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Abstract

Inspired by the strong adhesion of mussels, a super-hydrophobic sponge was
designed and prepared by a simple and inexpensive one-pot solution immersion
method. The prepared superhydrophobic sponge can not only efficiently separate the
oil-water mixture, more importantly, but also remove volatile organic compounds
in the atmospheric environment. Polydopamine (PDA) enables polydivinylbenzene
(PDVB) particles to be firmly and tightly attached to the melamine sponge skeleton,
thereby making the hydrophilic sponge superhydrophobic and providing adsorp-
tion sites for volatile organic compounds in the air. The synergy enables the sponge/
PDA/PDVB to quickly adsorb oils and organic substances, and it has high stabil-
ity and capacity even after 20 cycles. In addition, superhydrophobic sponges can
still perform outstanding adsorption performance even under highly acidic and alka-
line environments. Meanwhile, the static adsorption capacity of the sponge/PDA/
PDVB for gaseous toluene is 5.7 times that of activated carbon. Compared with pure
PDVB, the super-hydrophobic sponge in the dynamic experiment has a penetration
time increased from 6 to 390 min, which is 65 times longer than that of the PDVB,
and the adsorption performance has been greatly improved. Therefore, our strategy
may achieve a new effect, which can quickly and easily separate oil-water mixtures
and remove volatile gaseous pollutants, and it can provide potential options for prac-
tical applications
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Introduction

With the development of industry, more organic materials are used, and the leakage
of organic solvents and industrial emissions have become more and more serious
[1-3]. It is estimated that approximately 2 million tons of oil enter the marine envi-
ronment each year [4]. It causes serious environmental impact, including contamina-
tion of beaches, and the damage to the fishing industry. However, it is still difficult to
efficiently separate oil from oil-water mixtures [5]. Adsorption has been considered
as one of the most effective methods for oil/water separation due to its low cost, fac-
ile operation and minimum harmful effects on ecosystems [6—8]. However, the tra-
ditional adsorbent materials, such as activated carbon [9], textiles [10] and sponges
[11], have the disadvantages of low adsorption capacity due to their simultaneous
adsorption for oil and water [12].

Sponge as an inexpensive three-dimensional porous material with large surface
area is a perfect substrate for oil-water separation, which has been reported by many
researchers [13-23]. After hydrophobic modification, the sponge was applied for
oil containing wastewater treatment. For example, Gu et al. prepared a MOF@rGO
coated polyurethane sponge for oil/water separation [24]. Cao et al. prepared the
polyurethane sponge functionalized with nanodiamond particles and perfluorode-
canethiolby by dipping method [25]. However, these modification methods are rela-
tively complex and costly, and often require the expensive chemicals as graphene or
environmentally unfriendly chemicals as strong acids and bases.

On the other hand, the leakage of organic solvents will not only affect the water
and soil environment, but also seriously harm the human body when they evapo-
rate into the atmospheric environment. For example, high concentration of toluene
can cause childhood acute leukemia, central nervous system poisoning, asthma, etc.
Even low concentration of toluene can cause humans to suffer from various chronic
diseases such as respiratory and cardio-cerebral vascular diseases after a certain
period of exposure, and even can cause serious harms such as carcinogenesis, ter-
atogenesis and mutagenesis. However, so far there is no report that can solve the
problem of oil-water separation with high efficiency, and also involve the treatment
of gaseous organic matter.

Inspired by the remarkable adhesive ability of polydopamine, we developed
a superhydrophobic/superoleophilic melamine sponge coated with polydopa-
mine (PDA) and polydivinylbenzene (PDVB) using a one-step solution immersion
method, which was facile, eco-friendly and cost-effective. The superhydrophobic
sponge shows high mechanical strength, great chemical stability and high reus-
ability. It exhibits high selectivity, excellent adsorption capacity and recyclability
for various organic solvents and oils. Furthermore, the as-prepared sponge displays
excellent adsorption performance for volatile organic compounds (VOCs). The
modified hydrophobic sponge with low cost and easy to manufacture has exhibited
great potential in solving the problems of oily wastewater and VOCs.
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Experimental
Materials

A melamine sponge was purchased in a local market. Dopamine hydrochloride
(100%), tetrahydrofuran (C,H30,>99.0%), divinylbenzene (C,,H;,>80.0%),
tris  (hydroxymethyl) aminomethane (Tris,>99.8%), azobisisobutyronitrile
(CgH;,N,, >98.0%), and n-hexane were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Methylene blue (MB, 100%), oil red O (100%)
and ethanol (EtOH, 96.5%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. All chemicals were used without further purification.

Synthesis of polydivinylbenzene (PDVB)

Polydivinylbenzene (PDVB) was prepared through a modified solvothermal reac-
tion [26]. 5.6 mL of divinylbenzene (DVB) was dissolved in 40 mL of tetrahydro-
furan (THF) with 2 mL of deionized water, and then 0.15 g of azobisisobutyroni-
trile (AIBN) was added. After stirring for 4 h at room temperature, the solution
was put into a stainless-steel reactor with a polytetrafluoroethylene liner and then
treated at 100 °C for 24 h. The material was cooled to room temperature. PDVB
was obtained after the evaporation of organic solvent and water and then was
ground into powder.

Synthesis of the PDA/PDVB/sponge

The PDA/PDVB/sponge was synthesized via a one-pot solution immersion method.
The pristine sponge was cut into 2.0x2.0x2.0 cm pieces, which were then ultra-
sonically cleaned in ethanol and distilled water for 20 min to remove stains and
pigments, and then it was dried in an oven at 50 °C. The sponge was immersed in
a Tris—HCI buffer solution (dopamine hydrochloride 0.12 g/H,0O 50 mL/C,H;OH
50 mL, pH=38.5) containing dopamine hydrochloride (0.15 g) and PDVB (2 g) for
24 h under stirring at room temperature. The as-prepared sponge was dried in an
oven at 50 °C.

Characterization

The water contact angle (WCA) was measured using a contact angle meter (OCA15,
Dataphysics, Germany) with 4 pL of water droplets at ambient temperature. The
images of the morphology and structure of the samples were obtained from scan-
ning electron microscopy (SEM, Nova Nano SEM 430, USA). Thermogravimetric
analysis (TGA) was performed using a Netzsch TG 209 F1 Libra instrument at a
nitrogen flow rate of 10 mL/min from 30 to 800 °C and a heating rate of 10 °C/min.
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The functionalized groups of the samples were characterized by Fourier-transformed
infrared spectra (FT-IR, Nicolet-6700 FT-IR spectrometer) using KBr pellets.

Oil-water separation test

A PDA/PDVB/sponge was put in an oil-water mixture (50%, v/v), and then the oil
adsorption capacity of the sponge was determined by weight measurements. The
weight of the adsorbed oil was calculated using the following equation:

my —mg

m=
my

where m and m, are the masses of a sponge before and after sorption of oils.

Adsorption of volatile organic compounds

Static adsorption and dynamic adsorption were used to evaluate the VOCs adsorp-
tion performance, such as toluene, acetone and methanol. Different organics were
placed in the open beaker and a PDA/PDVB/sponge as an adsorbent was placed
in another open container, and then the air in the closed container was evacuated
to statically adsorb VOCs. Take out the adsorbent after 12 h and weigh the mass
change to calculate the adsorption amount. Dynamic adsorption was carried out in
a quartz tube (see the Supporting information, Figure S1). The mixture air stream
(20 vol % O,/N,, 100 mL/min) containing about 40 ppm of toluene and water vapor
(60% RH) was introduced into the quartz tube. The concentration of toluene was
determined by a gas chromatography.

Results and discussion

The mutual affinity between the original melamine sponge and PDVB was not suf-
ficient to ensure that PDVB was firmly bound to the melamine sponge. Therefore,
there was an urgent need for a universal molecular linker to attach PDVB to the
surface of a melamine sponge. Fortunately, dopamine was used as the universal
molecular linker in this work. The polydopamine (PDA) was prepared by oxidative
polymerization of dopamine, because dopamine can undergo oxidation and spon-
taneous self-polymerization with oxygen as an oxidant under alkaline conditions.
The polymerization process can follow the equilibrium pathway by forming reverse
indole-like repeat units, which can lead to a crosslinked structure [27-30]. In this
work, PDVB was ingeniously linked to the sponge backbone by dopamine via the
one-pot solution immersion method (Fig. 1). By this method, the super-hydrophobic
sponges with superior oil-water separation properties and reusability can be easily
prepared.

The morphology of the materials was analyzed by SEM. As can be seen from
Fig. 2, the addition of PDA and PDVB obviously changed the surface morphol-
ogy of the pure melamine sponge. The sponge had an interconnected 3D network
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4 um

Fig.2 SEM images of a pure sponge, b PDA/sponge, ¢ PDVB/sponge, d PDA/PDVB/sponge.

skeleton and smooth surface morphology (Fig. 2a). Compared with the pristine
sponge, the network structure and porosity of the PDA/sponge did not change
significantly, except for the formed PDA nanoparticles on the smooth skeleton
surface (Fig. 2b), so the sponge surface became rougher. At the same time, the
PDVB/sponge was sparsely covered with PDVB particles (Fig. 2¢). As can be
seen from Fig. 2d, PDA and PDVB particles were simultaneously loaded on
the sponge skeleton, which increased the surface roughness of the sponge.
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For hydrophobic materials, surface roughness amplifies hydrophobicity [31,
32]. When water droplets contact the surface of the hydrophobic material, a
water—air—solid three-phase interface is formed, and a large amount of air is filled
in the rough pores on the surface of the hydrophobic material [33]. This feature
is thought to capture a large number of air pockets on the surface of the sponge
skeleton. It is well known that air pockets are necessary to achieve surface supe-
rhydrophobicity, because air is an effective hydrophobic medium [34, 35]. Thus,
the increased surface roughness of the sponge by PDA and PDVB would further
increase the hydrophobicity of the sponge. In addition, the porosity was investi-
gated by the BET analysis (see Figure S2 and Table S1). The pore volume of the
PODP/PDVB/sponge (1.94 cm®g™!) significantly increased compared to PDVB
(1.35 cm’g™h).

TGA data showed that the PDA/PDVB/sponge had a weight loss of about 5.38%
between 100~ 300 °C, which was due to the desorption of the residual organics dur-
ing preparation. Starting from 300 °C, a significant mass loss occurred in the sample,
indicating that the polymer began to decompose and convert to carbon dioxide [36].
After 370° C, the mass decreased in a cliff-like manner because the sponge skeleton
starts to decompose [37]. Therefore, the PDA/PDVB/sponge had a good thermal sta-
bility below 300 °C (Fig. 3a). FT-IR spectra were performed to further confirm the
formation of the PDA/PDVB/sponge (Fig. 3b). Compared with the original sponge,
the new adsorption peak of the PDA/sponge appeared at 1630 cm™' (~CN) [20],
which proved that PDA was successfully loaded on the sponge. The new adsorption
peaks of the PDVB/sponge appeared at 707 cm™' (meta-substituted benzene ring)
and 904 cm™! (para-substituted benzene ring) [38, 39], which corroborated the exist-
ence of PDVB. The PDA/PDVB/sponge had the above several new adsorption peaks
at the same time compared with the original sponge, proving that PDA and PDVB
were loaded on the sponge simultaneously. At the same time, the peak intensity of
the PDA/PDVB/sponge at 707 cm™! and 904 cm™! was significantly higher than that
of the PDVB/sponge, indicating that more PDVB was loaded onto the sponge in the
presence of PDA, leading to the increase of the characteristic peak strength.
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Fig.3 a TG profiles of the PDA/PDVB/sponge, and b FTIR spectra of the samples.
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Fig.4 a—c Images of lubricating oil drops (dyed with oil red) and water droplets (dyed with methylene
blue) on the original sponge (left) and the PDA/PDVB/sponge (right), the water contact angle of d the
original sponge and e the PDA/PDVB/sponge, f silver mirror phenomenon. (Color figure online)

After modification, the color of the sponge changed from white to dark brown. As
shown in Fig. 4a, water droplet and oil droplet were quickly dropped on the origi-
nal sponge and the PDA/PDVB/sponge, respectively. It can be seen that the water
droplet deposited on the surface of the PDA/PDVB/sponge to form an almost perfect
sphere, while the oil droplet was completely adsorbed by the PDA/PDVB/sponge.
On the original sponge, both water and oil droplets were completely adsorbed.
When the surface of the modified sponge was skimmed with a paper towel, it can
be seen that the water droplets were completely adsorbed by the paper towel, leav-
ing no traces on the modified sponge (Fig. 4b, c). This indicated that the modified
sponge had excellent hydrophobic and lipophilic properties. Figure 4d, e shows the
water contact angles of the original and modified sponges, respectively. For the orig-
inal sponge, when water was dropped on it, contact angle was observed to be 0°
due to the complete spreading of water into the sponge. After coating PDA/PDVB
onto the sponge, it changed to be hydrophobic with a water contact angle of 141°.
When the modified sponge was immersed in water by applying external force, air
bubbles were trapped around the solid surface to prevent water from penetrating into
the sponge, resulting in a silver mirror phenomenon [40] (Fig. 4f), which showed
a good water repellency. Because when water droplets were placed on the surface
of the composite material, the water droplets came into contact with the surface of
the nanoparticles to form a water—air-solid three-phase interface. A large amount
of air filled the pores on the surface of the composite material, making the real sur-
face of the solid surface in contact with the water droplets far away less than the
apparent area. According to the Cassie—Baxter equation [41], the area occupied by
the air was 97.42% and the water droplets were almost completely repelled outside
the rough surface. As for the original sponge, the water would completely occupy
the inside of the sponge. The PDA/PDVB/sponge with advantages of high porosity,
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Fig.5 The removal process of light oil (less dense than water) by using a the PDA/PDVB/sponge and b
the original sponge, ¢ the removal process of heavy oil (greater density than water) by using the PDA/
PDVB/sponge.

hydrophobicity and low density has great potential for the applications of oil/water
separation.

In order to study the removal of organic matter in water, the PDA/PDVB/sponge
was used for the oil/water separation test. As shown in Fig. 5a, the PDA/PDVB/
sponge was placed in a mixed liquid of the oil phase (dyed with oil red) and the
water phase (dyed with methylene blue). Once the modified sponge contacted the oil
phase, all the oil was quickly adsorbed and the clear water phase was left, and the
liquid level of water did not drop. In contrast, the original sponge adsorbed both the
oil and water, but cannot completely adsorb the oil phase, while the water level was
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significantly reduced (Fig. 5b). In addition to light oils, heavy oils (chloroform dyed
with Oil Red O) can also be removed from water using the PDA/PDVP sponges
(Fig. 5c and Movie 1). When contacted with the modified sponge, the heavy oil at
the bottom of the water penetrated into the sponge immediately.

The adsorbed oil in the modified sponge can be recovered again through extru-
sion, and the modified sponge still floated on the water after extrusion, indicating
the good oil resistance and recyclability, which can be used for the next oil/water
separation. Moreover, the modified sponges were used to adsorb various solvents
and oils (Fig. 6a). The PDA/PDVB/sponges had a wide range of adsorption capaci-
ties for different solvents and oils from 24 to 56 g/g. The pure sponges and PDA/
sponges cannot perform effective oil/water separation because they were not hydro-
phobic and would adsorb oil and water at the same time. The effects of PDA and
PDVB content on the adsorption capacity of the modified sponges were studied, as
shown in Figures S3 and S4. The results suggested that proper PDA and PDVB con-
tent increased the adsorption capacity of the sponges. After 20 cycles of adsorp-
tion of toluene on the modified sponge, the adsorption capacity nearly remained
unchanged (Fig. 6b), indicating its excellent recyclability. Compared with the
reported oil-water separation materials, the adsorption performance and stability
of the PDA/PDVB/sponge was competitive and even better than most adsorption
materials (see Table S2 for a comparison). Unlike many reported adsorbents, which
involve complex synthesis procedure, the preparation method of this work is simpler
and more convenient. In general, the PDA/PDVB/sponges have obvious advantages
of large adsorption capacity and easy preparation in oil-water separation materials.

The mechanical stability of the modified sponge was tested by repeated com-
pression and relaxation through over 250 cycles (Fig. 7a). Obviously, the water
contact angle of the PDA/PDVB/sponge remained at 140° during the 250 compres-
sions, while that of the PDVB/sponge without dopamine decreased from 130° to
93°, indicating that the mechanical stability of the modified sponge was significantly
improved after adding dopamine. Under different pH values and salt concentrations,
the adsorption capacity of the modified sponge remained unchanged (Fig. 7b, c).
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Fig.6 a Adsorption capacity for various solvents and oils, b reusability test for liquid toluene over 20
consecutive cycles.
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When the PDA/PDVB/sponge was immersed in ethanol for 3 days, its water contact
angle remained basically unchanged, indicating its high chemical stability (Fig. 7d).

The PDA/PDVB/sponge can not only separate oil and water but also adsorb
gaseous organics in air, which expands its application range. The adsorption tests
were performed in static and dynamic environments, respectively. In a closed
container, different organics were placed in the open beaker and the sponge as
the adsorbent was placed in another open container. Then, the air in the closed
container was evacuated, and the VOCs were adsorbed statically by the sponge
adsorbent for 12 h. The adsorption capacity was obtained by weighing the weight
changes before and after adsorption of VOCs. As shown in Fig. 8a, toluene,
methanol and acetone were selected as probe molecules, and the static adsorption
capacity of the PDA/PDVB/sponge for toluene, acetone and methanol reached
1.71, 1.87, and 1.30 g/g. In order to compare the adsorption performance, taking
toluene as the target pollutant, PDVB and the primitive sponge were selected for
comparison (Fig. 8b). The adsorption capacity of PDA is very small [42] so it
was not tested. The static adsorption capacity of the PDA/PDVB/sponge was 1.4
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Fig.8 a Static adsorption of VOCs by the PDA/PDVB/sponges, b static adsorption of gaseous tolu-
ene by different adsorbents, ¢ the cyclic adsorption and d vacuum desorption data of the PDA/PDVB/
sponges.

and 19.1 times higher than that of PDVB and the primitive sponge, respectively.
Moreover, for the common porous adsorbents, the PDA/PDVB/sponge possessed
the highest adsorptive capacity which was 5.7, 5.4, 3.2 and 14.3 times higher
than that of activated carbon, MCM-41, SBA-15 and ZSM-5, respectively. These
results indicate that an efficient removal of VOCs pollutants is achieved on the
PDA/PDVB/sponge.

In addition to adsorption activity, recyclability is another important factor that
should be considered for most adsorbents. After the adsorption was completed, the
entire sponge can be taken out for desorption in a vacuum environment at 105 °C.
Figure 8c, d shows the cyclic adsorption-vacuum desorption data of the PDA/PDVB/
sponge. The PDA/PDVB/sponge was subjected to adsorption-vacuum desorption for
10 times, and the adsorption capacity was maintained at 1.7 g/g each time. From the
desorption efficiency, it can be found that the regeneration performance of the PDA/
PDVB/sponge is excellent, reaching 100% almost each time. The results suggest that
the reuse of the PDA/PDVB/sponge has high stability and reliability.

Figure 9a shows the toluene penetration curves of PDVB, the primitive sponge,
and the modified sponge under dynamic conditions. The concentration of gaseous
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Fig. 9 Dynamic adsorption of 100
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toluene was 40 ppm and the gas flow rate was 100 mL/min. Taking C/Cy=5% as
the penetration point, it can be found that the penetration time of the modified
sponge was increased from 6 to 390 min, and the adsorption performance was
greatly improved. The PDA/PDVB/sponge shows higher adsorption capacity than
pure PDVB. Based on these results, this composite shows great potential applica-
tion in atmospheric VOCs treatment.

Conclusions

In summary, a robust and low-cost PDA/PDVB/sponge was developed by a one-pot
solution immersion method. With the help of polydopamine, the strong adhesion of
PDVB to the original melamine sponge ensured the durable structural stability of
the sponge. The successful integration of the PDVB and the melamine sponge can
combine their superior properties into the PDA/PDVB/sponge, such as large surface
area, good flexibility and low density of the melamine sponge and high hydropho-
bicity and affinity for organic matter. Due to its excellent properties, the prepared
composites have superior oil/water separation properties, mechanical stability and
recyclability. At the same time, the PDA/PDVB/sponge can also effectively adsorb
VOC:s in the atmospheric environment. Therefore, the PDA/PDVB/sponge with low
cost and easy to manufacture shows great potential application value in solving the
problems of oily wastewater and VOCs.
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