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Abstract

The interaction of rising gas bubbles with
submerged air-repelling or air-attracting sur-
faces is relevant to various technological ap-
plications that rely on gas micro-volume han-
dling or removal. This work demonstrates
how submerged metal meshes with super air-
attracting /repelling properties can be employed
to manipulate micro-volumes of air, rising
buoyantly in the form of bubbles in water.
Super-aerophobic meshes are observed to selec-
tively allow the passage of air bubbles depend-
ing on the mesh pore size, the bubble volume-
equivalent diameter, and the bubble impact ve-
locity on the mesh. Differently, super-aerophilic
meshes reduce or amplify the volume captured
from a train of incoming bubbles. Finally, a
wettability spatial pattern on the mesh is used
to control the size of the outgoing bubble, and
an empirical relation is formulated to predict
the released volume. The study demonstrates
how porous materials with controlled wettabil-
ity can be used to precisely modulate and con-
trol the outcome of bubble/mesh interactions.

Introduction

The wettability of a solid surface is the prop-
erty that determines the behavior of a lig-
uid volume coming in contact with the solid;
this property has been the subject of exten-

sive tesearch over many decades.’™ In at-
tempts to biomimic organic surfaces,® such as
the lotus leaf (which possesses super water-
repelling properties), many techniques have
been developed to produce superhydrophobic
(water-repelling) and superhydrophilic (water-
attracting) substrates.® Only in the last cou-
ple of decades, attention has been shifted to
the complementary scenario where a rising gas
bubble encounters a submerged solid substrate,
and thus the concept of air-repelling and air-
attracting properties has emerged.!*!'" A hy-
drophilic surface is aerophobic when under wa-
ter, and vice versa for a hydrophobic surface.!8
The equilibrium contact angles of a liquid drop
on a solid substrate and an air bubble on the
same submerged (underwater) solid substrate
are supplementary. A literature review on sub-
merged aerophobic and aerophilic substrates by
George et al.'® highlighted the characteristics
and applications of these surfaces. The interac-
tion between gas bubbles and underwater metal
meshes with controlled wettability was recently
considered for underwater bubble transporta-
tion. Pei et al.'® employed integrated Janus
meshes to promote bubble unidirectional pene-
tration underwater (bubble diode). However,
no prior work has focused on utilising sub-
merged permeable meshes with controlled wet-
tability to manipulate the volume of gas micro-
bubbles rising buoyantly in viscous fluids. Such
processes are important when precise handling



of bubbles is required (e.g. for catalysis or sens-
ing), or when gas bubbles must be captured and
removed (e.g. fuel tanks, waste water remedia-
tion).

Meshes exhibiting super-aerophobic or super-
aerophilic behaviors, or their combinations, are
important for the multiple applications they
may find in two-phase flow systems. Such flows,
frequently involving both liquid and gas (bub-
bles) phases, are used in bubble column reac-
tors?®2! in the chemical industry. The vol-
ume fraction of the gas, bubble size, and in-
terfacial area are important design parameters
that govern the proper operation of the reac-
tor.?%23 Solid meshes that have different re-
sponses when interacting with small gas vol-
umes could consequently find applications as
sensors or as means to control and influence
the bubble volume, shape, and size in differ-
ent segments of a reactor. On the other hand,
the presence of gas bubbles could be undesir-
able, or even dangerous, in applications involv-
ing oil for fluid power systems.?* In this and
other similar cases, the meshes could be em-
ployed as efficient and economical gas filters.
Other potential applications of meshes exhibit-
ing air-attracting/repelling properties could be
in the biomedical industry, where gas bubbles
need to be separated from biological fluids, such
as blood,?® or in drug delivery applications.?
Given the acute shortage of literature in this
domain, the aforementioned potential applica-
tions serve as motivation for the present work.

In the present study, we demonstrate the
applicability of wettability-patterned, metal
meshes to manipulate the size of gas bubbles
rising through a viscous fluid. The interac-
tion of rising gas bubbles with uniformly super-
aerophilic and super-aerophobic meshes is stud-
ied first, followed by bubble interaction with
two vertically-stacked meshes of uniform wetta-
bility. Finally, the use of wettability-patterned
meshes for controlling released-bubble size is
presented as an example of what could be
achieved with this method, which, of course,
is not limited to just water and air, but could
be adapted for other liquid/gas pairs, as long
as repellency to these other liquids can be at-
tained.

Materials and methods

Woven wire meshes of aluminum are used
(McMaster-Carr®) in the present work. These
meshes are defined by their opening size (w)
and wire diameter (b) (see Fig. 1 A). Each
mesh is characterized by a number, which indi-
cates the number of pores per inch of the mesh.
The meshes used in this study, along with their
salient dimensions, are listed in Table 1.

Table 1: Salient geometric dimensions (see Fig.
1) of the meshes used in the experiments

Mesh w (mm) b (mm)

M10 1.905 0.635
M12 1.524 0.584
M14 1.295 0.508
M16 1.143 0.457
M20 0.864 0.406
M30 0.559 0.279

Aluminum is an intrinsically-hydrophilic ma-
terial due to its high surface energy. One
method to make aluminum superhydrophilic
(i.e. super-aerophobic) consists of acid etch-
ing (ACS reagent 37%, Sigma-Aldrich®), fol-
lowed by boiling in deionized water,?” as
shown in steps Bl and B2 of Fig. 1. Af-
ter drying in an oven (Fig. 1 B3), the
mesh is immersed in a 1% wt 1H,1H,2H,2H-
perfluorodecyltriethoxysilane  [97%,  Sigma-
Aldrich® fluoro-alkyl silane(FAS)| in ethanol
(200 proof, Decon Labs®) solution (Fig. 1
B4), so that a thin layer of FAS is formed
on the surface of the mesh wires, making the
mesh super-aerophilic. At the end of the treat-
ment shown in Fig. 1 B1-B4, the mesh has
become uniformly super-aerophilic. A wetta-
bility pattern consisting of spatially juxtaposed
super-aerophobic and super-aerophilic regions
can be obtained through selective laser etching
(Fig. 1 B6). A CAD file representing the mesh
pattern (Fig. 1 B5) is used as a vector image
for a laser marking system (EMS400, TYKMA
Electrox®, 30% power, 50 kHz intensity, and
200 mm/s traverse speed). The laser selectively
ablates the FAS coating from the mesh wires,
rendering them super-aerophobic. The mesh is
then placed on an aluminum support (Fig. 1
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Figure 1: A: Mesh top view showing the characteristic opening size, w, and wire diameter, b. B1:
the mesh is first submerged in 5M HCI solution for an interval between 12 and 20 minutes; B2:
the mesh is passivated in boiling deionized water for 60 minutes. After steps B1 and B2, the mesh
has become super-aerophobic; the equilibrium contact angle measured for a bubble resting on a
submerged flat aluminum substrate treated in such way is 6, = 149° 4+ 2.3°. B3: the mesh is dried
in an oven at 40°C for 40 minutes; B4: the mesh is immersed in 1% wt FAS in ethanol solution
for 8-10 hours. After step B4, the mesh has become super-aerophilic. B5: CAD pattern used as
vector image for the laser marking system; the black region is the one etched by the laser, the white
region is masked and thus unaffected by the laser. B6: laser marking procedure. BT: effective
result of the laser marking process on a M20 mesh. The region confined in the red dashed line is
super-aerophilic, the surrounding region is super-aerophobic. C1-C9: complete set-up for bubble
generation and data collection. C1: syringe pump; C2: 10 mL plastic syringe; C3: clear tube; C4:
aluminum support; C5: dispensing needle; C6: rising bubble; C7: mesh held in mesh holder; C8:
rectangular transparent glass tank; C9: high-speed camera.



C4), and inserted in a rectangular transparent
glass tank (Fig. 1 C8), filled with DI water
up to the desired level. The aluminum sup-
port allows the vertical alignment of the mesh
(Fig. 1 C7) with a dispensing needle (Fig. 1
Cb, Precision Tips, Nordson EFD®). The nee-
dle is connected through a clear tube (Fig. 1
C3) to a plastic syringe (Fig. 1 C2), which
is mounted on a syringe infusion pump (Fig.
1 C1, PHD ULTRA, Harvard Apparatus®).
The pump is used to dispense air bubbles (Fig.
1 C6), which rise with terminal velocity soon
after dispensing,?® 3% and reach the bottom
surface of the mesh. The mesh is placed at
a vertical distance from the needle such that
the bubble reaches its terminal velocity along
a linear trajectory,®® which is critical to have
always the same bubble on mesh point of im-
pact. The interaction between the air bubble
and the mesh is recorded with a high-speed
digital camera (Fig. 1 C9, Phantom Miro 310,
Vision Research AMETEK®), and each frame
of the video is then analyzed with the Image
Processing Toolbox of MATLAB®.

Results and discussion

The continuous phase is DI water at 25°C and
atmospheric pressure, while the dispersed phase
is air. Air bubbles of three different sizes were
generated (de, = 1.86, 2.90, and 3.90 mm),
as desired, in the present experiments. Be-
cause of bubble deviations from the spheri-
cal shape, volume-equivalent diameters were
determined with MATLAB® using the video
frames captured with the high-speed camera.
Firstly, the algorithm designated the air-water
interface as the sharp discontinuity in the im-
age intensity. Next, the bubble contour was
filled, and the image was binarized (the grey-
scale image was transformed into a black and
white image). Finally, given the axisymmet-
ric shape, the bubble volume was calculated
as that of a surface of revolution. The dimen-

sionless Morton and Bond numbers are, respec-
4

tively, Mo = W = 1.73 x 107" and
a3p; ,

047 < Bo = “222% — 907 In the ex-

pressions for Bo and Mo, p; and p, are, re-

spectively, the liquid and gas phase densities,
( the liquid dynamic viscosity, g the gravi-
tational acceleration, d., the bubble volume-
equivalent diameter, and o the liquid-gas in-
terface tension. Given these values of Bo and
Mo, each bubble can be classified into the ellip-
soidal regime,?® meaning that the surface ten-
sion forces are prevailing and the shape of the
bubble is oblate. The experimental terminal ve-
locities, v, range in the interval 0.3 < v; < 0.36
m/s, corresponding to 740 < Re < 1300, with
Re being the Reynolds number (Re = £2%%a),
The experimental Re is congruent with val-
ues in the literature for air bubbles of similar
size rising in DI water.?%?° Hereafter, different
configurations are analyzed: uniformly super-
aerophobic and super-aerophilic single meshes,
series of vertically-stacked meshes with uniform
wettability, and wettability-patterned meshes.
In each case, the mesh is placed at a vertical
distance of 2 cm from the tip of the dispens-
ing needle (so that terminal velocity is attained
before impact).

Gas bubble interacting with super-
aerophobic mesh

When an air bubble, which rises buoyantly
at terminal velocity, encounters a super-
aerophobic mesh, two different outcomes can
be observed, depending on the relative values
of w and d.4, as shown in Video S1 of the Sup-
porting Information. If the ratio d.,/w is low,
the bubble can squeeze and penetrate through
a single pore of the mesh. For high d.,/w, the
bubble bounces on the under-side of the mesh
and stays there after a short transient. The
opening size of the mesh plays an important
role in bubble-passage behavior. Small open-
ing leads to bouncing and keeping the bubble
beneath the mesh.> 37 The critical ratio d.,/w
for passage was found to lay Hetween 1.63 and
1.84 in the present work. So if d.,/w < 1.63,
a bubble rising at terminal velocity is likely
to penetrate the mesh. Differently, if d.,/w >
1.84, the bubble would bounce on the under-
side of the mesh and stay there. Upon impact,
just at the moment when the upper gas-liquid
interface curvature has reached its maximum,
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the gas volume is assumed to have attained
the shape approximated by two hemispheres,
as shown in Fig. 2. The hemisphere at the top
has a diameter w, corresponding to the mesh
opening size. This assumption is supported
by the super-aerophobicity of the mesh wires.
The hemisphere at the bottom has a diameter
D, which is determined by the volume conser-
vation of the air bubble during impact. The
volume conservation can be enforced because
compressibility effects are negligible for the ter-
minal velocity (v; < 0.36 m/s, Mach number
Ma < 2.4-107%) of these gas bubbles.® For an
air bubble interacting with a single pore of the
mesh, D is determined from

D= (23, — w®)s (1)

When the gas-liquid interface is convex, the
pressure inside the bubble is higher than the
pressure in the surrounding liquid, as the
Young-Laplace equation predicts.* The pres-
sure difference across the gas-liquid interface
can be determined by AP = —oV-n, where n is
the outward unit vector normal to the interface
(from gas to liquid side), and consequently, V-7
is the local interface curvature. At the moment
“hown in Fig. 2b, the gas-liquid interface cur-
vature causes an increased gas pressure in the
top hemisphere, which resists further buildup
in gas volume, thus hindering the passage of
the bubble through a mesh gap. The maximum
capillary anti-penetration pressure,* 4 AP,
can be estimated as

4
AP,, ~ ——00039C =P, — F (2)
w

where P, is the gas pressure at the upper inter-
face, P, the liquid pressure at the same interface
(reference pressure), and 6. the equilibrium con-
tact angle, which was measured to be 6. ~ 150°
(see Fig. 1 B8). In our experiments, we found
195 Pa < APF,, < 293 Pa for the different mesh
sizes.

In order for the bubble to penetrate the mesh,
the gas pressure at the lower side of the gas-
liquid interface, P,,, must overcome the gas
pressure at the upper side, P,, (see Fig. 2b).
From the lower side, there are several contri-

butions to pressure that help the bubble pass
through the mesh gap. The Young-Laplace
pressure at the lower side of the bubble can
be written as AP, = %’. Considering the hy-
drostatic pressure difference due to the height
of the bubble, we can add P, = p(2 + %)g
on the lower-side pressure. In addition, the
pressure due to the buoyancy is Pg = Fg/w?,
where the buoyancy force Fz = %dgq (p1— pg)g.
Most importantly, we experimentally observed
that penetration does not occur when the same
bubble reaches the same mesh with a velocity
lower than its terminal one, as shown in Fig.
3. Therefore, inertia plays a critical role in de-
termining bubble penetration (or not) after im-
pact on the super-aerophobic mesh. Numerous
numerical and experimental studies in the liter-
ature have investigated the dynamics of a sin-
gle bubble rising in a viscous fluid and the flow
structure surrounding the bubble.**** During
the buyoant ascent, the liquid in front of the
bubble nose is pushed upward, while the fluid
behind the bubble is pulled up by the wake.46
The velocity magnitude of the liquid behind the
bubble is reportedly almost equal to the bubble
velocity itself. Consequently, the bubble veloc-
ity can be used to estimate the liquid dynamic
pressure at the moment of the impact, namely
Py ~ spv* ,*"* where v is the bubble impact
velocity on the mesh. Therefore, the compos-
ite pressure on the lower side of the deformed
bubble (Fig. 2b) is

-PZO:PO+A-PZO+PhS+PB+Pd (3)

In the present experiments, we found that 185
Pa < P, — P, < 252 Pa, based on various mesh
sizes and bubble impact velocities. These ex-
periments were performed after ensuring cen-
tral impact of the bubble on the mesh by way
of an x-y micro-positioning stage mounted in
the horizontal plane to align the bubble impact
with the mesh opening. With this system, the
impact point did not change, thus ensuring re-
producibility of the results. For an air bubble
with d., = 1.86 mm, rising in water with ter-
minal velocity (v; = 0.36 m/s) and impacting a
super-aerophobic M16 mesh (w = 1.143 mm),
penetration was experimentally observed. For
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Figure 2: (a) Schematic showing an air bubble with volume equivalent diameter d., just before
it impacts centrally on a mesh opening; the mesh wires have a diameter b and are spaced apart
by w. (b) Schematic of the air bubble as the curvature of upper gas-liquid interface has reached
its maximum. The volume of the bubble consists of two hemispheres; the one at the top has a
diameter w, and the one at the bottom has a diameter D. The liquid trailing the bubble is induced
to motion after the gas passes. The bubble curvatures around the wires are exaggerated and are

not expected to occur in practice.

such a bubble-mesh combination, P,, — F) ~
222 Pa, while P, — Py ~ 237 Pa. Consequently,
P, > P,,, which explains the penetration out-
come. When the impact velocity of the same
bubble on the same mesh was decreased to 0.30
m/s, which was accomplished by decreasing the
distance separating the dispensing needle from
the mesh, the lower side pressure was reduced
to P,—Fy ~ 216 Pa. In this case, P, < P,,, and
the bubble did not penetrate the mesh. Sepa-
rately, when an identical air bubble hit a super-
aerophobic M14 (w = 1.29 mm) mesh at termi-
nal velocity, the pressure at the upper interface
P, — Py ~ 195 Pa, while P, — Fy ~ 234 Pa, so
the bubble penetrated the mesh. Finally, when
the impact velocity of that bubble was reduced
to v = 0.18 m/s, the lower-side pressure became
P,— P, ~ 185 Pa, with the bubble remaining on
the mesh underside. Furthermore, bubble pen-
etration was never observed for meshes having
a gap size w < 0.864 mm, which corresponds to
P, — Fy > 293 Pa.

Gas bubble interacting with super-
aerophilic mesh

Two different experimental approaches may
be adopted for investigating the bubble-mesh
interaction with uniformly super-aerophilic
meshes. In the first approach, the mesh is
submerged into DI water and an air film is left
intact between the mesh wires; in this case the
mesh is conveniently defined as ‘dried’. In the
second approach, the mesh is submerged into
DI water and the air is then removed from the
mesh gaps by withdrawing it with a syringe.
This way, the air is trapped only inside the
surface roughness features of the wires. In this
case, the mesh is conveniently defined as ‘wet’,
meaning that water occupies the mesh gaps.
In the wet case, right after the impact of the
air bubble on the bottom side of the mesh,
the air is able to penetrate the mesh and a
pendant bubble is formed on the top surface
of the mesh. The bubble stays pinned on the
top surface in equilibrium, under the combined
effects of buoyancy and capillarity (differently
from the super-aerophobic case, as shown in
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Figure 3: Time-lapsed images showing the central impact of an air bubble with d., = 1.86 mm on
(a) a super-aerophobic M20 mesh (w = 0.86 mm) with an impact velocity v = 0.36 m/s (terminal
velocity), (b) a super-aerophobic M16 mesh (w = 1.14 mm) with the same impact velocity, and
(c) a super-aerophobic M16 mesh with a lower impact velocity v = 0.30 m/s. In (a) and (c) the
bubble cannot penetrate the mesh. In (b), the air volume gets squeezed, and the bubble penetrates
through a mesh opening. The different outcome in (b) and (c) emphasizes the importance of the
bubble’s impact velocity.



Fig. 3a). The magnitude of the capillary force,
F¢, can be calculated by

|[Fe| = op (4)

where p is the dried perimeter.

The buoyancy force acts in the upward di-
rection and causes the lighter air to rise in the
denser water. On the other hand, capillarity
acts downward, as it retains the air on the
mesh wires due the lower energy state associ-
ated with the gas-solid interface as compared
to the gas-liquid interface. As more and more
incoming (IC) bubbles impact the mesh, the
pendant bubble keeps growing until the balance
between buoyancy and capillarity is broken. At
this point, bubble pinch-off occurs (as shown
in Video S2 of the Supporting Information),
and an outgoing (OG) bubble detaches from
the mesh (Fig. 4). On the other hand, in the
dried case, the bubble disappears after reach-
ing the mesh, due to the fact that the air bub-
ble volume merges with the trapped air within
the mesh gaps. The formation of a pendant
bubble can be observed only after a significant
amount of air has been trapped in the mesh. It
is noted that the experimental results presented
hereafter are all for the wet mesh case.

The volume of the outgoing bubble, Vg, de-
taching from the super-aerophilic mesh is de-
pendent both on the volume of each incoming
bubble, V;¢, and on the pore size of the uniform
super-aerophilic mesh, w. These effects have
been investigated by measuring the OG bub-
ble volumes resulting from different combina-
tions of meshes and incoming bubble volumes.
Four different meshes were used: M12, M16,
M20, and M30. For each possible combination
of mesh size and volume of the incoming bub-
ble, Vog was measured. A volume amplification
factor, AF, was then determined by Voo /Vic.
Vog is strongly dependent on the volume of air
that the mesh is able to retain before the depar-
ture of the OG bubble. Meshes having different
gap size are able to trap different volumes of air,
and thus the OG bubble volume varies by mesh.
The obtained results are summarized in Fig. 5.

From Fig. ba, the bigger the volume of a sin-
gle incoming bubble, the larger the OG bubble

volume. This is attributed to two reasons. If
Vinr is the threshold gas volume for which buoy-
ancy and capillary forces are balanced, then
Voa = Vipr + Vie — AV, Ve being the volume
of the last incoming bubble before the OG bub-
ble departs, and AV the volume of air trapped
in the mesh after the pinch-off. Naturally, the
larger V¢ is, the bigger is the size of the OG
bubble. In addition, Vj, itself depends on Vj¢:
larger IC bubbles dry more mesh gaps, creating
a greater dried perimeter, i.e. higher F. The
larger F causes an increment in Vj,, needed for
F's to overcome F. As far as AV is concerned,
it depends both on the dried perimeter and the
mesh pore-size — finer meshes are likely to be
able to retain a larger amount of air volume due
to the higher solid-gas interface available. Fur-
thermore, it was observed that, especially for
small Vi, finer meshes with a smaller gap size
produced a bigger OG bubble. This is caused
by the strong dependence of Vi on the volume
of air, or number of IC bubbles, that can be re-
tained by the mesh before the detachment of the
OG bubble. Finer meshes make the horizontal
spreading of air easier, due to the larger solid
surface area available, as compared to coarser
meshes. This results in a larger dried perime-
ter, which, in turn, enhances the capillary force
Fo. As already discussed, an enhancement in
F¢ causes a larger Vi, and thus a larger Vpg.
Consequently, while finer meshes retain a bigger
AV, resulting in a smaller V¢, they also allow
a larger dried perimeter, which raises the value
of Vog. The experimental evidence shows that
the latter effect prevails over the former, since
Vog is found to increase with declining mesh
pore-size.

From Fig. 5b, when bubbles with d., = 1.86
mm (Ve = 3.37pL) and dey, = 2.90 mm (Vo =
12.77L) impact a super-aerophilic mesh, the
amplification factor tends to decrease for larger
mesh gaps (w). But for bubbles with d., =
3.9 mm (V¢ = 31.06pL), the amplification fac-
tor changes little for different mesh gaps. This
result may be explained by noting again that
Voa = Vipr + Vie — AV. For the largest in-
coming bubbles, the changes in V¢, and con-
sequently in AF, resulting from different meshes
may be comparable with the value of Vj¢ itself.
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Figure 4: Time-lapsed images showing an air bubble in equilibrium on the top surface of a super-
aerophilic M20 (w = 0.86 mm) mesh after a stream of incoming bubbles of d., = 1.86 mm impacted
the mesh. Once the equilibrium is disrupted, a gradually-thinning neck is formed. After the neck
radius reaches a minimum, bubble pinch-off occurs. Vj¢ is the volume of a single incoming (i.e. 1C)
bubble, Vj, is the volume of the largest pendant bubble in equilibrium on the upper side of the
mesh, Vpg is the volume of the outgoing (i.e. OG) bubble, and AV is the volume of air remained
trapped within the mesh wires after pinch-off. The scale bar denotes 5 mm.
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Figure 5: Variation of (a) outgoing (OG) bubble volume with each incoming (IC) bubble volume
for different meshes: M12 (w = 1.52 mm), M16 (w = 1.14 mm), and M20 (w = 0.86 mm). (b)
Amplification Factor, AF, vs. mesh opening size, w, for different incoming bubble volumes.
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Thus, for high V;c values, changes in AF for
different meshes cannot be resolved adequately.

Gas bubbles interacting with two
vertically-stacked meshes of uni-
form wettability

The maximum amplification factor obtained
with a single, uniformly super-aerophilic mesh
was AF,,.. =~ 34. This result was obtained with
a super-aerophilic mesh M30 (w = 0.56 mm)
and IC bubbles of d., = 1.86mm. An even
stronger amplification factor can be obtained
by placing two super-aerophilic meshes in se-
ries, one on top of the other, with a vertical
gap in between, so that the OG bubble from
the first mesh can encounter the second one.
As shown in Video S3 of the supporting infor-
mation for the M30-M20 combination, as soon
as a second IC bubble coming from the mesh at
the bottom (V¢ ~ 107 uL in Video S3) hits the
top mesh, a single OG bubble detaches from the
second mesh with a volume that is much big-
ger than the volume of a single IC bubble (Vpg
~ 204 uL in Video S3). Differently, a pair of
vertically-stacked super-aerophilic meshes may
also be employed to first amplify (bottom mesh)
and then reduce (mesh on top) the volume of an
IC bubble (see Video S3, M8-M30 combination,
of the supporting information). This is accom-
plished by placing a coarser mesh on top of a
finer one. The mesh on top is not able to retain
the whole volume of air rising from the bot-
tom mesh. Consequently, only a fraction of the
bubble volume coming from the bottom mesh
is trapped within the second mesh, while the
remaining volume of air continues rising. Fur-
thermore, if a uniformly super-aerophobic mesh
is placed on top of a uniformly super-aerophilic
mesh, it is possible to trap the bubble resulting
from the first mesh in the vertical gap between
the two meshes. The volume of the trapped
bubble is determined by the opening size of the
mesh on the bottom and by the size of the IC
bubbles. The three different possible behaviors
are shown in Fig. 6.

Different combinations of super-aerophilic
meshes are considered, and for each combi-

10

nation, the volume of the bubble detaching
from the top mesh is measured, allowing to
calculate the amplification factor, AF, in each
case. Figure 7 shows the results for different
combinations of super-aerophilic meshes. For
all cases in Fig. 7, the experiments revealed
that except for the M20-M12 and M16-M10
combinations, AF>AF,,,, 1=34, where AF,,4, 1
is the maximum amplification factor obtained
with a single super-aerophilic mesh. With the
exception of the M20-M12 and M16-M10 com-
binations (see Fig. 7), there are three distinct
levels of AF values: 70 < AF < 80, 50 < AF
< 60, and 40 < AF < 50. Each range can be
easily associated with the pore size of the mesh
placed at the bottom. The highest AF range
is obtained with a M20 mesh at the bottom
(w = 0.86 mm), while the lowest range results
from placing a M12 mesh (w = 1.52 mm) at
the bottom. Therefore, as far as the mesh on
top is capable of capturing the entire incoming
bubble volume, the AF correlates with the pore
size of the bottom mesh: the finer the mesh, the
higher the AF. This result could be predicted
from Fig. 5b, which shows that for larger IC
bubbles (V;c = 31.06 uL), Vo does not change
significantly by employing meshes of different
w. In case of two meshes in series, the small-
est bubble resulting from the bottom mesh is
deq =~ 6 mm, and thus the influence of the top
mesh is likely to be negligible (under the limit
that the bubble can be captured by the mesh).
The highest amplification factor observed in
the present experiments by placing two super-
aerophilic meshes in series is AF,,,, ~ 78 (i.e.
VOG ~ 263 ,uL)

The bubble-volume reduction effect in Fig. 7
was investigated further by placing M8 (w =
2.46 mm), M10 (w = 1.90 mm) and M12 (w
= 1.52 mm) super-aerophilic meshes above the
M20 (w = 0.86 mm) super-aerophilic mesh. In
all cases, the IC bubble volume was V¢ ~ 31
L. The volume of the bubble released from the
M20 mesh was Vo0 &~ 145.7 £ 2.15 pL. For
all three cases, the top mesh was not able to
retain the whole amount of air rising from the
underlying M20 mesh. The gas volume trapped
in the top mesh after pinch-off was AVigies =
Voo - Voa, where Vg is the volume of the out-
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Figure 6: Time-lapsed images showing (a): super-aerophilic mesh M30 (w = 0.56 mm) placed above
a super-aerophilic mesh M20 (w = 0.86 mm): the top mesh captures two air bubbles arising from
the bottom mesh (V' ~ 108 uL) before releasing a larger bubble; (b) super-aerophilic mesh M8 (w
= 2.46 mm) on top of a super-aerophilic mesh M30: the top mesh is not able to trap a single bubble
rising from the bottom mesh (V' ~ 115 pL), and pinch-off occurs after impact of a single bubble;
(c) super-aerophobic mesh M16 (w = 1.14 mm) on top of a super-aerophilic mesh M30: the bubble
coming from the bottom mesh (V' ~ 115 L) bounces on the bottom surface of the top mesh and
remains there. The size of the incoming bubbles in all three cases is de; = 1.86 mm. The scale bar

at top left denotes 5 mm.
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Figure 7: Amplification Factor (AF) resulting
from possible combinations of M20 (w = 0.86
mm), M16 (w = 1.14 mm), M12 (w = 1.52
mm), and M10 (w = 1.90 mm) super-aerophilic
meshes. The size of the incoming bubbles is d.,
= 1.86 mm in all cases.

going bubble from this mesh. The OG bubble
volumes for the three different mesh combina-
tions are shown in Fig. 8. Vg decreases with
decreasing pore-size of the top mesh, and ac-
cordingly, AV,e.is rises as the top mesh gets
finer. This observation supports the hypothe-
sis that finer meshes can retain a larger amount
of air after bubble pinch-off, due to the larger
solid-gas interface available there.

Gas bubbles interacting with
wettability-patterned meshes

A wettability pattern is fabricated on both the
top and bottom surfaces of the mesh in the
manner shown in Fig 1 B5-B7. The perime-
ter, p, of the super-aerophilic region, which is
responsible for determining F, can be pre-
cisely varied by varying the geometry of the
pattern. In the uniform-wettability case, the
dried perimeter was determined by the spread-
ing capability of air on the mesh, and was af-
fected by the wake effect. An IC bubble ris-
ing in water produces a wake, which influences
the trajectory of the following bubble. %5 This
results in small variations in the impact loca-
tions, leading to an extended dry perimeter. As
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Figure 8: Outgoing bubble volume Vg result-
ing from super-aerophilic M8 (w = 2.46 mm),
M10 (w = 1.90 mm), and M12 (w = 1.52 mm)
super-aerophilic meshes placed above the M20
(w = 0.86 mm) super-aerophilic mesh. AV is
the gas volume left behind in the top mesh after
pinch-off of the OG bubble.

previously mentioned, the volume of the outgo-
ing bubbles detaching from the mesh depends
on the balance between buoyancy and capillary
forces. Therefore, by precisely controlling the
dry perimeter, and thus F, Vpg can be pre-
cisely controlled (see Video S4 of the Support-
ing Information). As shown in Fig. 5a, the Vo
resulting from the impact of a stream of bub-
bles with d., = 1.86 mm on a uniformly super-
aerophilic M20 mesh was 108.1 + 1.9 uL. By
forming 2x2 and 3x3 squares super-aerophilic
regions on an otherwise super-aerophobic M20
mesh, the resulting Vo are, respectively, 46.30
+ 1.2 pl, and 89.54 + 0.42 pL. Therefore,
wettability-patterning is useful to produce bub-
bles having different Vpg from the same mesh.
An indicative example of this capability is pre-
sented in Fig. 9 for patterned M30 meshes.
Square patterns with three different perime-
ters were also fabricated on both sides of ini-
tially super-aerophobic M20 (w = 0.86 mm)
and M30 (w = 0.56 mm) meshes, and the re-
spective Vpg volumes were measured. Natu-
rally, in order for air to spread over the entire
super-aerophilic domain on the mesh, the ex-
tent of this domain should not be more than the
maximum air spreading capability for the same



(a) (b)

Figure 9: (a) Outgoing bubble volume released
from a super-aerophobic M30 mesh (w = 0.56
mm) patterned with a 3x3 grid square super-
aerophilic region. (b) Outgoing bubble result-
ing from a similar super-aerophobic M30 mesh
patterned with a 5x5 square super-aerophilic
region. The size of the incoming bubbles in
both cases was d., = 1.86 mm (V;¢=3.37 uL).

uniformly super-aerophilic mesh. The buoy-
ancy force is Fg = Voa(pi— pg)g, and the capil-
lary force is Fo = op, with p being the perime-
ter of the super-aerophilic region enforced by
the wettability-pattern. As seen from Fig. 10,
which plots Fg vs. F¢, the relationship between
buoyant and capillary forces is linear. Further-
more, since Fg x Vpg and Fo o« p, it is

AFp
AFc

AVpa
Ap

= const = k (5)
where k = (p; — py)g/o, and A signifies incre-
ment (or decrement). In the case of the M20
mesh, const = 1.15, while for the M30 mesh,
const = 0.71. Therefore, once the Vpg result-
ing from a given dried perimeter is known, it
is possible to predict the Vpg resulting from a
defined increment in p. For a given mesh with
perimeter of a single pore p*, it is possible to
extrapolate the outgoing bubble volume, V.,
resulting from patterning one pore of the mesh.
Voo and p* can be taken as a reference so that
AVoe = Voa — Vi), and Ap = (p — p*). Fig-
ure 10 shows F'g to be significantly smaller than
Fo at detachment. This may be due to the fact
that the volume of the bubble just before de-
tachment (i.e. the volume for which buoyancy
is supposed to balance capillarity) differs from
Voe by a quantity AV, as shown in Fig. 4.
Furthermore, the slope of the M20 curve in Fig.
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Figure 10: Buoyancy force Fp plotted against
capillary force, Fg, for dried perimeter (p) from
11.8 mm to 21.9 mm. Meshes M20 (w = 0.86
mm) and M30 (w = 0.56 mm) were employed,
and the size of the incoming bubbles was d., =
1.86 mm in all cases.

10 is higher than for M30, which indicates that
for the same dry perimeter, the bubble released
from the M20 mesh would be larger than the
M30 mesh. Thus, it can be inferred that the
M30 mesh retain a larger fraction of the gas
after pinch-off, as compared to the M20 mesh.
Consequently, the slope of the straight lines in
Fig. 10 is indicative of the capability of the re-
spective mesh to retain air after pinch-off. This
retaining capability is quantified here through
a dimensionless parameter RC. Since a higher
slope of a line in Fig. 10 infers a lower amount
of air retained in the mesh, the slope can be
assumed to vary as 1/RC. Therefore, a first-
level model for estimating Vpg released from a
super-aerophobic mesh patterned with a square
super-aerophilic region of perimeter p can be

p—p"
kRC (6)
This equation can be used to predict Vpg
for a mesh with p* and patterned with a
square super-aerophilic region having perime-
ter p, once RC and V{,, have been determined
experimentally. It is worth noticing that the
effective value of p may slightly differ from the
one imposed by the wettability pattern, because
of the interwoven nature of the mesh wires at

Voo =~ + Vi
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the junction points. This source of error could
be eliminated by using punched meshes instead
of woven-wire meshes.

Conclusions

The possibility of manipulating gas micro-
volumes, in the form of buoyantly-rising bub-
bles, with submerged meshes of controlled wet-
tability has been demonstrated in this work.
Super-aerophobic meshes have been shown to
prevent or allow the passage of air bubbles
depending on the ratio of bubble volume-
equivalent diameter to mesh pore size, and
bubble-on-mesh impact velocity. Therefore,
super-aerophobic meshes may be employed to
act as filters that selectively allow passage of gas
bubbles depending on their relative size with re-
spect to the mesh openings.

The utility of super-aerophilic meshes for am-
plifying or reducing the volume of a train of
incoming bubbles has also been shown. An am-
plification factor (AF) has been defined as the
ratio of the volume of the outgoing bubble to
that of a single incoming bubble. The experi-
ments show that the finer the mesh, the greater
the amplification factor. The maximum AF ob-
tained for a single super-aerophilic mesh in the
present experiments was about 34.

A further enhancement in AF was obtained by
vertically stacking two uniform super-aerophilic
meshes held horizontally and separated by a
fixed gap. The greatest amplification factor ob-
served in this case was about 78. It was shown
that if the pore size of the top mesh is signifi-
cantly larger than the pore size of the bottom
mesh, then the top mesh could not trap the en-
tire amount of air rising from the bottom mesh.
The volume of the outgoing bubble from the top
mesh is smaller than the volume of the incom-
ing bubble, since a fraction of the incoming air
volume is retained in the mesh pores of the top
mesh.

In another configuration, a wettability pat-
tern was applied on the top and bottom surfaces
of a mesh, so that a super-aerophilic region sur-
rounded by a super-aerophobic domain was ob-
tained. Square-shaped, super-aerophilic regions
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were patterned on super-aerophobic meshes,
and the perimeter of these regions was varied
incrementally. Experiments revealed a linear
relationship between the buoyancy force push-
ing the bubble upwards, and the capillary force
holding the bubble attached on the mesh. A
gas-retaining capability, RC, was defined to
quantify the air volume trapped in the mesh af-
ter bubble pinch-off. RC was found to increase
with decreasing mesh pore size. Finally, the
work produced an analytic expression for the
volume Vo of the outgoing bubble in terms
of the dried perimeter of the patterned super-
aerophilic domain, the value of RC, the perime-
ter of a single pore, the properties of the two
fluids, and the outgoing bubble volume from a
single pore of the same mesh.

Supporting Information

Video S1, Gas bubble interacting with a super-
aerophobic mesh.

Video S2, Gas bubbles interacting with a super-
aerophilic mesh.

Video S3, Gas bubbles interacting with a series
of parallel super-aerophilic meshes.

Video S4, Gas bubbles interacting with a
wettability-patterned mesh.
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