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Abstract 
 

Oil/water mixtures are produced in upstream and downstream operations during the extraction and 

refining of crude oil. Separating oily water is essential in industries for product specification and 

to avoid corrosion in pipelines. Besides, removing oily products from water is imperative before 

it can be discharged into the environment. Several techniques are in practice to deal with industrial 

oil/water mixtures, such as in situ burning, bioremediation, and solidifiers that change the physical 

shape of oil via chemical interaction. Physical separation of oil/water mixtures is in industrial 

practice; however, the existing technologies to do so often require either dissipation of large 

amounts of energy (such as in cyclones and hydrocyclones) or significant residence times or 

inventories of fluids (such as in decanters).  Recently, materials with selective wettability have 

gained attention for application in the separation of oil/water mixtures, and surfactant stabilized 

emulsions. For example, a superhydrophobic material is selectively wettable towards oil whilst 

having a poor affinity for the aqueous phase. Therefore a superhydrophobic porous material can 

efficiently adsorb the oil while rejecting the water from an oil/water mixture, thus physically 

separating the two components. The ease of separation, low cost, and low energy requirements and 

potential for scale-up are some of the advantages of these materials over existing oil/water 

separation practices.  This work studied the nanoscale engineering of various materials to separate 

biphasic mixtures and broader application in environmental remediation and energy. The first 

chapter of this thesis provides a background of the project and a state of the art literature review 

of various nanomaterials for oil/water separation. Research work on renewable nanocomposite 

adsorbent for emulsion separation has been presented in the second chapter. Nanocomposites were 

prepared by coating sawdust particles with a thin layer of alumina nanoparticles and a nanoscale 
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siloxane coating to make them superhydrophobic. The synthesis conditions were extensively 

studied, and nanocomposites were thoroughly characterized to establish a structure-property 

relationship. Optimised samples were used for the separation of surfactant stabilized oil/water 

emulsions. 

Findings from the 2nd chapter inspired the research work on magnetic adsorbent for the separation 

of emulsions (3rd chapter). High surface area silica-based magnetic nanocomposites were 

synthesised for fast separation of stable emulsions. Both sawdust and magnetic nanocomposites 

were used for batch scale separation of emulsions. The findings from those works and guidance 

from industrial partners lead to macroscopic superhydrophobic materials for continuous 

separation. Chapter 4 presents a  new spray based method for the fabrication of nanofibrous 

superhydrophobic membranes. Very small (13 nm) hydrophobic alumina nanoparticles were 

mixed with thermoplastic polyurethane and spray-coated on a water interface to acquire porous 

membranes. The membrane's pore size and surface properties were adjusted, and optimized 

samples were used to separate oil/water mixtures and emulsions. 
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1.1 Introduction 

There has been a growing interest in utilizing smart bioinspired materials with selective 

functional wettability to separate oil/water mixtures and emulsions. Surfaces can be engineered to 

have an affinity towards one class of fluid whilst being repellent to others. This implies that if an 

absorbent repels one phase, it can effectively collect the second phase from a biphasic mixture. 

The inspiration of using bioinspired materials for oil water separation is based on the so-called 

lotus leaf effect described by Barthlott and Neinhuis who observed that the self-cleaning property 

of the leaves of the lotus plant or water lilly (Nelumbo nucifera) is due to a rough surface with 

microscale villi and is also waxy and therefore hydrophobic(Figure 1-1) 1. This hierarchical 

structure imparts low surface energy to the leaf, making it extremely repellent to water and is said 

to be ‘superhydrophobic’ (water contact angle (WCA) > 150°).  The evolutionary benefit to the 

plant is that it can efficiently reject water, so the leaves do not sink.   As water droplets roll off the 

leaf, it is also passively self-cleaning, which allows efficient photosynthesis.  
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Figure 1-1: Figure showing the digital images and SEM images of different natural species which 

display hydrophobic properties (a- c) Nelumbo nucifera (Lotus) (d-f) butterfly wings. (a-

c)Adapted from 2,3. With permission from Elsevier and NPG, respectively. 

 

This, of course, is not a feature exclusive to the lotus leaf; other insects and plants also have 

features that may display superhydrophobic properties with varying micro and nanoscale surface 

features. For example, Indian canna plants contain wax platelets that are randomly distributed on 

microscale rods (WCA~165°) whilst the Taro leaves comprise a surface containing nanoscale 

elliptic features that are uniformly distributed on micron-sized features (WCA~159°) 4. Insects 

such as water striders (Gerridae), dragonflies (Anisoptera), cicadae (Cicadoidea) and butterflies 

(Papilionoidea) also possess anti-wetting and anti-fogging adaptations. The wings of the dragonfly 

Hemianax papuensis contains nanopillars which form a fractal structure resulting in an extremely 

water repellent surface (WCA~161°) 4,5. Since the advent of electron microscopies, which allowed 

the discovery of the surface features that allow the superhydrophobic phenomenon in biological 

species, scientists have sought to engineer artificial superhydrophobic surfaces 6–8.  Mimicking of 

superhydrophobic surfaces has since been successfully achieved in labs worldwide, and this branch 

of biomimicry has found many applications in self-cleaning, protection of the building, corrosion 

resistance, anti-icing, drag reduction, biomedical and separation of oil/water mixtures and 

emulsions 9,10,19–21,11–18. Although separation of oil/water mixtures had been demonstrated 

successfully using superhydrophobic surfaces, the separation of emulsions is not easy as the oil 

droplets are uniformly distributed and often stabilized within the water phase. Surfactant stabilised 

emulsions make a significant fraction of water contaminants and are created due to industrial 

operations or the extraction/refining of crude oil. A typical refining process for one ton of crude 

oil produces ca. 3.5–5 m3 oil/water mixture. Worldwide production of produced water reached an 
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average of 210 million barrels in 1999 22. Unsolicited discharge of these mixtures and industrial 

effluents risks contaminating freshwater streams through adsorption in soil or direct mixing 23. 

Finely distributed oil droplets in the water phase make an oil/water mixture more toxic and immune 

to conventional septation techniques. Typical oil/water separation methods lack efficiency in 

removing emulsion formed in the presence of natural additives and environmental stressors. 

Methods such as on spot burning and dispersants cause further pollution and are not sustainable 

for long term applications. An efficient and scalable separation method will have environmental 

remediation applications and enhance industrial processes economic value.  

Superhydrophobic materials have the potential to separate oil/water mixtures due to their 

selective affinity towards oil 24–28. Several types of superhydrophobic nanocomposites, including 

nanoparticle-grafted meshes, membranes, foams and textiles have been developed for this purpose 

29–33. For example, carbon-based nanofibers were grafted on a polydimethylsiloxane framework to 

enhance roughness, hydrophobicity, and capillaries to absorb oil/water mixtures 25. Another work 

reported a nanofibrous electrospun polyimide membrane containing zeolitic imidazolate 

framework-8@thiolated graphene 34. The hierarchical zeolitic imidazolate framework created a 

superhydrophobic/superoleophilic membrane that separated oil/water mixtures and emulsions with 

99% efficiency. Industrial applications of current superhydrophobic formulations are impeded by 

low durability and further compounded by complicated manufacturing routes 35. A range of 

methods involving superwettable materials have been explored to realize the separation of 

emulsions, and in some cases, surfactant stabilized emulsions 36–40. This chapter covers a brief 

introduction of various types of oil/water mixtures and super wetting interfaces for the separation 

of such mixtures. Later, a state of the art literature review on surface engineering of nanomaterials 

for oil/water separation is presented. 
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1.2 Immiscible fluidic mixtures 

1.2.1 Oil/water mixtures 

Oil/water mixtures are produced in the petrochemical, leather, food, metallurgical and 

beverage industries on a regular basis. In the oil industry, the oil/water mixture volume is greatly 

increased by enhanced oil recovery techniques during the drilling from the reservoir. At the end of 

reservoir life, enhanced oil recovery techniques are employed to acquire 20- 40% more oil. 

Recovering the oil from oil/water mixture is of paramount interest to increase the economic value 

of operations in petrochemical industries 41.  These techniques are accompanied by many 

drawbacks including oil/water mixtures being produced in stable emulsions. Usually, oil/water 

mixtures don’t exist as two separate phases. Instead, they are produced in the form of emulsions 

which are further modified with some natural surface active agents to stabilize the oil phase in 

water making the separation process extremely difficult.  

 Organic contaminants are produced in these processes, and if released into marine and river 

waters, they can affect biological organisms in many negative ways, as well as causing 

atmospheric pollution, destroying crops for consumption and causing a potential fire hazard 

42,43.Oil/water mixtures are a potential problem due to the unprecedented harmful effects of 

hydrocarbons in water streams on the environment, on natural habitats and on human health 

44454647.    

Accidents during production or transportation of oil are another cause of oil/water mixtures 

discharged to the environment. Major accidents such as the Exxon Valdez spill (1987), the 

Deepwater Horizon fire and spill (2010) and the Chennai oil spill (2017) have all been deleterious 

to the marine environment 48,49. As the oil comes to the surface of water due to its low density, it 

affects the animals which have to go through air/water interface to breathe. The rise and fall of 

tides enable contact between oil and natural species and affect them in several ways, including 
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digestion of oil, inhalation of vapors and DNA damage 5051.   Accidents that happen close to the 

shore are difficult to clean and have adverse effects on human health and economy.    

1.2.2 Emulsions in the petrochemical industry 

An emulsion is a metastable mixture of two immiscible fluids where droplets of one liquid 

are distributed in the another liquid phase 52. These mixtures are mostly formed in the presence of 

an emulsifier which could be either a surfactant molecule or solid particles. Emulsions have been 

studied extensively in the past few decades, and several definitions and classification of these 

systems exist. For example, they have been defined as a mixture of two immiscible liquids with 

one phase uniformly distributed in the other with the help of an emulsifying agent 5354. They are 

thermodynamically unstable mixtures that eventually separate from each other to reduce the 

interfacial area. There exists different classification of emulsions such as oil in water, water in oil 

and complex emulsions. Oil in water emulsions are formed when the oil droplets are dispersed in 

the water while water in oil emulsions are formed when water droplets are dispersed in oil. In 

complex emulsions, water is dispersed in oil which is also mixed in continuous water phase 

(water/oil/water emulsion). Emulsions are stabilized by the presence of emulsifying agent and the 

balance of lipophilic and hydrophilic properties of the agent is one of the important factors in 

dictating the emulsion type. The emulsifying agents are the surface active agents which makes the 

interfacial film leading to the reduction of interfacial tension and suspension of the droplets. 

Emulsions are also characterized as tight (small droplets) or loose (large droplets) based on the 

size of droplets dispersed in continuous phase. According to another work, an  emulsion can be 

called a macro emulsion if the size of droplets is bigger than 0.1 µm and a micro emulsion when 

the size of dispersed droplets is less than 0.1 µm 55 
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Emulsion generation is a severe problem in several industrial operations such as pharmaceuticals, 

cosmetics, food and especially in the petrochemical industry where emulsions are formed at the 

wellbore, during enhanced oil recovery operations and downstream processing 56,57. These 

emulsions often contain salts which may cause corrosion in pipelines. The amount of water is 

increased in crude oil near the end of the life of a reservoir 58, and both immiscible liquids undergo 

intense pressure causing mixing and the generation of emulsions 59. Emulsification like this makes 

cleanup difficult in the event of an oil spill as it alters the viscosity and density of oil.  It can also 

enhance the volume of the mixture as observed in previous studies where an increase in volume of 

spilled material up to five times has been observed due to emulsification 606152. Crude oil also 

contains several minerals and compounds such as asphaltene, organic acids, solid particles, 

organometallics, corrosion products and waxes and some of these compounds help to create stable 

emulsion with water. The solid particles of clays, silica and iron oxide are naturally hydrophilic 

but can become hydrophobic after prolonged contact with oil. This combined with asphaltenes and 

resins can help water droplets uniformly disperse in oil or vice versa, generating very stable 

emulsions. 

1.3 Separation of oil/water mixtures 

There are several approaches to separate oil/water mixtures in different situations. The US 

Environmental Protection Agency classifies the separation in three different categories in the event 

of an oil spill. These include mechanical recovery (booms, skimmers, sorbents), chemical and 

biological methods (gelling agents, dispersants, biological agents) and physical separation 

(pressure washing and sorbents) 62. In situ burning of oil is sometimes used for the urgent treatment 

of oil spills but is limited by many factors 63. For example, if the oil contains a significant amount 

of water, then ignition becomes very difficult; moreover, gases produced as a byproduct of 

combustion may cause secondary environmental pollution. There is a natural tendency in certain 
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organisms to consume hydrocarbons for the production of carbon and energy to create new 

microbial cells 64, which could be an ecologically viable and elegant way to remove oil from 

oil/water mixtures. However, these processes are slow and rely on conditions conducive to the 

microbes used.  

Floatation and coagulation are some of the more widely used methods to treat emulsions. In 

floatation, air bubbles are introduced which become attached to the light fractions of the mixture 

(oil or particles) and transport them to the surface. Flotation is more beneficial than gravity 

separation in terms of efficiency for removing small particles 65. Starting from the generation of 

air bubbles of a specific size which become attached the oil droplets, this is followed by 

aggregation of droplets which subsequently float to the top surface to form a layer which can be 

skimmed 66. Coagulation is another method in which chemical agents are added to moderate the 

surface charge of oil droplets to help them aggregate and settle. The oil droplets are negatively 

charged due to adsorption of moieties which restrict their aggregation. Some chemical agents with 

opposite charges are introduced in the system which mitigates the charges on oil droplets and 

destabilises the colloids promoting their coalescence. For example, long-chain polymers have been 

introduced which act as a bridge to connect different colloidal particles to assist aggregation 43,67–

69.  

Other approaches towards separation are mechanical devices such as booms, skimmers or 

centrifugal devices such as hydro cyclones. Physical separation of the immiscible mixtures using 

absorbents is advantageous from many perspectives; however, traditional absorbents face 

limitations due to their affinity towards both oil and water. The absorbent may not be efficient in 

the separation of emulsion, especially those stabilized with surfactants. A method to improve 

absorbent efficiency is to engineer the surface properties to tune their wettability towards particular 
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liquid type. For example, if an absorbent is to be made oleophilic and hydrophobic, it will only 

absorb oil from an oil/water mixture leaving behind the clean water. Generally, the adsorption 

starts by the interaction of oil droplets with a sorbent surface followed by its entrapment in the 

porous framework of the sorbent. It is one of the easiest methods to separate the oil/water mixtures, 

however, the surface properties of adsorbents greatly influence their interaction with liquid.  

Physical separation using membranes is a simple approach to physically separate the 

mixtures without using additional chemicals. The membrane acts as a porous layer and controls 

the transportation between oil and water 70. The membranes can block the penetration of solids 

through their pores while letting the liquid pass through. Sorbents and membranes are useful 

materials for the remediation of oil/water mixtures and physical collection of oil. The surface 

engineering of these materials to tune their affinities towards oil or water is extremely important 

for efficient separation. The wetting properties of a surface such as high repellency towards water 

(superhydrophobic), affinity towards water (superhydrophilic), high repellency towards oil 

(superoleophobic), affinity towards oil (superoleophilic) mainly depend upon the chemical 

structure and geometry of the surface. Surface engineered absorbents and membranes can be an 

effective way to separate stable oil/water mixtures and emulsions. 

1.4 Surface properties for physical separation 

The surface of a material can be engineered to have a combination of wetting properties to 

be used for separation of oil/water mixtures. This combination could be superhydrophobic/ 

superoleophilic 71,72 or superoleophobic/superhydrophilic 73,74 depending upon the type of material 

and nature of application environment. Generally, surfaces with superhydrophobic properties are 

used to repel the water in a mixture and attract the oil. Hence, if an absorbent is to collect oil from 

an emulsion whilst repelling water, it will have a surface that is both superhydrophobic and 
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superoleophilic. For example, hierarchically structured MnO2 particles have been used to separate 

oil from emulsions 75. The particles were modified with stearic acid to render them 

superhydrophobic and superoleophilic.  

1.4.1 Superhydrophobic/Superoleophilic Surfaces 

Generally, the materials with these properties have been constructed by coating porous 

substrates with a superhydrophobic coating. A superhydrophobic coating can provide excellent 

resistance to water but allows the permeation of low surface tension liquids. When water is 

introduced to the surface of these materials, it forms a spherical droplet (CA > 150°) while an oil 

droplet completely spreads over it (CA < 10°). These surfaces are mostly inspired by nature as 

several natural species can repel water due to certain physicochemical features of their surface 

(e.g. lotus leaf, vide supra). Superhydrophobic surfaces can be created by combining nanoscale 

hierarchical roughness with low surface energy materials. For example, flourosilane modified 

silica nanoparticles have been used in combination with epoxy resin to create an artificial 

superhydrophobic surface. The nanoscale particles helped to achieve a hierarchical structure with 

low surface energy 76. A dual scale modification was recently carried out on a melamine sponge 

to create a combination of superhydrophobic and superoleophilic properties 77. The sponge was 

coated with graphene oxide followed by decoration with hydrophobic magnetite nanoparticles. 

After the modification, the sponge was able to collect oil while rejecting the water effectively 

There are other examples where this combination of properties has been used to engineer materials 

for oil/water separation 78–80. A variety of nanomaterials have been used to create meshes 81–86, 

membranes 87–93, sponges [38], [42],95,96  and fabrics 97–101 with superhydrophobic and 

superoleophilic properties for oil/water separation 30,31,102–105. Most of these materials separate oil 

either by filtration, absorption or both. These materials have certain limitations in case as most of 

the separation is gravity driven in case of filtration which could be very slow or may not even work 
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in case of emulsions. Another problem is fouling of membranes or mesh pores by oil adsorption. 

The solid content in oil, especially in crude oil, can easily block the pores affecting the whole 

separation process. In the case of oil in water emulsions when stabilized by surfactant, the oil is 

uniformly distributed in the water phase and does not come in direct contact with separation 

materials thus making it ineffective for separation. However, there is recent trend in engineering 

micro scale absorbents with superhydrophobic and superoleophilic properties which can go into 

the emulsion under mechanical agitation and collect the dispersed oil phase from it 106–109. This 

approach is reported to be effective for removing oil in several scenarios (present on the surface 

of water or uniformly distributed in water). Further details on surface engineering of different 

materials for this approach will be discussed in the next sections. 

1.4.2 Superoleophobic/Superhydrophilic Surfaces 

Rendering superoleophobic properties to a surface is not simple because there is a vast 

difference in surface tension between water and organic liquids. For example, water has surface 

tension of 72.8 mN m-1 whilst the surface tension of n-hexane is 18.4 mN m-1. Recently some 

strategies such as modification of different nanomaterials with flourosilanes 110,111 engineering of 

re-entrant surface geometry for supeproleophobic properties 112 and underwater 

superoleophobicity have been studied in detail 113,114. From an applications point of view, 

superoleophobic surfaces can be divided into several categories but this literature review is focused 

on surfaces which have both superoleophobic and superhydrophilic properties. This combination 

of properties can be used for oil/water separation via oil rejection whilst allowing water to pass 

through. In a typical example, a surface with a combination of superoleophobic  and 

superhydrophilic properties was formed by using titania nanoparticles and fluorinated compounds 

containing hydrophilic units (Na+) and its application in oil/water separation was demonstrated 73. 

Titania nanoparticles and fluorinated compounds containing hydrophilic units (Na+) were used to 
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construct these coatings on substrates such as steel mesh, sponge and cotton. The hydrophilic unit 

bestows hydrophilic properties while fluorine groups are responsible for the oleophobic character 

of the coating. The coatings were used to separate stabilized emulsion and mixtures of water and 

vegetable oil. Similarly, nanoparticles with thiol−acrylate components were used to create a 

coating with similar properties 115.  

Introducing a liquid into nanostructured surfaces is a different approach to achieve a combination 

of superoleophobic and superhydrophilic properties. This method is inspired by fish scales which 

possess oil repellent properties in water enabling them to swim in oil contaminated water. The fish 

scales are made of protein and calcium phosphate which is a hydrophilic material. These scales 

have an affinity towards both water and oil in air; however, once water is penetrated in this 

structure, it becomes superoleophobic with an oil contact angle of 156 ° (1,2-dichloroethane). 

There are micropapillae with the rough structure distributed on the surface of fish skin which when 

soaked with water provides a superoleophobic platform. Several types of artificial materials 

especially membranes have been synthesized with underwater superoleophobic properties for 

oil/water separation 116–119120. Recently, Ni (OH)2 particles have been coated on a piece of fabric 

to create a hierarchical porous platform 121. The composite fabric is superhydrophilic while 

demonstrating superoleophobic properties underwater. Moreover, the fabric can be made 

superhydrophobic after modification with stearic acid. The fabric separated oil/water mixtures 

with a separation efficiency more than 96% for both light and heavy oils. In another approach, 

Cu(OH)2 was deposited on steel felts which had an underwater contact angle of 154 ° for n-octane. 

The material was able to separate the oil/water mixtures by allowing the water to permeate while 

retaining oil. 
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1.5 Theoretical background of superwetting interfaces for physical separation of 

immiscible fluids 

1.5.1 Air/Water/Solid interface  

 

Wetting of a surface is an important phenomenon which can affect many functional 

properties of a material. It is important to first highlight the concepts of surface energy and surface 

tension before discussing the wetting properties of a surface. Surface energy (solid surfaces) and 

surface tension (fluid surfaces) originates from unsymmetrical bonding of the atoms present at the 

surface of solid or liquid. It can be ascribed as the energy required to generate a liquid or solid 

surface in vacuum or gas. It is measured in mN/m. This is the energy related to bonding with other 

atoms. When a liquid comes in contact with a surface, there are several possibilities ranging from 

entirely spreading over the surface, to forming spherical droplets. The behavior of a liquid on a 

surface depends upon the physicochemical properties of surface and is reflected by the angle 

formed by liquid droplet. For example, water will completely wet a surface of high surface energy 

e.g. glass 122. On the other hand, water droplets tend to form a spherical shape on a low surface 

energy surfaces such as polytetrafluoroethylene (PTFE). Schematic (Figure 1-2) shows the 

possible states of water droplet on a surface. 



 

28 
 

 

Figure 1-2: Schematic showing the four possible states of water droplet on a surface. 

 

Surface properties have been defined by the nature of their interaction with water. If a liquid 

droplet is suspended in air, its shape is determined by gravity and the surface tension on the 

liquid/vapor interface 123. The liquid molecules at the interface are drawn inwards to maintain the 

minimum surface area. The smallest surface area can be achieved by forming a sphere; however, 

gravitational pull acts to flatten the droplet. The effect of gravitational force can be ignored if the 

size of drop is less than the capillary length of water (2.7 mm). In this case, the shape of water 

drop will be determined solely by the surface tension of water 124. Hence, if a small droplet (d < 

2.7 mm) is placed on a flat surface there exists three different interfaces and the corresponding 

surface tensions. Young’s equation 120,125defines wettability under these conditions: 
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𝐜𝐨𝐬 𝜽 =  
𝜸𝒔𝒗−𝜸𝒔𝒍

𝜸𝒍𝒗
              (1) 

                                                                                                                   Where: 

θº = Contact angle of a water droplet on a flat surface;  

γsv= Interfacial tension of solid vapor phase; 

γsl= Interfacial tension of solid liquid phase; 

γlv= Interfacial tension of liquid vapor phase. 

Young’s equation is derived by considering an ideally smooth surface;  however, almost every 

surface has some inhomogeneity in practical cases imperfections or defects contribute to the 

surface roughness and can greatly influence its wetting properties. Therefore, Wenzel proposed a 

modification to account for surface roughness in relation to contact angle: 

 

𝒄𝒐𝒔𝜽𝒘 = 𝒓 (
𝜸𝒔𝒗−𝜸𝒔𝒍

𝜸𝒍𝒗
)            (2)                                                                                                                          

Which by substitution into equation (1) becomes:  

𝒄𝒐𝒔𝜽𝒘 = 𝒓𝒄𝒐𝒔𝜽                   (3)                                                                                                                    

And where: 

θw= Contact angle of the rough surface (Wenzel contact angle); 

θ= Contact angle on a perfectly flat surface (Young’s contact angle). 

r = Surface roughness 
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The Wenzel equation 122 explains the role of surface roughness in controlling the wettability of a 

surface. For a hydrophilic material, the roughness will increase the wettability of a surface. 

Similarly, the roughness will further decrease the wettability of a hydrophobic surface. This 

equation not only includes rough surface but also explains the wettability of smooth surfaces. For 

example, if the roughness value (ratio actual surface versus projected surface r  < 1 for a rough 

surface) is 1 (for a perfectly planar surface), the contact angle from Young’s equation is obtained.  

The Cassie- Baxter model 122,126 proposes a heterogeneous structure for superhydrophobic 

surfaces. The water droplet rests on the asperities of a rough surface rather than entirely penetrating 

the features, thus making a solid-liquid-air interface, and the following relationship applies: 

𝒄𝒐𝒔𝜽 = 𝒇𝟏𝒄𝒐𝒔𝜽𝟏 + 𝒇𝟐𝒄𝒐𝒔𝜽𝟐                   (4) 

                                                                                             Where: 

θ = Contact angle of a water droplet (Cassie-Baxter)  

f1 = Fraction of material 1 in contact with surface 

θ1 = Contact angle of a water droplet with surface 

f2 = Fraction of material 2 in contact with air 

θ2 = Contact angle of a water droplet with air 

If the surface features have been made by one solid, then f1 represents the solid fraction that 

interacts with water and f2(1-f1) is the area fraction of air pockets in contact with the water droplet. 

Water contact angle with air is 180°;  therefore the equation can be simplified to the following 

form: 

𝒄𝒐𝒔𝜽 = 𝒇𝒔(𝟏 + 𝒄𝒐𝒔𝜽𝒔) − 𝟏                                                                                                              (5) 
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Where fs denotes the fractional area of solid with contact angle θs in contact with water droplet.  

Therefore, increasing the roughness on a surface will increase its hydrophilic or hydrophobic 

properties depending upon the surface's chemical composition. If a hydrophobic material is 

considered, the contact angle or water repellent properties of a surface will substantially increase 

if the surface features are capable of hosting air pockets in them. Thus, a hierarchically structured 

surface will give rise to a superhydrophobic surface due to surface roughness, air pockets and low 

surface energy chemistry. The schematic explains a water droplet's behaviour on a surface by all 

three models (Figure 1-3). 

 

 

Figure 1-3: Schematic showing the behavior of water droplet in three different modals 

 

1.5.2 Oil/Water/Solid interface 

To apply superoleophobic surfaces in oil/water separation, it is important for them to 

possess an affinity towards water. There has been recent trend in the fabrication of underwater 

superoleophobic surface with superhydrophilic properties. These types of surfaces are generally 

engineered by infusing water into the nanostructured surface. The water together with the rough 

texture blocks ingress of oil whilst letting water pass through. The Young’s equation can present 

the corresponding oil contact angle formed in Oil/Water/Solid interface.  
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𝒄𝒐𝒔𝜃𝑜𝑤 =  
𝜸𝒔𝒘−𝜸𝒔𝒐

𝜸𝒐𝒘
                                                                                                                         (6) 

θow= Contact angle of an oil droplet on a smooth surface in water 

γsw= Interfacial tension of solid water phase 

γso= Interfacial tension of solid oil phase 

γow= Interfacial tension of oil water phase         

Young’s equation (1) is valid for both oil and water droplets and can be written by replacing the 

values of γsw and γso. By replacing these values, we get the following equation: 

 𝒄𝒐𝒔𝜃𝑜𝑤 =  
𝜸𝒐𝒗 cos θo−𝜸𝒘𝒗 𝐜𝐨𝐬 𝜽𝒘

𝜸𝒐𝒘
                                                                                                      (7) 

Hence a hydrophilic surface can become oleophobic in underwater conditions. In the previous 

section, it was discussed in details that a heterogeneous interface (solid/air) is required to create 

the superhydrophobic phenomenon. Similarly, the Wenzel and Cassie Baxter modals can be 

generalized for the solid water interface, which means an underwater rough surface with 

solid/water interface will exhibit superoleophobic properties 125. The Wenzel model for underwater 

surfaces can be given as follows: 

𝒄𝒐𝒔𝜽𝒘 = 𝒓𝒄𝒐𝒔𝜽𝒐𝒘                                                                                                                               (8) 

And Cassie Baxter modal 

𝒄𝒐𝒔𝜽𝑪𝑩 = 𝒇𝒔𝒐 𝐜𝐨𝐬 𝜽𝒐𝒘 + 𝒇𝒔𝒐 − 𝟏                                                                                                          (9) 

Like the superhydrophobic surface where air /solid interface helps increase the water contact angle, 

underwater superoleophobic surfaces exploit water/solid interface. The water layer sticks to the 

very rough solid structure and provides superoleophobic character due to its oil-repellent nature. 
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1.6 Literature review- surface engineering of ceramic nanomaterials 

1.6.1 Silica-based materials  

In silica (SiO2), the silicon atom is surrounded by four oxygen atoms to form a tetrahedral 

vertex which is further bridged with others by a shared oxygen atom to form a three-dimensional 

network. Silica possesses a unique combination of properties which make it a material of choice 

for several applications. For example, it has thermal stability up to 1500 °C along with good 

mechanical strength. Moreover, the silanol groups (Si−OH) present on the surface of silica makes 

it a suitable support for the grafting of several moieties. The synthesis of silica nanoparticles is 

generally carried out by sol-gel processing using silicates or alkoxides 127,128. The steps in the 

synthesis of nanoparticles include hydrolysis of precursors followed by condensation. A typical 

sol-gel process is sometimes combined with other modifications to produce silica nanomaterials 

of desirable features. For example, the templates such as polystyrene and chitosan have been 

utilized to synthesise silica by a sol-gel process to create desired shapes in final particles 129,130. 

Hydrolysis greatly depends upon several factors,  including precursor, pH, temperature and 

additives. The ease of shape control by using different templates and reaction parameters makes 

silica material of choice for several applications including drug delivery, water purification, 

bioimaging and selectively wettable surfaces for oil/water separation. Regarding the oil water 

separation, silica has been used in various forms such as nanoparticles, nanostructured micro 

particles and nanostructure scaffolds 131–133. 

 Silane modification is therefore performed to alter the hydrophobic character of silica by replacing 

hydroxyl bonds with the silane functional group. In a typical modification process, OH groups 

present on the surface of silica would react with the chlorine of dichlorosilane leading to the 

replacement of surface functional groups 134. The hydrophobic character combined with the 

nanoscale features creates a hierarchical structure suitable to impart superhydrophobic properties. 
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1.6.1.1 Nanoparticles 

Silica nanoparticles have been used to develop materials for the separation of oil/water 

mixtures 13,135–140. For example, silica nanoparticles in the size range of 40-60 nm and the silane 

coupling agent hexadecyltrimethoxysilane were coated on a filter paper via a dip coating method 

to prepare a hydrophobic separation medium for oil/water mixtures 141. Similarly, spherical silica 

nanoparticles with diameter 20 nm were modified with octadecyltrichlorosilane followed by 

deposition on the surface with the aid of polyfluorowax to make  a superhydrophobic textile which 

effectively separated a mixture of hexadecane and water 142. In another study, silica nanoparticles 

of diameter 12 nm were modified with octylsilane  and were decorated on a polyurethane sponge 

to construct a superhydrophobic platform for adsorption of oil from oil/water mixtures 143. 

Recently, silica nanoparticles were used in combination with epoxy resin to form 

superhydrophobic coatings by spray deposition. Nanoparticle surfaces were modified by reaction 

with hexamethyldisilazane (HMDS) during synthesis 144. It was suggested that HMDS produces 

trimethylsilyl and ammonia which further reacts with hydroxyl groups of silica nanoparticles to 

form a layer on its surface. The introduction of the trimethylsilyl group introduces steric hindrance 

which prevents the agglomeration and growth of silica nanoparticles. The hydrophobic nature of 

particles enabled them to be dispersed in an organic solvent, as shown in Figure 1-4a. 

Transmission electron microscopy (TEM) and powder X-ray diffraction (PXRD) suggested that 

the silica clusters (Figure 1-4b) were amorphous (Figure 1-4e). Thermogravimetric analysis 

(TGA) profiles show a significant weight loss (7.8 wt.%) in the temperature range  200°C - 725°C 

(Figure 1-4f), which the authors ascribe to the loss of functionalities from the surface of silica. 

Superhydrophobic materials were formed by depositing the silica nanoparticles combined with an 

adhesive (polyurethane (PU)) onto a glass surface. (Figure 1-4c). Figure 1-4g shows the coating 
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formed by silica nanoparticles and epoxy. The difference in transmittance of these coatings is 

shown in Figure 1-4(d and h), the coating formed by PU and silica showed better transmittance. 
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Figure 1-4: (a) Digital images showing the silica nanoparticles dispersion in different solvents 

while inset is showing the silica powder. (b) TEM of silica nanoparticles, (c) X-ray diffraction 

spectrum of silica nanoparticles (d) Thermal analysis of the silica nanoparticles. (e) Digital image 

showing the coating of silica/polyurethane on glass, (f) Difference in transmittance of glass slide 

before and after coating silica/polyurethane (g) Digital images showing the coating of silica/epoxy 

resin on glass. (h) Difference in transmittance of glass slide before and after coating silica/epoxy). 

Adapted from144. With permission from The Royal Society of Chemistry, 2017.  

The coatings were applied to several substrates including glass, fabric and paper and sponge. The 

WCA in all cases was more than 150°. A superhydrophobic sponge was prepared, which was used 

for the separation of oil/water mixtures by mounting in a vacuum system (Figure 1-5a and b). The 

separation efficiency was observed to be more than 95 % in most cases as shown in Figure 1-5c 

and d. The separation efficiency was measured by calculating the difference in the volume of 

liquids before and after separation. 
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Figure 1-5: Digital images showing (a and b) the absorption of red dyed silicone oil  (c) 

Separating efficiency and   (d) recyclability of the sponge. Adapted from144. With permission 

from The Royal Society of Chemistry, 2017. 

In addition to the superhydrophobic materials, silica nanoparticles have also been used to engineer 

underwater oleophobic separation media for oil/water separations. For example, a 

superhydrophilic and underwater superoleophobic fabric was prepared by employing a vapour-

liquid interfacial reaction to decorate thiol-ene/silica hybrids on fabrics  138  
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1.6.1.2 Nanostructured Microparticles 

Nanostructured microparticles in different shapes (hollow, hierarchical) have been 

synthesized using sol-gel chemistry and used to separate oil water mixtures and emulsions. For 

example, silica particles were prepared by using polystyrene (PS) microspheres as a template 145. 

Briefly, the surface of PS was made positively charged by hexadecyltrimethylammonium bromide 

(CTAB) so as to coat silica on it by hydrolysis of TEOS in an alkaline environment. Silica particles 

on micro PS particles created a hierarchical structure which was retained even after removal of PS 

particles via calcination as shown in Figure 1-6. Hollow microspheres of silica were formed which 

were further modified with 1H,1H,2H,2H-perfluorodeyltriethoxysilane (PDES) to make them 

superhydrophobic. The PDES assembles on the surface and lowers the surface free energy thus 

changing the wettability of particles.  

The modification of a silica surface by self-assembly of the low energy material was confirmed by 

XPS and FTIR spectroscopy (Figure 1-6). The XPS survey spectrum indicated the presence of 

fluorine which suggested the modification of pristine silica by PDES. Moreover, the intensity of 

hydroxyl groups in FTIR was observed to decrease after modification which is another evidence 

of functionalization of silica as pristine silica demonstrates a very strong band in this range due to 

presence of hydroxyl groups on its surface.  
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Figure 1-6: (a) XPS spectra and (b) FTIR spectra of silica before and after modification  and (c) 

SEM and (d) TEM images of superhydrophobic Silica microspheres. Adapted from 145. With 

permission from Elsevier, copyright 2017.  

The superhydrophobic powder was produced to fabricate superhydrophobic surfaces on different 

substrates. A sponge coated with the superhydrophobic powder was used to demonstrate the 

separation of oil/water mixtures while the modified powder was used to separate oil/water 

emulsions.  
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Figure 1-7: (a) Optical microscopy of lubricating oil in water emulsions stabilized by sodium 

dodecylbenzene sulfonate (SDS) before (left) and after  separation (right) digital images of 

emulsion and separation product (middle) (b), Optical microscopy of diesel oil in water emulsions 

stabilized by SDS before (left) and after  separation (right) digital images of emulsion and 

separation product (middle) (c), Optical microscopy of n-hexadecane in water emulsions stabilized 

by SDS before (left) and after  separation (right) Digital images of emulsion and separation product 

(middle) (d), Schematic showing the separation process of oil/water emulsions (d). Adapted from 
145. With permission from Elsevier, copyright 2017. 

Three different types of oil in water emulsion were prepared by using diesel oil (Figure 1-7), 

lubricating oil (Figure 1-7), and hexadecane (Figure 1-7). The oils were mixed with water in 

volume ratio of 1:100 followed by addition of 0.1 g/L sodium dodecylbenzene sulfonate. The 
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stable emulsions were obtained by vigorously stirring the mixture. For the separation of emulsion, 

the superhydrophobic powder was introduced under vigorous stirring. The microspheres captured 

the oil phase from the surfactant stabilized emulsion due to the combination of superoleophilic and 

superhydrophobic properties. The opaque emulsion was turned transparent which indicates that 

the microspheres removed the oil, leaving the water behind. Optical microscopy of the emulsified 

solution before and after separation demonstrated that most of the oil phase was removed by the 

superhydrophobic microspheres.  

Similarly, polystyrene (PS) was used in another study as a template to fabricate raspberry-like 

silica microspheres 146. Similar to the previous study TEOS was used as a precursor of silica and 

the surface roughness was controlled by tuning the concentration of ammonia, water and molecular 

weight of polyvinylpyrrolidone. However, the PS beads were not removed and used for dual scale 

roughness on the surface. The surface of silica microspheres was rendered hydrophobic by 

modification with hexadecyltrimethoxysilane. The modified particles were used to generate 

superhydrophobic surfaces on various substrates including steel mesh, paper, cotton and sponge. 

The particles were anchored on a steel mesh to devise a platform for separation of oil/water 

mixtures. The superhydrophobic mesh separated mixtures of water and chloroform with a 

separation efficiency of more than 95% was achieved up to 5 cycles of separation. 

In another study, core-shell particles were produced by deposition of silica on the surface 

of polyvinylidene fluoride (PVDF) microspheres with hierarchical micro and nanoscale roughness 

(Figure 1-8) 147. Silane modified silica nanoparticles and PVDF were mixed in an organic solvent 

followed by electrospraying which resulted in precipitation of PVDF and evaporation of the 

solvent. At an appropriate concentration of silica, i.e. 8%, a core-shell structure was synthesized 
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where PVDF particles acted as an organic core while silica nanoparticles formed a continuous 

inorganic shell (Figure 1-8c-d).  

 

Figure 1-8: (a) Schematic showing the procedure for synthesis of hierarchical hybrid microspheres 

(b) Digital images showing the water droplets on the superhydrphobic surface while optical 

photograph in inset is representing contact angle measurement (c) SEM (c, scale bar = 10 µm and 

1 µm for inset) and (d) TEM images showing the morphology of electro sprayed hybrid 

microspheres. (e) Plot showing the change in diameter of hybrid particles as a function of silica 

concentration (f) the graph showing the effect of silica content on contact angles and sliding angles 

of water drops Adapted from 144. With permission from Elsevier, copyright 2017. 
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The size of PVDF particles increased gradually with increasing amount of silica (Figure 1-8) 

which is probably due to an increase in the thickness of shell. Surface coated silica plays an 

essential role in dictating the superhydrophobic properties as evidenced by the increasing contact 

angle with increasing amount of silica (Figure 1-8). This behaviour was attributed to the increased 

roughness with increasing content of silica. In addition to the superhydrophobic coating by 

electrospraying, (Figure 1-8) a free-standing membrane was formed by using the same materials; 

however, the membrane demonstrated low water contact angle as compared with the 

superhydrophobic coating.  

The superhydrophobic coating was applied on filter paper to demonstrate its application in 

oil/water separations. The coated filter paper proved to be effective in separation of oil/water 

mixtures and resisted corrosive liquids (Figure 1-8). However, the filter paper took 3 min to 

separate 100 ml of the mixture. On the other hand, a membrane formed by electrospraying PVDF 

and silica took only 30s to separate the same volume. It was suggested that the superior properties 

of the membrane were due to superoleophilic properties and the capillary tubes formed by voids 

between the microspheres and threads resulting in quick and continuous transportation of oil across 

the membrane during the separation process. The increased separation time in the case of modified 

filter paper was attributed to the poor transportation of oil through filter paper structure.  The 

membrane separated an oil/water mixture with flux 2050 L m-2 h-1 and separation efficiency of 

97.5% up to 20 cycles ( Figure 1-8).  
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Figure 1-9: Graph showing the variation of water contact angles at different pH while the shape 

of water droplets can be observed in the inset (a) Separation of dichloromethane and water under 

harsh conditions (b) the flux (c) and efficiency (d) for the oil-water separation with different 

cycles by using the PVDF/Silica membrane. Adapted from 147. With permission from Elsevier, 

copyright 2017.   

1.6.1.3 Nanostructured Scaffolds 

Nanostrucutred scaffolds of silica have been fabricated and used to adsorb and remove oil from 

oil/water mixtures. In comparison to particles, they are interconnected networks and offer multiple 

advantages such as recyclability, easy handling and good absorption. 

A solvothermal process has been used for fabrication of nanoporous hybrid materials from 

divinylbenzene and silica for the separation of different types of emulsions 148. The fabrication 

procedure involves the reaction of fumed silica (0.2–0.3 µm) with DVB monomer in the presence 
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of a radical initiator (AIBN) (Fig. 1-8a). The interconnected porous material that results from this 

reaction was isolated by evaporating the ethyl acetate. 

 

Figure 1-10: (a) Schematic showing the fabrication process of hybrid material (b) Gas 

adsorption isotherms and (c) pore size distribution confirm the nanoporous structure of hybrid 

material, (d) TEM images (e) and SEM images of hybrid material. Adapted from 148. With 

permission from Elsevier, copyright 2017. 

Characterisation of the surface by BET adsorption isotherms and SEM revealed mesopores with 

diameters from 10 nm to 100 nm (Figure 1-9). SEM and TEM revealed an overall hierarchical 

structure constituted by different types of nanoparticles (Figure 1-9). This unique hierarchical 

structure provides air pockets during interaction with liquid droplets and renders the material 

superhydrophobic.  

Indeed, the prepared material demonstrated a water contact angle of 160° and complete repellence 

of water. Due to excellent superhydrophobic properties and selective wetting towards oil, the 
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material immediately adsorbed the hexadecane from water/hexadecane mixture. Different types of 

common organic pollutants were separated, and the respective absorbance capacity was reported. 

It was found that the absorbance of the material is as high as 21.9 g/g.  

 

 

Figure 1-11: (a) Digital images showing the setup for separation of water in oil emulsion (b), 

optical microscope DLS results of water in toluene emulsion before (c) after (c) and separation. 

Adapted from 148. With permission from Elsevier, copyright 2017. 

The material was also tested to separate surfactant stabilized oil in water or water in oil emulsions 

(Figure 1-9). These emulsions were prepared by mixing the fluids in 1:100 ratios, stabilizing them 

with the commercially available nonionic surfactants Tween 80 or Span 80 with stirring for 15 h. 

In case of a water in toluene emulsion, the toluene easily passed through the porous channels while 
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water was completely rejected due to the superhydrophobic properties of the membrane. It was 

further confirmed from optical microscopy that de-emulsification took place, as effectively 

indicated by the significant difference in the phase-contrast observed before and after separation 

(Figure 1-11). Moreover, DLS measurements also verified the substantial change in droplet sizes 

before and after separation of emulsion. Gas chromatography confirmed that the separated toluene 

was 99.73% pure which proved the high separation efficiency of the process. 

1.6.2 Carbon 

Elemental carbon is an important element which exists in both crystalline (diamond and 

graphite) and non-crystalline bulk allotropes (coal, charcoal and carbon black). It contains six 

electrons with four in its valence electrons with three different hybridizations sp3, sp2, and sp1. The 

1s2, 2s2, 2p2 electronic configuration of carbon allows it to have several types of structures with 

unique properties. For example, diamond is the hardest material as every carbon atom is covalently 

bonded to four other carbon atoms in tetrahedral fashion. At the same time, graphite is a soft 

material as it consists of 2D sheets of carbon atoms joined by Van der Waals forces. The weak 

bonding (ca. 2kJ mol-1) between the sheets allows sliding, which makes graphite a soft material. 

The carbon atoms in graphene sheets are bonded via covalent bonds. The nanoscale allotropes of 

carbon including graphene, carbon nanotubes, fullerenes and nanodiamonds offer a wide range of 

properties such as high thermal and electrical conductivity, corrosion resistance, optical, 

mechanical and electrochemical properties 149. The use of carbon-based nanomaterials has been 

extended to structural materials, electronic, sensing, biomedical, energy storage, catalysis, cardiac 

scaffolds, desalination and water purification 149–152. Different forms of carbon have been explored 

to prepare materials for separation of oil/water mixtures and emulsions. Carbon foam fabricated 

by using polyurethane foam as a template and lignin phenol formaldehyde as a carbon source is 
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just one example of carbon-based materials for oil/water separation 153. Several other forms of 

carbon have also been used for this purpose and are discussed in detail in the following sections. 

1.6.2.1 Graphene 

Graphene is a single layer formed by hexagonally arranged sp2 hybridized carbon atoms. 

Graphene exhibits interesting properties such as very high electron mobility (250,000 cm2/Vs at 

room temperature), high Young’s modulus (1 TPa) and thermal conductivity of 5000 W m−1 K−1. 

154,155. Graphene has been utilized to produce materials for oil/water separation 156–158. It has strong 

tendency towards absorption of oils, and this property was employed to create a superhydrophobic 

foam by dip coating a polyurethane sponge in suspensions of graphene and cellulose 

nanowhiskers. The superhydrophobic foam displayed effective separation of several organic 

solvents and maintained its superhydrophobicity after 50 cycles of separations 159.  In another 

example, graphene was introduced in the framework of polyurethane sponge by in situ 

polymerization in the presence of N-methyl pyrrolidone 160.  The resulting sponge showed a water 

contact angle of 151.8° ± 0.5° and an oil contact angle of 0.5° and was subsequently used for the 

separation of various types of oil/water mixtures and emulsions. 

Magnetic graphene oxide sheets were synthesized for the separation of oil/water emulsion 

emulsions 161. Magnetic ferrite particles were prepared from iron carbonyls by 

oxidation/decomposition method followed by a thin coating of silica to enhance the chemical 

stability and to provide a medium for functionalization with silane coupling agent (3-APTES). The 

amine groups on the surface were then utilized for the reaction with graphene oxide (GO) sheets 

prepared by Hummer’s method.  Separation experiments were performed using a crude oil in water 

emulsion which was stable up to 12 h. A small quantity of M-GO was introduced in the mixture 

which immediately changed its color, indicating the emulsion breaking. 
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Recently, reduced graphene oxide-based composites with hierarchical structure have been 

fabricated by embedding metal-organic framework nanoparticles in rGO sheets 162. The material 

possesses a combination of superhydrophobic and superoleophilic properties allowing it to capture 

oil from an oil/water mixture selectively. The composite was fabricated by immobilizing zeolitic 

imidazolate frameworks (ZIF-8) on rGO sheets at room temperature. The microdroplets of 

suspension of the composite were produced by an ultrasonic spray nozzle. The droplets were mixed 

with silicon oil (continuous stirring at 165ºC) to allow the wrinkling and self-assembly of 

composite microspheres. Figure 1-12 shows the schematic of the synthesis process.  
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Figure 1-12: (a) Schematic showing the formation process of ZIF-8@rGO spheres, (b-d) TEM 

images showing the structure of the wrinkled ZIF-8@rGO (e) SEM and (f-i) EDS of ZIF-8@rGO 

(j) contact angle of water (k) and silicone oil on ZIF-8@rGO. 162 
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Figure 1-12 (b-d) shows the TEM images of ZIF-8@rGO microparticles. These are 

composed of ZIF-8 nanoparticles uniformly distributed on wrinkled rGO sheets. The spatial 

uniformity and dispersion of ZIF-8 can be observed from the EDX Figure 1-12(e-i). The 

combination of nanoparticles and sheet structure creates mesoscale roughness, which helps 

achieve a very high contact angle of 158º along with oleophilic properties Figure 1-12(j-k). The 

produced particles were coated on a PU foam by dip coating, and the resulting composite 

superhydrophobic foam was used for the separation of organic solvents from water  

 
 

1.6.2.2 Carbon nanotubes/fibers 

  Carbon nanotubes (CNTs) can be imagined as a cylinder in which individual carbon atoms 

are sp2 bonded to each other. There are different types of CNTs, including the single wall, double 

wall or multiwall depending upon the number of rolled graphene sheets. They have very high 

surface area and can be easily functionalized both covalently and non-covalently to host new 

properties for specific applications. CNTs can be chemically modified by carboxylation, 

amidation, acrylation and PEGylation and esterification. Another interesting advantage of CNT is 

their dual-scale roughness due to the cylindrical structures. This feature is significant in the 

fabrication of superhydrophobic materials 163,164. A composite membrane for the separation of 

oil/water emulsion was fabricated using CNTs and polysulfone as support. A thin layer of Pebax 

was coated, and different concentrations of functionalized CNTs (FCNTs) were used to study the 

effect on morphology and separation characteristic of the membrane 165. It was observed that 

increasing the concentration of FCNTs improved the mechanical and thermal properties and 

increased the hydrophilicity of the membrane. Silanized CNTs have been used to fabricate ethyl 

cellulose-based composite sponges. The sponges were coated by nanoparticles of SiO2 which were 

further modified with hexadecyltrimethoxysilane to obtain a superhydrophobic and 
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superoleophilic sponge. The resulting sponge was then used to separate oil/water mixtures and 

emulsions 166. In another study, a superhydrophobic and superoleophilic membrane was prepared 

by assembling carbon nanofibers and single-walled carbon nanotubes on an etched stainless steel 

mesh. The composite membrane was then modified with polydimethylsiloxane and used to 

separate water from an emulsion 167.  

Superhydrophobic surfaces have been fabricated via two-step fabrication of carbon nanofibers by 

plasma sputtering followed by CVD at 300 °C to achieve superhydrophobic properties14. This 

represents a route which does not involve complicated processing and avoids toxic chemicals. 

Initially, the copper was deposited on different substrates as a catalyst by plasma sputtering. Later, 

the samples were placed in a CVD chamber for carbon deposition. The flow of hydrogen was 

maintained until the temperature reached 300 °C and then acetylene was introduced for 30 min. 

Finally, the chamber was cooled to room temperature under nitrogen. 

Digital images show the wetting behaviour of glass and fabric before and after deposition of CNF 

(Figure 1-13). It can be observed that the water drop has formed a bead shape on superhdyrophobic 

materials compared to complete absorption or very low contact angle in case of pristine materials.  
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Figure 1-13: (a) Digital images showing pristine ACF (b) and modified ACF (c) pristine glass (d) 

and modified glass (e-j) SEM and TEM images of images of modified ACF and glass. (k) 

Separation of kerosene and water mixture by using modified ACF. With permission from The 

Royal Society of Chemistry, copyright 201714 

 

SEM and TEM results reveal the presence of entangled CNF structure with individual fiber with a 

diameter of 30 nm, whereas the Cu particles have been observed as bright spots (Figure 1-13). 

Similarly, CNF structure on glass can also be seen with an individual fiber of diameter of <100 

nm (Figure 1-13). The porous structure formed by CNF is supposed to entrap more air, thus 

increasing surface superhydrophobicity 14.  

 The pristine fabric shows the water contact angle of 0°; however, the deposition of CNF increased 

the water contact angle to 146°. Similarly, CNF-coated the glass also demonstrated an increase in 

water contact angle from 36° to 156°. Surface energy measurements showed that the coated glass 

slide and fabric (46.56 mJm-2 and 55.91 mJm-2, respectively) hold low surface energy as compared 

to the uncoated glass and fabric. XPS showed that the coated glass slide and fabric contained fewer 

carbonyl groups than the uncoated samples.  The coated ACF has a combination of 

superhydrophobic and superoleophilic behaviour which means that oil can easily pass through it 

while water would be rejected entirely (Figure 1-13 k). The property was used to separate different 

types of oil/water mixtures with a separation efficiency of 99% up to 50 cycles 14. 

1.6.2.3 Carbon soot 

Carbon nanoparticles (soot) are produced from incomplete combustion of organic 

molecules. A straightforward source of carbon nanoparticles is candles which are primarily made 

of paraffin wax. Incomplete combustion of candle wax results in the production of hydrophobic 

carbon nanoparticles. Despite some limitations in terms of stability and mechanical properties, it 

is an inexpensive and simple process to fabricate superhydrophobic materials. Candle soot has 

been used to produce  a superhydrophobic and superamphiphobic surfaces whilst using 
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polydimethylsiloxane (PDMS) and hexane as base 168. Carbon nanoparticles (CNPs) were 

embedded in PDMS, which was cured by the heat of the flame. This resulted in chemically and 

mechanically stable superhydrophobic surface. 

Similarly, a robust superhydrophobic coating was produced by depositing a composite 

coating of camphor soot and PDMS 169. In another study, CNPs dispersed in acetone were prepared 

by using a candle 170. The dispersion was then used to prepare superhydrophobic coatings by the 

spray process. The coatings produced by this method were stable up to 400°C and demonstrated 

better water jet and drop impact resistance than the coatings prepared by direct deposition of soot 

from candle flame. 

A one-step method was proposed to fabricate superhydrophobic and superoelophilic materials 171. 

The proposed fabrication method does not require any chemicals, and short smoking for 5 min was 

enough to render the materials superhydrophobic. A folded copper foam was exposed to candle 

flame under suitable conditions to collect the carbon soot. The deposition of carbon soot created 

hierarchical structures with micro/nanoscale features absent in the bare copper foam, as shown in 

the SEM images (Figure 1-14 a-d).  
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Figure 1-14: (a-b) SEM images of copper foam before and (c-d) after coating with candle soot, 

(e) Schematic showing the separation apparatus (f-i) Digital images showing the separation of 

oil/water mixtures by using superhydrophobic copper foam. Adapted from 171. With permission 

from American Chemical Society, copyright 2017.  

SEM, XPS and EDS results confirmed the presence of 20 µm thick layer of carbon soot which 

wrapped the porous structure of the copper foam. The hierarchical structure and low surface energy 

of carbon soot realized the superhydrophobic coating without any chemical modification. Contrary 

to the superhydrophilic behaviour of pristine copper foam, it demonstrated a water contact angle 

of 155° after coating with carbon soot. Moreover, the superhydrophobic copper foam demonstrated 

superoleophilic behaviour as the oil droplet completely spread over it. The copper foam was used 

for the gravity-driven separation of oil/water mixture containing 15 ml red-dyed water and 30 ml 

blue-dyed toluene. The oil could easily pass through the foam while water was retained in the foam 

resulting in the complete separation of oil/water mixture 170.  

In addition to the gravity separation, the continuous separation was performed from a device 

containing a peristaltic pump, as shown in Figure 1-14e. The device efficiently separated the oil 

from an oil/water mixture containing 450 ml of water and 40 ml of toluene dyed with methylene 

blue Figure 1-14 f-i. The device separated the mixture with a recovery rate of 98.8%, which was 

based on the comparison of gathered oil and the original amount in the mixture 170.  

Following this approach, five different oil/water mixture of toluene, n-hexane, silicone oil, 

isobutanol, and dichloromethane were separated and their recycled rates (volume ratio of the 

collected oil and original amount of oil in mixture) were calculated. Moreover, the device 

demonstrated a recovery rate of more than 95% up to six cycles ensuring the reproducibility and 

durability. 
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1.6.2.4 Carbon gels 

Aerogels are known for their porous structure and very low density. A typical synthesis 

approach for aerogels is to prepare wet gel by a sol-gel process followed by replacing the liquid 

phase with gas. The aerogels have high porosity which gives them distinct properties, including 

high surface area and very low thermal conductivity. As the porous structure of carbon aerogels 

are assembled from sp2 carbon nanoparticles, they possess unique properties such as high thermal, 

mechanical and chemical stability, electrical conductivity, large surface area and very low density. 

These fascinating characteristics persuaded the researchers to find the application of carbon 

aerogels in many fields such as sensor, sorbents, energy, filtration and sensors 172. Carbon-based 

aerogels can be divided into five different types based upon the allotrope of carbon used in the 

production of aerogel 172. For example, graphene oxide has been used to prepare graphene-based 

aerogels 173. Graphene oxide can be suspended in water and contains oxygen functionalities at 

basal planes and edges, which helps in covalent reaction with different compounds. This ability 

allows the preparations of new materials with tunable properties for specific applications. 

Similarly, CNTs have been used to prepare robust and conductive aerogels for a range of energy 

and environment applications174. Other examples of carbon aerogels are amorphous carbon, 

graphite and diamond aerogels 172,175,176.  

Different types of carbon-based aerogels and their composites have been conceived for oil/water 

separation. For example, a PU foam reinforced porous graphene aerogel was fabricated by freeze 

casting to collect oil from an oil/water mixture 177. The produced aerogel demonstrated superior 

mechanical and superhydrophobic properties making it applicable for the separation of oil/water 

mixtures for several cycles. In another study, light weight and electrically conductive carbon 

aerogels were fabricated from the oxidation-oven drying-carbonization method using waste paper 

as a source material 178. The aerogel produced by this method is suitable for separation of oil/water 
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mixtures due to the combination of superhydrophobic/ superoleophilic properties, high absorption 

(33–70 g g-1) and high compressibility. In a different study, popcorn was used as a carbon precursor 

to prepare superhydrophobic and magnetic carbon aerogel 179. The popcorn was treated with the 

iron nitrate before carbonization to yield magnetic popcorn carbon which was further modified 

with octyltrichlorosilane to produce “superhydrophobic aerogels”. The aerogel exhibits selective 

absorption towards oils and can be used to separate many types of oil/water mixtures up to several 

cycles. Similarly, pressure-sensitive carbon aerogels were fabricated from pyrolysis of cellulose 

aerogels which were composed of microfibers of poplar catkin (PC) 180. For this, the PC fibers 

were activated by sodium chlorite followed by carbonization at 1000 °C under nitrogen 

atmosphere.  

The PSC aerogels have a water contact angle of 150.3°, making them suitable candidates for 

absorbing the oil from oil/water mixtures (Figure 1-15a). The PSC aerogel can separate oil/water 

mixtures under gravity, as shown in Figure 1-15b. The oil was passed through the aerogel while 

water was retained on the surface. The aerogel displayed an absorbency of 81 to 161 g g-1 for a 

range of oils and organic solvents, as shown in Figure 1-15c. Moreover, the aerogel can be re-

used after drying in an oven and displayed absorbance 80 g g-1 when used for ten cycles. It was 

demonstrated that the oil absorbed aerogel could also be treated via combustion. The aerogel 

maintained its skeleton after complete combustion of oil in 45 s. 
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Figure 1-15: Images showing the absorption of oil (a) separation process (b) absorption capacity 

(c) cycles (d) and combustion of oil in PSC gel. Adapted from 180. With permission from American 

Chemical Society, copyright 2017. 

 

1.6.3 Iron Oxide 

Iron oxides naturally exist in many forms; however, magnetite, (Fe3O4), maghemite (γ-

Fe2O3) and hematite (α-Fe2O3) are technologically the most important types. These oxides have 

found applications in many fields due to their magnetic properties and biocompatibility. Magnetite 

(Fe3O4) and maghemite (γ- Fe2O3) have been explored extensively for biomedical applications 

including drug delivery, thermal therapy, magnetic hyperthermia and magnetic resonance imaging 
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181–184 while hematite (α- Fe2O3) has been used in gas sensors, pigments and catalysts as it is an n-

type semiconductor, have low cost and shows resistance against corrosion 185. 

Inspired by its magnetic properties, Fe3O4 has been used in various studies alone or with other 

materials for separation of oil/water mixtures and emulsions 186–189. For example, Fe3O4 were 

deposited on coco peat powder with the aid of polydopamine followed by modification with 

octadecylamine. The resulting product was magnetic and highly hydrophobic 135º ± 3º. These 

properties make it suitable for sorption of oil from an oil/water mixture 190. Similarly, Fe3O4 was 

used to prepare magnetic and superhydrophobic polyurethane sponge 191. The sponge was coated 

with straw soot and Fe3O4 nanoparticles via an immersion method. The sponge was later modified 

with PDMS to improve the water-repellant character of the sponge. The sponge exhibited water 

contact angle 154° and oil absorption 30 times its weight. Moreover, the sponge is recyclable up 

to 30 times and suitable for magnetic separation. In some other studies, Fe3O4 nanoparticles have 

been used in combination with other materials such as zinc oxide, stearic acid 192, silane 193,194, 

silica and fluoropolymer 195 to modify polyurethane sponge for oil/water separation. 

Recently, Fe2O3 nanoparticles prepared by a co-precipitation method were coated with silica and 

3-aminopropyltriethoxysilane (APTES) followed by grafting with quaternized chitosan (QC) 196. 

The prepared material was then characterized for oil/water separation with respect to pH, 

reusability and as a function of dosage.  

To study the oil/water separation ability of prepared materials, a 0.2 wt.% emulsion of diesel in 

water was made via sonication for 5 min. A known amount of nanoparticles was added, followed 

by manual shaking and separation of nanoparticles by applying a magnetic field. The nanoparticles 

were then washed with ethanol three times to remove the oil and reused for the separation 

experiments. The separation experiments were performed under different pH values and it was 
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found that QC coated nanoparticles show exceptional performance. The transmittance of water 

increased with increasing dosage of QC coated nanoparticles. The equilibrium value of 98% was 

achieved when the dosage was increased to 34 mh/L under both acidic and neutral condition. 

However, the separation efficiency was decreased under alkaline conditions, and 98% 

transmittance was achieved. It was discussed that negatively charged oil droplets were attracted 

towards positively charged QC coated nanoparticles via electrostatic attraction. 

1.6.4 Titanium Oxide 

Titania naturally exists as anatase, rutile and brookite. It is a n-type semiconductor (3.02 

eV) and has very high refractive index 2.609 (rutile). When exposed to UV light, it generates an 

electron-hole pair which can be used for the production of electricity or photo catalysis 197. Titania 

has been explored for many applications including degradation of organic pollutants, 

photovoltaics, air purification, self-cleaning surfaces, hydrogen evolution, sterilization, food 

additive, biomedical, degradation of pesticides, supercapacitors and lithium batteries 198–200. An 

interesting feature of titania is its superhydrophilic property under UV exposure 201. Inspired by 

the properties of titania, an underwater superoleophobic membrane was fabricated by spray 

depositing titania nanofibers and used for the separation oil/water mixture and photocatalytic 

degradation of organic molecules under UV 202. In another study, magnetic titania nanotubes were 

prepared as a superhydrophobic sorbent for oil. Titania nanotubes were synthesized by a 

hydrothermal method in the presence of magnetic nanoparticles and modified with octadecylamine 

203. The prepared material was able to absorb oil more than 1.5 times its own weight and recyclable 

more than 5 times. 

Similarly, a TiO2 based superhydrophobic coating was constructed on cotton fabric via a 

hot pressing technique. The coating had a water contact angle of more than 150° and showed 

resistance to abrasion and machine washing 204. The coating offered self-cleaning, antifouling, UV 
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protection properties. Coating with superhydrophobic characteristic was created by dip coating the 

fabric in a mixture of n-octyltriethoxysilane and Tetrabutyl titanate. The treatment caused the 

embedding of randomly dispersed TiO2 on the surface of the cotton fibers. The surface roughness 

was further evaluated by atomic force microscopy. It was found that pristine fabric contained a 

relatively smooth structure with a root mean square value of 14.6 nm compared to the coated fabric 

which exhibited an increase value of RMS i.e. 48.2 nm. This highlighted the increased roughness 

of fabrics after deposition of TiO2. The inherent structure of fabric combined with TiO2 generated 

a hierarchical structure with micro and nanoscale features which are required for the Cassie-Baxter 

wetting state. A contact angle greater than 150° was observed. The XPS survey of the fabrics 

confirmed the deposition of TiO2 and octyltriethoxysilane as the strong peaks of Ti 2p, Si 2p peak 

and Si 2 s were present in the coated fabrics as compared to pristine fabric. The fabric demonstrates 

outstanding UV resistance and mechanical properties as it can endure several abrasion and 

laundering cycles. The fabric was demonstrated to separate a mixture of dichloromethane and 

water with separation efficiency close to 100%. It can be seen that the water which was dyed as 

blue could not penetrate through the fabric due to superhdyrophobic property while oil easily 

permeated through the fabric. The fabric maintained this property even after five cycles of 

separation. 

In another study, TiO2 was deposited via spin coating on hierarchical polylactide (PLA) membrane 

to make it superhdyrophilic 205. The PLA membrane was synthesized by a non-solvent induced 

phase separation (NIPS) method by using a non-woven fabric as a support. The PLA solution was 

cast on the fabric followed by immersing in water. The membrane was dried in air and peeled off 

from the fabric. A paint-like suspension of TiO2 and as synthesized hydrophilic copolymer P(VP-

VTES) was deposited PLA membrane via spin coating to fabricate superhydrophilic surface. 
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SEM images reveal the morphology of the PLA membrane and it can be observed that micro-scale 

groves, microspores and stretched nanofibrils have created a hierarchical microstructure. A robust 

coating of TiO2@P(VP-VTES) was formed on the PLA membrane via spin coating. The stretched 

nanofibrils seized the TiO2 nanoparticles to form a coral tentacle -like structure (Figure 1-16 a-

h). The high magnification images show that the TiO2 nanoparticles have entirely covered the 

surface Figure 1-16 g. Membrane maintained high flux, high separation efficiency and high 

rejection after ten separation cycles of oil/water mixtures. 

 

Figure 1-16: Front and cross sectional SEM images of (a, c, e, and f) pristine and (b, d, g, and 

h)TiO2 modified membrane  (i) XPS of pristine(j) and with TiO2 membrane. With permission 

from The Royal Society of Chemistry, copyright 2017205 

 

 

1.6.5 Zinc Oxide 

ZnO is a semiconductor which has attracted attention due to its unique physical and 

chemical properties. ZnO has a large bandgap of 3.37 eV, large excitation binding energy of 60 



 

66 
 

meV, high photostability and radiation absorption over a broad range 206,207. Moreover, ZnO is 

biocompatible, biodegradable and demonstrates antibacterial properties in nano sizes due to high 

surface reactivity 208. The properties of ZnO has been studied for a wide range of applications 

including photo catalysis, antibacterial, energy, sensors and optoelectronics. A variety of ZnO 

based nanostructures has been explored, classified as 1D, 2D and 3D structures. Some examples 

include, nanorods, tubes, needles, belts, rings, sheets, flowers and snowflakes.  Due to a wide range 

of nanostructures, ZnO has been used extensively to fabricate superhydrophobic surfaces 209–211. 

For example, a superhydrophobic coating was fabricated by using ZnO nanoparticles of size 24 

nm and wurtzite structure. The nanoparticles were prepared by a hydrothermal method and 

modified with palmitic acid. The coating demonstrated a water contact angle >160°; however, it 

became hydrophilic after heating at 230°. This behaviour was associated with the thermal 

degradation of palmitic acid 212. Similarly, porous ZnO nanoparticles prepared by a combustion 

method were used with copper stearate to prepare a superhydrophobic coating with water contact 

angle 161°. In addition to the nanoparticles, flower-like structures of ZnO have also been explored 

213,214 such as a flower-like ZnO hierarchical structure was used in combination with epoxy for the 

durable superhydrophobic surface. The coating demonstrated water contact angle more than 150° 

and sustained several abrasion cycles demonstrating its high durability. Inspired by the progress 

in ZnO based nanomaterials, a unique approach was adopted to develop a mesh for the separation 

of oil/water mixtures. A mesh was developed by growing ZnO nanowires stainless steel mesh by 

chemical vapour deposition, which demonstrated reversible wettability 215. The mesh 

demonstrated superhydrophilic and underwater superoleophobic behaviour allowing it to let the 

water penetrate through its pores while blocking the oil. The mesh is able to become 

superhydrophilic or superhydrophobic depending upon thermal treatment under under hydrogen 
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or oxygen environments. The fabrication route of mesh involved the synthesis  of ZnO nanowires 

produced by thermal chemical vapor deposition which were then suspended in ethanol and coated 

on steel mesh by drop casting. SEM images indicate the pore size of mesh (50 μm) and ZnO wires 

of diameter 100 nm and length 4.6 μm randomly distributed on the surface (Figure 1-17a). The 

XRD analysis of ZnO nanowires indicates the wurtzite phase of ZnO (Figure 1-17b). As prepared 

mesh demonstrates both superhydrophilic and superoleophilic properties with a water contact 

angle of 0°.  

 

Figure 1-17: (a and b) SEM images showing the structure of pristine and ZnO coated mesh, (c) 

XRD pattern of ZnO coated mesh (d) The separation device used for the separation of oil/water 

mixtures by using ZnO coated mesh. Adapted from 215. With permission from American Chemical 

Society, copyright 2017. 
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The mesh displayed underwater superoleophobic behaviour. The underwater contact angle is more 

than 150° for various types of oils indicating the high resistance of mesh towards oil penetration 

in the presence of water. Moreover, the oil rolls off at an angle of 5°, indicating the low adhesion 

due to the repulsion of polar water towards nonpolar oils. The trapped water decreases the effective 

contact area between oil and solid surface, resulting in triple-phase discontinuous line. This 

together with surface roughness result in underwater superoleophobic behaviour. The mesh was 

switched to superhydrophobic and superoleophilic by hydrogen annealing treatment.  The 

annealing was performed under hydrogen at 300 °C, which resulted in the water contact angle of 

154° without affecting the superoleophilic properties of the mesh. The reversible switching of 

mesh was demonstrated by annealing at 300 °C for 1 h under oxygen. The process is reversible 

and annealing treatments with hydrogen and oxygen control the wetting behavior. 

A model device was fabricated using ZnO nanowire mesh (Fig. 1-15d). In the water removing 

mode, superhydrophilic and underwater superoleophobic was used, and a mixture of diesel and 

water in 1:2 ratios were poured through the device. The water easily penetrated through the mesh 

while diesel was blocked. Similarly, several other oils were also tested including gasoline, hexane, 

olive oil, mustard oil, and turpentine oil 

For the oil removing mode, the mesh after hydrogen treatment was used. It has 

superhydrophobic/superoleophilic properties making it possible to remove mixtures of chloroform 

and 1,2-dichloroethane with water. The oil quickly passed through the mesh while blocking the 

water. The contact angle measurements demonstrated the recoverability of mesh for more than ten 

cycles. Moreover, mesh efficiency was more than 99.9% for mustard oil, diesel, gasoline, olive 

oil, and turpentine oil. 
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1.7 Summary and conclusions of the literature review  

 

Whilst an understanding has been developed that superhydrophobic surfaces can be 

artificially created by combining a nanoscale structure with hydrophobic functionality, most of 

these surfaces are susceptible to damage upon application of mechanical force. Therefore, efforts 

are still ongoing to make robust superhydrophobic surfaces. In most cases, durability loss is 

associated with the damage to nanoscale topography and chemical functionality under mechanical 

forces or harsh service conditions. Most of the durable superhydrophobic surfaces have been made 

by combining hydrophobic nanoparticles with adhesive; however, the resistance of such surfaces 

to organic solvents is still questionable. The response of a robust superhydrophobic surface in a 

harsh environment such as pressure, wear and shear has been discussed in a study, and it was 

argued that surface roughness plays a vital role in the stability of Cassie Baxter wetting state 216. 

A brief examination of the literature uncovers a deep concern regarding the stability of 

superhydrophobic surfaces used for engineering applications and the methods to characterise them 

217. With increasing interest in applying superhydrophobic surfaces for engineering materials, it 

has become essential to devise standard methods to characterise the durability of the 

superhydrophobic surface against different parameters such as mechanical or chemical 

environments. These characteristics will play a vital role in engineering superhydrophobic 

materials for emulsion and oil/water mixtures. 

In addition to the durability, special design considerations are required for the application of 

superhydrophobic materials for oil/water separation. For example, most superhydrophobic 

materials have been used to separate oil/water mixtures where oil exists as a separate phase and 

can be separated by a simple filtration step. However, the separation becomes extremely difficult 
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if the oil phase is uniformly distributed in the aqueous phase and stabilised by surfactants. In this 

case, the design of superhydrophobic materials becomes vital because typical absorbents are either 

inefficient or do not separate very stable emulsions. For example, pore size and structure will play 

a key role in separating emulsions.  Despite some work present in the literature, this is still a 

developing field with many unexplored facets, especially designing materials with switchable 

wettability to separate both oil/water and water/oil emulsions. In addition, there is a lack of 

characterisation of emulsion separation by superhydrophobic materials.  Most presented in the 

literature have used different recipes for emulsions, and in some cases, emulsions were not stable 

even up to 48 hrs. In addition, durable superhydrophobic materials should be designed considering 

the surfactant stabilised emulsions and the recyclability of the adsorbent. 

Various types of nanoparticles have been deposited on different substrates to engineer 

superhydrophobic materials for oil/water separation. The choice of materials comes down to the 

substrate and scenarios of application. For example, silica can be synthesised in different shapes 

(from nanometer pore to micrometre scaffold) and bind to various substrates due to surface silanol 

groups. The mesoporous structure of silica can offer sites for the adsorption of organic moieties. 

However, the surface of silica nanoparticles would need to be modified with low surface energy 

groups to impart hydrophobic properties and require further processing steps. The same is the case 

with most ceramic nanoparticles. They offer relatively high thermal stability and robust coatings 

in some cases; however, additional processing steps are required to tune surface chemistry and 

adherence to the substrate. Another criterion for choosing a nanomaterial for oil/water separation 

could be the inherent hydrophobic/hydrophilic structure. For example, carbon particles produced 

from candle soot or related methods offer hydrophobic behaviour. 
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Similarly, graphene-based materials have hydrophobic properties depending upon the nature of 

surface functional groups. These nanomaterials can avoid a step of surface modification needed 

for silica or most inorganic nanoparticles but require a suitable adhesive to bind them to the 

substrate. As explained in the previous sections, the key criterion for selecting a nanomaterial 

would be the surface chemistry, the magnitude of roughness, synthesis route, ease of 

functionalisation and adhesion behaviour with the substrate. Some materials such as rods, sheets 

or tubes, including CNT’s and graphene composites, offer dual-scale roughness due to their unique 

geometrical features. A structure formed by these materials will provide a more rough structure, 

thus more air cushion and water repellent properties. Another exciting feature could be the 

magnetic properties as they could benefit reusable or fast separation systems for surfactant 

stabilising emulsions. In this regard, Iron-based oxides and their composites can provide a unique 

combination of high surface and area magnetic properties for fast separation of emulsions. 

In addition to choosing the nanomaterial or modifying agent, the separation medium or substrate 

structure also plays an important role. Aerogels and foams produced from natural resources offer 

an environmentally friendly and economical solution. The 3D porous network offers very 

adsorption capacity most foams reported in the literature are reusable due to their elastic nature. 

Some examples include polymer-based foams such as polyurethane, melamine or carbon-based 

foams derived from natural resources or nickel, copper foams. The surface of these structures was 

modified to render them superhydrophobic. Some other structures, such as meshes and fabrics, 

have been explored. The suitability of these materials for emulsion separation is uncertain due to 

large pores. As mentioned in previous sections, the emulsion could contain tiny oil droplets 

uniformly distributed in the water phase or vice versa. An adsorbent or filtration medium with 

large pores would not sieve small droplets. 
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Typical oil/water separation materials lack efficiency in removing emulsions formed in the 

presence of natural additives and environmental stressors. Methods such as on spot burning and 

dispersants cause further pollution and are not sustainable for long term applications. An efficient 

and scalable separation method will have environmental remediation applications and enhance the 

economic value of industrial processes. Most studies used nanoparticle-based coatings that can 

fracture during infield application, thus changing the adsorbent properties. Adsorbents for 

oil/water separation must resist environmental stressors, and their manufacturing route should be 

scalable for commercial applications. In addition, the environmental impact of nanomaterials 

should also be considered before engineering superhydrophobic materials for oil/water separation. 

For this, fluorine-containing compounds must be avoided for surface modification and appropriate 

adhesive bind nanomaterials to the substrate. This research will focus on creating nanocomposites 

for emulsion separation whilst considering the recyclability, durability and potential impact on the 

environment. The nanoparticles coated filtration mediums risk causing secondary pollution by 

exposing toxic nanomaterials to the environment. Therefore, stable nanocomposites will be 

fabricated for batch scale separation of emulsion, whilst macroscopic superhydrophobic structure 

for potentially continuous separation will be studied in the second phase. The nanocomposite will 

be either prepared with a binder or magnetic properties for batch scale separation to retrieve the 

material quickly after separation. 

Furthermore, the choice of formulations that are fluorine-free and relatively environment friendly 

will be considered. For example, the 2nd chapter of this thesis utilises alumina nanoparticles with 

a nanoscale polysiloxane layer deposited on sawdust particles. These materials are readily 

available and environment friendly as compared to fluorine-based compounds. In addition, the 

nanocomposite is compacted by a polydimethylsiloxane layer, which is a biocompatible polymer. 
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Similar considerations will be made for the materials used in the 3rd and 4th chapters. For example, 

the membranes reported in the 4th chapter contain nanoparticles embedded in the polyurethane 

network, thus reducing the risk of leakage during application. 

 

1.8 Aims of research 

This project aimed to establish surface engineering protocols using various nanomaterials and their 

composites to separate oil/water mixtures and emulsions. The project was started with an aim to 

first study particulate adsorbents for batch scale separation of surfactant stabilized emulsion. A 

sawdust based renewable and high surface area silica-based nanocomposite adsorbents were 

synthesised in the first phase. A clear understanding was established on the role of using particulate 

adsorbent superhydrophobic adsorbents in the removal of tiny oil droplets from emulsions. Later, 

the research was progressed towards the synthesis of macroscopic superhydrophobic materials 

after extensive consultation with industrial collaborators. Superhydrophobic platforms such as 

nanofibrous membranes and 3D porous frameworks were thought to be more practicable for large-

scale industrial applications in treating emulsions. Therefore, a new spray based method was 

developed for the synthesis of membranes and durable superhydrophobic coatings. 
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2.1 Abstract 

This work reports the surface modification of sawdust particles with silane-modified alumina 

nanoparticles and polydimethylsiloxane to create smart micron sized absorbents for separation of 

surfactant stabilized emulsions. A very fine polysiloxane network (< 12 nm) was created on the 

surface of alumina nanoparticles which were then uniformly coated on the surface of sawdust 

particles to create a hierarchical film with a thickness < 500 nm. The composite particles were then 

coated with polydimethylsiloxane to create a stable superhydrophobic absorbent with contact angle 

> 150° and thermal stability up to 200 °C. The absorbent is preferentially wetted by oil and can be 

used to separate surfactant stabilized emulsion under mechanical agitation. The absorbent was able 

to remove most of the oil content from the emulsions; the optical transmittance of emulations 

increased from 0 to ca. 90% after separation and optical microscopy images showed very low trace 

of oil in the filtrate. 

 

2.2 Introduction 

Oil/water mixtures are generated through various processes and their volume is continually 

increasing with expanding industrial operations. Industries such as metal processing, 

pharmaceuticals, and oil generate large volumes of oily water as a consequence of their daily 

operations 218. In the oil industry, oil/water mixtures are produced during extraction and refining 

of crude oil. It is important to remove water from oily products (i) to meet product specification, 

and (ii) to avoid corrosion in pipelines, but it is also important to remove oily products from water 

to allow water to be discharged into the environment. A separate problem is the need to clean up 

oil from accidental spillages, both of crude oil and of oil-based fuels, to the environment.  Such 

spillages can have a devastating impact on natural habitats and ocean life 64 particularly due to the 

tendency of oil to concentrate at the water’s surface. Typical methods to separate oil/water 
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mixtures include mechanical separation via bommers, skimmers, centrifugation and chemical or 

biological methods 43,65. Mechanical methods have limited effectiveness while the chemical and 

biological methods either disperse the oil or convert it to other chemical species.  

Recently, materials with selective affinity towards oil and repellent towards water have been used 

for the separation of these biphasic mixtures 219–221. Inspired by natural superhydrophobic surfaces 

such as the lotus leaf, these materials are promising candidates for the physical separation of 

oil/water mixtures. Superhydrophobic surfaces repel water due to their distinctive rough surface 

features and low surface energy in range of 20–30 mN m−1. Despite the strongly water repellent 

properties of a superhydrophobic surface, organic liquids with low surface energy are still 

attracted. This combination of oleophilicity and hydrophobicity can be used to selectively collect 

the oil from an oil/water mixture without affecting its chemical nature.  

In the past few decades, efforts have been made to understand the phenomenon of 

superhydrophobicity and to artificially create superhydrophobic surfaces 219. It has been found in 

many cases that surfaces with a combination of hierarchical roughness and non-polar surface 

chemistry can give rise to superhydrophobic properties, mainly by maintaining a large fraction of 

air within the surface texture. Following this approach, several types of superhydrophobic 

materials have been synthesized and their applications have been explored in different fields such 

as corrosion resistance, protective coatings for building materials, anti-fogging and anti-icing 

coatings and also for oil/water separation 10,76,228,220–227. For oil/ water separation, a variety of 

porous substrates such as foams, meshes, filter papers, fabrics, gels, monoliths and fibers have 

been made superhydrophobic and oleophilic to collect oil from oil/water mixture 75,88,232–

235,100,141,167,225,226,229–231. However, the separation of oil from an emulsion where oil droplets are 

uniformly distributed in the water phase is not straightforward. In the oil industry, oil/water 
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mixtures have oil droplets as small as 100 nm which separate only slowly under the influence of 

gravity.  The separation process becomes even more difficult if the oil droplets are stabilized by 

surfactants such as alkylbenzene sulfonates, fatty acids, as well as naturally-occurring solid 

particles 53.  Crude oil also contains solid matter such as clays, particles of silica and iron oxide 

which are naturally hydrophilic, but become hydrophobic following prolonged exposure to 

hydrocarbons. This, combined with the presence of asphaltenes and resins, can help water droplets 

to disperse uniformly in oil or vice versa generating very stable emulsions. Mixtures with small 

oil droplets stabilised by amphiphiles cannot readily be separated by conventional 

superhydrophobic materials because little of the oil phase comes into contact with the separation 

medium. One approach is to use micron sized superhydrophobic absorbents to collect the dispersed 

oil phase from the emulsion 75,107,109. An example of this approach is the use of superhydrophobic 

hollow silica micro particles 109 which have been used for the separation of three different types of 

oil in water emulsions. 

Sawdust (SD) provides a widely available and inexpensive micron size structure which can be 

decorated with nanoscale features to produce superhydrophic / oleophilic materials. The usefulness 

of SD as a micro-scale template has been demonstrated previously in production of activated 

carbon 236,237, and removal of cadmium 238, arsenic and sulfamethoxazole 239 from water. Sawdust 

has also been used as a reinforcement in polyethylene composites 240. Sawdust was chemically 

modified with cetyltrimethylammonium bromide to alter its hydrophilic nature. The chemical 

functionalization was believed to improve the adhesion between sawdust and polymer matrix by 

reducing the polarity gap. Similarly, sawdust was chemically modified by decorating its surface 

with nanoparticles of zirconium or lanthanum oxide to prepare cost efficient absorbent for the 

removal of arsenic form water 241. 
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In this paper we report micron sized composite functional absorbents for the separation of oil water 

mixtures.  SD particles were used as a micro-scale structural support, with size ranging up to 

several microns, on which a nanostructured absorbent was constructed based on Al2O3 

nanoparticles (NPs) functionalized with hydrophobic silane groups. The composite particles are 

stabilized with polydimethylsiloxane (PDMS) to avoid the release of nanoparticles to the 

environment during application. The assembly of these so-called PDMS@Al2O3@SD 

nanocomposites is shown in Scheme 1.  We then show how these nanostructured composites can 

be used for efficient demulsification of a surfactant-stabilized emulsion of toluene in water, with 

excellent recyclability. 
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Scheme 1: Fabrication process of superhydrophobic composite particles and their application in 

separation of emulsions 

2.3 Materials and Methods 

2.3.1 Materials 

Aluminium oxide (Al2O3- CAS Number 1344-28-1) nanopowder with diameter < 50 nm and 

surface area >40 m2/g and dichlorodimethylsilane (CH3SiHCl2- CAS Number 75-78-5) (≥ 98.5% 

(GC) were purchased from Sigma Aldrich. Sawdust (SD) was washed with methanol several times 

and dried overnight in an oven at 90 °C followed by sieving to collect < 150 µm particles. The 

washed SD particles (<150 µm) were used without any other processing. SYLGARD® 184 

silicone elastomer was used as a source of polydimethylsiloxane (PDMS) and was activated in a 

10:1 ratio with curing agent. Span 80 (C24H44O6-CAS Number 1338-43-8) with viscosity 1000-

2000 mPa.s at 20 °C was procured from Sigma Aldrich and used as a surfactant to make stable oil 

in water emulsions. 

2.3.2 Methods 

1 g alumina nanoparticles (Al2O3 NPs) was added to 200 ml hexane under continuous stirring. 20 

ml dichlorodimethylsilane (DCDMS) was introduced in the mixture and the temperature was 

raised to 200 °C until the solvent evaporated. The resulting powder was dried for 2 h. at 200 °C 

and washed with acetone four times. For preparation of superhydrophobic surfaces, functionalized 

Al2O3 NPs were suspended in acetone (4 wt.%) and ultrasonicated for 4 h. and then spray deposited 

on a variety of substrates using a Clarke DIY Air Brush Kit. The spray distance was maintained at 

10 cm for all samples. After spray deposition, the substrates were dried at 90 °C for 1 h.  

The Al2O3@SD particles were prepared by mixing 1 g SD particles in 10 ml suspensions 

containing different concentrations of nanoparticles (Table 1). The suspensions were made by 

ultrasonication of Al2O3 NPs in acetone for 4 h. After mixing SD particles, the mixture was 
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sonicated for 30 min and then left to dry overnight. For the deposition of PDMS layer, 3 wt.% 

PDMS and curing agent were mixed in two different beakers, each containing 50 ml hexane, and 

magnetically stirred for 1 h. Later, the two mixtures were mixed together and then stirred for 30 

min. The prepared PDMS solution was mixed in different quantities (Table 2) with Al2O3@SD 

and dried for 2 h. The final product was washed with acetone twice and dried. After 

characterization, the optimized PDMS@Al2O3@SD particles were used for the separation 

experiments. 

Table 1-1: Sample names for Al2O3 NP-coated SD particles 

Specification Sample Name 

1 wt.% Alumina Nanoparticles 1-Al2O3@SD 

3 wt.% Alumina Nanoparticles 2-Al2O3@SD 

5 wt.% Alumina Nanoparticles 3-Al2O3@SD 

7 wt.% Alumina Nanoparticles 4-Al2O3@SD 

9 wt.% Alumina Nanoparticles 5-Al2O3@SD 

 

Table 1-2: Sample names for Al2O3 NP-coated SD particles further coated with PDMS 

Specification Sample Name 

Al2O3@SD coated with 10 ml PDMS solution 1-PDMS@Al2O3@SD 

Al2O3@SD coated with 20 ml PDMS solution 2-PDMS@Al2O3@SD 

Al2O3@SD coated with 30 ml PDMS solution 3-PDMS@Al2O3@SD 
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2.3.3 Characterization 

The morphology of the nanoparticles, surfaces and absorbents was examined by using a field 

emission scanning electron microscope (SEM). The samples were coated with a layer of platinum 

before analysis to make them conductive. The cross section of sawdust particles was created by 

using a Focused Ion Beam (FIB) FEI Quanta 3D FIB + XUM. The thermal analysis was performed 

by thermal gravimetric analysis (TGA- Mettler Toledo TGA/DSC1) in air with a heating rate of 

10 °C/min while the chemical structure and composition were analyzed by Fourier-transform 

infrared spectroscopy (FTIR- NICOLET 5700 spectrometer) and X-ray photoelectron 

spectroscopy (XPS). XPS was performed by using Kratos Axis Ultra with monochromatic Al k 

alpha X-ray source. The data analysis was done using CASA XPS software; spectra were corrected 

on the binding energy scale with respect to adventitious carbon (C 1s at 284.8 eV.). The Shirley 

background and Gaussian Lorentzian peak shape were used for the peak fitting.  Contact angles 

were measured by using a Kruss drop shape analyser. Transmittance spectra were recorded using 

a UV/Vis spectrophotometer (Shimazu UV-1800) in the visible range. For separation experiments, 

test emulsions were produced by mixing toluene and water at 1000 rpm using a magnetic stirrer 

for 20 min with a surfactant to stabilize the emulsion (1g/l Span 80). The emulsions were 

characterized by optical microscopy (Olympus BH2 upright optical microscope, Zeiss camera) and 

UV/Vis absorption spectroscopy before and after separation. 

2.4 Results and Discussion 

SEM was used to assess the morphologies of the nanoparticles. Figure 2-1a and b shows the SEM 

images of Al2O3 NPs before and after functionalization. The nanoparticles are randomly shaped 

and are in the size range < 50 nm according to their commercial specification. There is no obvious 

effect on physical structure of nanoparticles after functionalization.  
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Figure 2-1: SEM images showing the morphology of the Al2O3 nanoparticles (a) before and (b) 

after functionalization (c) FTIR spectra of Al2O3 nanoparticles before and after functionalization; 

(d) XPS spectra of alumina nanoparticles before and after functionalization 

The functionalized Al2O3 NPs were further characterized by FTIR and XPS to study the change in 

surface chemistry after functionalization. New peaks emerge post-functionalization which are 

absent in the spectra of pristine nanoparticles. The peaks at ~2964 cm-1 and ~1263 cm-1 indicate 

the presence of CH3, while the peak at ~ 794 cm-1 indicates the presence of the siloxane Si-O bond 

(Figure 2-1c). There is a broad band at 1000-1120 cm-1  which has been attributed previously  to 

Si-O-Si and Al-O-Si bonds 242. In other studies this has been attributed to vibrations from Si–O–
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C,  Si-O-Si and Si-O-Al bonds,  [37 – 41] with no consensus arising as to a single identity for this 

broad peak. It is likely that the resonance contains vibrational elements of all three bonding types 

and hence spans a large manifold of energies.                                                                                                                                                   

Figure 2-1d shows the XPS analysis of Al2O3 NPs before and after functionalization. The 

quantification from high resolution spectra of Al2O3 NPs indicates the presence of 25.12at% 

aluminium, 20.76 at% carbon and 54.10 at% oxygen. The peak position of Al 2p (74.58 eV)  

indicates the presence of Al2O3. After functionalization of the alumina surface with silane groups, 

a Si 2p peak appears in the XPS spectrum at 101.97 eV which we attribute to introduction of the 

(-Si(CH3)2O-) groups at the surface. The quantification of high resolution spectra by peak fitting 

shows 25.11 at% aluminum, 17.32 at% carbon, 55.86 at% oxygen and 1.69 at% silicon. Keeping 

in view the results from FTIR and XPS, we conclude that reaction resulted in the formation of a 

very fine polysiloxane network on the surface of alumina. This modification is important in 

creating a low surface energy network to replace the hydroxyl groups present on the surface of 

Al2O3 NPs, probably due to reaction between hydroxyl and chlorine groups resulting in the 

formation of HCl as a byproduct and anchoring of dimethylsilyl group on the surface of 

nanoparticles. The presence of the siloxane bond, which is clear from the peak at ~795 cm-1 and 

1000-1120 cm-1, is possible if silane groups are forming a chain. There is a possibility that HCl, 

formed during the functionalization reaction, could react with the Al2O3 NPs to form aluminium 

chloride.  To ensure that any aluminium chloride was removed, the NPs were dried at 200 °C and 

washed with acetone. The combination of these steps would be expected to remove all the 

byproducts since aluminium chloride has a boiling point of 180 °C and good solubility in acetone.  

Figure 2-2a shows the TGA analysis of alumina nanoparticles before and after functionalization. 

The weight loss in nanoparticles before functionalization can be ascribed to the removal of 
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moisture and water produced due to polycondensation of hydroxyl groups from alumina 

nanoparticles. It has been previously noted that pure alumina nanoparticles lose mass due to 

dehydroxylation up to 800°C 243. Silica nanoparticles are also known to exhibit weight loss in this 

temperature due to polycondensation of hydroxyl groups 244. The TGA analysis of alumina 

nanoparticles after functionalization shows the two stages of weight loss. It starts with the removal 

of water molecules up to 180 °C with a weight loss of 1.48 wt.%, followed by a second stage 

starting at 180 °C with a major weight loss up to 530 °C but continuing more gradually to ~810 

°C. The sample lost 5.17 % weight in this region which indicates the degradation of silyl methyl 

functional groups.  

  

Figure 2-2: (a) Thermogravimetric analysis of the functionalized Al2O3 nanoparticles; (b) SEM 

images showing the morphology of the spray coated glass and mesh; (c) Water contact angle of 

different substrates sprayed with functionalized Al2O3 nanoparticles; (d) Digital images showing 
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the roll off and bouncing droplet on a superhydrophobic surface fabricated from functionalized 

Al2O3 nanoparticles  

To demonstrate the application of functionalized Al2O3 NPs, they were used to make a 4 wt.% 

suspension in acetone which was deposited on various substrates by spraying. Figure 2-2b shows 

the morphology of the resulting coatings. The nanoparticles form a hierarchical structure which is 

uniformly distributed across the substrates. This process can be used to coat variety of substrates: 

paper, fabric, steel, mesh and glass were coated and the resulting contact angles were measured as 

shown in Figure 2-2c. All of these contact angles exceed 150° so these are regarded as 

superhydrophobic surfaces. The functionalized Al2O3 NPs were also deposited on a glass slide 

with the help of silicone adhesive to create a superhydrophobic surface. Figure 2-2d shows the 

behaviour of a water droplet on this superhydrophobic surface. The water droplet is rejected from 

the surface upon contact, indicating the extremely high repellence towards water. In another image, 

an occurrence of droplet bouncing on a surface can also be observed.   

To prepare functional absorbents for the separation of surfactant-stabilized emulsions, the 

nanoparticles were coated on SD particles (< 150 µm). To determine the optimal loading of NPs 

on the SD substrate, different loadings of functionalized Al2O3 NPs were coated on the surface of 

SD to make composite particles Al2O3 @SD. The functionalized Al2O3 NPs coating significantly 

changed the surface wettability of SD particles.  It can be seen in 
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Figure 2-3a that the water contact angle of coated SD started to increase with increased loading 

of Al2O3 NPs until it reached about 150°, with the largest  contact angle being achieved with the 

maximum loading, 5-Al2O3 @SD (152.4° ± 1.62) The inset shows the superhydrophobic surface 
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created from 5-Al2O3 @SD and its visual appearance after immersion in water coloured with 

methylene blue. 
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Figure 2-3: Graph showing the change in water contact angle with increasing loading of Al2O3 

nanoparticles in sawdust, (i) inset showing the water droplet on 5-Al2O3@SD bonded to glass with 

silicone adhesive (b) XPS spectra of sawdust before and after coating with alumina nanoparticles;  

high resolution C1s (c) before and (d) after coating (5-Al2O3 @SD) 
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The changes in the surface chemistry of SD were observed by XPS and FTIR. The XPS spectrum 

(

Figure 2-3b) of pristine SD shows carbon and oxygen peaks which are the main contents of 
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organic matter in SD. The deconvolution of C1s peak from sawdust indicated four chemical states 

(
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Figure 2-3c). SD is mainly composed of cellulose and lignin which are mainly C-O, C-OH C-OC, 

explaining why the peak at about 286.5 eV is the largest. 

After coating with functionalized Al2O3 NPs (5-Al2O3 @SD), new peaks for aluminium and silicon 

appear. These peaks indicate that the surface of sawdust has been covered with functionalized 

Al2O3 NPs. The quantification of high resolution spectra by peak fitting shows the presence of 

20.30 at% aluminium, 27.77 at% carbon, 49.96 at% oxygen and 1.96 at% silicon. The 

deconvolution of C1s peak from functionalized sawdust also shows carbon bonds, suggesting that 

the nanoparticle coating is porous and carbon is showing through. Figure S6 shows the FTIR 

spectra of pristine SD and those coated with functionalized Al2O3 NPs. In pristine SD, peaks 

characteristic to lignin and cellulose (the main constituents of wood) can be seen. A broad band 

around 3330 cm-1 can be observed indicating the OH groups, while a peak at 2890 cm-1 indicates 

stretching vibrations from C-H bonds. The peak at 1732 cm-1 can be assigned to the carbonyl 

groups. Other peaks include 1260 cm-1, 1154 cm-1 and 1036 cm-1 which can be ascribed to the 

vibrations from aromatic rings, and C-O bonds in different components of wood (cellulose and 

lignin). All of these values are in close agreement with literature 245,246. The intensity of the 

characteristic peaks found in wood decrease with increased loading of Al2O3 NPs. The peaks at 

1260 cm-1 and 796 cm-1 emerge due to increased loading of Al2O3 NPs and represent the vibrations 

from Si-CH3 and Si-O bonds. These bonds are only present in the Al2O3 NPs due to functional 

groups. 

The coating of Al2O3 NPs was further confirmed by secondary electron SEM imaging. The surface 

of SD particles is smooth before deposition of Al2O3 NPs (Figure 2-4a). A rough surface is 

observed in samples coated with Al2O3 NPs. A uniform film of Al2O3 NPs is formed with 

increasing loading of NPs in coating solution (Fig. S1 and 2). The best distribution is achieved in 



 

92 
 

the samples with the highest loading of NPs (4-Al2O3 @SD and 5-Al2O3 @SD ) (Figure 2-4b). 

These are the same samples with highest contact angles which can be related to the distribution of 

Al2O3 NPs.  

 

Figure 2-4: SEM images showing the morphology of (a)pristine sawdust and (b) 5- Al2O3 @SD. 

Samples of pristine SD and 5-Al2O3 @SD were subjected to thermal analysis in air and the results 

are shown in Figure 2-4 c and d. There are three stages of weight loss from the pristine SD which 

we believe derive from the following steps: (i) removal of moisture from 30 to 80°C; (ii) loss of 

cellulose (61.7%) from 240 to 345°C; and (iii) loss of lignin (31%) from 345 to 490°C. After three 

stages of weight loss, the residue of SD was almost zero indicating that the SD was completely 

burned. There is some residue left in the TGA analysis of results of 5-Al2O3 @SD which is 

presumably from the coated Al2O3 NPs (Figure 2-4d). Also, a small trend of weight loss above 

500 °C can be observed which is identical to the TGA of Al2O3 NPs. We potentially ascribe this 
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to weight loss from the degradation of functional groups. The residue which is 30.9 % is from the 

Al2O3 NPs which were coated on the surface of sawdust. This value can be used to estimate the 

loading of NPs. However, due to the extremely irregular and rough morphology of SD it is likely 

that these data are prone to significant uncertainty. 

Although the Al2O3 NPs coated SD has a superhydrophobic structure, there is a risk that the NPs 

may be detached from the SD surface if used in a practical process, particularly one using 

mechanical agitation, and hence a risk that this could lead to release of nanoparticles into the 

environment. Therefore, Al2O3 NPs were fixed on the surface of SD by using PDMS as binder. To 

deposit PDMS, a 3 wt.% solution of it was prepared in hexane and 5-Al2O3 @SD particles were 

soaked in three different volumes of this solution and then dried at 90 °C for 2 h. The stability of 

nanoparticles was checked by mixing the samples with methanol and the filtrate was collected for 

the measurement of transmittance. The samples were also characterized with by SEM and TGA to 

observe the morphology and estimate the quantity of PDMS which is binding nanoparticles to the 

SD particle surface. Further details can be found in the supporting information, Figures S3-S8 and 

accompanying text.. The best optical transmittance, and thus the most effective adherence of the 

nanoparticles to the sawdust, was achieved with the maximum amount of PDMS, i.e. 3-PDMS@ 

Al2O3 @SD.  

Figure 2-4e  shows SEM images of a cross section of the particle surface generated by focused 

ion beam (FIB) milling. The coating consisting of functionalized Al2O3 which can be observed 

between the sawdust and the platinum layer. Fig. S9 shows the EDX mapping of cross section 

showing that majority of carbon and oxygen is present in the sawdust while aluminium can be 

observed in the areas where alumina nanoparticles are present. There is a slight deviation between 
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the EDX map and the SEM image due to minor spatial drift during the EDX mapping because the 

sample is slightly insulating. 

The deposition of PDMS was further confirmed by FTIR and Figure 2-5a shows the spectra 

obtained. It can be observed that the intensity of characteristic peaks of PDMS increases with 

increasing loading. The 3-PDMS@ Al2O3 @SD powder sample was also analysed with XPS and 

the quantification from high resolution spectra shows the presence of 12.09 at% aluminium, 40.63 

at% carbon, 39.03 at% oxygen and 8.23 at% silicon. The amount of silicon is significantly 

increased after PDMS coating which clearly indicates its blending within the Al2O3 NPs and 

sawdust structure. The Al 2p peak representing the alumina nanoparticles is also still present after 

PDMS coating. The deconvolution of C1s peak is shown in the inset of Figure 2-5b: it shows three 

chemical states with a major peak appearing at 284.9 eV indicating C-C bonds, though it should 

be noted that the Si-C peak appears at same energy level so this might be a combination of two 

peaks. It can be concluded that the PDMS is finely distributed and alters neither the morphology 

nor the chemical structure significantly. A typical PDMS coating would normally be expected to 

form a layer hiding the structure of nanoparticles, but that appears not to be the case in the results 

presented here. The Si 2p appears at 102.38 which corresponds to a polysiloxane structure. Hence 

the PDMS is  stabilizing the nanoparticles on sawdust surface thus generating a stable 

superhydrophobic surface on sawdust particles. 
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Figure 2-5: (a) FTIR and (b) XPS spectra of 3-PDMS@ Al2O3 @SD samples 

After optimizing the deposition of PDMS, the 3-PDMS@ Al2O3 @SD was used for separation of 

surfactant stabilized emulsions. The nanocomposite particles can also be used for the collection of 

oil from the surface of water as shown in the Figure 2-6a. The particle readily absorbs toluene 

(red, dyed with Sudan III) while repelling water due to their excellent superhydrophobic properties. 

Figure 2-6b and c show the separation process in which 1g 3-PDMS@ Al2O3 @SD was added in 

10 ml emulsion and manually shaken for 5 min and then filtered.  
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Figure 2-6: (a) Digital images showing the collection of toluene (red) from the surface of water 

(blue) by 3-PDMS@Al2O3@SD; (b, c) Digital images showing the separation of emulsion by 3-

PDMS@Al2O3@SD; and (d), emulsion before and after separation for 3 cycles. 

 

Four different loadings of toluene (5 ml= T1, 10 ml= T2, 15 ml= T3, 20 ml= T4 in 100 ml water) 

were studied and separation was performed for three cycles for each loading. The emulsions were 

characterized with optical microscopy to observe oil droplets in emulsion before and after 

separation. Figure 2-7a shows the transmittance of emulsion T1 before and after separation. The 

transmittance results show that the emulsion has virtually zero transmittance while the 

transmittance becomes more than 80 % after treatment with 3-PDMS@ Al2O3 @SD. The 

recyclability was observed by using the same adsorbent again and introducing new emulsion. The 

absorbent was washed with acetone and dried in an oven before each cycle of separation. The 
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absorbent showed good recyclability as the transmittance of emulsion improved for all three cycles 

of separation.
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Figure 2-7: Transmittance of emulsion before and after separation (a) T1, (b) T2, (c) T3, and (d) 

T4. 

Figure 2-7b shows the results for emulsion T2, showing that 3-PDMS@ Al2O3 @SD effectively 

removes oil droplets from this emulsion as the transmittance is about 90 % in all cycles. The same 

is the case with T3 and T4 as evidenced in Figure 2-7c and d. Optical microscopy images of 

emulsions before and after separation are shown in Figure 2-8.  The emulsions contain numerous 

droplets of toluene well dispersed in water and the quantity of droplets is increased with higher 

volume of toluene. After treatment with 3-PDMS@ Al2O3 @SD particles, most of the toluene is 

removed and optical microscopy images indicate very little oil for three cycles of separation. The 

particles are also fairly effective in separating other types of oils such as the complex mixtures of  

triglycerides in olive oil (Supporting Information). 

Superhydrophobic absorbents follow a simple approach of physical separation via selective 

absorption of oil from an emulsion. The superhydrophobic nature of the absorbent prevents its 

interaction with water. The powder can easily go into the emulsions through mechanical agitation 

due to its small size and capture the uniformly distributed oil droplets in the water phase. Later, 

the absorbent can be separated from emulsion and can be washed for next cycle of separation. As 

this process follows simple selective absorption of oil from emulsion without using complex 

apparatus or processes, it is believed that this could be a simple and cost effective solution for the 

separation of oil/water mixtures and emulsions 107,108,247. 
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Figure 2-8: Optical microscope images before and after separation (a)T1 (b), T2 (c), T3 and (d)T4 

Scale bar on all images is 50 µm. 

2.5 Conclusion 

Superhydrophobic composite particles were prepared by coating the surface of micron-sized 

sawdust particles with functionalized alumina nanoparticles followed by deposition of 

polydimethylsiloxane (PDMS). The uniform coating of alumina nanoparticles on sawdust particles 

imparts a superhydrophobic character while PDMS strengthens the nanoparticle network thus 

generating a stable superhydrophobic absorbent. The material was further characterized with XPS 

and FIB to investigate the role of alumina nanoparticles and PDMS in separation and recyclability. 

The composite particles effectively separate surfactant stabilized oil in water emulsions. It is found 

from the recyclability experiments that these composite particles can be used for multiple 
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separation cycles. If used industrially it could be envisaged that the particles will be mixed with 

the emulsion and then separated via pressure or in-line filtration once they have completely 

absorbed the oil and broken the emulsion. 

 

2.6 Supplementary information 

Results and Discussion 

 

 

Figure S1: SEM images showing the morphology of the 1- Al2O3 @SD (a) and 2- Al2O3 @SD (b). 

Some nanoparticles are seen on the surface of sawdust under these conditions, however, they are 

not uniformly distributed and does not cover the entire surface 
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Figure S2: SEM images showing the morphology of the 3- Al2O3 @SD (a) and 4- Al2O3 @SD (b). 

The coating of nanoparticles becomes gradually uniform by increasing the laoding of nanoparticle 

in the suspension. The surface of sawdust is effectively covered in case of 4- Al2O3 @SD. The 

uniformity of this coating is directly linked with the contact angle as discussed in the main text. 
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Figure S3: Thermogravimetric analysis of 1- Al2O3@SD, 2- Al2O3@SD, 3- Al2O3@SD and 4- 

Al2O3@SD. 

Figure S3 shows the TGA analysis of samples 1- Al2O3@SD, 2- Al2O3@SD, 3- Al2O3@SD and 

4- Al2O3@SD. The residue left after degradation of wood is increased with higher loading of 

nanoparticles. TGA provides weight loss and the residue left at the end gives an approximation of 

loading of nanoparticles. As the geometry of sawdust is very irregular and weight of residue 

(nanoparticles) would be different in every cycle that is why a direct relation cannot be established. 

However, an approximate loading can be inferred after which material achieve superhydrophobic 

properties. In this case, the sawdust becomes superhydrophobic for samples 4-Al2O3@SD and 5-

Al2O3@SD. The loading of nanoparticles in these cases is more than 35%. Other samples show 
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low loadings (3-Al2O3@SD= ~22.5 %, 2-Al2O3@SD= 8.3%, 1-Al2O3@SD= 8.2%) and 

correspondingly low contact angles.  

 

Figure S4: EDS analysis of pristine sawdust 
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Figure S5: EDS analysis of coated sawdust (5-Al2O3 @SD) 

Figure S4 and S5 shows the EDS mapping of sawdust before and after coating with Al2O3 

nanoparticles. The pristine sawdust shows three different elements; platinum from the conductive 

coating on sample while carbon and oxygen are the main constituents of sawdust. When sawdust 

is coated with Al2O3 nanoparticles, two new elements appear; aluminium and silicon which are 

from functionalized nanoparticles. The signals for silicon are weak as compared to other elements 

as it is only present as functional groups. The EDS mapping confirms the uniform coating of Al2O3 

nanoparticles on the surface of sawdust. 
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Figure S6: FTIR spectra of (a) sawdust coated with Al2O3 nanoparticles (magnified spectra) 

To deposit PDMS, a 3 wt.% solution of it was prepared in hexane and 5-Al2O3 @SD particles were 

soaked in three different volumes of this solution and then dried at 90 °C for 2 h. This produces 

two different types of particles as shown in Fig.S7c: there is an agglomerated layer like structure 

on the surface, and a powder is present under that layer. To check the stability, 0.2 g 5- Al2O3 

@SD particles before and after coating with different amount of PDMS were stirred (400 rpm for 

2 min) in methanol and the filtrate was collected for analysis, as shown in Fig. S7a. Fig. S7b shows 

the optical transmittance of 5- Al2O3 @SD particles before and after deposition of PDMS. It is 

clear from the colour of filtrate that some of the Al2O3 NPs left the surface to make a suspension 

with methanol before PDMS coating and remained in it even after filtration. However, the filtrate 

became clear with increasing loading of PDMS as shown in the transmittance curve in visible 

range. The best optical transmittance was achieved in case of 3-PDMS@ Al2O3 @SD .   

The Fig. S8 shows the SEM images of 1-PDM@ Al2O3 @SD and 2-PDM@ Al2O3 @SD while 

Fig. S9 shows the morphology of 3-PDM@ Al2O3 @SD. A change in surface morphology can be 

observed as PDMS tends to form a smooth surface; we conclude that while it is important to use 

sufficient PDMS to adhere the Al2O3 NPs effectively to the surface, too much will replace the 

rough structure created by Al2O3 NPs with a smooth structure, thereby reducing the 

superhydrophobic character of the surface. Fig. S9 shows the SEM images of two different 

particles of 3-PDM@ Al2O3 @SD. Rough surface morphologies caused by Al2O3 NPs can be 

observed in both images. Moreover, the water contact angle of the surface made by 3-PDMS@ 

Al2O3 @SD is 152.0° ± 1.7 
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Figure S7: Digital images showing the filtrate (a) Transmittance spectra of samples before and 
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Figure S8: SEM images showing the morphology of the 1-PDMS@Al2O3@SD (a) and 2-

PDMS@Al2O3@SD (b) 

 

Figure S9: SEM images showing the morphology of two different particles of 3-

PDMS@Al2O3@SD 
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To estimate the quantity of PDMS which is binding nanoparticles to the SD particles surface, TGA 

experiments were performed before and after PDMS deposition. Two different particles from the 

3-PDM@ Al2O3 @SD samples were selected. One of them consisted of loose powder, the other of 

agglomerated flakes. It was suspected that the flakes contained a higher loading of PDMS 

compared to the loose particles. Fig. S10 and S11 show the TGA results for particles before and 

after PDMS deposition, while Fig. S12 shows the TGA for the flakes. These experiments were 

carried out in alumina crucibles and the samples were collected from the same batch to minimize 

the experimental errors. There are three stages of weight loss in all these results indicating the loss 

of moisture, cellulose, lignin and functional groups of Al2O3 NPs. An interesting behaviour can be 

found when the weight loss in all these results is compared. The weight loss from 240 to 345°C 

(corresponding to degradation of cellulose) is decreased in samples with PDMS coating. However, 

the weight loss from 345 to 490°C is increased in samples with PDMS coating, and is highest in 

the sample with the highest loading of PDMS. A previous study where thermal degradation of 

PDMS and its composite with graphene oxide was studied in N2 environment found that PDMS 

degradation starts at 400 °C and completes at 600 °C with ~20 % residue 248. This explains the 

increase in weight loss between 345 and 490°C. Also, a significant difference in the shape of curve 

can be observed as the curve becomes steeper with increased loading of PDMS. By subtracting the 

weight loss of lignin before coating of PDMS, it can be concluded that ~9.27% weight loss in 

particles and ~15.47% weight loss in flakes is from degradation of PDMS. 
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Figure S10: Thermal analysis of particles without PDMS 
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Figure S11: Thermal analysis of 3-PDMS@Al2O3@SD particles 
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Figure S12: Thermal analysis of 3-PDMS@Al2O3@SD flakes 
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Figure S13: EDS spectra of the FIB cross section of 3-PDMS@Al2O3@SD 
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Figure S14: Digital images showing the performance of pristine sawdust on emulsion separation. 

The sawdust gets absorbed in the emulsion without having any effect on separation 

 

Figure S15: DLS of T4 emulsion (a) before and (b) after separation. Sample (T4) was diluted 5 

times with water and tested again with DLS and the results are presented in the following images. 

Each sample is tested three times. Figure S15 shows the DLS of T4 emulsion before (a) and after 
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(b) separation. All three measurements show that emulsion contain different sizes of oil droplets 

ranging from nanometer to a few microns. After treatment with sawdust composite, most of the 

oil droplets have been removed and only small droplets are left as evidenced previously in the 

optical microscopy images. 

 

Olive oil emulsion in water was prepared to see the performance of these composite particles in 

separation of triglycerides. The emulsion was prepared as mentioned in “Experimental section 

(T4)” and separation was performed under same conditions. It is important to mention here that 

emulsification was not same for olive oil in these conditions as very big droplets were formed in 

addition to small droplets as shown in optical microscopy images (Figure S16 and S17).  The 

performance of sawdust composite was also different to the emulsions as the powder removed 

most of the big droplets but the water was not clean after 1st cycle of separation. When the emulsion 

was treated with sawdust composite powder 2nd time, the transparency was significantly improved 

and most of the oil droplets were removed. The digital images and optical microscopy images are 

shown below.  

It can be inferred from these results that superhydrophobic absorbents have potential in separating 

glycerides, however, a detailed study is needed to understand the required design conditions and 

separation behavior. 
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Figure S16: Digital images showing the separation of olive oil emulsions by two cycles of 

separations 

 

Figure S17: Optical microscopy images showing the olive oil emulsion before and after separation 
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separation of stable oil/water emulsions 
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3.1 Abstract 

Separation of a surfactant stabilised emulsion remains an industrial and environmental challenge 

despite significant progress in superhydrophobic materials for oil/water separation. Herein, two 

types of magnetic nanocomposite are presented, and their superhydrophobic and separation 

performance is evaluated in relation to surface area and nanoscale texture. Hybrid magnetic 

nanocomposite powders were synthesised by encapsulating magnetite nanoparticles in porous and 

non-porous silica shell through sol-gel process. The surface of both powders was grafted with silyl 

methyl groups to achieve the selective affinity towards oil. After surface modification, the powders 

show a water contact angle of >155º and have a combination of superhydrophobic and 

superoleophilic properties. The surface areas of the materials were found to be 213 m²/g, and 860 

m²/g from both of the preparation routes reported. The combination of these properties allowed for 

the selective capture of oil from oil/water mixtures and emulsions. The powders were able to 

remove more than ca. 90% of organic content from the surfactant-stabilised emulsions. The 

magnetic properties assisted the facile removal of powder with oil entrained by a simple 

application of a magnetic field to the mixture. The separation process was studied in detail to 

demonstrate the applicability of superhydrophobic materials in the separation of stable emulsions. 

3.2 Introduction 

Biphasic mixtures form through both natural and industrial processes. It is essential to separate 

these mixtures of two immiscible liquids to purify or recover a product in some instances. One 

example is the separation of oil/water emulsions to refine crude oil or clean processed water before 

releasing into the environment 43,45,52,53,249. Emulsions are produced due to several industrial 

operations in the oil industry, which start from the initial stages of oil production 52. For example, 

uniform mixing of oil and water occurs due to high pressure and shear at wellbore and pipelines 

during crude oil drilling. The water content in oil increases as the life of an oil well nears its end. 
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Crude oil naturally contains fatty acids, waxes, clays and surface-active substances such as 

surfactants and asphaltenes, which tend to migrate to the oil/water interface and form an interfacial 

barrier 52,53. These substances reduce coalescence and agglomeration and create very stable 

oil/water emulsions. The treatment of these types of stable emulsions is essential to increase the 

efficiency of oil production and prevent environmental contamination from the accidental release 

of effluent. Currently, there are various methods in practice to treat oil/water mixtures. Some 

examples include the in-situ combustion of oil, electrostatic separation, chemical demulsification, 

bioremediation, dispersants, solidifiers, skimmers and adsorbents 250,251. Physical separation via 

absorption or filtration is considered one of the most efficient routes to treat oil/water mixtures due 

to the simplicity required for operation. 233,247,252,253. Superhydrophobic and superoleophilic 

materials have recently been studied for the physical separation of oil/water mixtures and 

emulsions. A variety of architectures such as meshes 83,254–256, foams 132,257,258, membranes 90,259, 

aerogels 260–262 and fabrics 263,264 have been explored using a range of silica, titania, carbon, and 

zinc oxide-based nanostructured surface coatings. Most of these materials are successful in 

separating free mixtures where oil droplets are not stable. However, emulsions containing 

thoroughly distributed dispersants with droplet diameters of less than 150 µm are complicated to 

separate. They are often colloidally stable 265, and many oil/water emulsions contain dispersants 

with particle sizes < 20 µm and are stabilised by the surfactant, which exacerbates the problem.  

Recently, superhydrophobic materials have been used to separate oil/water mixtures and 

emulsions. A polyimide nanofibrous membrane was modified with 1H, 2H, 2H-

perfluorodecanethiol to achieve a combination of superhydrophobic and superoleophilic properties 

88 and was subsequently used for separation of oil/water emulsions. In another example, a porous 

melamine based sponge was rendered superhydrophobic by creating a highly non-polar and low 
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energy surface coated with a monolayer of long-chain alkanes via the 1,4-conjugation reaction 

between amine and acrylate groups 266. The resulting sponge is superhydrophobic and was used 

for the separation of oil/water mixtures. Emulsions were separated by tuning the pore size of the 

foam via compression. Superhydrophobic porous monoliths have also been fabricated by 

copolymerisation of styrene and glycidyl methacrylate by high internal phase emulsion template 

and used for the removal of oil from oil/water mixtures and surfactant-free emulsions 267. The 

superhydrophobic membranes have been utilised to separate water-in-oil emulsions successfully; 

however, they have limited application in the separation of oil-in-water emulsions 107.  Alternative 

approaches to separation have included hierarchically structured particles made from sawdust, 

graphene oxide, silica, zinc oxide and manganese dioxide; these have been employed to selectively 

adsorb the oil phase from water 31,75,108,145,268. The general strategy employed with these materials 

is to mix the superhydrophobic particles with emulsions under external force; the particles adsorb 

the oil phase from the emulsion and leave the clean water behind.  

Step changes in separation processes can be effected with magnetic materials, as magnetic 

fields' application potentially allows spatial manipulation of the adsorbent. Magnetic separation 

has been widely explored in catalysis 269 and water treatment 270 to prevent losses, improve 

recyclability and reduce the overall cost of operation. Similarly, materials have been prepared with 

magnetic properties to adsorb oil from oil/water mixtures 271,272. Magnetic melamine sponges were 

prepared by coating magnetite nanoparticles onto the sponge via dip coating and used to remove 

water from oil/water mixtures273. Similarly, silica sponges have been decorated with cobalt 

nanoparticles to produce nanostructured monoliths that exhibit magnetic properties 274. The 

composite was coated with polydimethylsiloxane to attain superhydrophobic features and was used 

for the absorption of oil from oil/water mixtures. 
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In this work, we prepare superhydrophobic hybrid magnetic nanocomposite powders and 

test their use in the separation of surfactant-stabilised emulsions. In theory, these materials can 

then be physically extracted with a magnetic field post-separation. Two different types of silica 

and magnetite core-shell particles with different surface areas were synthesised for this purpose. 

Magnetite nanoparticles, prepared by a typical co-precipitation method 275, were encapsulated in 

non-porous and porous silica, herein referred to as HMN-1 and HMN-2, respectively. The 

magnetic particles were functionalised with hydrophobic organosilane groups to create a 

superhydrophobic nanoparticle surface. The powders were characterised using a range of bulk and 

surface-specific microscopies and spectroscopies to elucidate their physical and chemical 

properties. Finally, we tested the separation of surfactant-stabilised toluene in water emulsions 

followed by facile removal of the oil-imbued particles by applying a magnetic field to these hybrid 

particles.  

 

3.3 Experimental  

3.3.1 Materials 

Tetraethyl orthosilicate (Si(OCH2CH3)4 CAS Number 78-10-4), Dichlorodimethylsilane 

(CH3SiHCl2- CAS Number 75-78-5) (≥ 98.5% (GC), Iron(II) chloride (FeCl2 CAS 7758-94-3) and 

Iron(III) chloride (FeCl3 CAS 7705-08-0) were procured from Sigma Aldrich. Span 80 (C24H44O6-

CAS Number 1338-43-8, viscosity 1000-2000 mPa.s) and Tween 80 (C64H124O26-CAS Number 

9005-65-6) were acquired from Sigma Aldrich and used as a surfactant to make stable oil-in-water 

emulsions. Ammonium hydroxide solution (25%) and other solvents such as methanol and acetone 

were acquired from Fisher Scientific. 
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3.3.2 Synthesis of Magnetite Nanoparticles  

Magnetite nanoparticles were synthesised by a typical co-precipitation method. FeCl3 (5 g) in 

water (100 ml) and FeCl2 (2.5 g) in water (100 ml) were mixed and stirred for 10 min, and 

ammonium hydroxide (200 ml) was added. The solution was left stirring for 1 h.  The magnetite 

(Fe3O4) nanoparticles formed were separated using a bar magnet, washed several times with water 

and acetone, and dried in an oven at 80°C for 2 h.   

3.3.3 Synthesis of HMN-1 and HMN-2 magnetic nanocomposites  

A portion of the magnetite nanoparticles (0.1 g) was dispersed in methanol (80 ml) for 6 h, then 

20 ml water was added, and the mixture was sonicated for 10 min. Tetraethyl orthosilicate (TEOS, 

1 ml) was added to the mixture which was sonicated before adding ammonia (10 ml). The solution 

was aged for 1 h at room temperature and the nanoparticles formed were collected by 

centrifugation and washed with acetone, and dried in an oven at 80 ºC. For the synthesis of 

mesoporous particles, 0.32 g CTAB was introduced in the reaction system before the addition of 

TEOS. 0.2 g of silica powders (HMN-1 standard SiO2; HMN-2 mesoporous SiO2) were suspended 

in 100 ml hexane via ultrasonication.  Dichlorodimethylsilane (7 ml) was added to the mixtures 

under continuous stirring, and the solvents were then removed by distillation at 100 ºC.  Dry 

powders were collected and washed with acetone several times. A bar magnet was used to collect 

the final particles which were dried in an oven at 80 ºC for 2 h.    

3.3.4 Characterisation 

Nanocomposites and surfaces were examined by field emission scanning electron microscope (Fe-

SEM, FEI Magellan HR FEGSEM). The shell structure of silica was examined using a 

transmission electron microscope (TEM, Tecnai 20). The samples were made by making a 

dispersion of nanoparticles in methanol. A few drops of suspension were placed on a standard 

carbon-coated copper grid, and the solvent was evaporated in an oven at 80 ºC. Thermogravimetric 
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analysis (TGA, Mettler Toledo, TGA/DSC 1) of nanoparticles before and after functionalisation 

was performed in the air (heating rate of 10 °C/min). Fourier-transform infrared (FTIR) 

spectroscopy and X-ray photoelectron spectroscopy (XPS) was employed to study the chemical 

structure of nanoparticles. A Kratos Axis Ultra with a monochromatic Al K alpha X-ray source 

(sampling depth ca. 6nm) was used for the XPS analysis of samples. A small amount of powders 

was mounted on the carbon tape for XPS analysis, and the spectra were adjusted on the binding 

energy scale w.r.t C 1s peak. Quantification of elements and chemical state profiling was obtained 

by using CasaXPS.  For measurement of contact angle, a smooth film was fabricated on a glass 

substrate by spray coating the suspension of nanoparticles (5 wt.%) on a glass slide. A KRUSS 

drop shape analyser was used to observe the water contact angles of surfaces. A MultiMode8 

atomic force microscope (AFM) was used to compare the nanoscale features of surfaces formed 

by both types of nanoparticles. AFM samples were prepared by forming a thin film on a silicon 

substrate using the above-mentioned method. AFM images were processed by Gwyddion software 

to refine the result and obtain roughness values. UV/Vis spectrophotometer (Shimazu UV-1800) 

was used to record transmittance spectra in the visible range. The emulsions were prepared by 

mixing toluene, water and surfactant (1g/l) for 20 min at 1000 rpm with a magnetic stirrer. The 

emulsions were stabilised by two different surfactants to study the efficacy of nanoparticles in 

separating the tiny droplets of oil. Emulsions made by this method were stable for several days. 

The oil separation efficiency was examined by optical microscopy using an Olympus BH2 upright 

optical microscope (Zeiss camera) in tandem with a total organic carbon (TOC-Shimadzu, TOC-

V CPN ) analyser. Emulsion droplets were put on a glass slide and observed under the optical 

microscope before and after separation. Similarly, total organic carbon value was determined for 

the samples before and after separation to quantify the toluene and surfactant content in water.  
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3.4 Results and Discussion 

Co-precipitation was used for the synthesis of magnetite nanoparticles which were then coated 

with a shell of organosilica by sol-gel processing.  The following chemical equation describes the 

reaction to produce magnetite by this method: 

Fe2+ + 2Fe3+ + 8OH− →  Fe(OH)2 + 2Fe(OH)3 →  Fe3O4 + 4H2O   (1) 

The resulting magnetite nanoparticles were dispersed in methanol for 6 h to form a colloidally 

stable dispersion. Non-porous silica shells for HMN-1 were formed by the hydrolysis and 

condensation of tetraethyl orthosilicate (TEOS). The size of the produced particles depends upon 

several parameters such as concentration of reactants, catalyst, solvent, and temperature 128,276,277. 

Mesoporous shells for HMN-2 were produced by the addition of cetyl ammonium bromide 

(CTAB) with TEOS. The powders produced are hydrophilic due to the presence of surface silanol 

(R-Si-OH) groups. In both cases, these were converted to hydrophobic surfaces by treatment with 

dichlorodimethyl silane, which installs dimethylsilane (R-Si-(CH3)2) groups at the surface in place 

of the silanol groups. Figure 3-1a shows the FTIR spectra of HMN-1 before and after treatment 

with dichlorodimethyl silane. The peaks observed at 1040 cm-1, 800 cm-1, and 432 cm-1 indicate 

the presence of silica (Si-O-Si, Si-OH and Si-O bonds). Compared to pristine HMN-1, a new band 

can be observed at 2965 cm-1 post-functionalisation. This peak arises due to the stretching from 

the dimethyl silane groups. Figure 3-1b shows the FTIR spectra of HMN-2 before and after 

functionalisation. Similar behaviour can be observed in these particles as a peak for dimethyl silane 

groups appear after functionalisation in addition to the characteristic peaks of silica.  
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Figure 3-1: FTIR spectra of (a) HMN-1 and (b) HMN-2 showing the differences in functional 

groups before and after treatment of the surfaces with dichlorodimethyl silane. 

 

Figure 0-2 shows the SEM images of HMN-1 and HMN-2. The HMN-1 particles show rough 

surface geometry, with most particles in the ca. 100nm size range. The rough morphology of 

particles is due to the magnetite nanoparticles as they tend to aggregate due to short-range magnetic 

ordering, i.e. as physically separate Weiss domains. Figure 0-2b shows the morphology of HMN-

2. The particles are agglomerated, and broad size distribution is observed with some particles in 

the micron size range. The broad size distribution and large size of HMN-2 can be explained by 

the fact that surfactants such as CTAB cause aggregation during synthesis and affect the final 

particle size.  The core/shell structure of both powders was observed by TEM (Figure 0-2). A 

characteristic contrast of a core-shell structure is observed; the dark regions indicate the magnetite 

nanoparticle while the light grey area is showing the uniform and thin coating of silica. The 

magnetite nanoparticles are encapsulated in a non-porous silica shell in the HMN-1 particles, while 

a mesoporous shell is present in HMN-2 particles. The grey area around magnetite nanoparticles 

contains very small and uniform pores in HMN-2 particles forming a mesoporous structure.  
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Figure 0-2: SEM images of (a) HMN-1 and(b) HMN-2 at different magnifications. 
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Figure 3-3: Bright field TEM (200 kV) images of nanoparticles of (a) HMN-1 and (b) HMN-2 

 

The surface structure of HMN-1 and HMN-2 was studied with N2 adsorption isotherms (Figure 

3-4a and b).  HMN-1 shows a trivial isotherm typical for a non-porous material, whilst a Type IV 

isotherm is observed for HMN-2, typically manifested by mesoporous materials. The increases in 

adsorption after ca. P/P0 = 0.15 in HMN-2 isotherm is associated with the adsorption of N2 by the 
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porous structure. Figure 3-4c shows the difference in pore size and pore volume of both particles. 

HMN-2 contains pores with diameters less than 2 nm with a pore volume of 0.497 cc/g, while 

HMN-1 did not indicate pores' presence in this size range. BET surface area measurements show 

that HMN-1 and HMN-2 have surface areas of 213 m²/g and 860 m²/g, respectively. The high 

surface area in HMN-2 particles is due to the silica shell's mesoporous structure around magnetite 

nanoparticles. Figure 3-4d shows the powder XRD patterns of magnetite before and after coating 

with non-porous (HMN-1) and porous (HMN-2) silica shells. The XRD patterns for HMN-1 and 

HMN-2 have Bragg reflections indexed to cubic magnetite (ICDD No: 01-075-0449). The 

characteristic broad background of amorphous silica is also observed between 2θ ~ 20°- 27°. From 

these data, we conclude that the nanoparticles were successfully coated with non-porous (HMN-

1) and mesoporous (HMN-2) silica shells without affecting their crystal structure. In particular, 

the mesoporous materials offer relatively high surface areas compared to non-porous analogues, 

as one may expect. 
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Figure 3-4: N2 adsorption isotherms of (a) HMN-1 (b) HMN-2. (c) Pore size distribution of both 

powders measured from N2 isotherms and (d) Powder XRD pattern of (1) pristine magnetite (2) 

HMN-1 and (3) HMN-2. The red line pattern is the library entry for cubic magnetite (ICDD No: 

01-075-0449). 

X-ray photoelectron spectroscopy was used to probe the surface chemistry of HMN-1 and HMN-

2. Survey spectra show emission from silicon, oxygen, iron and carbon in both samples. The fitting 

of high-resolution spectra for each element shows that the surface of pristine HMN-1 contains 66.3 

at% oxygen, 16.7 at% carbon, 15.8 at% silica and 1.5 at% iron. The surface composition changes 

to 56.1 at% oxygen, 20.3 at% carbon, 231.2 at% silica and 0.29 at% iron post-functionalisation. 

An increase in silica and carbon content post functionalisation is due to the presence of methyl 

silyl groups on particles' surface. A similar trend is observed in the HMN-2 sample, where the 
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composition changes from 65.6 at% oxygen, 12.7 at% carbon, 20.8 at% silica and 0.8 at% iron to 

54.6 at% oxygen, 23 at% carbon, 21.9 at% silica and 0.37 at% iron. Both samples indicate an 

increase in the quantity of silica and carbon after functionalisation. The deconvolution of high-

resolution spectra indicated the change in the chemical state of elements. Figure 3-5a and b show 

the high-resolution XPS spectra of Si 2p and peak of pristine and functionalised HMN-1. The Si 

2p peak appears at 103.49 eV, which confirms silicon's chemical state as silicon dioxide. The C 1s 

peak indicates three different chemical states of carbon (C-C, C-O and C=O). After modification 

with dimethyl silane, deconvolution of Si 2p reveals a new component at 102.29 eV, which implies 

the presence of another chemical state in addition to the silicon dioxide. We have ascribed this 

new component within the peak manifold to organosilica species (Si(CH3)2O-) arising from the 

surface modification step, i.e., installing methyl groups at the surface. The % area of the silica 

component is 91.3%, while that of the silane component is 8.7%. The area of the components 

corresponding to the three chemical states of carbon C-C, C-O and C=C observed changed from 

78.4%, 7.6%, and 14.1% respectively to 91.6%, 2.4% and 6.0% post functionalisation. A 

considerable increase in C-C and decrease in C-O and C=O is therefore observed post-

functionalisation. We ascribe these changes to the presence of methyl groups on the surface. The 

peak associated with Si-C appears very close to the C-C state. The presence of Si-C state in this 

region may add up to the area of C-C.  

Similarly, a chemical state of silicon (oxide) is observed in the high-resolution spectra of 

Si 2p of pristine HMN-2 (Figure 5c and d) before and after functionalisation. The peak showing 

silyl methyl groups appeared at 102.15 eV; the ratio of inorganic silica to organosilica is 93.8% to 

6.2%.  Like the HMN-1 particles, a considerable change in the composition of chemical states of 
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carbon post-functionalisation is again observed in HMN-2 particles. The %age area of C-C, C-O 

and C=C changed from 80.76, 6.36, 12.88 to 90.51,7.84,1.65, respectively.  

 

 

Figure 3-5: High resolution Si 2p XPS emission spectra of HMN-1 (a) before (b) and after 

functionalisation. High-resolution Si 2p XPS emission spectra of HMN-2 (c) before (d) and after 

functionalisation. 

 Figure 3-6 shows the TGA results of HMN-1 and HMN-2 before and after functionalisation. 

HMN-1 shows various stages of mass loss, starting with removing water and moisture (5%), which 

completes at 150 °C.  A uniform weight loss (5.5%) follows and finishes at ca. 800 °C due to 

silanol groups' dihydroxylation on the silica shell surface. After functionalisation, the weight loss 

due to moisture is reduced to 3.5% as the surface modification of particles reduces water 

adsorption. The 2nd weight loss (4.3%) is observed from 430 °C to 600 °C, which indicates the 

degradation of silyl methyl groups on the surface of particles. This weight loss may include some 

portion of unreacted silanol groups. HMN-2 shows significantly less weight loss due to 
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dihydroxylation as compared to the HMN-1 particles. It is found to be ca. 1.5% for moisture and 

water removal and ca. 3.5% for degradation of silanol groups. The difference in weight loss for 

moisture and silanol groups can be associated with the thermal treatment of HMN-2, as the high 

temperatures employed degrade pendant hydroxyl groups present on the surface of particles. After 

the functionalisation of HMN-2, the weight loss from 350 °C to 700 °C, which amounts to ca. 7% 

of the original weight, accounts for the removal of silyl methyl functional groups. The TGA 

analysis confirms that the polysiloxane network in both powders starts to degrade and is mostly 

volatilised at temperatures > 350 °C. It can also be inferred that particles do not lose their 

hydrophobic properties due to processing under about 300 °C. This is an attractive feature for 

emulsion separation applications as the powder may be subjected to cycles of heating at elevated 

temperatures to remove adsorbed oil for recycling. 

 

Figure 3-6: TGA profiles of (a) HMN-1 (b) HMN-2, showing in each case profiles before and 

after treatment with dimethyl dichlorosilane.  

To determine the water contact angle and wettability of HMN-1 and HMN-2, the powders were 

suspended in methanol (5 wt.%) by ultrasonication and then spray coated on a glass slide and 

silicon substrate. Figure 3-7 shows the SEM and AFM images of both surfaces made from these 
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particles. The surfaces demonstrate water contact angles of ca. 154.8 ± 1.4º and 157.4 ± 1.6º for 

HMN-1 and HMN-2, respectively, and both surfaces are therefore superhydrophobic. HMN-2 

particles demonstrate a slightly higher contact angle as compared to the surface formed by HMN-

1 particles. Figure 3-7 shows the rough structure of the surface observed by AFM and SEM, and 

the mean roughness value Sa of 334.8 nm and 549.9 nm is observed for HMN-1 and HMN-2, 

respectively. The difference in roughness can explain the difference in the water contact angle of 

these powders. It is well known that the water repellency of a surface is dependent upon the surface 

geometry and chemistry 122,123,278,279. The surface contains irregular nanoscale and microscale 

features which contribute to an overall hierarchical roughness that bridges both length scales. The 

synergistic effect of roughness and silyl methyl groups present on the surface of nanoparticles 

delivers very high water repellency. The rough structure of a surface hosts the air pockets, which 

help in improving the water repellency. This type of surface contains a heterogeneous structure 

and makes two different interfaces, i.e., liquid–air and liquid-solid, during interaction with water.  
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Figure 3-7: Physical analysis of the morphological features of surfaces decorated in HMN-1 and 

HMN-2. (a) low magnification SEM image of surface coated in HMN-1 and (b) AFM image of 

aforementioned surface, (c) low magnification SEM image of surface coated in HMN-2 and (d) 

AFM image of aforementioned surface. 

 

The water repellency of the superhydrophobic surface is shown in Figure 3-8a. Water droplets are 

observed to roll off upon contact with the surface. Figure 3-8b shows that a continuous jet of water 

completely bounces off without affecting the surface. 
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Figure 3-8: Digital images showing the (a) a water droplet rolling on the superhydrophobic 

surface(b) water jet bouncing off the surface  

Another simple experiment demonstrates the selective affinity of HMN-1 towards organic liquids. 

The powder was immersed in a mixture of water and chloroform under magnetic force. Figure 

3-9a shows the digital images: HMN-1 freely floats on the surface until it was forced to immerse 

in water under the influence of a magnet. Once immersed in water, a bubble forms around the 

powder, which appears as a silver mirror, while the particles remain dry. The bubble is formed due 

to the air entrapped inside the porous structure of particles. Upon contact with chloroform, the 

powder quickly adsorbs it due to high affinity towards organic fluids and releases the air bubbles.  
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Figure 3-9: (a) Series of images showing the immersion of nanocomposite particles in a biphasic 

mixture of water and chloroform in a magnetic field; (b) series of images showing adsorption 

and collection of toluene (dyed with Sudan red) from the surface of water and separation of the 

particles from the mixture by the application of a magnetic field. 

 

Figure 3-9b shows the oil absorption ability of HMN-1. Toluene was chosen as a model organic 

solvent and stained with Sudan red dye for identification. A few drops of toluene were added to 

the water which formed a thin film floating on the surface. When the powder was added, the oil 

film shrivelled immediately and was collected by the particles within a few minutes. After 

absorption, the oil/powder mixture floated on the surface of the water. This mixture can be 

separated from the water by applying a magnetic field. 
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The oil/water mixture where oil is homogeneously suspended in the water and stabilised 

with surfactant is challenging to separate due to the limited exposure of particles to the oil droplet 

inside the water phase. The ability of these powders to separate emulsions was tested. For this 

purpose, toluene was mixed in water and stabilised with two different surfactants (Span 80 and 

Tween 80). Surfactants help to stabilise oil droplets in water which otherwise separate immediately 

due to interfacial tension.  

Different quantities of both types of powders were added in the emulsion, and the effect of 

the quantity of powders on the removal of toluene was observed. The emulsion and powder mixture 

was stirred by vortex mixture maximum contact between powder and oil droplets. Later, the 

particles were removed from water by using a magnet. Figure 3-10 shows the emulsion before 

and after separation with the powder and separation of powder using a magnet.  

 

Figure 3-10: Digital images showing the (a) toluene-water emulsion and separation with HMN-

1. (b) Extraction of HMN-1 from the solution by the imposition of an external magnetic field. 

 

Figure 3-11 shows the liquid obtained after treatment with three different quantities of HMN-1 

particles. The emulsion is a milky colour mixture containing toluene droplets and surfactant. After 

treatment with 0.1 g HMN-1 particles (Figure 3-11a), the colour has started to disappear, and 
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complete transparent water is obtained after treatment with 0.2 g and 0.3 g HMN-1. Similarly, the 

emulsions treated with HMN-2 particle (Figure 3-11b) indicate transparent colour, which seems 

to get clearer with an increasing amount of HMN-2 particles. The samples were characterised to 

measure the change in light transmittance before and after treatment with powders (Figure 11c and 

d). The pristine emulsion shows ~0% transmittance, which significantly improved after treatment 

with HMN-1 particles. The transmittance increased to be more than 90% for all concentrations of 

HMN-1 particles. Similarly, the transmittance improved by increasing the amount of HMN-2 to 

0.2 g and 0.3 g particles. The emulsions stabilised with Tween 80 were treated with 0.3 g of both 

particles using the same procedure as stated above. The transmittance of emulsion increased from 

0% to more than 90% in both cases, which confirmed the effectiveness of these powders for both 

types of surfactants. The optical microscopy images of each kind of emulsion before and after 

separation are presented in Figure 3-12. The optical microscopy images of the emulsions show 

the oil droplets distributed in the water phase, while the quantity of droplets decreases when the 

emulsions are treated with HMN-1 or HMN-2s. A few oil droplets can be observed in the emulsion 

treated with 0.1 g and 0.2 g powders, but the sample treated with 0.3 g powder shows very low oil 

trace.  
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Figure 3-11: Separation of the emulsion by using different amount of (a) HMN-1(b) HMN-2 

transmittance spectra of (c) emulsion stabilised by Span 80 (d) Tween 80  

 

Figure 3-12: Optical microscopy images of emulsion and water obtained after treatment with 

powders. (a) emulsions (b) emulsion (Span) after treatment with powders (c) emulsion (Tween) 

after treatment with powders. The scale bar in all images is 50 µm. 
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Figure 3-13: Separation efficiency of both HMN-1 and HMN-2 powders measured by TOC 

analysis.  

The samples were characterised by a total organic carbon analyser (TOC) to quantify the organic 

content in the water before and after separation. TOC values were used to measure both powders' 

separation efficiency in removing surfactant stabilised emulsions (Figure 3-13). Three 

measurements were performed for each sample, and an average value is used here, as shown in 

Figure 3-13. A trend of decreasing organic content is observed with increasing powder in both 

cases (HMN-1, HMN-2). When the emulsion was treated with 0.1 g HMN-1, a separation 
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efficiency of  73.38 ± 7.06% was observed, which gradually increased to 79.99 ± 6.56% with the 

highest amount of powder. Similarly, the treatment with HMN-2 particles resulted in 85.61+5.62% 

removal of stable organic content from the emulsion.  

  

Figure 3-14: (a) Digital image shows the toluene/powder mixture after separation; (b, c and d) 

Optical microscopy images of toluene/powder mixture, the arrows point to the spherical pattern 

formed by nanoparticles in oil droplets. Scale bar in optical images is 50 µm. 

 

After separation, the oil/powder mixture floats on water. When held underwater by the magnet, 

spherical-like structures can be seen on the surface of the mass of particles (Figure 3-14a). The 

sample was observed under an optical microscope to understand the separation mechanism 

(Figure 3-14b,c and d). It was difficult to focus on the lumps of powder due to their irregular 
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shape; however, the surrounding areas show spheres that could be from the toluene droplets 

containing nanoparticles. It seems that the particles go into the oil droplets under continuous 

stirring and then coalesce to form a bulk oil/powder mixture which comes to the top due to the 

difference in surface energy. During this process, the surface area of nanoparticles seems not to be 

an essential factor in separating surfactant-stabilised emulsions. An important feature could be the 

dispersion of the nanoparticles within the emulsion which could further enhance the ability of the 

nanoparticles to capture very small oil droplets.  

3.5 Conclusions 

Hybrid magnetic nanocomposites with different surface areas were synthesised and used to 

separate surfactant-stabilised emulsions. The synthesis was carried out by encapsulating magnetite 

nanoparticles in porous and non-porous silica shells, which were then functionalised with silane 

to lower the surface energy. The surfaces formed by these powders demonstrated 

superhydrophobic behaviour with water contact angles of more than 155º. The powders have a 

selective affinity towards organic solvents and can quickly adsorb oil floating on the surface of the 

water. The powders were used to separate surfactant-stabilised emulsions and were able to remove 

more than 95% of the oil. These powders' magnetic properties allow their fast and easy removal 

after separation of both oil/water mixtures and emulsions.  
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Chapter 4: Emulsion separation using a free-standing 

nanofibrous membrane produced by a spray method 
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4.1 Abstract 

Complicated manufacturing routes and inefficiency in separating stable emulsions delimit 

commercial applications of superhydrophobic membranes. Herein, we propose a new scalable 

spray based method for fabricating nanofibrous superhydrophobic membrane for a range of 

separation applications. Alumina nanoparticles (13 nm) were coated with a nanoscale siloxane 

framework and later mixed with thermoplastic polyurethane and sprayed on water interface to 

form a superhydrophobic membrane via phase inversion. The spraying solution and conditions 

were adjusted to establish an optimum protocol for fabricating a superhydrophobic membrane. A 

hierarchically structured fibrous superhydrophobic (contact angle > 152°) and superoleophilic 

membrane was obtained with Young’s modulus  1.4± 1.1 N/m2 and tensile strength of 0.5± 0.1 

MPa. Owing to the siloxane surface chemistry, fibrous morphology and micron-sized pores, the 

membrane shows high flux values (> 4000 L/m2.h) for most organic solvents and maintained high 

separation efficiency for oil/water mixtures (<95%) for over ten cycles. In addition, the membrane 

can sieve micron-sized water droplets form surfactant stabilised toluene and hexane based 

emulsions. Membranes produced in the study are scalable and can be used for a range of filtration 

applications.  

4.2 Introduction 

Chemical separation is an essential part of production and waste management industries 280–

282. Among conventional separation techniques, membrane-based processes are favoured as they 

are scale-able, energy-efficient, and have a smaller carbon footprint due to low energy input 283,284. 

A conventional multistage flash evaporation process requires 45 kWh/m3, while a membrane-

based reverse osmosis plant utilises a 4.5 kWh/m3. Membranes have been used in various 

applications such as removal of colloids, bacteria and viruses 285–287, recovery of precious metals 

288, petroleum refining, disinfection, heavy metals and media filtration 289–294, particulate 295, 
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carbon capture and gas separation 296–303. Membranes with a suitable combination of molecular 

size, pore size, and physicochemical properties can act as a barrier layer to let the desired liquid 

pass through while blocking the undesired moieties 304–306. With industries evolving to clean and 

energy-efficient practices, membrane technology is considered as a responsible route for 

industrial-scale separation and purification applications. Liquid/liquid separation is required at 

various industries to treat industrial effluents and sort organics from oil/water mixtures. Typical 

methods to separate oil/water mixtures such as skimmers, absorbents, flocculation, and cyclones 

suffer higher operational costs and low efficiency. A separator’s efficiency is significantly 

compromised if the dispersant is uniformly distributed, as in the case of stable emulsions, which 

often result from surfactants 31,35. Methods such as applying electric field or chemicals to separate 

emulsions have limited application due to the creation of secondary pollutant streams 35. 

Membranes with selectivity towards organic and small pore size can have many advantages over 

traditional separation techniques. 

A material with micro/nanoscale features and low surface energy can prevent water 

interaction due to non-polar surface chemistry and air pockets in its top surface layer. Water 

repellence known as superhydrophobicity has been endowed to several materials for applications 

in corrosion protection, drag reduction, self-cleaning and oil/water separation. Recently, 

membranes with superhydrophobic properties were studied to selectively remove a liquid from a 

biphasic mixture 221,254,307–314.  Hydrophobic membranes were engineered for applications such as 

desalination, oil/water separation, biogas upgrading, ammonia removal, recovery of methane and 

CO2 absorption289,315–320. In a recent work, polyvinylidene fluoride (PVDF) membrane was coated 

with fluorinated silica nanoparticles to create a composite membrane for the separation of oil/water 

mixtures 104. Functionalised silica nanoparticles were spray-coated on PVDF membrane to create 
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a Janus membrane for oil/water separation321. Asymmetric wettability of membranes allowed the 

separation of both oil/water and water/oil emulsions. Another work reported a 

polydopamine/reduced graphene oxide-based superhydrophobic membrane functionalised with 

fluoropolymer for separation of chloroform and water mixtures 93. Despite some progress in this 

area, scalable separation systems entail better membrane materials with higher stability and 

selectivity.  

Spray coating is a straightforward process and has been used for various coatings 

applications; however, there are a few reports on utilising this process to fabricate free-standing 

membranes. A recent study explored composite block copolymers membranes fabrication by 

spraying the solution on a macroporous substrate 322. Another work used spray method to coat 

waterborne polymers such as polyethyleneimine and poly(glycidyl methacrylate-co-poly(ethylene 

glycol) methyl ether methacrylate) P(GMA-co-mPEGMA) on the surface of PVDF membranes 

323. In this work, polyurethane (PU) based nanocomposite membranes have been fabricated to 

separate stable emulsions. PU is a block copolymer with a unique set of properties, including 

flexibility, hardness, abrasion resistance and chemical resistance. It offers a window of processing 

with other materials to tailor its properties for advanced composites. It has been used in many 

application such as paints324, adhesive325, gas separation192,326–328, fibers329 and sealants330. Fibrous 

PU membranes with hydrophobic properties have been recently synthesised by electrospinning 

and modified with fluoroalkylsilane for protective clothing applications331. Herein, we report a 

spray based method for the fabrication of PU based free-standing superhydrophobic 

nanocomposite membranes. Surface modified Al2O3 nanoparticles (Al2O3 NPs) were grafted in situ 

on polyurethane framework, and a nanofibrous nanocomposite membraned was obtained via phase 

inversion method. Membranes were characterised by several advanced characterisation techniques 



 

147 

 

to optimise the synthesis protocol and later used for the separation of stable emulsions and 

oil/water mixtures for several cycles. The process used in this study can be used to fabricate 

membranes for a range of applications such as filtration energy and wearable devices. 

4.3 Materials and Methods 

4.3.1 Materials 

Alumina nanoparticles (Al2O3- CAS Number 1344-28-1) and Span 80 (C24H44O6-CAS 

Number 1338-43-8) were supplied by Sigma Aldrich. Dichlorodimethylsilane (CH3SiHCl2- CAS 

Number 75-78-5) and Tetrahydrofuran (CH₂)₄O -CAS Number 109-99-9) were supplied by Fisher 

Chemical. Thermoplastic polyurethane (PU) beads (Elastollan® L 1185 A 12) were acquired from 

Goodfellow. Spray coating apparatus from Sparmax® was used for the fabrication of membranes. 

All the solvent (Hexane, Toluene, Tetrahydrofuran, Acetone and Methanol) were procured by 

Fisher and used without as received form. 

4.3.2 Methods 

2 g Al2O3 NPs (13 nm) were mixed with 100 ml hexane in a beaker under continuous 

stirring (500 rpm) using a hot plate and magnetic stirrer. Later, 25 ml dichloro dimethyl silane 

(DCDMS) was added to the mixture, and the temperature of the hotplate was raised to 100 ℃. The 

powder dried in the beaker at 200 ℃ for 2 hr after removal of solvent. The dried powder was 

mixed in acetone and centrifuged several times to remove the byproducts of the reaction and obtain 

pure functionalised nanoparticles. Finally, the powder was dried in an oven overnight (80 ℃).  

3wt% mixture of thermoplastic polyurethane (PU) was prepared by dissolving the PU 

beads in tetrahydrofuran (THF) at 1000 rpm and 40 ℃.  A known quantity (Table 1) of 

functionalised nanoparticles was introduced in the PU/THF mixture and left for stirring to prepare 

homogenous solutions. The solutions were sonicated in an ultrasonication bath to ensure the 

homogenous distribution of nanoparticle in PU mixture. Separately, a crystallisation dish was 



 

148 

 

filled with hot water (80 ℃) and placed on a hotplate (100 ℃) to maintain the temperature. The 

composite solution was sprayed on the surface of hot water using a spray gun at an angle of 45° 

from 10 cm distance and left to cure overnight. Membranes were collected from the surface of the 

water and washed with acetone several times and dried in an oven at 80 ℃. Synthesis of the 

membrane was carried out on the surface of hot water to remove the solvent quickly achieve a 

fibrous structure. 

Table 0-1:  Sample names for Al2O3 NP-coated SD particles 

PU: Al2O3 Sample Name 

1:0 
PM 

1:1 
CM-1 

1:1.66 
CM-2 

1:2.33 
CM-3 

 

4.3.3 Characterisation 

Field emission scanning electron microscope (SEM) and Energy-dispersive X-ray 

spectroscopy (EDX) was used to observe the structure of samples and elemental mapping of the 

membrane. Samples were coated with a thin layer of platinum before SEM analysis to make them 

conductive. The chemical structure of samples was evaluated by Fourier-transform infrared 

spectroscopy (FTIR) whilst the information about surface chemistry was obtained by X-ray 

photoelectron spectroscopy (XPS). Thermal gravimetric analysis (TGA) of nanoparticles and 

membrane samples was performed in air with a heating rate of 10 °C/min. Tensile testing of 

membrane samples was done by using an Instron 3344L3928 instrument with a 100N load cell and 

a strain rate of 10mm/min. Membrane samples were used for the contact angle measurements using 
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a Kruss drop shape analyser. The surface topography of the membrane was profiled by using a 

MultiMode8 atomic force microscope. 

Separation experiments were performed by using a 1:1 mixture of toluene and water dyed with 

Sudan III and methylene blue, respectively. For emulsions separation experiments, different 

volumes of water (5, 10 and 15%) were mixed with toluene and hexane in the presence of Span 80 

as a surfactant. Span 80 is a nonionic surfactant with HLB 3-5 and helps to stabilise the water 

droplets in oil for more extended periods. The following formula calculated the oil/water 

separation efficiency of the membrane: 

e = (C°/ C) × 100 

Where,  

e= Separation efficiency of the membrane 

C = Initial volume of oil in an oil/water mixture  

C°= volume of the oil obtained after separation. 

4.4 Results and Discussion 

 

Figure 1 shows the TEM image of uniformly distributed spherical shaped Al2O3 NPs with a 

diameter of 13 nm. Figure 1b shows the FTIR spectra of Al2O3 NPs before and after 

functionalisation. Compared with the pristine Al2O3 NPs, four new peaks are observed at ca. 2960, 

1260, 1013-1090, and 791 cm-1 post functionalisation. The peaks at ca. 2960, 1260, and 791 cm-1 

assigned to the CH3 and Si-CH3 functional groups, whilst the broad band at ca. 1013-1090 cm-1is 

characteristic to siloxane linkage (-Si-O-Si-). Whilst FTIR confirmed the grafting of dimethylsily 

groups on the surface of Al2O3 NPs, XPS was used to quantify the nanoscale surface chemical 
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composition. Four prominent peaks in XPS spectra of functionalised nanoparticles indicate 

Aluminum, Silicon, Carbon, and Oxygen. Quantification of spectra shows 25.38 at.% Aluminum, 

3.01at.% silicon, 19.51 at.% carbon and 52.10 at.% oxygen.  The peak appearing at ca. 102 eV is 

assigned to the silicon present in the polysiloxane network, which has supposedly covered the 

surface post functionalisation. As the surface film contains a polysiloxane structure, functional 

groups' depth appears to be less than 13 nm. 
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Figure 4-1 (a) Bright field TEM (200 kV) images of functionalised alumina nanoparticles (b) 

FTIR of pristine and functionalised nanoparticles (c) XPS spectra of functionalised nanoparticles 

(d) TGA of pristine and functionalised nanoparticles 

 

TGA of functionalised nanoparticles was performed to observe the stability and measure the 

grafting density of functional groups. Figure 4-1d shows the TGA graph of pristine and 

functionalised nanoparticles. Nanoparticles contain a large number of hydroxyl surface functional 

groups due to their small size. Therefore, continuous weight loss with one step around 100℃ in 

pristine nanoparticle is ascribed to the moisture and dehydroxylation of surface groups. 
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Functionalised nanoparticles show two stages of weight loss; 1st stage corresponds to the removal 

of moisture whilst the 2nd region shows the degradation of dimethylsilyl functional groups. Surface 

coverage of functional groups can be calculated from the value of weight loss, size of nanoparticles 

and surface area using equation 332.  

𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (
𝑤𝑡%

100 − 𝑤𝑡%
)(

6.022 × 1023

𝑀𝑤 × 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
) 

Calculations from the equation mentioned above give the grafting density of 1.50 nm-2 in 

functionalised nanoparticles. FTIR, XPS and TGA analysis of nanoparticles concluded that surface 

hydroxyl groups of nanoparticles were replaced with a thin layer of polysiloxane groups due to 

functionalisation. Despite having a polarised backbone (Si-O), polysiloxane groups have the 

lowest surface tension due to the shielding effect of methyl groups oriented outside the silicone 

chain and responsible for hydrophobic characteristic. The surface tension of polysiloxane falls 

around 20-25 mN/m. A smooth film by dimethyldichlorosilane would give a contact angle in the 

range of 95-105°. However, a nanoscale polysiloxane film would bestow low surface energy to 

nano features making an ideal combination for the superhydrophobic effect.  Al2O3 NPs containing 

a nanoscale polysiloxane film endow nanoscale roughness and low surface energy to the 

membrane. The superhydrophobic properties of the membrane are expected to improve with 

increasing wt.% of nanoparticles. Figure 2 shows the morphology of the control sample (pristine 

PU) and the membranes with different quantities of nanoparticles. The control sample shows a 

film-like structure with some interconnected fibres, which show planar surface morphology in high 

magnification images. With increasing concentrations of nanoparticles in the spray solution, the 

thinning of fibres and a more porous structure was observed in SEM images of CM1 and CM2. 
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NPs are present as clusters on the surface of fibres at low concentration but seem to form a more 

regular film with increasing wt/% in the solution. 

 

4-2: SEM images of (a) PM, (b) CM-1, and (c) CM-2 at different magnifications. 

 

Figure 4-3a shows the membrane sample with the highest quantity of nanoparticles (CM-3). The 

membrane’s fibrous structure is completely covered with nanoparticles, and individual fibres have 

formed a three-dimensional entwined porous network. Figure 4-3b shows the cross-section of CM-
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3 membrane, which confirms that the membrane consists of entangled fibres and is porous 

throughout its structure without any PU film that could block the passage of liquids during 

filtration. 

 

Figure 4-3: SEM images of (a) CM-3, (b) cross-section of CM-3. 

 

Fig 4-4a shows the EDX mapping of the key elements on the surface of CM- 3 membranes. 

Elemental maps are presented with distinct colours and a black background to show the 

distribution of the membrane’s single filament. Elemental spectra for Al indicates Al2O3 NPs is 

uniform and confirms the homogeneous distribution of nanoparticle coating on the filaments’ top 

layer. EDX mapping also provided information about the uniform distribution of other elements 

such as Si, which is the characteristics of silane functional groups. 
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Figure 4-4: (a) EDX mapping of a single filament of membrane showing the uniform distribution 

of nanoparticles (b) FTIR spectra of CM-0 and CM- 3 (c) XPS spectra of CM-3, (d) contact angle 

measurement of all samples. 

FTIR and XPS measurements were performed to study the chemical structure of composite 

membranes. Figure 4-4b shows the FTIR spectra of PU membranes and CM-3; the spectra show 

strong peaks for N-H and C-N bonding in the range of 1530 cm-1 and 1314 cm-1 typical for PU, 

peak appearing at 1700 cm-1 is assigned to the vibration from C=O bond. The FTIR spectrum of 

composite membrane shows weak signals for characteristic bonds of PU; however, a peak 

appearing around 1080 cm-1can be assigned to the silyl methyl groups attached to the surface of 

alumina nanoparticles. XPS analysis of the membrane provides information about the nanoscale 

surface chemistry of the composite membrane. Fig 4-4c shows the main elements present on the 

surface, including carbon, nitrogen, oxygen, aluminium and silicon. Aluminium and silicon signals 
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are from functionalised nanoparticles present on the surface of the membrane. The quantification 

of XPS spectra shows the presence of 14.78 at.% Aluminum, 2.85 at.% silicon, 44.21 at.% carbon, 

37.48 at.% oxygen and 0.68 at.% nitrogen.  Silicon peak is an indicator of silyl methyl groups 

present on the surface of the membrane. The elemental composition of silicon in the composite 

membrane is comparable to the one detected in the XPS spectrum of functionalised Al2O3 NPs. It 

confirms that non-polar groups dominate the nanoscale surface composition of the membrane, 

which are essential to avoid water contact.  

Figure 4-4d shows the contact angle measurement of all membrane samples. Pristine PU 

membrane sample shows a water contact angle of 98° which gradually increased to 153° with an 

increasing amount of nanoparticles. As discussed earlier, the gradual increase in contact angle 

directly relates to the loading of nanoparticles in the membrane. Uniformity in the distribution of 

nanoparticles on the membrane surface and roughness improves at higher loadings, ultimately 

leading to the highest contact angle in CM3. The addition of nanoparticles gradually enhanced 

porosity and surface roughness in the membrane, ultimately resulting in higher contact angles of 

the composite membrane. AFM further explained the surface texture of the CM3 membrane and 

quantified the roughness needed for superhydrophobic properties. It is important to note that the 

AFM analysis of this material was complicated due to the irregular, rough and fibrous structure of 

the membrane; however, two AFM images are presented, and the roughness values were calculated 

by processing the high-resolution image using Gwyddion software. Topography analysis by AFM 

suggests a rough and fibrous structure of the membrane. The root mean square roughness (Sq) was 

calculated to be 210 nm.  Uniformly distributed tiny protrusions in AFM mages indicate the 

presence of nanoparticles on the fibre surface. Micron sized fibres with nanoscale particles on their 

surface lead to a heterogeneous structure creating air pockets that help achieve Cassie Baxter state 
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during interaction with water. An air layer entrapped between solid and liquid interface due to 

nanoscale roughness bestows water-repellant properties to the membrane. SEM images and AFM 

results confirm that CM-3 contains nanoscale features in tandem with microscale fibres providing 

an ideal 3D porous platform to sort organics from oil/water mixtures selectively.  
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Figure 4-5: (a) AFM images showing the morphology of the membrane at two different 

magnifications. (b) TGA of PM and CM-3. 

 

Fig. 4-5c shows the TGA of PU-M and CM-3. The weight loss curve for PU-M shows two stages 

of degradation with shoulders around 300 ºC and 400 ºC. The curve ends before 600 ºC with ca. 

0% residue left. This two-stage weight loss is attributed to hard and soft segments in thermoplastic 

polyurethane. The degradation starts with urethane’s dissociation, followed by the degradation of 

polyols in the soft segment in the second stage. Different degradation behaviour is observed in the 

TGA curve of CM-3 membrane as the curve has shifted to a lower temperature and indicates a 

significantly higher residue after 600 ºC. Nanoparticles may contain unreacted hydroxyl groups on 

the surface, which triggered the early weight loss and lead to a steep degradation curve showing 

the combined weight loss due to hydroxyl, silyl methyl group and PU. The residue left after 600 

ºC indicates the inorganic content present in the membranes. It implies that the dissociation of the 

PU framework will cause the membrane’s thermal degradation whilst alumina nanoparticles 

remain intact due to their inorganic nature. 

Figure 4-6a shows the tensile stress-strain curve of PU membrane and CM-3 membrane. It is 

important to note that an average of three measurements is used for each sample. The fibrous 

structure of the membrane suggests the non-uniform distribution of load; therefore, multiple 

measurements were made, and an average value is used in this manuscript. PU membrane has 

Young’s modulus of 0.79± 0.2 N/m2, %age elongation at breaking point 152.3± 36.8 and tensile 

strength 1± 0.4 MPa. CM-3 membrane shows relatively higher Young’s modulus  (1.4± 1.1 N/m2) 

but the reduction in %elongation at breaking point 69.78± 9.81 and lower tensile strength 0.5± 0.1 

MPa as compared to the PU membrane. Mechanical properties of membranes are controlled by 

various parameters such as fibrous morphology. In addition, surface throughout the matrix, 
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manufacturing route and loading of nanoparticles. Surface texture and fibre size contribute to 

mechanical behaviour; any crack or fracture on the surface would accelerate mechanical failure 

333. 

Similarly, fibres with small radius are prone to cracks due to the small surface area per unit length. 

PU membrane has a sheet-like structure, whilst CM-3 contains hierarchically structured entangled 

nanoscale fibres. The difference in morphology could have triggered disparate response during 

uniaxial load. Besides, nanomaterials have a significant impact on the mechanical properties of 

polyurethane depending upon the processing and impregnation methods. 

In a previous report, three different types of nanoparticles (Al2O3, SiO2, CaCO3) were incorporated 

in a thermosetting polyurethane matrix via a shearing device and their effect on mechanical 

properties was studied. Nanoparticles initially increased the tensile strength and Young’s modulus 

but had the opposite effect after a particular threshold concentration (ca. 10%) 334. Similar 

behaviour was observed in other studies with nanosized clay and CaCO3. Another study reported 

significantly lower tensile strength and Young’s modulus for carbon nanofiber reinforced porous 

thermoplastic polyurethane film prepared by solution casting 335. A decrease of %elongation in 

amorphous poly(tetramethylene oxide)-based polyurethane–urea copolymer was observed due to 

ca. 10% colloidal SiO2 
336. We conclude that nanoparticles’ addition to the polyurethane matrix 

enhanced the porosity significantly and resulted in a fibrous morphology that ultimately reduced 

the tensile strength and %elongation but enhanced the brittleness (higher Young’s modulus). 

Nevertheless, the membrane still shows some flexibility despite having inorganic content in the 

matrix.   

Fig. 4-6b shows the digital images of membranes produced in various sizes. Fig. 4-6c shows a 

filtration setup with CM-3 membrane. Water is unable to penetrate through the membrane due to 
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strong repellence. The filtration setup was connected with a pump to demonstrate the breathability 

and porous structure of the membrane. The turbulence in water (Figure 4-6c) due to pressurised 

air and air bubbles demonstrates the breathability of CM-3 membrane. The membrane is composed 

of a fibrous porous structure and lets the air pass through and restrict water entry. 

Superhydrophobic properties and fibrous structure helped selectively capture oil from oil/water 

mixtures, as shown in Fig. 4-6d. Toluene (dyed with Sudan red) floats on the surface of the water 

and form a thin layer. When a small piece of the membrane was immersed in the oil/water 

mixtures, it immediately absorbed the oil from the water surface as indicated by the red colour due 

to Sudan red dye in oil.   
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Figure 4-6: (a) A typical stress-strain curve of PU-membrane and CM-3 membrane, (b) digital 

images showing the different sizes of membranes which can be formed by this method, (c) images 

shows that membrane does not let the water pass through, and the porous and breathable structure 

of membranes; the pump was connected to the inlet, and air bubbles can be observed coming 

through the membrane, (d) images showing the absorption of toluene (red) from the surface of the 

water using CM-3 membrane. 

The flux of a membrane is an essential parameter for separation applications. The flux of CM-3 

membrane was calculated by observing the flow volume of various organic solvents through the 

membrane. Figure 4-7a shows flux for different solvents. The flux values of 4049, 3630, 4387 and 

5012 L/m2.h are observed for Toluene, Hexane, Diethyl ether, and Acetonitrile, respectively. Flux 

value is relatively high for most solvents, implying that the membrane can separate various oils 

with different viscosities. Table 2 shows a comparison of different membranes reported recently 

in the literature.   

Figure 4-7b shows the oil/water separation set up for a typical oil/water mixture prepared by 

mixing dyed toluene and water (inset Fig. 4-7b). The membrane was fixed in the filtration setup, 

and separation of oil/water mixtures was performed under gravity without any external pressure. 

Oil/water mixture was poured from the top, and oil quickly transferred through the membrane to 

the flask. The water could not pass through the membrane, as shown in Fig 4-7b. The separation 

was repeated ten times to observe the recyclability and efficiency for various separation cycles. It 

was observed that the membrane maintains efficiency of more than 95% for ten cycles, as shown 

in Fig 4-7c.  
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Figure 4-7: (a) Graph showing the flux of different solvent through membranes (b) images showing 

the setup for separation of oil/water mixtures; inset shows a typical oil/water mixture, (c) graph 

showing the separation efficiency of membrane for ten cycles of separation. 
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Table 4-2:  Comparison of different types of membranes used for gravity-based oil/water 

separation 

Membrane Method Contact angle Permeate Flux Ref. 
Polytetrafluoroethylene Laser ablation 154.6 ± 2° 1,2-

dichloroethane 

65.9 ± 2.3 337 

Polytetrafluoroethylene Electrospinning/sintering 155.0° Oil 1215 338 

Polysulfone /fluorinated 

ethylene propylene 

Phase separation 153.3 Diesel 668.8 339 

PVDF-

HFP/Cu(CH3COO)2 

Electrospinning 152.4° Hexane >2050 340 

Polyvinylidene fluoride-

co-

hexafluoropropylene/ 

Carbon nanoparticles 

Electrospinning 160.8° Hexane 2163 ± 29 341 

Polyvinylidene fluoride/ 

Ovalbumin/Tannic acid 

Adsorption Superhydrophilic Water 2008 ± 88 342 

 

Separation of oil/water mixture is relatively easy when they exist as two separate phases due to the 

different polarities of both liquids. In most practical scenarios, oil/water mixtures are emulsified 

due to surfactants, and it becomes tricky to separate the finely dispersed droplets from an emulsion. 

Emulsion separation is vital from an industrial point of view as most practical scenario mixtures 

are stabilised by naturally occurring surfactants. Different types of hexane and toluene-based 

emulsion were prepared using a surfactant (Span 80 (HLB=3-5) to simulate such a situation in this 

work. Two different emulsion systems based on toluene and hexane were prepared by mixing the 

surfactant and a known amount of water in oil via stirring at 1000 rpm. This method produces 

homogenised oil/water mixtures that are stable for several days. Toluene based emulsions 
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containing 5, 10 and 15% water were designated as T1, T2 and T3, respectively, while the hexane 

based emulsion with the same volume %ages of water was denoted as H1, H2 and H3. Figure 4-

8a shows a typical separation cycle for an emulsion using CM3 membrane. The emulsion was 

poured into the separation setup containing the CM-3 membrane. The membrane retained the 

dispersed water droplets, and clean oil was collected as a permeate in a glass vial. Figure 4-8a 

shows a milky coloured liquid (emulsion) on top while the transparent liquid(oil) is collected at 

the bottom. Figure 4-8b shows the digital images of emulsion before and after filtration.  
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Figure 4-8: (a) Separation setup for the separation of emulsions using CM-3 membrane (b) digital 

images showing the emulsion before  (white liquid) and after (permeate) separation, optical 

microscopy images of emulsions (c) T1, (d) T2, (e) T3. Scale bar on optical images is 50 µm. 
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Figure 4-9: (a) Separation setup for the separation of emulsions using CM-3 membrane (b) 

digital images showing the emulsion before and after separation, optical microscopy images of 

emulsions (c) T1, (d) T2, (e) T3. Scale bar on optical images is 50 µm 

 

Fig. 4-8c shows the optical microscopy images of emulsion and filtrate. A difference in the phase 

composition of emulsions and filtrate is observed. Emulsions contain densely packed spherical 

shaped water droplets in a range of sizes. Micron sized water droplets are uniformly distributed 

throughout the oil phase due to Tween 80, which acts as an emulsifier for water in oil emulsions 

by directing its hydrophilic head towards the water and hydrophobic tail towards oil. Optical 

microscopy images show that the CM-3 membrane has removed most water droplets from the 

emulsion. Similar behaviour was observed for the hexane based emulsion system, as shown in Fig. 

4-9(a-c). The emulsion contains water droplets which are absent in images of filtrate after 

treatment with CM-3 membrane. UV-vis was used to characterise the emulsions and filtrate to 
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observe the transmittance of samples. Figure 9d shows the transmittance spectra for toluene-based 

emulsions while Fig.4-9e presents spectra of hexane based emulsions. Toluene based emulsion 

show ca. 0% transmittance in visible range due to the presence of microscale water droplets. The 

transmittance of all three toluene-based emulsion goes up to ~95% after treatment with CM-3 

membrane. 

Similarly, the hexane based emulsion shows zero transmittance, but it significantly improved after 

filtration. It can be concluded from these results that the nanostructured fibrous membranes 

produced in this study are a viable approach towards the separation of oil/water mixtures and 

stabilised emulsion. The highly porous nature and small pore channels of membrane allow for 

sieving the droplets in micron range whilst the selective affinity of the membrane towards organic 

liquids allow the purification of biphasic mixtures. The three-dimensional structure of the 

membrane effectively captures emulsion droplets and promotes coalescence during the separation 

process. 

4.5 Conclusion 

In summary, a versatile spray based process is proposed in this study for the fabrication of 

superhydrophobic hybrid membranes from alumina nanoparticles and polyurethane.  Various 

synthesis parameters such as surface chemistry, volume ratios and temperature were optimised to 

achieve membranes with a uniformly interconnected fibrous structure. The optimum sample 

contains hierarchal multiscale roughness and silyl methyl surface groups on its surface, which 

endows a combination of superhydrophobic and superoleophilic properties. The resultant 

membrane has a fairly high flux value for most organic solvents and shows excellent performance 

in separating oil/water mixtures and surfactant stabilised emulsions.  
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Chapter 5 Conclusion and Future work 
 

The project started with a comprehensive literature review of superhydrophobic materials for 

oil/water separation (Chapter 1). Later, a range of superhydrophobic materials was engineered 

with a focus on the separation of stable emulsions. These materials could be divided into 1) 

particulate systems for batch scale separation of emulsions and 2) continuous porous 

superhydrophobic structures for continuous separation. Extensive work on particulate systems for 

batch scale separation (sawdust based adsorbents (Chapter 2), magnetic nanocomposites 

(Chapter 3) and some other powder-based materials such as self-assembled silica nanostructures 

and magnetic sawdust composites) guided the efforts towards materials for continuous separation. 

Results from the powder-based superhydrophobic adsorbent and advice from the industrial 

partners lead to the efforts for continuous separation materials. Therefore, superhydrophobic 

membranes (Chapter 4), meshes, GNPs composite sponges, and activated carbon-based structures 

were fabricated and used for continuous separation of mixtures.   

Stable and recyclable superhydrophobic nanocomposites were prepared by coating surface 

modified alumina NPs and coating with PDMS. The inherent hierarchical structure of sawdust 

provides a suitable platform to host superhydrophobic coating. The composite particles separate 

surfactant-stabilised oil in water emulsions for various cycles. From the application point of view, 

the particles could be mixed with the emulsion and then separated via pressure or inline filtration 

once they have completely absorbed the oil. In comparison, the magnetic nanocomposite particles 

reported in Chapter 2 provides a fast separation and facile removal after separation. However, 

they require more synthesis steps and reagents, which will add up to the final cost of the process. 

The superhydrophobic magnetic nanocomposites were synthesised by the sol-gel process. and used 

to separate surfactant-stabilised emulsions. For this purpose, the magnetite nanoparticles were 
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encapsulated in porous and non-porous silica shells and later modified with silane to lower the 

surface energy. The powders were able to separate surfactant-stabilised emulsions and removed 

more than 95% of the oil. Magnetic nanocomposites allow their fast and easy removal after the 

separation compared to the sawdust based composites studied in Chapter 1. In addition, these 

powders can be integrated into a separation system with an electromagnet to separate batches of 

stable emulsions. 

Compared to the powder-based materials reported in Chapters 2 and 3, a spray-based process was 

proposed in Ch.4 to fabricate superhydrophobic hybrid membranes for continuous separation of 

emulsions.  A uniformly interconnected fibrous structure of composite polyurethane containing 

alumina NPs was achieved. The resulting membrane contains hierarchal roughness and silyl 

methyl surface groups on its surface, which endows a combination of superhydrophobic and 

superoleophilic properties. The resultant membrane has a fairly high flux value for most organic 

solvents and excellently separates oil/water mixtures, and surfactant stabilised emulsions. The 

membrane-based process offers a viable solution to the continuous separation as compared to the 

particulate systems. 

In the next stage of the project, the work on advanced Janus membranes should be resumed. The 

fabrication process can be optimised to obtain nanoscale fibres and further smaller the pore size. 

The membrane should be characterised for permeation pressure, flow rate, bio-fouling, and 

emulsion separation under harsh conditions. These materials should be characterised using 

industrial complex mixtures at the project's next stage, simulating the field conditions and 

containing various surfactants and solid residues. The solid particles in the mixtures could block 

the membrane's pores, so the separation process should be combined with a subsequent cleaning 

mechanism or a relation between the volume of the separation mixture. The pore size and thickness 
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of the membrane should be studied concerning the flow rate, types of emulsions, fouling and type 

of oil. The membrane fabrication process can be advanced to several functional membranes by 

using different types of nanoparticles and 2D materials for separation and energy applications. In 

addition, biofouling experiments should be performed as membrane fouling can reduce efficiency 

and produce secondary pollution. 

Similarly, pressure-driven separation and energy applications should be explored. An extension of 

this project is carbon conversion via electrochemical processing by using superhydrophobic 

electrodes.  Hierarchically structured superhydrophobic materials produced in this project could 

be modified as electrodes where inorganic nanoparticles are grafted onto the surface of conducting 

supports. Nanostructured electrodes create a triphase boundary (gas/electrolyte/electrode) at the 

water-CO2- electrode interface, which will significantly enhance the CO2 reduction and capture 

capability by providing nanoscale storage space for gas, thus solving the mass transfer problem 

while preventing the electrolyte flow into pores which at the same time solves the hydrogen 

evolution problem encountered by traditional electrodes. 
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