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ARTICLE INFO ABSTRACT

Editor: Shujuan Zhang An ideal membrane for oil/water separation at industrial scale is expected to possess the combined merits of

excellent separation performance, sound mechanical flexibility, and high durability under harsh environments.

Keywords: In response to these challenging requirements, we came up with a new concept to design the membrane con-
Oily ‘t’)"aStewater structed with ultralong hydrogel-functionalized MnO, nanowires. The super-oleophobic nanowires form highly
Membrane -2

open and tight pore structures within the membrane, which endows its high permeation flux (2800 L h™! m
bar~1), high oil/water separation efficiency (>99 %) and low fouling tendency for separating emulsified oil from
water. Furthermore, the brittleness problem of MnO, materials is collectively resolved due to the high aspect
ratio and surface functionalization of the hydrogel-functionalized MnO, nanowires. This results in the new
membrane with extraordinary mechanical flexibility and potential for spiral-wound membrane modules, which
are highly desired in industrial applications due to a lower footprint and lower capital cost. The new membrane
also demonstrates high durability under harsh environments with non-neutral pH values or high salinities. Given
its facile synthesis process and inexpensive materials, this spiral-windable and durable membrane with high
separation performance has the great potential to be applied at industrial scale for oily wastewater treatment

Spiral-windable
Free-standing
Durable

under harsh environments.

1. Introduction

Oil pollution remains a serious problem worldwide due to oil
exploration and production activities that produce vast quantities of oily
wastewater, which normally features high salt content and non-neutral
pH values [1,2]. It is a necessary requirement to develop effective, low-
cost technologies that can be used to treat this oily wastewater to ach-
ieve discharge compliance and protect marine environment [3]. Con-
ventional technologies for oil/water separation, including hydrocyclone
and air flotation, have quite a few limitations such as limited separation
capability for small oil droplets and increased operating costs due to
chemical additions [4]. Membrane filtration, using the mechanism of
sieving effect, is commonly used for water treatment [5]. Previous
studies showed membrane filtration is promising in separating emulsi-
fied oil from wastewater [6,7]. Polymeric membranes are dominating
commercial market due to their low cost and ability to be used as spiral-
wound module with rolled-up membranes [8]. However, most of them
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suffer from membrane fouling and permeation flux reduction, which are
caused by their oleophilic materials and segregated pore structures,
respectively [9]. Ceramic membranes are well known for their unique
hydrophilicity and oleophobicity, making them a preferred choice for
oil/water separation [10]. However, the poor mechanical flexibility
excludes them from spiral-wound modules. Among most industrial ap-
plications, spiral-wound modules are highly desired due to the benefits
of reduced footprints and capital cost for water treatment plants [11].
Conventional membranes are normally composed of two layers, with a
selective layer on top of a support layer [12]. However, the support layer
could adversely affect the membrane performance, which is caused by
the issues of internal concentration polarization and fouling occurring
inside the support layer [13]. Free-standing membrane without support
layers is a quest to mitigate these issues [14]. The methods to fabricate
spiral windable, free-standing, high-performance, and low-fouling
membranes for treating oily wastewater is greatly in demand.

Previous studies showed a great deal of effort has been put to develop
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new membranes with high separation performance, high flexibility, and
low fouling tendency. The nature of fish scales has inspired the fabri-
cation of membranes with superoleophobic and low-fouling surfaces
[15,16]. One of the studies involved the fabrication of a hydrogel-coated
mesh structure that exhibited unique superoleophobicity under water
for the separation of oily water mixtures [17]. Nevertheless, these filters
have been known to suffer from the low separation rate for emulsified
oils, due to their large pore size in the mesh substrates [18]. In another
study, an ultrathin hydrogel selective layer was coated on a phase-
inversion-made membrane substrate, which demonstrated high anti-
fouling property for separating oil/water emulsion [19]. However, the
membrane faced the problem of relatively low water flux due to its
segregated pore structure formed by phase inversion method. Electro-
spinning technique has been explored for fabricating nonwoven fibrous
membranes, because of its merit with interconnected porous structure
that leads to high water flux [20]. However, the disadvantages of this
technique include a relatively bigger pore size distribution and un-
wanted macrovoids caused by static electric repulsion, which ultimately
compromised the membrane selectivity [21]. These factors all
contribute to the limited potential and utilization of these previous
membranes for practical and industrial applications. Recently, Manga-
nese dioxide (MnO3) nanowires have emerged as ideal building block for
filtration membranes, due to their unique physical and chemical prop-
erties and nanostructured morphology, distinguishing them from bulk
MnOs [22]. They feature high aspect ratios, typically with nanometer-
scale diameters and micrometer-scale lengths. With flexibility and me-
chanical resilience, these nanowires can withstand bending and defor-
mation, making them applicable in various application fields. However,
they are vulnerable to extreme environmental conditions, such as sur-
face hydrolysis reactions that increase their dissolution in acidic or
alkaline solutions [23]. Despite their previous usage in oil absorption
[24] or filtration [25], there are still some knowledge gaps in the
research addressing their susceptibility to extreme environmental con-
ditions through effective surface modifications.

In this work, we proposed a new concept for developing spiral
windable, free-standing and durable membranes with high oil/water
separation performance. The ultralong, superoleophobic and corrosion-
resistant hydrogel-functionalized MnO, nanowires were used as the
building blocks for the new membrane. The membrane exhibits a high
efficiency for separating emulsified oil from water due to its tight and
nanoporous structure, as well as high water flux attributed to its open
and three-dimensionally-interconnected pore structure. Notably, its
excellent durability was displayed under harsh environments with high
water salinities or non-neutral pH values. In contrast to the ceramic
nature of pristine MnO, nanowires, the new free-standing membrane
constructed with ultralong hydrogel-functionalized MnO, nanowires
shows extraordinary mechanical flexibility and ability for spiral-wound
module. These combined advantages make the new membrane highly
advantageous for oily wastewater treatment at industrial scale.

2. Materials and methods
2.1. Chemicals and equipment

The chemicals that were used in this research were manganese sul-
fate monohydrate (MnSO4-H0), ammonium persulfate (APS) and
ammonium sulfate ((NH4)2S04), hydrochloric acid, sodium hydroxide,
sodium dodecyl sulfate and Poly (vinyl alcohol) (PVA) (M.W. = 60,000,
99 % purity) and glutaraldehyde (aqueous solution, 50 wt%) were
purchased from Sigma-Aldrich. Sunflower oil, n-hexane, n-octane, and
engine oil were used to reproduce emulsified oil, while sea salt was used
to simulate and prepare highly saline water. The oil and the sea salt were
sourced locally. A JORIN-ViPA B HiFlow visual process analyzer was
used to measure the oil droplet size distributions.
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2.2. Synthesis of ultralong MnO, nanowires

The ultralong MnO, nanowires have been successfully synthesized
using a simple hydrothermal method. In a typical process, 4 g Manga-
nese sulfate monohydrate (MnSO4-H30), 5.2 g ammonium persulfate
(APS) and 10 g ammonium sulfate (NH4)2SO4) were dissolved in 100 ml
distilled water. The solution was stirred for a total of 5 min. The mixture
was then transferred to a 60 ml Teflon-lined stainless-steel autoclave,
sealed, and maintained at 220 °C for 96 h in an electric oven. This was
then removed carefully and allowed to cool down to room temperature
in air. A brown precipitate was collected and washed with distilled water
and ethanol several times to remove any impurities.

2.3. Preparation of free-standing MnO_ nanowire membrane

1 g of MnO, nanowire was dissolved in 100 ml of distilled water and
immersed in a sonication bath to produce a homogeneous suspension.
This was then filtered under a vacuum and passed through a glass fiber
filter of 0.45 pm, then it was dried at 60 °C for around 10 min. A MnO,
nanowire membrane was then manually removed from the glass fiber
substrate. The membrane thicknesses could be varied by changing the
weight percentage of MnO, nanowires in the solutions for membrane
deposition

2.4. Functionalization of MnO2 nanowire with PVA hydrogel

A thin PVA functional layer was prepared using the solution casting
method. The first step involved preparing an aqueous 1 % (w/w) PVA
solution by dissolving PVA in distilled water at 90 °C and was contin-
uously stirred. After cooling down to room temperature, glutaraldehyde
was added to the polymer solution with glutaraldehyde/PVA mass ratio
of 0.005. The resulting PVA solution was then transferred onto a pre-
made MnO, nanowire membrane under vacuum condition. The PVA-
deposited membranes were dried for crosslinking at 50 °C for 2 h.
After drying, the deposited membrane was easily removed from the glass
fiber by peeling it off.

2.5. Preparation of oil-in-water emulsion

Oil-in-water emulsions were prepared in a sonication bath by mixing
90 ml of distilled water and 10 ml of different oils for 5 min. These
include sunflower oil, n-hexane, n-octane, and engine oil. The homo-
geneous white-colour solutions were subsequently diluted to 1 L of
distilled water. The oil-in-water emulsions were stable for a sustained
period of time (30 days) under ambient conditions. The emulsion feed
salinity ranged from around 300 ppm to 45,000 ppm using sodium
chloride. The oil-water emulsion has a mean droplet size of 3.61 pm as
shown in Fig. S1.

2.6. Characterization

Several techniques were used to characterize the samples to deter-
mine their structural and physicochemical features. Powder X-ray
diffraction (XRD) was used to determine the phase composition of the
synthesized nanowires. The findings were recorded using a Bruker D8
Advance (Bruker, Germany) using CuK radiation () 1.540 59) at a step
size of 0.02° and a scan rate of 0.05°/min in the 2 range between 2° and
90°. The standard Thermal-fisher ESCALAB 250XI type XSP platform
was used for the X-ray Photoelectron Spectroscopy (XPS) analysis. A
monochromatic Al Ka Anode X-ray beam was utilized with a photon
energy of 1486.8 eV and an incident angle of 45° to the sample surface.
All the spectra obtained were calibrated to the C-C peak at 284.8 eV in
the C1s reference. The chemical composition and surface morphology of
the material were investigated using a field emission scanning electron
microscope (FE-SEM, QUANTA FEG 650, Thermo Fisher Scientific, USA)
with energy dispersive spectroscopy (EDS, Bruker Xflash 6160,
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Germany) for elemental analysis, and cross-sectional SEM images of the
membranes to measure coating thickness. To assess the hydrophilicity of
the produced material, contact angle measurements were acquired using
an advanced goniometer (Rame-hart A100, USA) via a sessile drop
method. The total organic carbon (TOC) analyzer (Shimadzu, TOC-L,
Japan) was used to determine the concentration of oil in the feed and
filtrate samples. The pore size distribution of the membranes was
measured using the equipment of Porometer 3Gzh (Quantachrome).

2.7. Performance test for oil/water separation

The membrane performance was assessed using vacuum filtration
apparatus that has an effective membrane area of 17.4 cm?. All filtration
experiments were carried out under a pressure of 50 kPa using a dia-
phragm vacuum pump. Oil rejection rates were calculated using the
differences in the TOC values of the feed and permeate. Membrane flux
was calculated using the permeation volume obtained over a fixed
filtration period. To investigate the stability of the nanowire membrane
in harsh environment, the membrane was immersed in various pH so-
lutions (pH = 2, 4, 6, 8, 10, and 12) and different salinities at room
temperature for 7 days before conducting the performance test for oil/
water separation.

3. Results and discussions

Fine and ultralong MnO; nanowires were synthesized using a facile
and one-pot hydrothermal method. The vacuum filtration method was
used to fabricate the MnO, nanowire membranes. Poly (vinyl alcohol) is
a semi-crystalline, water-soluble polymer with high mechanical capa-
bility, chemical resistance, and oleophobicity [26]. To improve flexi-
bility and durability, PVA hydrogel was coated and cross-linked onto the
surfaces of MnOy nanowire membranes (experimental details are pre-
sented in Fig. 1).

The investigation of the crystalline structures and phase purity of the
nanowire membranes were carried out using X-ray diffraction (XRD).
The XRD arrangement of the fabricated free-standing MnO> nanowire
membrane can be seen in Fig. 2. All of the peaks indicate a tetragonal o-
MnO; (space group: 14/m) with cell parameters a = 9.78 Aandc =286
}0\, which are in line with the standard card (PDF 81-1947) peak values.
There is no other impurity present within the sample, as shown in Fig. 2.

The optical views in Fig. 3 show the colors of the membrane samples
slightly turned from dark brown to light brown, after the PVA hydrogel
layer was coated on the pristine MnOy nanowire membranes. The
morphology and microstructure of the membranes were studied using
scanning electron microscopy (SEM). The SEM images in Fig. 3a show a
highly porous network of the membrane constructed by ultralong and
interwoven MnO; nanowires. It is crucially noticeable that the lengths of
the MnO, nanowires range from tens to hundreds of micrometers and
the diameters range from 20 to 50 nm, indicating a high aspect ratio that
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Fig. 2. XRD spectra of the MnO, nanowire membranes with and without PVA
coating. The major peaks show the presence of MnO, materials within the
fabricated membranes.

favors the formation of an integrated membrane. The transparent and
thin PVA hydrogel layers are homogeneously interpenetrated into the
network structure with close contacts to the MnOy nanowires, which
were then assembled into bundles (Fig. 3b). Cracks were observed on the
pristine MnO; nanowire membranes when folded (Fig. S2). This is due to
the MnO3 nanowires exhibiting a bit of ceramic nature. To overcome this
fragility issue, the thin layers of the PVA hydrogel were coated on the
MnO; nanowires. Fig. 3¢ shows an optical image of the PVA hydrogel-
functionalized MnO, nanowire membrane, from which the free-
standing membrane was spirally wound without any cracks, suggesting
excellent mechanical flexibility and integrity of the membrane. It was
found that the top surface mean pore sizes decreased from 0.09 um to
0.07 with 1 w/w % PVA hydrogel coating on MnO, nanowire mem-
branes. This was measured using pore size analyzer (porometer 3Gzh),
as shown in Fig. S3. When the PVA concentration reached 2 w/w %, the
pores of the nanowire membranes became partially blocked, as shown in
Fig. S4. This interconnected porous network of the new membrane could
allow for easier water permeability due to less resistance, and at the
same time the tight nano-sized pores could enable its effective rejection
of small oil droplets.

Fig. 4 shows the comparison of three mnoy samples with different
PVA coating content (0 %, 1 % and 2 %), with the survey spectra in (a)
and Mn2p, O1s and C1s (b-d), respectively. The Survey spectra in Fig. 4
(a) indicates the very clean sample with only Mn2p, Cls and O1s being
observed. The difference with PVA coating lies mainly in the Cls and

Ultralong
MnO, nanowire

Hydrothermal
autoclave

MnO; nanowire
Membrane

Vacuum
filtration

PVA hydrogel coating

Cross-linking

[ eyt

Spiral-wound membrane

(Constructed with
PVA hydrogel-coated
MnO, nanowires)

Fig. 1. Schematic diagram showing the fabrication methodology of flexible and free-standing membranes constructed with ultralong PVA hydrogel-functionalized

MnO, nanowires.
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Fig. 3. (A) Pristine MnO, nanowire membranes: (a-1) optical image of the membrane. (a-2) low-magnification SEM image of the membrane composed of ultralong
MnO; nanowires. (a-3) high-magnification SEM image of the membrane showing interconnected and tight network structure. (B) PVA hydrogel-functionalized MnO,
nanowire membrane: (b-1) optical image of the membrane. (b-2) low-magnification SEM image of the membrane showing highly porous network of the membrane.
(b-3) high-magnification SEM image of the membrane showing nanowire bundles. (C) The photo demonstrates the high flexibility of PVA hydrogel-functionalized
MnO, nanowire membrane, which can be assembled as a spiral wound module that is highly desired in industrial applications.

a) Survey ' ' T —o% ) ) 0%
(a) y 5 o (b) C1s b
s 2%
Mn2p Cls
= 3
@ ©
] P
& £
C C
8] L
£ £
L L 'l L L | 1 L
1400 1200 1000 800 600 400 200 O 295 290 285 280
Binding energy (eV) Binding energy (eV)

—0% —0%

(c) O1s o0 (d) Mn2p %

2%
5 5
o ©
2 2
) =
= C
B 2
£ =

540 535 530 525 660 655 650 645 640 635

Binding energy (eV)

Binding energy (eV)

Fig. 4. The comparison of core levels (a) survey, (b) the Cls, (c) the Ols and (d) the Mn2p for MnO, nanowire membranes with different PVA coating contents (0

%—2%).

O1s profile, where we can find a C-O bond increase at 286.1 eV in Cls in
Fig. 4 (b) as well as at 532.3 eV in the O1s spectrum in Fig. 4(c). It’s
worth noting that the Mn2p in Fig. 4(d) presents no clear variation,
indicting the structure integration with the PVA coating. A detailed
deconvolution of the core levels is given in Fig. S5 in the supporting
information. Briefly, the Mn2p presents the typical MnO3 profile with
Mn2+, Mn3+ and Mn4-+ state and the O1s shows the Mn-O, the Mn-OH
from the MnO; nanofibers and the C-O bond from the PVA coating.

As shown in Fig. 5 (a), the water contact angle on the PVA hydrogel-
functionalized MnO2 nanowire membranes was 0°, showing the mem-
brane’s super-hydrophilicity. The membrane also shows super-

oleophobic properties as shown in Fig. 5 (b). Additionally, Fig. 5 (c)
showcases rapid water penetration (within one second) into MnOj
nanowire membranes with (black) and without (red) PVA hydrogel
functionalization, implying a swift mass transfer rate of aqueous-based
solutions. This is attributed to the unique properties of the new mem-
branes, including their 3-D interconnected porous structure formed by
intertwined nanowire substrates and super-hydrophilic surfaces.

The membrane thickness can be adjusted by varying the amount of
MnO; nanowire in the stock solutions used for membrane preparation.
The thickness increased with a higher amount of MnO, nanowires in the
stock solution. The thickness of the membrane was measured using SEM
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Fig. 5. Wettability study for MnO, nanowire membranes. Microscopic images
of (a) Water contact angle (0°), revealing super-hydrophilicity of the mem-
branes. (b) Underwater oil contact angle (153 + 1.5°), indicating the high
oleophobicity of the membranes. (c) Dynamic water contact angles, showing
water droplet behavior on the MnO, nanowire membranes with (black) and
without (red) PVA hydrogel functionalization.

cross-section images as shown in Fig. 6 (a). Water permeation flux and
the rate of oil rejection as a function of membrane thickness is high-
lighted in Fig. 6 (b). As thickness of the membrane increased from 4 pm
to 10 um, the oil rejection rate of the membranes significantly increased
from 95 % to over 99 %, and reached a plateau even after the thickness
was increased further from 10 ym to 12 um. However, the water flux of
the membranes decreased from 4600 L/m?.h.bar and 2000 L/m?h.bar
as the membrane thickness increased. The criteria for optimized mem-
brane thickness were set based on the highest oil rejection rate. There-
fore, the membrane thickness of 10 um was chosen as the optimized
membrane thickness, where the oil rejection rate was >99 % and the
water flux was as high as 2800 L/m2h.bar. To investigate the me-
chanical strength of the membrane, the membrane’s performance in
terms of water flux and oil rejection was assessed by subjecting it to
multiple folding, as illustrated in Fig. S6. The consistent performance
observed under these conditions indicates the durability of the mem-
brane and its suitability for practical applications. Traditional ceramic
membranes often face challenges due to mechanical brittleness [27,28],
which can lead to reliability issues and susceptibility to damage,
particularly under harsh conditions [29,30]. This challenge was
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effectively mitigated in this study by utilizing ultralong MnO, nanowires
as the building block and by surface modification with PVA hydrogel for
the membranes.

The membranes were tested against different types of emulsified oil,
namely sunflower oil, n-hexane, n-octane, and engine oil. Their per-
formance in terms of oil rejection ratio and water flux are shown in
Fig. 7. The oil rejection rates were >99 % for all the different oils. The
high oil rejection rates were achieved using the sieving effect as the
membranes’ pore size is finer than the emulsified oil droplets. These oil
droplets are usually 2 to 5 um (dgp = 5.96 pm) in size as shown in Fig. S1.
Commercial polymeric microfiltration (MF) and ultrafiltration (UF)
membranes can attain elevated rates of oil rejection due to their sub-
micron pore dimensions. However, these membranes experience
reduced water flux and are susceptible to swift fouling by oil. In our
investigation, significantly higher water fluxes were achieved, ranging
from 2800 L/(m%h.bar) to 2950 L/(mz.h.bar), when compared to a
commercial membrane. These results can be partially explained using
the dynamic water contact angle measurements shown in Fig. 5C
wherein, the water droplet rapidly penetrated into the membranes
within 1 s. The high water flux was achieved due to the super-
hydrophilicity and interconnected porous structure for the nanowire
membranes as evidenced in Fig. S8.

During continuous operation, the membranes were assessed for
water flux and oil rejection rate. Fig. 8 illustrates that the membranes
consistently maintained an oil rejection rate >99 % throughout. More-
over, the flux remained stable, averaging at 2800 L/(m%h-bar). This
consistent performance indicates the membrane’s resistance to irre-
versible fouling. Additionally, in Fig. 5b, the oil contact angle exceeded
150°, demonstrating the membrane’s underwater superoleophobicity,
which prevents firm adherence of oil droplets to the membrane surface.
This property facilitates easy removal of reversible oil fouling.
Furthermore, between filtration cycles, the membranes were washed
with 50 ml of hot water (50 °C) to remove any residual oil, eliminating
the need for chemicals. This feature presents an advantage over con-
ventional membranes, which often require chemical cleaning, leading to
secondary environmental pollution.

A huge amount of oily wastewater is generated from oil production
and transportation sectors. This wastewater often contains high salin-
ities and is in the non-neutral pH range. These extreme environments
create challenges for membranes’ operation. This study assessed the
durability of the membranes by examining alterations in their perfor-
mance following immersion in solutions with a pH range of 2 to 12 for a
duration of 7 days. Afterwards, the membrane performance was evalu-
ated using the same membrane sample to test their performance. The
excellent pH stability of the hydrogel-functionalized MnO, nanowire
membranes was shown in Fig. 9a with consistent oil rejection rates.
However, a drastic reduction in oil rejection for the pristine MnO,
nanowire membrane was observed (data not shown here). The pristine
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Fig. 6. (a) SEM image showing a cross-sectional view of the PVA hydrogel-functionalized MnO, nanowire membrane. (b) The performances of the membrane were
tested with water flux and oil rejection as a function of the thickness of the membrane.
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Fig. 8. Anti-fouling performance of the hydrogel-functionalized MnO, nanowire membrane over continuous operation.

MnO, nanowire membrane was noticeably damaged. Mn®* is unstable
at pH < 9 due to the disproportionation reaction [31]. The good pH
stability of the hydrogel-functionalized MnO; nanowire membranes
could be ascribed to the protection from the cross-linked PVA coating
layers, which has excellent stability over a wide range of pH values. The
effect of salinities on oil removal were also investigated. As shown in
Fig. 9b, oil removal efficiencies were not changed at various levels of
salinity, hence indicating the stability of the membrane. Consistent oil
removal efficiencies across different salinity levels could be attributed to
two primary factors. Firstly, the solubility of oil in water is generally
low, regardless of salinity levels. Therefore, changes in salinity may not
have a significant impact on the solubility of oil, and thus the effec-
tiveness of oil removal processes may remain consistent. Secondly,
membrane filtration relies on the size exclusion of the membrane to
separate oil droplets from water. This membrane’s pore size is much
smaller than oil droplets, which leads to relatively constant oil rejection

rates across different salinity levels.
4. Conclusion

A spiral-windable and freestanding membrane consisting of ultra-
long hydrogel-functionalized MnO; nanowires have successfully been
fabricated using facile method. The ultralong 1D nanowires and the
uniform hydrogel coating collectively endows the membrane with high
flexibility, enabling its use as a spiral wound module, which is a sig-
nificant advantage for industrial applications. The highly open and
nanoporous network structure of the membrane provides excellent oil/
water separating performance in terms of water flux and oil rejection
rate. The functionalization of the membrane with PVA hydrogel layer
provides excellent reusability due to its super-oleophobicity, and
particularly high durability due to its corrosion resistance under harsh
environments. The membrane can deliver a consistently high water flux
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Fig. 9. Durability test of the hydrogel-functionalized MnO, nanowire membranes under harsh environmental conditions (a) different pH values in the solutions and

(b) different salinities in the solutions.

of 2800 LMH/bar and oil rejection of >99 % after continuous operation.
Given its facile synthesis process and inexpensive materials, the new
membrane holds great potential for oily wastewater treatment at in-
dustrial scale.
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