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Abstract  
Superhydrophobic materials maintain air at the solid-liquid interface, when in contact with 

water and it can be defined as the tendency of a surface to repel water droplets. These surfaces 

possess high contact angles of at least 150°, low hysteresis contact angle <10o. 

Superhydrophobic surfaces have a wide range of application due to their self-cleaning, 

antifogging, anticorrosion, biomedical characteristics. 

A substantial body of research is based around the use of relatively expensive fluorocarbons 

and environmentally hazardous methods to obtain superhydrophobic surfaces. This study 

proposes an alternative method of fabricating superhydrophobic surfaces, through a cleaner 

and more cost-effective process which adopts highly branched hydrocarbon chains.  

To meet the objective of this study, superhydrophobic surfaces were fabricated, which make 

use of environmentally friendly, non-hazardous (i.e., when in contact with skin) as well as cost 

effective.  

We focus on the nanoparticles Al2O3 (13 nm) and SiO2 (10-20 nm), particularly on the impact 

of the nanoparticle sizes, properties, and shape. As a result of this alternative method, alumina 

(Al2O3) and silica (SiO2) nanoparticles were easily synthesized with the appropriate carboxylic 

acid and then spray coated unto different surfaces. 

 After the fabrication process, a static contact angle of 153o were obtained for the functionalized 

Al2O3 (13 nm) nanoparticles with lanolin (1:5), showing low affinity with water and the droplet 

of water rolls off easily across the surface.  

Keywords: superhydrophobic, nanoparticles, contact angle 
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Chapter I: Introduction 

Project Information 
This project studies the use of green low surface energy materials (LSEMs) to obtain 

alternatives to the current costly and environmentally hazardous waterproof analogues. 

Currently, most widely used waterproof coatings are made using fluorocarbons which are not 

environmentally friendly and are very expensive.  

In this thesis, we propose an alternative method of manufacturing superhydrophobic surfaces, 

through a cleaner and more cost-effective process using highly branched hydrocarbon chains. 

The manufactured green materials are potentially an asset for SALTs Healthcare products, 

which is the company sponsoring a part of this research. Their interest in this alternative coating 

method stems from its applicability to different surfaces, the cost efficiency, its environmental 

friendliness, and non-hazardous waterproof material (e.g., in contact with the skin) compared 

to its analogues.  

The methodology used in this thesis was inspired from natural plant leaves, such as Lotus 

leaves, which whenever water is dropped onto their surface, it cleans the surface, and the water 

bounces off. This type of surface is scientifically called superhydrophobic surface, in recent 

decades they have caught the attention of researchers due to their varied applications.  

The manufacture was generally for the purpose of taking advantage of the superhydrophobic 

coating in different surfaces and commercialise for industrial and daily water repellence 

applications among other properties. 

Potentially the solution proposed in this thesis can have many benefits for the environment as 

well as improve general quality of life. Since products coated with these solutions do not lose 

their recyclability, durability, non-hazardous (when in contact with the skin) and has the 

potential to enhance consumers satisfactions. 
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Objective of the thesis 
The objective of this thesis is to synthesise, characterise and investigate a superhydrophobic 

surface using a novel methodology that is more cost effective and environmentally friendly.  

To this end, we will first outline a fabrication methodology that is easy, inexpensive, and 

environmentally friendly and we then characterise the output of this methodology, using 

contact measurements, IR spectroscopy, TGA and SEM. 

 

Project rationale 

This project (Development of Green Low Surface Energy superhydrophobic Material for 

Various Surfaces) was designed to develop alternatives to costly and environmentally 

hazardous waterproof analogues. Existing waterproof coatings are made of fluorocarbons 

which are bio-persistent and very expensive. The novel and green materials are valuable 

materials for SALT’s products as solutions can be coated onto a different surface to make them 

environmentally friendly and non-hazardous (i.e., when in contact with the skin). This is 

because products coated with these materials can be recycled, have durability, and used for 

longer. These solutions can be coated in cardboard used in packaging which are usually not 

recyclable if they get wet. This is very likely in the UK and particularly in Wales. This project 

will allow the end users and companies to recycle their boxes (e.g., for storages and deliveries).  

As it is possible to synthesise Al2O3 (13 nm) with lanolin, we can create a coating that is cheap, 

easy to process and useful for SALT’s as it is something that they can apply on their production 

line. We believe this approach is going to be best suited for SALTs with alumina nanoparticle 

and it will be investigated if instead of using expensive carboxylic acids that are bought form 

chemical companies. We could react the particles with the carboxylic acids that are in lanolin. 

The manufacturing of superhydrophobic surfaces remains lacking because most of the methods 

involve expensive equipment and being developed on small sizes.  

 
 
 
 
 
 
 
 
 



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

3 
 

 

Organisation of the thesis 

The presented work is organised in seven chapters. On chapter two, the theoretical aspects of 

the superhydrophobic surfaces and their applications will be briefly introduced and explained. 

The fundamentals of the superhydrophobic surfaces are introduced, the basic concepts 

regarding wetting states, contact angle, the relationship between the superhydrophobicity and 

the surface roughness are described. On chapter three, the manufacturing methods for the 

superhydrophobic surfaces such as top-down and bottom-up methods are discussed followed 

by their respectively applications. On chapter four, the methodology used on this project will 

be presented. On chapter five, the analytical and measuring instruments such as IR 

spectroscopy, TGA and SEM and contact angles will be presented. On chapter six the results 

and respective discussion are included. On chapter seven we present the conclusions. 
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Chapter II: Background  
On this chapter, we discuss the fundamental theories, and historical aspects of 

superhydrophobic surfaces. 

Fundamentals of superhydrophobic surface  
In the latest decades, the application of nanotechnology has obtained huge attention in the field 

of biomedicine. Nanotechnology was first introduced by American theoretical physicist 

Richard P. Feynman on ‘There’s plenty of room at the bottom’ and he described the concept of 

nanotechnology as the capability to manipulate matter on an atomic level and molecular scale 

[1], [2].  

Since early 20st century, nanomaterials engaged in developing new possibilities to the area of 

research such as morphology control and surface functionalization. Meanwhile, the 

characteristics of superhydrophobic surfaces have captivated interest as a result of their 

potential applications in the manufacture of self-cleaning surfaces [3]. A generally known 

example of a naturally occurring surfaces with superhydrophobicity is the Lotus plant leaf [4], 

[5] in which the interplay of surface microstructure and chemical composition originates a 

spherical bead whenever water droplets fall on the surface. Consequently, the droplets of water 

roll off easily, cleans the surface and presents a contact angle of at least 150o and a sliding angle 

less than 10o. The predominant reason to observe a superhydrophobicity is the exclusive 

surface structure of the Lotus leaf, in addition, the fact that the surface of the leaf has a low 

surface energy material. In favour of having a superhydrophobic surface or coating, the surface 

must be in possession of hierarchical micro and nano roughness and low surface energy 

simultaneously. The hierarchical micro and nanoscale roughness due to the low wettability and 

self-cleaning characteristics traps air on the surface and as a result decreases the possibility of 

connection between the water and the surface [6]. 

The nature phenomenon of superhydrophobicity has permanently continued to be the 

motivation for researchers to expand the fundamental understanding about diverse phenomena 

taking place in it, such as the involvement of different materials, their properties, design, and 

textures.  

The worldwide research on superhydrophobic surfaces has always focused on easier methods 

of manufacturing these materials focusing more on large-scale production, theories on their  
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distinctive wettability towards water and applications. Different methods have been effectively 

used to manufacture superhydrophobic surfaces on diverse substrates, also denoted to as ‘top-

down approaches’ such as photolithography and etching among others [7]. These methods are 

mostly dependent substrate and involve the use of expensive equipment. Therefore, coating 

methods also denoted as ‘bottom-up approaches’ are classified as the most effective way to 

modify the properties on a solid surface and obtain superhydrophobic surface for large-scale 

practical applications.  

It is generally known that appropriate roughness combined with the materials with low surface 

energy can be used to prepare superhydrophobic surfaces [8]. Moreover, most of the techniques 

used to manufacture superhydrophobic surfaces involve the use of not so cost-effective 

equipment and with most approaches limited to a laboratory scale. Most procedures used to 

obtain superhydrophobicity coating dwell mainly in two steps: first make a hierarchical surface 

roughness followed by the surface modification by a low surface energy.  

The manufacture of superhydrophobic surfaces through this method has several applications, 

but these surfaces also carry several disadvantages that prevent the application of water 

repellency in certain materials. For instance, most manufactured superhydrophobic surfaces 

are characterized by poor mechanical durability which limits their use in commercial or 

industrial applications  [9]. Alternatively, a possible solution for this drawback, which this 

study proposes to use, is to manufacture superhydrophobic surfaces in the form of 

nanocomposite coating followed by using a facile and effective spraying coating deposition 

technique that enables the deposition of the coating into different types of surfaces, which can 

potentially be used in “large-scale” applications.   

The motivation of this project is to attempt to obtain environmentally friendly 

superhydrophobic surface and improve our understanding in this concept. By studying the 

fundamental concept of superhydrophobic surfaces, this project aims to manufacture it in 

simple, least time consumption, large, cost effectiveness and versatility (ability to adapt for 

different application).  
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Lanolin 
Lanolin is a soft, waxy material originated from the oily coating on raw wool [10] that is 

broadly utilized in pharmaceuticals, cosmetics and food industries, above all, natural waxes 

have a lot of additional industrial applications [11]. Moreover, lanolin is generally regarded to 

be composed of a mixture of naturally formed esters1 originated out of increased alcohols and 

increased fatty acids [13]. Crude lanolin also known as wool wax and wool grease incorporates 

between 5 to 25% of the weight of newly shorn wool. For instance, the wool from a single 

sheep can generate around 250-300 mL of recoverable wool grease [14]. Lanolin results from 

an extraction process, which initiates by cleaning the wool in hot water along with wool 

scouring detergent to eliminate dirt, sweat salts, wool grease (crude lanolin) and everything 

that could possibly be attached to the wool. The wool wax is then achieved by means of 

centrifugal separation or solvent extraction [14]. 

 

Nanoparticles  

The history of nanomaterials is extensive, nevertheless, significant development inside 

nanoscience have been explored throughout the last two decades. 

Nanoparticles have diverse applications such as industrial sector, domestic, medical and among 

other. On the other hand, nanoparticles can present a negative impact on the environment due 

to their specific properties such as potential toxicity, high surface reactivity that may cause 

several diseases for human health [15]. Nanoparticles are defined as a small particle in the 

range of 1 to 100 nanometres in size [16].  

 

Even though beneficial aspects of nanoparticles are clearly distinguishable, certain number of 

reports have mentioned the negative impact of nanomaterials can cause on the living cells. The 

diverse array of surface properties reached resulted to the reduction in particle size that 

catalyses the surface chemistry of nanoparticles is responsible for their respective toxic 

potential [17], [18]. For instance, physical parameters such as surface area, surface charge  and 

particle size have high importance [19], [20] on the provision of mechanistic details [21] in the  

 
1 Ester is a chemical compound obtained from an acid such as organic or inorganic that minimally one hydroxyl 
group is substitute by an alky group [12].  



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

7 
 

 

uptake, persistence, and biological toxicity of nanoparticles inside the cells. Based on previous 

reviews, it is evident that nanotechnology can modify the properties and applications of 

industrial and research materials. Both the selectivity and reactivity achieved as a result of the 

very small size have produced an extensive diversity of applications of nanoparticles [22].  

 

Humankind are exposed to airborne nanosized particles on a  daily basis [23]. Nanosized 

particles can enter the human body through different routes and could remain in the system  

[24] due of the incapability of the macrophages to phagocytose them [25]. If the persisting 

nanosized particles reacts with the body, stay inert or interact with the system will control and 

manage their toxic properties and is mainly dependent on their surface properties. Both the 

airborne inhalation of nanosized particles and entry through the respiratory tract are the most 

probably way of exposure to nanoparticles [26]. The absorbed nanoparticles are efficiently 

deposited by diffusional mechanisms in almost all areas of the lungs [17].   

 

One of the side effects of vast utilisation of nanotechnologies is the release of nanomaterials in 

the environment. With the intensification of nanotechnology industrial use, the production of 

waste containing residue nanomaterials have become increasingly required [27].  

 

One of the positive impact of nanoparticles is the fact that we managed to produce 

superhydrophobic surfaces. On the other hand, negative impact of the nanoparticle is the fact 

that after they are exposed for too long in water the nanoparticles lose their durability/coating. 

While the toxicity of silica and alumina nanoparticles is quite low but by washing off or 

removing the nanoparticle coating and subsequently exposed to the environment there is 

possibility that they might be toxic. Consequently, nanoparticles can negatively impact the 

environment due to their specific properties such as potential toxicity. 
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Size and shape of nanoparticles 
 
During early research in nanoparticles, their size and shape were often an object of interest, 

because of their role in the fabrication of superhydrophobic surfaces. In addition, with more 

research it was discovered that the properties of such systems, such as: as clay pastes, paints, 

polymers and gels, relied to a great extent upon the size and shape distribution of the colloidal 

components [28]. 

The expansion of the scientific literature relating to nanostructured materials evolved greatly 

in last few years. Especially since different synthesis techniques are key elements applied to 

the field of research as well as engineering for tailoring nanoparticles shape and size, to 

accommodate specific purposes. 

Nanoparticles are a promising material for a broad variety of applications such as chemistry, 

biology, materials, health science [29], physics, electronics. Researchers and more 

organizations are giving increased attention to nanotechnology since this field is opening new 

doors for industries.  

It is well known that the size of nanoparticles the size of the nanoparticles can bring different 

properties such as electronic and crystal band structure change. Additionally, the effect of the 

nanoparticle size can also present properties such as surface plasmon resonance in some metal 

particles in particular on the surface, superparamagnetism in  magnetic materials and quantum 

confinement effect within semiconductor particles [30]. Chart 1 illustrates the classification of 

the nanoparticles, although the group of inorganic nanoparticles are most common used 

nanomaterials, and this is since they present excellent conductivity, catalytic abilities, and 

potential applications however the stability of colloidal nanoparticles obtained after 

functionalization remain serious challenge.  

Motivated by these potential applications, number of groups of researchers have dedicated their 

attention to the fabrication of inorganic nanomaterials because these nanoparticles demonstrate 

properties that bridge the gap among bulk materials and molecular structures [31].  
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Chart 1: Classification of nanoparticles  [30] 

 

 

Superhydrophobicity 
Whether wetting behaviour happens between a liquid and a solid surface is dependent on the 

surface being either hydrophilic, hydrophobic or superhydrophobic [32]. Figure 1 illustrates 

how water behaves on a solid surface. For this experiment, we focus on superhydrophobic 

surfaces.  

 
Figure 1: Classification of contact angle coating  [33] 

 

A surface can be classified as hydrophilic, if the surface has a high attraction with water [32], 

hence water spreads out consistently on a solid surface resulting in high surface energy, water 

is absorbed and the surface is wetted [32]. This type of surface is characterized by a low contact 

angle, range of 10o to 90o  [32], [34]. 
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A hydrophobic surface is capable of repelling water and has low affinity between the surface 

and water. On contact the water beads into small spherical droplets and the shape of the droplet 

presents a low surface energy and high contact angle between 90o and 150o [32], [34]. The term 

superhydrophobic was introduced by Reick, in 1976 [35], superhydrophobic is a special 

wetting phenomenon which has extreme water-repellency, in which the shape of the droplet of 

water remains almost spherical and the force of adhesion is negligible [36], [37]. Generally, 

the superhydrophobic surface has a wetting contact angle of at least 150o, however, contact 

angle can barely exceed 120o on a smooth surface [38], even on highly low surface energy 

materials, e.g., silicone resin of 22 mN/m, fluorine resin of 10 mN/m [39].  

 

Barthlott and Neinhuis studied the surface chemicals of beyond 200 water-repellent plant 

species, the micro morphologies and their self-cleaning abilities [4], [40]. Illustrated by the 

‘leaf of the Nelumbo nucifera’, the wavy surface texture was essential in increasing the  

repellence of water and self-cleaning of the leaf [41], this illustration was based by pouring 

water on the surface of leaf designated as rough structure and rolled off easily as a consequence 

eliminate impurities from the surface although some residues remain [41]. This mechanism 

was called the ‘lotus effect’ [4]. 

In 2002, the superhydrophobic mechanism was clearly interpreted, the ‘lotus effect’ with high 

contact angle and low sliding angle, as a consequence of micro and nanoscale hierarchical 

structures: nanostructure contributed to high apparent contact angle, therefore, the water sliding 

angle reduces for nano and microstructures effectively [8]. 

 

Superhydrophobic materials maintain air at the solid-liquid interface, when in contact with 

water. These surfaces possess high apparent contact angles, by definition 150° [34], [36] as a 

result of the composite solid-air surface formed under a water droplet, consequently they are 

characterized by very low roll off angle, very low contact angle hysteresis [42] and very low 

adhesion. The droplets of water bounce off the surface and it can be applied as water repellent, 

self-cleaning [43], micro and nano devices [44], anti-icing [45], anti-corrosion [38], anti-

friction, drag reduction [46]  and biotechnology  [42], [47].  

As seen in figure 1, for the superhydrophobic droplet of water, a spherical shape is observed 

assuming that the droplet of liquid is suspended in a vapour phase and the shape of the droplet 

of water is determined by the gravity as well as the surface tension acting on the liquid-vapour  



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

11 
 

 

interface (𝛾!"). Moreover, cohesion in all directions attracts every molecule inside the droplet. 

However, the molecules in every direction of the droplet and the surface molecules are 

consequently pulled inwards, hence the droplet presents a minimum surface area. Taking in 

consideration that the sphere is the one presenting the smallest surface area, the surface tension 

force (𝛾!"	𝑥	𝑑) causes the droplet to form a spherical shape [34]. Meanwhile,  the gravitational 

force (𝜌𝑔𝑑#) attempts to spread the droplet across the surface [34]. In mathematical terms, the 

droplet size is compared with capillary length, 𝑘$ and the equation 1, can be used to determine 

if the droplet size is smaller or not and is described mathematically as:  

 
Equation 1 

𝑘$ = +
𝛾!"
𝜌𝑔 

 

Where, 𝛾!" is interfacial tension liquid-vapour, 𝜌 density and 𝑔 the gravity. 

At ambient conditions, the capillary length for water presents a value of around 2.7 mm. If the 

droplet of water is smaller than the capillary length, (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟	 < 𝑘$), the gravitational force 

is ignored and the surface tension dominates [48], [49].  

Capillary length, also known as capillary constant, is characterized by the ratio of the Laplace 

pressure – associated to the size of a microscopic droplet – to the hydrostatic pressure [50], 

[51], notably is the length factor that links surface tension and gravity.  

The Sphere Theorem 

It is established that a sphere is the least surface area that can surround a given volume. Where 

the radius r is the distance from the centre to its perimeter; the international system (SI) units 

for radius and volume v are m and m3, respectively.   
Equation 2 

𝑉 =
4
3𝜋𝑟

# 
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Spherical shapes is predominate in contact angle problems on the ground that a sphere has the 

good property which is the intersection between a given plane and the apparent contact angle, 

moreover, this interaction is conditional to the distance of the plane from the centre of the 

sphere and not on the orientation of the plane [51]. 

The gravity in spherical shape as energy minimizers is presumed to be absent, therefore the 

total energy of the system is characterized as the sum of the free surface area and the contact 

energy. Mainly, the sphere theorem states that if a spherical droplet appears to reach the surface 

of a convex region with precisely correct contact angles, consequently the spherical droplet 

reduces the total energy [51].  

 

Natural superhydrophobic surfaces 
Water droplets are highly likely to roll off from superhydrophobic surfaces and this 

phenomenon is similar to the natural lotus leaves. Superhydrophobic surfaces play an important 

role in the fundamental research in fields of chemistry, biology, engineering and physics [4] 

,[52] , [53].  

 

An additional condition sometimes included in the superhydrophobic definition is a low roll-

off angle, which is below 10°  [54] so the droplet of water does not stick to the surface and 

turns out to be spherical. The ‘Lotus leaf effect’ was discovered by Barthlott  and Neinhuis [4], 

[34], [36] whom concluded that a waxy material and numerous microscopic bumps are the 

primary cause of superhydrophobicity in leaf surfaces [34] and as a result the surface  is 

observed  to have a self-cleaning [55], water repelling properties. The exclusive ability of water 

repellency on superhydrophobic surfaces makes the surface practical to operate as an excellent 

barrier to prevent the engineering materials from corrosion, icing, friction [35], [56]. 

As seen is figure 2, higher contact angle results into more superhydrophobic surface and 

superhydrophobicity can be observed in Lotus plants, insects, and birds. 
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Figure 2:Lotus Effect; images of water droplets resting onto different substrates and SEM of Dentical, Fractal and Layered 

cuticle illustrating a water contact angle [57] 

 

A liquid droplet can be in two different states when resting on a solid surface which can be 

described as ‘Wenzel state and Cassie-Baxter state’ [42]. As seen in Figure 3, once 

hydrophobic surfaces are roughened or patterned in appropriate length scale and morphology 

feature of the nanoparticles films, air is trapped between the surface structures and liquid 

droplet and this phenomenon is called Cassie state [42] for instance the increase in roughness 

leads to higher hydrophobicity, the water droplet stays at the top of the asperities and can also 

easily roll off from the solid surface.  

In the other hand, if water droplets wet the surface in parts or consistently, they form a liquid 

film on the surface with no air void retained which is a phenomenon called Wenzel state [42]. 

Consequently, Cassie-Baxter state might be more desirable compared to Wenzel state to obtain 

superhydrophobic surfaces.  
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Figure 3: Different wetting states [58] 

 

Wettability is an important property of superhydrophobic surfaces and is determined by the 

interfacial tension which can be described as the energy per unit area at the surface between 

phases [59], in other words, wettability is the ability that a liquid has to maintain in contact 

with a solid surface.  

 

Although a strategy was developed by Wenzel to obtain superhydrophobic surfaces such as 

increasing roughness, the solid-liquid contact area was similarly increased a “sticky” surface 

in the Wenzel state was obtained [60]. Consequently, Cassie and Baxter established a different 

process to describe wetting on porous surface [61] and that was the birth of the name Cassie-

Baxter wetting state  [62]. An illustration of this liquid droplet is seen in figure 3a), the liquid 

droplet is suspended on such surface this phenomenon is a result of the contact of the liquid 

with the solid surface and gas phase. 

As is generally known, in a water/air/solid system, superhydrophobic surfaces arise from the 

establishment of new composite substrates. In accordance with the theory established by 

Cassie, consistent air molecules are present on the surface of micro/nanostructures, developing 

a water/air/solid interface. When a surface roughness also known as surface texture acquires in 

contact with water, air trapping in the roughness area makes a significant contribution on the 

ability to increase the hydrophobicity of the surface [63]. 
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Surface Free Energy (SFE) 
Contact angle is an essential parameter to determine the wetting ability of a solid surfaces. 

Physical and chemical properties can both be classified as solid surface properties. For 

instance, physical properties can be described as the properties that are independent of the 

atomic elements, such as, surface morphology, which just relies on atomic arrangement. In 

contrast, surface chemical properties rely on the elements, such as, surface energy, that can be 

defined for presenting higher energy for silicon when compared for wax [64]. Additionally, 

surface morphology strongly influences the surface phenomena, such as, adhesion, contact 

angle, friction, light reflection and photon absorption [65]. 

This focuses on the main principles of contact of angle including the theoretical background 

and importance of contact angle. Furthermore, important concepts related to contact angle such 

as: advancing, receding and hysteresis contact angles will be described. 

 

Roughness measurements 

Roughness measurements parameters are component of surface texture and the measurements 

begin from height variation of profiles (one dimension, 1D) or surfaces (two dimensions, 2D) 

and in the same way, used to demonstrate the level of surface roughness [66]. In general, the 

measured height data is in discrete format2 and the distance in the midst of two data points also 

known as sampling distance is constant. Roughness profiles are much easier to measure, 

moreover, they can be defined as the result of electronic high-pass filtering of the primary 

profile with a cut off wavelength and many surfaces of those roughness profiles are developed 

from parallel profiles [67]. Stylus instruments are commonly used in profile measurements and 

the primary advantage of it is the fact that the electrical signal available could be addressed to 

achieve any required roughness parameter, registered for demonstration and analysis [68]. In 

this project, a scanning electron microscopy (SEM) was used to carry out the micro/nanoscale 

roughness measurements. The fundamental principle of these instruments can be described as: 

a probe scans through a profile and its interactions with the surface are registered and analysed 

to collect profile height data. The interactions it might be contact forces for the majority of  

stylus instruments and atomic force microscopy [69]. Resolution of profile height measurement  

 
2 Discrete format data is rearranged in in rows and columns 
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depends on probe size, for stylus instruments it is commonly in micron-millimetre scale, on 

the contrary, in nano to microscale for SEM.  

 

The difference between liquid droplets and rigid spheres at an interface 
Although the Neumann’s force balance is consistently applicable at the triple line, it is 

important to mention that there is a significant difference among a deformable liquid droplet 

and a non-deformable body at an interface. In the liquid droplet illustration, the vertical profile 

of the liquid droplet presents a singularity at the intersection of the triple line, for example, the 

perpendicular outline is continuous, on the other hand, at the point of intersection with the 

triple line the vertical profile is not distinguishable. In this instance the Neumann law tends to 

be used to describe the contact. At the same time, a rigid body – for example a rigid sphere – 

acts as a solid planar surface and the Young law may be used to characterize the contact at the 

triple line [51]. 

In the occasion of a rigid body, the question is: what is the outcome of the non-zero resultant 

perpendicular to the surface? In the occasion of a spherical rigid body situated at the surface of 

a liquid with a well-formed or balanced contact line, the answer can be as simple as: the normal 

resultants though/along the triple line would cancel by symmetry [51]. 

In the occasion of a particle of nonspherical shape, the particle will keep rotating until an 

equilibrium position is found for the particle in which the resultants of the normal components 

of the surface tensions would cancel. An interesting study of the orthorhombic particles at 

balanced position towards an interface has been carried out by Morris et. al. [70]. They have 

several times shown that the shape of the particle, particularly its aspect ratio, changes the 

balanced position of floatation [51]. 

Surface wettability  
The word of wettability is vast, as it plays a very important part in different technological areas 

[42] and the wetting property is one of the most significant parameters of the solid surface [35], 

[56]. Wettability can be defined as the ability of water or any other liquid to disperse on a solid 

surface [71] and there are two different forces behind wettability adhesive [72] and cohesive.  

In this section, some important concepts of wettability such as work of adhesion and work of 

cohesion are introduced and these two concepts are valid for solids or immiscible liquids. When  
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implemented to a solid and a liquid interface, Young-Dupré equation can be produced based 

on the concept of work of adhesion joined with Young’s law [51]. 

 

Work of adhesion 
Adhesive work (liquid to surface) are the forces between solid surfaces and water droplets. 

These forces can be controlled by chemical or physical bonding; thus, water droplets can roll 

out easily on surface materials with low adhesive force. However, with high adhesive force, 

they spread across solid surfaces resulting in the separation of the solid from the liquid. 

Adhesion among a solid and liquid is characterized as the work needed to separate the solid 

from the liquid. Consequently, the work of adhesion includes the creation of new surfaces such 

as vapour-liquid and solid-vapour, and the elimination of the liquid-solid surface  [73]. The 

Dupré equation is described mathematically as: 

 
Equation 3 

𝑊!% = 𝛾%" + 𝛾"! − 𝛾!% = 𝑊& 

 

Where 𝑊& is the work of adhesion, 𝑊!% is the work needed to separate the solid from the liquid 

surface and  𝛾%", 𝛾%! 	and 𝛾!" are the interfacial tension of solid-vapor, solid-liquid and liquid-

vapor respectively.  

 

Work of cohesion 
Cohesive work (liquid to liquid) are intermolecular attractions between molecules/atoms of any 

liquid by primary or secondary bonding, such as hydrogen bonding. In other words, liquid 

drops produced by interconnected water polar molecules with strong hydrogen bonding can 

form a spherical shape, especially on low energy surfaces. In contrast, with high energy 

surfaces, the shape of water droplets is spread even or flatten completely and the cohesive is 

characterized by the separation of the liquid from itself. In a similar way cohesion can be 

understood as the formation of two liquid-vapour interfaces and the elimination of a liquid-

liquid interface. The cohesive nature of a liquid (or solid) requires the separation of the liquid 

from the liquid [73]. On the other hand, the work of cohesion, 𝑊$, can be seen to be 
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Equation 4 

𝑊$ = 2𝛾"! 

 

Therefore, the balance between work of adhesion and cohesion can control surface wettability 

and, as a result, surface hydrophobicity. Furthermore, using contact angle methods, the surface 

wettability can be measured experimentally. Alternatively, the surface energy can be stated as 

half the cohesion. 

On the other hand, wetting properties of realistic surfaces are more complicated taking in 

consideration that such surfaces are normally rough and chemically heterogeneous3. Wenzel 

described the wetting phenomenon as a thermodynamic process from the perspective of 

specific surface energy [35]. 

 

Characterisation of a solid surface 
One approach to characterise the solid surface also known as solid-gas or solid-liquid interface, 

is the use of several liquids with different surface tension, that can be achieved in series that 

are composed of hydrocarbons with identical functional group and observe the surfaces that 

get wet and the ones that do not get wet [73]. Generally, we can conclude that that for wetting 

behaviour, the surface energy of the solid-gas interface is very likely to be greater compared 

the surface tension of the liquid-gas interface. On term of fluids such as gas and liquid, the 

order of priority can be arranged, which tends to give a good sign of the solid surface energy 

from the non-wetting condition. Despite that, we can go beyond than the previous description 

of fluids using the homologous series of liquids, as drops, on the surface [73]. 

 

Measurements of surfaces with superwettability  
One of the principal parameters for the study of superhydrophobicity is contact angle. The 

contact angle measures the angle of wettability created by the liquid on a solid surface. In this 

section the concepts such as: static and dynamic (advancing and receding) contact angles will 

be described.  

 

 
3 Heterogeneous composed of different interfaces 
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Contact angle 
Whenever a liquid is disposed on a solid surface it can result in two distinguished observations, 

such as, the liquid spreads on the surface and  creates a continuous film or creates discrete 

droplets [73]. Contact angle (CA), one the main parameters used to study surface wettability, 

measures the degree of wettability on a solid surface produced by a liquid [42] and this 

parameter can be defined as the angle formed by the water droplet when it reaches the solid 

surface [34]. In addition, CA is grounded on the assumption of an ideal smooth surface. CA 

was initially noted by Thomas Young [74] including the concept of the interfacial tensions of 

the liquid, solid and vapor interfaces [42]. Young associated the CA to the interfacial tensions 

of the liquid, solid and vapor, based on the  fact of the equilibrium at the triple line, i.e., the 

line in which occurs contact between the solid, liquid and vapor phases [42].  

 

The calculations for the contact angle are based on the membrane surface topography [36] that 

affects the liquid or solid interface adhesion [75]. Moreover, the surface topography can be 

classified in two distinct type of surfaces: smooth and rough [76].  

Historically, in 1804 and 1805, Thomas Young was the first scientist to describe contact angle 

[36], [74], and in nineteenth century [34] expressed a mathematical term, which is used to 

determine the contact angle of a droplet of liquid on a solid surface. The diagram of contact 

angle can be seen in Figure 4, the diagram also demonstrates the shape of droplet attached by 

the liquid at the three-phase line in contact aiming to decrease the total energy of the system, 

the wettability of a solid surface can be measured using Young’s equation and contact angle is 

expressed mathematically as: 

 
Equation 5 

𝑐𝑜𝑠	𝜃' =
𝛾%" − 𝛾%!
𝛾!"

 

 

Where 𝜃'is the surface contact angle, and 𝛾%", 𝛾%! 	and 𝛾!" are the interfacial tension of solid-

vapor, solid-liquid, and liquid-vapor, respectively [N/m] [J/m2]. 

Even though Young’s equation was in the first place implemented for a liquid droplet on a 

solid surface in air, it has been implemented as well as to a liquid droplet on a solid surface in 

the existence of a solid liquid. 
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Figure 4: Contact angle at three-phase interface on a smooth surface [77] 

 

Young’s equation can also be obtained from the surface and interfacial energies and their 

changes [78] but will only be interpreted by surface energies and not as a balance of surface 

tensions4 [79]. The contact angle is an important parameter used to measure the contact 

between the three phases such as solid, liquid and vapor. For small droplets on a horizontal 

surface the droplets tend to form spherical caps, spheres intersecting the surface [80]. Other 

factors, for example, electric fields, might as well affect the droplet shape, in which the gravity 

plays a part in deforming larger droplets. At the contact line the angle obtained tends to the 

Young angle except if the contact line also known as solid surface is not stable such as being 

in movement [81].  

 

The Young’s angle is theoretical the foundation for contact angle measurements which 

constitute the lowest free energy equilibrium state between the three states of matter regarding 

a drop of liquid on a surface [82]. The contact angle parameter is an ideal value that has at least 

one of the five assumptions: surface is smooth, rigid, chemically homogeneous, insoluble, and 

non-reactive. Taking in consideration that the real-world samples violate at least one of these 

assumptions, a range of the contact angle is the value presented for the most researchers and 

scientists in their reviewed papers. Surface heterogeneities, for example roughness or chemical 

differences, can enable liquid drops to exist in a number of metastable states [83]. An example 

of this in everyday life is the differences in the shape of droplets of water on a car after it rains. 

Even though the car is clean, the water droplets would form various angles on the surface 

because of the potential differences in the finish roughness, tilt, etc. In the same way, static  

 
4 Surface tension is the tendency of liquids to decrease into minimum surface area possible 
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droplets of water provide only restricted information regarding the behaviour of a surface 

because these droplets of water are highly likely to exist in these metastable states against to 

global lowest-energy state.   

Static contact angle 
The characterization of the wettability5 is usually obtained through static contact angle 

measurement of a surface or material. Generally, volume of liquid between 2 to 5 µL were used 

to obtain the various values of contact angles. Diverse fitting modes of the static contact angle 

such as circle fitting, ellipse fitting, tangent searching, and Laplace-Young fitting were used to 

obtain the appropriate shapes of water droplets on the solid surfaces. It is notably that different 

fitting modes will result in different values for static contact angle, such value for the 

superhydrophobic surface can vary from 150o to 180o with similar shape [84]. For instance, 

water droplet of volume 5 µL, presents a contact angle of about 156o by using ellipse fitting, 

comparing to  Laplace-Young fitting mode which can reach a contact angle of 179o [84]. 

Consequently, the fitting mode must be clearly well-known with static contact angles to reflect 

the real situation of solid surface wettability [84]. It is important to use the same volume of 

liquid droplet whenever measuring the contact angle in case there’s needed to compare the 

superhydrophobicity of different surfaces. Because the contact angle is mainly influenced by 

the volume of the liquid droplets and the gravity force, volume between 2 or 3 µL may be a 

convenient value to use while measuring contact angle of water droplet on solid surfaces. 

However, it is relevant to mention that volume lower than 4 µL is highly difficult to obtain for 

water droplet when measuring a contact angle, this is due to the fact of the low water adhesion 

in multiple superhydrophobic surfaces [85]. In the act to decrease the effect of the deformation 

of the water droplet produced by the gravity force, Zhang et al. [84] suggested a new method 

to evaluate the contact angles by using a significantly lower volume of water droplet. First, a 

volume of 5 µL of water droplet is deposited on a superhydrophobic surface and a contact angle 

of about 154o is obtained. In the case of volume of 0.3 µL water droplet a contact angle of 173o 

was obtained following a vaporization for around 40 minutes under ambient conditions [86].  

 

 

 

 
5 Wettability refers to the study of how a liquid interacts with a surface 
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The standard droplet of water size used in contact angle measurements was in the range 

between 1 and 10 microliters. Consequently, water droplets larger than 10 microliters are not 

commonly used. The influence of water droplet size in microliter range has been widely 

studied. Drelich [87] reviewed these studies and come to the conclusion that the droplet volume 

has no significant effect on the contact angle with close-to-ideal surfaces, such as clean quartz 

plates. The close to perfect surface present characteristics such as being smooth, rigid, 

chemically homogeneous, insoluble, and non-reactive [88]. However, the larger a contact angle 

hysteresis is, the greater impact droplet volume has on contact angle. The contact angle 

hysteresis can be quantified by dynamic contact angle measurement, where the advancing 

contact angle is the largest value and receding contact angle the smallest  value.  

 

Dynamic contact angle 
The contact angle hysteresis can be employed to consider the different superhydrophobic state, 

in which for Wenzel state the roughness increases the surface area of the solid while for Cassie 

state air can remain trapped at the bottom of the water droplet. For example, Cassie state 

frequently demonstrates a high static contact angle and a low contact angle hysteresis under 

normal conditions [89]. Consequently, a set of procedures have been established to obtain the 

contact angle hysteresis measurements, such as advancing angle, receding angle, tilt angle. 

Kwoun and co-workers [90] introduced a methyltrimethoxysilane (MTSM) sensor to 

distinguish superhydrophobic surfaces that presented an identical contact angles yet distinct 

contact angle hysteresis by employing high-frequency shear acoustic waves produced or 

created by a piezoelectric quartz resonator thickness-shear mode  (TSM) sensor. Through the 

TSM measurement, frequency between 1-100 MHz, in order of 10-100 nanometres were 

obtained for the penetration depth. If the superhydrophobic surface presents a low contact angle 

hysteresis, the water layer shall not wet the top of the surface and remains hard to infiltrate into 

the roughness structure. Moreover, for the low contact angle hysteresis surface the harmonic 

frequency shift is significantly lower compared with a high contact angle hysteresis surface. 

As the surface is moved forward to be in contact with a water droplet suspended from a needle, 

the advancing and receding contact angle of a nonplanar surface, such as, gold thread which 

has a larger radius, can be measured [91]. If the advancing and receding contact angle are 

practically not observed, the droplet of water just is displaced at one side of the respective gold 

thread with a small shape deformation. On the other hand, if contact angle hysteresis is  
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obtained, the droplet of water will stick to the surface and shall not move. The findings show 

that the interaction among the droplet of water and the gold thread is significantly weaker 

compared to the droplets of water and needle. 

Furthermore, Gao and McCarthy reported a procedure to differentiate the contact angle 

hysteresis by decreasing the superhydrophobic surface towards a droplet and 

compressing/releasing several times [92]. It has been showed that the surface which presents 

low contact angle hysteresis it’s unable to adsorb the droplet of water after release; on the other 

hand, the superhydrophobic surface that presents high hysteresis contact angle possesses a 

strong affinity concerning the droplet of water. 

The drop bouncing off method has also been shown to be adaptable for  the characterization of 

hysteresis contact angle, for instance, once a liquid droplet is released towards to a solid surface 

without wetting the surface, the droplet will rebound with extraordinary elasticity [93]. 

Consequently, the bouncing capability of a liquid droplet on superhydrophilic surfaces may as 

well be reflected on the hysteresis contact angle.   

 

Sliding angle (SA) 
Other important parament to characterize superhydrophobic surfaces is the sliding angle also 

known as tilt angle, that refers to critical angle permitting the droplet of water to move while 

inclining the solid substrate [94] and this method can be used during experimentally 

measurements through a simple inclined plane, moreover, for this project a Drop shape 

analyser (Krüss) was used for this analyses. A superhydrophobic surface with a sliding angle 

lower than 10o frequently demonstrates that the surface possesses a self-cleaning property [8], 

[95]. Furthermore, it is important to mention that the sliding angle makes no attempt to be the 

result of the difference between advancing angle and receding angle. 

Moreover, it is possible to use surfactant solution as an alternative way to measure contact 

angle to reflect the hysteresis contact angle. Furthermore, McCarthy [96] as well as Ferrari et 

al. [85] demonstrated that adding surfactant molecules to water results in the reduction of  

contact angles on certain superhydrophobic surfaces that presents high hysteresis contact 

angles. Nevertheless, for superhydrophobic substrates with low hysteresis contact angle, the 

contact angles are normally similar and there is no difference either if a pure droplet of water 

or a droplet of water including surfactant is used as a probe. Therefore, this method can be  
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developed to differentiate among a self-cleaning surface and a normal superhydrophobic 

surface [85], [96]. 

 

Contact angle hysteresis (advancing and receding)  
In majority of systems there is a certain uncertainty in contact angle referred to as contact angle 

hysteresis [81]. After the approach of contact angle was introduced, it was understood that 

contact angle alone cannot fully characterize wetting behaviour. Additionally, there is more 

than single value of the contact angle, however it can have a set of measurements, such as 

𝜃()$ ≤ 𝜃 ≤ 𝜃&*", where 𝜃()$ and 𝜃&*" are the receding and advancing contact angles, 

respectively [42]. The advancing and receding angles describe the dynamic wettability of a 

solid surface [36].  

Leach et al. (1962), studied the characteristics of advancing and receding contact angles, by 

locating a drop of oil among two parallel plates, one of the plates was displaced parallel to the 

stable plate enabling water to advance against the oil droplet and recede opposite of the droplet 

[71]. 

 

As seen in Figure 5, the contact angle can be obtained on a tilted surface, although it is 

acknowledged that the obtained readings through this process do not always give the most 

accurate measurements for the advancing and receding angles [97]. The difference between the 

advancing and receding contact angle is called contact angle hysteresis [42], [98]. Hysteresis 

angle can also be defined as the water droplet stickiness with a solid surface [34], this angle 

provides information related to the chemical and topographical heterogeneity [57].  

 

 

 



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

25 
 

 

 
Figure 5: Advancing and receding contact angle [33] 

 

The static contact angle may vary, the contact line initiates a movement at a specific angle such 

as whenever the liquid front is classified as advanced and at a different angle when it recedes 

[99]. For this reason, it’s easier to obtain the contact angle measurements, frequently the 

highest and the lowest stable angle are measured can be classified as either the advancing and 

receding angles. This is normally performed by introducing liquid gradually into a droplet and 

removing it again. Frequently the advancing and receding angles are of more convenient to 

make use of when compared to the static contact angle, although the static contact angle value 

can be used to derive surface energies [81]. For instance, the advancing contact angle is 

associated to the wettability and surface energy, on the other hand, the receding contact angle 

is associated to the repellency of the liquid from the surface and surface roughness [100]. 

The effect of roughness on contact angles  

Fully wet surfaces: Wenzel’s equation 
If the roughness is increased the water at the beginning wets the whole surface, the increasing 

surface area of the interface indicates that the contact angle higher than 90o increases for the 

advancing contact angle on a surface with a flat, on the other hand, for contact angle lower than 

90o the advancing contact angle decreases. A surface that presents precisely 90o contact angle 

would demonstrate no effect of roughness [81]. The fully wet surfaces can, for the reasons 

above, be taken into consideration to be an amplification of the properties of the surface 

through the roughness. The contact angle of a rough surface of the fully wet surfaces can be 

calculated on the basis of Wenzel’s equation [101], which changes the cosine of the angle by 

the specific surface area, r, and it’s important to mention that the amount of times the surface 

is greater than a flat surface of the same size [81] 
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Equation 6 

𝑐𝑜𝑠𝜃 = 𝑟	𝑐𝑜𝑠𝜃+ 

 

Where 𝜃 is the apparent contact angle and 𝜃, is the equilibrium contact angle from Young’s 

equation on an ideal solid without roughness. 

 

It has been noticed that roughness of the solid wall changes the contact among the liquid and 

the solid interfaces. However, the effect of roughness on the contact angle is not intuitive. It 

might seem a surprise the fact that roughness amplifies the hydrophilic or hydrophobic 

character of the contact of an interface with a wall [51]. 

A significant finding is that the scale of the roughness on the solid surface is small in 

comparison to that of the droplet. In fact, if not, it would be impossible to describe a unique 

contact angle; for instance, in the event that the characteristic dimension of the asperities6 of 

the surface presents a similar order to the droplet size, the droplet position would consequently 

alter according to the position where the droplet is placed [51].  

 

Bridging the roughness: Cassie-Baxter’s equation 
Cases where the surface is roughened, can be advantageous for the liquid assuming that it can 

sit on the top of the roughness and also decrease the area of the interface [81].  

In 1944, the most simple expression for the contact angle on a surface in which is roughened 

was expressed by Cassie and Baxter [61]. It is assumed that the cosine of the angle to be the 

average of the cosines of both contributing surfaces weighted by their relative areas, 

represented by f, the fraction of the interface which is solid [81].  

 
Equation 7 

𝑐𝑜𝑠𝜃 = 𝑓	(1 + 𝑐𝑜𝑠𝜃) − 1 

 

This equation acknowledges the solid-liquid and the liquid-gas interfaces to be planar, which 

only happens if the surfaces is composed of equal height flat-topped pillars. The original Cassie  

 
6 Asperities are high spots on surfaces that come into contact during wear or friction 
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and Baxter paper permitted for deviations from this in practical terms the use of Wenzel’s 

equation for the wetted part and permitting changes in the effective roughness with penetration. 

The principal problem with this approach is that it is frequently hard to determine where the 

liquid-solid interface reposes [81]. 

 

Both Wenzel and Cassie-Baxter equations can be obtained from forces at the contact line same 

as from interfacial areas. The effectively use of the interfacial areas contemplates a reduction 

to a minimum of the surface energy of the system. A force-balance argument is equivalent but 

takes the view that the surface energy from the forces it produces conceptual challenges 

whenever sharp edges are considered [102]. Due to the interfacial area in the Wenzel case and 

the reduction in the interfacial area in the Cassie-Baxter case it is noted that the hysteresis 

increases in the Wenzel state as well as decrease in the Cassie-Baxter state, resulting in an 

increase to the low water adhesion in the Cassie-Baxter state. 

 

The Cassie-Baxter law describes several unexpected experimental results. From time to time – 

if sufficient care is not taken during microfabrication – a microfabricated surface might present 

chemical non-homogeneity and the wetting properties are not the ones that were planned. For 

instance, if a uniform layer of PTFE is deposited on a substrate, the surface should be 

transformed into a hydrophobic. On the other hand, in case the deposited film is too thin, the 

PTFE film might be porous and the coating non-homogeneous; the wetting properties are 

therefore adjusted in accordance to the Cassie-Baxter law and the gain in hydrophobicity might 

not be as higher as anticipated [51]. 

In relation to Wenzel’s law, an important observation at this point is the fact that the scale of 

change of the different chemical materials of the solid surface is lower when compared to that 

of the droplet. Indeed, if this is not the case, it would be impossible to characterize a unique 

contact angle [51]. 

 

Wenzel-Cassie hysteresis 
It is important to mention that the situation we have just characterized does not all the time 

correspond to reality. It occurs that a droplet is not all the time in its lowest energy level and 

from time-to-time droplets are in metastable regimes, for example, droplet deposited through 

a pipette on a pillared surface. Even though it should be in a Wenzel state and droplets are  
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meant to enter among the pillars, it is more likely to stay on top of the pillars. It requires an 

impulse, mechanic, electric or acoustic to enter or penetrate the predictable Wenzel state  [103], 

[104]. Cassie droplet can be shifted to a Wenzel droplet through electrowetting actuation [105] 

as seen in the figure below in a) the droplet initial is in a Cassie state without actuation and on 

b) the droplet immerses in the substrate due to the electrowetting actuation and the droplet has 

now transited from Cassie state to  Wenzel state [51]. 

 

 
Figure 6: Cassie state without actuation and Wenzel state with electrowetting actuation [51] 
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Chapter III: Literature review 
This chapter presents a summary of previous work that explores different superhydrophobic 

surfaces manufacture methods. 

Manufacturing of superhydrophobic surfaces 
Superhydrophobicity is obtained by selecting the appropriate roughness, surface texture and 

low surface energy materials. In this section, we discuss approaches used to manufacture of 

artificial superhydrophobic surface including some used by previous researchers which were 

inspired by nature. Different methods have been used to synthesise nanoparticles of diverse 

size, shape, and orientation. Generally, these technical methods can be classified as top-down 

and bottom-up methods. Both methods are very important for the manufacture and 

improvement of fabricated superhydrophobic surfaces. The main problem with top-down 

approach (physical methods) is regarding the imperfection of the surface structure that is 

observed, which would have a considerable impact on both the physical and chemical 

properties of nanostructures and nanoparticles. The bottom-up methods present more notable 

advantages as most of these are associated with a relative lower cost and a straightforward 

fabrication method when compared to top-down methods. 

 

Top-down methods 

Generally, the top-down methods, are related to the material removal process. Top-down 

methods involve the breaking down of the bulk material into nanosized structures or particles 

and the main challenge during those process is the imperfection of surface structure.  

 

Photolithography  
Ou et al., 2004 [106] used photolithography method to fabricate superhydrophobic/ 

ultrahydrophobic surfaces from silicon wafer. Figure 7 illustrates the experimental flow cell 

and was used to measure the pressure drop resulting from the laminar flow of water throughout 

a rectangular microchannel.  
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Figure 7: Schematic diagram of the experimental microchannel flow cell including the important physical dimensions [106] 

 

Figure 8 illustrates a schematic diagram that outlines the procedure of the manufacture of 

superhydrophobic surfaces using photolithography method in which AutoCADTM was applied 

to design the spacing, size and alignment of the required micropatterned surface. The 

transparency served as a mask for contact photolithography using a positive photoresist on a 

silicon wafer and with a help of a spin coater a silicon wafer was coated on both sides. Buffered 

oxide solution (BOE) (J. T. Baker Co.) of 10% hydrofluoric acid in water was used to etch the 

area of silicon dioxide surface not covered by the photoresist. As soon as the desirable 

roughness is presented on the silicon wafer, a reaction with a silanizing agent was done aiming 

to make it superhydrophobic and a contact angle between 130º to 174º was obtained.  
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Figure 8: Schematic diagram outlining the procedure for creating of superhydrophobic surfaces [106] 

 

 

 

Plasma method 
Xiu et al., 2012 [107] explored the use of bis-phenol into a based epoxy resin and silica 

nanoparticles to obtain superhydrophobicity through plasma etching method followed by 

plasma etching. Silica nanoparticles (100	𝑛𝑚) were mixed in toluene and sonicated for 5 

minutes; followed by the addition of diglycidyl ether (EPON 828), hexahydro-4-

methylphthalic anhydride and imidazole then stirred for 30 minutes to obtain the final coating 

mixture. Glass slides with a thickness of 70	𝜇𝑚 were cleaned to eliminate possible impurities 

and using a dip coating or doctor blading the drops of the prepared mixture were covered on 

the glass. Figure 9 illustrates the plasma etching done under the following conditions: 150	𝑊 

rf power, 0.5	𝑡𝑜𝑟𝑟 pressure and O2 flow rate of 75	𝑠𝑐𝑐𝑚. Surface fluorination was then done 

by immersing treatment in perfluorooctyl trichlorosilane (PFOS) and in sequence to examine 

the abrasion resistance of the surface, Figure 10 illustrates the procedure.  
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Figure 9: Illustration of O2 plasma etching of epoxy/silica nanoparticles composite films for surface rough structures [107] 

 

 
Figure 10: Illustration of the abrasion test on a superhydrophobic surface [107] 

 

Contact angles were obtained with a Ramé-Hart goniometer that had a charge-coupled device 

camera equipped for image capture and the data obtained are seen in Table 1. 

 
Table 1: Abrasion resistance of different superhydrophobic surfaces [107] 

Superhydrophobic surfaces Initial contact angle Contact angles after 

abrasion length of 25	𝑐𝑚 

PU 168.1 ± 1.6o 138.7 ± 5.0o 

PTFE 161.3 ± 1.0o 130.2 ± 4.0o 

Silica 165.4 ± 1.5o 124.3 ± 5.0o 

Si nanostructures 166.4 ± 1.5o 133.2 ± 4.5o 

Epoxy/silica nanoparticles 169.2 ± 1.1o 168.6 ± 1.7o 
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SEM images for after coating are seen in Figure 11, and it was found that a surface hydrophobic 

treatment by PFOS was not enough to reach a superhydrophobic self-cleaning state and as 

illustrated on Figure 11.a) as a contact angle  < 140' was obtained. Therefore, to improve the 

surface roughness, a O2 plasma etching was performed for several times and surface 

morphologies as seen in Figure 11.b) to 11.e) and is notable that the surface roughness 

increased with etching time. 

 

 
Figure 11: Surface morphology from SEM images a) surface before etching, b) O2 plasma etched for 1 minutes, c) 5 

minutes, d) 10 minutes and e) 15 minutes [107] 
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Chemical method 
Shirtcliffe et al., 2005 [108] used a chemical etching method to produce superhydrophobicity 

on a copper surfaces and separately using electrodeposition. S18-13 photoresist (Shipley) was 

spun onto few of the copper sheet (99 +%, 0.127	𝑚𝑚) on glass slides using a spin coater at 

3000	𝑟𝑝𝑚, and copper was used as a sample base and counter electrode. Figure 12 illustrates 

the pattern of the copper samples composed of tessellating squares with a circle on the mask. 

Etching on the copper samples was carried out in a potassium persulfate solution and then 

chemically polished for 3	𝑠. Afterwards they were dropped into 0.1	𝑀 potassium hydrogen 

carbonate to halt etching and finally rinsed.  

Contact angle measurements were obtained using Krüss DSA10, volume of 5	𝜇𝐿 droplet of 

distilled deionized water. Consequently, equilibrium contact angle of 152 ± 3' were obtained 

on the etched samples and the contact angle hysteresis increased and then decreased as the 

contact angle increased. And the contact angle increased to 155 ± 3' when the sample was 

stripped of photoresist after etching and then the tops of the pattern were roughened by etching 

for 30	𝑠 in the same persulfate solution, therefore longer etch times reduced the area of the tops 

of the peaks. Figure 13 illustrates the surface texture of etched copper patterns produced using 

diverse sized masks, the pattern size indicates to the diameter of the circle on the mask and the 

centre of each circle is separated at twice its diameter from the centre of the next.   

 

 
Figure 12: Scheme showing patterning of copper samples [108] 
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Figure 13: Confocal profiles of etched copper surface a) 40 μm pattern, b) 30 μm pattern,  c) 20 μm pattern and d) 5 μm 

pattern [108] 

 

 

 

Aluminium oxide (alumina)  
In 1786, Morveau proposed the word “alumine” and this was anglicized to “alumina” in 

England, while in Germany “tonerde” it is still used, meaning clay earth [109], [110]. The 

properties of the alumina are determined, first and foremost, by the crystal structure [109]. The 

main advantage of an alumina coated surface is the absence of chemical interactivity with most 

metals, a good heat transfer and absence of wettability [111]. Alumina can be characterised as 

a typical illustrative of the group of structural ceramics [110].  

 

Silicon dioxide (silica)  
Silicon dioxide (SiO2) nanoparticles has attracted remarkable attention due to its versatility, 

specifically how its properties and composition can accommodate different requirements based 

on where it’s applied. Silica nanoparticles are robust inorganic materials [112], of low toxicity 

[113] which presents a three-dimensional (3D) structure [114] with extremely open spaces 

linked to each other, and that makes it easy to introduce functional groups [115]. Silica 

nanoparticles play a significant role in the manufacture of rough and hierarchical structure  
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surface [116]. Furthermore, silica presents very important applications when synthesized such 

as optically transparent, good bio-compatible material , outstanding surface chemistry among 

others applications [30]. 

 

Bottom-up methods 
Based on the Wenzel-Baxter equation the superhydrophobicity can be achieved if the air 

fraction is low and  𝜃+ is high. The bottom-up methods are suitable to fabricate very low air 

fraction superhydrophobic surfaces and are more economical when comparing to the top-down 

method.  

 

Chemical vapor deposition (CVD) 
CVD can be applied to produce rough surfaces or to depose a very thin layer of hydrophobic 

compound on various surfaces and uses a mixture of chemically reactive components, that are 

coated on the surface [117], [118].  

Shen et al. 2014 [119] manufactured a micro-nanostructured superhydrophobic silicone-carbon 

surface by oxidative chemical vapor deposition. As seen in Figure 14, the experiment was setup 

on a chamber with a volume of ~1.2	𝐿, with electrically heating panel, in which T1 is the 

bottom heating panel and creates the decomposition temperature and T2 is the top heating panel 

which produce the oxidative deposition temperature. The temperatures were individual 

monitored by thermocouples. The substrates were treated before placed on the chamber by 

immersing in a piranha solution at the boiling point for 30 minutes then rinsed and dried at 

100oC for 1h. The bulk silicone (Dom Corning, America) was randomly cut and placed as 

uniform as possible on T1. Subsequently, the mixture gas O2 – N2 with volume ration of ~1: 4 

flowed into the reactor and then stopped. The values of T1 and T2 was increased in a rate of  

~30'𝐶/𝑚𝑖𝑛 and this chemical vapor deposition was done for around 3 h before the 

superhydrophobic surface was obtained.  

As seen in Figure 15, silicone-carbon composite coatings which was prepared with 0.5	𝑔 bulk 

silicone at 𝑇- = 320'𝐶 but diverse deposition temperatures obtained a contact angle of 175o 

and 160o using a DropMeterTM A – 100P equipped with a CCD camera. 
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Figure 14: Illustration for the experimental setup of the preparation of the coatings [119] 

 

 

 
Figure 15: a) Schematic for the preparation of the coatings on both sides of the glass substrates b) to d) SEM images of the 

samples [119] 

 

Electrospinning 
Electric force is used on the electrospinning method to draw charged threads of polymers, 

nanoparticles, metal and ceramics fibres normally between 100	𝑛𝑚	and 1	𝜇𝑚 in diameter and 

adhere them on to the substrate [120], [121], [122]. This method is used to manufacture  
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superhydrophobic surfaces by monitoring the surface roughness under suitable conditions, a 

schematic electrospinning setup of polymer nanofibers is illustrated in Figure 16. 

 

 

 
Figure 16: Electrospinning setup [122] 

 

Sarkar et al., 2011 [123] used the electrospinning coating technique for the manufacture of a 

dual-layer superhydrophobic surface, including polyvinylidene fluoride (PVDF) and 

fluorinated silane molecules (FSM). PVDF or a combination of PVDF and FSM were dissolved 

in dimethyl formamide (DMF) and stirred at 50'𝐶 until a total dissolution was obtained. The 

electrospinning machine, that is usually used to produce nano-fibres, was then used to spray 

the dissolved solutions onto a glass slide surface for 20	ℎ. The electrospinning parameters were 

the following: voltage of 22	𝑘𝑉, a distance of 18	𝑐𝑚 between the needle and collector and 

traverse speed of 5	𝑚𝑚/𝑠.  

The surface wettability characterization was measured using optical contact angle tester 

OCA15 (DataPhysics, Germany) by the sessile drop method using 4	𝜇𝑙 distilled water and a 

rough surface was formed that presented a replicated superhydrophobic surface with a contact 

angle of 170.2' and a low roll off angle < 1'. Surface wettability for the diverse coated 

surfaces can be seen in figure 17 in which S donates the sample number. Solution of  5% PVDF 

was coated on the glass slide with different flow rates, and it was decided that a flow rate of 

0.26	𝑚𝑙/ℎ was going to be used in all experiments.  
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As seen in Figure 18 and 19, the size of the particles decreased when the percentage of PVDF 

in the coated solution decreased and the sample also changes from close to circular to slightly 

oval for the different PVDF coatings. 

 

 
Figure 17: Contact angle and roll off  angle results (broad bars represent contact angle and narrow bars roll off angle) 

[123] 
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Figure 18: Cross-sectional views of the glass surfaces coated with solutions containing different concentrations of PVDF 

[123] 

 

 

 
Figure 19: Schematic illustrating the change in particle shape with a reduction in % PVDF in the solution (aspect ratio is 

indicated in brackets) [123] 

 

 

 

Sol-gel processing 
The sol-gel is a method used for the manufacture of a porous structure composed of transition 

metal alkoxides [124]. Sol-gel process is divided into parts such as: sol was the chemical 

deposition behaving as a precursor adhered to the surface  and formed gel network structure 

[125].  Xiu et al., 2009 [126] used a sol-gel processing to create silica superhydrophobic  
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surfaces, in which a eutectic liquid composed of urea and choline chloride (2:1 molar ratio) 

was the templating agent solution. As seen in Figure 20, the eutectic solution formulation was 

composed of tetraethoxysilane (TEOS), ethanol, HCl aqueous solution and ethylene oxide 

propylene oxide triblock copolymer P123 (𝐸𝑂./𝑃𝑂0/𝐸𝑂./). The gelation was obtained after 

two weeks, in which the coated glass slide was positioned in a desiccator with a container of 

1	𝑚𝑙 ammonia (29%) at the bottom. The film surface was treated with a fluoroalkyl silane for 

30 min, heated to 150'𝐶  in air for 1h and at 220'𝐶 for 5 minutes to enhance silane hydrolysis7 

and condensation; subsequently a superhydrophobic surface was obtained with a contact angle 

of ~170' and contact angle hysteresis   < 10'. Contact angle and contact angle hysteresis as 

a function of spin speed can be seen in Figure 21 and is notable that contact angle hysteresis 

increases as the spin speed increases, therefore is suggested that spin speed of 3000	𝑟𝑝𝑚 is 

used taking in consideration that a very low hysteresis is observed.  

 

 
Figure 20: Schematic illustration of the procedure to prepare silica rough surfaces [126] 

 

 
7 Hydrolysis is a dual decomposition reaction in which water is one of the reactants 
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Figure 21: Effect of spin speed on contact angle and contact angle hysteresis on SiO2 films [126] 

 

Layer-by-layer (LBL) deposition 
LBL deposition have been established as a simple and versatile technique for preparing 

supported multilayer thin films by alternately immersing the substrate on distinctive chemical 

solutions [127]. Bravo et al., 2007 [128] used LBL deposition to manufacture a 

superhydrophobic films based on silica nanoparticles of various sizes. They used poly (sodium 

4-styrenesulfonate) (SPS) and poly (allylamine hydrochloride) (PAH) to adsorb and reverse 

charges of the substrate surface. The deposition process was done by dipping the glass slide 

substrate into different aqueous solutions and a schematic demonstration can be seen in figure 

22 with their respectively main parts such as adhesion, body, and top layers and to enhance the 

mechanical properties some films were calcinated at 550'𝐶 for 4	ℎ.  Trichloro(1H,1H,2H,2H-

perfluorooctyl) silane was deposited onto the substrates coated with the multilayer films by 

CVD with the objective to change the surface chemistry, then placed on vacuum chamber so 

that the fluorosilane compound could evaporate. 

As seen in Table 2, advancing contact angle up to 160' and low contact angle hysteresis < 10' 

were obtained by LBL of silica nanoparticles. 
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Figure 22: Simplified schematic of the multilayer film showing the three main assembly blocks [128] 

 

 

 
Table 2: Select properties of the PAH/SiO2 multilayer system [128] 

Without top layer With top layer 

As-assembled 

films 

Calcinated 

films 

As-assembled 

films 

Calcinated 

films 

Advancing CA (before 

silane treatment) 

~7 <5 <5 <5 

Advancing CA (after silane 

treatment) 

154 152 161 157 

Receding CA Advancing 

CA (after silane treatment) 

134 134 156 150 

 

 

 

 

 

Top-down vs bottom-up methods 
The technology to coat a uniform thin layer has played an active part in evolving the 

manufacturing field. This is important as obtaining a smooth layer is necessary to coat plural 

layers simultaneously. Currently, the biggest obstacle towards applying the plural layers 

technique in industrial and practical uses is the durability of the superhydrophobic surface. 

There has been a lot of work, by researchers and engineers, which focused on improving the 

mechanical properties of surfaces using this technique.  
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Essentially, to obtain superhydrophobic surfaces it is required two main things: surface 

roughness and the chemical structure. To further improve superhydrophobic surfaces 

durability,  Zhi et al. [129] suggested a manufacturing technique where the dual-scale structures 

were prepared through the combination of sandblasting with hydroxidion. Furthermore, the 

same author also extensively studies the role of low surface energy materials in manufacturing 

superhydrophobic surfaces.  Due to the superhydrophobicity, the water droplet can easily glide 

off, it does not stick on the surface and bounces off when is dropped on the surface from any 

height.  

Some methods for the fabrication on superhydrophobic surfaces are simple, inexpensive, and 

independent of operational expertise or specific equipment, whereas other manufacturing 

methods might involve multiple procedures and the use of expensive equipment is required.  

In the top-down procedures, the desirable rough surface can be obtained by carving, moulding 

and micromachining with lasers or another instruments; the main problem is to control the 

quality and potential upscale. The bottom-up procedures are very simple methods, provides a 

more homogenous chemical composition. On the other hand, one of the disadvantages of the 

bottom-up methods are the establishment of long-range order. 

 

 

Applications of superhydrophobic surfaces 
Moreover, scientists and engineers have started to investigate the usefulness of these wetting 

surfaces in various fields, resulting in the commercialization of these superhydrophobic 

surfaces worldwide. Hence, in this section, few applications of superhydrophobic surfaces will 

be addressed. 

 

Anti-icing  
Superhydrophobic coating is applied on surfaces to provide icephobicity. For instance, 

icephobicity8 is a field in which superhydrophobicity can effectively be implemented [130]. 

For instance, ice adhesion or frost formation has the capability of altering the effective form of 

the aircrafts which consequently changes the aerodynamic properties of air flow [131], hence, 

icing has an impact the reliability of aircraft. Not merely is anti-icing indispensable for aircraft  

 
8 Icephobicity is the capability that solid surface must repel or avoid ice formation 
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applications, on the other hand, it may as well be extended concerning the other applications, 

for example, refrigerators, air-conditioners, ships, wind turbines [132].  

Normal force and/or shear force are the two main forces that acknowledge defrosting, as long 

as ice is formed [133]. Above all, low contact angle hysteresis and greater contact angle are in 

charge for the normal force and shear force. In the majority of the cases, icephobic surfaces 

will present shear strength with values among 150 and 500 kPa, despite the fact that normal 

stress is also being used [134],[135]. It is possible to delay the ice accretion of 

superhydrophobic surfaces in comparison to a flat hydrophobic surface, moreover it damages 

the surface microstructure slowly while icing and/or deicing 9, decreasing the anti-icing 

properties. On the other hand, at a low temperature and in a humid environment the adhesion 

strength10 rises and this effect is related to the condensation (anchor effect). Consequently, the 

application of anti-icing on superhydrophobic surfaces is restricted [136], [137].  

Boinovich et al. [132] used chemical etching and dispersion methods to fabricate icephobic 

surface on stainless steel with silica nanoparticles. The manufactured surface was characterized 

by a contact angle higher than 155o and a sliding angle of 42o, both results were measured after 

100 icing/deicing cycles. Using a different technique, Cao et al. [138] manufactured a 

superhydrophobic surface with acrylic polymer and silica nanoparticles composite on glass 

substrate using polymerization. The resulting contact angle was higher than 150o and contact 

angle hysteresis was less than 2o on the manufactured surface, hence, the surface had excellent 

anti-icing properties. Farhadi et al. [139] demonstrated that the anti-icing effectiveness of the 

superhydrophobic surfaces deteriorates significantly in a humid atmosphere due to water 

condensation, furthermore, this can restrict the utilization of superhydrophobic surfaces as anti-

icing materials in humid atmosphere. 

 

Self-cleaning surfaces  
A true self-cleaning surface is the combination of superhydrophilicity and photocatalytic11 

performance to break down the dirt and wash the impurities from the surfaces. The utilization 

of the term, self-cleaning surface, is not adequate for superhydrophobic surfaces, that are 

particularly dry and repel water droplets. The self-cleaning surfaces do not in fact clean by  

 
9 Deicing reduces the adhesion strength of ice on superhydrophobic surfaces 
10 Adhesion strength is related to the capability from one adhesive to attach into a surface and connect two 
surfaces together 
11 Photocatalytic is a material that uses light energy to facilitate a chemical reaction 
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themselves, as soon as the water droplets roll over the surface, they wash off the dirt, in 

addition, self-cleaning surfaces can be applied in solar applications [81]. A prevalent problem 

on solar panels is the dust particles formed on their surfaces which results in the reduction of 

the solar cell efficiency [140]. As a matter of fact, the use of transparent self-cleaning surface 

could avoid the aggregation of dust particles on the solar cells. Park et al. [141] manufactured 

a microshell array of PDMS (polydimethylsiloxane) layer, that presented a contact angle of 

151o and contact angle hysteresis of 19o. Furthermore, the superhydrophobic surface was 

transparent and extremely water repellent and there was the possibility to be used in solar 

panels. As soon as the dust particles are deposited on the surface, a tilted angle of 45o was 

observed and the water droplets were released at a steady rate through the surface. As a result 

of the superhydrophobicity, the dust particles were washed off by flowing effect. The 

microshell array of PDMS surface displayed an outstanding cleaning effect when compared to 

the hydrophilic flat surface.  

 

Anti-corrosion resistant coatings   
Corrosion is commonly highlighted as one of the most serious problems in industrial 

applications, moreover, this natural process results in losses of hundreds of billions of dollars 

every year [142]. In recent years, there has been an increased research attention of corrosion 

resistance. At the moment, a highly favoured approach to promote corrosion protection is the 

treatment  of surfaces using chromium-containing compounds, that can negatively impact both 

health and environment [36], [143].  

Liu et al. [144, p.] manufactured Magnesium (Mg) alloy12 surfaces with stable 

superhydrophobic surfaces and improved corrosion resistance by using a solution immersion 

method and post-modification with fluoroalkylsilane. Following Lie et al. little research has 

focused on studying the corrosion resistance of Mg alloys, which is the lightest metal structure 

materials between the practical metals. For instance, Xu et al. [145] used an electrochemical 

machining procedure followed by fluoroalkylsilane modification to demonstrate the 

manufacture of superhydrophobic Mg alloy surfaces with corrosion resistance. Ishizaki et al. 

[146], [147, p. 3], [148] fabricated a sequence of superhydrophobic Mg alloys using the 

microwave plasma-enhanced chemical vapor deposition and immersion process.  

 
12 Magnesium alloy is the combination of Mg with different metals (called an alloy), such as, aluminium, 
silicon, copper. 
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The majority of corrosion resistant materials are chromium based, due to its anti-corrosive 

properties [34]. Although, chromium is toxic which makes it necessary to research an suitable 

non-toxic substitute materials [149]. Metal alloys, for example aluminium, titanium, and 

magnesium alloys, are favoured in automobile applications because of the low weight. 

However, those metal alloys demonstrate poor corrosion resistance which limits their use on 

other areas. Ou et al. [150] manufactured a superhydrophobic surface by coating 

perfluorooctyltriethoxysilane (PFOTES) on a magnesium alloy and a titanium alloy applying 

chemical etching as well as hydrothermal process. The hydrothermal processed 

superhydrophobic surface demonstrated stability and corrosive resistant. Ishizaki et al. [146] 

manufactured a superhydrophobic surface on magnesium alloys. Magnesium and its alloys 

have been shown to have outstanding mechanical properties, poor corrosion resistance, high 

damping strength, castability, and high stiffness towards weight ratio. A superhydrophobic 

surface can improve the anticorrosive behaviour of a surface. Superhydrophobic surface 

manufactured on Mg alloy with cerium oxide and fluoroalkylsilane nanoparticles through 

solution immersion process and the resulting static contact angle varied between 136o to 152o. 

One element or coating material that is used as an alternative to protect steel against corrosion 

is Zinc (Zn). Although, Zn coating has defects that could result in the formation of corrosive 

products, multiple efforts have been provided with the objective to enhance the performance 

of Zn coating. Liu et al. [151] was able to manufacture a stable superhydrophobic surfaces with 

static contact angle of 151o by solution immersion process. The fabricated surface could 

operate as an obstruction to prevent water, moisture, and oxygen based on reacting among the 

base metal. Instead, the surfaces serve as a dielectric medium thus decreases the rate of 

corrosion.  

 

Water-resistant fabrics   
Superhydrophobic solutions are extremely effective when applied on rigid substrates compared 

to flexible substrates such as textile fabrics, since the substrates lose their superhydrophobicity 

when the substrate is not rigid [152]. Wang et al. [153] manufactured superhydrophobic 

surfaces which were fabricated by modifying cotton substrates with n-dodecanethiol and gold 

micro/nanostructures. The manufactured surfaces presented a static contact angle above 150o 

and could keep the superhydrophobicity although the surfaces where folded number of times. 

Zimmermann et al. [154] manufactured superhydrophobic textile fabrics using  
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polymethylsilsesquioxane nanofilaments on eleven textile fabrics. Considering that a static 

contact angle is unsuitable on behalf of superhydrophobic textile properties, a technique called  

water shedding angle13 [155], was used for the determination of the wettability of the fabric 

substrates. Once a water droplet is released towards the inclined substrate from a certain height, 

the lowest angle of inclination is obtained, at which the droplet of water rolls-off the surface 

entirely and the lowest angle is also recognized as the water shedding angle. It is established 

that all the important textile parameters, for example, tensile strength, colour and haptics were 

not influenced by the silicone nanofilament coating [156]. Wang et al. [157] manufactured 

fabrics substrates modified with a hydrolysis product (fluorinated-decyl polyhedral oligomeric 

silsesquioxane and a fluorinated alkyl silane). The manufactured fabric presented self-healable 

superhydrophobicity and superoleophobicity properties, as well as demonstrated enhanced 

durability towards acid, machine wash, ultraviolet rays, and abrasion. The superhydrophobic 

fabric surfaces must be durable and robust to resist things such as scratching, tensile stress, 

abrasion or compressive stress, as well as should endure several laundry cycles [149]. 

 

Biomedical  
Platelet adhesion on synthetic material implants may result in blood coagulation and 

thrombosis [158], [159], [160]. This results into functional failure of synthetic organ implants, 

synthetic blood vessels and different medical devices that have contact with blood, for instance, 

blood-compatible materials are therefore necessary. However, current materials firmly depend 

on chemical and biological treatments and only restricted materials are accessible. If 

superhydrophobicity is introduced, almost all platelets are repelled from synthetic implants. 

Poly(carbonate urethane) is commonly used in biomedical applications as a result of its 

moderate blood compatibility and biostability [161], [162]. Sun et al. [163] manufactured a 

superhydrophobic surface on fluorinated alkyl side-grouped poly(carbonate urethane) through 

carbon nanotubes by applying the dip coating procedure, in this case a static contact angle 

above 163o was obtained. The manufactured superhydrophobic surface demonstrated 

outstanding antiadhesion to platelets as well as an excellent blood compatibility. Such 

superhydrophobic materials can potentially perform a significant part for the future of 

biomedical applications. 

 
13 Water shedding angle alternative technique used to evaluate the wettability of superhydrophobic textiles the 
principle of repealing droplets of water once it reaches the substrate  
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Discussion 
Over the last few decades, publications concerning the development of superhydrophobic 

surfaces have considerably increased although most of the methods presented above are less 

economically sustainable to produce large surfaces areas and are mainly used for research 

purposes. In this review, I initially present a brief description of fundamental principles of 

superhydrophobic surface followed by indicating different techniques used by researchers with 

the aim to fabricate these surfaces and lastly, I present different applications of 

superhydrophobic solutions. 

For instance, the superhydrophobic manufacturing techniques presented previously have 

different advantages and disadvantages based on the material used during the fabrication of 

these artificial superhydrophobic coating. Advantages such as simple method of fabrication, 

controllable thickness and structural flexibility are among the most highlighted one on the 

fabrication technique presented used during the fabrication of the superhydrophobic surfaces. 

However, disadvantages such as expensive materials, brittleness, toughness, and toxicity of 

polymers and being unsuitable for large scale production. Nevertheless, procedures used for to 

manufacture superhydrophobic surface involve the use of expensive materials and complex 

methods such as plasma, chemical vapor deposition, electrodeposition.  

Following the review of the superhydrophobic surfaces fabrication research from the last few 

decades, the following gaps were identified: 

• Most of the methods and material used to fabricate superhydrophobic surfaces are 

restricted to a laboratory setting and are not adequate for industrial production. 

• Numerous superhydrophobic coatings suffers from low chemical durability which 

indicates the resistance of the surface towards the surface-active agent (surfactant). 

• The possibility of a superhydrophobic surface losing their water repellence properties 

and turn into hydrophilic surface if water infiltrate into the micro or nanotexture. 

 

To meet the objectives set for this thesis, we will attempt to focus on: 

• An easy and inexpensive method to manufacture superhydrophobic coatings that can 

be applied to diversity of surfaces. 

• Obtain superhydrophobic surface that are environmentally friendly, non-hazardous 

when in contact with the skin, long term durability and storability.  

• Analyse the data of the fabricated superhydrophobic surface. 
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We favour a method adapted from Alexander et al., 2016 [164] that easily synthesis alumina 

and silica nanoparticles with appropriate carboxylic acid and replacing the use of fluorocarbons 

for hydrocarbons. The method is reasonably simple, inexpensive and offers possibilities for 

large industrial scale fabrication and application. On the other hand, due to the outbreak of 

publications in this field, this review does not include most of the published work regarding 

superhydrophobic surfaces. 
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Chapter IV: Experimental method 
 

This chapter focuses on the chemicals and the procedures used to fabricate a superhydrophobic 

surfaces. All chemicals used in this project were used as purchased without further purification.  

Aluminium oxide (Al2O3) 13 nm primary particle size 99.8%; Al2O3 <50 nm particle size; 

Silicon dioxide (SiO2) 10-20 nm particle size trace metals basis nanoparticles were purchased 

from Sigma Aldrich Company, UK and Al2O3 5 nm were purchased from Sasol Germany 

GmbH. Isostearic acid (C18H36O2) > 90.0% were purchased from Tokyo Chemical Industry 

UK Ltd; N-octadecyltriethoxysilane were purchased from Sigma-Aldrich, UK; which were 

used as the branched hydrocarbon low surface energy. Solvents such as ethanol; 2-propanol, 

toluene anhydrous, 99.8% and diiodomethane (CH2I2) were also supplied from Sigma-Aldrich, 

UK.  
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Methodology used for the development of green low surface 
The development of green low surface on this project is based on two main steps: synthesis of 

the nanoparticles and the spray coating onto the substrates. To manufacture superhydrophobic 

surfaces, Al2O3 and SiO2 nanoparticles were dispersed in 2-propanol (2w%) and then spray 

coated onto glass microscope slides. 

 

Synthesis of carboxylate functionalized nanoparticles 
The superhydrophobic surfaces were produced based on the procedure established by 

Alexander et al., 2016 [164]. The nanoparticles were refluxed overnight (24 h) in toluene and 

the appropriate amount of isostearic acid in a 1:1.4 ratio or lanolin in different ratio depending 

on which nanoparticles (alumina or silica) and their respectively particle size were being used. 

The functionalized particles were then stirred using Microstirrer Magnetic Stirrer to disperse 

the nanoparticles then the mixture was poured into diverse 50 mL disposable centrifuge tubes 

and centrifuged for 1 hour at 5000 rpm using Heraeus Megafuge 16 Centrifuge, equipment 

shown in Figure 25. An illustration of the refluxed nanoparticles before centrifuging can be 

seen in Figure 24 After centrifuge the nanoparticles, as shown in Figure 26, the supernatant 

was then decanted, and the nanoparticles were re-dispersed, in which Rotamixer (vortex mixer) 

(240 Volts, 50 Hz, 0.5 Amps) were used to mix the nanoparticles and the solvents before 

centrifuge it for 1 hour at 5000 rpm twice in 2-propanol and once in ethanol, this step was 

required to remove unreacted carboxylic acids. Finally, nanoparticles were oven-dried at 80oC 

overnight. Table 3 illustrates different ratio of concentration for the carboxylic acids which 

were used during the synthesis of the nanoparticle. 

 
Table 3: Table: Different ratio of the synthesis (functionalised agents) 

Functionalised nanoparticles Ratio 

Al2O3 13nm with isosteric acid 1:1.4 

Al2O3 13nm with lanolin 1:5 

Al2O3 13nm with lanolin 1:15 

Al2O3 50nm with lanolin 1:10 

Al2O3 50nm with lanolin 1:15 

Al2O3 5nm with lanolin 1:5 
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Al2O3 5nm with lanolin 1:15 

SiO2 10-20nm with lanolin 1:5 

Zinc oxide 50nm with isosteric acid 1:1.4 

 

 

Reflux reaction  

The principal purpose of refluxing a solution is to heat the chemical reaction in a controlled 

manner at a constant temperature for a certain amount of time, while constantly cooling down 

the vapour formed on the condenser; consequently, the condensed liquid returns to the flask. 

An image of a reflux set up experimental rection used in this project is seen in the Figure 23, 

and it is important to mention that the vapours which are observed on the condenser are a result 

of the liquid reaction mixture which due to the heat loss a part of the mixture changed from 

liquid phase to gas phase and back to liquid phase. This subsequently causes the liquid in the 

condenser to regress into the round bottom flask. 

 

 
Figure 23: Image of reflux reaction of Al2O3 (13nm) with isostearic acid. Source: Author’s picture based on the 

experimental setup 
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Centrifuge  
As seen in Figure 25, the centrifuge equipment is driven by motor and used to spin liquid 

samples at high speed, which presents general objective such as being excellent for daily 

processing. As seen in the Figure 24, the refluxed nanoparticles were then placed on diverse 

50 mL centrifuge tube and centrifuged using the equipment illustrated on Figure 25 and Figure 

26 shows the refluxed nanoparticles after the centrifuged.  

 

 

 
Figure 24: Image of refluxed nanoparticles before centrifugation. Source: Author’s picture based on the experimental 

observation 
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Figure 25: Heraeus Megafuge 16 Centrifuge. Source: Author’s picture 
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Figure 26: Image of refluxed nanoparticles after centrifugation. Source: Author’s picture based on the experimental 

observation 
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Deposition technologies 
The liquid phase coating can be done using one of three methods: spray coating, dip coating or 

spin coating. Spray coating was selected for this experimental procedure. The main purpose of 

the spray coating in this experience is to obtain a uniform, adherent, defect-free polymeric film 

over the entire substrate [111]. Spray coating is an approach used as an aerosol in form of 

micrometre size droplets [111] .  

 

Preparation of the slurry 
2 wt.% of functionalized alumina particles were dispersed into 2-propanol in which lyophobic 

system was used for the dispersion by starred the nanoparticles for 20 minutes at 740 rpm using 

MS-H280-Pro followed by the sonication using the device FB15053 Fisherbrand. As seen in 

Figure 27, the mixture of the functionalised nanoparticles was sprayed using Spray Craft onto 

glass substrate until the film layer was visible and left to dry under ambient temperature. 

Following the drying out with the help of a pipette a droplet of water is deposited on the 

superhydrophobic surface, such droplets remain on the substrate at any place they reach and 

some of the droplets bounce off and Figure 28 illustrates few droplets of water that were 

deposited on superhydrophobic substrate.  

As seen in Figure 29, the alumina 5 nm functionalized nanoparticles with lanolin does not 

disperse well on 2-propanol and the slurries are seen on the bottom of the glass vials although 

magnetic stirrer and sonicate bath were used in this procedure.  
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Figure 27: Image of functionalised Al2O3 (13nm) nanoparticles dispersed on 2-propanol, ready to be spray coated onto 

substrates. Source: Author’s picture based on the experimental setup 

 

 
Figure 28: Image of functionalised Al2O3 (13 nm) nanoparticles with isostearic acid deposited on a glass substrate. Source: 

Author’s picture based on the results obtained from the experimental setup 

 
 



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

59 
 

 
Figure 29: Image of functionalized Al2O3 (5 nm) nanoparticle after being dispersed in 2-propanol ready to be sprayed onto 

substrates. Source: Author’s picture based on the experimental setup 
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Chapter V: Analytical and Measuring Instruments 
 
In this section, we discuss the characterisation techniques used for the unfunctionalized, and 

functionalised material.  

Attenuated total reflectance – Fourier transform infrared (ATR – FTIR) 

spectroscopy   

ATR – FTIR spectroscopy is an analytical method used to analyse or determine organic and in 

certain circumstances inorganic materials, as well as polymer compounds[165], [166]. 

Infrared spectroscopy has been shown to be a reliable technique used for the examination of 

ionic interactions and complex formation. Infrared spectroscopy allows the qualitative and 

quantitative detection of small changes in the particles phase, therefore it became a versatile 

tool on the study of the structural change of aerosols [167]. Attenuated total reflectance – 

Fourier transform infrared (ATR – FTIR) is a more sensitive measuring modes when 

comparing to transmission [166], due to the infrared light. The inherent property of IR 

spectroscopy is the depth of the penetration of the IR beam toward the sample that is being 

analysed, usually on the range of 1 – 5 µm [168]. 

The IR spectra encompasses the wavenumber between 12500 – 10 cm-1 and it can be classified 

in three region such as, near-infrared (12500 – 4000 cm-1), mid-infrared (4000 – 200 cm-1) and 

far-infrared (200 – 10 cm-1) [169]. IR spectroscopy in this thesis, have played an essential part 

in the structural investigation of the class of compound of the carboxylic acids and 

nanoparticles. One of the advantage of using IR spectroscopy for the analyse of the samples is 

such as the direct information provision regarding the chemical material structure [170]. 

Carboxylic acid can be described as an organic acid that includes a carboxyl group (C(=O) 

OH) connected to an R-group [171]. 

As seen in the Figure 30, by using OMNIC software by adopting the ATR – FTIR spectra 

method measured the transmittance of various infrared light wavelengths for isosteric acid, 

lanolin, alumina, and silica for this specific project before and after the functionalisation of the 

nanoparticles. The IR for all materials on the x-axis starts from 4000 cm-1 and anything in the 

region between 400 – 1000 cm-1 is acknowledged as the fingerprint region for each compound.  

 



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

61 
 

 

On the other hand, this region is nearly never discussed because it includes a great number of 

peaks and as a result, it is difficult to distinguish individual peaks.  

 

IR spectroscopy was mainly used to look whether the carboxylic acids is chemical absorbed 

onto the surfaces, transmittance and wavenumber data were obtained through this equipment 

and in mathematical terms Equation 8 and 9, can be used to obtain the transmittance or 

absorbance values 

 
Equation 8 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 =
𝐼
𝐼'

 

 
Equation 9 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 𝑙𝑜𝑔
1

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 

 

Where I is the intensity of light that can pass through the material and Io is the intensity of 

incident light. 
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Figure 30: Image of IR spectroscopy. Source: The author’s picture 

 

Thermogravimetric Analyser (TGA) 

Thermogravimetric analyser (TGA) is a method used in which the mass of the nanoparticles 

are controlled against time as the temperature changes [172] and it is performed to examine the 

thermal properties of the nanoparticles [173].  

 

As seen in Figure 31, a TA instrument (SDTQ600) was used to obtain the thermal properties 

analysis for the functionalised nanoparticles. The instrument can provide a sample purge flow 

(mL/min), heat flow (mW), weight (mg), time (min) and temperature (oC). Before initiating 

the measurements, the SDTQ600 instrument weight was tared. There are two crucibles on the 

TGA, one is used as a reference during the measurements, which remains empty, and the other 

crucible was filled with small amount of the functionalised nanoparticles that were due to be 

analysed. Subsequently the combustion chamber was closed and afterwards heated in the 

attendance of continuous air flow up to a rate of 100 mL/min to 700oC at a heating rate of  



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

63 
 

 

10oC/min. The TGA device results, that examined weight losses versus time when applying 

the heat rate, were investigated through a Universal V4.5A TA instrument analyser, which is 

essential for the identification of the hydrocarbon branched groups. 

 

 
Figure 31: Thermogravimetric analyser (TGA). Source: Author’s picture 
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Scanning Electron Microscopy (SEM)  

SEM is a topographic technique used to measure the morphology of the functionalized 

nanoparticles spray coated onto the microscope slides. The schematic illustration of the 

instrument is shown in Figure 32, and the process of measurement included scanning across 

the sample using the beam of electrons and backscattered electrons are analysed to obtain a 

physical image of the substrate.  

 

 
 

 
Figure 32: Scanning electron microscopy (SEM) [174] 

 

Measurement of static contact angle 

The static CA measurements is normally used to characterise the wettability on solid surfaces. 

Generally, volume in the range of 2 to 5 𝜇𝐿 for each water droplets are placed on the solid 

surface for the characterization of the contact angles. The error in contact angles and sliding 

was ± 2o and ±1o, respectively. Standard deviation was calculated based on three measurements 

for each contact angle presented. When comparing the superhydrophobicity of different 

surfaces, the CA should be evaluated using the same volume water droplet. Taking in 

consideration that the CA is affected by the volume of water droplets and the gravity force 

[36], [85]. To decrease the effect of the shape of the droplet of water produced by the gravity  



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

65 
 

 

force, Zhang et al. [84] suggested a method to measure the CA by using a much smaller water 

droplet. First, a 5	𝜇𝐿 water droplet is dispersed on a superhydrophobic surface and CA of 154o 

was obtained. The volume of the droplet of water was then reduced to 0.3	𝜇𝐿 and 173o value 

for contact angle was obtained after been evaporated for 40 minutes under ambient conditions 

[36], [86].  

For all analysed material, we conducted the same amount of layer of spray coating on the 

surface this was done to ensure consistency of the sprayed slurry onto different surfaces. This 

deposition was done on the fume hood at room temperature, which was then left there to dry 

for few minutes and finally it was used for the characterization purposes. The coating solution 

was prepared using different ratios of nanoparticles and their respectively carboxylic acids as 

seen on Table 3. 

An additional step was added into the functionalisation of alumina (50 nm) to obtain the 

superhydrophobicity. The step included leaving the prepared slurry overnight (24 h) on the 

Microstirrer Magnetic Stirrer while heated to 30oC before depositing it into the surface. 

 

 

Drop shape analyser  
The DSA25 drop shape analyser (Krüss), as seen in Figure 33, applying the sessile drop method 

was used to obtain the contact angle measurements. The static contact angle measurement was 

carried out under ambient conditions and using deionised water. 

The equipment is composed of a fixed stage and microscope camera. The image displayed on 

the screen of the computer of the micro water droplet was measured through special software 

(Advance) under ambient conditions, that are originated by means of an automated syringe on 

the membrane surface.  
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Figure 33: Drop shape analyser (Krüss). Source: Author’s picture 

 
Method  Description  Advantages  Disadvantages  
IR Spectroscopy  An absorption 

technique widely 
used in qualitative 
and quantitative 
analyses [175] 
 
 

• Used to 
identify 
unknowns by 
interpretation 
of 
characteristic 
absorbances 
and 
comparison 
with spectral 
libraries 

• Does not 
destroy the 
sample and 
does not need 
any preparation 
 

• Due to its 
sensitivity the 
equipment 
needs to be 
properly tuned 

• Samples 
having 
aqueous 
solutions and 
complex 
mixtures are 
complicated to 
analyse 

• Due to its 
sensitivity, 
minimum 
sample 
quantity is 
required to 
scan the 
sample 
spectrum  
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TGA An analytical 
technique used to 
identify the sample 
thermal stability in 
which the mass of 
the sample is 
measured over 
time as the 
temperature 
changes [176]. 
 
 

• The furnaces 
allow fast 
heating and 
cooling rates 

•  Highly 
accurate of 
balance and 
precise 
temperature 
control  

• Easy sample 
changing 

• Fast heating 
rate 

 

• Very small 
weight of 
samples is 
used 

• Heterogeneous 
materials 
cannot be 
tested 

• Sensitive to 
heating rate 
and sample 
masses results 
in shift in 
temperature 

 
SEM  An analysis 

technique that 
provides 
information 
regarding the 
microstructure of 
coated surface 
displaying an 
image of the 
sample by 
scanning its 
surface to create a 
high resolution 
image with a low 
energy beam of 
electrons [177]. 
 
 

• Gives 
quantitate on 
how rough the 
surface is 

• Provides digital 
image with 
resolution as 
low as 15 
manometers 

• Straightforward 
to operate 

• It is a rapid 
process 
 

• Limited by 
how much 
area is 
captured  

• Special 
training is 
necessary to 
operate the 
equipment 

• The 
equipment is 
large and 
expensive and 
needs to be 
kept in a place 
free of 
vibration 
interference 

•  
 

Sessile drop 
(contact angle) 

The amount of a 
droplet of water 
deposited on the 
measured surface 
is increased, and 
the value of the 
advancing contact 
angle is obtained. 
For the receding 
contact angle, the 
amount of the 
droplet of water is 
reduced, and the 
value of the 

• Simple method 
• It is quick to 

perform 
• Small amounts 

of water are 
required 

• It is possible to 
measure 
samples with 
small surface 
areas  

• Provides 
information 
about the 

• It can be a 
time 
consuming  

• It is sensitive 
therefore 
errors can 
occur if 
protocol is 
properly 
followed 

• Small number 
of impurities 
in the water 
can cause 
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receding contact 
angle is obtained. 

uniformity of 
the sample 
 

experimental 
error 
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Chapter VI: Results and discussion  
The IR spectroscopy was used to examine whether the carboxylic acid chemically absorbed on 

the surface, TGA to calculate the loading of the carboxylic acid on the surface of the 

nanoparticles, SEM to measure nanoparticles morphology and contact angle to examine the 

wettability.    

Infrared spectroscopy 

IR spectroscopy was performed to analyse if the carboxylic acids had been chemically 

absorbed upon the functionalised nanoparticles. For instance, the carboxylic acids used in this 

study are lanolin and isostearic acid and as described in the project rationale the coating of 

Al2O3 (13 nm) with lanolin is more suitable for SALTs.  

The IR spectra of isosteric acid is shown in Figure 34, the peak values and their respectively 

assignment are presented on Table 4, the as received isosteric acid presents C = O stretching 

band (wavenumber = 1701 cm-1) [181]. The peaks at 2952 to 2867 cm-1 are related to aliphatic 

C – H stretches. The peak of 1466 cm-1 is related to symmetric stretches C – H bending; 1364 

cm-1 peak is related to the O – H bending, respectively. 
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Figure 34: IR spectrum of as received isosteric acid 

 
Table 4: IR characterisation band of as received isosteric acid [181], [182] 

Wavenumber (cm-1) Assignment 

2952 C – H stretching 

2904 C – H stretching 

2867 C – H stretching 

1701 C = O stretching 

1466 C – H bending 

1364 O – H bending 

1243 C – O stretching 

 
 
 
As seen in the Figure 35, the as received lanolin demonstrates C – H stretching bands 

(wavenumber = 2918 and 2850 cm-1), the frequency of 1464 cm-1 is due to vibrations classified 

as CH2 scissoring which is a bend [183], [184],  and 1376 cm-1 peak is due to a motion of the 

CH3 groups and is a bend classified as a umbrella mode [185]. The peaks are assigned in Table 

5. 
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Figure 35: IR spectrum of as received lanolin 

 

 

 
Table 5: IR characterisation band as received lanolin[182], [186], [187] 

Wavenumber (cm-1) Assignment 

3542 O – H bending 

2918 C – H stretching 

2850 C – H stretching 

1735 C = O stretching 

1464 CH2 / CH3 

1376 CH2 / CH3 

 

The difference on IR spectra between lanolin and isosteric acid, is mainly due the fact lanolin 

is a mixture of alcohol, naturally formed esters originated and fatty acids, thus we measure the 

presence of alcohol at around 3500 cm-1 in lanolin[13].  

 

As seen in the Figure 36,  before the functionalization, the IR spectra of the as received Al2O3 

(13nm) nanoparticles demonstrate no significant bands besides the – OH stretching at 3432 

cm-1 [188]. The bands below 1000 cm-1 are due to the lactase vibrations of Al2O3 nanoparticles 

[189].  
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Figure 36: IR spectrum of unfunctionalized Al2O3 (13 nm) nanoparticles 

 

 

As seen in the Figure 37, after the functionalization of the Al2O3 (13 nm) nanoparticles with 

isosteric acid and as seen in Figure 38 for the functionalized Al2O3 (13 nm) nanoparticles with 

lanolin (1:5), the nanoparticles demonstrates CH2 / CH3 stretching bands between 2852 – 2954 

cm-1 due to the aliphatic C – H stretches of the acid [182], [190]. The C = O stretching band 

(wavenumber = 1701 cm-1) as seen previously on the as received isosteric acid, when 

functionalised with Al2O3 (13 nm) nanoparticles the peak disappears and this indicates that 

adsorption onto the particles has occurred. Figure 37 demonstrates the remain peaks for 

isosteric acid such as C – H stretches, C – H bending and O – H bending.  

New peaks can be seen in the product with lanolin around 1472 cm-1 which is due to carbonyl 

asymmetric stretches on the of steers, therefore this is a C = O stretching when the molecules 

are on the surface. Above all, C = O group is the most accessible to distinguish peak in an IR 

spectrum therefore, higher C = O bond order, corresponds to higher frequency. The peak values 

for the functionalised of the Al2O3 (13 nm) nanoparticles with isosteric acid and the 

functionalised Al2O3 (13 nm) nanoparticles with lanolin (1:5) are assigned in Table 6 and 7, 

respectively. 
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Figure 37: IR spectrum of functionalized Al2O3 (13 nm) nanoparticles with isosteric acid 

 

 
Table 6: IR characterisation band of functionalized Al2O3 (13 nm) nanoparticles with isosteric acid 

Wavenumber (cm-1) Assignment  

2954 C – H stretching 

2160 C – H stretching 

1978 C = O stretching 

1529 C = O stretching 

1464 CH2 / CH3 bending 

1364 O – H bending 
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Figure 38: IR spectrum of functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5) 

 

 
Table 7: IR characterisation band of functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5) 

Wavenumber (cm-1) Assignment  

2920 C – H stretching 

2849 C – H stretching 

2322 C – H stretching 

2273 C – H stretching 

2159 C – H stretching 

1978 C = O stretching 

1723 C = O stretching 

1462 C = O stretching 

1395 CH2 / CH3 bending 

1365 CH2 / CH3 bending 

 

 

Figure 39 shows the IR spectra of as received Silica nanoparticles. The peak of 3383 cm-1 is 

due to the OH groups on the nanoparticles surfaces [181]. The Si – O stretching is important, 

resulting in a strong band located at 1057 and 794 cm-1 [170], [191]. For instance, this 

difference is essential because those bands can be used to differentiate the composition of SiO2  
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(10-20nm) nanoparticles using thermal emission and remote sensing data [192], [193]. The 

peaks are shown in Table 8. 

  

 

 
Figure 39: IR spectrum of unfunctionalized SiO2 (10-20 nm) nanoparticles 

 

 
Table 8: IR characterisation band of unfunctionalized SiO2 (10-20 nm) nanoparticles [187] 

Wavenumber (cm-1) Assignment  

3383 O – H stretching  

1619 C = O stretching 

1057 Si – O stretching  

794 Si – O stretching 

 

Upon the functionalisation of SiO2 (10-20nm) nanoparticles with lanolin (1:5) OH stretch tends 

to decrease because of the existence of hydrogen bonded, as can be seen in Figure 40. New 

peaks also appear at around 2900 to 2800 cm-1 which is due to the presence of C – H stretches. 

The peak values are assigned in Table 10. 

 

 

30

40

50

60

70

80

90

100

5001000150020002500300035004000

Tr
an

sm
itt

an
ce

 (%
) 

Wavenumber (cm-1)

1057

1619

794



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

76 
 

 
Figure 40: IR spectrum of functionalized SiO2 (10-20 nm) nanoparticles with lanolin (1:5) 

 

 
Table 9: IR characterisation band of functionalized SiO2 (10-20 nm) nanoparticles with lanolin (1:5) 

Wavenumber (cm-1) Assignment  

2920 C – H stretching 

2848 C – H stretching 

2312 C – H stretching 

2280 C – H stretching 

2159 C – H stretching 

1977 C = O stretching 

1616 C = O stretching 

1462 CH2/CH3 

1069 Si – O stretching 

794 Si – O stretching 
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Overlaying IR graph of the unfunctionalized nanoparticles and carboxylic acids used on the 

manufacture of the superhydrophobic surfaces. 

 

Thermogravimetric analysis 

TGA was used to calculate the carboxylic acid grafting densities on the nanoparticles. The data 

obtained from the functionalised nanoparticles was performed with the aim to calculate the 

acid grafting densities present on surface of the nanoparticles. As seen in Figure 43.a), the 

Al2O3 (13 nm) as received nanoparticles demonstrate no significant mass loss at 760o C, despite 

that, after the nanoparticles were functionalised with the appropriate amount of carboxylic acid,  

25

35

45

55

65

75

85

95

105

905 1270 1636 2001 2366 2731 3097 3462 3827

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

Alumina 13nm Isosteric acid Lanolin
Silica 10-20nm Alumina 5nm Alumina 50nm
ZnO 50nm



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

78 
 

 

weight loss started at 180oC with rapid weight loss taking place in between 270 – 580oC and 

this difference is due to the loss of carboxylic acids. Weight losses of the as received 

nanoparticles were mainly because of the removal of surface hydroxyl groups and adsorbed 

H2O [194] and at temperatures higher than 200oC the weight losses are mostly assigned to the 

removal of surface hydroxyl groups from the nanoparticles [194].  

 

It should be noted that the lanolin underwent combustion in the range between 200 – 240oC, 

the substance was heated under both air and argon. The heat and the presence of oxygen cause 

the carboxylic acid to oxidise, as is shown in Figure 41, one possible reason for this, is the fact 

that it has a low flash point. As a safety concern the TGA data for lanolin is only up to 300oC.  

 

 
Figure 41: TGA data of the as received lanolin. 

 

The organic weight losses presented on the Table 10 corresponds to the differences among the 

mass losses observed in the heating profiles of the functionalized nanoparticles. For instance,  
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Al2O3 (13 nm) nanoparticles when functionalized with isosteric acid demonstrated a weight 

loss of 8.38 % after heating to 760oC. On the other hand, for functionalised Al2O3 (13 nm) with 

lanolin ratio (1:5) a weight loss of 15.65 % was observed following the heating towards the 

same temperature.  

 

The weight loss values presented on the Table 10 was used to calculate the acid grafting 

densities for the material, and the grafting density can be described mathematically as [164]:  

 
Equation 10 

𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = `
𝑤𝑡%

100 − 𝑤𝑡%b 𝑥	 c
6.022𝑥10.#

𝑀1𝑥𝑆𝑆𝐴
e 

 

wt% – percentage weight loss 

Mw – molecular weight of the acids 

SSA – specific surface area 

• SSA for alumina 100x1018 m2/g [164] 

• SSA for silica based on sigma 175-225x1018 m2/g [164] 

 

 

As seen in the figure 42, the derivative of the TGA curve for the functionalised Al2O3 (13 nm) 

with lanolin (1:5) is largest at about 350oC. The weight loss at this temperature is assigned to 

the combustion of chemisorbed isostearate from the surface of the Al2O3 (13 nm) nanoparticles 

[195]. Equation 10 were used to obtain the grafting density for the functionalized samples and 

their respectively values can be seen in Table 10. Presuming that the weight loosed up to 100oC 

is due to the removal of water and taking the specific surface area of the as received material 

to be 100±15x1018 nm-2, using the TGA data, it was noted the isosteric grafting density of the 

Al2O3 (13 nm) spherical nanoparticles were 1.9 nm-2. Additionally previous group have 

reported isosteric grafting densities of ~1, 0.9 and 0.5 nm-2 for Al2O3 spherical nanoparticles 

of 5, 50 and 135 nm nanoparticles size [194]. When comparing grafting density value with the 

same nanoparticles but functionalized with lanolin (1:5) a grafting density of 3.35 and 5.56 nm-

2 were obtained, and those values correspond to different molecule weight of lanolin such as 

333 and 201 g/mol, respectively. Using the same molecular weight of lanolin, functionalised  
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Al2O3 (50 nm) nanoparticles with lanolin (1:15) were obtained with grafting density of ~4.67 

and 7.75 nm-2. 

For last, it was observed a grafting density of ~1.74 and 2.88 nm-2 for the functionalised SiO2 

(10-20 nm) nanoparticles with lanolin (1:5), however, in this case the specific surface area of 

the as received SiO2 material is assumed to be 200x1018 m2/g, by taking the average of the 

values that can be considered for the silica nanoparticles. 

There are two readings of grafting densities for the functionalised nanoparticles with lanolin 

because lanolin is such a complex mixture and it was not possible to find the exact specific 

surface area formula but based in literature, we found out that lanolin has carbon 13 to 24, 

therefore a molecular weight of one extreme for a minimum of 13 and other for a maximum of 

24 carbon was calculated. The real grafting density would be somewhere between these two 

values also observed on Table 10. 

 

The grafting density is an important feature to consider when designing nanoparticles for 

biological or environmental applications. The weight loss of organic material is presented on 

table 10, a percentage of mass loss results from excess of carboxylic acid. The excess of 

carboxylic acid was difficult to remove after repeated purification attempts, however, 

appropriate corrections were made for calculating the grafting density and their respective 

value which were also shown on the same table for the functionalised nanoparticles. The lower 

grafting densities suggest that they are less reactive to what we have used in the synthesis. 

From the results shown on table 10, only Al2O3 (13 nm) with isostearic acid and Al2O3 (13 nm) 

with lanolin (1:5) had carboxylic acids high enough to create superhydrophobic surfaces. 
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Figure 42: TGA data of the alumina (13 nm) with lanolin (1:5), dashed curves correspond to derivatives 

  

 

As seen in Figure 42, the blue shoulder between 400 to 500oC are related to the presence of 

unreacted carboxylic acid in this case lanolin that is not well banded. The presence of the blue 

shoulder could have been reduced, if further purification was done on the functionalised 

nanoparticles and this extra step could possibly result in better contact angle measurements 

because the surface would likely be purer and the roughness more uniform. 

 

Appendix A illustrates the derivative of the TGA curve for the functionalized Al2O3 (13 nm) 

with isosteric acid, functionalized Al2O3 (13 nm) with lanolin (1: 15), unfunctionalized Al2O3 

(13 nm) and unfunctionalized silica (10 – 20 nm). Samples such as functionalized silica (10 – 

20 nm) with isosteric acid, functionalized silica (10 – 20 nm) with lanolin (1:5), functionalized 

Al2O3 (13 nm) with lanolin (1:10) were not analysed and this was due to limitations related to 

COVID-19 such as not being able to access the laboratory.  
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Table 10: Calculated grafting density as a function of the organic mass loss data obtained using TGA for the functionalized 

Al2O3 (13 – 50 nm) and SiO2 (10-20 nm) nanoparticles [164] 

 
Sample  Weight loss 

of organic 

material 

(%) 

SSA (x1018  

m2/g) 

 

Molecular weight 

(g/mol) 

Grafting density 

(nm-2) 

Al2O3 (13 nm) 

with isostearic 

acid 

8.38 100 284.48 1.9 

Al2O3 (13 nm) 

with lanolin (1:5) 

15.65 100 201 333 5.56 3.35 

SiO2 (10-20 nm) 

with lanolin (1:5) 

16.12 200 201 333 2.88 1.74 

Al2O3 (50 nm) 

with lanolin 

(1:15) 

20.56 100 201 333 7.75 4.67 
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Figure 43: TGA of a) unfunctionalized Al2O3 (13 nm) nanoparticles, b) functionalized Al2O3 (13 nm) with isosteric acid, c) 
unfunctionalized SiO2 (10-20 nm) nanoparticles, d) functionalized Al2O3 (13 nm) with lanolin (1:5) and e) functionalized 

SiO2 (10-20 nm) with lanolin (1:5) 

 
 

Surface morphology and surface roughness 
 

The SEM was carried out to study the morphology of unfunctionalized and functionalized 

samples that were prepared through spray coating onto glass microscope slides.  Different 

images were captured for the samples in scale bar = 1 µm and magnification between 5 – 10 

KX.  

Figure 44 and 45, show the SEM of the unfunctionalized Al2O3 (13 nm), and unfunctionalized 

SiO2 (10-20 nm) nanoparticles, respectively. The pictures demonstrate almost homogeneous 

surface which is relatively smooth and have low surface roughness when compared to 

functionalised materials Figure 47 to 50. The unfunctionalized Al2O3 (50 nm) nanoparticles, 

shown in Figure 46, demonstrates quite a heterogeneous surface with visible grooves and these 

grooves results on surface roughness being amplified. This is because the size of the 
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nanoparticles play an important role on wetting behaviour and the properties of the 

nanoparticles may affect the experimental process. 

 

 
Figure 44: SEM images of film spray coated onto a microscope slide of unfunctionalized Al2O3 (13 nm) nanoparticles 
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Figure 45: SEM images of films spray coated onto a microscope slide of unfunctionalized SiO2 (10-20 nm) nanoparticles 

 

 

 
Figure 46: SEM images of film spray coated onto a microscope slide of unfunctionalized Al2O3 (50 nm) nanoparticles 
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SEM images of the functionalized nanoparticles films Figure 47.a) and 47.b) show that 

nanoparticles are being accumulated into a complex porous structure, but it is seen that for the 

functionalised Al2O3 (13 nm) nanoparticles with lanolin the image are brighter when compared 

with the sample functionalised with isosteric acid. The functionalised particles appear to be 

much more efficiently packed than unmodified particles, creating highly porous surfaces. 

 

 
Figure 47: SEM images of film spray coated onto a microscope slide of a) functionalized Al2O3 (13 nm) nanoparticles with 

isosteric acid; b) functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5) 

 

Figures 48 and 49 demonstrates the texture functionalized Al2O3 (13 nm) nanoparticles by 

lanolin with a coating prepared using different mass ratio. As can be seen in Figure 44, the 

morphology of the sample was relatively homogeneous, demonstrating that the particles were 

uniformly distributed onto the microscope slide. Despite that, the morphology manufactured 

from Al2O3 (13 nm) nanoparticles with higher concentration of lanolin demonstrated discrete 

areas where agglomerates of particles can be seen.  
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Figure 48: SEM image of film spray coated onto a microscope slide of Al2O3 (13 nm) nanoparticles functionalized with 

lanolin (1:10) 

 
Figure 49: SEM image of film spray coated onto a microscope slide of Al2O3 (13 nm) nanoparticles functionalized with 

lanolin (1:15) 
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Figure 50: SEM images of film spray coated onto a microscope slide of SiO2 (10-20 nm) nanoparticles functionalized with 

lanolin (1:5) 

 

 

Wettability of the Nanoparticles 

The contact angle is a measure of wettability. When a droplet of water is dropped on a solid, it 

will spread on the surface based on the intermolecular interactions between the solid and the 

liquid. Water contact angle will immediately give an indication of the wettability of the solid.  

A contact angle for a droplet of water on a microscope slide of 0o, indicates that a surface is 

completely wet. In this section, we will study Wettability, which indicates the degree of wetting 

as soon as there is interaction between a surface and droplet of water. 

Contact angle measurements require placing a droplet of liquid onto a surface and measuring 

the angle that a stable droplet creates on the surface. The speed and simplicity of the contact 

angle measurement process makes it appropriate for research and quality control applications. 

Despite that, these simple measurements only provide a small amount of information regarding 

the surface, and in some instances, more details are necessary.   
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Advancing contact angle can be defined as a measure of the liquid-solid cohesion while the 

receding contact angle is a measure of liquid-solid adhesion. For instance, the advancing 

contact angle is the largest contact angle in the free energy range, while the receding contact 

angle is the lowest contact angle.  

The advancing contact angle measurements can be done by placing the needle close to the 

surface and at slow pace and steadily insert water onto the surface, the droplet of water will 

grow and advance onto the sample surface. As the droplet of water increases, the baseline 

which is the point where the droplet of water is in contact with the sample, the droplet of water 

continues to move and advances along the surface. As the droplet of water volume continue to 

increase, the baseline will simultaneously continue to increase, and the advancing contact angle 

is reached. The opposite is done for the receding contact angle measurements, in which the 

droplet of water on the surface is removed from the static droplet.  

While obtaining the static and dynamic contact angle measurements, the receding contact angle 

was harder to quantify compared to the advancing contact angle, because the receding contact 

angle requires a larger initial droplet of water. However, it is critical to keep droplet volume 

constant if samples are compared. The advance contact angle has been shown to be less 

dependent on the droplet volume than the receding angle. 

Static and dynamic contact angle measurements for the samples is outlined in the Table 11 and 

12 onto a glass and fabric substrate, and photographic images of the water droplets on the 

surfaces are demonstrated in Figures 51, 52 and 53.  

In this study, we worked with silica (10-20 nm) and different sizes of Al2O3 such as, 13 nm 

and 50 nm respectively. Al2O3 (13 nm) nanoparticles was the material that presented better and 

consistent results regarding the superhydrophobicity. Superhydrophobic properties with static 

contact angle of 153±2o were obtained for the functionalized Al2O3 (13 nm) nanoparticles with 

lanolin (1:5), which was the highest reading on the thesis. It is noted based on the values 

presented on Table 11 that as the concentration of lanolin increases on functionalized Al2O3 

(50nm) nanoparticles, and the surfaces changes from hydrophobic to superhydrophobic, 

presenting a static contact angle of 148o and 152o, respectively.  

SiO2 (10-20 nm) nanoparticles were functionalized with lanolin (1:5) and spray coated onto 

microscope slides and a contact angle of 119o was observed, this was only obtained after 

sonification of the functionalized nanoparticles followed by centrifuge with ethanol. Addition 

step was introduced to remove unreacted lanolin, the lower contact angle observed in this case,  
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is related to the lower roughness and the contact angle is due to chemically adsorbed lanolin 

based on the observed IR spectra and TGA data. 

The phenomenon of wettability is more than static contact angle, if the three-phase contact line 

is in motion, dynamic contact angle can be measured. The difference between advancing 

contact angle which represents the maximum value and receding contact angle that presents 

the minimum value is classified as hysteresis contact angle. The dynamic contact angle was 

carried out for the nanoparticles coatings with the aim to investigate the adhesion of water 

droplets onto the surfaces. As we can see in Table 11, it was observed that the hysteresis contact 

angle increased approximately the double for Al2O3 (13 nm) nanoparticles when functionalized 

with isosteric acid and lanolin, respectively. Demonstrating that the droplets of water became 

more adherent and less homogenous when the surface was spray coated with functionalized 

Al2O3 (13 nm) nanoparticles with lanolin.  

As previously reported by Hill et al. [195] a hysteresis contact angle of 13.1o for the 

functionalized Al2O3 (13 nm) nanoparticles with isostearic acid and in this thesis a hysteresis 

contact angle of 14o has been obtained. The functionalized Al2O3 (13 nm and 50 nm) with 

different concentrations of lanolin were obtained the same hysteresis contact of 31o, while 

comparing the functionalized Al2O3 (50 nm) with a higher concentration of lanolin we 

observed a hysteresis contact angle of 6o. A large hysteresis contact angle value demonstrates 

a low droplet of water mobility on the surface. The hysteresis contact angle value provides 

details regarding the surface, how much liquid adheres to the surface [196] among others 

characteristics. 

As described, it is noted that for the unfunctionalized or uncoated microscope slide the contact 

angle is low and after the reaction the contact angles are much higher, and this is due to the 

roughness created by the nanoparticles and chemically adsorbed carboxylic acids that we know 

from IR spectra and TGA data.  

Tilting method was used to measure the sliding angle while the substrate was being inclined 

all the way to 90o before returns to normal. The functionalized Al2O3 (13 nm) with lanolin (1:5) 

showed a sliding contact angle of 20o, while a 24o sliding contact angle was observed for SiO2 

(10-20 nm) with lanolin (1:5). The temperature difference between the droplet of water and the 

coating surface can hold greater influence on the sliding angle compared with their individual 

temperatures. Above all, the sliding angle measurements were mainly obtained to characterize 

the mobility on the functionalized superhydrophobic surfaces sample supported on a dynamic 

evaluation approach.  
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Pieces of fabric were also spray coated with unfunctionalized and functionalized Al2O3 and the 

wetting behaviour are shown in Table 12. Unfunctionalized Al2O3 (13 nm) nanoparticles were 

dispersed in 2-propanol and spray coated onto fabric and a static contact angle of 145o was 

obtained. A polyester fabric was used in this part of the experiment and the unfunctionalized 

Al2O3 (13 nm) nanoparticles were observed to be hydrophobicity, this is due to the roughness 

created by the fibre. As it can be seen in Figure 53, the static contact angle for the functionalized 

nanoparticles increased compared to the unfunctionalized, meaning the spray coat on the 

surface has worked.  

 

The functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5) and isosteric acid, 

respectively, show the same static contact angle of 151o but the results suggest a higher 

receding contact angle for the functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5).  

To obtain the static contact angle for the functionalized Al2O3 (50 nm) nanoparticles with 

lanolin (1:10) and (1:15) ratios, the dispersed nanoparticles on 2-propanol had to be heated at 

a temperature of 30oC overnight before they were spray coated onto the fabric surface and a 

static contact angle of 147o and 137o, was respectively obtained. On the other hand, for the 

Al2O3 (50 nm) nanoparticles with lanolin, the static contact angle decreased as the 

concentration of lanolin increased, which is the opposite of what was observed for the same 

synthesis, but spray coated on microscope slides. 

The size and shape (small and spherical) of the nanoparticles played a role in improving the 

understanding and determination of the wetting behaviour of the ability to react and observe 

superhydrophobic surfaces. The results from Al2O3 (13 nm) nanoparticles suggests that when 

these particles are functionalized with isosteric acid or lanolin, we obtained superhydrophobic 

surface. 

 

When comparing the static contact angle results obtained with the use of carboxylic acids 

during the synthesis, lanolin presented the best results regarding the superhydrophobicity. 

These results could be suggesting an advantage when using this particle because lanolin is 

cheaper compared to isosteric acid which is the commonly used by researchers. Above all, 

lanolin and isosteric acid offer the superhydrophobic function groups. Most of the 

functionalised alumina nanoparticles displayed advancing contact angle greater than 144o 

except for Al2O3 (50 nm) that was synthesised with lanolin (1:15).  
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Table 11: Contact angle measurements with deionised water obtained on a glass substrate for different functionalised 

nanoparticles 

Sample  

 

Static CA 

(±1 or 2o) 

Dynamic CA (±1 or 2o) Sliding 
angle (o) Advanc

ing  

Receding  Hysteresis  

Al2O3 

(13 nm) 

with 

isostearic 

acid 

151 148 134 14 -  

Al2O3 

(13 nm) 

with 

lanolin 

(1:5) 

153 152 121.28 31 20 

Al2O3 

(50 nm) 

with 

lanolin 

(1:10)  

148 145 114.49 31 -  

Al2O3 

(50 nm) 

with 

lanolin 

(1:15)  

152 

 

147 141 6 -  

SiO2 (10-

20 nm) 

with 

lanolin 

(1:5) 

119 

Sonicate 

then 

centrifuge 

to get rid 

of lanolin 

111 52 59 24 
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Table 12: contact angle measurements with deionised water obtained on a fabric substrate for different functionalised 

nanoparticles 

Sample  

 

Static 

CA (±1 

or 2o) 

Dynamic CA (±1 or 2o) Sliding angle (o) 

Advanc

ing  

Recedi

ng  

Hyste

resis  

Pure  145 144 105 39 -  

Al2O3 

(13 nm) 

with 

isostearic 

acid 

151 150 137 13 8 

Al2O3 

(13 nm) 

with 

lanolin 

(1:5) 

151 150 139 11 18 

Al2O3 

(50 nm) 

with 

lanolin 

(1:10)  

147 146 123 23 -  

Al2O3 

(50 nm) 

with 

lanolin 

(1:15)  

137 133 115 18 31 

SiO2 (10-

20 nm) 

with 

lanolin 

(1:5) 

139 137 114 23 -  



Development of green low surface energy superhydrophobic material for various surfaces – 
Celina Dlofo 

94 
 

SiO2 (10-

20 nm) 

with 

lanolin 

(1:5) dip 

coating  

138 

 

136 115 21 -  

 

 

 

 
Figure 51: Functionalised Al2O3 (13 nm) nanoparticles with isostearic acid deposited onto microscope slide 
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Figure 52: Functionalised Al2O3 (13 nm) nanoparticles with lanolin (1:5) deposited onto microscope slide 

 
 

 
Figure 53: Droplet of water onto fabric substrate a) uncoated b) functionalized Al2O3 (50 nm) with lanolin (1:10) 

 

   

 

 

Wettability behaviour of a cardboard coated with the nanoparticles 
 

Cardboard is one of the substrates that SALTs is interested in, mainly for delivery packages, 

therefore we decided to coat cardboard substrates and expose it into the rain to check its 

behaviour and durability. As seen in Figure 55.a), a square piece of cardboard with dimensions 

10x10 cm were cut, for Figures 55.b), c) and d) the functionalized nanoparticles were spray 

coated to see the effect of coating on wettability. 
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The samples in Figure 55 were exposed to the rain in three different days, the weight of the 

samples was recorded and can be seen in Table 13. The weight seen on the first attempt on 

Table 13 reflects the data on Figure 56 when the substrates dried. When comparing the images 

seen in Figure 55 to Figure 56, only the functionalized Al2O3 (50 nm) with lanolin ratio (1:15) 

water was not absorbed onto the surface on the spray coated area. Therefore, the difference of 

1.3 g between the same sample for the first and second attempt is due to the water absorbed on 

the uncoated area.  

For the second- and third-day Figures 57, 58, 59 and 60, respectively, when comparing to the 

first day Figure 56, it is was observed that as the sample exposure to water increased, the wetter 

the surface became, and the amount of spray coated solution on the surfaces was reduced.  

On the third attempt, the unfunctionalized and all functionalized surfaces, one of the cardboard 

layers started to open, and this was due to the amount of water  absorbed by the substrate. 

As seen in table 13, based on mass increasement isosteric acid is the best formulation, which 

presents the least/low mass increase on the cardboard after it was exposed to water.  

 

 

 
Figure 55: Images of cardboard before water were deposited a) uncoated; b) functionalized Al2O3 nanoparticles with 

isosteric acid; c) functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5); d) functionalized Al2O3 (50 nm) 
nanoparticles with lanolin (1:15) 
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Figure 56: Images of cardboards after water were deposited on the surface, first attempt (wet) a) uncoated; b) 

functionalized Al2O3 (50 nm) nanoparticles with lanolin (1;15); c) functionalized Al2O3 (13 nm) nanoparticles with isosteric 
acid; d) functionalized Al2O3 (13 nm) with lanolin (1:5) 

 

 

 
Figure 57: Images of cardboards after water were deposited on the surface, second attempt (wet) a) uncoated; b 

functionalized Al2O3 (50 nm) nanoparticles with lanolin (1;15); c) functionalized Al2O3 (13 nm) nanoparticles with lanolin 
(1:5); d) functionalized Al2O3 (13 nm) nanoparticles with isosteric acid 

 
Figure 58: Images of cardboards after water were deposited on the  surface, second attempt (dry) a) uncoated; b) 

functionalized Al2O3 (13 nm) nanoparticles with isosteric acid; c) functionalized Al2O3 (13 nm) nanoparticles with lanolin 
(1:5); d) functionalized Al2O3 (50 nm) with lanolin (1:15) 
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Figure 59: Images of cardboard after water were deposited onto the surface ,third attempt (wet) a) uncoated; b) 

functionalized Al2O3 (13 nm) nanoparticles with isosteric acid; c) functionalized Al2O3 (13 nm) nanoparticles with lanolin 
(1:5); d) functionalized Al2O3 (50 nm) with lanolin (1:15) 

 

 

 

 
Figure 60: Images of cardboards after water were deposited onto surface, third attempt (dry) a) uncoated; b) functionalized 
Al2O3 (13 nm) nanoparticles with isosteric acid; c) functionalized Al2O3 (13 nm) nanoparticles with lanolin (1:5); d) spray 

coated Al2O3 (50 nm) with lanolin (1:15) 

 
Table 13: Weight of the uncoated and coated cardboard with the functionalised nanoparticles 

Sample Weight (g) 

1st 

attempt 

2nd attempt 3rd attempt 

Dry Wet Dry Wet Dry 

Cardboard without coating 8.8 18.1 9.9 21.9 11.2 

Al2O3 (13nm) with isosteric acid 9 15.4 9.3 19 11 

Al2O3 (13nm) with lanolin (1:5) 8.9 21.8 9.2 22.5 12 

Al2O3 (50nm) with lanolin (1:15) 8.7 20.1 10 21.2 12.2 
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Chapter VII: Conclusions  
 

In this chapter we outline the main findings from this project, recommendations, and 

challenges. We first discuss the conclusion of the study, validate our hypotheses and answer 

our main research question. We then discuss the main recommendations and challenges.  

Conclusions 
The concept of superhydrophobic surface is generally described as state of nearly non-wetting 

surface, characterized by low water contact angle hysteresis <10o and a contact angle of at least 

150o, that upon contact results in the water droplets easily rolling off.   

This project discussed the use of green low surface energy materials (LSEMs) to obtain 

alternatives to the current costly and environmentally hazardous waterproof analogues. While 

most widely used waterproof coatings are non-scalable, manufactured in laboratories using 

fluorocarbons which are toxic compounds and produce greenhouse gases. Furthermore, they 

are based in methods such as: photolithography, plasma, chemical, electrospinning, sol-gel 

processing, layer-by layer deposition and chemical vapour deposition are complex and requires 

expensive equipment.  

For this project, we proposed using a novel method to produce non-hazardous 

superhydrophobic surfaces that is cost effective and environmentally friendly. Our proposed 

method of manufacturing a superhydrophobic surface was based on two steps: synthesis of 

Al2O3 or SiO2 nanoparticles with the appropriate carboxylic acid, followed by the dispersion 

of functionalized nanoparticles on 2-propanol. Following this process, the produced solution 

can be spray coated onto different surfaces, such as: microscope slide and fabric and the 

resulting surface should become superhydrophobic. 

Using both alumina and silica nanoparticles, we fabricated five different solutions. Four 

solutions were based on alumina; namely: Al2O3 (13 nm) with isostearic acid (ratio 1:1.4); 

Al2O3 (13 nm) with lanolin (ratio 1:5); Al2O3 (50 nm) with lanolin (ratio 1:10); Al2O3 (50 nm) 

with lanolin (ratio 1:15); and one based on silica, SiO2 (10-20 nm) with lanolin (ratio 1:5). The 

functionalized solutions were spray coated onto a microscope slide and a fabric surface, except 

for Al2O3 with isostearic acid (ratio 1:1.4) and Al2O3 (13 nm) with lanolin (ratio 1:5) and Al2O3 

(50 nm) with lanolin (ratio 1:15) which were spray coated onto all three surfaces.  
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To assess whether the resulting surface can be characterized as superhydrophobic, we analysed 

the surface wettability by using the DSA25 drop shape analyser to measure the contact angles, 

we analysed the loading of carboxylic acids absorbed onto the surface using TGA, we analysed 

whether the carboxylic acids is chemical absorbed onto the particles using IR spectroscopy and 

used SEM to measure the nanoparticles morphology. Based on all four tests, we observed 

superhydrophobic surfaces for the functionalized nanoparticles Al2O3 (13 nm) with isostearic 

acid and Al2O3 (13 nm) with lanolin on both a microscope slide and a fabric surface. 

Additionally, we observed superhydrophobic surface values for the functionalized Al2O3 (50 

nm) with lanolin (1:15) only on a microscope slide, as for the fabric surface the contact angle 

values were below the superhydrophobic surface threshold. We also observed a 

superhydrophobic surface for the functionalized Al2O3 (13 nm) with lanolin (1:5) on the 

microscope slide. The functionalized Al2O3 (50 nm) with lanolin (1:10) and SiO2 (10-20nm) 

with lanolin (1:5) spray coated onto the microscope slide and fabric did not present a 

superhydrophobic surface; analogously, Al2O3 (50 nm) with lanolin (1:15); did not observed 

superhydrophobic surface on the fabric substrate. 

The superhydrophobicity process using both silica and alumina nanoparticles was successfully 

accomplished through the combination of the surface roughness of the nanoparticles and low 

surface energy properties. These cheap hydrocarbon-based green low surface energy have a lot 

of potential regarding the new coating applications on the microscope slides and fabric 

substrates and can be used as a substitution for the widely used fluorocarbons which are 

hazardous and expensive. The functionalised Al2O3 (13 nm) nanoparticles with lanolin or 

isosteric acid could be used for the manufacture of superhydrophobic surfaces. Furthermore, 

functionalised Al2O3 (13 nm) with lanolin or isosteric acid can be applicable for SALT’s, above 

all, lanolin is the cheaper carboxylic acid when compared with isosteric acid, and both are 

environmentally friendly. This research also shows that nanoparticles size play an important 

role on surface superhydrophobicity, since only when using Al2O3 (13 nm) nanoparticles was 

it possible to obtain superhydrophobicity on both microscope slide and fabric substrate, when 

the nanoparticle was functionalised with both carboxylic acids.  

This research concentrated on fabricating superhydrophobic surface using alumina and silica 

nanoparticles when functionalised with non-fluorinated chains such as highly branched 

hydrocarbon chains.  
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In standard laboratory conditions lanolin will be the better formulation based on 

superhydrophobicity. However, in practice isosteric acid has better potential, since it absorbs   

less mass on a cardboard layer.  

Recommendations 

Even though we successfully fabricated several superhydrophobic surfaces using our proposed 

fabrication process, there are several recommendations for future research that could be worth 

exploring, for example: 

1. For this research, we used alumina 13nm and silica 10-20nm nanoparticles were used 

as the main source for the functionalisation of the non-fluorinated superhydrophobic 

surfaces. It is important to explore the use of different nanoparticles diameters because 

it was through the fabrication process that alumina 50nm when functionalised with a 

higher concentration of lanolin (1:15) demonstrated superhydrophobicity but only on 

the microscope slide. Further research to analyse the effect of nanoparticle size on fibre 

roughness can be used to verify the effect of size of the nanoparticles on fibre 

roughness, as well as the grafting density as a function of the mass loss of the material. 

2.  The majority of the methods discussed on this paper used to manufacture 

superhydrophobic surfaces requires special equipment, complex method to obtain the 

water repellent surfaces and many of the fabricated coating solution when deposited 

onto the surface are easily damaged. To increase the number of practical applications, 

there is a significant research interest in the development of durable   surfaces that can 

be accomplished by using simpler and cheaper methods.  

 

Challenges 

As technology advances, manufacturing a superhydrophobic surface at a micro/nano scale, 

becomes less of a problem, but outside of a laboratory setting and time it can be challenging to 

guarantee surface robustness and fragility. Moreover, the superhydrophobic surfaces are 

motivated by Lotus leaves in nature leading to numerous applications on our everyday life.   

Another fundamental challenge on the fabrication of superhydrophobic surface is their 

durability. Even though it is possible to manufacture durable superhydrophobic surfaces, long-

term stability of such surfaces continuous to be a big challenge. This is related to the fact that  
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microscale or nanoscale structures are highly sensitive to mechanical stresses. Resulting on the 

surface being damaged by rain, dust, etc. Wettability behaviour of the cardboard coated with 

the alumina nanoparticles were previously described and it was observed that after the substrate 

were exposed for too long and on the third attempt under rain the cardboard were damaged and 

as seen in Figure 60 the coated layers deposited on the cardboard are less when compared to 

the initial sample that is seen in Figure 55. 

To solve these problems, passive regeneration and active repairing methods should be 

considered. Nevertheless, research is required to fabricate such durable superhydrophobic 

surfaces for daily use. 

 

Most research discussed in this thesis was carried out on flat and rigid substrate materials, such 

as microscope slides, and most manufacturing methods discussed in the literature review are 

very expensive and are applicable for small surface. Which are not suitable for large-scale 

production although large-scale are required for industry applications on a flexible substrate.  

Research on validating large scale manufacturing methods, that are less expensive and 

environmentally friendly. 
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Appendix  
 

 
 
 
TGA data of the alumina (13 nm) with isosteric acid, dashed curves correspond to derivatives 
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TGA data of the alumina (50 nm) with lanolin (1:15), dashed curves correspond to derivatives 
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TGA data of the unfunctionalized alumina (13 nm), dashed curves correspond to derivatives 
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TGA data of the unfunctionalized silica (10 – 20 nm), dashed curves correspond to 
derivatives 
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