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Abstract Metal oxides, due to their low cost, envi-
ronmental friendliness and wide sources, have at-
tracted  great  attention. @ We  chose iron
oxide/graphene oxide (Fe;04/GO) nanohybrids to
modify a PU sponge to increase the surface roughness
of the sponge without damaging its inherent structural
properties. The composite was then treated with
octadecane thiol to reduce the surface energy and
produce a superhydrophobic and oleophilic absorption
material with a water contact angle of 157°. From the
absorption experiment with simulated oily water (in-
cluding diesel oil, lubricating oil, rapeseed oil, chloro-
form, N,N-dimethyl formamide, tetrahydrofuran,
ethanol and acetone), it was found that the Fe;O4/
GO-modified PU sponge could absorb up to 80-170
times its own weight while showing outstanding recy-
clability achieved by squeeze/absorption cycles. More-
over, the composite absorption material exhibited
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weak magnetic properties, suggesting its recycling
practicability. These results provide a quick and simple
strategy to deal with oil spills and chemical leakage.
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Introduction

Superhydrophobic surfaces have received considerable
attention from researchers because of their practical
applications in diverse fields, such as self-cleaning,'™®
anti-icing coatings,’'* anti-corrosion coatings,'*'* oil—
water separation,'>'? corrosion resistance,” drag
reduction,”’ and antifouling technologies.*” In particu-
lar, in the oily water separation field, superhydrophobic
materials play a significant role.”> However, the tradi-
tional methods for separating oil from water usually
show low separation efficiency and involve complex
separation instruments, limiting their practical appli-
cations. Therefore, a desirable absorbent material with
a high absorption capacity, good selectivity, excellent
recyclability, a low cost and ease of operation is
urgently needed.

Recently, metallic oxides have been applied in the
superhydrophobic field because of their low cost,
environmental friendliness and abundance. Many
methods>*?’ for preparing superhydrophobic materials
have been reported, such as the sol-gel process,
chemical vapor deposition (CVD), layer-by-layer
(LBL) assembly, and chemical etching. These methods
are based on two key elements: (1) constructing a
rough structure on a hydrophobic material surface and
(2) coating low surface energy materials on a rough
surface. To date, nanoparticles, especially metallic
oxide nanoparticles such as TiO,, ZnO, Al,O;, and
Fe;O,4, have been successfully coated on various
substrates, showing an improvement in surface rough-
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ness.”® El-Safty et al.*’ designed polydimethylsilox-
ane/graphene oxide nanosheets modified with hierar-
chical ZnO nanorods that exhibited superhydrophoblc
and anticorrosion performance. Li et al.” coated
various metal oxide (ZnO, Al,O3, Fe;0,4) nanoparti-
cles on sponges, fabric and paper and then treated
them with polydimethylsiloxane (PDMS) to obtain
superhydrophobic surfaces. Mantilaka et al.>' depos-
ited ZnO on polyester fabric via electrodeposition, and
the obtained fabric exhibited multifunctional proper-
ties, including superhydrophobic performance. Bis-
muth oxide was also considered to synerglstlcally
enhance superhydrophobic properties.” Among these
substances, constructing a rough surface via the in situ
growth of transition-metal oxides is important, and
modification of the rough surface via the in situ growth
of transition-metal/metal oxides is also crucial to
achieve high superhydrophobicity. Thus, to ensure
effective coating or to fix hydrophobic ingredients on a
hydrophilic surface, the use of thiols as a surface
mod1fy1n§ agent is currently becoming a prospective
method.?

Herein, we successfully fabricated superhydropho-
bic and superoleophilic materials. First, we prepared
iron oxide nanoparticles coated on the surface of a
graphene oxide layer to obtain Fe;O,/GO nanohy-
brids. Then, the Fe;04/GO nanohybrids were depos-
ited on the surface of a PU sponge through the simple
dipping method, and thiol groups were used as the
surface modification to increase the number of
hydrophobic -CHj; functional groups. The rough sur-
faces and low surface energy rendered the composite
material superhydrophobic. As a result, these
hydrophobic properties endowed the modified PU
sponge with potential applications in diverse organic
solutions. Additionally, considering the flexibility of
the PU sponge, the modified sponge possesses mar-
velous recyclability. Moreover, the prepared material
has good prospects to combat oil spill pollution.

Experimental section
Preparation of Fe;0,/GO nanohybrids

In a typical synthesis, 40 mg of GO, 0.926 g of
FeSO47H,0 and 0.27 g of FeCl; were dispersed in
5 mL of HCI solution (0.01 mol L™!) by sonication for
1 h. Then, the above mlxture was added dropwise to
20 mL of NH3-H,O (3 mol L") in a water bath for 4 h
at 80°C. Finally, the Fe;0,/GO was removed, washed
with deionized (DI) water until the pH reached 7, and
dried in an oven for further use.

Synthesis of the M-PU sponge

The PU sponge was cut into blocks, ultrasonically
treated with DI water and ethanol for 30 min each and
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dried in an oven at 60°C. The PU sponges were etched
in a solution of chromium trichloride (100 g L") and a
sulfuric acid solution (98 wt.%) in turn for a few
minutes each as pretreatment and then washed with DI
water and dried in an oven. The PU sponge blocks
were dipped into the Fe;O4/GO mixture solution and
ultrasonicated every 6 h for 2-3 days. And ﬁnally, the
sample was soaked in 50 mL 4 mmol L~' alcohol
solution of n-Octadecyl thiol for 30 min to obtain the
modified polyurethane sponge adsorption material
with superhydrophobic surface and labeled as the M-
PU sponge.

Results and discussion
Processing of the PU sponge

PU sponges, well known for their porosity, large
specific surface area, and ease of mass production,
are good candidates for use as oil/water separation
substrates. After the etching process, the PU sponge
surface possesses many hydrophilic functional groups,
such as -OH and -COOH, which bind the metal oxide
particles in the PU sponge surface more easily.
Additionally, the surface energy can be reduced by
treatment with octadecane thiol, and the modified PU
sponge can work as a superhydrophobic absorption
material (Scheme 1).

Characterization of the Fe;0,/GO nanohybrids

As an effective and direct method, morphology obser-
vation can easily judge the adhesion effects of Fe;O4
nanoparticles on GO sheets. The resulting Fe;0,/GO
nanohybrids were characterized by transmission elec-
tron microscopy (TEM) and scanning electron micro-
scopy (SEM). The TEM images of the Fe;04/GO
nanohybrids are shown in Fig. 1a, 1b. It is clear that the
iron oxide nanoparticles were distributed uniformly in
the GO sheets, and the Fe;O, nanoparticles were
observed to have a uniform size of approximately
15 nm. SEM images of the materials indicated that
their microstructure and morphology have quite con-
spicuous features. As shown in Fig. 1c, 1d, the Fe;0,
nanoparticles were densely distributed in the surface
layer of GO. Increasing surface roughness helped to
achieve the superhydrophobic feature.

The FTIR spectra of the Fe;04,/GO nanohybrids
and graphene oxide are shown in Fig 2a. GO displays
a series of absorption bands ranging from 1050 to
3350 cm ™', implying the presence of hydroxyl groups
at 3350 cm ~! carbonyl bonds from both ketone and
carboxylic acid groups at 1730 cm™!, aromatic C=C
bonds and O-H bending vibrations at approximately
1620 cm™!, C-OH stretching at 1360 cm ', C-O in
alkoxy _groups at 1050 cm™', and ether groups at
970 cm™ . After coating the GO sheets with iron oxide
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Scheme 1: Diagram of the experimental process
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Fig. 1: TEM images of the Fe;0,/GO nanohybrids (a, b); SEM images of the Fe;0,/GO nanohybrids (c, d)
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Fig. 2: FTIR spectra of GO, Fe;0,/GO and M-PU sponge (a), XRD patterns of GO and Fe;0,/GO (b), and Raman spectra of

GO and the Fe30,/GO nanohybrids
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nanoparticles, the Fe;04/GO nanohybrids showed the
functional group Fe-O at 550 cm™'. Moreover, com-
pared to the GO curve, the disappearance of the peaks
at approximately 1700 cm ™' is related to the C=O
vibration of carboxylic groups, which indicates that
these groups are involved in the reaction of unsta-
ble oxygen-containing groups. By observing the FTTIR
spectra of M-PU surface modified by octadecane thiol,
it is found that the absorption peaks at 2920 and
2864 cm ™! are attributed to the stretching vibration
absorption peaks of -CH3; and —CH,, respectively. At
the same time, the plane wave vibration absorption
peak of —-S—C can be observed at 717 cm ™' and the
deformation vibration absorption peak of -S—CH, can
be observed at 1470 cm ™', corresponding to a group
with more than four —CH, in the carbon chains.”> The
characteristic absorption peak of C-O-C on the
surface of M-PU sponge shifting towards smaller
wavenumber, comparing with that of GO/Fe;0,
nanohybrids, indicates that a small amount of GO/
Fe;0,4 nanohybrids in the superhydrophobic coating is
wrapped by n-octadecyl thiol, and octadecyl thiol was
successfully modified on the sponge surface after the
sponge was loaded with hybrid nanohybrids and then
dipped in the ethanol dispersion of n-octadecyl thiol.

The XRD patterns of GO and Fe;O,/GO are
displayed in Fig. 2b. GO exhibited a distinguished
diffraction peak at 10.5°. The Fe;0,/GO nanohybrids
exhibited five main characteristic diffraction peaks at
30°, 35°, 43°, 53°, 57° and 65°, which were assigned to
the (220), (311), (400), (422), (511) and (440) lattices of
the Fe;O4 nanohybrids (JCPDS no. 19-0629), respec-
tively.>* Correspondingly, the peak of GO was weak-
ened after combination with iron oxide. Raman
spectroscopy is one of the most convenient and
effective methods to analyze and characterize carbon-
based materials. For Raman spectra of GO (Fig. 2c),
two intense peaks at 1300 and 1600 cm™' were
attributed to the D band corresponding to the defect
sp> carbon structure and the G band corresponding to
defect-free S?z hybridized atoms in carbon rings,
respectively.”*>® Regarding the Fe;0,/GO nanohy-
brids (Fig. 2c), the Raman peaks of the G and D bands
shifted to lower frequencies compared with the spec-
trum displayed by pure GO. Moreover, the increased
Ipy/Ig) of the Fe;04/GO nanohybrids was attributed
to the introduction of Fe;O,4 leading to more defects in
the GO nanosheets.

Morphology and wettability of the M-PU sponge

The porous structure of the PU and M-PU sponges was
observed by SEM, and the images are shown in Fig. 3.
They have almost the same porous framework, which
indicates that the Fe;O4,/GO nanohybrids did not
influence the hierarchical structure of the PU sponge.
Compared to the smooth PU surface, the M-PU
sponge skeleton is folded with a thin layer, as shown
in Fig. 3c, which indicates that Fe;0,/GO nanocom-
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posites are formed on the surface of the sponge.
Additionally, it is clearly seen that the Fe;O4 nanopar-
ticles are uniformly attached to the skeleton surface of
the PU sponge.

To determine the hydrophobicity or oleophilicity of
the M-PU sponge, its contact angle was measured. As
shown in Fig. 4a, the water contact angle of the M-PU
sponge reached 157°, which belongs to the superhy-
drophobic surface. In Fig. 4b, we can see that the M-
PU sponge floats on the surface of water, while the PU
sponge sinks after being placed under the water
surface. All of the above facts confirmed that the M-
PU sponge has stable superhydrophobicity.

To investigate the magnetic properties, a series of
magnetic hysteresis curves of magnetic Fe;0,/GO
nanohybrids and the M-PU sponges were recorded at
room temperature, as shown in Fig. 5. The magnetic
parameters of the samples at room temperature
(including the saturation magnetization Ms, residual
magnetization Mr and coercivity H) are as follows.

As shown in Table 1, the saturation magnetization
(Ms), residual magnetization (Mr) and coercivity (H)
of the Fe;04/GO nanohybrids are 72.23 emu/g,
12.75 emu/g and 125.5 Oe, respectively. In inset
of Fig. 5a, we can see that the Fe;04,/GO nanohybrids
could separate from the water solution by their
magnetic properties. Additionally, the Ms, Mr and H
of the M-PU sponge were 1.51 emu/g, 0.23 emu/g, and
85.75 Oe due to the magnetic Fe;0,/GO nanohybrids
uniformly dispersed on the surface of the PU sponge
skeleton. Furthermore, the M-PU sponge has a certain
weak magnetism (inset of Fig. 5b), which makes it
more convenient and undergo a faster recovery during
the recycling process.

Application of the M-PU sponge as an absorbent

The advantage of the M-PU sponge is that it is
superhydrophobic and has a porous structure to absorb
oil and nonpolar organic solvents without the suction
of water, which renders it as an ideal and practical
material for oil/water separation. The photographs in
Fig. 6a show the fast and selective absorption of the M-
PU sponge. When the M-PU sponge is in contact with
the diesel oil layer (stained with Sudan III), it absorbs
the diesel oil completely within 3 s. Moreover, we also
tested the performance of high-density organic solvents
(Fig. 6b), such as chloroform (stained with Sudan IIT).
The results indicate that the M-PU sponge absorbs not
only the low-density organic solvent but also the high-
density organic solvent. Hence, the M-PU sponge is an
ideal material for the removal of chemical leakage and
oil spillage.

To further explore the absorption capacity of the M-
PU sponge, we define the Qe value as the maximum
absorbent value [Eq. (1), supporting information]. And
before that, we first explored the adsorption capacity of
untreated sponge and sponge containing nanohybrids
without n-octadecyl thiol to chloroform with higher
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Fig. 3: SEM images of the PU sponge (a, b) and the M-PU sponge (c, d)

CA=157°

Fig. 4: Water contact angle of the M-PU sponge (a) and
photo of the M-PU floating on the surface of water (b)

Table 1: The magnetism values of the Fez0,/GO
nanohybrids (a); M-PU sponge (b)

Ms (emu/g) Mr (emu/g) Hc (Oe)
a 72.23 12.75 125.5
b 1.51 0.23 85.75

density, and the adsorption capacity was 40.70 times
and 28.50 times of their own weight, respectively.
Compared to the untreated sponge, the adsorption
capacity of the sponge loaded with nanohybrids but
without n-octadecyl thiol decreases because the surface
of the sponge loaded with nanohybrids has a certain
amount of hydrophilic hydroxyl groups, which leads to
the weakening of the oleophilic of the sponge. Never-
theless, the M-PU sponge showed (Fig. 7a) its adsorp-
tion capacity ranges from approximately 80-170 times
its own weight, depending on the density of solvents
and oils, such as THF, ketones, DMF, hexane, benzyl
alcohol, motor oil, diesel oil, rapeseed oil and chloro-
form. With the help of the thiol modification, the
nanocomposite coating not only improves the rough-
ness but also reduces the surface energy, thus improv-
ing its absorption performance. Compared to the
absorption capacity of previously reported absorbents,
the M-PU sponge shows much higher absorption
abilities, for exam})le hierarchical micro- mesoporous
carbon (< 1 time),”” Fe;O4 nanoparticles g3 5 times),*®

cotton fiber-based sorbents (35.58 times),’ con]ugated
microporous polymers (60—145 times),*® magnetic
hybrid gels (1- 2 times),*" cellulose nanofibril aerogels
(28-47 times),* sponges based on polybenzoxazine
and Fe30, (65 5-136.2 times),* chitosan—starch films
(3-38 times),* vegetable fibers (85 times),* wood
sponges with a spring-like lamellar structure (16-41
times),*® chitin sponges (29-58 times),*” and flexible
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Fig. 5: Room temperature hysteresis curve of the Fe;0,/GO nanohybrids (a) and M-PU sponge (b)

Fig. 6: Absorption of organic liquids by the M-PU sponge. The absorption process (from left to right) of diesel oil (stained
with Sudan lll) (a); the absorption process (from left to right) of chloroform (stained with Sudan Ill) (b)

silylated nanocellulose sponges (49-102 times),*® Fur-

thermore, the absorption capacity of the M-PU sponge
is almost equal to that of materials with high absorp-
tion capacity, such as bubble-enhanced flexible
bioaerogels (68-130 times),*’ nanocellulose aerogel
foams (145-206 times),>” cellulose aerogels (94-164
times),’’ and carbon microtube aerogels (78-348
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times).”* Furthermore, the absorption capacity of the
M-PU sponge is still lower than that of other novel
materials, for example, GCTs (250-400 times),>
graphene foams (120-250 times),* nitrogen-doped
graphene foam (200-600 times),> and ultra-flyweight
aerogels (UFAs) (215-913 times).® Due to its excel-
lent absorbency based on its remarkable surface
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Fig. 7: The absorption capacity of the M-PU sponge over typical organic solvents and oil (a); absorption efficiency of the M-
PU sponge on various organic liquids during the 10 cycles (b); SEM images of the M-PU sponge after 10 cycles (c, d)

superhydrophobic properties, the prepared M-PU
sponges have exhibited potential applications, such as
water treatment and oily water separation.

The cyclic absorption capacity is an important index
to evaluate the superiority of adsorption materials. In
this case, we adjusted the continuous mechanical
squeezing method, which is vital for recycling. There-
fore, we chose three common oils, motor oil, rapeseed
oil and diesel oil, to evaluate the recycling ability of the
M-PU sponges. In our former work,”’ we defined the
value Qe’ as the cycle absorption capacity of the M-PU
sponge [Eq. (2), supporting information]. Figure 7b
shows that the M-PU sponge could absorb up to 7-11
times its own weight of these oils after only 10
recycling processes. Furthermore, the absorption
capacity itself did not significantly decrease, indicating
that the M-PU sponge possesses stable absorption and
recycling performance. The decrease in absorption
capacity is mainly due to the calculated ~ 10% of the
residual organic solvent on the M-PU sponge surface
after each cycle. In addition, after 10 cycles, the
microstructure of the M-PU sponge was observed, as
shown in Fig. 7c, 7d. It can be clearly seen that the

Fe;04 nanoparticles are evenly distributed on the PU
sponge surface, then, when the PU sponge surface is
covered with a thin layer of oil, the graphene oxide fold
lamellar structure is not obvious. Therefore, the M-PU
sponge is a promising potential absorbent for the
treatment of oily water separation.

Conclusions

In summary, we fabricated superhydrophobic, flexible
and microporous M-PU sponges by coating PU sponge
surfaces with Fe;04,/GO nanohybrids to form rough
surfaces and treated them with octadecane thiol to
reduce the surface energy. The absorption capacity of
the M-PU sponge reached 170 times its own weight.
More significantly, the M-PU sponge also possesses
excellent cycling capacity after continuous mechanical
squeezing methods. The magnetic properties of the M-
PU sponge could make it more convenient with a faster
recovery process. Due to the superior properties of the
M-PU sponge, it would be an ideal potential absorbent
for oily water separation.
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