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Abstract

:

Serious damage caused by oily wastewater makes the development of efficient superhydrophobic and superoleophilic materials for oil/water separation processes critical and urgent. Herein, durable superhydrophobic nanometer-scale TiO2 grains with low-surface-energy substance composite-modified materials were fabricated by using a cost-effective and facile synthesis method for the gravity-driven separation of oil/water mixtures under harsh conditions. Different substrates, such as sawdust, wheat straw, cotton, sponge and fabric, were applied for superhydrophobic surface preparation, and various low-surface-energy reagents could interact with deposited TiO2 nanoparticles, including cetylamine, dodecanethiol, stearic acid and HDTMS. The resultant materials showed superhydrophobic properties with a water contact angle (WCA) higher than 150.8°. The separation of various oil/water mixtures with high efficiency and purity was acquired by using the as-prepared sponge. More importantly, the coated sponge exhibited good resistance to various harsh environmental solutions. Moreover, its superhydrophobicity also remained even after 12 months of storage in air or 10 cycles of abrasion. The durable superhydrophobic coating prepared in this work could be practically used for the highly efficient separation of oil/water mixtures under various harsh conditions.
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1. Introduction


Oily wastewater produced by offshore oil spills and industry activities has severely damaged ecological environments and threatened human beings [1,2]. Conventional methods, including microbial degradation [3], oil containment fences [4] and in situ burning [5], are widely used but have serious shortcomings, such as complicated operation, high energy consumption, inefficiency and low selectivity. Realizing the rapid and efficient separation of oils from water has become urgent and practical.



Along with the bionics and interfacial theory development, the superwetting materials that have high separation efficiency for oil/water separation have attracted extensive attention [6]. Surface wettability, the degree to which a solid surface is wetted by liquid, is one of most important properties of a solid surface. Wettability is usually assessed by measuring the water contact angle (WCA) of a water droplet on a solid surface [7]. The WCA on a solid surface depends on surface roughness and chemistry. In general, the surface is superhydrophilic when the solid–liquid WCA on the surface equals to 0°. The surface with a WCA less than 90° is defined as hydrophilic. The surface with a WCA higher than 90° is hydrophobic. When the WCA is higher than 150°, the contact area between water and solid is very small, and the water droplet easily rolls off the solid surface with a sliding angle (SA) of less than 10°. This surface is defined as superhydrophobic [8]. Different from superhydrophilic materials, which completely repel oils under water, the superhydrophobic materials are more suitable for oil collection from oil/water mixtures thanks to their oil absorption property [9]. Numerous methods have been proposed to study superhydrophobic materials. These superhydrophobic materials are constructed through the creation of a suitably rough structure followed by the modification of low-surface-energy substances [10]. The superhydrophobic materials are typically divided into two types: superhydrophobic absorbing materials and superhydrophobic filtrating materials. Sponges [11,12], foams [13] and aerogels [14,15] are commonly used as substrates for superhydrophobic absorbing material fabrication. Superhydrophobic filtrating materials are usually constructed on meshes [16,17,18], membranes [19,20] and fabrics [21,22]. Increasing water pollution from frequent oil spills was usually caused by petroleum exploitation and transportation. In this case, superhydrophobic absorbing materials could be used directly, which shows the great potential of their application. The superhydrophobic filtrating materials also gained more popularity for their simple operation and high separation efficiency. Inorganic nanoparticles, such as Ag, Fe3O4, SiO2, ZnO, TiO2 nanoparticles, were used to prepare superhydrophobic coatings [23]. Among these, TiO2 nanoparticles have attracted the most technological interest in the preparation of durable coatings thanks to their high chemical stability and nontoxicity [24]. Mokoba et al. [25] fabricated a novel superhydrophobic sponge by modifying octadecanethiol-TiO2 nanowire-polydopamine nanocomposites. The as-prepared sponge exhibited self-cleaning and antifouling properties. Wu et al. [26] prepared superhydrophobic cotton modified with PDMS with TiO2-supported charcoal nanocomposites. Wang et al. [27] reported a superhydrophobic coating on glass by using TiO2 microspheres and epoxy resin. The coating had a WCA of 160.7° and a sliding angle (SA) of 3.2°.



However, the micro-/nanoscale rough structure of the superhydrophobic material is fragile, in that it can be destroyed through abrasion and erosion, resulting in limited applications [28]. In addition, long-term exposure to harsh conditions is necessary for complex oil/water separation. Therefore, finding a versatile and efficient approach to designing durable, highly efficient and low-cost superhydrophobic materials for oil/water separation is challenging but very useful [29,30,31,32]. Zulfiqar et al. [33] mechanically fabricated robust superhydrophobic coatings for oil/water separation. The coating could retain superhydrophobic properties after severe mechanical abrasion. Zhang et al. [34] prepared a robust superhydrophobic foam for oil/water separation. The coating exhibited good performance with excellent chemical stability, anticorrosion activity and mechanical stability.



In this paper, a simple but versatile method for durable superhydrophobic coating preparation was proposed for oil/water separation. TiO2 nanoparticles were prepared through the liquid-phase deposition method, providing the proper roughness, and an outermost low-surface-energy modification enhanced the superhydrophobic properties. Sawdust, wheat straw, cotton, sponge and fabric could all be used as substrates with their intrinsic properties. Various low-surface-energy substances could be interconnected with deposited TiO2 nanoparticles. This fabrication method was efficient and economical without using specialized reagents and equipment. The prepared coating showed remarkable durability against severe abrasion, harsh environmental solutions and repeated usage for oil/water separation.




2. Materials and Methods


2.1. Materials


Ammonium fluotitanate ((NH4)2TiF6), boric acid (H3BO3, ≥99.5%), absolute ethyl alcohol (C2H5OH), tetrachloromethane (CCl4, 98%), hexane (C6H14, 97%), petroleum ether (bp 60–90 °C), dimethylbenzene (C8H10, 99%), chloroform (CHCl3, 99%), dichloromethane (CH2Cl2, 99%), n-cetylamine (C16H35N, 98%), n-dodecanethiol (C12H26S, 98%), stearic acid (C18H36O2, 98%), hexadecyltrimethoxysilane (HDTMS, C19H42SiO3, ≥85%), Sudan III (C22H16N4O) and methylene blue (C16H18ClN3S) were acquired from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Soybean oil, sawdust, wheat straw, sponge, cotton and fabric were bought at a local market.




2.2. Methods


The superhydrophobic coating was fabricated on various substrates with different materials. For the fabrication of a superhydrophobic sponge, for example, the preparation process is described as follows: 0.1 mol/L of (NH4)2TiF6 was added to 0.45 mol/L of H3BO3 in a beaker. After mixing it with a glass rod, the cleaned sponge (4 × 4 × 1 cm) was immersed in the mixture, which was stirred at 60 °C for 1 h. Subsequently, the mixture was placed in oven at 50 °C for 1 h. After, it was removed from the oven, and the sponge was dried. Finally, the dried sponge was immersed in an ethanol solution of stearic acid (0.1 mol/L) for 1 h and then dried. The TiO2-/stearic-acid-coated sponge was denoted as sponge/TiO2/stearic acid.



Cetylamine, HDTMS and n-dodecanethiol could also be used as the low-surface-energy substance to replace stearic acid. For the modification of cetylamine, HDTMS and n-dodecanethiol, the TiO2 deposition process was same. Only the last step of immersion in the stearic acid solution was changed. The modification process was as follows: in the last step, the dried sponge was immersed in an ethanol solution of n-cetylamine (3.5 wt.%) at 60 °C for 3 h of reaction. After drying, the sponge/TiO2/cetylamine was finally prepared. Similarly, after immersed in HDTMS–ethanol solution at 60 °C for 4 h of reaction, sponge/TiO2/HDTMS was prepared. The dried sponge was immersed in an ethanol solution of n-dodecanethiol (2.5 wt.%) for 5 h of reaction to obtain sponge/TiO2/dodecanethiol.



The sawdust (425–500 µm), wheat straw (425–500 µm), cotton (4 × 4 cm) and fabric (4 × 4 cm) were also washed in a 2% ethanol aqueous solution and dried in advance. The preparation of the superhydrophobic coating on these substrates was the same as that on the sponge.




2.3. Oil/Water Separation


Five kinds of immiscible oil/water mixtures (with a volume ratio of 1:1), including tetrachloromethane/water, dichloromethane/water, hexane/water, petroleum ether/water and soybean oil/water, were prepared. The oils were dyed with Sudan III, while the water was dyed with methylene blue. Thus, the color of the oils was changed to red and that of the water was noted as blue so that the separation process could be clearly investigated. The water-in-oil emulsion was acquired by mixing oil and water with the volume ratio of 50:1, using Span 80 (0.1 wt.%) as an emulsifier under stirring for 5 h until a stable milky solution formed. Three kinds of emulsions, including water-in-tetrachloromethane, water-in-dimethylbenzene and water-in-chloroform, were prepared. A self-made filtration device was designed for the separation by using sponge/TiO2/stearic acid as the filter layer, which was fixed between two identical tubes by using a clamping device. The time for completing the oil/water mixture separation was recorded. The separation process is completely driven by gravity. The separation efficiency and flux were determined according to Equations (1) and (2):


  η =  M 2  /  M 1   



(1)






  F = V / S t  



(2)




where M1 represents the oil mass in an oil/water mixture before separation, M2 represents the collected oil mass after separation, V is the oil volume in the oil/water mixture, S is the cross-sectional area of the superhydrophobic sponge exposed to the oil/water mixture and t is the recorded time for separation.




2.4. Characterization


The surface morphologies of the prepared samples after modification were observed by using a scanning electron microscope (SEM, Quanta 200, FEI, Hillsboro, OR, USA). Fourier transform infrared spectroscopy data were acquired over a region of 500–4000 cm−1 (FTIR, Magna-IR 560, Thermo Nicolet, Madison, WI, USA) with KBr-pressed pellets. The X-ray diffraction pattern was collected to examine the crystalline structure of as-prepared products (XRD, Bruker AXS, Billerica, MA, USA). The WCA and the SA on the as-prepared sample were determined with a 5 μL droplet by using a contact angle measurement instrument at room temperature (TST-200H, Shenzhen testing equipment Co., Ltd., Shenzhen, China). The SA was measured by inclining the solid plane until the droplet was about to roll but had not yet rolled. Measurements were taken in triplicate from different surface locations and then averaged to acquire reliable results. Optical micrographs of the emulsions were recorded with a microscope (TE2000-S, Nikon, Tokyo, Japan).





3. Results


3.1. Surface Morphology and Wettability


During the fabrication process, TiO2 nanoparticles were directly deposited onto different substrates, resulting in a hierarchical structure, which then reacted with low-surface-energy substances to produce a superhydrophobic sponge. The morphology of the pristine and coated samples was analyzed by using an SEM, and it appears in Figure 1. The original surfaces of the coated substrates, including sawdust, wheat straw, sponge, cotton and fabric, presented flat and smooth topographies. Different from pristine substrates, the TiO2-/stearic-acid-coated samples displayed a lot of protuberances on the surfaces, forming micro-/nanoscale roughness. The surface roughness of different substrates was increased after modification. In addition, similar results were observed after the deposition of TiO2/cetylamine, TiO2/HDTMS and TiO2/dodecanethiol (Figure 2). The uniform roughness on the coated sponge suggested that the deposition of TiO2 nanoparticles was successful.



The photographs of the water droplets on the pristine and TiO2-/stearic-acid-coated samples are displayed in Figure 3. The WCA values of the pristine sawdust, wheat straw, sponge, cotton and fabric were 49°, 53°, 122°, 0° and 0°, respectively, while the WCA values of the coated samples were 151.9°, 154.1°, 156.2°, 154.2° and 150.8°, respectively. The water droplets could stand spherical on coated surfaces, demonstrating that the as-prepared samples became superhydrophobic. This is because the existence of TiO2 nanoparticles on the sample surface generated a rough structure and because the modification of the stearic acid largely reduced the surface energy.




3.2. Formation Mechanism


The XRD spectra are shown in Figure 4. The XRD pattern of the pristine sponge showed a broad peak at 20.3°, which was consistent with that reported in the literature [26]. Sawdust and wheat straw had characteristic peaks at 16.0° and 22.1° [35]. Cotton and fabric had diffraction peaks at 14.8°, 16.7° and 22.6° [36]. In addition, some new, strong diffraction peaks were observed in the spectrum of the coated samples, indicating the formation of a new crystal structure on the sponge’s surface. The patterns of the coated samples displayed strong characteristic peaks at 25.2°, 37.8°, 48.1° and 53.9°, representing the respective planes of (101), (004), (200) and (105), proving that the decoration with TiO2 nanoparticles was successful. This demonstrated that TiO2 nanoparticles existed in an anatase phase. The XRD analysis suggested that the TiO2 nanoparticles were successfully deposited onto the different substrates, which constructed hierarchical structures on their surfaces.



Figure 5 showed the FTIR spectra of the original samples and the superhydrophobic samples. Peaks at around 3410 and 815 cm−1 in all samples were attributed to N-H stretching in the sponges. For the superhydrophobic sponge, the vibration peaks at 2921 cm−1 and 2851 cm−1 were associated with the asymmetric and symmetric stretching vibrations of –CH2 and –CH3 in the long alkyl chain, confirming the modification of different kinds of low-surface-energy substances. The C=O from stearic acid appeared at 1715 cm−1 in the superhydrophobic sponge, indicating the successful self-assembly of stearic acid. Peaks ranging from 1015 to 1141 cm−1 that were observed in sponges/TiO2/HDTMS were attributed to the stretching vibration of Si-O-Si, which overlapped with the characteristic peak of the carbon skeleton (1250–800 cm−1). The absorption peak between 705 and 570 cm−1 that was observed in sponges/TiO2/dodecanethiol stemmed from the C-S stretching vibration of dodecanethiol. Obviously, the low-surface-energy substances have been successfully grafted onto the sponge. Figure 5b exhibited the FTIR spectra of the TiO2-/stearic-acid-coated samples. The characteristic peaks of C-H and C=O from stearic acid were observed in all the superhydrophobic samples. The characteristic peak of C=O in sawdust and wheat straw overlapped with the characteristic peak of the carboxy group (1700 cm−1) in cellulose. The above characteristic peaks indicated a dehydration condensation reaction between low-surface-energy substances and TiO2 nanoparticles. The modification of these low-surface-energy substances enabled the superhydrophobicity of the TiO2-coated samples.



The preparation process of sponges/TiO2/stearic acid is illustrated in Figure 6. The sponge’s surface was covered with TiO2 nanoparticles by using the in situ deposition method in the first step, forming an appropriate hierarchical structure on the surface. The TiO2 aggregates built a reaction platform rich in hydroxyl groups, which were highly reactive. This is attributed to the dehydration condensation reaction with -COOH in stearic acid [37]. Similarly, the hydroxyl groups on the TiO2 surface could interact with –NH2 in cetylamine, HO–Si in HDTMS and -SH in dodecanethiol through a dehydration condensation reaction [38,39]. After the loading of TiO2 nanoparticles, the modification of stearic acid, cetylamine, HDTMS and dodecanethiol largely reduced the surface energy. The nanoscale TiO2 particles and the low-surface-energy substance modification are key factors for wetting behavior, thus lending superhydrophobic properties to the substrates.




3.3. Oil/Water Separation


The oily wastewater from the production process has been increasing with the advance of industrialization. A superhydrophobic sponge could be used for oil/water separation, which is beneficial for the environment. Heavy oils such as tetrachloromethane and dichloromethane and light oils such as hexane, petroleum ether and soybean oil were used for separation. Figure 7a and Video S1 show the separation process of tetrachloromethane/water driven by gravity with sponge/TiO2/stearic acid. The oil/water mixture was poured into the device. The tetrachloromethane quickly penetrated the coated sponge, while water was left on top. It could be seen that the performance of the coated sponge for the tetrachloromethane/water mixture was relatively excellent. The separation efficiency and the flux for the tetrachloromethane/water mixture with the coated sponge were calculated to be 99.1% and 754.9 L m−2 h−1, respectively. For hexane/water separation, the separation device was installed into an inclined type (Figure 7b and Video S2). The hexane soaked the coated sponge and entered the flask when the water was retained. The separation efficiency and the flux were subsequently calculated to be 98.9% and 514.3 L m−2 h−1, respectively. Other mixtures could also be completely separated with the coated sponge, such as the dichloromethane/water mixture (99.2%, 795.1 L m−2 h−1), the petroleum ether/water mixture (99.1%, 489.2 L m−2 h−1) and the soybean oil/water mixture (99.1%, 448.7 L m−2 h−1). The oil flux of the coated sponge was affected by the contact area of the oil with the sponge and by the kinematic viscosity of the oil.



The sponge/TiO2/stearic acid also showed outstanding effects for water-in-oil emulsion separation. The filtration procedure for water-in-tetrachloromethane emulsion was investigated, which is shown in Figure 7c and Video S3. The foggy emulsion was filtered and fell into the beaker, resulting in a transparent product. The separation efficiency and the flux for the water-in-tetrachloromethane emulsion were calculated to be 99.1% and 828.4 L m−2 h−1, respectively. The water droplets in emulsion completely disappeared after separation under the optical microscope (Figure 7d). Moreover, other emulsions were efficiently separated, such as the water-in-dimethylbenzene emulsion (98.6%, 896.2 L m−2 h−1) and the water-in-chloroform emulsion (98.9%, 884.3 L m−2 h−1). Therefore, the sponge/TiO2/stearic acid is considered to have good application value in oil/water separation.



A comparison of preparation and separation performance from as-prepared sponges and other superhydrophobic materials was carried out to prove the superiority and significance of this work (Table 1). Compared with other preparation methods, the fabrication of superhydrophobic sponges in this work showed obvious advantages: low cost, easy to operate and environmentally friendly without using fluorinated reagents. Additionally, both heavy oils and light oils could be efficiently separated from oil/water mixtures by using this method. Generally, the as-prepared sponge showed superior properties in fabrication and separation performance compared with other superhydrophobic materials.




3.4. Durability Evaluation


In our daily lives, superwetting materials are usually exposed to complex and harsh environments. Thus, it is necessary to improve the durability of superwetting materials [41,45,46]. To test the effects of abrasion, the sponge/TiO2/stearic acid was placed on sandpaper with 1000 meshes and was moved forth and back for a distance of 20 cm under a weight of 100 g. As displayed in Figure 8a, the WCA decreased from 156.2° to 149.7° after 10 abrasion cycles. The WCA decreased because some of the micro-/nanoscale structure was lost after abrasion. However, the TiO2 nanoparticles still closely covered the sponge, which retained high hydrophobicity after abrasion (Figure 8b). The remarkable abrasion resistance of the coated sponge comes mainly from the strong adherence of the TiO2 nanoparticles.



Various corrosion solutions have been used to test the chemical stability of superhydrophobic sponges. As illustrated in Figure 8c, the WCA values of 5 μL of hot water (100 °C), 1 M of HCl solution, 1 M of NaCl solution and 1 M of NaOH solution were all larger than 155°, demonstrating stable superhydrophobicity toward extreme liquids. This is because the air trapped on the sponge’s surface has resistance to acidic, alkaline and high-temperature environments. Furthermore, the separation capacity of the coated sponge for these corrosive solutions with tetrachloromethane was subsequently evaluated. The tetrachloromethane quickly penetrated the coated sponge, leaving the aqueous solutions above the sponge. As displayed in Figure 8d, the separation efficiency remained above 98% for all the harsh environments, demonstrating remarkable performance for oil/water separation. The sponge/TiO2/stearic acid was stored under ambient conditions for 12 months, and its stability was subsequently tested. As depicted in Figure 8e, the WCA values of the coated sponges were all larger than 155°. These results indicated that the coated sponges possessed good durability, providing the basis for their application.





4. Conclusions


In summary, we have fabricated durable and stable superhydrophobic coatings that are based on TiO2/low-surface-energy substance composites. The coating could be easily be applied onto various substrates (sawdust, wheat straw, cotton, sponge and fabric) by using a simple liquid-phase deposition method with WCA values higher than 150°, which could be used for oil/water separation even in harsh environments. The as-prepared sponge could separate a series of heavy or light oils from oil/water mixtures with high separation efficiencies (>98.6%). The separation efficiency still reached up to 98.0% after 30 cycles of separation, indicating good reusability. Even though the coated sponge was stored in air for 12 months and abraded for 10 cycles, excellent superhydrophobicity was still maintained. The prepared coating retained its superhydrophobicity under harsh environments, such as hot water, strong acidic/alkaline solutions and salty corrosive media. Therefore, the multifunctional properties of the durable superhydrophobic coating proposed in this work have significant potential for realistic oil/water separations.
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Figure 1. SEM images of raw (left) and TiO2-/stearic-acid-coated samples (right): (a–e) sawdust, wheat straw, sponge, cotton and fabric; (f–j) TiO2-/stearic-acid-coated samples. 
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Figure 2. SEM images of coated sponge: (a) sponge/TiO2/stearic acid; (b) sponge/TiO2/cetylamine; (c) sponge/TiO2/HDTMS; (d) sponge/TiO2/dodecanethiol. 
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Figure 3. Photographs of water droplets on pristine (left) and TiO2-/stearic-acid-coated samples (right): (a–e) sawdust, wheat straw, sponge, cotton and fabric; (f–j) TiO2-/stearic-acid-coated samples. 
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Figure 4. The XRD spectra of superhydrophobic sponge with different low-surface-energy substances (a) and TiO2-/stearic-acid-coated samples (b). 
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Figure 5. FTIR spectrum of superhydrophobic sponges with different low-surface-energy substances (a) and TiO2-/stearic-acid-coated samples (b). 
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Figure 6. Illustration (a) and reaction mechanism (b) for preparation of sponges/TiO2/stearic acid. 
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Figure 7. Oil/water separation with sponge/TiO2/stearic acid: (a) immiscible tetrachloromethane/water mixture; (b) immiscible hexane/water mixture; (c) water-in-tetrachloromethane emulsion; (d) the emulsion under optical microscope before (left) and after (right) filtration. 
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Figure 8. Durability of the coated sponge. (a) WCA values with abrasion cycles; (b) SEM image of the coated sponge after 10 abrasion cycles; (c) WCA values of 5 μL of hot water (100 °C), HCl solution (1 M), NaOH solution (1 M) and NaCl solution (1 M) on coated sponge; (d) separation efficiency for tetrachloromethane/corrosive solution mixtures; (e) WCA values with storage time in air. 
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Table 1. Comparison between this work and other works on the fabrication and separation of superhydrophobic materials.
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	Substrate
	Preparation
	Coating
	Oil
	η (%)
	Reference





	carbon fiber
	nickel electroplating
	Ni/fluoroalkylsilane
	dichloromethane
	99.1
	[2]



	fabric
	in situ redox-oxidation

polymerization
	polypyrrole/Ag/hexane
	chloroform
	96.8
	[40]



	fabric
	in situ polymerization
	polydopamine/Fe/hexad-ecyltrimethoxysilane
	tetrachloromethane
	99.0
	[41]



	fabric
	sol–gel method
	polydopamine/SiO2/PDMS
	dichloromethane
	95.0
	[42]



	sponge
	interfacial polymerization
	halloysite nanotubes/SiO2/ODTMS
	chloroform
	99.9
	[43]



	sponge
	sol–gel method
	SiO2/PFDS
	chloroform
	98.7
	[44]



	sponge
	liquid-phase deposition
	TiO2/stearic acid
	tetrachloromethane
	99.1
	This work
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