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Abstract

:

Recently, fluorine materials have been a serious cause of environmental concern. In response, a novel fluorine-free superhydrophobic coating is presented in this paper. A superhydrophobic coating based on silicone and surface-modified colloidal silica is explored and exploited. First, a superhydrophobic coating, based on silicone resins and fluorine group-modified colloidal silica, is developed. Then, the fluorine group-modified colloidal silica is replaced by octyl-modified colloidal silica, a superhydrophobic coating based on fluorine-free materials, octyl-functionalized colloidal silica, and epoxy-modified silicone. The hydrophobicity and coating integrity were investigated, and the fluorine-free coating shows good superhydrophobicity and coating integrity. The result demonstrates the feasibility of a fluorine-free superhydrophobic coating, thus providing an effective solution to the environmental problems caused by fluorine chemicals.
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1. Introduction


The wettability of solid surfaces plays a very important role in our daily lives, as well as in many industrial processes. For example, the leaves of certain plants and many insects exhibit superhydrophobicity [1,2,3]. This means water does not show any affinity to their surfaces, causing the water drops to bounce and roll instead of sliding on the surface. When water droplets roll off such surfaces, they drag along dirt particles, which explains their self-cleaning property. The lotus leaf is a well-known example of a plant that has a self-cleaning surface. The secret behind it was discovered by Barthlott and his co-workers in 1997 [4,5]. Lotus leaves are covered by many pillars with micrometer-scale dimensions, which are decorated with sub-micrometer wax crystals. Consequently, the leaves possess dual-scale roughness, which promotes hydrophobicity [6]. Recently, superhydrophobic surfaces, with a contact angle larger than 150° and a roll-off angle less than 5°, have attracted significant attention because of their self-cleaning properties and their potential for practical applications in a wide range of fields. This includes self-cleaning coatings on buildings [7,8], oil–water separation [9,10], anti-icing coatings [11,12,13,14], anti-corrosion coatings [15,16], anti-wetting textiles [17,18], and drag reduction devices [19,20].



Surface wettability is manipulated by two crucial factors. One is the chemical composition, and the other is the topography of the solid surface. Superhydrophobic surfaces can be generated by incorporating low surface energy materials, by creating multi-scale topography, or by combining both. For superhydrophobic coatings in a commercial application, a simple and cost-effective fabrication process and easily available raw materials are desired. However, many of the current preparation routes, such as plasma etching [21] and chemical vapor deposition [22], are not very straightforward, i.e., they require complex equipment, multiple manufacturing steps or are time- or cost-consuming. For most applications, the coating integrity of the superhydrophobic surface is important for maintaining long-term superhydrophobicity [23]. In the literature, many superhydrophobic surfaces were developed, but their coating integrity was usually poor, and their superhydrophobicity was easily lost. In this paper, the major target is to develop a coating with sustainable superhydrophobicity and good coating integrity simultaneously.



Currently, most superhydrophobic coatings are based on fluorine materials due to their excellent hydrophobic properties. In our previous study [24], a unique superhydrophobic coating system was developed with fluorine-functionalized colloidal silica and a cross-linkable fluorocopolymer as a filler and matrix, respectively, to yield superhydrophobicity, good mechanical stability, and strong adhesion with substrates. The effects of many factors, such as particle surface functionalities, volume fraction and dimension on hydrophobicity, and the integrity of coatings, were systematically investigated. Combining the hydrophobicity results with the coating integrity results, the optimized formulation was determined to include a 60% volume of fluorine-functionalized colloidal silica with a particle size of 340 nm and a fluorocopolymer. However, long-chain fluoropolymers are reported to release substances such as perfluorooctyl carboxylates or perfluorooctyl sulfonates into the environment. These substances persist in the environment, accumulate in organisms, and are suspected of being “highly toxic” [25,26,27]. The US Environmental Protection Agency (EPA) has enacted stricter regulations prohibiting the use of these materials. Therefore, a fluorine-free superhydrophobic coating with good mechanical properties is desired to solve this environmental problem. Based on the optimized formulation identified in our previous work, in this paper, the fluorine components are replaced by fluorine-free materials step by step. First, the fluorocopolymer is replaced by silicone materials, and thus, a superhydrophobic coating system from fluorine-functionalized colloidal silica and silicone is studied. Then, the fluorine-functionalized colloidal silica is further replaced by fluorine-free colloidal silica—a superhydrophobic system with fluorine-free materials, which consists of fluorine-free colloidal silica and silicone. Its superhydrophobicity and the coating integrity are also studied in this paper.




2. Experiment


2.1. Materials


All the solvents were purchased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China). Tetraethyl orthosilicate (TEOS) was obtained from Wuhan University Silicone New Material Co., Ltd., (Wuhan, China). (Tridecafluoro-1,1,2,2-tetrahydrooctyl) methyldichlorosilane and n-octyldimethylchlorosilane were purchased from Gelest, Inc. (Morrisville, PA, USA). Colloidal silica with a particle size of 12 nm was purchased from Fuso Chemical Co., Ltd., (Kyoto, Japan). Fluorocopolymer (a random copolymer of different fluorine-functionalized units whose chemical structure is shown in Figure 1) and hexamethylene diisocyanate (HDI) were supplied by Xuzhou Zhangyan Fluorine Chemical Co., Ltd., (Xuzhou, China). Pure silicones (TSR116, TSR144, TSR145, and TSR127B), modified silicones (TSR194, TSR175, and TSR171), and curing catalyst (CR12) were provided by Momentive Advanced Materials (Waterford, NY, USA). The basic structure of pure silicone resin is shown in Figure 2. For the modified silicone resins, the basic structures are similar and some of the R groups are replaced with functional groups accordingly. TSR194 is an epoxy-modified silicone, and TSR171 is an acrylic-modified silicone. TSR 175 is a two-component urethane-modified silicone.




2.2. Synthesis of Colloidal Silica and Preparation of Fluorine- and Octyl-Functionalized Colloidal Silica


Colloidal silica with a particle size of 340 nm was synthesized by the Stober method. The detailed synthetic approach is described in our previous paper [24]. The detailed procedure for preparing fluorine-functionalized colloidal silica (340 nm) is also described in our previous paper. The octyl-functionalized colloidal silica was synthesized by the same procedures.




2.3. Preparation of Superhydrophobic Coatings


The fabrication process of a superhydrophobic coating is shown in Figure 3. Functionalized colloidal silica was mixed with different polymers at a volume ratio of 60% by ultra-sonication for 15 min, followed by magnetic stirring for an additional 30 min. Designated amounts of HDI (mass ratio: fluorocopolymer/HDI = 4:1) or silicone resin curing catalyst CR12 (mass ratio: silicone resin/catalyst = 50:1) was dissolved in cyclohexanone and then added to the above mixture by magnetic stirring for about 10 min. The coating was prepared by spraying the mixture onto clear glass slides or a stainless-steel plate (F-2 spray gun (Fuzhou Hengsheng Hardware Co.,Ltd., Fuzhou, China), air flow rate: 3 kg/cm2), followed by curing at 100 °C for 1 h.




2.4. Characterization


The contact angle and roll-off angle of the coating were measured by Optical Contact Angle Meter OCA300 (Dataphysics, Filderstadt, Germany). The morphology of the coating surface and cross section were captured using scanning electron microscopy (SEM) (JSM-6460LV, JEOL, Tokyo, Japan). The 29Si solid-state NMR spectra were obtained using Bruker Avance 400 MHz NMR spectrometer (Billerica, MA, USA), cross polarization (CP) and magic-angle spinning (MAS).



The coating integrity was evaluated by a manually performed Q-tip abrasion test, and the superhydrophobicity of the areas after Q-tip abrasion was tested by water droplet roll-off behavior; the detailed rating criteria are described in our previous paper [24]. The higher the rating, the better the abrasion resistance and the superhydrophobicity.





3. Results and Discussion


3.1. Surface Functionalization of Colloidal Silica


The procedure for the functionalization of the colloidal silica is shown schematically in Figure 4. In order to maximize the functional degree of the colloidal silica, an excess of fluorine silane was added.



To prove the functional fluorine group, which can be successfully attached to the colloidal silica with a particle size of 340 nm, first, XPS elemental analysis was used to detect the F element on the modified colloidal silica surface. The XPS results of the colloidal silica and fluorine-functionalized colloidal silica are shown in Table 1. The results clearly show that the percentage of fluorine element (F) in the fluorine-modified silica particles (28.66%) was significantly higher than that of the unmodified sample (2.47%), thereby verifying that the fluorine functional groups were successfully attached to the surface of the silica particles.



In addition to determining the presence of the fluorine element on the surface of the silica particles, it is necessary to determine the chemical bonding, as opposed to the physical adsorption of the fluorine element on the silica surface. The condensation degree of the organosilane with the silanol on the surface of the silica particles can help to provide confirmation of the chemical bonding, as well as provide information on the extent of functionalization. 29Si solid-state NMR is commonly used to determine the degree of condensation of silanol groups on the surface of silica [28,29]. An insight into organosilane-silanol condensation is substantiated by the presence of peaks in the 29Si absorption associated with colloidal silica. The degree of condensation around the silicon atom could be represented by the 29Si peaks, which are typically referred to as the ‘Q’ peaks, including Q1, Q2, Q3, and Q4. A detailed description of Q peaks is described in our previous paper [24]. The 29Si solid-state NMR spectrum of fluorine-modified colloidal silica and unmodified silica with a particle size of 340 nm is shown in Figure 5. However, there was almost no difference in the NMR spectra between the modified colloidal silica and the unmodified silica. This result could be attributed to two possible reasons: (1) no organosilane-silica condensation occurred, and the fluorine group was not chemically bonded to the colloidal silica, or (2) the degree of condensation of the silanol groups on the colloidal silica particles was too low to be detected. Usually the detection limit of 29Si solid-state NMR is 1%. According to the literature, the number of silanol groups on silica surfaces is about 3 per square nm [30]. If these silanols are all condensed with fluorine silane, the ratio of silicon atoms connected to fluorine functions to total silicon atoms can be calculated. The ratio is about 0.3% for the colloidal silica with a particle size of 340 nm, which is lower than the detection limit of 29Si solid-state NMR.



For the same weight of colloidal silica, silica with a smaller particle size will have much more surface area and many more silanol groups on the surface. Thus, the ratio of silicon atoms linked to the fluorine functional group to total silicon atoms will be much higher and can be detected. In order to confirm the chemical bonding between the colloidal silica and organosilane, a colloidal silica with a particle size of 12 nm was selected as a model system. Following the same functionalization procedure, a fluorine-functionalized silica with a particle size of 12 nm was prepared. According to the same calculation, the ratio is about 4.5% when all the silanols on the silica surface are assumed to react with the fluorine-silane, and this value is beyond the solid-NMR’s limitation, making it easy to find the difference. Therefore, colloidal silica with a particle size of 12 nm, functionalized by the same process, was used to verify the chemical bonding of the fluorine group on the surface of colloidal silica. The 29Si solid-state NMR spectra of fluorine-modified colloidal silica and unmodified silica with a particle size of 12 nm are shown in Figure 6. After surface modification, the decrease of Q2 and the increase of Q4 relative to Q3 indicate that the amount of silanol groups was reduced, and the silanol groups on the surface of the silica particles had reacted with fluorine silane. The new peaks at about −20 and −30 ppm belong to silicon connected to the fluorine functional group. The results confirm the condensation of fluorine-silane and silanol groups and the chemical bonding of the fluorine group on the surface of the colloidal silica. For the octyl group-modified colloidal silica, the same functionalization process was followed, and the condensation of the octylsilane and silanol groups was the same as that of the fluorine-silane and silanol groups.




3.2. Superhydrophobic Coating with Fluorine-Free Polymer


The superhydrophobic coating, based on fluorine-functionalized colloidal silica and fluoropolymer, showed excellent mechanical properties in our previous study. However, a serious environmental concern is raised by fluorine materials, because they release highly toxic substances into the environment, which persist and accumulate in organisms. Thus, a fluorine-free superhydrophobic coating system is expected to be the most effective way to solve this issue. In our previous work, a superhydrophobic coating with good mechanical properties, which is based on fluorine-functionalized colloidal silica and fluorocopolymer, was successfully developed. Here, starting from this successful system, we planned to replace the fluorocopolymer with fluorine-free polymers, and thus, a system with fluorine-functionalized colloidal silica and fluorine-free polymers would be investigated to develop a coating with superhydrophobicity and good mechanical properties. If this system using fluorine-functionalized colloidal silica and fluorine-free polymers was successful, then we planned to replace the fluorine-functionalized colloidal silica with fluorine-free functionalized colloidal silica to investigate its superhydrophobicity and mechanical properties once again. To prepare the desired system without any fluorine materials, a system of fluorine-functionalized colloidal silica and fluorine-free polymers was investigated first.



Excepting fluorine polymer, silicone and olefin are the most promising materials with low surface energy and good hydrophobicity. Because cross-linkable silicone polymers are most efficient at providing better mechanical properties, a series of cross-linkable pure silicone resins and modified silicone resins were selected as polymer binders for the superhydrophobic coating. In our previous study, the optimized superhydrophobic coating formulation with good coating integrity was identified, based on 340 nm fluorine-functionalized particles and a fluorine polymer with a particle concentration of 60% volume. Thus, in this paper, fluorine-functionalized colloidal silica particles with a concentration volume of 60% were mixed with silicone resins, and the feasibility of a silicone polymer-based superhydrophobic coating was studied.



In this paper, cross-linkable pure silicone resins and modified silicone resins were the purchased from Momentive Advanced Materials. The types of pure silicone resins used were TSR116, TSR144, TSR145, and TSR1278, and the major differences among these silicone resins were a different ratio of methyl content (Me%) and a different ratio of tri-functional groups (T%). The properties of these pure silicone resins are shown in Figure 7. A silicone resin with more tri-functional groups has a higher cross-linking degree and is supposed to have better mechanical properties. Each pure silicone resin was mixed with fluorine-functionalized colloidal silica, and thus, a series of superhydrophobic coatings was prepared by following the process as described in Section 2.



The properties of the superhydrophobic coatings are shown in Table 2. All of the coatings are superhydrophobic, but the coating integrity varies. The coatings using silicone resin with higher cross-linking degree show better coating integrity, but the coating integrity is still not sufficient when compared with the fluoropolymer-based coatings in our previous work. Thus, to obtain better coating integrity, modified silicone resins were used to prepare a superhydrophobic coating.



The types of modified silicone resins used were TSR194, TSR175, and TSR171. Different types correspond to different modified groups, of which TSR194 is an epoxy-modified silicone resin, TSR175 is a two-component urethane-modified silicone resin, and TSR171 is an acrylic-modified silicone resin. The modified silicone resin is mixed with fluorine-functionalized colloidal silica and a series of superhydrophobic coatings was prepared by following the same process as described in Section 2. The properties of the superhydrophobic coatings are shown in Table 3. The epoxy-modified silicone resin TSR194 shows good superhydrophobicity and good coating integrity, which is identical to the fluoropolymer-based superhydrophobic coating. This is attributed to the high crosslinking degree of the epoxy-modified silicone resin and the good mechanical properties of the epoxy polymer.




3.3. Fluorine-Free Superhydrophobic Coating


The coating based on epoxy-modified silicone resin TSR194 and fluorine-functionalized colloidal silica shows good superhydrophobicity and a good coating integrity. In order to obtain the fluorine-free superhydrophobic coating, octyl chlorosilane was used to modify the colloidal silica with a particle size of 340 nm, following the same surface modification process. The octyl group-modified silica particles and TSR194 resin were mixed, and the concentration of the silica particles was controlled to be 60% volume. The superhydrophobic coating was prepared by spraying and then by thermal curing. Typical SEM images of the coating surface and cross section are shown in Figure 8, which show that the coating surface is moderately rough. The specific properties of these coatings are shown in Table 4. The coating based on TSR194 and the octyl-modified colloidal silica shows good superhydrophobicity and good mechanical properties. In order to investigate and test the coating robustness and water resilience, the prepared coating was immersed in water for 7 days. The superhydrophobicity and coating integrity were measured. There was no change in the coating performance after being immersed in water for 7 days. When the superhydrophobic coating was applied to the stainless-steel plate by the same process, the same performance was obtained. Therefore, the results prove the feasibility of a fluorine-free superhydrophobic coating with good coating integrity and present an effective solution to the environmental problems caused by fluorine chemicals by using fluorine-free raw materials.





4. Conclusions


Silicone materials, due to their good hydrophobicity, are the most promising candidates to replace fluorine materials, which have recently raised serious environmental concern. Based on our previous work, in this paper, fluorine components were replaced by fluorine-free materials step by step to develop a fluorine-free superhydrophobic coating. First, the fluorocopolymer was replaced by silicone materials. Then, octyl-modified colloidal silica was prepared to replace the fluorine-modified colloidal silica. Thus, a fluorine-free superhydrophobic coating based on epoxy-modified silicone and octyl-modified colloidal silica was achieved, and the developed coating shows both good superhydrophobicity and good coating integrity. This result demonstrates the feasibility of a fluorine-free superhydrophobic coating with good coating integrity and provides an effective solution to the environmental problems caused by fluorine chemicals.
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Figure 1. Chemical structure of the fluorocopolymer. 
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Figure 2. Basic structure of the pure silicone resins. 
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Figure 3. Schematic diagram of the preparation process of the superhydrophobic coating based on particles and binder. 
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Figure 4. Schematic diagram of the functionalization of the colloidal particle. 
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Figure 5. 29Si solid-state NMR spectra of the fluorine-modified colloidal silica and unmodified silica (particle size: 340 nm). 
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Figure 6. 29Si solid-state NMR spectra of the fluorine-modified colloidal silica and unmodified silica (particle size: 12 nm). 
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Figure 7. Properties of different pure silicone resins. 
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Figure 8. Surface and cross-section SEM images of a coating based on TSR194 and octyl-modified colloidal silica. (a) cross-section SEM image; (b) surface SEM image. 
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Table 1. X-ray photoelectron spectroscopy (XPS) analysis of F-functionalized colloidal silica.
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	Sample
	C (%)
	O (%)
	Si (%)
	F (%)





	Colloidal silica
	19.28
	59.64
	18.60
	2.47



	F-colloidal silica
	18.21
	38.42
	14.71
	28.66
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Table 2. Properties of the superhydrophobic coatings based on pure silicone resin and fluorine-functionalized colloidal silica.
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	Resin
	Contact Angle (°)
	Roll-Off Angle (°)
	Q-Tip Scratch Rating
	Roll-off Rating after Abrasion





	TSR116
	151
	5
	1
	1



	TSR144
	158
	2
	2
	3



	TSR145
	154
	2
	2
	2



	TSR127B
	152
	1
	2
	2



	F-resin (control)
	155
	1
	3
	3
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Table 3. Properties of the superhydrophobic coatings based on modified silicone resin and fluorine-functionalized colloidal silica.
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	Resin
	Contact Angle (°)
	Roll-Off Angle (°)
	Q-Tip Scratch Rating
	Roll-Off Rating After Abrasion





	TSR194
	153
	4
	3
	3



	TSR175
	151
	6
	2
	1



	TSR171
	152
	6
	1
	1



	F-resin (control)
	155
	1
	3
	3
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Table 4. Properties of the superhydrophobic coating based on epoxy-modified silicone resin and octyl-functionalized colloidal silica.
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	Resin
	Contact Angle (°)
	Roll-Off Angle (°)
	Q-Tip Scratch Rating
	Roll-Off Rating After Abrasion





	TSR144 + Octyl-SiO2
	153
	4
	3
	3



	F-resin (control)
	155
	1
	3
	3
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