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ABSTRACT 

Recently, superhydrophobic materials with static water contact angle higher than 150o and 

dynamic water contact angle less than 10o have attracted the attention due to their unique properties 

and their potential for practical applications, such as self-cleaning, anti-wetting, anti-icing, anti-

corrosion,  etc.,. Superhydrophobic surfaces could help to minimizing the energy and water 

required for cleaning, reducing the utilization of pollution and waste caused by cleaning process 

and even can be applied for oil/water separation - one of the biggest issues in environmental field 

at this moment. This dissertation investigates the fabrication, characterization of various 

superhydrophobic surfaces and their diverse environmental applications. 

The thesis is organized as follow: In Chapter I (Introduction), it includes: objective/goal of this 

research study, background of super-hydrophobicity and theoretical basis. Chapter II, III and IV 

describes about three different superhydrophobic materials developed on (i) the cotton fabric, (ii) 

polyurethane sponge and (iii) melamine sponge, respectively. Novel techniques for creating 

superhydrophobic surfaces on three different substrates are presented in this dissertation. 

Furthermore, several potential applications such as self-cleaning, anti-wetting, floating oil sorption 

and oil-water separation were proposed. Chapter V concluded the research and proposed the future 

work. 
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CHAPTER 1 - INTRODUCTION OF SUPERHYDROPHOBIC 

SURFACE 

 

Abstract 

Nature is the creation of aesthetic functional systems, in which many natural materials have 

vagarious structures. The booming field of biomimetic allows one to mimic nature to develop 

nanomaterials, nanodevices, and processes which offer desirable properties. Biomimetics means 

mimicking biology or nature. Inspired from nature, researchers have recently developed and 

implemented biomimetic surfaces in a variety of smart and simple ways. Various thermo, physical, 

and chemical principles govern the surface properties of biosystems, which can be successfully 

mimicked in advanced manufacturing products. 

Recently, superhydrophobic surfaces, which are mimicking from the nature phenomenon, have 

received increasing attention because of their potential applications in clean tech applications such 

as maintaining high building window glasses and automobile glasses clean, consumer applications 

such as waterproof textiles, protective coating for telecommunication antennas, anti-corrosion and 

anti-icing etc.,. This chapter will begin with an introduction of the fundamental background about 

(i) the basic wetting behaviours, (ii) superhydrophobic surfaces in the nature, (iii) comprehensive 

description of the various techniques used to fabricate the superhydrophobic surface, as well as 

(iv) the main objectives of this dissertation. 

 

Keywords: wettability, superhydrophobic, nature, objectives   
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1.1. Wetting behavior of a solid surface 

1.1.1. Basic wetting states 

When a liquid droplet encounters a solid surface it may wet the surface to varying degrees. The 

contact angle (θ) is the quantitative measure of the wetting of a solid by a liquid. Contact angle 

meter is used to determine of wetting characteristics of solid materials. Traditionally the static 

contact angle has been use to quantify the wettability, adhesiveness, and solid surface free energy. 

Sliding angle, or roll-off angle, is defined as the minimum tilting angle before the droplet starts to 

slide off, this dynamic angle can also be used to characterize the wettability of a solid surface. 

For a hydrophilic solid surface, water droplets will spread out and wet the surface resulting in a 

CA less than 90°; however, for hydrophobic surfaces a contact angle greater than 90° will be 

created which is characteristic of anti-wetting surfaces. In general there are different types of 

wetting on solid surfaces which are shown schematically in Fig.1.1 with their contact angles 

indicated. CA can range from 180° to 0° depending on the magnitude of the solid/vapor and 

solid/liquid interfaces. If a liquid creates a contact angle of 180° with a solid, a complete non-

wetting condition is present and the droplet will only be in contact with the solid at one specific 

point. If the contact angle formed is above 150°, the surface is considered superhydrophobic. The 

majority of solid surfaces are classified as hydrophobic (150° > CA ≥ 90°) or hydrophilic (CA < 

90°). In the case of complete wetting liquid drops easily spread out over the entire surface forming 

a thin liquid layer on top of the solid. A contact angle of 0° is characteristic of this type of wetting 

condition. 
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Fig.1.1. Different types of wetting on solid surface 

 

1.1.2. Wetting of smooth surface  

When a drop of liquid is deposited on a homogenous and flat solid surface, it forms a so-called 

contact angle (θ). The contact angle is the angle, conventionally measured through the liquid, 

where a liquid–vapor interface meets a solid surface. A contact angle less than 90° indicates that 

wetting of the surface is favorable, and the fluid will spread over a large area on the surface; while 

contact angles greater than 90° generally means that wetting of the surface is unfavorable so the 

fluid will minimize its contact with the surface and form a compact liquid droplet. 

The theoretical liquid contact angle on the flat surface (θ) can be correlated to three interfacial 

free energies: the solid–gas interfacial energy (γSG), the solid–liquid interfacial energy (γSL) and 

the liquid–gas interfacial energy (γLG) (Fig.1.2). The equilibrium θ is determined by Young’s 

equation (1.1) which is developed by Thomas Young in 1805:  
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γ
LG 

cos θ
 
 = γ

SG
 – γ

SL                     (1.1) 

 

Fig.1.2. Schematic of a liquid drop showing the quantities in the Young equation 

The Young’s equation only works for flat surface, when the surface become rough, the Young’s 

equation is not suitable anymore. When θflat is smaller than 90°, the solid surface is considered 

intrinsically hydrophilic; when θflat is greater than 90°, the solid surface is considered intrinsically 

hydrophobic. The reported lowest surface free energy of the solid-air interface is possessed by the 

trifluoromethyl group (CF3)-terminated surface (~ 6 mN/m), with a θflat of approximate 120º, 

which is almost the highest water contact angle that can be obtained on a flat surface [1]. Further 

increase of the hydrophobicity requires manipulation of the surface topography.  

1.1.3. Wetting on rough surface – Wenzel’s and Cassie-Baxter’s models  

The effect of surface roughness on wettability was first discussed by Wenzel in 1936, and then 

by Cassie and Baxter in 1944.  

Wenzel hypothesized that surface roughness plays an important role in increasing the contact 

angles by increasing the surface area, which is in turn affects both the surface wettability and the 

anti-wettability depending on the nature of the surface. Wenzel wettability theory is expressed by 

equation (1.2):  

cos θ* = r cos θ                  (1.2) 

where θ* is the apparent contact angle, r is surface roughness factor that is denoted by the ratio 

of total surface area to the projected area, and θ is the equilibrium contact angle on smooth surface 
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measured by Young’s equation (1.1). According to Wenzel’s assumption, the liquid entirely fills 

the protrusions of the rough surface when they become in contact (Fig.1.3 (a)). 

On the other hand, Cassie-Baxter make an another theory, assuming that air pockets could be 

trapped by a water droplet which enables the droplet to roll off at relatively small angles due to 

reduction in solid-area fraction and correspondingly wetting area (Fig.1.3 (b)). The apparent 

contact angle proposed by Cassie-Baxter is given by equation (1.3): 

cos θCB = f cosθ + (f – 1)                (1.3) 

where θCB is the Cassie-Baxter contact angle, 𝑓 is the solid-area fraction, and θ is the contact 

angle on a smooth surface of the same material. 

 

Fig.1.3. Wetting behavior of a droplet on solid substrates: (a) Wenzel state, (b) Cassie-Baxter 

state [2] 

The difference between two models was the appearance of air gap between the liquid and the 

solid. Depending on the height and width of micro structure, the surface energy, the distance 

between the micro structures, and the shape of micro structure, the surface is followed Wenzel 

model or Cassie-Baxter model. Generally, superhydrophobicity is defined as follow: a water 

droplet has a static contact angle above 150° with the surface and a roll off angle of less than 10°. 
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A superhydrophobic surface is always in the Cassie’s state, but a Cassie’s state need not to be 

superhydrophobic. 

1.2. Superhydrophobic surface in nature 

The well-known and the most famous super water repellent surface is the lotus leaf. Water drops 

is directly roll-off from the lotus leaf surface by which all dirt and dust particles attached to lotus 

leaf could be carried away leaving the surface clean. The characteristics of self-cleaning and high 

water-repellency were discovered in 1977 by the Barthlott and Neihuis. By analyzing the structure, 

they discovered that the surface of the lotus leaves which showed a combination of nano- and 

micro-structures (Fig.1.4). A microstructure covered with nano-scale wax crystals is seen. The 

combination of the chemical property of wax and two different levels of roughness causes the self-

cleaning phenomenon on the leaves of the Lotus with the contact angle often being higher than 

150º. These waxes usually consist of a mixture of aliphatic hydrocarbons and/or their derivates, 

with the main components being primary and secondary alcohols, ketones, fatty acids and 

aldehydes. Long chain carbon molecules containing one or two hydroxyl groups account for the 

majority of the wax crystal chemistry. This observation has inspired a tremendous interest for both 

fundamental research and practical applications in order to understand and to identify the important 

role of the surface topography (hierarchical structure) as well as the surface chemistry and their 

influence on wetting behavior of the surface.  
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Fig.1.4.(a) Surface of lotus leaf, (b-c) self-cleaning effect, (d-e) microstructure and (f) nano-

scale wax structure [3] 

Another examples of superhydrophobic in nature are rice leaf with sinusoidal grooves covered 

with micropapilla and nanobumps, and butterfly wing with shingle-like scales with aligned 

microgrooves [2] (Fig.1.5). The feet of many insects are also superhydrophobic. Geckos are able 

to climb on vertical surfaces due to their feet having high solid–solid adhesion [4]. Many insects, 

such as water striders, are able to slide on the surface of water. The property to walk on water is 

in part due to the presence of hairs of 30 mm in length and about 1 mm in base diameter on theirs 

legs. Their hairs are tilted relative to the body surface, which increases the resistance to fluid 

impregnation and maximizes the propulsive thrust [4].  
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Fig.1.5. Schematic illustration of water flow on natural superhydrophobic surfaces: (a–e) the 

flow of water droplet on the natural surfaces of lotus, (f–j) the schematic microstructure of 

natural surfaces, and (k–o) micrographs of the natural surfaces [5]. 

1.3. Applications of superhydrophobic surfaces 

Artificial superhydrophobic surface with its unique properties has broad practical applications 

and potential applications in daily life, industry, and agriculture such as self-cleaning, oil–water 

separation, anti-icing, open-air micro channel devices fluid mixing, fluid transport, and so on, as 

shown in Figure.1.6. Depending on inherent properties of each type of materials, they can be 

applied in the suitable applications. 
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Fig.1.6. Applications of superhydrophobic surfaces 

There are currently a handful of commercially available products that exhibit this type of non-

wetting behavior, most of which are focused on keeping surfaces/textiles clean, stain-free and dry. 

For outdoor applications this results in surfaces degrading more slowly, therefore being replaced 

less often. A German paint company (Sto Corporation) has developed a fairly cost-effective 

(similar in cost to traditional paints) method to fabricate a superhydrophobic paint suitable for most 

exterior applications. Being inspired by the naturally occurring lotus leaf, they have named this 

product the StoCoat LotusanTM paint. Rain water does not wet the painted surface but instead 

rolls over it collecting dirt and contamination particles (Fig.1.7). The one drawback to this product 

is associated with its initial application. The company gives a very detailed curing procedure 

outlining a specific amount of UV light and water that must come into contact with freshly painted 

surfaces. This can create a difficult situation when there is a lack of environmental control (sun 

shine and precipitation) during the painting and curing of large exterior walls. 
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Fig.1.7. Superhydrophobic surface with StoCoat LotusanTM paint [6] 

Another effective superhydrophobic product has been developed an anti-adhesive spoon, based 

on the nonwetting mechanism that repels and allows very viscous liquids like honey to freely roll 

off its surface. Unfortunately, this product is currently not being produced in large quantities, most 

likely due to high production costs coupled with low prices of traditional spoons (Fig.1.8). 

 

Fig.1.8. A spoon partially coated with a microstructure hydrophobic coating (right side) [7] 

Another product with less practical importance, but interesting nonetheless has been created by 

BandaiTM, the largest toy manufacturer in Japan. They have developed a maze-type game (Aqua 

Drop – Fig.1.9) that uses water droplets instead of metal ball bearings. The object is to get the 

droplets to gently rest in certain parts/depressions of the maze, or travel from one area to another.  

They do indicate that the base material of these mazes is polyethylene.  
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Fig.1.9. Four different versions of Bandai's Aqua Drop maze: courtesy of Bandai [8]  

1.4. Fabrication of superhydrophobic surfaces  

During the last few decades, many artificial self-cleaning surfaces were fabricated by different 

techniques. To date, a wide variety of physical and chemical methods have been explored to 

fabricate superhydrophobic surfaces through one of the following two approaches: (i) creating a 

rough surface on a hydrophobic material or (ii) modifying a rough surface with a hydrophobic 

coating. To fabricate superhydrophobic surfaces using a template-based approach there are two 

main requirements: 1) the surface must be sufficiently rough to allow for the formation of trapped 

air pockets underneath water droplets and 2) the surface should be a low surface energy material 

that is inherently hydrophobic.  

1.4.1. Roughening a hydrophobic material 

Methods to make superhydrophobic surfaces by roughening low surface energy materials are 

mostly one-step processes and have the advantage of simplicity. There are many ways to make 

rough surfaces, including laser/mechanical treatment [9], chemical etching [10, 11], lithography, 

sol–gel and hydrothermal processing [12, 13], layer-by-layer and colloidal assembling [14], 
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electrical/chemical deposition [15], electrospinning [16, 17],… For example, Jin et al. reported a 

laser etching method to make superhydrophobic polydimethylsiloxane (PDMS) surface, which 

contains micro-, submicro- and nano-composite structures [18]. Yan et al. fabricated 

superhydrophobic poly(alkylpyrrole) films by a electrochemical synthesis method. The film 

surface consists of thousands of ―needle‖-like microstructures in a perpendicular alignment [19]. 

As described by Cassie and Baxter, multi-level roughness enables trapping of air under the water 

droplet, enhancing the surface hydrophobicity. Microstructured pillar arrays fabricated by 

photolithography and soft lithography are often used to provide a predefined roughness. The major 

issues facing wide application of these techniques include high fabrication cost, limited 

applications to large scale coating, and reduced flexibility in modulation of surface morphologies. 

One of the low-cost alternatives is through surface deposition of nanoparticles. As silica 

nanoparticles are readily synthesized by a sol-gel process with uniform size, and as their surface 

chemistry is tunable via covalent modification, they are widely used in creating surfaces with 

desirable properties. 

1.4.2. Modifying a rough surface with a hydrophobic coating 

Generally, the wettability behavior of rough surfaces is governed by the interface chemistry. 

There are also several methods commonly used to modify the chemistry of a surface. Although it 

is a relatively simple and one-step process to make superhydrophobic surfaces by using 

intrinsically hydrophobic materials, unfortunately, many materials do not possess a low enough 

surface free energy to be intrinsically hydrophobic. In order to make superhydrophobic surfaces 

on these intrinsically hydrophilic materials, a two-step process is usually required, i.e., making a 

rough surface first and then modifying it with chemicals, such as alkanethiols, organic silanes, and 

fatty acids, which can offer a low surface free energy after linked to the surface. For example, 

Baldacchini et al reported a way to create micro/nanoscale roughness on silicon wafers by using a 

femtosecond laser to etch the silicon wafers [20]. Verplanck et al. made silicon nanowires on 

Si/SiO2 substrates through a vapor-liquid-solid mechanism. The resulting rough surfaces were 

modified with a fluoropolymer C4F8, and exhibited superhydrophobicity [21]. 
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 1.5. Research objectives 

The first objective of this dissertation is to investigate the different artificial superhydrophobic 

surfaces. As mentioned before, since in the meantime the mechanism of superhydrophobicity is 

well-understood, several methods have been developed to fabricate artificial superhydrophobic 

surface. This dissertation is mainly focused on the development of superhydrophobic artificial 

surfaces based on the fundamental understanding about controlling the wettability of the surface. 

The chosen fabrication method has some advantages:  

- The technique is facile and economic 

- The fabrication time is much shorter as compared to other current laboratory 

techniques  

- No specific apparatuses are required 

- Selection of environmental friendly coating materials 

The second objective of the study is to understand the influence of topography and surface on 

the wettability of fabricated superhydrophobic surfaces. The surface morphology is characterized 

by various techniques such as FE-SEM, XRD, XPS, FT-IR, etc.. Surface wettability is 

characterized by measuring the static WCA and dynamic WCA (sliding and shedding angles) on 

those fabricated surfaces. The mechanism of wettability change was also explained. 

Based on the study on the characteristics, the third objective of the study is to simulate the 

various applications of the fabricated superhydrophobic surfaces. It was found that the fabricated 

superhydrophobic surfaces can become the good candidate for anti-wetting, self-cleaning materials. 

Furthermore, the fabricated materials can be applied for oil/organic solvents-water separation with 

very high separation capacity for several cycles.  

However, many challenges still exist, such as fabricating, robust superhydrophobic surfaces that 

can resist moisture, temperature, and abrasions, which may require more research efforts. Thus, 

further investigation for improving mechanical robustness is very necessary. The fourth objective 

of this dissertation is to test the stability of fabricated materials – which is very important in 

practical applications. 
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This research can provide a useful guideline for other researchers as well as 

industrial/manufacturing engineers to choose an efficient and environmental friendly method to 

fabricate superhydrophobic surfaces with various substrates. This research is also extremely 

meaningful since the environment issues caused by oil or organic pollutants are rising rapidly. 
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CHAPTER 2 
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CHAPTER 2 - SUPERHYDROPHOBIC COTTON FABRIC 

Abstract 

A composite of ZnO and cotton fabric (ZnO–CF) with a superhydrophobic surface was 

successfully synthesized with Teflon-lined stainless steel autoclave at low temperature 100 °C. X-

ray diffraction (XRD) results indicated that the fabricated ZnO–CF had a uniform stacked 

hexagonal slice structure without any impurities. The fabric surface firmly bonded with ZnO 

through chemical bonding and possessed superhydrophobicity with a surface water contact angle 

(WCA) greater than 150°. The rough structure of ZnO and the enhancement of nonpolar functional 

groups on the composite surface gave ZnO–CF its superhydrophobicity. ZnO–CF showed a stable 

and robust self-cleaning property. When applied to separate a mixture of water (dyed with 

methylene orange) and organic solvent (hexane), ZnO–CF achieved a separation efficiency of over 

99% that decreased only insignificantly even after several cycles. Therefore, this outstanding 

separation performance demonstrates the strong potential of ZnO–CF for practical applications 

such as wastewater treatment and water purification. 

 

Keywords: cotton fabric; ZnO; superhydrophobic; self-cleaning; separation  
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2.1. Introduction 

Selective separation technologies for organic solvents and aqueous solution containing organics 

have become global concerns along with the huge increases in wastewater volume requiring proper 

treatment. Conventional separation methods, such as oil skimming [22], centrifuging [23], and 

flotation [24], are limited by numerous disadvantages, such as low separation efficiencies, high 

costs and complicated equipment requirements [25]. There are several publications reported on the 

organic solvents and aqueous solution separation with outstanding methods [26-28]. Recently, 

superhydrophobic filters are promising candidates for organic solvents/water separation if they 

have high efficiency, low cost and environmentally friendly properties. The superhydrophobic 

filters with water contact angle (WCA) higher than 150o and organic solvent contact angle less 

than 5o [29-33] could become the potential candidates for the selective separation of organic 

solvent/water because they can absorb organic solvent only while repelling water.  

Inspired by the water repellency ability of lotus or taro leaves, various superhydrophobic 

materials have been developed for organic solvent/water separation. For instance, the PMIA/SiO2 

membrane with a dense silicone nanofilament layer was prepared to separate water from light oil 

(canola oil) and heavy oil (carbon tetrachloride, CCl4) [34]. A fabrication method of the 

superhydrophobic filter paper was also developed via colloidal deposition [35]. Superhydrophobic 

copper mesh filters were fabricated via a hydrothermal method to separate diesel from water [36]. 

However, only a few studies have reported the utilizations of cotton fabric to make the 

superhydrophobic filter.  

Cotton fabric is well known as a porous, rough, flexible and hydrophilic surface with extremely 

high water absorption ability. As a result, cotton fabrics cannot be used for organic solvents - water 

separation in their original form because they strongly absorb water and other organic solvents. 

Thus, prudent chemical modifications are required to control the selectivity and wettability of 

cotton textiles.  Also, maintaining good stability of the cotton fabric-based material and coating 

with non-toxic chemicals are essential for large-scale practical application.  

In this study, we attempted to fabricate superhydrophobic surfaces that can exhibit the 
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superhydrophobicity by the ZnO particles deposition on the cotton fabric surfaces via a very simple 

hydrothermal method at low temperature. ZnO was selected as the functional material due to its 

superior biochemical abilities: ZnO is biocompatible, biodegradable and bio safe for 

environmental applications [37, 38]. Furthermore, ZnO is expected to exhibit more advanced 

controllable wettability due to the ease with which the surface structure can be developed [39, 40]. 

ZnO has abundant structures: hexagonal, wurtzite, rod, pillar, wire, belt, flake, and flower-like [41-

44]. The WCA can be enhanced by using ZnO’s microstructure or nanostructure to change in the 

surface roughness of the cotton fabric. The goal of the present study is to fabricate a ZnO coating 

on a cotton fabric surface (ZnO-CF) capable of satisfying the criteria for water 

superhydrophobicity. The properties of fabricated ZnO-CF were sufficiently studied and the results 

showed that ZnO-CF have excellent superhydrophobicity, mechanical stability and reusability. 

After that, it was used to selectively absorb hexane while repelling water completely. The 

relationship between the surface properties and the wettability of the fabrics was also discussed in 

detail. 

2.2. Materials and experiments  

2.2.1. Materials  

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O), zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 

ammonium hydroxide (NH4OH) and hexamethylenetetramine (HMTA, C6H12N4) were all 

purchased from Samchun Pure Chemical Co., Ltd, Korea. All chemicals were reagent grades and 

used as received without further purification. Deionized water was used for all experiments.  

Cotton fabric (CF) was purchased from a local store in Ulsan, Korea. The CF was cut into 10 × 

10 cm pieces, cleaned in an ultrasonic bath for 2 h with a mixture of methanol and water, were 

washed several times with deionized water and dried in an air oven at 50 oC for 24 h. 

2.2.2. Fabrication of superhydrophobic cotton fabric  

 Preparation of ZnO crystal nucleus  

In a typical process to prepare the cotton fabric loaded with Zn2+, as an initial step, 
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Zn(CH3COO)2.2H2O was dissolved in water at a concentration of 0.03 M. A piece of CF was then 

immersed into the prepared zinc acetate solution. NH4OH was then slowly added into the solution 

with stirring maintained for 3 h at 50 oC. Cotton fabric with Zn2+ nucleus was dried in an air oven 

at 50 oC for 12 h. 

 Preparation of ZnO-coated cotton fabric (ZnO-CF) 

A 1:1 molar ratio mixture of 0.025 M Zn(NO3)2.6H2O and 0.025 M HMTA was prepared with 

constant stirring for 3 h. A piece of CF loaded with Zn2+ nucleus was immersed in this transparent 

mixture in a 200 mL Teflon-lined stainless steel autoclave. The autoclave was heated in a 

laboratory oven at a constant temperature of 100 oC for 6 h. After that, the autoclave was taken out 

from the oven and cooled down at room temperature. The fabric was cleaned several times with 

deionized water and dried in an air oven at 50 oC for 24 h. 

2.2.3. Characterization methods 

The surface morphology and chemical composition of the original CF and ZnO-CF were 

characterized by using field emission - scanning electron microscopy (FE-SEM, JEOL 6500), X-

ray diffraction (XRD, AXS D8 ADVANCE) and X-ray photoelectron spectroscopy (XPS, 

ThermoFisher Scientific K-Alpha).  

The surface roughness was evaluated by confocal fluorescence microscopy (Keyence VK-X200) 

with a sample magnification of 50 times. The static WCA was measured using a Smart drop contact 

angle system maintained by a computer-controlled device with the 5 µL droplet. The fabric 

samples were enclosed on glass slides with double-side tape before the confocal and WCA analysis. 

The WCA test was conducted at least five times at different areas on each sample. 

The dynamic WCA measurements including sliding WCA and shedding WCA were also carried 

out in order to confirm the superhydrophobicity of the surface (Fig.2.1). All the equipment was 

placed on a balance table under ambient condition in order to minimize the experimental error. 

The sliding WCAs at 1o to 10o at intervals of 1o were also measured using the experimental unit 

shown in Fig. 2.1 (a). For the shedding WCA measurement (Fig.2.1(b)), the fabric sample was 

placed on a tilting base and the measurements were started at an inclination angle of 50o. The 
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syringe was kept at 2 cm far away from the sample surface and the volume of the drop was 

controlled at 5 µL. If all droplets run off from the fabric surface, the angle was reduced by 1o and 

the experiment finish until the drop cannot completely run off the surface. The lowest angle at 

which all the drops completely come out from the fabric surface was noted as the shedding WCA. 

 

Fig.2.1. Design experiment for (a) sliding WCA, (b) shedding WCA and (c) tilting base for 

shedding WCA 

2.2.4. Separation tests  

In the separation test, 20 mL of water (dyed with methylene orange) and 20 mL of hexane taken 

by a mess cylinder were mixed vigorously. After that, the hexane-water mixture was poured onto 

the fabrics. The separation of hexane from water was performed as shown in Fig. 2.2. The same 

experiment process was also carried out with other types of oil (including toluene, octane, 

chlorobenzene, kerosene and diesel) in order to check the oil-water separation ability of fabricated 

ZnO-CF. 
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Fig.2.2. Experimental design of hexane-water separation test 

In this experiment, the effect of the hexane mass on the separation efficiency was not evaluated 

due to its penetration into the fabric and its ease of in evaporation. The separation capacity of 

cotton fabric was calculated depending on the mass of water according to equation (2.1):  

Separation capacity =                                   (2.1) 

where M0 and M are the weights of water before and after separation, respectively. The value of 

M0 was measured before water was mixed with hexane and the value of M was measured 

immediately after the separation process. The average value of 10 separation experiments was used. 

Some procedural and instrumental errors could be involved in the transfer process of the liquid 

mixture into different apparatuses, the subjective view in the mess cylinder and the balancing 

process. However, the total measurement error was less than 3 %, thus the accuracy of the data is 

acceptable. UV-Vis spectrometry (UV-Vis, USA Model GENESYSTM 10S) with a quartz cuvette 

was used to confirm the purity of the water after the separation process. The scan range was 200 

to 800 nm, using baseline correction with a medium scan rate and a data point interval of 1 nm.  

The flow separation flux (J) was determined by calculating as the following equation:  

J = 
𝑉

𝐴 ×𝑇
                         (2.2) 

𝑀

𝑀
0
 × 100 % 
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where V is the volume of the permeated solution, A is the separation area and T is permeated 

time. 

2.2.5. Stability and reusability tests 

The durability or mechanical stability and the reusability of a material are very important for 

practical applications. To the best of our knowledge, most recent research has focused on hard 

substrates such as copper and stainless steel meshes [45, 46]. The ZnO-CF developed in this study 

is soft and flexible, thus they may be own a weaker stability in the separation process as compared 

with the harder substrates. Therefore, a set of experiments was conducted to check the stability 

and reusability of the as-prepared ZnO-CF.   

The mechanical stability of the ZnO-CF was tested using different qualitative methods 

according to previous reported methods [25, 47-49], including abrasion test with 1000 mesh 

sandpaper (1500 gr load and 5 times of abrasion) (M.T.#1), adhesion with tape (M.T.#2), finger 

press test (M.T.#3) and twisting by hands test (M.T.#4) (Fig.2.3). The ZnO-CF also was put in the 

room condition for 7 days (M.T.#5) The chemical stabiltity of as-prepared ZnO-CF was evaluated 

by soaking it into alkaline (pH = 10) (C.T.#1) and acidic (pH = 3) (C.T.#2) solutions. After these 

tests, the static WCA and advanced WCA of the fabric samples were evaluated and compared with 

initial values before the tests.  

The reusability of ZnO-ACF after several separation processes was tested via a simple method 

as follows. After each separation process, ZnO-CF was dried in oven for 6 h at 30 oC and then it 

was applied for subsequent separation process. The quality of separated solution was checked by 

UV-Vis spectrometry (UV-Vis, USA Model GENESYSTM 10S). 
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Fig.2.3. Mechanical stability test via (a) abrasion test with 1000 mesh sandpaper, (b) adhesion 

with tape, (c) finger press and (d) twisting by hands 

2.3. Characterization of fabricated fabric 

2.3.1. Surface morphology 

Fig.2.4 presents the morphologies of the original fabric and ZnO-CF, which were recorded using 

FE-SEM. The original cotton fabric has a smooth surface, as clearly shown in Fig. 2.4 (a). Fig. 2 

(b-d) showed the well-defined morphology of ZnO with stacked hexagonal slices or very thin 

plate-like structures with an average diameter of 0.8 – 1.0 µm. The uniformity of the Zn2+ nuclei 

and ZnO loading was confirmed in the mapping analysis result (Fig. 2.4 (e)). The relative intensity 

of C elements was decreased as the intensity of Zn was enhanced due to the loading of the ZnO 

layer onto the fabric surface.  

An alkaline condition is essential for the formation of ZnO in solution. Alkaline reagents that 

have been used to provide OH- during the ZnO formation process include NaOH, KOH [50, 51], 

ammonia [52, 53] and HMTA [54, 55]. In this research, the ZnO crystalline structure was formed 

by the hydrolysis of zinc nitrate in water in the presence of HMTA. The ZnO synthesis process 

involves the following chemical reactions (Eq. (2.3) to Eq. (2.9)). The detail role of HMTA remains 
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unclear but HMTA offers undoubted advantages over other alkaline reagents. The first advantage 

is that the synthesis process can be carried out at lower temperature by using HMTA [37]. In most 

cases, the synthesis temperature of ZnO is over 400 oC [56, 57]. However, in this research ZnO 

synthesis was achieved with a reaction temperature of only 100 oC. Secondly, as a non-ionic cyclic 

tertiary amine, HMTA is decomposed upon heating and can act as a Lewis base with metal ions 

(Eq. (2.3)-(2.5)). Third, HMTA not only acts as a OH- supplier but also as a pH buffer to slowly 

release OH- ions when heat is provided [37, 58, 59], thus stabilizing the solution pH as well as 

ensuring the uniformity of the grown structure . 

(CH2)6N4 + 6 H2O  6 HCHO + 4 NH3                        (2.3) 

NH3+ H2O ↔ NH4
+ + OH-                                                   (2.4) 

Zn2+ + 4 NH3  Zn(NH3)4
2+                                                  (2.5) 

Zn2+ + 4 OH-  Zn(OH)4
2-                                  (2.6) 

Zn(NH3)4
2+ + 2 OH-  Zn(OH)2 + 4 NH3                       (2.7) 

Zn(OH)4
2- 
 ZnO + H2O + 2 OH-                             (2.8) 

Zn(OH)2  ZnO + H2O                                     (2.9) 

 

 

 



 

26 

 

    

    

 

Fig.2.4. SEM images of (a) original cotton fabric, (b, c, d) ZnO-CF; and (e)  mapping analysis 

data of original cotton fabirc, Zn2+ nucleus and ZnO-CF 
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2.3.2. Crystalline structure  

The XRD pattern of the original cotton fabric and ZnO-CF are shown in Fig.2.5. The peaks at 

2θ = 14.98o, 16.89o and 22.86o observed in both samples correspond to the characteristic peaks of 

cellulose, the main ingredient of the cotton fabric. The remaining relative peaks were compared to 

the ZnO structure in JCPDS standard (Jointed Committee of Powder Diffraction Standard - card 

number 36-1451). The crystals were observed to be randomly arranged. All obtained peaks 

corresponded to the hexagonal structure of ZnO. The detected peaks at 2θ = 32.09o, 34.63o, 36.44o, 

47.60o, 56.76o, 63.18o, 66.44o, 68.20o, 69.18o, 72.83o and 76.91o correspond to the lattice planes 

(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4) and (2 0 2), 

respectively. Furthermore, no impurities were found in the XRD patterns, which provide strong 

evidence for the high purity of the ZnO crystal phase synthesized on the cotton fabric surface. 

 

Fig.2.5. X-ray patterns of original cotton fabric and fabricated ZnO-CF 

2.3.3. Elemental composition  

XPS analysis was used to obtain useful information about the surface elemental composition 

(Fig.2.6 and Table 2.1). It should be mentioned that XPS analysis result is important evidence for 
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the change in the surface energy, which can contribute to creating the superhydrophobic fabric 

surface. XPS measurement survey analysis confirmed the presence of carbon and oxygen in the 

original cotton fabric sample. After the coating process, the ZnO-CF surface exhibited Zn peaks 

that were not observed from the original cotton fabric (Fig.2.6 (a)). In order to gain better insight 

into the chemical composition, a high-resolution scan was performed in the Zn 2p, O 1s and C 1s 

regions for ZnO-CF (Fig.2.6 (b-d)). In Fig.2.6 (b), two peaks, namely Zn 2p1/2 and Zn 2p3/2 peaks, 

were observed at 1025 eV and 1046 eV, respectively. Fig.2.6 (c) shows the O 1s spectra, including 

the peaks shown at around 537 eV (O-H bonds), 535 eV (O-C bonds), 534 eV (O=C bonds). The 

peak observed in the spectra of ZnO-CF at 532 eV was assigned to O-Zn bonds and probably 

indicates that ZnO structures not only existed on the fabric surface, but were also grafted onto the 

fibers through the strong adhesion via O-Zn bonding. Fig.2.6 (d) shows the carbon C 1s 

composition of the original fabric and ZnO-CF. The peaks seen around 290, 287 and 284 eV can 

be assigned to the C=O, C-O and C-C/C-H bonds. Interestingly, this figure shows the change in 

the intensity of the bonding types. The C-C/C-H bonds had the lowest intensity in the original 

cotton fabric sample, whereas the peak intensities of C-O and C-C/C-H were much improved in 

ZnO-CF (Table 2.1). This remarkable observation in the C 1s data could be used to explain the 

separation mechanism discussed in later section. 
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Fig.2.6. XPS spectra (a) survey spectra of original cotton fabric and modified cotton fabric, (b) 

Zn 2p, (c) O 1s, (d) C 1s 
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Table 2.1. Position and relative peak area ratio of O 1s and C 1s in original cotton fabric and 

modified ZnO-CF samples 

Element Type of 

bonding 

Binding energy (eV) Peak area (%) 

Original  Modified Original  Modified 

O1s O-H 537.2 537.6 45.5 35.9 

O-C 535.8 535.9 35.3 30.0 

O=C 534.2 534.4 19.2 20.1 

O-Zn Not detected 532.0 0 14.0 

C1s C=O 290.4 290.6 74.7 40.4 

C-O 287.7 287.4 19.6 38.7 

C-H/C-C 284.5 284.3 5.7 20.9 

2.3.4. Surface roughness and wettability 

As cotton fabric has good water absorption and hydrophilic ability (Fig. 2.7 (a)), the WCA could 

not be recorded in the original fabric sample because the water was rapidly absorbed into the fabric 

in a few seconds. However, after the ZnO coating process, the static WCA was significantly 

enhanced (Fig.2.7 (b)). Theoretically, a surface with static WCA greater than 150o and dynamic 

WCA lower than 10o can be termed superhydrophobic. The reliability of the WCA measurement 

for the cotton fabric was difficult to determine due to the weave structure with numerous 

protruding fibers. Thus, the reported WCA is the average of at least five WCA measurements. 

After the coating process, ZnO-CF exhibited superhydrophobicity with extremely high static WCA 

(static WCA = 151o ± 3o) and low dynamic WCA (sliding WCA = 9o ± 1o and shedding WCA = 8o 

± 1o) (Table 2.2).  
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Fig.2.7. (a) WCA of (a) original and (b) ZnO-coated cotton fabric, (c)(d)(e) water, water dyed 

with methylene orange, coffee drop on the ZnO-CF  

Table 2.2. Water contact angle data for original cotton fabric and ZnO-CF 

 

Name of sample 

 

Static WCA 

(o) 

Dynamic WCA (o) 

Sliding WCA  Shedding WCA  

Original cotton fabric Not detected Not detected Not detected 

Prepared ZnO-coated cotton fabric 151 ± 3 9 ± 1 8 ± 1  

The confocal analysis was carried out for further confirmation of the changes in surface 

roughness after ZnO coating (Fig.2.8). The surface of the original cotton fabric was even and flat 

with an average roughness (Ra) of 0.85 and a surface thickness of 91.1 µm. In contrast, after coating, 

the thickness of ZnO-CF was increased up to 105.4 µm due to the coated material layer. The ZnO-

CF surface after ZnO coating also became rougher with Ra = 2.42. 
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Fig.2.8. Confocal analysis data of orginal and ZnO-CF 

As aforementioned, the hydrophilic state of the original cotton fabric was changed to 

superhydrophobic state after the ZnO coating. The changes in the two main factors, the chemical 

composition (surface energy) and geometrical structure (micro- or nano-scale roughness), 

explained this interesting phenomenon.  Altering one or both of these two factors changes the 

surface wettability state.  

Presented XPS analysis data are solid evidence of the change in the surface energy of ZnO-CF 

derived after the ZnO coating process. The O 1s spectra revealed that the area ratio of the O-H 

group was decreased after the coating process from 45.5 % to 35.9 % (Table 2.1), thus confirming 

the higher hydrophobicity. In the C 1s spectra, the area ratio of the C-H/C-C bond was increased 

from 5.7% to 20.9 % after the ZnO coating process. In terms of electronegativity, the C-H/C-C 

bond is non-polar, while C=O and C-O bonds are polar. The water repulsion of the ZnO-CF surface 

and hence its impermeability to water can be attributed to the enhanced C-H/C-C bonding and the 

decrease in C=O and C-O bonding. The modified ZnO-CF surface seems to prefer the penetration 

of nonpolar solutions such as hexane, toluene and chloroform, which enables the fabricated ZnO-

CF to be used in the separation of a mixture of nonpolar organic solvents and water. 

The wettability of ZnO-CF can be also considered, based on the change in the surface roughness 

according to the theoretical application of the Wenzel or Cassie-Baxter models. Wenzel found that 

the liquid completely fills the grooves of the rough surface where they contact. Thus, the water 
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drop cannot roll off from the surface by itself in the Wenzel model. The Cassie-Baxter model 

postulates the presence of vapor pockets trapped underneath the liquid, which minimizes the 

contact area between the water drop and the surface so that the WCA is greatly improved. Thus, 

the “microabobinary structures”, which have some roughness on both micro- and nano-scales, are 

promising candidates for high hydrophobic surfaces. As seen in the SEM images (and the confocal 

analysis, the layer coated with ZnO changed the surface roughness of the original cotton fabric. 

Based on the Cassie-Baxter model, the adhesion between the fabric surface and water was very 

small due to the air trapped between the rough structures. Thus the interface between the water 

drop and fabric was easily separated and the water drop rolled off. 

 2.4. Applications of fabricated fabric 

2.4.1. Anti-wetting and self-cleaning  

Superhydrophobic surfaces have many applicale features such as self-cleaning, anti-icing and 

anti-corrosion. In this research, the fabricated ZnO-CF demonstrated excellent anti-wetting and 

self-cleaning properties. In the first experiment, pieces of the original CF and of ZnO-CF were 

soaked several times in the water (dyed with methylene orange) (Fig. 2.9 (a)). The original fabric 

rapidly became wetted and colored, whereas ZnO-CF remained completely dry even after being 

dipped into and taken out of the dye solution. In the second experiment to demonstrate the self-

cleaning ability (Fig.2.9 (b)), the dusts powder was placed on the original CF and ZnO-CF. The 

water was rapidly absorbed and left the original CF surface dirty. In contrast, water droplets were 

immediately formed on ZnO-CF and the dust powder was taken out and to leave a clean surface. 
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Fig.2.9. Anti-wetting and self-cleaning activity of ZnO-CF 

2.4.2. Organic solvent-water separation 

Superhydrophobic fabrics with soft and flexible properties are good candidates for efficient 

separation of organic solvent-water mixtures. Fig.2.10 shows the separation experiment of the 

mixture of 20 mL water (dyed with methylene orange) and 20 mL hexane using the original cotton 

fabric and ZnO-CF as the filters. The original cotton fabric was unable to selectively separate 

hexane from water. However, with the utilizing of fabricated ZnO-CF, hexane was quickly 

penetrated through ZnO-CF while water was still retained above the fabric. Separation efficiency 

after the first cycle of over 99 % was attained when no external pressure or outside force, accept 

atmosphere pressure, was applied for the separation. 
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Fig.2.10. Hexane – water separation experiments with original CF and ZnO-CF 

From the UV-Vis analysis results (Fig.2.10 (a)), no new peaks of impurity appeared and the 

intensity of the water’s peaks (dyed with methylene orange) was not greatly changed after several 

separation cycles. This demonstrated the ability of ZnO-CF to selectively separate the hexane and 

water mixture into extremely high purity water after the separation process. In the other hand, the 

separation capacity of other oil-water mixtures also reached over 90 % (Fig.2.10 (b)). These results 

indicated the useful of ZnO-CF in separation of various kinds of oil with water. According to the 

separation results, the flow flux rate could be estimated and demonstrated in Fig.2.10 (c). The 

fabricated ZnO-CF filter allowed flow flux rate for the first cycle of 1203, 1192, 1028, 1033, 1001 

and 987 L/m-2.h-1 for hexane/water, toluene/water, octane/water, chlorobenzene/water, 

kerosene/water and diesel/water, respectively.  It is relatively high and promising value for the 

fabric filter, which are comparable to polymeric or ceramic membranes for oil-water separation. 

For the next ten cycles the allowed flow fluxes decreased, however the decrease rate were not 

significant.  
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Fig.2.10. (a) Purity of water after separation process, (b) separation efficiency of as-prepared 

ZnO-CF for various types of oil/water mixtures and (c) flow flux for several cycles 

 2.5. Stability and reusability of fabricated fabric  

After the mechanical and chemical stability tests, the as-prepared ZnO-CF return to its original 

shape without any changes or cracks, which firstly confirm its good stability as well as good 
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flexibility. Secondly, the good stability and reuseability of ZnO-CF was proved via the stable in 

the WCAs. After the mechanical and chemical stability tests, the static WCAs as well as advanced 

WCAs of treated ZnO-CF samples were not much changed as compared with the initial ZnO-CF 

sample (Fig.2.11 (a)). The ZnO-CF also was put in the room condition for 7 days and it was 

observed that it was resistant to outdoor affects. In addition, as shown in the inset of Fig.2.11 (b), 

the separation efficiency of ZnO-CF was only slightly decreased after several repeated cycles, 

indicating that it retained good reusability.  The excellent stability of ZnO-CF provides more 

opportunities for numerous practical applications, such as waste water treatment and purification, 

and garment manufacturing for medical and military uses. 

 

Fig.2.11. (a) Mechanical and chemical stability and (b) reusability of fabricated fabric 

 2.6. Summary 

 A stable and robust superhydrophobic composite of ZnO and commercial cotton fabric was 

successfully fabricated with a simple approach. During the coating process, ZnO of high purity 

and uniform structure was grown on the cotton fabric surface. Superhydrophobicity was achieved 

with a WCA up to 151 ± 3o because the ZnO coating on the original cotton fabric changed the 

surface roughness and surface energy. The surface of the original cotton fabric was even and flat 

with Ra = 0.85, whereas the ZnO-CF surface was much rougher with Ra = 2.42. The enhanced C-

H/C-C bonding and the decrease in C=O and C-O bonding also increased the water repulsion of 
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ZnO-CF. ZnO-CF with soft and flexible properties exhibited an excellent hexane-water separation 

capacity and good stability in repeated applications. Therefore, ZnO-CF can be utilized for the 

selective separation of hexane and water in applications requiring self-cleaning ability. 
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CHAPTER 3 
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CHAPTER 3 - SUPERHYDROPHOBIC POLYURETHANE 

SPONGE 

 

Abstract 

We report a novel superhydrophobic material based on commercially available polyurethane 

(PU) sponge with high porosity, low density and good elasticity. The fabrication of a 

superhydrophobic sponge capable of efficiently separating oil from water was achieved by 

imitating or mimicking nature’s designs. The original PU sponge was coated with zinc oxide (ZnO), 

stearic acid (SA) and iron oxide particles (Fe3O4) via a facile and environmentally friendly method. 

After each treatment, the properties of the modified sponge were characterized, and the changes 

in wettability were examined. Water contact angle (WCA) measurements confirmed the excellent 

superhydrophobicity of the material withhigh static WCA of 161° andlow dynamic WCA (sliding 

WCA of 7° and shedding WCA of 8°). The fabricated sponge showed high efficiency in separation 

(over 99 %) of different oils from water. Additionally, the fabricated PU@ZnO@Fe3O4@SA 

sponge could be magnetically guided to quickly absorb oil floating on the water surface. Moreover, 

the fabricated sponge showed excellent stability and reusability in terms of superhydrophobicity 

and oil absorption capacity. The durable, magnetic and superhydrophobic properties of the 

fabricated sponge render it applicable to the cleanup of marine oil spills and other oil-water 

separation issues, with eco-friendly recovery of the oil by simple squeezing process. 

Keywords: polyurethane sponge, ZnO, stearic acid, magnetic, superhydrophobic, separation 
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3.1. Introduction   

With the increasing use of fossil fuel and the global population growth, oil spill accidents 

occurring during oil utilization and transport processes have adversely impacted the environment. 

For example, the Deep-water Horizon oil spill (2010) in Mexico was considered the world’s largest 

accidental release of oil into marine water in history, causing significant environmental damage 

associated with the discharge of nearly five million barrels of oil and the death of eleven people 

[60]. More recently, a pipeline spill (2016) in North Dakota, USA, leaked 4200 barrels of oil, and 

up to 5.4 miles of a creek was heavily polluted [61]. Therefore, the separation of oil from water 

has received great attention from scientists and engineers because of the increase in oil pollution 

events worldwide. However, it is very difficult to collect or separate spilled oil from bodies of 

water. Thus, oil companies have spent large sums to clean up oil spills. Many remediation 

processes, such as electrochemical methods [62, 63], controlled burning [64, 65], membrane 

filtration [66, 67], chemical dispersants and biological agents [68, 69], have been developed to 

clean up oil pollution. However, most of these methods suffer from high operation costs, low 

efficiency and, in some cases, the creation of secondary pollutants.  

Consequently, the developments of advanced materials capable of selectively separating oil 

from bodies of water in oil spill areas are highly desirable. Currently, superhydrophobic materials 

with a static water contact angle (WCA) higher than 150° and a dynamic WCA less than 10° have 

attracted attention due to their unique super-antiwetting, self-cleaning properties and their potential 

for use in practical applications [4, 70-72], including oil-water separation. Our relevant literature 

survey revealed that an increasing number of studies with the topics of “oil-water separation” and 

“superhydrophobic surface” were published from 2007 to 2016 (Fig.3.1). This clearly 

demonstrates the focus of investigations on durable superhydrophobic materials for application to 

the proper separation of oil and water and the clean-up of spilled oils.   
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Fig.3.1. Number of paper published from 2007-2016 under the topic (a) oil-water separation 

and (b) superhydrophobic/superhydrophobicity (Source: ISI Web of Science) 

In nature, water repellence and superhydrophobic phenomena are frequently observed, for 

example, lotus leaves (Nelumbo buciferea) with nano/micro structures, Ramee leaves (Boehmeria 

nivea) and Chinese watermelon (Citrullus lanatus) with microstructures on their surfaces all 

exhibit hydrophobic properties. The term biomimetic is defined as actions to imitate or mimic 

nature. The rapidly increasing interest in the biomimetic field is creating a new current trend in 

research, which includes mimicking natural surface structures to develop desirable materials, 

devices and processes. Artificial superhydrophobic surfaces are developed based on mimicking 

natural superhydrophobic phenomena by employing two approaches: (i) utilization of micron- or 

nanometer-scale surface roughness and (ii) application of chemical hydrophobicity. While the 

initial surface is hydrophilic, proper control of the roughness and a surface treatment or coating 

are required to switch from a hydrophilic state to a superhydrophobic state. Generally, 

superhydrophobic surfaces have been developed in the form of fabrics [29, 73], meshes [74], films 

[75] and 3D porous materials [76]. Among these materials, commercially available polyurethane 

(PU) sponge, which has a high porosity, light weight and good elasticity, is a promising substrate 

for the preparation of a superhydrophobic material for oil-water separation and oil absorption. 

However, the PU sponge is hydrophilic and can easily absorb both oil and water. Therefore, 

researchers have tried various methods to change the wettability of the original PU sponge by 

increasing the surface roughness with SiO2/graphene oxide nanohybrids [77] or changing the 

chemical functional groups with carbon nanotubes/poly(dimethylsiloxane) [78] or 



 

43 

 

SiO2/poly(tetrafluoroethylene) [79]. However, these materials are very expensive, non-

biodegradable and harmful to the environment. Furthermore, most researchers have focused on 

only one approach for fabricating superhydrophobic PU and, no studies have combined both 

approaches for attaining superhydrophobicity.  

In this study, we report the preparation of a novel, magnetic, durable and superhydrophobic 

composite material based on a commercial PU sponge via a facile method. The surface of the 

fabricated material clearly mimics natural superhydrophobic phenomena. The hydrophobicity was 

first derived from the microstructure, which was grown on the initial surface and was similar to 

that observed on the natural surface of Ramee leaves or Chinese watermelon. For this first 

approach towards engineering a suitable surface roughness, a zinc oxide (ZnO) coating layer was 

selected due to its superior abilities, which include easily controlled of structure growth, low cost 

and environmental non-toxicity [73, 80]. After a facile ZnO coating step performed with a 

commercial microwave, the wettability of the PU sponge was transformed from a hydrophilic state 

to a hydrophobic state. In the second step of engineering, to achieve the surface chemical 

hydrophobicity observed for the wax surface of the lotus leaf, stearic acid (SA) (Fig. 3.2) - a long-

chain fatty acid - was used as a modifier to tune the surface wettability from hydrophobic to 

superhydrophobic. The functionalized sponge should also exhibit magnetic responsivity for the 

treatment of oil floating on the composite surface due to the addition of Fe3O4 particles to the 

surface. The fabricated PU@ZnO@SA@Fe3O4 sponge was then tested in two experiments: (i) 

selective absorption of oil floating on water and (ii) separation of oil from a mixture with water. 

The oil sorption capacity and separation efficiency of the sponge were investigated for hexane, 

toluene, dichloromethane, gasoline, soybean oil, diesel engine oil and vacuum pump oil. The 

durability and reusability of the fabricated sponge were also tested. Because of its robust 

superhydrophobicity and good mechanical stability, the as-prepared PU@ZnO@Fe3O4@SA 

sponge ranks as a promising material for practical application to the sorption and recovery of oil 

from water. 
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Fig.3.2. Chemical structure of stearic acid 

3.2. Materials and experiments  

3.2.1. Materials  

Commercial PU sponges - a product of Clean Life Co., Ltd., Korea (product No. 48475) - were 

purchased from a local store in Ulsan, Korea. Zinc acetate (Zn(CH3COO)2), ammonia solution 

(NH4OH), iron (II) chloride tetrahydrate (FeCl2.4H2O), anhydrous iron (III) chloride (FeCl3) and 

SA (C18H36O2) were purchased from Daejung Chemicals & Metals Co., Ltd., Korea. Extra-pure 

grade ethanol and acetone were purchased from Samchun Chemical Co., Ltd., Korea. N-hexane, 

vacuum pump oil, diesel engine oil, soybean oil, toluene, dichloromethane and gasoline were used 

to test the oil absorption capacity of the fabricated sponge samples. Characteristic information 

about the oils and organic solvents was taken from the catalog published by the manufacturers and 

is summarized in Table 3.1. 

 

 

 

 

 



 

45 

 

Table 3.1. List of the oils and organic solvents used 

Type   Manufacturer  Specification  Density 

(kg/L, 

15 °C) 

Viscosity 

(mm2/s, 40 °C)) 

Hexane  Samchun 

Chemical (Korea)  

Pure 99.99 % 0.66 13.10 

Vacuum pump oil Moresco 

Corporation 

(Japan) 

NEOVAC MR-

200 

0.89 71.0 

Diesel engine oil GS Oil (Korea) KIXX HD1 Cl-

4/SL 15W-40 

0.87 103.90 

Soybean oil Ottogi Ltd. 

(Korea) 

Soybean oil 

extract 

0.73 56.3 

Toluene 

(methylbenzene) 

Daejung 

Chemicals and 

Metals 

Above 99.5 % 0.8667 0.59 

Dichloromethane  Daejung 

Chemicals and 

Metals 

Above 99.5 % 1.318 0.43 

Gasoline  SK energy Commercial 

product  

0.77 0.673 

3.2.2. Fabrication of superhydrophobic PU sponge  

The PU@ZnO@Fe3O4@SA sponge was prepared as shown in Fig.3.3. 

 

Fig.3.3. Illustration of the fabrication process of PU@ZnO@Fe3O4@SA 

PU sponge pretreatment: The original PU sponge was cut into cubes of the desired size (3 × 3 × 
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3 cm3) and cleaned with deionized (DI) water and ethanol several times to remove impurities that 

could cause unwanted reactions on the PU surface. The cleaned PU sponges were oven dried at 

50 °C for 6 h, and this drying process did not affect the structure or the properties of the PU sponge. 

After the pretreatment, the coating steps were carried out according to the two fabrication 

processes described below.  

Fabrication of ZnO flakes on the PU sponge surface: ZnO flakes were grown on the PU surface 

by a rapid microwave method [81]. A seeding solution of Zn2+ was prepared by dropwise addition 

of 25 % NH4OH into 100 ml of 0.1 M zinc acetate, and a white precipitate was observed in the 

solution within a few seconds. Ammonia was added dropwise to the zinc acetate solution until the 

solution became transparent and reached a pH of pH 10-11. After that, the cubic PU sponges were 

immersed in a reaction flask containing the seeding solution with slight stirring. After 6 h, the 

reaction flask was heated in a commercial microwave oven (Daewoo KR-G20EW, 1120 W, 2450 

MHz) in three steps, each consisting of 30 s of heating followed by 30 s of standing. Subsequently, 

the reaction flask was cooled to room temperature (approximately 20 °C) for 5 min. The PU 

sponges with a ZnO coating layer (PU@ZnO sponge) were taken out, rinsed with distilled water 

several times, and oven dried at 50 °C for 6 h.  

Fabrication of PU@ZnO@Fe3O4@SA: Fe3O4 was synthesized by a co-precipitation method. 

After 100 ml of 0.1 M FeCl3 was added into 50 ml of 0.1 M FeCl2, chemical precipitation was 

achieved by adding an NH4OH solution under vigorous stirring. The reaction system was kept at 

80 °C and a solution pH of 11-12 for 3 h. After the reaction system was cooled, the precipitates 

were separated by filtration and further washed with water and acetone until a neutral pH was 

reached. After that, the Fe3O4 product was oven dried at 60 °C for 12 h and milled to a powder 

using a manual grinder.  

After 0.1 g of the prepared Fe3O4 powder was diluted in 100 ml of ethanol, the mixture was 

sonicated for 1 h at 30 °C. Then, the PU@ZnO sponge was soaked in the Fe3O4-ethanol solution 

for 60 min to obtain PU@ZnO@Fe3O4. The PU@ZnO sponge was uniformly coated with Fe3O4 

particles. However, it was found that the interaction between the sponge and the Fe3O4 particles 

was weak. Finally, SA was coated on the sponge surface by immersing the PU@ZnO@Fe3O4 

sponge in 50 ml of 10 mmol/L SA dissolved in ethanol for 3 h. This SA layer was used as the top 
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coating layer to decrease the loss of Fe3O4 particles and thus maintain the stability of the material 

as well as provide the necessary chemical bonding for promoting superhydrophobicity. The 

PU@ZnO@Fe3O4@SA samples were finally washed with ethanol and distilled water to remove 

any excess reactants and then oven dried at 50 °C for 6 h. 

3.2.3. Characterization methods  

Scanning electron microscopy (SEM) analysis was performed on an FE-SEM JEOL 6500 

instrument to observe the morphology of the fabricated materials. A mapping technique combined 

with SEM analysis was used for elemental distribution analysis. The crystalline phases in the 

samples were determined by using an X-ray diffractometer (XRD, Bruker, Model AXS D8 

ADVANCE). The XRD data were collected using Cu-Kα (λ = 0.154060 nm) radiation (step size, 

0.02°; 2θ angular range = 10°-80°). The chemical composition and functional groups on the 

material surface were determined by X-ray photoelectron spectroscopy (XPS, Thermo Fisher 

Scientific, Model ESCALAB 250 XI XPS) and Fourier transform infrared spectroscopy (FT-IR, 

Varian 670/620). The magnetic properties of the materials were measured using a vibrating sample 

magnetometer (VSM PPMS Quantum Design, Inc.). 

The WCA was measured using a contact angle meter (SmartDrop, Femtofab Co. Ltd., Korea) 

maintained by a computer-controlled device on an anti-vibration table and cabinet for reliable 

measurement. The volumes of the droplets used for static WCA and dynamic WCA measurements 

were 5 and 10 µl, respectively. In addition, the WCA tests were conducted at least five times at 

different positions on each sample. The sliding WCAs and shedding WCAs at intervals of 1° were 

also measured using a previously reported experimental unit in Chapter 2. 

3.2.4. Oil-water separation experiments 

To demonstrate the oil absorption ability of the fabricated sponges, seven organic solvents and 

oils (including hexane, toluene, dichloromethane, gasoline, soybean oil, diesel engine oil and 

vacuum pump oil, which were dyed with oil red O dye) were used as sorbates. 

PU@ZnO@Fe3O4@SA sponges were applied in two experiments: (i) selective absorption of 

floating oil/organic solvent on water, (ii) separation of oil/organic solvent in a mixture with water 

and separation of emulsified oil in water.  
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The first experiment was carried out as shown in Fig.3.4. After 10 ml of DI water was placed in 

a Petri dish, several drops of vacuum oil were added by a pipette, and the oil drops floated on the 

water surface. A cube of fabricated sponge (1 × 0.5 × 0.5 cm3) was placed in the Petri dish, and a 

magnet was used to guide the sponge to the locations of the oil drops. The resulting phenomenon 

was recorded by a digital camera. The sponge was then removed from the disk, and the purity of 

the remaining solution after oil absorption by the fabricated sponge was checked by UV-Vis 

spectroscopy.  

 

Fig.3.4. Experiment set up for floating oil absorption with a magnet 

The second experiment consisted of two different tests: determination of the maximum oil 

absorption capacity (Fig.3.5) and the oil-water separation efficiency (Fig.3.6). Stainless-steel mesh 

- as a sponge holder - was fixed on a homemade tube, and then a piece of PU@ZnO@Fe3O4@SA 

sponge (diameter of 7 cm and height of 2 cm) was placed on the mesh in the tube. An immiscible 

oil-water mixture and a toluene-in-water emulsion were used for the separation process. The 

toluene-in-water emulsion was prepared with a volume ratio between oil and water of 5 % via the 

addition of 3 mg/mL of surfactant Tween80. The emulsion was stirred for 3 h and kept stable at 

room temperature for 7 days. For the maximum absorption capacity analysis (Fig. S6), oil drops 

were slowly dropped onto the sponge, and the oil was absorbed into the sponge until it was 

saturated with oil. The oil-saturated sorption state of the sponge was obtained when the sponge 

was completely covered with oil and no oil droplets fell onto the collecting disk underneath. The 
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maximum oil absorption capacity (k) of the sponge was calculated by the weight-gain ratio, as 

shown in equation (3.1): 

k = 
𝑊𝑎−𝑊𝑏

𝑊𝑏
  (g/g) (3.1) 

where Wa is the weight of the sponge in the oil-saturated state and Wb is the weight of the sponge 

in the initial state.  

 

Fig.3.5. Experiment set up used to determine the sponge’s maximum oil absorption capacity 

For the separation efficiency analysis (Fig. 3.6), a mixture of oil and water (50 %, v/v) or 

emulsified oil in water in a beaker was poured directly into the sponge surface, and another beaker 

was placed underneath to collect the excess oil after saturation. The water was repelled from the 

sponge surface while the oil was absorbed into the sponge. Then, the excess oil after saturation fell 

into the collection beaker underneath. After the full volume of the oil-water mixture was poured 

onto the sponge, the remaining water layer (oil free as determined by UV-Vis spectroscopy) on 

the sponge surface was collected merely by pouring into another beaker for volume measurement. 

The repellent ratio of water or oil-water separation efficiency was determined according to 

equation (3.2): 

Separation efficiency = 
𝑉𝑎

𝑉𝑏
 ×100 % (2) 
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where Va is the volume of the collected water remaining on the sponge surface after pouring the 

oil-water mixture and Vb is the volume of water in the initial mixture with oil before the mixture 

was poured onto the sponge.  

 

Fig.3.6. Oil-water separation experiment design 

3.2.5. Stability and reusability tests 

The mechanical stability of the material plays an important role in real applications. Thus, 

mechanical stability tests were carried out on the PU@ZnO@Fe3O4@SA sponge. An ultrasonic 

rinse test (D1), an abrasion test with 1000-grit mesh sandpaper (D2), a wringing out by hand test 

(D3) and a compression test with a stress level of 0.000600 MPa at 80 % strain (D4) were carried 

out to test the adhesion between the coated materials and the PU sponge. The details and digital 

images of these experiments are presented in Fig.3.7.  

The recyclability of the PU@ZnO@Fe3O4@SA sponge was tested by a simple method. After 

oil-water separation, the contaminated sponge was squeezed and rinsed with alcohol and water to 

remove the absorbed oil. Subsequently, the cleaned sponge was oven dried at 50 °C for 12 h and 

then used for the next 100 cycles.  
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Fig.3.7. Mechanical stability tests for PU@ZnO@Fe3O4@SA sponge samples 

3.3. Characterizations of superhydrophobic PU sponge 

3.3.1. Surface morphology 

The surface roughness is the first factor that should be considered in achieving a robust 

superhydrophobic state. Before modification, the PU substrate had a three-dimensional porous 

structure with a relatively smooth surface and an open cell structure (Fig.3.8 (a)). As described 
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above, in the first step of the modification process, ZnO was grown on the original PU sponge to 

afford a PU@ZnO sponge. In this step, high-density ZnO flakes were deposited on the PU 

substrate, which roughened the surface of the PU scaffold (Fig.3.8 (b)). This fabrication method, 

performed with a commercial microwave oven, was very useful for forming a relatively uniform 

ZnO structure on the PU surface. Furthermore, the use of a commercial microwave as the heating 

source to grow the structured ZnO shortened the fabrication time, reduced the specific equipment 

requirement and lowered the energy usage, thus rendering it an eco-friendly fabrication method.  

In addition to the surface roughness, the chemical hydrophobicity of the material is an equally 

important factor. Our aim was to achieve a superhydrophobic material. Thus, SA was chosen to 

modify the sponge because it is a low surface energy material. After treatment with SA@Fe3O4-

ethanol and SA-ethanol solutions, a PU@ZnO@Fe3O4@SA sponge was obtained (Fig.3.8 (c)). By 

adding Fe3O4 particles, the fabricated sponge was imparted with magnetically responsive 

properties, which is helpful for applications in floating oil absorption. The SA molecules formed 

a dense self-assembled monolayer on the ZnO surface as a result of the strong chelating bonds 

formed between the carboxylates and Zn atoms on the surface [82]. Therefore, the structure of the 

ZnO layer could no longer be clearly observed due to the fatty acid top-coating layer. Nevertheless, 

the achieved roughness of the PU@ZnO@Fe3O4@SA surface (Fig.3.8 (c)) was still much higher 

than that of the untreated PU sponge (Fig.3.8 (a)). This roughness was beneficial not only for 

imparting superhydrophobicity but also for increasing the surface area contact with oil, which 

improved the oil affinity of the material. The addition of Fe3O4 particles could not be observed in 

the SEM image due to their random deposition. However, the presence of the particles was 

confirmed by other analysis techniques, including mapping, XPS and XRD. The typical X-ray 

mapping results presented in Fig.3.8 (d) provided information about the elemental distributions in 

the samples. The distributions of carbon (original content of the PU sponge), oxygen, zinc and iron 

on the material surface were uniform, which further supports the presence of the desired 

components on the fabricated material. 
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Fig.3.8. SEM images of (a) the original PU, (b) PU@ZnO, (c) PU@ZnO@Fe3O4@SA, and (d) 

mapping images of these sponges 

The initial porosity of reticulated foams is critical when designing a custom component or 

product. The term “porosity” is evaluated by the pores per inch (PPI) value [83, 84], which is 

designated as the number of pores in one linear inch. The calculated PPI value of the original PU 

was approximately 60, corresponding to homogenous and uniform cells. The inspection of Fig.3.9 

revealed that the pore sizes and PPI values of the sponges were not greatly changed after 
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modification compared with the initial values. This confirmed that the extra coating layers did not 

exert significant pore-blocking effects on the fabricated sponge. 

 

Fig.3.9. Pore sizes of original PU and PU@ZnO@Fe3O4@SA sponge 

3.3.2. Crystalline structure and magnetic property 

Fig.3.10 shows the XRD patterns of the original PU, PU@ZnO and PU@ZnO@Fe3O4@SA 

sponges. The broad peak detected in the XRD curves of all the samples indicates the low degree 

of crystallinity of PU. Compared to the XRD pattern of the original PU, the XRD patterns of 

PU@ZnO and PU@ZnO@Fe3O4@SA contain additional peaks at 2θ = 32.01°, 34.17°, 36.20°, 

47.35°, 56.62°, 62.92°, 66.36°, 68.03° and 69.09°. These peaks correspond to the structure of ZnO 

according to the values of the Joint Committee on Powder Diffraction Standard (JCPDS) No. 36-

1451 [73, 80, 81]. Characteristic peaks at 2θ = 30.1°, 43.1° and 53.5° are observed in the 

PU@ZnO@Fe3O4@SA sponge sample. These peaks fit well with the Fe3O4 patterns (JCPDS 

No.65-3107) reported in previous studies [85, 86]. The absence of any signals of impurities in the 

XRD patterns confirms the high purity level of the fabricated samples. 
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Fig.3.10. XRD pattern of sponges samples 

Fig.3.11 shows the magnetic hysteresis loops of the fabricated sponge samples. The 

PU@ZnO@Fe3O4@SA sponge became magnetic with a saturation magnetization following the 

addition of Fe3O4 particles, and this magnetic property was still maintained even after 100 cycles. 

These results showed that the magnetic strength of the fabricated sponge was sufficient for it to be 

easily manipulated and guided by a magnet for the treatment of oil floating on the water surface. 
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Fig.3.11. Magnetization curves of Fe3O4 and sponge samples 

3.3.3. Elemental composition 

FT-IR spectroscopy was used to investigate the possible interactions between the surface of the 

original sponge and the other functional groups. The FT-IR spectra of the original PU and 

PU@ZnO@Fe3O4@SA sponges are displayed in Fig.3.12. In the original PU sponge, the bands at 

3340 cm-1 and 1541 cm-1 are consistent with the stretching of N-H bonds, which is consistent with 

the characteristic bands of urethane and urea groups [87]. The vibrations at 2970, 2931, and 2853 

cm-1 are associated with the -CH3 asymmetric stretching, -CH2- symmetric stretching and -CH2- 

asymmetric stretching, respectively [88]. The other characteristic bands of PU were also observed 

at 1718 cm-1, corresponding to C=O stretching vibrations [88, 89], and 1092 cm-1, corresponding 

to C-O-C symmetric stretching vibrations [90]. All of these characteristic peaks confirmed that the 

original sponge was a typical kind of PU. Compared with the original PU sponge, the peaks at 751 

and 728 cm−1 observed for PU@ZnO@Fe3O4@SA were attributed to ZnO stretching modes [91-

93]. In addition, the IR vibrations of -CH3 and -CH2- in the PU@ZnO@Fe3O4@SA sponge 
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exhibited an obvious increase in intensity and thus provide further evidence that SA was anchored 

on the surface of the original PU sponge. 

 

Fig.3.12. FT-IR spectra of the original PU and PU@ZnO@Fe3O4@SA sponges 

Fig.3.13 depicts the XPS spectra of the original PU and PU@ZnO@Fe3O4@SA sponges. 

Compared with the original PU sponge, two new peaks of Zn 2p and Fe 2p appeared, and the peak 

intensity of C 1s clearly increased in the PU@ZnO@Fe3O4@SA sponge (Fig.3.13 (a)). Fig.3.13 

(b) shows the corresponding C 1s XPS spectra of the sponges. The observed peaks correspond to 

the C-C/C-H bonds (284.23 eV), C-O/C-N bonds (285.08 eV) and O=C-O/O=C-N bonds (288.47 

eV) present in both samples. The clear increase in the intensity of the C-C/C-H bonds in the 

modified sample is solid evidence for the presence of the long carbon chains of SA. The 

observation of Zn 2p and Fe 2p peaks (Fig.3.13 (c) and Fig.3.13 (d)) proves the formation of ZnO 

and Fe3O4 on the PU sponge surface. Combined with the XRD and FT-IR results, the XPS results 

further confirmed that the original PU sponge was thoroughly coated with a ZnO layer, a SA layer 

and Fe3O4 particles. 
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Fig.3.13. XPS data of the original PU and PU@ZnO@Fe3O4@SA sponges: (a) survey spectra, 

(b) C 1s spectra; and fitting peak of (c) Zn 2p and (d) Fe 2p spectra of the 

PU@ZnO@Fe3O4@SA sponge 

3.3.4. Wettability measurement 

For scientific analysis, the WCA measurement method was used to examine the surface 

wettability of the sponge. The static WCA measurement alone is does not provide a reliable 

evaluation due to the macroscopic nature of the sponge surfaces. Thus, the wettability of the 

sponge surface was also evaluated by dynamic WCA (including sliding WCA and shedding WCA) 
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measurements. Theoretically, a surface with a static WCA lower than 90° is termed a hydrophilic 

surface. In contrast, surfaces with static WCAs greater than 90° and 150° are called hydrophobic 

and superhydrophobic surfaces, respectively. Furthermore, a superhydrophobic surface also 

requires a dynamic WCA lower than 10°. The hydrophobicity of the surface can be attributed to 

two factors: the surface topography and the surface energy. We verified the role of these two 

factors on the wetting state of the synthesized PU@ZnO@Fe3O4@SA sponge by comparing the 

measurement results of the WCA of the following samples: (i) the original PU, (ii) PU@ZnO, (iii) 

PU@SA, (iv) PU@ZnO@SA and (v) PU@ZnO@Fe3O4@SA (Fig.3.14).  

 

Fig.3.14. WCAs of the original PU, PU@ZnO, PU@SA, PU@ZnO@SA and 

PU@ZnO@Fe3O4@SA 

The results showed that the static WCA increased from close to 0° on the original hydrophilic 

PU sponge surface to 119° for the PU@ZnO sponge. The Wenzel and Cassie-Baxter models, 

which are used to describe the wetting of a rough surface, can also be used to explain the improved 

static WCA for the PU@ZnO sponge. As mentioned before, after the first coating step, ZnO grew 

on the PU sponge surface in rough flake structures. Due to the high roughness of these structures, 
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air pockets are trapped in the rough cavities, which help to increase the surface hydrophobicity. 

On the other hand, a coating of steric acid can also increase the hydrophobicity of the PU@SA 

surface. The long-chain, hydrophobic alkyl groups of SA were introduced to achieve a low surface 

energy; thus, the static WCA of the PU@SA sample exhibited a value of 92°. However, the static 

WCA values of these two sponges indicated the achievement of a hydrophobic state, and a 

superhydrophobic state was still not attained.  

The data shown in Fig.3.14 indicated that a superhydrophobic state was only attained when both 

ZnO and SA layers were introduced. The ZnO flakes first provided the necessary roughness 

features. After that, the polar, hydrophilic head of SA bound to ZnO, while the long, hydrophobic 

tail chain of SA was exposed outside, which induced superhydrophobicity [94-97]. The increased 

roughness and the lowered surface energy clearly exerted simultaneous effects on the 

superhydrophobic state of the sponge. The static WCAs of PU@ZnO@SA and 

PU@ZnO@Fe3O4@SA were 158° and 161°, respectively. The addition of Fe3O4 particles also had 

no significant effect on the wettability of the sponge surface. Furthermore, the dynamic WCAs of 

these two samples were lower than 10° (sliding WCA = 8° and shedding WCA = 7°), which 

strongly confirmed the excellent superhydrophobicity of the fabricated PU@ZnO@Fe3O4@SA 

sponge.  

Interestingly, the fabricated PU@ZnO@Fe3O4@SA sponge showed both superhydrophobicity 

and oleophilicity properties. The wettability of the original PU sponge was completely transformed 

after modification. The original PU sponge was easily wetted by both water and oil drops. In 

contrast, water drops could not be absorbed by the PU@ZnO@Fe3O4@SA sponge, whereas oil 

could still penetrate. Based on this observation, the use of the fabricated PU@ZnO@Fe3O4@SA 

sponge for oil-water separation was proposed and is described in the next section. 

3.4. Applications of superhydrophobic PU sponge 

3.4.1. Anti-wetting  

The wettability of the original PU was compared with that of the fabricated 

PU@ZnO@Fe3O4@SA sponges via a soaking test. The two sponges were immersed in an aqueous 
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solution of methylene blue dye with a concentration of 0.1 M. Fig.3.15 depicts photographs of the 

hydrophilic PU sponge, which quickly sank in the dye solution, while the superhydrophobic 

PU@ZnO@Fe3O4@SA sponge floated on the top of the same dye solution. 

 

Fig.3.15. Soaking experiment with dye solution and different wetting behaviors of the original 

PU and PU@ZnO@Fe3O4@SA sponges 

3.4.2. Floating oil absorption  

The experiment was conducted on floating oil and is shown in Fig.3.4. By using an external 

magnet to place and control the direction of the fabricated sponge on the surface of the oil-water 

mixture, the floating oil in the polluted regions, shown in red color, was rapidly absorbed into the 

sponge, thereby purifying the water underneath. The sponge was removed from the solution when 

no sign of the dyed oil could be seen on the water surface (Fig.3.16). The absorbed oil was easily 

collected by squeezing due to the elasticity of the PU sponge. The proposed oil collection method 

is more environmentally friendly, faster and more cost efficient than other reported methods, such 

as burning off [65] or heat treatment [98] processes. Therefore, the fabricated sponge is applicable 

for oil spill cleanup. 
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Fig.3.16. Photographs of using PU@ZnO@Fe3O4@SA to remove floating oil 

3.4.3. Oil-water separation  

The experiments were conducted to determine the maximum oil absorption capacity, the 

PU@ZnO@Fe3O4@SA sponge showed superior performance in absorbing all seven types of oil. 

The maximum oil absorbency of the fabricated sponge depended mainly on the properties (density 

and viscosity) of the oil (Fig.3.17). For example, the absorbency of the sponge for hexane (density 

= 0.66 g/cm3) was 32.01 g/g compared to 80.98 g/g for diesel (density = 0.87 g/cm3). Furthermore, 

diesel has a much higher viscosity (103.90 mm2/s) than hexane (13.10 mm2/s), which can delay 

the wicking rate of oil from the sorbent surface and thus retain more oil in the porous structure of 

the sponge, leading to a higher k value. In the oil-water separation experiment, the oil solution was 

absorbed and penetrated into the sponge, whereas the water layer remained above the 

PU@ZnO@Fe3O4@SA sponge, resulting in complete oil-water separation. The separation 

efficiencies of the fabricated sponge were 99.89 %, 99.88 %, 99.87 %, 99.5 %, 99.2 %, 99.0 % 

and 98.21 % for hexane, toluene, dichloromethane, gasoline, soybean oil, diesel engine oil and 

vacuum pump oil, respectively (Fig.3.17). The oil absorption efficiency results, which ranged from 

32.1 to 108.9, are much better than those previously reported for sponge materials (Table 3.2). 
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Fig.3.17. Oil absorption capacity and separation efficiency of the fabricated 

PU@ZnO@Fe3O4@SA sponge with different oils 
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Table 3.2. Comparison of the oil absorption capacity by sponge-based absorption materials between studies  

Material Fabrication method Types of absorbed oil/organic solvent Max. oil abs. cap. Ref. 

PU-IP-PA sponge Interfacial 

polymerization and 

molecular self-assembly 

Crude oil, soybean oil, dichloromethane, 

compressor oil, diesel oil, n-hexane 

16.5 ~ 29.9 [79] 

Copper-C11H23COOAg-

modified PU sponge 

Solution-immersion 

processes 

Lubricating oil, octane, decane, dodecane 13 ~19  [99] 

Alkyl-chain-capped TiO2 

with melamine sponge 

Dipping Methanol, ethanol, hexane, DMSO, DMF, 

acetone, chloroform, pump oil, motor oil 

37.2 ~ 88.1 [100] 

Lauryl methacrylate-

modified PU sponge 

Emulsifier-free 

emulsion polymerization 

and immersion 

Diesel, kerosene 55.1 ~ 69.47 [101] 

Mg–Al porous fiber/PU 

foam 

Biotemplate method and 

foaming technology 

Chloroform, soybean oil 25 ~ 43 [102] 

CNT/PDMS-coated PU 

sponge. 

Dip-coating Soybean oil, motor oil, diesel, hexadecane, 

gasoline, hexane 

15~25 [78] 

Carbon soot-modified 

melamine sponge 

Combustion flame 

process and dip coating 

4-methyl-2-pentanone, cyclohexane, 

methanol, ethanol, hexane, toluene, crude 

oil, soybean oil, engine oil, pump oil  

25 ~ 75 [103] 

PU@PD@Ag@dodecyl

mercaptan sponge 

Immersion Diesel, petrol, crude oil, soybean oil, 

alcohol, hexane, acetone, toluene 

18~45 [104] 

PU@Fe3O4@SiO2@fluor

opolymer sponge 

Immersion Petrol, toluene, chloroform 17~23 [27] 

PU@ZnO@Fe3O4@SA 

sponge 

Microwave and dip-

coating method 

Hexane, vacuum pump oil, diesel engine 

oil, soybean oil 

32.1 ~ 108.9 This 

study 
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3.5. Stability and reusability of superhydrophobic PU sponge 

To estimate the durability of the fabricated sponge, an ultrasonic rinse test (D1), an 

iterative abrasion test (D2) and a wringing out by hand test (D3) were performed. The results 

are shown in Fig. 3.18 (a). The superhydrophobic PU sponge retained the original shape after 

the durability test, and the WCA was not significantly changed after a 30 min ultrasonic rinse 

test and drying step (D1), an abrasion test with 2000 gr loading (D2), a wringing out by hand 

(D3) test and a compression test (D4). These results confirmed that the fabricated 

PU@ZnO@Fe3O4@SA sponge is robust and stable, which is advantageous for real 

applications. 

After oil absorption, the contaminated sponge was cleaned and recycled (Fig.3.18 (b)). 

After 100 separation/recovery cycles, the fabricated sponge still exhibited good reusability. 

The sorption capacity was nearly stable after 100 cycles for hexane and after the first 50 cycles 

for the other oils. In the last 50 cycles, a decrease in the oil absorption capacity was unavoidable. 

This decrease was due to the presence of residual oil in the pores of the sponge that could not 

be totally removed by manual squeezing, particularly after many cycles. 

 

Fig.3.18. Stability and reusability of the PU@ZnO@Fe3O4@SA sponge for oil-water 

separation 

3.6. Summary  

In this work, we successfully fabricated a durable, magnetic and superhydrophobic 

PU@ZnO@Fe3O4@SA sponge by a novel, facile and environmentally friendly method. By 

mimicking nature, a PU sponge was modified with ZnO, SA and Fe3O4 to provide the necessary 
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high roughness, low surface energy and magnetic responsiveness, respectively. As a result, the 

fabricated sponge showed a very high static WCA (161°) and a very low dynamic WCA 

(sliding WCA = 7° and shedding WCA = 8°). The maximum sorption capacity of the fabricated 

sponge varied for the seven different oils examined (k = 32 ~ 108.9 g/g) due to the varying 

densities and viscosities of the oils, and these maximum sorption capacities were higher than 

those previously reported. The oil-water separation efficiency of the fabricated sponge 

exceeded 99 %, and the absorbed oil could be easily recovered by simple mechanical squeezing. 

In addition, the sponge could be magnetically guided to the oil-polluted area and then quickly 

absorb the floating oil for efficient removal. Furthermore, the superhydrophobicity and oil 

absorbency of the fabricated sponge were maintained after stretching, compression, cleaning 

and repeated sorption cycles. The novel and superior performance of PU@ZnO@Fe3O4@SA 

makes the proposed sponge a promising candidate for the separation of oily pollutants from 

water and the cleanup of oil spills. 
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CHAPTER 4 - SUPERHYDROPHOBIC MELAMINE SPONGE 

 

 

Abstract 

Inspired by the nature phenomenon, novel superhydrophobic surfaces were prepared on 

melamine sponge (MS) base via the simple processes. In this work, MS was chosen as the 

substrate material to fabricate the superhydrophobic surface. We present a facile, cost effective 

and environmental friendly method to fabricate 3 types of robust superhydrophobic MS with 

excellent oil-water separation capacity and exceptional recyclabilityAfter the in-situ coating 

structured ZnO layer on MS surface to generate the surface roughness, the hydrophobization 

was conducted with the utilizations of (i) stearic acid (SA), (ii) 1H,1H,2H,2H-

perfluorodecyltriethoxysilane (FDTS) and (iii) the mixture of SA@FDTS. It is confirmed that 

superhydrophilic MS has been easily turned to superhydrophobic due to two main factors: the 

surface roughness and the addition of the long carbon chain and/or perfluoroalkyl chain from 

the structure of SA and FDTES. As the results, the static water contact angle (WCA) of 159o ± 

2o, 160o± 2o and 173o± 2o were exhibited for MS@ZnO@SA, MS@ZnO@FDTS and 

MS@ZnO@SA@FDTS samples, respectively. The novel MS@ZnO@SA, MS@ZnO@FDTS 

and MS@ZnO@SA@FDTS superhydrophobic sponges possessed many of the crucial 

properties of an ideal sorbent material for oil-water selective separation with extremely high 

separation capacity, stable under the mechanical tests, outstanding recyclability with sorption 

capacity retention after several cycles of sorption - squeezing process, being inexpensive, and 

wide availability. It is assert that such sponges are promising sorbent materials for oil spill 

containment and environmental remediation. 

Keywords: melamine sponge, ZnO, stearic acid, 1H,1H,2H,2H-

perfluorodecyltriethoxysilane,, superhydrophobic, separation 
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4.1. Introduction  

As presented in previous chapters, control the wettability of solid surfaces, especially the 

conversion from hydrophilic to hydrophobic/superhydrophobic state, has recently considered 

as an interesting subject due to its importance in theoretical research and practical applications.   

In this work, MS was chosen as the substrate material to fabricate the superhydrophobic 

surface. We present a facile, cost effective and environmental friendly method to fabricate 3 

types of robust superhydrophobic MS with excellent oil-water separation capacity and 

exceptional recyclability. The pristine MS was first coated by ZnO layer in order to enhance 

the surface roughness. Subsequently, the superhydrophobic MS sponges were obtained after 

superhydrophobization step with the use of stearic acid (SA), 1H, 1H, 2H, 2H-

perflourodecyltriethoxysilane (FDTS) and the mixture of SA@FDTS. The MS@ZnO@SA, 

MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges were obtained the superhydrophobic 

state with very high static water contact angle (WCA) and low sliding WCA.  They could be 

used to selective separate oil and water effectively with extremely high separation efficiency. 

The fabricated superhydrophobic sponges were also carefully characterized in order to explain 

the mechanism of superhydrophobicity state and oil-water separation capacity. Moreover, the 

durability and recyclability of the fabricated sponge were also evaluated. Our novel materials 

may provide a facile but very effective strategy for separating oil-water mixtures in the real 

applications. 

 4.2. Materials and experiments 

4.2.1. Materials 

Commercial melamine sponge (MS) was purchased from a local store in Ulsan, Republic 

of Korea.  Zinc acetate(Zn(CH3COO)2), ammonium hydroxide solution 25% (NH4OH) and 

stearic acid (SA) were supplied by Daejung Chemicals & Metals Co., Ltd., Korea. 1H, 1H, 2H, 

2H-perflourodecyltriethoxysilane (FDTS) was obtained from Sigma-Aldrich Co. LLC. The 

information of organic solvents/oils used for separation experiment was summarized in the 

following table.  
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Table 4.1. List of the organic solvents and oils used in separation tests 

Name  Manufacturer  Specification  

Methanol  Daejung Co.Ltd., Korea Pure 99.00 % 

Hexane  Samchun Chemical, Korea  Pure 99.99% 

Vacuum pumping oil  Moresco, Japan NEOVAC MR-200 

Gasoline  SK Energy, Korea Commercial product 

Canola oil  Ottogi Ltd, Korea  Canola extraction  

Diesel  SK Energy, Korea  KIXX HD1 Cl-4/SL 15W-40 

4.2.2. Fabrication of superhydrophobic MS 

Pristine MS pretreatment: The pristine MS was cut into 3 × 3 × 3 cm blocks and cleaned 

with distilled water and ethanol for several times to remove impurities on the surface.  After 

that, the sponge blocks were naturally dried in room condition at 25 oC.  

Fabrication of ZnO layer on MS surface: MS@ZnO was fabricated via microwave 

method according to the previous work [105].A Zn(CH3COO)2 solution (0.2 M) was prepared, 

and NH4OH droplets were dropped slowly in it with gentle stirring until the mixture solution 

become transparent.  After that, the MS blocks were immersed into the prepared mixture 

solution of Zn(CH3COO)2 and NH4OH for 30 min. The beaker containing MS blocks and 

mixture solution was then put onto a commercial microwave oven (Daewoo KR-G20EW, 1120 

W, 2450 MHz) and heated for 3 times (each time include 60 s heating and 15 s stop). 

Subsequently, the beaker was cooled down in room temperature for 10 min, and the MS@ZnO 

sponge blocks were taken out from the solution, cleaned with water/ethanol and naturally dried. 

A possible formation mechanism of ZnO rods on MS surface was proposed (Eq. (4.1)-(4.4) 

[105]. 

Zn(NH3)4
2+ + 2 OH-  Zn(OH)2 + 4 NH3                        (4.1)          

Zn(NH3)4
2+ + 2 OH-  ZnO + 4 NH3 + H2O                     (4.2) 
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Zn(OH)2 + 2 OH-  Zn(OH)4
2-                                  (4.3) 

Zn(OH)4
2-  ZnO +  H2O + 2 OH-                            (4.4) 

Superhydrophobization of MS@ZnO: 100 mL of SA and FDTS in ethanol solutions were 

prepared in two different beakers at concentration of 10 mM and 5 mM, respectively.  A 

mixture of 90 mL SA (10mM) and 10 mL FDTS (5mM) was also prepared in another beaker. 

Then, the MS@ZnO sponges were immersed in the beakers for 5 min and the derived 

MS@ZnO@SA, MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges were taken out and 

naturally dried. The SA, FDTS or their combination were grafted onto the ZnO rough layer to 

obtain the superhydrophobicity and the whole fabrication processes were illustrated in Fig.1. 

4.2.3. Characterization methods 

Scanning electron microscopy (SEM) characterizations were carried out in order to 

observe the morphology of materials. A JOEL JSM-7600F field emission scanning electron 

microscope apparatus was used at acceleration voltage of 10 kV. The crystalline phases in 

samples were determined by using an X-ray diffractometer (XRD Bruke AXS D8 ADVANCE). 

XRD data collection was performed using Cu-Kα (λ = 0.154060 nm) radiation (step size of 

0.02°; 2θ angular range = 10°-80°). The chemical composition of sponge samples was 

investigated by using an X-ray photoelectron spectrometer (XPS K-alpha ThermoFisher) and 

Fourier-transform infrared spectroscopy (FT-IR Varian 670/620). The wettability of all 

samples was analyzed by using a contact angle meter (SmartDrop, Femtofab Co. Ltd., Korea). 

The static WCA and sliding WCA were measured three times for each sample using a 10 μL 

water droplet. 
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Fig.4.1. Fabrication processes for superhydrophobic MS@ZnO@SA, MS@ZnO@FDTS 

and MS@ZnO@SA@FDTS sponges 

4.2.4. Oil-water separation experiment 

The oil-water separation experiments were carried out with a home-made system which is 

illustrated in Fig.4.2. The sponge sample was put on the tubes with a diameter of 7 cm. A piece 

of stainless steel mesh, used as the stopper to keep the sponge sample, was fixed on the tube. 

The oil-water mixture (50%, v/v) was poured into the sponge. The oil would quickly penetrate 

through the sponge and drop to a cylinder placed at the bottom. The volume of water before 

and after the separation was measured as V0 and V1, and the separation efficiency (k) was 

calculated as the following equation (Eq. (4.5)):  

k = V1/V0 × 100%        (4.5) 
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Fig.4.2. Set up for oil-water separation experiments 

4.2.5. Stability and reusability tests 

The mechanical stability of the material plays an important role in real applications. Thus, 

mechanical stability tests were carried out for the fabricated sponges. The mechanical testing 

equipment (Daekyung DTU-900MH300kN) was used to do the stability tests with the 

fabricated sponges. Due to the porous and spongy structure of the material, the compression 

test mode is chosen.  The recyclable property of the fabricated sponges was also tested by a 

simple method. After the oil-water separation, the contaminated sponges were manual 

squeezed and then applied for the next cycles. 

 4.3. Characterizations of superhydrophobic MS 

4.3.1. Surface morphology 

The topography of surface is the first significant factor to the wettability of material. Thus, 

the morphological information of pristine and modified sponges were carefully investigated by 

SEM and illustrated in Fig. The starting material is commercially MS, which is widely used 

for various functions in daily life. The porous and 3Dtextures of MS can provide more contact 

area for the oil sorption. As shown in Fig.a, the pristine MS have three-dimensional (3D) 

interconnected network and the surface morphology of each skeleton fiber was smooth and 

even.  
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In contrast, MS@ZnO@SA, MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponge 

samples with the coating layers showed a highly rough surface (Fig. b-d). In general view, the 

skeleton structure of the modified sponges was not changes as compared with the pristine MS.  

The biggest changes were the roughness of the sponge fibers - which was created by the ZnO 

rods. The uniform ZnO micro rods (with average length 5-7 µm of and diameter of 1-1.5 µm) 

were grown using a facile microwave method [73]. Compared to other synthesis methods, the 

microwave method was much simpler and quicker to operate [73, 105]. The changes on the 

surface roughness of MS was helpful for achieving the superhydrophobicity due to the air 

trapped among the rough structures [106].  

 

Fig.4.3. SEM images of (a) pristine MS, (b) MS@ZnO@SA, (c) MS@ZnO@FDTS and 

MS@ZnO@SA@FDTS sponges 

4.3.2. Crystalline structure  

The XRD patterns of the modified sponges were examined to gain more insight on the 

existence of ZnO component as shown in Fig. It is clearly seen that crystalline ZnO are present 

in all modified sponge samples with the sharp and strong characteristic peaks at 2θ = 32.00o, 

34.15o, 36.13o, 47.48o, 56.61o, 62.93o, 68.20o and 69.03. In the MS@ZnO@SA and 

MS@ZnO@SA@FDTS, the characteristic peaks of SA also deserved at 2θ = 11.01o, 20.48o, 

21.55o, 23.98o. All these diffraction peaks of ZnO were indexed to the values of the Joint 

Committee on Powder Diffraction Standard (JCPDS) No. 36-1451 [105]. Combine with the 
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SEM results, the presence of these diffraction patterns are indications that the structured ZnO 

were successfully collated on the pristine MS.  

 

Fig.4.4. XRD patterns of pristine MS and MS@ZnO@SA, MS@ZnO@FDTS and 

MS@ZnO@SA@FDTS sponges 

4.3.3. Elemental composition  

The IR spectra of sponge samples are shown in Fig.4.5 (a) The main chemical structure of 

MS is aromatic ring containing three carbon atoms and three nitrogen atoms and each carbon 

atom is bonded with three high polar functional groups NH2 [14]. Each aromatic ring is either 

connected by O-C or C-C bond. Thus, in all of the spectra, the absorption peaks at 3100-3400 

cm-1 attributed to the stretching vibrations of secondary amine (N–H) on the surface of MS 

were observed. The absorbance at 1450-1650 cm-1, 1330 cm-1 - 1400 cm-1, 1120 cm-1 and 1066 

cm-1 corresponding to the C=N, C-N, C-O-C and C-O stretching also presented in all of the 

spectra, respectively. These absorptions band are consisted with typical bond of pristine MS. 

After the superhydrophobization with SA and mixture of SA@FDTS, the vibrations at 2931, 

and 2853 associated with the -CH2- symmetric and asymmetric stretching were clearly 

observed. These IR vibrations of -CH3 and -CH2- in the MS@ZnO@SA sponge exhibit an 
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obvious increase in intensity indicate the introduction of long-chain hydrocarbon in SA formula. 

Besides, C–F bond stretching could be observed in range of 1150-1250 cm-1 which confirmed 

the presence of silanol groups on the MS@ZnO@FDTS and MS@ZnO@SA@FDTS samples.  

XPS analysis was further carried out to understand the chemical composition of sponge 

samples. Fig.4.5 (b) shows the XPS survey spectrum of the pristine MS sponge, which revealed 

the different peaks from different elements, including C, N and O. This was consistent with the 

composition of commercial foams containing the formaldehyde-melamine-sodium bisulfite 

copolymer. After the modifications, the formation of the ZnO layer on the sponge skeletons 

was confirmed by the peaks of Zn 2p on the spectrums. After the superhydrophobization with 

SA, the peak intensity of C 1s was increased in sample MS@ZnO@SA. Similarly, after the 

superhydrophobization with FDTS and SA@FDTS, the peaks of F 1s ans Si 2p were observed. 

These FTIR and XPS observations confirmed chemically that the as-described treatments were 

conducted successfully. 

 

Fig.4.5. FTIR and XPS spectra of pristine MS and modified MS samples 

4.3.4. Wettability measurement  

Based on the described fabrication process, it is expected that the MS@ZnO@SA, 

MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges could own the superhydrophobic 

ability. As mentioned before, the successfully superhydrophobic surface was attributed to the 
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rough surface and chemical composition. After reaching the hydrophobic state with rough 

coating layer, the chemical coating would determine whether the sponge surface is “super”-

hydrophobic or not. In the other words, the chemical composition could amplify the surface’s 

hydrophobicity. Thus, after the superhydrophobization process with SA, FDTS and SA@FDTS, 

the water droplets on the surface of MS@ZnO@SA, MS@ZnO@FDTS and 

MS@ZnO@SA@FDTS sponges exhibited the spherical shape or even bounced (bouncing 

effect) from the surface, indicative the excellent superhydrophobicity. To verify the surface 

wettability, the WCA measurements were carried out in order to check the water wettability of 

sponge samples. After the MS@ZnO was treated with SA, FDTS and mixture of SA@FDTS, 

the static WCA was reached up to 159o ± 2o, 160o± 2o and 173o± 2o, respectively (Fig.4.6). 

 

Fig.4.6. Static and dynamic WCA measurement data of sponge samples 

Interestingly, the fabricated sponge not only showed the excellent water repellency 

behavior but also the great oil sorption ability. A feasibility test was carried out with drops of 

water and drops of oil on the surfaces of fabricated sponges (Fig.4.7). It can be seen that all the 

oil drops are quickly absorbed by the sponges when the water drops slide down from the surface 

of the superhydrophobic sponges. Based on these observed phenomena, the fabricated sponges 

was applied to separate oil and water in the mixture of them.   
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Fig.4.7. Different wetting behaviors between water and oil drops of fabricated sponges 

 4.4. Applications  

4.4.1. Anti-wetting 

The water was colored with methylene blue dye and then dropped to the sponge surfaces 

via a syringe. The pristine MS could easily absorb all the water drops. The surface modification 

with ZnO had an obvious influence in wettability of the sponge occurred. The water drops was 

not totally absorbed onto the sponge anymore and the shape of the water drops on the 

MS@ZnO surface was half-sphere shape. This phenomenon could be well explained according 

to the theory of Cassie-Baxter with the stable air molecules exist on the gap between the micro-

nanostructures. The rough ZnO coating layer could trapped a lot quantity of air increased the 

water/air interface to amplify the hydrophobicity, resulting a higher WCA as compared with 

pristine MS sample (Fig.4.8).  
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Fig.4.8. Water wettability of pristine MS and modified MS samples 

4.4.2. Oil-water separation  

According to the excellent properties as stated before, the supherhydrophobic MS sponges 

is very suitable for oil-water separation. When the oil-water mixture was poured, the surfaces 

of superhydrophobic MS sponges would stop the water permeation. On the contrary, the oil 

could quickly spread out and absorbed through the porous structure by capillary force. After 

the separation process, no oil scum could be seen in the collected water and the absorbed oil 

was easily recaptured by the squeezing process. These fabricated sponges may absorb various 

organic solvent-water mixtures and oil–water mixtures, including methanol, hexane, vacuum 

oil, gasoline, canola oil and diesel with efficiencies all exceeding over 99% for the 1st cycle. 

The separation capacity was presented in Fig.4.9, which is demonstrated that the fabricated 

MS@ZnO@SA, MS@ZnO@FDTS and MS@ZnO@SA@FDTS superhydrophobic sponges 

possessed very good selectivity oil-water separation behavior. 
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Fig.4.9. Oil-water separation capacity using superhydrophobic MS@ZnO@SA, 

MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges 

  4.5. Stability and reusability of superhydrophobic PU 

sponge 

For practical applications, the durability and recyclability of the absorbent are key criteria 

for the clean-up of oils or organic solvent spills because of economic and ecological demands 

for sustainability.  

For the recyclability test, the contaminated sponges were manual squeezed and recycled 

after the oil absorption (Fig.4.10 (a-c)).  As mention before, the oil-water separation capacities 

of the fabricated sponges were extremely high for the 1st cycle. More importantly, the absorbed 

oil could be recovered by squeezing the oil absorbed sponges and the sponges could be applied 

for the next cycles. The sorption capacities were almost stable after first 30 cycles. However, 

the oil absorption capacity was a little bit decreased after that.  It was unavoidable due to 

residual oils in the pores of sponge, which could not be totally removed by manual squeezing, 

particularly after many using cycles. 
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To verify the feasibility for practical applications, the durability tests were carried out 

(Fig.4.10 (d)). Due to the porous and spongy structure of the material, compression test is 

suitable for sponge material than tensile test. Commercial PU sponge is well known as material 

with good elasticity, so the sponge can against the highly compressible of the compression test 

at 50 and 70% strain. After the compression test, the sponge came back to the initial form. No 

fracture or collapse of the sponge was observed after the test. The robustness of the fabricated 

sponges was attributed to its elasticity, porosity and the strong adhesion of the coating to the 

sponge. The static WCA values of the sponge after the compression test were not significant 

changed, confirmed that the compress test did not effects to the wettability of the sponge. 

 

Fig.4.10. (a-c) Recyclability and (d) durability of the sponge samples for oil-water 

separation 

 4.6. Summary  

In summary, a facile and cost-effective method was reported for the fabrication of three types 
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of robust superhydrophobic surfaces based on commercial melamine sponges, including 

MS@ZnO@SA, MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges. In the first step, 

structured ZnO was coated on the pristine MS surface in order to increase the roughness of the 

surface, then the wettability of the sponge was changed from hydrophilic to hydrophobic. In 

the second step, the SA, FDTS and mixture of SA@FDTS were used as the 

superhydrophobization materials in order to tune the characteristic of the sponge from 

hydrophobic to superhydrophobic state. The novel MS@ZnO@SA, MS@ZnO@FDTS and 

MS@ZnO@SA@FDTS superhydrophobic sponges possessed many of the crucial properties 

of an ideal sorbent material for oil-water selective separation with extremely high separation 

capacity, stable under the mechanical tests, outstanding recyclability with sorption capacity 

retention after several cycles of sorption - squeezing process, being inexpensive, and wide 

availability. It is assert that such sponges are promising sorbent materials for oil spill 

containment and environmental remediation 
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CHAPTER 5 
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CHAPTER 5- CONCLUSIONS AND FUTURE WORK  

5.1. Conclusions  

The outstanding non-wetting properties found on nature are direct result of their surface 

structure coupled with the hydrophobic chemistry. The features on these types of 

superhydrophobic phenomena are conducive to the formation of multiple tiny trapped air 

pockets underneath water droplets that minimize the real contact area and adhesion between 

the solid surface and liquid droplets. This results in very high water contact angles (> 150°) 

and very small water roll off or sliding angles (< 5°). Based on these observed phenomena in 

nature, the different artificial superhydrophobic surfaces were successfully fabricated in this 

dissertation.  

All the base substrates used in this dissertation have common properties, which are soft, 

porous, flexible and good elasticity. Therefore, they are promising substrates for the preparation 

of a superhydrophobic material for oil-water separation and oil absorption applications. 

However, both cotton fabric and sponges are hydrophilic materials and they can easily absorb 

both oil and water. Therefore, several methods were developed in this dissertation to change 

the wettability of chosen base substrates.  

The first reported superhydrophibic surface in this study was developed on cotton fabric 

surface. A stable and robust superhydrophobic composite of ZnO and commercial cotton fabric 

was successfully fabricated with a simple approach. ZnO layer was coated on the surface of 

cotton fabric via hydrothermal method. After the coating process, ZnO of high purity and 

uniform structure was grown on the cotton fabric surface. Superhydrophobicity was achieved 

with a WCA up to 151 ± 3o mainly due to the ZnO coating layer on the original cotton fabric 

changed the surface roughness. The surface of the original cotton fabric was even and flat with 

Ra = 0.85, whereas the ZnO-CF surface was much rougher with Ra = 2.42. The enhanced C-

H/C-C bonding and the decrease in C=O and C-O bonding also was another reason increased 

the water repulsion of ZnO-CF. ZnO-CF with soft and flexible properties exhibited an excellent 

hexane-water separation capacity and good stability in repeated applications. Therefore, ZnO-

CF can be utilized for the selective separation of hexane and water in applications requiring 

self-cleaning ability. 

The second superhydrophobic surface presented in this study was based on the commercial 
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polyurethane sponge. Durable, magnetic and superhydrophobic PU@ZnO@Fe3O4@SA 

sponge was successfully fabricated by a novel, facile and environmentally friendly method. 

Commercial PU sponge was modified with ZnO, SA and Fe3O4 to provide the necessary 

roughness, low surface energy and magnetic responsiveness, respectively. As a result, the 

fabricated sponge showed a very high static WCA (161°) and a very low dynamic WCA (sliding 

WCA = 7° and shedding WCA = 8°). The maximum sorption capacity of the fabricated sponge 

varied for the seven different oils examined (k = 32 ~ 108.9 g/g) due to the varying densities 

and viscosities of the oils, and these maximum sorption capacities were higher than those 

previously reported. The oil-water separation efficiency of the fabricated sponge exceeded 

99 %, and the absorbed oil could be easily recovered by simple mechanical squeezing. In 

addition, the sponge could be magnetically guided to the oil-polluted area and then quickly 

absorb the floating oil for efficient removal. Furthermore, the superhydrophobicity and oil 

absorbency of the fabricated sponge were maintained after stretching, compression, cleaning 

and repeated sorption cycles.  

The third superhydrophobic material was fabricated in the melamine sponge base via a 

similar mechanism with the second material, but the coating materials were changed. Three 

types of robust superhydrophobic surfaces based on commercial melamine sponges, including 

MS@ZnO@SA, MS@ZnO@FDTS and MS@ZnO@SA@FDTS sponges were successfully 

fabricated. For providing the roughness to the surface, in the first step, structured ZnO was also 

coated on the pristine MS surface, then the wettability of the sponge was changed from 

hydrophilic to hydrophobic. In the second step, besides SA, FDTS and mixture of SA@FDTS 

were used as the superhydrophobization materials in order to tune the characteristic of the 

sponge from hydrophobic to superhydrophobic state. The novel MS@ZnO@SA, 

MS@ZnO@FDTS and MS@ZnO@SA@FDTS superhydrophobic sponges possessed many of 

the crucial properties of an ideal sorbent material for oil-water selective separation with 

extremely high separation capacity, stable under the mechanical tests, outstanding recyclability 

with sorption capacity retention after several cycles of sorption - squeezing process, being 

inexpensive, and wide availability.  

The results of these studies were further confirming the techniques to fabricate the 

superhydrophobic surface in different substrate. All the fabricated techniques are very simple, 

economic effective as well as environmental friendly. All the fabricated materials were 

characterized by various techniques to clearly explain their wettability behaviors.  
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Furthermore, the presented materials owned the excellent durability and reusability, thus they 

are promising sorbent materials for oil spill containment treatment, separation of oily pollutants 

from water and environmental remediation in real scales. 

5.2. Future works  

In this work, for superhydrophobic surface fabrication, two crucial factors must be available 

including hierarchical structure with the low surface energy. The obtained superhydrophobic 

surfaces could be used for the practical applications by investigating more effectiveness of their 

property in the provided potential applications. Moreover, several further researches could be 

found from this study. All the base substrates used in this dissertation have common properties, 

which are soft, porous, flexible and good elasticity.  The surfaces with similar properties could 

be practically applied to fabricate the superhydrophobic surface well with the proper treatment 

process and mechanism. They are the very good candidates for environmental applications, 

especially oil/organic solvents separation applications.  

Furthermore, the capability of creating different superhydrophobic surface may open the 

gate to apply in different applications. The soft surfaces are suitable for the oil-water separation, 

and the other surfaces might suitable for different applications. For example, the 

superhydrophobic developed on the hard substrates such as metal or ceramic… could be 

applied for anti-icing, anti-corrosion or anti-fogging etc… 

It is hoped that new fabrication approaches and techniques for superhydrophobic surfaces 

accomplished in this work contribute to the advancement of materials and applications 

technology as well as broaden outlook for further research of practical applications in daily life. 
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APPENDIX 1 

Response to the comments of Committee Members 

1. Literature survey 

Biomimetic surfaces and materials received great attention of scientists and engineers due 

to their unusual properties. Biologically inspired design, adaptation, or derivation from nature 

is referred to as “biomimetics” [1] Biological tiny structures have been observed on many kinds 

of surfaces such as lotus leaves, rice leaves, butterfly wings, mosquito eyes, moth eyes, cicada 

wings, red rose petals, gecko feet, desert beetle, spider silks, and fish scales which exhibit 

excellent hydrophobicity and/or superhydrophobicity [2-6]. Such natural structures offer new 

insights into the design of artificial superhydrophobic structures. A superhydrophobic surface 

is a surface on which a drop of water forms an almost perfect sphere and even a very slight 

tilting is sufficient to cause the water drop to roll off. In addition to high water contact angle 

and low sliding angle, the ability of a surface to bounce off water droplets constitutes the third 

property of a superhydrophobic surface that is important for both biological and technical 

applications [7]. These surfaces are of special interest, because properties such as anti-sticking, 

anti-contamination, and self-cleaning are expected. These properties are attractive for many 

industrial and biological applications such as anti-biofouling paints for boats, antisticking of 

snow for antennas and windows, self-cleaning windshields for automobiles, microfluidics, lab-

on-a-chip devices, metal refining, stain resistant textiles, anti-soiling architectural coatings, 

dust-free coatings on building glasses and so on [8-12]. 

Recently, a research work has been devoted towards the preparation and theoretical 

modelling of superhydrophobic surfaces as observed by the large number of publications and 

diverse approaches. Many strategies to create superhydrophobic surfaces have been put 

forward. Many of the preparation techniques are simple, inexpensive; however, some of them 

involved multistep procedures and harsh conditions, or required specialized reagents and 

equipment. Up to now, procedures of roughening the surface followed by hydrophobization or 

transforming low-surface-energy materials into rough surfaces have been commonly used to 

produce superhydrophobic surfaces. The various methods for the preparation of biomimetic 

superhydrophobic surfaces since last two decades have been reported, such as phase separation 

[13], electrochemical deposition [14], template method [15,16], emulsion [17], plasma method 
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[18], crystallization control [19], chemical vapor deposition [20], wet chemical reaction [21], 

sol-gel processing [22-25], lithography so on [29-31]. Besides water repellency, other 

properties such as structure change, flexibility and reusability have also been incorporated into 

biomimetic superhydrophobic surfaces. 

During the last few decades, many artificial self-cleaning surfaces were fabricated by 

different techniques. To fabricate superhydrophobic surfaces using a template-based approach 

there are two main requirements: 1) the surface must be sufficiently rough to allow for the 

formation of trapped air pockets underneath water droplets and 2) the surface should be a low 

surface energy material that is inherently hydrophobic. To date, a wide variety of physical and 

chemical methods have been explored to fabricate superhydrophobic surfaces through one of 

the following two approaches: (i) creating a rough surface on a hydrophobic material or (ii) 

modifying a rough surface with a hydrophobic coating.  

(i) Roughening a hydrophobic material 

Methods to make superhydrophobic surfaces by roughening low surface energy materials 

are mostly one-step processes and have the advantage of simplicity. There are many ways to 

make rough surfaces, including laser/mechanical treatment [31], chemical etching [32, 33], 

lithography, sol–gel and hydrothermal processing [34, 35], layer-by-layer and colloidal 

assembling [36], electrical/chemical deposition [37], electrospinning [38, 39]… For example, 

Jin et al. reported a laser etching method to make superhydrophobic polydimethylsiloxane 

(PDMS) surface, which contains micro-, submicro- and nano-composite structures [40]. Yan 

et al. fabricated superhydrophobic poly(alkylpyrrole) films by a electrochemical synthesis 

method. The film surface consists of thousands of ―needle‖-like microstructures in a 

perpendicular alignment [41]. 

As described by Cassie and Baxter, multi-level roughness enables trapping of air under the 

water droplet, enhancing the surface hydrophobicity. Microstructure pillar arrays fabricated by 

photolithography and soft lithography are often used to provide a predefined roughness. The 

major issues facing wide application of these techniques include high fabrication cost, limited 

applications to large scale coating, and reduced flexibility in modulation of surface 

morphologies. One of the low-cost alternatives is through surface deposition of nanoparticles. 

As silica nanoparticles are readily synthesized by a sol-gel process with uniform size, and as 

their surface chemistry is tunable via covalent modification, they are widely used in creating 
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surfaces with desirable properties. 

(ii) Modifying a rough surface with a hydrophobic coating 

Generally, the wettability behavior of rough surfaces is governed by the interface chemistry. 

There are also several methods commonly used to modify the chemistry of a surface. Although 

it is a relatively simple and one-step process to make superhydrophobic surfaces by using 

intrinsically hydrophobic materials, unfortunately, many materials do not possess a low enough 

surface free energy to be intrinsically hydrophobic. In order to make superhydrophobic surfaces 

on these intrinsically hydrophilic materials, a two-step process is usually required, i.e., making 

a rough surface first and then modifying it with chemicals, such as alkanethiols, organic silanes, 

and fatty acids, which can offer a low surface free energy after linked to the surface. For 

example, Baldacchini et al reported a way to create micro/nanoscale roughness on silicon 

wafers by using a femtosecond laser to etch the silicon wafers [42]. Verplanck et al. made 

silicon nanowires on Si/SiO2 substrates through a vapor-liquid-solid mechanism. The resulting 

rough surfaces were modified with a fluoropolymer C4F8, and exhibited superhydrophobicity 

[43]. However, these current techniques deal with several toxic chemicals and processing time 

sometimes requires over than 1 day.  
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2. Vision/novelty of the research  

The presented techniques and materials in this dissertation can become a good candidate to 

apply in reality because: 

- The technique is simple, economic. 

- The current fabrication methods exist limitations, for example, aging post process 

requires long-time exposure, coating approach deals with toxic chemical and sometimes 

requires complex process. To shorten the time required for wettability transition from 

hydrophilicity to superhydrophobicity without requiring the use of any specific equipment, the 

simple fabrication process has been introduced. The fabrication time is very short as compared 

to other current laboratory techniques such as hydrothermal, printing or laser ablation processes. 

The process time was reduced from several weeks/months to few second with microwave 

treatment. The mechanism of wettability change was also explained. Several potential 

applications such as self-cleaning, anti-wetting and oil-water separation were proposed.  

The fabrication method, performed with a commercial microwave oven, was very useful 

for forming a relatively uniform ZnO structure. The use of a commercial microwave as the 

heating source to grow the structured ZnO shortened the fabrication time, reduced the specific 

equipment requirement and lowered the energy usage, thus rendering it an eco-friendly 

fabrication method 

- No need of complicated apparatuses, surfaces with micro structures show high static 

water contact angle and low dynamic water contact angle 

- The coating quality is very good with uniform coating layer with good stability and 

excellent performance 

- The obtained surfaces include anti-wetting, self-cleaning properties, which can be 

applied in industrial, aircraft, biological, and daily-life applications. For example, 

superhydrophobic surface with anti-wetting property can be applied in aircraft, ships, medical 

equipment, and air filters etc.,. Surrface with self-cleaning property can be used to prevent the 

harmful bacterial attachment to medical implant surfaces.  
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Additionally, this research can provide a useful guideline for other researchers as well as 

industrial engineers to choose an efficient fabrication method for superhydrophobic surface 

with various substrates. Furthermore, the capability of creating different superhydrophobic 

surfaces may open the gate to apply in different applications. The soft surfaces are suitable for 

the oil-water separation, and the other surfaces might suitable for different applications. For 

example, the superhydrophobic developed on the hard substrates such as metal or ceramic… 

could be applied for anti-icing, anti-corrosion or anti-fogging etc… 

 

3. Explanation about coating materials 

This dissertation presented the simple materials which fabricated base on different 

hydrophilic substrate. The chosen substrates included cotton fabric, PU sponge and MS sponge. 

Cotton fabric is well known as a porous, rough, flexible and hydrophilic surface with extremely 

high water absorption ability. PU and MS sponge are also the commercial materials which have 

high porosity, light weight and very good elasticity.  These kinds of material also own the 

large number of hydroxyl groups on surfaces - which provide suitable active sites for chemical 

modification. As a result, they are the promising candidates to fabricate the superhydrophobic 

materials for environmental applications including oil-water separation. However, due to their 

superhydrophobicity, prudent chemical modifications are required to control the selectivity and 

wettability ofthem.  Also, maintaining good stability of the cotton fabric-based material and 

coating with non-toxic chemicals are essential for large-scale practical application.  

ZnO was selected as the 1st functional material/coating material due to its superior abilities. 

ZnO is expected to exhibit more advanced controllable wettability due to the ease with which 

the surface structure can be developed [1, 2]. ZnO has abundant structures: hexagonal, wurtzite, 

rod, pillar, wire, belt, flake, and flower-like [3 – 6]. The WCA can be enhanced by using ZnO’s 

microstructure to change in the surface roughness. 

Reducing the cost, simplifying the fabrication process, increasing the durability of the final 

products, and using nontoxic materials are a few of the barriers that need to be solved for large-

scale manufacturing of superhydrophobic surfaces. SA and FDTS are also used as modifiers to 

tune the surface wettability from hydrophobic to superhydrophobic. Until now, to achieve a 

high contact angle, many superhydrophobic surfaces are processed with fluorine-containing 



 

107 

 

surfactants [7-9]. Thus, FDTS, a kind of fluorine material was used to fabricate the 

superhydrophobic surfaces in this dissertation. However, the biggest concerning in using this 

type material is the safety issue due to the fluorine component in it. So, the trend of recently 

research is using fluorine-free coating material to make superhydrohobic surfaces. SA is a kind 

of a long-chain saturated fatty acid with an 18-carbon chain and has the IUPAC name 

octadecanoic acid. Fatty acids are a kind of simple and cheap surfactants to be used to construct 

hydrophobic surfaces. The COOH groups in the fatty acid molecules can react with –OH 

functional group on fabric or sponge surfaces and the hydrocarbon chains with low surface 

energy can repulse water.  
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4. Pore-blocking issue and homogeneity of coating 

In chapter 3 and 4, the sponge materials were chosen as the base substrates to fabricate the 

superhydrophobic surfaces. By coating with multi layers, the superhydrophilicity of the 

hydrophilic sponge tuned to superhydrophobicity, thus one of the biggest concerning is pore –

blocking issue after the coating and homogenously of the coating layers. To clarify this issues, 

SEM and mapping analyses were carried out. For these characterizations, the small pieces of 

sponges were cut randomly with the size 0.5 x 0.5 x 0.2 cm from the initial sponge cubes.   

 The pore-blocking issue 

The initial porosity of reticulated foams is critical when designing a custom component or 

product. The inspection of Table 1 revealed that the diameter of original PU sponge and 

superhydrophobic PU sponge was in the range of 180 to 700 µm, and the diameter of original 

MS and superhydrophobic MS was in the range of 40 to 70 µm. It can be concluded that the 

pore sizes of the sponges were not greatly changed after modification compared with the initial 

values. This confirmed that the extra coating layers did not exert significant pore-blocking 

effects on the fabricated sponge. 

 Homogeneity of coating 

The uniformity of the coating layers were confirmed in the mapping analysis results. These 

results were presented in dissertation in surface morphology section of each chapter. 
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Table.1. Pore sizes of original sponge and modified sponge 

Original PU PU@ZnO@Fe
3
O

4
@SA 

 

 

Original MS MS@ZnO@SA 

 

 

 

 

MS@ZnO@FDTS 

 

MS@ZnO@SA@FDTS 
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5. Toxicity of materials 

Metal oxide nanoparticles (NPs) like zinc oxide are being used in a large variety of 

applications such as textile materials, commercial sun-care products, lasers and light-emitting 

diodes, bioimaging agents, biosensors, in drug delivery vehicles, in ointments including 

coatings and pigments etc… Several published works have presented the versatile properties 

of ZnO which have a combination of physical properties (such as high electrical and thermal 

conductivity, optical absorption in the ultraviolet and very high temperature stability) and 

chemical characteristics (for instance stability at neutral pH values and mildly antibacterial 

action and UV blocking).  

However, ZnO can be discharged into the environment in the using process. ZnO is an 

amphoteric oxide and can easily dissolve in both acids and bases. Like other oxides of metal, 

ZnO in the presence of water undergoes hydrolysis creating a hydroxide coating on its surface 

(≡M–OH). The hydroxide surface of these hydrolyzed ZnO particles may increase the chemical 

and physical adsorption of water molecules. This happens because of the amphoteric nature of 

the hydroxide surface that can react with both H+ or OH− ions:  

≡ M–OH+H+ ↔≡ M–OH+2 with protons  

≡ M–OH+OH− ↔ M–O− +H2O with hydroxides  

Thus, it is necessary to discuss about the toxicity when using ZnO in this study, 

especially in the acidic or alkaline condition. A piece of cotton sample (5 x 5 cm) and cube of 

sponge samples (3 x 3 x 3 cm) were prepared and then they were put in the aqueous at different 

pH value for 2h. After that, derived solutions were centrifuged and send to ICP-OES analysis 

in order to check the releasing level of ZnO to the aqueous solution. The results were presented 

in bellowing. 

  



 

111 

 

 

 pH=3 pH=5 pH=7 pH=9 pH=11 

Cotton sample 89.6308 53.0933 0 6.10165 17.0544 

PU sample 64.498 36.3893 0 2.95158 4.39112 

MS sample 67.4487 54.3297 0 3.01094 41.4123 

*Concentration [mg/L] of released Zn in different pH condition 

It was showed that at neutral pH, the fabricated materials are stable and there was no 

releasing of ZnO to the environment. However, as mentioned before, at alkaline or acidic 

condition, ZnO would be released to the environment. As compared with Zn standard of United 

States Environmental Protection Agency, the limit level of Zn in water is 5 mg/L. Thus, the 

releasing of Zn from fabricated materials may cause some negative effects to the environment. 

It is recommend that before using the fabricated materials, the pH of solution should be 

maintained to the neutral pH. In the other hands, the chosen of safe coating materials is also a 

good way to have the environmental friendly materials. 
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