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Abstract: Crude oil spills from offshore oil fields will cause serious pollution to the marine ecological
environment. Many 3D porous materials have been used for oil-water separation, but they cannot be
widely used due to complex preparation processes and expensive preparation costs. Here, a facile and
cheap approach to disperse expanded graphite (EG), stearic acid, and Fe3O4 magnetic nanoparticles on
the skeleton surface of polyurethane (PU) sponge to prepare the magnetic and hydrophobic composite
polyurethane sponge for oil-water separation. The results show that the composite PU sponge had a
strong oil absorption capacity for various oils, the oil adsorption capacities has reached 32-40 g/g, and it
has become more hydrophobic. The addition of Fe;O4 magnetic nanoparticles endowed the sponge
with magnetic responsivity, and the composite PU sponge still had a strong oil adsorption capacity
after several adsorbing-squeezing cycles. The magnetic and hydrophobic composite polyurethane
sponge is a very promising material for practical oil adsorption and oil-water separation.

Keywords: oil-water separation; polyurethane sponge; magnetic; hydrophobic; oil adsorption
capacity; reusability

1. Introduction

With the rapid development of the petroleum industry, more and more oilfields are exploited,
including many offshore oilfields. However, problems such as oil spills can occur in the process of
oil extraction, especially oil spills in offshore oil fields can pollute the marine environment [1-3]. It is
especially important to recover the leaked oil from the surface of seawater. Many materials have
been used to adsorb oil from water, but their efficiency and selectivity in oil/water separation are not
high enough [4-9]. Changing the wetting properties of the material surface changes the selective
adsorption of water-oil. A variety of oil-adsorbing and hydrophobic materials for oil-water separation
have been prepared and encouraging results were obtained [10-12]. In addition, there are many 3D
porous materials with hydrophobic and oil adsorption capacity that have been successfully applied to
oil-water separation, but their practical applications are still limited by complex preparation methods
and high raw material costs [13-17].

Polyurethane (PU) sponge is a commercially obtained low-cost 3D porous material with strong
adsorption capacity and reusability. Many studies have reported the preparation of functional
polyurethane sponges for oil-water separation, but the preparation cost was high and the amount
of oil adsorption was insufficient [18-25]. Yu et al. [26] bonded the reduced graphene oxide (rGO)
onto the surface of polyurethane (PU) sponge using (3-aminopropyl)triethoxysilane and titanium(IV
(triethanolaminato)isopropoxide and found that pump oil adsorption capacities of sponges are around
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20-30 g/g. Pan et al. [27] coated the robust superhydrophobic polysiloxane layer onto the surface of 3D
porous polyurethane sponges and the crude oil and bean oil adsorption capacities of sponges are around
24 g/g and 23 g/g, respectively. From the above findings, it can be seen that the preparation process
of the above-mentioned hydrophobic oil-adsorbing polyurethane sponge for oil-water separation is
complicated and the preparation cost is high, and it is extremely inconvenient to recover the sponge
from the surface of seawater.

Therefore, it is necessary to prepare a PU sponge with low cost, simple preparation process, and
magnetic properties, which can be applied to oil-water separation. Expanded graphite (EG) is a porous
worm-shaped material formed by the expansion of natural graphite flakes at high temperatures, and it
is extremely inexpensive and has a strong adsorption capacity [28-32]. Stearic acid is a water-insoluble
fatty acid, which has good hydrophobic properties and is inexpensive [33-36]. FezOs magnetic
nanoparticles are a kind of spinel ferrite with stable magnetic permeability and superparamagnetism,
and the preparation process of Fe3O4 magnetic nanoparticles is simple and inexpensive [37-40].
In this work, we attempted to disperse EG and Fe;O4 magnetic nanoparticles into the polyurethane
sponge, and apply a stearic acid coating on the skeleton surface of the polyurethane sponge to form a
hydrophobic and magnetic sponge for oil-water separation. The EG attached to the skeleton surface of
the polyurethane sponge can enhance the oil absorption ability, and the stearic acid coating on the
skeleton surface can give the sponge better hydrophobicity. By adding Fe;O, magnetic nanoparticles
to the PU sponge as a filler, a PU sponge with magnetism can be obtained, thereby facilitating the use
of a magnet to retrieve the PU sponge from the surface of seawater. The magnetism, oil absorption
capacity, hydrophobicity, and reusability of the composite PU sponge were tested.

2. Experimental

2.1. Materials

Polyurethane (C190HgN;O,-CsH1403)n sponge (density: 0.03 g/cm‘3) was obtained from Yonjia
Sponge Products Co., Ltd, Ganzhou, Jiangxi, China. Stearic acid (CH3(CH;)1COOH, AR) was provided
from TianJin Fuchen Chemical Reagents Factory, Tianjin, China. Expanded graphite was purchased
from Kaiyu graphite powder Co., Ltd, Lianyungan, Jiangsu, China. Ferrous chloride (FeCl,, AR) was
obtained from Beijing Hawk Science and Technology Co. Ltd, Jinan, Shandong, China. Ferric chloride
(FeCls, AR) was purchased from Shanghai Gongji Chemistry Co. Ltd, Shanghai, China. Absolute
ethanol (AR) was provided from Zhengzhou Paini Technology Co., Ltd, Zhengzhou, Henan, China.
Peanut oil was obtained from Shanghai Zhongxi Food Sales Co., Ltd, Shanghai, China. Lubricating
oil was purchased from Luxianzi Co., Ltd, Shenzhen, Guangdong, China. Silicone oil was provided
from Dongguan Tianyu Chemical Industry Co., Ltd, Dongguan, Guangdong, China. Ammonium
hydroxide (NH3-H,O, AR) was obtained from INFO and Guangzhou Lixi Chemical Industry Co. Ltd,
Guangzhou, Guangdong, China.

2.2. Preparation of Fe304 Nanoparticles

Magnetic ferroferric oxide (Fe30O4) nanoparticles were prepared by chemical co-precipitation
method [41,42]. The reaction principle is: Fe?* + 2Fe3* + 8OH™ — Fe;0, + 4H,0. Fifty milliliters of
distilled water was added to the three-necked round bottom flask, and then FeCl, and FeCl; were
quickly weighed in a mole ratio of 1:2 and added to the three-necked round bottom flask. A measuring
cylinder was used to measure 50 mL ammonia water (25%~28%) and added to a three-necked round
bottom flask. After vacuuming, nitrogen (Ny) was introduced as a protective gas. The three-necked
round bottom flask was placed on a magnetic stirrer at a temperature of 90 C and stirred at 800 r/min to
900 r/min for 24 h. After 24 h, the reaction product was magnetically separated with a strong magnet
and washed three times with absolute ethanol. And the reaction product was dried in a vacuum oven
for 12 h to finally obtain magnetic Fe30O4 nanoparticles.
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2.3. Preparation of Composite Sponge Samples

Firstly, the commercial PU sponge was cut into many pieces of square shape (2 cm in width and
length, 1 cm in height) and cleaned with absolute ethanol three times, and then square sponges were
put into a drying oven to dry for 2 h at the temperature of 80 °C. Next, 0.05 g of magnetic Fe3O4
nanoparticles and 0.01 g expanded graphite were added into two beakers with 20 mL absolute ethanol
and dispersed in ultrasonic cleaner for 1 h. Then the square sponges were put into two beakers and
dispersed in ultrasonic cleaner for 1 h. The square sponges were taken from the beakers and put into a
drying oven for 2 h at the temperature of 80 °C. Twenty milliliters of absolute ethanol was added to
each of the two beakers, and then 1 g of stearic acid was dissolved in one of the beakers and no stearic
acid was added to the other beaker. The sponges obtained from the above steps were immersed into
two beakers for 2 h, respectively. Finally, sponges were taken from the two beakers and put into a
drying oven for 2 h at a temperature of 80 °C. The composite sponge sample 2 modified by stearic
acid and the composite sponge sample 1 not modified by stearic acid were obtained. The schematic
preparation of the magnetic composite sponge is illustrated in Figure 1. The specific masses of magnetic
Fe3O4 nanoparticles, expanded graphite, and stearic acid for different sponge samples are shown in
the Table 1.

Absolute ethanol Stearic acid ethanol solution

Composite polyurethane sponge

Polyurethane sponge

Ultrasonic dispersion Immersed
Figure 1. Schematic preparation of magnetic and hydrophobic composite polyurethane sponge.

Table 1. The specific masses of magnetic Fe304 nanoparticles, expanded graphite, and stearic acid for
different sponge samples.

Sample Fe304 Nanoparticles (g)  Expanded Graphite (g)  Stearic Acid (g)

1 0.05 0.01 0
2 0.05 0.01 1

2.4. Characterization

The morphology of magnetic Fe3O4 nanoparticles was characterized by transmission electron
microscope (TEM; F-30, FEI-Tecnai, 300 kV, Hillsboro, USA). Fe3O4 nanoparticle samples for TEM
observations were prepared by dropping the ethanol solution of Fe304 nanoparticles samples on the
copper grids and drying. The morphology of composite sponge samples with a thin layer of gold
prior was evaluated by scanning electron microscope (GeminiSEM 300, Germanic Carl Zeiss Co., Ltd,
Oberkochen, Germany.). The FT-IR data of magnetic Fe;O, nanoparticles, expanded graphite, stearic
acid and sponge samples were acquired from fourier transform Infrared Spectrometer within the wave
number from 400 to 4000 cm™~! (NICOLET6700, American Thermo Fisher Co., Ltd, Waltham, USA.).
The water contact angles of composite sponge samples were measured with purified water by contact
angle measurement at room temperature (Theta Flex, Gothenburg, Sweden.). The weight of samples
was obtained from an electronic analytical balance (HC2004, HOCHOICE Co., Ltd, Shanghai, China.).
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2.5. Method for the Oil Adsorption Tests

All composite sponge samples were immersed in peanut oil at room temperature. The composite
sponge samples were weighed firstly (M;), and then immersed into peanut oil until the samples
adsorbed peanut oil to saturation. When the sponge was completely immersed in peanut oil and sunk
to the bottom of the beaker, it was saturated. They were removed from the peanut oil and weighed
(M3). The adsorption capacity Q is calculated according to the following equation:

My -M;

Q M

@
where M; is the weight of initial sponge and M is the total weight of wet sponge with peanut oil.
The adsorption capacities with adsorption cycles were also tested. The pre-weighed sponge samples
were then immersed in the peanut oil and allowed for saturated adsorption. Once they were removed
from the peanut oil, the saturated sponge samples masses were obtained. The sponge samples were
squeezed thoroughly to remove most of the adsorbed peanut oil, and the absorbing-squeezing process
was repeated for six cycles successively. In the beaker, the sponge was simply squeezed with a heavy
object to perform a desorption test, and the peanut oil obtained was weighed for the adsorption
capacity calculation. The squeezing was performed every time in the same way and squeezing tests
were repeated on five sponges of the same kind. In our experimental process, to mimic the practical
industrial application, the sponge samples were tested for the reusable adsorption capacity of the
composite sponge within six adsorbing—squeezing cycles under pressure, successively. All the above
processes were also carried out in lubricating oil and silicone oil.

3. Results and Discussion

The morphologies of magnetic Fe;O4 nanoparticles scanned by TEM are exhibited in Figure 2.
The diameter of magnetic Fe304 nanoparticles is between 10-20 nm, and the particle size reaches the
nanoscale. The magnetic Fe30O4 nanoparticles are spherical and dispersed. As shown in Figure 3, the
magnetic Fe304 nanoparticles are firmly attracted to the glass wall by magnets, which shows that the
magnetic Fe304 nanoparticles have excellent magnetism. The magnetic Fe304 nanoparticles which
can be used in magnetic composite sponge were successfully prepared by chemical coprecipitation.
Figure 4 compares the magnetic properties of the original sponge and the magnetic composite sponge
by testing with magnets. Obviously, unlike the original PU sponge, the magnetic composite sponge
can be easily attracted by magnets, indicating that the magnetic Fe30,4 nanoparticles are successfully
filled into the original PU sponge.

Figure 2. TEM images of magnetic Fe3O, nanoparticles.
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Figure 3. Digital photographs (a) Fe;O; nanoparticles (b) the magnetic test by magnet for
Fe304 nanoparticles.

Figure 4. Digital photographs of magnetic test by magnet for (a) the original polyurethane sponge and
(b) the composite sponge.

The chemical composition of the coating on the sponge was identified by FT-IR, demonstrating the
existence of magnetic Fe3O4 nanoparticles, expanded graphite and stearic acid in composite sponge.
As showed in the Figure 5, the absorption bands at ~3297 cm~!, ~2867 cm™!, ~2275 cm~!, ~1721 cm ™!,
~1106 cm~!, and ~1542 cm™! of line iv in FT-IR spectra are attributed to the characteristic peak of
polyurethane sponge [43]. The N—H peak at 3297 cm™!, the peak at 2928 cm™! is attributed to the C—H
stretching of ~CH3 and —CHj, and the peak at 2275 cm™ is due to the asymmetric stretching of —~NCO.
The peaks at 1721 cm™! and 1106 cm ™! are associated with C=O stretching in the amide, urea and ether
groups respectively, and the peak at 1542 cm™! is attributed to the amide IT band. As for the line v,
the FT-IR spectra of magnetic composite sponge, the absorption bands at ~2919 cm~!, ~2849 cm™!,
~1703 cm™!, and ~1466 cm™! are due to the characteristic peak of stearic acid [44]. The peaks at
~2919 cm™! and ~2849 cm™! are due to the anti-symmetry and symmetric stretching vibration of
—CHjy, the peak at ~1703 cm~ ! is due to the stretching vibration of C=0 and the peak at ~1466 cm™!
is ascribed to the scissoring vibration of ~CH,. The absorption bands at ~565 cm~! and ~3446 cm™!
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are associated with the characteristic peak of magnetic Fe30O4 nanoparticles and expanded graphite,
respectively [45-47]. The results of FI-IR spectra indicates that the expanded graphite, Fe304 magnetic
nanoparticles and stearic acid were dispersed successfully into the original PU sponge and there is no
new bond created on magnetic composite sponge surface.

The surface morphological evolution of sponge sample 1 and 2 were investigated by SEM.
Figure 6(al-a4) and Figure 6(b1-b4) shows the morphology of sample 1 not modified by stearic acid
and sample 2 modified by stearic acid, respectively, which demonstrate sponge samples both have a
three dimensional porous structure with pore sizes in the range of 100-500 pm and the surface are
rough and the skeleton coated with expanded graphite at the range of 10-30 um. Obviously, the surface
of sample 2 looks brighter than that of sample 1, indicating stearic acid coated at the surface skeleton
of sponge sample 2 successfully. Compared with sponge sample 1, the surface of sponge sample 2 is
rougher because of the coating of stearic acid.
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Figure 5. FT-IR spectra of (i) expanded graphite, (ii) stearic acid, (iii) Fe3O4 nanoparticles, (iv) original
polyurethane sponge, and (v) composite sponge sample 2.

The oil-water separation experiment was performed using the sponge sample 2 and the process
is shown in the Figure 7. The peanut oil was used for the experiment. The sponge was moved above
the oil-water mixture and then put on the oil surface carefully. The sponge sample 2 adsorbed peanut
oil completely from the oil-water mixture and suspended on the water. Finally, there was only water
left in the beaker after removing the sponge. Additionally, the photographs in Figure 7a—f exhibited
the process of the sponge sample 2 adsorbing a thick layer of peanut oil on the water surface. Due to
its excellent mechanical flexibility, the adsorbed oils can be easily removed from the composite sponge
by a simple mechanical extrusion method [48]. Due to the good hydrophobicity of stearic acid on the
surface of sponge skeleton, sponges can quickly adsorb oil and block water out.
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Figure 6. Morphology of composite sponge sample 1 (al-a4) and composite sponge sample 2 (b1-b4).
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In order to explore the adsorption capacity of sponge samples, we carried out more oil adsorption
experiments. For comparison, the sponge unmodified by stearic acid was also tested. Sponge sample
1 and sample 2 were tested for the o0il adsorption with peanut oil, lubricating oil, and silicone oil
and the results are shown in Figure 8. Obviously, the two sponge samples could adsorb a wide
range of oils, and exhibits high adsorption capacities ranging from around 32—40 times of its own
weight as around 32-40 g/g. Moreover, the adsorption capacities of sponge samples in this work
are comparable or even better than those of the other previously reported ones, which indicates
the expanded graphite coated on the sponge samples skeleton surface increased the oils adsorption
capacities. The hydrophobicity of sponge samples were also tested and the results are showed in
Figure 8. Compared with sponge sample 1, the water contact angle of sponge sample 2 increases to
around 45°, which demonstrates that the hydrophobicity of the sponge enhanced after the modification
of stearic acid. A stearic acid hydrophobic layer was successfully formed on the skeleton surface of
sponge sample 2. From Table 2, the oil adsorption capacities of different adsorbent materials are lower
than that in this work. The adsorption capacity of pure PU sponge for lubricating oil is only 28.8 g/g.
Even after the modification to FGN/polyurethane sponge, the adsorption capacity of lubricating oil is
only 34.2 g/g, which is still lower than that of sponge sample 1 and sample 2 in our work [49]. The times
taken for the composite sponge samples to adsorb different types of oil to reach full saturation are
listed in Table 3. It can been seen that the composite sponge samples adsorbed different types of oil to
reach full saturation within around 20 s.

Figure 7. Digital photographs (a—f) show the oil-water separation process of composite sponge sample 2.

The reusability is a crucial index to evaluate the property of composite sponge. In practical
industrial application, the sponge will be used for adsorption over several cycles successively, so the
sponge will be squeezed and for the next absorbing-squeezing cycle immediately. The recyclability of
sponge sample 1 and 2 for oils adsorption for six absorbing-squeezing cycles is presented in Figure 9.
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As for the sponge sample 1, after an adsorbing-squeezing cycle, the oils adsorption capacities decreased,
and with the increase of absorbing-squeezing cycles, the oils adsorption capacities turn to be stable.
With the reuse of composite sponges, their adsorbent capacities slightly decreased due to the loss
of adsorption capability as a result of the small amount of oil remaining on the sponge and some
expanded graphite dropped off, causing the decrease of oils adsorption capacities probably [26]. In the
contrast, with the increase of absorbing-squeezing cycles, the oils adsorption capacities of sponge
sample 2 decrease slightly and turn to be stable. This indicates that the stearic acid hydrophobic layer
formed on the skeleton surface of sponge sample 2 stopped the drop of expanded graphite in the
process of adsorbing-squeezing cycles. The oil adsorption capacities of sponge sample 2 maintained
stability in the process of adsorbing-squeezing cycles.
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Figure 8. The adsorption capacities and water contact angles of composite sponges sample 1 and
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Figure 9. The adsorption capacities of composite sponge (a) sample 1 and (b) sample 2 for peanut oil,
lubricating oil, and silicone oil over six cycles.
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Table 2. Oil adsorption capacity of different adsorbent materials.

Adsorbent Materials Types of Oil Oil Adsorption Capacity Reference
Polyurethane sponge Lubricating oil 28.5¢g/g [49]
FGN/polyurethane sponge Lubricating oil 34.2 g/g [49]
Superhydrophobic sponge Lubricating oil 24 g/g [27]
F-5iO,/polyurethane sponge Peanut oil 15 g/g [50]
U-5iO,/polyurethane sponge Peanut oil 28 g/g [50]
PU-CNT-PDA-ODA sponge Lubricating oil 26g/g [51]
PU-CNT-PDA-ODA sponge Silicone oil 29 g/g [51]
IRGO/polyurethane sponge Pump oil 26.5g/g [43]
IRGO/polyurethane sponge Soybean oil 312 ¢g/g [43]
IRGO/polyurethane sponge Olive oil 36.1g/g [43]

Table 3. The times taken for the composite sponge samples to adsorb different types of oil to reach
full saturation.

Sample Types of Oil Time
1 Peanut oil 20.56 + 0.26
Lubricating oil 21.31+0.75
Silicon oil 21.76 + 0.58
2 Peanut oil 1991 £ 0.72
Lubricating oil 20.96 + 0.57
Silicon oil 21.38 + 0.63

4. Conclusions

In summary, a facile approach for preparing magnetic and hydrophobic composite polyurethane
sponge is viable. We demonstrated that the magnetic and hydrophobic composite polyurethane
sponge has an excellent performance for oil-water separation and great oil adsorption capacities
ranging from around 32—40 times of its own weight. The binding of Fe;O4 nanoparticles, expanded
graphite, and stearic acid on the skeleton surface of polyurethane sponge not only endows the
sponge with magnetic responsivity and hydrophobicity, but also improves the oil adsorption capacity.
The recyclability of magnetic and hydrophobic composite polyurethane sponge for oil adsorption
demonstrate the sponge could still have a strong oil adsorption capacity for several adsorbing-squeezing
cycles. Due to the low prices of expanded graphite and stearic acid, it is feasible to prepare a large
number of magnetic and hydrophobic composite polyurethane sponges for oil-water separation in
practical industrial applications.
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