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Abstract 

Modifying the commercial melamine sponge (MS) that intrinsically possesses highly porous 

open-cell structure with graphene oxide (GO) or GO-based nanocomposites (NCs) is a facile, 

effective, and low-cost route to fabricate three-dimensional (3D) porous materials with 

multifunctionality. Herein, we fabricated two types of 3D MSs that were separately functionalized by 

the reduced GO (RGO) sheets and Ag/RGO NC through combined methods of chemical reduction 

and immersion process. The simple immersion process brought out the transition of superhydrophilic 

MS to highly hydrophobic RGO-MS and Ag/RGO-MS. Due to the unique surface topography and 

high porosity, the RGO-MS exhibited remarkable absorption capacity of 41 to 91 times its own 

weight for a wide range of oils and organic solvents. Both the RGO-MS and Ag/RGO-MS showed 

excellent oil-water separation efficiency. The Ag/RGO-MS not only exhibited outstanding 

absorption capacity and recyclability, but also possessed ideal antibacterial performance towards 

bacteria of Staphylococcus sciuri, Shewanella MR-1, Pseudoalteromonas lipolytica, and Vibrio 

natriegens. The Ag/RGO-MS featured with hydrophobicity and antibacterial activity is a promising 

candicate for potential applications in oil-spill disposal and water disinfection. This study provides 

an effective strategy for designing and fabricating the 3D porous materials with novel functionalities. 

 

Keywords: Melamine sponge; reduced graphene oxide; nanocomposite; hydrophobicity; oil-water 

separation; antibacterial performance. 
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1. Introduction 

Oil contains many toxic compounds such as benzene and toluene and thus, its spills can cause 

severe environmental problems that threaten every species in the ecological system, from algae and 

plankton to higher mammals [1-3]. In the Deepwater Horizon oil spill in the Gulf of Mexico, 4.9 

million barrels of crude oil was released, resulting in a devastating effect on marine life in the Gulf 

and along the circumjacent coastline [4]. Therefore, separation of the spilled oil from water is of 

great importance for marine ecosystems. To date, several strategies including in situ burning, 

mechanical absorption, biodegradation by oil-loving microorganisms, dispersion treatment, and 

skimming systems have been employed for oil-water separation [5-10]. Among them, mechanical 

absorption, which uses absorbent materials to remove and recycle oil is considered to be one of the 

most promising methods [11]. Conventional absorbent materials such as wood sawdust, straw mat, 

membranes, meshes, and polymer films can separate oil from water conveniently without energy 

consumption. However, these materials have drawbacks of low absorption capacity and poor 

recyclability, restricting their industrial application. The development of novel absorbent materials 

for efficiently removing the oil from water remains a challenge.  

Three-dimensional (3D) porous materials that are superhydrophobic and oleophilic offer an 

alternative solution for oil-water separation and have received tremendous concerns [12-17]. A facile, 

effective, and low-cost route to fabricate 3D superhydrophobic porous materials is to modify 

chemicals with low surface energy on the surfaces of the commercial sponges that intrinsically 

possess highly porous open-cell structure. So far, several sponges such as polyurethane (PU) sponge, 

melamine sponge (MS), melamine-formaldehyde sponge, silica sponge, ethylene-propylene-diene 

monomer sponge, and polyvinyl alcohol sponge have been utilized to construct 3D porous materials 

for water remediation and oil-water separation applications [18-25]. Among them, MS has gained 

particular interest owing to its very high porosity (>99%), high thermal stability, ideal biosafety, and 

easy processing [26-33]. Peng et al. prepared a superhydrophobic MS coated with striped 

polydimethylsiloxane (PDMS) by UV-assisted thiol-ene click reaction, and the PDMS-coated MS 

exhibited a desirable absorption capacity of 103-179 times its own weight with various oils [31]. 

Ding et al. reported a metal-ion induced hydrophobic MS prepared by a one-step solution immersion 
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process [32]. The as-obtained MS exhibited excellent oil absorption capacities, 71-157 times of its 

weight for a wide range of oils and organic solvents (n-hexane, ethanol, acetone, DMF, chloroform, 

pump oil, vegetable oil, and silicone oil). Gao et al. prepared a hydrophobic sponge by decorating the 

silica nanoparticles onto the surface of the MS skeleton, followed by a silanization process with 

vinyltrimethoxysilane as reagent [33]. The modified MS showed hydrophobicity and oleophilicity 

and exhibited excellent absorption capacity (60-109 g/g) for various oils and organic solvents. 

Due to the hydrophobicity, unique 2D structure, and large specific surface area, graphene (G) and 

reduced graphene oxide (RGO) are very suitable materials for modifying MS [34-39]. For example, 

Song et al. prepared an RGO modified MS via an ultrasonic-microwave method, and this sponge was 

superhydrophobic and showed high selectivity for collecting various oils and organic solvents (diesel, 

petroleum, lubricate oil, soybean oil chloroform, hexamethylene, n-hexane, dichloromethane, DMF, 

and methylbenzene) from water [37]. Zhao el al. fabricated a G coated MS by immersing the MS in 

mixed solutions with GO and NH3·H2O/C2H5OH for 3 h. The as-obtained sponge showed extremely 

high absorption capacity of 105 g/g for gasoline and diesel oil [38]. Zhu el al. reported an RGO 

modified absorbent by squeezed/released MS in the GO suspension for three times, followed by 

thermal reduction at 180 ºC for 6 h [39]. The as-fabricated sponge not only exhibited outstanding 

absorption performance for various oils (silicone oil, pump oil, and crude oil) and solvents (toluene, 

chloroform, methanol, acetone, dimethylformamide, and dichloromethane), but also possessed very 

high efficiency (99.98%) for oil-water separation. To date, most of the work has been devoted to the 

surface modifications of MS by neat G or RGO. Little attention has been paid to the coupling of the 

G or RGO-based nanocomposites (NCs) with MS. In addition to superhydrophobicity, the G or 

RGO-based NCs own other functional properties such as photoconductive, gas-sensing, 

energy-storage, and antibacterial properties, depending on the individual components constituting the 

NCs [40-43]. Therefore, the combination of the G or RGO-based NCs and MS could endow the 

modified sponge with novel functionalities. For example, the Ag/RGO NCs exhibited excellent 

antibacterial properties with long-term effects [44-47]. One can expect that the coupling of the 

Ag/RGO NCs with MS could generate bifunctional 3D porous material featured with 

superhydrophobicity and antibacterial activity. As is known, the spilled oil can be easily 
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contaminated by the marine bacteria. When the retrieved oil from seawater is transported by the 

pipeline or tanker, some of the marine bacteria such as sulfate reducing bacteria can accelerate the 

microbially-influenced corrosion of the pipeline or tanker. The bifunctional 3D porous material can 

simultaneously realize the oil-water separation and antibacterial processes, which is of great 

importance for both retrieving and purifying the spilled oil.  

Herein, followed the successful synthesis of the RGO sheets and Ag/RGO NC via a direct 

reduction method, the RGO-MS and Ag/RGO-MS were facilely prepared using an immersion 

process. Surface topographies, absorption capacities for oils and solvents, oil-water separation 

efficiencies, and antibacterial properties of the as-obtained functionalized MSs have been studied. 

The functionalized MSs (i.e. RGO-MS and Ag/RGO-MS) not only exhibited desirable absorption 

capacities and recyclability for a wide range of oils and organic solvents but also possessed excellent 

oil-water separation efficiencies (>98%). Moreover, the Ag/RGO-MS demonstrated ideal 

antibacterial activities, making it a promising candicate for potential applications in oil-spill disposal 

and water disinfection. 

2. Experimental 

2.1 Chemical Materials 

Silver nitrate (AgNO3, ≥99.8%), p-Phenylenediamine, N, N-dimethylformamide (DMF, ≥99.5%), 

dopamine hydrochloride (DA-HCl, 98%), ethanol, methanol, acetone, dichloromethane, Sudan red 

III, and distilled water were provided by Sinopharm Chemical Reagent Co., Ltd. GO sheets were 

provided by Nanjing XFNANO Materials Tech Co., Ltd. MS were obtained from MaiYuan New 

Energy Technology Co., Ltd. Soybean oil, blending oil, and olive oil were purchased from Yihai 

Kerry Group. Machine oil, diesel, and kerosene were purchased from Sinopec Group. All the 

reagents were of analytic grade and used as-received without any purification.  

2.2 Synthesis of Ag/RGO-MS 

The Ag-RGO NC suspension was firstly prepared via a direct reduction method. In a typical 

synthesis, 36 mL DMF was mixed with 4 mL distilled water, followed by the addition of 80 mg GO. 

After ultrasonication for 30 mins, 1 g p-Phenylenediamine and 1.6 g AgNO3 was added. After further 

magnetic stirring at room temperature for 12 h, the Ag-RGO NC suspention was obtained.  
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The Ag/RGO-MS was synthesized using a facile dip-coating process. A MS with a size of 2×2×2 

cm was firstly cleaned with ethanol using an ultrasonic cleaner for 30 mins and then dipped into the 

DA-HCl solution with a pH value of 8.5. Subsequently, the MS was immersed into the Ag/RGO NC 

suspension for 24 h. Finally, the Ag/RGO-MS was washed with distilled water for three times and 

dried in a vaccum oven at 180 ºC for 2h. The synthesis procedure of the RGO-MS is almost identical 

to that of the Ag/RGO-MS, except that AgNO3 was removed. 

2.3 Characterization 

  X-ray diffraction (XRD) measurements were performed on an X’ Pert Pro X-ray diffractometer 

with a Cu Kα radiation. The morphologies of the as-obtained sponges were examined using a JSM 

7500F scanning electron microscope (SEM), operating at 20 kV. Energy dispersive spectroscopy 

(EDS) elemental scanning of the Ag-RGO-MS was also carried out. The surface chemical 

compositions of the sponges were characterized on a PHI 5300 X-ray photoelectron spectrometer 

(XPS, Al kR X-ray source, 1486.6 eV). Raman spectra were recorded on a Senterra R200-L Raman 

microscope with a 532 nm laser. Thermogravimetric (TGA) analysis were carried out on a Netzsch 

449 F3 Simultaneous Thermal Analyzer in N2 atmosphere from room temperature to 800 ºC at a 

heating rate of 10º/min. Water contact-angles were measured on a contact-angle system at room 

temperature.  

2.4 Oil absorption and oil-water separation tests 

2.4.1 Oil absorption 

The oil-absorption capacities of the sponges were measured by simply immersing them in various 

oils and organic solvents including ethanol, methanol, acetone, kerosene, soybean oil, machine oil, 

olive oil, diesel, dichloromethane, and blending oil for 5 mins. The mass of the sponges was recorded 

before and after the absorption tests. The absorption capacity was calculated according to the 

following equation (1): 

Absorption capacity = 0
m -m

m

1

0

                         (1) 

where m0 and m1 represented the mass of the sponges before and after the absorption test, 

respectively. The cyclic absorption tests of the sponges were also carried out by repeatedly 
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immersing the sponges in the oils and organic solvents. Before each cycle, the sponges were 

completely squeezed until no oil dropped. 

2.4.2 Oil-water separation 

The continuous oil-water separation tests were carried out on a homemade system that consists of 

a small water pump, a beaker containing the oil-water mixture, an empty beaker, and two rubber 

tubes. The sponges were placed at the interfaces of the oil-water mixtures. Once the pump was 

turned on, a pressure between the two beakers occurred, leading to the oil flow through the rubber 

tubes. The oil-water separation efficiency was calculated according to the following equation (2): 

Oil-water separation efficiency=
m -m

×100%
m

5 4

3

                   (2) 

where m3 represented the initial mass of the oil, m5 and m4 represented the mass of the beaker 

containing the oil-water mixture before and after the separation test, respectively. 

2.5 Antibacterial performance tests 

2.5.1 Bacterial culture 

Bacteria of Shewanella oneidensis MR-1 (S. oneidensis MR-1), Staphylococcus sciuri (S. sciuri), 

Pseudoalteromonas lipolytica (P. lipolytica), and Vibrio natriegens (V. natriegens) were selected as 

indicators to evaluate the antibacterial performance of the functionalized sponges. The bacteria were 

cultured in Luria-Bertani (LB) medium and 2216 E medium at 37 ºC for 24 h at a shaking speed of 

100 rpm, respectively.  

2.5.2 Inhibition zone method 

The bacterial suspensions were firstly diluted to a concentration of 10
7
 colony forming units per 

mL (CFU/mL), and then uniformly spread in the mediums in the agar plates by a triangular spreader. 

Subsequently, the sponges with a size of 2×2×2 cm were placed in the above plates, which were 

finally incubated at 37 ºC for 24 h in biochemical incubators. The inhibition zones were determined 

by measuring the clear areas around the sponges with no bacterial growth. 

2.5.3 Fluorescent staining method 

  The sponges were completely immersed in 40 mL bacterial suspensions (10
7
 CFU/ml) in a conical 

flask. After culture at 37 ºC for 30 mins in the incubator, the sponges were taken out. The adherent 
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bacteria on the surfaces of the sponges were carefully smeared onto the glass slide and then stained 

with a mixture of SYTO
®
 9 green fluorescent nucleic acid (3.34 mM) and propidium iodide (PI) 

stains (20 mM) in dimethylsulfoxide (DMSO). Bacteria with intact cell membranes (i.e., live) stain 

fluorescent green, whereas bacteria with damaged membranes (i.e., dead) stain fluorescent red. 

Fluorescence microscope images of the bacteria were captured on a NIKON/Ti-E inverted 

fluorescence microscope. 

3. Results and Discussion 

3.1 Characterization 

 

Figure 1 Schematic of the synthesis processes of the functionalized MSs. 

The synthesis procedures of the RGO-MS and Ag/RGO-MS are schematically illustrated in Fig. 1. 

The RGO sheets and Ag/RGO NC were firstly obtained via the direct reduction of the GO sheets and 

the mixture of Ag
+
 ions and GO sheets by p-Phenylenediamine, respectively. The oxygen-containing 

groups of the GO sheets provide the suitable sites for the nucleation and growth of the Ag crystals, 

leading to the in situ growth of the Ag nanoparticles (NPs) on the surfaces of the GO sheets. The GO 

supports could effectively stabilize the Ag NPs, preventing them from agglomeration. When 

immersed in the DA-HCl solution under alkaline condition, self-polymerization of DA occurred, 

forming an adhesive polydopamine (PDA) film on the MS surface. After immersing in the RGO 

sheets and Ag/RGO NC suspension, the RGO sheets and Ag/RGO NC could be easily adhered to the 

MSs. Thus, the RGO and Ag/RGO NC-decorated MSs retaining the original 3D porous structure 

were obtained. 
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Figure 2 Photographs of (a) MS, (b) RGO-MS, and (c) Ag/RGO-MS. (d) Photographs of oil 

(blending oil) and water (dyed with Sudan red III) droplets on (d) MS, (e) RGO-MS, and (f) 

Ag/RGO-MS. Photographs of (g) RGO-MS and (h) Ag/RGO-MS floating on the water. Photographs 

of MS in the water at (i) 0 s and (j) 2 s. Insets in (b) and (c) are the water contact angles of RGO-MS 

and Ag/RGO-MS, respectively. 

As shown in Fig. 2a-2c, the pristine MS was white, while the RGO-MS and Ag/RGO-MS were 

black and dark grey, respectively. As is well-known, the bare MS is intrinsically superhydrophilic 

and oleophilic. After assembling the RGO sheets and the Ag/RGO NC, the water contact angles of 

the MSs increased to 140º and 145º, respectively, indicating their hydrophobicity. The hydrophobic 

properties of the functionalized sponges were further explored by analyzing the behaviors of oil and 

water droplets on the the sponge surface. As shown in Fig. 2e, both the oil droplet and water droplet 

were absorbed into the pristine MS. The oil droplets can also be easily absorbed by the RGO-MS 

(Fig. 2f and Movie 1) and Ag/RGO-MS (Fig. 2g and Movie 2), indicating that they were still 

oleophilic. Nevertheless, the water droplet was floated on the surfaces of the RGO-MS (Movie 3) 



  

10 

and Ag/RGO-MS (Movie 4), which evidences that the functionalized MSs became hydrophobic. In 

addition, the functionalized MSs can steadily and continuously float on the water (Fig. 2g, Fig. 2h, 

Movie 5 and Movie 6), while the prinstine MS sank quickly into the water (Fig. 2i, Fig. 2j and Movie 

7), further veryfing the transition of superhydrophilic MS to highly hydrophobic RGO-MS and 

Ag/RGO-MS.  

 

Figure 3 SEM images of (a-c) MS, (d-f) RGO-MS, and (g-i) Ag/RGO-MS. 

The morphologies of the MS, RGO-MS, and Ag/RGO-MS were characterized by SEM. As shown 

in Fig. 3a and 3b, the pristine MS shows a porous 3D network structure that is composed of 

numerous interconnected skeletons. The clean and smooth surface of the skelton can be clearly 

observed (Fig. 3c). The morphology of the RGO-MS is similar to that of the MS, as seen in Fig. 3d. 

High magnification SEM images (Fig. 3e and 3f) display that a large number of RGO sheets are 

homogeneougly adhered to the framework of the sponge. Interestingly, all the RGO sheets protrude 

from MS skeletons (Fig. S1, see supplementary material), leading to the highly rough features of the 
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skeleton surfaces. The Ag/RGO-MS also retains the original highly porous struture of the MS (Fig. 

3g). Here, the surfaces of the skeletons are uniformly covered by the Ag/RGO NC, as shown in Fig. 

3h and 3i. It should be noted that the skeleton surfaces of the Ag/RGO-MS are much smoother than 

those of the RGO-MS. Occasionally, some Ag-RGO NC aggregates occurred (Fig. S2a, see 

supplementary material), but they were still adhered well to the sponge skeleton (Fig. S2b, see 

supplementary material). Within the Ag-RGO NC, the Ag NPs were coupled strongly with the RGO 

sheets, as shown in Fig. S2c (see supplementary material). Notably, a great number of Ag NPs with 

ultrafine size were also anchored onto the RGO surface (Fig. S2d, see supplementary material). 

Fig. 4 shows the SEM image and the corresponding EDS elemental mapping results of the 

Ag/RGO-MS. One can clearly see that the frameworks of the sponge are composed of C, O, N, Cl, 

and Ag elements. The C and N elements should stem from both the MS and the PDA coating 

deposited on the sponge skeletons, while the O element should mainly come from the PDA because 

the RGO contains only a very small amount of oxygen-containing groups. The Cl element comes 

only from the PDA. Since the Ag element originates from the Ag-RGO NC, its unifrom distribution 

directly proves the unifrom decoration of the Ag-RGO NC on the surfaces of the MS skeletons. 

 

Figure 4 (a) SEM image and the corresponding EDS mapping of (b) Ag, (c) C, (d) N, (e) O, and (f) 

Cl element.  
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Fig. 5a shows the XRD patterns of the functionalized MSs. Compared to the GO sheets (Fig. S3, 

see supplementary material), a substantial shift of the diffraction peak (002) is detected for both the 

RGO-MS and Ag/RGO-MS, indicating that most of the oxygen-containing groups of GO were 

removed after the reduction process [38, 48]. The major diffraction peaks of the Ag/RGO-MS are 

located at 38.1 º, 44.3 º, 64.4 º, and 77.4 º, which can be indexed to the (111), (200), (220), and (311) 

planes of cubic Ag (JCPDS 65-2871), respectively [49]. 

 

Figure 5 (a) XRD patterns and (b) XPS spectra of RGO-MS and Ag/RGO-MS. (c) Ag 3d and (d) N 

1s core-level XPS spectra of Ag/RGO-MS. C 1s core-level and the corresponding deconvoluted XPS 

spectra of (e) RGO-MS and (f) Ag/RGO-MS. 

As seen from the survey XPS spectrum (Fig. S4, see supplementary material), the MS exhibits a C 

1s peak at 284.8 eV, a N 1s peak at 399.8 eV, and an O 1s peak at 532.8 eV, respectively, verifying 

that the MS consists of only C, N and O elements. As shown in Fig. 5b, the survey XPS spectrum of 

the RGO-MS is almost identical to that of the bare MS, but the relative peak intensity of N 1s 

increased obviously, which is due to the existence of the PDA coating. For the Ag/RGO-MS, Ag 

peak can be observed, indicative of the presence of the Ag NPs. Fig. 5c shows the Ag 3d core-level 

spectrum, which consists of two peaks located at 368. 43 and 374. 43 eV, corresponding to the Ag 
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3d5/2 and Ag 3d3/2 of Ag metal, respectively [30]. The N 1s core-level spectrum of the Ag/RGO-MS 

can be well deconvoluted to three peaks, as shown in Fig. 5d. The peak at 399.2 eV can be assigned 

to the -C=N in MS, while the peaks at 401.1 and 407.4 eV correspond to the amine groups (-NH2) of 

PDA [39, 50, 51]. The C 1s core-level spectrum (Fig. S5, see supplementary material) of the pristine 

GO sheets can be deconvoluted to three major peaks with binding energies of 284.8, 286.8, and 

288.8 eV, which can be assigned to the C-C, C-O, and COOH bonds, respectively [52]. For the 

RGO-MS (Fig. 5e), the C 1s became a major peak at ~284.6 eV and other peaks corresponding to the 

oxygen-containing groups were strongly compressed, which proves the effective reduction of GO. 

While for the Ag/RGO-MS, the oxygen-containing bonds were further weakened, as shown in Fig. 

5f. Based on the deconvoluted spectra of C 1s peaks, the percentages of the C-C, C-O, and COOH 

bonds can be calculated. Table S1 (see supplementary material) lists the percentages of different 

binding groups of C 1s for the GO, RGO-MS, and Ag/RGO-MS. After the formation of the 

RGO-MS, the fraction of the C-C bond increased from 43.1 to 66.9% and the fractions of the 

oxygen-containing bonds obviously decreased. As for the Ag/RGO-MS, the fraction of the C-C bond 

further increased to 77.8% and both the C-O and COOH bonds were further weakened. This 

indicates that the formation of the Ag NPs could promote the removal of the oxygen-containing 

groups of the GO sheets, and accordingly enhance the reduction degree of GO.  

 

Figure 6 (a) Raman spectra of GO sheets, MS, RGO-MS, and Ag/RGO-MS. (b) TGA curves of MS, 

RGO-MS, and Ag/RGO-MS. 
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Fig. 6a shows the Raman spectra of the MS, GO sheets, RGO-MS, and Ag/RGO-MS. It can be 

seen that the Raman spectrum of the neat MS has negligible peak intensity, indicating that the MS 

has no influence on the Raman spectra of both the RGO-MS and Ag/RGO-MS. The Raman spectrum 

of the pristine GO sheets shows the D and G bands at 1357 and 1598 cm
-1

, respectively [53]. The 

RGO-MS also contains the D and G bands, confirming the existence of the RGO. However, the 

RGO-MS has a decreased D/G intensity ratio compared to that in pure GO sheets, which indicates 

that the defects of the GO sheets were reduced after the reduction process [54]. Notably, the G band 

of the RGO-MS shifted to a lower frequency of 1557 cm
-1

, which should stem from the 

transformation of GO to RGO [55, 56]. The Ag/RGO-MS exhibited similar Raman spectrum to that 

of the RGO-MS, but with a very low D/G intensity ratio. This is due to the fact that the Ag crystals 

could preferentially nucleate and grow at the defect sites of the GO or RGO sheets, leading to the 

coverage or disappearance of a large number of defects. Thus, the peak intensity of the D band, 

which is proportional to the amount of defects, was weakened. 

The TGA curves of the MS, RGO-MS, and Ag/RGO-MS are shown in Fig. 6b. The neat MS was 

relatively stable up to 200 ºC, and after that it started to decompose. A sharp weight loss occurred at 

367-395 ºC, indicative of the dramatic decomposition of melamine. Both the RGO-MS and 

Ag/RGO-MS had continuous weight losses before 367 ºC, which can be mainly attributed to the 

decomposition of the PDA coating. Similar to that of the neat MS, the functionalized MSs also 

exhibited sharp weight losses between 367 and 395 ºC, corresponding to the decomposition of the 

melamine framework. Notably, the total weight losses of the functionalized MSs at this stage were 

much lower than that of the neat MS. The reason is that the decomposition of the melamine was 

suppressed since its surface was covered by the RGO sheets and the Ag/RGO-NC. Due to the 

presence of the RGO sheets and Ag/RGO NC, the residual weights of the RGO-MS (28.6%) and 

Ag/RGO-MS (31.5%) were much higher than that of the neat MS (19.4%). 

3.2 Oil absorption and oil-water separation 

Due to the hydrophobic features of the functionalized MSs, they are capable of being used as 

absorbents and oil-water separation materials. The absorption capacities of the functionalized MSs 

for various oils and organic solvents were firstly evaluated. As shown in Fig. 7a, the RGO-MS 
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exhibited the remarkable absorption capacities of 41 (for machine oil) to 91 times (for 

dichloromethane) its own weight. The absorption capacities of the Ag/RGO-MS for all the chemicals 

were above 26 times, with an ideal value at 40 times for bean oil and the highest value at 49.2 times 

for dichloromethane. Table 1 lists the highest absorption capacities of different absorbent materials 

for various oils and solvents. As can be seen, the RGO-MS possessed higher values towards both oil 

and solvent than most of the reported absorbent materials. Also, the highest absorption capacities of 

the Ag/RGO-MS are comparable to those of other RGO-based absorbent materials. 

The absorption capacity of the absorbent material is determined by its chemical composition, 

surface topography, and microstructure. Since both the RGO-MS and Ag/RGO-MS were 

hydrophobic owing to the presence of the RGO sheets, the higher absorption capacity of the 

RGO-MS should be firstly attributed to its much rougher surface. Second, the densities or porosities 

of the functionalized MSs differ from each other in virtue of their different chemical compositions, 

which inevitably results in different absorption capacities. The volume density (ρs) and porosity (Ps) 

of the sponge can be calculated using the following equations: 

s
s

s

m
ρ

V
                                   (3) 

and  

0

(1 ) 100%  s
s

ρ
P

ρ
                           (4) 

where ms is the mass of the sponge, Vs is the volume of the sponge, and ρ0 is the density of the 

melamine resin (1.51 g cm
-3

) [32]. Based on the equation (3), the volume densities of the MS, 

RGO-MS, and Ag/RGO-MS are calculated to be 7.125±0.05, 14.375±0.1, and 24.625±0.1 mg/cm
3
, 

respectively. The pure MS exhibited a very high porosity of 99.5%. Without considering the 

influence of the RGO sheets and the Ag/RGO NC on the density of melamine resin, the porosities of 

the RGO-MS and Ag/RGO-MS can be roughly calculated to be 99.1% and 98.3%, respectively. 

Clearly, the RGO-MS owned higher porosity than the Ag/RGO-MS, signifying that more space can 

be provided from the RGO-MS for accommodating the oils or organic solvents. Thus, the absorption 

capacity of the RGO-MS was further enhanced. 
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Figure 7 (a) Absorption capacity and (b, c) recyclability of the functionalized MSs for various 

organic solvents and oils. 

The absorption recyclability is also a crucial factor for the practical application of the absorbent 

materials. Fig. 7b and 7c shows the absorption recyclability of the RGO-MS and Ag/RGO-MS for all 

the tested oils and organic solvents, respectively. Notably, the functionalized MSs had poor 

absorption recyclability for machine oil and kerosene, with low capacity retentions around 85% after 

10 cycles. For other tested targets, the functionalized MSs possessed excellent absorption 

recyclability. The average capacity retention of the Ag/RGO-MS was 95%, which was slightly 

higher than that (94.37%) of the RGO-MS. Importantly, the Ag/RGO-MS maintained over 98% of 

its initial absorption capacity for dichloromethane, methanol, acetone, and blending oil.  
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Figure 8 Photographs of the processes of separating (a, b) diesel and (c, d) dichloromethane from 

water using RGO-MS and Ag/RGO-MS. 

In addition to the desirable absorption abilities, the functionalized MSs also show effective 

separation for the oil-water mixtures. Fig. 8 shows the photographs of the processes of separating the 

light oil (diesel) and heavy oil (dichloromethane) from water with the functionalized MSs. As shown 

in Fig. 8a and 8b, both the RGO-MS and Ag/RGO-MS could quickly and completely absorb the light 

oil atop water in only a few seconds when they were placed on top of the oil-water mixtures. The 

absorbed oil can be easily removed and collected by squeezing the functionalized MSs without 

changing their original shapes. The heavy oil underwater can also be easily absorbed and separated 

from water by the RGO-MS and Ag/RGO-MS, as demonstrated in Fig. 8c and 8d. 
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Figure 9 (a) Photographs of the continuous oil-water separation process with Ag/RGO-MS, and (b) 

separation efficiencies of the functionalized MSs for various oils and organic solvents. 

To further explore the possibility of the functionalized MSs as absorbent materials for dealing with 

oil spill, the continuous oil-water separation tests were performed. Fig. 9a shows the photograph of 

the continuous oil-water separation system, which consists of a water pump, two beakers (one 

contains the blending oil-water mixture and one is empty for collecting the oil), a piece of 

Ag/RGO-MS located at the oil-water interface, and two rubber tubes. At the beginning, the oil was 

floating on the top of the water. Then, the pump generated a pressure difference between the two 

beakers, driving the oil pass through the Ag/RGO-MS to the empty beaker. During the separation 

process (Fig. 9b, Fig. 9c and Movie 8), the oil level was declining continuously. Finally, the 

oil-water mixture was successfully separated and collected into two separated beakers (Fig. 9d). 

After the separation process, no residual oil can be found on the water surface, and neither can water 

be found in the collected oil. As shown in Fig. 9e, both the RGO-MS and Ag/RGO-MS exhibited 
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excellent separation efficiencies, making them promising absorbent material for oil-spill disposal. 

The RGO-MS had the highest separation efficiency (99.9%) for the blending oil and 

dichloromethane and the lowest separation efficiency (95.9%) for the methanol. The separation 

efficiencies of the Ag/RGO-MS for all the tested oils and solvents are slightly lower than those of the 

RGO-MS, with the highest and lowest values for acetone (98.7%) and methanol (92.7%), 

respectively. As listed in Table 1, the highest oil-water separation efficiencies of both the RGO-MS 

and Ag/RGO-MS are comparable to those of the previously-reported absorbent materials. 

3.3 Antibacterial performance 

 

Figure 10 Photographs of the agar plates on which (a, c) S. oneidensis MR-1 and (b, d) S. sciuri were 

recultivated after treatment for 24 h with the functionalized MSs: (a, b) RGO-MS and (c, d) 

Ag/RGO-MS. 

The inhibition zone test can provide a fast and qualitative indication of the effectiveness of the 

functionalized MSs to inhibit the bacterial growth. Fig. 10a and 10b show the photographs of the 

agar plates inoculated with S. oneidensis MR-1 and S. sciuri in the presence of the RGO-MS, 

respectively. The RGO-MS did not show obvious inhibition effect against the growth of S. 

oneidensis MR-1 as no apparent inhibition zone can be found. A very small inhibition zone happened 

in the agar plate inoculated with S. sciuri, indicating the very weak antibacterial effect of the 

RGO-MS against S. sciuri. By contrast, the Ag/RGO-MS exhibited prominent bactericidal effects, 
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with diameters of the inhibition zones measured to be 2.3 and 2.0 cm against S. oneidensis MR-1 and 

S. sciuri, respectively, as shown in Fig. 10c and 10d.  

 

Figure 11 Fluorescence images of live bacterial cells after incubation with the functionalized MSs at 

37 ºC for 30 mins. S. oneidensis MR-1 with (a) no treatment, (b) RGO-MS, and (c) Ag/RGO-MS. S. 

sciuri with (d) no treatment, (e) RGO-MS, and (f) Ag/RGO-MS. Scale bar is 50 μm.  

  The antibacterial properties of the functionalized MSs were further investigated using the 

fluorescent staining method. The mixture of SYTO® 9 green fluorescent nucleic acid and PI stains 

was employed to stain the bacteria. The fluorescence image of the primordial S. oneidensis MR-1 

with no treatment is shown in Fig. 11a, which shows the presence of a large number of live cells. 

After incubation with the RGO-MS, most of the S. oneidensis MR-1 cells remained alive (Fig. 11b), 

suggesting the very weak antibacterial performance of the RGO-MS. As shown in Fig. 11c, after 

incubation with the Ag/RGO-MS, only very few cells can be found, implying that most of the 

adherent bacteria were killed by the sponge, which can be further verified by the fluorescence image 

of dead S. oneidensis MR-1 cells (Fig. S6a, see supplementary material). Fig. 11d-11f shows the 

fluorescence staining images of the live S. sciuri cells after incubation with and without the 

Ag/RGO-MS. For the pure S. sciuri without treatment (Fig. 11d), a great number of bacterial cells 

can be observed. As shown in Fig. 11e, a large number of bacterial cells are visible in the RGO-MS, 

indicating few cell deaths upon sponge exposure. This directly indicates the weak antibacterial effect 
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of the RGO-MS, in accordance with the inhibition zone result. After treatment with the Ag/RGO-MS, 

a great majority of the S. sciuri cells were killed (Fig. 11f and Fig. S6b, see supplementary material), 

leading to a drastic reduction in the live bacterial cells. 

  Besides S. oneidensis MR-1 and S. sciuri, other bacteria such as P. lipolytica and V. natriegens 

could also be effectively inhibited by the Ag/RGO-MS. Fig. 12 shows the fluorescence images of the 

live P. lipolytica and V. natriegens cells after treatment by the functionalized MSs at 37 ºC for 30 

mins. Evidently, the Ag/RGO-MS showed much better antibacterial performance towards both P. 

lipolytica and V. natriegens than that of the RGO-MS. After treatment by the Ag/RGO-MS, almost 

all the P. lipolytica and V. natriegens cells were killed. Considering that S. oneidensis MR-1, P. 

lipolytica, and V. natriegens are all commonly existing bacteria in the seawater, the Ag/RGO-MS is 

capable of purifying the spilled oil that is contaminated by marine bacteria. This indicates that the 

Ag/RGO-MS can simultaneously realize the oil-water separation and antibacterial processes, making 

it preferred choice for both retrieving and purifying the spilled oil.  

 

Figure 12 Fluorescence images of live bacterial cells after incubation with the functionalized MSs at 

37 ºC for 30 mins. S. oneidensis MR-1 with (a) no treatment, (b) RGO-MS, and (c) Ag/RGO-MS. S. 

sciuri with (d) no treatment, (e) RGO-MS, and (f) Ag/RGO-MS. Scale bar is 50 μm.  

  The weak antibacterial performance of the RGO-MS should stem from the physicochemical 

interaction between the RGO sheets and bacterial cells. Many studied have shown that the RGO 
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sheets especially those with sharp edges can pierce through the bacterial cell membrane, disrupting 

bacterial cell wall integrity, which eventually lead to cell death [61]. In addition, the RGO sheets can 

induce oxidative stress in bacterial cells, which can disrupt bacterial metabolism, eventually leading 

to cell inactivation [62]. The excellent antibacterial activities of the Ag/RGO-MS against the 

Shewanella MR-1 and Staphylococcus sciuri can be attributed to three reasons. First, both the RGO 

sheets and Ag NPs can function solely as a bactericide (or bacteriostat) for killing bacteria (or 

inhibiting bacterial growth). Second, the Ag NPs were in situ grown on the surfaces of the RGO 

sheets and their agglomeration can be effectively prohibited. Thus, the excellent antibacterial 

functions of the Ag NPs can be richly exerted. Third, the strongly-coupled interaction between the 

RGO sheets and the Ag NPs could could guarantee the sustained release of the Ag
+
 ions, ensuring 

the stable antibacterial performance of the Ag/RGO-MS. Furthermore, the coupling effect between 

the RGO sheets and the Ag NPs may generate a synergistically enhanced antibacterial effect for the 

Ag/RGO NC in comparison with the single RGO sheets and Ag NPs [45-47, 63, 64].  

4. Conclusions 

In summary, we presented a facile and inexpensive approach to fabricate the MSs coated with 

RGO sheets and Ag/RGO NC. The RGO-MS and Ag/RGO-MS were hydrophobic, with a water 

contact angle of 140º and 145º, respectively. The RGO-MS exhibited higher absorption capacities 

than those of the Ag/RGO-MS for various oils and organic solvents, which can be attributed to the 

rougher surface and higher porosity of the former. Besides the outstanding absorption capacity and 

excellent oil-water separation efficiency, the Ag/RGO-MS also possessed ideal antibacterial 

performance towards bacteria of S. oneidensis MR-1, S. sciuri, P. lipolytica, and V. natriegens 

making it promising candidate for oil-water separation and bacteriostasis. 

Acknowledgements 

This work is financially supported by the National Key Research and Development Program (No. 

2016YFB0300700 and 2016YFB0300704), the Natural Science Foundation of Shanghai 

(17ZR1440900), and the Natural Science Foundation of China (Nos. 51602195, 51202142 and 

51202144). 



  

23 

References 

[1] Y.L. Han, I.M. Nambi, T.P. Clement, Environmental impacts of the Chennai oil spill accident – 

A case study, Sci. Total Environ. 626 (2018) 795-806. 

[2] J.H. Chen, W.P. Zhang, S.F. Li, F.W. Zhang, Y.H. Zhu, X.L. Huang, Identifying critical factors 

of oil spill in the tanker shipping industry worldwide, J. Clean. Prod. 180 (2018) 1-10. 

[3] I.B. Ivshina, M.S. Kuyukina, A.V. Krivoruchko, A.A. Elkin, S.O. Makarov, C.J. Cunningham, 

T.A. Peshkur, R.M. Atlas, J.C. Philp, Oil spill problems and sustainable response strategies through 

new technologies. Environ. Sci.: Proc. Imp. 17 (2015) 1201-1219. 

[4] M.K. McNutt, R. Camilli, T.J. Crone, G.D. Guthrie, P.A. Hsieh, T.B. Ryerson, O. Savas, F. 

Shaffer, Review of flow rate estimates of the Deepwater Horizon oil spill, P. Natl. Acad. Sci. USA 

109 (2012) 20260-20267. 

[5] B. Wang, W.X. Liang, Z.G. Guo, W.M. Liu, Biomimetic super-lyophobic and super-lyophilic 

materials applied for oil/water separation: a new strategy beyond nature, Chem. Soc. Rev. 44 (2015) 

336-361. 

[6] B. Doshi, M. Sillanpaa, S. Kalliola, A review of bio-based materials for oil spill treatment, Water 

Res. 135 (2018) 262-277. 

[7] F.L. Motta, S.R. Stoyanov, J.B.P. Soares, Application of solidifiers for oil spill containment: A 

review, Chemosphere 194 (2018) 837-846. 

[8] C.Y. Wang, X. Liu, J. Guo, Y.C. Lv, Y.W. Li, Biodegradation of marine oil spill residues using 

aboriginal bacterial consortium based on Penglai 19-3 oil spill accident, China, Ecotox. Environ. 

Safe. 159 (2018) 20-27. 

[9] O.G. Brakstad, A. Lewis, C.J. Beegle-Krause, A critical review of marine snow in the context of 

oil spills and oil spill dispersant treatment with focus on the Deepwater Horizon oil spill, Mar. Pollut. 

Bull. 135 (2018) 346-356. 

[10] P. Wang, W.L. Wang, T.J. Ci, L. Li, H.L. Han, Pump-free oil droplet transfer by combining 

microfibre array and superoleophobic mesh, Appl. Surf. Sci. 455 (2018) 980-986. 

[11] J. Ge, H.Y. Zhao, H.W. Zhu, J. Huang, L.A. Shi, S.H. Yu, Advanced sorbents for oil-spill 

cleanup: recent advances and future perspectives, Adv. Mater. 28 (2016) 10459-10490. 



  

24 

[12] C. Wu, X.Y. Huang, X.F. Wu, R. Qian, P.K. Jiang, Mechanically flexible and multifunctional 

polymer-based graphene foams for elastic conductors and oil-water separators, Adv. Mater. 25 (2013) 

5658-5662. 

[13] R.H. Wu, B.W. Yu, X.Y. Liu, H.L. Li, W.X. Wang, L.Y. Chen, Y.T. Bai, Z. Ming, S.T. Yang, 

One-pot hydrothermal preparation of graphene sponge for the removal of oils and organic solvents, 

Appl. Surf. Sci. 362 (2016) 56-62. 

[14] A. Stolz, S.L. Floch, L. Reinert, S.M.M. Ramos, J. Tuaillon-Combes, Y. Soneda, P. Chaudet, D. 

Baillis, N. Blanchard, L. Duclaux, A. San-Miguel, Melamine-derived carbon sponges for oil-water 

separation, Carbon 107 (2016) 198-208. 

[15] X.T. Zhang, D.Y. Liu, Y.L. Ma, J. Nie, G.X. Sui, Super-hydrophobic graphene coated 

polyurethane (GN@PU) sponge with great oil-water separation performance, Appl. Surf. Sci. 422 

(2017) 116-124. 

[16] Z.T. Li, H.T. Wu, W.Y. Chen, F.A. He, D.H. Li, Preparation of magnetic superhydrophobic 

melamine sponges for effective oil-water separation, Sep. Purif. Technol. 212 (2019) 40-50. 

[17] C. Zhang, M.B. Wu, B.H. Wu, J. Yang, Z.K. Xu, Solar-driven self-heating sponges for highly 

efficient crude oil spill remediation, J. Mater. Chem. A 6 (2018) 8880-8885. 

[18] C.B. Xia, Y.B. Li, T. Fei, W.L. Gong, Facile one-pot synthesis of superhydrophobic reduced 

graphene oxide coated polyurethane sponge at the presence of ethanol for oil-water separation, Chem. 

Eng. J. 345 (2018) 648-658. 

[19] J.J. Cao, Z.Y. Wanga, X.H. Yang, J. Tu, R.L. Wu, W. Wang, Green synthesis of amphipathic 

graphene aerogel constructed by using the framework of polymer-surfactant complex for water 

remediation, Appl. Surf. Sci. 444 (2018) 399-406. 

[20] H.Y. Mi, X. Jing, H. Xie, H.X. Huang, L.S. Turng, Magnetically driven superhydrophobic silica 

sponge decorated with hierarchical cobalt nanoparticles for selective oil absorption and oil/water 

separation, Chem. Eng. J. 337 (2018) 541-551. 

[21] Z.T. Li, B. Li, L.W. Jiang, E.C. Lin, J. Chen, S.J. Zhang, Y.W. Tang, F.A. He, D.H. Li, 

Effective preparation of magnetic superhydrophobic Fe3O4/PU sponge for oil-water separation, Appl. 

Surf. Sci. 427 (2018) 56-64. 



  

25 

[22] J.C. Chen, H. You, L.Q. Xu, T.H. Li, X.Q. Jiang, C.M. Li, Facile synthesis of a two-tier 

hierarchical structured superhydrophobic-superoleophilic melamine sponge for rapid and efficient 

oil/water separation, J. Colloid Interf. Sci. 506 (2017) 659-668. 

[23] H. Liu, Y. Kang, Superhydrophobic and superoleophilic modified EPDM foam rubber 

fabricated by a facile approach for oil/water separation, Appl. Surf. Sci. 451 (2018) 223-231. 

[24] N. Cao, B. Yang, A. Barras, S. Szunerits, R. Boukherroub, Polyurethane sponge functionalized 

with superhydrophobic nanodiamond particles for efficient oil/water separation, Chem. Eng. J. 307 

(2017) 319-325. 

[25] Z.W. Lei, Y.H. Deng, C.Y. Wang, Multiphase surface growth of hydrophobic ZIF-8 on 

melamine sponge for excellent oil/water separation and effective catalysis in a Knoevenagel reaction, 

J. Mater. Chem. A 6 (2018) 3258-3263. 

[26] H.G. Zhu, D.Y. Chen, W. An, N.J. Li, Q.F. Xu, H. Li, J.H. He, J.M. Lu, A robust and 

cost-effective superhydrophobic graphene foam for efficient oil and organic solvent recovery, Small 

2015, 11, 5222-5229. 

[27] S. Qiu, B. Jiang, X. Zheng, J.T. Zheng, C.S. Zhu, M.B. Wu, Hydrophobic and fire-resistant 

carbon monolith from melamine sponge: A recyclable sorbent for oil-water separation, Carbon 84 

(2015) 551-559. 

[28] J.T. Wang, H.F. Wang, G.H. Geng, Highly efficient oil-in-water emulsion and oil layer/water 

mixture separation based on durably superhydrophobic sponge prepared via a facile route, Mar. 

Pollut. Bull. 127 (2018) 108-116. 

[29] C.H. Chuang, W.C. Liu, J.L. Hong, Superhydrophobic melamine sponge modified by 

cross-linked urea network as recyclable oil absorbent materials, Ind. Eng. Chem. Res. 57 (2018) 

8449-8459. 

[30] C.H. Deng, J.L. Gong, P. Zhang, G.M. Zeng, B. Song, H.Y. Liu, Preparation of melamine 

sponge decorated with silver nanoparticles-modified graphene for water disinfection, J. Colloid 

Interface Sc. 488 (2017) 26-38. 

[31] J.W. Peng, J.J. Deng, Y.T. Quan, C.B. Yu, H. Wang, Y.Y. Gong, Y.L. Liu, W.X. Deng, 

Superhydrophobic melamine sponge coated with striped polydimethylsiloxane by thiol−ene click 



  

26 

reaction for efficient oil/water separation, ACS Omega 3 (2018) 5222-5228. 

[32] Y.C. Ding, W.H. Xu, Y. Yu, H.Q. Hou, Z.T. Zhu, One-step preparation of highly hydrophobic 

and oleophilic melamine sponges via metal-ion induced wettability transition, ACS Appl. Mater. 

Interfaces 10 (2018) 6652-6660. 

[33] H.M. Gao, P. Sun, Y. Zhang, X.P. Zeng, D.W. Wang, Y. Zhang, W. Wang, J.Y. Wu, A two-step 

hydrophobic fabrication of melamine sponge for oil absorption and oil/water separation, Surf. Coat. 

Tech. 339 (2018) 147-154. 

[34] S.D. Yang, L. Chen, C.C. Wang, M. Rana, P.C. Ma, Surface roughness induced 

superhydrophobicity of graphene foam for oil-water separation, J. Colloid Interface Sc. 508 (2017) 

254-262. 

[35] H.G. Zhu, D.Y. Chen, W. An, N.J. Li, Q.F. Xu, H. Li, J.H. He, J.M. Lu, A robust and 

cost-effective superhydrophobic graphene foam for efficient oil and organic solvent recovery, Small 

2015, 11, 5222-5229. 

[36] L. Zhang, H.Q. Li, X.J. Lai, X.J. Su, T. Liang, X.R. Zeng, Thiolated graphene-based 

superhydrophobic sponges for oil-water separation, Chem. Eng. J. 316 (2017) 736-743. 

[37] S. Song, H. Yang, C.Q. Su, Z.B. Jiang, Z. Lu, Ultrasonic-microwave assisted synthesis of stable 

reduced graphene oxide modified melamine foam with superhydrophobicity and high oil adsorption 

capacities, Chem. Eng. J. 306 (2016) 504-511. 

[38] J. Zhao, Q.J. Guo, X. Wang, H.L. Xie, Y.Z. Chen, Recycle and reusable melamine sponge 

coated by graphene for highly efficient oil-absorption, Colloid. Surface. A 488 (2016) 93-99. 

[39] W.L. Liu, H.B. Jiang, Y. Ru, X.H. Zhang, J.L. Qiao, Conductive graphene-melamine sponge 

prepared via microwave irradiation, ACS Appl. Mater. Interfaces 10 (2018) 24776-24783. 

[40] X.M. Liu, T. Xu, Y.L. Li, Z.G. Zang, X.S. Peng, H.Y. Wei, W.Y. Zha, F. Wang, Enhanced 

X-ray photon response in solution-synthesized CsPbBr3 nanoparticles wrapped by reduced graphene 

oxide, Sol. Energy Mat. Sol. C. 187 (2018) 249-254. 

[41] H.T. Sun, L. Mei, J.F. Liang, Z.P. Zhao, C. Lee, H.L. Fei, M.N. Ding, J. Lau, M.F. Li, C. Wang, 

X. Xu, G.L. Hao, B. Papandrea, I. Shakir, B. Dunn, Y. Huang, X.F. Duan, Three-dimensional 

holey-graphene/niobia composite architectures for ultrahigh-rate energy storage, Science 356 (2017) 



  

27 

599-604. 

[42] X.T. Chang, Q. Zhou, S.B. Sun, C.Z. Shao, Y.H. Lei, T. Liu, L.H. Dong, Y.S. Yin, 

Graphene-tungsten oxide nanocomposites with highly enhanced gas-sensing performance, J. Alloy. 

Compd. 705 (2017) 659-667. 

[43] A.F. de Faria, D.S.T. Martinez, S.M.M. Meira, A.C.M. de Moraes, A. Brandelli, A.G.S. Filho, 

O.L. Alves, Anti-adhesion and antibacterial activity of silver nanoparticles supported on graphene 

oxide sheets, Colloid. Surface. B 113 (2014) 115-124. 

[44] T.F. Tian, X.Z. Shi, L. Cheng, Y.C. Luo, Z.L. Dong, H. Gong, L.G. Xu, Z.T. Zhong, R. Peng, Z. 

Liu, Graphene-based nanocomposite as an effective, multifunctional, and recyclable antibacterial 

agent, ACS Appl. Mater. Interfaces 6 (2014) 8542-8548. 

[45] DX. Gu, X.T. Chang, X.X. Zhai, S.B. Sun, Z.L. Li, T. Liu, L,H, Dong, Y.S. Yin, Efficient 

synthesis of silver-reduced graphene oxide composites with prolonged antibacterial effects, Ceram. 

Int. 42 (2016) 9769-9778. 

[46] C.J. Shuai, W. Guo, P. Wu, W.J. Yang, S. Hu, Y. Xia, P. Feng, A graphene oxide-Ag 

co-dispersing nanosystem: Dual synergistic effects on antibacterial activities and mechanical 

properties of polymer scaffolds, Chem. Eng. J. 347 (2018) 322-333. 

[47] M.X. Li, L. Huang, X.X. Wang, Z.Q. Song, W. Zhao, Y. Wang, J.Q. Liu, Direct generation of 

Ag nanoclusters on reduced graphene oxide nanosheets for efficient catalysis, antibacteria and 

photothermal anticancer applications, J. Colloid Interf. Sci. 529 (2018) 444-451. 

[48] S. Park, J. An, J.R. Potts, A. Velamakanni, S. Murali, R.S. Ruoff, Hydrazinereduction of 

graphite and graphene oxide, Carbon 49 (2011) 3019-3023. 

[49] Y. Yin, C.Y. Lan, H.Y. Guo, C. Li, Reactive Sputter Deposition of WO3/Ag/WO3 Film for 

Indium Tin Oxide (ITO)-Free Electrochromic Devices, ACS Appl. Mater. Interfaces 8 (2016) 

3861-3867. 

[50] F.C. Yang, F.Y. Wang, Z.G. Guo, Characteristics of binary WO3@CuO and ternary 

WO3@PDA@CuO based on impressive sensing acetone odor, J. Colloid Interf. Sci. 524 (2018) 

32-41. 

[51] K.X. Cui, B. Yan, Y.J. Xie, H. Qian, X.G. Wang, Q.X. Huang, Y.H. He, S.M. Jin, H.B. Zeng, 



  

28 

Regenerable urchin-like Fe3O4@PDA-Ag hollow microspheres as catalyst and adsorbent for 

enhanced removal of organic dyes, J. Hazard. Mater. 350 (2018) 66-75. 

[52] H. Tang, G.J. Ehlert, Y. Lin, H.A. Sodano, Highly efficient synthesis of graphene 

nanocomposites, Nano Lett. 12 (2012) 84-90. 

[53] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud’homme, I.A. Aksay, R. Car, Raman spectra of 

graphite oxide and functionalized graphene sheets, Nano Lett. 8 (2008) 36-41. 

[54] C. Casiraghi, A. Hartschuh, H. Qian, S. Piscanec, C. Georgi, A. Fasoli, K. S. Novoselov, D. M. 

Basko, A. C. Ferrari, Raman spectroscopy of graphene edges, Nano Lett. 9 (2009) 1433-1441. 

[55] I.K. Moon, J. Lee, R.S. Ruoff, H. Lee, Reduced graphene oxide by chemical graphitization, 

Nature Comm. 1 (2010) 73. 

[56] Z.H. Ni, Y.Y. Wang, T. Yu, Z.X. Shen, Raman spectroscopy and imaging of graphene, Nano 

Res. 1 (2008) 273-291. 

[57] N. Cao, Q. Lyu, J. Li, Y. Wang, B. Yang, S. Szunerits, R. Boukherroub, Facile synthesis of 

fluorinated polydopamine/chitosan/reduced graphene oxide composite aerogel for efficient oil/water 

separation, Chem. Eng. J. 326 (2017) 17-28. 

[58] A.P. Periasamy, W.P. Wu, R. Ravindranath, P. Roy, G.L. Lin, H.T. Chang, Polymer/reduced 

graphene oxide functionalized sponges as superabsorbents for oil removal and recovery, Mar. Pollut. 

Bull. 114 (2017) 888-895. 

[59] Y.K. Wang, B. Wang, J.H. Wang, Y.F. Ren, C.Y. Xuan, C.T. Liu, C.Y. Shen, 

Superhydrophobic and superoleophilic porous reduced graphene oxide/polycarbonate monoliths for 

high-efficiency oil/water separation, J. Hazard. Mater. 344 (2018) 849-856. 

[60] O. Oribayo, X.S. Feng, G.L. Rempel, Q.M. Pan, Synthesis of lignin-based 

polyurethane/graphene oxide foam and its application as an absorbent for oil spill clean-ups and 

recovery, Chem. Eng. J. 323 (2017) 191-202. 

[61] X.F. Zou, L. Zhang, Z.J. Wang, Y. Luo, Mechanisms of the Antimicrobial Activities of 

Graphene Materials, J. Am. Chem. Soc. 138 (2016) 2064-2077. 

[62] S.C. Smith, D.F. Rodrigues, Carbon-based nanomaterials for removal of chemical and 

biological contaminants from water: A review of mechanisms and applications, Carbon 91 (2015) 



  

29 

122. 

[63] J. Tang, Q. Chen, L.G. Xu, S. Zhang, L.Z. Feng, L. Cheng, H. Xu, Z. Liu, R. Peng, Graphene 

oxide-silver nanocomposite as a highly effective antibacterial agent with species-specific 

mechanisms, ACS Appl. Mater. Interfaces 5 (2013) 3867-3874. 

[64] T.F. Tian, X.Z. Shi, L. Cheng, Y.C. Luo, Z.L. Dong, H. Gong, L.G. Xu, Z.T. Zhong, R. Peng, Z. 

Liu, Graphene-based nanocomposite as an effective, multifunctional, and recyclable antibacterial 

agent, ACS Appl. Mater. Interfaces 6 (2014) 8542-8548. 



  

30 

Table  

Table 1 A comparison of various absorbent materials. 

Absorbent materials  

The highest 

absorption 

capacity for oil 

(g/g) 

The highest absorption 

capacity for solvent 

(g/g) 

The 

highest 

oil-water 

separation 

efficiency 

(%) 

Refs. 

G sponge 35.5@machine oil 
35@methylene 

chloride  
- [13] 

G coated PU sponge ~32@lubricate oil ~47@acetone - [15] 

RGO coated PU sponge 37.6@soybean oil 24.2@hexane 99 [18] 

Silica sponge decorated with 

cobalt nanoparticles 
~58@Gasoline 91.1@Chloroform 99.9 [20] 

Ag/PPy/melamine-formaldehyde 

sponge 

~72@sunflower 

oil 
~90@dichloromethane - [22] 

MS coated with PDMS ~120@pump oil 179@chloroform - [31] 

Metal-ion induced MS 135@silicone oil 157@chloroform - [32] 

Thiolated G-coated PU sponge  ~47@crude oil 90@ chloroform 99.7 [36] 

RGO modified melamine foam ~81@diesel 112@chloroform 99.92 [37] 

PDA/chitosan/RGO composite 

aerogel 
16@gasoline 20.5@ethanol 98.8 [57] 

Polyethylenimine/RGO 

decorated PU sponge 

8.8@bicycle chain 

oil 
- - [58] 

RGO/polycarbonate monoliths 12@soybean oil 17.57@CCl4 - [59] 

RGO and octadecylamine 29.7@silicon oil 68.2@chloroform - [60] 
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decorated PU sponge 

RGO-MS 60@olive oil 91@dichloromethane 99.9 
This 

study 

Ag/RGO-MS 40@soybean oil 49@dichloromethane 98.7 
This 

study 
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Research Highlights 

 Melamine sponges were modified with RGO sheets and Ag/RGO nanocomposite. 

 The functionalized sponges showed high oil absorption capacity and recyclability. 

 The functionalized sponges exhibited excellent oil-water separation efficiency. 

 The Ag/RGO-melamine sponge was featured with hydrophobicity and antibacterial activity. 
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Graphical Abstract 

 

A bifunctional melamine sponge decorated with the Ag/RGO nanocomposite for oil-water separation 

and antibacterial applications. 

 


