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A Janus oil barrel with tapered microhole arrays
for spontaneous high-flux spilled oil absorption
and storage†

Zhen Zhang,a,b Yinghui Zhang,a Hua Fan,c Yulong Wang,a Chen Zhou,d Feifei Ren,e

Sizhu Wu,d Guoqiang Li,*a,f Yanlei Hu,a Jiawen Li,a Dong Wu *a and Jiaru Chua

Porous oil/water separation materials show excellent prospects in the remediation of oil spill accidents.

However, several drawbacks such as low flux, limited absorption and storage capacity restrict their practi-

cal applications. Hence, a novel Janus oil barrel (superhydrophobic outside wall and superhydrophilic

inside wall) constituted by tapered microhole arrayed aluminium foil is designed, which is demonstrated

to be a promising device for the remediation of oil spill accidents. Furthermore, the investigation shows

that the tapered microholes (taper angle 25–30°) can significantly enhance oil/water intrusion pressures

(1–3 times higher than cylindrical holes) and unidirectional transferability which can eliminate the second-

ary leakage when salvaging full oil barrels without an additional procedure. It is indicated that the Janus

oil barrel can spontaneously absorb spilled oil with a high flux (45 000 Lm−2 h−1), and synchronously store

the absorbed oil. In addition, the barrel can absorb oil from surfactant-free oil-in-water emulsions

appearing in oil spills and industrial processes. The distinct design combining excellent controllability,

high precision and flexibility of the femtosecond laser micro/nanofabrication technology provides a

general strategy in oil spill remediation.

1. Introduction

Frequent oil spill accidents have caused severe damage to
the ecosystems of oceans and coastlines, and how to recycle
the spilled oil on water is a timely and urgent worldwide
concern.1–3 Due to their excellent prospects such as high
efficiency and high flux, metal meshes,3–6 sponges,7–9

foams,10,11 membranes12,14–22 and even sand23 have been
employed for oil/water separation. But these materials suffer
from uncontrollable internal structures, limited absorption

and storage capacity.13,24,26–28 To address these issues, Ge
et al.10 designed an oil collection apparatus based on a simple
combination of porous hydrophobic and oleophilic materials
(PHOMs) with pipes and a self-priming pump to realize con-
secutive collection of oil from the water surface. Although this
strategy has promising applications in large-area oil spill reme-
diation, it needs additional equipment such as pumps and
ships.

It is reported that Janus systems (Janus cotton fabric,14

membrane,15 and graphene oxide sponge7) have been success-
fully utilized to separate oil-in-water or water-in-oil emulsions
with high speed and purity. However, these Janus materials
have non-uniform holes and tedious reaction steps, leading to
smaller intrusion pressure and limited production. And the
unidirectional transferability has not been mentioned. Hence,
it is of great significance to seek a novel device for high-flux oil
spill remediation containing oil on water and oil in emulsion
recycling. In this work, a kind of distinct Janus aluminum foil
with tapered microhole arrays can be constructed by laser dril-
ling, fluorination modification and selective removal. This
Janus barrel is designed as superhydrophobic/superoleophilic
on the outer surface and superhydrophilic/underwater super-
oleophobic on the inner surface. These unique tapered micro-
holes are beneficial for enhancing the supportable intrusion
pressure and avoid the secondary leakage when salvaging the
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full oil barrel. The barrel with controllable microhole arrays
shows abilities of spontaneously absorbing spilled oil with
high flux, large capacity, unidirectional transferability, and
eliminating secondary leakage without an additional pro-
cedure. Besides, surfactant-free oil-in-water emulsions can also
be separated by this kind of Janus barrel. It is worth mention-
ing that this work provides a novel strategy for the remediation
of oil spill accidents and also inspires broad applications such
as fog collection, particle filtration, fluid micro-valve and so forth.

2. Experimental section
Materials

Aluminum foil (thickness 35 µm) was purchased from New
Metal Material Tech. Co., Ltd, Beijing, China. The oils used for
simulating oil spill are normal octane (C8H18) and 1,2-dichloro-
ethane (C2H4Cl2) which were purchased from Sinopharm
Chemical Reagent Co. Ltd, Shanghai, China.

Fabrication of Janus microhole arrayed aluminum foil

Aluminum foil with uniform microhole arrays was fabricated
by using a regenerative amplified Ti:sapphire femtosecond
laser system (Legend-Elite-1K-HE, Coherent, USA) that gener-
ates 104 fs pulses at a repetition rate of 1 kHz with a central
wavelength of 800 nm. The drilling process was controlled by
using a 2D scanning galvanometer (Scanlab GamH,
hurrySCAN II 10, Germany). The diameter of the focus spot on
the aluminum foil is about 20 µm. The microholes with dia-
meters from 14.05 to 31.3 µm are fabricated by precisely con-
trolling the laser pulse energy from 0.6 µJ to 4 µJ, and the
pulse number from 30 to 50, while bigger holes are fabricated
by laser scanning in a circular path. The interval between adja-
cent holes is kept at 100 µm. A microhole arrayed aluminum
foil with the total size of 9.3 cm × 3.1 cm and with the interval
of 100 µm can be fabricated in ∼3 hours. The microholed
aluminum foil is superhydrophilic (upper surface and lower
surface) after laser drilling. Then, the superhydrophilic alumi-
num foils are modified to become superhydrophobic by low
surface energy 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES). After that, the lower surface is scanned by using a
laser at a speed of 15 mm s−1, a pulse energy of 0.75 µJ and a
scanning space of 20 μm, and becomes superhydrophilic,
while the upper surface and the inner wall of micro-holes
remain superhydrophobic. Finally, the Janus barrel is
assembled by using microholed aluminum foil and glass
molds. The aluminum foil does not need to be attached to
other substrates, and a metallic skeleton should be used to
assemble a larger barrel for promoting the ruggedness.

Instrument and characterization

The morphologies of microhole arrayed aluminum foil sur-
faces were observed by using a scanning electron microscope
(SEM, JSM-6700F, JEOL, Tokyo, Japan). The 5 μL water and oil
contact angles (WCAs and OCAs) were measured by using a
contact-angle system (CA100D, Innuo, China). The average

value of five measurements performed at different locations
on the same sample was adopted as the contact angle.

Oil spill remediation and oil-in-water emulsion separation
experiments

For oil spill remediation, 30 mL normal octane dyed with
Sudan III was poured into 600 mL water dyed with methylene
blue. Before the Janus barrel was put in the mixture, the inside
surface of the barrel was pre-wet by a little water. Four samples
of microholed aluminum foil with hole diameters of 14.05,
19.3, 31.3, and 40.3 μm were assembled to four Janus barrels.
For oil-in-water emulsion separation, C8H18 and C2H4Cl2 are
mixed with a ratio of 1.1 : 1.5. Firstly, 26 mL mixed oil was
poured into 500 mL water in a beaker. Then, the oil/water
mixture was stirred by using a magnetic stirrer at a speed of
400 rpm for 2 min to prepare an oil-in-water emulsion. After
that, a Janus oil barrel was put into the emulsion at a stirring
speed of 200 rpm. Finally, oil would be absorbed into the
Janus oil barrel.

3. Results and discussion

Janus tapered microhole arrays on aluminum foils are fabri-
cated orderly by femtosecond laser micro-drilling,29,30 surface
fluorination, and fluorination removal on the lower surface, as
shown in the schematic fabrication steps of Fig. 1a. Microhole
arrays with high uniformity (error is less than 0.15 μm
measured from the SEM images) have been fabricated after the
1st step.29 Then in the 2nd step, the double-faced superhydro-
philic microholed aluminum foil was modified to become
double-faced superhydrophobic by low surface energy
1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES). The
corresponding WCAs at different steps are shown in Fig. 1b.
Janus microholed aluminum foil was obtained after the 3rd
step by laser scanning at 15 mm s−1 speed, 20 μm scanning
space, and 0.75 µJ pulse energy to overcome fluorination on
the lower surface. Because of the tapered hole, the laser scan-
ning would not damage the inner wall of the microholes and
the upper surface. As shown in the SEM images in Fig. 1b, the
upper surface is covered by micro-fragments (2 to 10 μm)
around the hole, while the lower surface is covered by micro-
protuberances (0.2 to 1 μm). After the 3rd step, the lower
surface became superhydrophilic (∼154.7° to ∼4.2°) while the
upper surface remained superhydrophobic (∼166.7° to
∼158.4°) [Fig. 1b]. In addition, the changes of OCAs in air and
water after the three processing steps are shown in Table S1 in
the ESI.† In general, the single layer Janus foil shows not only
different morphologies but also different wettabilities on the
two sides.

Due to the flexibility of aluminum foil, an oil barrel can be
assembled with Janus microholed aluminum foil. The sche-
matic processes are shown in the 4th and 5th steps in Fig. 1a,
and the pictures are shown in Fig. S1 in the ESI.† Home-made
glassware is used to match up the Janus microholed alumi-
num foil with a size of 93 × 31 mm2, and the rubber plug can
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maintain the balance of the barrel on the water surface (ESI,
Fig. S1†). Hence, the Janus oil barrel with superhydrophobi-
city/superoleophilicity on the outside wall and superhydro-
philicity/under water superoleophobicity on the inside wall
can be constructed.

Fig. 2a shows four samples of microhole arrays with the
same interval of 100 μm and different hole diameters (D1/D2:
14.05/31.8, 19.3/37.8, 31.3/47, and 40.3/56.9 μm), which can be
adjusted by altering the laser pulse energy and pulse number.
Additionally, the cross-section SEM images in Fig. 2b demon-
strate the tapered morphology of the microholes which is
caused by the Gaussian laser ablation, and the inset shows
micro/nano-wrinkles on the inner wall of the hole. The taper
angle α is an important parameter to characterize the tapered
hole, which can be described as eqn (1)

α ¼ 2tan�1ðD1 � D2Þ=2H ð1Þ

where D1, D2, and H are the biggest hole diameter, the smallest
hole diameter, and the thickness of aluminum foil, respect-
ively. All these parameters have also been labeled in Fig. 2c.
The statistical results of hole diameters and taper angles are
shown in Fig. 2d and e. With the increase of hole diameters

(samples 3 and 4), the taper angles show a slight decline due
to the increased pulse number or pulse energy.

The Janus oil barrel can be fabricated by assembling micro-
hole arrayed aluminum foil. The Janus barrel can solve pro-
blems of limited oil absorption and storage capacity that were
difficult to solve before. Furthermore, the superhydrophobic
outside wall will stop water from entering into the barrel and
the underwater superoleophobic inside wall will prevent the
absorbed oil from leaking out. In order to verify this concept, a
Janus oil barrel with a height of 85 mm and a diameter of
35 mm which consisted of a microhole diameter of 40.3 μm
and an interval of 100 μm was fabricated to perform the collec-
tion of spilled oil. Here, C8H18 was chosen as the target oil and
then 30 mL dyed oil (red) was poured into 600 mL dyed water
(blue) [Fig. 3a]. As shown in Fig. 3a (side view) and 3b (top
view), at T = T0, the barrel was put into the baker after pouring
into the oil. Then the absorption proceeded spontaneously
under the capillary force. At T = 33 s, almost all the spilled oil
was absorbed into the barrel. From the side view in Fig. 3a, the
empty barrel was gradually filled by absorbed oil and no water
would be absorbed due to the superhydrophobic outside wall
of the barrel. From the top view in Fig. 3b, the muddy oil/water
mixture became very clear after 33 s [ESI, Movies S1 and S2†].
The absorption speeds of the Janus oil barrel with different

Fig. 1 Programmed laser micro-drilling, modification, scanning and assembling processes to fabricate a Janus barrel with tapered hole arrays. (a)
The schematic illustration of fabricating the Janus microhole arrayed aluminum foil and assembling the Janus barrel. The 1st step is micro-drilling by
using a femtosecond laser. The 2nd step is surface modification with perfluorodecyltriethoxysilane. The 3rd step is laser scanning on the lower
surface to overcome fluorination. The 4th and 5th steps are assembling the Janus microholed aluminum foil with other units. (b) The SEM images of
the upper and lower surfaces with microhole arrays after the 3rd step. The upper surface is covered by micro-fragments with diameters from 2 to
10 μm which are bigger than the micro-protuberances (0.2 to 1 μm) on the lower surfaces. (c) The contact-angle images of the upper and lower sur-
faces after different steps. Janus microhole arrayed foil is obtained after the 3rd step.
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hole diameters were systematically obtained by using a
measuring cylinder (the inset of Fig. 3c) which was stuck in
the bottom of a beaker (Fig. S2†). As shown in Fig. 3c, the oil
barrel with a bigger hole diameter possesses a higher absorp-
tion speed. Although the volume of the absorbed oil increased

non-linearly due to the limited spilled oil, the absorbed oil
increased almost linearly before 20 s in sample 4. So, the
average flux of the Janus oil barrel with a hole diameter of
40.3 μm is about 45 000 Lm−2 h−1, demonstrating the excellent
performance of the remediation of oil spill accidents.

Fig. 2 Janus tapered microhole arrays with different diameters. (a) and (b) are the top-view and cross-section SEM images of tapered microholes.
The microholes with diameters from 14.05 to 31.3 µm are fabricated by precisely controlling the laser pulse energy from 0.6 µJ to 4 µJ, and the
pulse number from 30 to 50, while bigger holes are fabricated by laser scanning in a circular path. (c) 3D schematic and its cross-section of the
tapered microhole; where D1, D2, H and α are the biggest diameter, the smallest diameter, the thickness of the aluminum foil and the taper angle of
the tapered microholes, respectively. (d) The hole diameters on the upper and lower surfaces in four samples. (e) The taper angles of the microholes
in four samples.

Fig. 3 Fast absorption and anti-leakage of Janus oil barrels. (a) and (b) are side-view and top-view of the time-lapse images of the spilled oil
absorption. The Janus barrels absorb spilled oil with high flux (45 000 Lm−2 h−1 in sample 4) and efficiency. The volumes of the spilled oil are 30 mL.
(c) The volume of absorbed oil as a function of time in different hole diameters. (d) and (e) are the schematic illustration and optical images of the
comparison between the double-faced superhydrophobic barrel and the Janus barrel, respectively. The Janus barrel shows the ability to prevent the
absorbed oil from leaking outside.
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Oil can be absorbed into the double-faced superhydro-
phobic barrel and can also flow out from the barrel. While the
absorbed oil will be blocked by the pre-wetted superhydro-
philic microholed aluminum foil surface, hence oil cannot
flow out of the Janus oil barrel. The schematic illustrations are
shown in Fig. 3d. The comparison between the Janus oil barrel
and the double-faced superhydrophobic oil barrel is also con-
ducted as shown in Fig. 3e and Movie S3 in the ESI.† These
results showed that the Janus oil barrel can effectively elimin-
ate secondary leakage without an additional procedure.

Oil spill accident remediation involves not only absorbing
floating oil, but also absorbing a small number of oil droplets
from oil-in-water emulsions which were generated by the oscil-
lation of water. As shown in Fig. 4a and Movie S4,† during the
magnetic stirrer stirring, 26 mL dyed oil (red) was absorbed
into the barrel from surfactant-free oil-in-water emulsions in
less than 23 min. Clearer water and increasing absorbed oil
demonstrated that the Janus oil barrel can absorb oil from
oil-in-water emulsions effectively. The insets in Fig. 4a show
the decrease of oil drops and Fig. 4b shows the diameter distri-
butions of oil drops as a function of time. Bigger oil drops are
preferentially absorbed by the barrel due to the higher prob-
ability of coming in contact with the barrel. Interestingly, four
samples with different microhole diameters exhibit little
difference in absorption times that are between 22 min and
26 min (Fig. 4c). The reason is that the four aluminum foil
samples have similar areas of superoleophilic surfaces. Hence,
the Janus oil barrel shows dual ability: floating oil on water
and oil in surfactant-free oil-in-water emulsion collection.

Actually, as shown in Fig. 5a, two kinds of Janus systems
can be fabricated by removing fluorination on the upper (a1)
and lower (a2) surfaces, respectively. System a1 is constituted
by the superhydrophilic inner wall of the microholes, super-
hydrophilic upper surface, and the superhydrophobic lower

surface, while system a2 is constituted by the superhydro-
phobic inner wall of the microholes, superhydrophobic upper
surface, and the superhydrophilic lower surface. We found
that only a2 can be utilized in oil spill accident remediation,
and the possible reason is that the superhydrophobic micro-
hole can withstand a higher height for water and oil due to a
larger intrusion pressure. The experimental intrusion pressure
can be expressed by using eqn (2) and (3) 5,17,25,29,33

Pw-exp ¼ ρwghw ð2Þ

Po-exp ¼ ρogho: ð3Þ

In eqn (2), Pw-exp, ρw, hw, and g are the intrusion pressure of
water on the superhydrophobic surface experimentally, the
density of water, the maximum height of water that the super-
hydrophobic microholed aluminum foil can withstand, and
the acceleration of gravity, respectively. In eqn (3), Po-exp, ρo
and ho are the intrusion pressure of oil on the pre-wet super-
hydrophilic surface experimentally, the density of oil, and the
maximum height of oil that the superoleophobic microholed
aluminum foil can withstand, respectively. Meanwhile, the
theoretical intrusion pressure can be expressed by using
eqn (4) and (5) 5,25,31,32

Pw-theor � 2γLV cos θw0=D ð4Þ

Po-theor � 2γLV cos θo0=D: ð5Þ

In eqn (4), Pw-theor, γLV, θw0, and D are the theoretical intrusion
pressure of water on the superhydrophobic surface, the liquid–
vapor surface tension, the contact angle of the liquid on the
flat aluminum surface and the hole diameter, respectively. In
eqn (5), Po-theor, γL1L2 and θo0 are the theoretical intrusion
pressure of oil on the pre-wet superhydrophilic surface, the

Fig. 4 Absorption of oil from surfactant-free oil-in-water emulsions. (a) The time-lapse images of absorption of oil from oil-in-water emulsions
during stirring by using a magnetic stirrer. The insets are microscopy images of oil drops in the baker. (b) The statistical diameters of oil drops as a
function of time. Bigger oil drops are preferentially absorbed by the barrel due to the higher probability of coming in contact with the barrel. (c)
Absorption times of four Janus oil barrels with different microhole diameters exhibit little difference due to similar areas of superoleophilic outer
surfaces.
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water–oil interfacial tension and the oil contact angle on the
flat surface, respectively.

Via the comparison of a1 and a2, the intrusion pressures of
four surfaces A, B, C and D are calculated in Fig. 5b and c.
Theoretically, the microholes can be seen as cylindrical holes,
and the intrusion pressure is inversely proportional to the hole
diameter. So, the red dotted line (surface A, the biggest hole)
in Fig. 5b is always below the blue dotted line (surface D, the
smallest hole). Nevertheless, the experimental oil intrusion
pressures of surface A (red solid line in Fig. 5b) are bigger than
those of surface D (blue solid line in Fig. 5b) in samples 1 and
2, and close to surface D in samples 3 and 4. The reasons are
that the tapered microholes serve as a buffer support23 for
withstanding higher oil pressures and the buffer support
decreases in samples 3 and 4 due to smaller taper angles
(Fig. 2e). In Fig. 5c, the theoretical water intrusion pressures of
surface B (blue dotted line, the smallest hole) are higher than
those of surface C (red dotted line, the biggest hole) while the
experimental water intrusion pressures of surface B are lower
than those of surface C due to the tapered hole. Furthermore,
the intrusion pressures of surface B are always zero due to the
superhydrophilic inner wall of microholes in system a1,
leading to an unexpected phenomenon that water passes from
surface B to surface A through the microholes [Fig. S3†].
Hence, the superhydrophobic surface in system a1 cannot
block water and only a2 can be chosen for assembling the
Janus oil barrel. In addition, the tapered holes could support
higher water and oil pressures.

From the intrusion pressure of sample 4 in Fig. 5b and c,
the water intrusion pressure of surface C is lower than the oil

intrusion pressure of surface D. Hence, the highest height of
the barrel depends on the water intrusion pressure of surface
C, which is about 20.6 cm from our measurement. However,
the diameter of the barrel can be even several meters to
increase the volume of the barrel. The consumed time (Tc) of
filling up a barrel with oil can be calculated by using eqn (6)

Tc ¼ V
QS

; ð6Þ

where V, Q, and S are the volume of an oil barrel, the average
flux of microhole arrayed aluminum foil, and the side area of
the oil barrel. If a Janus oil barrel with a bottom diameter of
400 cm and a height of 20.6 cm which consisted of a micro-
hole diameter of 40.3 μm and an interval of 100 μm was
designed, V is 2600 L, Q is 45 000 Lm−2 h−1, S is 2.6 m2, and Tc
is 80 s by calculation. An effective strategy for the remediation
of oil spill accidents is to throw thousands of Janus oil barrels
in ocean, wait for spontaneous oil absorption and storage, and
salvage barrels [Fig. 6]. After some cycles, thousands of tons of
oil can be recovered in a short time, and the purity can reach
up to 99%. Moreover, the barrel can maintain high flux after
10 cycles [ESI, Fig. S4†]. We believe that the designed Janus oil
barrel will have promising applications in solving oil spill acci-
dents and many industrial processes.

To achieve continuous recovery of oil, the absorbed oil can
be transferred by following the siphon principle. As shown in
Fig. 7 and Movie S5 in the ESI,† a Janus oil barrel assembled
by microholed aluminum foil and a measuring cylinder was
fixed in the bottom of a beaker. Then, a hosepipe was used to
connect the barrel and then another beaker was put beneath

Fig. 5 Intrusion pressure for tapered microholes. (a) Two kinds of Janus systems a1 (superhydrophilic upper surface, superhydrophilic inner wall of
microholes, and the superhydrophobic lower surface) and a2 (superhydrophobic upper surface, superhydrophobic inner wall of microholes, and the
superhydrophilic lower surface). Only a2 can be utilized in oil spill accident remediation. (b) Theoretical and experimental intrusion pressures of oil
on pre-wet superhydrophilic surfaces (surfaces A and D). (c) Theoretical and experimental intrusion pressures of water on superhydrophobic sur-
faces (surfaces B and C). The tapered microholes serve as a buffer support for withstanding higher water and oil pressures.
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the barrel. After that, 200 mL spilled oil was absorbed and
transferred in about 72 s. The siphon principle provides a new
method to transfer absorbed oil without pumping or other
continuous power.

4. Conclusion

In summary, a novel Janus oil barrel (superhydrophobic
outside wall and superhydrophilic inside wall) with tapered
microhole arrayed aluminum foil was fabricated by femto-
second laser micro-drilling, PFDTES modification, laser scan-
ning on the lower surface and assembling. Because the
tapered microholes can significantly enhance the oil/water
intrusion pressures and unidirectional transferability, the
Janus barrel can eliminate the secondary leakage when salva-
ging full oil barrels without an additional procedure. As an oil

recoverer, the barrel can absorb spilled oil on water and oil in
surfactant-free oil-in-water emulsions, which showed high flux,
high efficiency, large absorption and storage capacity. In oil
spill accidents, oil could be absorbed and stored into our
barrels spontaneously, and then the full barrels could be sal-
vaged to recycle oil. The Janus oil barrel with controllable
microholes is a good candidate for oil spill accident remedia-
tion and industrial oil/water separation. Although the cost of
the preparation of the barrel by using the femtosecond laser is
very high, larger barrels can be prepared by using a cheap
nanosecond laser, high-speed galvanometer and a large-range
mobile station for practical application. Furthermore, the
method of fabricating a single layer Janus system will inspire
new technologies for designing oil/water separators, fog collec-
tors and liquid conveyors.
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