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ABSTRACT: Inspired from fish scales that exhibit unique underwater
superoleophobicity, artificial porous membranes featuring similar
wettability have been successfully developed for oil−water separation.
However, most of the superoleophobic meshes are workable only for
underwater oil/water separation and become disabled in air. In this
article, we reported the facile fabrication of underwater super-
oleophobic kraft mesh and demonstrated efficient oil−water separation
using kraft mesh origamis. Kraft paper that features porosity, natural
hydrophilicity, and relatively high elasticity and tear resistance has been
found to be an ideal candidate for developing underwater super-
oleophobic origami. Direct laser drilling has been employed to make
microhole arrays on the kraft paper, forming a flexible mesh. The
hydrophilic nature and the hierarchical microstructures that consist of
microhole arrays and porous microfiber networks make the resultant
kraft mesh superoleophobic underwater, enabling oil−water separation. More importantly, the kraft mesh can retain a large
amount of water (2.5 times its weight under dry conditions) owing to its porous and hydrophilic structure. Thus, the wet kraft
mesh became a slippery surface for oil droplets when it was taken out of the water. This unique feature makes it possible to
directly fish out oil droplets from water using a simple kraft mesh origami. Direct laser drilling of paper mesh for flexible origami
may open up a new route to the rational design and fabrication of oil−water separation devices.

■ INTRODUCTION

Natural creatures always possess promising properties due to
the presence of almost perfect micronanostructures. Learning
from natural nanostructures has been considered to be a
shortcut to the design and development of artificial functional
devices. Recently, there has been growing research interest in
developing bioinspired nanostructures toward cutting-edge
applications such as drug delivery and soft robotics.1−4 For
instance, bioinspired functional surfaces that possess super-
wettability can always lead to unique properties or function-
alities.5−12 In particular, functional membranes with precise
design wettability are promising for a wide range of
applications including water treatment, advanced separation,
drug delivery, and tissue engineering.13−16 Toward antioil
applications such as oil−water separation, two kinds of typical
membranes, superhydrophobic17−20 and underwater super-
oleophobic membranes,21−23 have been intensively inves-
tigated. In the former case, oils can pass through the oleophilic
membranes, whereas water cannot pass through them due to
the superhydrophobicity. However, considering the fact that
most oils are lighter than water, in most cases, water may get in
touch with the membranes first due to their relatively large

density. Therefore, the latter kind of membrane may be more
suitable for practical use. The development of underwater
superoleophobic membranes for oil−water separation was
inspired by fish scales that present superoleophobicity and low
oil adhesion at an oil/water/solid three-phase interface.24 The
unique wettability of fish scales can be attributed to the
presence of hydrophilic micro/nanostructures. On the basis of
the thorough understanding of the inherent mechanism,
underwater superoleophobic surfaces have been successfully
developed by using various hydrophilic materials according to
a basic principle that the in-air superhydrophilicity is crucial to
underwater superoleophobicity.22,24−28

As typical examples, Jiang et al. first demonstrated the
underwater superoleophobic membrane by using a hydrophilic
hydrogel to coat a metal mesh.25 After that, various
hydrophobic materials have been attached to porous frame-
works such as metal meshes,26 membranes,27 sponges,29 and
foams18 to produce underwater superoleophobic membranes
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toward efficient oil−water separation applications. For
instance, Jin et al. fabricated superhydrophilic and underwater
superoleophobic poly(vinylidene difluoride) filtration mem-
branes by grafting a layer of poly(acrylic acid) via a salt-
induced phase-inversion approach.30 Chen et al. reported the
fabrication of underwater superoleophobic surfaces by
combining a femtosecond laser and oxygen plasma treatments
of PDMS.23,31 Yong et al. has achieved great success in efficient
oil−water separation using natural porous materials di-
rectly.32−34 In our previous work,21 we used a thin layer of
GO to coat a metal wire mesh to make a superhydrophilic and
underwater superoleophobic surface, realizing efficient oil−
water separation.
In spite of the above-mentioned advancements, functional

meshes enabling oil−water separation are still far from
practical applications due to the following limitations. First,
the reported methods for producing underwater super-
oleophobic mesh usually involve complex fabrication proce-
dures or depend on special materials, which limits their scaling-
up production and practical applications. Besides, the
dimensions of underwater superoleophobic meshes, generally
prepared by material deposition,35 layer-by-layer assembly,36,37

and “bottom-up” growth on porous frameworks,26 are limited
to a relatively small area. More importantly, most of the
superoleophobic meshes or membranes are workable only
when they are immersed in water. They may become disabled
in air due to the loss of water. In that case, the oil/water/solid
three-phase interface may become the oil/air/solid three-phase
interface instead. Currently, feasible strategies for the cost-
effective, chemical-free, facile fabrication of flexible super-
oleophobic mesh enabling in-air oil−water separation are still
rare.
In this article, we report the facile fabrication of kraft paper

mesh for producing superoleophobic origami toward efficient
oil−water separation. Natural hydrophilic kraft paper that
features a porous structure, relative high elasticity, and tear
resistance has been employed to fabricate such super-
oleophobic meshes. Taking advantage of the porous network,
the kraft paper mesh can retain a large amount of water (2.5
times its weight under dry conditions). Thus, the kraft mesh is
superoleophobic in water, and the water-infused kraft mesh can
form a slippery surface that repels oil in air, which directly

enables the fishing out of oil droplets in water. Wet kraft mesh
origami with both underwater superoleophobicity and in-air
slippery wettability of oil droplets holds great promise for
practical applications in oil−water separation.

■ EXPERIMENTAL METHODS
Fabrication of Kraft Paper Mesh by Direct Laser Drilling.

The programmable laser drilling of kraft mesh was carried out using a
carbon dioxide laser engraving machine (JW6090, JG., China) with a
laser power of 2.8 W (laser fluences of ∼350 W mm−2). The laser
scanning speed is 10 mm s−1, and the scanning step length is 0.03
mm.

Characterization. The wettability of the kraft mesh was measured
by using a Contact Angle System OCA 20 (DataPhysics Instruments
GmbH, Germany) at ambient temperature. The underwater contact
angles (CAs) of various oils and organic reagents were measured with
a 4 μL droplet. Scanning electron microscope (SEM) images were
obtained by using a field emission scanning electron microscope
(JSM-7500F, JEOL, Japan). Confocal laser scanning microscope
(CLSM) images were captured using a LEXT 3D measuring laser
microscope (OLS4100, Olympus, Japan). Atomic force microscopy
(AFM) images were obtained using a NanoWizard II BioAFM
instrument (JPK Instruments AG, Berlin, Germany) in tapping mode.

Oil−Water Separation. The oil−water separation experiments
have been carried out in different ways. First, we realized oil−water
separation using a homemade device. A kraft mesh was sandwiched by
two plastic tubes (syringe), and a bean oil−water mixture was poured
into the upper tube. The separation was driven by gravity. Second, we
made a dustpan-shaped origami using a kraft mesh. An oil droplet
(corn oil) of ∼4 μL labeled by dyes was fished out of the water and
transferred between two containers. For the third manner, a net-
shaped origami was fabricated using the kraft mesh. A mixture of
water and bean oil was poured out directly into the wet kraft mesh net
for oil−water separation.

■ RESULTS AND DISCUSSION
Considering the porosity, high elasticity, and tear resistance,
kraft paper has been chosen as a hydrophilic membrane for
producing underwater superoleophobic meshes by direct laser
drilling of microhole arrays. A CO2 laser with a central
wavelength of 10.6 μm was employed in the processing. Figure
1 shows a photograph of the kraft paper mesh (left image, 3 cm
in diameter), a schematic illustration of the laser drilling
process, and their applications in oil−water separation. The
resultant kraft mesh demonstrates in-air hydrophilicity and

Figure 1. Schematic illustration of the laser fabrication of a paper-based oil−water separation membrane.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b03541
Langmuir 2019, 35, 815−823

816

http://dx.doi.org/10.1021/acs.langmuir.8b03541


underwater superoleophobicity, and the water-infused wet
kraft mesh behaves as a slippery surface for oil droplets.
Additionally, the kraft mesh is highly flexible and can be made
into various types of origami, which enables efficient oil−water
separation through different means.
Direct laser drilling using a CO2 laser enables the production

of a large-area kraft mesh (A4 size, Figure S1) in a chemical-
free, mask-free, cost-effective manner. Additionally, program-
mable laser drilling permits flexible tuning of the hole size and
the distributions. In this work, we fixed the distribution of the
microholes at tetragonal arrays and tuned the hole size and
hole distance (distance between two hole boundaries) within a

certain range. Figure 2 shows the CLSM images of the kraft
meshes with different hole sizes and distances. Here, we kept
the ratio of hole size to hole distance at 1:2 and varied the hole
size from 100 to 200 μm. 3D CLSM image of the kraft mesh
confirms the presence of open holes (Figure 2b). The hole size
and distance match the designed model well, as shown in the
profile along the red line (Figure 2c). To choose an optimized
mesh parameter to achieve better superoleophobicity, we
further increase the hole size to 125, 150, 175, and 200 μm,
respectively (Figure 2d−g). The formation of the hole can be
attributed to the laser ablation effect, and the minimum hole
size (the resolution) is ∼75 μm for the CO2 laser. Further

Figure 2. CLSM images of the kraft mesh with different hole sizes and distributions. (a) Tetragonal distribution of the microhole arrays with a 100
μm hole diameter and a 200 μm hole distance. (b) 3D image of the kraft mesh. (c) Profile of the kraft mesh along the red line in (a). (d−g) CLSM
images of the kraft mesh with (d) a 125 μm hole diameter and a 250 μm hole distance, (e) a 150 μm hole diameter and a 300 μm hole distance, (f)
a 175 μm hole diameter and a 350 μm hole distance, and (g) a 200 μm hole diameter and a 400 μm hole distance, respectively.
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decreases in the hole size can be achieved by using other laser
sources, for instance, a femtosecond laser pulse. However, it
would significantly increase the cost of the fabrication.
Considering the cost, the efficiency, and the mechanical
strength of the resultant kraft mesh, it is not necessary to
pursue a smaller hole size because the kraft mesh might
become fragile when the hole size is below 75 μm. (Mechanical
strength is discussed in Figure 4c.)
To gain further insight into the surface morphology, we also

characterized these kraft meshes using a scanning electron
microscope (SEM, Figure 3). The kraft paper surface is quite

rough. According to the AFM results, the roughness is ∼800
nm (Figure S2). It consists of crossed microfibers (Figure
S3a). After laser drilling, microholes formed as a result of the
laser ablation effect. The formation of the microhole array
further increase the surface roughness. The magnified SEM
image shows that the hole is an inverted circular table shape.
We measured the size and distance of the holes on the kraft
mesh, which match the designed model well and are in good
agreement with the CLSM images. However, we also note that
some of the microfibers have been cut off due to the laser
drilling treatments. This may destroy the microfiber network of
the kraft papers and affect their mechanical strength. The
section-view SEM image shows that the thickness of the kraft
paper used in this work is ∼60 μm (Figure S3b). To achieve
higher elasticity and better tear resistance, thicker kraft paper
can be employed for laser drilling.
The kraft paper is hydrophilic in air. A water droplet contact

angle (CA) on the kraft paper surface is measured to be 74°
(Figure S4). After laser drilling, the water CA further decreased

due to the increased surface roughness and the capillarity of
the microholes. The kraft mesh with a 100 μm hole size and a
200 hole distance has a CA of 39°, indicating the in-air
hydrophilicity. Notably, the water droplet CA on the kraft
mesh is not unchanged. The water droplet can be gradually
absorbed by the kraft mesh due to the porous microfiber
networks.
To evaluate the superoleophobicity of the kraft meshes, we

measured the underwater oil CAs on different surfaces. As
shown in Figure 4a, the underwater oil CA on pristine kraft
paper is 129°. After laser drilling, the underwater oil CAs
increased obviously. They are all larger than 150°, reaching the
underwater superoleophobic range. The increase in the oil CA
can be mainly attributed to the presence of a microhole array.
In addition, since the laser processing was performed under

Figure 3. SEM images of the kraft mesh with different hole sizes and
distances. (a, b) 100 μm hole diameter and 200 μm hole distance, (c)
125 μm hole diameter and 250 μm hole distance, (d) 150 μm hole
diameter and 300 μm hole distance, (e) 175 μm hole diameter and
350 μm hole distance, and (f) 200 μm hole diameter and 400 μm hole
distance.

Figure 4. (a) Underwater oil (chloroform) CA on pristine kraft paper
and kraft meshes with different hole sizes and distributions. (b) Water
flow rate tests for kraft meshes with different hole sizes. (c) Tensile
tests of pristine kraft paper and a kraft mesh with different hole sizes.
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ambient conditions, the laser-ablation-induced oxidation may
produce more oxygen groups, further increasing the hydro-
philicity. As shown in the SEM images, laser drilling can
increase the surface roughness. Additionally, when the kraft
mesh was immersed in water, its surface could be considered to
be a composite surface of kraft paper and water since water
would fill in the holes and help to repel oil. The area portion of
holes was calculated to be the same value of 8.72%. (For
calculation details, see Figure S5.) Among these samples, the
kraft mesh with a hole size of 100 μm has the highest
underwater oil CA of ∼158°. Further increases in hole size and
distance show unobvious effects on the surface wettability.
These kraft meshes are all underwater superoleophobic.
Since the kraft mesh would be used for oil−water separation,

the flow rate of water passing across the mesh is a very
important parameter that affects the separation efficiency.
Thus, we tested the water flow rate using four kraft meshes
with different hole sizes and distances. Figure 4b shows the
dependence of the water volume that passes across the meshes
with time. Notably, the mesh with a 100 μm hole size/200 μm
hole distance and the one with a 200 μm hole size/400 μm
hole distance have similar flow rates since they have the same
area portion of holes. To make a comparison, we also
fabricated two additional kraft meshes with a 100 μm hole
size/100 μm hole distance and a 100 μm hole size/400 μm
hole distance, respectively. When we increase the portion of
holes, the mesh with the 100 μm hole size/100 μm hole
distance (area portion of holes, 19.6%; Figure S5) has a much
higher flow rate, whereas the mesh with the 100 μm hole size/
400 μm hole distance that has a much smaller hole portion
(3.14%) has a much lower flow rate. Here, we have to point
out that it is not necessary to pursue a high flow rate since a
higher hole portion would result in relatively poor mechanical
strength. Tensile tests show that pristine kraft paper possesses
very good strength. When we stretch a kraft ribbon (60 μm in
thickness and 1 cm in width) tight, the maximum tension is
measured to be ∼20 N (Figure 4c). After laser drilling, the
mechanical strength of the kraft mesh decreased obviously
since the drilling of microhole arrays has broken the microfiber
network of the kraft paper significantly. In this test, we keep
the hole area portion at a constant value and vary the hole size
from 75 to 200 μm. The mechanical strength decreased when
the hole size (hole distance) increased because most of the
microfibers had been cut into small pieces when the hole
distance decreased to a small value. The maximum tension for
the kraft mesh with a 75 μm hole size/150 μm hole distance
(Figure S6) is only one-fourth that of pristine kraft paper.
Considering the underwater superoleophobicity, the water
permeability, and the mechanical strength, we chose the kraft
mesh with a 100 μm hole size/200 μm hole distance for the
following experiments. Nevertheless, the other kraft meshes
that feature different hole sizes, water permeability, and
mechanical strength might find applications in different cases.
In addition to chloroform, we also measured the underwater

CAs of different oil droplets using the kraft mesh with a 100
μm hole size/200 μm hole distance. Notably, most of the oils
are lighter than water, thus we measured the CAs beneath the
kraft mesh. As shown in Figure 5, the mesh shows underwater
superoleophobicity for various oil droplets, and the CAs are
generally in the range of 158 to 163°.
In addition to the large underwater oil CAs (>150°), the

kraft mesh also has a dynamic underwater oil-repelling
property in sliding tests. As shown in Figure 6a−c, the sliding

angle of a chloroform droplet based on the kraft mesh (100 μm
hole size/200 μm hole distance) was measured to be 3°. The
chloroform droplet can slide away rapidly from the kraft mesh.
The underwater superoleophobicity and dynamic oil repelling
property make it possible to use this kraft mesh in water-phase
oil−water separation. However, the separation manner is
limited to the underwater condition since the superoleopho-
bicity is based on an oil/water/solid three-phase interface.
Interestingly, when the kraft mesh is infused with water, it is
also workable for oil−water separation in air. In this case, the
oil wettability becomes complex. It changes to an air/oil/
water/solid four-phase interface. We observed the slippery
property of oil droplets on the solid−water heterogeneous
surface of the wet kraft mesh. In air, the water-infused kraft
mesh can form a slippery surface, and an oil droplet can slip
away easily on a tilted surface (Figure 6d−f).
To gain deep insight into the wetting mechanism, we also

investigated the different wetting models theoretically. When a
water or oil droplet is in contact with the paper surface, the
wettability can be explained by Wenzel’s wetting model
whereby the contact angle can be calculated according to the
following equation

θ
γ γ

γ
θ* =

−
=

r
rcos

( )
cosSV SL

LV (1)

where θ* is the CA (water or oil droplet) on the rough kraft
paper; r is the roughness factor (the ratio of the actual surface
area to the projected area); γSV, γSL, and γLV are surface free
energy of solid−vapor, solid−liquid, and liquid−vapor
interfaces, respectively; and θ is the CA (water or oil droplet)
on the theoretically flat kraft surface. According to our
experimental results, the CAs of both a water droplet and an
oil droplet measured in air are very small. As observed from the
SEM images, the kraft paper consists of twining long fibers,
forming a porous structure. Thus, a liquid droplet can easily
wet the surface due to capillarity (Figure 7a). However, when
the kraft paper is immersed in water first, water can wet the
surface and even penetrate the microfiber network. In this
solid−water−oil three-phase system, the wettability of an oil
droplet can be described as the underwater Cassie wetting state
whereby the oil droplet is assumed to sit on a heterogeneous
interface with water trapped within the microfiber networks of
the kraft paper (Figure 7b). In this case, the underwater CA of
an oil droplet, θ*′, can be calculated from the following
equation

Figure 5. Underwater CAs of different oils based on the kraft mesh
(100 μm hole size/200 μm hole distance). The insets are photographs
of different oil droplets at the kraft mesh surface.
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θ θ*′ = ′ + −f fcos cos 1 (2)

where f is the area fraction at the kraft paper and the oil droplet
interface and θ′ is defined as the underwater CA of a small oil
droplet on the theoretically flat kraft surface. Note that θ′ is a
fixed value, and the decrease in the area faction, f, can lead to
an obvious increase in θ*′. In our work, we reduced the oil−
kraft paper contacted area fraction by drilling holes. When the
kraft paper mesh is immersed in water, these holes can be filled
with water to form a heterogeneous interface with a much
larger portion of water (Figure 7c). As a result, a much larger
oil CA in the water medium can be achieved. Interestingly,
when the kraft paper mesh is taken out of the water, it is still
infused with water due to the capillarity. In this way, a slippery
surface for oils formed naturally. According to our
experimental results, the kraft paper mesh can retain 250%
water when it is taken out of water. It is worth pointing out
that the water-infused kraft paper mesh is quite important for
oil−water separation. The as-formed oil slippery surface
enables direct fishing out of oil droplets on the water surface
and the mass-loss-free transfer of the oils elsewhere.
Taking advantage of unique superoleophobicity, the kraft

meshes enable efficient oil−water separation in different ways.

First, we demonstrated the gravity-induced oil−water separa-
tion using a homemade setup. As shown in Figure 8, a mixture

of bean oil and water was used for the separation. When we
took off the stopper, water could be discharged. Water can pass
through the hydrophilic kraft mesh easily. On the contrary, oil
cannot pass through it due to the superoleophobicity. In this
way, efficient oil−water separation has been realized
(Supporting Information, Video S1). The oil content in the
separated water is measured to be 0.05%. For gravity-induced
oil−water separation, oil pressure resistance is an important
parameter that can affect its practical use. In this work, the
maximum oil pressure resistance of the superoleophobic kraft
mesh is ∼0.5 kPa (Figure S7). It further depends on the pore
size of the kraft mesh.38 As compared with membranes,
underwater superoleophobic meshes have a much larger pore
size, and thus the maximum oil pressure resistance is not too
high. Nevertheless, owing to the larger pore size, the meshes
features high efficiency (a short separation time). To assess the
separation capability of other oil−water mixtures, a kerosene−
water mixture was also separated successfully using this kraft
mesh (Figure S8).
Because of the porous structures, the kraft mesh can adsorb

a large amount of water (2.5 times its weight under dry
conditions). Thus, the kraft mesh infused with water becomes
a slippery surface for oil droplets when it is placed in air. The
unique dewetting property for oils enables the direct fishing
out of oil droplets on the water’s surface. Interestingly, by

Figure 6. (a−c) Underwater sliding of an oil droplet on the kraft mesh at 0, 0.2, and 0.4 s, respectively. The sliding angle is 3°. (d−f) In-air slipping
of an oil droplet on a wet kraft mesh surface at 0, 2.2, and 3.4 s, respectively. Tilted angle: 10°

Figure 7. Schematic illustration of different wetting models of an oil
droplet on kraft paper and kraft mesh. (a) Oil droplet and water
droplet on kraft paper in air. (b) Oil droplet on kraft paper in water.
(c) Oil droplet on kraft mesh in water. (d) Oil droplet on a water-
infused kraft mesh in air.

Figure 8. Gravity-induced oil−water separation based on the kraft
mesh. The kraft mesh with a 100 μm hole size/200 μm hole distance
was sandwiched between two plastic tubes.
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taking advantage of the flexibility, toughness, and good
mechanical strength, we can make various origamis using
kraft mesh for oil−water separation in air. With the help of the
origami structures, oil/water separation can be achieved in a
more convenient manner without the use of any glass/plastic
instruments. In this experiments, we demonstrated three
typical kraft mesh origamis. Figure 9a shows the schematic
illustration of the model for fabricating a folded Randlett’s
flapping bird origami. The red and blue dashed lines indicate
the mountain folds and the valley folds, respectively. Notably,
the kraft mesh is robust enough to make complex origamis
such as Randlett’s flapping bird. When we wet the kraft mesh
bird using water, it became origami with a slippery surface for
oil droplets. We dropped several dye-labeled corn oil droplets,
which can slip away easily, leaving a clean surface. To realize
oil−water separation, we made a dustpan-shaped origami using
a kraft mesh according to the model shown in Figure 9b. An oil
droplet (corn oil) of ∼4 μL labeled by dyes can be directly
fished out of the water and transferred between two containers
freely. For the third manner, we fabricated a net-shaped
origami using the kraft mesh (Figure 9c). A mixture of water
and bean oil was poured out directly into the wet kraft mesh
net for oil−water separation. All of the oil was collected within
the kraft mesh net, and clear water was separated from the
mixture. We further evaluated the water-retaining capability of
our kraft mesh. Generally, it needs ∼20 min to evaporate the
water (Figure S9). The slippery kraft surface that is fully
infused with water can work for at least 10 min in air. The
swelling effect of the wet kraft mesh is not obvious, and the
hole size remains almost unchanged after drying. Besides, the
kraft mesh is robust after folding−unfolding 100 times, and the
underwater oil CA remains almost unchanged (Figure S10).

■ CONCLUSIONS
Underwater superoleophobic kraft meshes have been success-
fully fabricated by direct laser drilling on kraft papers. Taking
advantage of the flexibility of laser processing, both the hole
size and hole distance can be tuned within a certain range. To
optimize a suitable hole size and distribution for efficient oil−
water separation, we tuned the hole size from 75 to 200 μm.
We found that all of the kraft meshes show underwater
superoleophobicity with underwater oil droplet CAs larger
than 150° for a series of typical oils. We also evaluated the flow
rate of water passing through the mesh and the mechanical
strength of different meshes, both of which can be tuned by
varying the hole sizes and area portion of the holes.
Interestingly, the kraft meshes can adsorb a large amount of
water and become a slippery surface for oil droplets, thus they
enable efficient oil−water separation in different ways. Taking
advantage of the flexibility, toughness, and good mechanical
strength, we fabricated kraft mesh origamis and demonstrated
oil−water separation using these origamis. Kraft mesh origami
may find broad application in developing oil-repelling devices.
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Photograph of large-area kraft paper mesh, AFM images
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paper, CLSM image/SEM image of a kraft paper mesh
(75 μm hole size, 150 μm hole distance), oil pressure

Figure 9. (a) Schematic illustration of the model for the folded Randlett’s flapping bird origami. The photographs of the kraft mesh bird origami
show that the wet origami repels oil in water. (b) Model for the folded dustpan-shaped origami and a series of photographs that show the fishing
out of the oil droplet on water using the dustpan-shaped origami. (c) Model for the folded net origami and photographs that show the separation of
the bean oil and water mixture using the kraft mesh net origami.
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