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ABSTRACT
With the rapid development of modern industry, oil spills and oily industrial wastewater have caused serious environmental problems. Thus,
mitigation strategies for this pollution must be developed to alleviate worldwide concerns. A promising mitigation strategy involves the use
of high-strength magnetically controlled superhydrophilic/oleophobic sponges prepared using melamine sponge, polyurethane, monolayer
graphene, and Fe3O4 as basic materials. Scanning electron microscopy was used to characterize the surface morphology and roughness of
this newly developed sponge. Changes in wettability and the mechanisms underlying these changes were investigated by contact angle mea-
surements. The quantity of water absorbed by the prepared sponge in oily wastewater was 80.8 times the mass of the sponge, indicating
good adsorption properties and the ability to treat oily wastewater. The experimental investigation of the mechanical properties showed
that the elastic coefficient of the sponge was 1000 N/m, five times higher than that of the original sponge. The method developed herein
overcomes the shortcomings of traditional oil-water separation materials, including low absorption efficiency and interference from oil,
which can block adsorption sites. Therefore, the material developed herein has immense potential in industrial oil purification and oil spill
purification.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120303., s

I. INTRODUCTION

With rapid developments in modern transportation, the
petrochemical industry, and marine engineering, the discharge
of industrial wastewater and frequency of oil spill accidents
have increased, causing serious environmental problems. There-
fore, the efficient separation of oil and water is an important
research field. Surfaces with special wettability, including those
exhibiting superhydrophilic/superoleophobic and superhydropho-
bic/superoleophilic properties, show great potential for oil-water
separation in oil spill cleaning, oily wastewater treatment, and fuel
purification.1,2

Recently, researchers have successfully prepared various
superhydrophobic/superoleophilic surfaces on different materials

including metal meshes,3,4 fabrics,5,6 and polyvinylidene flu-
oride (PVDF) membranes.7,8 However, the superhydrophobic/
superoleophilic surfaces prepared using the above listed materi-
als exhibited low oil absorption efficiency, limiting their appli-
cation. Unlike these film-based materials, sponges with a cer-
tain three-dimensional structure can achieve efficient oil-water
separation and high oil absorption efficiency.9 Zhu et al. used
a one-step solution immersion method for the preparation of
superhydrophobic/superoleophilic sponges with mechanical dura-
bility and good chemical stability by coating a polysiloxane layer
on the surface of three-dimensional porous polyurethane (PU)
sponges.10 Pham et al. prepared a melamine sponge using a solu-
tion immersion method. The superhydrophobic/superoleophilic
sponges were prepared by attaching amino groups to the surface
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of a sponge skeleton and forming a self-assembled monolayer on
the surface of a sponge skeleton.11 Wang et al. prepared a car-
bon nanotube/polydimethylsiloxane-coated polyurethane sponge
with superhydrophobic/superoleophilic properties that can be used
for continuous absorption and discharge of oil and organic sol-
vents from the water surface.12 However, the superhydropho-
bic/superoleophilic surface used for oil-water separation is prone
to blockage and damage during oil absorption, particularly on the
membrane surfaces.13–15 In addition, because the density of water is
higher than that of oil, water sinks into the oil and forms a barrier
layer, preventing oil penetration.

Therefore, the ideal surface with special wettability should
exhibit superhydrophilic/superoleophobic properties. It is dif-
ficult to fabricate superhydrophilic and superoleophobic sur-
faces because the surface energy of the oleophobic surface
is low, imparting a certain resistance to water and prevent-
ing the achievement of true superhydrophilic/superoleophobic
characteristics. To solve this problem, Su et al. used chitosan
and perfluorononic acid as basic materials to prepare magnetic
superhydrophilic/superoleophobic sponges using an impregnation
method. Their method solved the problem of superhydropho-
bic/superoleophilic sponges being easily contaminated or blocked
by oil.16 However, perfluorononic acid is relatively corrosive,
which is not conducive to environmental protection. Recently,
carbon-based materials, including carbon nanotubes, graphene,
and their derivatives, have shown promise as substitutes for
traditional oil-water separation materials.17–19 However, because
of the hydrophobicity of graphene, the preparation of superhy-
drophilic/superoleophobic sponges based on graphene has rarely
been reported.

Herein, high-strength magnetically controlled superhydrophilic/
oleophobic sponges were prepared using melamine sponge, PU,
monolayer graphene, and Fe3O4 as basic materials. The prepared
material achieved efficient oil-water separation and could be used
for the treatment of oily wastewater due to its excellent mechanical
properties. The developed material solves the shortcomings of tradi-
tional oil-water separation materials, including low absorption effi-
ciency and susceptibility to pollution and blockage by oil. This mul-
tifunctional sponge has immense potential for large-scale oil-water
separation applications.

II. EXPERIMENTAL
A. Materials and instruments

Monolayer graphene and its graphene dispersant were pur-
chased from Carbon Feng Technology Co., Ltd. (Suzhou, China).
Fe3O4 (5 μm diameter) was provided by Macklin Co., Ltd. (Shang-
hai, China). Deionized water was purchased from local distrib-
utors and 8330 PU was supplied by BASF Co., Germany. The
melamine sponge was provided Zhengzhou Fengtai Nanomateri-
als Co., Ltd. and 1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane
(PFDTS) was obtained from Silworld Chemical Co., Ltd. (China).
Oil Red O and methylene blue were purchased from local dis-
tributors. All reagents were used as-received without further
purification.

A 524G magnetic stirrer (Shanghai Mei Yingpu Instrument
Manufacturing Co., Ltd.) and 500 W ultrasonic vibrator (Hangzhou

Frante Ultrasound Technology Co., Ltd.) were used to disperse
the materials in solution. A S3000 scanning electron microscope
(SEM; Japan Hitachi Group) was used for surface topography char-
acterization. The water contact angles (WCAs) on all the prepared
surfaces were measured by the JC2000C1 contact angle measure-
ment system (Shanghai Zhongchen Digital Equipment). The mag-
netic properties of sponges were assessed using vibrating sample
magnetometer (VSM, Lake Shore 7307). The stress-strain curve is
obtained by a single-column tester (Shanghai Zhongtai Equipment).
Raman spectra were recorded by LabRam HR Evolution Raman
spectrometer (HORIBA Scientific, France) with a 532-nm laser
source.

B. Preparation of a superhydrophilic/oleophobic
graphene-based magnetic sponge

First, 0.1 g of monolayer graphene, 0.01 g of graphene disper-
sant, and 1 g of PU were added to 20 mL of deionized water and
magnetically stirred for 20 min. After the addition of 0.5 g of Fe3O4
particles, an ultrasonic oscillator was used to oscillate the solution for
10 min. Finally, 0.05 mL of PFDTS was added to the dispersed solu-
tion, and ultrasound was continued for 6 h to generate a uniform
dispersing solution. The tailored melamine sponge was immersed
in the prepared solution, which was sufficiently absorbed by the
sponge through repeated extrusion. The sponge that absorbed the
solution was cured at room temperature for 8 h (or heated at 70 ○C
for 1 h).

III. RESULTS AND DISCUSSION
A. Analysis of sponge morphology

First, the melamine sponge before and after immersion in the
dispersant solution was observed, as shown in Fig. 1.

Figure 1 shows that the color of the front surface of the
sponge after soaking in solution is white and after soaking in solu-
tion, it turns black. This is because, under the action of PU, the
graphene and Fe3O4 are wrapped on the surface of the sponge
after being dispersed in solution, causing the sponge to turn
black.

To further examine the morphological characteristics of the
sponges, SEM was used. The images of the sponges before and after
immersion are shown in Fig. 2.

FIG. 1. Optical images of (a) untreated sponge; and (b) graphene-based sponge.
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FIG. 2. SEM images of (a) untreated sponge; and (b) graphene-based sponge.

As shown in Fig. 2(a), the untreated melamine sponge exhibits
a regular three-dimensional stratified structure. Figure 2(b) shows
that the sponge, after soaking in solution, adopts a regular
three-dimensional stratified structure composed of irregular holes
and agglomerated graphene-Fe3O4 particles.

B. Wettability test of the prepared sponge
The contact angle is an important parameter that is used to

characterize the wettability of surfaces. By measuring the contact
angle, information regarding the solid-liquid and solid-gas inter-
face interaction on the material surface can be obtained. Figure 3
shows 5 μL drops of deionized water droplets mixed with blue pig-
ments (methylene blue) and 5 μL drops of oil mixed with red pig-
ments (Oil Red O) on the surface of untreated and graphene-based
sponges.

Figure 3(a) shows the 5 μL drops of deionized water and oil on
the surface of the untreated sponge. The water and oil could both
infiltrate the sponge, indicating that the untreated sponges exhibited
no resistance to water or oil. Water could still infiltrate the sponges
after solution treatment, but the oil droplet retained its spherical
shape on the surface of the treated sponge and could not pene-
trate. To further understand the wettability of the sponges soaked
in the treatment solution, the contact angle of the droplets on the
graphene-based sponges was measured and the results are shown in
Fig. 4.

According to Fig. 4(a), the contact angle of water on the sur-
face of the graphene-based sponges is 0○. Compared to the untreated

FIG. 3. Images of 5 μL water and oil droplets on the surface of (a) untreated
sponge; and (b) graphene-based sponge.

FIG. 4. Contact angle diagram of (a) water on the graphene-based sponges; (b)
oil on the graphene-based sponges.

sponge surface, the wettability of the sponge surface remained
unchanged, and all were superhydrophilic. The contact angle of
the oil on the sponge surface after graphene treatment was 136.8○.
Compared to the untreated sponge surface, the wettability changed
from superoleophilic to oleophobic. To further understand the
underlying mechanisms of sponge surface wettability, the compo-
sition of the sponge surface was analyzed.

Deionized water was used as a dispersant to disperse Fe3O4 and
graphene, which eventually evaporated without affecting the wetta-
bility of the sponge surface. PU was used as an adhesive to bond and
fix Fe3O4 and graphene to the sponge skeleton without affecting its
wettability. Therefore, it is speculated that the oil wettability of the
sponge surface is related to the Fe3O4, graphene, and PFDTS con-
tents. The factors affecting the wettability of the sponge surface were
investigated experimentally and the obtained results are shown in
Table I.

Table I lists the experimentally determined WCAs and oil con-
tact angles (OCAs) of the sponges prepared using different formu-
lations with the same PU content of 1 g. When Fe3O4 or graphene

TABLE I. Surface wettability of sponges prepared using different formulations.

Fe3O4 Graphene PFDTS Water contact Oil contact
(g) (g) (mL) angle (○) angle (○)

1 0 0 0 0 0
2 0.5 0 0 0 0
3 0 0.1 0 0 0
4 0 0 0.05 0 55
5 0.5 0.1 0 0 0
6 0.5 0 0.05 0 92.5
7 0 0.1 0.05 0 100.5
8 0.5 0.1 0.05 0 136.8
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were individually added to the solution, the wettability of the sponge
surface did not change significantly. When both were added simulta-
neously, the wettability of the sponge surface remained unchanged.
Figure 2 shows that the this phenomenon is due to the regular
three-dimensional stratified structure of the sponge. Water and oil
can infiltrate the sponge through this structure. However, after
Fe3O4 and graphene were added, the holes remained present, and
water and oil could infiltrate the sponge through the holes. When
PFDTS alone was added to the solution, the OCA on the sur-
face of the sponge was changed to 55○ because PFDTS is a fluo-
ride, which acts forms a fluoride-covered structure on the surface
of the sponge skeleton, resulting in an increased OCA (from 0○

to 55○). Similarly, adding Fe3O4 or graphene increased the rough-
ness, and the OCA increased from 55○ to 92.5○ and 100.5○, respec-
tively. When Fe3O4, graphene, and PFDTS were added simultane-
ously, the OCA was further increased to 136.8○. However, the WCA
was maintained at 0○ for these formulations because of the three-
dimensional pore structure in the sponge. The above data show that
the changes in wettability of the coatings are related to the Fe3O4,
graphene, and PFDTS contents.

Raman is a very important method to determine the struc-
ture change of polymer-graphene composite. This technique is
able to discriminate graphene and allows determining the number
of graphene layers within an acceptable error range. In order to
detect the presence of graphene and other substances, Raman was
used to detect three kinds of samples. These three samples include
the untreated sponge, the PU–Fe3O4–PFDTS sponge and the PU–
Fe3O4–PFDTS–graphene-based sponge. The obtained results are
shown in Fig. 5.

As shown in Fig. 5, compared with the untreated sponge,
the spectra of PU-Fe3O4-PFDTS sponge and PU–Fe3O4–PFDTS–
graphene-based sponge show significant peaks of Fe3O4 at
∼665cm-1. The existence of Fe3O4 in treated sponge is proved.
A prominent feature is PU–Fe3O4–PFDTS–graphene-based sponge
show the three typical graphene peaks at ∼1334cm-1 (D peak),

FIG. 5. Raman spectra of untreated sponge, PU–Fe3O4–PFDTS sponge, PU–
Fe3O4–PFDTS–graphene-based sponge.

∼1561 cm-1 (G peak) and ∼2700 cm-1 (2D peak). D peak is usu-
ally considered as the disordered vibration peak of graphene. G
peak is the main characteristic peak of graphene, which is caused
by in-plane vibration of carbon atoms in sp2. It can effectively
reflect the number of layers of graphene. 2D peak is used to char-
acterize the stacking mode of carbon atoms in graphene sam-
ples. As can be seen from the Fig. 5, the 2D peak is sharp
and symmetrical, and has a perfect single Lorentzien peak shape.
In addition, the 2D peak strength is greater than that of G
peak. The existence of monolayer graphene in the PU–Fe3O4–
PFDTS–graphene-based sponge sample was proved. Combined with
Table I and Figure 5, it is further proved that the wettability of
sponge surface is changed due to the addition of Fe3O4, graphene
and PFDTS.

C. Testing the oil resistance of the sponge
To test the oleophobic effect of the graphene-based sponges,

untreated sponges and graphene-based sponges were placed in oil
for examination.

In Fig. 6(a) and (b), the untreated and graphene-based sponges
were simultaneously placed in oil. The untreated sponges quickly
absorbed a large amount of oil and were immersed in the oil, while
the graphene-based sponges floated on the oil surface. When the
graphene sponge was immersed in oil by external force, oil still did
not infiltrate. When the external force was released, the graphene
sponge immediately floated to the oil surface. Thus, the graphene-
based sponges exhibited a better oleophobic effect than the untreated
sponges.

D. Adsorption capacity of the graphene-based
sponges

The adsorptive capacity of sponges is another important aspect
that should be considered for their practical application. To study
the adsorption capacity of graphene-based sponges, the prepared

FIG. 6. The oleophobic effect of the prepared graphene-based sponge: (a)
untreated and graphene-based sponges are placed on the oil; (b) graphene-based
sponges is pressed into oil under external pressure.
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FIG. 7. The magnetic adsorption effect
of the prepared graphene-based sponge:
(a) t=0 s; (b) t=0 s; (c) t=0.5 s; (d) The
magnetization curves of the prepared
graphene-based sponge.

FIG. 8. Effect of graphene-based
sponge on water absorption. (a)
untreated oil-water mixture; (b) sponge
absorbs water from oil-water mixture; (c)
sponge extrudes absorbed water; (d) 30
absorption-desorption cycles of three
different sponges.
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FIG. 9. Sponge deformation effect under a 200 g weight.
(a) untreated sponge; (b) PU–Fe3O4–PFDTS sponge; (c)
PU–Fe3O4–PFDTS–graphene-based sponge.

sponges were placed in containers filled with oil. A specific amount
of dyed deionized water was added to the container, and the
sponge was controlled by a magnet to adsorb the water (Fig. 7a, 7b
and 7c). The magnetization of graphene-based sponges is tested by
quantitative magnetic testing and the obtained results are shown in
Fig. 7(d).

As shown in Fig. 7(a), 7(b) and 7(c), graphene-based sponges
can be controlled by magnets and completely absorb water from
oil. The magnetic properties of graphene-based sponges determined
by VSM at room temperature in Fig. 7(d). The saturation magneti-
zation of graphene-based sponges was 3.8 emu⋅g-1. The graphene-
based sponges had fairly good magnetization, which can be con-
firmed by the remanence and coercivity were zero with no hysteresis.
Therefore, the sponge can be attracted conveniently and quickly by
using the external magnetic field. To further test the ability of the
prepared sponges to treat oily wastewater under actual conditions,
the graphene-based sponges were placed into oil-water mixtures
(oil:water = 1:1, 30 g each). After fully absorbing water, the sponges
were removed from the mixture, and the quality of the absorbed
water was measured (Fig. 8).

Figure 8(a), 8(b) and 8(c) show that graphene-based sponges
can absorb water in oily wastewater because of their good oleopho-
bic/superhydrophilic effects. The mass of the graphene sponge was
0.13 g and the mass of the water absorbed was 10.5 g (10.5mL), rep-
resenting an adsorption capacity of 80.8 times its own mass. A total
of 30 adsorption-desorption cycles were repeated, and the experi-
mental results are shown in Fig. 8(d). The absorptive capacity of
the untreated sponges was only 22.2 times the mass of the sponge
and decreased with increasing cycle number. This is because the
oil in the oily wastewater contaminated the untreated sponge and
reduced its adsorption capacity. The absorptive capacity of the PU-
Fe3O4-PFDTS sponges was 58.2 times its own mass, which decreased
with increasing cycle number, finally reaching 50.3. This is because
these sponges could not completely resist oil pollution. However,
the absorption capacity of the PU-Fe3O4-PFDTS-graphene-based
sponges was largely unchanged, and the absorption energy of
water was not significantly reduced by this modification. Therefore,
these graphene-based sponges exhibited good adsorption capacity
and high repeated utilization rate, absorbing a large amount of
water from oily wastewater with excellent potential for commercial
application.

E. Mechanical properties and elastic properties
of the prepared graphene-based sponges

Graphene exhibits good electrical conductivity, excellent flex-
ibility, and good mechanical properties. The introduction of
graphene into sponges can theoretically improve their mechanical
properties.20 To study the mechanical properties of the prepared
graphene-based sponges, 200 g weights were used to press the sur-
face of the untreated, PU–Fe3O4–PFDTS, and PU–Fe3O4–PFDTS–
graphene-based sponges and elasticity was measured.

As shown in Fig. 9, when the 200 g weight was placed on the
surfaces of 6 cm2, untreated sponges had the largest deformatio-
nand 1.0 cm and non-graphene had the second deformationand
0.76 cm. However, PU–Fe3O4–PFDTS–graphene-based sponge had
only 0.20 cm deformationand, which showed no obvious defor-
mation and good mechanical strength and elasticity. Therefore, to
quantitatively measure the ability of the prepared sponges to resist
deformation, the elastic coefficients of the three sponges with the
same area under the same load were calculated according to Hooke’s
law and the results are shown in Fig. 10.

FIG. 10. Elastic coefficients of three prepared sponges.
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According to the data presented in Fig. 10, the elasticity coef-
ficient of the untreated sponge was 200 N/m and that of the
PU–Fe3O4–PFDTS sponge was 260 N/m, demonstrating a slight
improvement. Thus, the addition of PU and Fe3O4 particles resulted
in slightly improved mechanical properties and elasticity of the
sponge. The elastic coefficient of the PU–Fe3O4–PFDTS–graphene-
based sponge was 1000 N/m, five times higher than that of the
original sponge. Therefore, the increased elasticity coefficient mainly
originated from the graphene on the connecting framework. To esti-
mate the mechanical durability of the PU-Fe3O4-PFDTS-graphene-
based sponge under physical stress, iterative compress tests of
the untreated sponge, PU–Fe3O4–PFDTS sponge and PU-Fe3O4-
PFDTS-graphene-based sponge under various strain ranges from 0
to 60% were performed, as shown in Fig. 11.

As shown in Fig. 11, the stress of the untreated sponge and
PU–Fe3O4–PFDTS sponge at 60% strain in the first cycle is 0.03
and 0.04 MPa. But the stress of PU-Fe3O4-PFDTS-graphene-based
sponge at 60% strain is 0.18 MPa. After 100 cycles of test, the stress
of the untreated sponge and PU-Fe3O4-PFDTS sponge decreased
to 0.02 MPa (33% decline) and 0.03 MPa (25% decline). The stress
of the PU-Fe3O4-PFDTS-graphene-based sponge decreased to 0.17
MPa (5.6% decline). The results show that the PU–Fe3O4–PFDTS–
graphene-based sponge has good mechanical durability, and the
elastic modulus of the PU–Fe3O4–PFDTS–graphene-based sponge

was higher than that of the sponges without graphene. The reason
for this phenomenon is that graphene itself has good mechanical
properties. This phenomenon proves that the PU-Fe3O4-PFDTS-
graphene-based sponge has good mechanical properties and high
elastic modulus.

F. Oil-water separation test
To detect the oil-water separation effectiveness of the PU–

Fe3O4–PFDTS–graphene-based sponge, oil and stained deionized
water were mixed and separated using an oil-water separation
device, as shown in Fig. 12.

From Fig. 12(a) and 12(b), because water is heavy and oil
is light, the force of gravity allows water to pass through the
sponge normally, while the oil is blocked. In traditional hydropho-
bic/oleophilic oil-water separation, oil clogging is common and the
separation efficiency is often poor. However, the oil-water separa-
tion using the newly developed method overcomes these problems,
achieving a higher separation efficiency. Only 2 s was required for
the efficient separation of a 200 mL oil-water mixture using the PU–
Fe3O4–PFDTS–graphene-based sponges prepared herein. As shown
in Fig. 12(c), the quality of sponge remained at 0.13g after 20 oil-
water separation tests. This conclusion proves that graphene and
Fe3O4 do not fall off under the fixed action of PU, and the sponge
has durability.

FIG. 11. Mechanical Durability Testing: (a) the sponge is
loaded to 0% strain; (b) the sponge is loaded to 60%
strain; (c) cyclic compressive stress-strain curves of the
untreated sponge, PU–Fe3O4–PFDTS sponge and PU-
Fe3O4-PFDTS-graphene-based sponge in 100 cycles of
successive 60% strain tests.
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FIG. 12. The oil-water separation effect of the prepared
PU–Fe3O4–PFDTS–graphene-based sponge: (a) t=0 s;
(b) t=2 s; and (c) quality changes of sponges after 20 cycles
oil-water separation experiments.

IV. CONCLUSIONS
Herein, melamine sponge, PU, monolayerne graphene, and

Fe3O4 were used as basic materials to prepare high-strength mag-
netron superhydrophilic/oleophobic sponges for oil-water separa-
tion. The SEM images showed that the sponges contained irreg-
ular pores covered with agglomerated graphene and Fe3O4. The
contact angle measurements show that the prepared sponge exhib-
ited superhydrophilic/oleophobic characteristics. The sponge can
absorb 80.8 times its own mass of water from oily wastewater,
showing significant promise for environmental remediation. Com-
paring mechanical properties, the elastic coefficient of the sponge
was 1000 N/m, five times higher than that of the untreated sponge.
In addition, the oil-water separation experiments showed that the
magnetic superhydrophilic/oleophobic sponge was a practical and
efficient material for absorbing water and for efficient oil-water
separation.
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