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Abstract

:

Featured Application


The results of this research work would be beneficial to develop hydrophobic building materials to avoid fungus contamination.




Abstract


Eco-friendly hydrophobic coatings were fabricated on tiles via the drop-casting process. Sugarcane bagasse waste ash (SBA) was used as a silica source and dimethyldiethoxysilane (DMDEOS) was used as a surface functionalizing agent. The elemental composition of SBA was measured using X-ray fluorescence (XRF) and energy-dispersive spectroscopy (EDS) techniques. The surface morphology of SBA was analyzed through the field-emission scanning electron microscopy (FESEM) technique. The surface wettability of SBA coated tiles was evaluated by determining the static water contact angle (WCA). XRF studies showed that the impurities were removed, and the silica content was enriched by the acid treatment. SBA coated tiles showed good hydrophobicity with a WCA of 135°. The high hydrophobicity of the coated tiles may be attributed to the increase of surface roughness by SBA. Moreover, the SBA coating was successfully tested on various substrates such as tiles, brick, glass, and cotton cloth. SBA coated glass substrate was more durable compared to other substrates at normal room temperature.
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1. Introduction


In recent years, solid waste management strategies have mainly focused on recycling rather than on waste disposal or storage. Industrial activities generate large quantities of various types of wastes, this causes significant economic and environmental problems, and management of industrial waste in an economic and ecological way has become a matter of great global interest. As a result, the use of waste materials can minimize the cost associated with landfilling [1,2]. Sugarcane is one of the largest crops in the world. It is grown on approximately 25 million hectares, in over 90 countries, with a world harvest of 1.75 billion tons. World sugar demand is the main driving force behind sugarcane farming. Cane represents 80% of the sugar produced; most of the rest is made up of sugar beet. India is the second largest sugarcane producer in the world and the sugarcane production rate is increasing every year [3]. Sugarcane bagasse (SB) is a waste produced in sugar industries after the extraction of sugar cane juice. There is a large volume of sugarcane bagasse produced all over the world, which implies the importance of approaches to the elimination of the material. Chemical analyses have shown that the ash obtained by burning the bagasse (sugarcane bagasse ash (SBA)) is rich in silica (SiO2) content. The quantity of silica content in SBA varies depending on the surrounding environment, nature of the soil, the harvest period, and the process involved. The concentration of silica increases with the increase in the amount of bagasse ash from the sugar cane [4,5,6].



Generally, the surface wettability can be characterized by the water contact angle (WCA). In the last two decades, special wettability with multifunctional surfaces has aroused great interest in fundamental research and industrial applications [7,8,9,10,11,12,13]. A surface with a drop of water below 90° and above 90° of WCA is commonly referred to as hydrophilic and hydrophobic surfaces, respectively. Precise superhydrophobic surfaces with a WCA above 150° have attracted significant attention due to their unique anti-humidifying and self-cleaning properties for practical applications. It is known that there are plants and numerous creatures in nature with incredible superhydrophobic surfaces. For example, the hydrophobic properties of lotus leaf with micro and nanoscopic surface architectures [14,15,16] have attracted much interest in industry and academia. The principle of water repellence of a superhydrophobic surface can be extended to practical applications, for example to develop coatings for car windows, buildings, tiles, and clothes [17,18,19,20,21,22,23,24,25]. Today, superhydrophobic materials have found spectacular advantages such as water repellence [26,27], oil recovery [28,29,30], self-cleaning [31,32], anti-corrosive [33,34], anti-blocking [35,36,37], mechanical strength [38,39], anti-icing [40,41], and so on. Various techniques have been established to fabricate superhydrophobic surfaces, such as plasma or laser etching [42,43], photolithography [14,44], and electrochemical deposition [45]. However, these methods employ complicated processes, requiring specific equipment, rigorous preparation conditions, special substrates, and expensive/toxic fluoro silanes. In recent years, the fabrication of hydrophobic surfaces using waste materials and carbonaceous films has received significant attention [46,47,48,49,50,51]. Silica could be extracted from rice husk ash [46,47], oil palm fuel ash [12], and paper waste sludge ash [48,49] to fabricate various hydrophobic substrates. Moreover, this would be highly beneficial for the waste disposal problems.



The main objective of this present study was to investigate the application of SBA and non- fluoro silanes to fabricate hydrophobic surfaces. The hydrophobic surface was fabricated by the drop casting technique on various materials like floor tiles, brick, glass substrate, and cotton fabric. The morphology and chemical composition of SBA was analyzed by FESEM, EDS, and XRF analysis.




2. Experimental


2.1. Preparation of SBA Coating Solution


All the chemicals used were of analytical grade and they were used as received without further purification. Deionized water (DW) was used in the experiments. Sugarcane bagasse (SB) was collected from the sugarcane waste in agricultural lands, Erode, Tamilnadu, India. SB was pyrolyzed in a muffle furnace at 500 °C and 750 °C for 2 h with a heating rate of 10 °C/min. The resultant SBA was sieved to remove the impurities. Silica was extracted from SBA as sodium silicate by heat treatment with NaOH. It was further converted into silica solution (SS) through the reaction with mineral acid. An amount of 20 g of SBA was heated in 200 mL of 1 M NaOH at 80 °C for 1 h under magnetic stirring. After that, the suspension was cooled and filtered by a Whatman filter paper. The resultant sodium silicate solution was treated with sulfuric acid (H2SO4) to obtain SS [12,47]. The coating solution (SS and surface functionalizing agent mixture) was prepared via acidic hydrolysis of SS in a mixture of dimethydiethoxylsilane (DMDEOS) and deionized water. An amount of 10 mL of SS (at various pH such as 3, 5, 7, and 10) was added into a mixture of 35 mL isopropanol, 1 mL of 0.1 M H2SO4, and 4 mL DW under magnetic stirring at room temperature for 30 min (solution A). Then 15 mL of DMDEOS, 30 mL of isoproponal, 1 mL of 0.1 M H2SO4, and 4 mL of DW was stirred for 30 min (solution B). Solution B was added dropwise to solution A under constant stirring. The whole mixture was stirred at room temperature for 48 h (SBA coating solution).




2.2. Fabrication of Hydrophobic Surfaces


The substrates such as floor tiles, brick, glass and cotton fabric (10 × 10 cm2) were cleaned by sonification for 5 min each in water and ethanol to remove the impurities. The cleaned substrates were dried at 80 °C for 1 h in an air oven. SBA coating solution was applied on the cleaned substrates by the drop-casting technique. The coated substrates were dried at 80 °C for 1 h in an air oven.




2.3. Characterization:


The surface morphology, top-view and the fracture cross section were observed by a field emission scanning electron microscope (FE-SEM: SIGMA HV—Carl Zeiss with Bruker Quantax 200—Z10 EDS Detector). The elemental composition was confirmed using X-ray fluorescence (XRF) and energy dispersive spectroscopy (EDS) techniques. WCA measurements were carried out with the help of an FTA 188 video tensiometer instrument. WCA values were determined after 5 s when the de-ionized water drop of 6 μL began to be still on the samples. WCA values were averaged from five measurements at different positions on the same substrate.





3. Results and Discussion


The morphology and elemental composition of SBA was thoroughly analyzed by FESEM, EDS and XRF techniques. The hydrophobicity of SBA coated substrates was measured via WCA analysis.



3.1. Field-Emission Scanning Electron Microscopy (FESEM)


Figure 1a–d portrays the FESEM images of SBA annealed at 500 °C (Figure 1a,b) and 750 °C (Figure 1c,d). Figure 1a,c shows that most of the SBA particles are in fibrous shape and few porous particles are also observed at low magnification. Figure 1b,d represent the irregular rectangular shape particles and flat-faced spherical particles at high magnification. It was previously reported that the fibrous particles were generally carbon, while the rectangular shaped particles were silica and the spherical particles were aluminosilicates [52,53]. Meanwhile, smaller particles appearing with irregular surfaces are ascribed to the elimination of organic substances from SBA which left the inorganic fraction, such as silica and potassium. The control of the crystalline phases of SBA could be useful to improve the pozzolanic activity [54]. Silica is the main cause of pozzolanic reactivity in an amorphous SBA phase. Therefore, the sugarcane was calcined in the range of 400–800 °C. It was also found that the most important weight loss was observed in this range due to organic matter. In another study, the SBA was obtained between 550 °C and 700 °C, which resulted in spongy particles because the calcination temperature was lower than the melting point of SBA [55]. In addition to the temperature variation, the duration of the ignition was another variable parameter that was studied.




3.2. Energy Dispersive Spectroscopy (EDS)


Figure 1e,f displays the inset FESEM images of SBA samples. The lighter parts are probably due to potassium and silicon, providing a chemical contrast because they are more sensitive to the detector. On the other hand, the darker parts contain carbon and oxygen, as detected by the EDS analysis [56]. As noted, the main elements of activated carbon are carbon and oxygen. Secondly, silicon and potassium elements predominate in significant amounts in the ash. The presence of C, O, K, Cl, and Si without any impurities are confirmed from Figure 1e. SBA—500 °C has a composition of C—75.0 wt%, O—20.9 wt%, K—1.89 wt%, Cl—0.54 wt% and Si—1.65 wt%. SBA—750 °C mainly contains C, O, K, Cl, Si, and Mg elements with a composition of C—78.6 wt%, O—14.0 wt%, K—3.80 wt%, Cl—0.72 wt%, Si—2.30 wt% and Mg—0.46 wt%. SiO2 content was further analyzed in detail by XRF.




3.3. X-Ray Fluorescent Spectroscopy (XRF)


Table 1 displays the chemical composition of elements present in the raw SBA, acid treated SBA-500 °C and acid treated SBA-750 °C. The elements such as Si, Ca, S, Al, K, Mg, P, Fe, Ti, Mn, and Cu exist in the three samples. The composition of SiO2 in acid treated SBA samples (SBA-500 °C = 88%; SBA-750 °C = 94%) is higher compared to raw SBA (54%), suggesting acid treatment is beneficial to eliminate the impurities from SBA [57]. It is also observed that the SiO2 content is increased on increasing the calcination temperature. XRF study shows that acid treatment is a necessary post treatment process to remove impurities and obtain a pure SiO2 composition for subsequent use.




3.4. Water Contact Angle Test


The floor tiles coated with acid treated SBA-750 °C showed the best hydrophobicity. This is ascribed to the increase of surface roughness and maximum silica content. The high surface roughness imparts a tortuous three-phase contact line, which increases the hydrophobicity of the floor tiles. The wettability of the SBA coated surfaces was assessed in terms of WCA. SBA coated floor tiles (Figure 2a–d) show a WCA of 135°, 105°, 124°, and 93° for pH 3, 5, 7, and 10 solutions, respectively. SBA solution with pH 3 showed a high WCA compared to others. SBA with enriched SiO2 and long alkyl chain of DMDEOS influence the surface roughness and reduce the surface energy of the floor.



According to the principle of wettability of the surface [12,13], the coating composition on the surface of tiles, which consisted of silica and low surface free energy DMDEOS, could effectively prevent the water penetration. Therefore, the treated floor tiles were highly hydrophobic. SBA mixture with pH 3 was further tested on various substrates such as brick, glass, and cotton fabric. The WCA of SBA coated tiles, brick, glass and cotton fabric are 135°, 136°, 138°, and 137°, respectively. Almost all of the SBA coated substrates showed good hydrophobicity. The substrates were kept at open air conditions (RTP) and the WCA was measured after 30 days (Figure 2i–l) to evaluate the stability of the coating. The WCAs of SBA coated tiles, brick, glass and cotton fabric are 111°, 123°, 115° and 121°, respectively. These results revealed that a single layer of SBA coating is not enough for long-term usage. This could be rectified by increasing the number of coating layers on the substrates.





4. Summary and Outlook


In this study, we successfully developed a simple drop-casting approach to produce a hydrophobic coating on various surfaces such as tiles, bricks, glass and cotton fabrics. The WCAs of SBA coated floor tiles, bricks, glass, and cloths are 135°, 136°, 138°, and 137°, respectively. The hydrophobicity of the substrates coated with SBA can be attributed to the increase of surface roughness induced by silica and DMDEOS. In general, it has been shown that SBA coating using a drop-casting process is a promising approach to producing highly hydrophobic surfaces in static materials.



The future work on SBA coatings should be focused on the mechanism of hydrophobicity, water tilt angle, contact angle hysteresis, chemical stability, UV durability, and optical transmittance for commercial applications. The hydrophobicity of SBA coatings would be improved (more than 150°) by the addition of polymeric silanes (e.g., polydimethylsiloxane (PDMS)). Moreover, the addition of photocatalytic nanoparticles in the SBA coating solution would be beneficial to impart antimicrobial properties for indoor building materials such as brick and tiles.
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Figure 1. FESEM images of (a) sugarcane bagasse ash (SBA) annealed at 500 °C (b) SBA annealed at 750 °C (c) magnified FESEM image of SBA at 500 °C (d) magnified FESEM image of SBA at 750 °C (e) EDS spectrum of SBA annealed at 500 °C (f) EDS spectrum of SBA annealed at 750 °C. The inset is elemental presentation values tabulated corresponding to images respectively. 
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Figure 2. Photographs of water droplets on SBA coated floor tiles at (a) pH 3, (b) pH 5, (c) pH 7, (d) pH 10. Water contact angle (WCA) of SBA coated substrates (e) tiles, (f) brick, (g) glass, (h) cotton fabric. WCA of SBA coated substrates after 30 days under open air conditions (i) tiles, (j) brick, (k) glass, and (l) cotton fabric. 
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Table 1. Elemental composition of raw sugarcane bagasse ash (SBA), acid treated SBA-500 °C and acid treated SBA-750 °C.
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Weight%




	
Components

	
Raw Sample

	
After Acid Treatment

	
After Acid Treatment




	
SBA 500 °C

	
SBA 750 °C






	
SiO2

	
54.20

	
87.63

	
94.2




	
CaO

	
3.77

	
1.26

	
2.16




	
SO3

	
16.10

	
0.45

	
1.34




	
Al2O3

	
0.20

	
0.40

	
0.94




	
K2O

	
1.26

	
0.28

	
0.41




	
MgO

	
20.72

	
0.19

	
0.39




	
P2O5

	
7.36

	
0.07

	
0.20




	
Fe2O3

	
0.78

	
0.06

	
0.11




	
TiO2

	
0.01

	
0.01

	
0.03




	
MnO

	
1.45

	
-

	
0.01




	
CuO

	
0.06

	
-

	
-












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  applsci-09-00190


  
    		
      applsci-09-00190
    


  




  





media/file5.png





media/file0.png





media/file2.png
EHT =10.00 kV
WD = 3.2mm

EHT =10.00 kV
WD = 3.3 mm

Signal A = InLens
Mag = 10.00 KX

Signal A = InLens

Mag =

500KX

Element

Date :14 Jul 2016 EHT =10.00 kV
Time :15:10:22 |—| WD = 3.2mm

Date :14 Jul 2016 EHT =10.00 kV
Time :15:00:25 WD = 3.3mm

W% At%
75.01 81.95

2091

Signal A = InLens Date :14 Jul 2016
Mag = 100.00 K X Time :15:14:19

Signal A = InLens Date :14 Jul 2016
Mag = 100.00 K X Time :15:04:14

Element





media/file3.jpg
(@) 135+ (b)) B 105" (¢ 124°  (d) 93°

1350 136° (9) 138°  (h) 137°

111° 123° (k) 15° 121°






media/file1.jpg





