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ABSTRACT: Particle separation from fluid interfaces is one of the
major challenges due to the large capillary energy associated with
particle adsorption. Previous approaches rely on physicochemical
modification or tuning the electrostatic action. Here, we show
experimentally that particle separation can be achieved by fast
dynamics of drop impact on soap films. When a droplet wrapped with
particles (liquid marble) collides with a soap film, it undergoes
bouncing and coalescence, stripping and viscous separation, or
tunneling through the film. Despite the violence of splashing events,
the process robustly yields the stripping in a tunable range. This
viscous separation is supported by the transfer front of dynamic
contact among the film, particle crust, and drop and can be well
controlled in a deterministic manner by selectable impact parameters.
By extensive experiments, together with thermodynamic analysis, we
disclose that the separation thresholds depend on the energy competition between the kinetic energy, the increased surface energy,
and the viscous dissipation. The mechanical cracking of the particle crust arises from the complex coupling between interfacial stress
and viscous forces. This study is of potential benefit in soft matter research and also permits the study of a drop with colloid and
surface chemistry.

1. INTRODUCTION
Particle adsorption at fluid interfaces is a ubiquitous
phenomenon that plays an important role in industries ranging
from the health, environmental, food, to energy sectors.1,2 For
example, accumulation of dispersed particles at oil−water or
air−water interfaces has been used to stabilize foams and
Pickering emulsions in pharmaceutical,3 food,4,5 and cosmetic
industries. Particle-encapsulated liquids have been adopted in
miniature systems for biological and environmental applica-
tions, such as microarrays for high-throughput analyses and
purifications.6,7 The mining industry takes advantage of
particle attachment to air bubbles to separate and recover
valuable minerals.8 The interfacial self-assembly of colloids
provides unique opportunities to create novel materials with
desired properties and functionality.9−11 More recently,
particle-stabilized emulsions are being explored to enhance
oil recovery and biofuel conversion processes.12,13

Particles in the multiphase systems normally range in size
from a few nanometers to tens of micrometers,14 which have a
strong tendency to adsorb at fluid interfaces. The driving force
for this interfacial attachment is a reduction in interfacial
energy. The adsorption is most favorable when the particle is
wetted equally.15 Even for nanoscale particles, this process is
very robust and irreversible due to the large capillary energy
associated with adsorption, typically many orders of magnitude
larger than the thermal energy.16 This strong attachment of

particles at liquid interfaces is beneficial for engineering
applications since they enhance stability,17 but it poses
significant challenges when particle separation is a requirement
for sustainability and cost efficiency of the process.
Common approaches to particle separation rely on the

physicochemical modification of the liquid phases. Desorption
at the fluid interface has been achieved by adding a surface-
active agent18,19 or tuning the strength of electrostatic
repulsion between particles through pH and electrolyte
concentration.20,21 Moreover, external fields have also been
suggested for particle removal. A magnetic field has been used
to destabilize emulsions of oil in water.22 The gravitational
field was responsible for the detachment of colloidal particles
from drops of oil in water.23,24 Alternatively, compressing the
surface area results in mechanical desorption, as shown by
ultrasound, cooling, or acoustic levitation desorption of
colloids from particle-laden bubbles.25−28 However, these
methods for particle separation are either dependent on
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specific particle properties or do not allow a precise control of
release.
Here, we demonstrate a viscous separation concept by using

a free-standing soap film as a physical separator to achieve
particle separation from a fluid interface that cannot be
attained by conventional technologies. High-speed imaging
provides visual proof of dynamic modes when a liquid marble
(LM) impacts a soap film. Within a tunable range of impact
velocities, we observe that viscous separation of the nano-
particles from LMs occurs in a deterministic manner. The
thermodynamic analysis further predicts the thresholds of such
separation with a splash. This study highlights new phenomena
associated with LMs’ impact on liquid films, which could have
far-reaching implications for the investigation of colloids and
surface science.

2. MATERIALS AND METHODS
2.1. Materials. Ethanol, iron chloride hexahydrate (FeCl3·6H2O),

iron(II) chloride tetrahydrate (FeCl2·4H2O), tridecafluorooctyltrie-
thoxysilane (TFOTES) (97%), and sodium dodecyl sulfate (SDS)
were purchased from Aladdin Biochemical Technology Co., Ltd.
NH4OH solution was purchased from Sigma-Aldrich. All the
chemicals were used as received without further purification.
Deionized water purchased from Beijing Fengyuhua Environmental
Protection Technology Co., Ltd. was used for all experiments.
2.2. Preparation of Nanoparticles and LMs. First, 400 mL of

water/ethanol solution with a volume ratio of 4:1 was prepared, and
then FeCl3·6H2O (1.70 g, 6.28 mmol), FeCl2·4H2O (0.60 g, 3.02

mmol), and TFOTES (0.40 mL, 10.46 mmol) were dissolved in it.
The aqueous NH4OH solution (1.5 M) was added dropwise to the
solution under nitrogen protection and vigorously stirred until it
reached pH = 8. After stirring for 24 h, the resulting precipitate was
isolated from the solution with a bar magnet, washed with a water/
ethanol mixture three times, and dried at 60 °C (Figure 1a). The
Fe3O4 powders were placed evenly on a glass dish. A droplet with a
constant volume released by a precise microinjector was allowed to
fall on the particle bed in the dish. A layer of particles adhered to the
drop bottom. Then, a magnet was placed at the dish bottom to roll
the droplet, wrapping the particles evenly on the drop surface (Figure
1b).

2.3. Preparation of the Liquid Film. To obtain the liquid film,
the holding frame was prepared by a printing method. A
photosensitive resin was selected as the printed material. A groove
in the frame increased the liquid storage. The inner diameter, outer
diameter, and thickness of the frame were 72, 80, and 4 mm,
respectively. The depth of the groove was 1 mm, and the central angle
corresponding to each groove was 2°. Both the upper and lower sides
of the frame had grooves. Moreover, a soap solution consisting of
stabilized materials could be obtained by mixing deionized water with
SDS and guar powder. By varying the SDS concentration and adding
guar powder, the lifetime and extensional rheology could be flexibly
tuned. The soap film had good stability in this experiment with a
surfactant concentration of 0.5 wt % and guar gum at 0.2 wt % (Table
1).

2.4. Experimental Methods. The transmission electron micros-
copy (TEM) images and elemental maps were obtained using a JEM
2100F operating in the bright-field mode with an accelerating voltage
of 200 kV. X-ray diffraction (XRD) analysis was performed on a

Figure 1. (a) Synthesis process of Fe3O4 nanoparticles. (b) Preparation process of the LMs.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c02994
Langmuir 2022, 38, 2055−2065

2056

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02994?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Bruker D8 ADVANCE X-ray diffractometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
Escalab 250xi instrument. A Shimadzu UV-3600 spectrometer was
used to measure the UV−vis transmittance spectra.
For the impact experiment, the impact velocity was tuned by the

falling height. The impact dynamics were traced from both the top
and side view by using high-speed cameras (ImageIR 5380, InfraTec)
at a frame rate of 3000 fps. We repeated a set of experiments for
different impact velocities and LMs of different diameters (Table 2).
Based on the sequential images, we calculated the impact velocity and
recorded the dynamic trajectory.

3. RESULTS AND DISCUSSION
3.1. Characterization. LMs are prepared by using

hydrophobic Fe3O4 particles (Figure 2a).29 The contact
angle of a drop sitting on the particle bed is 120.9 ± 1.4°
(Figure 2b). The TEM image shows that the particles have
certain anisotropy, which can be approximately regarded as
spherical with an average particle size of 13.4 nm (Figure 2c).
Elemental mapping confirms the coexistence of Fe and O such
that they are homogeneously dispersed on the powder surface
(Figure 2d). The XRD pattern confirms the sharp peaks at 2θ
= 30−80° that were assigned to (110), (220), (311), (400),
(422), (511), (440), (620), and (533), which agree well with
the crystallographic planes of Fe3O4 (Figure 2e).30 The XPS
pattern of the wide-scan spectrum of the particles (Figure 2f) is
dominated by the signals of Fe, O, and C elements. The Fe
2p3/2 and Fe 2p1/2 core levels are present at 711.3 and 724.2
eV, respectively (Figure 2g), which are in association with the
Fe3O4 crystallite in the carbon network.31 The Fe 3p peak can

be deconvoluted into the Fe2+ and Fe3+peaks, and the total
relative areas of the constituent peak are calculated. Since
stoichiometric Fe3O4 can also be expressed to FeO·Fe2O3, the
Fe2+/Fe3+ratio should be 1:2 or 0.33:0.67. The deconvoluted
peaks using the parameters defined above give Fe2+/Fe3+ =
0.34:0.66, clearly indicating the stoichiometric oxide within the
uncertainty of the calculations.

3.2. Design Principles and Impact Modes. Figure 3
shows a dynamic falling-impact process between a LM and a
static soap film. The films consist of a stabilized reagent and
other additives. Liquid molecules are held between two layers
of surfactant molecules, creating a thin liquid film (inset of
Figure 3).32 By varying the surfactant concentration, we can
tune the surface tension of the film in a certain range ∼ mN/m.
To sustain the surface tension, a printed annular frame is used
to hold the liquid film. When a LM with a diameter of d is
released from an initial height h0 onto the liquid film with a
specific surface tension σ = 33.8 mN/m, one can notice that at
certain values of initial height, the liquid drop passes through
the film and the coated particles peel off from the LM. On the
basis of experimental observation, we categorize the particle−
film interactions into different dynamic modes: mode I
bouncing and then coalescence, mode IIstripping and
viscous separation of the coated nanoparticles, and mode
IIItunneling and totally passing through the film.

3.2.1. Bouncing Dynamics. The kinetic energy is relatively
low (v0 < 0.62 m/s for d = 2.9 mm) in a bouncing event
(Movies S1 and S2). The LM oscillates over the film until it
coalesces with the film. This observation is consistent with the
fluid trampoline.33 The kinetic energy is primarily converted
into the surface energy of the distorted film during impact. The
bulk of this energy is then restored into the kinetic energy of
the LM. Although some particles do indeed shed upon the first
bounce, LM bounces upward rather than coalescing with the
liquid film due to the hydrophobicity of particles and the
existence of an air layer (Figure 4a). Different from the pure
droplets, the air layer refers to the air retained in the particle
gaps. With the successive bouncing, the coated particles are
modified by the surfactant, leading to the cracking of the air
layer and coalescence of the LM with the film. Such transition
from the bouncing decay to coalescence is controlled by the
resistance from the air layer34 and modification rate of the
particles. The air layer provides the air cushion with transient
stability against extrusion, mediates momentum transfer, and
consumes a considerable part of energy.35 After impacting, the
LM becomes oblate but recovers a nearly spherical shape when
the soap film reaches the maximum elongation deformation.
The bouncing strength decreases gradually and finally
coalesces with the film at 259 ms, and the nanoparticles
desorb from the LM surface (Figure 4b,c). Compared to the
drop impact on the liquid film,33 the partial coalescence is not
observed and the coalescence duration is extended due to the
good stability of the LM. The falling height that can meet the
bouncing modes decreases with the increase of the LM
diameter (Figure 4d). The gravity of the LM increases with the
diameter, so it is necessary to reduce the inertial force by
decreasing the height to achieve force balance. The dynamic
trajectories of the LMs with diameters of 2.3 and 2.9 mm show
irregular oscillation with small peaks between 100 and 150 ms,
which is due to the oscillation frequency of the film being
greater than the bouncing frequency. With the increase of the
diameter and decrease of the height, both frequencies tend to
be the same, so the trajectory exhibits a smooth curve.

Table 1. Physical Properties of the Soap Solution

physical parameters value

density (kg/m3) 830
viscosity (mPa·s) 6.48
surface tension (mN/m) 33.8

Table 2. Dynamic Modes of LMs with Different Diameters
and Heights

diameter of LMs (mm)

impact state

initial falling height
(cm) 2.3 2.9 3.3 3.7

1.0 bouncing bouncing bouncing bouncing
1.1 bouncing bouncing bouncing bouncing
1.2 bouncing bouncing bouncing stripping
1.3 bouncing bouncing bouncing stripping
1.4 bouncing bouncing stripping stripping
1.5 bouncing bouncing stripping stripping
1.7 bouncing bouncing stripping stripping
2.0 bouncing stripping stripping tunneling
2.1 bouncing stripping stripping tunneling
2.2 bouncing stripping tunneling tunneling
2.3 bouncing stripping tunneling tunneling
3.0 bouncing stripping tunneling tunneling
3.1 stripping tunneling tunneling tunneling
3.2 stripping tunneling tunneling tunneling
3.3 stripping tunneling tunneling tunneling
3.5 stripping tunneling tunneling tunneling
4.0 stripping tunneling tunneling tunneling
5.0 tunneling tunneling tunneling tunneling
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3.2.2. Stripping Dynamics. Increasing the impact velocity
(0.62 < v0 < 0.77 m/s for d = 2.9 mm) leads to the particles
peeling off from the LM in a stripping event (Movies S3 and

S4). The resistance pressure causes the LM to compress and
deform, and the particles beneath are subject to the viscous
drag force from the film. When the drag force is greater than

Figure 2. (a) Liquid marble sitting on a glass substrate. (b) Contact angle of hydrophobic Fe3O4 particles. (c) TEM image and size distribution of
the particles. (d) EDS mapping images of the sample. (e) XRD and (f) XPS patterns of the particle aggregates. (g) XPS spectrum of Fe.

Figure 3. Concept of viscous separation showing different modes of the LM impact on the soap film: mode I-bouncing, mode II-stripping, and
mode III-tunneling.
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the attractive force between particles, the particle crust is
ruptured (Figure 5a), and thus, the water drop flows out via
the opening gap. The liquid film continues to stretch
downward under the action of gravity and inertial force until
it reaches the elongation limit at t = 21 ms, then gradually
relaxes back to its initial state, and self-heals the opening hole
on the film. Subsequently, as the LM continues to fall, the
particle crust detaches from the LM surface and gradually
transfers onto the soap film under the viscoelastic action
(Figure 5b,c).36 After the detachment, the particle transport
can be distinguished into two stages: first, contraction and then
diffusion (Figure 5b). This is due to the variation of force
directions under the stretching and bouncing actions of the
film. The separation points delay and the oscillation amplitudes
increase with the increase of the LM diameter due to the
decrease of the falling height (Figure 5d). Due to the viscous
resistance, the falling velocity sharply decreases when it makes
contact with the film, especially during the separation stage.
No remarkable differences can be detected in the transmittance
spectra of separated water and deionized water, which confirms
that no particles present in the separated water and the coated
particles can be fully peeled off from the LM (Figure 6).
Although the continuous operation of particle separation has
been achieved in a successive stripping process (Figure 7 and
Movie S7), the process is very complex and difficult to control
due to complex periodic states and chaotic nature of the
stripping behaviors.

3.2.3. Tunneling Dynamics. The kinetic energy determines
whether the LM can pass through the film or not, and thus, a
critical velocity exists for each case. In a tunneling event
(Movies S5 and S6), the soap film is not able to absorb the
initial kinetic energy of the LM. The film deforms into a pocket
due to gravity and the inertial force of the LM (Figure 8a).
This pocket then pinches off at the top of the LM and forms a
liquid shell packing the LM.37 The film reforms as the LM
passes through, and the analogous self-healing effect can be
observed in Figure 8b.38 The energy barrier of the liquid film
and the elastic potential energy of the LM cause the LM to
deform back and forth (Figure 8c). According to the energy
minimization principle,39 when the contact line crosses the
equator upward, the liquid film shrinks above the LM to form a
hyperbolic neck (Figure 8c). As the LM descends, the neck
shrinks rapidly and closes, forming a liquid filament (Figures
8b,c). At this moment, the film barrier disappears since the
pulling force approaches zero, and the LM begins to fall freely
again. Unlike the drop oscillation passing through the liquid
film, the LM always maintains spherical falling with a liquid
shell due to its rough surfaces and strong surface potential
energy.40,41 By calculating the derivation of the falling height (

=v h
t

d
d
), it can be known that the falling velocity first decreases

and then increases, and the smaller the diameter is, the more
obvious the change is (Figure 8d). The velocity decrease at the
initial stage of impact is due to the viscous dissipation from
dynamic wetting.42 Large-size LMs can pass through the liquid

Figure 4. Bouncing dynamics of mode I. (a) Schematic diagram. (b) Top-view and (c) side-view sequential images for the case of d = 2.9 mm and
h0 = 1.5 cm. (d) Dynamic trajectory of the LM at various d and h0 (h is the distance from the centroid of the LM to the equilibrium position of the
liquid film).
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film at a low initial height since gravity provides more driving
force.
3.3. Some Analysis of the Impact Process. In this

section, we conduct energy, nondimensional, and mechanical
analysis of the impact process to gain insights and physical
mechanisms for particle separation.
3.3.1. Energy Analysis. To determine the mechanisms that

dictate whether the coated particles can be peeled off or pass
through the film, we systematically added LMs with different
diameters dropwise into the liquid film from different heights
and traced the corresponding dynamic processes (Table 2). To
gain physical insights into the separation mechanism and

criteria, we compared the magnitudes of the kinetic energy
(Ek) of the LMs at impact to the other forms of energy, such as
the maximum increase in the film surface energy due to
stretching (Es)

43 and energy dissipation (Ed) due to the
viscous effects and LM deformation. In our experiments, the
capillary number Ca was ∼10−1, indicating that the viscous
effects were significant compared to the surface tension effects
and therefore cannot be neglected.
As the LM impacts the film, it stretches the film, converting

the kinetic energy into film surface energy. The viscous effect
between the LM and film leads to the energy dissipation.
When the LM drops from a certain height falling onto the

Figure 5. Stripping dynamics of mode II. (a) Schematic diagram. (b) Top-view and (c) side-view sequential images for the case of d = 2.9 mm and
h0 = 2.0 cm. (d) Dynamic trajectory of the LM at various d and h0 (the uncolored open symbols represent the trajectory of the particle layer after
stripping).

Figure 6. Transmission spectrum of the nanofluids with different concentrations (∼2, 7.5, and 28 ppm) and the separated water from the LM and
deionized water.
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liquid film, the initial kinetic energy (Ek) of the LM is
expressed as

= = = πρE mv mgh gh d
1
2

1
6k 0

2
0 0

3
(1)

where m is the mass of the LM, v0 is the impacting velocity, h0
is the initial falling height, and d is the LM diameter. Besides,
the film approaches to forming a catenoid shape when slow-
moving LMs impact the liquid films. The maximum change in
surface energy (Es) due to the film stretching is approximated
to be the difference between the maximum area the film can
stretch and the area of flat film of the outer radius Rf. This
change in surface energy is approximated as

φ φ= πσ + − πσE C R h R(sin ) 2s b
2

f
2

(2)

where φ = · ( )2 acosh R
R

f

b
, Rb is the radius of the LM, Rf is the

radius of the liquid film, and C is a correction factor ∼1.0027
to make the maximum film stretch area close to the
experimental data.
The energy lost due to viscous dissipation reaches a

maximum value as the LM approaches its maximum
deformation. According to the Pasandideh-Fard model, the
viscous dissipation energy (Ed) can be expressed as44,45

π ρ=E v dd
Re3
1

d m 0
2

max
2

(3)

Figure 7. Successive stripping process for continuous particle separation.

Figure 8. Tunneling dynamics of mode III. (a) Schematic diagram. (b) Top-view and (c) side-view sequential images for the case of d = 2.9 mm
and h0 = 2.2 cm. (d) Dynamic trajectory of the LM at various d and h0.
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where ρm is the density of the LM, dmax is the maximum
diameter of the expanded LM, and Re is the Reynolds number
of the LM. To simplify the calculation, dmax and Re1/ can be
regarded as linear equations varying with d, based on the
experimental data, which are dmax = 1.44d and

= − +Re d1/ 8.64 0.105, respectively.
The three modes can be distinguished by the competitive

relationships among Ek, Es, and Ed. When the kinetic energy of
the LM is less than the maximum change of the surface energy
of the liquid film (Ek < Es), the LM bounces on the liquid film,
leading to mode I. When the kinetic energy of the LM is
greater than the sum of the maximum variation of the surface
energy in the liquid film and the viscous dissipation energy (Ek

> Es + Ed), the LM will break through the barrier of the film
and continue to fall freely, which is mode III. When Es < Ek <
Es + Ed, the particle layer ruptures and transfers to the liquid
film under the action of viscous force, while the inside liquid
passes through the film, leading to the stripping dynamics of
mode II. By the energy balance, we obtained the thresholds as
in Figure 9a

σ ϕ ϕ
ρ

=
[ + − ]

‐h
Cd R

gd
3 (sinh ) 8

20,I II

2
f
2

3
(4)

σ ϕ ϕ
ρ

≈
[ + − ]

+‐h
Cd R

gd d
3 (sinh ) 8

(1.04 78.8 )0,II III

2
f
2

3
(5)

3.3.2. Nondimensional Analysis. From a kinetic point of
view, the impact process is affected by gravity, surface tension,
inertial force, and viscous force, and the separation process is
controlled by a number of parameters such as the liquid
density (ρ), viscosity (μ), surface tension (σ), LM diameter
(d), gravitational acceleration (g), and impacting velocity (v0).
Generally, the physical description of the impact process is as
follows

σ μ ρ =F v d g( , , , , , ) 00 (6)

Based on the Π theorem,46 choosing ρ, v0, and d as basic
quantities, nondimensional quantities can be formed

π
ρ

σ
π

ρ
μ

π
ρ

= =

=

v d v d

v d
g

, ,
a b c a b c

a b c

1
0

2
0

3
0

1 1 1 2 2 2

3 3 3

(7)

By substituting the basic dimensions into the physical
quantities in π1, we get the following results

Figure 9. (a) Regime map derived from the experimental results and the separation thresholds for successful stripping. (b) Regime map based on
nondimensional analysis. (c) Mechanical analysis for understanding the particle separation and diffusion. (d) Particle stripping (e) and transport
process.
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=− − −MT (ML ) (LT ) La b c2 3 11 1 1 (8)

According to the principle of dimensional consistence, the
exponent is obtained: a1 = 1, b1 = 2, and c1 = 1. Therefore, π1 is
expressed as

π
ρ

σ
= =

v d
We1

0
2

(9)

where We = ρv0
2d/σ is the Weber number (ratio of the inertial

force to the surface tension). Similarly, π2 and π3 are expressed
as

π ρ
μ

= =vd
Re2

(10)

π = = =v
gd

Fr
We
Bd3

2

(11)

where Re = ρv0d/μ is the Reynolds number (ratio of the
inertial force to the viscous force) and Bd = ρgd2/σ is the Bond
number (ratio of gravity to the surface tension). Thus, the
nondimensional relationship is expressed as

π π π = =f f We Re Bd( , , ) ( , , ) 01 2 3 (12)

Three nondimensional numbers are derived via nondimen-
sional analysis: We, Re, and Bd. A regime map built on
nondimensional numbers offers more general information for
the separation criteria, and the separation region is marked as
We = 0.00028·Bd−0.488Re2.020 (blue region in Figure 9b).
3.3.3. Mechanical Analysis. We can get more insights into

particle separation and transport by mechanical analysis. The
cracking of the particle crust initiates during the ongoing
deformation of the LM. The internal liquid then drips out, and
the particles that are viscoelastic are transported to the film.
We ascribe this breakup of the particle aggregates to the
viscous hydrodynamics of the particle-armed fluid interface,
which represents the mechanical property of the interface
responding to external deformations with a shear mode.47 The
resulting viscous drag force on a particle can be expressed as

= πμF v r6d 0 p (13)

where μ is the viscosity of the film and rp is the particle radius,
∼6.7 nm. The interaction between particles includes electro-
static repulsions, London−van der Waals forces, capillary
interactions, and steric interactions, depending on the
properties of the fluids and of the particles.48 However, SDS
greatly reduces the electrostatic repulsion between the
particles,49 and the steric interaction only accounts for colloidal
particles with the polymer interface.50 Thus, two attractive
forces should be considered in our experiment: van der Waals
and capillary forces. The van der Waals force is written as
follows51

= −F
A r

D12vdW
eff p

2 (14)

where Aeff is the effective Hamaker constant ∼1.37 × 10−20 J52

and D = z − 2rp is the separation surface ∼0.12 nm at contact.
The capillary force is53

ϕ ϕ≈ − πσ [ + ]F H
r

z
12 cos 2( )

4
cap 2

2
A B

pc
4

5 (15)

where H2 is the amplitude of the (quadrupolar) undulations of
the contact line ∼1 nm, ϕA,B is the orientation angle of the
particles relative to the line centers, and the particle size is too
small compared to the LM, so cos[2(ϕA + ϕB)]≈1; rpc = rp·
sinθ is the radius of the contact line, and z is the distance
between the particle centers. Thus, when the impact velocity
exceeds a critical value, Fd > FvdW + Fcap, the drag force drives
the cracking of particle aggregates, leading to the rupture of the
particle crust (Figures 9c,d). By combining eqs 13−15, the
critical velocity can be calculated as 0.64 m/s for d = 2.9 mm.
For the particle transport, the falling velocity of the LM is

much faster than that of the film. Thus, the particles move
upward relative to the LM under the actions of the viscous
force (Fd) and surface tension (Fσ) so that the particles transfer
to the surface of the liquid film. When the film approaches the
deformation saturation, the trapped particles converge to the
center under the action of the shrink force (Fs), which is the
combination of the viscous force (Fd) and the holding force
(Fh). Fh is the vertical force exerted by the liquid film on
particles, which mainly comes from buoyancy and elasticity.
When the film rebounds upward, the particles are affected by
the upward elastic force (Fe), the viscous force (Fd) parallel to
the film, and the outward capillary force (Fc), in which Fc is the
resultant force of surface tension and capillary influence on
particles. Thus, the particles diffuse and scatter outward along
the film (Figure 9c,e).

4. CONCLUSIONS
In summary, we show that a free-standing soap film can be
facilely engineered to completely separate the particles from
the liquid surface, resulting in at least two unique
contributions: first, we present visual evidence of dynamic
modes of the bouncing, stripping, and tunneling process from
LMs’ impact on the soap film; second, the threshold of viscous
separation with a splash is identified from the energy analysis.
The results indicate a strong correlation between the particle
separation, impact velocity, variation of surface energy, and
viscous dissipation. The separation criteria based on We, Re,
and Bd are identified via nondimensional analysis. The
threshold model and separation criteria validated with
comprehensive experiments provide a quantitative guide for
the material choice and operating conditions for scalable
particle recycling with high yield.
However, there are a few limitations of this work that are yet

to be explored. First, the viscous effect between the LM and
liquid film is the key mechanism for the separation of particles
from the internal liquid. Further investigation of successive
collision is necessary to understand the potential for the
continuous operation of the process. Second, the capillary
interaction or energy associated with particle adsorption varies
with the particle size, morphology, and surface properties.
Different materials with diverse sizes and morphologies should
be extensively studied to better understand the interfacial stress
and viscous behavior on particle separation. Furthermore, in
this study, we focused on the novel mechanism of particle
separation rather than in-depth exploring the particle transport.
This discovery will lead to additional work investigating the
transport and fate of these particles in the environment.
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