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Abstract

:

Increasing pollution from industrial wastewater containing oils or organic solvents poses a serious threat to both the environment and human health. Compared to complex chemical modifications, bionic aerogels with intrinsic hydrophobic properties exhibit better durability and are considered as ideal adsorbents for oil-water separation. However, the construction of biomimetic three-dimensional (3D) structures by simple methods is still a great challenge. Here, we prepared biomimetic superhydrophobic aerogels with lotus leaf-like structures by growing carbon coatings on Al2O3 nanorod-carbon nanotube hybrid backbones. Thanks to its multicomponent synergy and unique structure, this fascinating aerogel can be directly obtained through a simple conventional sol-gel and carbonization process. The aerogels exhibit excellent oil-water separation (22 g·g−1), recyclability (over 10 cycles) and dye adsorption properties (186.2 mg·g−1 for methylene blue). In addition, benefiting from the conductive porous structure, the aerogels also demonstrate outstanding electromagnetic interference (EMI) shielding capabilities (~40 dB in X-band). This work presents fresh insights for the preparation of multifunctional biomimetic aerogels.
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1. Introduction


In recent years, oil and organic pollutant discharges from growing industries such as oil extraction, metal processing, textiles and food manufacturing not only cause serious damage to water resources, but also pose a threat to the survival of marine life and human health [1]. Traditional wastewater treatment technologies based on physics (adsorption, membrane separation), chemistry (combustion, redox) and biology (biodegradation) have gradually struggled to meet the increasing demand due to low efficiency, high cost and susceptibility to secondary pollution [2,3]. Therefore, the search for efficient oil pollution treatment technologies and adsorbents has become the focus of researchers.



Aerogels possess low density, high specific surface area, high porosity and adjustable hydrophobicity, which can serve as a promising material for adsorption [4]. Currently, a variety of aerogel materials have been developed for oil-water separation applications, mainly including biomass-based aerogels [5], carbon-based aerogels [6], polymer aerogels [7] and metal-organic frameworks [8]. However, due to limited hydrophobicity and adsorption properties, aerogels usually suffer from complex chemical modifications to achieve the desired application. Grafting chemical groups such as siloxanes and fluorosilanes on the surface of aerogels is the main way of chemical modification [9,10,11], which not only involves time-consuming processes (chemical vapor deposition, impregnation, etc.) but also results in hydrophobicity with poor stability in strong corrosive environments [12].



Inspired by natural organisms, such as lotus leaves, duck feathers and shark skin, researchers have successfully fabricated a variety of biomimetic superhydrophobic materials by morphology and property mimicry [1,13]. Low surface energy composition and high roughness structure are two important features for the construction of bionic hydrophobic surfaces [14]. Kevin et al. [15] found that poly(dimethylsiloxane) (PDMS) hydrophobic coatings prepared on low surface energy aluminum substrates have better de-icing properties compared to other substrates, which triggered extensive interest in the construction of Al2O3-based hydrophobic structures. Karthik et al. [16] prepared superhydrophobic composite coatings (hydrophobic angle 154°) on Al2O3 surfaces by a combination of electroless copper deposition and lauramine surface modification. Luo et al. [17] reported a solid-state spraying method for constructing discontinuous reef-like hydrophobic layers (152°) on Al2O3 surfaces, exhibiting excellent frictional durability. Fu et al. [18] successively obtained structures with better hydrophobic properties by ionomer electrolytic oxidation (PEO), chemical vapor deposition and chemical modification with fluorosilanes (160.5). Further, thanks to a rational structural design, Yang et al. [19] fabricated T-shaped micro/nanostructured Al2O3 hydrophobic coatings directly by the PEO method.



In addition, physical methods such as vacuum deposition [20], laser ablation [21], sputtering [22], atomic layer deposition [23,24] and chemical methods such as chemical vapor deposition [25] and spray pyrolysis [26] are also widely used to prepare a variety of biomimetic hydrophobic surfaces, but these techniques have strict requirements on equipment and are difficult to produce on a large scale. Moreover, these methods currently focus on building superhydrophobic surfaces, which are difficult to combine with the sol-gel technology to prepare superhydrophobic biomimetic three-dimensional (3D) aerogel materials.



On the other hand, in addition to water pollution, the electromagnetic interference (EMI) pollution caused by electronic and 5G communication devices has become unignorable in the information age [27]. EMI shielding materials with light weight, robustness and high absorption rate has attracted considerable attention [28,29]. The EMI effectiveness (SE) is the ability of a material to attenuate electromagnetic waves passing through it and is highly positively correlated with the electrical conductivity of materials [30]. In our previous work, core-shell nanorod aerogels with intrinsic superhydrophobicity were prepared [31]. However, the brittleness and unsatisfactory electrical conductivity of the core-shell aerogel are still the main obstacles for its use in oil-water separation and EMI shielding.



Here, to overcome the above obstacles, biomimetic superhydrophobic aerogels with lotus-like structures were prepared by wrapping rough carbon layers on Al2O3 nanorod-carbon nanotube hybrid skeletons. Thanks to the enhanced mechanical properties and electrical conductivity brought by carbon nanotubes (CNTs), the aerogels exhibit excellent oil-water separation, acid/alkali resistance, recyclability, dye adsorption and EMI shielding properties. In this work, bionic structured aerogels are developed by a simple process without post-chemical modification, providing a new perspective for the fabrication of multifunctional aerogels for efficient oil-water separation and EMI shielding.




2. Results and Discussion


2.1. Characterization of Carbon Layer Wrapped Al2O3 Nanorods-Carbon Nanotubes Hybrid Aerogels (CACAs)


As shown in Figure 1a, biomimetic CACAs can be obtained after gelation, drying and high temperature carbonization of the mixture of Al2O3 nanorod sols, RF sols and CNTs. The micron-scale Al2O3 nanorod-carbon nanotube hybrid skeleton with nano-rough carbon layer constitutes a rod-like micro-nano structure similar to the surface of the lotus leaves (Figure 1b,c) [32]. The TEM image also shows that the Al2O3 nanorods (Ars) and CNTs are entangled with each other and uniformly covered by the carbon layer (Figure 1d). As can be seen from the FT-IR patterns (Figure 1e), the Ars exhibit typical Al2O3 absorption peaks [33], including the stretching vibration peaks of AlO-H (3099 and 3285 cm−1), the bending vibration peaks of AlO-H (1070 and 1162 cm−1) and the torsional vibration peaks of Al-O (650 and 760 cm−1). The absorption peaks at 1611, 1478 and 981 cm−1 are attributed to C=O, C-H and C-O, respectively, originating from organic solvents in RF sols and Al2O3 nanorod sols [31]. In addition, benefiting from the abundant -OH (peaks at 3400 cm−1) on the surface of RF molecules and CNTs, intermolecular interactions with Ars can be established, allowing the carbon layer to grow uniformly on the hybridized backbone (Figure 1a). After carbonization, only C=C peak from the benzene ring and -OH peak from moisture in air are observed due to the strong light absorption effect of carbon. After the high temperature carbonization process, the Ars transform from boehmite phase to θ-Al2O3 (Figure 1f), while the enhancement of the broad peak at about 25° represents the transformation of RF to carbon layers. As seen in Figure 1g, with the increase in CNTs content, the density of CACAs increased monotonically from 64.6 to 71.3 mg·cm−3. However, the compressive strength first increased rapidly from 1.04 Mpa for CACA-0 to 2.56 Mpa for CACA-2, and then elevated slowly to 2.63 Mpa for CACA-3, which was attributed to the inhomogeneous dispersion of CNTs at high concentration (Figure 1g and Figure S1). Notably, the fracture strain of CACAs also increased significantly from 13.8% for CACA-0 to 27.3% for CACA-2, with the increase in CNTs content indicating a significant improvement of toughness. Therefore, all oil-water separation performance experiments were conducted based on CACA-2.




2.2. Oil-Water Separation Properties of CACAs


As shown in Figure 2a,b, hydrochloric acid droplets (PH = 1, stained by methylene blue), sodium hydroxide droplets (PH = 14, stained by methyl orange) and transparent water droplets (PH = 7) can stand stably on the sample surface in a nearly spherical shape with water contact angles (WCA) of 158°, 156° and 162°, respectively, indicating the excellent superhydrophobicity and chemical durability of the CACAs. The high temperature treated carbon layer not only possesses low surface energy and nano-roughness, but also forms a lotus-like micro-nano structure together with the Al2O3 nanorod-carbon nanotube backbone. The rough surface of CACAs is in point contact with water droplets and forms a Cassie-Baxter model, which means that a large number of air pockets are trapped at the interface to avoid wetting of water droplets, thus forming a superhydrophobic surface [34,35]. In addition, compared to unstable chemical modifications, the carbon layer with excellent chemical stability can effectively prevent the internal material from being corroded by acids or alkalis [36], laying the foundation for applications in harsh environments. The whole process of oil absorption by CACAs is monitored by a high-speed camera and found to take only 35 ms from droplet contact with the material to complete absorption, demonstrating ultra-fast oil absorption rate and super lipophilicity (Figure 2c). As shown in Figure 2d,e, both light oil (n-hexane) floating on the surface and heavy olive oil sunk underwater can be absorbed by CACAs within a few seconds. Owning to the superhydrophobicity, the aerogel that comes up from the bottom of the water is not wetted by water, which undoubtedly offers a facile and energy-saving absorption method for practical wastewater treatment.



Figure 3a shows the adsorption capacity of CACA-2 for various kinds of organic solvents (e.g., xylene, toluene, n-hexane, THF, DMF, and chloroform) and oils (e.g., pump oil, silicone oil, and olive oil), which are the common pollutants in water resources, with values in the range of 12 to 22 g·g−1 depending on the density and viscosity of the pollutants. Compared to previously reported porous foams or aerogels (Table 1) [10,11,37,38,39], CACA exhibits similar adsorption capacity and better hydrophobicity, but it is prepared by a simpler method. The durability of the adsorbent and the collectability of the pollutants are also essential indicators for adsorbent material. Taking low boiling n-hexane as an example, it can be easily removed from the adsorbent material and re-collected by distillation at 80 °C. After 10 cycles, CACAs exhibit excellent cycling stability and the adsorption capacity only slightly decreased by 2% (Figure 3b), which is attributed to the robust hybrid aerogel backbone that can resist the surface tension of solvent volatilization [40]. For high boiling point sorbents, CACAs can be ignited in air after adsorption to remove the adsorbate by combustion (Figure 3d). Benefiting from the excellent flame retardancy and thermal stability, the absorption rate of CACAs for DMF remained at 85% after 10 adsorption-combustion cycles, indicating its excellent reusability (Figure 3c). Moreover, CACAs with high specific surface area (SSA) also exhibited excellent adsorption performance for dyes such as methyl orange and methylene blue. After the addition of 10 mg CACAs powder for 15 min, the methylene blue solution (10 mg·L−1) changed from blue to clear after centrifugation (Figure 3e). By putting the recovered CACAs into ethanol, the adsorbed methylene blue is released again, facilitating the subsequent green recycling of the contaminant. According to the Langmuir isothermal adsorption curve (Figures S2 and S3) [41,42], the adsorption capacity of CACAs for methylene blue was as high as 186.2 mg·g−1 (Detailed discussion can be seen in Supplementary Materials).




2.3. EMI Shielding Properties


Al2O3 is known to be non-conductive and transparent to electromagnetic waves [43], but this situation changes for CACAs because the conducting carbon nanotubes form an interpenetrating network with Al2O3 nanorods, coupled with a tightly clinging carbon layer, constituting a 3D conducting network for transitions and hopping of electrons [44]. According to electromagnetic theory, the total shielding effectiveness (SET) usually governed by absorption (SEA), reflection (SER) and transmission through multiple internal reflections (SEM), where SEM can be neglected in this paper because SEA is greater than −10 dB [30]. For non-magnetic materials, a higher conductivity means a more severe impedance mismatch between the material and air, resulting in increased reflections at the corresponding interfaces and thus enhancing the total EMI shielding effect [44,45].



Figure 4a illustrates the conductivity of CACAs with different carbon nanotube contents, and it can be found that CACAs-2 has the highest conductivity of 4.05 S·cm−1; thus, it is expected to be a promising EMI shielding material. The EMI SET and SEA of CACAs with different CNTs loadings were measured over the frequency of 8.2–12.4 GHz (X band) (Figure 4b,c). The CANAs-0 obtains an SET of ~28 dB with SER values of ~18 dB, which is higher than the basic requirement for commercial EM shielding materials (20 dB). After adding 2% CNTs, the value of SET reaches to 40.2 dB with higher SEA (~32.4 dB). However, for sample CACA-3, the agglomeration of CNTs caused the degradation of the electrical and EMI SE properties of the hybrid aerogel (SET ≈ 35.5 dB), which can be confirmed in the decrease in conductivity and SSA (Figure 4a). Figure 4d presents the SET, SEA and SER of CANAs with various CNTs loadings at a frequency of 9 GHz. It can be seen that both SET and SEA show an upward trend with the increase in CNTs loading (below 2%), while SER remains almost constant. In addition, SEA contributes much more to SET than SER, indicating that absorption is the main shielding mechanism.



As we know, EMI shielding mechanism of metals and other highly conductive materials are mainly reflection rather than absorption [46]. In contrast, CANAs in this work are dominated by absorption mechanism, which is attributed to the high SSAs and high porosity that can trap more EM radiation inside the material [47]. The repeated reflection of EM waves (EMWs) inside the material pores leads to the dissipation of their energy in the form of heat, thus increasing the SEA (Figure 1a) [44]. With the increased loadings of highly conductive CNTs, more interfaces and heterogeneous systems are also formed in the material, which enhance the scattering of EMWs and contribute more to the absorption enhancement.





3. Conclusions


In summary, the carbon layer with nano-roughness and the Al2O3 nanorod-carbon nanotube skeleton constitute a lotus-like hydrophobic structure. With the addition of carbon nanotubes, the biomimetic aerogels exhibit enhanced mechanical properties (2.56 MPa) and electrical conductivity (4.05 S·cm−1), permitting them to demonstrate excellent comprehensive properties, including oil-water separation (22 g·g−1), corrosion resistance (WCA > 156° in the pH range of 1–14), recyclability (over 10 cycles), dye adsorption (186.2 mg·g−1 for methylene blue) and EMI shielding (~40 dB in X-band) properties. The multifunctional CACAs not only provide a reference for the simple preparation of bionic materials, but also show great potential to deal with water pollution and electromagnetic pollution.




4. Materials and Methods


Al2O3 nanorod sols and resorcinol-formaldehyde (RF) sols were synthesized in the same way as previous work. An amount of 10 g Al2O3 nanorod sols, 10 g deionized water, 4 g RF sols and different masses of CNTs were mixed thoroughly and then gelled and aged at 80 °C for 48 h. The wet gel was placed in ethanol for solvent displacement for 72 h, and the solvent was refreshed every 24 h. Finally, the samples were subjected to CO2 supercritical drying and high temperature carbonization (treated at 1400 °C in argon atmosphere for 2 h with a heating rate of 5 °C·min−1) to obtain carbon layer wrapped Al2O3 nanorods-carbon nanotubes hybrid aerogels (CACAs). The CNTs content was defined as the mass ratio of CNTs to ARs. In the end, 0.5%, 1%, 2% and 3% of CNTs content were named as CACA-0.5, CACA-1, CACA-2 and CACA-3, respectively. Samples without carbon nanotubes were defined as CACA-0. Further experimental details including characterization, measurement of methylene blue standard working curve and Langmuir adsorption isotherm curves can be found in the Supplementary Materials.
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Figure 1. (a) Schematic diagram of CACAs preparation process. (b) Macro photo (inset) and SEM image of lotus leaves [32]. Copyright 2019, Elsevier. (c) SEM and (d) TEM images of CACAs. (e) FT-IR patterns of raw materials and CACAs. (f) XRD patterns before and after carbonization. (g) Compression strength of CACAs with different CNTs content. 






Figure 1. (a) Schematic diagram of CACAs preparation process. (b) Macro photo (inset) and SEM image of lotus leaves [32]. Copyright 2019, Elsevier. (c) SEM and (d) TEM images of CACAs. (e) FT-IR patterns of raw materials and CACAs. (f) XRD patterns before and after carbonization. (g) Compression strength of CACAs with different CNTs content.



[image: Gels 09 00214 g001]







[image: Gels 09 00214 g002 550] 





Figure 2. (a) Superhydrophobicity and (b) WCA of CACAs towards liquids with different PH. (c) Dynamic adsorption process of chloroform by CACAs. The adsorption processes of (d) n-hexane and (e) chloroform (both stained with Sudan red) from the surface and bottom of the water, respectively. 
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Figure 3. (a) The absorption capacity of CACAs towards different types of oils and organic solvents. Absorption recyclability of the CACAs through (b) distillation (n-hexane) and (c) combustion (DMF) for desorption. (d) Combustion cycle process of CACAs for DMF. (e) Adsorption and separation process of CACAs for methylene blue. 
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Figure 4. (a) Conductivity and SSA values of CACAs with different CNTs contents. (b) EMI SET and (c) SEA properties of CANAs with various CNTs contents measured in X-band. (d) EMI SET, SER and SEA value of CANAs with various CNTs contents at 9 GHz. 
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Table 1. Comparison of different superhydrophobic porous materials for oil adsorption.
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	Materials
	WCA (°)
	Adsorption Capacity (g·g−1)
	Hydrophobic Agent
	Post-Treatment Methods
	Ref.





	Poly (lactic acid) foams
	141
	8.1–13.3
	Fluorosiloxane
	CVD
	[10]



	Activated carbon aerogel
	137.6–145.6
	4.06–12.31
	Polydimethylsiloxane (PDMS)
	Impregnation
	[11]



	Fe3O4@PANI/chitosan composite aerogel
	121
	2–21
	Methyltrichlorosilane (MTCS)
	CVD
	[37]



	HLNPs/Fe@C@Ti@PS

sponge
	149.7–153.3
	17.17–24.78
	Polydimethylsiloxane (PDMS)
	Spraying and impregnation
	[38]



	Polyurethane-Cu sponge
	171
	13–18
	AgNO3

and n-dodecanoic acid
	Impregnation
	[39]



	CACAs
	156–162
	12–22
	/
	/
	This work
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