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Abstract

:

Methods for obtaining efficient sorption materials based on highly porous melamine and polyurethane matrices modified with reduced graphene oxide were developed. These materials are promising for solving environmental problems such as water pollution with organic products by sorption treatment. Reduced graphene oxides (rGOs) were synthesized from graphene oxide suspensions using potassium hydroxide, ascorbic acid or hydrazine hydrate. Composites with obtained rGO and melamine and polyurethane foam were produced for further characterization. The composites demonstrate high sorption of organic pollutants (oil, diesel fuel and gasoline) and low sorption of water. The composites were comprehensively analyzed by physicochemical techniques (SEM, XPS, Raman spectroscopy, UV–Vis) to elucidate the mechanism of sorption.
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1. Introduction


Technological disasters associated with oil spills on water occur quite often in the modern world and require a quick and effective solution. In recent years, porous polymer sorbents, such as polyurethane foam [1,2,3], polystyrene [4] and melamine [5,6,7,8,9], have often been used to mitigate the consequences of such disasters. These sorbents are efficient materials due to their low density, ease of use, accessibility and low operating costs, but they have the disadvantage of poor sorption selectivity for organic pollutants. This disadvantage can be solved by modifying these sorbents with carbon nanomaterials [10,11,12], which can also be used as separate sorbents for the removal of oil and petroleum products from a water surface [13,14,15,16,17].



In an enterprise’s operation of the nuclear fuel cycle, it continuously generates liquid radioactive waste (LRW), which has organic and inorganic origins. Organic radioactive wastes are the main extractants, and their solvents are used in the spent nuclear fuel reprocessing cycle. Due to their high toxicity and explosiveness, such wastes require special handling [18]. With liquid extraction at various stages of nuclear fuel processing, the release of various radionuclides leads to a partial entry of organic substances into the LRW solution, significantly complicating their further handling. Therefore, an urgent problem is the purification of aqueous solutions of LRW from traces of organic substances. In this regard, selective sorbents that would only sorb organic substances are also needed. Hydrophobic materials can be used for the sorption of organic polar compounds.



Various types of sorbents have already been studied for pollutant removal from aqueous solutions, such as clay [19], activated carbon [20] and biosorbents [21,22]. In the past decade, graphene has attracted attention due to its unique physicochemical properties, such as a large specific surface area, high thermal conductivity, hydrophobicity and excellent mechanical properties [23,24,25]. Because of these properties, graphene has demonstrated outstanding performance in various applications [26,27,28]. Moreover, it also showed promising results for oil or organic pollutant removal from aqueous solutions [29,30]. Graphene oxide (GO) with various hydrophilic functional groups is an effective material for the sorption of heavy metals and organic dyes [31,32]. Reduced graphene oxide (rGO) also shows efficient sorption of oil and heavy metals [33,34]. Many studies have already been devoted to the sorption characteristics of GO and rGO powders [35,36]. Carbon nanotubes also have adequate sorption characteristics [37]. However, since GO, rGO and carbon nanotubes are nanomaterials by themselves, the practical application of these powders and their collection after the sorption process are challenging. These materials lead to additional complications during the elimination of man-made environmental pollution. Because of these difficulties in collecting and processing powders, graphene-containing highly porous monolithic materials may be more effective. Porous materials have excellent sorption characteristics [30,38]. For example, the sorption capacity of graphene aerogel to organic solvents reaches 86 g/g [30], which is much higher than commonly used sorbents. Most studies are devoted to the sorption of oils and organic solvents by graphene aerogels [39,40]. An increase in material porosity leads to an increase in sorption values [30,38].



Given this context, we developed a new, effective method for obtaining effective sorbents based on highly porous, commercially available matrices using the example of polyurethane foam and melamine with surface modification by hydrophobic carbon materials. Colloidal solution of GO was used as the starting material for processing matrices. Due to its stability, it is possible to place GO sheets evenly on the polymer sponge surface for further reduction in order to obtain a hydrophobic material.



To obtain hydrophobic materials for the sorption of organic pollutants, it is necessary to synthesize rGO. There are various reduction techniques; one of them is using ascorbic acid as a reducing agent [41,42]. This technique is a “green” recovery method without the use of toxic reagents. Moreover, the synthesis does not require the use of expensive equipment, high temperatures and other energy-consuming resources, and also occurs in a fairly short period of time. Another “green” method for obtaining reduced graphene oxide is based on concentrated alkali solution as a main reagent [43]. The most common and effective method is reduction using hydrazine [44,45].



This work is devoted to the surface modification of melamine and polyurethane sponges. These modified composite materials are promising for purifying aqueous solutions from oil and gasoline product pollutants with minimal water sorption. rGO was chosen as the reagent for surface modification. In this work, three different methods of graphene oxide reduction were utilized to assess the degree of reduction using various reagents and to select the most suitable reagent to modify highly porous matrices of polyurethane foam and melamine. Commercial polyurethane foam sponge and melamine polymer sponge were used for following rGO treatment. Melamine polymer sponge was chosen due to its high porosity, excellent elasticity and high adsorption of both oil and water [5,46,47,48]. Polyurethane sponge material was selected due to its high porosity and excellent elasticity; however, polar functional groups, such as carboxyl groups, which are present in the composition of polyurethane frameworks, lead to adequate water wettability of the surface, thereby reducing the selectivity and overall efficiency of the material in terms of sorption of organic pollutants [3]. The samples were characterized by physical and chemical methods including Raman spectroscopy, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and ultraviolet–visible spectroscopy (UV–Vis). Sorption experiments were also carried out using oil, diesel fuel, gasoline and water.




2. Materials and Methods


2.1. Chemicals and Materials


Raw materials: Melamine foam (GORDANA, Russia), polyurethane foam (Russia), graphene oxide (Zonko LLC, Houston, TX, USA). Precursors were characterized by X-ray photoelectron spectroscopy (Figure S1, Table S1). Reagents used: Ethanol (C2H5OH, 96%), ascorbic acid (purissimum), ammonia (25%), hydrazine hydrate (N2H4×H2O, 99%), potassium hydroxide (purissimum), deionized water (with a specific resistance of at least 1 MΩ·cm).



Oil from the Tsarichanskoye deposit was used (density at 20 °C equal to 848 kg/m3). We also used gasoline BR-2 with a density of 700 kg/m3 at 20 °C and DT-3-K5 brand diesel fuel, type I, with a density of 818 kg/m3 at 15 °C.



All chemicals were used as received without further purification.




2.2. Preparation of Melamine–rGO and Polyurethane–rGO Foam Composites


2.2.1. Synthesis of rGO Precursors


GO powder was used to obtain a colloidal solution. First, 1 g of GO was dispersed in 1 L of deionized water, and 5 mL of ammonia (25%) was added to obtain a stable GO solution (pH ≈ 10). The colloidal solution was under ultrasonic treatment for 2 h.



Three methods were used to obtain rGO suspensions. The first method of GO reduction was performed by using ascorbic acid as a reducing agent. For this, 0.5 g of ascorbic acid was placed in the prepared 500 mL dispersion of GO with a concentration of 1 g/L. The prepared mixture was heated to 60 °C and kept for three hours. The second method of GO reduction was performed using hydrazine hydrate as a reducing agent. For this, 10 mL of hydrazine hydrate was placed in the prepared 500 mL dispersion of GO with a concentration of 1 g/L. The prepared mixture was heated to 90 °C and kept for 1 h. The last method of GO reduction was performed using potassium hydroxide as a reducing agent, where 10 mL of 8 M potassium hydroxide solution was added to the prepared 500 mL dispersion of GO with a concentration of 1 g/L. The prepared mixture was heated to 90 °C and kept for 1 h. A general scheme of the reduction of graphene oxide is given in the Supplementary Materials (Figure S2).




2.2.2. Preparation of Composites


The general scheme for obtaining sponge composites is shown in Figure 1. First, 2 × 2 × 2 cm3 pieces of melamine or polyurethane were cut using a special thin blade. These pieces were placed into the prepared colloidal solution of rGO. After three hours of treatment in the colloidal solution, the samples were placed in an oven for 12 h (T = 60 °C).



Dried samples were treated with ethanol to wash out an excessive amount of reduced graphene oxide. After the cleaning, samples were processed again in the oven for 12 h (T = 60 °C).





2.3. Characterization of Composites


Raman spectra were obtained with a Renishaw inVia Reflex Microscope system (Renishaw, New Mills Wotton-under-Edge, UK) with a 633 nm He–Ne laser as the excitation source. The 50× magnification was used for laser focusing and the laser power was kept at about 0.2 mW.



The surface morphology of the samples was studied using scanning electron microscopy (SEM). SEM images were obtained using a Carl Zeiss NVision 40 microscope (3000–300,000×).



X-ray photoelectron spectroscopy was used to characterize the surface of highly porous matrices before and after modification. Spectra were acquired on an Axis Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) using using the monochromatic AlKα radiation source. The pass energies of the analyzer were 160 eV for survey spectra and 40 eV for high-resolution scans.




2.4. Sorption Experiment Procedure


A series of sorption experiments of composites in water, gasoline, oil and diesel fuel were conducted to characterize their sorption properties. In the first step, the mass of the samples was fixed before the experiment (m0). After measurement, samples were kept in a beaker with an excess amount of sorbing liquid for 2 min, which was the time needed to saturate the sample with organic matter. At the end of the sorption process, highly porous matrices were carefully collected using special sieves to drain excess liquid. The mass of the samples after the sorption process (m1) was measured. The gravimetric sorption capacity (Qm) was calculated using the obtained data according to the formula:


   Q m  =    m 1  −  m 0     m 0     



(1)




where m1 is the mass of the sample after the sorption process and m0 is the initial mass of the sample [8,49,50].





3. Results and Discussion


3.1. Synthesis of the rGO


rGO samples were synthesized using three different reducing agents: ascorbic acid (rGO–ascorb), hydrazine hydrate (rGO–HH) and potassium hydroxide (rGO–KOH). Graphene oxide reduction mechanisms are given in the Supplementary Materials. Figure 2 shows UV–Vis spectra and photos of rGO colloidal solutions obtained using various reducing agents. (The full spectrum of rGO–ascorb is given in Figure S4.) The color of suspensions changed from yellow-brown (initial GO) to black (rGO), which is evident in the GO reduction implementation process [42]. The aggregation of rGO sheets also confirms the removal of hydrophilic functional groups due to π–π stacking interaction [51]. The rate of aggregation increases from rGO–KOH to rGO–HH, which is clearly seen from the synthesized colloidal solutions, in which black rGO aggregates are formed. This indicates a more effective removal of oxygen-containing functional groups. The initial colloidal solution of GO has two distinctive features: the main absorption peak at 227 nm, which is characterized by π–π* transitions in the C=C bond, and a broad absorption peak at 303 nm. The last peak is associated with n–π* C=O transitions in carboxyl and carbonyl groups [52]. This peak can also appear due to optical transitions between the π and π* states in nanosized sp2-domains that remained in GO after oxidation [53]. During the reduction process, the absorption peak corresponding to 227 nm in GO is gradually red-shifted, up to 268 nm for rGO–HH. The peak of the rGO–HH spectrum is similar to the peak of the π–π* transition, which is in the 265–268 nm region. This is a distinct sign of a high degree of GO reduction [54]. Meanwhile, absorption peaks at 228 nm and 243 nm for rGO–ascorb and rGO–KOH, respectively, indicate that oxygen functional groups are not completely eliminated when ascorbic acid and potassium hydroxide are used as reducing agents. In the case of reduction with ascorbic acid, the UV–Vis spectrum has an absorption peak at 284 nm, which refers to the residues of unreacted ascorbic acid. Due to the incomplete reduction of GO using KOH, the resulting colloidal solution is stable. It can have a satisfactory effect on the surface modification processes of highly porous polyurethane foam and melamine matrices, particularly on the uniformity of the coating with a graphene-containing material due to the stability of the colloid for processing.




3.2. Comparison of Obtained rGO–Foam Composites


Figure 3 shows a photo of the melamine–rGO composite. The resulting composite is visually evenly filled with rGO. At the same time, the sample is extremely light, as can be seen in the photo.



The obtained materials represent a series of eight sorption experiments: melamine (without pretreatment); melamine treated with different rGOs, with GO reduction reagents ascorbic acid (M–rGO–ascorb), hydrazine hydrate (M–rGO–HH) and potassium hydroxide (M–rGO–KOH); polyurethane foam (without pretreatment); and polyurethane foam treated with rGO, with GO reduction reagents ascorbic acid (PF–rGO–ascorb), hydrazine hydrate (PF–rGO–HH) and KOH (PF–rGO–KOH).



All obtained composites demonstrated high hydrophobic properties. The pure melamine sponge instantly sinks in water, while the M–rGO–ascorb composite remains on the surface of water (Figure 4).



Sorption experiments with water, diesel fuel, oil and gasoline were carried out for all obtained samples. The process of organic substance sorption by highly porous materials is spontaneous and represents physical sorption [55]. The pores of materials modified with rGO are filled with air at the initial moment of time; therefore, in order to implement physical sorption, the oil needs to displace air [56,57], which occurs in the described experiments.



Figure 5 shows the experiments’ main step. The final step shows that the composite effectively sorbs organic liquid while practically not sorbing water.



Table 1 shows the results of sorption experiments obtained for melamine and polyurethane sponge composites. Melamine modification with carbon nanomaterials leads to the selective sorption of diesel fuel and oil in relation to water (Figure 6). Water sorption is significantly decreased due to material modification, while organic liquids are still well sorbed. In this case, the best sorption properties are achieved for the M–rGO–HH sample and the worst for M–rGO–KOH.



Modifying the surface of polyurethane foam sponges with graphene-containing materials also decreases water sorption, even though this material sorbed water poorly without treatment. Oil sorption by modified matrices increases by an order of magnitude compared to untreated material. The diesel fuel and gasoline gravimetric sorption capacities of PF–KOH, PF–ascorb and PF–HH are comparable to or greater than the gravimetric sorption capacity of non-modified polyurethane foam.



At the first stage of obtaining composite materials, highly porous matrices were exhaustively wetted with a colloidal solution of rGO (for this, the sponges were repeatedly squeezed to improve wetting). As a result, during the reduction process, rGO was already on the surface of highly porous matrices and was subjected to self-assembly under the given conditions. As a result of the reaction, the reduction of graphene oxide occurred, shown by a decreased number of carbonyl and carboxyl groups (Figure 2). Moreover the interaction between graphene sheets had the character of π–π stacking [58,59], which leads to self-assembly of graphene sheets on surfaces of the frame of highly porous matrices [60]. Finally, under the action of the van der Waals force between the graphene sheets and the sponge framework, the rGO is fixed on the surface of the sponges.



The surface morphology of the obtained samples and melamine before processing was studied using scanning electron microscopy and is shown in Figure 7A,B.



As expected, samples after treatment with carbon nanomaterials had the same porous structure as the melamine sponge. The porous structure was not destroyed during modification, and there was no pore overlap. The pore sizes before and after modification are the same, since the graphene-containing material is observed on the surface of the pore walls. Therefore, according to microscopy data, it can be concluded that the surface roughness increased (Figure 7C,D).



As shown in Figure 7, the surface of the synthesized M–rGO–ascorb samples (Figure 7C,D) is characterized by the presence on the surface of the modifying material, rGO, which leads to an increase in the roughness of the material compared to the untreated highly porous matrix (Figure 7A,B).



Based on the scanning electron microscopy data, it can be concluded that the coating based on carbon nanomaterials is unevenly deposited onto the surface of highly porous matrices.



Raman spectroscopy was used to characterize the synthesized samples. A laser with a given wavelength (633 nm) was used, as it provided a more intense spectral signal. The results are shown in Figure 8. In addition, the rGO and GO itself do not change during the measurement.



During the characterization of carbon materials, for Raman spectra of defect-free graphene, only one mode at ≈1570–1595 cm–1 can be observed. This mode is called G-mode and is characterized by the vibration of sp2-hybridized carbon atoms directly in the layer [61].



When studying graphene materials, it is also possible to observe an additional D-mode at ≈1310–1430 cm–1. The mode arises from the presence of sp3-hybridized carbon atoms in the graphene plane and at the edges [61].



Carbon nanomaterials have superpositions of G- and D-modes in the 2D Raman spectra and D + G-modes at ≈2500–2800 cm–1 and ≈3000 cm–1, respectively [61,62].



The oxygen-containing functional groups of graphene oxide are removed in the reduction stages, and the flat carbon network is partially restored, but additional defects may appear due to the reduction stages.



The intensity ratio of the D- and G-mode peaks, ID/IG, changes in the following sequence for melamine-modified matrices from 1.48 to 1.17 for the series M–rGO–HH > M–rGO–ascorb > M–rGO–KOH. Raman spectroscopy data for composite samples based on a polyurethane foam matrix are given in the Supplementary Materials (Figure S4, Table S4). The intensity ratio for the second series changes in the same sequence as the composites based on the melamine sponge.



All data from Raman spectra calculations are given in Table 2.



The intensity ratio of the D- and G-modes (ID/IG) can serve as a measure of disorder in the carbon lattice. The ID/IG can also be used to estimate the size of La domains of sp2 as follows [63]:


   L a  =    (  2.4 ×   10   − 10    )   λ L 4       I D     I G       



(2)




where λL is the wavelength (in nm) of the excitation laser. The domain size La estimated from Equation (2) is equal to changes in the following sequence from 26 to 32.9 nm for a number of samples: M–rGO–HH, M–rGO–ascorb and M–rGO–KOH. All data obtained are shown in Table 2. The size of the domains can affect the sorption capacity of materials in relation to organic substances and water.



X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition of the samples and the degree of carbon oxidation. The C1s spectrum of pure melamine (Figure 9) can be fitted with four main components attributed to C−C (sp3) (284.9–285.5 eV); C−O (286.7–287.0 eV); and N=C(−N)−N, O=C−O, O=C−N (288.2–288.3 eV) species and a minor component of presumably adsorbed carbonates (289.5–290.2 eV) (Table 3). The additional component of sp2-carbon species at 284.5–284.9 eV dominates in the spectra of all melamine–rGO composites. The content of sp2-carbon species is similar on the surface of these composites and close to 50 at %. These species are evidently responsible for the hydrophobicity of the composites. The C1s spectra of polyurethane–rGO composites (Figure S5, Table S3) also showed high contribution of sp2-carbon species compared to the precursor, but their content was lower than in the melamine-based composites.





4. Conclusions


The creation of effective sorbents for repeated use in emergency oil and petroleum product spills is a promising direction for the use of highly porous composites obtained by the proposed method, i.e., the modification of porous materials (polyurethane, melamine) by rGO suspensions. This method is easily scalable and environmentally friendly. Moreover, the dimensions of the sorbing material are limited only by the dimensions and parameters of highly porous matrices, which are pre-prepared for further modification.



Sorption tests were performed for obtained composites in this work, along with characterization by SEM, Raman spectroscopy and XPS. Depending on the material of the initial sponge, the modification has different results. For example, the modification of the melamine surface leads to significantly reduced water sorption, increasing the selectivity of the material. On the other hand, polyurethane foam modification leads to increased organic liquid sorption.



The maximum values of organic sorption capacities demonstrated in this work were 80 g/g for gasoline, 98 g/g for diesel fuel and 105 g/g for oil.
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Figure 1. General scheme for obtaining sponge composites. 
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Figure 2. Absorption spectra of rGO–HH, rGO–ascorb, rGO–KOH and initial GO suspensions. The inset shows photographs of the obtained colloidal solutions. The full-scale data for rGO–ascorb are presented in Figure S3. 
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Figure 3. The photo of the M–rGO–ascorb composite placed on a tinted feather. 
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Figure 4. Pure melamine sponge and M–rGO–ascorb in contact with water. 
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Figure 5. The photo of sorption of diesel fuel from water by M–rGO–ascorb. 
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Figure 6. Sorption of water and oil by melamine–rGO composites compared to an untreated melamine matrix. 
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Figure 7. Scanning electron microscopy images of (A,B) pure melamine; (C,D) M–rGO–ascorb. 
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Figure 8. Raman spectra of samples of melamine–rGO composites: M–rGO–KOH, M–rGO–ascorb and M–rGO–HH. 
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Figure 9. C1s XPS spectra of melamine–rGO composites. 
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Table 1. The results of sorption experiments of studied samples.
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Sample

	
Gravimetric Sorption Capacity, Qm, g/g

	
Selectivity




	
Qoil/Qwater




	
Oil

	
Diesel Fuel

	
Gasoline

	
Water

	






	
Pure Melamine

	
105

	
98

	
80

	
134

	
0.8




	
M–rGO–KOH

	
60

	
69

	
55

	
0.2

	
300




	
M–rGO–ascorb

	
66

	
87

	
60

	
0.3

	
220




	
M–rGO–HH

	
105

	
98

	
80

	
0.6

	
175




	
Pure

	
2

	
47

	
28

	
4

	
0.5




	
Polyurethane




	
PF–rGO–KOH

	
40

	
38

	
22

	
0.6

	
66.7




	
PF–rGO–ascorb

	
49

	
45

	
26

	
0.7

	
70




	
PF–rGO–HH

	
51

	
46

	
30

	
2

	
25.5
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Table 2. Data obtained from Raman spectra calculations.
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Sample

	
Position, cm−1

	
ID/IG

	
La, nm




	
D-Mode

	
G-Mode

	
2D-Mode

	
D+G-Mode






	
M–rGO–KOH

	
1329

	
1582

	
2617

	
2908

	
1.17

	
32.9




	
M–rGO–ascorb

	
1331

	
1587

	
2604

	
2882

	
1.34

	
28.8




	
M–rGO–HH

	
1330

	
1591

	
2642

	
2890

	
1.48

	
26.0
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Table 3. Contents of different carbon species on the surface of melamine and melamine-based composites determined by XPS.
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Sample

	
Fraction, at %




	
C–C (sp2)

	
C–C (sp3)

	
C−O

	
N=C(−N)−N, O=C−O, O=C−N

	
Carbonate (CO32−)






	
Pure Melamine

	
–

	
46

	
16

	
5.3

	
4.0




	
M–rGO–KOH

	
50

	
11

	
6.9

	
8.3

	
0.2




	
M–rGO–ascorb

	
46

	
14

	
10

	
6.3

	
1.6




	
M–rGO–HH

	
46

	
13

	
4.4

	
10

	
–
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