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Abstract

:

The mixture of insoluble organics and water seriously affects human health and environmental safety. Therefore, it is important to develop an efficient material to remove oil from water. In this work, we report a superhydrophobic Cu2O mesh that can effectively separate oil and water. The superhydrophobic Cu2O surface was fabricated by a facile chemical reaction between copper mesh and hydrogen peroxide solution without any low surface reagents treatment. With the advantages of simple operation, short reaction time, and low cost, the as-synthesized superhydrophobic Cu2O mesh has excellent oil–water selectivity for many insoluble organic solvents. In addition, it could be reused for oil–water separation with a high separation ability of above 95%, which demonstrated excellent durability and reusability. We expect that this fabrication technique will have great application prospects in the application of oil–water separation.
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1. Introduction


Oil in water can reduce the purity of water, and the oily wastewater generated in daily life and industry can also cause serious pollution to the environment [1,2]. Moreover, the presence of water in oil can seriously affect the quality and efficiency of oil such as reducing the service efficiency and life of an engine. Therefore, the research of the separation of the oil–water mixture is of great significance and has broad application prospects. Meanwhile, efficient oil–water separation technology has also attracted great attention [3,4,5,6,7]. In 2004, Jiang et al. prepared a superhydrophobic and superoleophilic coating mesh by spraying polytetrafluoroethylene onto the stainless steel mesh. The contact angles of water and diesel oil on this mesh were 156.2° and 0°, respectively, which realized the effective separation of diesel and water [8]. Inspired by this, many scientists have developed great interest in the application of special wettability materials in oil–water separation.



Over the past decades, researchers have produced a wide variety of materials with superhydrophobic and superoleophilic properties by manipulating and modifying the surface chemical composition and surface roughness. Examples include superhydrophobic metal mesh [9,10,11,12], polyurethane sponge [13,14,15], fiber textile [16,17,18,19], metal foam [20,21], polymer membranes [22,23,24], and so on [25,26,27], which can selectively repel water from the mixtures of oil and water while allowing oil to penetrate through the materials or to be absorbed, and exhibit high efficiency of oil–water separation performance. However, the preparation process of most of the superhydrophobic materials above-mentioned is complicated and time-consuming, requires special equipment and costly reagents, which severely limits their large-scale production and practical application. Moreover, most superhydrophobic materials may contaminate oil during oil–water separation due to the use of low surface energy reagents that are not conducive to human health. Therefore, it is reasonably important to develop superhydrophobic oil–water separation materials that are environmentally friendly and without low surface energy reagents.



In this paper, the preparation of a Cu2O film on copper mesh substrates by a simple one-step chemical reaction method is reported. The as-prepared flower-tufted Cu2O nanosheet film exhibited superhydrophobicity without modification with low surface energy reagents, as Cu2O is one of the rare materials that possess a low surface energy and rough structure [28,29,30,31]. Water has weak interaction with Cu2O and does not form bonds on its surface, resulting in the hydrophobicity of Cu2O. Moreover, the relationship between the reaction time and growth process, morphology, and hydrophobicity of Cu2O film were investigated. The superhydrophobic Cu2O mesh also exhibited a superoleophilic property and successfully achieved the separation of various insoluble oil–water mixtures, demonstrating high separation efficiency and reusability. Although Cu2O formation has been reported by previous papers, a simpler method for preparing superhydrophobic Cu2O still needs to be developed. Therefore, a method for preparing Cu2O by reacting copper mesh with hydrogen peroxide is more industrially practical. In addition, the superhydrophobic Cu2O mesh without similar fluorine-containing reagents is more beneficial to human health, especially for oil–water separation in the production process of edible oils.




2. Materials and Methods


The red copper mesh (purity ≥99.97%, 200) was purchased from Anping Tairun Wire Mesh Co. Ltd., Hengshui, China. Hydrogen peroxide solution (H2O2, 30 wt % in H2O), hydrochloric acid, absolute ethyl alcohol, and acetone were bought from Shanghai Chemical Reagent Co. Ltd., Shanghai, China. All chemical reagents used were analytical grade and did not require further processing.



The copper mesh of 30 mm × 30 mm was ultrasonically cleaned with 0.1 M HCl solution, acetone, and deionized water for 2 min before use, respectively. Then, it was immersed in 100 mL of hydrogen peroxide solution for reaction. After a period of reaction, the copper mesh was taken out and cleaned successively with deionized water and ethanol. Finally, the copper mesh was dried at 120 °C for 5 h under an air atmosphere.



The surface morphology of the copper mesh was determined by a field emission scanning electron microscope (SEM, Sigma 500, Zeiss, Oberkochen, Germany) instrument at 5–15 kV under a vacuum environment. The surface chemical compositions were untreated and the fabricated meshes were measured by a PHI-5702 X-ray photoelectron spectroscopy (XPS, Kratos Analytical Ltd., Manchester, UK). Water contact angle (WCA), oil contact angle (OCA), and water sliding angle (WSA) were measured using an optical contact angle meter (DSA 30, Krüss, Hamburg, Germany) with 5 μL droplets at ambient temperature. The average WCA, OCA, and WSA values were obtained by measuring the same sample in at least five different positions.




3. Results and Discussion


The surface chemical composition of the bare copper mesh and the as-prepared superhydrophobic copper mesh were analyzed in detail using XPS, as depicted in Figure 1. There were three main elements of Cu, O, and C in the XPS survey spectrum of the bare and the superhydrophobic copper mesh surface in Figure 1a. In the high-resolution XPS spectra of the bare copper mesh (Figure 1b), it exhibited two strong peaks centered at 952.4 and 932.6 eV, corresponding to the Cu double peaks of Cu 2p1/2 and Cu 2p3/2, respectively [32,33,34,35]. Figure 1c shows the photoelectron spectrum of the Cu 2p core level for the superhydrophobic copper mesh. Two peaks located at the binding energies of 952.5 and 932.5 eV can be attributed to Cu 2p1/2 and Cu 2p3/2, respectively, which agreed well with Cu2O [36,37,38,39,40]. The O 1s spectrum of the superhydrophobic copper mesh in Figure 1d showed only one peak at 531.1 eV, which can be attributed to Cu2O [36,39,40]. The above results confirm that the surface of the superhydrophobic copper mesh is mainly Cu2O. Therefore, it is presumed that hydrogen peroxide reacts with the copper mesh, leading to the conversion of the upmost layer of Cu to Cu2O, according to the following reactions:


     2 Cu + H   2   O 2  →    Cu   2     O + H   2  O  



(1)







The surface microstructure was considered to be a key factor affecting the surface superhydrophobic properties of the material surface. In the experiment, keeping the concentration and volume of the hydrogen peroxide solution constant, the reaction was carried out by changing the time. The growth process and morphology of the Cu2O film that changed with reaction time are presented in Figure 2. When the reaction time was 10 min, a large amount of worm-like Cu2O nanosheets were generated on the surface of the copper mesh (Figure 2a). However, careful observation showed that there were also many Cu2O nanoparticles presented on the copper mesh surface. After 20 min of reaction, the worm-like nanosheets began to form numerous honeycomb nanosheets. The surface of the copper mesh was mainly covered by honeycomb Cu2O nanosheet structures and grooves (Figure 2b). After reacting for 30 min, the trend of the growth of the Cu2O nanosheets became very obvious, as shown in Figure 2c. The surface of the copper mesh was completely covered by a large number of flower-tufted nanosheet structures, which were dense, thin, and relatively uniform in size. Prolonging the reaction time to 40 min, the size of the Cu2O nanosheets was enlarged and appeared sparse, but the lamellar structure was relatively regular and orderly, as shown in Figure 2d. Increasing the reaction time to 60 min, the Cu2O nanosheet structure on the surface of the copper mesh showed disorder (Figure 2e). The reason may be that the heat released in the reaction process causes the solution temperature to rise and the reaction to intensify, resulting in corrosion of the partially Cu2O nanosheet structure. With a further increase of the reaction time to 120 min, the surface of the copper mesh was covered with leaf-like Cu2O nanosheets, which were thick and uneven in size, as shown in Figure 2f. It is possible that Cu2O restored the growth of the nanosheet structure due to the decrease in the hydrogen peroxide concentration after a long period of reaction.



In order to investigate the effect of the reaction time on wettability, the water contact angles and sliding angles of the Cu2O surface prepared at different times were detected and are shown in Figure 3. When the reaction time was 10 min, it can be clearly seen that the water contact angle was 148.7° and the sliding angle was 69.8°. When reacted for 20 min, the contact angle reached 157.2°, while the sliding angle was quickly reduced to 17.5°. Prolonging the reaction time to 30 min, the water contact angle and sliding angle were 165.4° and 5.6°, respectively. At this time, the prepared Cu2O surface exhibited superhydrophobicity. Moreover, when the reaction time increased from 40 to 120 min, the water contact angle and sliding angle of the Cu2O surface slightly increased and decreased, respectively. This demonstrated that all of the Cu2O surfaces prepared after 30 min of reaction had good superhydrophobicity and low adhesive hydrophobicity. Therefore, the superhydrophobic Cu2O surface obtained in 30 min was the best in terms of cost and time. Test results shown in Figure 3 also indicated that the hydrophobic property of the prepared Cu2O surface increased with the extension of reaction time. On the one hand, the amount of Cu2O increased with the reaction time, which gradually covered the surface of the copper mesh and reduced its surface energy. On the other hand, the Cu2O nanosheet structures of the copper mesh surface changed with the reaction time, and the corresponding morphology is shown in Figure 2. These micro/nano-rough structures contribute to reduce the surface contact area with water droplets.



Figure 4 displays the surface morphology and water wetting properties of the bare copper mesh and superhydrophobic Cu2O mesh. As illustrated in Figure 4a, the surface of the bare copper mesh was smooth, which could be clearly observed even in the SEM image at higher magnification (Figure 4b). The contact angle of the water droplets on the surface of the copper mesh was 119.8°, but the water droplets did not drop when rotated 90°. In addition, the contact angle of organic solvents such as toluene, trichloromethane, gasoline, and kerosene on the surface of the bare copper mesh was close to 0°. As evidenced from Figure 4c, the superhydrophobic Cu2O mesh surface was very rough, which was prepared by reacting for 30 min. In the high-magnification SEM image, many flower-tufted Cu2O nanosheets were observed on the surface of the copper mesh (Figure 4d). The contact angle of the water droplets on the surface of the superhydrophobic Cu2O mesh reached 165.4°, and the sliding angle was as low as 5.6°. However, the contact angle of toluene, trichloromethane, and other oils in the superhydrophobic Cu2O mesh was approximately 0°, which confirmed that the prepared superhydrophobic Cu2O mesh also had excellent superoleophilicity. The pore size of the copper mesh was about 75 μm, and the hierarchical micro/nanostructure was constructed by combining the flower-tufted Cu2O nanosheets on the surface. The grooves and gaps created by these rough structures can capture a large volume of air, resulting in large water contact angles and small sliding angles on the surface, which can be explained by the Cassie–Baxter equation [41]:


     cos θ r = f   1   cos θ  −    f   2   



(2)




where θr is the contact angle of liquid on the rough surface; θ is the contact angle of liquid on the corresponding smooth surface; f1 is the proportion of the solid surface actually in contact with liquid; f2 is the proportion of air trapped in the hole in contact with liquid; and f1 + f2 = 1. The water contact angles on the rough superhydrophobic Cu2O mesh and the smooth copper mesh were 165.4° and 119.8°, respectively. Therefore, the f2 of the superhydrophobic Cu2O mesh calculated by Equation (2) was 0.936, indicating that the contact area between water and air accounted for up to 93.6%. Correspondingly, the contact between water and solid surface only accounts for 6.4%, which is similar to the results reported by Karapanagiotis et al. [42]. The small water-solid contact area demonstrates the good superhydrophobic property on the surface.



The oil–water separation property of the as-prepared superhydrophobic Cu2O mesh was investigated with a self-made device, as shown in Figure 5. The filter was made of superhydrophobic Cu2O mesh sandwiched between the upper glass cylinder and the lower funnel. The superhydrophobic mesh had a thickness of 0.1 mm and was firmly fixed, so that water did not leak from the contact surface. The effective filter diameter of the filter device was 20 mm. When a drop of toluene dyed with oil red O contacted the surface of the superhydrophobic Cu2O mesh, it spread rapidly and penetrated the mesh, leaving only red marks on the underlying filter paper. However, the water droplet remained spherical on the surface of the superhydrophobic Cu2O mesh (Figure 5a). A total of 10 mL toluene and 10 mL water dyed with methylene blue were mixed into a 20 mL insoluble oil–water mixture (Figure 5b). As the oil–water mixture was slowly injected into the separation device, the oil easily passed through the superhydrophobic Cu2O mesh into the beaker under the action of gravity (Figure 5c). After the oil–water separation was completed, the oil was collected in the beaker while the water was kept in the container on the superhydrophobic Cu2O mesh (Figure 5d). The same separation process was also applicable to the mixture of water and other oils such as gasoline, kerosene, trichloromethane, hexane, edible oil, and so on. In addition, the oil flux of the superhydrophobic Cu2O mesh was measured and the values were calculated by the following equation:


   J = V  / St  



(3)




where V is the volume of oil is 0.01 L; S is the effective oil-passing area of the superhydrophobic Cu2O mesh; and t is the time for the permeation of 0.01 L of oil. As a result, the flux values of toluene, gasoline, kerosene, trichloromethane, hexane, and edible oil of the superhydrophobic Cu2O mesh were 8.18, 7.68, 7.72, 8.36, 8.12, and 0.53 L·m−2·s−1, respectively. The viscosity of edible oil was larger than that of other oils, which led to a long time required to penetrate the copper mesh, and the flux value was small.



The oil–water separation performance was investigated using the as-prepared superhydrophobic Cu2O mesh. The oil–water separation efficiency of the superhydrophobic Cu2O mesh was evaluated and analyzed by the following formula:


   η = V  /  V 0   × 100 %   



(4)




where η represents the separation efficiency and V and V0 are the oil volume before and after the separation experiment, respectively [43,44]. Figure 6a shows the separation efficiency of several different types of oil and water mixtures. It can be clearly seen that the initial separation efficiency of trichloromethane, toluene, gasoline, kerosene, hexane, and edible oil all exceeded 95%. The relatively low separation efficiency of edible oil was mainly due to its high viscosity, which was slightly stuck to the container wall and mesh surface during the oil–water separation process. More importantly, the superhydrophobic Cu2O mesh exhibited excellent reusability. As illustrated in Figure 6b, the oil–water separation efficiency was still as high as 96.9% after 50 cycles of repeated separation test of the toluene and water mixture. The slight decrease in the oil–water separation efficiency could be attributed to the volatilization and loss of toluene in the test process. In addition, the superhydrophobic Cu2O mesh had the same superhydrophobicity and superoleophilicity after washing and drying, indicating its good potential application prospects in oil–water separation.




4. Conclusions


In summary, the superhydrophobic Cu2O mesh was prepared by a one-step reaction of red copper mesh and hydrogen peroxide without modification of any low surface energy reagent. The growth process, morphology, and hydrophobicity of the Cu2O film changed with the increase in reaction time. The superhydrophobic and superoleophilic Cu2O mesh with the flower-tufted nanosheet structures was obtained at an optimum reaction time of 30 min, and the water contact angle, sliding angle, and oil contact angle were 165.4°, 5.6°, and 0°, respectively. Moreover, the as-prepared superhydrophobic Cu2O mesh could separate various insoluble oil–water mixtures, and the oil–water separation efficiency was more than 95%. In addition, the superhydrophobic Cu2O mesh displayed good reusability and stability after 50 oil–water separation cycles. This simple, low-cost, large-area preparation technique for superhydrophobic Cu2O mesh will have a wide application prospect in the field of oil–water separation.
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Figure 1. The XPS spectra of the bare and superhydrophobic copper mesh: survey (a), Cu 2p of the bare copper mesh (b), Cu 2p (c) and O 1s (d) of the superhydrophobic copper mesh. 
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Figure 2. SEM images of the as-prepared Cu2O surface on copper mesh with different reaction times: (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 60 min, and (f) 120 min. 
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Figure 3. Water contact angles and sliding angles of the as-prepared Cu2O surface with different reaction times. 
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Figure 4. SEM images of the surfaces of bare (a,b) and superhydrophobic Cu2O mesh (c,d). The insets show the optical images of the water contact angle and sliding angle. 
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Figure 5. (a) Water and oil on the surface of the superhydrophobic Cu2O mesh, (b) separation device and oil–water mixture (toluene was dyed with oil red O and water was dyed with methylene blue), (c,d) oil–water separation process. 
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Figure 6. Oil separation efficiency of the superhydrophobic Cu2O mesh: (a) for various oil–water mixtures in the first cycle, (b) for toluene after different separation cycles. 
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