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Abstract:



In this study, a novel and convenient bio-inspired modification strategy was used to create stable superhydrophobic structures on halloysite clay nanotubes (HNTs) surfaces. The polydopamine (PDA) nanoparticles can firmly adhere on HNTs surfaces in a mail environment of pH 8.5 via the oxidative self-polymerization of dopamine and synthesize a rough nano-layer assisted with vitamin M, which provides a catechol functional platform for the secondary reaction to graft hydrophobic long-chain alkylamine for preparation of hierarchical micro/nano structures with superhydrophobic properties. The micromorphology, crystal structure, and surface chemical composition of the resultant superhydrophobic HNTs were characterized by field emission scanning electron (FE-SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). The as-formed surfaces exhibited outstanding superhydrophobicity with a water contact angle (CA) of 156.3 ± 2.3°, while having little effect on the crystal structures of HNTs. Meanwhile, the resultant HNTs also showed robust stability that can conquer various harsh conditions including strong acidic/alkaline solutions, organic solvents, water boiling, ultrasonic cleaning, and outdoor solar radiation. In addition, the novel HNTs exhibited excellent packaged capabilities of phase change materials (PCMs) for practical application in thermal energy storage, which improved the mass fractions by 22.94% for stearic acid and showed good recyclability. These HNTs also exhibited good oil/water separation ability. Consequently, due to the superior merits of high efficiency, easy operation, and non-toxicity, this bionic surface modification approach may make HNTs have great potentials for extensive applications.
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1. Introduction


In the past several years, superhydrophobic surfaces have attracted remarkable interest due to their unique wettability for potential applications in self-clean, anti-fog, anti-ice, anti-bacteria, oil-water separation, energy-storage, and drug-release [1,2,3,4,5,6,7]. To obtain these special wetting properties, surface modification has been developed to establish hierarchical micro/nano structures with hydrophobic chemical groups by learning from the exquisite tissues and organs in the biological world, such as lotus leaves and pond skater legs with super hydrophobicity [8]. Based on this bionic mechanism (i.e., the Wenzal and Cassie-Baxter models) [9], many superhydrophobic materials are fabricated from the traditional substrates such as wood, sponge, metal mesh, and fabric via appropriate physical and chemical approaches [10,11,12,13]. These functional materials have many advanced attractive merits and can be applied in both scientific and industrial fields. Most importantly, these raw materials are low cost and simple to acquire.



Halloysite clay nanotubes (Al2Si2O5(OH)4·nH2O, 1:1 layer aluminosilicates) (HNTs), as a kind of environmentally friendly and natural porous nanomaterial, are extensively used in many areas for numerous applications, such as polymer reinforcement, nano catalyst, and absorbing substrates for drug delivery, pollutants removal, and thermal energy storage [6,14,15,16,17,18]. However, natural HNTs are sensitive to moisture and it is easy to absorb water into the hollow cylinders because of the hydrophilic gibbsite octahedral sheet (Al–OH) groups existing on the internal surface [19]. This characteristic renders HNT difficult to disperse and a poor adsorptive capacity for hydrophobic organics, which limits its potential candidates as nanomaterials, especially for the preparation of polymeric nanocomposites and supporting porous materials. To combat this drawback, surface modification and functionalization has been used as a promising technique for artificial synthesizing hydrophobic HNTs, aiming to expand their application galleries [20].



Current research on superhydrophobic materials have focused on the utilization of various treatment process, mostly consisting of chemical vapor deposition (CVD), hot pulling, hydrothermal treatment, soft blasting, and sol-gel method for building lotus-leaf-like hierarchical structures [21,22,23,24,25]. However, as for HNTs, the superhydrophobic modifications are still at an embryonic stage mainly via combination of covalent bond with various alkylsilanes due to the similar siloxane groups (Si–O–Si) presenting on the external surface. For example, Liang et al. developed a novel superhydrophobic HNT with treatment of PDMS (polydimethylsiloxane) at 240 °C in a closed container, which had a high water contact angle (CA) of up to 157°, and it showed great potential to support phase change materials [6]. Wu et al. introduced ODTMS (octadecyltrimethoxysilane) into the surfaces of HNTs with reaction time of 90 h and a liquid marble agglomerated by modified HNTs was formed with a high CA above 160°, which could be applied in deliverable capsules and bioreactors [20]. Moreover, polyorganosilanes, octadecylsilane coordination with Ag nanoparticles, and polypropylene were also used as surface modifiers to acquire superhydrophobic HNTs [7,26,27]. Despite that these modified approaches were actually effective, in most cases, the fabrication routes suffered from a lot of limitations such as harsh processing conditions, tedious sophisticated synthesis environment, and specialized reaction apparatus, which exhibited the main hindrance holding back their extensive practical applications. Furthermore, the remaining waste liquor always comprised of acidic, alkali, and toxic organic solvents that may be harmful to environment. Therefore, the development of facile and “green” technologies that can change the polarity of HNTs, as well as enhance the durability is of great importance and urgently needed.



Fortunately, the strong adhesive mechanism of marine mussels was deciphered by Lee and his partners, finding that the catecholic amino acid, 3,4-dihydroxyphenyl-1-alanine (DOPA), was the primary functional molecular of mussel adhesive proteins (MAPs), which permitted this marine animal to firmly adhere to the surfaces of various substrates [28]. Inspired by MAPs, an easily accessible small molecule, α-(3,4-Dihydroxyphenyl)-β-aminoethane (dopamine), has been widely used to achieve multifunctional surfaces via oxidative self-polymerization in a mildly alkali solution (pH = 8.5) that is similar to the marine environment without adding extra toxic reagents [29]. This anchored polydopamine (PDA) layer that contains a large number of free catechol groups can serve as an “activated platform” for large-scale multiplicities of secondary reactions including reducing metal ions to form metallic nano-coatings and grafting with amino groups through Michael addition or Schiff base reactions [30]. In addition, the small dopamine molecule can easily enter into the inner space of HNTs, forming PDA functional layer both on the internal and external surfaces of HNTs [31]. Therefore, it is believable that this mussel-inspired method will definitely create the biomimetic micro/nano hierarchical structures on HNTs surfaces with robust superhydrophobic abilities.



In this study, we developed a convenient approach of transforming water-swellable halloysite into superhydrophobicity with tremendous durability. Although some researchers have focused on the use of dopamine to create catechol functional coatings on the surfaces of HNTs [31,32,33], to the best of our knowledge, it has been no previous reports on using mussel-inspired catecholic layers to graft long chain alkylamines (octadecylamine) for the preparation of superhydrophobic HNTs surfaces. In this process, dopamine can be immobilized to Al and Si atoms via non-covalent or covalent bonds, and be spontaneously physically polymerized into PDA, forming the “activated platform” to tightly adhere to the HNTs surfaces for forthcoming secondary reactions. Then, the anti-water octadecylamine (ODA) was linked to the PDA layer through Michael addition or Schiff base reactions, thus the hydrophobic surfaces were successfully established. Furthermore, Vitamin M (VM) was added into the reaction system acting as catalyst to require the ultimate superhydrophobic HNTs by hindering the formation of smooth PDA layers and improving the roughness of the PDA and ODA co-modified surfaces. The mussel-inspired surface modification method exhibits the following novelty merits and dramatic benefits. (1) The procedure of coating PDA onto HNTs were mild, simple, and highly efficient, which can be realized only through immersing HNTs in a weak alkaline dopamine solution at room temperature without intricate instruments; (2) The only solvents on this approach were water and ethanol, which was not toxic, sustainable, and friendly to environment; (3) Both the internal and external surfaces of HNTs were modified without damaging the original nanotube structures; and, (4) The resultant superhydrophobic HNTs surfaces exhibit a robust stability in diverse severe conditions, including boiling water, strong acid solution, organic solvent, high intensity sunlight, and ultrasonic cleaning, which made HNTs have outstanding potential as adsorption substrates for various applications such as thermal energy storage and wastewater treatment.




2. Materials and Methods


2.1. Materials


Natural halloysite clay nanotubes (HNTs) were obtained from Yanbo Mineral Processing Factory (Shijiazhuang, China). Dopamine hydrochloride (DA, assay ≥ 98.5%) and Vitamin M (VM, purity ≥ 97%) were supplied by Duly Biotech Co., Ltd. (Nanjing, China). Tris(hydroxymethyl) aminomethane (Tris, 99.9% purity) was purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). Octadecylamine (ODA, AR) and sodium hexametaphosphate (SHMP, AR) were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China). Other reagents including deionized water, anhydrous ethanol, acetone, benzyl alcohol, hydrochloric acid, and stearic acid etc. were purchased from Beijing Chemical Reagent Factory (Beijing, China). All of the chemical regents were used without further purification.




2.2. Superhydrophobic Surface Modification of the Halloysite Clay Nanotubes (HNTs) by Polydopamine (PDA) Coating and Octadecylamine (ODA) Grifting


The pristine HNTs were purified by dispersing into 2 mM hydrochloric acid solution (60 °C, 2 h) with energetic magnetic stirring to eradicate Fe impurities, followed by thoroughly washing, filtering, drying, and grinding, which was named as pure HNTs (P-HNTs). The catechol surface modified HNTs were obtained by submerging the white P-HNTs powders into dopamine aqueous solution (2.0 mg/mL) and then adding Tris buffer to alter pH to 8.5 with gently stirring for 12 h at room temperature (RT). After that, the black PDA decorating HNTs (PDA-HNTs) were obtained through centrifugation, completely rinsed with distilled water and vacuum dried at 60 °C. Next, the PDA-HNTs were immersed into ODA ethanol solution (10 mM) under mildly stirring at RT for 12 h, and then purified with anhydrous ethanol several times through centrifuge washing and vacuum dried at 60 °C. Finally, the hydrophobic ODA grifting HNTs (ODA-HNTs) were prepared. Furthermore, to increase the roughness of the PDA coatings, the dopamine aqueous solution was treated with VM (1 mg/mL) and was stirred for 12 h at 60 °C before use. After cooling to RT, the P-HNTs powders were soaked in this VM treatment dopamine solution, followed by the same modification process described above to obtain the VM assisted PDA surface modified HNTs and prepare the resultant superhydrophobic HNTs, which was labeled as VM/PDA-HNTs and VM/ODA-HNTs, respectively. The intermediate and final HNTs based on different preparation conditions were listed in Table 1.



Table 1. Surface modification of HNTs under different conditions 1.







	
No.

	
Labels

	
HNTs (g)

	
VM (mg/mL)

	
DA (mg/mL)

	
ODA (mmol/L)






	
1

	
P-HNTs

	
5

	
-

	
-

	
-




	
2

	
PDA-HNTs

	
5

	
-

	
2

	
-




	
3

	
VM/PDA-HNTs

	
5

	
1

	
2

	
-




	
4

	
ODA-HNTs

	
5

	
-

	
2

	
10




	
5

	
VM/ODA-HNTs

	
5

	
1

	
2

	
10








1 HNTs, halloysite clay nanotubes; VM, Vitamin M; DA, Dopamine; ODA, octadecylamine; P-HNTs, pristine HNTs; PDA-HNTs, PDA decorating HNTs.









2.3. Characterization of Surface Modified HNTs


The surface functional groups of the modified and unmodified HNTs samples were confirmed by Fourier transform infrared spectroscopy (FTIR, Vertex 70v (Bruker, Karlsruhe, Germany)). The sample waiting for test was pressed with potassium bromide (KBr) at a weight ratio of 1:100 forming a tablet. Then this tablet was analyzed in a mode of scanning range of 4000 to 500 cm−1 with 32 scans at 4 cm−1 resolution.



X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI (Thermo Fisher Scientific Co., Ltd., Shanghai, China)) was operated using a monochromatic Al Kα source (1486.7 eV) with power of 150 W. All spectra were obtained with a pass energy of 100 eV and the C 1s and N 1s regions were highlighted with high resolution scans.



X-ray diffraction (XRD, D8 Advanced (Bruker, Madison, WI, USA)) was carried out to analyze the HNTs structure and crystallite performances with a Cu Kα radiation source of 1.5406 Å, and theta scans were collected ranging from 10° to 70° with a step size of 5°/min.



The morphologies of the HNTs samples was observed in field emission scanning electron microscopy (FE-SEM, FEI Quanta FEG 650 (Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA)) at an accelerating voltage of 10 kV. Au layer was decorated on the samples surfaces before observation.



Transmission electron microscopy (TEM, JEM-2100F (JEOL Ltd., Tokyo, Japan)) was used to obtain the high resolution morphologies of single nanotubes at an acceleration of 80 kV. The samples were dispersed in ethanol followed by sonication. The diluted colloidal solution was dropped onto a copper grid and dried for imaging.



Water wettability were measured on a video-based contact angle meter (DSA100 (Kruss Gmbh, Hamburg, Germany)) at 25 ± 1 °C and 50 ± 10 %RH. Contact angle (CA) test: a droplet of 3 µL deionized water was mildly put on the samples surfaces and recorded by a CCD camera at a rate of 24 frames s−1. In addition, to verify the resultant superhydrophobic HNTs surfaces, the sliding angle (SA) was tested according to the method reported in the Reference [34]. A droplet of 10 µL deionized water was released on the samples surface, and then the platform was tilted gently until the droplet began to roll. The critical angle of the incline surface was recorded as sliding angle. Each sample was tested six different regions to eliminate any error.




2.4. Stability Test of the Superhydrophobic HNTs


Thermal and moist environment test: the superhydrophobic HNTs were added into a beaker of boiling water for 3 h, and then the sediments were filtrated and dried. Various solutions/solvents environment test: the resultant HNTs samples were placed into strong acidic/alkali solutions (HCl, pH = 3; NaOH, pH = 11), and diverse organic solvents for 24 h at room temperature, followed by rinsing, filtering, and drying. Outdoor solar radiation test: the samples placed on the roof platform and were exposed to sunlight for seven days. Ultrasonic cleaning test: the samples were immersed into a glass container of distilled water, followed by washing in an ultrasonic cleaner (KX-1860Q7, Kexi Instrument Equipment Co., Ltd., Beijing, China) for 1 h. All CAs of pre-test and post-test were measured to certify the environment stability.




2.5. The Application of Superhydrophobic HNTs for Solar Thermal Energy Storage


The pure HNTs (P-HNTs) and superhydrophobic HNTs (S-HNTs) were used as package substrates to prepare form-stable phase change composites for the application of solar thermal energy storage. Stearic acid (SA) was absorbed into the HNTs via vacuum impregnation, as established by previous researchers [6]. The thermal performances of the organic material and its composites including latent heats, and melting and solidification temperature were investigated by differential scanning calorimeter (DSC, DSC-204 (Netzsch Gerätebau GmbH, Wunsiedel, Germany)). The testing procedure was carried out by heating and cooling the samples from room temperature to 120 °C at a heating/cooling rate of 10 °C /min under a nitrogen stream rate of 40 mL/min. Moreover, the durability of the form-stable composites was observed through 300 continual melting-solidifying cycles.




2.6. The Application of Superhydrophobic HNTs for Oil/Water Separation


The self-designed facility apparatus was set up to separate water from trichloromethane (TCM)/water mixture (Figure S1). Before adding S-HNTs in the apparatus, a small piece of absorbent cotton was filled in the bottom of a funnel to block the absorbent powders. The system was operating through pouring the mixture into the funnel and then collecting the separated TCM in a conical flask. When there was no droplets dripping into the receiving conical flask, the purified water was poured back into the beaker, thus completing the oil/water separation.





3. Results and Discussion


3.1. Preparation Process and Reaction Mechanism


The detailed mechanism of preparing the superhydrophobic HNTs via mussel inspired surface modification is shown in Scheme 1. HNTs can be easily decorated with catechol groups when immersed into an alkalescent dopamine (DA) solution at room temperature. In this case, polydopamine (PDA) was synthesized via the oxidation of polymerization of DA, and firmly adhered on the HNTs surfaces, forming a robust, nanometer-thick, and smooth film, which was determined by Feng and his co-workers [31]. The secondary reaction to graft long-chain and anti-water alkylamine on PDA layers can introduce rough structure into HNTs substrates, which was the crucial factor for building superhydrophobic surfaces. However, the smooth PDA coatings obtained by typical method can hardly form primary obvious hierarchical structure, thus with the following secondary reaction, only hydrophobic surfaces would be achieved [35]. Various nanoparticles including noble metal (Ag) [36], metallic oxide (Fe3O4) [37], and silicon oxide [38] were incorporated through the catechol coordinate bonds and hydrogen bonds to create primary hierarchical structures on HNTs surfaces, however, this most-used approach suffered from a lot of disadvantages, such as high cost, time-consuming, and poor stability. Therefore, a direct way to control the roughness of PDA coatings without incorporation of nanoparticles was urgently needed.



Fortunately, it has been reported that bio-tetramers can serve as nano-templates for the preparation of nanomaterials [39]. In a basic environment, Vitamin M (VM) that was abundant in fresh vegetables can physically assemble into a tetramer through hydrogen bonds, and finally create columnar structures via π–π interactions [40]. As for the fabrication process of roughness PDA coatings, VM columnar structures disturbed the formation of continuous PDA film, while acted as structure-direction agents to help polymerize scattered PDA nanoparticles along the vertical direction [35]. According to this, we chose VM as an accelerator to control the procedure of PDA coating, which formed primary nano hierarchical structures followed by grafting ODA, and eventually transformed the surfaces properties of HNTs with robust superhydrophobicity.



To date, long chain alkylsilanes were frequently used to produce superhydrophobic surfaces. Nevertheless, this modified process only changed the external surface properties, and the hydrophilic internal surfaces still remained because of the incompatibilities between the gibbsite octahedral sheet groups and alkylsilanes [20]. In addition, the natural nanostructure may suffer the risk of being damaged due to the harsh reaction conditions. Herein, the mussel inspired surface modification was carried out under mild environment, which changed the hydrophilic properties both on the internal and external surfaces without damaging the original nanotube structures. The hydrophobic external surfaces improve the dispersion of HNTs, meanwhile the hydrophobic internal surfaces enhanced the absorption ability for oil and anti-water compounds. The resultant superhydrophobic surfaces exhibited prominent stability in numerous harsh environments owing to the superior adhesion of catechol groups.




3.2. Micromorphology and Surface Chemical Composition Analysis


The dispersed state and micromorphology of HNTs before and after surface modification were observed by FE-SEM, as presented in Figure 1. Natural HNTs shows nanotube structures with massive block impurities stacked together (Figure 1a), and these unique nanotube structures are completely preserved and easily recognized after the purification of acid-heat pretreatment (Figure 1b), which is the same as the study to treat HNTs with sulfuric acid [41]. Figure 1c,d exhibit the morphological changes of PDA decorated HNTs, and it is observed that the tubular structure of the PDA-HNTs and VM/PDA-HNTs become thicker than that of the P-HNTs, while the dispersibility is improved, indicating that PDA is well anchored on the HNTs surfaces [42,43]. After grafting with ODA, the hydrophilic surface properties of P-HNTs were transformed by the hydrophobic long-chain alkyl groups in ODA molecules, and excitingly, a large number of single continuous or intact HNTs fibers distinctly appeared in Figure 1e,f. The agglomeration of HNTs fibers was notably decreased.


Figure 1. Field emission scanning electron microscopy (FE-SEM) images of the (a) pristine halloysite clay nanotubes (HNTs); (b) pure HNTs (P-HNTs); (c) polydopamine (PDA) decorating HNTs (PDA-HNTs); (d) PDA-HNTs assisted with Vitamin M (VM/PDA-HNTs); (e) octadecylamine (ODA) grifting HNTs (ODA-HNTs); and (f) ODA-HNTs assisted with Vitamin M (VM/ODA-HNTs).
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The micromorphology images of single halloysite clay nanotube (HNT) samples are presented in Figure 2. As shown in Figure 2a, it could be clearly observed that pure HNTs were tubular in shape with a smooth surface and comprised a distinct hollow space running longitudinally along the tube, revealing the double-layered and open-ended characteristics [44]. The external diameters and lengths of P-HNTs were about 30–60 nm and 0.15–1.0 µm, respectively. After surface modified with PDA, the hollow space was difficult to be distinguished and the cylinder wall of the PDA coated HNT was significantly thicker than that of pure HNT (Figure 2b). This may be due to the self-polymerized PDA layers in both internal and external surfaces [32]. When compared to the PDA-HNTs, the edges and surfaces of ODA-HNTs became irregularity, which was ascribed to the long-chain alkylamine grafting onto the PDA-HNTs surfaces (Figure 2c).


Figure 2. Transmission electron microscopy (TEM) images of the (a) P-HNTs; (b) PDA-HNTs; and (c) ODA-HNTs.
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The XRD patterns of pure HNTs and surface modified HNTs were observed, as shown in Figure 3. The typical characteristic diffraction peaks of HNTs located at the 2θ angles of 12.2°, 18.0°, 19.8°, 24.8°, 26.6°, 30.0°, 34.8°, 38.3°, 52.5°, 55.4° and 62.3° were all found in P-HNTs, which demonstrated that the crystalline structure of HNTs can hardly be damaged after acid purification [31,45]. Apparently, the following process of PDA and ODA surface modification had no obvious effects on these typical crystal diffraction peaks of P-HNTs with respect to both the shapes and 2θ angles, implying that the original crystal structure of HNTs was not altered.


Figure 3. X-ray diffraction (XRD) patterns of P-HNTs, PDA-HNTs, ODA-HNTs, and VM/ODA-HNTs.
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The FTIR spectra of the P-HNTs, PDA-HNTs, ODA-NHTs, and VM/ODA-HNTs were investigated to confirm the structures and chemical groups of pure and surface modified HNTs as shown in Figure 4. In the spectra of P-HNTs, two strong absorption peaks appeared at 3698 cm−1 and 3625 cm−1, which were ascribed to the stretching vibration of AlO–H bonds. As for the HNTs spectra in fingerprint region ranging from 2000 to 500 cm−1, the peaks at 1091 cm−1 and 1031 cm−1 represented the in-plane stretching vibration of Si–O bonds and symmetric stretching of Si–O–Si was observed at 793 cm−1. The spectral bands at 910 cm−1 and 690 cm−1 correspond to the stretching vibration of Al–OH bonds. Besides, the perpendicular stretching and deformation banding vibration of Si–O–Al were obviously found at 757 cm−1 and 537 cm−1, respectively. These peaks were in common with the FTIR spectra of HNTs investigated by Yuan et al. [46], indicating that the typical structures and chemical groups of HNTs were retained after the purification of acid treatment. After being treated by PDA, there remained little changed in the characteristic peaks of pure HNTs. The new peaks at 3422 cm−1, 2940 cm−1/2875 cm−1, and 1650 cm−1 that were found in PDA-HNTs were attributed to the stretching vibrations of –OH groups, non-symmetric/symmetric stretching vibrations of –CH2 groups, and the stretching vibrations of aromatic C=C groups, respectively, which proved that PDA had been successfully decorated on the HNTs surfaces [32,47]. In comparison to the spectra of PDA-HNTs, the absorption peaks at 2940 cm−1 and 2875 cm−1 in ODA-HNTs were enhanced, which was ascribed to the secondary reaction of grafting long chain alkyl amine in PDA platforms. Excitingly, although VM was added to the reaction system, the location and intensity of characteristic peaks in VM/ODA-HNTs were almost identical to those in ODA-HNTs, indicating that VM simply acted as a promoter instead of reacting with PDA and HNTs.


Figure 4. The Fourier transform infrared spectroscopy (FTIR) spectra of the P-HNTs, PDA-HNTs, ODA-NHTs and VM/ODA-HNTs.
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The surface chemical changes of HNTs after mussel inspired modification were determined by investigating the XPS spectra of nanotube surfaces. Figure 5a presents the low resolution XPS wide scan spectra of PDA-HNTs and ODA-HNTs. As shown in Figure 5a, the characteristic peaks of O 1s, Si 2p/2s, and Al 2p/2s were all observed in these two samples, which were attributed to the elements O, Si, and Al in HNTs. In the case of unmodified P-HNTs, carbon impurity (C 1s peak) was detected on the nanoclay surfaces as shown in Figure S1, which could be assigned to the contamination of the oxide surface deriving from the atmosphere or in the wet process [48]. Excitingly, the signals of N appeared in the curve of PDA-HNTs, indicating that the PDA layer was successfully decorated on the HNTs surfaces. When compared with PDA-HNTs, the higher at. % of elements C (26.45%) and N (1.57%) were found in ODA-HNTs (Table S1), which was ascribed to the long-chain alkylamine grafting onto the PDA-coated HNTs. Figure 5b shows the high resolution XPS spectra of C 1s core-level spectra of PDA-HNTs. This C1 core-level spectra can be curved-fitted to three peak components corresponding to binding energy (BE) at 284.4 eV for C–C, C=C, and C–NH2 species, at 285.7 eV for C–O and C–N species, and at 287.7 eV for C=O species, respectively, which were in well accordance with reported functional groups species of polydopamine [47]. Interestingly, the contents of C=O species were much lower than that of polydopamine coating on other substrates (>10%) [49], only 1.83% in PDA-HNTs (Table S2). This may be due to the high surface area of HNTs that can inhibit the change of dopamine from phenol to quinone [31]. Figure 5c,d exhibit the N 1s core-level spectra of the PDA-HNTs and ODA-HNTs. The N 1s core-level of PDA-HNTs was peak-fitted into three components, including primary amine species (R–NH2, 401.8 eV), secondary amine species (R1–NH–R2, 399.9 eV), and tertiary or aromatic amine species (C=NR, 398.6 eV), respectively [32,50]. As for ODA-HNTs, the contents of secondary (36.31%) and tertiary/aromatic amine (22.20%) species spectrum were enhanced (Table S3) due to octadecylamine grafting onto PDA-HNTs surface via Michael addition or Schiff base reactions, resulting in two different kinds of resultant products, as illustrated in Scheme 1. Combining with the FT-IR analysis, these results suggested that the HNTs surface were successfully modified through introducing PDA layers as a platform for grafting long-chain alkyl groups to acquire hydrophobic performance.


Figure 5. X-ray photoelectron spectroscopy (XPS) wide-scan and high resolution spectra of HNTs samples. (a) wide-scan XPS spectra of PDA-HNTs and ODA-HNTs; (b) C 1s core-level of PDA-HNTs; (c) N 1s core-level of PDA-HNTs; (d) N 1s core-level of ODA-HNTs.
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3.3. Superhydrophobic Property and Environmental Durability


To evaluate the wettability properties of HNTs samples, the contact angle (CA) and sliding angle (SA) were tested by releasing water droplets of defined volume on the surface of flattened HNTs powders, and micrographs were recorded by CCD camera, as shown in Figure 6. The CA values of P-HNTs were less than 10° (Figure 6a), indicating that the pure halloysite was hydrophilic. When coating PDA on HNT surface, the CA increased to 46.7 ± 3.1° (Figure 6b), which was similar to the reported CA values of 46.9° [31]. After the following reaction for grafting long-chain alkylamine, the surface property of HNT was changed from hydrophilic to hydrophobic, with CA values of 112.3 ± 3.3° (Figure 6d). Interestingly, with the help of VM, the mean CA values of VM/PDA-HNTs (57.2 ± 4.3°, Figure 6c) were marginally higher than these of PDA-HNTs. Correspondingly, the highest CA values of 156.3 ± 2.3° (Figure 6e) were observed in VM/ODA-HNTs with SA values of 4.5 ± 0.4° (Figure 6f), demonstrating that the resultant superhydrophobic surface was finally achieved. It may be ascribed to the self-assembly of VM, forming a columnar structure that can act as a template to induce PDA nodules in the vertical direction, thus creating rough PDA coatings on the surface of HNTs [39,40]. In addition, the anti-water long-chain alkyl groups were grafted onto this rough surface. Consequently, the resultant superhydrophobic structures were successfully built on the HNTs, as illustrated in Scheme 1.


Figure 6. Micrographs of 3 μL deionized water droplets on the plane surfaces of (a) P-HNTs; (b) PDA-HNTs; (c) VM/PDA-HNTs; (d) ODA-HNTs; and (e) VM/ODA-HNTs; 10 μL deionized water droplets on the incline surfaces of (f) VM/ODA-HNTs.
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Figure 7a exhibits the changes of CAs on the surface of flattened HNTs powders samples over time. The CAs on P-HNTs decreased quickly in 15 s, and slowly reached the equilibrium in the next 60 s. After coating PDA on HNT surface, the water resistance performance of PDA-HNTs became better at the beginning of the contact in comparison with the pure one. However, with time going on, the CAs continued to decline in 150 s, and finally got to the minimum value below 10°. These results suggested that simple dopamine as a modifier can hardly generate the hydrophobic layers on HNT surface, which was ascribed to the hydrophilic groups (e.g., amino, hydroxyl) existing on the PDA molecule [30]. The CAs of ODA-HNTs decreased from about 120° to 110° in 150 s, which presented hydrophobic performance. In the case of VM, the CAs on VM/ODA-HNTs surfaces exhibited no apparent change for this period of time, and all were maintained over 150° after 150 s. These phenomena can be easily observed in the optical photographs. When dropped on the hydrophilic HNTs surface (separate samples of P-HNTs, PDA-HNTs, and VM/PDA-HNTs), the water droplets immersed into the powders, leaving an agglomerated and wet surface (Figure 7b–d). In contrast, the water droplets remained their round shape on the hydrophobic HNTs surface (Figure 7e,f). Especially, the spherical water spot similar to that on lotus leaf was founded on the VM/ODA-HNTs surfaces.


Figure 7. Water wettability properties characterization. (a) Contact angle testing results as a function of time for HNTs samples; and optical photographs of deionized water droplets on (b) P-HNTs; (c) PDA-HNTs; (d) VM/PDA-HNTs; (e) ODA-HNTs; and (f) VM/ODA-HNTs.
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To evaluate the environment durability performance of superhydrophobic HNTs, various tests were conducted corresponding to different harsh conditions. As shown in Figure 8a, the CAs of VM/ODA-HNTs were all maintained above 150° after immersing these superhydrophobic samples into diverse chemical conditions including solutions of HCl (pH = 3) and NaOH (pH = 11), acetone, ethanol, dioxane, and trichloromethane (TCM) for 24 h at room temperature, and boiling water for 3 h, which demonstrated the resultant superhydrophobic HNTs had great chemical resistances. Figure 8b shows the variation of CAs after ultrasonic washing the superhydrophobic HNTs samples with 60 min. These values were all above 150° at different ultrasonic times, indicating that the loaded PDA layers had strong adhesive properties, just like the mussel byssuses. The outdoor durability tests were carried out by exposing the superhydrophobic HNTs samples to sunlight, and the CAs results were recorded at 24 h interval as presented in Figure 8c. Apparently, all of the values remained at about 150° after solar radiation, suggesting that the samples had excellent stability to endure the harsh outdoor environment.


Figure 8. Environment durability performance of superhydrophobic HNTs. (a) contact angles (CAs) for HNTs samples immersed into different chemical solutions for 24 h; (b) CAs as a function of time of ultrasonic washing in water; (c) CAs as a function of outdoor solar radiation exposure time.
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To sum up, diverse superhydrophobic surfaces have been successfully constructed on various substrates. However, many of them had poor environment durability, especially in ultrasonic washing, organic solvents, and strong acidic/alkaline solutions, which limited their practical applications [51,52]. In this study, this bio-inspired modification method can create a stable and robust superhydrophobic structure on HNTs surfaces, which can conquer various harsh conditions.




3.4. Application Analysis of Superhydrophobic HNTs


Phase change thermal storage technology, using phase change material (PCM) to store and release the intermittent or surplus heat, is one of the most efficient methods for solar thermal storage [53]. Many Organic materials, such as paraffin, PEG, and stearic acid (SA), dominate the PCMs utilization due to their superior merits of high capacity and good chemical stability [54]. However, the leakage occurring in solid-liquid phase change transition limits their practical applications. To combat this drawback, various porous materials have been exploited as package substrates for preparing form-stable PCM composites [55]. Halloysite as a kind of natural nanomaterial has the advantages of low cost, easy accessibility, and high porosity, which can be used as a packaging material to absorb PCMs [56]. However, its original hydrophilic property makes it incompatible with the hydrophobic organic compounds. As shown in Figure 9 and Table 2, pure HNTs (P-HNTs) can only absorb stearic acid with the maximum mass fraction of 46.2%. In this case, the latent heats of melting and cooling of SA/P-HNTs were 68.12 J/g and 60.75 J/g, respectively. After bio-inspired superhydrophobic surface modification, superhydrophobic HNTs (S-HNTS) based SA composites (SA/S-HNTs) presented the higher maximum package mass fraction (58.6%) than SA/P-HNTs, as well as the melting (88.42 J/g) and the cooling (79.37 J/g) latent heats, which were improved by 22.94%, 29.80%, and 30.65%, respectively. This may be attributable to the good interface affinity between SA and S-HNTs. Besides, the resultant form-stable PCM composite also showed an excellent thermal stability. The latent heats of SA/HNTs were 85.23 J/g for melting and 75.61 J/g for cooling, presenting a decrease of only 3.19 J/g and 3.76 J/g, respectively, which showed a good potential application in thermal energy storage. These results were close to the research about superhydrophobic HNTs based phase change material composites via the surface modification of polydimethylsiloxane [6].


Figure 9. Differential scanning calorimeter (DSC) curves for heating (a) and cooling; (b) of stearic acid (SA) and form-stable composite phase change materials (PCM).
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Table 2. Thermal properties of stearic acid (SA) and the related form-stable composite phase change materials (PCM) composites 1.







	
Samples

	
W/%

	
Heating

	
Cooling




	
Onset T/°C

	
Peak T/°C

	
Latent Heat/J g−1

	
Onset T/°C

	
Peak T/°C

	
Latent Heat/J g−1






	
SA

	
100

	
52.81

	
56.62

	
184.30

	
52.96

	
51.15

	
177.90




	
SA/P-HNTs

	
46.2

	
51.03

	
54.52

	
68.12

	
54.12

	
52.45

	
60.75




	
SA/S-HNTs

	
58.6

	
51.52

	
54.82

	
88.42

	
54.43

	
52.15

	
79.37




	
SA/S-HNTs 300 cycles

	
58.0

	
51.31

	
54.74

	
85.23

	
54.02

	
52.20

	
75.61








1 W represents the mass fraction of SA in the as-prepared form-stable composites. S-HNTs, superhydrophobic HNTs.








Oil/water separation technique is one of the most favorable methods of wastewater treatment [35,37]. Due to the abundant pore structures and high surface area, HNTs may be used as an absorbent substrate to separate water from the oil/water mixture. However, the natural HNT has no selective absorption for oil and water. Hence, it can only be used to remove water-soluble cationic and anionic contaminants from wastewater [57]. Excitingly, the resultant superhydrophobic HNTs (S-HNTs) that have unique water resistance property and strong oil-absorbing capacity are promisingly suitable as a filter for oil/water separation. As shown in Figure 10, trichloromethane (TCM, dyed with Oil Red O)/water mixture was poured onto the facility apparatus, then TCM penetrated through the S-HNTs layer spontaneously, and was finally dripped into the collecting conical flask. The separated water was blocked by the S-HNTs, remained inside the funnel, and then poured back into the beaker. The complete oil/water separation process can be achieved with a simple way and without demand of extra force, which showed that S-HNTs have great potential for use in oil/water separation.


Figure 10. Optical photographs of the oil/water separation process by the superhydrophobic HNTs.
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4. Conclusions


A novel and facile method to construct a superhydrophobic surface on HNTs was developed, inspired by strong adhesion proteins in mussel byssus. The synthesized PDA layers assisted with VM in the first step serviced as a platform for secondary reaction to graft long-chain alkylamine, forming biomimetic hierarchical micro/nano structures on HNTs surfaces with superhydrophobic abilities. The successful surface modification of HNTs with dopamine and octadecylamine was verified by TEM, FTIR, and XPS. With the process of superhydrophobic surface modification, the as-prepared HNTs presented good dispersibility, which was determined by SEM imagines. XRD results showed that this bio-inspired modification method had little effect on the crystal structures of HNTs. In addition, the resultant superhydrophobic HNTs possessed robust stability under harsh conditions, including strong acidic/alkaline solutions, organic solvents, water boiling, ultrasonic cleaning, and outdoor solar radiation. As for practical applications in thermal energy storage, the novel HNTs had excellent packaged capabilities of phase change materials, which improved the mass fractions by 22.94% for stearic acid in comparison of pure HNTs and also demonstrated good recyclability. The superhydrophobic HNTs also presented a special ability of oil-water separation. In brief, this bionic surface modification approach with advantages of high efficiency, easy operation, and non-toxicity changed the hydrophilicity of HNT surface, making it have great potentials for extensive applications.
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Scheme 1. The production process and reaction mechanism of superhyophobic halloysite nanotube (HNTs). (a) Surface modification procedure of HNTs; (b) Chemical reaction mechanism: ① Illustration of oxidation polymerization and probable connection mode of dopamine on HNTs [33]; ② The mechanism of grafting octadecylamine (ODA) to obtain roughness surface via Michael addition and Schiff based reactions; ③ The formation of Vitamin M (VM) tetramer and the resultant columnar structure. 
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