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Oil-water separation has great practical significance, and can be used to help cope with growing oily industrial sewage discharge or marine oil spills, avoiding water pollution. Smart artificial super-wettable materials used for oil-water separation have aroused enormous interest because of their advantages of energy efficiency and applicability across a wide range of industrial processes. Herein, we report a highly efficient, simple method for oil-water separation using copper mesh fabricated by picosecond laser processing combined with chemical treatment or thermal oxidation. After laser processing, the surfaces of copper mesh show superhydrophilicity (hydrophilicity) and underwater superoleophobicity, which can be used to separate water from oil. While, for the samples after laser and chemical treatment or laser treatment combined with thermal oxidation, the surfaces become superhydrophobic (hydrophobic) and underwater superoleophilic, which can separate oil from water. Moreover, these three kinds of super-wettability meshes show high separation efficiency, achieving more than 99% seperation. Furthermore, the as-prepared mesh can be used for various oil-water mixture separation, such as edible oil, kerosene, diesel, and so on. Thus, this work will provide insights for controllable oil-water separation, and will also be beneficial to the study of microfluidic devices, and smart filters.
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1 INTRODUCTION
In the past few decades, as energy demand has grown, industrial oily sewage discharges and oil spill accidents have occurred frequently, well-known examples of such being the spills in The Gulf of Mexico and Alaska Harbor (Crone and Tolstoy, 2010; Yong et al., 2016a). Those accidents resulted in serious sea ecosystem pollution and huge economic losses. To deal with this problem, developing effective oil-water separation technologies and materials has been a hot topic in this area (Chu et al., 2015; Wang et al., 2014; Xue et al., 2014). Recently, superwetting materials with superoleophilic or superoleophobic (underwater superoleophobic) surfaces have gained increasing attention for use in selective oil adsorption and oil-water separation (Kong et al., 2015; Nishimoto and Bhushan, 2012; Wang et al., 2016). Among them, mesh materials have been widely applied in separating oil-water mixtures (Song et al., 2014; Song et al., 2015). For example, Feng et al. found that after being coated with polytetrafluoroethylene, the metal mesh showed both superhydrophobicity (hydrophobicity) and superoleophilicity in air that can be used to separate a mixture of oil and water (Feng et al., 2004). Xue, et al. studied a polyacrylamide hydrogel-coated mesh for oil-water separation. Due to the surfaces of the mesh showing superhydrophilicity and underwater superoleophobicity, it could prevent the oil from touching the surface, achieving a high reusability rate (Xue et al., 2011). Liu, et al. reported an underwater superoleophobic wire mesh prepared by coating a thin layer of the graphene oxide film that can be used in the separation of bean oil from water (Liu et al., 2015). Cheng, et al. demonstrated that by simply assembling responsive thiol molecules on structured copper mesh, a smart pH-controllable oil/water separating membrane can be prepared. The as-prepared mesh shows superhydrophobicity (hydrophobicity) in non-alkaline water, whereas it becomes superhydrophilic for alkaline water (Cheng et al., 2015).
Although these explorations have extensively advanced the development of oil-water separation, these chemical reagents are harmful to the environment and the coatings are prone to degradation. As a result, the samples are difficult to be use many times. In the past decade, laser direct processing technology has attracted considerable attention due to its unique advantages in processing superwetting surfaces, such as substrate-independent, and high accuracy (Chu et al., 2018; Yin et al., 2018; Chu et al., 2019a; Chu et al., 2019b; Yang et al., 2019; Wu et al., 2021). As such, Yong, et al. processed a durable superhydrophobicity and superoleophilicity PTFE surface by using a femtosecond laser. Through subsequent mechanical drilling processes, the as-prepared PTFE film could be applied in oil-water separation (Yong et al., 2016b). Li, et al. presented a multifunctional ultrathin aluminum foil realized by one-step femtosecond laser irradiation, which showed underwater superoleophobic ability and oil-water separation function (Li et al., 2016). Yin, et al. introduced a simple method to fabricate superwetting stainless steel mesh surfaces with one-step femtosecond laser processing. The meshes show high separation efficiency even after the abrasion tests and corrosion tests (Yin et al., 2017). Nevertheless, the femtosecond laser ablation still shows low processing efficiency and the machine is highly expensive, being about four times more expensive than picosecond lasers, leading them difficult to use widely in industry. Thus, a cheaper and highly efficient processing method for superwetting surfaces is highly desired.
Herein, by using picosecond laser processing combined with chemical treatment (CT) or thermal oxidation (TO), we obtain two types of superwetting surfaces: one shows superhydrophilicity (underwater superoleophobicity), which can be used to separate water from oil, while the other one shows superhydrophobicity (hydrophobicity) and underwater superoleophilicity, which can be used to separate oil from water. The as-prepared meshes show high separation efficiency (more than 99%) for different oil-water mixtures. This cheaper and highly efficient method for oil-water separation surfaces processing may hold great promise for the treatment of sewage.
2 EXPERIMENTAL SETUP
2.1 Laser Processing
Figure 1A shows the schematic of the experiment setup. A copper mesh with a dimension of 6 × 5 cm2 is initially mounted on a computer-controlled 3-dimensional platform. A picosecond laser with a wavelength of 1,064 nm, repetition of 100 kHz, pulse duration of 15 ps is used. The single pulse energy is held constant at 310 μJ/cm2. The laser beam is focused by a two-mirror galvanometric scanner (AXIALSCAN-20-DIGITA-Ⅱ-Y200, RAYLASE, Germany) with an F-Theta lens (f = 326 mm) on the sample surface after passing through the collimation system (keeping the light parallel), shutter (a switch to pass or block the laser pulse), and attenuator (consists of a half-wave plate and a linear polarizer to control the laser energy). The copper mesh samples are line-by-line scanned at air and room temperature. The scanning speed and the interval of adjacent laser scanning lines are adjusted by the mechanical platform. After laser processing, the samples are cleaned with alcohol and deionized water in an ultrasonic bath at room temperature for 10 min each.
[image: Figure 1]FIGURE 1 | The schematic of experiment setup (A) and the sample after LT, LCT, and LTCTO(B).
2.2 Chemical Treatment or Thermal Oxidation
The typical low-surface-energy treatment of fluoroalkylsilane modification is adopted here (Chu et al., 2021). The laser-ablated samples are immersed in a 1% fluoroalkylsilane (1H,1H,2H,2H- perfluorodecyltriethoxysilane) solution (in ethanol) for 1 day. After the sample is immersed in the fluoroalkylsilane solution, hydrolysis and condensation reactions will occur, and the sample surface will self-assemble to form a single or multi-molecular film. Then, the samples are rinsed with ethanol to remove the excess fluoroalkylsilane molecules and heated at 60°C for 15 min.
After being laser processed some of the copper meshes are heated at 300°C for 2 h in a muffle furnace.
2.3 Characterization
The morphology of the copper mesh sample was characterized using a scanning electron microscope (SEM, JSM-7610F, JEOL). The element composition of the sample was analyzed through energy-dispersive X-ray spectroscopy ((EDS, JSM-7610F, JEOL). The contact angle and sliding angle of water (CA, SA) and oil (OCA, OSA) droplets were measured by a contact-angle system (SDC-200S, SINDIN).
2.4 Oil-Water Separation
During the oil-water separation, the processed copper mesh is tilted about 10°. The as-prepared mesh is prewetted with water or oil. The mixtures of diesel (edible oil, kerosene, hexadecane, 1,2-dichloroethane) and water are poured onto the as-prepared mesh. In order to provide a clearer observation, the water used wa dyed by Sudan III, which exhibits a red color.
3 RESULTS AND DISCUSSION
Figure 1B shows a digital photo of copper mesh surfaces after laser treatment (LT), laser and chemical treatment (LCT), and laser treatment combined with thermal oxidation (LTCTO). It can be clearly seen that the pristine untreated copper meshes show brilliant yellow, while the treated areas exhibit black, which is because the micro/nano-structures are formed on the mesh surface. The as-prepared surface after LCT or LTCTO can repel water droplets with a volume ranging from 6 to 15 μl, as shown in the inset picture of Figure 1A. For the pristine copper mesh, the CA is 127° ± 2.3°. By using this processing system, a 1.5 × 1.5 cm2 region is processed in less than 1 min (the scanning speed and scanning period is 1,000 mm/s and 10 μm, respectively), which is quicker than previous studies (Duan et al., 2018; Kai et al., 2018; Yong et al., 2018; Yong et al., 2021).
Figure 2 shows the relationships between the scanning period (scanning speed) and the mesh surfaces’ (after LT, LCT, and LTCTO) CA of water with a volume of 6 μl. It can be seen that after LT, the surfaces show superhydrophilicity (hydrophilicity, Figure 2A). When the scanning period increases, the CA increases, though ultimately the scanning speed has little effect on the CA. When the scanning speed and scanning period is 1,000 mm/s (1,500 mm/s) and 40 μm, respectively, the as-prepared surfaces show superhydrophilicity. When a water droplet is in contact with the surfaces, the water can easily enter into the structured surfaces and then quickly spread out (Supplementary Movie S1). After LCT, the copper mesh surfaces show superhydrophobicity (hydrophobicity, Supplementary Movie S2). As the scanning speed and period increase, the CA stays around 135°, except for when the scanning speed and period are 750 mm/s and 150 μm, respectively. For the sample after LTCTO, the surfaces show hydrophobicity. When the scanning period increases, the CA decreases. When the period is smaller than 50 μm, the CA increases along with the scanning speed. 
[image: Figure 2]FIGURE 2 | CA for different treated samples. (A) After laser treatment. (B)After laser and chemical treatment. (C)After laser treatment combined with thermal oxidation.
Figure 3 shows the SEM images of samples after three different treatment methods (LT, LCT, and LTCTO). The SEM images for pristine copper mesh and the mesh after CT and TO are shown in Supplementary Figure S1. It shows that the pristine copper is relatively smooth. After CT, the surface is plated with a layer of uneven film, leading to poor conductivity. After TO, the surface remains fundamentally unchanged. Figures 3A–C shows the SEM image after LT at different magnifications. It can be clearly seen that the as-prepared surface is characterized by some uneven micro-hole structures and hierarchical, periodic ripple structures. After LCT, the sample surface will self-assemble to form a single or multi-molecular film. The outside of this film is covered by (-CF3), and experiments have proved that (-CF3) has good hydrophobic properties. As a result, the nanostructures that occurred in Figure 3C will be blocked as shown in Figures 3D–F, only some micro-sized structures can be retained. Many burrs occurred on the surface of the mesh prepared by LTCTO, the average size of each burr being about 10 nm, which can be seen from Figures 3G–I (Supplementary Figure S2). Compared with the surfaces treated by LT, the surfaces prepared by LTCTO filled with numerous snow-like structures. In addition, samples processed with different periods have different burr growth situations. The smaller the period, the longer the burr grows. The chemical compositions of the pristine and as-prepared copper mesh are studied in Figure 4. The main elements of pristine copper are Cu, Zn, and a bit of C and O. After LT, the content of O and C increase significantly. While for samples after CT and LCT, the element of O is replaced by F. Furthermore, the content of F in the sample prepared by LCT (8.6%) is more than that of the sample prepared by CT (1.1%). Compared with pristine copper mesh, the oxygen content for the sample after TO and LTCTO both increased, with an increment of 3.1 and 15.9%. respectively.
[image: Figure 3]FIGURE 3 | SEM images for different treated sample. (A–C) After LT. (D–F)After LCT. (G–I)After LTCTO.
[image: Figure 4]FIGURE 4 | EDS spectra for different treated samples. (A) The main elements of pristine copper. (B) The main elements of copper mesh after LT. (C) The main elements of copper mesh after CT. (D) The main elements of copper mesh after LCT. (E) The main elements of copper mesh after TO. (F) The main elements of copper mesh after LTCTO.
Figure 5A shows the underwater superoleophobicity of the as-prepared sample (after LT). It can be clearly seen that the oil droplet on the copper mesh after LT can keep an approximately spherical shape with the OCA of 161° ± 1.4°. In addition, the surface adhesion of the as-prepared sample for oil droplets is ultralow (Supplementary Movie S3). The oil droplet can also roll away from the as-prepared mesh with a low sliding angle. Figure 5B shows the CA/SA as a function of various fluids as sampled after LT, LCT, LTCTO. For the sample after LT, the surfaces show superhydrophilicity and underwater superoleophobicity, the OCA values for these oils (edible oil, kerosene, hexadecane, 1,2-dichloroethane) range from 158° to 162.5°, and the OSAs are all less than 20°. For the samples after LCT and LTCTO, it becomes superhydrophobic (hydrophobic) and underwater superoleophilic. The oil droplets cannot roll off from the surface even if it is placed upright. Figures 5C–E exhibits the oil-water separating process using the mesh fabricated by LT. A copper mesh sample with a dimension of 6 × 5 cm2 is processed with scanning speed and scanning period of 1,500 mm/s and 40 μm, respectively. After being cleaned with deionized water, it is wetted by water. Then the wetted sample was put on two beakers with a tilted angle of 10° and a mixture of kerosene oil and water poured over, which mimics an oil spill, onto the upper side of the sample. Due to the force of gravity, kerosene can quickly flow over the as-prepared mesh and pour into the left beaker. This can be attributed to the underwater superoleophobic and low oil-adhesion properties of the laser-treated surface. Meanwhile, water can permeate through the as-prepared superhydrophilic mesh and drop into the right beaker (Supplementary Movie S4, this can be called the separation of oil from water), as shown in Figures 5C–E. Additionally, due to the fact that any oil remaining on the as-prepared mesh is easily washed away by water (underwater superolephobicity), the oil-water separation system can be reused many times. For the sample after LCT and LTCTO, because of its superhydrophobicity (hydrophobic), it should be wetted by oil. Then repeat the above steps, interestingly, we find that the kerosene will permeate through the as-prepared surfaces and drop into the right beaker, while water will go to the left beaker (called separating water from oil, Supplementary Movie S5), as shown in Figures 5F–H. The separation efficiency of the sample after LT for the edible oil/water, diesel/water, kerosene/water, hexadecane/water, and 1,2-dichloroethane/water mixture is 99.4%, 99.2%, 99.6%, 99.3%, and 99.5%, respectively. For samples after LCT and LTCTO, the separation efficiency is also more than 99%, as shown in Figure 5I. It indicates that the as-prepared three different mesh samples all can be used for the highly efficient oil-water separation. The relationship between the separation efficiency and mesh number is revealed in Figure 5J. It can be clearly seen that only if the mesh number is larger than 150 can a higher (>99%) separation efficiency can be obtained.
[image: Figure 5]FIGURE 5 | Wettability and separation efficiency of three different prepared mesh for various oils and mesh numbers, respectively. (A) Underwater oil droplet rolling on the laser-treated copper mesh surface. (B) CA/SA as a function of various fluid of sample after LT, LCT, and LTCTO. (C–H) Digital images for oil-water separation processing using the copper mesh after LT and LTCTO (I) Separation efficiency as a function of various oil samples after LT, LCT, and LTCTO. (J) Separation efficiency as a function of different mesh numbers of samples after LT, LCT, and LTCTO.
Figure 6 presents a possible mechanism for the oil-water separation using the as-prepared copper mesh. For the sample prepared by LT, a water film will form on the processed sample surface after pre-wetting, which can be attributed to the superhydrophilicity (hydrophilicity) of the as-prepared surfaces. Combined with underwater superoleophobicity, the as-prepared surfaces can prevent the oil droplets from contacting the copper mesh, while allowing water to pass through the mesh under the downward capillary force driven by superhydrophilicity (hydrophilicity) and the force of gravity (Yang et al., 2019). It is difficult for oil droplets to pass through the sample, and they can only roll away along the surfaces. Finally, oil-water separation is achieved. For the samples prepared by LCT or LTCTO, an oil film will form on the prepared surfaces, which will prevent water contact the copper mesh, resulting in the oil being able to pass through the mesh, while the oil cannot, thus, achieving the purpose of separating an oil-water mixture.
[image: Figure 6]FIGURE 6 | Schematic of the possible mechanism of the as-prepared (LT, LCT, or LTCTO) copper mesh for oil-water separation.
4 CONCLUSION
In summary, we report three different kinds of oil-water separation copper mesh processed by picosecond laser combined with chemical treatment or thermal oxidation. It is found that after laser processing, the copper mesh surfaces show superhydrophilicity and underwater superoleophobicity, which can be used to separate water from oil. While after chemical treatment or thermal oxidation, the surfaces become superhydrophobic (hydrophobic) and underwater superoleophilic, which can separate oil from water. The separation efficiency for these three as-prepared samples can reach more than 99% for various oil-water mixtures. These cheaper and highly efficient methods for oil-water separation surface processing may hold great promise for the treatment of sewage.
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