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��������� Developing an effective system to clean up large,scale oil spills is of great 

significance due to their contribution to severe environmental pollution and destruction. 

Superwetting membranes have been widely studied for oil/water separation. The separation, 

however, adopts a gravity,driven approach that is inefficient and discontinuous due to quick 

fouling of the membrane by oil. Herein, inspired by the crossflow filtration behavior in fish gills, 
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2

we propose a novel crossflow approach via a hydrophilic, tilted gradient membrane for spilled 

oil collection. In crossflow collection, as the oil/water flows parallel to the hydrophilic 

membrane surface, water is gradually filtered through the pores, while oil is repelled, transported, 

and finally collected for storage. Owing to the selective gating behavior of the water,sealed 

gradient membrane, the large pores at the bottom with high water flux favor fast water filtration, 

while the small pores at the top with strong oil,repellency allow easy oil transportation. In 

addition, the gradient membrane exhibits excellent anti,fouling properties due to the protection 

of the water layer. Therefore, this bioinspired crossflow approach enables highly efficient and 

continuous spilled oil collection, which is very promising for the cleanup of large,scale oil spills. 

	
������ fish gill, gradient, superhydrophilic, crossflow, oil spill 

Oil spill events, such as the recent spill in Galveston Bay and the Deepwater Horizon oil spill in 

the Gulf of Mexico, result in severe damage to the environment and threats to human well,

being.1,4 Conventional clean,up technologies, e.g. skimmers,5 sorbents,6 controlled burning,7 

chemical dispersion,8 and bioremediation,9 suffer from either low efficiency or secondary 

pollution.10,11 In view of this, great efforts have been devoted to developing superwetting 

materials by manipulating their microstructures12,15 and surface chemistry,16,19 which usually 

possess contrasting wettability towards water and oil, and therefore enable selective oil 

adsorption20,23 or oil/water filtration.24,30 Among them, superhydrophilic and underwater 

superoleophobic membranes have been widely developed for water,removal type separation by 

applying a perpendicular gravity,driven approach.31,37 This perpendicular approach, however, 

suffers from the intrinsic limitation that the membrane pores are easily clogged by oil, leading to 

rapid decline of water flux and discontinuity of separation, which is inefficient for cleaning up 
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3

large,scale oil spills. Therefore, some more affordable and feasible innovations are still urgently 

demanded. 

        Nature offers us an alternative and distinctive idea, with the separation taking place in a 

parallel, not perpendicular way. One typical example is the crossflow filtration in suspension,

feeding fishes, where the gradient gill structure can effectively collect tiny food particles from 

parallel flow of the suspension fluid by quickly eliminating water through the spaces.38,41 This 

crossflow configuration also exists in human organs, such as the removal of airborne viruses and 

bacteria by the nasal membranes,42 and the filtration of excess organic molecules from the blood 

by the kidneys.43 Inspired by these natural processes, growing attention has been devoted to the 

development of micro/nano sciences and technologies for efficient separation through the 

crossflow approach.44,45 Yobas’s group designed four types of silicon,based microfilters, 

including weir, pillar, crossflow, and membrane, for isolation of white blood cells from red 

ones.46 The result showed that the crossflow microfilter outperformed the others and exhibited 

the highest blood passing capacity, white,blood,cells trapping efficiency, and red,blood,cells 

passing efficiency. Ismail’s group prepared a nanocomposite membrane with holloysite nanotube 

clay nano,filter embedded into the polyvinylidene fluoride polymer matrix and studied its 

antibacterial properties in a crossflow ultrafiltration system.47 This nanocomposite membrane 

could effectively remove two types of bacteria from contaminated water with high permeation 

flux and excellent anti,fouling properties, thus exhibiting a great potential for antibacterial 

applications. Considering these progresses made in micro/nano sciences, the realization of 

oil/water separation in a crossflow approach should be a promising strategy for cleaning up oil 

spills. Herein, we successfully introduce this crossflow configuration to the collection of spilled 

oil by using a hydrophilic and tilted gradient membrane. In crossflow collection, oil/water flows 
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4

parallel to the membrane surface, during which water is quickly filtered through the large,pore 

region, while oil is strongly repelled and effectively collected in the small,pore region. The 

collection efficiency and continuity of this crossflow approach are determined by a water layer 

that seals the membrane pores, which not only presents different gating behaviors towards water 

and oil, but also endows the membrane with excellent anti,fouling properties. Via a laboratory,

scale device, we have verified that this crossflow approach enables highly efficient and 

continuous spilled oil collection, showing its great potential in cleaning up large,scale oil spills. 

�
��������������������

In nature, the ever,present adaptive structures endow biological species with amazing functions 

to survive in harsh environments. For some fish species, the unique suspension,feeding behavior 

is accomplished by their filter,like gradient gill structure that is formed by the lateral gill arches, 

longitudinal gill rakers and central spaces (Figure 1a).38 This special gill structure has been 

assumed to function as a dead,end filter, sieving suspended particles from perpendicular flow of 

the suspension fluid. However, it is easily clogged by food particles through the dead,end 

approach, leading to rapid decline of filtration efficiency (Figure S1a). To prevent that from 

happening, the gill structure actually functions via a remarkably alternative mechanism, namely 

crossflow filtration, which allows the suspension fluid to flow parallel, rather than 

perpendicularly, to the gill surface (Figure 1b). In crossflow filtration, nearly all food particles 

travel towards the oesophagus without touching the gill surface, effectively avoiding the 

clogging of the filter and achieving high,efficient filtration (Figure S1b).41 

        Inspired by the crossflow filtration behavior in fish gill, we propose a novel strategy for oil 

spill cleanups—crossflow spilled oil collection. This strategy is accomplished by a gradient 
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membrane that mimics the gill structure of suspension,feeding fishes. It consists of five meshes 

arranged in descending order of pore size from the bottom to the top (150, 120, 90, 60 and 30 Hm, 

as shown in Figure 1c,d and Table S1). In order to improve the hydrophilic property of the 

membrane, ultrathin Co3O4 nanosheets were uniformly coated on its surface via a facile 

hydrothermal method (Figures 1e and S2).48 As can be seen, these ultrathin nanosheets 

intertwine with each other and form numerous enclosed cells. Figure 1f schematically depicts the 

fish gill inspired crossflow spilled oil collection. In this crossflow concept, the gradient 

membrane is installed on a power,driven system (e.g. a ship) with large pores at the bottom and 

small pores at the top. When the ship moves at an appropriate speed, both water and oil are 

driven onto the membrane and flow in a parallel direction along the membrane surface, during 

which water gradually passes through the pores, while oil travels with the crossflow and is 

finally collected for storage. The key to this crossflow design lies in a water layer that covers the 

gradient membrane surface. The water,sealed membrane presents highly selective gating 

behavior that allows the quick permeation of water at the large pore region but blocks the 

permeation of oil at the small pore region. Moreover, the sealing water layer minimizes the direct 

contact between the membrane surface and the oil fluid, endowing the membrane with excellent 

anti,fouling properties. As a result, this bioinspired crossflow approach enables highly efficient 

and continuous spilled oil collection. 

        Because the extreme state of the water,sealed membrane (the case of a wetted membrane 

with water just filling in the pores) is the weakest point in terms of repelling the oil and 

preventing its permeation, we first carried out some basic theoretical researches on its formation 

and oil,repellency. The formation was evaluated by studying the spreading behavior of a water 

droplet (1 HL, dyed with Rhodamine B) on the five component parts of the gradient membrane. 
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6

Due to the superhydrophilicity of the Co3O4,coated wires (Figure S3) and the hydrophobicity of 

the pores, a capillary driving force and a pinning force are applied on the droplet and control its 

spreading. As a result, three distinct states are yielded with decreasing pore size: no spreading, 

partial spreading and full spreading (Figure 2a,b). To better understand the spreading behavior in 

a more realistic system, we simplify the complex braided structure to two perfectly parallel wires 

(Figure 2c), such that the equilibrium conditions for different states can be approximately given 

according to the minimization of surface energy�(see Figure S4 for the derivation):49  

(R1/r)2[π/2 , θ1 , α1 + sin(θ1 + α1)cos(θ1 + α1)] + 2(R1/r)[sinα1cos(θ1 +  α1) , α1cosθ1] +  

                                                        sinα1cosα1 , α1 = 0                                                           (1) 

where R1 is the curvature of the water surface, r is the radius of the wire, θ1 is the water contact 

angle on the wire surface, and α1 is the angle between the line connecting the wire centers and 

the radius to the air,water,solid boundary. In Equation (1), R1/r can be replaced by: 

                                R1/r = (1 + d/2r , cosα1)/cos(θ1 + α1), (d, pore size)                                 (2) 

Therefore, a relationship is established among d/2r, θ1 and α1. Sinceθ1 = 0° (Figure S3), we 

obtain that: when d/2r > √2 (150, 120 and 90 Hm membranes, Table S1), α1 = π and the 

spreading does not happen; when 0.57 < d/2r < √2 (60 Hm membrane), π/2 < α1 < π and partial 

spreading occurs; when d/2r < 0.57 (30 Hm membrane), α1 < π/2 and full spreading takes 

place.49,50 These analyses are consistent with our experimental results, indicating the easier 

formation of the sealing water layer on small,pore membranes. 

        The oil,repellent property of the water,sealed membrane was then evaluated by studying the 

spreading behavior of an oil droplet (anti,wear hydraulic fluid, 5 HL) on membranes with 

different pore sizes. As shown in Figure 2d, the spreading area decreases with decreasing pore 

size, which is mainly attributed to the strong pinning effect of the water,wetted wires in the 
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7

lateral direction and the enhanced oil,repellency of the water layer in the vertical direction. The 

lateral pinning effect is detailedly interpreted in Figure S5. Here, we mainly focus on the oil,

repellency of the water layer, and the mechanism is schematically shown in Figure 2e, where the 

repellent force (P) can be evaluated according to the Laplace law:51  

                                  P = ∆P = 2γL1L2
/R2 = 4γL1L2

sin(θ2 , π/2 , α2)/D                                       (3) 

where ∆P is the oil pressure, γL1L2
 is the surface tension of the oil,water interface, R2 is the 

curvature of the meniscus, θ2 is the advancing contact angle of oil on the wire surface, α2 is the 

angle between the line connecting the wire centers and the radius to the oil,water,solid boundary, 

and D is the distance between the two oil,water,solid boundaries. From simple geometry, it 

follows: 

                                                     D = 2r(1 , cosα2) + d                                                             (4) 

Therefore, a decrease in d leads to an increase in P, indicating that stronger oil,repellency can be 

achieved by the sealing water layer on small,pore membranes. 

        Based on the aforementioned theoretical analyses on the formation and oil,repellency of the 

water,sealed membrane, the wetting and permeating behaviors of water and oil on the 

membranes were investigated. As shown in Figure 3a, a water droplet can easily penetrate 

through the pores and wet both sides of the membrane due to the superhydrophilicity of the wires. 

This wetting behavior is more apparent for large,pore membranes because of their high porosity. 

The water contact angle decreases with decreasing pore size (Figure 3b), confirming the easier 

formation of the sealing water layer on small,pore membranes. In comparison, an oil droplet 

cannot penetrate easily through the pores once they are sealed with water (Figure 3c).52 The oil 

contact angle increases with decreasing pore size (Figure 3d), signifying the enhanced oil,

repellency of the water,sealed membrane. The contrasting wetting behavior between water and 
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oil suggests that the sealing water layer acts as a selective gating liquid with respect to the 

permeability of the membrane, which allows the permeation of water (Figure 3e) but prevents 

the permeation of oil (Figure 3f). The selectivity of the water,sealed membrane is greatly 

influenced by its pore size. By decreasing the pore size from 150 to 30 Hm, the water flux 

declines gradually from 265 to 50 L m,2 s,1, while the oil breakthrough pressure (e.g. diesel) rises 

dramatically from 0.71 to 3.90 kPa.  

        Owing to the opposite permeating behavior between water and oil, the crossflow design 

enables selective collection of oil by eliminating water through the pores. In crossflow collection, 

the sealing water layer evolves from overlying on the surface to being trapped in the pores 

(Figure 4a). The overlying layer covers most of the membrane and creates a smooth water 

surface. Therefore, oil is isolated from the membrane and floats freely on it (Figure 4b).53,54 In 

contrast, the pore water layer exists only in the top part and causes a rough water/solid surface. 

As a result, oil comes into contact with the membrane and slides with difficulty over it.55 We 

evaluated the oil,floating stage by measuring the height that a water current (0.5 cm in thickness) 

could climb on the tilted membranes. As can be seen in Figure 4c and d, the climbing height of 

the water current increases with decreasing pore size due to the decline in water flux. In addition, 

the increase of the current speed and the membrane tilt also lead to the increase of the climbing 

height. The oil,sliding stage was then characterized by depositing an oil droplet (20 HL) on the 

tilted and water,sealed membranes (Figure 4e). As expected, oil slides much more easily on 

small,pore membranes due to their stronger oil,repellency. These studies emphasize the 

importance of the sealing water layer in facilitating the oil transportation and collection during 

the crossflow process. They also suggest that in practical applications the oil storage container 

should be adjusted to an appropriate height according to the changes in pore size, ship speed and 
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9

membrane tilt, so as to maximize the floating stage while minimizing the sliding stage, as long as 

water does not flow into the container (Figure 1f). 

        From the above characterizations of oil/water wettability, permeability and mobility, we can 

conclude that the water,sealed gradient membrane plays a continuously adaptive role in 

crossflow spilled oil collection. In the beginning, with a great deal of water flowing onto the 

membrane, the large pores at the bottom with high water flux enable fast water filtration. In the 

end, as water is filtered out and oil comes into contact with the membrane, the small pores at the 

top are conducive to the formation of the sealing water layer, which not only prevent oil 

penetration, but also facilitate oil transportation. It is also worth noting that the ultrathin Co3O4 

nanosheets coated on the wire surface also contribute to the oil collection (Figure S6 and Table 

S2). Unlike previously reported open structures,30,32,35 these nanosheets intertwine with each 

other, forming numerous enclosed cells (Figure 1e). These cells firmly lock water inside and 

generate a robust repelling layer. In this way, oil is easily transported and collected (Figure S7). 

        Based on the proposed crossflow collection of spilled oil, a laboratory,scale demonstration 

device that consists of an inclined gradient membrane and an oil container was designed as a 

proof of concept (Figure 5a). An apparatus was also fabricated with water and crude oil filling in 

a rectangular sink to simulate an environmental oil spill (Figure S8). For the demonstration, the 

device was installed on the apparatus and controlled to move along the crude oil/water interface 

(Figure 5b). As expected, the oil/water flows parallel to the membrane surface with water 

gradually permeating through the pores, while the crude oil is transported with the crossflow and 

finally collected in the container.  

        Due to the limited dimensions of the apparatus on the laboratory scale, the performance of 

the device could not be exactly determined in one go. Therefore, we controlled the device to 
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10

continually and repeatedly collect the spilled oil (Methods and Table S3), and statistically 

evaluated its collection efficiency (Q) according to the following equation:  

                                                                  Q = V/(W*t)                                                              (5) 

where V is the collected oil volume, W is the membrane width, and t is the cumulative collection 

time. As shown in Figure 5c, the initial collection efficiency for the crude oil reaches 52.2 L m,1 

min,1 at a device speed of 0.4 m s,1. Other types of oil, such as diesel, corn oil and anti,wear 

hydraulic fluid, could also be collected with initial efficiencies above 50 L m,1 min,1, suggesting 

the universality and practicality of this crossflow approach in cleaning up various oil spills. More 

remarkably, the collection efficiencies for these oils suffer from only a tiny decline of 1.3−2.9% 

after a cumulative collection time of 100 min (continual collection for more than 2000 times), 

significantly outperforming the gravity,driven approach (which losses its selectivity within 50 

times, Figure S9). We also demonstrated that the gradient membrane (average pore size, 90 Hm) 

exhibits much higher collection efficiencies compared with a single,pore,size membrane (90 Hm) 

at different device speeds (Figure 5d). The outstanding performance of high efficiency and high 

continuity is mainly attributable to the water,sealed gradient membrane. On the one hand, the 

large pores at the bottom with high water flux favor fast water filtration, while the small pores at 

the top with strong oil,repellency allow easy oil transportation. On the other hand, the sealing 

water layer minimizes the direct contact between the membrane and the oil fluid, which endows 

the membrane with excellent anti,fouling properties. At last, to simulate the real environmental 

conditions, we studied the effect of surface waves on crossflow spilled oil collection. As shown 

in Figure S10, the collection efficiency declines much more quickly with increasing wave height, 

indicating the adverse effect of surface waves. Therefore, some measures should be taken in 
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11

practical applications to remove the water waves before collection or minimize its adverse effect 

by increasing the climbing height of oil/water mixture. 

��������� 

Our bioinspired crossflow concept, in which oil/water is driven to flow parallel to a gradient 

membrane surface, provides a novel approach for highly efficient and continuous spilled oil 

collection. This crossflow design also exhibits other advantages compared with the previously 

reported gravity,driven approach. First, the collection process is finished in one step, while a pre,

separation lifting process is needed for the gravity,driven approach. Second, the collection rate 

depends on the speed of the ship, which can reach a very high level, whereas the separation rate 

for the gravity,driven approach is limited by the low water permeation speed due to gravity. 

Thirdly, the pore,size gradient, the ship’s speed, and the membrane length and tilt can be 

adjusted properly in order to withstand harsh surface conditions, e.g. water waves. Therefore, 

this approach is very promising for cleaning up large,scale oil spills. Such a bioinspired 

crossflow concept by utilizing the different wetting and permeating behaviors of different phases 

could also be extended to other areas that need efficient separations, such as water purification 

using graded layers of sand to sequentially remove contaminants from large particulates to small 

suspended microorganisms, air purification via a membrane filter with gradient pore distribution 

for the efficient removal of PM2.5, and blood dialysis with a gradient semipermeable membrane 

for progressive elimination of waste water and undesired solutes. 

�
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�
�����

�����������316L stainless steel meshes were used as the substrates for the coating membranes. 

Chemicals, including polyethylene,oxide–polypropylene,oxide–polyethylene oxide (PEO20,

PPO70,PEO20, Pluronic P123, Mw = 5,800), ethylene glycol (EG, 99.8%), cobalt(II) acetate 

tetrahydrate (CoAc2·4H2O, 98%), and hexamethylenetetramine (HMTA, 99.0%) were purchased 

from Sigma,Aldrich. Deionized water (15 MΩ·cm resistivity), ethanol (Chem,Supply Pty. Ltd., 

absolute), and acetone (Chem,Supply Pty. Ltd., 99.5%) were used for reaction and cleaning. 

Crude oil (medium, ONTA, Inc, Ontario, Canada), toluene (Sigma,Aldrich, 99.8%), diesel 

(Diesel Center Australia Pty. Ltd.), corn oil, and anti,wear hydraulic fluid (HM46) were used as 

test liquids. Transparent plastics (PMMA), a guide rail (V,Slot), a timing belt (GT2 profile), and 

a stepper motor (Nema 17) were purchased to fabricate the apparatus for the demonstration of 

crossflow spilled oil collection. 

��������� ��!�����"���Ultrathin Co3O4 nanosheets were coated on the membrane via a facile 

hydrothermal method. 0.2 g Pluronic P123 was first dissolved in 3.0 g ethanol. Then 1.0 g H2O 

and 12 mL EG were added to form a homogeneous solution. Next, 0.13 g CoAc2·4H2O and 0.07 

g HMTA were added under vigorous stirring for 30 min. After that, the solution was transferred 

into a 45 mL autoclave with the stainless steel meshes put in the bottom. The hydrothermal 

reaction was carried out at 170 °C for 15 h. Finally, the coated membranes were taken out and 

calcinated at 400 °C for 3 min. Other nanostructured coatings were also prepared by varying the 

amount of H2O addition (0, 0.5, 2.0 and 4.0 g) in the reaction solutions. The gradient membrane 

consists of five single,pore,size membranes (Table S1). They were tailored with the same length 

and their edges were clamped between two plates following a descending sequence in pore size. 

The total length of the gradient membrane is varied according to different test parameters. 
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�#���$����%���"��� The morphology of the membranes and the coated nanostructures was 

observed with a scanning electron microscope (SEM, JSM,7500FA, JEOL, Tokyo, Japan). The 

phase was evaluated using a powder X,ray diffractometer (XRD, MMA, GBC Scientific 

Equipment LLC, Hampshire, IL, USA) with Cu Kα radiation. Water spreading was observed via 

a video microscope (M,8LCD, Shanghai, China). Water and oil contact angles were measured on 

an OCA20 machine (Dataphysics, Germany) under ambient conditions. 

�!���&��'� ������Water spreading test was performed by depositing a 1 HL water droplet (dyed 

with Rhodamine B) on the horizontally,placed membrane. For oil spreading test, the membrane 

was pre,wetted with water, a 5 HL anti,wear hydraulic fluid droplet was then deposited on its 

surface and allowed to spread. To avoid evaporation of the water layer and make sure its surface 

was still flat, the oil droplet was deposited within 10 s after wetting the membrane. 

 ����������(�������Water permeability test was carried out using a home,made apparatus under a 

constant water pressure of 0.15 kPa. The water flux (F) was calculated from F = V/St (where V is 

the permeation volume, S is the exposed surface area of the membrane, and t is the permeation 

time). Oil permeability test was carried out using the same apparatus, with the constraint that the 

membrane was pre,wetted with water and used within 10 s. The oil breakthrough pressure (P) 

was calculated according to the equation: P = ρghmax (where ρ is the density of oil, g is the 

acceleration due to gravity, and hmax is the maximum height of oil the membrane can support). 

�"�����(� ������ For the water climbing test, a water current with a thickness of 0.5 cm was 

generated and made to flow onto the tilted membrane. The climbing height was measured by 

varying the speed of the water current and the inclination angle of the membrane. Since oil 

sliding takes place on a rough surface with water trapped in the pores, we first wetted the 

membrane, and then left it for 10 min to evaporate some water and generate the pore water layer. 
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The water,sealed membrane was tilted at 30°, and a 20 HL droplet of anti,wear hydraulic fluid 

was deposited on its surface and allowed to slide. The average sliding speed was calculated after 

sliding for 20 s. 

���"�������"��")�$�"��)�"*��!����&�"���$"���$��"���A laboratory,scale demonstration device was 

designed with a gradient membrane installed in the front with large pores at the bottom and small 

pores at the top (membrane tilt, 30°). The membrane is rectangular in shape with a fixed width 

and a variable length. A demonstration apparatus (dimensions, 1000 × 100 × 100 mm) was 

fabricated to provide the device with a good operating environment (Figure S7). To simulate an 

environmental oil spill, water and corn oil were poured into the apparatus, generating an oil layer 

3 mm in thickness.�For demonstration, the membrane was pre,wetted with water, which serves as 

a barrier layer for initial oil collection. The height (H) of the container above the oil/water 

interface was a little larger than the measured climbing height of the water current, so that water 

would not flow into the container. Here we set H = 1.1h (Table S3). To evaluate the collection 

efficiency and stability, the speed of the device was set at 0.4 m s,1. The volume of the collected 

oil was measured at every cycle, and then it was poured back to maintain the total oil content in 

the sink. The oil collection efficiency (Q) was calculated following the equation: Q = V/(W*t), 

where V is the collected oil volume, t is the cumulative collection time, and W is the membrane 

width. For the stability test, the collection efficiency was obtained with a t,value of 10 min. The 

comparison between the gradient membrane (average pore size, 90 Hm) and the single,pore,size 

membrane (90 Hm) was carried out at different device speeds (0.3, 0.4, 0.5 and 0.6 m s,1) with a 

t,value of 0.5 min. To simulate the real environmental conditions, artificial surface waves with 

different wave heights (1, 2 and 4 mm) were produced by air,blowing. All the data above were 

averaged from five measurements. 
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�

+�',���-����"��)�"*�)�������"�����)��#�'�������&���"���!���&�$�"��)�"*�$"���$��"��")��!����&�"��� (a) Gradient 

gill structure in suspension,feeding fishes. (b) Illustration of crossflow filtration in fish gills, showing that the 

suspension fluid flows parallel to the gill surface with water gradually permeating through the spaces and food 

particles concentrated and transported to the oesophagus. (c) Gradient membrane that consists of five meshes 

arranged in descending order of pore size from the bottom to the top (150, 120, 90, 60 and 30 Hm).�.d) Large 

(bottom) and small pore (top) regions of the gradient membrane. Scale bars, 300 Hm. (e) Ultrathin Co3O4 

nanosheets coated on the wire surface, which form numerous enclosed cells (inset). Scale bars, 2 Hm and 1 Hm 

(inset). (f) Illustration of bioinspired crossflow collection of spilled oil. As the oil/water flows parallel to the 

gradient membrane surface (note large pores at the bottom and small pores at the top), water gradually passes 

through the pores, while oil is transported and finally collected for storage. In crossflow collection, a water 

layer seals the membrane surface, which plays a vital role in repelling the oil and protecting the membrane.�
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�

+�',���/��+"�����"����&�"��0��!�����$(�")��#��*����0�����&�����������*��#�&�))������!"�����%�������#��

�1������ ������ (a) Spreading behavior of a water droplet (1 HL, dyed with Rhodamine B) showing three 

different states—no spreading, partial spreading and full spreading. Scale bars, 0.5 mm. (b) Water spreading 

area as a function of pore size. (c) Schematic illustration showing the formation of the sealing water layer on 

two parallel wires. The final spreading state depends only on the value of d/2r. (d) Oil (anti,wear hydraulic 

fluid, 5 HL) spreading area on water,sealed membranes as a function of pore size. (e) Schematic illustration 

explaining the oil,repellency (P) of the water layer by the Laplace equation: P = ∆P = 4γL1L2
sin(θ2 , π/2 , 

α2)/[2r(1, cosα2) + d]. 
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�

+�',��� 2��������'� ��&� !��������'� ��#�3�"��� ")�*����� ��&� "��� "�� #"��%"�����(0!��$�&����������� (a) 

Wetting behavior of a water droplet (3 HL) on membranes with different pore sizes (with insets displaying their 

corresponding SEM images, scale bars: 300 Hm). (b) Water contact angles. (c) Wetting behavior of an oil 

droplet (anti,wear hydraulic fluid, 5 HL) on water,sealed membranes. (d) Oil contact angles. (e) Water flux as 

a function of pore size (water pressure, 0.15 kPa). (f) Oil breakthrough pressure as a function of pore size. 
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�

+�',���4���"�����(�")�*�������&�"���"�������&��������������$�"��)�"*�$"���$��"�� (a) Schematic illustration 

showing the evolution of the sealing water layer from overlying on the surface to being trapped in the pores. (b) 

The oil mobility exhibits two stages: ‘oil floating’ on a smooth water surface (top), and ‘oil sliding’ on a rough 

water/solid surface (bottom). (c) Climbing height of a water current (0.5 cm in thickness) as a function of pore 

size and current speed (membrane tilt, 30°). (d) Water climbing height as a function of pore size and 

membrane tilt (current speed, 0.4 m s,1). (e) Sliding speed of an oil droplet (anti,wear hydraulic fluid, 20 HL) 

on water,sealed membranes (membrane tilt, 30°). 
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�

+�',��� 5�� ���"���"�(� &��"�������"�� ")� �#�� $�"��)�"*� �!����&� "��� $"���$��"�� (a) Optical image of a 

laboratory,scale demonstration device that consists of a gradient membrane and an oil container. Scale bar, 3 

cm. (b) Dynamic process of the crossflow spilled oil collection (taking crude oil as an example). The enlarged 

images at the bottom clearly display the water layer (with the red ellipse marking the oil/water/solid region), 

the climbing oil and the collected oil. (c) Collection efficiency and stability for different types of oil (device 

speed, 0.4 m s,1). (d) Comparison in terms of collection efficiency (crude oil) between the gradient membrane 

(average pore size, 90 Hm) and a single,pore,size membrane (90 Hm) at different device speeds. 
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Inspired by the crossflow filtration behavior of fish gill, we propose a novel crossflow approach 

via a hydrophilic, titled gradient membrane for the collection of spilled oil. Owing to a water 

layer that seals the membrane pores, this bioinspired crossflow approach enables highly efficient 

and continuous spilled oil collection, which is very promising for the cleanup of large,scale oil 

spills.�
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