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Abstract

:

Currently, many meshes, membranes, and fabrics with extreme wettability of superhydrophobicity/superoleophilicity, or superhydrophilicity and underwater superoleophobicity are promising candidates for oil/water mixture separation. Nevertheless, a facile yet effective way to design and fabricate porous mesh still remains challenging. In this work, fused deposition modeling (FDM) 3D printing of Fe/polylactic acid (PLA) composites was employed to fabricate superhydrophilic and underwater superoleophobic mesh (S-USM) with hydrogel coatings via the surface polymerization of Fe(II)-mediated redox reaction. In addition, salt of aluminum chloride was incorporated within the hydrogel coating, which was attributed to strengthening the demulsification of oil-in-water emulsions, resulting in efficient separation of oil-in-water mixtures. The S-USM was efficient for a wide range of oil-in-water mixtures, such as dodecane, diesel, vegetable oil, and even crude oil, with a separation efficiency of up to 85%. In this study, the flexible design and fabrication of 3D printing were used for the facile creation of spherical oil skimmers with hydrogel coatings that were capable of removing the floating oil. Most importantly, this work is expected to promote post-treatment processes using 3D printing as a new manufacturing technology and, in this way, a series of devices of specific shape and function will be expanded to satisfy desired requirements and bring great convenience to personal life.
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1. Introduction


Despite the recent emergence and increasing practical feasibility of conventional techniques involving oil skimmers, centrifuges, coalescers, and flotation technologies, the separation of oil/water mixtures cannot be easily handled when faced with wastewater from metal workshops, textiles, leather, and petrochemicals, as well as frequent oil spill accidents [1,2]. What makes oil/water mixtures difficult to separate is that oil/water mixtures often contain immiscible mixtures and emulsified mixtures in which micro oil/water droplets are under a stable state [3,4,5,6,7]. Herein, the key to achieving a high separation efficiency for emulsified oil-in-water mixtures is to break stable oil-in-water emulsions.



Currently, extreme wetting materials, such as superhydrophobic/superoleophilic or superhydrophilic and underwater superoleophobic filters [8,9], oil absorptions [10,11,12,13,14,15], and membranes [16,17,18,19], are promising candidates for separating oil-in-water mixtures. Among these, membranes are deemed to be highly efficient and economical [20]. Recent progress in the fabrication of highly porous membranes has been enabled by textured metal meshes [21], assembled nanostructures [22], as well as electrospinning [23,24,25,26]. However, membranes with complicated geometries and diversified composites are still difficult to fabricate.



Allowing flexible design and freeform in three dimensions, 3D printing is a promising method to construct structurally functional devices with post-chemical modifications, and has drawn intense interest regarding application in tissue engineering [27,28,29], microfluidics [30,31], and special wetting surfaces [32,33,34]. Hydrogel, a crosslinked network full of water, is an example of typical hydrophilic materials. Owing to their excellent capabilities for absorbing and holding water, hydrogels are promising candidates to be used to increase wettability. The Taubert research group [35] deposited a hydrogel/calcium phosphate hybrid layer on 3D printed poly(lactic acid) scaffolds for biomaterial fabrication. The Irvine research group [36] further studied the biomaterial surface made by hydrogels on 3D printed substrates for bioartificial blood vessels. The Bashir research group [37] demonstrated separation of orthogonal functions enabled by 3D printing within a hydrogel particle. The Jiang research group reported using hydrogel-coated mesh for oil/water separation [38,39]. Furthermore, polyacrylamide (PAM) hydrogel has been broadly researched for wastewater treatment as a coagulator or flocculator [40,41,42]. Hence, the combination of 3D printing mesh and PAM hydrogel is promising for oil/water separation.



In this work, taking advantage of inherent superhydrophilicity and underwater superoleophobicity of hydrogel, we prepared meshes used for oil/water separation by combining 3D printing with hydrogel-coated modification (Scheme 1). Specially, Fe/PLA composites were extruded into filament and then printed into orthogonal meshes using a fused deposition modeling (FDM) 3D printer. The printed mesh was suspended in acrylic acid (AA) and acrylamide (AM) solution to induce PAA/AM hydrogel coating, bounding, and growing on mesh via the surface polymerization of Fe(II)-mediated redox reaction [43,44]. After being immersed in inorganic salt solution, the inorganic salt was incorporated into hydrogel coating to strengthen demulsification of oil-in-water emulsions. Due to superhydrophilic and underwater superoleophobic properties of hydrogel coating, the underwater oil contact angle of superhydrophilic and underwater superoleophobic mesh (S-USM) was over 150 °C with a low adhesion force. The salt-containing S-USM acted as a selective separation membrane, which allowed water to permeate while repelling oil droplets. In order to investigate the separation capability of salt-containing S-USM, four representative kinds of oil mixtures, namely dodecane-in-water, diesel-in-water, vegetable oil-in-water, and crude oil-in-water, were chosen and examined with simple homemade equipment, which demonstrated that S-USM could separate oil/water mixtures with a separation efficiency up to 85%.




2. Materials and Methods


2.1. Materials


Polylactic acid (PLA, melting temperature: 200–220 °C) was available as an industrial product (UNIC Technology (Suzhou) Ltd., Suzhou, China). Fe powders were obtained from Nakano Shinsho. Acrylic acid (AA, TCI, Tokyo, Japan), acrylamide (AM, Sigma-Aldrich, St. Louis, MO, USA), crosslinker N,N′-methylenebisacrylamide (BIS, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China), ammonium persulfate (APS, Tianjin Chemical Reagents Corp., Tianjin, China), polyacrylamide (PAM, Aldrich) were used as received. Sodium chloride (NaCl), calcium chloride (CaCl2), and aluminum chloride (AlCl3) were purchased from Sinopharm Group Chemical Reagent Co. Ltd., Beijing, China without any treatment before use. The distilled water used in the experiment was made in the laboratory. Other chemical reagents were of analytical grade and used as received in this work.




2.2. Preparation of Fe/PLA Composites Filament


To prepare the Fe/PLA composite filament, the PLA particles were first dissolved in CHCl3 solvent along with magnetic stirring in a beaker for 24 h at room temperature to obtain pre-PLA solution. After the PLA was completely dissolved, Fe powders were added into pre-PLA solution with mechanical agitation at 500 rpm for 10 min to allow Fe powders to disperse homogeneously. Then, the Fe/PLA mixture was transferred to a platform inside a fume hood to evaporate CHCl3 solvent and remove residual bubbles. Following this, the Fe/PLA mixture was dried, cut into small cubic grains of size less than 2 (length) × 2 (width) × 2 (thickness) mm3, and fabricated into filaments of 1.75 mm diameter using a plastic extrusion processing machine (SJZS-10B, Ruiming, Wuhan, China) for FDM printing. In detail, Fe/PLA composites were gradually melted at 210 °C and squeezed out from an extrusion processing machine with the aid of drag. In the above steps, the weight ratio of Fe/PLA was 10/30.




2.3. Printing Meshes


Printing was carried out utilizing a commercially available FDM 3D printer (Hori X500D, China) with a nozzle of 400 μm in diameter. The Fe/PLA composite filament was heated to 210 °C and squeezed out. With the platform’s motion along a single axis, the extruded filaments were stacked in parallel rows, and a second floor was then built up in an orthogonal direction. In this case, the platform speed was 20 mm/s with an extrusion speed of 25 mm/s. Due to the orthogonal structure of the mesh, all pores were rectangular in shape. The size of the pores was calculated according to


S = L − d,



(1)




using the spacing distance (L) and the diameter of a single stick (d). With the aid of flexible designing and 3D printing, it was convenient to acquire a variety of pore scales from 100% to 200%.




2.4. Fabrication of Salt-Containing S-USM


Two steps were needed to obtain salt-containing S-USM. Firstly, the printed mesh was immersed into AA/AM solution for hydrogel coating. The deionized water (20 mL), AM (4.26 g, 0.06 mol), AA (0.436 g, 0.006 mol), chemical crosslinker BIS (0.01 g, 4.38 × 10−5 mol), and initiator APS (0.01 g, 6.48 × 10−5 mol) were mixed under stirring in a flask with nitrogen blowing. Then the printed mesh was immersed in the solution. The time for which the mesh was suspended in hydrogel solution, in the range of 15 s to 90 s, was dependent on the thickness of the hydrogel layer. After the hydrogel layer polymerization finished, the mesh was taken out and washed with deionized water to remove excess monomer. Secondly, the hydrogel-coated mesh was immersed in saturated salt AlCl3 solution. Then the salt-containing S-USM was obtained.




2.5. Separation Performance of Salt-Containing S-USM


The equipment for oil/water separation experiments was homemade, whereby a mesh was fixed between two glass tubes. The oil/water mixtures were poured onto the mesh and separated by gravity. In this experiment, four representative kinds of oil mixtures (dodecane-in-water, diesel-in-water, vegetable oil-in-water, and crude oil-in-water) were adopted to test the separation efficiency of salt-containing S-USM. After separation, the separation efficiency was calculated using the weight ratio of the collected water and original water. The droplet size of oil/water mixtures before and after separation was detected by optical microscope and dynamic light scattering. In addition, further characterization for separation processes were observed in an optical microscope. The recycle test of separation was carried out using several repeated experiments. Furthermore, the mesh was also designed into a particular spherical skimmer that succeeded in collecting floating oil.




2.6. Characterizations


The morphologies of the S-USM were analyzed utilizing a field emission scanning electron microscope (JSM-6700F, JEOL, Tokyo, Japan) and optical microscope (Olympus BX51, Tokyo, Japan). The contact angles in air and underwater oil droplets were measured via a contact angle tester (ThetaLite, Biolin Scientific, Manchester, UK) in sessile mode at ambient temperature. The adhesion forces between oil and S-USM were calculated using a high-sensitivity dynamic contact angle analyzer (Data-Physics DCAT11, Filderstadt, Germany). The volume of oil droplets used in contact angle measurement was 10 μL, while the approaching and retracting speed of the droplets to the substrate was 0.05 mm/s.





3. Results and Discussion


3.1. Morphologies of 3D-Printed Mesh


The printing process of mesh is shown in Figure 1a. The mesh was fabricated in two orthogonal layers via FDM 3D printing of Fe/PLA composite filaments (Figure S1). The filaments were extruded using heat extrusion (210 °C) and printed in a layer-by-layer sequence., By controlling the printing parameters shown in Figure 1b, such as stick diameter (d), spacing distance (L), and motion speed (V), a series of meshes with different spacing widths was formed (Figure S2). In addition, the advantage of FDM 3D printing in feasible designing and free forming was obvious, especially for preparing in the macro millimeter to large scale. The lateral dimensions were kept at 20 mm × 20 mm in Figure 1c, with a facile to larger size, if needed. In the SEM image (Figure 1d), 3D-printed mesh is fixed using two orthogonal layers and without collapsing, which is important for offering support to the growing hydrogel coating.




3.2. Fabrication of Hydrogel Coating


Hydrogel coating was prepared via the surface polymerization in an Fe (II)-mediated redox reaction during the process of suspending printed Fe/PLA mesh in AA/AM solution. This one-step method of hydrogel coating on Fe/PLA composite mesh was facile and rapid. The optical images in Figure 2 show the process of the hydrogel coating thickness increasing. In Figure 2a, a single stick was wrapped by hydrogel coating. It is noted that the initial thickness of the hydrogel layer was smooth and uniform at 15 s, but corrugated when extending polymerization time, especially after 2 min. The maximum thickness of hydrogel coating is approximately 400 μm, resulting in a tight hydrogel layer enclosing over the stick (Figure S3a,b), whereas for an orthogonal mesh (Figure 2b), holes surrounded by hydrogel walls were generated, and with the increase of hydrogel wall thickness, the diameter of the holes decreased [43]. Through energy-dispersive spectrometry (EDS) in Figure S3d–f, it is obvious that the C, N, and O elements are distributed on the entire S-USM surface, with the atomic percent of C, N, and O being 43.8%, 29.2%, and 28.0%, respectively.




3.3. Wettability of S-USM


As is well known, the membrane separation capacity of oil/water mixtures depends largely on membrane wettability [2]. In order to investigate the wetting properties of S-USM, we characterized the contact angles and permeating behavior of multi-drops of water or oil, with results in Figure 3a,b. In air, the water droplets infiltrated the S-USM rapidly with a contact angle of close to zero (Figure 3a). While oil droplets also spread on the S-USM at a low contact angle of less 10°, they did not permeate through the S-USM, even when more than ten droplets were added onto the mesh (Figure 3b). Similarly, in the process of oil/water separation, water droplets would meet with the S-USM, and permeated through the mesh without hesitation, as well as the residue of oil droplets being blocked above the mesh. This process often takes place in a water-filled environment in most cases of oil/water mixture separation, due to the differentiation density of oil and water. Furthermore, dynamic underwater oil (crude oil) contact was observed, as shown in Figure 3c, as well as adhesion force (Figure 3d). In the process of oil receding, no residual oil droplets were visible on S-USM with an underwater oil adhesion force less than 1 μN. Four kinds of underwater oil contact angles of S-USM were further studied in Figure 3e. They were all found to be up to 150° with a rolling angle of less than 15°, showing excellent underwater repelling and easy flowing away of the oil. Above all, the results showed the superhydrophilicity and underwater superoleophobicity of S-USM, indicating the potential for oil droplets to easily roll away from the S-USM surface without any residue, which is promising for applications separating oil/water mixtures.




3.4. The Process of Oil/Water Mixture Separation Using Salt-Containing S-USM


The simulated oil-in-water mixtures were prepared with 10 mL of dodecane, 70 mL of water, and 0.1 g of surfactant, then stirred for 7 h at room temperature. The surfactants were sodium dodecyl sulfate, triethanolamine, Tween 80, and no-surfactant marked as (a), (b), (c), (d) in Figure S4. With the addition of 0.10 g PAM, 0.50 g NaCl, 0.94 g CaCl2, 0.92 g AlCl3 into 10 mL of the above mixtures, the flocculation and coalescence were enhanced, clarifying the turbid solution. Generally, the presence of electrolytes, such as inorganic salt, influences the surface charge of emulsions by compressing the electrical double layer around the droplet, thus reducing the electrical repulsions and enhancing the gathering of micro oil droplets [45,46]. In detail, the demulsification by AlCl3 was observed by optical microscopy at room temperature (RH ~30%) as shown in Figure 4a–c. Compared with the initial emulsion in Figure 4a, an increased number of oil droplets were found above the mixtures in Figure 4b,c, indicating more collisions were happening between the two neighboring emulsions, and that oil droplets aggregated together into larger droplets, until floating up as shown in Figure 4d.



Furthermore, one of the highlights of this work is its use of an in situ demulsification and separation method. On the one hand, demulsification takes place on the nearby surface of salt-containing S-USM. On the other hand, water droplets permeate through the mesh simultaneously, leaving the oil droplets above the mesh (Figure 4e). From Figure 4f,g, oil droplets aggregated and condensed with an increasing area of C, and decreasing area of A and B (A and B represent water fields, C represents oil field). Finally, oil covered the S-USM surface randomly in Figure 4h. As shown in Figure 4k, a milky emulsion was present on S-USM, indicating successful separation.



The surface chemical composition of AlCl3-containing S-USM was confirmed by EDS in Figure S5. It is obvious that the elemental content of C (60.02%) and O (34.39%) after separation was more than before separation (with C (58.45%) and O (28.0%)), indicating residual oil on the mesh.



To further evaluate the separation ability of AlCl3-containing S-USM, a series of mixtures, such as dodecane-in-water, diesel-in-water, vegetable oil-in-water, and crude oil-in-water, was tested. The oil-in-water mixtures were poured onto the S-USM, which was fixed between two glass tubes as shown in Figure S6a,b. Owing to the superhydrophilicity and underwater superoleophobicity of the mesh, water droplets immediately permeated through the mesh by gravity, while the oil droplets stayed above the mesh. As shown in Figure 5a, there was almost no visible oil droplets in the filtrate, while a great amount of oil-in-water emulsions were contained in the as-prepared mixtures before separation (Figure 5b), showing the excellent separation purity of S-USM. In addition, the optical transmittance of filtrate water had an obvious increase compared to the original dodecane-in-water mixture (Figure 5c). Dynamic light scattering (DLS) was conducted to show the decreasing of droplet sizes between origin oil-in-water mixtures and filtrate (Figure 5d).



The separation efficiency was calculated according to


η = (m1/m0) × 100,



(2)




where m0 and m1 are the mass of the water before separation and filtration, respectively. As shown in Figure 5e, the separation efficiencies for the four kinds of oil-in-water mixtures were all above 80%. The S-USM also has good recycling separation ability. It showed high separation efficiency of dodecane-in-water mixtures, almost 90% in Figure 5f, indicating that the S-USM is applicable for performing repeated rounds of oil/water mixture separation.



The separation flux of filtrate water was calculated by


Flux = Vol/(A·t),



(3)




where Vol is filter water volume, A is the area of mesh, and t is the consumed time. As shown in Figure S6c,d, the S-USM had a high initial separation rate, and with extended time, the hydrogel absorbed a high volume of water and swelled, which would decrease the porous area or even blocked the holes.




3.5. Special Oil Skimmers Made of S-USM


Interestingly, the cooperation of salt further contributed to flocculation and coalescence, and the flocculated oil droplets began to float on water. To better remove floating oil from water, we demonstrated two specific devices useful for separation, called a spoon skimmer and a barrel skimmer, created with the help of 3D printing in fabricating complex structures (Figure 6). In the case of imitating collecting floating oil (dodecane dyed in blue), a spoon skimmer was created (Figure 6a and Figure S7a). The spoon skimmer consisted of two main parts: spherical mesh and a straight hilt which could be convenient for the operator. The design of a spoon skimmer was developed from the S-USM with high separation efficiency of oil-in-water mixtures. Due to more pores in its spherical surface, the spoon skimmer had a faster speed of separation, making it efficient at resolving accidental oil spills, as shown in Figure 6c. Furthermore, a barrel skimmer was successful when applied in another case, to collect floating oil (diesel dyed in green) within deep surroundings. The barrel skimmer was composed of spherical mesh and a curved hilt (Figure 6b and Figure S7b). We demonstrated a collection of floating oil that utilized the barrel skimmer shown in Figure 6d. Both oil skimmers succeeded in removing oil from water, as shown in Figure S8 and Video S1. Combining hydrogel-coated treatment with the new manufacturing technology of 3D printing, a series of specific, useful separation devices can be fabricated, bringing great convenience to personal life.





4. Conclusions


In conclusion, we have developed an in situ method to fabricate S-USM and investigated its wettability and separation performance using homemade equipment. The salt-containing S-USM was efficient for a wide range of oil-in-water mixtures, such as dodecane, diesel, vegetable oil, and crude oil, with a separation efficiency of up to 85%. During the recycling separation test, the separation efficiency remained at approximately 90%, showing high repeatability. The mechanism of emulsion destabilization by inorganic salt is often considered to be electrostatic repulsions. In this manner, the salt-containing S-USM could even demulsificate oil/water emulsions, with rapid separation.



Moreover, a key innovation was utilizing the flexible design and fabrication of 3D printing with subsequent hydrogel-coating treatment. The spherical skimmers with hydrogel coatings were facilely created and capable of removing the floating oil. Various oil/water separators can be realized to meet future requirements and bring great convenience to personal life. In view of its simplicity, this work may pave the way for a new method using 3D printing technology, with more practical applications in the fields of separation, hydrogels, electronics, smart robots, and many others.
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Scheme 1. Illustration for the fabrication of S-USM. The hydrogel coating process involves polymerization of AA and AM, in which N,N′-methylenebisacrylamide (BIS) serves as a crosslinker and ammonium persulfate (APS) acts as a catalyst. 
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Figure 1. (a) Typical schematic illustration of the fused deposition modeling (FDM) 3D printing process. (b) Design of 3D printing orthogonal mesh with parameter of diameter, layers, and spacing. (c,d) Optical and SEM photographs of Fe/PLA composites mesh with through hole. 
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Figure 2. (a) The optical microscope photos of hydrogel coating growth on single Fe/PLA stick with reaction time. (b) The observation of hydrogel thickness increasing from approximately 50 to 400 μm until the pore is almost blocked, showing feasibility in controlling pore size. 
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Figure 3. Wettability of S-USM. (a) Water contact angle of S-USM, where water droplets spread and permeate through the S-USM, whereas (b) oil droplets only spread on the mesh. (c,d) Crude oil droplets are repulsed over the S-USM underwater with a low adhesion force. (e) The underwater contact angle and sliding angle of four kinds of oil (dodecane, diesel, vegetable oil, and crude oil). 
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Figure 4. Optical microscopy images of oil-in-water emulsion demulsification and separation. (a–c) Showing oil demulsification and condensation process of AlCl3. (d,e) A scheme of synchronous demulsification and separation process. (f–h) Optical microscopy of separation process with water permeating through S-USM, leaving oil droplets above the mesh. (k) Optical imagines of milky emulsion on S-USM after separation. 
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Figure 5. Oil-in-water emulsion separation results. Optical microscopy images of oil-in-water emulsion, (a) before and (b) after filtration. (c,d) The ultraviolet transmittance and emulsion size before and after filtration. (e) The separation efficiency of dodecane, diesel, vegetable oil, and crude oil. (f) Cycle separation test of 15 times of dodecane-in-water mixtures. 
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Figure 6. Floating oil removal by 3D-printed spherical oil skimmers. (a) The design of a spoon skimmer and (b) a barrel skimmer. Collecting floating oil of (c) dodecane dyed in blue on water by using spoon skimmer and (d) diesel dyed in green with barrel skimmer. 
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