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Abstract: Melamine sponge (MS) has the characteristics of multilayer network structure, high porosity,
adjustable pore structure, and low price, which is considered to be an ideal material for oil leakage
treatment. Here, a facile, economical, environmental friendly, and one step reaction was developed
to fabricate Ag nanoparticles (NPs) decorated MS composite with tannic acid (TA) as a reducing
agent. By reduction reaction, the super-hydrophobic and super-oleophylic surface of the MS-TA-Ag
composite was formed, demonstrating a single selectivity for oil and water. Thus, the adsorption
capacity of MS-TA-Ag composites for various oils/organic solvents can reach 48~129 times its
own weight and and display superior efficiency to separate oil/organic solvent from the water. In
addition, the MS-TA-Ag composite has stable super-hydrophobicity and reusability. It is exciting that
modified MS exhibits excellent chemical stability properties after a long processing time with strong
alkali, strong acids, and salt solutions. The simple strategy provides a method for the preparation of
large-scale oil spill cleaning and recovery materials.
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With the development of economy and society, chemical reagent leakage and oil
spill accidents happen frequently, which seriously harm the ecological environment and
the healthy development of human beings [1,2]. Therefore, it is urgent to find an effi-
cient method for oil-water separation. Because oil and water are incompatible, designing
functional materials with special wettability has attracted considerable attention in re-
cent years [3,4]. Super-hydrophobic materials are widely used in anti-fog, self-cleaning,
liquid transportation, oil-water separation, water collection, anti-corrosion, and so on.
In particular, super-hydrophobic super-oleophilic materials have been widely used in
the field of oil-water separation and have become a hot topic in current research [5-7].
Super-hydrophobic materials can be constructed by creating suitable surface roughness
with hierarchical microstructures/nanostructures and chemically modifying them with
low surface energy materials. 3D porous materials have been studied as the substrate
for super-hydrophobic materials owing to their specific surface area and strong adsorp-
tion [8-10]. Compared with the existing two-dimensional membrane and powder materials,
3D porous materials can be used to deal with oil spills and organic pollutants in a simple,
rapid, and large-scale manner. Among the 3D porous materials, melamine sponge (MS)
presents a promising prospect for practical applications because of its high porosity, large
production scale, and low price [11-14]. However, pristine MS absorbs both water and
oil at the same time. The functional modification needs be used to endow the MS with
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modified methods include dip coating, chemical vapor deposition, in situ chemical reaction,
carbonization, atom transfer radical polymerization, radical copolymerization, and rapid
microwave method [15-18]. These modified materials can skillfully switch the surface of
hydrophilic sponge to hydrophobic, and the modified sponge material is expected to be the
preferred material for oil leakage cleaning. To this end, various materials were selected to
decorate commercial sponges, including silane [19,20], hydrophobic polymers [21,22], hy-
drophobic nanoparticles [23-25], carbon materials [26], and so on. However, in the process
of constructing super-hydrophobic coatings on sponges, most of these approaches suffer
from the disadvantages of complex equipment and tedious fabrication procedures [27-29].
Hence, it is of great significance to develop a simple and large-scale strategy for preparing
super-hydrophobic MS for oil spill cleanup. Moreover, functional super-hydrophobic MS
with high stability and reusability as well as excellent selectivity are worthy of further
study [30]. Recently, it has been reported that superhydrophobic pure metal surfaces
can be prepared by hydrophobic methods without the functionalization of hydrophobic
molecules [31-33]. Under heating conditions, the surface energy of metals can be effec-
tively reduced by spontaneous adsorption of carbon pollutants; it may provide a new,
low-cost green pathway to fabricate superhydrophobic MS, without using any additional
low surface energy materials.

In this study, the micro-nano hierarchical tannic acid (TA) metal complexes were
deposited on MS through one step room temperature reaction, as shown in Figure 1. TA is
a kind of plant extract, which has the advantage of wide source and low price [34,35]. The
TA-Ag modified coating was developed through a TA reduction process. The modified
coatings endow the MS substrate with stable super-hydrophobicity, super-oleophylicity,
and reusability. It is exciting that the modified MS exhibits excellent hydrophobic properties
after a long processing time with strong alkali, strong acids, and salt solutions. The simple
strategy provides new methods for the preparation of large-scale oil spill cleanup and
recovery materials.

Super-hydrophilic EIRoomtemperatureé Super-hydrophobic

Super-oleophylic ! One step reaction Super-oleophylic

Figure 1. Schematic of the preparation process of superhydrophobic sponge.

2. Experimental
2.1. Materials

MS was provided from an online store of Alibaba Co., Ltd. (Hangzhou, China). TA,
silver nitrate (AgNO3), methyl blue, oil red, sodium chloride (NaCl), sodium hydroxide
(NaOH), ethanol (99.5%), toluene (>99.8%), petroleum ether (>99%), dichloroethane (>99%),
and hydrochloric acid (HCl, 32%) were purchased from Sigma-Aldrich (Shanghai, China).
Gasoline, diesel oil, heat-conductive silicone oil, and corn oil were purchased from a local
store. All chemicals were used as received without further purification.
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2.2. Preparation of Super-Hydrophobic and Super-Oleophylic 3D Porous Nanocomposites

MS was washed sequentially with ethanol and deionized water in ultrasonic oscillator
(Yumeng, YM-040S, Shenzhen, China) for three minutes to remove oil and dust from the
surface of the substrate and dried in an oven (Heng Ruitong, DHG-9003, Haimen, China)
at 65 °C. The dried sponge was first immersed in TA solution for a period of time and then
used with deionized water to remove the excess TA. Finally, it was immersed in AgNOj for
15 min, then cleaned with deionized water and dried at 65 °C. So far, the super-hydrophobic
and super-oleophylic sponge was obtained.

2.3. Characterizations and Measurements
2.3.1. Structure and Morphology Characterizations

Infrared spectra of the samples were performed by Fourier transform infrared spec-
troscopy (FI-IR, Thermo Nicolet Corporationcompany, Nicolet-Nexus 670, Waltham, MA,
USA) under the attenuated total reflection (ATR) mode. The samples were recorded with
wavenumbers ranging from 400 to 4000 cm~!. X-ray photoelectron spectroscopy (XPS,
Physical Electronics Inc., PHI-5700, Chanhassen, MN, USA) analyses were measured using
a Kratos AXIS Ultra DLD spectrometer with a monochromatized Al K X-ray source at the
photoelectron take-off angle of 90°. Surface morphologies, internal skeleton structure, and
element distribution of the samples were characterized by scanning electron microscopy
(SEM, ZEISS, Gemini 300, Jena, Germany) and energy-dispersive spectroscopy (EDS). The
voltage was 5 kV and the surface of samples should be sputtered with platinum for 6 min.
The static and dynamic contact angles tests of the samples were measured by a contact
angle measuring system (Sindin, SDC-100, Shenzhen, China). Each sample was measured
three times at different locations and the results were averaged. Test temperature at room
temperature. Contact angle test was used to further characterize the stability of the coating.
The specific method was to dip the modified sponges into 0.1 mol/L NaCl, 35 g/L NaCl,
0.1 mol/L HCI, and 0.1 mol/L NaOH solutions for different times (1 h, 3 h, and 5 h,
respectively) and observe the change of water contact angle.

2.3.2. Oil Absorption Test

The prepared sponge samples were taken out afterwards by completely immersing
them in different oil or organic solvents, and then taking them out. The adsorption
capacity was evaluated according to the mass change before and after the adsorption.
The oil adsorption capacity and recycling ability of the material were tested by repeated
adsorption and extrusion. The material was first sufficiently adsorbed to the oil phase
or the organic solvent, and then extruded by an external force to release the absorbed oil
phase or organic solvent. The absorption capacity was calculated using Equation (1) [9,36]:
m; — my

M

Mass adsorptionrate =
my,

where my, and m, are the quality of the sponge before and after oil absorption, respectively.

3. Results and Discussion
3.1. Structural Analysis of Hydrophobic Coating

Figure 2a—c show the influence of the MS-TA—Ag substrate immersion time in TA
solution, TA concentration, and silver nitrate concentration on the hydrophobic property
of modified MS. The results show that, when the MS is soaked in TA solution for 5 h, the
AgNO; solution concentration is 1 mol/L and the TA solution concentration is 10 g/L,
and the modified sponge has the best hydrophobicity. The test samples were prepared
based on the above optimal reaction conditions; the structure of unmodified and modified
samples was compared and analyzed. Figures S1 and S2 are the FI-IR and XPS spectra of
the unmodified MS and modified MS. Figure 2d—f are the the corresponding local graphs of
FT-IR and XPS spectra. In the FT-IR spectrum of MS-TA, the absorption peaks at 1310 cm !
are associated with the C-O bending vibration. Additionally, the peaks at 869 and 759 cm !
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are associated with the out plane bending vibration of -OH and C-H, respectively. Those
changes prove that the TA immobilized on the surface of MS. Meanwhile, the intensity
of the above absorption peak become weaker than that of MS-TA after being deposited
with Ag in the FT-IR spectrum of MS-TA-Ag. Ag is produced because of the transfer of
7t electrons from the TA carbonyl group to free orbital formation of Ag* (see Figure 2g).
XPS was carried out to determine the electronic properties of MS-TA-Ag. Figure 2e is
the full spectrum of MS-TA—-Ag and Figure 2f is the core-level spectra of Ag3d regions.
The XPS results indicate that the Ag elements are in Ag (0) state by identifying an intense
doublet at the 374 (Ag 3d3,;) and 368 (Ag 3ds5/,) eV binding energies. The XPS results
directly demonstrate that Ag™ is reduced to silver Ag (0) [37]. The SEM test was used to
determine the surface morphology of MS-TA-Ag. The SEM image is illustrated in Figure 3.
As shown in Figure 3a—c, the MS-TA-Ag surface displays uniform roughness compared
with the surface of MS and MS-TA. This phenomenon is more pronounced in larger images
(Figure 3d—f). Figure 3i (Amplification in the Fig.3f) shows the evenly distributed Ag
nano particles on the MS-TA-Ag surface. For further confirmation, the distribution of
the detected elements in the MS-TA—-Ag EDS detector was coupled to the SEM system.
The compositional maps of the N, O, and Ag elements are depicted in Figure 4b—d. Based
on the EDS figure, the Ag nano particles are dispersed homogeneously in the surface of
MS-TA-Ag. The FI-IR, XPS, and EDS spectra visually verified the successful deposition of
Ag nano particles on the surface of MS.
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Figure 2. The effect of the melamine sponge (MS)-tannic acid (TA)-Ag substrate soaking time in TA
solution (a), the concentration of TA solution (b), and the concentration of AgNOj3 solution (c) on the
hydrophilic properties of the modified MS surface. The Fourier transform infrared spectroscopy (FT-
IR) spectra of MS, MS-TA, and MS-TA-Ag (d). The full spectrum of MS-TA-Ag (e). The core-level
spectrum of Ag3d regions (f). The production process of Ag (0) (g).

Figure 3. The scanning electron microscopy (SEM) image of the MS (a,d), the MS-TA (b,e), and the
MS-TA-Ag (cf). Built-in image for Fig.3f local magnification image.

Figure 4. The energy-dispersive spectroscopy (EDS) map of the MS-TA-Ag (a-d).
3.2. Hydrophobic Properties Analysis of the MS-TA-Ag

In Figure 5a, the deionized water stained with methyl blue and the dichloroethane
stained with oil red O are dropped onto the MS, and the water and dichoroethane instantly
infiltrate into the sponge. The water contact angle was 0°, which shows the characteristics
of superhydrophilicity and superoleophilicity. However, after the introduction of Ag,
MS-TA-Ag exhibits superhydrophobicity with a water contact angle of 156°. Figure 5b
shows the water droplets quickly roll down from the sloping surface of the MS-TA-Ag and
no water marks remain (see Movie S1 in the ESIt). Figure 5¢c demonstrates that the water
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droplet can be compressed and separated completely from the surface of the MS-TA-Ag
without any residual attachment. This indicates ultralow adhesion between the MS-TA-Ag
and water (see Movie S2 in the ESIt). The superhydrophobicity of the MS-TA-Ag can
further proved by Figure 5d,e. The superhydrophobic property of the modified sponges is
shown in Figure 5d. The modified sponge can float on the water while the original sponge
sinks to the bottom of the water spontaneously. As shown in Figure 5e, with the experience
of absorbing the droplets of dichloromethane at the bottom of the water, the hydrophobicity
and lipophilicity of the modified sponge can be intuitively perceived (see Movie S3 in the
ESIt). In Figure 5f, the water and dichloromethane mixture could be perfectly separated
by the modified melamine sponge under a single gravity condition (see Movie 54 in the
ESIt), which indicates that the modified MS has superhydrophobic and superoleophilic
characteristics [38].

45 | Ms-TA-Ag % ' T ke
. : 17 - ‘ —

.........................

= =

Figure 5. Photographs of dripping water and dichloromethane on the MS (a1) and MS-TA-Ag (ay).
The rolling photos of water droplets on modified MS (b). Digital photograph of dynamic contact
modified sponge (c). The state of sponges in water (d). The oil absorption experiment under water
for modified MS (e). The separation test of dichloromethane and water for the modified MS (f).
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3.3. Oil Adsorption Performance Analysis of Superhydrophobic MS

Figure 6 is a comprehensive evaluation of the absorption capacity for modified sponge
on different solvents and oils. As shown in Figure 6a, the modified sponge has a good
absorption capacity for a wide range of organic solvents and oils, even in high density
solvents (e.g., dichloromethane), and viscous oils (e.g., corn oil and silicone oil) can be
easily recovered by gently squeezing. Figure 6b—e are the cyclic serviceability of the MS—
TA-Ag for various types of oils/organic solvents. The recovery rate of various oils was still
almost more than 50% after repeated use of modified sponge for 10 times. The decrease of
cyclic absorptivity of oil and organic solvent is mainly caused by the collapse of sponge
skeleton and the decrease of sponge porosity [36]. Figure 6f is the water contact angle of the
MS-TA-Ag after absorbing and extruding different oil/organic solvent for 10 and 50 cycles.
As seen in Figure 6f, the water contact angle of the MS-TA-Ag gets through a small change
after absorbing and extruding different oils/organic solvent for 10 cycles and 50 cycles
repeatedly, which indicates that they still possess the superhydrophobic characteristics.
These results show that the modified sponge has wide adaptability to organic solvents and
oils, showing excellent recycling performance and mechanical stability.
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Figure 6. The oil adsorption capacity of the MS-TA-Ag (a) and the cyclic serviceability (b—e) of the
MS-TA-Ag for various types of oils/organic solvent. (f) The water contact angle of the MS-TA-Ag
after absorbing and extruding different oil/organic solvent for 10 and 50 cycles.
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In order to further appraise the performance of modified sponge in harsh environment,
the contact angle of the modified sponge after immersion was tested to characterize the
stability of the coating on the modified sponges. As shown in Figure 7, the modified
sponges still show strong hydrophobic characteristic with water contact angles of 148°,
147°, and 135° after being immersed into 0.1 mol/L NaCl, 0.1 mol/L HC], and 0.1 mol/L
NaOH solution for 5 h, respectively. The practical properties of modified sponge were
further evaluated by simulated seawater environment in Figure 7 (NaCl concentration
is 35 g/L). After soaking in simulated seawater for 5 h, the water contact angle of the
modified sponge was 143°. The results show that the coating has good stability without
falling off and dissolving. The stability of modified sponges in harsh environment makes it
possible to deal with oil leakage accidents and practical applications.

165
-m-NaCl
~ 160} -m-HCl
< -m-NaOH
%’ 155¢ I " Simulated seawater
guop T—e—
5 145 =
I
S 140} \
|
© 135} T
130

1 2 3 4 5
Soaking time (h)

Figure 7. Contact angle of modified sponge treated with corresponding solution for different times.

4. Conclusions

The superoleophilic and superhydrophobic sponge was prepared by a simple
environment-friendly and energy-saving method. Specifically, the hydrophobicity and
rough structure of the surface were obtained by one step reduction reaction of silver ions.
Notably, the modified sponge has a wide range adaptability for various organic solvents
and oils. The adsorption capacity of modified sponge for various oils and organic solvents
is as much as 48-129 times its own weight. Significantly, the modified sponge shows strong
stability in strong alkali, strong acid, and high salt solution. The modified sponge has
the advantages of simple preparation method, excellent oil adsorption performance, and
strong stability, which provide the possibility for large-scale oil spill recovery at sea.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/coatings11050521/s1, Figure S1: The FI-IR spectrum of the unmodified MS and modified MS,
Figure S2: The XPS spectrum of the unmodified MS and modified MS, Moive S1: The dichloroethane
droplets absorption of the modified melamine sponge, Moive S2: Dynamic contact between water
droplets and modified sponges, Moive S3: Oil adsorption experiment of modified sponge, Moive S4:
The separation of an oil/water mixture via modified melamine sponges.
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