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Abstract: Liquid food adhesion on containers has increased food waste and pollution, which could be
effectively alleviated with a superhydrophobic surface. In this research, the superhydrophobic coating
was fabricated with edible soybean wax on different substrates by a spraying method. The coated
surface showed excellent superhydrophobicity due to its microstructure formed by self-roughening,
which could repel a variety of viscous liquid food with the apparent contact angle of 159 + 2°.
The coated surface was still liquid-repellent after hot water immersion (45 °C), abrasion test with
sandpaper, water impact, finger touch and immersion into yogurt. The liquid-repellent coating
with soybean wax, which is natural and green, is promising for application in the food industry to
reduce waste.

Keywords: non-wettable coating; edible; soybean wax; residue

1. Introduction

With the development of the economy, people’s living standards improved, especially in food
demand. In daily life, viscous liquid food (such as yogurt, honey, milk, coffee, et al.) residue remain
adhering to the container after drinking, which has given us a great deal of inconvenience and resulted
in huge waste (up to 15% of liquid food products) [1]. Food adhesion problems could be effectively
alleviated by using a superhydrophobic surface. Superhydrophobic surfaces have become a popular
topic due to their application in oil/water separation [2—4], anti-corrosion [5], drag reduction [6],
reproductive medicine and cryobiology [7] et al. Superhydrophobic surfaces, characterized by high
apparent contact angles (> 150°) and low contact angle hysteresis (the difference between the advancing
and receding contact angles, which could lead to a low sliding angle), have tremendous practical
applications, including self-cleaning and drag reduction. The non-wetting coatings could eliminate
liquid food residue, avoiding the adhesion of viscous liquid to packaging material [8-14].

Superhydrophobic coatings are fabricated through surface texture and low solid surface energy [15]
or modification of surface microstructure without using low surface-energy reagents [16,17]. Microscale
structure, nanoscale structure and hierarchical structure turned out to be important for surface texture
fabrication. So far, most of the studies to fabricate water-repellent surfaces use nanoparticles combined
with fluorine-containing reagents. Vahabi et al. [18] prepared flexible non-wettable films by creating
coatings of polyurethane and fluorinated silica particles on a substrate, which repelled varieties
of liquids. Pan et al. [19] fabricated superhydrophobic stainless-steel wire meshes by creating
coatings of cross-linked poly(dimethylsiloxane) and fluorodecyl polyhedral oligomeric silsequioxane.
The fluorocarbon materials could decompose to perfluorooctanoic acid (PFOA), whose toxicity is
biocumulative and persistent to humans. Thus, the fluorocarbon materials, classified as contaminants,
are unfit for the preparation of edible non-wettable coatings.

Materials 2020, 13, 3308; d0i:10.3390/ma13153308 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0002-8190-3193
http://dx.doi.org/10.3390/ma13153308
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/15/3308?type=check_update&version=2

Materials 2020, 13, 3308 20of 11

To make a non-wettable coating on packaging material, the most important factor is safety:
not allowing toxicity when contacting food. A superhydrophobic surface could be prepared by spraying
a mixture of a non-polar compound and solvent [20,21]. Wang et al. [22] prepared water-repellent
coatings using beeswax and carnauba wax. The coatings were non-wettable towards different liquid
food, which was edible and natural. Liu et al. [23] created liquid-repellent coatings using rice bran wax
and candelilla wax by a one step spraying method on polypropylene (PP) substrates, which could be
used for eliminating liquid waste of food containers. Zhang et al. [24] fabricated a superhydrophobic
paper surface with good transparency and stability properties via mixture coating of beeswax and
carnauba wax. The wax mixture was emulsified and coated on a paper surface, followed by annealing at
different temperatures. Submicrometer structure was generated on the base of micrometer spherical wax
particles. Yang et al. [25] prepared three kinds of edible superhydrophobic surfaces by fumigating lard,
food grade paraffin and beeswax on calcined Fe foil. All samples showed excellent superhydrophobicity
and effectively repelled starch slurries and liquid foods without observable residues. The used sample
could be recovered by re-fumigation. These researches have promoted the preparation of edible
non-wettable materials, which should be environmentally friendly and should not contain toxic
chemicals and unapproved additives.

Soybean wax is made from natural soybeans, which are abundant. Thus, the soybean wax is
cheap, natural and biodegradable without environmental pollution, which has great advantages
in terms of health and environmental protection [26,27]. The main ingredient of soybean wax is
triacylglyceride composed of stearic acid. Herein, superhydrophobic coatings were fabricated with
soybean wax by spray coating of a wax suspension in ethanol. This low-cost and simple non-wettable
coating exhibited excellent liquid repelling properties against a variety of non-Newtonian viscous
food liquids or hot water solution on different food packaging materials (glass, paper, plastic and
ceramics). The coating provided excellent resistance to hot water immersion, sandpaper abrasion,
water impact, finger touching and yogurt immersion. Thus, the non-wettable coating with soybean
wax could be used to reduce liquid food residue on different substrates, including glass slide, paper,
plastic and ceramic.

2. Materials & Methods

2.1. Materials

Ethanol was purchased from Tianjin Hengxing Chemical Reagent Manufacturing co, LTD, Tianjin,
China. Soybean wax was purchased from Hubei Xinghe Chemical co, LTD, Hubei, China. Milk, fruit
juice, Coca Cola, honey and black tea were purchased from local supermarkets, Xinxiang, China. Glass
slides, paper, plastic and ceramic were available at local markets, Xinxiang, China.

2.2. Preparation of Soybean Wax Coating

As shown in Figure 1, the soybean wax suspension was prepared thorough mixture of 1 g of
soybean wax and 50 mL ethanol solution followed by heating at 65 °C for 3 min. The hot wax
suspension was sprayed (Flying Boat Glass Co. LTD, Yancheng, China) onto glass slides (Zhejiang
Pride Electric Appliance Co. LTD, Jinhua, China) with a distance of 50 cm. Finally, the coated surface
was dried at room temperature to obtain its superhydrophobic characteristics.
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Figure 1. [llustration for preparation of a non-wettable surface.
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2.3. Characterization

The surface structure of the superhydrophobic coating was observed by a Quanta 200 scanning
electron microscope (FEI, Hillsboro, OR, USA) operated at an acceleration voltage of 20 kV.
The roughness of the superhydrophobic coating was analyzed by GTK-16-0300 white light
interferometer (BRKR, Billerica, Massachusetts, USA). The wettability of the superhydrophobic
surface was tested with an optical contact angle measuring instrument (Shenzhen testing equipment
CO., LTD, Shenzhen, China, TST-200H). Apparent contact angles of the superhydrophobic coating were
measured with a deionized water droplet (Shenzhen testing equipment CO., LTD, Shenzhen, China) of
10 pL on a video optical contact angle system to measure the resistance of superhydrophobic coating to
different liquid foods at room temperature. The values of the apparent contact angle and the sliding
angle were determined by averaging values measured at 5 different points on each sample surface.

3. Results

3.1. Morphology of the Soybean Wax Coating

Glass is very common in our life and it is widely used as a liquid food packaging material.
After treated with soybean wax in ethanol, the surface was made up of irregular and discernible
nanoscale sheets of waxy crystals, which distributed neatly and tightly (Figure 2a). At higher
magnifications, a flower-like micro-nano roughness structure (Figure 2b) could be observed. The rapid
volatilization of the solvent resulted in the rough structure of the coating.

Figure 2. (a) SEM image of the soybean wax coating and (b) its higher magnification image.

Futhermore, the roughness of the coating was analyzed by white light interferometer at
room temperature. As shown in Figure 3, the convex hulls showed micron fluctuation structure.
The staggered convex structure and uniform distribution of convex hulls on the surface facilitated its
superhydrophobic characteristics.
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Figure 3. The roughness of the coating.

\ 4

3.2. Influence of Surface Density

Figure 4a shows the influence of surface density (p) of soybean wax on the values of apparent
contact angle and sliding angle. The water droplets stick to the coating surface when p is smaller than
0.87 mg cm~2. The maximum apparent contact angle of 159° and the minimum sliding angle of 7°
were obtained with p of 1.74 mg cm™2. At p = 1.74 mg cm™2, the advancing and receding contact angle
were measured as 159° and 154°, respectively, which led to low contact angle hysteresis. The high
apparent contact angle and low contact angle hysteresis were from complete coverage of the coating
and the desired roughness. The increase in surface density increased the thickness of the soybean
wax coating, which could not change the roughness significantly. Thus, the value of apparent contact
angle and sliding angle basically tended to be stable when p continued to increase. As shown in
Figure 4b, the pristine glass substrates show a smooth surface. However, the hierarchical microscale
and nanoscale roughness structure on glass surface after soybean wax coating treatment was formed
(Figure 4c), which is the critical points for non-wetting [28]. Consequently, the superhydrophobic
coating with soybean wax was fabricated with sufficiently high surface density of the wax.
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Figure 4. (a) The effect of surface density (p) on apparent contact angle and sliding angle; (b) SEM

image of pristine glass and (c) the coated glass with p of 1.74 mg cm 2.

3.3. Repellency to Viscous Liquid Food in Daily Life

The soybean wax coating method could be easily applied on different food packaging materials,
such as glass, paper, plastic and ceramic substrates. Figure 5a shows the photographs of Coca Cola,
black tea, yogurt, honey and water on different soybean wax treated materials. All these materials
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became non-wetting with spherical shape of various liquid food droplets on the coated substrates.
Figure 5b shows the as-coated glass surface had apparent contact angles of 159°, 157°, 154°, 153°,
156° and 152°, respectively to water, Coca Cola, juice, honey, tea and yogurt. The complex flow
characteristics of non-Newtonian fluids like honey and yogurt resulted in a little bit lower apparent
contact angle than other food liquids. The non-Newtonian fluids could have a certain “memory effect”
and make it difficult to flow. As shown in Video S1, the water droplet falls down on the coating surface
of glass and it bounced back to the air. When the water column quickly hit the coating surface, water
droplets bounced high and rolled down along the surface (Video S2).
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Figure 5. (a) Photographs of Coca Cola, black tea, yogurt, honey and water droplets on different coated
materials and (b) the apparent contact angles and sliding angles of different liquid food on coated glass.

3.4. Heat Resistance

The heat resistance of the coated surface was studied by immersing the treated glass in water
heated by electric-heated thermostatic water bath (Spring Instrument. Co., LTD, Jintan, China) for
10 min. After contacting with hot water from 25 to 50 °C, the apparent contact angle was determined
every 5 °C. As shown in Figure 6, The coated surface kept superhydrophobic when the water bath
increased from 25 °C to 45 °C. When the water temperature increased to 50 °C, the coated surface lost
its superhydrophobicity with apparent contact angle lower than 150°. The soybean wax, with the
melting point of 52 °C, is a kind of phase change material. The partial disappearance of the rough
structure happened when the temperature was close to 50 °C, which reduced the apparent contact
angle of droplet on the surface. More research is needed to improve the robustness of soybean wax
towards hot water above 50°C, which is an important factor for its practical applications.
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Figure 6. The apparent contact angles with different temperatures of immersion water.
3.5. Robustness and Durability of the Coating

The physical damage of viscous liquid food and external pressure could wear down the food
packaging material. The physical damages of non-wettable coating contacting with viscous liquid is a
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big challenge for large-scale application. Robustness still remains a major challenge for application
of superhydrophobic coating. Thus, the abrasion resistance of the coating was analyzed by placing
the coated glass face down to a sandpaper with 1000 meshes under a weight of 100 g along a ruler
for a distance of 20 cm (Figure 7a,b), which was defined as one test cycle. The change of apparent
contact angle and sliding angle after cycles of abrasion is shown in Figure 7c. The coating was still
superhydrophobic even after 10 cycles of abrasion. Then, the apparent contact angle decreased to less
than 150°. The photographs of yogurt and water droplets on the coated glass surface after 0, 10 and
12 cycles of abrasion test are shown in Figure 8d—f. After 10 times of abrasion, the yogurt and water
droplets could still maintain spherical shape on the surface. The coated glass was immersed into yogurt
to see its non-wettable property. The yogurt flowed down easily without wetting or contaminating
the surface after 10 times of abrasion (Figure 8b). However, the yogurt adhered to the surface due
to loss of superhydrophobicity after 12 cycles of abrasion (Figure 8c). During the test, the surface
was abraded longitudinally. The physical abrasion led to removal of soybean wax and partial loss of
surface roughness, which were key factors for its superhydrophobicity.
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Figure 7. (a,b) One abrasion test cycle and(c) the change of apparent contact angle and sliding angle
after cycles of abrasion.

Figure 8. The coated glass after immersion into yogurt after (a) 0; (b) 10 and (c) 12 cycles of abrasion test;
Photographs of yogurt and water droplets on a coated glass surface after (d) 0; (e) 10 and (f) 12 cycles
of abrasion test.

Apart from sandpaper abrasion, the impact resistance of the soybean wax coated surface was
evaluated by water dropping from a height of 30 cm (Figure 9a). The apparent contact angle and
sliding angle were measured every 10 drops. The change of apparent contact angle and sliding angle
after water impact are shown in Figure 9b. The coating maintained excellent water repellency after
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70 drops with excellent superhydrophobicity. Then, the apparent contact angle decreased to less than
150°. The impact resistance of the coated surface was crucial for its application in liquid packaging.
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Figure 9. (a) The device used for an impact resistance test; (b) the change of apparent contact angle and
sliding angle after water impact.

The coated surface was pressed with a finger to test its durability (Figure 10a). The direction
of touching is marked with a red line in Figure 10b. The water droplets maintained spherical shape;
they could roll randomly on the touched surface. As shown in Figure 10c, the coated glass was
immersed into yogurt repeatedly. The superhydrophobicity of the treated surface was studied after
immersion (Figure 10d). The apparent contact angle decreased and the sliding angle increased with
the number of immersion times. After immersed into yogurt for 20 times, the coating remained
superhydrophobic. The coated glass was immersed into yogurt for 24 h to study the effect of immersion
time on the superhydrophobicity of the coating. After a 24 h immersion, the apparent contact angle
of the coated surface was still above 150°, showing excellent liquid-repellent properties. To further
evaluate the durability of the coated surface, the glass treated with soybean wax was exposed to air for
200 days. As shown in Figure 11b, the coating remained superhydrophobic with the apparent contact
angle higher than 150°. In the meantime, a water droplet could still maintain its spherical shape on
the surface, demonstrating the stability of the coating exposed to air. The soybean wax coating could
maintain stability because of its long chain alkane composition exposed to a corrosive environment.
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Figure 10. (a) The durability test by pressing with a finger; (b) photograph of water droplets after
touching; (c) one-time immersion in yogurt and (d) the change of apparent contact angle and sliding
angle of the treated surface plotted against immersion times in yogurt.
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Figure 11. Photographs of yogurt and water droplets (a) on a coated glass surface and (b) after 200 days.

3.6. Comparison with Other Coatings

It is reported that the edible superhydrophobic coating was fabricated by paraffin wax, beeswax,
microcrystalline wax and carnauba wax, et al. The apparent contact angle and sliding angle of the
coating treated by soybean wax was compared with other waxes reported in the existing literature.
Different from microcrystalline wax and paraffin wax, the soybean wax, beeswax, carnauba wax and
rice bran wax are renewable waxes. As shown in Table 1, the apparent contact angles of the coating
with beeswax, microcrystalline wax, mixture of candelilla wax and rice bran wax were slightly higher
than that of soybean wax, used in our research. The different superhydrophobic properties of waxes
are owed to their different chemical constitution and dissolution-precipitation character in solvent.
The soybean wax has advantages of wide source and low price. Thus, it is promising for application in
the food industry, to reduce waste.

Table 1. The apparent contact angle and sliding angle of the superhydrophobic coatings with
different waxes.

Waxes Apparent Contact Angle (°) Sliding Angle (°)
Soybean Wax (This Research) 159 £2 7+1
Paraffin Wax [29] 158 +3 7+1
Beeswax [29] 162 + 2 7+1
Microcrystalline Wax [29] 161 =2 5+1
Carnauba Wax [29] 150 =2 22+2
Mixture of Candelilla Wax and Rice Bran Wax [23] 162 +2 1+1

The coating with soybean wax was subjected to abrasion tests with sandpaper, water impact, finger
touch and immersion into yogurt to evaluate its robustness and durability. Zhao et al. [29] immersed
the superhydrophobic coating of paraffin wax into 1M HCI (Sinopharm Chemical Reagent CO. LTD,
Shanghai, China), IM NaOH (Sinopharm Chemical Reagent CO. LTD, Shanghai, China) and deionized
water made by water purification machine (Ruide Chemical Instrument CO. LTD, Zaozhuang, China),
respectively. After 24 h of immersion, the apparent contact angles of the treated coatings were all
higher than 150°. Liu et al. [23] created an edible liquid-repellent coating by mixing rice bran wax
and candelilla wax on polypropylene substrates. The apparent contact angle of the coating lost its
superhydrophobic properties after 8 cycles during the sandpaper abrasion test. After 1200 cycles
of 180° bending, the coating was still non-wettable without any change in appearance. The edible
coating with soybean wax in our research could endure 10 cycles of abrasion test under the same
pressure. Chen et al. [30] used the solution-dipping method for sequential deposition of a trilayer of
branched poly(ethylenimine), ammonium polyphosphate and fluorinated-decyl polyhedral oligomeric
silsesquioxane. The superhydrophobic coating could maintain its flame-retardant and self-healing
properties even after 1000 cycles of abrasion (under a pressure of 44.8 kPa). However, the non-wettable
coatings made of fluorocarbon materials are not suitable for the application of direct contact with food.
Thus, the edible superhydrophobic coatings need to improve their heat resistance and robustness,
which is also our future research direction.
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3.7. Application Test

To demonstrate the practicality of the edible superhydrophobic coating of soybean wax, the inside
of a paper cup was coated with soybean wax to test its performance. The cups were filled with various
viscous liquid food, including milky tea, honey and chocolate syrup. As shown in Video S3, the liquid
was poured out from the cup. The high-viscous liquid in the soybean wax treated cup came out easily
with a little residue, demonstrating liquid-repellent properties of the paper cup. In contrast, without
coating treatment, it was hard for the liquid to flow out and significant residues were left stuck to the
original cup. Figure 12 shows the photographs of the remaining viscous liquid after pouring. There is
hardly any liquid left with the coated cup. Thus, the edible non-wettable coating of soybean wax could
repel complex non-Newtonian fluids with little residue.

Figure 12. Photographs of (left) remaining viscous liquid after pouring in a soybean wax coated cup
and (right) original cup: (a) milky tea; (b) chocolate syrup and (c) honey.

4. Conclusions

In this work, an edible superhydrophobic coating was prepared with soybean wax by a one-step
method, which could be widely applied to various packaging materials to eliminate liquid food
residues and save resources. Through a variety of tests, the coating showed excellent stability to repel
high-viscosity non-Newtonian liquid food and even a hot aqueous solution (about 45 °C). The coating
maintained its superhydrophobicity after abrasion tests with sandpaper, water impact, finger touch
and immersion into yogurt. The superhydrophobic coating prepared by soybean wax was edible
and robust; it could be widely used to reduce liquid food residues due to its simple, renewable and
low-cost characteristics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/15/3308/s1.
Video S1: The bounce of a water droplet on the coating surface of glass. Video S2: The hitting of a water column
on the coating surface. Video S3: The remaining viscous liquid after pouring in (left) soybean wax coated cup and
(right) original cup.

Author Contributions: Data curation, T.S.; formal analysis, T.S., Y.L.; resources, G.X.; writing—original draft
preparation, S.E; writing—review and editing, W.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported financially by funding from the Key Scientific and Technological Project of
Henan Province (No. 202102210024, No. 152102210099), Key Scientific Research Project of Henan Provincial
Education Department (No. 20A150018) and High-Level Talent Start-Up Research Project of Henan Institute of
Science and Technology (No. 2017043).

Acknowledgments: The author is very grateful to Professor Yuping Zhang from the School of Chemistry and
Chemical Engineering, Henan Institute of Science and Technology for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/1996-1944/13/15/3308/s1

Materials 2020, 13, 3308 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Williams, H.; Wikstrom, F. Environmental impact of packaging and food losses in a life cycle perspective:
A comparative analysis of five food items. J. Clean. Prod. 2011, 19, 43—48. [CrossRef]

Kwak, M.J.; Oh, M.S,; Yoo, Y.; You, ].B.; Kim, J.; Yu, S.J.; Im, S.G. Series of liquid separation system made
of homogeneous copolymer films with controlled surface wettability. Chem. Mater. 2015, 27, 3441-3449.
[CrossRef]

Cao, N.; Yang, B.; Barras, A.; Szunerits, S.; Boukherroub, R. Polyurethane sponge functionalized with
superhydrophobic nanodiamond particles for efficient oil/water separation. Chem. Eng. J. 2017, 307, 319-325.
[CrossRef]

Li, J.; Li, D.; Yang, Y.; Li, J.; Zha, F,; Lei, Z. A prewetting induced underwater superoleophobic or underoil
(super) hydrophobic waste potato residue-coatedmesh for selective efficient oil/water separation. Green Chem.
2016, 18, 541-549. [CrossRef]

Qing, Y,; Yang, C.; Yu, N.; Shang, Y.; Sun, Y.; Wang, L.; Liu, C. Superhydrophobic TiO,/polyvinylidene
fluoride composite surface with reversible wettability switching and corrosion resistance. Chem. Eng. . 2016,
290, 37-44. [CrossRef]

Dong, H.; Cheng, M.; Zhang, Y.; Wei, H.; Shi, F. Extraordinary drag-reducing effect of a superhydrophobic
coating on a macroscopic model ship at high speed. J. Mater. Chem. A 2013, 1, 5886-5891. [CrossRef]
Esmeryan, K.D.; Lazarov, Y.L.; Stamenov, G.S.; Chaushev, T.A. When condensed matter physics meets
biology: Does superhydrophobicity benefiting the cryopreservation of human spermatozoa? Cryobiology
2020, 92, 263-266. [CrossRef]

Lee, WK,; Jung, W.B.; Nagel, S.R.; Odom, T.W. Stretchable superhydrophobicity from monolithic,
three-dimensional hierarchical wrinkles. Nano Lett. 2016, 16, 3774-3779. [CrossRef]

Hu, Z.; Zhang, X; Liu, Z.; Huo, K.; Chu, PK.; Zhai, ] .; Jiang, L. Regulating water adhesion on superhydrophobic
TiO, nanotube arrays. Adv. Funct. Mater. 2014, 24, 6381-6388. [CrossRef]

Wu, Y.; Zeng, J.; Si, Y.; Chen, M.; Wu, L. Large-Area preparation of robust and transparent superomniphobic
polymer films. ACS Nano 2018, 12, 10338-10346. [CrossRef]

Zhu, Y.; Sun, E; Qian, H.; Wang, H.; Mu, L.; Zhu, J. A biomimetic spherical cactus superhydrophobic coating
with durable and multiple anti-corrosion effects. Chem. Eng. J. 2018, 338, 670-679. [CrossRef]

Feng, J.; Pang, Y.; Qin, Z.; Ma, R.; Yao, S. Why condensate drops can spontaneously move away on some
superhydrophobic surfaces but not on others. ACS Appl. Mater. Interfaces 2012, 4, 6618-6625. [CrossRef]
Zhou, C,; Chen, Z.; Yang, H.; Hou, K.; Zeng, X.; Zheng, Y.; Cheng, J. Nature-inspired strategy toward
superhydrophobic fabrics for versatile oil/water separation. ACS Appl. Mater. Interfaces 2017, 9, 9184-9194.
[CrossRef] [PubMed]

Liu, H.; Huang, J.; Chen, Z.; Chen, G.; Zhang, K.Q.; Al-Deyab, S.S.; Lai, Y. Robust translucent
superhydrophobic PDMS/PMMA film by facile one-step spray for self-cleaning and efficient emulsion
separation. Chem. Eng. J. 2017, 330, 26-35. [CrossRef]

Zang, D.; Liu, E; Zhang, M.; Niu, X; Gao, Z.; Wang, C. Superhydrophobic coating on fiberglass cloth for
selective removal of oil from water. Chem. Eng. J. 2015, 262, 210-216. [CrossRef]

Wang, J.; Liu, F; Chen, H.; Chen, D. Superhydrophobic behavior achieved from hydrophilic surfaces.
Appl. Phys. Lett. 2009, 95, 084104. [CrossRef]

Hoshian, S.; Jokinen, V.; Somerkivi, V.; Lokanathan, A.R.; Franssil, S. Robust Superhydrophobic Silicon
without a Low Surface-Energy Hydrophobic Coating. Appl. Mater. Interfaces 2015, 7, 941-949. [CrossRef]
Vahabi, H.; Wang, W.; Movafaghi, S.; Kota, A.K. Free-standing, flexible, superomniphobic films. ACS Appl.
Mater Interfaces 2016, 8, 21962-21967. [CrossRef]

Pan, S.; Kota, A.K.; Mabry, ].M.; Tuteja, A. Superomniphobic surfaces for effective chemical shielding. J. Am.
Chem. Soc. 2013, 135, 578-581. [CrossRef]

Li, Y; Bi, J.; Wang, S.; Zhang, T.; Xu, X,; Wang, H.; Cheng, S.; Zhu, B.; Tan, M. Bio-inspired edible
superhydrophobic interface for reducing residual liquid food. . Agric. Food Chem. 2018, 66, 2143-2150.
[CrossRef]

Saji, V.S. Wax-based artificial superhydrophobic surfaces and coatings. Colloid Surf. A 2020, 302, 125132.
[CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2010.08.008
http://dx.doi.org/10.1021/acs.chemmater.5b00842
http://dx.doi.org/10.1016/j.cej.2016.08.105
http://dx.doi.org/10.1039/C5GC01818H
http://dx.doi.org/10.1016/j.cej.2016.01.013
http://dx.doi.org/10.1039/c3ta10225d
http://dx.doi.org/10.1016/j.cryobiol.2019.10.004
http://dx.doi.org/10.1021/acs.nanolett.6b01169
http://dx.doi.org/10.1002/adfm.201401462
http://dx.doi.org/10.1021/acsnano.8b05600
http://dx.doi.org/10.1016/j.cej.2018.01.082
http://dx.doi.org/10.1021/am301767k
http://dx.doi.org/10.1021/acsami.7b00412
http://www.ncbi.nlm.nih.gov/pubmed/28222262
http://dx.doi.org/10.1016/j.cej.2017.07.114
http://dx.doi.org/10.1016/j.cej.2014.09.082
http://dx.doi.org/10.1063/1.3212869
http://dx.doi.org/10.1021/am507584j
http://dx.doi.org/10.1021/acsami.6b06333
http://dx.doi.org/10.1021/ja310517s
http://dx.doi.org/10.1021/acs.jafc.7b05915
http://dx.doi.org/10.1016/j.colsurfa.2020.125132

Materials 2020, 13, 3308 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wang, W.; Lockwood, K.; Boyd, L.M.; Davidson, M.D.; Movafaghi, S.; Vahabi, H.; Khetani, S.R.; Kota, A K.
Superhydrophobic Coatings with Edible Materials. ACS Appl. Mater. Interfaces 2016, 8, 18664—18668.
[CrossRef] [PubMed]

Liu, B.Y;; Xue, C.H.; An, Q.F; Jia, S.T.; Xu, M.M. Fabrication of superhydrophobic coatings with edible
materials for super-repelling non-Newtonian liquid foods. Chem. Eng. J. 2019, 371, 833-841. [CrossRef]
Zhang, W.; Lu, P; Qian, L.; Xiao, H. Fabrication of superhydrophobic paper surface via wax mixture coating.
Chem. Eng. ]. 2014, 250, 431-436. [CrossRef]

Yang, C.; Zhu, Y.; Wang, Y.; Fu, H.; Deng, X.; Yue, H.; Lu, H,; Jiang, W.; Liang, B. Preparation of edible
superhydrophobic Fe foil with excellent stability and durability and its applications in food containers with
little residue. New J. Chem. 2019, 43, 1-12. [CrossRef]

Maranna, S.; Kumawat, G.; Nataraj, V.; Gireesh, C.; Gupta, S.; Satpute, G.K.; Milind, B.; Ratnaparkhe, M.B.;
Yadav, D.P. NAM population—A novel genetic resource for soybean improvement: Development and
characterization for yield and attributing traits. Plant Genet. Resour. 2019, 17, 545-553. [CrossRef]

Zhang, W.N,; Liu, D.C. A new process for preparation of soybean protein concentrate with hexane-aqueous
ethanol mixed solvents. J. AOAC Int. 2005, 88, 1217-1222. [CrossRef]

Shirtcliffe, N.J.; McHale, G.; Atherton, S.; Newton, M.I. An introduction to superhydrophobicity. Adv. Colloid
Interface Sci. 2010, 161, 124-138. [CrossRef]

Zhao, X.; Hu, T.; Zhang, J. Superhydrophobic coatings with high repellency to daily consumed liquid foods
based on food grade waxes. J. Colloid Interface Sci. 2018, 515, 255-263. [CrossRef]

Chen, S; Li, X.; Li, Y;; Sun, J. Intumescent flame-retardant and self-healing superhydrophobic coatings on
cotton fabric. ACS Nano 2015, 9, 2409-2412. [CrossRef]

@ © 2020 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/).


http://dx.doi.org/10.1021/acsami.6b06958
http://www.ncbi.nlm.nih.gov/pubmed/27403590
http://dx.doi.org/10.1016/j.cej.2019.03.222
http://dx.doi.org/10.1016/j.cej.2014.04.050
http://dx.doi.org/10.1039/C8NJ05967E
http://dx.doi.org/10.1017/S1479262119000352
http://dx.doi.org/10.1093/jaoac/88.4.1217
http://dx.doi.org/10.1016/j.cis.2009.11.001
http://dx.doi.org/10.1016/j.jcis.2018.01.034
http://dx.doi.org/10.1021/acsnano.5b00121
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials & Methods 
	Materials 
	Preparation of Soybean Wax Coating 
	Characterization 

	Results 
	Morphology of the Soybean Wax Coating 
	Influence of Surface Density 
	Repellency to Viscous Liquid Food in Daily Life 
	Heat Resistance 
	Robustness and Durability of the Coating 
	Comparison with Other Coatings 
	Application Test 

	Conclusions 
	References

