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ABSTRACT
In an attempt to develop the methodologies used for oil spill clean-up, polyurethane sponge was modified by
deposition of NiFe2O4 nanoparticles on the surface of the original polyurethane sponge under ultrasonic
treatment. The fabrication process was facile and low-cost. The as-prepared magnetic sponge exhibited
remarkable features including great porosity, high oil adsorption capacity, hydrophobicity, and reusability. In
addition, the magnetic property of the modified sponge facilitated the process of oil-water separation. Indeed,
the hydrophobicity of the modified sponge contributed to the adsorption of different types of oil and organic
solvent on the sponge surface. The modified sponge exhibited the same characteristic peaks as those of the
NiFe2O4 magnetic nanoparticles, ascertaining the formation of the crystalline nickel ferrite nanoparticles. The
XRD and FTIR results proved the formation of the composite. FESEM images of the nanocomposite showed a
highly porous mulberry-like structure with a rough skeleton. More importantly, the oil and water contact angle
measurements proved the hydrophobicity of the modified sponge.

Keywords: Polyurethane, oil adsorption, sponge, reusability, magnetic separation, NiFe 2O4nanoparticles, oil
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Introduction
Adverse effects of water pollution on human and aquatic ecosystems represent a major
concern. As a workaround, water purification techniques have been widely studied [1,2]. Oil
removal represents an important stage of water treatment in industrial countries, by which
many recent scientific investigations have been inspired given the growing demand for novel
methods to efficiently separate oil from water [3].
Previous oil-water separation methods have been focused on silica aerogels [4], nanowire
membranes[5], mesh films [6], carbon nanotubes [7–10], sawdust [11], and sponges [12–15].
Meanwhile, porous-surface [16–18] and high-hydrophobicity materials have been largely
regarded for oil removal applications [12,19–21]. Various techniques have been reported for
fabricating superhydrophobic adsorbents, such as chemical vapor deposition (CVD) [22] ,
emulsion polymerization[23-24], sol-gel processes [25-27] , and solution immersion[28-32].
In recent years, magnetic nanocomposites have been paid much attention thanks to their
facile separation capabilities. In order to achieve an efficient and fast separation procedure, it
is essential to combine the hydrophobicity with the magnetic property. Sponges have been
widely studied in different fields of research because of their three-dimensional porous
structure. However, previous reports on oil-water separation have relied on expensive
materials and severe preparation conditions. Thus, a major challenge to address is develop
adsorbents with high oil adsorption capacity, remarkable selectivity, low-cost fabrication
process, and environmental friendliness.
In this study, a magnetic nanocompostie was fabricated through modification of
commercially available polyurethane sponge, which is a common oil adsorbent thanks to its
high porosity. Spectacular advantages of the as-produced magnetic nanocomposite, including
facile preparation, high chemical stability, excellent performance, and reusability, provides
new prospects in the water purification industry.

Experimental
Materials
All chemicals were of analytical grade and used without further purification. Nickel nitrate
hexahydrate (Ni(NO3)2.6H2O, purity = 98%), iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O,
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purity = 98%), citric acid (C₆H₈O₇, purity = 99%), ammonium hydroxide (NH4OH, purity =
99%) and vinyltriethoxysilane (purity = 98%, Merck) were supplied from Merck. The
commercially available polyurethane was directly purchased from a local store in Tehran.

Synthesis of NiFe2O4 nanoparticles
Nickel ferrite nanoparticles were synthesized through a sol-gel auto combustion method.
Appropriate initial amounts of Ni(NO3)2.6H2O, Fe(NO3)3.9H2O and citric acid were
dissolved into 50 mL of deionized water under vigorous stirring for 1 h. Then the temperature
was raised to 80℃ for 2 h while adding the ammonium hydroxide to adjust the pH value of
the solution to 7. At this step, the solution had its color changed to green. The greenish
solution was then heated at 120℃till it was gradually changed into a gel. The heating process
was continued to form a dried gel. The dried gel eventually started to ignite and nanoparticles
effused. Finally, the nanoparticles were collected and calcinated at 1000℃ for 5 h.

Fabrication of magnetic sponge
The purchased polyurethane sponge was cut into pieces of 4 ×4 × 2 mm in dimensions. The
pieces were rinsed with deionized water and then submerged into a solution of deionized
water and ethanol at 50:50 for 48 h followed by dehydrating at room temperature. The
prepared pieces of sponge were then immersed into a mixture containing 100 mg of
NiFe2O4nanoparticles, 80mL of ethanol and 2 mL of vinlytriethoxysilane under
ultrasonication for 6 h. The obtained sponge was then rinsed with deionized water and dried
at room temperature.

Oil-water separation test
In order to investigate the oil adsorption efficiency of the magnetic sponge, weight
measurements were performed. In this study, five types of oil and organic solvent were
considered; these included the turbine oil, n-hexane, toluene, lubricating oil, and engine oil.
The oil adsorption capacity (Q) of NiFe2O4/polyurethane sponge was evaluated for different
oil types by measuring the weights of the as-produced sponge before (m1) and after(m2)
adsorbing the oil. Oil adsorption capacity of the modified sponge was calculated as
follows:(m2-m1/m1). The pieces of modified NiFe2O4/PU sponge were placed into a mixture
of oil and water to undertake the separation tests for different periods of time. For each oil
separation test, measurements were performed in triplicates and average values were
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reported. Recyclability of the manufactured nanocomposite was also investigated by
removing the oil from the magnetic sponge under vigorous stirring in ethanol solution for 30
min. The modified sponge could be reused after drying at 100℃ for 10 h.

Characterization
The morphology of the modified sponge was observed by field emission scanning electron
microscopy (FESEM, TESCAN MIRA). The composition of the magnetic sponge was
analyzed by X-ray diffraction analysis (XRD, PW1730 PHILIPS) and Fourier transform
infrared spectroscopy (FTIR, Bruker Tensor 27). Oil and water contact angles were measured
by a contact angle meter (CA, CA-EF20, FARS EOR TECH). Magnetic behavior of the
treated sponge was also investigated by a vibrating-sample magnetometer at room
temperature (VSM, LBKFB, MEGNATIS DAGHIGH KAVIR Co).

Results and discussion
Contact angle study
In this project, water and oil contact angles were measured to examine the hydrophobicity
and lipophilicity of the as-prepared sponge. As shown in Figure 1, the water droplet retained
its spherical shape when placed on the surface of the modified sponge. The measured water
contact angle (145°) indicated the hydrophobicity of the sponge after modification.

Figure 1. Optical image of a water droplet on NiFe2O4/PU sponge
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The oil contact angle was further studied (Figure 2), with the oil droplet being able to
penetrate into the sponge. The oil contact angle (31°) demonstrated the lipophilicity of the
NiFe2O4/PU sponge particles. The hydrophobicity and lipophilicityof the nanocomposite
suggest its large potentials for removing the oil from water.

Figure 2. Optical image of an oil droplet on NiFe2O4/PU sponge

XRD Study
To study surface chemical composition of the modified polyurethane sponge, X-ray
diffraction (XRD) analyses were carried out. The XRD pattern is presented in Figure3.
According to this pattern, significant peaks were absent in the range of 2ɵ=0° to 2ɵ=24°, due
to the presence of the amorphous phase (PU sponge). Moreover, the reflection peaks at 2ɵ
=30.10°,36.17°, 43.61°, 54.16°, 54.16°, 57.76°, and 63.16°confirm the crystalline structure of
the specimen. This XRD pattern is in accordance with the standard card JCPDS NO 01-0872336, suggesting the loading of nickel ferrite magnetic nanoparticles on this composite.
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Figure 3. XRD pattern of NiFe2O4/PU nanocomposite

FTIR study
The FTIR spectra recorded from the NiFe2O4 polyurethane sponge are presented in Figure 4.
The absorption bands around 3301.96 and 1541.30 cm-1 are related to stretching vibration of
N-H and bending vibration of N-H, respectively. The stretching vibration of the C=O bond
and asymmetric stretching vibration of the c-o correspond to the absorption bands around
1648cm-1 and 1223.89 cm-1, respectively. The weak band around 924.73cm-1 is caused by NCO-O symmetric stretching vibration. The asymmetric stretching vibration of Si-O is marked
by the broad bands at 1097.09 and 1286.68cm-1. The strong absorption at 591.24 cm-1 is
ascribed to stretching vibration of Fe-O. The characteristic bands at 1601.45, 2869.54, 2972,
1097.09 and 1298.68 cm-1 were attributed to typical absorption bands of vinlytriethxysilane.
The stretching vibrations of C=C in CH=CH2 and CH2 in CH=CH2 were assigned to the
absorption bands at 1601.45 and 2869.54 cm-1, respectively[33-35].
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Figure 4. FTIR spectrum of NiFe2O4/PU sponge

FESEM Study
The morphology of the polyurethane sponge was studied by FESEM images both before and
after such modifications. As shown in Figure5a, the original polyurethane sponge had a threedimensional porous structure. Figure 5b illustrates that, upon the modification process,
aggregation of NiFe2O4nanoparticles formed a mulberry-like hierarchical structure. The
three-dimensional interconnected structure and rough skeleton of this adsorbent attributed to
its high performance in oil-water separation test.
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Figure 5a..FESEM image of polyurethane sponge

Figure 5b. FESEM image of NiFe2O4/polyurethane sponge

VSM Study
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The hysteretic curve of the NiFe2O4 nanoparticles was developed by using a vibrating-sample
magnetometer at room temperature. The hysteresis curve signifies a room-temperature
saturation magnetization (Ms) and coercivity (Hc) of 64.92 and 350.19 emu/g,
respectively(Fig.6.). According to this curve, the as-prepared nanoparticles could be
categorized under soft magnetic material.
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Figure 6. Hysteresis curve of NiFe2O4 nanoparticles at room temperature.

Oil adsorption study
The results of the oil-water separation tests implied remarkable separation efficiency of the
as-prepared sponge. In these tests, the magnetic sponge could quickly adsorb the oil (by up to
28 times as the original weight of the sponge) while completely repelling water (Figure 7). In
addition, upon adsorbing the oil, the sponge, thanks to its magnetic property, could be easily
separated from the water surface by using an external magnet. Furthermore, according to
results, the NiFe2O4/polyurethane sponge could be reused for 10 cycles (Figure 8).
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Figure 7. Oil adsorption capacity of NiFe2O4/PU sponge for different types of oils and organic
solvents

Figure 8. Oil adsorption capacity of NiFe2O4/PU sponge for after 10 oil removal cycles

Conclusion
NiFe2O4/polyurethane magnetic sponge was fabricated via ultrasonic-assisted dipping
treatment of polyurethane sponge in a solution containing NiFe2O4 nanoparticles and
vinlyltriethoxysilane. As a highly effective adsorbent for oil, the modified magnetic sponge
can be used to remove oil from water in oil-polluted bodies of water. The as-produced
nanocomposite indicated large potentials for adsorbing different types of oil and organic
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solvent. In addition, given that the adsorbed oil on the modified magnetic sponge could be
easily removed, the sponge could be used for several cycles of oil removal. As an important
finding, the selective oil adsorption behavior of the obtained composite was seen to attenuate
only slightly even after 10 cycles of oil-water separation thanks to its high chemical stability
and porous structure. This research showed that the NiFe2O4/polyurethane sponge provides a
promising alternative for developing practical methods for the removal of contaminants from
water.
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