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Abstract
With the rapid development of the marine transportation and oil exploration industries, oil spill accidents, such as ship 
discharges and leakages from oil transport vessels and offshore drilling platforms, occur from time to time, turning oil spill 
pollution at sea into an increasingly serious problem. Therefore, developing a rapid and efficient oil spill pollution treatment 
is of great significance to protect the water environment. In this study, we used a simple dip-coating method to modify poly-
dimethylsiloxane and nano-alumina onto a polyurethane sponge skeleton to prepare a super-oleophilic/super-hydrophobic 
porous adsorbent called Al2O3@PDMS/PU. The prepared Al2O3@PDMS/PU has a contact angle of 156.8° with water and 
can adsorb oil or organic solvents equivalent to 16–38 times its own weight. Based on the excellent super-oleophilic/super-
hydrophobic properties of Al2O3@PDMS/PU, we designed an oil collection device that can continuously recover oil and 
organic solvents. Unlike the traditional oil recovery method, this device integrates the oil–water separation and oil recovery 
processes such that the adsorption capacity of the adsorbent is no longer limited by its own weight and volume. This device 
shows broad application prospects in emergencies, such as oil leakages from drilling platforms and organic solvent leakage.

Graphical Abstract

Oil collection device for efficient recovery of oil in situ
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Introduction

Fuel oil and organic solvents play an important role in 
human activities and social production. However, the leak-
age of oil and organic solvents during transportation and use 
not only brings economic losses but also seriously damages 
the ecological environment, thus negatively affecting the 
survival of wild animals and plants and sailing and fishing 
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activities. The discharge of organic polluted wastewater 
(e.g., brine) also degrades the quality of water to levels that 
are no longer safe for consumption (via desalination) and 
industrial applications [1–6]. Therefore, an efficient recov-
ery of leaked oil or organic solvents is of great significance 
[7, 8].

Among the most commonly used treatment methods 
for oil spills and organic solvent leaks at home and abroad 
include in situ combustion, mechanical extraction, biodeg-
radation, chemical methods, and adsorption methods [9–12]. 
Despite its easy operation, the in situ combustion method 
releases toxic gases, such as CO, SO2, and polycyclic aro-
matic hydrocarbons, into the atmosphere, thus generating 
secondary pollution. The mechanical extraction method has 
a large processing capacity and does not cause secondary 
pollution, but the required device is large in size and has a 
cumbersome operation, making it unsuitable for respond-
ing to emergencies. Biodegradation is time consuming and 
easily affected by the environment, whereas chemical treat-
ment easily produces toxic gases. Adsorption has attracted 
increasing application in recent years due to its recycling 
of oil absorption materials, limited generation of secondary 
pollution, low technical requirements, and low cost [13–15]. 
When treating oil spills, adsorption often uses oil booms to 
control the oil slick on the water surface, covers them with 
oil absorption materials, and then collects these materials 
via mechanical extrusion or vacuum distillation. However, 
during the treatment process, the adsorption and separation 
steps are conducted separately, thus requiring many operat-
ing steps and consuming much time and labor. In addition, 
mechanical extrusion or vacuum distillation operations dam-
age the structure of oil-absorbing materials, thus reducing 
their oil-absorbing performance after repeated use [16–18]. 
Therefore, developing an in situ adsorption/desorption oil-
absorbing material and a sustainable oil spill recovery device 
is of great significance [19–21].

The most commonly used oil-absorbing materials today 
include activated carbon, cotton fiber, vermiculite, artificial 
polymers, turpentine, and bentonite [22, 23]. These materi-
als have two commonalities, one is that their surfaces are 
lipophilic/hydrophobic, and the other is that they have a 3D 
porous structure, which is convenient for the adsorption and 
storage of oil. Among them, artificial polymer polyurethane 
sponge has become an ideal oil–water separation mate-
rial due to its high resilience, low density, high absorption 
capacity, and easy large-scale production [24, 25]. Professor 
Yang Wenjie et al. [26] modified a polyurethane sponge with 
expanded graphite and zinc oxide, and the prepared modified 
polyurethane sponge demonstrated good lipophilic/hydro-
phobic properties with a contact angle of 134°. Professor 
Wu Tao et al. [27] modified a super-hydrophobic sepiolite 
on a 3D porous polyurethane sponge skeleton, and the con-
tact angle of the modified polyurethane sponge material to 

water reached 148°. However, in experiments using modi-
fied polyurethane sponges as adsorbents to clean oil spills 
on water surfaces, the removal of oil and the reusability of 
adsorbents received limited research attention [28]. Mechan-
ical extrusion and vacuum distillation consume much time 
and can easily damage the sponge structure, thus reduc-
ing its oil–water separation ability [29, 30]. Zhu Haitao 
et al. [31] built an emergency oil collection device where 
an oil-absorbing sponge was connected to a self-priming 
pump in order for the adsorbent to efficiently recover oil 
without being limited by adsorption capacity. However, this 
adsorbent has a complex preparation process and limited 
practicality.

Inspired by the superhydrophobic properties of the lotus 
leaf (surface concave and convex structure and ultra-low 
surface energy), we use polydimethylsiloxane (PDMS) with 
ultra-low surface energy and nano-Al2O3 as modifiers to 
modify the polyurethane sponge with a 3D porous structure 
to prepare a super-oleophilic/super-hydrophobic modified 
sponge material called Al2O3@PDMS/PU. Relying on the 
excellent oil absorption performance of this material, we 
also develop a set of devices for recovering oil (e.g., die-
sel oil and petroleum crude oil) and organic solvents (e.g., 
n-hexane and carbon tetrachloride) on the water surface. We 
also discuss the effects of working voltage, oil viscosity, 
nozzle height, working time, and other experimental param-
eters and the adsorption/desorption mechanism of Al2O3@
PDMS/PU.

Experimental

Materials

n-Hexane, dichloromethane, carbon tetrachloride, petro-
leum ether, methylene blue, oil red O, methylene blue, 
and nano-Al2O3 (20 nm) were purchased from Aladdin 
Chemical Reagent Company (Shanghai, China). Sylgard 
184 polydimethylsiloxane (PDMS) and the curing agent 
were purchased from Dow Corning (Midland, USA). Die-
sel, petroleum crude oil, and engine oil (20–40 W) were 
provided by the China Petroleum & Chemical Corporation 
Anqing Branch. Rapeseed oil and sunflower oil were pur-
chased from Carrefour Supermarket (Anqing, Anhui). A 
self-priming pump (RS-360SH) and polytetrafluoroethyl-
ene tube (inner diameter 2 mm, outer diameter 3 mm) were 
purchased from Maker Storm Studio (Shenzhen, China). The 
polyurethane sponge was purchased from the Zhiyue store 
on JD.com, China.
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Instrument

The morphology, structure, and element distribution of the 
materials were photographed by a Regulus 8600 field emission 
scanning electron microscope (Hitachi, Japan), whereas their 
chemical composition and functional groups were determined 
by a Nicolet iS50 Fourier transform infrared spectrometer 
(Thermo Fisher Company, USA). The contact angle data of 
the sponge raw materials, PDMS-PU, and Al2O3@PDMS/PU 
to water were measured by the DSA100 contact angle measur-
ing instrument (KRUSS, Germany). A JK-700DB ultrasonic 
cleaner (Hefei Jinnick Machinery Manufacturing Co., Ltd., 
China) was used to clean the polyurethane sponge and disperse 
the nano-Al2O3 particles.

Preparation of Al2O3@PDMS/PU

Large pieces of polyurethane sponge were cut into small pieces 
of about 3 × 3 × 3 cm, cleaned with water in an ultrasonic 
cleaner, and dried for later use. Under magnetic stirring, 2.0 g 
PDMS and 0.2 g curing agent were successively added into a 
beaker filled with 75 mL n-hexane. After stirring evenly, 3.0 g 
nano-Al2O3 was added. After stirring for 5 min, the beaker 
was transferred to an ultrasonic cleaner for ultrasonic wave 
for 5 min. Afterward, the polyurethane sponge was soaked in 
the mixed solution and extruded with a glass rod to discharge 
the air in the sponge. After 3 min, the sponge was taken out 
and naturally dried in a clean Petri dish for 4 h. The sponge 
was then dried in an oven at 80 °C for 2 h to obtain the final 
Al2O3@PDMS/PU.

Adsorption Capacity ( M ), Oil–Water Separation 
Efficiency ( � ), and Oil Flux of the Device ( J)

The adsorption capacity (M, g/g) and oil–water separation effi-
ciency ( � , %) of Al2O3@PDMS/PU for different oil materials 
were calculated using formulas (1) and (2), respectively, and 
the oil flux ( J , L m−2 h−1) of the device was calculated using 
the formula (3):

where wo(g) is the mass of Al2O3@PDMS/PU before adsorb-
ing oil, wi(g) is its mass after adsorbing oil (e.g., diesel, 
petroleum crude oil, engine oil, rapeseed oil, petroleum 
ether, or carbon tetrachloride), Vo(L) is the total volume 
after mixing dichloromethane and water (1:1), V1(L) is the 

(1)M =
wi−wo

wo

,

(2)� = (1 −
V1

Vo

) × 100%,

(3)J =
V

A×T
,

volume of remaining water, V(L) is the total volume of oil 
collected by the device, A(m) is the contact area between 
Al2O3@PDMS/PU and oil, and T(h) is the time required to 
collect oil.

Oil Collection Device

The oil collection device consists of four parts, namely, the 
core material Al2O3@PDMS/PU, self-priming pump, stabi-
lized DC power supply, and conduit. One end of one cath-
eter was inserted into Al2O3@PDMS/PU, and the other end 
was connected to the inlet of the micro self-priming pump. 
One end of the other catheter was connected to the outlet 
of the self-priming pump, and the other end was placed in 
an oil collection container (beaker). The self-priming pump 
and DC-regulated power supply were connected with wires. 
After setting the working voltage, the regulated power sup-
ply switch was turned on to begin the operation.

Results and Discussion

Materials’ Characterization

To determine whether PDMS was successfully modified 
on the surface of the polyurethane sponge material, we 
conducted an infrared spectral characterization of the raw 
material PU and Al2O3@PDMS/PU. As shown in Fig. 1a, 
the absorption peak at 2966 cm−1 can be attributed to the 
symmetric stretching vibration of the C–H bond in –CH3, 
while the absorption peaks at 1712 cm−1 and 1639 cm−1 
can be attributed to the stretching vibration of C = O and 
C = C bonds, respectively, thus indicating that the surface of 

Fig. 1   Infrared spectra of PU and Al2O3@PDMS/PU



2136	 Y. Meng et al.

the PU material contains furan groups and aromatics. The 
absorption peak at 1410 cm−1 may be the characteristic peak 
of the deformation vibration of –OH, and the absorption 
peak at 1087 cm−1 may be caused by the stretching vibra-
tion of –C–O–C–. Compared with the PU sponge, Al2O3@
PDMS/PU has new bending vibration and stretching vibra-
tion peaks of Si-CH3 at 1223 cm−1 and 814 cm−1. The new 
absorption peak at 1006 cm−1 can be attributed to the Si–O 
vibration (Fig. 1b). These new absorption peaks indicate 
that PDMS was successfully grafted onto the PU sponge 
skeleton.

We used the BET method to test the specific surface area 
of PU and Al2O3@PDMS/PU and then drew the adsorp-
tion and desorption isotherms. After loading nano-Al2O3, 
the specific surface area of Al2O3@PDMS/PU increased 
from 1.04 to 4.2 m2/g due to the large amount of nano-Al2O3 

loaded on the sponge surface, thus increasing its surface 
roughness (refer to the SEM images of PU and Al2O3@
PDMS/PU). PU and Al2O3@PDMS/PU present type III 
isotherms, thus confirming their macroporous structures 
(Fig. 2). Therefore, compared with PU, Al2O3@PDMS/PU 
can wet, adsorb, and store oil easier.

As shown in Fig. 3, PU, PDMS/PU, and Al2O3@PDMS/
PU have 3D macropore structures, which are beneficial to 
the storage and movement of oil. According to the Cassie-
Baxter model (i.e., under the condition of the same surface 
energy, a rough surface can provide better hydrophobic prop-
erties than a smooth surface), to improve hydrophobicity, we 
further modified the PDMS/PU material (Fig. 3b) by graft-
ing nano-Al2O3 particles to change its surface morphology. 
Figure 3c shows that the prepared Al2O3@PDMS/PU has 
an uneven surface similar to that of a lotus leaf, whereas its 

Fig. 2   N2 adsorption–desorp-
tion isotherm of a PU and b 
Al2O3@PDMS/PU

Fig. 3   SEM images of a PU and 
b PDMS/PU. c SEM image and 
EDS mapping image of Al2O3@
PDMS/PU
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water contact angle reaches 156.8° [32]. The X-ray energy 
spectrum analysis show that carbon (C), oxygen (O), alu-
minum (Al), and silicon (Si) elements are uniformly distrib-
uted on the surface of Al2O3@PDMS/PU.

As shown in Fig. 4, the water contact angles of PU, 
PDMS/PU, and Al2O3@PDMS/PU are 131.9°, 141.3°, and 
156.8°, respectively, and the water droplets show a per-
fect spherical shape on Al2O3@PDMS/PU. When Al2O3@
PDMS/PU was immersed in water by an external force, 
the gas in the material produced a “mirror” at the interface 
between the material and water (Fig. 5a) that blocked the 
entry of water. Nevertheless, Al2O3@PDMS/PU could still 
automatically absorb oil or organic solvents (Fig. 5b). After 
the adsorption reached saturation, Al2O3@PDMS/PU could 
still float on the water surface, thus confirming its good lipo-
philic/hydrophobic properties. The adsorption experiment 
results of Al2O3@PDMS/PU on different oils confirm that 
this material can adsorb oils or organic solvents equivalent 
to 16–38 times its own weight (Fig. 5c). These characteris-
tics increase the application prospects of this material in oil 
storage and transportation.

The reusability of oil–water separation materials is an 
important parameter for evaluating their performance. 
Diesel, crude oil, and CCl4 were selected in this experi-
ment to test the reusability performance of Al2O3@PDMS/
PU. First, Al2O3@PDMS/PU was placed in the liquid and 
taken out after fully absorbing the oil or organic solvent. 
The adsorption capacity M of the material was then com-
puted using formula (1). Afterward, the adsorbed oil or 
organic solvent in the adsorbent was squeezed out by 
mechanical extrusion, the mass of the adsorbent after 
deoiling was measured again, and the above operation was 
repeated. As shown in Fig. 6, after ten times of repeated 
oil absorption and deoiling, the adsorption capacities of 
Al2O3@PDMS/PU for diesel, crude oil, and CCl4 were 
23.6 (± 0.96), 32.7 (± 0.65), and 38.7 (± 0.38), respec-
tively. The adsorption capacity of Al2O3@PDMS/PU was 
also unchanged after multiple uses, indicating its good 
reusability in the oil–water separation process.

Fig. 4   Contact angles of PU, PDMS/PU, and Al2O3@PDMS/PU to 
water

Fig. 5   a Al2O3@PDMS/PU is 
immersed in water. b Al2O3@
PDMS/PU is placed in an 
oil–water mixture. c Al2O3@
PDMS/PU adsorption capacity 
for different oil materials

Fig. 6   Oil adsorption capacity of Al2O3@PDMS/PU after repeated 
use
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We also tested the oil–water separation efficiency of 
Al2O3@PDMS/PU using the gravity separation method. As 
shown in Fig. 7, under the influence of gravity, the methyl-
ene chloride and water in the mixed solution passed through 
the unmodified PU. While the methylene chloride in the 
mixed solution quickly penetrated and passed through the 
Al2O3@PDMS/PU, the water was unable to pass through 
due to repulsion. Repeated test results show that the separa-
tion efficiency of dichloromethane/water by Al2O3@PDMS/
PU remains above 99.4% (± 0.72), thus confirming the good 
selectivity of this material to oils or organic solvents.

Influence of Working Voltage

As shown in Fig. 8, as the operating voltage of the self-
priming pump increased, the diesel recovery rapidly 
increased and then remained stable. When the voltage was 
below 2.0 V, the device could not efficiently separate the 
diesel fuel. When the voltage increased from 2.0 to 3.5 V, 
the recovery of diesel fuel rapidly increased, and when the 
operating voltage ranged from 3.5 to 4.0 V, the recovery 
of diesel fuel remained stable. When the voltage exceeded 
4.0 V, bubbles stared to form in the collected diesel fuel, 

thus indicating that the applied suction force is too large, 
causing air to enter the Al2O3@PDMS/PU. Therefore, to 
improve the recovery rate and save energy, the operating 
voltage was set to 3.5 V in this work.

Fig. 7   a Al2O3@PDMS/PU separates dichloromethane/water mixture. b PU separates a dichloromethane/water mixture

Fig. 8   Effect of voltage on diesel recovery rate of the device
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Influence of Oil Viscosity and Oil Suction Pipe Orifice 
Height

We also explored the impact of oil viscosity on unit recov-
ery. By mixing n-hexane with engine oil in a volume ratio 
of 1:1, 1:2, 1:3, or 1:4, four oils with different viscosities 
were obtained, namely, n-hexane/engine oil-1 (66.8 CP), 
n-hexane/engine oil-2 (116.8 CP), n-hexane/engine oil-3 
(152.6 CP), and n-hexane/engine oil-4 (171.9 CP). Under 
the same experimental conditions, Al2O3@PDMS/PU took 
56, 82, 124, and 171 s to recover 60 mL of these oils, respec-
tively. The experimental results are shown in Fig. 9. As the 
viscosity of the oil increased, the recovery efficiency of the 
oil collection device gradually decreased, consistent with 
Darcy’s law:

where Q is the oil recovery (recovery rate), � is the viscos-
ity of the oil, h is the height difference between the water 
surface and the mouth of the suction pipe, k is the perme-
ability of Al2O3@PDMS/PU, A is the cross-sectional area 
of Al2O3@PDMS/PU, and ΔP is the pressure difference at 
the mouth of the suction pipe. Given that ΔP increases along 
with pump voltage, Q increases along with the self-priming 
pump operating voltage. On the contrary, as the oil viscosity 
increases, Q decreases.

In addition, we also explored the effect of the height dif-
ference between the oil suction pipe nozzle and the oil–water 
interface on the diesel recovery rate of the device. As shown 
in Fig. 10, the recovery rate of diesel oil decreased along 
with an increasing height difference between the oil suction 

Q =
−kAΔP

�h
,

pipe nozzle and the oil–water interface. Specifically, when 
the height difference was 20 mm, Al2O3@PDMS/PU took 
72 s to recover 60 mL of diesel. When the height difference 
was 5 mm, the recovery took 48 s. These results also accord 
with Darcy’s Law. Therefore, to achieve maximum recovery 
under low energy consumption, the height of the suction 
pipe orifice and the oil–water interface should be kept con-
sistent as much as possible.

Application of Oil Collection Device

To verify the practicability of the proposed oil-collecting 
device, we used oil-collecting device to recover organic sol-
vents and oil on the water surface. As shown in Fig. 11, our 
device efficiently recovered diesel fuel (Fig. 11a, Video S1), 
n-hexane (Fig. 11b, Video S2, with n-hexane colored by oil 
red O and water colored by methylene blue), and petroleum 
crude oil (Fig. 11d, Video S4) from the water surface. Due 
to its high viscosity, the collection efficiency for petroleum 
crude oil was relatively slow. Due to the excellent super-
hydrophobic/superoleophilic properties of Al2O3@PDMS/
PU, this material selectively recovered underwater organic 
solvents, such as carbon tetrachloride (Fig. 11c, Video S3).

Unlike traditional oil spill repair methods, the oil-col-
lecting device can absorb/desorb oil in situ, thus realizing 
an integration of adsorption and separation, which not only 
overcomes the limited oil absorption capacity of the sorb-
ent blanket material but also avoids damage to the material 
structure caused by traditional mechanical extrusion and dis-
tillation operations. In addition, the device can also work for 
a long time (continuous operation for 18 h) and maintains a 
stable recovery rate (Fig. 12).Fig. 9   Effect of viscosity on oil recovery

Fig. 10   Effect of suction pipe orifice height on oil recovery rate
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We then compared the cost and performance of Al2O3@
PDMS/PU with the oil–water separation materials and 
related devices published in the literature. As shown in 

Table 1, the device developed in this study has strong advan-
tages in terms of cost and oil flux.

Working Principle of the Oil Collection Device

To better explain the process and working principle of oil 
adsorption/desorption in an oil gathering unit, we simplified 
the irregular porous structure of Al2O3@PDMS/PU, mod-
eled it as a regular multi-bundle capillary (Fig. 13), and ana-
lyzed its capillary pressure in the working process. Before 
the self-priming pump applies suction, the capillary pressure 
at the oil–air interface on top of Al2O3@PDMS/PU can be 
expressed as:

where Ps represents the capillary pressure, R represents the 
radius of the capillary tube, �OA represents the oil–air inter-
facial tension, and �1 represents the contact angle of oil in 
the tube.

Ps =
2�OAcos�1

R
,

Fig. 11   a Recovery of diesel on 
the water surface. b Recovery of 
n-hexane on the water surface. 
c Recovery of carbon tetrachlo-
ride underwater. d Recovery of 
petroleum crude oil on the water 
surface

Fig. 12   Effect of long-term operation of the oil collection device

Table 1   Cost and performance of various materials and their devices for oil–water separation

a The default connection between the material and the pump is using PTEF pipes

Material used and its production cost (g–1) Water con-
tact angle

N-hexane flux 
(L m−2 h–1)

Device composition and cost ($)a Ref

TiO2-PU, $4.30 152.0° 70.0 Vacuum Pump, 98.41 [31]
LDPE/EPDM TPV, $0.35 161.9° – Vacuum pump and Valve, 94.82 [33]
WM-SiO2/OTS, $3.89 147.5° 1.49 Peristaltic pump and T-shaped glass tube, 463.42 [34]
PDMS-graphene sponges, $3.10 126.6° 2.25 Vacuum Pump, 95.49 [35]
PGNW-T, $4.40 154.4° 1.88 Vacuum pump and PP hollow tube, £ 97. 47 [36]
ER/RRPS/LSEC, $1.58 152.5° – Peristaltic Pump, 452.43 [37]
UMS, $2.55 139.0° 1.84 Vacuum Pump, 95.38 [38]
AW, $1.03 155.1° 34.1 Peristaltic pump, Valve, and T-shaped connecting 

pipe, 268.01
[39]

CNT/PDMS-coated PU, $2.71 162.0° 293.0 Vacuum Pump, 95.42 [40]
PDMS-CA, $2.37 144.2° 121.0 Self-priming pump and power source, 53.27 [41]
Al2O3@PDMS/PU, $0.78 154.1° 175.1 Self-priming pump and power source, 44.07 Our work
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As shown in Fig. 13, after the self-priming pump applies 
suction, the capillary pressure ( Ps ) on plane A increased as 
the contact angle decreased from �1 to �2 , and a new pressure 
balance was obtained between planes A and C. Therefore, 
air did not penetrate the oil–air interface of Al2O3@PDMS/
PU. After applying suction, the capillary pressure at the bot-
tom of Al2O3@PDMS/PU increased as the contact angle 
decreased from �3 to �4 . The increased capillary pressure at 
the oil–water interface and the superhydrophobic properties 
of the material surface can prevent water from penetrating 
into Al2O3@PDMS/PU. Given the absence of capillary pres-
sure in plane C, after applying suction to Al2O3@PDMS/PU, 
the pressure balance between planes C and B was broken, 
and the pressure difference transported the oil from planes 
C to B.

Based on the above, the working principle of the device 
is illustrated in Fig.  13c, in which the oil–water and 
oil–air interfaces play a sealing role. After applying suc-
tion, Al2O3@PDMS/PU repelled water and air from enter-
ing its interior and only allowed floating oil to enter. Under 
the action of pressure difference, the oil flowed from planes 
C to B and was then discharged by the self-priming pump, 
thus achieving the purpose of oil–water separation and the 
recovery of oil on the water surface.

Conclusion

In this study, we successfully prepared a super-lipophilic/
super-hydrophobic Al2O3@PDMS/PU material by using a 
low-cost polyurethane sponge as raw material. The method 
has simple operation steps, a mature and reliable technical 
route, and can be produced on a large scale. The prepared 
Al2O3@PDMS/PU can efficiently adsorb oil or organic sol-
vents 16–38 times its own weight and maintains a stable 
performance after 10 times of repeated use or 18 h of con-
tinuous oil separation. We also proposed a new oil collec-
tion device that can quickly and efficiently recover oil or 

organic solvents with a dynamic viscosity range of 0–172 
CP at a voltage of 3.5 V. This device is small in size, sim-
ple to operate, portable, has high oil recovery efficiency, 
can adsorb/desorb oil in situ, and realizes the integration of 
adsorption and separation. This device not only overcomes 
the limitation of oil absorption capacity on the adsorbent 
but also avoids damage to the material structure caused by 
traditional mechanical extrusion and distillation operations. 
Therefore, this new oil collection device not only alleviates 
environmental pollution but also reduces economic losses 
and provides an effective solution to oil spills or organic 
solvent leaks on the water surface.
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tary material available at https://​doi.​org/​10.​1007/​s11814-​024-​00140-2.
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