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ABSTRACT: Reduced graphene oxide coated polyurethane
(rGPU) sponges were fabricated by a facile method. The
structure and properties of these rGPU sponges were
characterized by Fourier transform infrared spectroscopy,
thermal gravimetric analysis, X-ray diffraction, and scanning
electron microscopy. The rGPU sponges are hydrophobic and
oleophilic and show extremely high absorption for organic
liquids. For all the organic liquids tested, the absorption
capacities were higher than 80 g g™ and 160 g g™' (the highest

value) was achieved for chloroform. In addition, the absorption

Normalized absorption capacity

Cycle number

capacity of the rGPU sponge did not deteriorate after it was reused S0 times, so the rGPU sponge has excellent recyclability.
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1. INTRODUCTION

In recent years, oil spills and chemical leakage from industrial
accidents have had catastrophic effects on marine and aquatic
ecosystems." Not only have numerous sea birds and mammals
been killed but seaweed has also sustained serious damage.
Therefore, the removal or collection of organic pollutants from
water surfaces has attracted worldwide attention. Traditionally,
oil spills are cleaned by a variety of methods, such as in situ
burning,2 mechanical collection,® chemical dispersants,4 bio-
remediation,® and using absorbent materials.*®

Because of their low operational costs and their ability to
remove and collect oil, absorbent materials including zeolites,®’
activated carbon,® organoclays,7’9 straw,*’ and wool fibers,®
polypropylene fiber and alkyl acrylate copolymers'® are
considered desirable choices for the cleanup of oil spills."!
Although widely used in practical applications, these absorbent
materials still have limitations such as environmental
incompatibilities, low absorption capacities and poor recycla-
bilities."* In particular, most of these materials absorb not only
oils but also water, which reduces the separation selectivity and
efficiency.”® Therefore, an ideal absorbent material should have
properties like a high oil absorption capacity, a high selectivity,
a low density, excellent recyclability and environmental
friendliness."!

Recently, materials with super-oleophilic properties have
attracted considerable interest in the field of oil-water
separation.l‘*’15 Carbon nanotubes,'® mesh films,!” filter
paper,'® and graphene'® have all been used for separating oil
from water. However, these materials have limitations for
practical applications such as high costs, complex preparation
processes, and difficulties in fabrication.
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Polyurethane (PU) sponge is a kind of commercially
available 3D porous material.”® With high absorption abilities,
low densities, and good elasticities, commercially available PU
sponge provide excellent substrates for the fabrication of oil
absorbents."! However, it is usually hydrophilic, which makes it
impractical for the selective and efficient removal of oils from
water. Therefore, modifications are needed to change them
from hydrophilic to hydrophobic.

Graphene oxide (GO) is an oxygen-abundant material
produced by the controlled oxidation of graphite.”" It has an
extended layered structure with hydrophilic polar groups
(hydroxy, carboxyl and epoxy groups) protruding from its
layers, which results in interesting swelling, intercalating and
ion exchange properties.”” Due to its low-cost, chemical
stability, as well as its environmentally friendly properties,
GO has aroused a great deal of interest in recent years.
Although GO is hydrophilic, the reduction of GO (to form
reduced GO, rGO) changes the material from hydrophilic to
hydrophobic because some of the polar functional groups on
the GO are removed during the reduction process.”

Herein, an oil absorbent based on polyurethane sponges
coated with rGO was fabricated by a facile method. The
sponges were coated with a thin coating of rGO to obtain
reduced graphene oxide coated polyurethane (rGPU) sponges
which were then used to absorb different kinds of organic
liquids (diesel oil, pump oil, lubricate oil, olive oil, bean oil,
chloroform, toluene, tetrahydrofuran (THF), N,N’-dimethyl
formamide (DMF) and dimethyl sulfoxide (DMSO)). The
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Figure 1. (a) Photographs of the aqueous suspensions of GO (1 mg mL™") (i) and RGO (ii), (b) UV—vis absorption spectra of the rGO suspension
at different reduction times, and (c) photographs of the PU, GPU, and rGPU sponges.

coating of rGO not only makes the rtGPU sponges hydrophobic
but also increase their compressive strength. Therefore, a
combination of high hydrophobicity, elasticity, and strength
makes the rGPU sponge be a high efficient and reusable
absorbent for spilling oil.

2. MATERIALS AND EXPERIMENTAL SECTION

2.1. Materials. Graphite was obtained from Huadong Graphite Co
and the polyurethane sponges were from Shanghai Foam Materials
Co. Chloroform, acetone, THF, DMF, DMSO, and hydrazine were all
from Tianjin Chemical Reagent Co. All the chemicals were used as
received.

2.2. Preparation of GO. GO was prepared from purified natural
graphite by a modified Hummer’s method.>® Briefly, concentrated
H,SO, was added into a 250-mL flask filled with graphite, followed by
the addition of NaNOj. Then solid KMnO, was gradually added with
stirring while the temperature of the mixture was kept below 20 °C.
Next the temperature was increased to 30 °C and excess distilled water
was added to the mixture and the temperature was then increased to
80 °C. Finally, 30% H,0, was added until the color of mixture
changed to brilliant yellow. The mixture was filtered and washed
several times with 5% aqueous HCI to remove metal ions and then
washed with distilled water to remove the acid. The resulting filter
cake was dried in air then redispersed into water. Suspended GO
sheets were obtained after ultrasonic treatment.

2.3. Preparation of Graphene Oxide-Coated Polyurethane
(GPU) sponges and rGPU Sponges. The polyurethane sponge was
cut into blocks and ultrasonically cleaned in ethanol. Then the blocks
were rinsed with distilled water and dried at 60 °C in an oven. The
sponge blocks were then immersed in a GO suspension (2 mg mL™")
for 1 h and then taken out and washed with copious amounts of
distilled water. They were then put in a vacuum oven and dried for 24
h at 30 °C to obtain the GPU sponge.

To preparation the rGPU sponges, the treated polyurethane sponge
blocks were immersed in the GO suspension (2 mg mL™") for 1 h.
Then the pH of the solution was adjusted to 9 using ammonia before
the GO was subjected to reduction by hydrazine at 80 °C for 1 h.>%*’
During this time the extent of GO reduction was monitored with a
UV-Vis spectrophotometer (TU-1901, Matsushita Electric Japan). The
sponge blocks were then taken out, washed with distilled water, and
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dried for about 24 h at 30 °C in a vacuum oven to obtain the rGPU
sponges.

2.4. Characterization of the rGPU Sponges. Physical Proper-
ties of the rGPU Sponges. The density p of the sponge was calculated
using the equation: p = m/V, where, m is the weight of the sponge and
V is the volume of the sponge. The porosity of ¢ the sponge was
calculated using the relationship: ¢ = 100(1 — (p/(px + pry))),
where, p, p, and py are the densities of the sponge, polyurethane and
rGO respectively and x and y are the weight percentages of the
polyurethane sponge and the rGO respectively.

The hydrophobicity of the rGPU sponge was measured with an
optical contact angle measuring device (OCA20110524; Dataphysics
Instruments, Germany) using a droplet (4.8 uL) of water or lubricate
oil as the indicator.

The compressive strength of the rGPU sponge was measured by
placing the samples into a programmable temperature and humidity
chamber with a temperature of 25 + 2 °C and a relative humidity of 65
+ 2% for about 24 h. Then the compressive strengths of the samples
were measured with a dynamic mechanical analyzer at a compressing
rate of 1 mm/min.

Scanning Electron Microscopy (SEM) Observation of the rGPU
Sponges. The porous structure of the rGPU sponges was observed
with a scanning electron microscope (JEOL-6700F ESEM, Japan).
Before observation, the samples were coated with gold using a
sputtering coater (Desk-II; Denton Vacuum, Japan).

Fourier Transform Infrared (FT-IR) Spectra of the rGPU Sponges.
A Fourier transform infrared spectrometer (Paragon-1000, Perkin-
Elmer, USA) was used to confirm the deposition of rGO on the walls
of polyurethane sponge. The spectra were obtained in the range of
500—4000 cm ™' by averaging 16 scans at a resolution of 4 cm™ at 1
min intervals to minimize the effects of dynamic scanning.

X-ray Photoelectron Spectra (XPS) of GO and rGO. The elemental
composition analyses of GO and rGO were determined using X-ray
photoelectron spectroscopy (PHI1600 ESCA System, PERKIN
ELMER, USA) with Al Ka radiation (hv = 1486.6 V). The XPS
were fitted using the XPS peak 4.1 software in which a Shirley
background was used to perform curve fitting and to calculate the
atomic concentrations.

X-ray Diffraction (XRD) of the rGPU Sponges. The X-ray
diffraction diagrams of the samples were measured on a X'pert,
PANAlytical X-ray diffractometer using Cu Ka radiation (1 = 1.73 A)
at a scanning rate of 4°/min with a voltage of 45 kV and a current of
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Figure 2. SEM photos of a (a;, a,) PU sponge, (b, b,) GPU sponge, and (¢, ¢,, c;) rtGPU sponge.

30 mA. The data were collected from 10 to 30° (26) with a step of
0.0037° and a measuring time of S s/step.

Thermogravimetric Analysis (TGA) and Differential Thermal
Gravity (DTG) of the rGPU Sponges. The samples were dried to a
constant weight in a vacuum at 30 °C, and then the thermogravimetric
diagrams of the samples were measured using a heating rate of 6 °C
min~" (Rigaku-TD-TDA, Japan).

2.5. Absorption of the rGPU Sponges for Organic Liquids.
The absorption capacities (Q) of the rGPU sponges for various
organic liquids (including lubricate oil, olive oil, bean oil, diesel oil,
pump oil, chloroform, acetone, THF, DMF and DMSO) were
measured. A weighed amount of rGPU sponge was put into a 200-mL
conical flask containing 40 mL of organic liquid and allowed to absorb
at room temperature for 5 min. Then the soaked rGPU sponge was
removed and its weight was measured. The Q was calculated with the
equation: Q = (m, — m,)/mg, where, m, and m, are the sponge weights
before and after the absorption test, respectively.
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3. RESULTS AND DISCUSSION

3.1. Characterization of the GPU and rGPU Sponges.
The GO was prepared from purified natural %raphite in our
laboratory by a modified Hummer’s method.”> The graphite
oxide was rinsed and centrifuged eight times to remove residual
salts and acids, and then a stably dispersed GO aqueous
suspension was prepared via ultrasonication. The GO has
previously been characterized by transmission electron
microscopy, X-ray photoelectron spectroscopy analysis, and
Raman spectroscopy.”® These analyses confirm that the GO is
made up of a single or a few layers and contains many oxygen-
containing groups. The stable GO aqueous suspension can be
used in applications, including the reduction of GO to prepare
rGO.

The GPU and rGPU sponges were fabricated by coating PU
sponges with GO or RGO respectively. The GPU sponge was
formed by immersing a PU sponge block in a GO suspension
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for 1 h. After immersion the sponge was washed with copious
amounts of distilled water. The rGPU sponge was formed after
the GPU sponge was subjected to reduction by hydrazine at 80
°C for 1 h.

Figure 1 shows the changes in color and the UV—vis spectra
of the GO suspension that was reduced by hydrazine at 80 °C.
The red shift of the absorption peak maximum (4,,,,) has been
used to determine the extent of GO reduction in many papers
that have studied the reduction of GO by new reductants.”’
The GO suspension quickly changed from yellow to black and
the A, of the GO suspension at 226 nm gradually red shifted
to 268 nm after 45 min of reaction (Figure 1b). This suggests
that the GO was reduced, and the electronic conjugation within
the RGO nanosheets was restored.>® Longer reduction times
did not result in any further peak shift. So the GPU sponge was
reduced by hydrazine for 1 h at 80 °C to produce an rGPU
sponge. Like the GO suspension, the GPU sponge changed
from brown to light black after reduction (Figure 1lc). To
further examine the extent of reduction in rGO, XPS of GO
and rGO was performed and the results are shown in Figure S1
in the Supporting Information. After reduction, the C/O ratio
increased from 2.6 to 9.1, which indicates an effective reduction
of GO.

The porous structure of the PU, GPU and rGPU sponges
was observed by SEM and the photos are shown in Figure 2.
They have almost the same porous structure, which indicates
that GO and rGO coatings did not influence the porous
structure of the PU sponge. However the morphologies of the
wall surfaces of the GPU (Figure 2b,) and rGPU sponges
(Figure 2c,) are completely different from that of the PU
sponge. They are full of wrinkles whereas the surface of the PU
sponge (Figure 2a,) is smooth. These wrinkles are probably
caused by thin coatings of GO and rGO, which are about 10
nm according to Figure 2c;. These results confirm that the GO
and rGO coatings are uniformly deposited on the surfaces of
the pores of the PU sponges.

Typical FT-IR spectra of GO, rGO, the PU sponge, the GPU
sponge, and the rGPU sponge are shown in Figure 3. The
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Figure 3. FT-IR spectra of GO (i), rGO (ii), PU sponge (iii), GPU
sponge (iv), and rGPU sponge (v).

strong peaks at 3404, 1725, 1402, 1224, and 1042 cm™ in the
GO spectrum are associated with O—H stretching, C=0
stretching, OH deformation, epoxy C—O stretching, and alkoxy
C—O stretching, res.pectively.31’3 In the rGO spectrum, the
peak at 1725 cm™' is not present, whereas the peak at 1625
cm™" has increased in intensity, which indicates that most of the

oxygen groups were removed during the transformation from
GO to rGO.
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For the PU sponge, the stretching vibration of N—H occurs
at 3297 cm™". The peak at 2928 cm™ is due to the C—H
stretching of —CH; and —CH,, and the peak at 2275 cm™ is
due to the asymmetric stretching of —NCO. The peaks at 1721,
1644, and 1106 cm™! are associated with C=0 stretching in
the amide, urea and ether groups respectively, and the peak at
1542 cm™' is attributed to the amide II band. Most of
characteristic peaks of PU, GO and rGO between 1000 and
1800 cm™! are similar.

For GPU and rGPU sponges, the peak at about 3290 cm™*
broadens and increases in intensity compared to GO and RGO
which may be due to an overlap of the O—H and N-H
stretching vibrations. The peaks at 2870 and 2275 cm™ are
attributed to C—H stretching and —NCO asymmetric
stretching respectively. The above IR spectra indicate that no
new bonds were formed in the GPU and rGPU sponges.

To get information about the crystalline structure of the
sponges, we measured XRD patterns of GO, rGO, PU, rGPU,
and GPU sponges and are shown in the Figure 4. GO shows a
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Figure 4. XRD spectra of the (i) GO, (ii) rGO, (iii) PU sponge, (iv)
rGPU sponge, and (v) GPU sponge.

characteristic diffraction peak at 11.4°, which indicates the
interlayer spacing of the graphene oxide was about 0.80 nm.
This indicates that the GO retains a layered structure. The large
interlayer distance is attributed to the formation of hydroxyl,
epoxy and carboxyl groups which causes the intercalation of
water molecules and increases the distance between the layers.
However, this peak disappears in the XRD pattern of rGO
which can be attributed to the successful reduction of the GO.
The PU sponge has no characteristic diffraction peaks because
it is amorphous. The GPU sponge shows a characteristic
diffraction peak at 11.4° like GO, indicating that the PU sponge
has been coated with GO. The XRD diagrams of rGO and the
rGPU sponge are similar indicating that the GO coating on the
GPU has been reduced to rGO.

Thermo gravimetric analysis is a standard technique to
determine the composition or thermal stability of materials.
Here, it was performed to determine the effect of the GO or
rGO coating on the thermal decomposition behavior of the PU
sponge. The TGA curves of rGO and the PU and rGPU
sponges are shown in Figure 5. The TGA curves of the PU and
rGPU sponges are similar and both have a rapid weight loss in
the temperature range of 250—400 °C. Figure S2 shows the
DTG curves of rGO, a PU sponge and an rGPU sponge. The
peak temperature (T,) of the DTG curves represents the
temperature at which the maximum weight loss rate was
reached. The T, of the PU sponge and the rGPU sponge are
similar. These indicate that the amount of rGO coated on the
rGPU sponge is too small to affect the decomposition behavior
of the PU sponge. However, the total weight loss of the PU
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Figure S. TGA curves of the rGO, PU sponge and rGPU sponge.

sponge is slightly higher than that of the rGPU sponge. Under a
nitrogen atmosphere, the residual weight should be related to
the amount of carbon in the samples, which is 92.7% for rGO,
30.5% for the PU sponge, and 33.6% for the rGO-sponge. On
the basis of these results, the weight percent of rGO in the
rGPU sponge was about 4.9%.

3.2. Absorption Capacity of the rGPU Sponges for
Organic Liquids. The above analyses have proven that GO
and rGO can be easily coated on the surfaces of the pores in
PU sponges to form GPU and rGPU sponges. These sponges
are light and elastic. They deform under pressure and recovery
quickly after the pressure is released. These physical properties
are usually required for absorbents. Table 1 gives the densities

Table 1. Density and Porosity of the PU, GPU, and rGPU
Sponges

samples p (g em™) ¢ (vol %)
PU sponge 0.0085 99.30
GPU sponge 0.0090 99.28
rGPU sponge 0.0088 99.29

and porosities of the sponges. The density and porosity of the
PU sponge are 0.0085 g cm™> and 99.30 vol %, respectively, and
those of rGPU sponge are 0.0088 cm™ and 99.29 vol %,
respectively. So the rGO coating does not obviously change the
porosity of the PU sponge.

To determine the hydrophobicity or oleophilicity of the
rGPU sponge, its contact angle was measured. As shown in
Figure 6, (a) the water contact angle of the prepared sponges
was 127°, whereas (b) a drop of lubricating oil completely
spread out and was infused into the pores of the rtGPU sponge
within one second and so no contact angle could be measured.
These phenomena indicate that the rGPU sponge is oleophilic.
The high porosity and oleophilicity make rGPU sponge a good
absorbent for oil.

Figure 6¢ shows the compressive strengths of the PU and
rGPU sponges. The compressive strength was measured when
the sponge volume had decreased by 40%, and this measure-
ment was repeated 400 times. The compressive strength of the
rGPU sponge is obviously higher than that of PU sponge. For
both sponges, the compressive strength decreased with the
number of measurements although the strength for the PU
sponge reduced more rapidly than that for the rGPU sponge.
The inset photos in Figure 6c proven good recovery of the
elasticity in the process of repeated compression. In summary,
the rGO coating increases the compressive strength of the PU
sponge, but does not affect the elasticity.
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Figure 6. Optical images of a water droplet (a) and a lubricating oil
droplet (b) placed on the rGPU sponge. (c) Compressive strengths
and photographs of the rGPU sponge before and after repeated
compression.

The above results show that the rGPU sponge is highly
porous and oleophilic. The porous structure should result in a
high absorbance for liquids, whereas the super-hydrophobicity
and super-oleophilicity should give a good oil/water separation
capacity. When a rGPU sponge was placed on a diesel oil (dyed
with Sudan I)-water mixture (Figure 7a), the rGPU sponge
quickly and selectively absorbed the diesel oil from the mixture
and left a clear ring around the sponge (Figure 7b).The oil-
filled rGPU sponge then floated on the water (Figure 7c),
which facilitated its easy collection. It usually only took a few
minutes to complete the absorption.

As shown in Figure 7d—g, the rGPU sponge also effectively
absorbed a high-density organic solvent (chloroform) from
water. When a piece of rGPU sponge was forced into contact
with chloroform in water, the chloroform was quickly sucked
into the rGPU sponge within a few seconds. This makes the
rGPU sponge a promising candidate for absorbing and
eliminating high-density organic solvents in water.

To investigate the absorption capacities of the GPU and the
rGPU sponges, several organic liquids were tested and the
results are shown in Figure 8. It only took 20 s for the rGPU
sponge immersed in oil to begin to sink and after 40s in oil the
sponge was resting on the bottom of the beaker (Figure 8b). In
contrast, if no external force was applied, the PU sponge was
still floating on the surface of the oil after 24 h (Figure 8b),
This difference is because the rGO coating increased the
olephilicity of the sponge.

The data in Figure 8a shows that the Q values for the tGPU
sponge for all the organic liquids tested were over 80 g ¢! and
reached a maximum of 160 of g g~' for chloroform. This is an
extraordinary high value. The Q values for the GPU sponges
varied from 70 to 140 g g™'. As expected, for each of the
organic liquids, the Q value of the GPU sponge was lower than
that of the rGPU sponge, although the values are still higher
than those for most of the other absorbents shown in Table 2.
There are probably two reasons for the differences in Q values.
First, the porosity of the rGPU sponge is higher than that of the
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Figure 7. (a—c) Selective absorption of diesel oil (dyed with Sudan I) on water by the rGPU sponge and (d—g) selective absorption of chloroform

(dyed with Sudan III) in water by the rGPU sponge.

GPU sponge (Table 1). Secondly, the rGPU sponge has fewer
polar functional groups and is oleophilic, so it has a stronger
affinity for organic liquid, which results in a higher absorption
capacity.33

For both the GPU and rGPU sponges, the Q values for the
various organic liquids are in the same order: chloroform (1.48
g cm ™) > lubricate oil (0.96 g cm™) > pump oil (0.95 g cm™)
>THF (0.89 g cm™) > DMSO (1.10 g cm™) > olive oil (0.90 g
cm™) > bean oil (0.90 g cm™) > diesel oil (0.83 g cm™) >
DMF (0.94 g cm™) > acetone (0.78 g cm™). It has been
reported that the absorption capacity depends on the density of
the organic liquid."” For example, the absorption capacities of a
graphene sponge and a carbonaceous nanofiber aerogel are
linearly related to the density of the organic liquid.'”**
Absorption is based on the void volume in these porous
materials. When the void volume is fixed, the volume occupied
by the oil is also fixed. Therefore the absorption capacity is
linearly related to the oil density.

However GPU and rGPU sponges do not follow this rule.
For instance, the Q for THF is higher than that for DMSO
even though the density of THF (0.89 g cm™) is lower than
that of DMSO (1.10 g cm™). This may be attributed to the
swelling of the PU sponge in organic liquids. It is speculated
that the extent of swelling of the PU sponge in THF is larger
than that in DMSO. The effect of the swelling on the Q is most
obvious in chloroform. The GPU and rGPU sponges showed
extraordinary high Q values in chloroform because their volume
increased greatly because of swelling. Once the oil was
squeezed out, they returned to their original volumes.

The absorption rates of the rGPU sponge for all the oils are
rapid (< 100 s) and are related to the viscosity of the oils as
shown in Figure 8c. For the organic solvents (chloroform,
DMF, DMSO, THF, and acetone), the absorption rate was so
fast that the absorption equilibrium time could not be recorded.

The recyclability of an absorbent and the recoverability of the
absorbed oils and organic solvents are key requirements in
practical oil cleanup applications.> The photos in Figure 9

show that the absorbed diesel oil in the rGPU sponge can be
recovered by manually squeezing the PU sponge. To test the
recyclability of the GPU and rGPU sponges as absorbents, we
alternately immersed the sponges in diesel oil for absorption
and then squeezed to release the oil.

As shown in Figure 9a, the absorption capacity of the rGPU
sponge did not deteriorate, and the weight of the dry rGPU
sponge did not change when the rGPU sponge was reused 50
times. The recyclability of the rGPU sponge is much better
than those of most sorbents, including the graphene-based
sorbent reported by Nguyen et al*> The graphene-based
sorbent has a high absorption capacity, but its recyclability is
not good. For oils, the absorption capacities decreased to 20%
of their initial value after the second cycle. This may be
attributed to the weak adhesion between the graphene
nanosheets and the sponge skeletons, although before use the
graphene-based sorbent was modified by dipping into a dilute
solution of polydienthylsiloxane to enhance the interfacial
adhesion. However, the graphene coating was easily detached
when the graphene-based sorbent was manual squeezed. The
absorption capacity of the GPU sponge started to deteriorate
after only S cycles (Figure 9b). This deterioration is due to the
leaching of the GO from the GPU sponge, which is indicated
by the color change of the used oil after several cycles. The
above results show that the rGPU sponge not only has a high
absorption capacity for organic liquids but also has excellent
recyclability.

Table 2 lists the absorption capacity of previously reported
absorbents. Obviously, the absorption capacities of the
polymeric materials or natural inorganic materials are much
lower than those of the carboneous materials. The graphene
sponge (GS), graphene—carbon nanotube (CNT), hybrid foam
and CNT sponge all had absorption capacities higher than 80 g
g~ with maximum values of 110 g g~ for vegetable oil and 130
g g ' for toluene. However, these absorbents exhibit poor
recyclability.'” The CNT sponge can be reused by squeezing,
but its sorption capacity rapidly decreases to 20% of the initial
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Figure 8. (a) Absorption capacity of the GPU and rGPU sponges for
various organic liquids, (b) photos of the absorption processes for the
PU and rGPU sponges, (c) absorption capacities of the rGPU sponge
versus contact time with various oils.

value after the second cycle.*” The GS and graphene—CNT
hybrid foam cannot be squeezed because of low elasticity. They
can, however, be reused after heat treatment (burning) but this
is only feasible for organic solvents and it is an inefficient
method.
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Figure 9. Recyclability of the (a) rGPU and (b) GPU sponge and (c)
photos of the diesel oil after multiple cycles. The absorption capacity
after multiple cycles is normalized by the initial weight gain.

The rGPU sponge not only has a high absorption capacity
and recoverability, but it is also cost effective compared with
graphene and carbon nanotube sponges which also have high
absorption capacities. Therefore rGPU sponges are very

Table 2. Comparison of the Absorption Capacities of Various Materials

sorbent oil
sepiolite motor oil
polydienthylsiloxane motor oil
corn stalk gas oil
polypropylene fuel oil
butyl rubber crude oil

modified PU sponge lubricate oil

CNF?/carbon foam wash oil
exfoliate graphite heavy oil
graphene sponge castor oil
graphene—CNTb hybrid foam sesame oil

CNT sponge mineral oil

“Carbon nanofiber. *Carbon nanotube.

Qgg™ solvent Q(gg™ ref

0.18 35

S chloroform 11 23

8 36

15.7 toluene 11.4 37

23 toluene 17.8 37

25 dodecane 18 38

284 39

75 40

75 chloroform 87 19

105 toluene 130 41

126 ethyl acetate 120 42
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promising potential absorbents for the treatment of oil spills or
for oil-water separation.

4. CONCLUSIONS

A rGPU sponge was fabricated by coating a PU sponge with
GO and then reducing the GO with hydrazine at 80 °C for 1 h.
The prepared rGPU sponge has high compressive strength
compared with the PU sponge. Because it is super-hydrophobic
and super-oleophilic, the rGPU sponge showed high selectivity
when it was employed as an absorption material for collecting
organic solvents from water surfaces. The rGPU sponge had
absorption capacities higher than 80 g g™ for all the tested oils
and achieved a maximum value of 160 g g~ for chloroform,
which is higher than most other absorbents. The Q values for
the rGPU sponge for organic liquids is in the order: chloroform
(148 g cm™) > lubricate oil (0.96 cm™) > pump oil (0.95 g
cm™?) >THF (0.89 g cm™) > DMSO (1.10 g cm™) > olive oil
(0.90 cm™) > bean oil (0.90 cm™3) > diesel oil (0.83 cm™) >
DMF (0.94 g cm™) > acetone (0.78 g cm™>). This order is not
the same as the density order of the organic liquids. This
phenomenon is attributed to the swelling of the PU sponge in
organic solvents.

The absorption capacity of the rGPU sponge did not
deteriorate, and the weight of the dry rGPU sponge did not
change when the rGPU sponge was reused for 50 times. The
rGPU sponge not only has a high absorption capacity for
organic liquids, but also has excellent recyclability. Because the
rGPU sponge is much more cost effective than graphene and
carbon nanotube aerogels, it should be a very promising
potential absorbent for the treatment of oil spills and for oil
water separation.
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