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ABSTRACT 

Over the last decades, researchers have been working to mimic the nature by inducing 

superhydrophobic properties into a variety of material surfaces so that they exhibit non-wetting 

properties. Many diverse applications have been found in the fields, such as space, defense, 

automotive, biomedical applications and engineering, sensors, apparels, and so on. This 

dissertation is about the development of superhydrophobic surfaces by inexpensive, simple and 

eco-friendly techniques with added functionalities (i.e. UV protection, Self-cleaning, Oil/Water 

separation, etc.) by deposition of fly ash, TiO2 and ZnO particles.    

The first study proposed simple and low-cost approach for improvement in UV protection 

and superhydrophobic properties of cotton fabrics by coating of mechanically activated fly ash 

particles. The maximum UV blocking was observed for 3 wt% fly ash, where UV transmittance 

decreased from 14.19% of untreated fabric to 0.11% of coated fabric. After subsequent treatment 

of Trimethoxy(octadecyl)silane (OTMS) on fly ash coated fabrics, the water contact angle was 

increased to 143o, 147o and 153o for fly ash concentration of 1, 2 and 3 wt% respectively. From 

Cassie-Baxter theories, the unwetted fraction of air pockets were estimated to be 43%, 55% and 

67% respectively for 1, 2 and 3 wt% of fly ash particles. Furthermore, the coated fabrics showed 

great potentials for separation of floating oil layer, underwater oil droplet or oil/water mixture. 

The separation efficiency of 98%, 96%, 97% and 95% was obtained for selected model oils 

toluene, n-hexane, chloroform and petrol ether, respectively. 

In second study, the growth of 3D shaped TiO2 flower particles on surface of polyester 

fabrics using two step approaches of sol–gel technology and hydrothermal method was 

successfully achieved. The scanning electron microscopy, EDS analysis, Raman spectroscopy, 

and X-ray diffraction techniques were employed to study the effect of Titanium isopropoxide 

(TTIP) concentration on the growth of flower-like TiO2 microstructures. Atomic force 

microscopy (AFM) was carried out to evaluate the surface topography and roughness. Later, the 

layer of Trimethoxy(octadecyl)silane was applied on TiO2 coated polyester fabrics to fabricate 

the self-cleaning textiles. The physical self-cleaning properties were examined based on 

superhydrophobicity and contact angle measurements where maximum static contact angle of 

160.1o and minimum roll off angle of 3o was found for 2 mL TTIP dose. The degradation of 
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methyl orange dyes under UV light irradiation was observed to confirm the photocatalytic 

chemical self-cleaning behavior, where the samples coated with 2 mL TTIP decolorized the dye 

solution in 150 min, whereas the samples coated with 1 mL and 1.5 mL TTIP took almost 300 

and 210 min respectively. 

In third study, a novel microwave hydrothermal method was employed on cotton fabrics 

to develop superhydrophobic surface by rapid synthesis of aligned ZnO nanorods on surface of 

the cotton fabric. Two step approaches was used for the growth of ZnO nanorods. First, cotton 

fabric was coated by seed layer of ZnO nanocrystals synthesized using microwave-assisted sol 

gel method.  Secondly, ZnO nanorods were grown rapidly on the seeded cotton fabrics by 

microwave hydrothermal method. At last, layer of non-fluorinated silane was applied on as-

grown nanorods to fabricate a superhydrophobic surface. The non-fluorinated silane was selected 

as this is less hazardous to skin compared to fluorinated silanes. The effect of zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O) concentration, reaction time and microwave power on the growth 

of ZnO nanorods were investigated in detail using scanning electron microscopy (SEM). To 

study the structural properties of ZnO nanorods EDS analysis and X-ray diffraction (XRD) 

techniques were used. Surface topography and roughness of the nanorods grown fabrics were 

studied using AFM. The superhydrophobic properties were examined based on contact angle and 

roll off angle measurements where maximum water contact angle of 170.2o and minimum roll off 

angle of 1o was found for 25 mM zinc nitrate hexahydrate (Zn(NO3)2·6H2O) concentration. The 

physical self-cleaning property was examined by using methyl orange dye as debris particles. 

The ZnO-OTMS coated fabrics were evaluated for superhydrophobic durability against 

mechanical abrasion, laundering, chemical and UV action. Moreover, the ZnO-OTMS coated 

fabrics showed excellent potentials for separation of floating and underwater oil layers or oil in 

water mixture. The oil in water separation efficiency of 99%, 98%, 98% and 96% was obtained 

for chloroform/water, n-hexane/water, petro ether/water and toluene/water, respectively. 

Keywords:  Fly ash particles; Superhydrophobicity; UV protection; Roughness; Oil water 

separation, TiO2 nanoflowers; Physical self-cleaning; Chemical self-cleaning, ZnO nanorods; 

Microwave hydrothermal synthesis; Contact angle 
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ABSTRAKT 

V posledních desetiletích se vědci snaží napodobovat přírodu tak, že připravují super 

hydrofobní  povrchy různých materiálů, které mají nesmáčivé projevy. Tyto materiály nacházejí 

mnoho různých aplikací v řadě oborů a výrobků. Příkladem jsou kosmická technika, vojenský a 

automobilový průmysl, biomedicínské obory a strojírenství, čidla, speciální oděvy atd. Tato 

disertační práce se zabývá vývojem superhydrofobních povrchů s multifunkčními projevy (tj. 

UV ochrana, samočištění, separace olej / voda atd.) pomocí levných, jednoduchých a ekologicky 

orientovaných technik. Je využito ukládání částic popílku, strukturovaných nanočástic TiO2 a 

ZnO s následnou silanizací. 

V první studii je navržen jednoduchý a levný postup ke zlepšení ochrany proti UV záření 

a získání superhydrofobních vlastností bavlněných tkanin povrchovým nánosem mechanicky 

aktivovaných částic popílku. Maximální UV blokování bylo pozorováno pro 3 hmotnostní % 

popílku, kde propustnost UV klesla ze 14,19% pro neošetřené textilie na 0,11% pro upravené 

textilie. Po následné silanizaci pomocí trimethoxy (oktadecyl) silanu (OTMS) byl kontaktní úhel 

pro vodu zvýšen na 143o, 147o respektive 153o pro koncentrace 1, 2 a 3 hmotnostní % popílku. Z 

teorie Cassie-Baxtera byl odhadnut podíl nesmočených vzduchových prostor (kapes) 43%, 55% 

a 67% pro 1, 2 a 3 hmotnostní % popílku. Kromě toho upravené textilie umožňovaly oddělení 

olejové vrstvy, kapiček oleje ve vodě nebo směsi oleje a vody. Účinnost separace 98%, 96%, 

97% a 95% byla získána pro vybrané modelové oleje, toluen, n-hexan, chloroform a petroléter. 

Ve druhé studii byl realizován růst částic TiO2 tvaru nano květin na povrchu 

polyesterových tkanin pomocí dvou stupňového procesu sol-gel a hydrotermálního působení. Ke 

studiu účinku izopropoxidu titanu (TTIP) byly použity skenovací elektronová mikroskopie, EDS 

analýza, Ramanova spektroskopie a rentgenová difrakce. Pro vyhodnocení topografie povrchu a 

drsnosti byla použita mikroskopie AFM. Polyesterové textilie s nánosem  TiO2 tvaru nano květin 

byly následně silanizovány pomocí  trimetoxy (oktadecyl) silanu s cílem přípravy samočistících 

textilií. Fyzikální samočisticí schopnosti byly zkoumány na základě měření superhydrofobicity 

pomocí kontaktního úhlu.  Pro dávku 2 ml TTIP byl nalezen maximální statický kontaktní úhel 

160,1° a minimální úhel skoulení kapky (roll off) 3o. Pro potvrzení fotokatalytického 

chemického samočisticího chování byla hodnocena rychlost degradace barviva Metyl-oranž  na 
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upravených vzorcích při ozáření ultrafialovým světlem. U vzorku,  kde byly pro růst TiO2 

nanočástic použity 2 ml TTIP došlo odbarvení  za 150 minut, zatímco u vzorků, kde bylo použito 

1 ml a 1,5 ml TTIP došlo k odbarvení po 300 a 210 min. 

Ve třetí studii byla použita nová mikrovlnná hydrotermální metoda rychlé tvorby 

uspořádaných nano tyčinek ZnO pro vytvoření superhydrofobního povrchu na bavlněných 

tkaninách. Pro růst nano tyčinek ZnO byly použity dva kroky. Nejprve byla bavlněná tkanina 

potažena zárodečnou vrstvou nanokrystalů ZnO syntetizovaných metodou sol-gel s využitím 

mikrovlnného ohřevu. Růst nano tyčinek ZnO byl realizován na zárodečné povrchové vrstvě 

bavlněných tkanin mikrovlnnou hydrotermální metodou. Následně byla provedena silanizace 

pomocí prekurzoru neobsahujícího fluor, tak aby byl vytvořen superhydrofobní povrch. Vliv 

koncentrace hexahydrátu dusičnanu zinečnatého (Zn (NO3)2, 6H20), reakční doby a mikrovlnné 

energie na růst nano tyčinek ZnO byl podrobně zkoumán pomocí skenovací elektronové 

mikroskopie (SEM). Ke studiu strukturních vlastností nano tyčinek ZnO byly použity EDS 

analýza a rentgenové difrakce (XRD). Povrchová topografie a drsnost textilií obsahujících  nano 

tyčinky ZnO byla studována pomocí AFM. Superhydrofobní vlastnosti byly zkoumány na 

základě měření kontaktního úhlu a měření úhlu náběhu. Byl nalezen maximální kontaktní úhel 

vody 170,2° a minimální úhel skoulení kapky 1o pro koncentraci hexahydrátu dusičnanu 

zinečnatého (Zn (NO3)2.6H2O) 25 mM. Fyzikální samočisticí vlastnosti byly zkoumány pomocí 

částic nečistot simulovaných barvivem Metyl-oranž.  Byly hodnoceny také odolnosti proti 

mechanickému oděru, praní, chemickému a UV působení. Bylo také nalezeno, že upravené 

textilie mají schopnost separace různých směsí vody a olejů. Účinnost separace oleje od vody 

99%, 98%, 98% a 96% byla získána pro směs chloroform/voda, n-hexan/voda, petroléter/voda a 

toluen/voda. 

Klíčová slova: Částice popílku; superhydrofobicita; ochrana proti UV záření; drsnost; oddělení 

oleje a vody; nano květiny TiO2; fyzikální samočištění; chemické samočištění; nano tyčinky 

ZnO; mikrovlnná hydrotermální syntéza; kontaktní úhel 
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CHAPTER 1 

1. INTRODUCTION 

The superhydrophobicity of solid surfaces has been investigated with considerable 

attention over the past few years due to the increased demands of impermeable textiles, self-

cleaning coatings, non-adhesive coatings, microfluidic devices, biosensors and outdoor antennas 

[1, 2]. Based on superhydrophobic species existing in nature (e.g. lotus leaves, butterfly wings, 

and water strider legs), surface roughness and low surface energy of materials can be considered 

as the two important factors to obtain superhydrophobic surfaces [3]. The different methods such 

as electrospinning deposition, layer-by-layer assembly, chemical etching, phase separation, 

chemical vapor deposition, colloid assembly have been employed to obtain superhydrophobic 

surfaces [4, 5].  

The self-cleaning textiles also hold great promise for military applications where there is 

a lack of time for laundering at severe conditions, and in business life when clothes get stained 

accidentally [6]. Currently, there are two main concepts used in developing self-cleaning textiles 

[7]. The first concept (physical self-cleaning) is based on the superhydrophobic approach where 

water droplets attain the spherical shape and then they roll off the surface carrying away the dirt 

particles [8]. The second concept (chemical self-cleaning) is based on the process of photo-

catalysis where the dirt/stain molecules break down to simpler species (such as CO2 and water) 

on exposure to light [9]. For physical self-cleaning, the surface roughness and low surface energy 

of materials are the two important factors to control the wettability of a surface and to obtain 

water contact angles greater than 150o [3]. As an inspiration from nature (e.g. lotus leaves, 

butterfly wings, and water strider legs), scientists have fabricated superhydrophobic textiles by 

creating surface roughness in combination with low surface energy materials such as organic 

silanes, fluorinated silanes, alkyl amines and silicates [10–12]. For chemical self-cleaning, 

polycrystalline semiconductor oxides have been applied in the form of nano-coatings, leading to 

the successful development of a number of UV-active self-cleaning textiles [13]. 
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In early 90s, the researchers started to explore the natural surfaces having 

superhydrophobic and self-cleaning properties. These natural surfaces include the lotus plant, 

rice and Colocasia esculenta etc. Figure 1 shows the superhydrophobic and self-cleaning surfaces 

present in nature. These surfaces have micro/nano hierarchical structures on their surfaces [14].  

 

Figure 1. Superhydrophobicity in nature [14]. 

Lotus effect refers to cleaning of lotus leaves by rain water droplets (see Figure 2). When 

water droplets fall on the lotus leaves, the water droplets attain the spherical shape and then they 

roll off the surface carrying away the dirt particles leaving neat and clean surface. The physical 

self-cleaning phenomenon has two important properties; superhydrophobicity and low water roll 

off angle. The lotus leaf contains 3-10µm hills and valley which are covered with nanocrystals of 

wax of size 70-100nm [15].   
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Figure 2. Self-cleaning lotus surface, flowering plant of Lotus (Nelumbo nucifera) is shown in 

(a). Lotus leaf contaminated with clay (b) and self-cleaning action of lotus leaf (c). The SEM 

images (d–f) show the lotus leaf surface in different magnifications [16] 

In 1963, DuPont introduced its fluorochemical based product for treating fabrics which 

was called Zepel fabric fluoridizer. After treatment, the fabric exhibited water and oil repellency. 

The launch of this product followed by several other similar chemicals and research works to 

improve the durability as well as the repellency characteristics. The first time lotus effect 

mechanism was studied and reported by Barthlott and Neinhuis in 1997 [17]. During this study, 

it was found that self-cleaning property is due to presence of hierarchical rough surface structure 

of plant leaves. Since then, this type of self-cleaning of plant leaves is called lotus effect.  

During last two decade research interests on superhydrophobicity and self-cleaning 

surfaces have grown tremendously. Numerous studies have been done related to mimicking of 

natural plants and animals. Great work has been reported on understanding of the structures and 

special wettability of the natural superhydrophobic surfaces and development of artificial anti-

wetting surfaces. Such superhydrophobic surfaces have many applications such a self-cleaning, 
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anti-corrosion, anti-fogging/frosting, oil/water separation, and anti-bio adhesion applications. 

Superhydrophobic textiles having oil in water separation ability are valuable to overcome the 

problems caused by oil spillage accidents. Furthermore, many other novel multifunctional 

applications for superhydrophobic surfaces have started to gain attention, like UV-protection, 

photocatalytic activity, anti-bacterial, EMI shielding, flame-retardant and anti-adhesion [18]. In 

order to defend other properties against damage, it has become an increasing trend to integrate 

the superhydrophobicity with additional functionalities. Thus, attention should be paid to 

research on environmentally friendly preparation methods, as well as durability and mechanical 

stability of the textiles. In this context, this research work is focused on the development of 

superhydrophobic textiles with added functionalities (i.e. UV protection, Self-cleaning, 

Oil/Water separation) by deposition of fly ash, TiO2 and ZnO nanostructures. 

  



5 

 

CHAPTER 2 

2. AIMS AND OBJECTIVES 

The superhydrophobic surfaces exhibits the water contact angles greater than 150° and 

roll-off angle less than 10°. Over the past decade, there have been many successful attempts at 

artificially reproducing the surface structures found on natural superhydrophobic surfaces. 

Currently, the most superhydrophobic surfaces are developed by using expensive, time 

consuming methods, precious equipment, high energy and less eco-friendly conditions. There are 

still many challenges on large scale fabrication of superhydrophobic surfaces by inexpensive, 

simple and eco-friendly techniques [19–22].   

Great attention must be given to develop simple and environment friendly methods, also 

durability and stability of the textiles under various ageing conditions. Moreover, other novel 

multifunctional applications for superhydrophobic textiles started to merge, including UV-

blocking, photocatalytic, antibacterial, flame-retardant, anti-fogging/frosting, oil/water 

separation, and anti-bio adhesion. Among all properties, the integration of UV protection on 

superhydrophobic surfaces is of great concern in present work. This is because, the risks of UV 

radiations to induce acute and chronic illnesses, when they interact with skin, increased 

significantly in recent years [23]. Recently, numerous efforts have been made to simultaneously 

create superhydrophobic and photocatalytic surfaces which not only repel water but also 

decompose organic contaminates at the same time. However, the fabrication of 

superhydrophobic and photocatalytic surface is challenging because this surface either loses its 

superhydrophobicity upon irradiation with light or does not show a photocatalytic property [24]. 

The overall objectives of this research work are to develop the superhydrophobic textiles 

with added functionalities (i.e. UV protection, Self-cleaning, Oil/Water separation, etc.) by 

deposition of fly ash, TiO2 and ZnO nanostructures. The main purpose and aim of the thesis is 

shown as tree diagram in Figure 3. 
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Figure 3. Summary of aims and objectives of this thesis. 

The specific objectives are as follow;  

 Deposition of nanoparticles by different methods to achieve hierarchical surface 

roughness. 

 Application of non-fluorinated silane (i.e. Trimethoxy(octadecyl)silane) to modify the 

surface chemistry. 

 Characterization of surface morphology and topography of nanoparticle coated fabrics by 

different microscopy techniques.  

 Evaluation of superhydrophobic properties from contact angle, sliding angle and contact 

angle hysteresis tests, and the validation of results by Cassie-Baxter model. 

 Characterization of superhydrophobic durability against chemical and mechanical 

treatments. 

 Evaluation of other essential properties, such as UV protection, Physical self-cleaning, 

Chemical self-cleaning, Oil-water separation and durability properties. 
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2.1.  Superhydrophobic fabrics coated with fly ash and OTMS 

Aim of first study was to use mechanically activated fly ash to create effective and 

durable coating on cotton fiber surface for enhancing superhydrophobicity, UV protection, 

physical self-cleaning and oil in water separation. To the best of the author’s knowledge, this is 

the first study on fly ash coated cotton fabrics. The coating of fly ash particles has never been 

studied for UV blocking properties of textiles despite their high refractive index and presence of 

metal oxide constituents in chemical composition.  

2.2.  Superhydrophobic fabrics coated with TiO2 nanoflowers and OTMS 

Aim of second study was to fabricate the polyester based self-cleaning textiles which are 

simultaneously superhydrophobic and photocatalytic. The 3D shaped TiO2 flower particles 

grown on surface of polyester fabrics using two step approaches of sol–gel technology and 

hydrothermal method with subsequent silanization by Trimethoxy(octadecyl)silane (OTMS) 

were proposed as active layer. The flower-like TiO2 hierarchical structure was proposed for  

obtaining  excellent photocatalytic properties and inhibit defects of micron and nanometer 

structures due to their more abundant porous structure, larger specific surface area, lower 

density, better surface permeability, greater light-harvesting capacity, good light absorption 

efficiency, and appropriate refractive index [25]. 

2.3.  Superhydrophobic fabrics coated with ZnO nanorods and OTMS 

Aim of third study was to develop superhydrophobic cotton fabrics by using of a novel 

microwave hydrothermal method to grow vertically aligned ZnO nanorods on cotton fibers 

surfaces with subsequent silanization by Trimethoxy(octadecyl) silane (OTMS).  This novel 

microwave hydrothermal method to grow ZnO nanorods is a simple, inexpensive, and time 

saving, low temperature and affective control over morphology. The study of effect of salt 

concentrations, reaction time and microwave power on the morphology of ZnO nanorods was 

proposed.  
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CHAPTER 3 

3. LITERATURE REVIEW 

3.1.  Self-cleaning textiles 

The research related to self-cleaning surfaces has received considerable attention within 

the scientific community due to their potential applications in industry and daily life [26]. For 

example, it is useful for the textile products which are endangered by staining with heavy 

contaminants such as soot, oils, lubricants or those not capable of washing due to their size or 

water and/or detergent sensitivity (i.e. umbrellas, canopies, shade shelters, camps, curtains, 

blinds, roller blinds or external sunshades) [27]. The self-cleaning textiles also hold great 

promise for military applications where there is a lack of time for laundering at severe 

conditions, and in business life when clothes get stained accidentally [6]. Currently, there are two 

main concepts used in developing self-cleaning textiles [7].  

 Physical self-cleaning  3.1.1.

The first concept (physical self-cleaning) is based on the superhydrophobic approach 

where water droplets attain the spherical shape and then they roll off the surface carrying away 

the dirt particles [8]. For physical self-cleaning, the surface roughness and low surface energy of 

materials are the two important factors to control the wettability of a surface and to obtain water 

contact angles greater than 150o [3]. It was observed that the sliding angles decrease with 

increasing contact angle depending on the surface roughness. The superhydrophobic approach of 

physical self-cleaning surfaces exhibits high water contact angle (WCA > 150o), low contact 

angle hysteresis and low roll off angle. During superhydrophilic approach (WCA < 5o) where 

water droplets are spread, producing a film on the surface transport on the top dirt particles (see 

Figure 4) [28, 29].  
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Figure 4. Physical self-cleaning on (a) a superhydrophilic and (b) a superhydrophobic surface 

[29]. 

 Chemical self-cleaning 3.1.2.

The second concept (chemical self-cleaning) is based on the process of photo-catalysis 

where the dirt/stain molecules break down to simpler species (such as CO2 and water) on 

exposure to light. The UV radiation activates the photocatalyst deposited on surface which 

generates the active species capable of degrading organic chemicals. In photocatalytic reaction 

the electromagnetic radiation with phonon energy (given by its wavelength λ (nm)) at least equal 

to the band gap of semiconductor Eg (eV) should be used. The required wavelength for just 

overcoming band gap is simply given by Equation (1). 

𝜆 =  
1240

𝐸𝑔

 (1) 

 For the visible light range this is from 3.1 eV to 1.8 eV.  

One of most efficient materials for chemical self-cleaning (photochemical 

oxidation/reduction) is TiO2 nanoparticles of different shape and size. TiO2 is a versatile 

 

  


 


 (a)  (b) 



10 

 

photocatalyst degrading a wide range of organic pollutants, bacteria, cancer cells, and viruses 

and has applications in air and water remediation, and self-sterilizing surfaces as well [28, 30–

32]. The processes of photoexcitation for TiO2 promoted by sun radiation are shown in Figure 5. 

When TiO2 was illuminated by light energy higher than its band gaps, the electrons in TiO2 

jumped from the valence band to the conduction band and then formed electron (e-) and electric 

hole (h+) pairs on the surface of the photocatalyst. The negative electrons and oxygen combined 

into O2
-, whereas the positive electric holes and water generated hydroxyl radicals. When the 

organic compound falls on the surface of the photocatalyst, it can combine with O2
- and OH- 

respectively, and turn into carbon dioxide and water. 

 

Figure 5. Reactions during the photoexcitation of titanium dioxide using UV/vis light [28]. 

3.2.  Superhydrophobicity 

Superhydrophobicity is the tendency of a surface to repel water drops. Hydrophobicity 

comes from the Greek hydro that means water and phobos means fear. Therefore, a hydrophobic 

surface is one which repels the water while hydrophilicity is directly opposite of it. To develop 

superhydrophobic structures modification of surface chemistry is necessary in combination with 

micro-nano surface roughness.  

Before going into details of superhydrophobicity, it is better to understand wetting 

phenomenon. A surface is considered as a superhydrophobic surface only if the surface having 
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extremely high water contact angle (WCA > 150o), low contact angle hysteresis (CAH <10º), 

low sliding angle (SA <10º) and high stability of Cassie model state. The surface with a water 

contact angle of less than 90º is consider as hydrophilic and with contact angle greater than 90º is 

defined hydrophobic [33, 34]. The contact angle of a water droplet on a hydrophilic, 

hydrophobic, and superhydrophobic surface is illustrated in Figure 6. 

 

Figure 6. Schematic representation of wetting states of surfaces with different WCA  [33]. 

3.3.  Principles of wetting states 

Superhydrophobicity is the intrinsic property of hierarchical structure. These structure are 

able to increase the superhydrophobicity by reducing the contact between the water droplet and 

the surface [35].The roughness of the surface plays a vital role for hydrophobicity. This 

roughness can be divided into two types; unitary roughness which can be micro or nano-

roughness and hierarchical roughness which is the micro-roughness covered by nano-roughness 

as shown in Figure 7. 

 

Figure 7. Water droplets on flat, nano, micro and hierarchical structures [35].  
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According to the affinity with vapor and solid, the liquid spread over the surface. 

Therefore, there are three types of wetting; total, partial and nonwetting. In order to determine if 

droplet spreads over the surface or not, we take into consideration the parameter of spreading “S” 

which depends on the surface energy of solid and liquid (Equation 2).  

𝑆 = 𝛾𝑆𝑉 − (𝛾𝑆𝐿 + 𝛾𝐿𝑉 ) (2) 

Where, 𝛾𝑆𝑉 , 𝛾𝑆𝐿  and 𝛾𝐿𝑉  are the interfacial tensions between solid and vapor, solid and 

liquid, and liquid and vapor respectively. If “S” is positive, the liquid spreads over the 

completely. If “S” is negative, the liquid does not spread and forms a droplet with a contact angle 

𝜃 on the solid surface. The line at the interface of three phases, liquid, gas and solid is called 

triple line. 

3.4.  Fundamentals 

 Young’s law  3.4.1.

Wetting is commonly characterized by the contact angle, which is defined as the angle 

between the tangent to the liquid/vapor interface and the solid surface at the three-phase contact 

line. In 1805, Thomas Young proposed a model (Equation 3) to determine the contact angle of 

the liquid on a homogeneous and perfectly smooth surface [2].  

𝑐𝑜𝑠𝜃 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉

 (3) 

Young’s equation is a basic and classical wetting model used to evaluate wetting of flat 

surface.  According to his law, the droplet can only be in equilibrium if the forces acting on the 

triple are equal (see Figure 8). By convention, the contact angle is measured from the liquid side. 

For a smooth and chemically homogeneous solid surface, the contact angle of a drop can be 

calculated theoretically by using the Young’s equation [36]. 
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Figure 8. A drop of water on an ideal smooth surface (Young’s model) [36]. 

Where; 𝜃 is the Young contact angle on ideally smooth surface, 𝛾𝑆𝑉  and 𝛾𝑆𝐿  refer to the 

solid/vapor and solid/liquid interfacial tensions, respectively, and 𝛾𝐿𝑉  is the liquid/vapor 

interfacial tension (i.e, surface tension of the liquid). From the Young equation, it is well known 

that solid surfaces having high surface energy show a low contact angle, whereas solid surfaces 

with low surface energy tends to exhibit a high contact angle value. The contact angle depends 

on the difference of interfacial tension between solid, gas and solid, liquid. A high quality silicon 

wafer is considered close to the ideal smooth surface. 

 Wenzel model 3.4.2.

In 1936, Wenzel proposed a new model (Figure 9a) for rough surfaces. In the Wenzel 

model, the liquid is in contact with the entire solid surface and completely penetrates into 

cavities. The Wenzel model states that a rough material has a higher surface area than a smooth 

one, which modifies the contact angle [2, 37]. 

There is not a single surface in nature which is completely homogeneous and perfectly 

smooth. So, there is always more or less roughness present on the surface. Therefore, the 

Young’s law does not give the exact value of contact angle. In order to calculate the contact 

angle on rough surface, Wenzel put forward the following equation (Eq. 4). 

 cos𝜃𝑤 = 𝑟 cos 𝜃 (4) 
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Where; 𝜃𝑤  is the contact angle on a surface with roughness, and 𝜃 is that of on an ideal 

surface and 𝑟 is roughness fraction which is defined as the ratio between contact area to 

projected area of the surface. The "𝑟" is either equal to 1 or more than 1. If it is equal to 1 that 

means the surface is 100% homogeneous and smooth which is not possible. If the surface is 

already hydrophilic (WCA <90º), the introduction of roughness to the surface will increase its 

hydrophilicity. The surface having water contact angle less than 10° is refer to superhydrophilic 

surface. Similarly, if the surface is already hydrophobic, the roughness to the surface will 

increase the hydrophobicity and the surface will become superhydrophobic, having contact angle 

greater than 150° [38]. This equation is valid only when the water droplet penetrates into the 

asperities of roughness as shown in Figure 9a. 

 

Figure 9. (a) Wenzel droplet, (b) Cassie-Baxter droplet [37]. 

 Cassie-Baxter model 3.4.3.

The Cassie model (1944) is based on water contact with a composite surface of the solid 

and air that is trapped into the microgrooves of the rough surface. In this state, the droplet of 

liquid does not make a complete contact with the surface that is due to the presence of air 

pockets underneath. The drops of liquid rest on the heterogeneous composite interface of the 

surface that consists of the peaks of patterned rough surface and air pockets trapped between 

them, which a drop of liquid  cannot penetrate as shown in Figure 9b [39, 40]. Therefore, for a 

surface composed of two fractions, one with the fractional area 𝑓1 and the contact angle 𝜃1 and 

the other with 𝑓2 and  𝜃2, respectively (so that 𝑓1 + 𝑓2  = 1), the contact angle for the 

heterogeneous interface is given by the Cassie-Baxter equation (Eq. 5) [41].  
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Where;  𝑓2 = 1 −  𝑓1 

𝑐𝑜𝑠𝜃∗ = 𝑓1 𝑐𝑜𝑠𝜃1 + (1 − 𝑓1 )𝑐𝑜𝑠𝜃2     (5) 

On applying this equation to air/solid composite interface, the equation becomes (Eq. 6). 

𝑐𝑜𝑠𝜃∗  = 𝑓1(𝑐𝑜𝑠𝜃1 + 1) − 1       (6) 

Where, apparent contact angle (𝜃∗) observed on a rough surface and the equilibrium 

contact angle (𝜃1) obtained on a smooth surface without roughness. The 𝑓1 is surface fraction of 

solid in contact with the droplet. The Cassie–Baxter model given in Equation (6) can be used to 

estimate the area fraction of a water droplet (𝑓1) in contact with a surface (i.e. wetted solid 

fraction). The superhydrophobicity of a surface is due to roughness, when roughness of the 

surface increases, the value of 𝑓1 decreases. The air pockets can lead to the surface being 

superhydrophobic. As the droplet of liquid do not penetrate between the cavities of roughness, 

therefore, water beads up into a spherical shape and roll off the surface.  

3.5.  Roll-off angle 

The angle at which a water drop rolls off a tilted flat surface is known as the roll-off 

angle (𝜃𝑅). Generally, superhydrophobic surfaces have a static contact angle above 150° and a 

roll off angle of less than 10°. But very high quality superhydrophobic surfaces can exhibit roll-

off angles of less than 1 degree [42] . A low roll-off angle is crucial to self-cleaning application. 

The roll-off angle, also known as “sliding” angle, is the one of the inclinations when the water 

droplet completely rolls off the surface without an external force [18]. 

3.6.  Fabrication of superhydrophobic surfaces 

Fabrication of superhydrophobic surfaces has been an area of active research since the 

mid-1990s. In general, different techniques that is used for the micro and nanostructure 

fabrication, such as lithography, etching, and deposition and self-assembly, has been utilized for 

producing superhydrophobic surfaces (Figure 10). There are two main requirements for the 
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development of superhydrophobic surface, such as roughness of the surface and it should be 

hydrophobic (low surface energy). These two things lead to two methods for the fabrication of 

superhydrophobic surface: first, it is possible to make a rough surface from an initially 

hydrophobic material and secondly to modify a rough hydrophilic surface by modifying surface 

chemistry or by applying low surface energy material on it. Roughness is usually a more critical 

property than the low surface energy, since both moderately hydrophobic and very hydrophobic 

materials can exhibit similar wetting behavior when roughened [41]. Surface modification of the 

surface having roughness is carried out by using low surface energy materials such as 

fluorocarbon, organic silanes, fluorinated silanes, alkyl amines and silicates [13, 43–45]. In order 

to defend other properties against damage, it has become an increasing trend to integrate the 

superhydrophobicity with additional functionalities [46]. Several methods are reported for the 

development of superhydrophobic surfaces including hydrothermal technique [8, 47], sol gel 

method  [48], dip coating [10, 49], electro-chemical method [50], layer-by-layer method [51], 

chemical vapor deposition [52, 53], and spray coating [54–56]. 

 

Figure 10. Typical methods to fabricate micro/nanorough surfaces [41]. 

 Materials for superhydrophobic surfaces 3.6.1.

Due to growing market demand, the researchers have focused their attention on 

development of superhydrophobic textiles using non-conventional techniques. These techniques 
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include the use of nanotechnology or nanomaterials either to deposit nanoparticles on textiles to 

functionalize them or to develop nanofibers which are used for manufacturing of fabrics with 

functional characteristics. The use of various nanoparticles is easiest ways to fabricate 

superhydrophobic and superoleophobic surfaces with high resistance against various 

environments [52, 57, 58]. The use of nanoparticles, nanofinishes and nanostructures is very 

useful for enhancing and developing superior performance characteristics of conventional 

textiles including superhydrophobicity, self-cleaning, UV blocking, antimicrobial activity, soil-

resistance, anti-static, anti-infrared and flame-retardancy. The superhydrophobicity or 

superhydrophilicity of textile materials can also be enhanced by creating nanostructure surfaces 

[59]. UV protection property of a textile fabric can be achieved by dye, pigment, metal oxides or 

UV absorber finish. These materials can provide protection against UV radiation by absorbing 

and blocking its penetration through a fabric.  

In recent years, lot of research has been done to develop superhydrophobic textiles using 

nanoparticles of ZnO, TiO2, and SiO2, etc. Excellent UV protection was achieved by deposition 

of TiO2 on polyester fabric [60]. TiO2 and ZnO nanoparticles are also used for this purpose as 

they have good UV protection properties. They give protection by reflecting, scattering or 

absorbing harmful UV radiations of sun. They are more stable when compared to organic UV-

blocking agents. Nanoparticles of ZnO can be prepared by wet chemical technique followed by 

application on fabrics for enhanced UV protection [61–64]. Antibacterial effects on textile fabric 

can be maximized using nanoparticles because of the increased surface area [65–68]. Nano-

rough superhydrophobic surfaces can be prepared by controlling surface topography by many 

processing methods which include sol–gel technique, organic/inorganic hybrid method, CVD, 

electrochemical deposition, embossing, plasma processing and phase separation technique. The 

incorporation of TiO2 nanoparticles by titania sol-gel coating can cause surface roughness for 

enhancing the superhydrophobicity of the fabric [69]. Carbon fabric was coated with silica 

nanoparticles to make it superhydrophobic [70]. For physical and chemical self-cleaning, 

polycrystalline semiconductor oxides have been applied in the form of nano-coatings, leading to 

the successful development of a number of UV-active self-cleaning textiles [13]. Although TiO2 

or ZnO are widely used inorganic UV blockers, but they accelerate the photo damage of human 

skin due to high photocatalytic activity [71]. Therefore, the searches on safe UV shielding agents 
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that possess superior shielding efficiency with poor photocatalytic property have become an 

urgent necessity. 

a) Fly ash 

Ash residues are wastes of coal-fired power plants and they are produced at the boiler 

outlet of the plants, these including fly ashes and bottom ashes. They can be beneficially used in 

the building industry and road construction applications such as cement or asphalt additive, 

autoclaved aerated concrete block, concrete admixture, highway ice control, and hazardous waste 

removal [72–74]. In spite of these applications, the large quantities produced by industry create 

environment and waste management issues. Therefore, the development of alternative potential 

applications and further means to facilitate the recycling of incineration ashes are urgently 

needed.  

Fly ashes (FA) are aluminosilicate rich by-products generated in coal firing powder 

plants. They are unique, non-toxic, chemically and physically stable, abundant and cheap, low 

density particles. In these circumstances, fly ash can be utilized as simple and low-cost approach 

for improvement in UV protection and superhydrophobic properties of cotton fabrics by coating 

of mechanically activated fly ash particles. Interestingly, fly ash particles have been reported to 

create micro/nanoscale roughness on the surface of fibers economically, however the researchers 

did not mention the additional benefits of fly ash coated fabrics [75]. 

b) Titanium dioxide 

Titanium dioxide (TiO2) has become the most popular high efficiency catalyst due to the 

advantages of its high refraction coefficient, absorption in the UV range, strong photocatalytic 

effect, biological inertness and low cost [76, 77]. The different methods such as electrospinning 

deposition, layer-by-layer assembly, chemical etching, phase separation, chemical vapor 

deposition, colloid assembly, etc. have been employed to obtain superhydrophobic surfaces [4, 

5]. It was reported that the particle size, crystal structure, and the morphology play important 

roles on photocatalytic activity of TiO2, which are mainly depended on synthetic method and 

reaction conditions including titanium salt, pH value, reaction temperature, time, additives, etc. 

[78]. To further improve their performance and the durability, a considerable amount of research 
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is also focused on the controllable synthesis of TiO2 with aligned one/three-dimensional 

nanostructures such as nanorods, nanowires, nanoflowers, nanotubes because of their high 

specific surface area and favored charge-transfer rate [79, 80]. 

c) Zinc oxide 

Zinc oxide (ZnO) has many functional properties such as nontoxic, photocatalytic 

activity, UV resistant, antibacterial and piezoelectric properties. Zinc oxide nanostructures are 

used in catalytic reaction process due to its large surface area and high catalytic activity [81, 82]. 

In recent years, a lot of research has been done for the synthesis of zinc oxide nanostructures 

such as nanoflowers, nanowires, nanorodes, nanotubes, nanopillars and hollow spheres by using 

various hydrothermal techniques.  

There are many challenges to development a cost effective, simple, energy efficient and 

time saving method for the synthesis of ZnO nanostructures. Microwave assisted heating 

methods are considered promising way of rapid heating, volumetric, high reaction rate and less 

reaction time as compared to the conventional heating methods [83, 84]. In recent years, a lot of 

research has been done for the synthesis of zinc oxide nanostructures such as nanoflowers, 

nanowires, nanorodes, nanotubes, nanopillars and hollow spheres by using various hydrothermal 

techniques. There are many challenges to development a cost effective, simple, energy efficient 

and time saving method for the synthesis of ZnO nanostructures.  

 Experimental approaches to fabricate superhydrophobic surface 3.6.2.

As discussed earlier, synthesis and fabrication of any superhydrophobic surface require a 

combination of rough surface morphology and low overall surface energy. Several chemical 

and physical techniques have been used to fabricate such surfaces [85]. The methods can be 

broadly classified into two processes; multi-step process and single-step process (Figure 11). 
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Figure 11. Multi-step and single-step processes used for development of superhydrophobic 

surfaces [85]. 

Several low surface energy materials are used modification of surface chemistry. Long chain 

fatty acids, organic silanes, thiols and azides are most commonly used materials for modification 

of surface properties (Figure 12). 

 

Figure 12. Low surface energy coating materials used for hydrophobic coating [85]. 
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In order to defend other properties against damage, it has become an increasing trend to 

integrate the superhydrophobicity with additional functionalities [46]. For instance, Xue et al. 

fabricated superhydrophobic antibacterial surfaces on cotton textiles by introducing silver 

nanoparticles followed by surface hydrophobization of silane based low surface energy agents 

[86]. SEM images of the pristine cotton fiber and coated cotton fiber shown in Figure 13(a-c). 

They developed superhydrophobic surface having a water contact angle of 157.3° for cotton 

treated with silver particles and HDTMS, as shown in Figure 13(d). 

 

Figure 13. SEM images of (a) pristine cotton fiber, (b) cotton fibers treated with silver particles 

and (c) higher magnification image of (a); (d) image of water droplet on surface treated with 

silver particles and HDTMS [86]. 

 Afzal et al. prepared a superhydrophobic and photocatalytic cotton fabric by step-wise 

deposition of anatase TiO2, mesotetra (4-carboxyphenyl) porphyrin and 

Trimethoxy(octadecyl)silane (OTMS) (Figure 14). The modified cotton fabrics exhibited 
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excellent superhydrophobicity with a water contact angle of 156o, but also showed significant 

photocatalytic degradation of methylene blue under visible- light irradiation [13]. 

 

Figure 14. Schematic of superhydrophobic OTMS/TCPP/TiO2-coated cotton and inset is the 

WCA image on OTMS/TCPP/TiO2-coated cotton [13]. 

 In another study, superhydrophobic surfaces with good UV protection and oil/water 

separation properties have been reported by hydrothermal deposition of TiO2 nanoparticles on 

the cotton fabric followed by coating of fluorinated silanes [8]. Huang et al, results showed TiO2 

particles were uniformly distributed on the fiber surface with a high coating density (Figure 15). 

In comparison with hydrophobic cotton fabric, the TiO2 coated cotton fabric exhibited a high 

superhydrophobic activity with a contact angle of 160o and a sliding angle lower than 10o [87].  
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Figure 15. Procedure employed to fabricate superhydrophobic TiO2 particles decorated cotton 

fabric with fluoroalkylsilane modification. SEM images of pristine and coated fabric, and droplet 

behavior (insets) on corresponding fabric surface [87]. 

Recently, Zou et al. coated cotton fabrics with perfluorosulfonated polymer and carbon 

nanotubes for development of superhydrophobic, electrically conductive and EMI shielding 

fabrics [46]. Figure 16a represent schematic diagram for the fabrication of the superhydrophobic 

fabric. Photograph and SEM images of cotton fabric coated with Nafion-MWCNTs can be seen 

from Figure 16(b-c). The contact angle of the resultant fabric was measured for various numbers 

of depositions (Figure 16d). The resultant fabric showed the favorable shielding effectiveness of 

9.0 dB and a water contact angle of 154.6o.  
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Figure 16. (a) Structural schematic , (b) Photograph of cotton fabric coated with Nafion-

MWCNTs, (c) SEM images of coated cotton fiber and (d) contact angle results with various 

numbers of deposition [46]. 

In another study, self-cleaning, lotus effect and antibacterial properties have been 

developed on polyester fabric by growing ZnO nanorods [88]. Recently, Preda et al. developed 

superhydrophobic cotton fabrics through electroless deposition of ZnO hexagonal prisms (Figure 

17). The ZnO functionalized cotton fabrics showed superhydrophobicity, with water contact 

angles exceeding 150o. In this study they did not evaluated the durability of the ZnO coated 

cotton fabrics [89].  

 

(a) (c) 

(b) (d) 
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Figure 17. SEM images of ZnO-coated cotton fabrics with different mesh density at two reaction 

temperatures 70 ºC (sparse (a), medium (b) and dense (c)) and 80 ºC (sparse (d), medium (e) and 

dense (f)). In the inset are water contact angles for the corresponding [89]. 

In a previous study, the cotton fabrics coated with Ormosil (organically modified silica) 

clusters with subsequent fluoridization showed superamphiphobicity and the contact angles of 

water, cooking oil and hexadecane reach to 164.4o, 160.1o and 156.3º, respectively.  Figure 18a 

shows the graphical representation of the methods used for the fabrication of superamphiphobic 

cotton fabric. The superamphiphobic cotton fabric showed contact angles of 164.4o, 160.1o, and 

156.3o corresponding to water, cooking oil and hexadecane (Figure 18b). Water drops 

immediately rolled off the cotton fabric after deposition because of the extremely low adhesion 

of the coating to water [90]. 

https://en.wikipedia.org/wiki/Silica
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Figure 18. (a) Schematic diagram of the fabrication process for superamphiphobic cotton fabrics. 

(b) Photographs of water, cooking oil and hexadecane droplets on the coated cotton fabrics [90]. 

Guo et al. reported a layer by layer electrostatic assembly method to develop 

superhydrophobic fabric by coating carbon nanotubes (CNTs) on polyester fabrics using 

poly(dimethyl diallyl ammonium chloride) as a polyelectrolyte, followed by post-treatment with 

poly(dimethylsiloxane) (PDMS) (Figure 19). The developed fabric exhibited 

superhydrophobicity, UV blocking properties and electrical conductivity [91]. 

 

Figure 19. Illustration of the fabrication of multifunctional superhydrophobic fabrics [91]. 

 

(a) (b) 
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Zhang et al. developed superhydrophobic cotton fabrics coated with stearic acid modified 

ZnO/polystyrene nanocomposite coating (Figure 20a). The superhydrophobic cotton textiles 

displayed a good property in water/oil separation. The Figure 20b shows the SEM image of the 

superhydrophobic cotton fabric. Whereas, image of water droplet on the developed surface can 

be seen in Figure 20c  The static water contact angle on the superhydrophobic cotton sample 

surface was arranged from 153o to 155o [5]. 

 

Figure 20. (a) Experimental strategy for the fabrication of superhydrophobic cotton fabrics, (b) 

SEM micrographs superhydrophobic cotton fabric and, (c) Photographs of the static water 

droplets on corresponding surface [5].  

In another study, superhydrophobic cotton fabrics were developed by the combination of 

photoactive TiO2 and superhydrophobic SiO2. The as-prepared nanocomposite coated fabrics 

were tested for superhydrophobic and chemical self-cleaning properties [24]. There are still 

many challenges exist, like physical, chemical stability and cost of materials. These problems are 

needed to be solved before large scale production of these special surfaces. The development of 

highly robust superhydrophobic surfaces is important issue for future research [50].  

Recently, microwave assisted synthesis has attracted many researcher due to its 

advantages over conventional synthesis techniques. Microwave assisted heating methods are 

considered promising way of rapid heating, volumetric, high reaction rate and less reaction time 

 

(a) (b) 

(c) 
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as compared to the conventional heating methods [83, 84]. It has reduced energy consumption, 

time, cost and waste materials.  Microwave assisted synthesis has also increased reaction rate, 

synthesis rate, bulk production rate, purity of material and homogeneity of the reaction [92]. 

During microwave-assisted synthesis microwaves can penetrate through the material and supply 

energy [93]. In microwave heating electromagnetic energy is converted to thermal energy. 

During this phenomenon the heat caused by the electric component of an electromagnetic field is 

due to two main mechanisms; dipolar polarization mechanism and conduction mechanism [94]. 
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CHAPTER 4 

4. RESEARCH METHODOLOGY 

This chapter consists the materials and methodology for the development of 

superhydrophobic fabrics coated with fly ash, TiO2 nanoflowers by low temperature 

hydrothermal method and ZnO nanorods by microwave hydrothermal method that has been 

divided into three sections respectively. 

4.1.  Materials 

Fly ash was obtained from the city of Plzeň located in the Czech Republic with the help 

of SILO Transport organization. The fly ash was light gray in color with density of 2 g/cc. The 

main constituents of fly ash as determined by elemental analysis are 53.80% O, 20.25% Si, 

14.27% Al, 4.72% Fe, 1.95% Ti, 1.84% Na, 1.06% Mg, 0.94 %Ca, 0.34% Zr, 0.25% K, 0.19% 

S, 0.16% Cu, 0.15% As, and 0.09% P. According to the composition, fly ash was classified in 

class-F category (ASTM C618) based on more than 70% total content of silica and alumina 

together. Titanium isopropoxide Ti[OCH(CH3)2]4, Titanium butoxide Ti(OBu)4, Hydrochloric 

acid, Caustic soda, Ethanol, Acetic acid, Zinc acetate dihydrate [Zn(CH3COO)2.2H2O, ≥99% 

purity], Hexamethylenetetramine (HMTA, C6H12N4, 99%) and OTMS (analytical grade) were 

purchased from Merck (Sigma Aldrich) and used as received. Zinc nitrate hexahydrate 

(ZnN2O6·6H2O, 99% pure) was obtained from Alfa Aesar. To investigate oil in water separation 

performance, four model oils of varying density (i.e. toluene, n-hexane, chloroform, petro ether) 

were used from laboratory.  

Plain woven bleached 100% cotton fabric and plain woven 100% polyester fabric was 

used as substrate to create superhydrophobic surfaces. The detailed specifications of cotton and 

polyester fabrics are given in Table 1. The porosity of the fabric was calculated by dividing 

the fabric density by the relative density of the fibers. The optical micrographs of cotton and 

polyester fabrics are shown in Figure 21. 
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Table 1. Parameters of fabric used 

Fabric Weave 

Warp 

Count 

(Tex) 

Weft 

Count 

(Tex) 

Warp Sett 

(ends/cm) 

Weft Sett 

(picks/cm) 

Areal 

Density 

(g/m2) 

Thickness 

(mm) 

Porosity 

(%) 

Cotton 
1/1 

Plain 
14 10 48 46 120 0.25 69 

Polyester 
1/1 

Plain 
9.8 18.5 52 27 97 0.18 61 

 

 

Figure 21. Microscopic images of (a) cotton, and (b) polyester fabric 

 

(a) (b) 
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4.2.  Superhydrophobic fabrics coated with fly ash and OTMS 

 Preparation of mechanically activated fly ash 4.2.1.

Mechanical activation of fly ash was carried out using high-energy planetary ball mill of 

Fritsch Pulverisette 7 in a sintered corundum container of 80 ml capacity using zirconia balls of 

10 mm diameter for the duration of 30 min. The ball mill was loaded with ball to fly ash weight 

ratio of 5:1. The rotation speed of the planet carrier was kept at 850 rpm. During milling, fly ash 

particles were subjected to a severe plastic deformation due to the repetitive compressive loads 

arising from the impacts between balls and fly ash. The milled fly ash particles were taken out to 

test particle size distribution on Malvern Zetasizer Nano based on dynamic light scattering 

principle. The deionized water was used as dispersion medium. The dispersion was 

ultrasonicated for 5 min under Bandelin ultrasonic probe before characterization. Refractive 

index of 1.55 was used for fly ash to calculate particle size. In addition, morphology of fly ash 

after ball milling was observed on Scanning electron microscope (SEM) TS5130-Tescan at 

30 kV accelerated voltage. 

 Preparation of fly ash coated cotton fabrics 4.2.2.

Mechanically activated fly ash particles were added at 1, 2 and 3 wt% concentration into 

distilled water and the dispersion was sonicated for 15 min using ultrasonic system (Bandelin 

Sonopuls HD 3200, 20 kHz, 200 W, 50% efficiency). Then, the fly ash dispersion was applied 

on bleached cotton fabric through a dip-pad-dry-cure process. The fabric was immersed into the 

dispersion for 1 min, subsequently passed through a padder, dried at 80°C in a drying oven and 

finally cured at 120 °C for 3 min. 

 Hydrophobization of fly ash coated cotton fabrics 4.2.3.

For fabrication of superhydrophobic surfaces, OTMS was applied on fly ash coated 

cotton fabrics to lower their surface energy. The OTMS has very long chain of carbon atoms 

which impart hydrophobicity. The OTMS (8%, w/w) was added drop wise into ethanol, and 

acetic acid was employed to promote the hydrolysis of OTMS by adjusting pH values in 4-5 

range. The solution was stirred at room temperature for 45 min. The fly ash coated cotton fabrics 

were then immersed in hydrolyzed OTMS solution, dried in air and cured at 120 °C for 1 hr. One 
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control sample was also prepared without any surface decoration of fly ash particles. Figure 22 

shows the schematic of fabrication of superhydrophobic surfaces.  

 

Figure 22. Fabrication of fly ash-OTMS coated superhydrophobic cotton fabric 

4.3.  Superhydrophobic fabrics coated with TiO2 nanoflowers and OTMS 

 Synthesis of flower shaped TiO2 particles on polyester fabric 4.3.1.

At the beginning, the surface of polyester fabric was cleaned by petroleum ether for 2 hr 

at 60 °C in Soxhlet apparatus and later treated with 20 g/L caustic soda solution at 80 °C for 30 

minutes. Then, the flower shaped TiO2 particles were grown on surface of polyester fibers using 

two step approaches of sol–gel technology and hydrothermal method. In the first step, a 

semitransparent TiO2 sol was formed by continuously stirring a mixed solution of Titanium 

butoxide (6 mL), ethanol (60 mL) and acetic acid (2 mL) for 3 h at 60 oC.  The caustic soda 

treated polyester fabric was immersed in the prepared TiO2 sol for 5 min, padded with a wet 

pickup of 70–80% and dried at 110 oC. This process was repeated 3 times and the samples were 

cured at 140 oC. In the second step, hydrothermal method was used to grow the flower shaped 

TiO2 particles on the already TiO2 seeded fabric. Here, different amounts of titanium 

isopropoxide were added drop wise into the aqueous hydrochloric acid solutions (i.e. 10 mL HCl 
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and 60 mL distilled water), and the mixtures were stirred for 10 min until the solutions turned 

clear. The resulting solution was further transferred into 150-mL Teflon-lined stainless-steel 

autoclave and TiO2 seeded polyester fabric was placed in it. The autoclave was placed in an oven 

for 1 h at 125 °C. Finally, the polyester fabric was removed from the autoclave, rinsed with 

deionized water and dried at room temperature. 

 Superhydrophobization of TiO2 nanoflowers coated polyester fabrics  4.3.2.

The OTMS was applied on TiO2 coated polyester fabrics for fabrication of 

superhydrophobic surfaces by lowering the surface energy. The OTMS solution was prepared by 

addition of (8%, w/w) OTMS drop wise into ethanol and stirring it at room temperature for 45 

min. The hydrolysis of OTMS was promoted by use of acetic acid and by adjusting pH values in 

4-5 range. The polyester fabrics decorated with different concentrations of 3D shaped TiO2 

flowers were then immersed in hydrolyzed OTMS solution, dried in air and cured at 120 °C for 1 

hr. One control sample was also prepared by just coating of OTMS alone and without any 

surface decoration of TiO2 nanoflowers. The schematic of fabrication of superhydrophobic 

surfaces can be seen as continued process to decoration of TiO2 flowers from Figure 23. 

 

Figure 23. Schematic of deposition of TiO2 flower shaped particles on polyester fabric 
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4.4.  Superhydrophobic fabrics coated with ZnO nanorods and OTMS  

 Preparation of ZnO nanocrystals 4.4.1.

Two step processes was used to grow ZnO nanorods on cotton fabric. In first step the 

Zinc oxide nanocrystals were prepared by microwave-assisted sol gel method. Zinc acetate 

dihydrate (25 mM) was dissolved in ethanol under stirring at room temperature followed by 

addition of sodium hydroxide (75 mM) in ethanol solution. Then the 50 mL resultant solution 

was transfer to Teflon reaction container and closed firmly. The reaction container was put into 

the microwave reactor (Magnum II reactor, 600 W, 2.45 GHz, ERTEC, Poland) and reaction was 

carried out at 60 °C (360 W) for 10 min. Finally, a transparent ZnO seed solution was obtained. 

 Coating method 4.4.2.

The as-prepared ZnO nanocrystals seed solution was deposited onto the cotton fabric by 

dip-pad-cure process. The cotton fabric was dipped into solution, then dried at 110 °C and cured 

at 150 °C for 5 min in an oven to ensure ZnO nanocrystal particles adhere to cotton fiber surface.  

 Growth of nanorods 4.4.3.

In second step, ZnO nanorods were grown on these seed layer deposited cotton fabrics 

through microwave hydrothermal synthesis. Equimolar aqueous solutions of zinc nitrate 

hexahydrate and hexamethylenetetramine (HMTA) were prepared by mixing 25 mL of each 

solution to make 50 mL solution. The cotton fabric seeded with ZnO nanocrystals and resultant 

solution was transferred to Teflon reaction container and container was put into the microwave 

reactor (Magnum II reactor, 600 W, 2.45 GHz, ERTEC, Poland).  In situ synthesis of ZnO 

nanorods on cotton fabric was carried out using microwave hydrothermal technique under 

various conditions. The effect of zinc nitrate hexahydrate concentration (10mM, 25mM, 50mM, 

75mM, and 100mM), reaction time (10 min, 20 min, 30 min) and microwave power (360 W, 420 

W, 480 W) was studied in detail.  After reaction, the samples were taken out and rinsed in 

deionized water for 3 times and dried at 100 °C for 10 min. 
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 Superhydrophobic treatment of ZnO nanorods grown cotton fabrics  4.4.4.

 The OTMS was applied on ZnO nanorods coated cotton fabrics for development of 

superhydrophobic surfaces by lowering the surface energy. The OTMS solution (8%, w/w) was 

prepared by stirring at room temperature for 45 min. The ZnO nanorods coated cotton fabrics 

were then immersed in the OTMS solution, air dried and then cured at 120°C for 1 hr. One 

control sample was also prepared by coating of OTMS alone on cotton fabric. The schematic 

showing methods used for development of superhydrophobic cotton fabrics (see Figure 24).  

 

Figure 24. Shows the schematic of development of superhydrophobic cotton fabrics 

4.5.  Characterization of surface morphology of coated fabrics  

 SEM and EDS analysis 4.5.1.

The scanning electron microscope (SEM) of TS5130 Vega Tescan was employed to 

observe the surface morphology of coated fabrics at 30 kV acceleration voltages. The gold 

sputtering was performed to develop the conductive layer on surface of samples before SEM 

analysis. For better resolution, the surface structure of coated samples was also seen under the 
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field emission scanning electron microscope of Zeiss Ultra Plus at an accelerating voltage 2 kV 

equipped with an Energy Dispersive X-ray spectrometer Oxford X-max 20.  

 Raman spectroscopy 4.5.2.

For characterization of crystal phases, the Raman spectra were recorded by DXR Raman 

Microscope (Thermo Scientific, USA) with 532 nm laser, grating 900 lines/mm in spectral range 

of 3500-50 cm-1 and objective Olympus LMPlanFL 10x and 50x. The 25 and 50 µm slit 

spectrograph aperture was used with 0.9 to 5.0 mW level of laser power, 1 sec exposure time and 

50 exposures.  

 X-Ray diffraction (XRD) analysis 4.5.3.

The crystalline structure of material was studied on X-Ray diffraction (XRD) analysis of 

PAN analytical X’pert PRO equipment. The XRD analysis was performed with a diffractometer 

equipped with a conventional X-ray tube Cu kα1 radiation (𝛌=1.5406 Å) power condition (40 

KV/30 mA). The XRD pattern was measured in the 2θ range of 20-70 with the step size of 0.02. 

 Atomic force microscopy (AFM) analysis 4.5.4.

In this study, NanoWizard 3 NanoScience AFM from JPK Instruments was used in non-

contact mode to determine the surface roughness and to observe the topography of the coated 

samples. For all samples, at least three topographic images were obtained and surface roughness 

was calculated. The software calculates the surface roughness average (Ra) directly from AFM 

signals using the Equation (7).  

𝑅𝑎  =  
1

𝐿
 ∫|𝑍(𝑥)|

𝐿

0

 𝑑𝑥 (7) 

Where Z(x) is the function that describes the surface profile analyzed in terms of height (Z) and 

position (x) of the sample over the evaluation length (L). 
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4.6.  Characterization of UV protection properties  

 UV protection behavior of the coated fabrics was determined by measuring percentage 

transmission of UV radiations on UV-vis-NIR Spectrophotometer (UV-3101PC) as per AATCC 

183-2000 standard. The samples were conditioned for 4 hours at 21 ± 1 °C temperature and 65 ± 

2 % relative humidity. For each sample, four measurements were performed and the average of 

scans was taken to calculate the UPF factor from Equation (8). 

𝑈𝑃𝐹 =  
∑ 𝐸𝜆 𝑆𝜆∆𝜆

400𝑛𝑚
280𝑛𝑚

   ∑ 𝐸𝜆 𝑆𝜆𝑇𝜆 ∆𝜆
400𝑛𝑚
280𝑛𝑚

 (8) 

Where Sλ  is the solar spectral irradiance, Eλ  is the relative erythemal spectral response, Tλ  is the 

average spectral transmittance of the sample and Δλ  is the measured wavelength interval in 

nanometres. 

4.7.  Characterization of physical properties 

The uptake (i.e. add on percentage) of coated fabric was calculated using the Equation 

(9).  

𝐴𝑑𝑑 𝑜𝑛 (%) =  
𝑤𝑓 − 𝑤𝑖

𝑤𝑖

 × 100 (9) 

Where 𝑤𝑖 is weight of fabric before coating and 𝑤𝑓 is weight of fabric after coating. 

 Furthermore, the coated fabrics were investigated for the comfort properties based on the 

measurements of stiffness from the TH-7 instrument which is similar to standard Kawabata 

KES-FB 2 device used for testing of low stress mechanical properties [95]. 
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4.8.  Characterization of superhydrophobicity of coated fabrics 

 Contact angle measurement 4.8.1.

Surface energy evaluation system of Advex instrument was employed to measure the 

contact angle of the coated fabrics. It is a computer-aided instrument which uses the sessile drop 

method to calculate the contact angle between liquid and solid. . Six measurements were made 

on each sample with 5 µL of water droplet and average contact angle was determined. 

 Roll off angle measurement  4.8.2.

The roll off angle was measured by using a custom-made device, which can measure the 

roll off angle with an accuracy of 1°. The spirit level was used to balance the apparatus on table. 

Sample was fixed on device and 5 µL water droplet was dropped from a syringe on the fabric. 

Then, the plate was inclined slowly (1°), until the droplet started to move. On each sample, six 

measurements were made and mean value was taken. 

 Contact angle hysteresis  4.8.3.

The advancing contact angle was measured when needle was brought in close proximity 

to the sample surface, and the deionized water was pumped until the drop reached a size of 

approximately 25 µL. Subsequently, the receding angle was measured when the liquid was 

pumped in at the same rate until the detached drop from the needle or all of the liquid returned to 

the syringe. Then, the contact angle hysteresis was estimated from the difference between the 

advancing and the receding contact angles. The test was repeated three times for each specimen 

at different locations.  

 Durability of contact angle  4.8.4.

The mechanical abrasion durability of the coated fabrics was studied from the sand paper 

test. The coated fabric was dragged against sand paper surface after putting 100 g load on the top 

of the sample and the change in contact angle after 20 abrasion cycles was examined [96–98]. 

Further, the washing durability was examined by measuring the contact angle after five 

laundering cycles according to ISO 105 C06 (B1M) standard (4 g L−1 detergent, 60 °C 

temperature and 45 min time). The chemical durability was evaluated by measuring the contact 
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angle after immersing the coated fabrics into acidic (pH=1) and alkaline (pH=13) solutions for 

the duration of 24 h. For evaluation of UV durability, the coated cotton fabrics were placed under 

ultraviolet lamp Philips TL 6W UV tubes (315-400 nm) for 24 h and then their contact angle was 

measured. The durability against a jet of water was also studied by observation of the bouncing 

of water droplets. A jet of water was impacted on the fabric surface with speed of 3 m/s by a 

syringe kept at 4 cm above the sample with an angle of 45° for 1 min, and the bouncing of water 

droplets was captured in the high-speed camera (Olympus, i-SPEED 3) at 5000 frame s−1. 

4.9.  Characterization of self-cleaning properties of coated fabrics 

 Physical self-cleaning  4.9.1.

The 0.5 g methyl orange dye was used as contaminant and it was randomly sprinkled 

over the coated fabric surface. Then, the physical self-cleaning property was studied by rolling 

the water over the dye contaminated surfaces. The directed movement of water droplets was 

observed in digital camera by introduction of water droplets at an angle of 45° on the coated 

fabric surface using micropipette.  

 Chemical self-cleaning  4.9.2.

As the coated fabrics were superhydrophobic in nature, therefore they were not immersed 

directly in aqueous solution of methyl orange dye. The superhydrophobic fabrics were first 

soaked in acetone and then immersed in dye solution for the chemical self-cleaning behavior 

using two different experiments (i.e. stain degradation and solution discoloration). For stain 

degradation, the dyed samples were irradiated under the UV light of Philips TL 6W UV tubes 

(315-400 nm) and the stain degradation performance was evaluated as a function of exposure 

time to UV light. Later, the fabric surfaces discolored after the tests were scanned with 300 dpi 

and the scanned images were analyzed to calculate the color intensity by Image J software [99]. 

For solution discoloration experiments, the coated samples with diameter 2.8 cm were placed in 

a beaker having 15 ml of methyl orange dye solution. This beaker was then placed below the 

light source Philips TL 6W UV tubes (315-400 nm) at a distance of 18 cm. To estimate the photo 

catalytic discoloration effect, an aliquot was removed from the solution after a pre-set time 
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interval and its absorbance was measured at λmax (485 nm) using UV-Vis Spectrophotometer 

(UV-1600PC). 

4.10.  Oil/water separation property of the coated fabrics 

 The coated superhydrophobic fabrics were tested for oil in water separation performance 

using four model oils of different densities (n-hexane, toluene, chloroform, petro ether) mixed in 

water (50% v/v). The coated fabric was placed on top of the small beaker which was mounted in 

another big beaker. When oil/water mixture was poured onto the surface of coated fabric, oil 

penetrated through the fabric into small beaker whereas water flowed into the big beaker. The 

oil/water separation efficiency (%) was calculated from the ratio of volume of oil remaining after 

separation to initial volume of oil mixed with water. The reusability of contaminated fabrics was 

also investigated by measuring their separation efficiency after numerous of water–oil separation 

recycles. For measurement of oil absorption capacity, the coated fabric samples were immersed 

in an oil/water mixture for 5 s, removed, and then weighed immediately. The oil absorption 

capacity (𝑄) of the fabric was calculated from weights measured at room temperature using 

Equation (10). 

𝑄 =  
(𝑊𝑡 − 𝑊𝑖)

𝑊𝑖

× 100 (10) 

Where 𝑊𝑡  is the weight of the saturated coated fabrics after immersing in oil/water, and 

𝑊𝑖 is the weight of the fresh coated fabrics. 
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CHAPTER 5 

5. RESULTS AND DISCUSSION 

5.1.  Superhydrophobic fabrics coated with fly ash and OTMS 

 Mechanical activation of fly ash 5.1.1.

 Figure 25 (a) shows the particle size distribution of fly ash after 30 min of dry milling. It 

can be seen that the size of fly ash particles was greatly reduced after the grinding. The unmilled 

fly ash with mean particle diameter of 3547 nm was converted to smaller particles of mean 

below 1000 nm diameter. When milling was continued for longer time, the temperature of 

milling container was increased. This resulted in sticking of fly ash layer on surface of milling 

container, and therefore further grinding of fly ash was not continued. For observation of surface 

morphology of fly ash particles, SEM images of unmilled and 30 min milled fly ash particles 

were taken. Figure 25 (b) and Figure 25 (c) showed that the milling destroyed a large proportion 

of the spherical morphology of unmilled fly ash and subsequently resulted into nano/micro fly 

ash with more active surfaces [100]. 

 

(a) Particle size distribution of fly ash 

 

(b) SEM image of unmilled fly ash 
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(c) SEM image of milled fly ash 

Figure 25. Effect of ball milling on fly ash 

 Surface morphology of fly ash coated cotton fabrics 5.1.2.

 The surface hierarchical structure is important to obtain the superhydrophobic property. 

Figure 26 show the SEM images of fly ash coated fabric surfaces. The surface of cotton fiber 

was uniformly covered by fly ash particles. Moreover, dense coatings with obvious hierarchical 

structures were formed when increasing the fly ash concentration. A micro/nanoscale surface 

mimicking the surface of lotus leaf was formed with each fiber of approximately 10 µm 

diameter, and the fly ash particles of below 1000 nm size. A good adhesion between the fly ash 

particles and cotton fibers can be attributed to the presence of hydroxyl groups and formation of 

hydrogen bonds between them. Nevertheless, large particles observed on the textile surface with 

increase of fly ash concentration indicated their agglomeration tendency at high fly ash 

concentration [75].  
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(a) 1 wt% fly ash (b) 2 wt% fly ash (c) 3 wt% fly ash 

Figure 26. Surface structure of fly ash coated cotton fabrics 

 AFM analysis of fly ash coated cotton fabrics 5.1.3.

The generation of surface roughness due to fly ash coating was further estimated using 

AFM. The AFM images and surface profiles of pristine and fly ash coated cotton fabrics are 

shown in Figure 27. For the pristine cotton fabric, the average roughness (Ra) was 22.56 ± 11.5 

nm, and for fly ash coated cotton fabric, it was increased to 182.9 ± 15.7 nm, respectively. The 

pristine cotton fabric surface showed relatively smooth surface. It can be seen that after coating 

of fly ash particles, the surface roughness of the fabric increased manifold. According to the 

Cassie-Baxter model, increasing surface roughness would increase the water contact angle of the 

surface [101–103].  
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(a). Pristine cotton fabric (b). FA coated cotton fabric  

Figure 27. AFM images and representative surface profiles of the pristine and coated fabrics 
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 UV protection performance of fly ash coated cotton fabrics 5.1.4.

 Table 2 provides the average transmittance values of UV-A (315–400 nm), UV-B (280–

315 nm) and the whole UV range (280–400 nm). The UV transmittance was found to reduce 

with increase in concentration of fly ash particles on fabric surface. The maximum UV blocking 

was observed in case of cotton fabric coated with 3 wt% fly ash, where the average transmittance 

decreased from 15.64%, 9.28% and 14.19% of the untreated fabric to 0.12%, 0.07% and 0.11% 

for UV-A region, UV-B region and the whole UV range, respectively. This behavior can be 

attributed to the absorbance of UV light by fly ash particles for transferring the electron from the 

valance band to the conduction band [104]. 

Table 2. UV transmission of fly ash coated cotton fabrics 

Sample UV-A (%) UV-B (%) Whole UV (%) UPF 

Without FA 15.64 9.28 14.19 9.49 

1% MFA 0.56 0.33 0.50 299.4 

2% MFA 0.23 0.14 0.21 801.44 

3% MFA 0.12 0.07 0.11 1777.43 

 

The ultraviolet protection factor (UPF) is another important parameter to assess the UV-

blocking property of a fabric, which indicates the ability of fabrics to protect the skin against sun 

burning. It is defined as the ratio of potential erythemal effect to actual erythemal effect by the 

radiation transmitted through the fabric [105]. From Table 2, the untreated cotton fabric showed 

a low UPF of 9.49, however all the cotton fabrics decorated with fly ash particles exhibited large 

increase in UPF values. The maximum increase in UPF was observed for 3 wt% fly ash 
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concentration, where the UPF value was increased to 1777.43. The great scattering of UV rays 

can be attributed to large refractive index of fly ash particles accompanied with constituents of 

metal oxides in their chemical composition [106].  

 Physical properties of fly ash-OTMS coated cotton fabrics 5.1.5.

 The add-on of coated fabrics at different fly ash-OTMS coatings were calculated, and it 

was found to increase in linear pattern with increase in fly ash concentration (Table 3). The final 

dry add-on of the coated fabrics was measured as 2.5% for 1% FA+OTMS, 6.3% for 2% 

FA+OTMS and 9.2% for 3% FA+OTMS.  

Table 3. Add-on (%) of FA+OTMS coated cotton fabrics 

Sample Add-on (%) 

1% FA+OTMS 2.5 (±0.16) 

2% FA+OTMS 6.3 (±0.30) 

3% FA+OTMS 9.2 (±0.25) 

 

Subsequently, the hand (i.e. comfort) properties of the coated fabrics were assessed from 

the measurements of stiffness values. Stiffness is a tendency of the fabric to keep standing 

without support. It is a special property of the fabric for desirable draping and also influences the 

physical comfort of clothing [107–109]. It can be evaluated from bending properties of the fabric 

using bending length and flexural rigidity. Despite large increments in add-on of coated fabrics 

at higher fly ash concentration, the stiffness values were found to increase marginally. The 

stiffness of uncoated cotton fabric was  0.86 N m, whereas it was measured as 1.09, 1.23 and 

1.31 N m for 1%, 2% and 3% FA+OTMS coated cotton fabrics respectively (see Table 4). This 

indicated no loss in draping behavior of fly ash-OTMS coated cotton fabrics and therefore 

satisfactory physical comfort behavior. 
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Table 4. Stiffness of the FA+OTMS coated cotton fabrics 

Sample Stiffness (N m) 

Control 0.86 (±0.13) 

1% FA+OTMS 1.09 (±0.10) 

2% FA+OTMS 1.23 (±0.11) 

3% FA+OTMS 1.31 (±0.08) 

 

 Superhydrophobic properties of fly ash-OTMS coated cotton fabrics 5.1.6.

 The effect of fly ash particles on surface wettability of fly ash-OTMS coated cotton 

fabrics was investigated from measurements of static water contact angle, roll-off angle and 

contact angle hysteresis (see Figure 28). The surface of uncoated cotton fabric was completely 

wetted by the water droplet without any contact angle, whereas the water droplet exhibited a 

spherical shape on the surface of fly ash-OTMS coated textile (see Figure 22). For OTMS coated 

cotton fabrics, the static water contact angle and roll off angle were measured around 130o and 

21o respectively. This indicated the hydrophobic behavior of cotton fabrics with OTMS coating 

alone, however the water droplets were difficult to roll off on this surface showing the strong 

adhesion between the water droplet and the coating surface. When fly ash particles were applied 

on cotton fabric with subsequent treatment of OTMS, the contact angle was enhanced and roll 

off angle was further decreased. The static contact angle of 143o, 147o and 153o and roll off angle 

of 13o, 8o and 5o was measured for fly ash concentration of 1, 2 and 3 wt% respectively (see 

Figure 28a). These results demonstrated the improvement in water repellency from surface 

hydrophobicity to superhydrophobicity when cotton fabric was coated with 3 wt% fly ash and 

then OTMS. From Figure 26, the enhancement in water repellency can be attributed to the 
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formation of unique two-tier structural surface combined with the microscaled cotton fibers (10 

µm) and the nanoscaled fly ash particles (below 1 µm).  

 Due to surface roughness and heterogeneity of textile surfaces, the coated fabrics were 

further tested to measure their dynamic wetting behaviors. This is important because the 

measured contact angle after the liquid drop advances is usually greater than the contact angle 

that results after the droplet recedes from a previously wetted surface due to the change in 

surface energy or the surface roughness [70, 106]. Further, the contact angle hysteresis (i.e. 

difference between the advancing and receding contact angles) plays an important role in the 

sliding behavior of water droplets for self-cleaning effect [44, 110, 111]. Therefore, the 

advancing and receding angles of fly ash-OTMS coated cotton fabrics were measured to examine 

the influence of fly ash particles on the self-cleaning effect. From Figure 28(b), the contact angle 

hysteresis was found to reduce from 11° to 6° with increase of fly ash concentration from 1wt% 

to 3 wt%. This indicated the formation of discontinuous, unstable, and contorted air/solid/liquid 

contact line at higher concentration of fly ash particles. By depositing high density of fly ash 

particles, solid–liquid–air contact line can further become more discontinuous and a larger 

amount of air film can be trapped leading to superhydrophobicity. Based on previous studies, a 

liquid droplet on a superhydrophobic surface can fulfill either Wenzel state or Cassie–Baxter 

state, or both [47]. A liquid impregnates the rough surface to form a completely wetted contact 

with the surface in the Wenzel state, whereas the liquid does not completely fill up the rough 

surface and there are air pockets trapped at the solid–liquid interface in the Cassie–Baxter state 

[106]. Therefore, the superhydrophobicity of the fly ash-OTMS coated cotton fabrics can be 

believed in Cassie–Baxter state where spherical water drop cannot penetrate entire fabric surface 

due to large amount of air trapped in the structure [70]. For verification of Cassie–Baxter state, 

the fly ash-OTMS coated cotton fabric was immersed into water by an external force (see Figure 

22). A silver mirror-like bright and reflective surface was observed, which was attributed to the 

plastron layer formed by the trapped air between the water and the superhydrophobic fabric 

[112].  

 The physical self-cleaning behavior of 3 wt% fly ash-OTMS coated cotton fabrics was 

examined due to their superhydrophobic nature and low roll off angles. The orange dye was used 
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as contaminants to test the self-cleaning ability. From Figure 29, the water drop was found to roll 

over the surface of the superhydrophobic fabric maintaining a spherical shape and subsequently 

the dye particles were taken away, leaving a clean trace on the superhydrophobic fabric [113]. 

This further confirmed the low surface energy of coated fabric samples and therefore more 

attraction of dye particles to the running liquid than to the solid surface itself. This characteristic 

of lotus effect can allow the surface to be cleaned of dust particles by the rolling liquid. 

  

(a). Static contact angle (b). Contact angle hysteresis 

Figure 28. Effect of fly ash concentration on contact angle 

 

Figure 29. Self-cleaning property of 3 wt% fly ash-OTMS coated cotton fabric 
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 Analysis of superhydrophobicity of fly ash-OTMS coated cotton fabrics  5.1.7.

From Cassie–Baxter model, the area fraction of a water droplet (𝑓) in contact with a 

fabric surface (i.e. wetted solid fraction) can be estimated based on the relationship between the 

apparent contact angle (𝜃∗) observed on a rough surface and the equilibrium contact angle 

(𝜃) obtained on a smooth surface. 

 From Figure 30 (a), the wetted solid fraction was found to decrease with increase in 

surface density of fly ash particles. The increase in unwetted fraction of the air pocket trapped in 

the interspaces among the fly ash particles was estimated to be 43%, 55% and 67% respectively 

for 1, 2 and 3 wt% of fly ash particles. This confirmed that the layer of fly ash particles created a 

rougher surface for the air storage to resist liquid penetration. 

 Furthermore, the movement of liquid droplets on hydrophobic surfaces was described by 

calculation of work of adhesion (𝑊𝑎𝑑) according to the Young–Duprè equation [53] (see 

Equation 11). 

𝑊𝑎𝑑  =  𝛾𝐿 (1 + 𝑐𝑜𝑠𝜃) (11) 

Where 𝛾𝐿  is the surface tension of the liquid drops (i.e.72.8 mN/m).  

 Figure 30 (b) shows the inverse relationship between work of adhesion and the surface 

density of fly ash particles. The work of adhesion for OTMS coated cotton fabric was measured 

around 25.42 mN/m. On the other hand, values of work of adhesion for fly ash-OTMS coated 

cotton fabrics ranged from 14.58 to 8.28 mN/m. The fabric surface decorated with 3 wt% fly ash 

exhibited lowest work of adhesion value, which indicated smallest work required for the 

movement of the water drop on its surface. Thus, an efficient way to improve the water 

repellency of cotton fabric was confirmed by creation of a fly ash layer with subsequent OTMS 

treatment. 

 By equating the work of adhesion and the work of separation, the maximum force of 

attraction can be achieved [47]. By accepting the force versus distance relationship of attraction 
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and repulsion, the attractive force (𝑭𝒂) and repulsive force (𝑭𝒓 ) at equilibrium can be written as 

given in Equation (12) and Equation (13), respectively. 

𝑭𝒂  = (𝑭𝒂 )𝒆 (
𝒅

𝒙
)

𝟑

 (12) 

𝑭𝒓 =  (𝑭𝒓 )𝒆 (
𝒅

𝒙
)

𝟖

 (13) 

Where x is the separation distance and d is the equilibrium distance  

Under equilibrium conditions  

(𝑭𝒂 )𝒆  =  (𝑭𝒓 )𝒆 

Therefore, the work of adhesion can be expressed as given in Equation (14) and Equation (15) 

[53]. 

𝑾𝒂𝒅 =  ∫ (𝑭𝒆)

∞

𝒅

(
𝒅

𝒙
)

𝟑
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Which is equal to 

𝑾𝒂𝒅  =  𝑭𝒆 [
𝒅

𝟐
−

𝒅

𝟕
] (15) 

 In this way, the force of attraction 𝐹𝑒 can be determined by knowing the values of work 

of adhesion 𝑊𝑎𝑑 and equilibrium distance d. The distance between the molecular centers of a 

liquid can be estimated from the specific gravity and molecular weight of the liquids. For 

example, the equilibrium distance of 3.1 ˚A can be used for estimation of distance between the 

molecular centers of water. The interfacial tension of liquid and the natural characteristics of the 
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substrate, such as surface geometry or porosity, polarity, and chemical composition, affect the 

absorption of solid–liquid interface [111]. 

 The force of attraction was calculated from the values of work of adhesion based on 

Equation (14) and Equation (15). From Figure 30 (c), the force of attraction was found to 

decrease with increase in fly ash concentration. The force of attraction for OTMS coated cotton 

fabric was measured around 22.9 (10-8dyne/cm2). However, for cotton fabrics decorated with fly 

ash particles, the force of attraction ranged from 13.13 to 7.45 (10-8dyne/cm2). This suggested 

that it required only about half the force to move a water drop on the fabric decorated with 3 

wt% fly ash compared to that with 1 wt% fly ash. 

  

(a). Cassie-Baxter prediction (b). Work of adhesion 
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(c). Force of attraction 

Figure 30. Analysis of superhydrophobicity of fly ash-OTMS coated cotton fabrics 

 Durability of superhydrophobic properties of fly ash-OTMS coated cotton fabrics 5.1.8.

 Figure 31 (a) shows the results of contact angle measurements for characterization of 

durability of fly ash-OTMS coated cotton fabrics against mechanical abrasion, laundering, 

chemical and UV action. It was observed that the water contact angles were reduced to some 

extent after 20 cycles of sand paper abrasion, but still maintained their superhydrophobicity 

especially at higher deposition of fly ash particles. Similarly, the contact angle was reduced for 

all the concentration of fly ash after five laundering cycles. However, it was still higher than 150o 

for 3 wt% fly ash sample. This demonstrated that fly ash particles were robust and stable on 

cotton surfaces, and only few fly ash particles were removed due to shearing and friction forces 

of laundering process [8]. When chemical durability of superhydrophobic fly ash-OTMS coated 

cotton fabrics was studied, all samples showed significant reduction of contact angle against 

alkaline conditions (pH=13) whereas negligible reduction against acidic conditions (pH=1). In 

order to improve the durability of contact angle, one of the solutions is going from two-tier 

surface roughness to the three-tier surface roughness characteristics. The ultraviolet durability of 
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superhydrophobic fly ash-OTMS coated cotton fabrics was studied as many types of materials 

lose their superhydrophobicity when exposed to ultraviolet irradiation [75]. The water contact 

angle had no obvious decrease for all the fly ash concentration, which indicated that fly ash 

coated samples have great resistance to ultraviolet rays and can be used under solar radiation. 

Finally, the durability of contact angle when fabric surface was impacted by jet of water can be 

observed from the time-lapse photographs of water droplets bouncing on the fabric as shown in 

Figure 31 (b). The water droplets completely left the fabric surface without wetting, which 

further indicated the development of superhydrophobic fly ash-OTMS coated cotton fabrics. 

  

(a). Contact angle before and after 

exposure 

(b). Impact of water jet and bouncing of water 

droplets 

Figure 31. Durability of fly ash-OTMS coated cotton fabrics 

 Oil in water removal performance of fly ash-OTMS coated cotton fabrics 5.1.9.

 As fly ash-OTMS coated cotton fabrics were superhydrophobic in nature, therefore 

further investigation was made on their oil sorption capacity. The toluene as model oil was used 

to observe the oil separation from the surface of water, whereas chloroform as model oil was 

used to observe the underwater oil separation performance. A small amount of toluene and 



55 

 

chloroform oil dyed by red orange is added into the water surface. Due to low density of toluene, 

it was floated on water surface (Figure 32a). Whereas, chloroform reached to bottom of water 

surface due to its high density (see Figure 32b). When a piece of superhydrophobic fly ash-

OTMS coated cotton fabric was immersed into the water, both the oils were completely absorbed 

into the coated fabric structure within few seconds without leaving any color in water. This 

improvement of oil retention ability can be attributed to enhanced stability of capillary pressure 

to prevent the sliding of absorbed oil on fiber surface by creation of rough surfaces by fly ash 

particles [114].  

    

(a). Photographs of toluene removal from top water surface 

    

(b). Photographs of chloroform removal from underwater surface 
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(c). Photographs of oil in water separation experiment 

Figure 32. Oil in water removal performance of fly ash-OTMS coated cotton fabrics 

 Furthermore, the oil separation efficiency of fly ash-OTMS coated cotton fabrics was 

quantitatively estimated in separate experiments (see Figure 32c) using four model oils of 

different densities (i.e. toluene, n-hexane, chloroform and petro ether). When the mixture of oil 

(dyed with red orange) and water was poured onto the superhydrophobic textile, the oil was 

quickly passed through the coated fabric into the small beaker. On the other hand, water was 

accumulated on the cotton surface, and then decanted into the big beaker from the top of the 

coated fabric. The separation efficiency of 98%, 96%, 97% and 95% was obtained for 

toluene/water, n-hexane/water, chloroform/water and petro ether/water, respectively. Moreover, 

the oil absorption capacity for toluene, n-hexane, chloroform and petro ether was found around 

2540, 1750, 3300, 2100 %, respectively. The difference in oil sorption capacity was mainly 

attributed to the viscosity, density and surface tension of oils [75]. Later, the oil absorption 

capacities of fly ash-OTMS coated cotton fabrics were compared with previously reported high 

performance oil-absorbents. For example, SiO2/Octadecyltrichlorosilane coated cotton showed 

the oil absorption capacity of 4500 for chloroform [115], whereas polydimethylsiloxane coated 

cotton showed the oil absorption capacity of 2485 for toluene [116]. Although few studies 

showed better oil absorption capacities, however the results from the current study were found 

encouraging owning to low cost, and good environmental friendliness of fly ash particles. 
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Therefore, the findings of this work could be useful for versatile separation of oil/water mixtures 

under various conditions (e.g. floating oil layer, underwater oil droplet or oil/water mixtures). 

Towards the end, the reusability of superhydrophobic fly ash-OTMS coated cotton fabric 

was investigated by measuring the separation efficiency for toluene/water and chloroform/water 

after numerous of water–oil separation recycles. The oil sorption capacities decreased slightly 

throughout the whole cycles and the separation efficiency of coated fabrics ranged from 98% to 

94% for toluene and 97% to 94% for chloroform after 5 cycles. The small decrease of oil 

sorption capacity can be attributed to the residual oils inside the structure of coated fabrics [117]. 

5.2.  Superhydrophobic fabrics coated with TiO2 nanoflowers and OTMS 

 SEM analysis of polyester fabrics coated with TiO2 nanoflowers  5.2.1.

The polyester fiber surface has low surface free energy, low wettability and poor 

adhesion due to lack of polar groups (COOH and OH) on the main chains. In order to attach 

TiO2 nanoseeds on polyester fabric surface, the caustic soda treatment was carried out to 

generate the polar groups. Although the tensile strength of the polyester fabric decreased by 11 

% due to the cleavage of ester linkages and hydrolysis of polyester chains, but it resulted into the 

formation of hydroxyl and carboxyl acid groups on the fiber surface [118]. From Figure 33b, 

Oligomers formed due to hydrolysis of polymer chains can be seen as small particles on the 

surface of the polyester fibers. The attachment of very fine TiO2 nanoseeds can be observed from 

the surface of polyester fibers shown in Figure 33c. 
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(a) Before caustic soda (b) After caustic soda (c) After seeding 

Figure 33. SEM micrographs of polyester fabric 

 The surface hierarchical structure is important to obtain the superhydrophobic property. 

The surface structure of coated fabrics was investigated at different TTIP doses (i.e. 0.5 mL, 1 

mL, 1.5 mL, and 2 mL) from SEM images shown in Figure 34. It can be seen that the dose of 

TTIP had a great effect on the growth and structure of TiO2 nanoflowers. At low dose of TTIP 

(i.e. 0.5 mL), no TiO2 flower structures were found on the polyester fiber surface except some 

tiny crystal nuclei of TiO2 particles. However, the amount and the size of TiO2 flower structures 

greatly increased as the amount of TTIP increased from 1 mL to 1.5 mL (see Figure 34a and 

Figure 34b). When the TTIP dose was further increased to 2 mL (see Figure 34c), the flower-like 

structures started to aggregate sharply and a continuous thicker coating was constructed on the 

polyester fiber surface. A micro/nanoscale surface mimicking the surface of lotus leaf was 

formed with each fiber of approximately 10 µm diameter, and the TiO2 particles of below 500 

nm sizes. A good adhesion between the TiO2 particles and polyester fibers can be attributed to 

the presence of hydroxyl groups and formation of hydrogen bonds between them. 
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(a) 1 mL TTIP (b) 1.5 mL TTIP 

 

 

(c) 2 mL TTIP (d) 2mL TTIP with high resolution  

Figure 34. Effect of Titanium isopropoxide dose on growth of TiO2 nanoflowers 
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  EDS analysis 5.2.2.

It was carried out to know the chemical composition of TiO2 coated fabric. The EDS 

spectra in Figure 35 showed the presence of O, C, Ti, and Au as main elements on the surface of 

TiO2 coated fabric, whereas the pristine polyester surface mostly consisted of O and C elements. 

The relative atom ratio for O, C, and Ti was determined about 40.7%, 37.1%, and 22.1%, 

respectively. The presence of Au element was caused by sputtering of gold on TiO2 coated 

sample during SEM characterization. 

 

Figure 35. EDS spectrum of flower-like TiO2 nanoparticles coated on polyester 

 Raman spectroscopy 5.2.3.

It was employed to investigate the crystal structure of TiO2 flower shaped 3D structures 

coated on the polyester fabrics. The Raman spectra shown in Figure 36 displayed the vibration 

modes at about 231, 447, and 608 cm−1, which can be attributed to the second-order Raman 

scattering of tetragonal structure. The Raman peak observed at 146 cm−1 indicated the formation 

of the anatase TiO2 phase [119, 120], whereas the two strong Raman peaks observed at 447 cm−1 

and 608 cm−1 confirmed the formation of crystalline rutile phase [121–123]. The intensity and 

peak positions of observed Raman spectra are in good agreement with the previous studies 

reported in the literature. 
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Figure 36. Raman spectra of flower-like TiO2 nanoparticles coated on polyester fabric 

 XRD analysis 5.2.4.

It was carried out to determine the crystal phase of the complex TiO2 nanostructures 

coated onto polyester fabrics. As discussed in previous section of Raman spectroscopy, the 

existence of both anatase and rutile TiO2 phases in the synthesized TiO2 flower structures were 

confirmed (see Figure 37) [122]. The Bragg peaks observed at 27.08, 36.02, 41.24, 54.26 and 

62.89 (2θ) were due to (110), (101), (111), (211) and (002) planes of tetragonal rutile phase 

(JCPDS no. 76-0317). The peaks observed at 25.29 and 48.01 (2θ) were due to (101) and (200) 

planes of the anatase phase (JCPDS no  21-1272) [124, 125]. Further, the shapes of the 

diffraction peaks suggested the formation of highly crystalline TiO2 structures. It was found that 

the ratio R of the intensity of the strongest rutile reflection 𝐼𝑟 to the intensity of the strongest 

anatase reflection 𝐼𝑎 (i.e. 𝑅 =
𝐼𝑟

𝐼𝑎
) on XRD pattern can be used for quantification of TiO2 

individual polymorphs content. The weight fraction of anatase 𝑥𝑎 can be approximated by 

Equation (16) [126]. 

𝑥𝑎 =  
1

1.265 𝑅 + 1
 (16) 
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From the XRD pattern the ratio R was estimated around 0.698 and by using above Equation the 

weight fraction of anatase 𝑥𝑎 of flower-like TiO2 nanoparticles coated on polyester fabric was 

calculated 0.532.  

 

Figure 37. XRD pattern of flower-like TiO2 nanoparticles coated on polyester fabric  

 AFM analysis 5.2.5.

Figure 38 shows the topographical AFM images and surface profiles of the TiO2 coated 

polyester fabrics. The increase in surface roughness of the coated polyester fabric can be seen 

from the topographical image. The average roughness (Ra) of 78.8 ± 9.3 nm was estimated for 

the flower-like TiO2 nanoparticles coated polyester. Such surface roughness is sufficient to 

fabricate the physical self-cleaning (lotus effect) combined with hydrophobic surface chemistry 

by OTMS coating. The micro/nano structures enhance the roughness, which is necessary to form 

air cushion and validation of the Cassie–Baxter equation. 
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(a). 3D AFM image (b). Surface profile 

Figure 38. AFM analysis of the flower-like TiO2 nanoparticles coated polyester 

 Physical properties of TiO2-OTMS coated polyester fabrics 5.2.6.

 The add-on of coated fabrics at different TiO2-OTMS coatings were calculated, and it 

was found to increase in linear pattern with increase in TTIP dose (Table 5). The final dry add-on 

of the coated fabrics was measured as 1.8 % for 1 mL TTIP, 4.2 % for 1.5 mL TTIP and 7.3 % 

for 2 mL TTIP doses.  

Table 5. Add-on (%) of TiO2-OTMS coated polyester fabrics 

Sample Add-on (%) 

1 mL TTIP 1.8 (±0.21) 

1.5 mL TTIP 4.2 (±0.34) 

2 mL TTIP 7.3 (±0.41) 
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Subsequently, the hand (i.e. comfort) properties of the coated fabrics were assessed from 

the measurements of stiffness values. Stiffness is a tendency of the fabric to keep standing 

without support. It is a special property of the fabric for desirable draping and also influences the 

physical comfort of clothing [107, 109, 127]. It can be evaluated from bending properties of the 

fabric using bending length and flexural rigidity. Despite large increments in add-on of coated 

fabrics at higher TTIP dose, the stiffness values were found to increase marginally (Table 6). The 

stiffness of uncoated polyester fabric was  0.93 N m, whereas it was measured as 1.16, 1.32 and 

1.42 N m for TiO2+OTMS coated polyester fabrics at 1 mL, 1.5 mL and 2 mL TTIP respectively. 

This indicated no loss in draping behavior of TiO2-OTMS coated polyester fabrics and therefore 

satisfactory physical comfort behavior. 

Table 6. Stiffness of the TiO2-OTMS coated polyester fabrics 

Sample Stiffness (N m) 

Control 0.93 (±0.11) 

1 mL TTIP 1.16 (±0.14) 

1.5 mL TTIP 1.32 (±0.09) 

2 mL TTIP 1.42 (±0.12) 

 

 Superhydrophobic properties of TiO2 nanoflowers coated polyester fabrics 5.2.7.

 The measurements of static water contact angle, roll-off angle and contact angle 

hysteresis were made to understand the effect of surface decoration of TiO2 flowers on surface 

wettability of TiO2-OTMS coated polyester fabrics (Figure 39). The water droplet depicted a 

spherical shape on the surface of TiO2-OTMS coated textile. On the contrary, the surface of 

uncoated polyester fabric was partially wetted by the water droplet. Without any decoration of 

TiO2 flowers and with only coating of OTMS on polyester surface, the static water contact angle 
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and roll off angle were measured around 129.8o and 15o respectively. This indicated the 

hydrophobic behavior of polyester fabrics after OTMS coating alone. However, this surface was 

not suited for physical self-cleaning action as the water droplets were difficult to roll off showing 

the strong adhesion between the water droplet and the coating surface. When polyester fabric 

surface was decorated with 3D shaped TiO2 flowers and subsequent treatment of OTMS, the 

enhancement in contact angle and simultaneous reduction in roll off angle was found. The 

increase in contact angle and reduction in roll of angle was observed with the increase of TTIP 

dose during the hydrothermal deposition of TiO2 flowers (Figure 39a).  

The maximum static contact angle of 160.1o and minimum roll off angle of 3o was found for 2 

mL TTIP dose. Therefore, the improvement in water repellency from surface hydrophobicity to 

superhydrophobicity can be confirmed when polyester fabric surface is decorated with TiO2 

nanoflowers before the OTMS coating. This phenomenon can be attributed to the formation of 

unique two-tier structural surface combined with the microscaled polyester fibers (10 µm) and 

the nanoscaled TiO2 flowers (500 nm).  

  

(a) Static contact angle (b) Contact angle hysteresis 

Figure 39. Effect of Titanium isopropoxide dose on contact angle 
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Due to surface roughness and heterogeneity of textile surfaces, the measured contact 

angle after the liquid drop advances is usually greater than the contact angle that results after the 

droplet recedes from a previously wetted surface [70, 106]. Therefore, the measurement of static 

contact angle results can be misleading for assessment of physical self-cleaning action. The 

contact angle hysteresis (i.e. difference between the advancing and receding contact angles) 

plays an important role in the sliding behavior of water droplets for self-cleaning effect [44, 

110]. Here, the advancing and receding angles of TiO2-OTMS coated polyester fabrics were 

measured to examine the influence of TiO2 flower structures on the self-cleaning effect. From 

Figure 39b, the contact angle hysteresis was found to reduce from 9° to 3° with increase of TTIP 

dose from 1 mL to 2 mL, which indicated the formation of discontinuous, unstable, and 

contorted air/solid/liquid contact line due to the decoration of TiO2 flowers. For 

superhydrophobicity, the solid–liquid–air contact line can further become more discontinuous 

and a larger amount of air film can be trapped by depositing high density of TiO2 flowers using 

higher dose of TTIP.  

 Analysis of superhydrophobicity of coated polyester fabrics 5.2.8.

 Based on previous studies, the wetting behavior of liquids can be explained either by 

Wenzel state or Cassie–Baxter state [47]. In Wenzel state, a liquid impregnates the rough surface 

to form a completely wetted contact with the surface, whereas the liquid does not completely fill 

up the rough surface due to air pockets in the Cassie–Baxter state. Therefore, the 

superhydrophobicity of the TiO2-OTMS coated polyester fabrics can be believed in Cassie–

Baxter state where spherical water drop cannot penetrate entire fabric surface due to large 

amount of air trapped in the structure [70]. Further, the Cassie–Baxter state of TiO2-OTMS 

coated polyester fabric was verified by immersing the coated fabrics into water. The trapped air 

between the water and the superhydrophobic fabric resulted into the formation of plastron layer 

and thus showed the silver mirror-like bright and reflective surface [112]. The Cassie–Baxter 

model can be used to estimate the area fraction of a water droplet (𝑓) in contact with a fabric 

surface (i.e. wetted solid fraction) from the relationship between the apparent contact angle (𝜃∗) 

observed on a rough surface and the equilibrium contact angle (𝜃) obtained on a smooth surface. 

It can be seen from Figure 40(a) that the wetted solid fraction was decreased with increase in 
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surface density of TiO2 nanoflowers. The increase of 58%, 78% and 83% unwetted fraction of 

the air pocket was observed for the dose of 1 mL, 1.5 mL and 2 mL TTIP respectively, which 

further confirmed that the layer of TiO2 nanoflowers created a rougher surface for the air storage 

to resist liquid penetration. 

 Furthermore, the Young–Duprè equation was employed to describe the movement of 

liquid droplets on hydrophobic surfaces by calculation of work of adhesion (𝑊𝑎𝑑). The work of 

adhesion was found to reduce with increase in surface density of TiO2 nanoflowers (see Figure 

40b). The polyester fabric coated with OTMS alone depicted the work of adhesion around 26.2 

mN/m, whereas it ranged from 11.4 to 4.34 mN/m for TiO2-OTMS coated polyester fabrics at 

respective doses of TTIP from 1 to 2 mL. The least work of adhesion (or smallest work required 

for the movement of the water drop) was shown by fabric surface after decoration of TiO2 

nanoflowers at 2 mL TTIP dose.  

 At the end, the force of attraction 𝐹𝑒 was estimated by knowing the values of work of 

adhesion 𝑊𝑎𝑑 and equilibrium distance d given. Here, the equilibrium distance of 3.1 ˚A was 

used for estimation of distance between the molecular centers of water. Likewise in previous 

discussions, the force of attraction was found to decrease with increased deposition of TiO2 

nanoflowers on the surface (Figure 40c). The force of attraction for polyester fabric coated with 

OTMS alone was measured around 23.6 (10-8dyne/cm2). But, the force of attraction ranged from 

10.27 to 3.9 (10-8dyne/cm2) after the decoration of TiO2 flower structures at TTIP doses of 1 to 2 

mL. This indicated less force required for movements of water drops on the fabric surface coated 

with increased amount of TiO2 flowers and OTMS. 
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(a). Cassie-Baxter prediction (b). Work of adhesion 

 

(c). Force of attraction  

Figure 40. Analysis of superhydrophobicity of TiO2-OTMS coated polyester fabrics 

 Durability of superhydrophobic properties of coated polyester fabrics 5.2.9.

 The durability of TiO2-OTMS coated polyester fabrics against mechanical abrasion, 

laundering, chemical and UV action can be seen from the results of contact angle measurements 
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shown in Figure 42(a). After 20 cycles of sand paper abrasion, the water contact angles were 

reduced for all the samples of different TiO2 depositions. However, the samples coated with 

TTIP doses of 1.5 and 2 mL continued to maintain their superhydrophobicity and presented the 

respective contact angles of 153o and 156o after mechanical abrasions. Likewise, the action of 

five laundering cycles resulted in the decrease of contact angles, but still higher than 150o for the 

samples coated with more than 1.5 mL TTIP. The removal of only few particles for samples 

coated with TTIP dose of 1.5 and 2 mL against laundering indicated the robust and stable coating 

of TiO2 particles over polyester fabrics  (see Figure 41) [8].  

  

(a) 2 mL (b) 1.5 mL 

Figure 41. Durability of surface microstructure TiO2-OTMS coated fabrics 

 Further, all samples showed acceptable reductions in superhydrophobic properties after 

exposure to chemical environment. The reductions in contact angle after exposure to alkaline 

environment was found greater than the acidic environments due to the itching of polyester fiber 

surfaces in presence of alkali. As many types of materials lose their superhydrophobicity when 

exposed to ultraviolet irradiation, therefore the ultraviolet durability of superhydrophobic TiO2-
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OTMS coated polyester fabrics was also studied [75]. Compared to mechanical and chemical 

actions, the water contact angle of coated fabrics was not affected after exposure to ultraviolet 

rays and thus suitable for use under the solar radiations (Figure 42a). Lastly, the effect of jet of 

water when impacted on coated fabric surface was examined to verify the durability of contact 

angles. The time-lapse photographs of water droplets bouncing on the fabric are shown in Figure 

42(b), where water droplets completely left the fabric surface without wetting and thus 

confirmed their super hydrophobic behavior. 

 
 

(a). Contact angle before and after exposure (b). Impact of water jet and bouncing of water 

droplets 

Figure 42. Durability of TiO2-OTMS coated polyester fabrics 

   Physical self-cleaning properties of coated fabrics  5.2.10.

 Due to the superhydrophobic behavior and low roll off angles, the utility of TiO2-OTMS 

coated polyester fabrics was studied for physical self-cleaning performance. The methyl orange 

dye was used as contaminant to demonstrate the self-cleaning action. When the water droplets 

were dropped on the contaminated fabric, it rolled over the surface and maintained the spherical 
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shape. During the sliding process of water droplets, the dye particles were immediately picked up 

and taken away leaving behind a clear surface as seen in Figure 43 [113]. This behavior was 

attributed to the creation of lotus effect by high water surface tension and low surface energy of 

coated fabrics [128]. 

 

Figure 43. Physical self-cleaning property of TiO2-OTMS coated polyester fabric 

   Chemical self-cleaning properties of coated fabrics 5.2.11.

 The chemical self-cleaning properties of coated fabrics were examined based on two 

aspects (i.e. stain degradation and solution discoloration tests). For stain degradation 

performance, the methyl orange dye was applied as stain on the coated fabrics and their photo 

degradation behavior towards the dye was observed at different time intervals of exposure to the 

ultraviolet light. From Figure 44, the significant degradation of methyl orange dye was found for 

all the coated samples decorated with different concentrations of 3D shaped TiO2 flowers. The 

reasons for low deviation under 30 min could be due to different locations of dyes and 

photocatalyst. When the dye stain was deposited on the coated fabric, the part of it which was on 

top of the TiO2 nanoflowers degraded quickly because it was completely exposed to UV light. 

On the other hand, the dye deposited on the sides of nanoflowers required more time to degrade. 

The stains disappeared mostly within 3 h and the samples became approximately white after 4 h. 

Furthermore, the degradation rate was found to increase with increased density of TiO2 flowers 

coated onto fabric and also with increased time of UV exposure. On the other hand, the pristine 

polyester fabrics showed no change in stain reduction even after the exposure to UV light for 

more than 4 h.  
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Figure 44. Photocatalytic stain degradation of TiO2-OTMS coated polyester fabric 

 Later, the photocatalytic degradation rate of methyl orange dye was quantitatively 

estimated by measuring the color intensity of samples on ImageJ software. When the sample 

becomes whiter, the value (counts) of color intensity increases that mean it is measuring 

the whiteness of the sample. The increase in measured color intensity from this software can be 

correlated to increase in the whiteness index (see Figure 45). Interestingly, the depth of stains 
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were found much higher before the start of UV irradiation on samples decorated with TiO2 

flowers than the alone OTMS coated sample. This can be attributed to hydrophilic nature of TiO2 

particles deposited onto the polyester fabrics. However, from the measurements of color 

intensity, the dye degradation of samples decorated with TiO2 flowers was found to increase 

after the UV irradiation. Whereas, the sample coated with OTMS alone showed a straight line 

and thus no degradation of dyes in absence of TiO2 particles. The photocatalytic activity of TiO2 

coated textiles can be attributed to the decomposition of dyes by generation of highly oxidative 

radicals under the UV light [13]. 

 

Figure 45. Evaluation of TiO2-OTMS coated polyester fabric after photocatalytic degradation  

 Another test of solution discoloration was also employed to characterize the chemical 

self-cleaning properties of coated fabrics. Here, the coated samples were added into the dye 

solution and then the dye concentration was measured by recording the UV-Vis spectra. Figure 

46(a) showed the absorbance spectra of the dye solution at different UV illumination time. The 

straight line obtained for the pristine polyester fabric indicated the absence of any photocatalytic 

activity by polyester itself. The absorbance value of methyl orange dye in the solution was 

measured by observing the peak intensity at 485 nm. The decrease in absorbance value with the 

passage of time indicated the decrease in the concentration of dye due to its photocatalytic 

degradation. The samples coated with 2 mL TTIP decolorized the dye solution in 150 min, 

whereas the samples coated with 1 mL and 1.5 mL TTIP took almost 300 and 210 min 
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respectively. The higher rate of dye degradation in case of 2 mL of TTIP can be attributed to the 

decoration of high density 3D shaped TiO2 flowers on the fiber surface. Furthermore, the 

photocatalytic efficiency of the sample coated with 2 mL TTIP was examined for repeated 

discolorations of dye solution. From Figure 46(b), no change in photocatalytic efficiency of 

treated fabric was found during the five successive discoloration cycles which confirmed its 

potential use for several times in the application. 

  

(a) Effect of TTIP dose (b) Effect of successive reuse cycles 

Figure 46. Solution discoloration properties of TiO2-OTMS coated polyester fabrics 

 Mechanism of photocatalytic dye degradation. When TiO2 was illuminated by light 

energy higher than its band gaps, the electrons in TiO2 jumped from the valence band to the 

conduction band and then formed electron (e-) and electric hole (h+) pairs on the surface of the 

photocatalyst. The negative electrons and oxygen combined into O2
-, whereas the positive 

electric holes and water generated hydroxyl radicals. When the organic compound falls on the 

surface of the photo catalyst, it can combine with O2
- and OH- respectively, and turn into carbon 

dioxide and water. In present study, the degradation of dye was started with the azo bond 

cleavage by highly oxidizing hydroxyl radicals and was followed by the hydroxylation of the 

aromatic ring. 
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5.3.  Superhydrophobic fabrics coated with ZnO nanorods and OTMS 

 Morphological analysis and growth mechanism 5.3.1.

The low surface energy and hierarchical micro/nanostructures are important factors to 

fabricate superhydrophobic textile surfaces. Microwave hydrothermal method was used for rapid 

growth of ZnO nanorods on the fiber surfaces to develop micro/nanostructures and then 

subsequently treated with low surface energy material (OTMS) to produce superhydrophobic 

surface. The surface of the pristine cotton fabric was completely wetted by the water droplet 

without any contact angle (inset, Figure 47a). From SEM image uniform and continuous layer of 

nanorods can be seen on the surface of the cotton fiber (Figure 47b), whereas; the water droplet 

exhibited a spherical shape on the surface of OTMS modified ZnO nanorods decorated cotton 

fabric (inset, Figure 47b). AFM image show topography of the grown ZnO nanorods on fibers of 

the cotton fabrics (Figure 47c). These results show the uniform patterned growth of the nanorods 

on the surface of the cotton fabrics. The grown nanorods enhance the surface roughness, which is 

necessary to form air pockets. According to Cassie–Baxter model, to fabricate a 

superhydrophobic surface, it is important to design the rough surface for enlarging the contact 

area of liquid and air [129–131] .  

 

Figure 47. SEM image of the (a) pristine cotton fabric, (b) ZnO nanorods grown fabric surface 

and (c) 3D AFM image of the ZnO nanorods decorated fabric surface. Insets (a) and (b) are 

images of water droplet on the corresponding fabric surfaces. 

 

(a) (c) (b) (c)

) 
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The reaction taking place in the presence of Zn(NO3)2 ·6H2O and HMTA during the growth of 

ZnO nanorods onto cotton fiber are given in equations (17) – (22). 

C6H12N4 + 6H2O →   6H2CO + 4NH3  (17) 

NH3 +  H2O → NH4
+ +  OH− (18) 

Zn(NO3)2 → Zn2+ +  2NO3
− (19) 

Zn2+ +  2HO−  → Zn(OH)2 (20) 

Zn(OH)2  → ZnO + H2 O (21) 

Zn2+ +  4NH3  → [Zn(NH3)4]2+ (22) 

The hydrolysis of HMTA in aqueous solutions generates NH4
+ and OH− ions as shown in 

the Equation (18). The Zn2+ and 2NO3
− ions released from hydrolysis of Zn(NO3)2 as shown in 

Equation (19). The reaction of Zn2+ ions with OH− ions to produce Zn(OH)2 is given in eqn. 

(20). When Zn(OH)2 is heated to 100 °C ZnO nanorods is formed as given in Equation (21). 

Moreover, the rest of Zn2+ ions and the ammonia formed in previous eqn. (17) react to form the 

[Zn(NH3)4]2+ complex ions, as given in Equation (22). The nanoseeds prior to growth of 

nanorods actually provide the site for nucleation which is prerequisite for growth of nanorods. 

Another important thing which favors the seeded growth is the presence of -OH groups on seeds 

which are similar to those present on (0001) face of ZnO crystals. The ZnO crystal in hexagonal 

wurtzite type structure has polar and nonpolar planes. The top polar (0001) plane is positively 

charged and exhibits high surface energy. The ZnO crystal growth under hydrothermal condition 

has fastest rate in this direction (0001).  The shape and orientation of the grown ZnO 

nanocrystals are mainly influenced by the type and concentration of the ZnO precursors, 
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additives, and pretreatment of substrate and deposition parameters, such as microwave power 

and deposition time [132–134]. 

The surface morphology of all ZnO nanorods grown cotton fabrics was directly observed 

by SEM. To investigate the influence of the zinc nitrate hexahydrate and HMTA concentration 

on the growth and morphology of ZnO nanorods, a set of experiments was performed. The 

attachment of very fine ZnO nanoseeds can be seen on the surface of cotton fibers as shown in 

Figure 48(a).  It was found that concentration of zinc nitrate hexahydrate and HMTA had a great 

influence on the size and structure of grown nanorods. At a low zinc nitrate hexahydrate and 

HMTA concentration of 10mM (Figure 48b), no ZnO nanorods were found on the surface of 

cotton fiber but only few tiny ZnO crystals were sparsely coated on cotton fiber surface. 

 

Figure 48. SEM images of (a) ZnO seeded cotton fiber and, (b) 10 mM zinc nitrate hexahydrate 

concentration treated cotton fiber 

Figure 49 shows the SEM images of grown nanorods on cotton fiber surface at different 

level of concentrations (i.e., 25 mM to 100 mM). A uniform and continuous layer of grown ZnO 

nanorods can be seen on all the samples synthesized at different concentration using microwave 

hydrothermal method except sample with 10 mM of concentration. SEM images and Image J 

software was used for the calculation of the nanorods dimensions. An average value of the 

dimensions was calculated from 100 individual nanorods. The hexagon shaped morphology of 
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the as-grown nanorods can be seen from SEM images. It is clear that the solution concentration 

plays a vital role in determining the shape and size of the ZnO nanostructures [135].  

It was found that diameter (D) and length (L) of the as-grown nanorods increased with 

increased in concentration of zinc nitrate hexahydrate/HMTA (Table 7). The diameter and length 

of the as-prepared nanorods were found in the range of 35-55 nm (Diameter) and 190-300 nm 

(Length), respectively. The average diameter of the grown nanorods was increased from 35 nm 

to 55 nm, as the concentration increased from 25 mM to 100 mM. The maximum length (300 

nm) of the as-grown nanorods was achieved, when the 50 mM concentration of zinc nitrate 

hexahydrate/HMTA was used. When the ZnO rods were grown at higher concentration (i.e. 75 

mM, 100 mM), more thick nanorods were obtained as compared to the lower concentration (i.e. 

25 mM, 50 mM). These results shows that at higher concentration the growth increases more 

along the, 101̅0 or 011̅0 ZnO crystal planes that form the sides of ZnO hexagonal rods rather 

than the length direction (0001). Our results reveal that concentration plays an important role in 

the formation of the ZnO nanorods. The higher concentration led to the supersaturation and 

formation of many nuclei of small size which results in fast nucleation and slow growth rate. 

Thus, this will hinder the growth rate of the (0001) plane and making nanorods thicker [136–

138].  

Table 7. Dimension of nanorods grown at various concentrations 

Zn(NO3)2 ·6H2O 

Concentration 

(mM/L) 

Nanorods  average 

diameter (nm ) 

Nanorods 

Average length  

(nm) 

25 35 ±3.5 190 ±11.5 

50 41 ±5.4 300 ±14.6 

75 50 ±4.2 262 ±12.6 

100 55 ±6.1 260 ±15.4 
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Figure 49. SEM images of ZnO nanorods grown onto cotton fabric in microwave reactor at 360 

W (60 %) for 10 min under various concentration of zinc nitrate hexahydrate/HMTA: (a) 25 

mM, (b) 50 mM, (c) 75 mM, and (d) 100 mM. Insets are the corresponding low magnification 

images 

Figure 50 shows the SEM images of the as-prepared nanorods grown on the ZnO seeded 

cotton fibers after microwave hydrothermal reaction at different reaction time. It can be clearly 

seen that the cotton fibers is completely covered with the uniform and dense film of ZnO 

nanorods. The as-prepared ZnO nanorods were well faceted, with the diameter of 35–54 nm and 

an axial length of 190–295 nm under different reaction time (Figure 50). The length (L) and 

diameter (D) was increased with increase in reaction time. For instance, length and diameter 

increases from 190 nm to 295 nm and 35 nm to 55 nm respectively, when the reaction time 

 

(a) (b) 

(c) (d) 
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increases from 10 min to 30 min. Therefore, the reaction time is also an important factor to 

control the size of the nanorods [139, 140]. 

 

Figure 50. SEM images of ZnO nanorods grown on cotton surfaces treated with 25 mM of Zinc 

nitrate hexahydrate/HMTA in microwave reactor at 360 W (60 %) for different reaction time: (a, 

b) 10 min, (c, d) 20 min and (e, f) 30 min 

 

(a) (b) 

(c) (d) 

(e) (f) 

D= 35 nm 

L= 190 nm 

D= 42 nm 

L= 256 nm 

D= 54 nm 

L= 295 nm 
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The effect of microwave power on the growth rate of nanorods was also studied. The 

microwave power was found to have great influence on both the axial and lateral growth rates of 

the nanorods. The microwave power level was found to be proportional to the growth rate of the 

nanorods. This is mainly due to the rapid heating of the precursors to its crystallization 

temperature and quick dissolution of the precipitated hydroxides [141]. It was observed that 

longer and thicker nanorods can be obtained at higher microwave power levels. Figure 51(a-f) 

shows the SEM images of as-grown nanorods at different microwave power levels (360 W, 420 

W and 480 W) for 10 min. A homogenous and continuous film of ZnO nanorods can be seen on 

cotton fiber surface. The nanorods grown at high microwave power (480 W) had higher diameter 

(44 nm) and length (308 nm) as compared to nanorods grown at 360 W and 420 W of microwave 

powers (Figure 51e, f). The nanorods having averaged diameter of 40 nm and length of 270 nm 

were grown at microwave power of 420 W (Figure 51c, d). The increase in microwave power 

causes the rapid heating of the solution simultaneously, which enhance the nucleation and 

growth of the ZnO crystal [142, 143]. Thus, rapid growth of longer and thicker nanorods can be 

achieved by increasing the microwave power.  It can be concluded that microwave powers has 

great influence on enhancing the dimensions of the nanorods.  

The above discussion indicated that ZnO nanorods film can be successfully prepared on 

the cotton fibers. The size and morphology of the as-prepared nanorods can be controlled by 

changing salt concentrations, reaction time and microwave power levels. Therefore, we can 

conclude that an increase in the concentration of zinc nitrate hexahydrate/HMTA induces the 

changes in the kinetics of nucleation and growth, which may results in a change of size and 

density of the ZnO nanorods on the fiber surfaces.  Similarly, the reaction time and microwave 

power also had great effect on the size and density of the ZnO nanorods. In particular, these 

parameters influence the growth rate of the nanorods along different planes resulting in vary 

sizes of ZnO nanorods. Finally, a controlled and uniform film of ZnO nanorods of desired shape 

and size can be developed under optimized parameters. 
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Figure 51. SEM images of ZnO nanorods grown on cotton surfaces treated with 25 mM of Zinc 

nitrate hexahydrate/HMTA in microwave reactor for 10 min at different microwave powers 

(watt): (a, b) 360 W (60 %) , (c, d) 420 W (70 %) and (e, f) 480 W (80 %). Magnifications: 10.00 

KX (a, c, e) and 25.00 KX (b, d, f) 

 

(a) (b) 

(c) (d) 

(e) (f) 

D= 35 nm 

L= 190 nm 

 

D= 40 nm 

L= 270 nm 

D= 44 nm 

L= 308 nm 
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 Add-on analysis 5.3.2.

The add-on (%) of ZnO-OTMS coated fabrics at different concentrations of zinc nitrate 

hexahydrate was calculated. The add-on was found to increase with increase of zinc nitrate 

hexahydrate concentration. This indicates an efficient coating of the surface. The final dry add-

on of the ZnO-OTMS coated fabrics are given in Table 8.  

Table 8. Add-on (%) of ZnO-OTMS coated cotton fabrics 

Zn(NO3)2 ·6H2O  

Concentration (mM/L) 
Add-on (%) 

10  3.6 (±0.31) 

25  8.5 (±0.23) 

50  9.1 (±0.40) 

75  9.4 (±0.19) 

100  9.9 (±0.27) 

 

 EDS analysis 5.3.3.

To confirm the composition of these as-grown nanorods, the samples were investigated 

by energy disperse spectroscopy (EDS). The EDS analysis clearly showed that these uniformly 

distributed nanorods were mainly composed of Zn and O elements (Figure 52). Samples treated 

with various concentration of zinc nitrate hexahydrate showed almost similar amount of Zn 

content as shown in Table 9. Additionally, the amount of Zn content on the different coated 

fabrics  can be attributed to the crystallinity of the grown nanorods [144]. The presence of Pt 
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element was caused by sputtering of platinum on ZnO  coated sample during SEM 

characterization. 

 

Figure 52. EDS spectra of ZnO nanorods coated cotton fabrics at various concentration of Zinc 

nitrate hexahydrate/HMTA for 10 min: (a) 25 mM, (b) 50 mM, (c) 75 mM, and (d) 100 mM 

Table 9. Elemental composition of ZnO nanorods coated cotton fabrics 

Element (wt. %) 
Sample treated 

with 25 mM  
Sample treated 

with 50 mM 
Sample treated 

with 75 mM 
Sample treated 
with 100 mM 

C 30.71 41.09 32.88 33.11 

O 29.57 18.86 28.88 29.65 

Zn 39.73 40.05 38.24 37.25 
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 XRD analysis 5.3.4.

The ZnO nanorods coated cotton fabric samples exhibited typical diffraction peaks of 

ZnO at 2θ: 37.0, 40.2, 42.3, 55.8, 66.8, 74.5, 79.9, 80.9 and 82.3 which correspond to the (100), 

(002), (101), (102), (110), (103), (200), (112), (201) planes of ZnO (Figure 53). All the observed 

peaks represent the hexagonal wurtzite structure of ZnO nanorods. No extraordinary diffraction 

peaks were observed in the XRD patterns and three sharp peaks confirmed the presence of highly 

pure and crystalline nature of ZnO nanorods on the cotton fiber surfaces [135, 145].  

 

Figure 53. XRD patterns of the ZnO nanorods grown at 25 mM and 100 mM concentration of 

zinc nitrate hexahydrate/HMTA. All peaks are indexed according to ICCD Card No. 01-083-

6338 

 Topography and roughness analysis  5.3.5.

Figure 54 shows the AFM images and surface profiles of the grown nanorods on cotton 

fabric surfaces at different level of concentrations (i.e., 25 mM to 100 mM). A uniform and 

continuous pattern of grown ZnO nanorods can be seen for all the samples. AFM analysis shows 

that each sample has different roughness and topographic patterns. The growth patterns and 

orientations of the nanorods changed due to different crystal growth under various concentration 
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of zinc nitrate hexahydrate. The average roughness (Ra) measured for samples treated with 

various concentration of zinc nitrate hexahydrate are given in Table 10. The sample coated with 

25 mM of concentration exhibited minimum roughness 26.2 nm. The surface roughness of the 

samples was ranged from 26.2 to 61.3 nm for various concentration of zinc nitrate hexahydrate 

(25 mM to 100 mM). The sample coated with 100 mM of concentration shows very dense 

growth of nanorods due to which the tip of AFM cannot go between the nanorods hence the 

topography is different. The AFM images of sample coated with 25 mM showed the presence of 

nanorods at a certain distance from each other that allow the movement of micro tip between the 

nanorods. At less concentration, the distance between the consecutive nanorods increased but a 

uniform growth pattern was observed. While at high concentration, dense packing of nanorods 

was observed. The roughness is greatly influenced by the size and growth direction of the 

nanorods. In previous study, the average roughness was found to increase with increase of 

nanorods diameter [146]. It has been reported that the roughness depends on the alignment and 

orientation of the grown nanorods [147]. Similar amount of surface roughness were reported for 

ZnO nanorods grown superhydrophobic surfaces [148]. It can be concluded that morphology and 

size of the grown nanorods highly affect the topography and roughness of the surface. 

Table 10. Analysis of surface roughness 

Zn(NO3)2 ·6H2O 

Concentration (mM/L) 

Roughness (nm) 

25 
26.2 (±3.5) 

50 
36.6 (±2.3) 

75 
61.3 (±7.1) 

100 
45.1 (±5.2) 
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Figure 54. AFM images and surface profiles of ZnO nanorods grown fabrics at various 

concentration of zinc nitrate hexahydrate, (a) 25 mM, (b) 50 mM, (c) 75 mM, and (d) 100 mM 
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 Superhydrophobic properties of ZnO-OTMS coated cotton fabrics 5.3.6.

The static water contact angle and roll-off angle are the most widely used wetting 

measurements. These measurements were made to study the effect of zinc nitrate hexahydrate 

concentration on the wettability of the ZnO-OTMS coated cotton fabric (Figure 55). The pristine 

cotton fabric completely absorbed water droplet due to presence of hydroxyl groups in the 

structure. Without any deposition of ZnO nanorods and with only coating of OTMS on cotton 

fabric, the water contact angle and roll off-angle were measured around 130.1o and 19o 

respectively. This shows the hydrophobic behavior of cotton fabrics after OTMS coating alone. 

But this surface was not able to perform physical self-cleaning action as the water droplets were 

difficult to roll off showing the strong adhesion between the water droplet and the coated fiber 

surface. The increase in contact angle and decrease in roll-off angle was observed, when cotton 

fabric surface was deposited with ZnO nanorods and subsequent treatment of OTMS.  

In our study, the nanorods coated surfaces were found to be superhydrophobic with WCA 

of greater than 150o. The maximum WCA of 170.2o and minimum roll off angle of 1o was found 

for 25 mM of zinc nitrate hexahydrate concentration. The WCAs of 164.6o, 161.4o and 158.8o 

were achieved for 50 mM, 75 mM, and 100 mM of concentrations, respectively. The increase of 

zinc nitrate hexahydrate concentration was resulted into little decrease of WCA that could be 

possibly due to increase in diameter and dense packing of the grown nanorods. We noted that the 

surface roughness in combination with the particle size is important factor for higher water 

contact angles. In all cases, the coated surfaces were found to be superhydrophobic. Although the 

sample coated with 25 mM of concentration (D=35 nm, L=190 nm) did not provide the highest 

surface roughness, but the size and orientation of the nanorods enhanced the fraction of the air 

pocket at the composite interface which is in accordance with the Cassie-Baxter state. Therefore, 

optimum size of nanorods can be grown to achieve the desire superhydrophobicity. These results 

demonstrate that the size, shape, and orientation of the nanoparticles also play an important role 

when designing suitable superhydrophobic surfaces [149, 150].  

 Finally, the development of superhydrophobic surfaces can be achieved when cotton 

fiber surface is decorated with nanorods and subsequently modified with OTMS. The surface 

roughness produced by nanorods is responsible for the formation of lotus effect. This 
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phenomenon can be related to the formation of unique micro/nano structural surface providing 

necessary roughness and improving the surface hydrophobicity.  

 

Figure 55. Effect of zinc nitrate hexahydrate concentration on water contact angle 

  Generally, the surface wettability is explained by three important theories. These 

commonly known theories are Young model, Wenzel model and Cassie–Baxter model. The 

Young equation assumes that the surface is totally smooth and the static contact angle is 

determined by the interfacial energies between the solid–vapor phase, solid–liquid phase, and 

liquid–vapor phase. However, in reality most of the solid surfaces are rough and this has put a 

limitation on Young's model in explaining the surface wettability behavior [18]. In previous 

studies, the surface wetting behavior of liquids can be explained either by Wenzel state or 

Cassie–Baxter state [47]. In Wenzel state, a liquid impregnates the rough surface to form a 

completely wetted contact with the surface, whereas in the Cassie–Baxter state the liquid does 

not completely fill up the rough surface due to the presence of air pockets. Therefore, the 

superhydrophobicity of the ZnO-OTMS coated cotton fabrics can be believed in Cassie–Baxter 

state where spherical water drop cannot penetrate entire fabric surface due to large amount of air 
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trapped in the structure [70]. Moreover, the Cassie–Baxter state of ZnO-OTMS coated cotton 

fabric was verified by immersing the coated fabrics into water. The formation of plastron layer 

due to trapped air between the water and the superhydrophobic fabric and thus showed the silver 

mirror-like bright and reflective surface [112]. The Cassie–Baxter model can be used to estimate 

the wetted solid fraction that is area fraction of a water droplet (𝑓) in contact with a fabric 

surface. Where, 𝜃∗ is the apparent contact angle is observed on a rough surface decorated with 

nanorods and 𝜃  is the equilibrium contact angle obtained on an untreated smooth surface. Figure 

56(a) shows that the wetted solid fraction was decreased to lowest value for 25 mM of zinc 

nitrate hexahydrate treated sample and further increase of concentration was resulted into slightly 

increase of wetted solid fraction, which could be due to increase in size and shape of ZnO 

nanorods. The significant increase of unwetted fraction of the air pocket was observed for the 25 

mM to 100 mM of zinc nitrate hexahydrate concentration except sample treated with 10 mM of 

concentration. The maximum unwetted fraction of the air pocket of 95% was found for 25 mM 

of zinc nitrate hexahydrate. These results further confirmed that the continuous and homogenous 

layer of nanorods constructed a rough surface for the air storage to resist the penetration of 

liquid. 

Moreover, the Young–Duprè equation was used to describe the movement of liquid 

droplets on highly hydrophobic surfaces by calculation of work of adhesion  (𝑊𝑎𝑑) [53]. The 

work of adhesion was found to reduce with increase in surface density and the change in 

morphology of the ZnO nanorods (see Figure 56b). The untreated cotton fabric coated with 

OTMS alone depicted the work of adhesion around 26.01 mN/m, whereas the work of adhesion 

ranged from 11.7 to 1.34 mN/m for ZnO-OTMS coated cotton fabrics at concentrations of zinc 

nitrate hexahydrate from 10mM to 100 mM. The fabric surface decorated with nanorods at 25 

mM of zinc nitrate hexahydrate concentration exhibited least work of adhesion or smallest work 

required for the movement of the water drop.  

By using the values of work of adhesion 𝑊𝑎𝑑 and equilibrium distance d, the force of 

attraction 𝐹𝑒 can be calculated. The distance between the molecular centers of a liquid can be 

estimated from the specific gravity and molecular weight of the liquids. Therefore, the 

equilibrium distance of 3.1 ˚A can be used for calculation of distance between the molecular 
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centers of water. Interfacial tension of liquid and natural characteristics of the substrate, such as 

surface geometry or porosity, polarity, and chemical composition, affect the absorption of solid–

liquid interface [111]. 

The force of attraction was found to increase with increased size of ZnO nanorods on the 

surface of cotton fabric (Figure 56c). The cotton fabric coated with OTMS alone, the force of 

attraction was found around 23.22 (10-8dyne/cm2). However, the force of attraction was 

measured from 10.49 to 1.19 (10-8dyne/cm2) after the decoration of ZnO nanorods at various zinc 

nitrate hexahydrate concentrations of 10mM to 100 mM. The least force of attraction was found 

around 1.19 (10-8dyne/cm2) for the fabric decorated with ZnO nanorods at 25 mM of zinc nitrate 

hexahydrate concentration. These results showed that less force required for movements of water 

drops on the fabric surface coated with ZnO nanorods and OTMS. 

  

(a). Cassie-Baxter prediction (b). Work of adhesion 
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(c). Force of attraction 

Figure 56. Analysis of superhydrophobicity of ZnO-OTMS coated cotton fabrics 

 Durability of ZnO-OTMS coated cotton fabrics 5.3.7.

 The durability of ZnO-OTMS coated cotton fabrics against mechanical abrasion, 

laundering, chemical and UV action was evaluated and contact angle results after exposure are 

shown in Figure 57. The contact angle of the ZnO-OTMS coated cotton fabrics was studied after 

20 cycles of sand paper abrasion. All the coated samples showed reduction in water contact 

angle, but the WCAs were still higher than 150o except sample coated with 10 mM of zinc nitrate 

hexahydrate. The sample coated with 25 mM of zinc nitrate hexahydrate showed greater 

reduction in WCA and exhibited WCA of 156.5o after mechanical abrasions. The sample with 50 

mM of concentration exhibited good stability after mechanical actions with a WCA of 158.4o. 

The samples deposited with nanorods showed acceptable reduction in water contact angle after 

five laundering cycles. However, the sample coated with 50mM maintained highest water 

contact angle of 160.2o. These results shows the robustness and durability of the nanorods grown 

samples against mechanical and friction forces [8].  
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It has been observed that the samples showed acceptable reduction of WCAs and retained 

their hydrophobicity after exposure to chemical environment. Reduction of WCA after alkali 

exposure was greater than acidic environment.  The durability of ZnO-OTMS coated cotton 

fabrics against ultraviolet rays was also evaluated and it was seen that the contact angle of the 

ZnO-OTMS coated fabrics was not affected after exposure to ultraviolet rays. Thus, it is suitable 

to use under solar irradiations.  

 

Figure 57. Durability of ZnO-OTMS coated cotton fabrics 

 Physical self-cleaning properties of ZnO-OTMS coated cotton fabrics  5.3.8.

 To demonstrate the self-cleaning property of the superhydrophobic ZnO-OTMS coated 

cotton fabrics methyl orange dye was used as a contaminant. The superhydrophobic fabric was 

fixed on a transparent glass slides that leans against a round dish with a small angle of inclination 

(Figure 58). When the water droplets were dropped on the contaminated fabric, it rolled over the 

surface and maintained the spherical shape. During the sliding process of water droplets, the dye 

particles were immediately picked up and taken away leaving behind a clear surface. Digital 

images were obtained at different moment. This behavior was attributed to the creation of lotus 

effect by high water surface tension and low surface energy of coated fabrics [128]. 
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Figure 58. The self-cleaning process of ZnO-OTMS coated cotton fabric (a–d). The high 

magnify optical images of ZnO-OTMS coated cotton fabric before self-cleaning (e), and after 

self-cleaning (g), and corresponding schematic illustration of the self-cleaning process (f) 

 Oil in water removal performance of ZnO-OTMS coated cotton fabrics 5.3.9.

 Based on superhydrophobic nature of the ZnO-OTMS coated cotton fabrics, the coated 

samples were further tested for their oil sorption capacity. The ZnO-OTMS coated fabrics can be 

used for removal of oil from water/oil mixture due to their special wettability. The underwater oil 

removal was observed by using chloroform, whereas toluene was used to observe the oil removal 

performance from the surface of water. A small amount of toluene and chloroform was dyed 

with Oil Red O for better experimental observation. The chloroform due to its high density 

reached to the bottom of the water layer (Figure 59a) and toluene was floating on the water 

surface due its low density (see Figure 59b). A piece of ZnO-OTMS coated cotton fabric was 

immersed into the water and oil was quickly absorbed by the superhydrophobic fabric without 

leaving any traces of oil in the water. The coated fabric becomes red which shows the presence 

of red oils. This improvement of oil retention ability could be related to enhanced stability of 

capillary pressure to prevent the rolling of absorbed oil on the coated fiber surface by creation of 

rough surfaces by ZnO nanorods [114].  
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(a). Photographs of chloroform removal from underwater surface 

    

(b). Photographs of toluene removal from top water surface 

    

(c). Photographs of oil/water separation experiment 

Figure 59. Oil in water removal performance of ZnO-OTMS coated cotton fabrics 
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For further quantitative estimation of the oil separation efficiency of ZnO-OTMS coated 

cotton fabrics were carried out in separate experiments (see Figure 59c). Four model oils with 

different densities that include chloroform, n-hexane, petro ether and toluene were used to 

estimate the oil separation efficiency. The mixture of oil (dyed with Oil Red O) and water was 

poured onto the ZnO-OTMS coated cotton fabric, the oil was quickly passed through the 

superhydrophobic fabric into the small beaker and leaved water on the top of the 

superhydrophobic fabric surface. The accumulated water on the top of the superhydrophobic 

fabric was then decanted into the big beaker. The separation efficiency of 99%, 98%, 98% and 

96% was obtained for chloroform/water, n-hexane/water, petro ether/water and toluene/water, 

respectively. Additionally, the reusability of superhydrophobic ZnO-OTMS coated cotton fabric 

was investigated by evaluating the separation efficiency for chloroform/water and toluene/water 

after five recycles of oil/water separation. The oil sorption capacities of the coated fabric reduced 

slightly during the whole cycles. After five cycles of reusability of coated fabrics, the separation 

efficiency was ranged from 99% to 96% for chloroform and 96% to 92% for toluene after 5 

cycles. This small decrease of oil sorption capacity can be attributed to the presence of residual 

oils inside the structure of coated fabrics [117]. 
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CHAPTER 6 

6. CONCLUSIONS AND FUTURE WORK  

6.1.  Conclusions 

The following conclusions have been drawn from each study. 

In first study, fly ash particles were utilized to create superhydrophobic and UV 

protective cotton fabrics. The surface of fly ash was mechanically activated by ball milling 

process. The unmilled fly ash with particle diameter of 3547 nm was converted to smaller 

particles of below 1000 nm diameter after 30 min dry pulverization. The milled fly ash particles 

were then coated on cotton fabric surfaces at 1, 2 and 3 wt% concentration. Due to presence of 

hydroxyl groups, the fly ash particles showed better adhesion with cotton fiber surfaces. When 

the utility of fly ash coated fabrics was investigated for UV protection properties, maximum UV 

blocking was observed in case of cotton fabric coated with 3 wt% fly ash. The untreated cotton 

fabric showed a low UPF of 9.49, however all the cotton fabrics decorated with fly ash particles 

exhibited large increase in UPF values due to their high refractive index and presence of metal 

oxide constituents. The topography of fly ash coated cotton fabric was characterized using AFM 

and surface roughness was found to increase with increase in fly ash concentration. In order to 

achieve superhydrophobic properties, the non-fluorinated silane was applied on previous fly ash 

coated fabrics. The water contact angle was measured around 130o for coated fabrics of OTMS 

alone. However, when fly ash concentration of 1, 2 and 3 wt % was applied; the contact angle 

was improved to 143o, 147o and 153o, respectively. The enhancement in water repellency was 

attributed to the formation of unique two-tier structural surface combined with the microscaled 

cotton fibers and the nanoscaled fly ash particles. Based on Cassie-Baxter theories, 43%, 55% 

and 67% increase in the unwetted fraction of the air pocket trapped in the interspaces among the 

fly ash particles was estimated for 1, 2 and 3 wt% of fly ash particles respectively. Further, 14.58 

to 8.28 mN/m ranges for work of adhesion and 13.13 to 7.45 dyne/cm2 ranges for force of 

attraction were estimated with increased density of fly ash coating. When the utility of fly ash-

OTMS coated cotton fabrics was investigated for oil in water separation performance, 98%, 
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96%, 97% and 95% of separation efficiency was obtained for toluene/water, n-hexane/water, 

chloroform/water and petro ether/water, respectively. This showed the ability of fly ash coated 

fabrics for versatile separation of oil/water mixtures under various conditions (e.g. floating oil 

layer, underwater oil droplet or oil/water mixtures). 

In second study, the amount of TTIP was found to have a great effect on the growth and 

structure of TiO2 nanoflowers. The assembly of TiO2 particles in flower shape was not found at 

low dose of TTIP. However, the amount and the size of TiO2 flower structures were greatly 

increased by further increase in TTIP dose from 1 mL to 2.0 mL. The maximum roughness value 

(Ra) of 78.8 nm was calculated for the flower-like TiO2 nanoparticles coated polyester. The 

increase in contact angle and reduction in roll of angle was observed with the increase of TTIP 

dose, where maximum static contact angle of 160.1o and minimum roll off angle of 3o was found 

for 2 mL TTIP dose. Furthermore, the formation of discontinuous, unstable, and contorted 

air/solid/liquid contact line was found as the contact angle hysteresis reduced from 9° to 3° with 

increase in TTIP dose. From Cassie–Baxter state superhydrophobicity, 58%, 78% and 83% 

increase in unwetted fraction of the air pocket was calculated for 1 mL, 1.5 mL and 2 mL TTIP 

dose respectively. Moreover, the reduction in work of adhesion (11.4 to 4.34 mN/m) and force of 

attraction (10.27 to 3.9 10-8dyne/cm2) indicated less force required for movements of water drops 

on the polyester fabric surface decorated with more number of TiO2 flowers. The surface of 

TiO2-OTMS coated polyester fibers also showed the promising results to maintain the 

superhydrophobic durability against mechanical abrasion, laundering, chemical and UV action. 

When the coated fabrics were examined for physical self-cleaning, the methyl orange dye 

particles were immediately picked up and taken away by the rolling water droplets. The coated 

fabrics also exhibited the chemical self-cleaning action as the stains of methyl orange dye 

disappeared mostly within 3 h and the samples became approximately white after 4 h.  

In third study, a novel microwave hydrothermal method was used to grow aligned ZnO 

nanorods on cotton fabrics. It was found that the salt concentration, reaction time and microwave 

irradiation power have great effect on the size and growth of ZnO nanorods. The growth of ZnO 

nanorods were not found at 10 mM of zinc nitrate hexahydrate. However, the growth and the size 

of ZnO nanorods were greatly increased by increase in zinc nitrate hexahydrate concentration 
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from 25mM to 100 mM. Similarly, size of ZnO nanorods was increased when reaction time and 

microwave power was increased from 10 min to 30 min and 360 W to 480 W, respectively. 

Moreover, the non-fluorinated silane (OTMS) was applied on the ZnO nanorods coated fabrics to 

incorporate superhydrophobic properties. The AFM analysis showed that the nano-roughness 

changed with the change in concentration of zinc nitrate hexahydrate. The maximum water 

contact angle of 170.2o and minimum roll off angle of 1o was found for 25 mM of zinc nitrate 

hexahydrate concentration. The slight decrease in contact angle and increase in roll of angle was 

observed with the increase of zinc nitrate hexahydrate concentration. Furthermore, from Cassie–

Baxter state the maximum unwetted fraction of the air pocket of 95% was found for 25 mM of 

zinc nitrate hexahydrate. Moreover, the reduction in work of adhesion and force of attraction also 

indicated less force required for movements of water drops on the ZnO nanorods and OTMS 

coated fabric. The ZnO-OTMS coated cotton fabrics also showed the promising results to 

maintain the superhydrophobic durability against mechanical abrasion, laundering, chemical and 

UV action. The methyl orange dye was quickly picked up by rolling water droplets during 

physical self-cleaning of the ZnO-OTMS coated cotton fabrics. The ZnO-OTMS coated cotton 

fabrics also showed great oil/water separation performance when investigated for mixture of 

chloroform/water, n-hexane/water, petro ether/water and toluene/water, respectively.  

6.2.  Future work 

 In future, durable superhydrophobic surfaces can be developed through single step 

approach by using fly ash, TiO2 and ZnO particles.  

 Further investigations are needed in future on precisely controlling surface roughness and 

structure in both small and large scales.  

 New theoretical model also needs to be developed apart from Cassie and Wenzel to gain 

deep insight regarding the mechanism of superhydrophobicity. 

 More work is needed to investigate how to enhance the durability of superhydrophobic 

surfaces. 

 The future trend is to develop durable self-healing superhydrophobic surfaces that can 

automatically restore original characteristics after having been damaged. 
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