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ARTICLE INFO ABSTRACT

Keywords: The preparation of superhydrophobic (SH) surface on stainless steel by chemical etching method is challenging
Stainless steel due to the good corrosion resistance of the material. In this work, SH surface with water contact angle (WCA) as
Ultrasound high as 163.21° was accomplished on 304 stainless steel surface by a rapid ultrasonic-assisted chemical etching
Superhydrophobic

method within 7 min and a low-cost fluorine-free modification treatment. The mechanism of ultrasonic field on
the etching process was explored by detecting the cavitation and oscillation energy in the reactor. It is the first
time to found that the ultrasonic cavitation effect enhanced the etching process by both chemical and physical
facilitation resulting in hierarchical lamellar micro-structures, “mountain-like” micro-structure clusters and
“coral-reef-like” nano-scale structures on the surface. With the ultrasonic power increasing, the ultrasonic
cavitation effect not only enhanced the superhydrophobicity of sample surface, but also improved the uniformity
of surface wettability. The samples also showed excellent performance of oil/water separation for various or-

Ultrasonic cavitation
Ultrasonic vibration

ganics (all separation efficiencies up to 96%) and remarkable mechanical stability.

1. Introduction

Superhydrophobic (SH, the static WCA greater than 150° and the
sliding angle less than 10°), as one of the main surface properties of solid
materials, has attracted extensive attention in the field of biology [1],
chemistry [2], physics and materials science [3]. Inspired by the
excellent hydrophobic properties of natural elements, such as lotus
leaves [4], desert beetles [5], and the planthopper insect wing [6] etc,
artificial SH surfaces have been widely explored in the past couple of
decades. At present, there are various methods for preparation of SH
surfaces, including chemical etching [7,8], sol-gel [9], spinning method
[10,11], self-assembly method [12], electrochemical deposition
[13,14], template-based method [15,16] and so on [17-19]. All the
above methods indicate that both abundant surface micro-nano struc-
tures and low surface energy are vital for the preparation of SH surface.
In recent years, the materials used as SH substrates are becoming more
and more diversified, among which metal materials have been particu-
larly concerned on account of their excellent mechanical properties and
wild application fields [20,21].

Among the common metal materials, stainless steel is extensively
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employed in the construction industry [22], aerospace field [23],
medical equipment [24] and offshore operation due to its favorable
corrosion resistance and excellent mechanical properties [25,26]. Just
because of this good corrosion resisting property, it is fairly difficult to
form abundant microcosmic morphology on the stainless steel surfaces.
Therefore, many different attempts have been made to prepare SH sur-
faces on stainless steel over the last few decades. Vidal et al. [9]
exploited sol-gel method, taking tetraethoxysilane (TEOS) and meth-
yltriethoxysilane (MTES) as precursors to obtain the SH surface with an
average WCA of 149° on the stainless steel surface. Wang et al. [27]
proposed a scanning electrodeposition method to form SH nickel layer
onto stainless steel surface, in which two complex solutions and tedious
deposition steps were employed to obtain SH surface with WCA of
152.3°. Wu et al. [28] took advantage of a femtosecond laser for
microstructure processing, after which modified the surface with silane
reagent (Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane to get a WCA
of 166.3° on stainless steel surface. Although high WCAs could be ob-
tained by this method, it was actually difficult to achieve large-scale
production on account of its expensive equipment and harsh process-
ing conditions. In general, the majority of the above methods to achieve
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SH stainless steel surfaces either have the disadvantage of expensive
equipment or time-consuming, which hinders mass production and in-
dustrial application.

Although the corrosion resisting property of stainless steel makes it
challenging to accomplish hierarchical micro-nano structure, many at-
tempts [29,30] still focus on chemical etching method for potential low-
cost mass production of SH stainless steel surfaces in recent years, due to
its advantages of facile, high-efficiency and low-cost. Zhang et al. [7]
etched the stainless steel surface with FeCls ethanol solution as the
etchant for 60 min and then modified with nutmeg acid ethanol to
prepare the SH stainless steel surface with WCA of 151.6°. Zhang et al.
[31] proposed a simple wet chemical etching method to prepare the SH
surface, which was chemically etched with HCl solution for 20 min and
modified with perfluorinated reagent to obtain the SH surface with WCA
of 152°. Liu et al. [32] etched stainless steel surfaces with a mixed so-
lution composed of FeCls, HCl and H205 for 20 min and then modified
with DTS (CH3(CH3)11Si(OCH3)3) and Toluene (C¢HsCH3) mixed solu-
tion to obtain the micro-nano hierarchical structure with a WCA of 158.3
+ 2.8°. Our group [33] proposed a novel chemical etching method
which involving SiO»-assisted HF etching processing for 20 min. In this
method, intermediate species (H3SiFg) were formed to greatly enhance
the corrosion process of stainless steel so as to obtain abundant micro-
nano hierarchical structures on the surfaces. Even though the surfaces
employed by this method were modified with Stearic acid whose price is
2-13 times lower than the fluorine modifier, the SH 304 stainless steel
surfaces still achieved a static WCA of 162.45°. Therefore, this method
has shown great advantages in not only corrosion efficiency, modifier
cost but also hydrophobic properties. Although the etching time of
around 20 min is relatively short for the preparation of SH stainless steel
surfaces by chemical etching method compared with that in the current
literatures, it is still a significant obstacle to the further improvement of
production efficiency for mass production.

In this paper, we proposed an innovative strategy of ultrasonic-
assisted chemical etching to further improve the above etching
method. It is found that the WCA of 163.21° can be accomplished with
the etching time of only 7 min, which indicates that ultrasonic field
significantly promotes the etching process. The relationship between the
WCAs and cavitation energy or non-cavitation energy was analyzed,
which revealed the promotion mechanism of ultrasonic on the etching
process. The results indicated that cavitation energy played a major role
in the change of WCA and their variation tendency was approximately
uniform. By observing the energy distribution cloud images of the cross
sections, it is found that the uniformity of cavitation energy also had an
obvious influence on the wettability of the stainless steel surfaces.
Moreover, the application of the samples in oil-water separation was
also studied, including permeation flux and separation efficiency. The
results showed that the proposed simple and time-saving method was
promising for the mass production of superhydrophobic stainless steel
and its industrial application.

2. Experimental procedure

2.1. Preparation and characterization of superhydrophobic 304 stainless
steel surfaces

The austenite stainless steel sheets with the size of 20 mm x 20 mm
x 5 mm were polished with SiC paper from 800 to 2000 grades, and then
cleaned by anhydrous ethanol and deionized (DI) water sequentially
with ultrasonic for 5 min. After being held at 90 °C for 20 min in an oven
and dried, the sample was immersed into the etching solution of Hy-
drofluoric acid (HF, 40 wt%) solution and Silica powder (SiOj, the
average diameter is less than 0.075 mm) (6.1 wt%, the optimal con-
centration) at room temperature (25 °C). Two groups of comparative
tests were carried out here: (1) The stainless steel substrates were etched
for 5 min with the input power of ultrasound ranged from120 to 300 W
with ultrasonic cleaning machine (SB-5200 DTD, China, frequency of 20

Ultrasonics Sonochemistry 81 (2021) 105848

kHz). (2) The samples were etched in etching solution for different
etching times ranging from 3 min to 9 min with interval of 2 min, while
the input power of the ultrasonic equipment was maintained at 300 W.
Then, the samples were cleaned by ultrasonic for 5 min with anhydrous
ethanol and DI water to remove the reaction residues and dried in at-
mosphere. Thereafter, the samples were immersed into stearic acid
ethanol solution ((C;g8H3602), 0.05 mol/L) for 1 h at room temperature.
Finally, the samples were washed and dried with temperature of 100 °C
for 1 h. All chemicals used in the present experiments were of analytical
grade and used without further purification.

The WCAs of the samples were measured by a contact angle
measuring instrument (SL200B, USA, KINO). The samples were
measured by dripping 3 pL droplets of DI water at five different locations
on the substrate surface and the average value was taken as the final
WCA. The microstructures of the surface were characterized with field
emission scanning electron microscopy (FE-SEM) (JSM-7200F, Japan,
JEOL).

2.2. Sound field measurement in sonochemical reactor

The experimental apparatus for the measurement of sound pressure
is shown in Fig. 1. The acoustic signal in the reactor was measured by
hydrophone, and then the intensity of cavitation field in the reactor was
quantitatively evaluated by further analyzing the collected cavitation
noise spectrum information. The hydrophone (TC4034; RESON A/S,
Slangerup, Denmark) was fixed using a self-developed 3D dimensional
positioning system holder [34]. The digital oscilloscope (DS2102,
RIGOL, China) recorded the acoustic signal collected from the hydro-
phone, and then a computer converted the acoustic signal to sound
pressure signal by a self-developed software. An example of sound
pressure spectrum as shown in Fig.S1. The etching reactor was placed in
the ultrasonic cleaning machine. The measurement points diagram and
experimental diagram are shown in Fig. 2. In this experiment, the
measurement range was limited to the reactor. The measurement path of
the hydrophone was eight concentric circles with different radius as
shown in Fig. 2(a). Actually, the measurement points on each circum-
ference were 12 points.

In general, the ultrasonic energy was divided into cavitation energy
and non-cavitation (vibration) energy [35]. The cavitation energy is
evaluated by the broadband integrated pressure (BIP), which is mainly
derived from the radiation force and acoustic micro-streaming produced
by the fluctuation of cavitation bubbles, and the shock wave emitted
from the collapse of cavitation bubbles [36-38]. The non-cavitation
energy is evaluated by the fundamental wave pressure (FWP), which
is mainly derived from the ultrasonic vibration [34,39].

2.3. Experiment and characterization of superhydrophobic materials in
oil/water separation

As shown in Fig. 3, a simple device made of the obtained super-
hydrophobic stainless steel meshes had been designed for oil/water
separation. Considering that the superhydrophobic 304 stainless steel
meshes were applied to separate oil/water mixtures, the samples (300#)
with ultrasonic power of 300 W and etching time of 7 min were chosen.
Here, we chose various organics, such as n-hexane, crude oil, petroleum
ether, kerosene, dichloromethane to constitute the oil/water mixtures
(volume ratio is 1:1). When the oil/water mixtures were tardily poured
onto the stainless steel meshes prewetted with oil, the oil penetrated the
meshes and flowed down the beaker underneath, whereas the water
retained on the surface of the 304 SS meshes, the separation process was
shown in Video.S1. The separation process is driven only by gravity and
the oil/water separation mechanism was shown in attachment C.
Moreover, the advantage of this device is that it could measure the
pressure resistance of mesh accurately without any deformation of mesh
surface and damage of the SH surface [40].

The properties of superhydrophobic stainless steel meshes are char-
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Fig. 1. Diagram of hydrophone experiment.
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Fig. 2. Experiment of hydrophone measurement: (a) the measurement points diagram, (b) the hydrophone measurement experimental diagram.

acterized in three aspects: pressure resistance, separation efficiency and
permeability flux . Therein, the maximum height of water was obtained
by pouring water onto the meshes until water penetrating the meshes as
shown in Fig.S2 and then the water pressure resistance (Py) can be
calculated as Eq. (1):

P() = pghmax (1)

Where p represents the density of water, g is the acceleration of
gravity, and hp,ay indicates the maximum height of water that the mesh
can support without penetration. In addition, the separation efficiency
of the functional stainless steel meshes was investigated, which can be
quantitatively calculated by means of the following Eq. (2):

V

n=—x 100% @)
Vo
Where V) is the original oil volume in oil/water mixtures and V;

donates the volume of harvested oil after separation. Finally, the
permeability flux of the SH stainless steel mesh can be calculated

according to Eq. (3) below:
Flux=V/(S x 1) 3

Where V is the volume of captured oil, S is the area of the mesh, and t
represents the permeation time of oils. For the penetration flux of pure
oil, we recorded the time of 50 ml pure oil fully penetrating the stainless
steel meshes. Analogously, 50 ml of oil/water mixture (volume ratio =
1:1) was poured onto the meshes and the time for oil to fully penetrate
the meshes was recorded.

3. Results and discussions
3.1. Mechanism of ultrasonic field on etching process

Fig. 4 shows the relationship between the ultrasonic energy and the
WCAs of 304 SS surface under different input powers (120-300 W) at

room temperature. The ultrasonic energy in the reactor was separated
into cavitation energy and non-cavitation energy as mentioned part 2.2
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Fig. 3. Image and schematic illustration of oil-water separation apparatus.

and attachment A. The results illustrated that the variation tendency of
WCAs coincided with that of cavitation energy, which gradually
increased with the enhancement of cavitation energy. The increase of
cavitation energy meant more cavitation-bubble-collapsions occur
resulting in transient high temperature (up to 5000 K) [41],ultra-high
pressure(about 5.05 x 10 Pa) [42] and super strong micro-jet (the rate
up to 400 Km/h) [43], which can significantly promote the etching
process in the following ways:

(1) Chemical facilitation, the high temperature and pressure pro-
duced by the bubble collapsion can generate more radical H' by
dissociating the HF solution. The increase of H' not only accel-
erated the etching reaction of 304SS as shown in Eq (1)-(2), but
also promoted the chemical reaction with SiO; as shown in Eq
(3). The formation of Hexafluorosilicic acid (H,SiFg) can further
facilitate the corrosion of Fe element [33].

Ultrasonics Sonochemistry 81 (2021) 105848

2Fe + 6H' — 2Fet® + 3H,(1)

2Cr + 6H" = 2Cr*? + 3H, (2)

SiO, + 6H" + 6F — SiFg> +2H;0" (3)

(2) Physics promotions, smaller cavitation bubbles generated at
higher pressure could penetrate into the cavities and the micro-
cracks of the solid phase and destroyed them [44]. Then, strong
micro-jet generated by the bubble collapsion can lead to severe
local micro turbulence and enhance mass transfer, which resulted
in the exfoliation of unstable particles.

On the contrary, the tendency of non-cavitation energy was quite
different, which rose first and then decreased, with the maximum non-
cavitation of 56.24 kPa-kHz reached at input power of 180 W, as
shown in Fig. 4. The decrease of non-cavitation energy during the input
power above 180 W mainly resulted from the growing number of cavi-
tation bubbles hindering the propagation of ultrasonic oscillation. More
specifically, the WCAs with ultrasonic power of 120 W and 300 W were
notably different but the non-cavitation energy of these two cases were
almost the same. It was implied that non-cavitation energy has no
obvious correlation with the etching process.

In summary, the ultrasonic cavitation effect dominated the
enhancement of corrosion process, however the oscillation induced by
ultrasound not apparently effected the corrosion.

To reveal the influence of ultrasonic on the surface morphology, SEM
micrograph patterns of the samples with different input power
(120-300 W) are presented in Fig. 5. Compared with the no-ultrasonic-
assisted sample as shown in Fig. 5(a), the ultrasonic-assisted samples
showed obviously more abundant lamellar micron-scale structures and
“mountain-like” microstructure clusters on both of which the “coral-
reef-like” nano-scale structures uniformly covered as shown in Fig. 5(b)-
(e). After surface modification these hierarchical micro-nano structures
can easily result in tiny air bags to prevent water penetration, which was
governed by Cassie model as shown in Fig. 6(b). However, despite the
surface of samples without ultrasound was slightly etched resulting in
some lamellar micron structures, the depth of these structures were
obviously shallower and the distribution was more irregular, which
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Fig. 4. The relation between ultrasonic energy and water contact angle at different input power.
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Fig. 5. SEM images of SH surfaces prepared at different ultrasonic powers: (a) without ultrasonic, (b) 40%, (c) 60%, (d) 80%, (e) 100%.

(a) Wenzel state (b) Cassie state (¢) Cassie-Baxter state

Fig. 6. Schematic illustrations of the hydrophobicitic state of the samples. (a) after HF etching and modification without ultrasonic, (b) after ultrasonic-assisted HF
etching and modification, (c) after 7 min of ultrasonic-assisted HF etching and modification.



Z. Zhang et al.

caused the contact situation with water accord with Wenzel model as
shown in Fig. 6(a). The results indicated that the ultrasonic field
significantly stimulated the development of the microstructure on 304
SS surface during the etching process.

In addition, the SEM images also illustrated that with the increase of
input power, the micron-scale structures deepened obviously, and their
distribution was more regular. The lamellar structure interconnected
with each other to form “mountain-like” microstructure clusters as
shown in Fig. 5(d)-(e). This was mainly attributed to that the enhance-
ment of the cavitation energy with the increase of input power not only
intensified the reaction between the reaction solution and the 304SS
substrate surface, but also promoted the strong micro-jet to remove the
detached particles from the micro-cracks efficiently. Consequently, all
the “mountain-like” microstructure clusters, lamellar microstructures as
well as the “coral-reef-like” nano-scale structures resulted in a very high
WCA of more than 162°, which was governed by Cassie -Baxter model as
shown in Fig. 6(c).

It is surprising to notice that the error magnitude of WCAs decreases
obviously with the increase of ultrasonic power as shown in Fig. 4. This
phenomenon indicated that with the increase of input power, the
enhancement of ultrasonic cavitation effect significantly improved the
uniformity of the formed microstructure.

In order to figure out the mechanism of this phenomenon, the uni-
formity of ultrasonic cavitation energy distribution in the reactor under
different input powers were measured as shown in Fig. 7, in which red
represented the high energy area and blue signified the low energy area.
In this paper, MATLAB was employed for the signal processing and
visualization. It is worth noting that we had carried out logarithmic (1g)
operation on the energy values in order to narrow the gap between the
energy values which resulted in observing the changes of the energy of
the sound field more clearly. All contours showed that the cavitation
energy at the center part of the cross section was high, so this part was
chosen as the etching area. As shown in Fig. 7, there was no center of
energy distribution for following two reasons. First, the sound field
signal measuring device was a self-made equipment. Its planned route is
rectangular, while the energy distribution diagram in this paper is cir-
cular, so it is difficult for the sensor to reach the central measuring po-
sition. Besides, in the process of measuring sound field signals, in order

Location for
the samples
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to more clearly reflect the energy distribution of sound field, “interp2”
interpolation function was used to interpolate between the energy at the
measured positions. The energy near the center could not be interpo-
lated, resulting in the energy at the very center point was hard to be
measured according to the planned measurement path (as shown in
Fig. 2(a)). In general, central energy was higher and more uniform,
which was treated as high energy area. The results also showed that the
distribution of the cavitation energy was greatly un-uniform when the
input power was 120 W, as shown in Fig. 7(a). However, with the in-
crease of input power, not only the proportion of high energy area
increased which stimulated the increase of WCAs, but also uniformity of
the cavitation energy was obviously improved, which contributed to the
improvement of the corrosion uniformity.

3.2. Effect of ultrasonic time on wettability

In order to reveal the effect of ultrasonic time on the contact angle,
the four samples were prepared by setting the ultrasonic input power of
300 W with different etching time ranging from 3 min to 9 min as
mentioned in Part 2.1.

The results in Fig. 8 illustrated that all the obtained WCAs of the
samples were higher than 157°, suggesting that the ultrasonic field
successfully enhanced the superhydrophobicity on the surface of stain-
less steel even the etching time was as short as 3 min. Especially, with
the ultrasonic time increasing, the WCAs first increased reaching the
maximum value of 163.21° under the ultrasonic time of 7 min and then
decreased. The enhancement of contact angles attributed to the increase
of ultrasonic-assisted etching time, which stimulated the formation of
the “mountain-like” micron-scale structures as shown in Fig. 9. Obvi-
ously, the “mountain-like” microstructures gradually changed from flat-
top (as shown in Fig. 9(a)) to pinnacle (as shown in Fig. 9(b) and (c)).
However, with further increase of etching time, the “mountain-like”
microstructures were over-etched and then became flat-top again as
shown in Fig. 9(d). Analogously, Fig. 10 schematically illustrated the
detailed changing process of the “mountain-like” microstructures. It was
supposed that the corrosion rate for any direction of the microstructures
was the same. As the etching time increased from 3 min to 7 min, the top
of the “mountain-like” microstructures got sharper and the gully got

energy value/ig(v?)
7.5

6.5
5.5
4.5

3.5

/

Fig. 7. Cross section energy distribution of ultrasonic chemical reaction field: (a) 40%, (b) 60%, (c) 80%, (d) 100%.
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deeper as shown in Fig. 10(Ly-L4), which could prompt to form thicker
air cushions between solid and droplets. Nevertheless, when the etching
time prolonged from 7 min to 9 min, the etching rate of the very sharp
peaks was higher than that of the gully, which was because the previ-
ously formed peaks were extremely weak and easily to be destroyed by
over-corrosion and cavitation effect, resulting in flat-top “mountain-
like” with relatively low height as shown in Fig. 10 L5. The above-
mentioned change in the “peak” structure showed the gas storage ca-
pacity of the microstructure on the solid surface, which is consistent
with the change trend of the surface wettability shown in Fig. 8.

It is apparent that there is a specific hierarchical surface structures
required for a high contact angle of 163.21° under the ultrasonic time of
7 min. Compared with the process without ultrasonic-assisted corrosion
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(the optimal etching time was 20 min), not only the preparation time
shortened by more than 2 times, but also the contact angles slightly
improved (the WCA of obtained surface without ultrasonic-assisted
etching process was 162.45°) [33]. This simple and time-saving
method is especially vital for the mass production of super-
hydrophobic stainless steel materials.

3.3. Application of SH stainless steel in separation of oil/water mixtures

In order to explore the application of the above superhydrophobic
stainless steel in oil/water separation, the performance of meshes was
characterized by pressure resistance, separation efficiency and oil flux
for various organics (n-hexane, crude oil, petroleum ether, kerosene,
dichloromethane).

The water pressure resistance presents the maximum height (hyqy) of
liquid that the meshes could support [45].The experimental result
showed that the maximum intercepted water height was 27.3 cm (as
shown in attachment C), which was higher than that of most of previous
reports (Table 1). Superhydrophobic stainless steel mesh with high
pressure resistance could withstand greater external pressure and
separate oil/water mixtures effectively, which was significant for the
practical application.

The separation efficiencies for various organics ranged from 96.8%
to 98.4% as shown in Fig. 11. The high values demonstrated that the as-
prepared stainless steel mesh could separate various oil/water mixtures
with competent efficiencies. In addition, the durability of the mesh was
investigated by taking the kerosene/water mixtures as an example of
which the separation efficiency remained more than 97% after 10 cycles
of separation (as shown in S1). These results indicated that the as-
prepared superhydrophobic stainless steel mesh displayed stable recy-
clability. Additionally, the flux of oil samples is an important indicator
to show the separation rate in the industrial oil/water separation
application [50]. Owing to the oleophilicity of the as-prepared mesh,

Fig. 9. SEM images of SH surfaces prepared under different ultrasound times:3min, (b) 5 min, (¢) 7 min, (d) 9 min.
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L;-5 min

L,-bare sample

L,-3 min

L,-7 min

Ls-9 min

Fig. 10. Schematic diagram of original structure (a) and microstructure change with the increase of ultrasonic-assisted etching time: (b) 3 min, (c¢) 5 min, (d) 7 min,

(e) 9 min.
Table 1
Pressure resistance by different methods.
Materials Methods Pressure References
(kPa)
304 stainless steel Chemical etching method 2.68 This work
Zeolite-coated mesh Secondary growth method 0.96 [46]
Phenol-formaldehyde Spray method 0.951 [47]
resin
Stainless steel Electrophoretic deposition 2.29 [48]
method
Copper mesh Selective electrodeposition ~1.3 [49]
method

500 ml oil fully passed through the stainless steel mesh within a few
seconds with only gravity-driven force [51], and all oil flux were larger
than 6.68 L m~2 s~ as shown in Fig. 11. Due to the excellent corrosion
resistance of stainless steel and its good application prospect in the field
of oil/water separation, many studies on the preparation of super-
hydrophobic stainless steel surface and its application on oil/water
separation have been reported. Fig. 12 showed the separation effi-
ciencies of superhydrophobic stainless steel surfaces obtained from
different methods [48,52-54]. It was indicated that the separation effi-
ciency of the as-prepared samples ranked among the highest values re-
ported before. Besides, the WCA (163.21°) of samples could be
accomplished with the etching time of only 7 min, and low-cost fluorine-
free reagents for modification, which was promising in large-scale in-
dustrial production. However, the other methods mentioned in Fig. 12
still existed some inadequacy on preparation time, reagent or equipment
cost, which hindered the industrial application of superhydrophobic
stainless steel mesh for oil/water separation. Therefore, the high sepa-
ration efficiency and flux indicated that the as-prepared stainless steel
mesh was promising in separation of oil/water owing to the superior
surface wettability and the excellent corrosion resistance of the
substrate.

In addition, in the industrial application of oil/water separation, the

micro/nano structures and wettability on the surface of super-
hydrophobic/superoleophilic materials are easily destroyed in harsh
environments [55]. Hence, the mechanical stability was investigated by
sandpaper abrasion test. The as-prepared meshes were dragged along
sandpaper (1500 grits) using 2 N weight for a cycle (20 cm) as shown in
Fig. 13(a). The relationship between WCAs and abrasion cycles sug-
gested that the WCAs gradually decreased and tended to hold steady
with the increase of abrasion cycles and even after 10 abrasion cycles the
mesh was still superhydrophobic (WCA was 152.25°) as shown in Fig. 13
(b), indicating that the as-prepared stainless steel mesh maintained
excellent mechanical durability.

4. Conclusions

In this paper, an efficient method of ultrasonic-assisted chemical
etching for preparing superhydrophobic surface on stainless steel was
proposed. The mechanism of ultrasound promoting the etching process
was studied. It is the first time to demonstrate that the ultrasonic cavi-
tation effect enhanced the etching process from both physical and
chemical ways. The local high-temperature and high-pressure produced
by cavitation stimulated the etching solution dissociating more H* to
positively promote the progress of etching reaction. The generated
strong micro-jet and other accompanying phenomena removed the re-
sidual reactants on the surface to ensure the etching solution and the
sample surface fully contact. The increase of ultrasonic power led to the
enhancement of ultrasonic cavitation effect, which not only enhanced
the surface superhydrophobicity, but also improved the uniformity of
surface wettability. Further research showed that the time of ultrasonic
action significantly affected the size and morphology of the micron
structures to influence the WCAs. The results indicated that the optimal
WCA (163.21°) can be obtained within only etching 7 min. In addition,
the as-prepared sample displayed high pressure resistance (up to 2.68
kPa), separation efficiency (all up to 96.8%) and oil flux (up to 6.68 L
m~2s71), indicating excellent oil/water separation performance.
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