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cation of superhydrophobic loofah
sponge: robust for highly efficient oil–water
separation in harsh environments†

Mingguang Yu, a Binbin Lin,a Shangxian Chen,a Qianjun Deng,a Guang Liuc

and Qing Wang*b

Oil/water separation has become an increasingly important field due to frequent industrial oily wastewater

emission and crude oil spill accidents. Herein, we fabricate a robust superhydrophobic loofah sponge via

a versatile, environmentally friendly, and low-cost dip coating strategy, which involves the modification

of commercial loofah sponge with waterborne polyurea and fused SiO2 nanoparticles without the

modification of any toxic low-surface-energy compound. The as-prepared loofah sponge showed

excellent superhydrophobic/superoleophilic properties and exhibited robustness for effective oil–water

separation in extremely harsh environments (such as 1 M HCl, 1 M NaOH, saturated NaCl solution and

hot water higher than 95 �C) due to the remarkably high chemical stability. In addition, the as-prepared

loofah sponge was capable of excellent anti-fouling, has self-cleaning ability and could act as the

absorber for effective separation of surfactant-free oil-in-water emulsions. More importantly, the as-

prepared loofah sponge demonstrated remarkable robustness against strong sandpaper abrasion and

finger wipes, while retaining its superhydrophobicity and efficient oil/water separation efficiency even

after more than 50 abrasion cycles. This facile and green synthesis approach presented here has the

advantage of large-scale fabrication of a multifunctional biomass-based adsorbent material as

a promising candidate in anti-fouling, self-cleaning, and versatile water–oil separation.
Introduction

An oil spill is the release of a liquid petroleum hydrocarbon into
the environment, especially marine oils and industrial waste-
water.1 Oil spills have occurred throughout the world and are
currently ongoing. Due to the increasing occurrence of indus-
trial oily wastewater emission and crude oil leakage accidents,
oil–water separation has become an increasingly important and
urgent research issue to solve the severe ecological problems.2–8

Generally, traditional methods such as gravity separation,
ultrasonic separation, centrifugation, otation, coagulation,
and biological and electrochemical treatments are all widely
used for oil/water separation.9–12 Nevertheless, complex sepa-
ration instruments, low separation efficiency and high cost have
caused difficulty in the use of most of these oil/water separation
systems.13
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Recently, a variety of functional materials for oil/water
separation were fabricated through the rational control of
surface structures and chemical compositions to possess the
property of superhydrophobicity/superoleophilicity,14–21 since
Jiang22 et al. rst discovered the oil/water separation materials
inspired by special wettability in 2004. Li et al.23 demonstrated
a superhydrophobic polyurethane sponge fabricated by coating
TiO2 nanoparticles and a low-surface-energy compound (octa-
decanoic acid) onto its skeleton surface. The coated PU sponges
via the ultrasonic-assisted dip coating (UADC) method showed
excellent oil–water separation ability in extremely high acidic
and alkaline environments as well as the extremely high salt
concentration of seawater. Zhang et al.24 demonstrated a facile
salt-induced phase-inversion method to fabricated super-
hydrophilic and underwater superoleophobic PAA-g PVDF
membranes for separation of oil-in-water emulsions with high
separation efficiency and much higher uxes. Li et al.25 devel-
oped a facile approach to fabricate superhydrophobic bags l-
led with pristine PU sponges for highly efficient oil/water
separation in harsh environments.

For super-wetting materials, the fragile micro–nano surface
roughness structure is so vulnerable that it can fail easily under
the inuence of external mechanical forces or friction. This is
becoming the biggest bottleneck that limits large-scale indus-
trial application in the area of oil–water separation.26 In order to
RSC Adv., 2018, 8, 24297–24304 | 24297
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solve this problem and improve the mechanical properties of
the surface of superhydrophobic materials, many methods have
been proposed.27–38 Lu et al.27 used a peruorosilane-coated
titanium dioxide nanoparticles ethanolic suspension as
a paint to fabricate micro–nano multi-level structure, with
commercial adhesives as a binding layer to improve the
robustness and abrasion resistance, to construct robust super-
hydrophobic surfaces on several substrates, which maintained
excellent superhydrophobicity even aer nger-wipe, knife-
scratch, and sandpaper abrasion. Chen et al.30 successfully
fabricated superhydrophobic surfaces with remarkable robust-
ness against knife scratch and sandpaper abrasion on various
substrates in a similar method called “Paint + Adhesive”. Tricoli
et al.32 reported a novel synthesis method to construct ultra-
durable superhydrophobic surfaces by using a PU-PMMA
colloidal suspension and uoro-functionalized nanostructured
silica (F-SiO2). Aer curing, the highly transparent and excellent
superhydrophobic surfaces with hierarchical micro–nano
structure and ultralow surface energy were formed, which pre-
sented outstanding mechanical, chemical, and photo dura-
bility, and retained their water repellency even aer 250 rotary
abrasion cycles. However, the uorocarbon reagents used were
expensive and environmentally incompatible, which largely
limited their applications. Consequently, robust and environ-
mentally friendly approaches for construction of uorine-free,
green superhydrophobic absorbent materials are highly
desirable.

With improving environmental protection and a growing
shortage of oil resources, the use of renewable natural materials
is becoming increasingly attractive because of their high
absorption capacities as well as renewability and biodegrad-
ability.39–54 Yang et al.39 prepared a novel diisocyanate-modied
lignin xerogel using renewable lignin as the precursor via a sol–
gel process and ambient pressure drying method. The as-
prepared xerogel showed high performance in self-cleaning
and superhydrophobicity without further hydrophobic modi-
cation. Zhou et al.46 fabricated superhydrophobic micro-
brillated cellulose aerogels with high lipophilicity, ultralow
density, superior porosity as well as extremely high mechanical
stability. The aerogels exhibited excellent oil/water selective
absorption capacity and superior reusability. However, the
relatively complicated operation procedures and low structural
stability have limited the actual applications for oil/water
separation.

Loofah sponges are available at very low cost and are popular
in China and Southeast Asia. The loofah sponge possesses
a continuous 3D macroporous surface with a strong rigid
structure that is similar to those of polymer-based sponges.
Loofah sponge has many applications in life, such as a lter
material for ltration and purication, kitchen cleaning
supplies and decorative materials, due to its good water
absorption capacity and stable structure. Meanwhile, it can also
be used as a kind of fuel for cooking in remote rural areas. In
this study, we fabricated a 3D macroporous oil-absorbing
material prepared from a brous loofah sponge via a facile
and efficient dip coating process. The fumed nano silica and
waterborne polyurea adhesive were rst dispersed into ethanol,
24298 | RSC Adv., 2018, 8, 24297–24304
then the loofah sponge was introduced into the above solution.
Aer curing at 60 �C, the superhydrophobic/superoleophilic
biomass-based loofah sponges have been obtained. The as-
prepared loofah sponges showed excellent superhydrophobic/
superoleophilic properties and exhibited robustness for effec-
tive oil–water separation. In this work, the fumed SiO2 nano-
particles not only enhance the surface roughness of the loofah
sponge but also act as a low-surface-energy compound material,
which endow the sponge with excellent superhydrophobic
properties. Most importantly, due to the excellent adhesion of
the polyurea adhesive, it can tightly bond SiO2 nanoparticles to
the loofah sponge and endow the sponge with superior chem-
ical stability and robustness for oil–water separation under
harsh environments, including strong acidic, alkaline, and
saturated salt aqueous solutions, hot water, mechanical abra-
sion and nger abrasion. These extraordinary properties
suggest that the as-prepared loofah sponge will be a promising
candidate for large-scale oil–water separation.

Experimental
Materials and methods

Loofah sponge was obtained locally. Waterborne polyurea
adhesive (WPU) was purchased fromQingdao jinwanli chemical
co. LTD. Fumed nano silica (�25 nm) was purchased from
Sigma-Aldrich (Shanghai, China). Kerosene was purchased
from Macklin (Shanghai, China). Ethanol, hexane and chloro-
form were purchased from Guangzhou Chemical Reagent Co.
(Guangzhou, China). Deionized water was made in-house. All
the chemicals were used as received without any further
purication.

Pretreatment of the loofah sponge

Raw loofah sponge was cut into smaller-sized pieces, and then
washed several times with deionized water to remove dust.
Subsequently, the loofah sponge was put into 1 M NaOH
aqueous solution and stirred mechanically for 2 h. Aer alkali
treatment, the loofah sponge was washed several times with
deionized water to remove NaOH, then the pre-treated loofah
sponge was dried under vacuum at 50 �C for 12 h.

Preparation of silica@PU coated loofah sponge

In a typical preparing process, 2 g of fumed silica nanoparticles
and 1 g of water-based polyurea adhesive were added into
100 mL of ethanol with ultrasonic dispersion for at least 2 h to
obtain a stable milky white colloidal suspension. The pre-
treated loofah sponges were dipped into the suspension for
2 h under vigorous mechanical stirring. Then, the loofah
sponge was dried in an oven at 60 �C for at least 12 h to obtain
the stable water-repellent loofah sponge.

Characterization

Structures of the raw loofah sponge and as-prepared sponge
were analysed by Fourier transform infrared (FT-IR) spectros-
copy on a Spectrum 2000 FT-IR spectrometer (Perkin Elmer).
The elemental composition of raw loofah and as-prepared
This journal is © The Royal Society of Chemistry 2018
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samples were determined using X-ray photoelectron spectros-
copy (XPS) on a Thermo Electron Escalab 250 spectrometer with
Li Ka radiation (20 eV) as the exciting source. The morphology
and elemental mapping distribution of the sample were
observed on a thermal eld-emission scanning electron
microscope (FESEM: Quanta 400F, FEI) at 15 kV. Water contact
angle measurements (WCAs) were measured on a Dataphysics
OCA20 Contact-Angle System with liquid droplets of 5 mL. The
reported values are the averages of measurements in least 5
different positions.
Results and discussion

The one-step, rapid and cost-effective fabrication process for the
superhydrophobic/superoleophilic loofah sponge is illustrated
in Scheme 1. The fused nano-SiO2 and waterborne polyurea
adhesive were added in an absolute ethanol solution under
ultrasonication for 2 h to obtain a homogeneous paint-like
suspension. An economical and biodegradable loofah sponge
with a three-dimensional hierarchical porous structure was
used as the frame for coating. Aer pre-treatment with 1 M
NaOH solution to remove the existence of the natural plant wax
layer and the lignin, the cleaned pristine loofah sponge was
dipped into the above homogeneous suspension for 2 h under
vigorous mechanical stirring. Then, the as-prepared loofah
sponge was dried at 60 �C for 12 h to obtain the stable water-
repellent loofah sponge. Taking advantage of the powerful
stirring effects, the polyurea molecules and SiO2 nanoparticles
diffused quickly into the loofah sponge frame. The urethane
bond in the polyurea molecules formed van der Waals force
interactions with the hydroxyl groups on the loofah bers. Aer
curing, the polyurea and the fumed nano silica were tightly
attached onto the loofah sponge, which provide the loofah
sponge with excellent superhydrophobicity and chemical
stability for use as an adsorbent in practical oil–water separa-
tion applications in harsh environments.
Scheme 1 Schematic illustration of the fabrication of the super-
hydrophobic loofah sponge.

This journal is © The Royal Society of Chemistry 2018
The surface chemical compositions of pristine loofah
sponge, WPU modied loofah sponge and silica@WPU modi-
ed loofah sponge were determined by Fourier transform
infrared spectroscopy (FTIR). As shown in Fig. 1a, comparing
with the spectrum of pristine loofah, the C]O stretching
vibration peak at about 1732 cm�1 showed a noticeable increase
in intensity on the surface of WPU modied loofah, indicating
that a considerable number of urethane groups were introduced
aer WPU modication. The peak at about 1509 cm�1 was
attributed to the deformation vibration of N–H in urethane,
which was a little weaker than that of C]O of 1732 cm�1 due to
the stretching vibration of N–H. The stretching vibration near
the 1066 cm�1 absorption peak was attributed to the ether bond
and ammonia ester bond of C–O–C. The infrared spectra anal-
ysis proved that polyurea adhesive was successfully graed onto
the loofah ber surface. In addition, the characteristic peak at
465 cm�1 belonged to the bending vibration peak of Si–O–Si.
These observations indicated that fumed nano silica and WPU
were included on the loofah sponge surface, which conrmed
successful synthesis of SiO2@WPU modied loofah sponge.

To further prove the above results, X-ray photoelectron
spectroscopy (XPS) and X-ray energy dispersive spectroscopy
(EDS) were employed to determine the surface elemental
compositions of the pristine loofah sponge and the as-prepared
loofah sponge. The values for the concentration of the loofah
Fig. 1 FT-IR spectra (a) and XPS spectra (b) of pristine loofah, WPU
modified loofah, and SiO2@WPU modified loofah.

RSC Adv., 2018, 8, 24297–24304 | 24299
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Fig. 3 FESEM images of the original loofah sponge (a) and the as-
prepared SiO2@WPU modified loofah sponge (b).
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surface chemical elements can be estimated (demonstrated in
Table S1 of the ESI†). As depicted in Fig. 1b, the XPS spectrum of
original loofah was composed of the elements carbon (286.5 eV)
and oxygen (533.0 eV), which can be inferred due to the ligno-
cellulosic characteristic of vegetable materials. In the WPU
modied loofah sponge, the relative atomic concentration of
carbon increased from 59.75% to 77.24%, the relative atomic
concentration of oxygen decreased from 40.25% to 18.78%,
a new peak with binding energy of 407.3 eV (N 1s) appeared,
strongly conrming that polyurea was successfully attached
onto the loofah surface. For the as-prepared loofah sponge, two
new peaks with binding energies of 154.23 eV (Si 2s) and
102.14 eV (Si 2p) appeared, which strongly demonstrated the
loofah sponge was fully covered by fumed silica particles and
WPU adhesive. In addition, elemental mapping analysis based
on X-ray energy dispersive spectroscopy as shown in Fig. 2 also
conrmed that the as-prepared loofah sponge was successfully
coated with polyurea and fused SiO2 nanoparticles.

The typical scanning electron microscopy (SEM) images of
the pristine loofah sponge and as-prepared loofah sponge with
different magnications, which were used to obtain the surface
morphological changes in the loofah sponge aer dip casting,
are shown in Fig. 3. As shown in Fig. 3a1, the pristine loofah
sponge had a three-dimensional hierarchical porous structure.
The magnied SEM images (Fig. 3a2 and a3) revealed that the
loofah skeleton surface was slightly rough with several shallow
channels and small folds. This unique structure of loofah
sponge provided a larger surface area which could be benecial
to load more fused silica nanoparticles on the surface of the
loofah bers. As depicted in Fig. 3b, aer dip casting with
a homogeneous ethanol suspension composed of fused nano-
SiO2 and WPU adhesive, the surface of as-prepared loofah
sponge was covered with coralloid silica nanoparticles to
provide hierarchical nanoscale rough surfaces, which facilitated
Fig. 2 EDS elemental mapping images of the as-prepared loofah
sponge.

24300 | RSC Adv., 2018, 8, 24297–24304
the construction of super-wettability. In this system, the fused
nano-SiO2 not only enhanced the surface roughness of the
loofah sponge to construct 3D hierarchical rough surfaces, but
also acted as a low surface energy material to replace the use of
toxic low surface energy uorocarbon substances, which endow
the sponge with excellent superhydrophobic properties in an
environmentally friendly approach.

The wettability of the as-prepared loofah sponge was inves-
tigated by water contact angle (WCA) measurements. As dis-
played in Fig. 4a, the as-prepared loofah sponge showed
superhydrophobicity and superoleophilicity. When the oil
droplet (oily red dyed chloroform) dropped onto the loofah
sponge surface, it was absorbed quickly and disappeared
completely, while the methylene blue dyed water droplets were
repelled on the loofah surface and maintained their spherical
shapes, exhibiting a water contact angle of 151.8� (Fig. 4b).
When being placed into water, the original loofah sponge
rapidly absorbed water to expand and sank into water imme-
diately (see Movie S1 of the ESI†), while the as-prepared loofah
sponge oated on the surface of the water due to its
Fig. 4 Optical photos of (a) methylene blue dyed water and red oil
dyed oil droplets on the as-prepared loofah surface, (b) the water
contact angle in air, (c) original and as-prepared loofah after being
placed in water, and (d) the as-prepared loofah immersed in water by
an external force.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Photographs of the selective collection of oil with a stirring
process (a–d) and optical microscope images and digital photo of the
separation results of the oil-in-water emulsion before and after oil–
water separation (e–g).
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superhydrophobicity (Fig. 4c). Moreover, the prepared loofah
sponge appeared to have silver mirror-like surfaces when it was
immersed into water by an external force (Fig. 4d). This non-
wetting Cassie–Baxter behavior was due to a continuous air
layer between the loofah sponge and water.55 The as-prepared
loofah sponge also displayed a low adhesion to water. The
water droplet (dyed with methylene blue) bounced and rolled
off quickly from the loofah surface the moment it dropped on
the surface (Fig. S1, see Movie S2 of the ESI†).

The as-prepared loofah sponge showed excellent super-
hydrophobicity and superoleophilicity, which made it very
promising as a versatile absorber material for removal of oil
from water. As illustrated in Fig. 5a, the modied loofah sponge
showed highly efficient selection to remove oil from water. Oily
red dyed n-hexane spread on the water was rapidly and
completely absorbed in a few seconds, leaving a transparent
and clean region on the water surface due to the
superhydrophobicity/superoleophilicity of the as-prepared
loofah sponge (see Movie S3 of the ESI†). The prepared
sponge also showed excellent absorption selectivity toward
organic solvents with higher densities than water by selectively
absorbing the oily red dyed chloroform from under the water
(Fig. 5b, see Movie S4 of the ESI†). The rapid and complete
absorption of organic solvents from water demonstrated the
excellent oil/water separation capability of the as-prepared
sponge.

Moreover, the as-prepared loofah sponge can separate oil
microdroplets from a surfactant-free oil-in-water emulsion,
which was prepared by mixing n-hexane in water (v/v, 1/49) as
shown in Fig. 6. Under intensive stirring for 0.5 h, the as-
prepared loofah sponge was placed into the emulsion. Once
touching the loofah sponge, emulsion droplets demulsied.
The red oil droplets in the emulsion were immediately trapped
and quickly absorbed by the loofah sponge. During the sepa-
ration process, the loofah sponge slowly turned red and the
emulsion gradually faded to transparent and clean in 1 min,
which suggests a highly efficient selective absorptive capacity of
the as-prepared loofah sponge (Fig. 6a–d, see Movie S5 of the
ESI†). Fig. 6b and c show an obvious bright silver mirror layer on
Fig. 5 Optical photos demonstrating the processes for oil–water
separation of the as-prepared loofah: (a) sequential snapshots of
removing a layer of oily red dyed n-hexane on top of water and (b)
sequential snapshots of removing oily red dyed chloroform under
water.

This journal is © The Royal Society of Chemistry 2018
the loofah surface when it was immersed into water, due to the
reectance of light at a continuous air layer between the loofah
sponge and water. This suggested the loofah was in the non-
wetting Cassie–Baxter state and still maintained excellent
superhydrophobic properties. In addition, optical images of the
n-hexane-in-water emulsion before and aer oil separation
further conrmed that the residual water was free of oil droplets
(Fig. 6e–g), revealing a high separation efficiency for the sepa-
ration of oil from surfactant-free oil-in-water emulsions.

The as-prepared loofah sponge also exhibited robust super-
hydrophobicity and excellent oil/water separation efficiency in
harsh environments, such as immersed into 1 M HCl, 1 M
NaOH, and saturated NaCl solutions, and hot water, respec-
tively. The oil–water separation efficiency of the as-prepared
loofah sponge for corrosive water/oil mixtures is depicted in
Fig. 7. When directly immersed in a mixture of oily red dyed
chloroform/n-hexane and 1 M HCl solution, the loofah sponge
absorbed the oil and turned red rapidly due to the robust
superhydrophobic/superoleophilic properties. The HCl water
solution became clean and transparent with the volume nearly
unchanged (Fig. 7a; Movie S6 in the ESI†). Moreover, the loofah
sponge also showed excellent oil/water separation ability in
chloroform/n-hexane/1 M NaOH (Fig. 7b; Movie S7 in the ESI†),
chloroform/n-hexane/saturated NaCl (Fig. 7c; Movie S8 in the
ESI†), and hot water at higher than 95 �C (Fig. 7d; Movie S9 in
the ESI†) using the same method. And the loofah sponge still
retained superhydrophobicity aer 5 cycles as shown in
Fig. S2.† These results demonstrated that the as-prepared
loofah sponge maintained robust superhydrophobicity in
harsh environments, which exhibited great potential in prac-
tical applications such as with ocean oily spills and wastewater
from chemical industry.

As we all know, the construction of a superhydrophobic
interface requires two elements: on the one hand was to
construct a rough interface with hierarchical micro–nano
structure on the hydrophobic surface, and the other hand was
to modify the low surface energy material on the rough inter-
face.56,57 In this work, the hydrophobic fused nano-SiO2 was
RSC Adv., 2018, 8, 24297–24304 | 24301
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Fig. 7 The absorption process of the as-prepared loofah under harsh
conditions by taking oily red dyed chloroform/n-hexane in corrosive
solution mixtures as examples. (a) 1 M HCl solution, (b) 1 M NaOH
solution, (c) saturated NaCl solution, and (d) oily red dyed kerosene in
95 �C hot water.

Fig. 8 Sandpaper-abrasion tests. (a1 and a2) One cycle of the sand-
paper-abrasion test. (b) The variation of water CAs of the as-prepared
sponge versus the number of abrasion cycles.

Fig. 9 Schematic illustration of the method of the finger-wipe test (a1
to a4). (b) The variation of water CAs and separation efficiency of the
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introduced not only to provide a hierarchical micro–nano rough
surface on the loofah sponge but also to act as a low-surface-
energy compound material to endow the sponge with excel-
lent superhydrophobic properties, which avoided the use of
toxic, expensive uorocarbon reagents. However, the fragile
rough micro–nano structures of conventional super-
hydrophobic surfaces can be easily damaged under external
mechanical forces or friction, which limits its large-scale
application in practical industry. To solve this problem, the
waterborne polyurea adhesive with 100% solid content was
used as an adhesive to provide excellent adhesion, which can
tightly bond SiO2 nanoparticles to the loofah sponge, and
endow the sponge with superior chemical stability, abrasion
resistance and robustness for oil–water separation in harsh
environments.

In order to further check the robustness of the sponge
against mechanical forces, the sandpaper-abrasion test and
nger-wipe test were performed as shown in Fig. 8 and 9,
respectively. In Fig. 8a, the as-prepared loofah sponge was
24302 | RSC Adv., 2018, 8, 24297–24304
placed on the sandpaper under a weight of 100 g and moved
back and forth with abrasion length of about 15 cm. Aer
a certain number of friction cycles, the sponge still preserved
a good water repellency. Fig. 8b describes the water static
contact angles aer every tenth abrasion cycle and it can be seen
that the water static contact angles were all higher than 150�,
indicating that the loofah sponge possessed excellent super-
hydrophobicity and abrasion resistance (see Movie S10 in the
ESI†). The insets in Fig. 8b are the SEM image and water static
contact angle aer 50 sandpaper-abrasion cycles for the loofah
sponge surface. Aer 50 abrasion cycles, the loofah sponge
surface still had a large amount of silica and the water contact
angle was about 152�, which strongly indicated that the as-
prepared sponge retained robust superhydrophobicity due to
the strong adhesion of the polyurea resin.

Fig. 9 demonstrates the nger-wipe test of loofah sponge.
Aer several nger-wipes, the paint still remained on the
sponge surface with no visible paint loss. The blue dyed water
quickly fell off the surface of the sponge, which demonstrated
the sponge surface retained superhydrophobicity (Fig. 9a1–a4,
and see Movie S11 in the ESI†). Fig. 9b depicts the water contact
angle and oil/water separation efficiency of the as-prepared
sponge during the 50 times nger-wipe test. As can be seen,
the water contact angle of the sponge surface was still above
150� aer 50 abrasion cycles, which demonstrated the excellent
mechanical abrasion resistance of the as-prepared super-
hydrophobic sponge. Meanwhile, the separation efficiency of
the as-prepared sponge still remained above 95% aer 50
as-prepared sponge versus the number of finger-wipe cycles.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Photographs of the self-cleaning property of the as-prepared
sponge.
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nger-wipes taking the n-hexane–water mixture as an example.
These results indicated that the as-prepared superhydrophobic
loofah sponge has excellent separation efficiency for the oil–
water mixture against nger-wipe abrasion. The as-prepared
superhydrophobic loofah sponge with strong abrasion resis-
tance has great potential in practical industrial oil/water sepa-
ration applications.

To our surprise, the superhydrophobic loofah sponge
possessed antifouling and self-cleaning properties which were
vital in practical oil/water separation applications since the
fouling issues can seriously affect the absorption efficiency and
cycle usage times of the absorbers.58 To observe the anti-fouling
and self-cleaning properties, an abundant amount of manga-
nese dioxide powder dispersed in water was used as a model
contaminant. When the black sewage dripped onto the surface
of the loofah sponge, the water droplets immediately rolled off
the surface leaving a clean superhydrophobic surface
(Fig. 10a1–a3). Moreover, aer immersion in the black dirty
solution, the surface of the as-prepared loofah sponge was
almost free of black sewage indicating the excellent anti-fouling
and self-cleaning performances (Fig. 10b1–b3 and see Movie
S12 in the ESI†). However, for the pristine loofah sponge there
was a lot of black dirt accumulation on the pristine loofah
sponge as shown in Fig. S3 and Movie S12 in the ESI.†
Conclusions

In summary, we developed a facile, versatile and environmen-
tally friendly strategy for construction of superhydrophobic
loofah sponge coated with WPU/SiO2 by the dip-coating
method. The as-prepared loofah sponge exhibits excellent
superhydrophobicity and efficient oil/water separation ability
under a series of harsh conditions (such as 1 M HCl, 1 M NaOH,
saturated NaCl solution and hot water higher than 95 �C) due to
the remarkably high chemical-stability. And the as-prepared
loofah sponge also can effectively separate surfactant-free oil-
in-water emulsions and possesses excellent antifouling and
self-cleaning properties against dirty contaminants. Moreover,
the as-prepared loofah sponge has robust mechanical abrasion
resistance, and shows excellent superhydrophobicity and oil/
This journal is © The Royal Society of Chemistry 2018
water separation ability under strong abrasion using sand-
paper and the nger-wipe test for more than 50 cycles. In
addition, the whole process without involving poisonous
chemically volatile reagents or expensive materials or sophisti-
cated equipment can be easily scaled up. Therefore, the
attractive features of the loofah sponge could make it an ideal
adsorbent material for a range of applications including anti-
fouling, self-cleaning, massive oil spill cleanup, and industrial
oily wastewater purication.
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