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This study describes the fabrication of bioinspired mechano-regulated inter-
faces (MRI) for the separation and collection of oil spills from water. The MRI
consists of 3D-interconnected, microporous structures of sponges made of
ultrasoft elastomers (Ecoflex). To validate the MRI strategy, ecoflex sponges
are first fabricated with a low-cost sugar-leaching method. This study then
systematically investigates the absorption capacity (up to 1280% for chlo-
roform) of the sponges to different oils and organic solvents. More impor-
tantly, the oil flux through the as-made sponges is controlled by mechanical
deformation, which increases up to =33-fold by tensile strain applied to the
sponge from 0 to 400%. On the basis of MRI, this study further demonstrates
the application of ecoflex sponges in oil skimmers for selective collecting oil
from water with high efficiency and durable recyclability. The as-developed
MRI strategy has opened a new path to allow rational design and dynamical

utilized in various fields including clean-
up, packaging, thermal insulation, flame
retardant, and soft electronics with
materials, such as carbon, polyurethane,
and polydimethylsiloxane (PDMS).B-18]
The intensive investigations on such
mechano-regulated strategies adopted
by the living systems and tremendous
efforts on the biomimetic ones have
opened a new path to the development
of high-performance devices in many
fields, including energy, electronics,
healthcare, and environment.[1%-22]

Oil pollution, on the other hand, has
become, in recent years, a critical threat
to the survival of living things and the

control toward developing high performance devices for oil permeation and

selective collection of oil spills from water.

In order to survive in nature, living systems undergo highly
defined morphological evolution to adapt to environmental
changes. For example, sponges,ll aquatic animals of the
phylum Porifera, possess bodies full of pores, channels, and
chambers, through which a water flow circulates, to bring food
and oxygen, and to remove wastes. Therefore, sponges repre-
sent a biological paradigm for storage and release of water in a
so-called porous system. Possessing similar unique character-
istics of natural ones, biomimetic systems have become more
and more appealing.>") Artificial sponges, which resemble the
aforementioned porous and elastic animal sponges, have been
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sustainable development of the society.
For example, petrochemical, textile, and
food industries cause oil pollution in
rivers, lakes, and oceans, including the
precious drinking water.>3-2°] Therefore,
an effective and cheap method to separate oil/water mixtures
is of grave importance for society and industry. Conventional
approaches to remove oil spills include absorption with micro-/
nanocomposites,?®l in situ burning,*’! vacuum suction,?®
bioremediation,?”) skimming,?% and flotation.3!! However,
these traditional methods suffer from their intrinsic limits of
low efficiency and high operation cost, and some even suffer
from secondary pollution. Here, advanced materials and
approaches to separate the valuable resources, oils and water,
are required.?63273% In recent years, the so-called smart mate-
rials arose and drew much attention in the scientific commu-
nity. Smart materials are stimuli-responsive materials, which
react to various stimuli, such as illumination,’”] pH,B%3
temperature,***4 chemical trigger,** magnetic field,*8->"
electric field," and deformation.'>71 For example, Xue
et al.*! proposed a thermoresponsive block copolymer coated
mesh to separate water and oil. Recently, a dual-responsive
material based on a pH and temperature responsive hydrogel-
coated mesh was suggested by Cao et al.’?l While these new
methods are elegant, they lack the applicability in challenges
outside the laboratory. The responsive materials may have
problems, such as slow reaction time, low recyclability, low
efficiency, and poor usability to irregular and erratic interfaces.
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Figure 1. a) Schematic illustration of the bioinspired mechano-regulated interfaces (MRIs) of hydrophobic and ultrasoft sponges made out of elas-
tomer for dynamically controlled oil flux by stretching and compressing. b) Schematic illustration of the MRI-integrated oil skimmer and its application

in collecting oil spills from water.

Therefore, new systems that function in complicated systems
possess high chemical inertness and can operate under and
after the mechanical stress is needed.

To address this need, we introduce a mechano-regulated
interface (MRI) for rationally designed, dynamically controlled
oil permeation and the application in skimmers for collecting
oil spills from water (Figure 1). In the present MRI strategy,
the oil permeability is regulated by either extension or com-
pression of the MRI. The key novelty of this strategy is that the
bioinspired, mechano-regulated interface features a controlled
permeability of oils, whereas the interface retains its imper-
meability toward water (Figure 1la). To validate this strategy,
we fabricated the MRI with 3D-interconnected, microporous
sponges with Ecoflex. Notably, Ecoflex is hydrophobic and an
ultrasoft elastomer with giant stretchability (up to 900% tensile
strain). To characterize the liquid absorption performance of
Ecoflex sponges, absorptivity tests were conducted for various
organic solvents, ranging from polar solvents like ethanol to
nonpolar solvents like hexane, and absorption and releasing
cycles for paraffin oil were executed to signify the reusability
of the sponge. What is more, to demonstrate the mechano-
regulated features on oil flux, the permeation rate of par-
affin oil was controlled either by the thickness of the sponge
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or the mechanical strain applied to the sponge. As proof-of-
concept, we successfully demonstrated the application of an
MRI-integrated skimmer to automatically collect oil spills from
water (Figure 1b).

To fabricate the MRI with Ecoflex, we applied a low-cost
and environmentally friendly method, the so-called sugar
leaching. Notably, the key feature of the MRI is that the inter-
face consists of 3D-interconnected, microporous structures
of ultrasoft elastomer. Previously, we have applied such a
sugar-leaching method to fabricate PDMS sponges to con-
struct 3D compressible and stretchable conductors.') In
the present study, we followed a similar procedure to fabri-
cate Ecoflex sponges (Figure S1, Supporting Information).
Figure 2a shows an image of this 3D sugar template with the
dimensions of 20 X 20 x 11 mm? (I/w/h). The sugar crystals
and the voidage between these crystals are clearly visible.
After the template-assisted fabrication, the as-made sponge
(Figure 2b) possesses dimensions similar to the template
(17 x 17 x 9 mm?), of which the out layer has been removed
to expose the sugar for dissolving. The porous structure of the
sponge is visible by naked eye and is exemplified in the scan-
ning electron microscopy (SEM) micrograph in Figure 2c.
The as-made sponge is highly flexible and exhibits a high
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Figure 2. Digital images of a) a sugar cube and b) an as-made sponge. ¢) SEM image of an Ecoflex sponge. Digital images of a sponge during
d) compression and e) relaxing. f) Digital image of the water droplet (doped with blue dye) and paraffin oil (doped with red dye) deposited on an as-made
sponge. g) Absorption capacity of as-made Ecoflex sponges for different organic solvents. h) Absorption capacity of paraffin oil at different loading cycles.

elasticity (Figure 2d,e). After compression of the sponge, it
will rapidly regain its former shape (Movie S1, Supporting
Information). The wetting properties of the sponge were
investigated by contact angle measurements and showed—
with a water contact angle of 124° + 2°, larger than that of the
smooth Ecoflex patch (106° £ 5°), and a paraffin oil contact
angle of <1°—the hydrophobic and superoleophilic proper-
ties of the sponge (Figure S2, Supporting Information). As
shown in Figure 2f, water features a nearly round shape on
the porous sponge, whereas the paraffin oil spreads on the
sponge, while it is absorbed (Movie 2, Supporting Informa-
tion). Such differences on wetting ability are attributed to the
molecular and porous structures of the sponges, of which
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not only the roughness but also the air trapped within the
micropores significantly increases.

Importantly, the as-made sponges exhibited significant
absorption capability and reliable recyclability upon absorp-
tion to various organic compounds spanning from peanut oil
to chloroform. A detailed description of the measurement pro-
cedure for the absorption capacity of the sponges is given in
Equation (S1) in the Supporting Information. Indeed, the sponge
exhibited absorption capacities ranging from 127% (peanut
oil) to 1280% (chloroform) (Figure 2g). Very interestingly, the
extreme high absorption capacity of chloroform and dichlo-
romethane can be related to the high density of the solvents
and their swelling property, which is in good agreement with
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previous studies of porous PDMS sponges.["®l The nonpolar sol-
vents, hexane and methylbenzene, have a relative large absorp-
tion capacity compared to peanut oil, paraffin oil, and FC-40,
which are attributed to the differences in swelling ability. Nev-
ertheless, our Ecoflex sponge may possibly be utilized to selec-
tively absorb both nonpolar and polar organic solvents. We thus
successfully demonstrated the separation of water/paraffin oil
and water/chloroform, as shown in Figure S3 and Movies S3
and S4 in the Supporting Information. More interestingly,
enhanced durability and recyclability of the Ecoflex sponges
during absorption and release of the oils and organic solvents
were observed. Notably, the recyclability of the sponge and the
recoverability of the oils and organic solvents are key factors for
any practical application. In the present study, a loaded Ecoflex
sponge releases readily its adsorbed oils and organic solvents
by squeezing manually. The resulting graph in Figure 2h illus-
trates that the absorption capacity is virtually constant, perhaps
showing a miniscule improvement during the advancement of
the reusability experiment. Similar results were observed even
for the organic solvent with high swelling property like chlo-
roform (Figure S4, Supporting Information). The constant
absorption capacity signifies the practicability of the composite
as a durable, cheap, and environmentally friendly device for oil
(or organic solvents) water separation.

More importantly, the oil permeation of the MRI made of
Ecoflex sponges can be either tuned irreversible by the thick-
ness of the sponge/sponge membrane or, as a specific feature
of our sponge, reversible by a mechanical stress, which induces
an increase in pore diameter. To determine the oil flux and
validate our MRI strategy, we thus developed an oil skimmer
(Figure 1b). Briefly, the oil skimmer comprises a glass bottle or
glass vial, which is closed with the sponge, and a tube to release
the pressure (Figure 1b). The pressure equalization is necessary
as the oil is rapidly wetting the total surface of the polymeric
sponge, thus blocking the air flow. The skimmer was filled with
paraffin oil via the sponge lid. The flow rates were calculated
by adapting an oil skimmer device (Equation (S2), Supporting
Information).

Very interestingly, by varying the thickness of the sponge, the
oil flux varied between 285 * 69 g s™! m~2 (thickness: 8.0 mm)
and 1690 + 73 g s7! m~2 (thickness: 2.0 mm) at a tensile strain
of 260 + 40% (Figure 3). The oil flux linearly decreased from
2 to 8 mm. This is explained by taking into account the linear
increase of the distance for the oil to penetrate through. More
importantly, the reversible adjustment of the oil flux was
accomplished by varying the tensile stress between 0 and 400%,
while the thickness was kept constant. The oil flux increased
monotonically with increasing applied tensile stress from 0 to
400%. The increment of the tensile stress enlarges the pores
of the sponge, which increases, in return, the oil flux.’3l The
relative incline was dependent on the thickness of the MRI.
While a relative thin sample (1.7-4.7 mm) yielded a broad spec-
trum of oil flux rate, with an increase of up to 371-3343% of
its flux rate, the spectrum of oil flux rate was narrowed by uti-
lizing thicker samples, such as 7.4 mm (151%). As shown in
Figure 4b,c, a SEM micrograph of the sponge under a strain of
=~200% is shown, indicating the enlarged pores in comparison
to the relaxed sponge (Figure 2c). The effect of pore enlarge-
ment on flux was also observed recently by Yan et al.}% for their
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Figure 3. Oil flux a) versus the thickness of the MRI and b) versus the
variation of the tensile strain for MRI sponges with different thicknesses.

oil skimmer device based on a 3D printed mesh. For compar-
ison, compressing the MRI dramatically decreased the oil flux
to 7 g s! m~2. This result verifies that the oil flux of the MRI
indeed can be tuned by mechanical stretching or compressing.
Most importantly, the mechano-regulated property on var-
ying oil flux via mechanical deformation of Ecoflex sponges
provides a new paradigm for the design of high-performance oil
skimmers. Notably, oil skimmers are one promising approach
for cleaning up oil spills when compared with the strategy of
oil-absorbing and storing materials, which would become really
heavy after absorption, time, and labor consuming to get rid
of the oil. Skimming a specific oil/water mixture was reported
by using a 3D-printed skimmer, which overcame the previously
mentioned restrictions.” As proof-of-concept, in the present
study, we demonstrated the application of the MRI made of
Ecoflex sponge in an oil skimming device and show the reus-
ability of the device (Figures 1b and 4d-h). The oil skimmer
can remove a spill completely and the oil cannot escape from
the oil skimmer, once it has been captured. Figure 4d shows
the capturing of 5 mL of paraffin oil on water surface by the
as-made oil skimmer in 30 s. As illustrated in Figure 4e, the oil
skimming process is rather fast. During the separation process,
the oil skimmer fills with oil, which renders it heavier. After
=100 s, the oil skimmer starts tilting due to the mass gain and

Global Challenges 2017, 1, 1600014
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Figure 4. a) Photograph of an oil skimmer. SEM micrograph of the b) Ecoflex sponge lid and c) its magnification. d) Application of the oil skimmer (part
(a)) to a spill of paraffin oil at the water/air interface, indicating the total removal of the spill. ) The application of the oil skimmer for a big paraffin
spill at the water interface, indicating the uprising of the glass vial as it gets filled. f) Reusability test of the oil skimmer with paraffin oil for 50 cycles.
g,h) Leak tightness test for tilting angles of 90° and 180° (total immersion into water).

in the subsequent 20 s the skimmer positions into an upright
position (opening above), normal to the water/air interface
(Movie 5, Supporting Information). The leak tightness of the
device can be, in parts, ascribed to the 3D positioning of the
skimming device. However, upon horizontal tilting in water or
even pointing the lid down in water, no leakage was observed
(Figure 4g,h). This attests the skimmer’s high potential appli-
cation to irregular and erratic interfaces, such as the open sea
with its waves or even at storm conditions. In addition, the oil
skimmer shows a high durability of usage (Figure 4f).
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In conclusion, we have developed a bioinspired MRI strategy
and its application in oil skimmers to capture oil spills from
water. In this strategy, the MRI was made out of superhydro-
phobic and superoleophilic sponges from ultrasoft Ecoflex
elastomer. Importantly, the Ecoflex sponges exhibit a high
elasticity and mechanical durability upon stretching and com-
pressing. Significantly, the sponges absorbed organic liquids,
such as ethanol, toluene, paraffin oil, and chloroform, with an
absorption capacity between 127 and 1280%. More interestingly,
the oil flux through the MRI was regulated by strain applied to
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the sponge during the separation process, which increases up to
=33-fold by tensile strain applied to the sponge from 0 to 400%.
A proof-of-concept application of a leakage-free, highly selective
oil skimming device is demonstrated by collecting paraffin oil
from water. We envision that the oil skimming device can be
readily employed to separate oil/water mixtures due to oil spills,
especially at locations with highly erratic surfaces. However, not
limited to the oil separation problems, the as-developed strategy
of mechano-regulated interfaces should have implications on
wettability control of surfaces, flexible electronic devices, soft
healthcare devices, etc.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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