DV. The
material potential was measured by zeta potentiometer (Litasizer).

3. Results and discussion
3.1. Preparation and characterization of the rGO-ZnO hybrid membranes

In this study, the microporous PES membrane substrate was first
coated with a thin layer of polydopamine (PDA) (see section 2.2), as
shown in Fig. 1. After coating, the residual PDA on the substrate surface
was removed by washing it with deionised water and the membrane was
noted as a P-membrane. To complete step 1. single-layered graphene
oxide (SLGO) dispersion with Zn?* ions was first prepared by dropwise
addition of Zn(NO3),-6H50 solution into the SLGO solution under 1 h
vigorous stirring at room temperature, which was then deposited on the
P-membrane via a simple vacuum filtration assembly method as re-
ported previously [57], producing an SLGO-Zn?>* membrane on the
surface of the P-membrane (noted as P-GO/Zn>" membrane). Note that
the zinc metal ions were employed as intercalation guests between GO
nanoflakes, acting as spacers between the GO nanoflakes. The zinc ions
can be easily incorporated into the GO nanostructure via electrostatic
adsorption between the positively charged zinc metal ions and the
negatively charged GO functional groups. Additionally, in the
P-GO/Zn?*" membrane, the zinc ions can be adsorbed strongly via the
cation-n interaction with the graphitic basal planes of GO, bridging

Cross-sectional view

P-rGO/ZnO hybrid membrane

- GO
== nanoflakes

Step 4
Heating

Step 3

: ! Cross-sectional view
Filtration of

H
P-GO/Zn(OH) membrane

Fig. 1. Schematic diagram of the fabrication process of photocatalytic self-cleaning P-rGO/ZnO hybrid membranes.
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adjacent graphene oxide nanoflakes and further enhancing the me-
chanical properties of GO membrane structures [57-59]. Therefore, in
step 1, the zinc ions either permeate through the membrane or become
intercalated, bonding between GO nanoflakes. To fully saturate the
membrane structure, the as-synthesised P-GO/Zn?>" membrane was
soaked in Zn(NOg3)2-6H20 solution once again. After that, a NaOH so-
lution was filtrated through the Zn?*-saturated membrane, promoting
the ionic-dipolar interactions between the hydroxyl group of NaOH and
the zinc ion, generating the intermediate Zn(OH)?{ [60,61], and thus
forming a P-GO/Zn(OH) membrane. Finally, the membrane was heated
in an oven to dehydrate the Zn(OH)‘zf phase, forming ZnO on the
membrane surface. The resulting hybrid membrane is denoted as the
P-rGO/ZnO membrane [62]. It is worthwhile mentioning that the ZnO
nanorods were mainly formed on the membrane surface layers serving
as spacers between the GO layers and also as efficient photocatalysts for
organic dye decomposition upon the exposure of UV-visible lights,
endowing an interesting surface self-cleaning function to the membrane
(see section 3.5 Photocatalytic self-cleaning properties and mechanism).

Surface morphology and cross-sectional of the as-synthesised mem-
branes were characterised using SEM to understand their nanostructures
at each preparation step (Fig. 2a—i and insets). As shown in Fig. 2a, the
clean PES membrane exhibited a porous architecture with a pore size of
100 £ 19 nm (Fig. S3a). It is worth noting that PES has a clean, white
surface (Fig. S2a). The PES underwent PDA coating at various durations
(30 min, 60 min, and 90 min). From the flux and dye rejection results, it
can be concluded that 1 h is effective in coating the PES membrane with
PDA (Fig. S4). Following the PDA coating, the pore size was found to be
slightly reduced to 80 + 14 nm (Fig. 2b and Fig. S3b) and the white
surface of the membrane became faintly tainted with a light brown
colour (Fig. S2b), indicating the successful deposition of PDA coating on
the PES membrane surface. It is worth noting that the pore size of these
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two membranes was measured using the ImageJ software. After vacuum
filtration of the SLGO solution, the SEM images of the membrane surface
(Fig. 2c and inset) revealed that the PDA-coated support had been uni-
formly covered by GO nanoflakes. The as-prepared GO membrane
showed an intact and smooth surface without any visible cracks or
pinholes, indicating GO nanoflakes integrated well with the PES/PDA
substrate which is attributed to the high adhesion ability and excellent
reactivity of the hydroxyl and amine groups on the PDA layer [63,64].
Simultaneously, oxygen functional groups of GO, such as epoxy,
carboxyl, and hydroxyl groups, could react with the amine group of the
polydopamine layer [65], thus forming a highly stable PDA-GO inter-
action. The cross-sectional views of the as-synthesised membrane
revealed an ultrathin GO layer on the upper surface of the PES substrate
with a thickness of 305 + 9 nm (Fig. 2c inset). As a result of the GO/. Zn3t
addition, the PES substrate surface became a uniform light brown
colour, further suggesting the even GO coverage on the PDA-coated PES
substrate (Fig. S2¢). In comparison to pure GO coatings, the addition of
Zn(NOs3)2-6H50 in the GO suspension and subsequent membrane soak-
ing did not change the surface morphology of the resulting membrane
(Fig. 2c and d). This indicated that the adsorbed Zn2* ions did not cause
any obvious damage to the surface as well as the layered structure of the
membrane. However, cross-sectional morphology indeed revealed an
obvious increase in the GO thickness from 305 + 9 nm to 341 + 10 nm
(Fig. 2¢ and d insets). This might be due to abundant C-OH moieties
forming as a result of the Zn ion-induced ring-opening of epoxides on the
GO nanoflakes. Hence, the intercalation of zinc ions into the membrane
structures facilitated by the C-OH moieties and the in-plane carbonyl
group leads to an increase in the interlayer spacing [58]. After sodium
hydroxide filtration, though a similar surface morphology was observed
(Fig. 2e), the photograph of the P-GO/Zn(OH) membrane shows the
membrane surface darkens (Fig. S2e). The change in surface colour

Fig. 2. SEM images (top view) of (a) PES support, (b) PES-PDA support, (c) P-GO membrane, (d) P-rGO/Zn?*" membrane, (e) P-rGO/Zn(OH), membrane, (f) P-rGO/
ZnO membrane, (g) P-rGO/ZnO membrane at higher magnification, (h) the backside of P-rGO/ZnO peel-off membrane at higher magnification, and (i) P-rGO
membrane. The insets are corresponding cross-sectional SEM images. Red arrows in (a) and (b) denote the pore size of the substrates. Red dashed line pairs indicate
the membrane thickness. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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indicated the oxidation of zinc ions upon the addition of hydroxide ions.
Furthermore, the cross-sectional analysis highlights a significant in-
crease in membrane thickness to 408 + 12 nm. This is because the Zn*
ions reacted with hydroxide ions (OH ™) forming Zn(OH), (Eq. (3)) and
with the excess of OH™, a large quantity of Zn(OH)3~ ions were pro-
duced (Eq. (4)), thus, causing the expansion of the interlayer spacing
[66,671.

Zn?* + 2 OH™ — Zn(OH), Eq. (3)
Zn(OH), + 2 OH™ — Zn(OH);~ Eq. (4)
Zn(OH);~ ~7Zn0+2H,0 + 20H" Eq. (5)

After the following fast heat treatment, the membrane surface turned
black immediately (Fig. S2f). Fig. 2f and g showed that the membrane
surface was uniformly decorated by large amounts of nanorods. Ac-
cording to Eq. (5), upon heat treatment of Zn(OH)3 ™, a pure ZnO phase
can be formed, hence the nanocrystals formed on the membrane surface
are pure ZnO nanorods (50 + 11.2 nm). It is worth noting that this
crystal formation on the surface of the membrane was unique and was
observed only on the front side region of the P-rGO/ZnO membrane.
Fig. 2g reveals that ZnO nanorods formed as a result of the in situ crys-
tallization were uniformly distributed over the entire upper surface of
the graphene oxide membrane. Comparatively, by peeling the mem-
brane from the PES support, the bottom side of the P-rGO/ZnO mem-
brane exhibited a flat, smooth surface without any ZnO crystals
(Fig. 2h). Therefore, it is suggested that the ZnO nanorods were mainly
intercalated in the upper layers of reduced graphene oxide membrane.
Interestingly, the membrane cross-section showed a significant

~

2 A . "

< A s a A A

- .

>

=

8 o X -

2 .

= A 700

. ® P-GO

n M PES

10 20 30 40 50 60 70 80

QA ‘4‘"‘,‘*., A% 2500

L O T LN AT s S
LAADY, X2 e
TR ,_f"’!ﬁ!‘"’ e

Journal of Membrane Science 697 (2024) 122539

reduction in membrane thickness to 324 nm + 9 nm, which is compa-
rable to that of the cross-section of the initial pure rGO membrane as
aforementioned. As a control, SEM analysis was also done for pure
reduced graphene oxide (rGO) membranes after similar heat treatment.
As shown in Fig. 2i, abundant wrinkles were observed on the membrane
surface after the reduction of GO nanoflakes [66]. The cross-sectional
SEM image of the heat-treated GO membrane showed a reduced thick-
ness of 276 + 8 nm (Fig. 2i inset) which is ~50 nm thinner than our
P-rGO/ZnO membrane. This result further confirmed that the ZnO
nanorods were mainly intercalated in the top few layers of reduced
graphene oxide membrane, while the majority of the structure under-
neath remained similar to that of pure rGO membranes in terms of
thickness (See Fig. S5 for full membrane thickness analysis). Surface
analysis of the membranes at each fabrication step was further assessed
using AFM to observe changes in surface roughness (Figs. S6a—d). In the
initial analysis, the P-rGO membrane displayed a surface roughness
characterised by a root mean square (Sq) value of 72.96 nm. After the
incorporation of Zn, the P-rGO/Zn membrane exhibited a slight decrease
in surface roughness to 67.36 nm, suggesting a smoother surface, as
corroborated by SEM observations. Conversely, the P-GO/ZnOH mem-
brane displayed a higher surface roughness of 105.4 nm. Notably, the
P-rGO/ZnO membrane demonstrated the highest surface roughness of
214.6 nm, owing to the existence of ZnO nanorods. The alteration of the
surface roughness of the membranes revealed by AFM analysis is in
agreement with the previous SEM observation.

3.2. Chemical and physical properties of the as-synthesised membranes

Underpinning the chemical composition of the as-synthesised
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Fig. 3. (a-d) EDS mapping of Au, O, C, and Zn; (e) XPS wide scan of the peel-off P-rGO/ZnO membrane front and back sides; (f) XRD spectrum of PES, P-GO, and P-
rGO/ZnO membrane; (g) XRD spectrum of front and back sides of peel-off rGO-ZnO membrane; and (h) schematic illustration of P-rGO/ZnO membrane structure.
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membranes, SEM-EDX mapping was first conducted for the P-rGO/ZnO
membrane surface. Carbon (C), oxygen (O), and zinc (Zn) elements were
analysed to show the distribution and presence of ZnO on the P-rGO
membrane (Fig. 3a—d). It was observed that the Zn and O elements were
distributed uniformly on the membrane surface, indicating the suc-
cessful in situ synthesis of ZnO on the rGO surface. In addition, the
presence of different chemical groups of the hybrid membrane surface
was studied using XPS analysis. The wide scan of the P-rGO/ZnO
membrane surface revealed four binding energy peaks at 287.4 eV,
532.4 eV, 1024.5 eV, and 1022.7 eV, corresponding to carbon (C 1s),
Oxygen (O 1s), zinc (Zn 2ps3,2), and zinc (Zn 2p;,3), respectively
(Fig. 3e), suggesting that ZnO is successfully synthesised on the GO
membrane [68]. The high-resolution scans of the elements for the front
and back side of the rGO/ZnO membrane were shown in Fig. S7. XPS
analysis showed the surface of P-rGO/ZnO was composed of 19.9%
carbon, 32.1% oxygen, and 44.3% zinc. This large difference in zinc and
carbon can be attributed to the dense, uniform coverage of ZnO on the
surface of the rGO membrane. As expected, XPS analysis of the backside
of the membrane showed a trace amount of Zn but mainly rGO struc-
tures with a composition of 60.9% carbon, 39.0% oxygen and 0.1% Zn,
which again confirmed that the pure ZnO nanophase was only present
on the top membrane layers. To monitor the change in membrane
structure, XRD analysis was also conducted on membranes after each
synthesis step and the peel-off rtGO/ZnO membrane (Fig. 3f and g). As
shown in Fig. 3f, clean PES supports showed 3 peaks (marked with solid
squares) at 20 angles of 25.7°, 17.2°, and 14.3°, which were visible in
each spectrum. After GO coating, the XRD pattern showed an additional
peak at 11.1°, indicating a thin layer of single-layered graphene oxide
(SLGO) covering the surface of the PES membrane. Comparatively, the
final P-rGO/ZnO membrane exhibited significantly more peaks on the
XRD spectra. More specifically, peaks were observed at 31.7°, 34.3°,
36.2°, 47.5°, 56.5°, 65.1°, and 69.1°, representative of [100], [002],
[101], [102], [110], [103], and [112] planes, respectively. According to
the previous reports, these peaks are the characteristic diffraction peaks
of a pure ZnO phase [69]. Interestingly, the peak previously attributed to
GO (11.1°) is not visible in this spectra. This is due the dense coverage of
ZnO nanorods on the membrane surface and also the reduction of the
GO, forming rGO (Fig. S8).

To further confirm the presence of the ZnO phase in the membrane
structure, the XRD analysis was conducted on both the front side and
back side of the peel-off P-rGO/ZnO membrane (Fig. 3g). The front side
exhibited intense peaks of ZnO as discussed above [69]. Comparatively,
the back side of the hybrid membrane did not show typical ZnO char-
acteristic peaks.

Based on the above results, the configuration of the as-synthesised P-
rGO/ZnO membrane was thus proposed and shown in the schematic
diagram Fig. 3h. Briefly, this new and simple in situ crystallization
process promoted the formation of asymmetric nanostructures in the
membrane, composed of two regions. In region I, the ZnO nanoparticles
and zinc ions are intercalated into the top few GO layers, leading to the
enlargement of the interlayer spacing of GO and acting as the functional
photocatalytic layer for cyclic membrane regeneration. In contrast,
underneath the upper layers — region II, the pre-adsorbed zinc ions react
with a significantly reduced concentration of sodium hydroxide solution
forming a trace of normal Zn hydrates due to the lack of NaOH [57].
These intercalating materials (ZnO nanorods and Zn hydrates) co-exist
and act as spacers between the rGO nanoflakes, preventing the
shrinkage of the nanochannels during heat treatment, and hence form-
ing a hybrid, selective membrane structure for small molecule filtration.
With expanded nanochannels in the rGO layers and effective interca-
lated spacers, the P-rGO/ZnO membranes were tested for small organic
molecular filtration (e.g., dye molecules). Their separation performance
and UV-visible light-stimulated photocatalytic self-cleaning function for
cyclic membrane regeneration were also studied in detail.
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3.3. Membrane separation performance

As aforementioned, water purification is in high global demand
owing to the rapid increase in population. An energy/cost-effective
method of achieving this is membrane separation which holds a lower
carbon footprint than conventional methods currently employed in the
industry [70]. In this work, the photocatalytic self-cleaning P-rGO/ZnO
membranes were used to separate small dye molecules with different
molecular sizes and charges. The wetting properties of the fabricated
membranes were first studied by measuring the surface static water
contact angles of the prepared membranes. As presented in Fig. 4a, the
contact angle decreased from 45° =+ 2° for pristine PES membrane to 39°
+ 7° for PDA/PES membrane, implying a more hydrophilic surface
formed due to the abundance of hydrophilic amine groups of PDA. The
water contact angle further decreased to 35° + 3° after filtration of the
GO solution. This can be attributed to the existence of hydrophilic
groups of GO nanoflakes. Interestingly, after GO/Zn?" deposition, the
contact angle increased to 54° + 6° for the newly formed P-GO/Zn?*
membrane. The increase in the membrane hydrophobicity is due to the
ion exchange between zinc ions and protons (H") on the oxygen func-
tionalities of the GO nanoflakes [58]. Comparatively, the contact angle
value of P-GO/Zn(OH); significantly reduces to 19° + 2°. This advan-
tageous hydrophilicity is attributed to the presence of the hydrophilic
hydroxyl groups interacting with the zinc ions on the surface of the GO
membrane. Interestingly, after the heat treatment, the membrane sur-
face remained hydrophilic with a low water contact angle of 20° £ 2°. It
is completely different to the conventional rGO membranes which are
usually much more hydrophobic (78° + 5°). The existence of ZnO not
only optimised membrane surface structure but also endowed the
membrane with beneficial hydrophilicity [71,72].

To study the influence of membrane chemical structure on the sep-
aration performance, a systematic study using aqueous rose bengal (RB)
solution (10 ppm) was conducted on the as-synthesised membranes at
each stage of the fabrication (Fig. 4b), and their corresponding separa-
tion mechanism was proposed accordingly (Fig. 4c). As shown in Fig. 4b,
the pure GO membrane has a water flux of 73 + 3.2 L m 2 h™! bar™?
with an RB rejection of 97 + 4.9%. After simply depositing a fixed
amount of GO nanoflakes (~305 nm) on the PES/PDA support, the P-GO
membrane exhibited a higher water flux of 138 + 6.9 L m 2 h™! bar !
with an RB rejection of 98 + 4.9%. The increase in water permeance is
attributed to the presence of PDA which helps with the adhesion and
subsequent deposition of GO nanoflakes to the porous PES substrate,
forming GO membrane with a more selective structure and also reducing
the chance of PES pore blockage during the filtration of GO nanoflakes
[73,74]. After the intercalation of Zn2+, the water permeance for the
P-GO/Zn?*" membrane further increased to 238 = 11 Lm 2 h~! bar ..
This is owing to the expansion of interlayer spacing as a result of Zn?*
adsorption. The adsorption of Zn?>* on the GO nanoflakes is a result of
the strong surface complexation with oxygen functionalities [75].
Despite the enhancement in water permeation, the membrane dye
rejection was decreased to 92 + 4.6%, indicating that the intercalated
Zn* showed no apparent gating effect on the permeance of RB [57].
Upon the addition of NaOH through the P-GO/Zn?* membrane, Zn
(OH)‘Z( ions are formed between the GO membrane interlayers. Conse-
quently, the water permeance was significantly increased to 628 + 31 L
m 2 h™! bar! with a further decrease in dye rejection to 75 + 3.75%.
After heat treatment, Zn(OH)7 was transformed into ZnO nanorods on
the membrane surface. In the meantime, GO nanoflakes were mildly
reduced to the rGO membrane, forming a P-rGO/ZnO membrane as
discussed in the above section. Interestingly, the P-rGO/ZnO membrane
only showed a slight decrease of water flux to 400 + 21 Lm2h~! bar™!
but with a significantly increased RB rejection rate of up to 98.8 & 1.2%.
According to previous studies, conventional rGO membranes with a
similar thickness of ~300 nm have a significantly lower flux of ~40 L
m~2h !bar?! [76,77]. However, the P-rGO/ZnO membranes fabricated
in this work showed ten times higher water flux, while achieving a
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satisfactory RB rejection rate of >98%, This is owing to the unique
hybrid membrane structure formed wusing the combined GO
self-assembly and in-situ ZnO crystallization method. In this work, the
membrane’s dye separation efficiency was evaluated by analyzing the
concentration change of RB in the feed and permeate using UV-Vis
spectroscopy. Generally, the UV-vis spectra of the filtrate showed a
general decrease in dye concentration, however, each membrane
exhibited varying separation efficiencies (Fig. 4b and Fig. S9).

Based on the membrane performance and their XRD, SEM, XPS and
EDX characterization results, potential separation mechanisms of the as-
synthesised membranes before and after in-situ crystallization of ZnO
nanoparticles were proposed and schematically illustrated in Fig. 4c. In
the pure GO membrane, there are typically two forms of diffusional
channels for water permeation. Firstly, vertical nanochannels are
formed by in-plane nanosized defects/pores and gaps formed between
the edges of neighbouring GO nanoflakes. Secondly, horizontal nano-
channels, which are also known as interlayer spacing (dj), are the
interspacing between GO layers. Hence, numerous molecular diffusion
pathways are formed from the interconnection between these nano-
channels [78]. In molecular separations, to achieve good selectivity, the
interlayer spacing (d;), defects on the GO basal plane, and nanogaps
between GO nanoflakes must be small enough to reject undesired mol-
ecules. Therefore, an increase in nanochannel size may lead to higher
molecular diffusion but sacrifice the rejection rate. In this case, size

exclusion appears as the dominant separation mechanism for the
transport of molecules in a lamellar GO membrane, with separations
mainly dependent on the size and length of these structural nano-
channels. In our study, horizontal nanochannels (or interlayer spacing)
played a vital role in controlling both water flux and separation effi-
ciency. More specifically, the alteration of intercalating materials allows
for the effective control of spacing between the GO nanoflakes. For
example, in the case of P-GO/Zn?*, an increase in permeation rate to
238 + 11 L m 2 h™! bar~! whilst a decrease in rejection rate to 92 +
4.6% was observed [75]. This is attributed to the excessive zinc ions
intercalation between the interlayer capillaries, which increases the
interlayer spacing (dz). Hence, the water transport rate was higher than
that of the GO membrane, while the RB rejection rate was reduced. In
the P-GO/Zn(OH) membrane, the reaction between the pre-adsorbed
Zn" ions and NaOH led to the formation of Zn(OH)Z", resulting in the
further expansion of the nanochannels. Therefore, an enlarged inter-
layer spacing (ds) was formed leading to a significant increase in the
water flux to 628 + 31 L m™2 h™! bar~!, however, accompanied by a
decrease in the rejection rate to 75 &+ 3.75%. In the last preparation of
the P-rGO/ZnO membrane, a fast heat treatment (150 °C for 4 h) was
applied to transfer pre-formed Zn(OH)Z to the ZnO phase and in the
meantime to reduce GO to rGO, forming a unique hybrid membrane
structure with superior molecular sieving abilities. The ZnO nanorods
formed in the top layers of GO (“region 1”) act as spacers for fast water
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permeation as well as a pre-screening molecular sieve layer (during
membrane regeneration) for photocatalytic dye molecule removal upon
exposure under UV lights. The analysis of zeta potential indicates that
the surface of the P-rGO/ZnO membrane carries a negative charge
(Fig. S11). Hence, the negatively charged membrane surface (“region I’
with an interlayer spacing of d4i) selectively adsorbs and rejects dye
molecules via electrostatic attractions and repulsions [76]. Compara-
tively, lower regions of the P-rGO/ZnO membranes (“region II"’) have a
reduced interlayer spacing (d4ii) similar to that of pure rGO membranes
and act as a selective molecular sieving layer for molecule distinguishing
and retention based on size exclusion. It’s worthwhile mentioning that
the pre-adsorbed zinc ions in this region may not be able to form ZnO as
suggested by the above XPS, XRD and SEM results due to the lack of
NaOH during the hot filtration process. Thus, the overall membrane
thickness (~324 nm) after fast heat treatment remained quite compa-
rable to that of the initial GO membrane without Zn ions and Zn(OH)‘Zf
(~305 nm), though the top membrane layer has full coverage of ZnO
nanorods. As a result, these P-ZnO/rGO membranes exhibited an
enhanced water transport rate (400 + 21 L m~2h~! bar) and high
retention of dye molecules (98.5 + 1.2%). Furthermore, an additional
analysis of the permeate was conducted to detect heavy metals using
ICP-OES. The results showed negligible presence of zinc, indicating no
metal leaching. This underscores the strong attachment of ZnO on the
rGO surface.

To further explore the separation performance and mechanism of the
final P-rGO/ZnO hybrid membranes, twelve types of dyes with different
sizes and charges were studied. i.e., fast green F (FCF), direct red 80 (DR-
80), methylene blue (MB), methyl orange (MO), reactive orange 16 (RO-
16), trypan blue (TB), rose bengal (RB), rhodamine B (RhB), remazol
brilliant blue R (RBB-R), reactive black 5 (RB-5), reactive blue 4 (RB-4),
uniblue A (UA). The molecular structure and different charge properties
of the tested dyes are presented in Fig. S10 and Table S1, respectively. As
shown in Fig. 5a, the P-rGO/ZnO membrane exhibited a consistent water
flux of 400 + 21 L m~2 h™! bar™! regardless of the dye type. However,
the rejection rate of the dyes varied significantly, from 98 + 2.9% to 60
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+ 1.8% for DR-80 and MB, respectively. This can be attributed to the
molecular weight variation between the dyes [79]. According to the
separation results, P-rGO/ZnO membranes showed excellent separation
efficiency (>96%) for dyes with high molecular weights (>800 g mol~!
or Da) (Fig. 5b). While for dyes with lower molecular weights (<500 g
mol ! or Da), poor separation rates (<80%) were obtained (Fig. 5c) (see
Fig. S12 for all UV-vis results), which indicated that the membrane
withholds a cut-off molecular size of ~500 g mol~!. More interestingly,
the dye separation efficiency of the membrane was not influenced by
their negative or positive charges, further indicating the membrane’s
molecular sieving capability. For example, Fig. 5b shows that positive
dyes (highlighted with green colour) and negative dyes (highlighted
with blue colour) were rejected by the P-rGO/ZnO membrane mainly
following the size exclusion mechanism. Despite the type of charge, the
dye rejection rate increased as the molecular weight increased. More
specifically, large molecular weight dyes such as DR-80 (1373 Da), RB
(1018 Da), RB-5 (992 Da), TB (961 Da), FCF (808 Da), RB 4 (637 Da),
RBB R (626 Da), RO 16 (617 Da) and UA (506 Da) exhibited a rejection
rate of 98 + 2.9%, 96 + 2.9%, 97 + 2.9%, 96 + 2.8%, 96 + 2.8% 95 +
2.9%, 91 + 2.7%, 90 + 2.7% and 89 + 2.6% respectively. The rejection
rate was significantly decreased to 75 + 1.2%, 65 + 1.8% % and 60 +
2.4% for RhB (479 Da), MO (327 Da) and MB (320 Da), respectively,
demonstrating a direct correlation between the membrane rejection
efficiency and the dye molecular weight. Hence, the dye rejection
mechanism was closely associated with the steric effect, which is greatly
influenced by molecular weight, size, shape and the Donnan exclusion
effect [36,37]. The dye rejection over a 1500-min duration reveals that
the membrane consistently maintained stable rejection at ~85% for
Rose Bengal (RB), Direct Red 80 (DR 80), and RB-5 (Fig. S13). Overall,
the membranes achieved the highest rejection and flux compared to the
previous studies shown in Table S2.
To study whether the as-synthesised P-rGO/ZnO membrane has the
capability of separating molecules based on another common type of
mechanism — adsorption, the membranes were soaked in a series of dye
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Fig. 5. (a) Permeance and rejection of the P-rGO/ZnO membrane for different types of dyes. (b) Rejection of different dyes as a function of molecular weight. UV-Vis
spectra and photos (insets) of the feeds and filtrates for (c) Direct red-80 (DR-80), (d) Fast green-F (FCF), (e) Methylene blue (MB), and (f) Methyl-orange (MO). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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solutions with a fixed volume of 30 mL and a concentration of 50 mg L™}
for 12 h. The adsorption properties of the membrane toward different
types of dye molecules (FCF, DR-80, RB, UA, RO 16, and RBB R) were
then studied in detail. The concentration of the dye remaining in the
solution after the adsorption was determined by UV-vis measurement
(Fig. S14). Note that the reduction of dye concentration indicated the
quantity of dye adsorbed on the membrane surface with full coverage of
ZnO nanorods. Based on the adsorption results, the concentration of
dyes in the final solution was reduced by 18 + 1.2%, 21 + 1.5%, 20 +
2.5%, 20 &+ 1.7%, 35 + 3.2%, and 45 + 5.1% for DR-80, FCF, RO 16, RB,
UA, and RBB R, respectively. The negatively charged dyes DR-80, FCF,
UA, and MO have lower reductions compared to positively charged dyes
RhB and MB, which suggests that the Donnan exclusion mechanism
played a minor role in the separation of dyes. The ZnO nanorods on top
of rGO membrane layers have a slightly negative charge in the aqueous
solution due to a reversible surface hydrolysis [80]. The interaction
between the charges of dyes and the membrane surface leads to an
electrostatic interaction between the dyes and the membrane surface
[811, which eventually causes the physical adsorption of the dyes on the
membrane surface. Lower adsorption of negatively charged dyes was,
therefore, because of the repulsive interaction that existed between the
anion molecules and the negatively charged ZnO nanorods based on the
Donan exclusion effect, resulting in the negative charge dyes being
repelled from the surface of the membrane.

3.4. Chemical and physical stability tests

Besides separation efficiency and flux, hydro-chemical stability and
recyclability of the membranes are important factors in evaluating the
long-term liquid separation performance. In most previous studies, rGO
membranes have shown remarkable stability in both acid and alkali
environments meanwhile ZnO shows only good stability in alkaline so-
lution [82-85]. The decomposition of ZnO in aqueous solutions can be
proposed as the following reactions [86,87]. To analyse the chemical
stability, the P-rGO/ZnO membranes were soaked in an aqueous solu-
tion with a wide range of pH environments, pH = 3, 4, 6, 7, 9, and 11
over 7 days, and then dried and analysed by SEM and XRD (Fig. 6). As
shown in Fig. 6a, the exposure to acidic conditions (pH = 6) resulted in a
high degree of ZnO dissolution, attributed to the reaction of protons
(H™) with the ZnO nanorods, forming ZnOH™ and H,0 and the release of
zinc ions (Eqs (6) and (7)) [88]. Further lowering the pH (pH = 3 and pH
= 4) showed complete dissolution of ZnO after 7 days of soaking

Intensity (a.u.)

A

20 (°)

Journal of Membrane Science 697 (2024) 122539

(Fig. S15). Comparatively, as the pH increased from 7 to 11, the ZnO
nanorods remained mostly intact on the surface (Fig. 6b-d). Although at
pH = 9.0 and higher, mild dissolution of ZnO nanorods may occur to
form the hydroxyl complexes, according to Egs. (8) and (9). The hy-
droxyl complexes are known to be formed on the surface of the crystals
and result in minor dissolution.

ZnO) + 2H" = Zn** + H,0 Eq. (6)
ZnO) + HT — ZnOH™ Eq. (7)
ZnO) + OH™ + HyO — Zn(OH)3 Eq. (8)
ZnOg;) + 20H™ + H,0 — Zn(OH);~ Eq. (9)

Based on our results, the P-rGO/ZnO membranes were more stable
under alkaline conditions as compared to acidic conditions. The surface
of the membrane maintained the dark brown colour at higher pH en-
vironments while at lower pHs the surface turned into a light brown
colour (Fig. 6a—d insets). Although the SEM images showed the disso-
lution of ZnO nanorods at lower pHs, the rGO membrane remained
intact layered structures over a wide range of pH values. This could be
attributed to the PDA layer which served as a bioadhesive to strongly
bind the GO nanoflakes onto the PES support, as previously discussed. In
addition, the fast reduction of graphene oxide promoted the n-n conju-
gation between the GO layers, endowing the membranes with strong
mechanical and chemical stability in the acid and alkali environments
[89]. The XRD analysis of the soaked membranes showed a significant
reduction in ZnO peaks after 7-day soaking at pH = 6, while the ZnO
peaks remained mostly unchanged at pH > 7 (Fig. 6e).

To further understand the effect of stability on the long-term sepa-
ration performance, dye separations were conducted on the P-rGO/ZnO
membranes after chemical exposure. As shown in Fig. 6f, the membrane
showed different reductions in water flux after soaking at different pH
conditions for 7 days. After 7-day soaking at pH =7 to 11, the membrane
showed a negligible degradation in water flux (400 + 21 L m™2 h™?
bar ' t0350 + 17 L m 2 h~! bar D). However, the reduction of water
flux (282 +21L m2h7! bar’l) was more significant after acid soaking
at pH = 6. Such lower flux may related to the dissolution of ZnO
nanospacers in the rGO membrane, reducing the membrane interlayer
spacing and thus water permeability. However, all membranes still
maintained a high rejection of RB up to 95 + 1.6%, 92 + 2.3%, 97 +
1.8%, and 95 + 3.4% after soaking at pH =6, 7, 9, and 11, respectively.
Furthermore, the membrane exhibited good mechanical stability,

Rejection (%)

Fig. 6. SEM images of P-rGO/ZnO membranes after soaking at different pH for 7 days: (a) pH = 6, (b) pH = 7, (¢) pH = 9, and (d) pH = 11. (e) XRD of membranes
treated at different pHs. (f) Flux and rejection of rose bengal after soaking at different pH for 7 days. a denotes characteristic ZnO diffraction peaks.
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remaining intact even after undergoing 1 h of sonication (Fig. S16). The
above results underscore the potential of our P-rGO/ZnO membranes
operating under very harsh conditions.

3.5. Photocatalytic regeneration for cyclic membrane separation

Thanks to the hybrid membrane structure and the presence of surface
ZnO nanorods, the membrane showed promising self-cleaning behav-
iour via photocatalytic regeneration. In the following study, the pho-
tocatalytic self-cleaning property of the P-rGO/ZnO membrane was
evaluated using UV-visible light irradiation. After an RB rejection test
with an initial concentration of 10 mg/L, a UV light with 365-450 nm
wavelength was applied to irradiate the membrane for 1 h. Fig. 7a
showed that the membrane flux was decreased continuously and even-
tually stabilized at ~50% of its original value at 120 min due to the
adsorption of RB on the membrane surface and the likely blockage of
water pathways. After only 1 h of UV radiation/regeneration, the initial
water flux of the membrane was almost fully recovered. According to
our results, up to 95-99% of the original flux can be restored for the next
run, achieving an excellent cyclic dye separation performance. In the
meantime, the rejection rate of the membrane was monitored by ana-
lysing the concentration of permeance for each cycle. The initial con-
centration of the permeance is shown in Fig. 7b and the UV-Vis spectra
of the RB dye concentration at different times for each cycle are shown
in Figs. S17a-d. The membrane exhibited an initial rejection of 96 +
2.94%. This is because the negatively charged rose bengal dyes were
mainly influenced by size exclusion due to the high molecular weight of
the dyes and the adsorption mechanism that attracted dyes on the
membrane surface. However, the membrane exhibited a rejection of 85
+ 10% and 77 + 15% at 40 min and 120 min, respectively (Fig. S17e).
This is due to the rejection mechanism being contributed mainly by size
selection. The photocatalytic performance of the P-rGO/ZnO membrane
was assessed under UV light irradiation. The findings demonstrated that,
under UV irradiation, the membrane consistently sustained a flux of
approximately ~400 & 21 Lm~2h~! bar~?, coupled with rejection rates
exceeding 98% (refer to Fig. S18). Moreover, the membrane’s ability to
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recover its morphology after UV radiation underscores its self-cleaning
potential. These results underscore the membrane’s exceptional photo-
catalytic capabilities (Fig. S19).

As discussed previously, the existence of ZnO nanorods on the
membrane surface exhibits considerable potential for photocatalytic
properties which enhance the degradation of dyes on the membrane
surface, thus leading to recovery of membrane performance. ZnO is a
well-known semiconductor material, that possesses a wide range of band
gap of approximately 3.37 eV [90]. Additionally, ZnO serves as a general
electron-hole pair, while rGO acts as the carrier pathway. Therefore,
when the P-rGO/ZnO membrane, that was synthesised as mentioned, is
illuminated under UV irradiation, the electrons within the valence bands
(VB) of ZnO become excited and elevated to the conduction bands (CB).
This has resulted in the presence of holes (h™) in the VB, as shown in
Equation (10) [91]. Subsequently, these photogenerated electrons (e”)
in the CB can readily migrate easily to the nearest surface of rGO.

The photogenerated electrons then react with oxygen to generate
superoxide radicals (Eq. (11)) which further react with H' to generate
the first HOqe radicals. Hydrogen peroxide molecules are formed once
the HO4e radicals come in contact with H™ (Eq. (12)). The newly formed
hydrogen peroxide molecules could further prompt the production of
additional hydroxyl radicals in the presence of abundant photo-
generated electrons (Eq. (13)). Whereas the empty holes formed previ-
ously then react with water (Eq. (14)) and hydroxide ions (Eq. (15)) to
form photogenerated hydroxyl radicals [91,92], which are useful for
decompositing organic pollutants such as dyes via an oxidation process
(Egs. (16) and (17)). The photocatalytic dye decomposition mechanism
of the P-rGO/ZnO membrane is shown in Fig. 7c. All steps that are
involved in the photocatalytic dye decomposition are summarised below
[90,93]:

Photons (hv) + ZnO — h™(VB) + ¢~ (CB) Eq. 10
¢ + 0, — ¢07 Eq. 11
¢0; + H" = HO,e; HOze + HY 4 ¢— H,0, Eq. 12
¢ + Hy0, — ¢OH + OH™ Eq. 13
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Fig. 7. (a) Cyclic experiment where the membrane was irradiated under UV-Vis light for 1 h after 120 min filtration of RB; (b) Recovery of the initial RB rejection
rates for 4 cycles; and (c) Photocatalytic self-cleaning mechanism of the P-rGO/ZnO membranes.
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h* 4+ H,0 - H' + ¢OH Eq. 14

h* + OH™ — eOH Eq. 15

Organic contaminant + eOH — CO, + H,O + other degraded productsEq. 16
Organic contaminant + e0, — CO, + HyO + other degraded productsEq. 17

It has been reported previously that GO-based ZnO nanocomposites
exhibit high surface area, which contributes to improved pollutant
adsorption. These properties appear to reduce the recombination of
charge carriers and broaden the material responsiveness to visible light
[92]. Overall, the membrane demonstrated highly efficient self-cleaning
properties under UV-visible light irradiation, enabling excellent cyclic
adsorption/desorption performance for ultrafast removal of small dyes.
Therefore, this intelligent self-cleaning hybrid membrane has great po-
tential for ultrafast wastewater purification.

4. Conclusions

In conclusion, a UV-visible light-stimulated photocatalytic self-
cleaning hybrid membrane was fabricated via a direct in-situ self-
assembly method, combining the advantages of selective rGO mem-
brane structures and the photocatalytic properties of ZnO nanorods. The
rGO layer structures act as selective layers for small molecule separa-
tion, meanwhile, the intercalated ZnO acts as space holders and endows
the membrane with photocatalytic self-cleaning properties. The P-rGO/
ZnO membrane exhibited a water flux up to ~400 L m~2 h™! bar~!
which is 10 times higher than that of a traditional rGO membrane with a
similar thickness. Meanwhile, our membrane also showed an excellent
rejection rate of up to ~98.8 + 1.2% of dye molecules that have a mo-
lecular weight >500 g mol ! regardless of the dye charges. The
outstanding rejection is mainly contributed by the size-sieving effect
mechanism with adsorption and electrostatic interaction playing a
synergetic role. Owing to the above-mentioned photocatalytic self-
cleaning properties of the P-rGO/ZnO membranes, excellent cyclic dye
separation performance was obtained with the water flux and dye
rejection recovered up to ~95% and ~97% for every testing cycle.
Overall, this work reported a unique hybrid membrane structure with
self-cleaning properties and excellent cyclic separation performance for
small organic molecule separation. The concept of membrane design
brings new insight into the regenerable long-term membranes for ul-
trafast wastewater purification.
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