2]

-

Q

)

e

()
—

/2]
O

2]

>
=

Q.

o

D

Qo
Q.
<<

RESEARCH ARTICLE | NOVEMBER 21 2023
Highly efficient removal of bubbles from water pipes by
femtosecond laser-designed superhydrophobic porous

microstructures ©
Yansheng Yao @ ; Qiangsong Meng © ; Yubin Peng &% © ; Zilong Cheng; Xinlei Li; Tianyu Xu; Jiale Yong & ©

:!) Check for updates ‘

Appl. Phys. Lett. 123, 211601 (2023)
https://doi.org/10.1063/5.0171357

. CrossMark
@

View Export
Online  Citation

APL Bioengineering
Special Topic:

Drug/Gene Delivery and Theranostics

AIP
'_/ﬁ_. Publishing

81:22:20 £20C 18qWaAoN 82


https://pubs.aip.org/aip/apl/article/123/21/211601/2922862/Highly-efficient-removal-of-bubbles-from-water
https://pubs.aip.org/aip/apl/article/123/21/211601/2922862/Highly-efficient-removal-of-bubbles-from-water?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apl/article/123/21/211601/2922862/Highly-efficient-removal-of-bubbles-from-water?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0001-6358-0733
javascript:;
https://orcid.org/0009-0008-7175-2759
javascript:;
https://orcid.org/0000-0002-2917-6830
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-2144-7330
javascript:;
https://doi.org/10.1063/5.0171357
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2269177&setID=592934&channelID=0&CID=833040&banID=521566116&PID=0&textadID=0&tc=1&scheduleID=2189742&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Faip%22%5D&mt=1701138168635175&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0171357%2F18221290%2F211601_1_5.0171357.pdf&hc=4e69bae1b0a3d4e4d098487392a573cafd663a55&location=

pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

Highly efficient removal of bubbles from water
pipes by femtosecond laser-designhed
superhydrophobic porous microstructures

Cite as: Appl. Phys. Lett. 123, 211601 (2023); doi: 10.1063/5.0171357 @ 1. @
Submitted: 8 August 2023 - Accepted: 7 November 2023 - U
Pu b|IShed online: 2'| Novem ber 2023 View Online Export Citation CrossMark

Yansheng Yao,' (%) Qiangsong Meng,' (%) Yubin Peng,"® () Zilong Cheng,? Xinlei Li,” Tianyu Xu,” and Jiale Yong®®

AFFILIATIONS

TIntelligent Manufacturing Laboratory, School of Mechanical and Electrical Engineering, Anhui Jianzhu University,
Hefei 230009, China

?Department of Precision Machinery and Precision Instrumentation, University of Science and Technology of China,
Hefei, 230027, China

2 Authors to whom correspondence should be addressed: pengyubin@ahjzu.edu.cn and jlyong@ustc.edu.cn

ABSTRACT

Here, we propose a strategy that combines a superhydrophobic surface microstructure with perforated microholes prepared by femtosecond
laser processing to efficiently remove bubbles in water pipes. Driven by Laplace pressure and underwater pressure, the bubbles in water are
easily absorbed by the superhydrophobic porous thin tube and then discharged into the external air environment. The gas discharge rate of
the superhydrophobic porous film is approximately seven times that of the ordinary porous film. Inserting a superhydrophobic porous thin
tube in the infusion tube allows entire bubbles to be completely discharged out of the infusion tube. The method of removing bubbles in
water based on superhydrophobic porous tubes will have important applications in microfluidic, biomedical, and chemical manufacturing

and can effectively avoid the harm caused by tiny bubbles.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0171357

There are inevitably tiny bubbles in the water. Although bubbles
can sometimes be used to improve water quality,' generate electricity,”
etc., undesirable bubbles in the water flow often have a negative effect
on thin water pipes.” ° Tiny bubbles in the microchannel will attach to
the inner wall of the pipe [Fig. 1(a)]. Even small bubbles can increase
fluid resistance and even block microchannels.” '” Injecting air bubbles
into the human body through a medical infusion tube is one of the
main causes of many medical accidents caused by air embolism."' "
The air-blood interaction induces the formation of fibrin clots or
blood clots, which impede the normal circulation of blood. Effectively
removing bubbles in water pipes is an effective way to avoid the above
problems."* '® Traditional methods for removing tiny bubbles from
liquids are based on ultrasonic degassing, heating boiling, adding an
elimination agent, and so on.>'" However, these operations often
require additives or complex equipment and require external energy
input. To date, developing a simple and environmentally friendly strat-
egy to achieve effective water/gas separation has remained challenging
but highly anticipated. Recently, Yong et al. found that the wettability
of porous structures plays a decisive role in the permeation behavior of
underwater bubbles through porous membranes.'” *' The underwater

bubbles can easily pass through the superhydrophobic and superaer-
ophilic porous films but will be intercepted by the superhydrophilic
and superaerophobic porous films. The effect of surface wettability
on bubble permeability provides a new strategy for removing tiny
bubbles in water flow.”****’ As shown in Fig. 1(b), a superhydro-
phobic porous thin tube is inserted into the water pipe. Bubbles in
the water flow can be adsorbed by the inserted tube and further
released into the external environment through the tube. The porous
thin tube needs to have properties that allow air bubbles to enter its
interior and repel water.

In this Letter, the effects of femtosecond laser-induced superhy-
drophobic microstructures and perforated microholes on the perme-
ability of underwater bubbles are investigated. The results show that
both the superhydrophobic microstructure and the microholes on the
polytetrafluoroethylene (PTFE) film play an important role in the
rapid adsorption of underwater bubbles, the bubbles passing through
the film, and the release of gas into the external environment. When
superhydrophobic porous microstructures are prepared on the wall of
thin tubes, the tubes can be used to remove bubbles from water. An
efficient bubble removal strategy based on a superhydrophobic porous
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FIG. 1. Schematic diagram of a strategy to remove bubbles from the water flow in a
pipeline. (a) Bubbles attached to the wall of the normal water pipe. (b) Inserting a
superhydrophobic porous gas tube into the water pipeline to absorb the bubbles
and release them to the external environment.

tube is proposed to prevent bubbles from being injected into the
human body.

The ultrashort pulse width and ultrahigh peak power have made
femtosecond (10" s) lasers one of the most important tools in mod-
ern extreme and ultraprecision manufacturing.”* *° The desired super-
hydrophobic porous microstructure can be prepared on a PTFE film/
tube using a femtosecond laser due to its ability to simultaneously gen-
erate micro/nanoscale surface structures and open microholes. As
shown in Fig. 2(a), the laser beam (pulse width=35 fs, wave-
length = 800 nm, repetition rate =1kHz) enters the scanning galva-
nometer and is further focused on the PTFE surfaces by the f~0 lens
(focal length=100mm). The galvanometer controls the scanning
path. Typically, a uniform microstructure can be prepared on the sub-
strate surface by classical line-by-line scanning [Fig. 2(b)]. Figure 2(d)
shows the scanning electron microscopy (SEM) image of the PTFE
surface that was ablated by a femtosecond laser at a laser power (€2) of
50 mW, scanning speed (v) of 10 mm/s, and scanning space (A) of
20 pum. The surface is coated with a large number of hierarchical pores
and protrusions, with protrusion sizes ranging from 300 nm to 2 um.

Figure S1 (supplementary material) shows the x-ray photoelec-
tron spectroscopy (XPS) of the original and laser treated PTFE surface.
The chemical elements C, O, and F are detected on both untreated and
treated surfaces [Fig. S1(a), supplementary material]. It is found that
the signal strength of the O element after laser treatment is signifi-
cantly higher than that on the untreated PTFE surface, and the atomic
percentage of O element increases obviously after laser treatment
(Table S1, supplementary material). To further explore the change in
chemical components, the narrow scan spectra of Cls, Ols, and Fls
are peak-fitted in Figs. S1(b)-S1(d) in the supplementary material. It
can be found that the difference in chemical component before and
after laser treatment is mainly concentrated in C-O. The C-O of origi-
nal PTFE may come from the adsorbed contaminated carbon or minor
surface oxidation because of the low O element content. After laser
treatment, the relative area of C-O in both Cls and Ols spectra

pubs.aip.org/aip/apl

increase significantly, indicating that the femtosecond laser could
induce the oxidation of PTFE. Despite the oxidation, the low-surface-
energy C-F, and C-F; groups still dominate the surface after femtosec-
ond laser processing.

The water droplets are spherical on the laser-structured surface
[Fig. 2(i)], with a contact angle (CA) of 153.3 * 0.4° [Fig. 2(j)]. The
droplets can easily roll away with a sliding angle (SA) of 2.5 = 0.3°
[Fig. 2(k)]. Therefore, the laser-induced microstructure is superhydro-
phobic and has excellent water repellency. Superhydrophobicity is the
result of the combined action of the intrinsic hydrophobicity of the
PTFE substrate and the laser-induced microstructures.”” " This
microstructure effectively reduces the contact area between water and
the PTEE surface, so the droplet is in the Cassie state and only touches
the peak portion of the textured surface, as shown in Fig. 2(m). In
water, bubbles spread rapidly on the superhydrophobic surface within
7 ms, indicating that the superhydrophobic microstructure has excel-
lent adsorption capacity for underwater gases, i.e., underwater super-
aerophilicity [Fig. 2(1)]. As shown in Fig. 2(n), the superhydrophobic
surface microstructure cannot be wetted by water because of its water
repellency. A trapped air layer is formed between the surface micro-
structure and the water environment. Once the bubble contacts the
superhydrophobic surface, the gas inside the bubble will quickly enter
the trapped air layer and diffuse out.

The femtosecond laser can also penetrate the PTFE film and pro-
duce perforated microholes using a point-by-point drilling method
[Fig. 2(c)]. The laser is focused on the designed point, and a certain
number of pulses are applied to ablate and penetrate the film. The laser
focus then moves to the next point. Figure 2(e) shows an array of
laser-drilled microholes on the PTFE film with a thickness of 0.2 mm.
Each microhole is ablated with 100 laser pulses with a pulse energy of
200 pJ (Q=200 mW). The microholes have a diameter of
54.8 = 0.4 um and are uniformly distributed with a designed period of
80 um. In addition, the inner walls of the perforated microholes are
decorated with laser-induced micro/nanostructures, similar to the
laser-ablated PTFE surface. By combining the laser-induced superhy-
drophobic surface microstructure with the laser-drilled microholes, a
superhydrophobic porous film can be obtained [Figs. 2(f) and 2(g)].
The perforation of the laser-drilled microholes is verified by transmis-
sion microscope photography, as the backlight can pass through the
microholes [Fig. 2(h)].

Laser processing parameters have important effects on the wetta-
bility of the laser-structured surface and the morphology of micro-
holes.” ** Figure 3(a) shows the CA and SA values of water droplets
on the PTFE surface ablated at different laser powers. As Q increases
from 20 to 50 mW, CA rapidly increases from 140.9 = 0.6° to
153.3 = 0.4°. The droplets cannot roll on the structured surface for Q
< 30 mW, even if the sample is upright (SA value is labeled 90°). The
surface exhibits high water adhesion since such a low laser power can-
not produce sufficient micro/nanostructures on the PTFE surface. At
Q=50 mW, the ablated surface shows excellent superhydrophobicity
with an SA of 2.5 * 0.3°. As Q continues to increase, the resultant sur-
face remains superhydrophobic. Figure 3(b) shows the effect of laser
scanning speed on wettability. At v=5mm/s, the ablated surface has a
CA of 151.3 = 0.1° and an SA of 10 = 1.2°. When v increases from 10
to 35 mm/s, CA is greater than 150° and SA is less than 10°, indicating
that the surface is superhydrophobic. The surface has a strong adhe-
sion to water at v>35mm/s because the laser ablation point cannot
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FIG. 2. Preparation of superhydrophobic porous PTFE films by a femtosecond laser. (a) Schematic diagram of the femtosecond laser processing system. (b) Line-by-line laser
scanning. (c) Point-by-point laser ablation. SEM images of (d) the femtosecond laser-induced microstructure, () the laser-drilled perforated microholes, and (f) the resultant
superhydrophobic porous microstructures. (g) Cross-sectional structure of the perforated microholes. (h) Transmission microscope photography of the porous film illuminated
by a backlight. (i) Water droplets (blue color) and (j) droplet shape on the structured PTFE surface. (k) Process of droplet rolling on the inclined superhydrophobic surface. (1)
Process of releasing a bubble onto the superhydrophobic surface in water. Formation mechanism of (m) superhydrophobicity and (n) underwater superaerophilicity of the laser-

structured surface.

completely cover the PTFE surface during the too fast laser scanning
process. Figure 3(c) shows the effect of the laser scanning space (A) on
the wettability of the resultant microstructures. With increasing A, the
CA value gradually decreases, and the SA value gradually increases.
When A is small, the ablated regions of each scanning line overlap,
which can completely cover the surface and form a uniform micro-
structure. In the range of A < 20 um, the surface is superhydrophobic,
and the water adhesion is low. With increasing A, the laser-ablated
regions of the scanning lines gradually separate, and nonablated

domains appear between the adjacent scanning lines. The nonablated
area leads to a gradual decrease in hydrophobicity.

Figures 3(d)-3(f) depicts the influence of laser processing param-
eters on the formation of perforated microholes. Too small Q and too
few pulses cannot ablate through the thin film. The experimental
results show that open microholes can be formed on the PTFE film
with a thickness of 0.2 mm only when Q exceeds 50 mW and the laser
pulse number exceeds 50 [Fig. 3(d)]. As shown in Fig. 3(e), the diame-
ter of the generated microholes is positively correlated with Q. As Q
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FIG. 3. Influence of laser processing parameters on wettability of the structured surface and morphology of the perforated microholes. Wettability of the surfaces prepared under
different (a) laser powers (at v=10mm/s and A =20 um), (b) scanning speeds (at Q@ =50 mW and A = 20 um), and (c) scanning spaces (at @ =50 mW and v= 10 mm/s).
(d) Phase diagram of perforated microhole preparation: “O” means that the laser can ablate through the PTFE film and create open microholes, and “®” means that the film
cannot be ablated through. Influence of the (e) laser power and (f) number of applied laser pulses on the diameter of the resultant perforated microholes.

increases from 50 to 250 mW, the diameter increases from 0 to
678+ 0.7um (at 100 pulses). Similarly, the aperture diameter
increases with the number of laser pulses [Fig. 3(f)]. As the pulse num-
ber increases from 50 to 75, the diameter rapidly increases from 0 to
463 * 1.4 um (at Q=200 mW). If the pulse number continues to
increase to 150, the diameter will slowly increase to 58.6 = 0.9 um.

The femtosecond laser-induced superhydrophobic surface micro-
structure and the microhole array can affect the discharge process of gas
from water to the atmosphere environment. As shown in Fig. 4(a), an
untreated PTFE film is placed on the water surface. When a bubble is
released below the film, it will compete with the water attached to the
PTEE surface. The bubble eventually forms a stable hemisphere on the
untreated surface. Assuming a very small disturbance occurs, the energy
change of the whole system can be expressed as [Fig. 4(b)] follows:'*****

Oy = ysvdAsy + ys dAst + yydALy + APAV, (1)

where sy, Y51, and ypy are the solid-vapor, solid-liquid, and liquid—
vapor interfacial free energies, respectively; dAgy, dAgr, and dAry are
the area changes of the solid-vapor, solid-liquid, and liquid-vapor
interfaces, respectively; and AP and dV are the changes in Laplace
pressure and gas volume, respectively. In the limited case of small per-
turbations, there are dV =0, dAgy = —dAg;, and dA;y/dAgy = cos 0
for the hemispherical underwater bubbles (0 is the CA of the bubble).
When equilibrium is reached, oy = 0, so Eq. (1) can be simplified to

cost = L7 Usv . 2)
TLv

This equation describes the wettability of bubbles on the untreated
PTFE surface. Since there are no perforated microholes in the

untreated film, the bubbles cannot pass through the film and always
stay in the water environment under the PTFE film.

Figure 4(c) shows the process of releasing a bubble under a
porous PTEE film (without superhydrophobic surface microstructure).
Within the first 6 ms, the wettability of the gas causes the bubble to
rapidly expand outward, forming a hemisphere shape. As shown in
Fig. 4(d), the internal pressure (P) of the bubble at this time is P= P,
+ Pi + Pyater, Where Py is the external atmospheric pressure, P, = %
is the Laplace pressure caused by the bending of the water/gas interface
(y is the surface tension of water, R is the radius of curvature of the
bubble), and Py, is the pressure caused by the water depth. In gen-
eral, the Laplace pressure of small bubbles is greater than that of large
bubbles. The bubble is connected to the atmosphere on the other side
of the PTFE film through perforated microholes. There is a pressure

difference between the gases on both sides of the film,”>*
2
AP:P—POZEV“’Pwater- (3)

This pressure difference drives the gas inside the bubble through the
microholes and releases gas into the outside atmosphere. The bubble
volume gradually decreases, and the bubble completely disappears at
62ms. All the gas in the bubble passes through the porous film and is
discharged into the atmosphere.

The superhydrophobic porous PTEE film has a strong adsorption
capacity for bubbles in water. As shown in Fig. 4(e), when the bubble
is in contact with the surface, the bubble can rapidly spread out under
the film to form a large gas—solid contact area. The pressure difference
between the bubble and the air environment also drives the gas in the
bubble through the open microholes. Due to the larger contact area
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FIG. 4. Permeability of underwater bubbles through a superhydrophobic porous film. Releasing bubbles under different films floating on water: (a) and (b) an untreated flat
PTFE film, (c) and (d) a porous PTFE film without superhydrophobic surface microstructure, and (e) and (f) a superhydrophobic porous PTFE film. (g) and (h) Process of
absorbing an underwater bubble through a superhydrophobic porous thin tube and releasing gas into the air. (b), (d), (f), and (h) are the corresponding schematic diagrams of
(@), (c), (e), and (g). (i) and (j) The process of absorbing air bubbles at the bottom of a container through a superhydrophobic porous tube and releasing gas into the air. (k) and
(I) The process of absorbing an air pocket at the bottom of an underwater inverted container through a superhydrophobic porous tube and releasing it into the air.

between the bubble and the porous film, there are more open micro- surface microstructure and perforated microholes are key to gas dis-
holes for gas transport [Fig. 4(f)]. The gas in the bubble can be charge. Perforated microholes provide microchannels for underwater
completely released into the atmosphere within 9 ms. The discharge bubbles to access the external environment. The superhydrophobic
rate of gas is approximately seven times that of the common porous microstructure significantly increases the number of microholes cov-

film. The experimental results demonstrate that a superhydrophobic ered by underwater gas, thus promoting the rapid passage of gas
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through the porous film. In addition, the superhydrophobicity of the
surface microstructure and microholes prevents water from passing
through the porous structure.

In the process of gas discharge, the underwater bubbles first inte-
grate into the gas film on the superhydrophobic surface, and then
release into the atmosphere through perforated microholes [Fig. S2(a)
in the supplementary material]. Regardless of how large or small the
bubble is in contact with the gas film, it can be easily adsorbed by the
gas film, so, theoretically, any volume of bubbles can be removed. For
example, underwater bubbles as small as 200 nl and as large as 0.6 ml
can be discharged into the atmosphere through the superhydrophobic
porous film [Figs. S2(b) and S2(c) in the supplementary material]. The
diameter and density of the microholes only affect the rate of gas
removal. The inherent chemical inertness of PTFE makes the superhy-
drophobicity of the femtosecond laser-induced microstructures very
stable and even resistant to corrosion of various corrosive liquids.””**
Even if the superhydrophobic PTFE surface and the superhydrophobic
porous film are stored in air or submerged in water for ten days, the
superhydrophobicity is almost unchanged [Figs. S3(a) and S3(b) in the
supplementary material], and the porous film can still discharge bub-
bles normally [Figs. S3(c) and S3(d) in the supplementary material].
The durability is much longer than the infusion time (usually within
two hours), ensuring the normal use in the infusion process.

Superhydrophobic porous microstructures can release gases from
water into the air environment. By preparing superhydrophobic
microstructures and microholes on the wall of a PTFE tube with a
diameter of 1.2 mm, a superhydrophobic porous thin tube is obtained.
When one end of the tube is inserted into the water, the space inside
the tube is connected to the outside air. As shown in Fig. 4(g), an
underwater bubble can be rapidly absorbed by the fine tube within

Infusion tube
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11 ms. The adsorbed gas is then released into the atmosphere along the
inserted tube [Fig. 4(h), Movie S1]. In some cases, bubbles cannot
spontaneously rise into the air, such as bubbles attached to the sidewall
or bottom of a container. We can move the superhydrophobic porous
tube into contact with the bubbles, which allows the bubbles to be
quickly absorbed and released into the atmosphere [Figs. 4(i) and 4(j),
Movie S2]. To remove the air pocket in the underwater cavity, a curved
superhydrophobic porous tube is inserted in the air pocket portion so
that the gas is transported along the gas pipe to the external environ-
ment [Figs. 4(k) and 4(1), Movie S3].

The ability of superhydrophobic porous tubes to absorb and dis-
charge gas also enables them to be used to remove bubbles from water
flow in pipes. As a demonstration, Fig. 5 shows a strategy for eliminat-
ing bubbles in an infusion tube using a superhydrophobic porous thin
tube. The thin tube only needs to be inserted into the infusion tube.
When bubbles appear, they flow forward with the water flow
[Fig. 5(a)]. Once the bubble comes into contact with the inserted thin
tube, the pressure inside the bubble will force the gas in the bubble
through the microholes into the superhydrophobic tube. Since the
other end of the inserted tube faces the external environment, the
absorbed gas can be transported along the tube and released into the
atmosphere [Figs. 5(b) and 5(c)]. As the bubble moves forward, the gas
inside the bubble will continue into the gas tube and out of the infusion
tube (Movie S4). Finally, the entire bubble can be completely removed.

In summary, the effective removal of bubbles in water by combin-
ing superhydrophobic surface microstructures and perforated micro-
holes is demonstrated. Superhydrophobic porous microstructures are
prepared on PTFE thin films or tubes by femtosecond laser processing.
The superhydrophobic porous film can absorb bubbles in water and
allow gas bubbles to pass through the film to the air environment

Porous tube

FIG. 5. Removal of bubbles from an infusion tube based on an inserted superhydrophobic porous thin tube. (a) Bubble in the infusion tube moving forward with the water flow.
(b) The process of bubble removal and (c) the corresponding schematic diagrams: (1) the bubble touching the inserted superhydrophobic porous tube (left images), (2)
decrease in the bubble volume as the gas enters the inserted tube (middle images), and (3) after the bubble is completely discharged (right images).
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under the drive of Laplace pressure and underwater pressure. The gas
discharge rate of the superhydrophobic porous film is about seven
times that of the ordinary porous film. An effective strategy to remove
bubbles in an infusion tube by inserting superhydrophobic porous thin
tubes is proposed. The whole bubble can be completely discharged out
of the infusion tube. This method has important potential applications
in microfluidics, biomedicine, chemical manufacturing, and other
fields and can effectively avoid the harm caused by tiny bubbles.

See the supplementary material for the chemical change after
laser ablation, the discharge of 200 nl and 0.6 ml bubbles, the durability
of the superhydrophobicity, and the movies of the dynamic process of
adsorbing underwater bubbles.
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