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ARTICLE INFO ABSTRACT

Editor: Ludovic F. Dumée 2D nanosheets, with their unique shape, possess an increased surface area and active sites for interactions with
liquid molecules, making them highly effective absorbents. This study introduces a novel hierarchical Northern
Tooth-like zinc oxide (ZnO) nanosheet growth on stainless steel (SS) mesh. The growth is achieved via hetero-
geneous nucleation during immersion in alcoholic solution of zinc acetate dihydrate and diethanolamine, which
was followed by a stearic acid (STA) modification. The process of zinc ions (Zn?") hydrolysis and anisotropic
growth on the SS mesh, facilitated by its surface roughness and controlled reaction conditions, leads to the
formation of tooth-like ZnO nanosheets. STA, by bonding its carboxyl groups with Zn?* ions, reduces surface
energy, promotes self-assembly, and stabilizes nanosheet morphology. The coated SS mesh showed super-
hydrophobicity with a water contact angle (WCA) of 162 + 2° and a sliding angle (SA) of 3°. SEM confirmed
Northern Tooth-like ZnO nanosheet growth on SS mesh. The superhydrophobic SS mesh achieved 99 % sepa-
ration for petrol and 92 % for vegetable oil. The permeation fluxes were recorded at 700 + 50 L/m2h for the
petrol and 135 + 50 L/m%h for the vegetable oil. SS mesh remained superhydrophobic after undergoing 70
cycles of adhesive tape peeling tests, 20 cycles of sandpaper abrasion tests, and multiple torsion, bending, and
folding motions. It also withstood exposure to heat and both alkaline and acidic environments. Furthermore, the
mesh demonstrated a remarkable self-cleaning ability. The proposed formulation for creating a super-
hydrophobic mesh is promising for oil-water separation applications.
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1. Introduction environmental problems rather than solving them. Given these chal-

lenges, there is an urgent need for the development of low-cost, high-

Frequent oil spills and untreated industrial and sanitary wastewater
pose significant environmental challenge worldwide. These pollutants
contaminate water sources and threaten aquatic life and human health.
Various methods have been developed to address the issue of oil-water
contamination, each with its own operational principles and limita-
tions [1-4]. Additionally, many of these methods require considerable
time and resources, leading to increased operational costs and the po-
tential generation of secondary pollutants, which can worsen

performance oil-water separation technology with superhydrophobic/
superoleophilic properties. Such technology could improve the effi-
ciency of oily wastewater treatment by enhancing the separation pro-
cess, providing a more effective and environmentally friendly solution to
oil-contaminated water.

In recent decades, there has been growing interest in the synthesis
and utilization of superhydrophobic/superoleophilic meshes [5],
membranes [6], aerogel [7], sponges [8], cotton fabrics [9], and other
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porous materials [10] for separating oil-water mixtures. These materials
possess excellent wettability and porosity, which enhance oil absorption
while repelling water. Among these, metal meshes have gained signifi-
cant attention due to their outstanding filtration, durability, reusability,
and suitability for large-scale industrial applications. Moreover, metal
meshes are highly flexible, allowing them to be shaped into various
forms and configurations, thereby increasing their effectiveness in
different separation scenarios. Various types of metal meshes, such as
those made from nickel [11], copper [12], and stainless steel (SS) [13],
have been successfully used in oil-water separation. Several technolo-
gies have been developed to create superhydrophobic (strongly repels
water) and superoleophilic (strongly attracts oil) surfaces on SS mesh.
One common method combines inorganic nanostructured materials
with polymers to improve the physical and functional properties of the
mesh [14]. Another effective approach involves creating a rough texture
through etching or nanostructured growth, followed by applying low
surface energy chemicals [15-17].

Zinc oxide (ZnO) is an eco-friendly, photosensitive, water-insoluble
transition metal oxide with high thermal conductivity and low ther-
mal expansion. Notably, ZnO can be grown into different nanostructure
forms such as nanorods [18], nanopillars [19], nanoflowers [20],
nanoparticles [21,22], nanosheets [23], and nanowires on different
substrates, each with unique characteristics. Xiong et al. have grown
ZnO nanopillars on polyethylene terephthalate (PET) nanofibers to
attain a hierarchical surface structure [24]. After a hydrophobic modi-
fication, the ZnO nanopillar-containing PET nanofiber membrane was
utilized to treat oil-contaminated water. Wang et al. have made growth
of ZnO nanoneedles onto surface-sulfonated poly(ether-ether-ketone)
(PEEK) felt using UV/ozone cleaning followed by hydrothermal syn-
thesis [25]. The modified felt demonstrated improved anti-fouling per-
formance in the separation of oil-water mixtures. Wei et al. have
developed ZnO nanoflowers of various sizes on SiC grains, forming
tunable hierarchical structures on the SiC membrane surface [26]. Bai
et al. grew rod-shaped ZnO nanostructures on electrospun carbon
nanofiber membranes through a hydrothermal method, and then
modified them with 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane to
achieve superhydrophobic and superoleophilic properties for treating
oil-contaminated water [27]. Eventually, the innovations in the growth
of ZnO nanostructures on SS mesh could enable tailored properties that
could significantly improve its performance in practical applications.

We report the Northern Tooth-like growth of ZnO nanosheets on SS
mesh for oil-water separation. We introduce a novel approach to con-
trolling surface wettability by synthesizing ZnO nanosheets and modi-
fying them with stearic acid (STA). The carboxyl groups of STA bond
with Zn?* ions, anchoring hydrophobic chains, while esterification with
ZnO's hydroxyl groups reduces surface energy, ensuring durable hy-
drophobicity. The northern tooth-like 2D ZnO nanosheets may garner
significant attention due to their unique morphology that enhances the
surface area and increases active sites for molecular interactions.
Additionally, the nanosheets could exhibit impressive self-assembly
capabilities, allowing the formation of complex structures useful for
superhydrophobic surfaces. We developed Northern Tooth-like ZnO
nanosheets on SS mesh by simply immersing the mesh in a solution of
zinc acetate dihydrate and diethanolamine. This step was followed by a
surface modification using STA to achieve superhydrophobic/super-
oleophilic characteristics. The modified SS mesh exhibited high effi-
ciency in oil-water separation and permeation flux, which were
evaluated using a custom-made setup. Furthermore, the mesh displayed
sustainable superhydrophobicity across various tests, including the ad-
hesive tape test, sandpaper abrasion test, and exposure to heat, as well as
acidic and alkaline environments. It also remained resilient under me-
chanical stress, successfully enduring bending, twisting, and folding
tests.
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2. Experimental
2.1. Materials

Zinc acetate dihydrate [(CH3COO)3Zn-2H,0] was purchased from
Spectrochem Pvt. Ltd., India. Diethanolamine [(CH2(OH)CH3),NH] and
isopropyl alcohol [(CH2(OH)CH3),NH] were obtained from Thomas
Baker Pvt. Ltd., India. Stearic acid [CH3(CH3); COOH] was purchased
from Sigma Aldrich, USA. Ethanol [CoHsOH] was bought from Qual-
ikems Fine Chem Pvt. Ltd., India. Stainless steel (SS) meshes with a pore
size of approximately 50 pm was obtained from Shanghai Titan Tech-
nology Co. Ltd. China. Petrol, diesel, kerosene (Bharat Petroleum Cor-
poration Limited, India), vegetable oil (Garud, India), and coconut oil
(Parachute Advanced, India) were obtained from different sources.

2.2. 2D ZnO nanosheets growth on SS mesh and superhydrophobic
modification

To grow northern tooth-like nanosheets on SS mesh, we first cut the
mesh into 2 x 2 cm? pieces and cleaned them ultrasonically in distilled
water followed by ethanol for 30 min each. After cleaning, the SS mesh
was dried in oven at 80 °C for 30 min. A precursor solution was prepared
by dissolving 1 g of zinc acetate dihydrate in 50 mL of isopropyl alcohol,
followed by stirring at room temperature for 1 h. Then, 250 pL of
diethanolamine was gradually added to precursor solution, and the
mixture was further stirred at 60 °C for 1 h to ensure homogeneity. After
allowing the solution to age overnight for hydrolysis and condensation
reactions, the cleaned SS mesh was immersed in the above-prepared
solution for 1 min. The mesh was removed and dried in an oven at
100 °C for 1 h. The immersion and drying steps were repeated five times
to attain uniform surface coverage of nanosheets. The processed SS mesh
was subsequently immersed in a STA solution for 5 h, ethanol-washed
and dried at room temperature. The STA solution was prepared by dis-
solving 1.25 g of STA in 50 mL of ethanol using a magnetic stirrer for 1 h.
The process was repeated with different concentrations of zinc acetate
dihydrate (1, 2 and 3 g) and the samples were labelled as ZnSA-1, ZnSA-
2, and ZnSA-3, respectively. We observed precipitation formation at
higher concentration of zinc acetate dihydrate (4 g) as the solution was
kept overnight to age, indicating instability at higher concentrations
(Fig. S1). A schematic of the entire process of fabrication of super-
hydrophobic SS mesh is illustrated in Fig. 1.

2.3. Characterization

The surface morphology of the treated SS mesh was studied using
Scanning Electron Microscopy (SEM, JEOL, JSM7610F, Tokyo, Japan)
and elemental composition by Energy Dispersive Spectroscopy (EDS,
Hitachi, Tokyo, Japan). The water contact angle (WCA) and sliding
angle of the prepared samples were measured by a contact angle meter
(HO-IAD-CAM-01, Holmarc Opto-Mechatronics Pvt. Ltd., India). The
surface roughness of uncoated and coated meshes was measured by
Stylus profiler (Mitutoyo, SJ 210, Japan). The mechanical stability of the
treated mesh was assessed through several tests, including adhesive tape
peeling, sandpaper abrasion, multiple folding, bending, and twisting.
For the adhesive tape peeling test, tape with an adhesive strength of
3.93 N/10 mm was used, while 320-grit sandpaper was utilized for the
sandpaper abrasion test. To evaluate the thermal stability, the treated
mesh was heated to 200 °C for 1 h, and the WCA was measured before
and after the heat treatment. For the self-cleaning application, 5 g of fine
dirt particles were mixed with 20 mL of water and poured onto an angled
superhydrophobic mesh.

2.4. Oil—water separation experiments

The superhydrophobic mesh's separation capacity and permeation
flux were examined using a home-designed oil-water separator. In a
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Fig. 1. Schematic diagrams of (a) growth of ZnO nanosheets on SS mesh and superhydrophobic modification, and (b) likely interaction between STA and

ZnO nanosheet.

typical experiment, 10 mL of oil was added to 10 mL of water to prepare
the oil-water mixture. Different viscosity oils, including petrol, diesel,
kerosene, coconut, and vegetable oils were used to prepare different oil-
water mixtures. The separation efficiency was calculated using Eq. (1)
[28].
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where Wy and W are the masses of the water phase before and after the

separation process, respectively.
The oil permeation flux was calculated using Eq. (2) [29].

14
- 2

v (2)
where V is the volume of the permeable oil phase, A is the effective
separation area of the membrane during separation, and t is the total
time.

Fig. 2. FE-SEM images of (a-b) pristine SS mesh, (c-d) ZnSA-1 (e-f) ZnSA-2 and (g-h) ZnSA-3.
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3. Results and discussion
3.1. Morphological and chemical properties of treated SS mesh

Surface morphology significantly influences the wettability charac-
teristics of the solid surface. SEM images of the pristine SS mesh feature
smooth SS wires with an average diameter of about 3 pm and a porous
network, with pore sizes ranging from 3 pm x 4 pm (Fig. 2a). Fig. 2b
highlights the relatively smooth surface of the pristine mesh wires,
which is crucial for the growth of ZnO nanostructures. After the treat-
ment, the SS mesh exhibited significant morphological changes due to
the growth of ZnO nanosheets (Fig. 2c-h). At a lower concentration of
zinc acetate dihydrate (1 g), as shown in Fig. 2c and d, the random
growth of ZnO nanosheets exhibited vertical and horizontal orienta-
tions. Increasing the concentration to 2 g facilitated a small bunch of
more vertically aligned nanosheets (Fig. 2e and f). A subsequent increase
to 3 g of zinc acetate dihydrate achieved a comprehensive vertical
alignment of nanosheets in bunches, exhibiting a structural resemblance
to the Northern Tooth (Fig. 2g and h). The mean nanodiameter values of
ZnSA-1, ZnSA-2, and ZnSA-3, as measured from SEM images using
ImageJ software, were 220.04 nm, 210.91 nm, and 229.51 nm,
respectively. Furthermore, the surface roughness values of the raw
mesh, ZnSA-1, ZnSA-2, and ZnSA-3 were determined to be 7.88 pm,
7.38 ym, 7.55 pm, and 8.12 pm, respectively (Fig. S2). This shift in
surface morphology illustrates how varying zinc acetate concentrations
can significantly affect the arrangement of nanosheets and, in turn, the
wettability properties of the treated SS mesh. The unique Northern
Tooth-like morphology of ZnO nanosheets could enhance surface area
and increase active sites for molecular interactions. Hierarchical struc-
tures significantly enhance hydrophobicity, crucial for oil-water sepa-
ration [30-32]. Similarly, Northern Tooth-like ZnO morphology on SS
mesh achieves superhydrophobicity through micro-scale tooth-like
projections. This structure traps air pockets, significantly reducing
liquid adhesion on Northern Tooth-like structures. The growth of these
nanosheets involved multiple steps: firstly, the overnight aging of the
precursor solution facilitated the nucleation of nanocrystals suitable for
the formation of well-defined structured nanosheets [26,33-36]. The
optimum zinc acetate concentration and the intermittent heating of the
mesh could have favoured the vertical growth and self-assembly of
nanocrystals, creating the Northern Tooth -like structure. Their vertical
alignment showcases self-assembly capabilities, facilitating the creation
of complex structures ideal for superhydrophobic surface design. The
EDS spectra identified four key elements: carbon (C), oxygen (O), zinc
(Zn), and silicon (Si). Table S1 provides the mass percentages of these
elements related to different concentrations of zinc acetate dihydrate in
the coating formulation.

3.2. Surface wettability

A distinctive surface-wetting property of porous materials towards
water and oil significantly impacts the efficiency of separating oil-water
mixtures. In this context, the performance of treated SS mesh was sys-
tematically evaluated by measuring WCAs and oil contact angles
(OCAs). Typically, superhydrophobic surfaces have high WCAs and low
sliding angles (SAs), enhancing water repellence while attracting oil
contaminants due to altered surface polarity, resulting in super-
oleophilic property. The untreated SS mesh exhibited a WCA of 84° and
an OCA of 22°, reflecting the influence of hydroxyl groups present on the
surface, along with the inherent smoothness of the SS mesh. The surface
of the unmodified ZnO nanosheet is hydrophilic due to its numerous
hydroxyl groups. STA consists of a non-polar, hydrophobic alkane long
chain composed of 18 carbon unsaturated hydrocarbon groups with no
branching. When ZnO nanosheet-coated SS mesh immersed in STA so-
lution, the carboxyl groups (-COOH) of STA could react and undergo
esterification with the hydroxyl groups (-OH) present on the surface of
ZnO nanosheets [37]. This chemical modification results in converting
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ZnO nanosheets from hydrophilic to superhydrophobic, as shown in
Fig. 1(b). The long hydrocarbon chains (C18) of STA, which are non-
polar, significantly reduce the surface energy of the ZnO nanosheet
surface, enhancing its affinity for non-polar substances such as oils.
However, upon growth of ZnO nanosheets and modifying the surface
with STA, there was a remarkable transformation in the characteristics
of the SS mesh. The relatively smooth surface underwent a roughening
process with low surface energy, significantly enhancing the hydro-
phobic properties. We calculated the surface tension (surface energy) of
the coated SS mesh using Eq. (4) [38]:

cos 8, = @ -1 3)
Yia
Wsr, = y.4(1 4 cos e,) (©)]

where, g, is the static contact angle, Wy, is the work of adhesion per unit
area between two surfaces and y; , is the surface energy (surface tension)
of the liquid against air. The calculated surface energy of ZnSA-3 was
3.56 mN/m, while for the raw SS mesh, it was 79.52 mN/m. We also
calculated the solid-liquid fraction (fs;) using the Eq. (5). The obtained
solid-liquid fraction value for ZnSA-3 was 2.1789.

Cos Ocg = 1+ fg (Cos 6, — 1) (5)

The shift in the orientation of ZnO nanosheets from a horizontal
arrangement to a vertical alignment, resulting from an increase in the
concentration of zinc acetate dihydrate, led to the formation of a hier-
archical architecture. This configuration established unique nano- and
micro-scale interspaces between neighbouring nanosheets, which
demonstrated a WCA of 162 + 2° and a SA of 3°. Conversely, oil droplets
showed complete absorption, resulting in an OCA of 0°. Such inverse
wettability of treated SS mesh towards water and oil could greatly in-
fluence the separation of oil-water mixtures. This study, hence, provides
clear evidence that the wetting behaviour of SS mesh is profoundly
altered through the growth of ZnO nanosheets, correlating positively
with the increasing concentration of zinc acetate dihydrate during the
synthesis process (Fig. 3a). Fig. 3b depicts the spherical water droplets
resting on the ZnSA-3 sample, with a strong absorption of oil droplets,
further representing the effectiveness of the modified mesh.

A notable feature of superhydrophobic coatings is their ability to self-
clean [39], as demonstrated by the ZnSA-3 sample. In this test, charcoal
dust was sprinkled over the ZnSA-3 coating, and when water was
applied, droplets rolled off the surface, effectively collecting and
removing the dust, resulting in a clean surface (Fig. 3c). Furthermore,
when muddy water was poured onto a slanted ZnSA-3 sample, the
droplets rolled off without leaving any residue (Fig. 3c). This illustrates
the exceptional self-cleaning properties of superhydrophobic coatings,
making them highly valuable for outdoor applications where mainte-
nance is crucial.

3.3. Mechanical and environmental stability

Superhydrophobic coatings are notable for their water-repellent
properties but often struggle with mechanical stability and durability
in practical applications. To assess their structural integrity, we tested
the mechanical strength by simulating real-world conditions through
bending, folding, and twisting [40]. The superhydrophobic mesh
exhibited remarkable stability after rigorous mechanical deformations
like folding, bending, and twisting. This resilience confirms its suit-
ability for dynamic applications that involve repeated or extreme dis-
tortions. Experiments simulating real-world stress conditions showed
that the mesh retained its superhydrophobic properties despite these
challenges, highlighting its robustness and versatility. Visual references
in Fig. 4(a and b) demonstrate the coated mesh's unique properties after
significant physical manipulation, emphasising its utility in demanding
environments.
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Fig. 3. (a) The variation of WCA with concentration of zinc acetate dihydrate. (b) Colour dyed water droplets and petrol droplets on ZnSA-3 sample. The screen snaps
of process of self-cleaning performance of ZnSA-3 sample against (c) charcoal dust and (d) muddy water.

The chemical durability of the ZnSA-3 coating was evaluated by
exposing the surface to alkaline and acidic droplets. The results showed
that regardless of pH level, droplets formed distinct spherical shapes on
the coated mesh (Fig. 4c). This indicates that the coating effectively
resists corrosive liquids, preserving the integrity of the mesh. To eval-
uate the thermal stability of the samples, we subjected them to
controlled heating at 200 °C for 1 h. This assessment aimed to determine
how high temperatures affect coating performance. After heat treat-
ment, the WCA decreased from 162° to 155°, indicating strong thermal
stability. Fig. 4(d) shows a photograph of the heat-treated ZnSA-3
sample that reveals water droplets retaining a spherical shape, con-
firming the coating's superhydrophobic properties. These findings
demonstrate that the superhydrophobic coating on SS mesh remains
stable and durable under high-temperature conditions.

Further, we evaluated their resistance to peeling forces using adhe-
sive tape and assessed wear with sandpaper abrasion tests [41]. To
understand the impact of mechanical stress on hydrophobic properties,
we investigated the variation of the WCA after these tests, aiming to
clarify the relationship between mechanical stress and the long-term
performance of superhydrophobic surfaces. To evaluate the mechani-
cal stability, we performed an adhesive tape test using tape with an
adhesion value of 3.93 N/10 mm. The tape was applied to the ZnSA-3
sample with a 200 g weighted disc to ensure good adhesion, and
peeled it off for 70 cycles; WCA was measured after every 10 cycles. The

results, shown in Fig. 4(e), indicate that the ZnSA-3 coating maintained
remarkable mechanical stability, retaining a high contact angle of 154°
even after 70 peeling cycles. A comprehensive sandpaper abrasion test
was conducted to assess the durability and sustainability of super-
hydrophobic surfaces in harsh environmental conditions, as docu-
mented by Varshney et al. [42]. In this test, a ZnSA-3 sample was placed
on sandpaper with a 50 g weight on top, followed by a linear pull of 15
cm for 1 cycle. To evaluate the impact of abrasion on the super-
hydrophobic properties of the coating, the change in WCAs was metic-
ulously measured after every five abrasion cycles. The findings,
illustrated in Fig. 4(f), indicated that the coating successfully retained its
superhydrophobicity, exhibiting a WCA of 151 + 2° even after enduring
20 complete cycles. These results underscore the impressive durability
of the superhydrophobic coating, demonstrating that it retains its
functional properties despite undergoing significant mechanical stress
and wear.

3.4. Oil-water separation performance

The primary challenge in using superhydrophobic meshes for
gravity-driven oil-water separation is their incompatibility with
different types of oils. Superhydrophobic meshes work well for heavy
oils but are ineffective for light oils due to water layer formation that
hinders oil penetration. Increased oil-water mixture volumes can also
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Fig. 4. (a-b) Photographs of water droplets on ZnSA-3 sample after rigorous mechanical deformations. (c) Photograph of alkaline, neutral and acidic solution
droplets on the sample. (d) The droplet on sample after heating, (e, f) the variation in WCA with (e) adhesive tape peeling cycles and (f) sandpaper abrasion cycles

(inset: photographs of experimental setup).

cause pressure buildup, risk of breakdown and compromising the sep-
aration process. To address these issues, it is essential to periodically
remove the non-wetting liquid accumulating on the mesh, highlighting
the uselessness of continuous operations in dead-end setups.

To overcome this challenge, the sieve separators offer a practical
alternative, influencing gravity to separate oil and water more effec-
tively. They are cost-effective, energy-efficient, and designed to selec-
tively absorb oil while repelling water, allowing gentle handling of
mixtures. Moreover, sieve separators are scalable for various operations
and have a long lifespan with low maintenance needs, making them a
robust solution for oil-water separation challenges encountered with
traditional filtration methods. The innovative use of sieve separators
enabled gravity separation of oil-water mixtures using our specially
engineered superhydrophobic/superoleophilic ZnSA-3 coated mesh
(Fig. 5a). This mesh is crafted into a mini boat design with one open end
over two beakers placed at different heights. The open end of the boat is
oriented towards the beaker kept at the lower height, which has a slight

slope designed to encourage the movement of water droplets on the
superhydrophobic mesh surface. As the water droplets roll towards the
lower beaker due to gravity, oil droplets are effectively absorbed by the
superoleophilic surface of the boat, allowing for efficient separation of
the oil from the water.

Fig. 5(b) illustrates the screen snaps of the continuous separation of
the petrol-water mixture. When a petrol-water mixture is poured onto
the separator, the petrol quickly gets absorbed by the ZnSA-3 mesh,
facilitating effective separation. The petrol passes through the mesh and
collects in a beaker positioned below. Once all the petrol is absorbed, the
remaining water droplets on the superhydrophobic mesh roll off into
another beaker placed at the open end of boat. This setup efficiently
collects the oil and water, demonstrating the effectiveness of the sepa-
ration process. Further investigated the separation performance of the
ZnSA-3 sample using various oils such as diesel, kerosene, coconut oil,
and vegetable oil. The separation efficiencies and permeation fluxes
were measured for different oil-water mixtures (Fig. 5¢). The separation
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Table 1
A comparison of the oil-water separation performance of various innovative surface morphologies created by ZnO nanomaterial.
Materials Method Innovative surface Separation Permeation flux/oil Reusability WCA Ref.
morphologies efficiency (%) flux (L/m?h) (cycles) ©)

ZnO particles, chitosan, sodium Layer-by-layer (LBL) Flower 86 - 5 156 [43]
phytate, stearic acid assembly

ZnO particles, epoxy resin, stearic Simple immersion method Honeycomb 98 - 10 156 + [44]
acid, PU sponge 3

Zinc acetate dihydrate, stearic acid, Plasma treatment followed by =~ Honeycomb 90 3531 - 151 [36]
sodium hydroxide, cotton fabric wet chemical reaction

Zinc acetate dihydrate, Electrospinning and dip Nanorods 99.7 3531 15 163.5 [27]
polyacrylonitrile, carbon nanofiber ~ coating
membrane

ZnO particles, epoxy resin, stearic Immersion Petal 97 - 75 163.8 [45]
acid, SS mesh

Zinc acetate, zinc (II) nitrate Chemical bath deposition Micro-flower with 99 4200 10 160.1 [46]
hexahydrate, SS mesh nano-needle

Zinc nitrate hexahydrate, zinc acetate ~ Chemical bath deposition Nanorod, Petal 99 1300 - 172.8 [26]
dihydrate, and SIC membranes

Zinc nitrate, steric acid, cotton fabric Dip-coating Nanosheets, flowers 99.8 1515 15 162 [471

Zinc acetate dihydrate, steric acid, SS  Dip-coating Nanosheet, northern 99 700 + 50 15 162 This
mesh tooth work
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efficiency and permeation flux of oil-water mixtures are significantly
affected by the oils' viscosities. In experiments with a low-viscosity
petrol-water mixture, separation efficiency reached 99 % with a
permeation flux of 700.28 L/m?h, demonstrating effective separation.
Conversely, a high-viscosity vegetable oil-water mixture exhibited only
92 % efficiency and a flux of 135 + 50 L/m?h, highlighting the chal-
lenges of separating higher viscous fluids. The decline in performance
underscores the difficulties associated with using highly viscous oils,
indicating that viscosity is a key factor in the separation. To further
investigate the separation stability, a series of repeated separations were
conducted. A low-viscosity petrol-water mixture was utilized for these
tests, serving as an ideal medium to evaluate separation efficiency and
permeation flux. As shown in Fig. 5(d), the results demonstrated that the
superhydrophobic ZnSA-3 mesh maintained consistent separation effi-
ciency and permeation flux over multiple cycles. The results suggest that
the specially designed superhydrophobic/superoleophobic ZnSA-3 mesh
exhibits remarkable resilience and reliability during repeated oil-water
separation tasks, suitable for practical applications.

This research highlights the advantages of a novel ZnO nano-
structure, resembling Northern Tooth formations, which we compared
to existing literature on superhydrophobic ZnO nanostructures, as
shown in Table 1. Previous studies have explored various configurations
like flower-like formations, petal structures, and nanosheets, all effec-
tive in oil-water separation. Our Northern Tooth-like structure enhances
oil absorption from mixtures, improving separation efficiency due to its
unique morphology that maximizes surface area interaction with oil.
This advancement could lead to improved applications in wastewater
treatment and separation technologies.

To demonstrate the practical applicability of our material, we have
conducted comprehensive oil/water separation experiments using
various complex oil/water mixtures, including petrol - 0.1 M NacCl,
petrol - 0.1 M HCI, petrol - 0.1 M NaOH, and petrol-muddy water mix-
tures, as illustrated in Fig. S3. Furthermore, we have systematically
evaluated the separation efficiency and permeation flux, as shown in
Fig. S4. These findings confirm the potential of our material for real-
world oily wastewater treatment applications.

4. Conclusions

We have successfully synthesized Northern tooth-like ZnO nano-
sheets on stainless steel mesh using a simple immersion approach, fol-
lowed by a superhydrophobic surface modification for effective oil-
water separation. The unique morphology enhanced surface area and
oil absorption while repelling water, achieving a WCA of 162 + 2° and
an OCA of 0°. A low-viscosity petrol-water mixture showed 99 % sepa-
ration efficiency with a permeation flux of 700.28 L/m?h, while a high-
viscosity vegetable oil-water mixture achieved 92 % efficiency with a
flux of 135 + 50 L/m2h. The calculated surface energy of the modified
mesh (3.56 mN/m) was significantly lower than the raw mesh (79.52
mN/m), contributing to its enhanced superhydrophobicity. The solid-
liquid fraction of the modified surface was determined to be 2.1789,
further confirming its optimized surface characteristics. The mesh
retained its superhydrophobic properties even after rigorous tests,
including tape peeling, sandpaper abrasion, and mechanical stress, and
demonstrated resilience against heat and acidic/alkaline environments.
This formulation shows significant potential for sustainable oil-water
separation applications. Our comprehensive oil/water separation ex-
periments performed using various complex oil/water mixtures support
the applicability of the developed mesh for real-world wastewater
treatment applications.
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