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ABSTRACT 

This thesis investigates powder coating using foams or bubbles. The work initially started 

on foams. Wettability studies first showed that foams can be used to coat powders.  

Research then focussed on the fundamental unit of foams, the bubble. An experimental 

apparatus was designed and built to perform particle-bubble impact studies in air. Bubble 

solutions comprised of water, hydroxypropyl methylcellulose (HPMC) and sodium 

dodecyl sulphate (SDS).  Four distinct physical behaviours occur when a particle impacts 

a bubble: (i) particle capture, (ii) particle slide-off, (iii) bubble burst and (iv) bubble self-

healing.  

The rate processes that occur during particle-bubble impact are; (i), surface area creation 

by bubble film stretching; (ii), delivery of surface active molecules to the newly created 

surface; and (iii), stress dissipation as the film is stretched.  The ability of the solutions to 

do (ii) and (iii) are highly complex relying on the thermodynamic equilibrium of the 

solutions and the local perturbations in the near surface region.  Therefore, establishing 

quantitative boundaries of behaviour is a difficult exercise.  It is proposed that, for 

solutions above the cac or cmc, (critical aggregate concentration, critical micelle 

concentration) where self-healing occurs, the rate of (ii) > rate of (i) and the rate of (iii) 

> rate of (i).  For solutions below the cac, where bursting occurs, the opposite is true, the 

rate of (ii) < rate of (i) and the rate of (iii) < rate of (i).   Intermediate behaviours such as 

slide-off of capture are within the range of self-healing behaviours, but where the energy 

of the particle is insufficient to penetrate the bubble.  

These behaviours are explained by complexation theory.  For SDS concentration ≥ cac 

and cmc, small aggregates of SDS and HPMC locally supply surfactant to the surface of 

the stretching bubble film.  This maintains low surface tension stress and self-healing 
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results. For SDS concentrations < cac, self-healing occurs because the complexation is a 

HPMC-SDS sea containing SDS islands.  The HPMC-SDS sea structure is sufficiently 

interlinked to simply stretch with the film, while the SDS islands de-aggregate quickly in 

the near surface region to supply the newly created surface with surfactant.  Here the 

supply rate is faster than the stretching and so the new surface area is populated with SDS 

molecules.  In contrast bursting occurs when the complexation is HPMC-SDS islands in 

a SDS sea.  Here, the rapid film extension is so fast that the islands of HPMC-SDS become 

isolated and the film loses structural homogeneity.  Furthermore, the rate of new surface 

creation is too fast for diffusion of SDS molecules from the bulk ‘sea’ to the newly created 

surface.  This results in both an inhomogeneous structure and local increases in surface 

tension, causing both stress concentration in the film and the Marangoni effect.    

Extensional viscosity measurements, conducted in collaboration with Monash University, 

Australia, produced three behaviours as solutions were thinned:  bead-on-string, blob and 

long-lived filaments.  Solutions which produced long lived filaments here correspond to 

those that self-healed during particle impact (when the impact velocity was sufficient).  It 

is proposed that this long-lived filament behaviour is due to the SDS concentration being 

> cmc, where the SDS micelles act like ‘ball-bearings’ between the extending HPMC 

chains.  

Coatings were characterised by SEM and gravimetric measurement. Cross-sectional 

imaging of the soft particle that penetrated self-healing bubbles were found to have a 

continuous coating layer around the particle.  Surface topography of bubble coated 

particles were compared with classical droplet coated single particles from the literature. 

Bubble coated particles were found to be smoother than the droplet coated particle.  
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The knowledge gained here was used to suggest how an industrial-scale particle coater 

using bubbles may be designed.  
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CHAPTER 1  THESIS OVERVIEW 

 

1.1 CONTEXT 

Particulate materials are widely encountered in many industry sectors including 

pharmaceuticals, paints, ink and coatings, and of course food. Powders in food are 

numerous including milk powders, sugars, cocoa, spices etc. Commercial advantages of 

powders include ease of handling and dosing, minimisation of weight through exclusion 

of water and stability over time. They demand end use properties such as ease of 

solubilisation. Additional formats, such as tablets provide an extension of particulate 

applications. Controlling powder functionality, in particular the surface properties of 

particles by coating particle is an important aspect of achieving appropriate target 

attributes, allowing greater control over product quality and consumer acceptability.  

1.2 PROBLEM DEFINITION 

The current state-of-art is spray coating, where atomised droplets of coating material are 

deposited randomly over particles dispersed in air. Spray coating is a time-consuming 

process for a number of reasons, as explained by Werner et al. (2007). 

1. Particles and droplets must be 1-1 interactions, which in modern pharmaceutical 

applications means using a Wurster coater. Multiple interactions can easily lead to 

agglomeration.  

2. The rate at which these 1-1 interactions can occur is the design circulation time within 

the spouted bed, which in turn defines the maximum available drying time as the vertical 

time-of-flight of the particles between the spray zone and the top of the coater.  
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3.  Drying time is also affected by the droplet size, the ratio of droplet to the particle size 

and the spread extent of the droplet. To minimise the drying time the spread droplet must 

be as thin as possible and, to reduce the statistical chance of agglomeration when particles 

collide, must occupy only a small fraction of the surface of the particle.  

Thus, spray coating is conducted batch-wise where the barrier layer thickness is 

controlled by the time of processing. Also, the substrate particles need to be strong to 

cope with the often thousands of cycles required through spray zone. Statistically, it is 

also clear that many droplets will miss particles and so be carried away as dried droplets 

which then need separating (Toschkoff et al., 2012).  

While the above discussion is focussed on pharmaceutical applications, fluidised bed 

coating is common in the dairy industry where, generally, the coating efficiency of the 

barrier layer is less important and often related to improving powder wettability. 

1.3 PROPOSED SOLUTION 

This doctoral project studies replacement of spray droplets with foams or bubbles. It is 

envisaged that foam or individual bubble collapse mediated by interaction with particles 

will lead to particle coating through the foam or bubble film rupture and wrapping of that 

film around the particle. Control over foam composition and particle type will allow for 

designed templating, e.g. the foam composition will govern surface rheological properties 

that influence the dynamics of the film collapse to promote coating. 

The hypothesis for using foams or bubbles is necessarily targeted at providing a more 

effective alternative to spray droplet coating. Perceived advantages of thin film coating 

include: 
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 High film surface area may result in a high fractional coating per film particle 

interaction. Achieving this is a major research challenge of this project. At this 

stage, a variety of mechanisms for particle-bubble interactions has been 

envisaged, and these are detailed in chapter 6. Figure 1-1 provides an example of 

one of these. 

 

Figure 1-1: Schematic of film coating of a particle. 

 

 The small volume per unit surface area of the film means the layer thickness will 

be small, which will mean drying can occur rapidly. 

 High fractional coating of the particles per film-particle interaction event means 

fewer coating cycles are needed to achieve coating efficacy (barrier covering 

100% of the particle surface). If so, the coating will be substantially thinner than 

achievable in spray coating. 

 The film needs to carry the barrier components. It can be expected that additives 

which assist drying and prevent agglomeration in spray coating, i.e. glass forming 

polymers, latex particles and precipitating solids, are less important in film 

coating. This may allow films to carry components that focus on barrier efficacy 

such as plasticising agents to prevent barrier layer cracking during subsequent 

Particle Foam film Particle-Foam 

film contact

Foam film 

coated particle
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processing. Formulation will be a key facet of the experimental research 

programme, as discussed later. 

 If the above speculations prove true, then the implications for the film coating 

equipment are a shorter processing time, which allows a higher throughput per 

day or a miniaturisation of the processing equipment for the same production. 

Elucidating principles behind device design is an important facet of the research 

programme, as discussed later. 

1.4 THESIS OBJECTIVE 

1.4.1 Overall thesis objective 

The overall objective of this thesis work is to selectively coat or surface modify 

particulate systems in the size range 10-300 µm, using foam or bubbles as a carrier to 

deliver the desired interfacial coating. The particle system could be any powder system 

ranging from biological, pharmaceutical to dairy materials. It was realised that a 

mechanistic investigation at the smallest possible scale i.e. impact studies between a 

single particle and single bubble would be valuable in studying coating of powder with 

foam or bubbles. However, particle-bubble impact studies between a particle and bubble 

of diameters 100 µm or less was not possible due to inability of the apparatus developed 

to produce a bubble of 100 µm diameter range and drop a particle of a similar diameter. 

Particle-bubble impact studies were performed between model smooth glass spherical 

particles of 1 or 2 mm and a bubble of 5-8 mm. Porous glass particles of cylindrical shape 

were also trialled to match the real particle system.   

1.4.2 Specific thesis objectives 

Based on the above overall thesis objectives, a plan was developed which resulted in 

following specific thesis objectives: 
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 To test the hypothesis of particle coating using foams and wettability assessment 

of foam coated particles. 

 To develop a conceptual understanding of particle coating using foams at the 

smallest possible scale i.e. coating of a single particle with a bubble. 

 To develop an experimental apparatus to generate single stable bubble in air, drop 

a single particle onto the bubble and record micro-level processes during impact. 

 To study how to control the key micro-level processes of bubble generation, 

bubble-particle contact, bubble bursting and wrapping around a particle. 

 To propose mechanism(s) of bubble film deposition onto a particle through 

observations of particle-bubble impact behaviour. 

 To propose mechanism(s) of particle-bubble impact behaviour. 

 To develop a regime map of particle-bubble impact behaviour. 

 To investigate the influence of extensional viscosity of the bubble solution on 

particle-bubble impact behaviour. 

 To characterise the bubble film coated particle and compare them with droplets 

coated particles from literature. 

 To recommend design guidelines for industrial-scale particle coating equipment 

using foam. 
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1.5 THESIS OUTLINE 

The thesis is set out as a series of chapters. A detailed literature review was undertaken 

leading to five experimental chapters allowing recommendations for developing an 

industrial-scale device for particle coating using foam or bubbles. 

Chapter 1 defines the research problem, proposes a solution and defines the thesis scope. 

 Chapter 2 presents a general literature review. Coating technology, its principles, 

applications and objectives are introduced. Foams, their methods of production, and 

stabilisation and destabilisation mechanisms are discussed. Prior art on foam-powder 

interactions and foam granulation are discussed. 

Chapter 3 is the first experimental chapter which tests the hypothesis of particle coating 

using foam. A series of wettability characterisations of foam coated and uncoated 

particles at different length-scales (bulk, single particle and at different locations of a 

single particle) were performed.  

Chapter 4 discusses the development of an experimental apparatus to generate a single 

bubble in air, drop a single particle onto the bubble and record the micro-level processes 

during impact. Various regimes of bubble generation were identified. Key operating 

parameters were identified and used throughout the thesis to generate single bubbles. 

Various modes of particle and bubble contact were developed. Dropping a particle under 

gravity on to a bubble was selected for use throughout the thesis work.  

Chapter 5 is the physical characterisation section and identifies structurally distinct 

bubble solution concentrations based on polymer-surfactant complexation theory. Glass 

particles of different diameters and surface hydrophobicity were dropped with different 

velocity on a standing single bubble.  
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Chapter 6 is the key experimental chapter that guided this thesis. Particle-bubble impact 

experiment using apparatus developed in Chapter 4 and experimental plan developed in 

Chapter 5 were performed. Twenty bubble solutions, five particle impact speeds and four 

particle types were trialled. Four distinct physical behaviours were identified. Ranges of 

experimental conditions responsible for each behaviour were identified and a regime 

maps were plotted. Mechanisms responsible for particle-bubble impact behaviours were 

proposed.  

Chapter 7 characterises extensional behaviours of the bubble solution. Extensional 

viscosity of the bubble solutions was extracted from the thinning behaviour of it between 

two parallel plates. A distinct correlation between thinning behaviour and particle-bubble 

impact behaviour was observed.  

Chapter 8 describes characterisation of particles obtained from single particle-bubble 

impact experiments. Gravimetric methods were used to measure particle coating 

thickness after particle-bubble impact. Scanning electron microscope was used to 

visualise the surface of coated and uncoated particles. 

Chapter 9 discusses guidelines for industrial style particle coater using foam. 

Chapter 10 presents the thesis conclusions and suggestions for future work. 

1.6 POTENTIAL OUTCOMES 

The thesis represents a new approach of depositing thin film of coating material onto a 

particle using foams and bubbles. The coating film will be prepared before contact with 

a particle and an attempt made to control the dynamics of bubble rupture such that the 

intact film evenly coats the contacting particle. This project, if successful, will advance 

particle coating technology and science of particle-bubble contact in air. 
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CHAPTER 2  REVIEW OF LITERATURE 

 

2.1 INTRODUCTION 

Film coating is a complex and multistep process involving application of a thin polymer 

based layer to a substrate, drying and separation (Felton & McGinity, 2008). Indeed, film 

coating can mask undesirable flavour, change the surface properties hence dispersability, 

protect from degradation factors such as heat, moisture, air and light and tailor the release 

characteristics of pharmaceutical and dairy products. The development of various film 

coating or encapsulation methods owes the fact that these methods are product and 

application specific.  

This thesis investigates powder coating using foams and bubbles. An understanding of 

the relevant topics was built using existing literature and is discussed in this chapter. A 

general understanding of film coating on powders is discussed in section 2.2. Foam, its 

production, stabilisation and destabilisation mechanisms, defoaming and antifoaming 

mechanisms and foam film thickness are discussed in section 2.3. Section 2.4 discusses 

tuning foam properties using polymer-surfactant complexation theory in the bulk and at 

the interface. Particle coating involves coating materials spreading on the particle surface 

hence an understanding of a liquid drop spreading onto a solid surface is developed from 

the literature and discussed in section 2.5. The prior art is discussed and the knowledge 

gap is identified in section 2.6. Section 2.7 concludes this literature review leading to the 

research questions to be investigated. 

2.2 FILM COATING ON POWDERS 

Chemical composition and physical properties are critical in defining quality of materials. 

Physical properties of the materials can be tailored by various formulation processes. 



Chapter 2 Review of Literature 

10 

 

Coating is an operation to achieve a material of required physical properties. Film coating 

has been practiced since 9th-11th century AD, when the first report of coating pills with 

mucilage of Plantago psyllium was published. The art of coating with honey and later 

with sugar, was first reported in France (Bauer, 1998). Since then various coating or 

encapsulation methods aiming at different objectives have been reported. In the 

pharmaceutical industry, coating or encapsulation is applied to tailor the delayed, 

immediate or sustained release for various formulations (Miyadai, Higashi, Moribe, & 

Yamamoto, 2012; Sahni & Chaudhuri, 2012). In the food industry the method is applied 

to protect enzymes, vegetable proteins, yeast, bacteria and aromas in polysaccharides and 

film coating of extruded products by lipids, resins, polysaccharides and proteins (Abbas, 

Da Wei, Hayat, & Zhang, 2012). 

Fluidised bed coating is the most popular technique in pharmaceutical and food industries 

to coat dry solid particles (powder), which can be expensive and time consuming. 

Particles to be coated are introduced into a coating chamber and fluidised by air. The 

coating solution is atomised through a nozzle and sprayed over the fluidised particles. 

The atomised droplets of coating solution collide with the particle and adhere to them 

making homogeneous layering. The challenge in achieving a successful coating process 

is to ensure that the sprayed coating material reaches the particles to be coated without 

excessive wetting and splashing, and without the droplet having dried out before they 

make contacts with particles. The excessive wetting increases the tendency of 

agglomeration rather than individual coating, whereas excessive splashing and drying of 

droplets results in wastage of coating materials. Indeed, there is always competition 

between coating individual particle and agglomeration. A brief description of micro-level 

processes during droplet-particle interaction inside a fluidised bed Wurster coater was 

described by Werner et al. (2007) which is shown schematically in Figure 2-1.   
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Figure 2-1: Cross-section of Wurster coater and phenomena occurring during particle 

coating Adapted from Werner et al. (2007). 

 

There are three phases present in the fluidised bed: solid particles, liquid coating materials 

and fluidising gas. Interactions of these three phases lead to the various phenomena in the 

coating operation. Nienow (1995) has classified various phenomena occurring in the 

coating chamber based on these interactions which are shown schematically in Figure 2-

2. 
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Figure 2-2: Possible phenomena taking place during fluidised bed coating. Adapted from  

(Nienow, 1995). 

 

The outcome of a coating operation depends upon the properties of the particle to be 

coated, coating formulations and processing conditions. The flow chart shown in Table 

2-1 describes the various variables and their influence on particle coating quality. 
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Table 2.1: Particle coating attributes. 

 

Substrate Coating 

formulation 

Process 

parameter 

Product 

Wettability Viscosity Temperature Coating uniformity and 

integrity 

Surface 

roughness 

Surface tension Humidity Molecular mobility 

Surface energy Density Contact 

probability 

Aging 

 Plasticizer   

 Pigments   

 Solvents   

 

2.3 FOAM 

Foam is a colloidal dispersion of gas in liquid in which the gas bubbles are dispersed in 

the form of polyhedra or spheres and are separated by thin liquid films. The thin layers of 

the continuous liquid phase separating two adjacent bubbles are called lamellae whereas 

the thicker channels where three lamellae meet are known as Plateau borders (Bikerman, 

1973). The Plateau border in the foam corresponds more or less to a void in 

crystallography, and most of the water in the continuous phase is found in the plateau 

border.  

According to the Kelvin equation (Kelvin, 1897) as described by Sebba (1989), Plateau 

regions are low pressure regions where particles if sprinkled over the foam, would tend 

towards. This is a very important quality of foam which is used in this thesis work to 

surface modify particles.  

Foam consists of bubbles compressed close to each other as shown in Figure 2-3. The 

degree of packing is defined in terms of gas phase volume. At moderate gas phase 

volumes, the bubbles dispersed in the liquid phase are uniform and packed as spheres 
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whereas at higher gas phase volumes typically higher than 0.7, the air bubbles will start 

deforming to form polyhedral shapes. The polyhedra are almost but not quite regular 

dodecahedra. The bubbles in a foam arrange themselves into polyhedra such that, along 

the border of a lamella, three lamellae always come together at angles of 120°. After gas 

phase volume, bubble size is the second most important parameter defining foam. Bubble 

size can be expressed in terms of spheres-equivalent radius R, diameter D or by bubble 

edge length L. Simple foam bubbles have a geometry known as Kelvin geometry  where 

D = 2.7L (Saint-Jalmes, 2006). 

 

Figure 2-3: Foam nomenclature (Denkov, 2004). 

 

The structure of the foam is not as simple as it looks. Microscopically, the outer surface 

of the bubble is wettable by water which helps in supporting a thin film of water within 

surfactant films encapsulating the bubble. Moreover, this water film which is continuous 

with bulk water provides a structural matrix for the foam along with keeping bubbles 

adhered together. A schematic of foam film microstructure is shown in Figure 2-4. 
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Figure 2-4: Microstructure of a foam film. 

 

These structures can accommodate large volumes of gas mixed with relatively small 

amounts of liquid creating huge surface area at interfaces and have been a centre of 

attention of the scientific fraternity ranging from academia to industries (Saint-Jalmes, 

2006). 

Foams are thermodynamically and usually kinetically unstable with the concomitant 

increase of surface free energy associated with the extended gas-liquid interface causing 

destabilisation (Fazilet, 1998). Surface science plays a major role in stability, as do 

thermodynamics. The presence of surface active substances is essential for foaming and 

foam stabilisation. Surface active agent may comprise one or more of the following; low 

molecular weight amphiphilic compounds, macromolecules, or finely divided solids.  

Adsorption of surfactant molecules at air-water interface stabilizes the lamellae by 

lowering interfacial surface tension (or providing expanding force acting against the 

normal interfacial tensions), providing the viscoelasticity needed to stabilize foam against 

mechanical shock (Jayalakshmi, Ozanne, & Langevin, 1995) and by inducing repulsive 

forces between bubbles (Bergeron, 1999). Many proteins are known to be effective 

stabilizers as they unfold at the interfaces and thus increase the surface viscoelasticity.  

Rapid adsorption of surfactant molecules at air-water interface is essential for foam 

Water

Air

Surfactant molecule

Hydrophobic tail

Hydrophilic head
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formation, which depends upon surfactant molecular weight, concentration, and agitation 

(Gandolfo & Rosano, 1997). 

2.3.1 Foam production 

Foams can be produced by mechanical means of introducing air as well as by 

supersaturating liquid with gas under dissolved pressure and then releasing the pressure 

(Arzhavitina & Steckel, 2010). Mechanical means of introducing air may be done by 

injecting gas through narrow orifice (sparging) or beating the liquid by using a rod or 

stirrer (Liang, Yin, & Feng, 2016). Bubbles originally produced by mechanical or other 

means usually undergo several processes. Hydrodynamic forces are likely to cause break 

up for foam above a certain size e.g. for aqueous systems it is 1 cm as noted by Clift et 

al. (2013). Bubble formation may be accompanied by a decrease in free energy (e.g. 

spontaneous formation of bubbles in supersaturated solution or boiling) or attrition (i.e. 

break-up of larger bubbles) or sparging. In the former case the size of the bubbles will 

depend on both the nucleation and growth steps whereas in the latter case, the bubble size 

would be governed by mechanical and hydrodynamic interactions (Wedlock, 2012). 

Moreover, mechanical conditions of foam production can play detrimental roles in foam 

stability. In foam produced by bubbling methods the rate of introduction of air to the 

liquid is critical. When the rate of introduction of air increases from a predetermined 

value, air escapes rapidly from channels forcibly ploughed through the foams by blast or 

by larger bubbles (Ross, 1946). 

2.4 PHYSICAL PROPERTIES OF THE FOAM SYSTEMS 

2.4.1 Surface tension 

Surfactant molecules adsorb spontaneously at air-water or oil-water interfaces, forming a 

monolayer, thereby reducing surface tension. During foam production, foam surface area 
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is inversely proportional to the surface tension of the liquid, provided the external energy 

applied to generate the foam is constant. The surface tension value of a foaming solution 

is influenced by two processes: (i) the diffusion of the surfactant molecules to the 

interface, and (ii) the adsorption of the surfactant molecules at the interface. Hence, the 

dynamics of the adsorption should be considered when adsorption time is longer than the 

time scale of foam generation (Malysa & Lunkenheimer, 2008). When selecting 

surfactant for foam generation, one must consider both the dynamic and equilibrium 

surface tension of the solution. The surfactant with lower equilibrium surface tension and 

takes minimum time to reach equilibrium (high diffusion coefficient) may be the ideal 

one for good foamability. The schematic shown in the Figure 2-5 demonstrates 

hypothetical equilibrium and dynamic surface tension of a foaming solution. Type I curve 

illustrates very high equilibration time and continuous surface movement. A foam from 

this type of solution would be very unstable due to high surface mobility. A type II curve 

as shown in Figure 2-5 illustrates lower initial surface tension and faster equilibration 

time than type I. Foam showing this type of solution would be more stable than type I due 

to lesser surface movements.  Type III illustrates fast equilibration time and arrested 

surface movement after a short period of bubble formation. The surfactant giving type III 

surface tension profile could be the ideal one to give high foamability and stability. 
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Figure 2-5: Schematic showing change of surface tension with time of a foaming solution 

with different types of surfactants; type III may be ideal for high foamability and stability. 

 

Surface tension controls foamability through controlling bubble break-up phenomena 

(Kawale, van Nimwegen, Portela, van Dijk, & Henkes, 2015). When mechanical methods 

are applied to foam generation (whipping), initially big bubbles are formed, which should 

eventually split into smaller bubbles due to external forces (shear stresses and pressure 

turbulence) to give more stable foam (Van Aken, 2001).  

2.4.2 Surface rheology 

About a century ago, Gibbs and Marangoni worked out the relationship between surface 

tension gradient and foam stability (as referred by Wang et al. (2016)). The Gibbs 

coefficient of surface elasticity (E) relates the change in the surface tension, ∆𝜎/𝜎 to the 

change in the surface area, ∆𝐴/𝐴 and can be expressed as: 

𝐸 =  2(𝑑𝜎
𝑑𝑙𝑛𝐴⁄ )                                                                                                      (2-1) 

Where 𝑑𝑙𝑛𝐴 describes the relative change in the surface area A and 𝑑𝜎 is the change in the 

surface tension. 

In the case where E is used to describe elasticity only, then E can be termed as the ‘film 

elasticity of compression modulus’ whereas in the case where the surface behaviour has 
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both elastic and viscous components then E can be termed as ‘surface dilatational 

modulus’ (Claesson, 1997). The Gibbs elasticity refers to the increase in the film surface 

tension resulting from a decrease in the surfactant concentration within the film. A 

thinning film can survive during thinning because the local increase in surface tension 

causes surface flow towards the weakening regions. The flow is the response of a tension 

gradient and because of viscous drag can carry an appreciable amount of liquid along 

with it so that it restores the thickness.  This is called the Gibbs-Marangoni effect flow or 

Marangoni effect (Tschapek, Wasowski, & Falasca, 1984). A solution containing a very 

low concentration of surfactant much lower than the critical micelle concentration, the 

surfactant will show poor foamability as during film extension by mechanical beating or 

other means, the surfactant concentration may not be sufficient to replenish newly created 

surface area resulting in poor foaming. A solution containing a concentration of surfactant 

higher than the critical micelle concentration (cmc) of the surfactant may or may not give 

high foaming as in this case, micelle disintegration time may be a rate determining step. 

High foaming would result if the micelle disintegration is faster than the new surface 

generation during mechanical beating. Hence, it is the intermediate concentration of the 

surfactant which generally gives highest degree of foaming (Pugh, 1996). 

2.5 FOAM DESTABILISATION MECHANISMS 

Foams are metastable systems with a tendency for rapid separation of gas from liquid. As 

soon as bubbles have formed, several changes start to occur, where the driving forces 

behind these changes may be either thermodynamic or kinetic.  Based on their stability 

characteristics, foams can be classified as unstable, metastable, transient and persistent 

foams. Unstable foams continuously breakdown into two phases and approach 

equilibrium as liquid dries between bubbles. In metastable foams, foam can persist 

indefinitely if drainage of the liquid from bubbles can be stopped by avoiding disturbing 



Chapter 2 Review of Literature 

20 

 

influences like evaporation, temperature differences, gravity and vibration (Berovič & 

Cimerman, 1979). 

Bubble formation is a critical phenomenon and the shape of the bubble formed depends 

on several parameters e.g. surface tension, viscosity and gas to liquid ratio. Surface 

tension of the liquid will tend to decrease the surface area of the bubble formed so a gas 

bubble dispersed in liquid will tend to adopt a spherical shape irrespective of the method 

used for obtaining the bubble. Continuous change in the gas to liquid ratio leads to change 

in the foam morphology. This change in the morphology with time is due to drainage of 

liquid under the influence of density difference between the gas bubble and surrounding 

liquid phase. Foam drainage is primarily a hydrodynamic phenomenon and the liquid 

drains through lamellae and Plateau borders. The rate of this laminar flow is inversely 

proportional to the viscosity of the liquid (Lemlich, 2012). Previous studies demonstrated 

that a mechanical equilibrium comes as a result of continuous draining of foams when 

opposing forces due to Plateau-border suction gradient and gravity balance each other 

(Bhakta & Ruckenstein, 1997).  

Another destabilisation mechanism is known as Ostwald ripening, as illustrated in Figure 

2-6 and Figure 2-7. In order to minimize surface energy, the foams evolve through 

intermittent bubble rearrangements (Durian, Weitz, & Pine, 1991). Larger bubbles grow 

at the expense of smaller ones by a process known as disproportionation or Ostwald 

ripening. This growth occurs either by diffusion of dispersed component through 

continuous phase or breakage of foam lamella (Cheng & Lemlich, 1985). Ostwald 

ripening can be best understood by a fundamental relationship between pressure 

difference ∆P and surface tension γ derived in the beginning of nineteenth century by 

Young and Laplace: 
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∆P = 2γ / r                                                                                                          (2-2) 

Where r is the principal radius of curvature. This equation deals with pressure difference 

across a curved surface due to interfacial pressure. According to this equation pressure 

within a smaller bubble is higher than the pressure in a larger one, assuming the surface 

tension of both bubbles is the same (Bikerman, 1973). This results in smaller bubbles 

stretching and rupturing to be absorbed by larger bubbles. 

Figures 2-7 and 2-8 collectively demonstrate schematics of different destabilisation 

mechanism of foams discussed above. 

 

Figure 2-6: Mechanism of foam destabilisation, adapted from Oungbho et al. (1997). 

 

Several studies have been done to measure and control Ostwald ripening. Tcholakova et 

al. (2011) describes systematic measurement of Ostwald ripening on foams with air 

volume fraction of 90%. They showed by experimental observation that the rate of bubble 

Ostwald ripening is reduced by (i) type of surfactant used, for example surfactant with 
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high surface modulus gives more stable foam and (ii) presence of glycerol reduces gas 

solubility and diffusivity in the aqueous core of the foam film. 

 

Figure 2-7: Coarsening with time, adapted from Saint-Jalmes (2006). 

 

2.5.1 Defoaming and antifoaming 

Foams are not always welcomed in many industrial operations as product or by-products.   

Foaming can cause serious problems in distillation, filtration and fermentation (Vardar-

Sukan, 1998). Moreover, unwanted foams can cause product defects such as in printing, 

painting, moulding and adhesion applications. In order to decrease foam stability, a wide 

range of antifoams and defoamers are used. Defoamers destroy existing foams while 

antifoams inhibit foam formation by increasing inter-bubble coalescence (Miller, 2008).  

Antifoams can be classified as non-polar oil-based and water- based. Non-polar oil-based 

antifoams contain mineral or silicon oil or a combination of hydrophobic particles and 

non-polar oil whereas water based antifoams contains hydrophobic solid particles or 

surfactants. A number of studies have been attempted to establish mechanisms of 

antifoaming by insoluble oils (Arnaudov et al., 2001; Atkin, Craig, Wanless, & Biggs, 

2003), hydrophobic particles (Dippenaar, 1982a) and in combination (Denkov, 1999). 

Figure 2-8 shows the schematics of antifoaming by non-polar oil. 
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Figure 2-8: Antifoaming mechanism, adapted from Denkov et al. (2004). 

 

Antifoaming by particles lies in the fact that particles come into contact between a pair of 

bubbles forming bridges between them. If a particle is hydrophobic enough, de-wetting 

phenomena are so strong that a three phase contact line can not be formed on the particle 

surface and the particle bridge can not stabilise, leading to film thinning and rupture. This 

is generally known as the bridging-dewetting mechanism. Dippenaar and others 

(Dippenaar, 1982b; Pugh & Yoon, 1994) studied the effect of particle hydrophobicity, 

surface roughness and shape on bridging-dewetting phenomena and concluded that for 

smooth particles, a contact angle of more than 90˚ is required for an effective antifoam. 

Rough particles can rupture the film even if the contact angle with the film is less than 

90˚. Theoretical studies by Frye et al. (1989) show that for a smooth spherical particles, 

if the contact angle at the three phase contact line is greater than 90˚, the local capillary 

pressure around the particle will drain the liquid away from it and rupture the film. In 

contrast, if the contact angle is less than 90˚ local capillary pressure will draw the liquid 

towards particle and prevent drainage leading to stable foams. The above calculations are 

valid for smooth spherical particles. Non spherical and rough particles are shown to be 

better defoamers even at contact angles less than 90˚ (Alargova, Warhadpande, Paunov, 

& Velev, 2004; Dippenaar, 1982b; Garrett, 1979).  
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Schematic representation of bridging-dewetting mechanism for smooth spherical particle 

(θ˃90˚) and for rough non-spherical particle are shown in Figure 2-9. 

 

Figure 2-9: Schematic presentation of bridging-dewetting mechanism for smooth 

spherical particle (θ˃90˚) and for rough non-spherical particle. Adapted from Denkov et 

al.(2004). 

 

Solid particles are known to be mild defoamers and are not useful in detergency and many 

other applications where a high concentrations of surface active substances (above cmc) 

are used. The ‘excess’ surface active substance may adsorb to solid particles rendering 

them too hydrophilic to dewet themselves, leading to loss in defoaming or antifoaming 

activity (Kulkarni, Goddard, & Kanner, 1977a, 1977b). Kulkarni et al. (1977b) have 

suggested the loss of antifoaming activity of fine solid particles is because of rapid 

adsorption of the surfactant from foam films which in turn leads to surface stresses and 

rupture of the film as shown in Figure 2-10. Presumably the rate of adsorption of the 

surfactant over the solid must be greater than the replenishment of the surfactant from the 

bulk to lamellae. 
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Figure 2-10: Antifoaming by hydrophobic particle and simultaneous deactivation of 

antifoaming activity. Adapted from Kulkarni et al. (1977b). 

 

2.5.2 Foam film drainage 

The thickness of a bubble film varies with formulation of the bubble solution. Bubbles 

stabilised by short chain surfactants usually form thinner films with fast drainage rates 

whereas bubble stabilised by long chain polymer or protein have relatively thicker films 

with slow drainage rates (Petkova, Tcholakova, & Denkov, 2012). Surfactant bubbles 

show bubble surface mobility with time whereas polymers form a rigid immobile film 

surfaces (Gauchet, Durand, & Langevin, 2014). 

Bubble film stability may play an important role in determining the particle-bubble 

impact behaviour when particle coating using foam. There has been a continuous effort 

to understand film stability since early work by Frankel and Mysels (Frankel & Mysels, 
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1969; McEntee & Mysels, 1969). Thinning and breaking are two critical processes 

important in determining the life-time of liquid films. Drainage due to gravity and suction 

at the Plateau border causes the liquid film to thin. Drainage is governed by the interplay 

of viscous flow of solvent, diffusion and convection of the surfactant molecules and their 

adsorption and desorption at the film interface, as well as concentration-dependent 

surface tension gradient which is equivalent to surface elasticity (Whitaker, 1966). The 

presence of surfactant molecules in the liquid film and their dissociation causes different 

secondary forces to arise. The balance of these secondary forces at different timescales 

decides the fate and behaviour of a film. Such secondary forces are van der Waals 

attractive forces, electrostatic repulsive forces among similarly charged surfaces and 

repulsive forces among neighbouring molecules adsorbed at the film surfaces (Kolarić, 

Jaeger, Hedicke, & Klitzing, 2003).  

During thinning, when the thickness is reduced to a critical thickness around 10 nm, 

secondary forces influence draining; van der Waals attraction increases the draining rate 

whilst double layer repulsion decreases it. On further thinning, some films become 

metastable, and some may break at around 1 nm thickness. An equilibrium between the 

Plateau border suction, van der Waals attraction and double layer repulsion gives a 

metastable film, whereas film rupture occurs when attractive forces predominate 

(Overbeek, 1960). When the metastable film thickness is small enough (at about 10 nm) 

black spots appear which eventually cover the entire film giving rise to a common black 

film. The common black film (CBF) is stabilised by electrostatic and van der Waals forces 

whilst the Newton black film (NBF) is stabilised by steric repulsion and does not contain 

any free solvent molecules. A schematic of liquid films is shown in Figure 2-11. The 

addition of salt can induce transition from a CBF to NBF indicating the electrostatic 

nature of repulsive force stabilising the CBF (Kolarić et al., 2003; Vrij, 1966). 
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Figure 2-11: (a) Monolayer, (b) Newton black film, (c) Common black film, (d) Thick 

foam film.  

 

The thinning of films containing micelles occurs in a stepwise manner indicating their 

presence in the film. The spontaneous rupture of a film is discussed by Vrij et al. (1966) 

who showed through experiments and calculations that although surface tension tends to 

make film surfaces smooth, thermal motion cause films to be corrugated. Vrij showed 

that the corrugations having wavelengths larger than a critical wavelength grew 

spontaneously, supported by the action of van der Waals forces and made the film thinner 

and break, or stabilised as a black film if sufficient repulsive forces exist to keep two 

faces of the film separated. This critical thickness for breaking of the film is reached when 

the film is so thin that the rate of growth of fluctuations is faster than the thinning by other 

drainage processes.  

2.6 POLYMER-SURFACTANT COMPLEXATION  

2.6.1 Polymer-surfactant complexation in a solution 

The interaction behaviour between polymers and surfactants in aqueous solution can have 

significant influence on the system properties and hence has been the subject of many 

fundamental studies (Bodvik et al., 2012; Zdziennicka & Jańczuk, 2010). The ionic or 

non-ionic nature of both the polymer and surfactant affects the complexation between 
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them. For example, when an ionic surfactant is added to an aqueous solution of an 

unbranched non-ionic polymer, it can adsorb onto the polymer backbone via its 

hydrophobic tail leading to a polyelectrolyte-like polymer formation (Esumi & Oyama, 

1993; Tadros, 1974). Another mechanism of polymer-surfactant complex formation is 

through electrostatic interaction, which is common in systems with ionic polymer and 

ionic surfactant of opposing charge.  

The surfactant can adsorb onto polymer backbone as individual molecules at low 

concentration or small aggregates at higher concentration. The surfactant concentration 

at which aggregate starts to form is called the critical aggregation concentration (cac). 

This concentration is normally lower than the critical micelle concentration (cmc) of the 

surfactant (Silva, Antunes, Sousa, Valente, & Pais, 2011; Sovilj & Petrović, 2006). As 

the surfactant concentration increases from the cac, the added surfactants form micellar 

aggregates. Such micellar aggregates bound to the polymer chain can cause chain 

extension. Eventually, there are no binding sites left for further adsorption. This is called 

the polymer saturation point (psp) and corresponds to maximal expanded polymer chain. 

Further addition of surfactant increases concentration of free ions such as Na+ (in case 

sodium dodecyl sulphate surfactant) in the solution and these ions may act to screen the 

charge between the surfactant micelles, causing contraction of the polymer coil and a 

corresponding decrease in viscosity values. Figure 2-12 shows schematics of polymer, 

surfactant interaction at different levels of polymer (below and above critical overlap 

concentration, and below and above cac of the surfactant). 
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Figure 2-12: Polymer-surfactant complex formations at different polymer/surfactant 

concentration combinations. Solid black lines represent HPMC chains, blue and yellow 

spheres represent to SDS micelle and counter ions, adapted from (Nilsson, 1995; Silva et 

al., 2011). The larger blue sphere indicates major hydrophobic association zones. 

 

Jones (1967) proposed a model surface tension isotherm to explain complexation 

phenomena for a neutral polymer and anionic surfactant based on studies with poly 

ethylene oxide as a neutral polymer and SDS as a anionic surfactant. Jones divided the 

surface tension isotherm of the polymer-surfactant solution into four regimes: below T1, 

between T1 and T2’, between T2’ and T2 and above T2. Figure 2-13 shows the schematic 

of surface tension curve and corresponding hypothetical molecular level interaction of 

polymers with different levels of surfactant in aqueous solution. Section 2.6.2 explains 

the molecular-level interaction between polymers and surfactants at the interface. 
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Figure 2-13: Schematic of the graph of the surface tension with log concentration of the 

surfactant in the polymer aqueous solution; molecular level interaction is also shown in 

the inset (adapted and modified from (Jones, 1967)). 

 

2.6.2 Polymer-surfactant interactions at an interface  

These four regimes define the extent of interaction or complexation between surfactant 

and polymer in bulk, discussed in section 2.6.1. At this stage interaction at an air-water 

interface could only be speculated. However, with advanced studies using neutron 

scattering, the behaviour is becoming well understood (Chari & Hossain, 1991; Purcell, 

Lu, Thomas, Howe, & Penfold, 1998) as discussed below and shown in Figure 2-14.   

 (a) Below T1: the surfactant molecules exist mainly as monomers in the bulk; there could 

be some association with polymer molecules at this stage. At the liquid-air interface, 

complex formation between polymer and surfactant molecule is possible. A polymer 

molecule at the interface existing in the proximity of surfactant head groups shields the 

repulsive charges and hence enhances the adsorption of surfactant molecules at the 

interface. This repulsive shielding leads to a densely packed surfactant layer at the 

interface with increasing surfactant concentration. 
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(b) Between T1 and T2’: At T1 the surfactant molecules exceed the critical concentration 

to form aggregates and interact with polymer chain. This continuous association of 

aggregates on the polymer chain makes polymer behave like polyelectrolyte. The 

aggregation of the polymer and surfactant in the bulk solution leads to desorption of the 

surfactant at the interface. This removal of the surfactant from the interface explains the 

slow decrease in the surface tension in this regime.    

(c) At T2’: the polymer chain is super-saturated by surfactant aggregates and any 

additional surfactant goes to the interface and lowers the surface tension of the solution. 

Also, at this stage, the surface polymer migrates into the bulk, so only surfactant 

molecules exist without polymers. 

(d) Between T2’ and T2: The added surfactant goes into solution as single molecules. 

With increasing concentration, they form micelles in solution at T2. A schematic is shown 

in Figure 2-15 (d).  

(e) Above T2; the surfactant molecules form micelles with polymer chains and exist in 

equilibrium with normal micelles and single surfactant molecules in bulk.   
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Figure 2-14: Polymer-surfactant complexation at the air-water interface; long chain 

molecules are polymers, short chain with circular head are surfactants Adapted and 

modified from (Cooke, Dong, et al., 1998; Dong, Sun, Liu, Cao, & Jiang, 2009). 

 

2.7 SPREADING BEHAVIOUR OF A SURFACTANT DROP ON A 

SURFACE 

Dynamics of spreading of a pure solution over a clean substrate and hence wettability 

assessments for this system is relatively simple. The presence of a surface active agent in 

a solution or on a substrate surface makes spreading a complex phenomenon. The 

surfactant when present in the solution renders time-dependent surface and interfacial 

tensions due to their preferential movements. For an aqueous solution containing a 

surfactant, the energetically favoured position for the surfactant is to orient the 

hydrophilic head in the aqueous solution and orient the hydrophobic tail towards either 

air-water interface or the substrate if it is hydrophobic. The spreading mechanism of a 

drop containing siloxane surfactant over a substrate has been subject of interest since 

pioneering work by Ananthapadmanabhan et al. (1990). A possible mechanism of 

spreading of a drop containing surfactants is given by Ruckenstein (2012). The schematic 

of the dynamics of surfactant molecules in an aqueous drop over a hydrophobic surface 

is shown in Figure 2-15.  
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Figure 2-15: Schematic of the dynamics of surfactant molecules in an aqueous drop over 

a hydrophobic surface. Adapted from (Ruckenstein, 2012). 

 

Rukenstein proposed a spreading mechanism as follows: for a hydrophobic substrate and 

aqueous drop with a surfactant with high hydrophilic-lipophilic balance (i.e. strong 

hydrophobic moiety), the strong attractive interaction between hydrophobic moiety and 

the hydrophobic surface accelerates the spreading of the droplet over the surface. This 

movement of surfactant across the substrate with hydrophilic moiety towards air will 

increase the free energy of the system. Another layer of surfactant from the droplets 

moves between the first layer with hydrophobic moiety exposed to air and that with the 

hydrophilic moiety exposed to the hydrophilic moiety of the first layer to decrease the 

free energy of the system.  The drop moves continuously due to this bilayer formation at 

the contact line and the hydrophilic region created by hydrophilic moieties between the 

two layers induce suction of the water. The Marangoni effect is also involved arising from 

the movement of surfactant molecules from high surface tension to low surface tension 

areas across the bilayer. For a hydrophilic surface, the hydrophilic moiety of the surfactant 

is adsorbed on hydrophilic surface leaving hydrophobic moiety exposed to air. Thus only 

a single layer is formed with low mobility, hence spreading. 
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The above mechanism along with the polymer-surfactant complexation theory were 

expected to be useful in understanding the influence of surfactant on the wettability and 

contact angle of bubble solution on glass particles.  

2.8 WETTABILITY ASSESSMENT OF POWDERS  

Wettability of powders plays an important role in the pharmaceutical, food and mineral 

industries, hence controlling and measuring wettability is of paramount importance 

(Buckton & Gill, 2007; Morrow, 1990; Ramírez-Flores, Bachmann, & Marmur, 2010). 

Wettability of a solid surface by a particular liquid is characterised by contact angle, 

which is defined as the angle between the tangent to the liquid-solid interface and the 

tangent to the solid surface at the contact line between three phases; solid, s, liquid, l and 

gas, v. Geometrically, only a single point is possibly common to all three phases. For an 

equilibrium contact angle to form the three forces acting on this point must balance, as 

shown in Figure 2-16; 𝛾𝑠𝑣  is the solid-vapour interfacial energy, 𝛾𝑙𝑣  is the liquid-vapour 

interfacial energy, and 𝛾𝑠𝑙  is the solid-liquid interfacial energy, where interfacial energy 

has units mJ m-2. 

 

 

 

 

 

Figure 2-16: Forces involved on a droplet placed on a solid surface. 

 

The balance between these forces determines the contact angle, θ. This balance is 

described by Equation 2-3, Young's equation, that relates the contact angle to the surface 

  

             Solid 

𝛾𝑙𝑣  

𝛾𝑠𝑣   θ 

Liquid drop 
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free energies of a system containing solid, s, liquid, l, and vapour, v, phases (Young, 

1805). 

𝛾𝑙𝑣𝑐𝑜𝑠𝜃 =  𝛾𝑠𝑣 − 𝛾𝑠𝑙                                                                                                 (2-3)                                             

Wettability is determined from measurement of a liquid spreading on a solid surface, and 

is dependent on the surface free energy change associated with spreading. A liquid 

spreads over a solid and wets the solid when the free energy change per unit area of the 

wetted portion is negative (Fox, Hare, & Zisman, 1955). A drop of pure liquid on a plane 

solid surface experiences adhesive forces acting between the liquid and the solid surface 

and these favour spreading. The cohesive forces within the liquid counteract spreading. 

Generally, a solid is termed hydrophilic when the contact angle between the solid and 

liquid water is less than 90°, and the solid is hydrophobic when the contact angle between 

solid and liquid water is more than 90°, when the liquid is water (Mittal, 2009). A solid 

surface with a surface free energy higher than the surface tension of the liquid drop will 

undergo complete wetting because adhesive forces dominate, e.g. if a solid surface has 

surface free energy greater than the surface tension of water, 72.8 mN/m at 25°C, water 

fully wets the solid surface. However, if the surface free energy of solid is lower than the 

water surface tension, the wetting will be low because of poor adhesiveness between 

water and the solid surface. Since the seminal paper by Thomas Young (1805) cited in 

(Mittal, 2009), there has been an extended body of research on wettability and contact 

angle determination (Good, 1992; Kwok & Neumann, 1999; Patankar, 2003). Despite 

this, there is no consensus on a universal method for wettability and contact angle 

measurement. 

Quantifying powder wettability through contact angle may appear straightforward, 

however it can be quite deceptive as it depends upon numerous factors: surface physico-
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chemical properties, heterogeneity, roughness, molecular orientation, swelling and partial 

dissolution of solid in liquid. These may all affect contact angle at points along the contact 

line (Bikerman, 1950; Shuttleworth & Bailey, 1948; Wenzel, 1949). 

Different techniques for measuring contact angle of powder materials have been reviewed 

by Lazghab et al. (2005). A study by Nowak et al. (2013) on comparison of contact angle 

measurements on porous catalyst powders found that contact angle values are method 

sensitive, i.e. different methods give different contact angle values. The capillary rise 

method, thin layer wicking and the sessile drop method of contact angle measurement 

were tested on catalyst supports consisting of SiO2, Al2O3, TiO2 and ZrO particles, either 

compressed in pellets or dispersed on glass slides. These authors demonstrated that the 

capillary mass method and thin layer wicking method are not suitable to measure contact 

angle for highly porous particles. Moreover, they demonstrated the inability of this 

technique to resolve between oil and water for porous powders. The sessile drop method 

onto an adhesive slide was proposed to be the acceptable method for porous powders. 

Nowak et al. (2013) also suggested that contact angle of flat surfaces depends upon pre-

treatment and changes in shape of the flat materials might influence the contact angle due 

to change in the surface energy of the material, they found a good agreement between 

porous particles and respective non-porous flat surfaces’ contact angle measured using 

the sessile drop technique.   

Contact angle measurements on individual particles from nanometre to subMillimetre 

diameters have also been measured by researchers, see for example, (Forward, Moster, 

Schwartz, & Lacks, 2007; Isa, Lucas, Wepf, & Reimhult, 2011; Paunov, 2003).  Forward 

et al. (2007) developed a method of contact angle measurement of a single particle of 

diameter range 100-1000 micrometre based on optical microscopy. The methods were 
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tested on polyethylene particles of different surface roughness. These authors were able 

to link the high contact angle with the surface roughness of the polyethylene particles. Isa 

et al. (2011) developed a novel method of contact angle measurement on nanoparticles 

down to 10 nm based on freeze-fracture shadow-casting cryo-scanning electron 

microscopy. The method was used to measure contact angle of individual nano-particles 

of amidine polystyrene latex, sulphate polystyrene latex and citrate gold. The gel trapping 

technique developed by Paunov (2003) utilises preferential protrusion of individual 

particles into a hydrocolloid gel and polydimethylsiloxane (PDMS) elastomer to measure 

contact angle of a single particle by imaging the particle embedded in PDMS using SEM.  

The capability of environmental scanning electron microscopy (ESEM) to grow droplets 

on solid samples, including particles, and to image them, has been utilized to measure 

contact angle of water at different locations on a solid sample (Donald, 2003; Liukkonen, 

1997).  

2.9 PRIOR ART AND THE KNOWLEDGE GAP 

Foams have been used in paper, textile and metallurgical industries for coating and 

surface treatment purposes.  Wallstern (1979) published a US patent describing a device 

and coating method of coating papers using bubbles. The invention comprises production 

of foam using a treating agent under high pressure and delivering it onto application zone 

for surface treatment. The pressure difference across the membrane under high pressure 

is very small and when the pressure around the bubble is decreased, this pressure 

difference increases making the bubble unstable and bursting in the application zone 

leading surface treatment of the object. A similar patent using foam for coating non-

absorbent materials onto a paper (to make it water proof) was published by Byron Jenkins 

(1980). A process to coat metal surfaces that are exposed to high temperature by foam 
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deposition of a thermal barrier suspension formulation and subsequent heat treatment 

(sintering) was patented by Cartier et al.(2003).  

Foams are being used in the textile industry as they have high soak to spread ratio. A 

crucial observation by Turner et al. (1981 ) as reported in Keary et al. (2004) is “when a 

bubble touches something which is dry, it will burst and wet the surface of whatever it 

touches, whereas when a bubble touches a wet surface, particularly if wet with own 

chemical system, it will slide along that wet surface until it reaches a dry section and then 

burst”. This observation is quite important for our hypothesis of coating particles using 

foam or bubbles. 

Foam granulation was introduced by Keary and Sheskey to granulate powder particles 

using foam (Keary & Sheskey, 2004). Granulation is the size enlargement process of 

forming fine powders into larger semi-permanent aggregates in which the original 

particles can still be distinguished (Ennis, 1997). Although wet granulation has been 

extensively used by pharmaceutical, mineral, agricultural, detergent and food industries 

and has been subject of intensive research for almost 60 years (Newitt, 1958), it is an 

equipment and worker-intensive process. Wet granulation processes have limitations in 

terms of nozzle clogging, which can result in the loss of an entire batch of a formulation. 

The use of foam to achieve granulation is a new development in granulation processes. 

The relatively high surface area of the foamed liquid compared to the same volume of 

liquid in droplet form is the key characteristic of using foam to granulate comparatively 

high volume of powder. Foam lamellae (liquid film) work as the continuous phase 

whereas gas in the foam works as the dispersed phase; in the spray based granulation, 

liquid droplets are the discontinuous phase which leads less interaction between binder 

liquid and powder. Tan et al.(2008) have systematically deconvoluted the mechanisms of 
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foam granulation. Keary et al. (2004) illustrated the mechanism based on the theories that 

were developed to understand the use of foamed fluid in enhanced oil-recovery processes 

(Prud'homme, 1996). 

 

Figure 2-17: Mechanism of foam generation on interaction with powder. Adapted and 

modified from (Prud'homme, 1996). 

 

Upon interaction with powders, the pores among two or more particle act as nucleation 

site to generate more foam, which is similar to blowing bubbles from a ring that has been 

dipped into surfactant solution. The detailed mechanism is illustrated in the schematics 

in Figure 2-17 adapted and modified from (Prud'homme, 1996). The critical phenomenon 

is that foam can wet more powder fraction as it can travel through porous media by a 

breaking and remaking process in contrast to droplet-based granulation processes, where 

a droplet cannot travel after collision with its first particle until collision of another 

particle causes transfer of fraction or whole liquid mass transfer. 

Application of particulates specifically as antifoams has received considerable attention 

in the literature (Denkov, 1999, 2004). Most knowledge is focussed on optimised bridging 

properties of particles to achieve film rupture (preferential use of hydrophobic particles, 

optimised contact angle, combined use of particles and oils). Also of increasing interest 

is the modification of particle surfaces for the stabilisation of foams (90° contact angle 

systems), and combined particle and surfactant systems for enhanced foam stability 

(a) Interaction of foam 

film with porous media
(b) Lamellae are created 

on the throat between 

particles

(c) Lamellae creation 

continue and make 

‘daughter’ bubbles
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(Binks, Clint, Mackenzie, Simcock, & Whitby, 2005; Dickinson & Izgi, 1996; Pickering, 

1907). Particle shape, size, concentration and hydrophobicity are identified as the main 

factors for the foam super stabilisation. The enormous stability of particle-stabilized 

foams results from the interplay between the ability of the particles to form dense coherent 

particle shells around the bubbles to stabilize the liquid films separating the bubbles and 

to form a three-dimensional network in the bulk aqueous phase (Binks, Clint, Fletcher, 

Lees, & Taylor, 2006; Binks, Kirkland, & Rodrigues, 2008). However, in this field there 

seems to be little focus on what happens to the particle once the foam has destabilised, 

apart from one or two articles that relate to time-dependent loss of antifoam activity 

(Kulkarni et al., 1977b). 

Wetting of particles has been applied to dust control, where foams are used to wet the 

surface of dust particles (Shilyaev & Khromova, 2006). Absence of surfactant can lead to 

agglomeration, or clumping of particles. Recent developments have focussed on colloidal 

gas aphrons (microbubbles of 10-100 µm) to achieve particle wetting and separation 

(Hashim, Mukhopadhyay, Gupta, & Sahu, 2012; Jarudilokkul, Sinthuphisut, & 

Boonamnuayvitaya, 2008).  

In summary, while a substantial amount of work has been carried out around foaming, 

polymer-surfactant complexation in the bulk and at the interface, spreading behaviour of 

a solution with surfactant, foam coating of papers and fabrics, foam stabilisation and 

antifoaming of the foam using particles and granulation of particles using foam, there is 

no study on application of foams or bubble to coat powder particles. In this work, an 

attempt has been made to utilise this knowledge in understanding and controlling the 

particle coating using foams and bubbles. 



Chapter 2 Review of Literature 

41 

 

The above review of literature has enabled a number of research questions to be 

investigated. Table 2.2 summarises the research questions to be investigated in this thesis 

and the rationale behind investigating each questions, in addition to testing the hypothesis 

of particle coating using foam or bubbles. 
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 Table 2.2: Summary of the research questions to be investigated in this thesis. 

Research Question Implications for the thesis 

 

 Can foam be utilized for particle 

coating or surface modification? 

 

 This study will provide proof-of-principle of particle coating by foam. 

 Extensive literature around stabilising foams by particle (Pickering stabilisation), 

antifoaming by hydrophobic particles but no study around using foam to coat particles.  

 

 How does the physical properties of the 

powders, for example, wettability and 

surface structure changes with foam 

coating? 

 

 This will provide a proof-of-principle of coating of particles by foam. 

 Wettability and surface structure of powders are well studied in the literature, but very 

limited understanding around multi-length scale variations in wettability of powders. 

 

 

 Is it possible to investigate particle 

coating mechanism at the smallest 

possible scale, i.e. by investigating the 

impact between a particle and a bubble 

in air. 

 

 This will enable a deeper understanding of particle coating using bubbles or foams. 

 Extensive literature around minerals particle separation using foam, but very limited 

study around making single bubble in air impacting a particle with the bubble and 

understanding different outcomes. 

 

 If yes, what is the effect of bubble 

solution physical properties like shear 

and extensional viscosity, surface 

tension, bubble size, film thickness, 

and micro-level association or 

arrangements of surface active 

molecules in the bulk and at the 

 

 This will help in understanding the influence of physical properties of the bubble 

solutions on the particle –bubble impact outcomes, hence coating quality and 

efficiency.  

 Extensive studies around polymer-surfactant complexation to tune physico-chemical 

properties of the solution but very limited study about how these complexation 

behaviour can be utilised to tune bubble film properties hence particle-bubble impact 

outcomes.   
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interface on the particle-bubble impact 

behaviour? 

 

 What is the effect of particle properties 

like particle hydrophobicity (spreading 

of film around particle), surface 

roughness and particle size on the 

particle-bubble impact behaviour? 

 

 This study will enable us understanding influence of particle properties on the foam or 

bubble coating quality and efficiency. 

 Extensive literature around spreading of solution with surface active materials and 

influence on the contact angle of solution with solid surface but very limited study, not 

that I know, around the influence of surface active materials on the contact angle 

between bubble film and particle, its influence on the particle-bubble impact outcome 

hence on coating quality and efficiency.  

 

 What is the effect of impact conditions 

like particle impact velocity, bubble to 

particle diameter ratio on the particle-

bubble impact behaviour? 

 

 This study will enable us understanding influence of impact conditions on the foam or 

bubble coating quality and efficiency. 

 Very limited understanding in this area, in the literature. 

 

 Can regime maps be plotted between 

dimensionless numbers to show 

relationship between impact behaviour 

and physical parameters?  

 

 This will enable us understanding relative magnitude of the contributing forces 

responsible for different particle-bubble impact behaviour. 

 An extensive literature exists in the area of regime map of wet granulation of particles 

(Hapgood, Litster, & Smith, 2003; Tan & Hapgood, 2013; Tu, Ingram, & Seville, 

2013). This is a first attempt to plot regime maps of particle-bubble impact in air.  

 

 Do particles coated by impact between 

a single particle and a bubble have 

continuous coating around them?   

 

 This will enable us understanding the coating quality attributes of particle coated by 

bubbles. 

 There are studies around single particle coated by droplets to simulate Wurster coating 

method but very limited or no study about characterising bubble c0oated particles.  
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 Can a conceptual industry-scale 

particle coater using foam or bubble be 

proposed based on the above studies? 

 Proposing a conceptual industrial-scale coater using foams or bubbles might be a first 

step towards scaling-up the particle coating using foam or bubble technology. 

 A limited literature around designing a coater. 
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CHAPTER 3 HYPOTHESIS TESTING AND 

CHARACTERISATION OF FOAM COATED PARTICLES 

 

3.1 INTRODUCTION 

Controlling powder functionality, in particular the surface properties and providing a 

protective layer on particles are important aspects of achieving appropriate target 

attributes, allowing greater control over product quality, storage life and consumer 

acceptability.  

The aims of this chapter are to: 

 Select a model particle type and foaming materials type to test the hypothesis that 

particles coated using foam. 

 Optimise the coating operation by selected model particles and foaming materials. 

 Characterise wettability of uncoated and surfactant foam coated glass particle at 

different length-scales. 

 Characterise the surface structure of uncoated and surfactant foam coated 

particles. 

3.2 EXPERIMENTAL OPTIMISATION 

3.2.1 Selection of model particle system 

The first particulate system tested was particulate antifoam (Antifoam® 1920, Dow 

Corning, USA). Foams were generated by sparging air through column containing 

sodium dodecyl sulphate (SDS)-water solution in a planetary mixer with whisk (both 

explained more in 3.2.2). An immediate antifoaming effect was observed upon sprinkling 
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the foam with Antifoam® 1920. Freeze drying of this antifoamed dispersion resulted in 

a fluffy deposit having different morphology than the input antifoaming particles. Sheet-

like materials were observed under the Scanning Electron Microscope, with smaller 

particles seen embedded in sheets, as shown in Figure 3-1.  

 

Figure 3-1 Antifoaming silica after foam processing. 

 

This was to a degree unexpected and implied that Antifoam® 1920 included a soluble 

component in addition to inert silica particles. The experiments were repeated but the 

same result was observed. The dispersion after antifoaming was filtered. The filtrate was 

a highly viscous gel-like material, which confirmed the likely presence of a water soluble 

substance in the antifoaming composition. Antifoam® 1920 was rejected as a model 

particle system. 

Replacement hydrophobic silica powders; Sipernat D17 (Evonic Industries AG, Hanau, 

Wolfgang, Germany) of  average particle diameter of 15 micron and HDK-15 (Wacker 

Chemie AG, Munchen, Germany) of average diameter of 0.2 micron were trialled. The 

filtered and dried particles were tested for contact angle to see if wettability was changed 

because of surface modification.  
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Sipernat D17 particles were highly hydrophobic silica with a contact angle of 170°, 

which when added to the foamed solution remained clumped probably due to 

hydrophobic interactions and static charges among particles which normally do not 

readily allow interactions of single particles with foam lamella. Also, particles cannot be 

tested according to varying hydrophobicity as they were supplied by the manufacturer 

already with the highest particle achievable hydrophobicity.   

For HDK-15 silica particles, dusting was prominent due to the very small diameter of the 

particles, so these were suspended in Isopropyl alcohol as 10% (w/v). Generally, in this 

thesis, unless otherwise specified, % (w/v) refers to g of solute as received dispersed into 

100 mL of solvent (water) at room temperature. In this case, 10 g of HDK-15 silica 

particles, as received, was dispersed in 100 mL IPA) and the suspension was added to the 

foam generated in the planetary mixer or the sparge column. Isopropyl alcohol was 

expected to promote antifoaming to some extent by decreasing the surface tension of the 

bubble lamella. These foam coated particles were separated and dried by the method 

discussed in section 3.3.2. The spreadability of these foam coated particles in water were 

tested and compared with a foam coated particle without IPA. The foam coated particles 

had lesser spreadability in water after foam coating than the foam coated particles added 

without IPA. This was probably due to the bursting of the bubbles before these come into 

contact with particles, as the isopropyl alcohol might act as a barrier between particle and 

bubble. Accordingly, sprinkling the powder particles over foam was preferred to perform 

preliminary study of foam coating. 

We desired a particle system with well-defined spherical morphology, well controlled 

diameter and hydrophilic test nature so that a particle can be rendered hydrophobic to 

different extents and the effect of hydrophobicity on antifoaming and subsequently 
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coating could be studied. Glass Ballotini® (Potter Industries Pty. Ltd, Sunshine West, 

Australia) was found to be the ideal choice. These are hydrophilic, highly spherical, 

although not necessarily monodisperse, particles available in different diameter grades. 

For the preliminary studies, Glass Ballotini® AH (45-90 micron) or AE (90-150 microns) 

were used as received from the manufacturer or silanised first to render them 

hydrophobic.  

3.2.2 Optimisation of foaming and coating procedure 

The whole foam coating process can be divided into three operations:  

(i) Generation of foam (ii) Contacting particles with foam (iii) Separating the coated 

particles. 

For foam generation two methods were used; (i) Mechanical mixing of aqueous surfactant 

solution using a planetary mixer with a whisk and, (ii) Sparging air into a column having 

aqueous surfactant solution. Figure 3-2 (a) shows an image of the planetary mixer with 

whisk and Figure 3-2 (b) shows a schematic of the sparging column.   

 

  

 

Figure 3-2: (a) Image of the planetary mixer and (b) Schematic of the sparging column 

used for foaming surfactant/protein solution. 

 

Air 

Foam 

(a) 

 

(b) 
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Particles to be coated were sprinkled over foams generated in the planetary mixer. 

Separating individual coated particles after interaction with foam was difficult. Initially, 

particles were sprinkled over the foam and the resulting suspension of particles was freeze 

dried overnight. But this process required considerable energy and was therefore 

discontinued. 

The next process tried for separating coated particles was vacuum filtration of the 

suspension of particles, after antifoaming. This method was advantageous, in that 

recycling of coating solution after filtering can be achieved.  

In summary, the model particle system, foaming of the coating solution, mode of particle-

foam interactions and the separation of the coated particles were optimised to test the 

hypothesis that the particles can be coated using foam. The wettability assessments of 

surfactant foam coated glass particles were carried out and discussed in section 3.3. 

3.2.3 Materials 

Ballotini® impact glass particles, AE grade, Potter Industries Pty ltd., Australia, were 

used in all experiments. Surface silanisation was done by dichlorodimethylsilane in 

dichloromethane purchased from Sigma-Aldrich, New Zealand. The embedding matrix 

used in the Gel Trapping Technique was Sylgard 184 curable silicon elastomer 

(polydimethylsiloxane, PDMS) purchased from Dow Corning, USA. The gelling agent 

used was KELCOGEL® Gellan Gum (CP Kelco, Atlanta, USA) and was generously 

supplied by IMCD, NZ. Sodium dodecyl sulphate was purchased from Sigma-Aldrich, 

New Zealand. Sodium caseinate was supplied by IMCD Ltd., NZ. 

 

 



Chapter 3 Hypothesis Testing and Characterisation of Foam Coated Particles 

50 

 

3.2.4 Methods 

3.2.4.1 Particle silanisation 

Four and half grams of glass particles, as received from the manufacturer, with particle 

diameters ranging from 90-150 µm, were immersed in 100 mL, 3% (w/v) 

dichlorodimethylsilane solution (as received) in dichloromethane. The dispersion was 

sonicated for 5 minutes and stored in a desiccator under vacuum for 24 hours. The 

supernatant was drained off and the glass particles were cleaned by repeated dispersion 

and draining in dichloromethane. The glass particles were then similarly washed with RO 

water and then finally with 95% (v/v) ethanol (as received); they were then dried at room 

temperature for 2-3 hours and then in a hot air oven at 105°C overnight. The dried 

silanised, hydrophobic glass particles were then transferred into a clean glass bottle and 

stored at room temperature. 

3.2.4.2 Particle coating using foam 

A planetary mixer with whisk was used to mix either aqueous solution of 1.24% (w/v), 

(1.24 g of sodium dodecyl sulphate as received, dispersed in 100 mL water) or 9% (w/v), 

(9 g of sodium dodecyl sulphate as received dispersed in 100 mL water) or 0.25% (w/v) 

sodium caseinate for 3 minutes to generate foam. Two grams of silanised glass particles 

were sprinkled over the foam and then again mixed for one minute in the planetary mixer. 

The resultant foam-particle dispersion was filtered using a Buchner funnel to collect foam 

coated particles and the filter-cake of coated particles was dried at 45°C in a hot air oven 

for 2 hours. The surface coated silanised glass particles were stored in a glass bottle. For 

confocal laser scanning microscope study, 5 ppm of Rhodamine-B was mixed with the 

sodium caseinate solution before foaming and particle coating.   

 



Chapter 3 Hypothesis Testing and Characterisation of Foam Coated Particles 

51 

 

3.2.5 Coating structure characterisation 

Confocal laser scanning microscopy (CLSM) was used to visualise the 3-D structure of a 

surfactant foam coated glass particle surface. CLSM (Leica SP5 DM6000B, Leica 

Microsystems, Heidelberg, Germany) had a motorised z-focus and a 7𝑥 nose piece along 

with an 40𝑥 objective lens. The glass particles coated using Rhodamine-B stained sodium 

caseinate, were scanned at an emission wavelength of 571 nm through to 685 nm using 

the optical sectioning method. The z-stakes of the particles were taken at each 7.97 µm. 

These individual images (z-stakes) were combined to construct a 3-D image of a particle/ 

group of particles. The software Leica LAS AF, version 2.7.3.9723, Leica Microsystem, 

CMS, GmbH was used to control the confocal microscope and imaging conditions. 

3.3 POWDER CHARACTERISATION 

3.3.1 Wettability assessment 

Wettability tests were performed for surfactant foam coated and uncoated model glass 

particles with water by four techniques; (i) Visual qualitative assessment at the bulk level; 

(ii) Modified sessile drop at the bulk level; (iii) Gel trapping technique at the single 

particle level; and (iv) Environmental scanning electron microscope (ESEM) at different 

locations on an individual particle. Figures 3-3 (a), (b), and (c) respectively demonstrate 

schematically how contact angle is measured for bulk powder, for an individual particle, 

and at different locations on an individual particle. 
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Figure 3-3: Schematic of wettability assessment, (a) Sessile drop method, (b) Gel 

trapping technique, and (c) ESEM technique. 

 

The following sections discuss these techniques in detail: 

3.3.1.1 Visual wettability assessment 

Visual wettability assessment of the silanised and surfactant coated silanised glass 

particles was performed by dropping them onto the surface of 50 mL of deionized water 

contained in a 100 mL beaker. The silanised glass particles remained clumped on the 

water surface whereas the surfactant foam coated glass particles quickly dispersed over 

the water surface and then sank. 

3.3.1.2 Modified sessile drop technique 

The modified sessile drop technique, as used by Bachmann et al. (2000), differs from the 

sessile drop technique (Ryley & Khoshaim, 1977) in sample preparation. In the modified 

method, a powder bed is laid on a 1 cm x 1 cm piece of double sided tape stuck to a glass 

slide and compressed with a 100 g weight for approximately 16 hours; the weight is then 

(a) (b) (c)
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lifted and the glass slide patted to remove loosely bound glass particles. In this work, a 

KSV CAM 200 goniometer (KSV Instrument, Finland) was used for contact angle 

measurement. In a typical measurement, a water drop was placed gently on the powder 

bed and images of the water drop were recorded using a CCD camera. Drop shape was 

then analysed and then processed for Young-Laplace fitting to measure contact angle 

using CAM 200 image analysis software provided with the goniometer.  

3.3.1.3 Gel trapping technique 

The gel trapping technique reported by Paunov (2003) was employed, with a small 

modification, to measure contact angles of individual particles; in this work, glass 

particles were dropped directly onto the gellan gum rather than first dispersing them in 

IPA and pouring the suspension onto the gel. 

The gel trapping technique is based on the partitioning of a particle trapped at the surface 

of a non-adsorbing gelling hydrocolloid, gellan gum, against which is cast a 

polydimethylsiloxane layer. This then is peeled off and imaged with a Scanning Electron 

Microscope (SEM). The depth to which particles partition at the air-water interface of the 

gellan gum depends on their surface properties, with silanised particles sinking less than 

more wettable hydrophilic particles. Thus, in an SEM image, the visible part of a silanised 

particle protruding from the polydimethylsiloxane substrate is proportionately smaller 

than for a hydrophilic particle. 

In a typical measurement, 2% (w/v) gellan gum in water (2 g of gellan gum as received, 

dispersed in 100 mL of water) was heated for 15 minutes at 50-55°C with gentle stirring 

and transferred to a hot petri dish at 55°C. Glass particles were spread over the gellan 

gum using a sieve and the gel was allowed to cool at room temperature under cover for 

30 minutes to set. Polydimethylsiloxane elastomer (Polydimethylsiloxane: curing agent-
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10:1) was poured over a particle monolayer spread over the gel and left to cure for 48 

hours at room temperature. The elastomer was then peeled off with the glass particle 

monolayer embedded in it and washed with hot water (55-60°C) to remove any traces of 

gum from the entrapped particles. The polydimethylsiloxane elastomer film with 

embedded glass particle was dried in air and sputter-coated with 10 nm of gold to make 

a conductive film suitable for SEM imaging.  

The prepared samples were imaged with a FEI Quanta 200 Scanning Electron Microscope 

at an angular position of 65° using the secondary electron detector. The position of the 

particle with respect to the polydimethylsiloxane surface was determined from the SEM 

image by measuring d and dc. The contact angle, θ, of individual particles was calculated 

using Equation 3-1 (Al-Shehri, Horozov, & Paunov, 2014).  

𝑠𝑖𝑛 (𝜋 − 𝜃) =  
𝑑𝑐

𝑑
                                                                                                      (3-1) 

Here d is the equatorial diameter of the particle and dc is the chord-length of the spherical 

particle touching the polydimethylsiloxane surface as shown in Figures 3-4 (a) and (b). 

The value of d and dc were calculated by drawing a circle, which moves over the visible 

circumference of the particle in the SEM picture using the oval selection tool provided in 

ImageJ software, as shown in Figure 3-4 (a) and (b) for hydrophilic and hydrophobic 

particles respectively.   
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Figure 3-4: Relative protrusion of particle in PDMS elastomer matrix Adapted and 

modified from (Cayre and Paunov, 2004); (a) Hydrophilic particle embedded in PDMS 

base, (b) Hydrophobic particle embedded in PDMS base. 

 

3.3.1.4 Micro-level wettability studies by ESEM 

The contact angle at different locations on a single glass particle was studied using ESEM. 

Condensation of water onto a particle in the ESEM chamber results in the formation of 

tiny droplets on its surface, with diameters ranging from 1 to 50 µm. The effect of gravity 

on the contact angle values can be ignored in the ESEM measurements as the forces due 

to surface tension are much bigger than those of gravity (Liukkonen, 1997).  

The temperature of the sample holder was held constant at 1°C with the pressure inside 

the chamber 693 Pa. Between 10-20 droplets were selected and the contact angle between 

the droplet and glass particle surface was measured. The images were first processed for 

edge detection in ImageJ (Schneider, Rasband, & Eliceiri, 2012). Contact angles of the 

droplets with particles were measured where the particle-droplet contact line and droplet 

curvature at the end of particle-droplet contact line were visible. A line was drawn on the 

contact line and then a straight line was drawn from one end of the contact line over the 

droplet's curved edge. The angle between these two lines was defined as the contact angle. 

On a single particle it was not possible to measure contact angle of every drop, because 

of the angled of view of the ESEM detector. The image shown in Figure 3-5 (a) is the 
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image captured after droplet condensation; the white arrow indicates one of several 

droplets formed on the particle. Figure 3-5 (b) is the processed image using the ‘find edge’ 

tool in the ImageJ software. The ‘angle tool’ was used to measure the angle between the 

condensed droplet and the particle surface at the horizontal position only, as shown in 

Figure 3-5 (b). 

  

Figure 3-5: (a) Original image, (b) Processed image for edge detection and contact angle 

measurement. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Wettability studies 

3.4.1.1 Modified sessile drop technique 

The main challenge during sample preparation for contact angle measurements was 

particle wicking which occurs when particles climb up the water drop.  Figure 3-6 shows 

a droplet on a glass powder bed; the image quality is poor but evidence of a powder layer 

can be seen, with the arrows indicating its upper limit.  
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Figure 3-6: Particle wicking phenomenon; the arrows indicate the upper limit of the 

glass powder layer. 

 

The particle wicking phenomenon interferes with contact angle measurements as once a 

liquid drop is covered by particles, the shape and contact angle of the drop will be affected 

by the particles sticking to it. The probable reason for wicking of surfactant foam coated 

silanised glass particles is the ability of the surfactant molecules present on the glass 

particle surface to decrease the local surface tension of the water drop in contact with 

particle. This surface tension gradient over the droplet surface leads to particle movement 

towards high surface tension areas promoting particle wicking. A similar phenomenon of 

nano-particle film growth on a hydrophilic substrate was first noted by Mayya et al. 

(1999) in liquid phase. This was not explored further as was out of the scope of this thesis. 

To avoid particle wicking, the glass particle layer was pressed onto the slide with double 

sided tape and patted to remove loosely bound particles from the layer. In this way, drops 

on the silanised and surfactant foam coated glass particle layers on adhesive tape were 

stable for a prolonged period enabling measurement of the equilibrium contact angle. Five 

replicate measurements were performed to get an average value of contact angle. Typical 

images for drops of water on silanised and surfactant foam coated glass particle layer are 

shown in Figure 3-7 (a) and (b) respectively. 

 



Chapter 3 Hypothesis Testing and Characterisation of Foam Coated Particles 

58 

 

 

 

 

 

 

 

Figure 3-7: (a) Sessile drop on, (a) Silanised particle bed, (b) Surfactant foam coated 

silanised particle bed. 

 

The contact angle of silanised glass Ballotini® was found to be 157.0°± 2.2 whereas for 

surfactant foam coated silanised glass Ballotini® using 1.28% (w/v) SDS, it was 118.0°± 

2.6. The value of contact angle came down from 157° to 118° indicating wettability 

increases after surfactant foam coating. However, the surface modification was not 

enough to make particles hydrophilic (contact angle ≤90°). 

3.4.1.2 Visual assessment of particle behaviour on water 

When the surfactant foam coated silanised particles were sprinkled onto water they 

spread, but the silanised particles tended to remain clumped and showed little or no 

movement. The high mobility of the surfactant foam coated glass particles when sprinkled 

on water for visual assessment suggests that there are surfactant traces on the particles, 

which decrease the local surface tension of water at the particle-water interface. This 

surface tension gradient developed at the particle-liquid interface forces the particle 

towards areas of high surface tension leading to rapid movement.  

 

 

(a) (b) 
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3.4.1.3 Single particle wettability using the gel trapping technique 

The gel trapping technique was used to measure the contact angle of an individual 

particle. Figures 3-8 (a) and (b) show SEM images of silanised glass particles embedded 

into a polydimethylsiloxane layer at two different magnifications. Between 3 and 5 

particles embedded in the PDMS layer were selected for contact angle measurements. 

The SEM images of the surfactant foam coated silanised glass particles are shown in the 

Figures 3-9 (a) and (b). Image analysis of Figures 3-8 (a) and (b) indicates that the 

silanised particles are more deeply embedded in the polydimethylsiloxane elastomer, 

showing limited wettability with gellan gum, whereas surfactant foam coated silanised 

glass particles shown in Figure 3-9 (a) and (b) are less embedded showing greater 

wettability with gellan gum. 

 

Figure 3-8: (a) Low and (b) High magnification SEM images of silanised glass particles 

trapped in polydimethylsiloxane. 
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Figure 3-9: (a) Low and (b) High magnification SEM images of surfactant foam coated 

silanised glass particles trapped in polydimethylsiloxane. 

 

The contact angles of the particles embedded in polydimethylsiloxane elastomer were 

determined using Equation 3.1 and have been given in Table 3.1. The contact angle of 

silanised glass Ballotini® was found to be 102.0°±1.6° whereas for surfactant foam 

coated silanised glass Ballotini® using 1.28% (w/v) SDS, it was 95.0°±3.1°. The value 

of contact angle came down from 102° to 95° indicating wettability increases after foam 

coating with surfactant. However, these values of contact angles are lower than the values 

measured using the sessile drop technique. A similar anomaly between the contact angle 

values from the sessile drop and the gel trapping techniques was also reported by Paunov 

(2003) and Cayre et al. (2004). Paunov reported contact angle values of a silanised 

polystyrene slide with water to be 82° using sessile drop technique whereas the contact 

angle value of polystyrene particles was 73° when measured using the gel trapping 

technique. Cayre et al. reported contact angles for gold nanoparticles by the gel trapping 

technique and a gold coated glass slide with water. The contact angle of the gold particles 

using gel trapping technique was found to be 65° whereas the contact angle of gold coated 

glass slides using the sessile drop technique was 55°. The above authors attributed this 

difference in contact angle values to the agglomeration tendency of gold particles, which 

can alter the actual contact angle of the particles. It is clear from the above results and 
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studies by other investigators in the literature that the contact angle of a particle may or 

may not be similar for gel trapping technique and sessile drop technique. One possible 

reason for these differences in measured contact angle could be due to the length-scale at 

which these techniques operates. As the sessile drop techniques measure contact angle of 

powder in bulk, the trapped air and roughness of the powder bed might introduces error 

during contact angle measurement.  

3.4.1.4 Micro level wettability studies using ESEM 

The gel trapping technique provides a measurement of the wettability of an individual 

particle and the variability between particles. Wettability variation on a single particle 

was performed using ESEM. At 920 Pa chamber pressure and 5°C temperature, the 

nucleation of droplets on the particle surface was very fast. Decreasing the chamber 

pressure from 920 to 893 Pa keeping temperature constant at 5°C resulted in the re-

evaporation of the droplets as shown in Figure 3-10 (a) and (b). 

It is apparent from the images that re-evaporation of droplets leaves footprints, which is 

probably because of accumulation of surfactant on the droplets. As the droplets grow, 

some of the surfactant present on a particle surface may migrate to the condensed droplet 

surface, and then be redeposited on the particle surface as the droplet area shrinks in 

response to the lowered chamber pressure. The chamber pressure and temperature of the 

ESEM chamber were optimised to have controlled droplet growth on the particles in the 

ESEM sample chamber. Silanised glass particles and surfactant foam coated silanised 

glass particles were observed under the microscope and images were captured at a 

chamber pressure of 693 Pa and temperature at 1°C at different times over a period of 15 

minutes. 
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Figure 3-10: ESEM images of surfactant foam coated silanised glass particles at (a) high 

and (b) low chamber pressure. 

 

Figure 3-11 (a) and (b) shows the ESEM images of silanised glass particles captured at a 

chamber pressure of 693 Pa and temperature of 1°C after 15 minutes. Each droplet makes 

an obtuse angle (>90°) with the particle surface indicating the hydrophobic nature of the 

particle. Contact angles of the randomly chosen droplets were measured using ImageJ 

and found to be in the range of 104°-130°. These values are given in Table 3.1. 

 

Figure 3-11: ESEM images, (a) and (b) of silanised glass particles for contact angle 

measurement at different locations. 

 

Silanised glass particles were coated with sodium dodecyl sulphate by the foam coating 

method and images were captured using ESEM under similar conditions to silanised 

particles. It can be seen from the set of images shown in Figure 3-12 (a), (b), (c) and (d) 

that in contrast to silanised particles, droplets are more widely spread and make a lower 

   920-893 Pa 

920-893 Pa 

(a) (b) 
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contact angle with the particle surface as shown in Figure 3-11, indicating the higher 

wettability of the surfactant foam coated glass particles. Contact angle measurements 

show that initially most of the droplets make an acute angle (<90°) with particles; the 

contact angle increases up to 100° with further condensation, as can be seen with a few 

of the larger droplets. Droplet density i.e. number per unit area, is greater for surfactant 

foam coated silanised particles relative to untreated silanised particles. For silanised 

particles, droplets nucleated at one location increase in size with further condensation. 

Condensation appears favoured on already nucleated droplets. In the case of surfactant 

foam coated silanised particles, droplet nucleation and growth is relatively uniformly 

distributed indicating more wettable surfaces. The contact angle values measured from 

these images using imageJ are shown in Table 3.1. 

 

Figure 3-12: ESEM images, (a), (b), (c) and (d) of surfactant foam coated silanised 

particles captured at different locations for contact angle measurement. 
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Measurements were also made on foam coated particles with a highly concentrated 

solution of 9% (w/v) sodium dodecyl sulphate surfactant; images are shown in Figure 3-

13 (a), (b), (c) and (d). Figure 3-13 (a) shows that there are some delaminated layers or 

patches on the glass particles, which might be a surfactant layer deposited on the particles, 

as indicated by the black arrow. The high concentration of the surfactant appears to 

decrease the surface tension of the condensed droplets so drastically that they are not able 

to sit on the particle in the form of droplets; rather, they drain down over the sample 

holder. The contact angle values measured from these images using ImageJ were in the 

range of 60-100° are given in Table 3-1. Thus, droplet growth is distinctly different on 

particles coated with low and high concentrations of sodium dodecyl sulphate using the 

foam coating method.  

 

Figure 3-13: ESEM images, (a), (b), (c) and (d), of high concentration surfactant foam 

coated silanised glass particles captured at different locations for contact angle 

measurement. 
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Sodium caseinate, 0.25% (w/v) in water was used to study the effect of high molecular 

weight surface active materials, proteins, on contact angle. The contact angles of sodium 

caseinate foam coated particles are generally lower than 90° showing high wettability 

relative to parent silanised glass particles. The images are shown in Figure 3-14 (a) and 

(b) and contact angle values are given in Table 3.1. 

 

Figure 3-14: ESEM images, (a) with little condensation and (b) with moderate 

condensation of protein foam coated silanised glass particles. 

 

The above ESEM studies for contact angle measurement show that there is a substantial 

decrease in the observed contact angles hence increase in wettability for sodium caseinate 

foam coated silanised particles.  

The ESEM technique gives a range of contact angle values for both silanised and foam 

coated silanised particles. For silanised particles, the contact angle values ranged between 

104°-130°. This value is lower than the contact angle value obtained from the sessile drop 

technique but it is similar in the lower contact angle range i.e. at 104° to that obtained 

from the gel trapping technique, which is 102°. For surfactant foam coated silanised 

particles, the contact angle values measured using ESEM ranged between 60°-100°. The 
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contact angle values measured from the sessile drop technique are higher than this value 

range but the values measured from the gel trapping technique are in this range. 

In general, for this system, the sessile drop technique gives a higher value of contact angle 

for silanised and foam coated silanised particles than other techniques. Similar results 

were reported by Amadei et al. (2015). In the wettability studies of graphene coated metal 

substrates, these authors observed a reduction of the order of 15-20% in the contact angle 

value obtained by sessile drop method relative to ESEM method. The authors attributed 

this reduction in contact angle value to the fact that the ESEM stage is tilted which can 

introduce an error in the contact angle values from ESEM. A similar obstacle in 

measuring contact angle using the ESEM technique was also discussed by Stelmashenko 

et al. (2001). A difference in the contact angle values of Ti specimens measured by the 

sessile drop technique and ESEM techniques was also reported (Gittens et al., 2013). 

Similar to our observations made in this work, the contact angle values from ESEM 

technique were lower than the contact angle values from the sessile drop technique. These 

authors speculated that the probable reason for this high value could be the air entrapped 

between drop and Ti specimen in ambient air. In our system, the air pocket between 

interstitial sites or asperities present between particles in the powder bed and droplet may 

introduce error in the contact angle measurement using the sessile drop technique. The 

sessile drop technique is the most studied technique for powder’s contact angle 

measurements. Therefore, the values from Sessile drop technique were considered most 

reliable out of the three techniques and used to measure contact angle of glass slides or 

particle for this work. The difference in the values of contact angle for silanised and 

surfactant foam coated silanised particles obtained by the gel trapping technique is not 

very pronounced, and the reason for this is unknown.  
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Table 3.1 Comparative contact angle values of silanised and surfactant foam coated 

silanised glass powders or particles using different techniques. 

 

Modified sessile drop 

technique 

Gel trapping 

technique 

ESEM technique 

Contact Angle Contact Angle Contact Angle 

Silanised 

particle 

Surfactant 

foam coated 

silanised 

particles 

Silanised 

Particle 

Surfactant 

foam coated 

silanised 

particles 

Silanised 

Particle 

Surfactant 

foam coated 

silanised 

particles 

Protein foam 

coated 

silanised 

particles 

157.0°± 2.2° 118.1°±2.5° 102°±1.6° 95.2°±3.1° 104°-130° 60°-100° 60°-100° 

 

3.4.2 Coating structure using confocal laser scanning microscope  

The structure of the foam coating was evaluated using CLSM is shown in Figure 3-15 

(a); 3-D view and 3-15 (b); a single z-section of coated particle at equator.  

 

 

 

Figure 3-15: Rhodamine-B stained sodium caseinate foam coated glass ballotini: (a) 3-

D view showing upper surface, (b) a single z-slice of surfactant coated glass particle at 

the equator. 

  

(a) (b) 



Chapter 3 Hypothesis Testing and Characterisation of Foam Coated Particles 

68 

 

Figure 3-15 (a) shows the presence of darker ‘patches’. These patches seem to be of 

Rhodamine-B stained sodium caseinate molecules. This apparent uneven distribution 

could be one possible reason of contact angle variations across the different locations on 

a single particle. Figure 3-15 (b) shows the intact coating of approximately 1-2 µm of 

sodium caseinate around the glass particles. This indicates foam coating can provide a 

continuous coating around a particle.  

3.5 CONCLUSIONS  

The proposition that powder could be coated by foam was studied. Sodium dodecyl 

sulphate and sodium caseinate as foaming or coating materials and glass ballotini were 

selected as model particles. Surfactant foam coated glass particles were characterised for 

wettability at different length scales using four different methods. The contact angle 

values measured for the bulk material, an individual particle and for different locations 

on a particle were not the same when measured with different techniques. The sessile 

drop technique gives, on average, higher values of contact angle compared to the gel 

trapping technique and ESEM technique. This uneven structure determined by confocal 

laser scanning micrographs of protein foam coated particle was assumed to be the reason 

for contact angle variations on different locations of surfactant foam coated glass 

particles. 

The above study confirms the ability of the foam to coat or modify surface properties of 

the powders. The study needs to be more specific about the mechanism of particle coating 

using foam. A reductionist approach could be adopted to investigate the mechanism of 

particle coating using foam i.e. the study of impact of a single particle with a single 

bubble.  This is the subject of the next chapter: an experimental apparatus to perform and 
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observe individual particle-bubble impacts was subsequently developed and will be 

reported and discussed.  

A study based on the impact of a single particle with a single bubble, and then coating of 

the particle by the bubble film would be helpful in investigating mechanisms of particle 

coating using bubbles or foam. The knowledge generated from particle-bubble impact 

studies can be used to propose a window for bubble formulation, particle type and process 

conditions of particle coating using foams or bubbles.  
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CHAPTER 4  DEVELOPMENT OF AN EXPERIMENTAL 

APPARATUS 

 

4.1 INTRODUCTION  

The work described in the previous chapter shows that surface modification or film 

coating of particles by foams is possible. It is important to identify ‘key’ processes in 

particle coating by foam and to develop an understanding of them. An analysis of these 

processes was conducted and is summarised in Figure 4-1. A sequence of processes was 

identified in a particle coating operation using foams or bubbles viz, foam or bubble 

formation, foam or bubble conditioning to make them ‘sticky’ enough to interact with 

particles, particle-bubble contact to coat or surface modify particle, singulation of the 

coated particles, drying of the coated wet particle and cooling of the coated dried particle. 

 

Figure 4-1: Conceptual key-processes of particle coating using foams or bubbles. 

From the above analysis, it was deduced that the particle-bubble contact is the seminal 

step in the process.  
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The first challenge to investigate mechanisms of particle coating by foams or bubbles was 

to conceive and build an experimental apparatus to perform particle-bubble impact 

studies, this is the major objective of this chapter. 

The aims of this chapter are to: 

 Investigate mechanisms of bubble generation.  

 Development of an experimental apparatus to generate a single bubble connected 

to a nozzle in air, to drop a single particle with controlled velocity onto the bubble 

and to capture visually the dynamic interaction of the particle-bubble impact and 

subsequent particle coating by the bubble. 

4.2 EXPERIMENTAL APPARATUS  

The apparatus was originally conceived as a chamber enabling formation of a bubble, and 

a system to make particle-bubble contact, and allowing observation of the particle-bubble 

contact via a camera.  The method of forming the bubbles, the specifications of the camera 

system, and the method for launching a particle onto the bubble were to be decided upon, 

before a full design could be developed. The whole process was to be repeatable and 

measurable. 

An understanding of variables to be controlled during particle-bubble contact was 

developed to conceptualize and construct the experimental apparatus. Four major aims 

were identified for a conceptual experimental apparatus. These were: 

(i) To generate a single bubble of controlled size, composition and properties, and 

condition it. 

(ii) To drop a particle onto a bubble, with known relative velocity and kinetic energy. 
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(iii) To record the particle-bubble contact phenomena. 

(iv) To measure the mass deposition on a particle arising from particle-bubble contact.  

4.2.1 Single bubble generation 

Bubble generation and bubble properties are critical in determining the efficiency and 

efficacy of particle coating using foams or bubbles. The first step in assembling the 

experimental apparatus was to build a nozzle that would allow for controllable and 

reproducible production of single bubbles in air. The apparatus had to be adaptable to 

allow for different nozzle sizes to be fitted to study the effect that this would have on 

bubble diameter.  

One idea for producing a single bubble in air was inspired by the concepts used in the 

generation of droplets. The art of producing droplets for spray drying, coating, spray 

painting applications is well known, where two fluid nozzles are used with the inner 

section of the nozzle supplied with the liquid and the outer annulus with air (Mestayer & 

Lefauconnier, 1988; Sollohub & Cal, 2010). Bubbles can be generated by reversing the 

order i.e. by supplying air into the inner section and liquid to the outer annulus as shown 

in Figure 4-2 (a). A similar geometry was later found in the literature related to 

microfluidic devices to generate micro-bubbles in liquid (Huerre, Miralles, & Jullien, 

2014). The well-studied micro-fluidic devices use many geometries to generate micro-

bubbles in liquid, such as the T-junction (De menech, Garstecki, Jousse, & Stone, 2008; 

Parhizkar, Edirisinghe, & Stride, 2013), the flow-focusing junction (Garstecki et al., 

2004), the co-flowing junction (Langevin, 2008) and liquid cross-flow junction (Stoffel 

et al., 2012). A detailed description of the functioning of each of the above devices to 

produce micro-bubbles can be found in a review article by Huerre et al. (2014). Out of 

the above four geometries, two were trialled for bubble generation in air: co-flowing 
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capillary nozzle and T-junction.  A T-junction can generate bubbles at the outlet when 

one arm is supplied with a liquid and the other arm is supplied with air. One inlet supplied 

with bubble solution and other inlet of the T-junction supplied with air can generate 

bubbles at the outlet, as shown schematically in Figure 4-2 (b).   

 

 

Figure 4-2: (a) Co-flowing capillary nozzle, (b) T-junction nozzle. 

 

The first prototype built in the current project to generate single bubbles was a co-flowing 

capillary nozzle with an inner air capillary and outer liquid annulus mounted in a bespoke 

3-D printed manifold block manufactured in the Massey University, School of 

Engineering and Technology workshop. The co-flowing capillary nozzle approach was 

discontinued because the nozzle was not easy to clean, and bubbles could get 

contaminated with previously used solutions. 

In a revised design, the other available approach, a syringe needle connected to a T-

junction, was used to produce bubbles. Hamilton needles are available with a range of 

diameters and are easy to clean. Figure 4-3 shows a photograph of the Hamilton needle 

with inside diameter of 1.6 mm (model no. 7749-05, Hamilton Bonaduz AG, Bonaduz, 

Switzerland) connected with a T-junction (model no. 6365-80, Cole-Parmer, Illinois, 

USA) fixed on a 3-D printed clamp. 

Air

LiquidLiquid

Bubble
(a)

Liquid

Air

Bubble
(b)
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Figure 4-3: Hamilton needle connected with T-junction. 

 

The two arms of the T-junction were connected to two separate micro-syringe pumps 

(NE-300 Just Infusion™, New Era Pump Systems Inc. NY, USA) through PVC tubes, 

each with an inside diameter of 3 mm as shown in Figure 4-4. The lower vertical arm of 

the T-junction was supplied with air and the horizontal arm was supplied with bubble 

liquid to generate bubbles at the end of the Hamilton needle. The bubble size was 

controlled by using a fixed liquid and air feed rate for fixed duration for a particular 

bubble nozzle. The bubble generating system (needle, tubes, T-junction and syringes) was 

washed 15-20 times, initially with acetone, then with ethanol and finally with water to 

make sure that every component was clean and free of contamination. 
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Figure 4-4: Micro-syringe pump to supply bubble liquid and air at the T-junction. 

 

The bubble nozzle was fixed inside a chamber of polycarbonate sheets 70 x 70 mm in 

plan and 80 mm high fitted on an x-y moving stage. The stage used was from an optical 

microscope (Olympus CHBS, NY, USA). The bubble nozzle was fixed on Vernier 

callipers (Budget digital callipers, NZ) using the nozzle clamps which allowed precise 

control of ± 0.1 mm with a vertical range of 10 mm up and down movement. Figure 4-5 

shows the assembly of the bubble nozzle and Vernier callipers, as well as a close-up of 

the callipers and the nozzle clamp. The orange arrow indicates the direction of the 

movements of the bubble chamber.  
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Figure 4-5: Bubble nozzle fixed on a Vernier calliper in a polycarbonate chamber. 

 

4.2.2 Particle-bubble contacting 

After optimising the method for producing a single bubble positioned in the chamber, the 

next aim was to optimise a mechanism for contacting a particle with the bubble. Five 

approaches were identified to enable particle-bubble contact. These were: 

(i) Dropping a particle onto a bubble attached to the bubble generating nozzle. 

(ii) Shooting a bubble onto a particle hung by a thin wire.  

(iii) Hanging a particle using a thin wire over a stationary bubble still attached to the 

bubble nozzle. 

(iv) Positioning a particle into contact with a bubble and growing the bubble around the 

particle. 

(v) Shooting both bubble and particle at each other.  

 Vernier callipers 

Nozzle clamp 

x and y moving micro-stage 

Chamber 
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The following is an evaluation of these approaches. Approaches (i) through (iv) were 

attempted in various forms and are discussed in section 4.4 but no designs were developed 

that gave reproducible particle-bubble contact with the exception of the approach (i). It 

was not possible to explore approach (v) with the available resources.  

In terms of dropping a particle onto the bubble, one technique is to use a pneumatic 

particle gun (Paterson, Zuo, Bronlund, & Chatterjee, 2007). The particle gun provides 

momentum to a particle with the help of an air stream. This method was discarded for 

fear of the air stream disturbing the bubble. An alternative approach was to hold and then 

release a single particle using a particle handler; after release the particle accelerates under 

gravity to generate particle velocity. The particle handler developed was based on a 

particle tweezer; a pendant Hamilton needle of 0.69 mm inner diameter was fixed on a 

table above the particle-bubble impact chamber. This hollow needle was connected to the 

suction side of an aquarium pump (EHEIM GmbH & Co KG, Germany) through a 

manually operated 2-way stopcock (HDPE, 6.8 mm bore, model no. 98261 - 10, Cole-

Parmer, Illinois, USA) on the side-arm of a tee. The stopcock allowed vacuum to be 

released and the suspended particle to drop and accelerate under gravity towards the 

bubble underneath. The tweezer was fixed on a z-moving plate which governed the 

starting distance between particle and bubble for a particular set of experiments. Figure 

4-6 shows a photograph of the particle tweezer fixed with a z-moving stage. The z-moving 

stage is fixed to an aluminium base plate and this plate rests on a PVC pipe of 150 mm 

internal diameter. The PVC pipe was situated over a table which has bubble generation 

unit underneath as shown in Figure 4-6. The major changes in the height between bubble 

nozzle and particle tweezer were achieved by using different lengths of this PVC pipe 

between the table over particle-bubble impact chamber and base aluminium plate of 
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particle tweezer. The dual headed arrow shows the guiding movement of the particle 

tweezer. 

 

 

 

 

 

 

 

 

 

Figure 4-6: Particle tweezer connected to a suction pump through PVC tube on a z-

moving stage. 

 

The particle-bubble impact chamber, the table and the particle tweezer set-up was fixed 

over an anti-vibration base to avoid influence of vibration on the particle-bubble impact 

phenomena. Two sheets of closed-cell foam (EVA, Para rubber, PN, NZ) and two steel 

plates (400 cm2 area and 10 mm thickness each) were stacked alternately to make a base 

isolator. The effectiveness of this anti-vibration base was tested by putting a microbalance 

onto the table fixed on the isolating plates. The isolating plate was very effective at 

reducing vibration, with no variation in measured weights occurring, despite movements 

in the lab and impacts on the table that the balance rested on. Figure 4-7 shows a 

photograph of the particle-bubble impact chamber on the x-y moving stage and the table 

for the particle tweezer, fixed on the anti-vibration plate.  

 

Tube to suction pump 
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Figure 4-7: Particle-bubble impact chamber and the particle tweezer's base table, fixed 

on the anti-vibration plate. 

 

For the current set-up, the tweezers were able to drop a particle from a height from 0 mm, 

where at-rest particle touches the bubble apex, to 720 mm. The tweezers were designed 

to pick up a particle as small as 300 microns. The distance between the particle tweezer 

and bubble nozzle was kept constant between replicates as any change in distance would 

alter the force applied on contact which in turn could change interaction dynamics. The 

vertical alignment between the particle tweezer and bubble nozzle was achieved by 

hanging a 5 mm diameter steel ball vertically on a string from the particle tip and adjusting 

the bubble nozzle position in X and Y as shown in Figure 4-8. 
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Figure 4-8: Impact chamber with particle tweezer and bubble nozzle alignment strings. 

 

4.2.3 Mass transfer per particle-bubble impact 

To measure the amount of coating solution deposited onto each particle per particle-

bubble impact, two methods were considered. The first was to use a balance with 1 

microgram accuracy to measure the mass of the particle before it impacted a bubble. Once 

the particle had impacted the bubble, the weight of the coated particle after drying at 45°C 

for 1 hour in air tray dryer was measured and the weight of the coating deposited was 

calculated. The other method was to suspend the particle from the micro-balance by a 20 

µm diameter copper wire. The particle was dried for 5 minutes using a hair dryer. This 

allowed the mass of the particle before and after interaction to be measured with a 

minimum of handling. In order to use a scale of such accuracy, the setup had to be isolated 

from any vibrations that could affect the measurements. The balance was put on the anti-

vibration table discussed in section 4.2.2.  
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4.2.4 Video capture 

Video imaging with sufficient frame rate and resolution enables capture of the dynamics 

of the particle-bubble impact.  High speed video recording was incorporated into the 

experimental apparatus to observe and allow the measurement of the variables of particle-

bubble impact phenomena. A major aim of this work was to capture the dynamics of film 

contact with the surface of the particle, and subsequent interaction mechanisms 

especially, particle-bubble contact and wrapping pathways as well as, fragmentation and 

collapse resulting from the bubble bursting. The outcome of this was to be behaviour 

diagrams of bubble bursting and wrapping phenomena as functions of bubble 

formulation, particle type and processing conditions.  

Analysis of video footage recorded during preliminary experimental work indicated that 

the time taken for interactions to occur would be measured in Milliseconds. In order to 

track key processes, interaction must occur over several video frames.  Thus the camera 

must be capable of recording at least 1000 frames per second. As the range of bubble 

sizes to be studied varied from 3 mm to 10 mm a lens system that could observe objects 

with this field of view was needed. The bubble fragments can be as small as 20 μm, so in 

order to visualise these, when the field of view is 10 mm x 10 mm, a camera with a 

resolution of at least 500 x 500 pixels is needed. Colour was not considered important.  

The quality of high speed recording depends on (i) Camera capability, frame rate range 

and resolution, (ii) Lens system, magnification and field of view, (iii) Lighting system, 

brightness and exposure. A macro-lens attached to the camera would be needed to achieve 

desired magnification and resolution. A macro-lens (Vivitar, Series 1, 90 mm, f2.5, Japan) 

attached to the high speed camera (Mega Speed MS40K, Canada) was used to achieve 

desired magnification and resolution. At maximum and minimum magnification, this lens 
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gave a field of view between 6 mm-30 mm to capture video footage. The normal long 

working distance lens (Computar TV Lens, 12.5 mm, 1:1.3, Japan) was also used with 

the camera to record videos for experiments across a range of bubble sizes. Figure 4-9 

shows a photograph of the high speed camera with the macro-lens on an x, y and z moving 

micro-stage. 

 

 

 

 

 

 

Figure 4-9: High speed camera on an x, y and z moving stage with a macro-lens. 

 

High speed video recording requires good lighting. At the same time, taking pictures of 

reflective objects like bubbles is not easy as under some conditions an image of the light 

source can be seen on the bubble. The light source has to be non-direct and diffuse yet 

sufficiently intense for high speed imaging. Moreover, lighting systems should not 

change the temperature of the chamber during experiments. In accord with these 

considerations, back light illumination using one LED light (1200 lumen, Blaze, 

Bikelights, NZ) was trialled. The back wall of the particle-bubble impact chamber was 

sand blasted to work as a diffusor for LED light. The LED light was fixed at 10 cm away 

from the back wall at a downward angle 45° to the horizontal. The temperature of the 

chamber was monitored using a digital thermometer (Model number Q1437, Dicksmith, 
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NZ) with the LED on for a minute; there was no measurable change in the temperature 

during this period.  

Analysis of the captured images was carried out using the Mega Speed camera control 

software package provided with the camera unit.  

A schematic of the particle-bubble impact experimental apparatus is shown in Figure 4-10. 

 

Figure 4-10: Schematic diagram of experimental apparatus for single particle-bubble 

impact study. (A); camera with macro-lens, (B); X,Y,Z moving stage, (C); computer, (D) 

and (E); syringe pumps connected to T-junction, (F); vacuum pump with a 2-way 

stopcock (M), (G); particle handler fixed with z-moving stage stationed on the table (N), 

(H); particle attached with particle handler, (I); rectangular polycarbonate chamber (J) 

bubble stationed on the nozzle, (K); bubble nozzle fitted with movable scale, (L); LED to 

illuminate bubble. 
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4.3 PRELIMINARY STUDIES: BUBBLE GENERATION 

A deeper understanding of bubble generation using the bubble nozzle, Hamilton needle 

and T-junction, employed in this apparatus was essential to have adequate control on the 

bubble size, film thickness and bubble life time. This study did not require particle impact 

information hence only the bubble generation and video capture set-up of the 

experimental apparatus described above was used. The investigation involved video 

footage with high field of view hence the lens with high field of view was used. An 

investigation was carried out with polymer-water solution at two concentrations, nine 

liquid-air flow ratios, two T-junction diameters and three bubble nozzle diameters.  

4.3.1 Experimental rig 

The bubble generation system comprising a T-junction connected to a Hamilton needle 

through a clear PVC tube was held vertically upright. Two T-junctions were trialled; in 

one of them the internal diameter of the both arms were 1.1 mm and in the other it was 

2.2 mm (polypropylene, model nos. 6365-70 and 6365-80, Cole-Parmer, Illinois, USA). 

Attached to the lower vertical arm of the T-junction was a polyvinylchloride clear tube 

with 3 mm internal diameter (Para Rubber, PN, NZ) onto which was placed a nozzle, a 

flat ended Hamilton needle of internal diameter 1.6 mm (model no. 7749-05), internal 

diameter 0.69 (model no. 7748-05) or internal diameter 0.31 mm (model no. 7748-10). 

Air and liquid flows were metered with two separate micro-syringe pumps. Figure 4-11 

(a) shows an image of the three Hamilton needle used and Figure 4-11 (b) shows an image 

of the two T-junctions.  
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Figure 4-11: (a) Hamilton needles, (b) T-junctions.  

 

The bubble solution was supplied into the horizontal arm of the T-junction and air from 

the lower end of the vertical arm, opposite to the arm connected to the Hamilton needle. 

The micro-syringe pumps were used to deliver a volumetric liquid flow in the range of 

0.04 - 1 mL/min and air flow in the range of 1 - 24 mL/min using a 10 mL and a 60 mL 

syringe respectively (TERUMO®, Terumo Corporation, Laguna, Philippines) 

respectively. The video camera (Mega Speed MS40K, Canada) with a high field of view 

lens (Computar TV Lens, 12.5 mm, 1:1.3, Japan) were used to record the generation of 

bubbles, from which the qualitative descriptions were developed, as well as the 

quantitative determination of solution slug and air pocket size inside the connecting clear 

tube and bubble size at the nozzle. The field of view of the camera lens was adjusted to 

visualise the PVC clear tube and tip of the Hamilton needle.  Figure 4-12 shows an image 

of the complete experimental set-up used to investigate the mechanism of bubble 

generation. 
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Figure 4-12: Experimental set-up to explore mechanism of bubble formation in air. 

 

4.3.2 Experimental protocol 

Solutions used were water with 3 and 5% (w/v), hydroxypropyl methylcellulose (HPMC) 

(PC603, Shin-Etsu Chemical Co. Ltd., Tokyo, Japan). The viscosities of these solutions 

were measured at a shear rate of 50 s-1 using the cone and plate geometry of an AR-G2 

Rheometer (TA Instruments, USA). Surface tensions of the solutions were measured 

using the pendant drop method, details of which are discussed in the chapter 5, section 

5.3.5. Measured viscosities and surface tensions are shown in Table 4.1.  

Table 4.1 Viscosities and surface tensions of HPMC (PC603) solutions at 20°C, with 

standard error (n=3).  

 

Solution Viscosity, Pa s Surface tension, mN/m 

HPMC 3% (w/v)  0.0089±0.00034   45.17±0.78 

HPMC 5% (w/v)  0.0135±0.0004 45.59±0.46 
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At a T-junction, liquid and air slugs are formed (as shown in Figure 4-13) by supplying 

bubble solution and air simultaneously using two separate micro-syringe pumps. Air and 

solution volumetric flow rates were varied as shown in Table 4.2. Around 8-10 bubble 

diameter were measured at each flow rate ratio.  

Two separate T-junctions with both arms diameter, 1.1 mm and 2.2 mm were used to 

study the influence of the T-junction arm diameter on bubble generation. Two solution 

flow rates; 0.2 mL/min and 0.04 mL/min and, correspondingly five low air to liquid 

volumetric flow ratios; 25, 50, 75, 100 and 125 and four high air to liquid flow ratios 125, 

250, 375, and 500 were selected based on the set-up limitations to study the influence of 

flow rates on the liquid and air slug lengths and bubble generation. The detailed 

experimental plan is given in Table 4.2. 

Table 4.2: Experimental plan, air:liquid ratios and two T-junctions. 

 

T-junction diameter, 

mm 

HPMC 

concentration, % 

(w/v) 

Solution flow rate, 

mL/min 
Air:liquid ratio, VA/VL 

1.1 mm and 2.2mm 3 0.2 25, 50, 75, 100 and 125 

1.1 mm and 2.2 mm 3 0.04 125, 250, 375 and 500. 

 

The influence of bubble solution viscosities on the bubble diameters at the different air 

to liquid flow rate ratios was investigated. The detailed experimental plan is shown in 

Table 4.3. 
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Table 4.3 Experimental plan, polymer concentrations. 

 

T-junction 

diameter, mm 

HPMC 

concentration, % 

(w/v) 

Nozzle internal 

diameter (mm) 

Solution 

flowrate, 

mL/min 

Air:liquid ratio, VA/VL 

2.2:2.2 mm 3, 5 1.6 mm 0.04 10, 50, 75, 100 and 600 

 

The influence of bubble nozzle diameters on the bubble diameters at one air to liquid 

flow rate ratio and two bubble solution viscosities were investigated. The detail 

experimental plan is given in Table 4.4. 

  

Table 4.4 Experimental plan, nozzles.  

 

T-junction 

diameter, 

mm 

HPMC 

concentration, %, 

(w/v) 

Nozzle internal 

diameter (mm) 

Solution 

flow rate, 

mL/min 

Air:liquid ratio, 

VA/VL 

2.2:2.2 mm 3, 5  1.6, 0.69 and 0.31 mm 0.01 600 

 

4.3.3 Results and discussion  

An observational understanding of bubble formation through liquid slug and air pocket 

length formation at the T-junction was developed. These liquid and air slugs form bubbles 

at the end of the T-junction. Bubble generation was seen to occur through the following 

conditions as shown in schematic in Figures 4-13 (a)-(c). The liquid supplied by micro-

syringe pump first pools until it extends across the width of the vertical long arm of the 

T-junction, blocking the airway. Once blocked, the air dislodges a liquid slug which then 

rises toward the nozzle; Figure 4-13 (a). The first few slugs wet the connecting tube with 

a thin layer of liquid, after which slugs rise steadily; Figure 4-13 (b).  When they reach 

the nozzle; Figure 4-13 (c), the following air pockets expand the slugs to form bubbles.  
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Figure 4-13: Liquid slug and air pocket formation at a T-junction; (a), initial formation 

and wetting; (b), sequential liquid slugs and air pockets; and (c), liquid slug movement 

into the nozzle. Eight to ten air and liquid slugs were measured and averaged at each 

experimental condition. 

 

The growth of bubbles through to bursting is illustrated in Figures 4-14 (a) – (d). Initially, 

an air slug pushes the liquid slug to the bubble nozzle end; Figure 4-14 (a). A fraction of 

the liquid slug drains down through the bubble nozzle outer wall; Figure 4-14 (b), and 

then the remaining liquid slug pins around the circumference of the bubble nozzle and 

starts forming a bubble; Figure 4-14 (c). The air slug pushes through to the pinned liquid 

film to form a fully grown bubble; Figure 4-14 (d). As the air slug pushes further, the 

bubble grows and finally bursts; Figure 4-14 (e).  
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Figure 4-14: Observation of bubble formation at a T-junction; (a) – (e) progression of a 

liquid slug followed by an air pocket to expand into a bubble with some drainage (see 

(d)) down the outside of the nozzle.  

 

However, bubbles do not always expand to bursting. In these experiments, four regimes 

were recognised: drainage, chaining, slide-off and bursting.  Drainage is where slugs 

arriving at the nozzle drain down the sides of the nozzle before bubbles can form; this 

occurs when the slug length is long relative to the width of the nozzle. Chaining is where 

successive bubbles form creating a chain of connected bubbles.  Slide-off is where 

bubbles form but slide-off the nozzle due to gravity.  Both chaining and slide-off can 

occur at the same time.  Bursting is where the bubbles form and burst before they can 

slide-off or chaining occurs. When another slug arrives before a bubble has burst other 

regimes are observed. Table 4.3 shows the behaviour regimes. The threshold of air:liquid 

volumetric ratio for 3% (w/v) HPMC in water is about 375:1 where the bubbles burst 

before the next bubble forms. This is an important threshold because, when individual 

bubbles are desired, it is important to avoid chaining. Figure 4-15 shows a selected image 

sequence of (a) bubble chaining, (b) bubble slide-off and (c) bubble bursting. 

 

(a) (b) (c) (d) (e)
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a 

      

b 

      

c 

      
Figure 4-15: Bubble generation behaviour for trial with HPMC-3% (w/v) in a 2.2 mm T-

junction topped by a needle with internal diameter 1.6 mm, (a) bubble chaining 

phenomenon, (b) bubble slide-off phenomenon, and (c) bubble burst phenomenon. 

 

Table 4.4 Bubble behaviour regimes for trials with HPMC-3% (w/v) in a 2.2 mm and 1.1 

mm T-junction. 

 

 

VL 

(mL/min) 

 

VA /VL 

                    Bubble generation regime 

 T-junction-1.1  mm T-junction-2.2 mm 

0.2 1 Drainage  
Chaining 

10 Chaining 

50  
Slide-off 

 
 

 

Slide-off and Bursting 

75 

0.04 100  

Slide-off and Bursting 
 125 

250 

375 Bursting 

 500 

 

 

Slugs and air pockets appear as simple cylinders. Their size and the subsequent ability of 

bubbles to form at the nozzle are a function of four experimental variables: (i) The 

absolute liquid rate (mL/min), (ii) The air:liquid ratio, (iii) The T-junction size and (iv) 

The nozzle diameter. Eight to ten slugs and air pocket lengths were measured and 
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averaged to plot different graphs. Figures 4-16 and 4-17 show the effect of these variables 

on the liquid slug length (HL) and, Figures 4-18 and 4-19 on the air pocket length (HA). 

The error bar represents the standard error of the slug and air pocket lengths.   

Liquid slug length does not significantly change with air:liquid ratio for low and high 

flow rates, but is approximately doubled when a 1.1mm T-junction was replaced by a 2.2 

mm T-junction at low liquid flow rates as shown in Figures 4-16 and 4-17. At high flow 

rates, the liquid slug length is far less sensitive to T-junction diameter as shown in Figure 

4-17.  

Air pocket lengths increase with air:liquid ratio both at low and high flow rates as shown 

in Figures 4-18 and 4-19, although not quite as linearly as expected, which indicates that 

pocket pressure may become significant at higher pipeline velocities perhaps due to the 

flow resistance. The air and liquid slug lengths at low and high flow rate ratios are 

dependent on the absolute liquid flow rates. For the 2.2 mm diameter T-junction and 0.2 

mL/min liquid flow rate and 125:1 air to liquid flow rate ratio, the liquid slug and air 

pocket lengths are 2.2 and 60 mm respectively. However, at 0.04 mL/min flow rate, at 

125:1 air to liquid flow rate ratio, the liquid and air slug lengths are 1.8 and 2.8 mm 

respectively, as shown in Figures 4-16 and 4-18. Similarly, for a 1.1 mm diameter T-

junction, at 0.2 mL/min liquid flow rate, the liquid and air slug lengths are 1.25 and 4 

mm respectively at 125:1 air to liquid flow rate ratio, whereas at 0.04 mL/min flow rate, 

the liquid and air slug lengths are 1.7 and 14 respectively as shown in Figures 4-17 and 

4-19.  
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Figure 4-16: Liquid slug length (HL) (mm) as a function of air/solution ratio for trials 

with HPMC-3% (w/v) in a 2.2 mm and 1.1mm T-junction at low flow rates (0.2 mL/min 

liquid flow rate). 

 

Figure 4-17: Liquid slug length (HL) (mm) as a function of air to liquid ratio for trials 

with HPMC-3% (w/v) in a 2.2 mm and 1.1 mm T-junction at high flow rates (0.04 mL/ml 

liquid flow rate).  
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Figure 4-18: Air slug length (HA) (mm) as a function of air to liquid ratio for trials with 

HPMC-3% (w/v) in a 2.2mm and 1.1 mm T-junction at low flow rates (0.2 mL/min liquid 

flow rate). 

 

Figure 4-19: Air slug length (HA) (mm) as a function of air to liquid ratio for trials with 

HPMC-3% (w/v) in a 2.2 mm and 1.1 mm T-junction at high flow rates 0.04 mL/min liquid 

flow rate).  
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Terminal bubble diameter, bubble diameter at chaining, slide-off or burst phenomena are 

also functions of the system variables, as shown in Figure 4-20, where the diameter is the 

maximum observed before slide-off or bursting occurs. Terminal bubble diameter is 

definitely larger for the 2.2 than the 1.1 mm T-junction, reflecting the greater volume of 

the slugs (liquid and air) formed in the larger junction. For a liquid rate of 0.2 mL/min, 

terminal bubble diameter increases proportionally with air:liquid ratio up to 80:1, after 

which no significant increase occurs. Slower velocities, at lower air:liquid flow ratios, 

may allow more time for drainage, meaning that less liquid is available to form bubbles. 

In Figure 4-21, at the lower liquid rate of 0.04 mL/min, terminal bubble diameter is 

generally larger for the 2.2 T-junction but no other relationships have been observed. Due 

to scatter in the plots, it is unclear whether the terminal bubble diameter is affected by the 

absolute liquid rate (when comparing 0.2 and 0.04 mL/min); however, no relationship is 

necessarily expected, as slug formation has already been shown to be related to the T-

junction dimension, meaning that the pooling of liquid in the junction is largely 

independent of the time it takes to pool. Interestingly, while each T-junction generates 

consistently sized slugs, the maximum bubble sizes increases with increasing air:liquid 

ratio. This indicates that there is competition between drainage of liquid down the outside 

of the nozzle and the opposing expansion of the bubble, where slower air rates leave more 

time for drainage and consequently yield smaller bubbles.  
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Figure 4-20: Terminal bubble diameter (dB) (mm) observed before slide-off or burst as a 

function of air/solution ratio for trials with HPMC-3% (w/v) in a 2.2 mm and 1.1 mm T-

junction at low flow rate ratios. 

 

Figure 4-21: Terminal bubble diameter (dB) (mm) observed before slide-off or burst as a 

function of air/solution ratio for trials with HPMC-3% (w/v) in a 2.2 mm and 1.1mm T-

junction at high flow rate ratios. 
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Figure 4-22 shows that bubble size scales with nozzle diameter when the liquid flowrate 

and liquid:air ratio are held constant. The reason is the aforementioned drainage; when 

forced into nozzles of smaller diameter, slug length increases with two resultant effects. 

First, drainage becomes easier because the circumference:area-of-flow ratio is higher for 

smaller nozzles and so the distance to the drainage perimeter is less. Second, when the 

bubbles do form, the pinning circumference is less for smaller nozzles and so “slide-off” 

can occur more readily. 

 

Figure 4-22: Terminal bubble diameter observed before slide-off or bursting as a 

function of needle internal diameter for trials with HPMC-3% (w/v) in a 2.2 mm T-

junction. 

 

4.3.4 Conclusions-Bubble generation  

A T-junction supplied with air and solution and connected to a nozzle was used to form 

bubbles.  Four regimes were identified, viz. drainage, chaining, slide-off and bursting. 
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The transitions between regimes is dependent on the combination of T-junction, nozzle 

diameter, air flow rate and air:liquid ratio.  

The T-junction causes successive slugs of liquid and air pockets to form. Liquid slug size 

is relatively independent of both the liquid rate and the air:liquid ratio.  As T-junction 

dimension changes, liquid slug length appears to scale to the traverse distance across the 

tee of the T-junction. If the diameter of the T-junction doubles, the slug length generally 

doubles, resulting in an 8 fold increase in the slug volume. Air pocket size does not scale 

linearly with increasing air:liquid ratio possibly because of the rise in pipeline pressure 

due to resistance at the higher flow velocities. The maximum bubble size recorded before 

either slide-off or bursting is a function primarily of nozzle size, where smaller nozzles 

result in smaller bubbles due to faster drainage and earlier slide-off.  The T-junction 

dimension also scales to the bubble size, but not linearly with volume, for reasons 

unexplained. For one nozzle, bubble size grows with increasing air:liquid volume flow 

ratio to a limit of 80:1, probably as drainage is proportionally reduced as the velocity of 

the slug increases.  Beyond 80:1, it is likely that significant drainage does not occur and 

all available liquid goes into forming the bubbles. A stable bubble connected to the nozzle 

was required to study particle-bubble impacts. 

The above investigation provided a window in which to form stable single bubbles sitting 

on a vertical nozzle essential to perform bubble-particle impact studies. A liquid flow rate 

of 0.04 mL/min and air flow rate of 3-12 mL/min were used to form a bubble at the tip of 

the nozzle for each bubble formulation studied in this thesis.  

An investigation of particle-bubble contact to determine an appropriate mode for 

contacting particles with bubbles was then carried out and is discussed in the following 

sections. 
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4.4 PRELIMINARY STUDIES: PARTICLE-BUBBLE IMPACT 

The particle-bubble impact mode was found to be an important variable in the study of 

particle coating using foams or bubbles. Four out of five approaches discussed in the 

section 4.2.2 were trialled to select the appropriate mode of particle-bubble contact during 

the apparatus development. The selection of the particle-bubble impact was decided based 

on the reproducibility of data, ease of experimental execution and similarity with the 

conceptual industrial scale operation of the particle coating using foams and bubbles. The 

following section discusses the experimental investigation of approaches to decide 

particle-bubble impact mode for the experimental apparatus. 

The approaches trialled were: 

(i) Dropping a particle onto a bubble attached to the bubble generating nozzle - A particle 

tweezer was used to drop particles from a desired height onto bubbles inflated by an erect 

bubble nozzle. 

(ii) Shooting a bubble onto a particle hung by a thin wire - A bubble generating gun from 

the supermarket (average bubble diameter 15 mm) was used to fire bubbles at a particle 

hung on the copper wire.  

(iii) Hanging a particle using a thin wire over a stationary bubble still attached to the 

bubble nozzle - A bubble was inflated (average diameter; 7.0 ± 1.0 mm) using a bubble 

nozzle beneath a particle hung by a thin copper wire. 

(iv) Positioning a particle into contact with a bubble and growing the bubble around the 

particle - A particle attached to the particle tweezer was brought closer to the freshly 

inflated bubble subsequently penetrating through it. The following sections discuss the 

trials of these approaches to select particle bubble impact mode.  
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Spherical and smooth soda lime glass particles (Marienfeld-Superior GmbH & Co., 

Germany supplied by Australian scientific Pty Ltd.) Australia of 1 mm and 2 mm 

diameters were chosen as the particle system. Spherical glass particles were selected for 

their precisely controlled surface properties, sphericity and ease of silanisation.  

4.4.1 Stationary particle suspended over a bubble 

To test the approach (i), 5% (w/v) HPMC solution, viscosity, µ = 0.014 Pa.s and surface 

tension, σ = 45.59 mN/m) was used to generate bubbles of average diameter; 6.5 ± 1.0 

mm and a 1 or 2 mm diameter spherical glass particle was hung by a thin copper wire (20 

µm diameter) above the bubble nozzle to make particle-bubble interaction. 

The interaction between a particle hung by a copper wire and a bubble inflated by a bubble 

nozzle demonstrated that ‘complete wrapping’ of a particle by a bubble is possible as 

shown in the sequence of selected images in Figure 4-23 (a). As can be seen in the 

sequence of images, the distance between the growing bubble beneath the suspended 

particle is decreasing as the bubble is growing; after a critical distance between the top of 

growing bubble and the bottom of the hung particle, the bubble seems to move quickly 

toward the particle forming a ‘bulge’ and subsequently wraps the particle. The average 

time taken to wrap the particle after first contact with particle was 14.7 ms. The interaction 

of a bubble film coated wet particle with a second bubble was also investigated. As can 

be seen in Figure 4-23 (b), the bubble is moving toward the hung particle and there was 

no ‘bulging’ in the bubble observed as part of the interaction and wrapping phenomena. 

This could be attributed to the fact that the capillary forces between wet surfaces of the 

particle and bubble film ‘stretches’ the bubble film in all directions around the particle 

leaving a symmetrical stretching of bubble film. The average time taken to wrap the wet 

particle by a bubble was 16.9 ms, from the point of first contact.   
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a 

        

b 

        

Figure 4-23: Selected image sequence from left to right of (a) a dry  glass particle of 2 

mm diameter (b) a bubble film coated wet glass particle, with a (HPMC-5% (w/v) 

aqueous bubble ) (µ = 0.014 Pa.s, σ = 45.59 mN/m). 

 

4.4.2 Bubble gun  

A bubble gun from the supermarket (Super miracle bubbles, Imperial Toy, Kmart, 

Australia) was use to generate SDS-water bubbles; 0.26% (w/v), (µ = 0.001 Pa.s and 

surface tension, σ = 34.2 mN/m). These bubbles were fired at a particle hung by the thin 

copper wire from either a stable horizontal laboratory clamp on a lab stand or from a 

hanging micro-balance (M2P, Readability ± 0.001 mg, Sartorius AG, Goettingen, 

Germany). The bubble gun was used to fire bubbles of 10-15 mm diameter at a single 

glass particle. Figure 4-24 shows a selected sequence of images of interaction of moving 

bubbles with a 1 mm diameter hung glass particle. As can be seen in the Figure 4-24, the 

moving bubble impacts with a hung particle and moved away after wrapping the particle 

completely and wetting it. A new phenomenon of particle coating by a bubble was 

identified when a bubble touches the particle and slides around it; particle coating 

happened by ‘painting’. 

        
Figure 4-24: Selected image sequence of impact between a moving SDS-water; µ = 0.001 

Pa.s, σ = 34.2 mN/m, bubble generated by a bubble gun and a 1mm glass particle hung 

by a copper wire. 

  



Chapter 4 Development of an Experimental Apparatus 

103 

 

Investigation of this mode of interaction between bubble and particle was discontinued 

because there was no control on the diameter of the bubble generated by the bubble gun. 

Another problem with this set-up was the vigorous movement of the particle upon contact 

with a bubble which in turn made it difficult to collect a single precise weight from the 

micro-balance. The high speed recording of the particle-bubble interaction was also 

difficult as the particle could move out of field of view of the camera. Though this set-up 

demonstrated the film coating of a particle by a bubble, it was discontinued due to the 

reasons discussed above.  

4.4.3 Falling particle dropped by a particle tweezer 

A particle tweezer as described in section 4.2.2 was used to drop or place a particle on a 

stationary bubble. Various modes of particle-bubble interaction were possible using a 

tweezer; to drop or place a particle on a bubble, to push a particle into a bubble, to generate 

bubble around particle by positioning the particle close to bubble nozzle were all trialled 

to investigate the outcomes.  

It is worth noting that bubbles were generated using HPMC (trade name Methocel F4M, 

methoxyl content 28%, hydroxypropyl content 5%, The Dow Chemical Company, 

California, USA) for the particle-bubble impact studies discussed from here onwards. 

HPMC polymer is a well-studied coating material, easily available in defined form and 

with less batch to batch variability than may be possible with caseinates (Sahoo, Rao, & 

Sudhakar, 2015; Shivakumara & Demappa, 2016; Sothornvit, 2009). Hence it was chosen 

to perform particle-bubble impact experiments.   

 HPMC from PC603, Shin-Etsu Chemical Co. Ltd., Tokyo, Japan was not used for further 

particle-bubble impact studies because PC603 contains unknown emulsifier or surfactant 

which was thought to pose a problem in explaining the possible reason of the particular 
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particle-bubble impact outcomes. The following is a brief qualitative account of 

observation of particle-bubble interactions using a particle tweezer. 

When a smooth spherical glass particle of 1 mm or 2 mm diameter was placed gently on 

top of a freshly inflated sodium dodecyl sulphate bubble of 7.0±0.5 mm diameter (bubble 

drainage time  3s), the bubble was seen to burst as shown in Figure 4-25 (a), whereas a 

HPMC-water bubble with at least 0.005% (w/v) concentration, µ = 0.001 Pa.s was stable, 

as shown in Figure 4-25 (b). These particles were seen to slide-off from the bubble of 

lower solution viscosities 0.001-0.0071 Pa.s or be captured by the bubble of solution 

viscosities greater than 0.0071 Pa.s, when placed gently on the top. This slide-off and 

capture left the bubbles intact until a critical drainage time at which the bubble burst. A 

new phenomenon of particle coating by a bubble was identified when a particle slide-off 

from the top of the bubble; particle coating happens by ‘painting’.  The movement of the 

particle when placed on the top of the bubble was translational as well as rotational. These 

translational and rotational movements of the particle left the particle painted by bubble 

solution after slide-off from the top. However no image of the particle-slide-off behaviour 

is shown in Figure 4-25. 

a 

       

b 

       

Figure 4-25: Selected image sequence of particle-bubble interaction between (a) a 0.25% 

(w/v) SDS-water bubble of 7.0±0.5  mm diameter and a spherical glass particle of 1 mm, 

(b) a 0.26% (w/v) HPMC-water bubble of 7.0±0.5 mm diameter and a spherical glass 

particle of 1 mm. Time difference between two images is 0.5 ms. 
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Interestingly, when a bubble of SDS-water was inflated just beneath a particle hung by a 

particle tweezer less than 3 mm above the bubble nozzle, the bubble did not burst upon 

contacting the particle. The bubble wrapped the whole particle and then either slid from 

the particle leaving room for another bubble to grow underneath the particle or formed a 

cluster of bubbles around the particle. The phenomenon occurred with HPMC-water 

bubbles as well. The low viscosity SDS-water solution bubbles generally slid away from 

the particle as shown in Figure 4-26 (a) whereas relatively high viscosity HPMC-water 

solution bubbles formed a cluster around the bubble as shown in Figure 4-26 (b). The 

above phenomena were observed for both 1 mm and 2 mm glass hydrophilic particles, 

with four levels of HPMC-water solution (0.065% (w/v), 0.26% (w/v), 0.52% (w/v) and 

1.0% (w/v)) in the viscosity range; 0.0018-0.21 Pa.s and low molecular weight SDS-water 

solution with 0.001 Pa.s viscosity.  

The particle-bubble interactions when a bubble was inflated around a held particle and a 

held particle positioned towards a fully inflated bubble were investigated. In both cases 

the bubble surface seemed to “swell” when a critical separation distance from the particle 

was reached. This observation demonstrates that a bubble and particle attract each other 

when separation distance is below a critical value as shown in Figure 4-26 (c). 
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a 

       

b 

       

c 

       

Figure 4-26: Selected image sequence of particle-bubble interaction behaviours with (a) 

a SDS-water bubble (b) HPMC-water bubble, particle position was fixed and bubble 

inflated and (c) SDS-water bubble was inflated beneath a hydrophilic particle hung by 

the particle tweezer. 

 

A further adaption of the technique enabled particles to be released using the particle 

tweezer at specific heights above a fully formed bubble, thereby allowing particle impact 

velocity to be controlled. The influence of bubble film viscosities on the bubble bursting 

pattern, when a free falling glass particle impacts with the bubble were investigated. As 

shown in Figures 4-27 (a)-(d) the bursting behaviour of low viscosities SDS-water, 

0.25%, (w/v), viscosity = 0.001 Pa.s , surface tension = 34.2 mN/m and HPMC-water, 

0.005%, (w/v), viscosity = 0.00104 Pa.s , surface tension = 58.2 mN/m is catastrophic 

where bubble burst results in generation of satellite droplets. The bubbles generated from 

HPMC-water 0.065%, (w/v), viscosity = 0.0018 Pa.s, surface tension = 57.6 mN/m with 

relatively higher viscosity burst with a finger formation at the edges. The HPMC-water 

bubble with concentration ≥ 0.520% (w/v); viscosity ≥ 0.027 Pa.s, surface tension  ̴ 59.46 

mN/m bursts with an intact circular bubble edge which moves down towards the nozzle 

at the opposite pole. The outcomes of the different mode of particle-bubble interactions 

trialled in this chapter are summarised in the Table 4.5. 
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T(ms) 0.0 0.5 1.0 1.5 2.0 2.5 

a 

      
 0.0 0.5 1.0 1.5 2.0 2.5 

b 

      

 0.0 3.0 4.0 5.0 5.5 6.0 

c 

      

 0.0 2.0 3.5 4.5 5.5 6.5 

d 

      

Figure 4-27: Selected images showing bubble bursting pattern when a glass particle of 

1 mm diameter impacts with a bubble of (a) SDS-water, 0.25% (w/v), (b) HPMC-water, 

0.015% (w/v), (c) HPMC-water, 0.065% (w/v), (d) HPMC-water, 0.520% (w/v).The 

number above each image is time after first impact between a particle and a bubble. 

  



Chapter 4 Development of an Experimental Apparatus 

108 

 

Table 4.5: Particle-bubble interactions outcomes. 

 

Mode of particle-bubble interactions Particle-bubble interaction outcomes 

Low Viscosity SDS-water 

bubble 

High viscosity HPMC-

water bubble 

Hung particle with a thin wire-

bubble inflation beneath particle. 

Partial wrapping and 

burst. 

Complete wrapping or 

partial wrapping. 

Hung particle with a thin wire-free 

moving bubbles generated using 
bubble gun. 

Complete wrapping or 

partial wrapping. 

Bubble gun was unable to 

generate bubble with high 
viscosity solutions. 

Hung particle with a tweezer-

bubble inflation beneath particle. 

Complete wrapping or 

partial wrapping. 

Complete wrapping or 

partial wrapping. 

Particle hung with tweezer moving 

towards the bubble-already inflated 

bubble beneath particle. 

Complete or particle 

wrapping based on 

diameter ratio of particle 

and bubble. 

Complete or particle 

wrapping based on 

diameter ratio of particle 

and bubble. 

Particle drop using the tweezer with 

a critical velocity to burst the 

bubble-already inflated bubble 
beneath particle. 

 

Bubble burst 

 

Bubble burst 

 

4.5 CONCLUSIONS  

The work reported here represents the first attempt to generate a single bubble in air and 

to contact a particle with it to understand the mechanism of bubble film coating on 

particles. A single bubble generation apparatus with a mechanism for dropping a particle 

with controlled impact velocity was conceived and built. A single bubble in air can be 

generated from 3 mm to 15 mm with a reproducibility of ±1 mm. The liquid and air flow 

rate ratios to generate single stable bubble on the nozzle was optimised to be used 

throughout the thesis. The liquid to air flow rate ratio to generate single bubble in air on 

a nozzle was found to be poorly dependent on the bubble formulations.  

Preliminary particle-bubble interaction experiments confirm that the bubbles can be used 

as a medium to deposit a thin film over a particle. Bubbles do not always burst upon 
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contact with particle; they may end up wrapping and depositing a film onto the particle, 

which is the primary objective of this work. As yet the conditions necessary for this 

method of coating are not predictable. The apparatus described in this chapter will be 

used throughout the thesis to study various phenomena related to particle coating using 

bubbles.  

Previous and current chapters described the hypothesis testing of particle coating using 

foams and the development of a single particle-bubble impact apparatus. To have a better 

understanding of the underlying cause of particle-bubble impact outcomes, it was aimed 

to investigate the physical properties of bubble solutions and particle systems. This 

understanding was used to design particle-bubble impact experiments, as discussed in the 

next chapter.   
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CHAPTER 5  VARIABLE SELECTION AND PHYSICAL 

CHARACTERISATION OF BUBBLE SOLUTIONS AND 

PARTICLES  

 

5.1 INTRODUCTION 

Chapter 4 outlined the development of an experimental apparatus to generate a stable 

bubble of diameter range 3-15 mm on the tip of the bubble nozzle. Bubbles were initially 

generated using aqueous solutions of sodium dodecyl sulphate (SDS) and hydroxypropyl 

methylcellulose (HPMC). The physico-chemical properties of the bubble solution, 

particle type and particle-bubble impact conditions are all relevant in determining the 

different outcomes of the particle-bubble impact and hence coating efficiency. An 

appropriate balance among different variables of particle-bubble impact should enable 

maximum coating efficiency of particle coating by bubbles.  

In order to determine the mechanisms of particle-bubble impact, it is necessary to 

understand the variables involved; bubble solution composition, particle type and 

particle-bubble impact conditions.   

The aims of this chapter are to:  

 Apply HPMC and SDS of variable concentration to make bubble solutions for 

particle-bubble impact studies. 

 Characterize the bubble solutions for viscosity and surface tension to understand 

molecular-level interactions in the solutions. 
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 Select HPMC and HPMC-SDS concentration combinations that are representative 

of specific molecular-level interactions based on the above characterisations 

studies. 

 Characterise contact angle of the bubble solutions with different particle types. 

 Measure bubble film thickness and influence of the solution properties on it. 

5.2 KEY VARIABLES AND LEVEL SELECTION 

Three major source of variables identified were; the bubble, the particle and the impact 

conditions. Table 5.1 lists these variables. 

Table 5.1 Variables involved in bubble particle impact experiments. 

 

Bubble Particle Impact conditions 

Solution viscosity (µ) 

Solution surface tension 

(σ) 

Bubble film thickness (𝐹𝑡) 

Bubble diameter (𝐷𝐵) 

Solution density (𝜌𝑠) 

Particle diameter (𝐷𝑃) 

Particle shape 

Bubble solution contact 

angle with particle. 

Particle surface roughness 

Particle density (𝜌𝑝) 

Particle impact speed ( 𝑣𝑝) 

Bubble to particle diameter 

ratio (
𝐷𝐵

𝐷𝑃
) 

 

It was hypothesised that the molecular interactions of HPMC and SDS in the bubble 

solution could change the bubble properties and the spreading behaviour of the solution 

on the particles or substrate, and was accordingly taken into consideration in the design 

and interpretation of experiments.  
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5.2.1 Bubble solution  

Bubble solutions with distinct characteristics as defined by particular molecular-level 

interactions, were selected to study particle-bubble interaction studies. Different 

concentrations of HPMC (Methocel F4M, methoxyl content 28%, hydroxypropyl content 

5%, The Dow Chemical Company, California, USA) and of SDS were selected to 

generate bubbles. HPMC (dissolved in MilliQ water at four concentrations 0.065 g of 

HPMC in 100 mL of  water, (0.065% (w/v)): low concentration HPMC, 0.026 g of HPMC 

in 100 mL of water, (0.260% (w/v)) and 0.52 g of HPMC in 100 mL of water, (0.520% 

(w/v)): intermediate concentration HPMC, and 1.0 g of HPMC in 100 mL of water, (1.0% 

(w/v)): high concentration HPMC were trialled initially to select aqueous solutions for 

bubble generation. Each HPMC solution was augmented with SDS to 16 mg/100mL 

HPMC solution, (HPMC-X% (w/v)-0.56 mM L-1), 32 mg/100 mL HPMC solution, 

(HPMC-X% (w/v)-1.12 mM L-1 SDS), 64 mg/100 mL HPMC solution, (HPMC-X% 

(w/v)-2.25 mM L-1SDS), 128 mg/100 mL HPMC solution, (HPMC-X% (w/v)-4.5 mM L-

1 SDS) or 256 mg/100 mL HPMC solution, (HPMC-X% (w/v)-9 mM L-1). HPMC 

concentration, X varies from 0.065% (w/v) to 1.0% (w/v). 

5.2.2 Particle type 

Spherical, smooth soda lime glass particles (Marienfeld-Superior GmbH & Co., Germany 

supplied by Australian scientific Pty Ltd., Australia) of 1 mm, 2 mm and 3 mm diameter 

were used as the model particle system. Hydrophilic glass particles were silanised 

following the method described in section 5.3.2. Contact angles with water were 

measured using the method described in the section 5.3.4, and found to be 18° and 99° 

respectively. Cylindrical, rough and porous glass particles (VitraPOR) of 1.5 mm 

diameter with pore size  60 microns (ROBU® Glasfilter-Geraete, GmbH, Hattert, 

Germany), spherical particles of Polyethylene of diameter, 0.8 mm, density, 960 Kg/m3 
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and cellulose acetate phthalate particles (Cospheric LLC, Santa Barbara, USA) of 

diameter 0.8 mm diameter, density 1299 kg/m3 were also investigated. 

5.2.3 Particle impact speed 

Particle impact speed for the particle-bubble impact experiments was optimised based on 

the rim velocity of bursting bubbles. In the experimental apparatus development (chapter 

4), the burst behaviour of bubbles from relatively low viscosity (1 mPa.s) to high viscosity 

(210 mPa.s) solutions were studied. The rim velocity was defined as the velocity at the 

bubble rim after hole formation as a result of particle impact. The average rim velocities 

of the bursting bubble were found to be 1.8 m/s, though, not discussed in chapter 4. Two 

impact velocities above the average rim velocity; 2.1 m/s and 2.7 m/s, and three below 

average rim velocity; 0.5 m/s, 0.9 m/s and 1.2 m/s were selected to perform particle-

bubble impact experiments.   

Bubble solutions were characterised to investigate interactions of polymer-polymer chain, 

surfactant-surfactant and polymer-surfactant chain and the influence these interactions 

would have on the bubble solution properties. The spreading or wetting behaviour of these 

solutions, as measured in terms of contact angle, was investigated. The aim of this 

characterisation study was to find ranges of bubble solution concentrations with distinct 

solution properties. Such solutions were expected to form bubbles with different film 

thickness and thus behave differently when impacted by a moving particle. A concise 

review of polymer-surfactant complexation theory, spreading behaviour of the bubble 

solution on substrates with different surface properties (hydrophilicity or hydrophobicity) 

is described in chapter 3.  
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5.3 EXPERIMENTAL PROTOCOL 

5.3.1 Solution preparation 

Water was measured volumetrically and transferred into a glass beaker at room 

temperature. A weighed amount of SDS as received was dispersed slowly in water and 

stirred for 30 minutes to ensure the complete dissolution. A weighed amount of HPMC 

was then dispersed slowly in the SDS-water solution and stirred for the next one hour. 

The solution beaker was sealed with aluminium foil to minimise evaporation during 

stirring. The HPMC-SDS-water solution was then transferred to a covered plastic bottle 

and equilibrated for 24 hours before experiments or characterisation. 

5.3.2 Cleaning and surface modification of glass particles 

Hydrophilic glass particles of 1 and 2 mm diameter were cleaned using piranha solution. 

The piranha solution was prepared with 70% sulphuric acid (95-97% (w/v)) (as received 

from Merck KGaA, Germany) and 30% hydrogen peroxide (35% (w/v)) (as received from 

Fisher Scientific, USA) by first pouring the hydrogen peroxide in a beaker and then the 

sulphuric acid was poured slowly into the beaker. The particles were incubated for 30 

minutes and recovered by draining the piranha into another beaker. The piranha solution 

was diluted into 5 litres of water and then neutralized using 30% (w/v) NaOH before 

disposal. The glass particles were cleaned extensively with Milli-Q water until the pH of 

the water became neutral indicating no acidic or basic residue remains with the particles. 

The particles were dried under air tray dryer overnight at 300°C to remove surface 

moisture (Sirghi, Kylián, Gilliland, Ceccone, & Rossi, 2006). A batch of particles was 

subsequently silanised to increase their surface hydrophobicity by immersion in 2.0% 

(w/v) dichlorodimethyl silane (DCDMS) in dichloromethane for 18 hours. The 

supernatant was drained off and the glass particles were cleaned with dichloromethane 

three times to remove any unreacted DCDMS. The glass particles were again washed 
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with Milli-Q water multiple times and then finally washed with ethanol and dried into a 

hot air oven at 105°C for overnight. The dried particles were then transferred into a 

cleaned glass bottle and stored at room temperature (Brzoska, Ben Azouz, & Rondelez, 

1994).  

5.3.3 Shear viscosity measurement 

The viscosities of bubble solutions were measured (single measurement) at a shear rates 

between 0-100 s-1 using the cone and plate geometry of an AR-G2 Rheometer (TA 

Instruments, USA) by Amarin McDonnell, Monash University, Australia.  

5.3.4 Contact angle measurements 

The sessile drop method was used to measure contact angle of bubble solution on a flat 

glass slide because of its wide acceptability (Baek, Kang, Theato, & Yoon, 2012) and 

availability in the lab. A KSV CAM 200 instrument (KSV Instruments, Helsinki, Finland) 

was used for contact angle measurements. The contact angle of flat smooth soda-lime 

glass slides (LabServ, NZ, dimensions 25mm x 75mm x 1mm) cleaned and silanised in 

similar fashion were measured with different bubble solutions used in the particle-bubble 

impact experiments. The contact angle measurement was performed as discussed in 

section 3.3.1.2.. The reason behind using a glass slide of similar surface properties and 

chemical composition was unsuitability of sessile drop method to measure contact angle 

of glass particles of 1 mm diameter. The powder bed of glass particles of 1 mm diameter 

contains relatively large interstitial spaces. The interstitial spaces work as capillaries 

which tends to draw the droplet placed on the bed and introduce error in measuring 

contact angle. Moreover, a very good agreement between the measured water contact 

angles on particles using the sessile drop method and the water contact angles measured 

on flat glass was found for both degrees of glass hydrophobicity by Nowak et al. (2013).  
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5.3.5 Surface tension measurements 

At liquid-air interfaces, surface tension arises because of higher cohesive interaction 

among liquid molecules than the liquid molecule and air. 

In this work, a KSV CAM 200, optical surface tension meter (KSV Instrument, Finland) 

was used for surface tension measurements of different bubble solutions. In a typical 

measurement, the drop shape of a bubble solution hanging from a Hamilton needle was 

recorded using the CCD camera of surface tension meter. Drop shape was then analysed 

and then processed for Young-Laplace fitting to measure surface tension using CAM 200 

image analysis software provided with the instrument. 

5.3.6 Bubble film thickness measurement using FT-IR spectroscopy 

The method used to estimate the film thickness was measuring the IR transmission 

through the bubble and calculating the thickness by the known absorption coefficient of 

water at some frequency. The bubble generation nozzle was fixed in the sample chamber 

of FT-IR spectrophotometer in such a way that the IR beam should pass through the 

middle of the bubble of diameter  7 mm generated on the nozzle as shown in Figure 5-1. 

 

 

 

 

Figure 5-1: Schematic of bubble scanning sung FT-IR spectroscopy for bubble film 

thickness measurements. 

 

The resolution and number of scans per bubble was determined as 8 cm-1 and 5 scans 

respectively. Three bubbles were scanned in the wavenumber range of 700-4000 cm-1.  

 

IR Source 
Detector 

Bubble on a nozzle 
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The thickness of water crossed by the IR beam (z, which is twice the film thickness, if 

the beam crosses the bubble in and out) is related to the measured absorbance (A) and the 

imaginary part of the refractive index of water (k) at the wavelength (L, in microns) by 

(Griffiths, 2014);  

  z =  
A.L

[4π(log10e)k]
                                                                                                       (5-1)  

5.4 RESULTS AND DISCUSSION 

5.4.1 Shear viscosity measurement 

HPMC (trade name Methocel F4M, methoxyl content 28%, hydroxypropyl content 5%) 

used in this study has a reported molecular weight Mw = 302,300 Da (Keary, 2001). An 

HPMC variant (trade name Methocel K15M, methoxyl content 19–24%, hydroxypropyl 

content 7-12%) has the properties of Mw = 430,000 Da which is comparable to the one 

used in the present study can serves as an indicator (Silva et al., 2011). The following 

sections discuss the influence of different parameters on the viscosity of bubble solutions. 

5.4.1.1 Influence of concentrations and shear rates on shear viscosity 

The effect of HPMC concentration from 0.065% (w/v) to 1.0% (w/v) in aqueous solution 

on the shear viscosity was studied at a range of shear rate from 5 to 100 s-1 and is shown 

in Figure 5-2. Interestingly, the shear rate had little effect on the viscosity for solution 

concentration up to 0.520% (w/v) HPMC, where a minor shear thinning was observed 

between 5-50 s-1 shear rates. This suggests HPMC solution is Newtonian until 0.52% 

(w/v) concentration. At 1.0% (w/v) HPMC, a non-Newtonian pseudoplastic behaviour 

was observed.  The number of polymer chains available for a fixed amount of solvent in 

1.0% (w/v) HPMC solution will be higher; hence the probability of the inter-chain 

entanglement or network formation in the polymer solution will likewise be higher. Once 
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the HPMC solution is sheared, this network may start disentangling at an onset shear rate, 

and the viscosity values attain a lower plateau once full disentanglement and alignment 

in laminar flow occurs for the polymer chain network.   

 

Figure 5-2: Influence of polymer concentration and shear rate on viscosity of HPMC 

aqueous solution (n=1). 

 

5.4.1.2 Influence of SDS concentration on the shear viscosity of HPMC 

solutions 

The association of polymer and surfactant influence the rheological behaviour of the 

solution. HPMC is a non-ionic polymer and SDS is an anionic surfactant. The 

disentangled and entangled solutions of HPMC with increasing concentration of SDS 

were investigated for complex formation using viscosity measurement. The shear 

viscosity results are shown in Figure 5-3. 
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Figure 5-3: Comparison of the shear viscosity of 0.065 to 1.0% (w/v) HPMC aqueous 

solution each at five levels of SDS concentration from 0-9 mM L-1 at 15 s-1 shear rate 

(n=1). 
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viscosity values as shown in Figure 5-3. This behaviour may be attributed to the 
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binding with polymer, causing contraction in the polymer chain, can decrease the shear 
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molecular is favoured. Micellar aggregates of surfactant formed on a single polymer chain 
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0.26% (w/v) HPMC solutions at different level of SDS also follows a similar trend to that 

of 0.065% (w/v) HPMC. The viscosity decreases to 2.25 mM L-1 SDS and beyond this 

point it remains constant up to 9 mM L-1.  

SDS addition into the aqueous solutions of 0.520% (w/v) and 1.0% (w/v) HPMC alters 

the viscosity of these solutions in a different manner to that of 0.065 and 0.26% (w/v) 

HPMC solutions. The viscosity at these polymer concentrations does not change until a 

concentration of 2.25 mM L-1 SDS. Viscosity was slightly higher at 4.5 mM L-1 SDS and 

a sharp increase was observed in the viscosity values at 9 mM L-1 SDS. The difference in 

viscosities can be explained as follows:  For higher concentration polymer solutions, after 

the critical concentration of SDS has been reached, the HPMC-SDS interaction tends to 

become more inter-molecular in nature, i.e. one bonded micelle is bound to by two or 

more polymer molecules, creating a three dimensional network, which leads to a 

significant increase in zero shear viscosity.  

This type of conformation change in polymer molecules upon addition of surfactant 

molecules has been studied using viscometry by several authors (Hormnirun, Sirivat, & 

Jamieson, 2000; Jiang & Han, 2000; Nilsson, 1995). Nilsson (1995) studied the effect of 

SDS addition on low and high concentrations of polyethylene oxide (PEO). Nilsson 

performed experiments with polymer concentrations in the range of 0-0.3% (w/v) and for 

surfactant contents 0-20 mM L-1. Solution viscosity at low polymer concentration (0.1-

0.2% (w/v)) was unaffected by the addition of the SDS up to 4 mM L-1. Nilson stated this 

was due to absence of interaction between polymer and SDS at this concentration of SDS. 

Similar findings were published by Cooper et al. (2002), where viscosity of an aqueous 

solution of 0.15% (w/v) PEO with up to 0.13% (w/v) SDS added, decreased to 90% that 

of the pure PEO solution.  
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These four HPMC concentrations at five different levels of SDS into the solution were 

selected to understand the influence of polymer concentration and hence association on 

particle-bubble impact behaviour. 

5.4.2 Surface tension measurements  

5.4.2.1 Influence of HPMC concentration in SDS solution  

The surface tension of SDS concentrations ranging between 0-9 mM L-1 alone and with 

0.065% (w/v) HPMC are compared and are shown in Figure 5-4. Surface tension values 

of SDS solution decrease with increasing concentration and plateau after 9 mM L-1 

concentration. This is the critical micelle concentration (cmc) value of SDS, similar to 

values reported by other researchers (Domínguez, Fernández, Gonzalez, Iglesias, & 

Montenegro, 1997).  

Surface tension of these SDS concentrations in 0.065% (w/v) HPMC solution decreased 

until 4.5 mM L-1 SDS concentration, and were low when compared to the SDS solution 

without HPMC as shown in Figure 5-4. This implies a strong interaction between HPMC 

and SDS, resulting in synergistic decrease in surface tension values. A similar result was 

reported by Paria et al. (2015). 
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Figure 5-4: Surface tension of aqueous solution of SDS and HPMC-SDS (n=3, S.E). 

 

5.4.2.2 Influence of HPMC concentration in an aqueous solution  

The dependence of the equilibrium surface tension on the HPMC concentration is shown 

in Figure 5-5. As can be seen, the surface tension decreased from   73 mN/m to 57 mN/m 

upon adding 0.065% (w/v) of HPMC, and remained constant (within error) until 0.520% 

(w/v) of HPMC before it climbed for a 1.0% (w/v) HPMC solution. This high value of 

surface tension may be attributed to the high viscosity of the HPMC solution or related 

to the slow dynamics of HPMC adsorption at this concentration. The higher surface 

tension values at higher polymer concentrations has also been reported by (Manglik, 

Wasekar, & Zhang, 2001). They suggested the observed behaviour was possibly due to 

the viscous resistance offered by the fluid against the movements of polymer chains at 

the interface, and it has been found to be dependent upon the fluid viscosity. 
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Figure 5-5: Influence of HPMC concentration on the equilibrium surface tension of 

aqueous solution, (n=3, S.E.). 

 

5.4.2.3 Influence of SDS concentration in HPMC solution  

The surface tensions of four HPMC concentrations at each of the five levels of SDS were 
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Surface tension measurements of these solutions revealed that the cac of SDS in HPMC-

SDS solutions for 0.065% (w/v) and 0.26% (w/v) HPMC concentration was 2.25 mM L-

1 whereas for 0.52% (w/v) and 1.0% (w/v) HPMC, the cac of SDS decreases to 1.12 mM 

L-1. Though, other characterisation techniques such as NMR and conductometry is needed 

to conclude precise values of cac, but this was out of scope for this work.  

A similar decrease in cac at higher HPMC concentration (1.0% (w/v)) is also reported by 

Silva et al. (2011) for HPMC (trade name Methocel K15M, methoxy content 19-24%, 

hydroxypropyl content 7-12%). The reason for this favourable association between 

HPMC and SDS at higher HPMC concentration could be possibly due to an increase in 

intermolecular HPMC chain association due to hydrophobic interactions leading to an 

increase in ‘hydrophobic patch’ concentration, where SDS molecules can associate. At 

lower HPMC concentration, due to dominance of intra-molecular chain association over 

inter-molecular HPMC chain association, the hydrophobes of the HPMC molecules may 

not get exposed to interact with SDS.  
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Figure 5-6: Top: Surface tension graph of HPMC-SDS aqueous solution at 0.065 - 1.0 % 

(w/v) concentration of HPMC with six levels of SDS surfactant: 0 mM L-1, 0.56 mM L-1, 

1.12 mM L-1, 2.25 mM L-1, 4.5 mM L-1 and 9 mM L-1, at each HPMC concentrations (n=3, 

S.E.). Bottom: Schematic of surface tension isotherm showing T1 (cac of surfactant) and 

T2 (cmc of surfactant) in polymer-surfactant (neutral-anionic) solutions. 
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Based on surface tension measurements, the cac of SDS with the above solution were 

determined and three concentrations below or equal to cac; 0 mM L-1, 0.56 mM L-1, 1.12 

mM L-1 and three above cac; 2.25 mM L-1, 4.5 mM L-1 and 9 mM L-1 were selected to 

study the influence of bubble film structure on particle-bubble impact behaviour.  

5.4.3 Wettability (contact angle) of aqueous HPMC-SDS solutions on a 

glass slide 

5.4.3.1 Influence of HPMC concentration 

The equilibrium contact angle of hydrophilic and silanised hydrophobic glass slides were 

measured with 0.0, 0.065, 0.260, 0.520 and 1.0% (w/v) of HPMC solutions and is shown 

in Figure 5-7. As can be seen in this figure, for the hydrophilic glass slide the contact 

angle with water was 18°. The contact angle was seen to increase to 38° at 0.065% (w/v) 

HPMC concentration and then at higher concentration until 1.0% (w/v) HPMC the 

contact angle value remained stable within the experimental error limit. For the 

hydrophobic glass slide the contact angle initially decreased from 99° with water to 90° 

for 0.065% (w/v) HPMC solution. Then this value increased to 111° at 1.0% (w/v) HPMC 

concentration. 
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Figure 5-7: Influence of HPMC concentrations on the contact angle with hydrophilic and 

hydrophobic glass slides, (n=3, S.E.). 

 

5.4.3.2 Influence of SDS concentration  
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with a hydrophobic glass slide and hydrophilic glass slide. For each HPMC 

concentrations, except 0.065% (w/v), there is a sharp decrease in contact angle with added 

SDS up to 2.25 mM L-1. The reason for this exceptional behaviour of 0.065% (w/v) 

HPMC solution is unknown. 

As per surface tension data, 1.12-2.25 mM L-1 SDS is the cac value for four HPMC 

concentrations studies. This decrease in contact angle may be attributed to the decrease 

in the surface tension of the solution drops due to complexation between HPMC and SDS, 

with increasing SDS concentration. This suggests that HPMC with higher SDS 

concentration (studied up to 9 mM L-1) will be a better wetting agent than lower or no 

SDS in the HPMC solutions.  A similar decrease in contact angle with increasing 

concentration in aqueous solution of a mix of natural and synthetic surfactants measured 

on a polytetrafluoroethylene plate were reported by Biswal et al. (2014) up to cac. 

 

Figure 5-8: Contact angles of hydrophilic glass slide with aqueous HPMC and HPMC-

SDS solutions (n = 3, S.E.). 
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Figure 5-9: Contact angles of hydrophobic glass slide with aqueous HPMC and HPMC-

SDS solutions (n = 3, S.E.). 

 

The contact angle on a hydrophobic glass slide measured with HPMC-SDS solutions 

varied between around 110° and 55°. This is an interesting finding with regards to the 
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SDS.  
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hydrophilic slides. This understanding of contact angles with hydrophobic and 

hydrophilic glass slides was found useful in explaining particle-bubble impact behaviour 

in the later part of the thesis. 

5.4.4 Bubble film thickness measurement using FT-IR spectroscopy 

Bubble film thickness measured by FT-IR spectroscopy using the method discussed in 

section 5.3.6, is shown in Figure 5-10. In short, the film thickness increases with 

increasing HPMC concentration and decreases with increasing SDS concentration. This 

increase in film thickness with increasing HPMC concentration from 0.065% (w/v) to 

1.0% (w/v) can be attributed to the increase in the number of hydrated HPMC molecules 

with increasing concentration resulting in a thicker film.  

Addition of SDS to HPMC solutions displaces HPMC from the air-water interface. 

Polymer-surfactant behaviour at the air-water interface has been studied where it has been 

observed that high concentrations of surfactant can displace adsorbed polymer (Cooke, 

Blondel, et al., 1998; Cooke, Dong, et al., 1998).  
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Figure 5-10: Film thicknesses of aqueous bubbles of 0.065% (w/v), 0.26% (w/v), 0.52% 

(w/v) and 1.0% (w/v) HPMC with three levels; 0 mM L-1, 2.25 mM L-1, and 9 mM L-1 of 

SDS using FT-IR spectroscopy, (n=5, S.E.). 
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the air-water interface with increasing concentration of SDS up to cac. At low SDS 

concentrations the film thickness is not affected by surfactant molecules. Only at 

concentrations above 0.2 mM L-1 SDS does the thickness show a clear dependence on 

surfactant concentration and decrease with further addition of surfactant. This is 

explained by a higher electrostatic screening due to an increase in counter-ion 

concentration. At low surfactant concentrations the film thickness is dominated by 

polymer tails that dangle into the film bulk, therefore it increases when polymers with 

higher molecular weight are used. These studies support the decrease in HPMC-SDS 

bubble film with increasing SDS concentrations. As SDS molecules displace the air-water 

interface with increasing SDS concentration resulting in thinner bubble films.   

5.5 CONCLUSIONS  

Bubble solution formulations were determined based on viscosity and surface tension 

measurements. Six structurally distinct solutions were selected for particle-bubble impact 

studies based on polymer-surfactant complexation theory using viscosity, surface tension 

and wettability studies: 

(i) Solution with lower HPMC concentration (dilute solution), 

(ii) Solution with intermediate HPMC concentration and,  

(iii) Solution with higher HPMC concentration, 

(iv) Solution with HPMC-SDS monomer interaction, 

(v) Solution with HPMC-SDS aggregate interaction and  

(vi) Solution with HPMC-SDS micellar interaction.  
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The film thickness measured using FT-IR suggested that there is an increase in bubble 

film thickness with increasing HPMC concentrations and decrease with increasing SDS 

concentrations.  

Previous and current chapters described the hypothesis testing of particle coating using 

foams, the building of a single particle-bubble impact apparatus and physical 

characterisation of bubble solutions and particle systems. The work now moved to 

understanding the influence of the bubble solution structure, of bubble film thickness, and 

of the ability of the bubble solutions to wet a particle on particle-bubble impact behaviour.  

This is discussed in the next chapter.  
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CHAPTER 6  PARTICLE-BUBBLE IMPACT BEHAVIOUR 

 

6.1 INTRODUCTION 

Deposition of a film onto the surface of a particle is a key micro-level process which will 

affect coating quality outcomes such as surface coverage and film thickness. The problem 

is studied here by impacting particles onto bubbles for various bubble formulation, 

particle properties and particle-bubble impact conditions. 

Chapter 5 described the experimental design and variable characterisations involved in 

the particle-bubble impact experiments.  

The aims of this chapter are to: 

 Predict the particle-bubble impact behavior. 

 Describe particle-bubble impact experiments and categorise the visual outcomes 

into distinct groups. 

 Define the particle-bubble impact conditions that give the most efficient coating. 

 Explain the different particle-bubble impact behavior, and 

 Develop regime maps to show relationship between impact behavior and physical 

parameters. 

6.2 PREDICTING PARTICLE-BUBBLE IMPACT BEHAVIOUR 

Six possible outcomes of particle-bubble impacts were envisaged which could lead from 

fractional to complete particle coating. These are: 
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(i)  A particle may ‘slip’ over or ‘bounce’ off the bubble. In this scenario, the contact 

angle is too high for liquid bridges to form.  Nevertheless, the particle may pick up traces 

of bubble solution. The amount of solution collected depends upon three interactions; (a), 

the interlocking between the surfactant chains aligned in the bubble film; (b), the affinity 

of the surfactant and water molecules at the air liquid interface; and (c), molecular 

attraction between the particle surface and surfactant molecules.  If these attractions are 

stronger than the former forces, more surfactant molecules will stick to the particle 

leading to change in its surface properties. The schematic is shown in Figure 6-1 (a). 

(ii)  A particle may hit and simultaneously burst the bubble into a myriad of droplets. 

During collision, some droplets may deposit on the particle. The schematic is shown in 

Figure 6-1 (b). 

(iii) The particle may penetrate the bubble without bursting it.  The bubble film self-heals 

after the passage of the particle.  This scenario may lead to a particle contained within a 

bubble, or the particle may pass right through the bubble with self-healing occurring at 

both entry and exit.  The schematic is shown in Figure 6-1 (c). 

(iv) Multiple bubbles may collect on a single particle.  They collapse as they drain and 

dry. The schematic is shown in Figure 6-1 (d). 

 (v) Particle-bubble collision might lead to ‘eversion’, meaning the turning inside out, of 

the bubble around particle before it breaks. This results in reverse coating of the particle. 

The schematic is shown in Figure 6-1 (e). 

(vi) A particle may ‘slide’ over the bubble.  In this scenario, a liquid bridge forms between 

the outer film surface and the particle, but this does not penetrate to the inner film surface.  

Thus, the bubble remains as a bubble.  When either the particle or bubble is sufficiently 
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wet, the sliding may transfer enough liquid to ‘paint’ the particle with coating solution.  

The schematic is shown in Figure 6-1 (f). 
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(a) Bubble particle impact-scenario (i)-Particle slide-off. (b) Particle-bubble impact-scenario (ii)-Bubble burst 
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(c) Particle-bubble impact scenario (iii)-self-healed bubbles (d) Particle-bubble impact scenario (iv)- particle collection 
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(e) Particle-bubble impact scenario (v)-Bubble burst. (f) Particle-bubble impact scenario (vi)-Particle painting. 

 
 

Figure 6-1: (a)-(f) Envisaged particle-bubble impact behaviour. 
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6.3 EXPERIMENTAL 

Experiments were performed according to the experimental design shown in section 5.2.  

A one variable at a time approach was adopted. First, using a glass particle (1.0 mm) 

(hydrophilic and hydrophobic) and one formulation, (1.0% (w/v)), a range of particle 

impact speeds were trialled, 0.5, 0.9, 1.2, 2.1 and 2.7 m/s.  Then, using the same particle 

type, the formulation was changed sequentially through those listed in section 5.2, 

examining the same array of impact velocities.  The experiments were then repeated using 

larger particles, 2.0 and 3.0 mm using selected formulations and impacts speeds.  

Lastly, other particle types were trialled, cylindrical rough glass particles (1.5 mm) and 

polyethylene spheres (0.8 mm), again at selected formulations and impacts speeds.  

In a typical experiment, a particle was picked up using the particle tweezers in the 

experimental apparatus developed and discussed in chapter 4. The bubble liquid and air 

pump were turned on and when the bubble reached a diameter of approximately 6.5±1 

mm, the pumps were turned off. The particle was released to fall under gravity onto the 

target bubble. Between 10-15 repetitions were performed for each set of conditions.  Only 

experiments where the particle impacted the bubble within ±15° of its central axis were 

then analysed (typically 8-10 repetitions). The lag time between pump turn-off and 

particle release was 2-5 s. Bubble drainage was assumed to be constant for each 

formulation during this brief period and this assumption was validated by measuring a 

bubble film thickness at different time interval using FT-IR spectroscopy. There was no 

significant difference in the film thickness measurable within this time period.  

The high speed particle-bubble interaction videos were analysed manually using the 

camera control software provided with the Mega Speed-MS40K camera. 
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6.4 RESULTS AND DISCUSSION 

6.4.1 Qualitative observation 

When a particle impacts a bubble in air of all the possible mode of interactions possible, 

four physical behaviours were observed; bubble bursting, particle capture, particle slide-

off and bubble self-healing as anticipated in the section 6.2, except particle capture. Each 

of these four outcomes depends on the properties of the bubble and the velocity of the 

particle.  They are described generally in the schematic in Figure 6-2 and in the high speed 

photographs in Figure 6-3 (a)-(i). As the particle contacts the bubble, the bubble surface 

depresses, folding around the descending particle. Bubble bursting occurs for a range of 

conditions: for any impact velocity if the film has low viscosity and high surface tension, 

or for very impact high velocities if the film has high viscosity and intermediate or high 

surface tension; here the particle effectively punches a hole in the bubble separating the 

film from the particle surface (Figure 6-3 (a), (b)).   

Particle capture was observed when the particle was slowed to a stop by the film and 

rebounded to an equilibrium position appearing partially submerged in the bubble.  This 

will occur for low velocity impacts onto high viscosity films with intermediate or high 

surface tension (Figure 6-3 (c)).   

Particle slide-off occurred when the impact velocity was less than the critical velocity 

needed to penetrate the film and when the film had sufficient elasticity.  This occurs at 

low impact velocities onto a film with low or high viscosity and low surface tension due 

to the presence of small surface active molecules (Figure 6-3 (f)).  This phenomenon is 

accentuated when the particle-bubble collision is not axial.   

Bubble self-healing was seen where the stretching film envelopes the penetrating particle. 

Elastic films are necessary, obtained when surface tension is low, where viscosity may be 
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high or low. This is caused by the internal pressure of the bubble.  The neck, when 

stretched further, touches and separates away from the particle leaving a continuous film 

above and, on the now penetrated particle, a small air bubble on the particle surface 

(Figure 6-3 (d), (e), (g), (h) and (i)).   
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 Figure 6-2: Impact behaviour diagram showing how the combinations of bubble formulation, particle properties and impact velocity determine the 

impact behaviour. Qualifications of surface tension are 40 mN/m when SDS was combined with HPMC, 56 mN/m when only HPMC was used, 

and in-between when SDS and HPMC were used together. 
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It can then be surmised that the difference between self-healing and bursting lies in the 

ability of the film to change shape sufficiently rapidly.  When self-healing occurs, the 

film changes shape quickly without undue accumulation of stress or variation in 

properties such as surface tensions or viscosity along the stretching element.  The end 

result is that the film envelopes the particle, driven by the internal pressure of the bubble 

to form a neck, that touches and so separates away from the particle.  In the bursting case, 

the film cannot change shape quickly enough while dissipating stress and maintaining 

surface tension.  

The self-healing phenomenon was markedly different for bubbles with different 

viscosities. A “bungee effect”, as shown in Figure 6-3 (h) and (i), was observed for 

particles penetrating the bubbles with higher viscosities, which left a thin connecting 

filament. The length of the filament could be extended before it broke was dependent on 

the viscosity of the bubble solution. Higher viscosity bubble films yielded longer filament 

lengths before breakage than to which lower viscosity bubble film. A similar observation 

is shown in Figure 6-3 (g), (h) and (i). It is clear that Figure 6-3 (g) has almost no filament 

formation, while Figure 6-3 (h) produces a filament, but not as long as that in Figure 6-3 

(i). 
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  (a) (b) (c) (d) (e) (f) (g) (h) (i) 
Outcome T (ms) Burst Burst Capture Self-heal Self-heal Slide-off Self-heal Self-heal Self-heal 
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Figure 6-3 Selected image sequence (top to bottom) illustrating particle-bubble impact behaviour, (a) HPMC-0.065% (w/v)-0 mM L-1 SDS  (b) 

HPMC-0.26% (w/v)-0 mM L-1 SDS  (c) HPMC-1.0% (w/v)-0 mM L-1 SDS  (d )  HPMC-0.065% (w/v)-2.25 mM L-1 SDS   (e) HPMC-0.26% (w/v)-

2.25 mM L-1 SDS   (f) HPMC-1.0% (w/v)-2.25 mM L-1 SDS   (g) HPMC-0.065% (w/v)-9 mM L-1 SDS  (h) HPMC-0.260% (w/v)-9 mM L-1 SDS  (h) 

HPMC-0.260% (w/v)-9 mM L-1 SDS and (i) HPMC-1.0% (w/v)-9 mM L-1 SDS.  All bubbles (6.5±1.0 mm) are impacted by a 1 mm glass particle at 

9.0 m s-1. The number in the time column is the time after first impact in ms. 
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Table 6.1 collates the observations for all experiments conducted with smooth and 

spherical glass particles of 1 and 2 mm diameter and Table 6.2 shows the formulations 

and impact conditions which resulted in self-healing. 
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Table 6.1: Range of experimental condition responsible for particle capture (C), particle slide-off (L), bubble burst (B) and self-healing bubbles (S). 

 

Bubble formulation 

Particle-bubble impact outcomes 

                                                                                        Particle impact velocity (m/s) 

Viscosity (mPa.s) Surface tension (mN/m) 0.9 1.2 2.1 2.7 

HPMC-0.065% (w/v) 1.8 57.6 B B B B 

HPMC-0.065% (w/v)-0.56 mM L-1 SDS 1.8 48.8 B B B B 

HPMC-0.065% (w/v)-1.12 mM L-1 SDS 1.7 48.8 L S S S 

HPMC-0.065% (w/v)-2.25 mM L-1 SDS 1.5 44.2 S S S S 

HPMC-0.065% (w/v)-4.5 mM L-1 SDS 1.7 40.4 S S S S 

HPMC-0.065% (w/v)-9 mM L-1 SDS 1.1 39.1 S-L S S S 

HPMC-0.260% (w/v) 7.6 59.1 B B B B 

HPMC-0.260% (w/v)-0.56mM L-1 SDS 6.9 49.6 L B-L-S B-S B-S 

HPMC-0.260% (w/v)-1.12 mM L-1 SDS 5.7 44.9 L S S S 

HPMC-0.260% (w/v)-2.25 mM L-1 SDS 4.9 43.2 S S S S 

HPMC-0.260% (w/v)-4.5 mM L-1 SDS 5.3 38.5 S S S S 

HPMC-0.260% (w/v)-9 mM L-1 SDS 4.9 38.0 S S S S 

HPMC-0.520% (w/v) 27.4 59.5 C B B B 

HPMC-0.520% (w/v)-0.56 mM L-1 SDS 24.5 46.7 C C-B-L S S 

HPMC-0.520% (w/v)-1.12 mM L-1 SDS 24.6 43.9 C S S S 

HPMC-0.520% (w/v)-2.25 mM L-1 SDS 24.3 42.1 S S S S 

HPMC-0.520% (w/v)-4.5 mM L-1 SDS 28.3 38.8 S S S S 

HPMC-0.520% (w/v)-9 mM L-1 SDS 62.8 38.4 S S S S 
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HPMC-1.0% (w/v) 210 71.2 C B B B 

HPMC-1.0% (w/v)-0.56 mM L-1 SDS 200 51.8 C S S S 

HPMC-1.0% (w/v)-1.12 mM L-1 SDS 200 50.1 S-L S S S 

HPMC-1.0% (w/v)-2.25 mM L-1 SDS 190 43.0 S S S S 

HPMC-1.0% (w/v)-4.5 mM L-1 SDS 240 39.5 S S S S 

HPMC-1.0% (w/v)-9 mM L-1 SDS 620 38.5 S-L S S S 
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Table 6.2: Conditions for self-healing to occur. Bubble size was 6.5 ± 1.0 mm. For the statement HPMC < 1.0% (w/v), this means the three solutions 

at concentrations of 0.065, 0.26 & 0.52% (w/v). 

 

 Particle size Particle type Contact angle range (°) Impact velocity Bubble formulation Surface tension ( (mN/m) 

1 mm Hydrophilic  = 26.3-37.2  0.9 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v)  
 = 38.5-42.4 

1 mm Hydrophilic  < 42.6  0.9 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 

1 mm Hydrophobic  = 55.8-83.4  0.9 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v) 
 = 38.5-42.4 

1 mm Hydrophobic  < 91.2  0.9 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 

2 mm Hydrophilic  = 26.3-37.2  0.9 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v) 
 = 38.5-42.4 

2 mm Hydrophilic  < 42.6  0.9 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 

2 mm Hydrophobic  = 55.8-83.4  1.2 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v) 
 = 38.5-42.4 

2 mm Hydrophobic  < 91.2  1.2 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 

3 mm Hydrophilic  = 26.3-37.2 2.1 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v) 
 = 38.5-42.4 

3 mm Hydrophilic  < 42.6 2.1 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 

3 mm Hydrophobic  = 55.8-83.4 2.1 m/s  SDS  2.25 mM L-1 and HPMC < 1.0% (w/v) 
 = 38.5-42.4 

3 mm Hydrophobic  < 91.2 2.1 m/s  SDS  1.12 mM L-1 and HPMC = 1.0% (w/v) 
 =  38.0-50.1 
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While these behaviours are able to be described qualitatively, it is a more difficult exercise 

to demonstrate the boundaries between outcomes quantitatively.  To do this, more 

controlled experiments were performed to investigate the self-healing boundary.  It is this 

boundary which is of interest because self-healing, where particles become surrounded 

by the bubble film, is the best precursor to effective coating. These are discussed below.   

6.4.1.1 Influence of particle to bubble diameter ratio and particle impact 

speed  

The influence of particle impact speed and bubble to particle diameter ratio on particle-

bubble impact behaviour was tested using smooth, spherical hydrophilic and hydrophobic 

glass particles of varying diameters (1, 2 and 3 mm), impacted at different velocities with 

a bubble of diameter 6.5±1.0 mm and using self-healing solution formulations.  These are 

shown in Table 6.2. 

Self-healing behaviour is dependent on particle size to some extent because larger 

particles need to impact the bubble at greater speed, to avoid capture.  Also, self-healing 

is independent of particle hydrophobicity above the impact velocity thresholds, but below 

the thresholds the behaviour is weakly dependent on hydrophobicity. This has not been 

explored further.   

6.4.1.2 Influence of particle shape, surface properties and particle impact 

speed 

Roughness and particle shape have a weak influence on the boundary of self-healing.   

Compared to smooth hydrophilic particles, rough hydrophilic and smooth hydrophobic 

particles need relatively high impact speed to exhibit the self-healing behaviour.  For 

example, for a HPMC-0.260%-9 mM L-1 SDS bubble (µ = 4.9 mPa.s, σ = 38.0 mN/m), 

the minimum impact velocity of a smooth spherical hydrophilic glass particles required 
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to give self-healing was 0.9 m/s. However, a smooth spherical hydrophobic glass particle 

(65.6°) exhibited both particle slide-off and bubble self-healing behaviours at 0.9 m/s, but 

exhibited self-healing at 1.2 m/s impact velocities.  

Rough cylindrical sintered particles with average roughness  20 µm required higher 

impact velocities when impacted onto bubbles with similar self-healing formulations; 

e.g., for the same bubble formulation in the above example, the rough cylinder required 

 2.1 m/s to give self-healing. This could be due to lower penetration of particle into 

bubble film at a particular time before crossing the bubble film, when a particle impacts 

a bubble. Rough surfaces have shown higher contact angle (hence lower wettability) than 

similar particles with smoother surfaces. This higher contact angle value might result in 

lower penetration length, hence higher impact velocity needed to cross the bubble film.  

Smooth spherical polyethylene hydrophilic particles of 0.8 mm diameter were also 

trialled and resulted in self-healing at impact velocity 0.9 m/s for the same bubble 

formulation.  This is the same result as for the smooth hydrophilic glass particles. 

Figure 6-4 (a)-(g) shows the self-healing phenomenon with different particles types: (i), 

smooth, spherical and hydrophilic glass particles, (ii) smooth, spherical and hydrophobic 

glass particles, (iii), rough, cylindrical and hydrophilic glass particles and (iv) smooth 

spherical polyethylene particles. Various times after first penetration are shown. In each 

case, the film has the same composition; HPMC-0.26% (w/v)-9 mM L-1 SDS and the 

particle may vary in impact velocity. 
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Figure 6-4: Self-healing phenomenon with varying particle types; (a) smooth spherical 

hydrophilic glass particle of 1 mm diameter and impact velocity 1.2 m/s, (b) smooth 

spherical hydrophobic glass particle of 1 mm diameter and impact velocity 1.2 m/s, (c) 

smooth spherical hydrophobic glass particle of 2 mm diameter and impact velocity 1.2 

m/s, (d) rough cylindrical hydrophilic glass particle of 1.5 mm diameter and impact 

velocity 1.2 m/s, (e) rough cylindrical hydrophilic glass particle of 1.5 mm diameter and 

impact velocity 2.1 m/s, (f) smooth spherical hydrophilic glass particle of 3 mm diameter 

and impact velocity 2.1 m/s, (g) smooth spherical polyethylene particle of 0.8 mm 

diameter and impact velocity 2.1 m/s. The bubble formulation was HPMC-0.260% (w/v)-

9 mM L-1 SDS, bubble of 6.5±1.0 mm for all particle and impact velocities. The number 

above each image is the time after first impact in ms. 

  



Chapter 6 Particle-Bubble Impact Behaviour 

155 

 

These results mean that self-healing is only secondarily dependent on the particle 

properties, and primarily dependent on those of the bubble film and particle impact 

velocity. This is very important finding, as this bubble-film coating method could be 

equally applicable for many particle types with different surface properties.  Clearly, it is 

particle impact velocity rather than particle size that is important to the self-healing 

boundary as long as the bubble:particle diameter ratio is  2.8 (i.e., where the bubble 

becomes large enough for the particle).  This velocity dependency indicates that the 

boundary may be determined by the stretching rate of the film for a film of given 

properties. 

6.4.1.3 Influence of impact angle and impact velocity 

Impact angle (φ) between particle impact point on the bubble perimeter and bubble centre 

is shown in Figure 6-5. While the intention was to achieve a centreline impact, it did vary, 

due to shape and aerodynamic imperfections.  All of the particle-bubble impacts depicted 

in Figure 6-3 & 6-4 were within 15° of dead centre on the stationary bubble. Beyond this 

impact angle range, slide-off behaviours were observed commonly.   

 

Figure 6-5: Schematic showing impact angle between a particle and a bubble. 
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For formulations that ordinarily self-heal, particle-slide-off occurs when impact velocities 

are less than 1.2 m/s. When impact velocities are greater than 2.1 m/s, regardless of the 

angle of incidence, self-healing was observed. For formulations that ordinarily give 

particle capture, particle slide-off was seen when impact velocities are less than 0.9 m/s.  

When impact velocities are greater than 2.1 m/s, the bubbles burst for these formulations 

irrespective of the impact angle. This suggests that a minimum kinetic energy, 𝐾. 𝐸 =

 
1

2
𝑚(𝑣𝑐𝑜𝑠 𝜑)2, of the particle may be required to penetrate the bubble film to precipitate 

either bursting or self-healing. At higher impact velocities, the reduction in kinetic energy 

normal to the bubble film seems insufficient to prevent penetration and self-healing. 

Figure 6-6 shows the transition of particle-bubble impact behaviour due to the impact 

angle. 
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Figure 6-6: Particle-bubble impact behaviour at higher impact angle; (a) 1 mm 

hydrophilic or hydrophobic particle impacted with an impact velocity of 0.9 m/s at a 

central angle more than 15° with a HPMC-0.26% (w/v) bubble, (b) 1 mm hydrophilic or 

hydrophobic particle impacted with an impact velocity of 0.9 m/s at a central angle more 

than 15° with a HPMC-1.0% (w/v)-9 mM L-1 SDS bubble, (c) 1 mm hydrophilic or 

hydrophobic particle impacted with an impact velocity of 3.3 m/s at a central angle more 

than 15° with a HPMC-1.0% (w/v)-9 mM L-1 SDS bubble. The number above each image 

is the time after first impact in ms. The small imperfection seen in this image is due to a 

small bubble attached to the inner wall of the larger bubble. 
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The repeatability of the particle-bubble impact behaviour is shown in the Table 6.3.  Good 

agreement was seen between the range of observed behaviour and the range of anticipated 

particle-bubble impact behaviours.  

The bubble burst phenomenon was similar to the predictions (ii) and (v) (see Figure 6-1), 

particle slide-off phenomenon was similar to the prediction (i) and (vi), and the bubble 

self-healing phenomenon was similar to the prediction (iii). It was not possible to test the 

validity of the prediction (iv) with the present set-up and the particle capture was a new 

observation not predicted before experimentation.  It is now necessary to explore the 

physical mechanism that leads to bursting or self-healing.
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Table 6.3: Counts of bubble burst (B), particle capture (C), particle slide-off (L) and bubble self-healing (S) for particle-bubble impact behaviours 

using 1 mm spherical hydrophilic glass particles. Drainage time of a bubble was controlled between 2 and 5 seconds to keep the bubbles reproducible.  
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6.4.2 Qualitative explanation of particle-bubble impact outcomes 

Some formulations resulted in bursting and others in capture or self-healing.  The 

phenomena are dependent on impact velocity in some cases, but this effect seems to be 

weaker than the formulation.  Therefore, it is necessary to explore the properties of the 

formulation that permit it to stretch rapidly, which implies that stresses are dissipated 

faster than they concentrate if self-healing is to occur.  The likely properties are the 

magnitude of the Marangoni effect of HPMC-SDS complexation.   

6.4.2.1 Marangoni effect 

The transition in behaviour from bursting to self-healing may be attributed to the 

Marangoni effect caused by the lower diffusion coefficient of long chain HPMC 

compared to short chain SDS. The Marangoni effect develops due to the movement of 

small mobile surfactant molecules from a low to a high surface tension field, this is briefly 

discussed in literature review, section 2.4.2. This is explained as follows. 

When a particle impacts a bubble it stretches the bubble film. In the present study, this 

stretching takes place within 1.5 to 5 milliseconds (ms), which can create a surface tension 

gradient in the film depending on the mobility of the surface active molecules.  Long 

chain polymers like HPMC move slower than short chain SDS molecules.  Previous 

studies have shown that SDS has a higher diffusion coefficient than HPMC, hence can 

move faster than HPMC towards high surface tension areas (Bosco, Zettl, Crassous, 

Ballauff, & Krausch, 2006). Stretching therefore creates regions lean in surface active 

molecules, which results in higher localised surface tension.  With a now uneven surface 

tension profile, the surfactant is drawn together in regions of high surface tension and 

apart in regions of low surface tension, which results in a surface waviness as thickness 

changes.  This is the well-known feature of the Marangoni effect.   
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Exactly how the Marangoni effect may cause bursting needs some thought.  Clearly, it is 

a dynamic process, and so whether or not the Marangoni effect arises will depend on how 

quickly the surface active molecules can redistribute.  There has been no reported work 

for surface tension changes in perturbed bubble films.  However, for the spreading 

behaviour of a water droplet on a solid surface, Crooks et al. (2001) investigated the role 

of surface tension, elasticity and surfactant level above and below the critical micelle 

concentrations. They found that surfactant concentration is a critical parameter 

controlling droplet spreading. Zhang et al.(1997), who also studied the phenomenon, 

concluded that the dynamics of a liquid drop impacting a solid surface is influenced by 

two factors; (i), the presence of a surfactant at the interface of a liquid drop which reduces 

the surface tension and so enhances the spreading; and (ii), the non-uniform distribution 

of the surfactant at the drop interface which may generate Marangoni stresses that inhibit 

drop spreading. It is worth noting that in this work, the dynamic surface tension of the 

bubble solution was unable to be measured due to unavailability of the necessary 

equipment.  However, it may be speculated that Marangoni stresses may develop when 

the surfactant cannot repopulate the film as quickly as new film area is created.  There 

are two mechanisms of repopulation, surfactant diffusion and demicellisation. Each is 

discussed with respect to the bubble formulations used in this work.   

The diffusion coefficient, DSDS, of SDS in water of 8 × 10−10  m2s-1 (Chang & Franses, 

1992) is relatively low hence diffusion is relatively slow. An order of magnitude for the 

characteristic time taken for an SDS molecule from the centre of the film to reach the 

newly created surface can be obtained using 2z2/DSDS, where z is half the film thickness. 

For a 15 µm thick bubble film, the characteristic time for a SDS molecule to reach either 

surface will be about 0.14 seconds. As particle impact and stretching time occur within 

1.5-5 ms (i.e., 30 to 100 times faster), it is clear that diffusion can only supply molecules 



Chapter 6 Particle-Bubble Impact Behaviour 

162 

 

to the surface that are already in the near surface region and not far away, near the centre.  

It is likely that surfactant cannot reach the newly created film surfaces quickly enough.   

The other mechanism, demicellisation, can be regarded as de-aggregation, as HPMC and 

SDS first form aggregates at the concentration of SDS between 1.12-2.25 mM L-1, much 

lower than its critical micelle concentration of SDS in water, which is 8.3 mM L-1.  If de-

aggregation does occur, it can mitigate the Marangoni effect by supplying SDS and 

HPMC molecules locally at the surface.  To understand this, polymer-surfactant 

complexation needs to be considered.  

6.4.2.2  HPMC-SDS complexation  

Polymer-surfactant complexation theory may offer an explanation for the particle-bubble 

impact behaviour. As discussed in chapter 5, in a HPMC and SDS aqueous bubble 

solution with SDS concentration below 1.12 mM L-1, SDS remains in the solution as 

individual entities. At SDS concentration 1.12-2.25 mM L-1 and above it, the SDS and 

HPMC molecules in bubble solution start forming aggregates of HPMC and SDS. This 

critical concentration of SDS is called critical aggregation concentration, cac. At this 

concentration, free SDS, HPMC-SDS aggregates and free HPMC all exist at the film. 

Above 2.25 mM L-1, SDS forms mixed micelles with HPMC in the bulk and the film 

interface is populated by SDS. The critical aggregation concentration, cac and critical 

micelle concentration, cmc, of mixed micelles of HPMC-SDS was measured using 

surface tension measurement as discussed in Chapter 5, section 5.4.2. Figure 6-7 shows 

the surface tension curve indicating cac and cmc values of SDS in HPMC solution and 

corresponding particle-bubble impact behaviour. Superimposed on the figure are images 

of impacting particles and bubbles.  When the SDS concentration is greater than the cac 

or cmc (right image), the bubbles self-healed. When the SDS concentration is lower than 
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the cac (left images), the bubbles burst or particle capture occurs. Thus, whether or not a 

bubble will burst appears related to the local replenishment of surface-active molecule 

from de-aggregation.   

 

Figure 6-7: Surface tension curves of HPMC-SDS concentrations combinations showing 

cac and cmc of SDS and corresponding impact behaviour from a bubble obtained from 

respective solutions. The cac of SDS for a solution of HPMC-1.0% (w/v) is measured to 

be 1.12 mM L-1. For the other HPMC concentrations of 0.52% (w/v), 0.26% (w/v) and 

0.065% (w/v), the cac is measured to be 2.25 mM L-1.  The cmc of a pure SDS solution is 

8.3 mM L-1, but for the binary solutions the cmc is 4.5 mM L-1. 

 

Further clarity around the mechanism of complexation and subsequent de-aggregation is 

shown in Figure 6-8 (A) and (B).  Figure 6-8 (A) provides a schematic of sequential 

replacement of HPMC molecules by SDS at the bubble interface as SDS concentration 

increases.  Below it, Figure 6-8 (B), provides images of particles impacting bubbles across 

the corresponding range of SDS concentrations.   
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Figure 6-8: (A) HPMC, SDS and HPMC-SDS adsorption at interface and in bulk in a 

bubble film at (a) no SDS in HPMC bubble solution (the sketch shows a HPMC molecule 

with hydrophilic (blue) and hydrophobic (brown) parts), (b) SDS concentration, c < cac, 

(c) c=cac and (d) c>cac, cmc. (B) Corresponding impact outcomes, (a) Bubble burst, 

Particle capture, (b) Particle slide-off, (c) Bubble self-healing and (d) Bubble self-

healing. The schematics of interfacial adsorption of HPMC, SDS and HPMC-SDS are 

inspired by Dong et al.(2009).  

 

Thus, the bursting mechanism may relate to the ease with which rapid replenishment of 

the surface occurs.  The following sentences examine the two scenarios, cSDS < cac, and 

cSDS  cmc. 

When a particle impacts with a bubble containing HPMC and a concentration of SDS less 

than cac (<2.25 mM L-1), the diffusion rate of SDS towards the newly stretched bubble 

film is too slow and so is not be sufficient to replenish the newly generated surface area 

to stabilise it sufficiently for self-healing to occur. 

However, when the bubble film has HPMC, and the concentration of SDS is at or above 

cac (2.5-9 mM L-1), the film stretching may lead to disintegration of the HPMC-SDS 

complex, particularly in the near surface region. The SDS molecules released from the 

HPMC-SDS complex may be sufficient, and may be close enough to replenish the 
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stretched film surface rapidly, making the bubble stable. When the outcome is bursting 

for cSDS < cac, Figure 6-9 (a)-(a2) illustrate a film under extension during particle impact, 

and Figure 6-9 (b)-(b2) gives corresponding high speed images.  When the outcome is 

self-healing for cSDS  cmc, Figure 6-10 (a) to (a2) illustrate how the film stretches during 

impact, and Figures 6-10 (b) and (b2) give the corresponding high speed images.  

 

Figure 6-9: (a) Schematic of molecular behaviour of (a) a static film (a1) stretching film 

with replenishment  (a2) stretching film which bursts because there is inadequate 

replenishment and corresponding images (b) of particle-bubble impact behaviour 

(c<cac). 
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Figure 6-10: (a) Schematic of molecular behaviour of (a) a static film (a1) stretching film 

with replenishment  (a2) stretching film which self-heals because there is adequate 

replenishment and corresponding images (b) of particle-bubble impact behaviour 

(c≥cac).  

 

The HPMC is present in the solutions because it is the solid component of the coating 

layer.  However, it also affects the complexation behaviour.  Lower and intermediate 

HPMC concentrations, 0.065% (w/v), 0.260% (w/v) and 0.520% (w/v) with 2.25 mML-1 

SDS, resulted in self-healing phenomena whereas the higher HPMC concentration, 1.0% 

(w/v), resulted in the self-healing phenomenon at a relatively lower SDS concentration, 

1.12 mM L-1, when particle impact velocity ≥ 0.9 m/s. This may be due to a lower cac of 

SDS in 1.0% (w/v) HPMC bubble solution.  This observation agrees with polymer-

surfactant complexation theory, where the concentration of SDS needed to form 

complexes decreases with increasing polymer concentrations.  This is also seen in Figure 
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6-7 where, for the surface tension curves of HPMC and SDS solution, 1.0% (w/v) HPMC 

solution T1 (cac) occurred at 1.12 mM L-1 SDS (K. Holmberg, Jönsson, Kronberg, & 

Lindman, 2002).  

The concentration of HPMC affects the viscosity which also affects the complexation 

behaviour.  In solution, the hydrophilic and hydrophobic groups self-associate to form 

aggregates and increases the viscosity of the solution. They do so in two ways; (i), by 

forming large aggregates from longer HPMC chains, which interact with each other and 

oppose shear forces resulting in an increase of viscosity; and (ii), by making large 

aggregates with larger polymer chains and small aggregates from smaller chains of 

HPMC, provided HPMC is polydisperse.  These small aggregates can bridge large 

aggregates and increase the viscosity of the solution.  A similar association of a neutral 

polymer, ethyl(hydroxyethyl)cellulose (EHEC) and SDS was proposed by Holmberg et 

al. (1992).  If the HPMC used is polydisperse, the concentration of both large chain and 

small chain HPMC will increase in a solution with increasing total concentration of 

HPMC.  The small chains may get saturated with relatively low amounts of SDS and the 

small chains of HPMC may interact with longer chains of HPMC due to hydrophobic 

interactions and behave like SDS.  The consequence is that the amount of SDS needed to 

saturate the longer HPMC chains decreases.  

When the HPMC concentration is lower and intermediate, between 0.065-0.52% (w/v), 

and the SDS concentrations is between 0.56 and 1.12 mM L-1, either particle slide-off or 

bubble burst behaviours occur when particle velocity ≤ 0.9 m/s.   When velocity > 0.9 

m/s bubble bursting or self-healing occurs. The mix of behaviours may be attributed to 

the presence of islands of HPMC-SDS complex in an SDS sea (bubble film) or islands of 

SDS in an HPMC-SDS sea (bubble film) as proposed by de Gennes (1990) and the 
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existence of patches of polymer-surfactant complexes in the surfactant film was discussed 

by (Petkova et al., 2012). Thermodynamic analysis of the preferential adsorption of 

surfactant with neutral polymer was carried out by de Gennes for two scenarios inside a 

film; (i), homogeneous mixing of polymer and surfactant; and (ii), segregated patches of 

polymer and surfactant. de Gennes proposed that when segregated patches of polymer 

and surfactant exist, a surfactant island in the sea of polymer may results in a more stable, 

thicker and more viscous film.  In contrast, a lower viscosity and less stable film may 

result when islands of polymer are in a sea of the surfactant.  It can be assumed that at 

these lower and intermediate HPMC and SDS concentrations (HPMC 0.065-0.52% (w/v), 

SDS 0.55-1.12 mM L-1)), all three species: SDS monomer, HPMC chains and HPMC-

SDS complexes are likely to exist.  The way the solution arranges determines the 

behaviour, islands of SDS in a HMPC-SDS sea may result in self-healing, whereas islands 

of HPMC-SDS complexes in a SDS sea may result in bursting.  The success of self-

healing then depends on the speed of de-aggregation.  It is logical to conclude that the de-

aggregation of SDS islands in the near surface regions occurs quickly enough to supply 

SDS to the newly created surface area as the film stretches.  In contrast, islands of HPMC-

SDS do not de-aggregate and instead surface replenishment relies of diffusion of SDS 

from the bulk (the sea) which cannot keep pace with the rate of new surface creation, as 

indicated by the difference in stretching rate and diffusion time constant (See section 

6.4.2.1).   

The importance of time can be explored further. The one consistent fact with all 

experiments is that bubbles were formed initially irrespective of the complexation 

behaviour. Clearly, the time frame over which rearrangement must take place is not a 

limiting factor in the initial formation of the bubbles, but it is when a particle impacts a 

bubble and stretches the film.  The next sentences consider both the bubble formation 
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time and the particle impact time. Bubbles are made by feeding solution at 0.04 ml min-

1 and air at 3 ml min-1. Therefore a 6 mm bubble will take 2 seconds to form, giving 

a nominal film thickness of 13.3 m (experimental observations were 5 to 25 m, chapter 

5, and section 5.4.4).  This timeframe is well within that calculated for diffusion of SDS 

from the bulk to the film surface (See section 6.4.2.1).  During this bubble formation 

period, the surface creation rate is 50 mm2 s-1. When a particle then impacts the bubble 

at 0.9 m s-1, new surface is created at 2800 mm2 s-1 as the particle extends a tube of film.  

At the higher impact velocity of 2.1 m/s the surface creation rate is 6600 mm2 s-1  

(Appendix 10.3). Also, for 2 ms of extension time, the film thickness of the impact tube 

decreases to 1.85 and 0.79 m respectively, assuming that only the film in the projected 

area of impact is involved in the tube extension: this will not be entirely true but 

establishes a minimum limit to the film thickness. Nevertheless, it is clear that the rate of 

new surface area generation is of order 102 faster during impact than in bubble 

formation, which results in bursting in some cases.  The complexation behaviour will 

contribute in two ways; (i), in delivering surfactant to the new surface; and (ii), in the 

network of interlinked HPMC molecules.  For (i), SDS is more mobile than HPMC and 

is delivered to the surface either by diffusion from the bulk (which is relatively slow) or 

by demicellisation, as explained above. For (ii), the network of HPMC will be more 

extensive when HPMC-SDS forms the sea.  During impact, the network simply stretches 

while maintaining the structure of the film.  In contrast, when HPMC-SDS exists as 

islands (micelles) in a SDS sea, upon impact these islands become isolated within the 

stretching sea.  This effective phase separation results in loss of structural homogeneity 

and hence strength, and bursting occurs.   
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The latter is supported by (Dhara & Shah, 2001b) who investigated and explained the 

stability SDS micelles in term of relaxation time, in presence of various synthetic 

polymers. The demicellisation of micelles in a micellar or aggregated solution occurs 

through two relaxation processes, (i) fast relaxation (𝜏1 ) which occurs through monomer 

exchange with micellar aggregates, and (ii) slow relaxation (𝜏2), which is associated with 

complete formation-disintegration of micelles, as illustrated in Figure 6-11. These two 

relaxation times can be used to calculate two important statistical parameters of the 

micellar system, namely, the residence time of a surfactant in micelles and the average 

lifetime of micelles. These two parameters are important in understanding particle-bubble 

impact behaviour, as well. Low residence time and micelles with poor stability are 

required to give self-healing phenomena when a particle impacts a bubble, as they can 

supply surfactants to newly generated surface area in the bubble film.   

 

Figure 6-11: Mechanisms for the two relaxation times for a surfactant solution above 

critical micelle concentration (cmc). Adapted and reproduced from (Dhara & Shah, 

2001b). 

 

The polymer-bound surfactant aggregates have a higher degree of dissociation compared 

to the normal micelles. Dhara and Shah (2001b) investigated the influence of various 

concentration of cellulose derivative polymers on the slow relaxation time, hence micellar 
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stability. They reported for a 200 mM L-1 SDS solution an added 0.1% (w/v) HMPC 

accelerates a relaxation time of  ̴ 8 second to 0.01 second. Interestingly, an increase in the 

concentration of HPMC also accelerates the slow relaxation.  Patel et al. (1996) studied 

the effect of SDS concentration (between 50-200 mM L-1) on film stability and considered 

the structuring of the micelles within the film as an important aspect affecting the film 

stability, following the pioneer work on the film structuring by Dr Wasan’s group 

(Kralchevsky, Nikolov, Wasan, & Ivanov, 1990; Nikolov, Kralchevsky, Ivanov, & 

Wasan, 1989; Wasan, Nikolov, Kralchevsky, & Ivanov, 1992). A mechanism of 

formation and expansion of black (thin) which leads to film thinning and burst was 

suggested by this group. They proposed that the incomplete packing of the micelles in the 

film results in vacancy formation at a level which is inversely proportional to the micelle 

concentrations. These vacancies are dynamic in nature and are believed to be dependent 

on the diffusion rate of the micelles. (Dhara & Shah, 2001a) proposed that the presence 

of polymer leads to formation of small aggregates of SDS by molecules adsorbing on the 

polymer chain. This increases the population of smaller surfactant aggregates. Thus, when 

there is an increase in surface area due to film stretching during particle impact on a 

bubble, these smaller surfactant aggregates provide ‘local’ supply of surfactant to 

replenishment of newly created surface area. Figure 6-12 illustrates the increasing the 

number density of SDS aggregates or micelles with increasing concentration and 

corresponding particle-bubble impact behaviour. 
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Figure 6-12: Schematic illustrations of the increase in the number density of SDS 

aggregates/micelles with HPMC and corresponding explanation for particle-bubble 

impact behaviour. 

 

In summary, the above discussion in sections 6.4.2.1 and 6.4.2.2 arrives at a mechanism 

for the boundary between bursting and self-healing.  It depends upon the complexation 

of the HPMC-SDS in solution and its ability to maintain structural homogeneity while 

supplying the newly created surface area with surfactant during rapid film extension.   

For SDS concentration ≥ cac and cmc, the population of small SDS and HPMC aggregates 

increase, these aggregates provide instantaneous local supply of surfactant to stretching 

bubble film resulting in self-healing phenomenon. For lower and intermediate SDS 
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concentrations, < cac, self-healing occurs when the complexation is a HPMC-SDS sea 

containing SDS islands, which arises when the SDS concentration ≤ cac.  The HPMC-

SDS sea structure is sufficiently interlinked to simply stretch with the film, while the SDS 

islands de-aggregate quickly in the near surface region to supply the newly created surface 

with surfactant.  Here the fast relaxation is faster than the stretching and so the new 

surface area is populated with SDS molecules.  In contrast bursting occurs when the 

complexation is HPMC-SDS islands in a SDS sea.  Here, the rapid film extension is so 

fast that the islands of HPMC-SDS become isolated and the film loses structural 

homogeneity.  Furthermore, the rate of new surface creation is too fast for diffusion of 

SDS molecules from the bulk to the newly created surface.  Thus, these changes - to an 

inhomogeneous structure and local increases in surface tension - cause both stress 

concentration in the film and the Marangoni effect which, together, result in bursting. 

A further contributing mechanism may be the extensional viscosity behaviour during film 

thinning, discussed in chapter 7. 

6.5 PHYSICAL DESCRIPTION OF PARTICLE-BUBBLE IMPACT 

DYNAMICS 

Nguyen et al. (1997) categorises the particle-bubble interaction behaviour in three steps; 

bubble film stretching; is bubble film drainage and bubble bursting. The bubble film 

stretching is driven by the kinetic energy of the impacting particle, and resisted by the 

capillary forces between film and particle (if present), the surface tension, the differential 

pressure between the inside and outside of the bubble, and buoyancy due to film liquid 

displaced by the particle.  The surface tension resistance is manifested in both the 

resistance to the stretching impact tube and in the distension of the bubble shape. 
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The most significant information able to be measured is the deceleration of the particle, 

which defines the energy and momentum transfer from the particle to the bubble.  Figures 

6-13 and Figure 6-14 show sequential images and measurements for one run where self-

healing occurred (bubble of 7 mm diameter with formulation of HPMC-1.0% (w/v)-9 

mM L-1 SDS; particle of 1 mm glass; impact velocity 2.1 m/s).  A range of behaviours 

are apparent. After impact the particle velocity gradually slows after the first 

measurement; the slope gives a deceleration of 58 m s-2.  Impact causes the bubble to 

deflect downwards at a rate of 0.72 m/s until it begins to rebound somewhere between 

1.5-2 milliseconds (ms).  Meanwhile the tube extends at an increasing velocity and 

surpasses the velocity of the initial impact.  This is caused by the summation of the 

particle motion downwards and the upward rebounding bubble surface.  During this time 

the radius of the impact tube decreases from the particle diameter to a filament due to the 

internal to external pressure difference, enveloping the particle. 
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 Figure 6-13: Sequential images (from left to right) of the impact a particle of diameter 

1 mm glass onto 7 mm bubble with formulation of HPMC-1.0% (w/v)-9 mM L-1 SDS.  

Impact velocity is 2.1 m/s and time between two images is 0.5 ms. The particle bounced 

back on colliding with the bubble nozzle at 2.5 ms. 
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Figure 6-14: Measurements of particle and bubble position for a 7 mm single bubble 

with formulation of HPMC-1.0% (w/v)-9 mM L-1 SDS being impacted by a particle of 1 

mm glass at an impact velocity 2.1 m/s. 

 

Figure 6-15: Measurements of particle and bubble velocity for a 7 mm  single bubble 

with formulation of HPMC-1.0% (w/v)-9 mM L-1 SDS being impacted by a particle of 1 

mm glass at an impact velocity 2.1 m/s. Velocities are obtained from the smoothed 

position curves shown in Figure 6-14. 
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The intermediate outcome of particle capture (or slide-off) requires that the particle 

decelerate before it has travelled to the other side of the bubble.  For a bubble of 6 mm 

being impacted by a 1 mm particle, the criterion for particle capture is defined by 

equating the initial particle kinetic energy to the deceleration force that must be applied 

to arrest the particle motion.  The simple kinematic relation arises,  𝑎𝑚𝑎𝑥 =  
𝑣𝑝

2

2𝑑𝑝
.  Thus, 

for impacts at 0.5, 0.9, 1.2 and 2.1 m/s particle capture may occur if the deceleration rates 

exceed 21, 67, 120 and 368 m/s2.  This means that if deceleration rates are less than these 

limits, then self-healing occurs.  For the particular case in Figures 6-14 to 6-16, the 

particle deceleration was 58 m/s2.  Assuming that the deceleration rate is a solution 

property, then all particles should be captured for the experimental results at an impact 

speed of 0.5 m/s. Indeed, the slide-off was observed at this impact speed.  And 

interestingly, the 0.9 m/s impacts were listed as either self-healing or slide-off, which 

most likely reflects the proximity of the measured value of 58 m/s2 to the calculated 

threshold of 67 m/s2.   

Expanding the analysis to all experiments at an impact of 0.9 m/s, the measured 

deceleration rates are shown in Figure 6-16. While there is significant variation, 

deceleration appear more strongly dependent on SDS, the HPMC concentration, which 

implied that surface tension, which is most affected by SDS concentration, is more 

important than viscosity for the range of solution tested. The paucity of relationship 

between deceleration and formulation may also affected by the complexation behaviour 

(section 6.4.2), which affects local conditions during film stretching. 
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Figure 6-16: Experimental deceleration rates for all runs at an impact velocity of 0.9 

m/s.  
 

While the observation can be used to determine the amount of energy transferred from 

the particle to the bubble, they can be also used to indicate the relative influence of the 

solution properties.   

6.5.1.1 Relative influence of bubble solution viscosity and surface tension 

The relative importance of solution viscosity and surface tension determine whether the 

observed deceleration is more a function of viscous dissipation (viscosity) or of the 

creation of new surface area (surface tension).  Calculating these is difficult as it is 

difficult to account for all forms of energy loss.  Instead, it is easier to explore which of 

viscosity or surface tension better correlate to deceleration.  Figure 6-17 shows the 

deceleration values for all experiments plotted against the surface tension and viscosity.  

It is clear that surface tension correlates better, that higher surface tensions result in higher 
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deceleration; however, the correlation is still poor as the complexation behaviour affects 

the local conditions during film stretching.  This has not been explored further. 

   

Figure 6-17: Deceleration values for all experiments plotted against the surface tension 

and viscosity. 

 

6.5.1.2 Influence of particle surface properties 

The hydrophobic spherical particles and cylindrical rough hydrophilic particles resulted 

in the self-healing phenomenon at higher impact speeds than smooth hydrophilic 

spherical glass particles of similar dimension. To investigate the role of surface 

properties, a small set of experiments was performed using only hydrophilic and a 

hydrophobic smooth spherical glass particles of 1 mm diameter were each placed gently 

on a bubble with HPMC concentration 0.52%(w/v) with SDS concentration 2.25 mML-1. 

The particle penetration lengths of the hydrophilic and hydrophobic particles into the 

bubble film were measured and found higher for the hydrophilic particle. As shown in 

the Figure 6-18, at equilibrium after 30 seconds, hydrophilic particle penetrates more into 
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the bubble film than the hydrophobic particle. This result in in-line with contact angle 

(spreadability of bubble solution drop over flat hydrophilic and hydrophobic glass slides) 

studies discussed in section 5.4.3. The lower penetration of the hydrophobic particle 

might be due to non-wetting nature of the hydrophobic surface of the particle. Lee et al. 

(2008) suggested in his review article that major process determining spreading over 

hydrophobic substrates to be the adsorption of surfactant molecules onto a bare 

hydrophobic substrate in front of the moving three-phase contact (TPC) line resulting in 

a in a partial hydrophilisation of the hydrophobic surface. This holds true for reduction in 

contact angle of hydrophobic glass slide with HPMC-SDS solution with respect to water 

as discussed in chapter 5 section 5.4.3. In case of hydrophobic particle penetration into a 

bubble, the spreading of the film around bubble for hydrophobic particle is poor possibly 

due to Laplace pressure of the bubble and hydrophobicity of particles, which inhibits 

spreading of the bubble film around the particle.  

 

 

 

 

 

Figure 6-18: The position of 1 mm diameter (a) hydrophilic and (b) hydrophobic glass 

particles gently place on bubbles of HPMC-0.260% (w/v)-9 mM L-1 SDS after 30 seconds. 

 

The particle penetration lengths into the bubble film before bubble burst were also 

measured at different particle impact velocities for hydrophilic and hydrophobic particles. 

As shown in Figure 6-19, the particle penetration length into the bubble film by the 

(a) (b) 
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hydrophilic particle at each impact velocity at 1.5 ms after contact was higher than for the 

hydrophobic particles.  

 

Figure 6-19: Particle penetration length into the bubble film at 1.5 ms for a HPMC-

0.520% (w/v)-0.56 mM L-1 SDS bubble with 1 mm hydrophilic and hydrophobic particles 

impacting with different velocities ranging between 0.9 m/s to 2.7 m/s (n=5, S.E.). 

 

It appears that the hydrophilic particle slows less rapidly in bubble film than the 

hydrophobic particle. From this, it can be concluded that at a particular time a 

hydrophobic particle will penetrate less into the bubble film than the hydrophilic particle. 

If the penetration length is smaller than the particle diameter, the particle may rebound 

resulting in the particle slide-off phenomenon. If the time taken to surpass the particle 

diameter during the particle-bubble impact is greater than the critical time to thin the 

bubble film to burst, the bubble will burst.   
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6.5.1.3 Influence of bubble solution surface tension 

The particle penetration lengths into the bubble film 1.5 ms after impact were measured 

at a particle impact velocities of 0.9 m/s for hydrophilic and hydrophobic particles. As 

shown in Figure 6-20, the particle penetration length at 1.5 ms increases with increasing 

SDS concentration (decreasing surface tension) and then decreased. The decrease in 

particle penetration length could be attributed to increased film viscosity and micellar 

density at higher SDS concentration beyond cmc. 

 

Figure 6-20: Particle penetration length of a 1 mm hydrophilic spherical glass particle 

into bubble films 1.5 ms after impact, obtained from HPMC-0.520% (w/v) with varying 

concentrations of SDS from 0-9 mM L-1 SDS. The particle impact velocity was 0.9 m/s, 

(n=5, S.E.). 

 

6.6 REGIME MAP OF PARTICLE-BUBBLE IMPACT BEHAVIOUR 

The objective of the particle-bubble impact study was to establish the micro-scale 

processes at play for application to industrial scale coating of particles with bubbles. To 

do this requires an understanding of scaling, which depends on maintaining the ratios of 

determinant driving forces or rate processes involved in the interaction between particles 
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and bubbles.  From the above discussion, it is clear that the defining rate processes are; 

(i), the rate of surface area creation by film stretching; (ii), the rate of the delivery of 

surface active molecules to the newly created surface; and (iii), the ability of the bulk 

structure to stretch with the film so that stress is able to be dissipated.  The ability of the 

solutions to do (ii) and (iii) are highly complex relying on the thermodynamic equilibrium 

of the solutions and the local perturbations in the near surface region.  Therefore, 

establishing quantitative boundaries of behaviour is a difficult exercise.  It is expected 

that, for solutions above the cac or cmc, where self-healing occurs, the rate of (ii) > rate 

of (i) and the rate of (iii) > rate of (i).  For solutions below the cac, where bursting occurs, 

the opposite is true, the rate of (ii) < rate of (i) and the rate of (iii) < rate of (i).   

Intermediate behaviours such as slide-off or particle capture are within the range for self-

healing behaviours, but where the energy of the particle is insufficient to penetrate the 

bubble.  This is an area of further work.  

Nevertheless, some effort to quantify the well-known dimensionless numbers for the 

system is listed in Table 6.4 below.   
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Table 6.4: Relevant dimensionless numbers for a particle impacting a bubble and forming a stretched film tube. This work was done by Prof Jim R. 

Jones.  

 

Dimensionless 

number 

Symbol definitions are at the bottom of the table.   

Reynolds 

number extt

tfpb

text

tftfp

Z

ud

Z

ud









2

,
2

,,

force viscous

force inertial
Re 

 

The Reynolds number defines the relative importance of the inertia of a stretching film to its viscous resistance.  It 

applies to the rapidly stretching film as a particle first impacts a bubble then as it forms an impact tube.  As the film is 

very thin, its inertia is very low and so Re is expected to be small.  Also, for any one impact velocity, uf, and assuming 

the fluid densities are all approximately the same, then Reynolds will only vary as the ratio of film thickness to 

extensional viscosity, extf 
.   

The terms above are not those familiar for the Reynolds number for pipe flow.  The first term is obtained because the 

inertial force is 

2
,,   volumefilm tftfpf,t udu  

and the viscous force is ttfext Zu ,
.   However, the term 

tf ,
 , which is the thickness of the extending tube, is hard to measure.  Therefore, the second term is obtained which has 

the more easily measured length of the tube, Zt.  Because volume is conserved, 
tptfpb Zddk 


 ,

2

4










 when Zt << dp.  
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Rearranging gives t

pb
tf

Z

dk

4
,


 

  where k is a proportionality factor between the area of the bubble that contributes to 

the stretching film and the projected area of the particle at impact: but without any other information, k  1.     

The following two paragraphs develop the form of the Reynolds number at impact, Reimpact, and later during extension 

of the impact tube, Retube. 

At impact: at impact, the impact tube has not yet formed, but because the problem is considering a stretching film, it is 

important to define the incipient condition at impact.  For this reason, it is logical to assume Z(0)  dp.  If so, the Z(0) 

will cancel with the dp term.  Furthermore, at t(0) the initial thickness of the stretching film is equal to the bubble film 

thickness, bf  0, .  Also, the initial film stretching velocity can be assumed equal to the particle velocity,

0,0, pf uu 
.  Thus, 

ext

pbu



 0,
impactRe 

. 

During tube extension: as the impact tube grows in length, the Reynolds number changes.  The velocity of tube 

extension decreases, being equal to the particle velocity at time t minus the average velocity of the movement of surface 
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of the bubble which initially depresses during impact [m s-1], i.e., uf,t =  up,t – ub,t.  Thus the Reynolds number for the 

impact tube becomes 

ext

tf

t

pb u

Z

d



 ,
ttube,Re 

.   

extb

tftf u



 ,

2

,

force viscous

force inertial
Re   

By convention the non-dimensional terms are removed (e.g.,  and 4). This Reynolds number is time dependent because 

the terms, uf,t and Zt change with time. The particle is decelerating and so 
  tbpbtptf uatuuuu ,0,,, 

where 

a is the measured deceleration.  To standardise the observations, the Retube,t can be calculated at a given time after 

impact, i.e., after a given number of photographic frames.  

Weber number 

t

tfpbtftf

Z

udu







 2
,

2
,,

force tension surface

force inertial
We 

 

The Weber number defines relative importance of the inertia of a stretching film to its surface tension resistance.  It 

applies to the rapidly stretching film as a particle impacts a bubble and forms an impact tube. For the same reason as 

above, We is expected to be small.  Also, for any one impact velocity, uf, and assuming the fluid densities are all 
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approximately the same, then the Weber number will only vary as the ratio of film thickness to the surface tension, 

 f .   

The surface tension force is
pd

.  The second contains the more easily measured tube length, Zt, rather than the 

hard to measure thickness of the stretching film, f,t. Using the same logic as for Reynolds, the Weber number at initial 

impact and during extension of the tube are 

 2

impactWe
pb u


 



 2
,

ttube,We
tf

t

pb u

Z

d


 

Where
  tbpbtptf uatuuuu ,0,,, 

.   

Laplace 

number 
 transfermomentum of rate

force tension surface
La

 

The Laplace number defines the relative importance of surface tension which resists stretching to the rate of momentum 

transfer from the impacting particle into the film.  In the experimental system used here, the rate of momentum transfer 

can be observed by the deceleration of the particle after impact.  Therefore, the force ratio can be written 
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Removing constant terms, the Laplace number becomes 
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Viscous 

number 
 transfermomentum of rate

force viscous
Vi

 

This ratio is unnamed, but here for convenience is termed the Viscous number, Vi.  It defines the ratio of the viscous 

force to the rate of momentum transfer from the impacting particle to the film.  The viscous force   ext  uf,t  Zt and the 

rate of momentum transfer is observed in these experiments as the deceleration force on the impacting particle,  
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Because volume is conserved, the substitution can be made tf

pb
t

dk
Z

,4




(see the Re box).  Removing non dimensional 

terms, the Viscous number can also be expressed as  
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Capillary 

number 

 tfextu ,

La

Vi

Re

We

force tension surface

force viscous
Ca 

 

The Capillary number defines the relative importance of the two material property resistances and can be obtained from 

the sets of ratios above. This is because the energy of the impacting particle must both stretch a viscous film and create 

new surface area.  Both are important, and the capillary number really just defines which one plays a larger role.     

Similarly to the approach used above, Ca can be determined for the initial impact and for the later stretching tube, 



 pextu
impactCa

 



 tfextu ,
ttube,Ca 
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Where
  tbpbtptf uatuuuu ,0,,, 

.   

Bond number  


 2

force tension surface

force nalgravitatio Lg
Bo

gf 


 

The Bond number relates to the stability of bubbles, where gravity causes film drainage. Due to the low mass of the film 

being stretched during impact, the Bond number is not regarded as relevant. 

Schmidt 

number  
D

Sc





ydiffusivit mass

ydiffusivit momentum

 

The Schmidt number applies to homogeneous mixtures and so does not strictly apply due to the complexation behaviour 

observed in these solutions.  Nevertheless, it allows the role of diffusion of surface active species to be introduced into 

the analysis. For a particle-bubble impacting system, 𝑆𝑐 =
𝜇𝑒𝑥𝑡

𝜌𝐷
, 𝜇𝑒𝑥𝑡 values were measured as discussed in chapter 7, 

section 7.3.3,  diffusivity values, 𝐷 were extracted from (John Bosco, Zettl, Crassous, Ballauff, & Krausch, 2006).  

Fourier 

number 
2rate storage

rate  transportmass diffusive

R

Dt
Fo 

 

The Fourier number is helpful for transient mass transfer.  In this system, the characteristic time is the time of 

observation after impact of the serial photographs. The symbol R is half the film thickness of the impact tube 
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( tfR ,2 
) which is a function of the extension distance, Zt, and the original film thickness of the bubble before 

impact, b. Thus, (see Re box of table) t

pb

Z

dk
R

2




.  Assuming k  1, substituting and removing non-dimensional 

terms yields the Fourier number applicable to a particle impacting a bubble, 

22

2

pb

t

d

DtZ
Fo




 

The Fourier number varies with time as the film stretches.  Because it is time dependent, it is not relevant defining the 

Fourier number at impact, as Fo  0.  However, if imagine a short time after impact, say 2 Milliseconds, then a 

comparative Fourier number can obtained between different experimental scenarios.  In this case, assuming tuZ pt   the 

Fourier number becomes 

22

23

pb

p

d

uDt
Fo


  .  Setting t = 210-3 seconds, 

 
22

29102

pb

p

d

Du
Fo




  

Symbols Definitions 

 b = film thickness of the bubble before impact [m] 

f,t = film thickness of the impact tube at time t. [m] 
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Zt = length of impact tube at time t [m] 

dp = impacting particle diameter [m] 

up,t =  particle velocity at time t [m s-1] 

ub,t = downward bubble surface velocity which initially depresses during impact [m s-1] 

tfu , = film stretching velocity =  up,t – ub,t at the time of observation [m s-1] 

 = film density [kg m-3] 

p = impacting particle density [kg m-3] 

f - g =  difference between film and gas density [kg m-3] 

 =  film kinematic viscosity [Pa s] 

ext = film extensional viscosity [Pa s] 

g = gravitational constant 9.82 [m s-2] 

D = diffusivity of either SDS in water or HPMC in water, or SDS in a mixture of water and SDS [m2 s-1]. These 

diffusivity values were derived from (John Bosco et al., 2006). 

t = characteristic time [s] 

R = characteristic distance, 2R = f,t [m] 
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While the Re, We, La and Vi numbers show the relative contributions of their parts to 

slowing down the impacting particle, they do not indicate whether the bubble will burst 

or self-heal. The reason is that they rely on bulk properties which do not capture the ability 

of the formulations to supply the surface with surfactant. Nevertheless, they do indicate 

the relative importance of forces on the motion of the film.  The Schmidt and Fourier 

number are better indicators of the mass transfer recovery rate, and indeed show a much 

greater range of values across the experiments for a single impact velocity, as shown in 

the Figure 6-21 below when plotted against Ca number.  Again, even these plots do not 

isolate bursting behaviour, for the same reason.  Further research is recommended to 

develop a device to concurrently measure both dynamic surface tension and extensional 

viscosity under rapid film stretching conditions. Whether this is possible has not been 

contemplated. In order to develop a regime map, more work is needed to quantify the 

appropriate rate process ratios, (ii)/ (i) and (iii)/ (i) as explained above, to determine the 

link between solution properties and the tendency to burst or self-heal. Bursting will occur 

when the rate of surface depopulation of surface active molecules (m-2 s-1) is higher than 

the rate of repopulation (m-2 s-1).      
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Figure 6-21:  (a) Fourier number versus Capillary number, (b) Schmidt versus Capillary 

number. Both are for an impact velocity of 0.9 m/s of a 1 mm diameter particle 

impacting a 6.5 mm bubble.  
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6.7 CONCLUSIONS  

The results clearly showed that the behaviour predicted at the beginning of the particle-

bubble impact study can be achieved at different experimental conditions. Four major 

physical behaviours of particle-bubble impact identified were: ‘particle capture’, ‘particle 

slide-off’ ‘bubble burst’ and ‘bubble self-healing’.  

The specific association of among HPMC and SDS molecules in the bubble film at 

different concentration ratios controlled the particle-bubble impact behaviour. It was 

proposed that Marangoni effect, de-micellisation of mixed micelles and existence of 

HPMC sea in SDS island and vice-versa influences different particle-bubble impact 

outcomes.  The defining rate processes when a particle impact a bubble in the air were 

proposed. These are; (i), the rate of surface area creation by bubble film stretching; (ii), 

the rate of the delivery of surface active molecules to the newly created surface; and (iii), 

the ability of the bulk structure to stretch with the film so that stress is able to be 

dissipated. It was proposed that for solutions above the cac or cmc, where self-healing 

occurs, the rate of (ii) > rate of (i) and the rate of (iii) > rate of (i). For solutions below 

the cac, where bursting occurs, the opposite is true, the rate of (ii) < rate of (i) and the 

rate of (iii) < rate of (i).    

The results indicated that the bubble formulation and particle impact velocity are 

parameters of importance controlling the particle-bubble impact behaviour within the 

experimental range covered in this thesis. The reason for the hydrophobic particles to 

show self-healing behaviour instead of particle-slide of was proposed to be due to 

decreased contact angle (compared to with water) with bubble solution containing SDS 

which increases the spreadability of the solution over the glass surface and hence 

decreases the contact angle. 
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This provided useful guideline to optimise the formulation and processing operation 

window to maximising coating efficiency by achieving self-healing behaviour.  

Some effort to quantify the well-known dimensionless numbers for the particle-bubble 

impact behaviour suggested that Fo, Ca and Sc numbers show the relative contributions 

of their parts to slowing down the impacting particle, but they do not indicate whether the 

bubble will burst or self-heal. 

Previous and current chapters described the hypothesis testing of particle coating using 

foams, the building of a single particle-bubble impact apparatus, physical characterisation 

of bubble solutions and particle systems, particle-bubble impact studies and qualitative 

molecular-level explanation of particle-bubble impact behaviour. The qualitative 

explanation has been difficult to frame quantitatively. To do this, measurements needed 

to be done that show how the properties change with film extension, e.g., how SDS 

repopulates a surface and how this affects the transient local dynamic surface tension.  

Similarly, as films stretch, it may be useful to measure how the film behaves rheologically 

under extension.  Such studies may give us insights into predicting the bursting versus 

self-healing outcomes. The next chapter discusses extensional viscosity of the bubble 

solution and its possible role in the different outcomes of particle-bubble impact 

behaviour. 
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CHAPTER 7  EXTENSIONAL FLOWS AND PARTICLE-BUBBLE 

IMPACT BEHAVIOUR 

 

7.1 INTRODUCTION 

When bursting does not occur, the impacting particle rapidly stretches the bubble film, 

making a cylinder of film with its upper end connected with the bubble apex and the lower 

end either attached or wrapped around the downward moving particle. The stretchability 

can be measured more directly in terms of extensional (also known as elongational) 

viscosity. The first challenge to measure stretchability of the bubble formulation was to 

find a technique to measure the extensional viscosity of the bubble solution with very low 

shear viscosity, as low as 1.0 mPa.s and with relatively high viscosity, as high as 600 

mPa.s.  

Two well-studied techniques of extensional viscosity measurements are Filament 

Stretching Extensional Rheometry (FiSER) and Capillary Breakup Extensional 

Rheometry (CaBER). CaBER relies on producing a fluid filament in air that thins under 

surface tension driving a uniaxial flow. Elastic tensile stresses resist the pinching caused 

by capillary action during the necking and breakup of viscoelastic fluid. The tensile 

stresses grow in the viscoelastic fluid and polymer chains are elongated near breakup 

making the local flow field in this region primarily extensional. Thus, the analysis of 

necking provides a possible way of measuring extensional viscosity of viscoelastic fluid 

(Anna & McKinley, 2001). In the FiSER technique, a filament of fluid to be tested is 

stretched until the radial radius of curvature exceeds that of the axial. This allows capillary 

pressure to drive the concentration of the filament thus creating a capillary instability 

(Larson, 2005; McKinley & Sridhar, 2002).  
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In the FiSER technique, fluid is drawn between two flat endplates at a controlled 

exponential rate. The radius at the mid-filament point is measured while the filament’s 

tensile force on the one or both endplates is recorded. A force balance equation is used to 

calculate extensional viscosity provided extension rate is calculated, and surface tension 

and density of the fluid are measured from other standard measurements (Szabo, 1997).  

The CaBER technique employs a different mechanism of thinning and necking. The fluid 

between two endplates first extends rapidly into a filament of critical aspect ratio and then 

the filament thins under capillary pressure. The rate at which the endplates open is not 

controlled and their extension rate is not sustained. The filament radius with time can be 

used to help understand the behaviour of complex fluids in extensional flow.  

However, this work uses a new method, ADMiER.  It is a filament-based rheometer based 

on the ability of surface acoustic waves to rapidly form jets of low-viscosity fluid was 

developed by McDonnell at al. (2011) to measure extensional viscosity of solutions. This 

experimental set-up resides at the Department of Mechanical and Aerospace Engineering 

at the Monash University, Clayton campus, Melbourne, Australia. 

The main aims of this chapter are to: 

 Measure extensional viscosities of the bubble solutions. 

 Explore the role of extensional viscosity in explaining particle-bubble impact 

behaviour. 

Contact was established with Mr Amarin McDonnell and Prof Prabhakar Ranganathan of 

Monash University and this chapter reports the resulting collaboration work, measuring 

and interpreting extensional rheology of the bubble solution whose particle-bubble impact 

behaviour is discussed in the chapter 6.   



Chapter 7 Extensional Flows and Particle-Bubble Impact Behaviour 

 

199 

 

Amarin performed the extensional viscosity measurements of the bubble solution 

formulation, which I provided. The discussion is combined work. 

7.2 ACOUSTICALLY DRIVEN MICROFLUIDIC RHEOMETER  

The apparatus shown in Figure 7-1 had three key functional parts: (i) two opposing Teflon 

coated glass plates, between which a capillary bridge of the fluid to be tested, hanging 

from the upper glass plate, can be formed, (ii) a surface acoustic wave (SAW) actuator 

attached to the upper glass plate for droplet bursting resulting in extension of the fluid 

film and bridge formation between the glass plates, and (iii) a high speed camera with an 

LED lighting system to record the thinning phenomenon after bridge formation.  

The upper glass slide with SAW device was secured on a rotating device-holder using 

stiff brass retention paddles. The lower glass slide was mounted on a low pitch screw with 

large dial driven z-axis platform upon a sliding tower. This effectively provides control 

over the liquid bridge’s filament aspect ratio. To operate the apparatus, a droplet needed 

to be applied on the upper glass slide with SAW device and then the platform flipped so 

that the droplet was suspended facing down. Initially, the distance between two glass 

plates was set between 1-10 mm. After generation, a SAW propagates across the surface 

to a spot with diameter equivalent to the wavelength of the acoustic radiation and a part 

of the acoustic energy leaks into the pendant droplet placed on the acoustic focal point. 

With sufficient acoustic energy, this leak can generate elongation in the droplet which 

extends to the opposite glass plate to form a liquid bridge. The subsequent thinning of 

this liquid bridge can be measured by a high speed camera with a macro-lens. The user 

has little control over the elongational flow kinematics and the extensional strain rate is 

self-selected by the balance between capillary, elastic, inertial and viscous forces. 
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Figure 7-1: Acoustic driven microfluidic device for extensional viscosity measurement 

(Image supplied by Amarin McDonnell). 

 

A LED opposite the camera was used to illuminate the filament. Standard image analysis 

techniques were used to measure filament thickness with time.  The initial time (t=0) was 

taken when the thickness of the filament reached a diameter of 50 pixels (0.352 ± 0.007 

mm). 

During thinning between plates, the diameter decays exponentially for elastic fluids 

whereas for Newtonian fluids (and the viscoelastic fluids in which the polymer chains 

have been stretched as much as possible during the elastocapillary thinning) the filament 

diameter decays linearly with time. The rate constants associated with the exponential 

and linear capillary thinning allow the determination of an extensional relaxation time 

(timescale for viscoelastic stress growth) and quasi-steady state terminal extensional 

viscosity respectively.  
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7.2.1 Materials  

The bubble solutions used in the particle-bubble impact studies discussed in the chapter 

6 were also used for the filament thinning. 

7.2.2 Method 

The following method description was provided by Amarin McDonnell: In a typical 

measurement, a single drop was placed on the focal point of the interdigital transducer of 

the acoustically driven microfluidic rheometer, using a pipette (Eppendorf PhysioCare 

Concept, Hamburg, Germany). A SAW was generated by supplying a sinusoidal voltage 

to an interdigital transducer (IDT) fabricated on a 0.5 mm thick lithium niobate 

piezoelectric crystal. Energy from the SAW leaks into the droplet causing re-circulation 

and bulk motion, leading to an elongated liquid that bridges a gap to an opposing parallel 

surface located at 1.5 mm away from the SAW substrate. The opposing surface was 

coated with Teflon and was partially fouled to ensure that the jet adheres to the surface 

but does not spread. The SAW burst was ended after 1.5 ms which was found to be 

sufficient to create a stable liquid bridge in all samples. The liquid bridge then thins under 

the action of capillary forces, generating an extensional flow at the necking plane. The 

motion of the entire liquid bridge was captured using a high speed camera (Photron SA5; 

62000 fps; image size 1.35 mm x 2.14 mm (192 x 304 pixel)) with a long-distance video 

micro-scope attachment (K2-SC, Infinivar). A thin wire of 1.25 mm diameter was used 

as a reference for calibration during recording.  

Amarin McDonnell used two methods to extract extensional viscosities of the HPMC and 

HPMC-SDS solutions. The first approach extracted data when the filament still had high 

curvature and the second approach is applied when long-lived near cylindrical fluid-
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filaments formed before break-up allowing the assumption that the filament has 

negligible axial curvature.  

A simplified mid-filament governing stress balance describing the relative stress 

contribution of inertia, surface tension, solvent viscosity, and non-Newtonian stresses, 

given by Entov and Hinch et al. (1997), was used extract extensional viscosity from the 

thinning behaviour observed with our bubble solutions. 

1

2
𝜌𝑅 ̇ (𝑡)2 =  

𝜎

𝑅(𝑡)
− 3𝜂𝑠𝜀̇ + 𝑁1,𝑝                                                                                7-1 

where 𝜂𝑠 is the solvent shear viscosity, 𝜀̇ is the strain rate, and 𝑁1′𝑝 is the time-dependent 

normal stress difference that represents the stress contribution from the polymer.  The 

measured radius of the filament is R, which varies with time.  A polynomial was fitted 

onto the experimental data so that it could be easily differentiated to obtain 𝑅(𝑡) ̇ . Using 

break-up data and externally measurable properties (𝜎, 𝜌 and 𝜂𝑠), the values of 𝑁1′𝑝 and 

in turn extensional viscosity �̅�𝑝 =  −
𝑵𝟏,𝑝

�̇�
  was determined. This procedure was used to 

measure extensional viscosities assuming cylindrical filament geometry, near break-up. 

This also allowed investigation of possible strain-hardening. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Film thinning behaviour vs. particle-bubble impact behaviour 

A visual observation of the thinning behaviour of HPMC solutions at different levels of 

SDS was made in an acoustically driven microfluidic rheometer and compared with 

particle-bubble impact behaviour. Figure 7-2 shows particle-bubble impact behaviour 

verses early and late stage thinning of HPMC solutions at different levels of SDS. 

Thinning of HPMC at different levels of SDS showed bead-on-a-string, blob and long-

lived filament formation. Bubble solutions showing bead-on-a-string and blob formation 
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were those which correlated to either bubble burst, particle slide-off or self-healing 

phenomena when a particle impacted at different impact velocities (vp) with the bubble 

obtained from these solutions. A self-healing phenomenon was observed when a particle 

impacted above a critical velocity (V
*) with the bubble obtained from solutions showing 

long-lived filament thinning. Interestingly, at higher concentration of HPMC (0.52% 

(w/v) and 1.0% (w/v)) thinning resulted in a uniform filament even during early stages of 

thinning but the bubbles obtained from these solutions resulted in either particle capture, 

when vp≤V
*  or bubble burst, when vp > V

*. 
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HPMC Concentration % (w/v) SDS concentration Particle-bubble 

impact behaviour 

Early thinning 

behaviour 

Late thinning 

behaviour 

0.065 and 0.26 <cac Bubble-burst Bead-on-a-string Bead-on-a-string 

   

≈cac Self-Healing Uniform filament Blob 

  

 

 Self-Healing Uniform filament Uniform filament 

≥cac 

   

0.52 and 1.0 

 

 

<cac Particle capture Uniform filament Blob 

 

   

≈cac Self-Healing Uniform filament Blob 

  

 

  

≥cac Self-Healing Uniform filament Long-lived filament 

 
  

Figure 7-2: Thinning behaviour verses particle-bubble impact behaviour of HPMC 

solution at different SDS levels. 

 

The onset and duration of these bead-on-a-string, blob and long-lived filament formation 

varied at different ratios of HPMC and SDS. High speed images of thinning behaviour of 

the bubble solutions of 1.0% (w/v) HPMC with 5 levels of SDS in an acoustically driven 

microfluidic rheometer, at different time intervals are shown in Figure 7-3 (a)-(d). Bubble 

solutions comprised of HPMC and water without SDS showed a step-by-step yielding of 
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the filament as it shifted from side to side and ultimately appeared to "snap" as can be 

seen in the Figure 7-3 (a). For all HPMC solutions studied with SDS concentration range 

≤1.12 mM L-1, a beads-on-a-string-like structure appeared along the filament, as shown 

in Figure 7-3 (b). For all HPMC solutions (with the exception of 0.065% (w/v)), with 

SDS concentration approaching cac, 2.25 mM L-1, a blob-like structure appears which 

quickly leaves the long lived thin filament, as shown in Figure 7.3 (c). For SDS 

concentration beyond cac in HPMC solutions (0.26% (w/v), 0.52% (w/v) and 1.0% (w/v)) 

(4.5 and 9 mML-1 SDS), the blob formation was not present as the long lived filament is 

left to thin without any beads-on-a-string ever appearing, except for 0.065% (w/v) HPMC 

solution.  

The lack of beads-on-a-string behaviour is unexpected for low viscous aqueous fluids but 

common place for thick fluids (Arnolds, Buggisch, Sachsenheimer, & Willenbacher, 

2010; Fang & Bhandari, 2011). This series of phenomena is replicated in the 3 lower 

HPMC concentrations, 0.065% (w/v), 0.260% (w/v) and 0.520% (w/v), which are 

indisputably low-viscosity (< 70 mPa.s) solutions. Inertia and elasticity are reported to be 

the primary cause of the beads-on-a-string phenomenon in uniaxial extensional flows. 

Rod et al.(2005) reported the capillary thinning of low viscosity fluids (η < 0.070 Pa.s) 

to be predominantly inertio-capillary in nature. High elongational deformation rates are 

attained due to a faster pinch-off process leading to the dominance of capillary forces 

over viscous forces. At such high elongational deformation rates, inertial stresses 

dominate over visco-capillary and elasto-capillary stresses, resulting in the beads-on-a-

string structure.  

As can be seen in Figure 7-3 (a)-(d), the liquid bridge of pure HPMC-water solution thins 

rapidly and ruptures within 301 ms. Addition of SDS to the HPMC-water solutions 
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retards initial thinning dynamics probably due to mixed micelles of HPMC and SDS 

formed beyond cac, which increase intra-molecular association (for lower HPMC 

concentrations) and intermolecular associations (for higher HPMC solutions). The onset 

of axially uniform elastic filament formation before final breakup was delayed with 

increasing SDS concentrations in the HPMC-water solution. For example, for a HPMC-

water solution without SDS, the onset of axially uniform filament formation is at 242 

ms as shown in Figure 7-3 (a). With addition of 1.12 mM L-1 SDS, this values shifted to 

275 ms, as shown in Figure 7-3 (b). Dong et al. (2009) reported a delay in the thinning of 

a foam film comprising hydrophobically modified cellulose and sodium dodecyl 

polyoxyethyl sulphate (HPMC-AES) aggregates and enhanced foam stability. This delay 

in thinning may be attributed to structure formation in the film which can hold water 

molecules.  

This finding supports the self-healing phenomenon during particle-bubble impact studies. 

It seems reasonable that after particle impact the bubble film extends leading to film 

thinning and drainage due to squeezing the water layer between surfactant-polymer 

bilayers. As a particle penetrates within 5 ms after impact with particle, a self-healing 

phenomenon might be expected if there is delay in thinning and film break-up, akin to 

delay in filament thinning and break-up. 
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Time (ms) 3 84 242.5 275 289 300 301 

a - 0 mM L-1 

SDS 

       

Time (ms) 100 275 300 327.5 355 358.5 359 

b -1.12 mM L-1  

SDS 

       
Time (ms) 3 84 275 327.5 375 387.5 388 

c-2.25 mM L-1 

SDS 

       
Time (ms) 275 375 450 500 621 646 647.5 

d - 9 mM L-1  

SDS 

       
Figure 7-3: Filament thinning behaviour of bubble solution, (a) HPMC-1.0% (w/v)-0 mM L-1 SDS, (b) HPMC-1.0% (w/v)-1.12 mM L-1 SDS, (c) 

HPMC-1.0% (w/v)-2.25 mM L-1 SDS, (d) HPMC-1.0% (w/v)-9 mM L-1 SDS. The number over each image shows the time from the start of the thinning. 
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7.3.2 Proposed molecular association in the film vs. impact behaviour 

The addition of the SDS to the HPMC-water solution did indeed increase the survival 

time of the filament. This qualitative observation was found useful and it was predicted 

that the bubbles from solution with higher filament survival times could ‘survive’ a 

particle impact and penetration longer. To understand this observation completely, a 

molecular approach based on polymer-surfactant complexation theory and ‘sea and 

island’ model as discussed in chapters 5 & 6 were employed. Based on this theory the 

following hypothesis was proposed to explain the bead-on-a-string, blob and long-lived 

filament formation during the thinning of HPMC and HPMC-SDS solutions: 

In a dilute HPMC-water solution the polymer molecules might be expected to exist as 

singular entities with a particular radius of hydration as shown in the Figure 7-4 as a 

dotted circle around a polymer chain in solution. Note the existence of discrete clusters 

of entangled HPMC molecules but absence of a network extending throughout the 

solution. When this solution thins under gravity and capillary action, beads-on-a-string 

structures appear. The appearance of these beads-on-a-string structures before break-up 

could be attributed to single or multiple entangled HPMC molecules. However, when a 

particle impacts with a bubble obtained from these same solutions the bubble burst 

phenomenon is observed possibly due to a ‘discontinuous’ film where polymer molecules 

exists as singular entities. These discontinuous structures break relatively easily and 

quickly when an extensional force was applied due to film stretching. Figure 7-5 shows 

the particle-bubble impact behaviour and corresponding molecular structure of the bubble 

film.  
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When SDS concentration less than cac is added (0.55-1.12 mM L-1) to the HPMC 

solution, the SDS molecules interact singularly with the hydrophobic propyl group of the 

HPMC molecules via secondary interactions. As the concentration of the SDS in the 

polymer solution increases, near cac (1.12-2.25 mM L-1), SDS molecules form aggregates 

with the hydrophobic propyl group of the HPMC and form mixed aggregates making the 

HPMC polymer entangled chain ‘swollen’. When this solution thins, a ‘blob’ appears on 

the string before the filament breaks as shown in the Figure 7-4 (b). The size of the blob 

appears bigger than the beads in the extensional viscosity measurement experiments 

probably because of the ‘swelling’ of the HPMC entangled molecules through interaction 

with SDS molecules. When the concentration of SDS increases further in the HPMC 

solution, (2.25-9 mML-1), mixed micelles of HPMC with SDS probably form. During 

thinning, the SDS micelles work as ‘bearing’ between two fully expanded HPMC 

molecules and promote inter-molecular movement and hence filament formation.  The 

schematic is shown in Figure 7-4 (c). The bubble obtained from these solutions shows a 

self-healing behaviour upon particle impact.  
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Figure 7-4: Schematics of HPMC-SDS molecular interactions in solutions, (a) without 

SDS, (b) with low to intermediate concentration of SDS tested (0.55-1.12 mM L-1), and 

(d) with concentration slightly greater than the critical micelle concentration of SDS 

tested (9 mM L-1) and corresponding thinning behaviour between two plates of 

extensional viscometer. 

 

The sea and island model can also be employed to understand possible structure transition 

of HPMC-SDS bubble solution. HPMC solution with intermediate SDS concentration, 

<cac, the solution may exist and thin as either in a sea of HPMC-SDS aggregate with 

SDS island or in a sea of SDS with HPMC-SDS island, as discussed in chapter 6. 

Thinning of a bubble solution with former structure may result in a ‘blob’ like structure 

before final break-up, possibly due to formation of HPMC-SDS Island.    

Figure 7-5 shows the particle-bubble impact behaviour and corresponding thinning, and 

molecular structure of the bubble film. 
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Figure 7-5: Particle-bubble impact behaviour and corresponding thinning, and 

molecular structure of the bubble film. 

 

As bubble film bursting upon particle impact is predominantly due to extensional flow, 

investigation of the extensional viscosity of the bubble solution was important.  

7.3.3 Extensional viscosity measurements of bubble solutions 

Generally, the extensional viscosity of a Newtonian solution is three times its shear 

viscosity and independent of the extension rate whereas the extensional viscosity of a 

non-Newtonian fluid like polymer solution can be greater than three times and its value 

depends upon the extension rate (Christanti & Walker, 2001).   

The extensional viscosities measured for the HPMC solutions at different SDS 

concentrations are shown in Figure 7-6. All HPMC concentrations studied show a sharp 

decrease in extensional viscosity with SDS added to them. Lower HPMC solutions 

(0.065% (w/v) and 0.26% (w/v)) showed a decrease in extensional viscosity with 

minimum values at 2.25 mM L-1 and plateaued after 2.25 mM L-1 SDS. Intermediate and 

higher HPMC concentrations (0.52% (w/v) and 1.0% (w/v)) showed minimum 
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extensional viscosity at 2.25 mM L-1 SDS and then increases with more SDS added 

showing maximum extensional viscosity at 9 mM L-1. Good theoretical understanding of 

the minimum extensional values close to the cac has been developed by others (Torres, 

Müller, Szidarovszky, & Sáez, 2008). At dilute-HPMC concentration, close to the cac, 

SDS molecules start to bind to hydrophobes (hydroxypropyl and methyl groups) of 

HPMC molecules and form mixed micelles. At these low concentrations of HPMC, inter-

molecular micellisation is not favoured and two hydrophobes of the same molecules can 

be utilised by SDS for micellisation. This leads to shrinkage of HPMC molecule and 

reduction in viscosity. 

 

Figure 7-6: Extensional viscosity as a function of SDS concentration for HPMC 

solutions. 

 

For intermediate HPMC solutions, once the cac is reached, SDS forms micelles with 

HPMC molecules. These micelles could be shared by two or more available HPMC 

molecules leading to a three-dimensional network. These three-dimensional network and 
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intermolecular interactions due to SDS, leads to weak gel formation and hence an increase 

the viscosity of the solution. 

The slopes of the extensional viscosity decrease for intermediate and higher HPMC 

solutions (0.52% (w/v) and 1.0% (w/v)) are steeper than for (0.065% (w/v) and 0.26% 

(w/v)) HPMC concentrations. This could be due to a change in the cac values of SDS 

with changing HPMC concentration. As HPMC concentration increases the cac of SDS 

decreases. 

 

The extensional viscosity data at the final stages of filament thinning are shown in Figures 

7-7 (a)-(d). For lower and intermediate HPMC concentrations (0.26% (w/v) and 0.52% 

(w/v)), Figure 7-7 (b) and 7-7 (c), solutions with 9 mM L-1 SDS had higher extensional 

viscosities than their SDS-free counterparts. The reason for this could be the network 

formation and swelling of polymer due to inter-polymer HPMC network formation shared 

with SDS micelles. At the highest HPMC concentration (1.0% (w/v)), the extensional 

viscosity of SDS-free solution exceeded that with 9 mM L-1 SDS concentration. This 

could be attributed to the formation of free SDS micelles in the HPMC solution at higher 

SDS concentration which may acts like a ‘ball-bearing’ among HPMC and HPMC-SDS 

complex, facilitating smooth extensional movements resulting in lower extensional 

viscosities than HPMC without SDS. 

The shapes of extensional viscosity with strain curves were different for HPMC solutions 

with SDS concentration below and above the cac. HPMC solutions with SDS 

concentrations above cac appeared to have steadier extensional viscosities than ones with 

SDS concentration below cac, which show strain-hardening. This behaviour can be 

understood on the basis of dynamics of making and breaking of polymer-surfactant 
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complexes above cac. It is well known that polymer-surfactant networks constantly break 

down and reform (in the order of Milliseconds) under shear-force (Akay et al., 2013). 

This may allow a polymer-surfactant network to break and reform easily as opposed to 

the polymer stretching which may result in permanent rupture and reduced or delayed 

strain-hardening. Also, as hypothesised in Figure 7-4, at higher SDS concentrations, 

mixed micelle formation between SDS and HPMC molecules may cause an expansion of 

the polymer chain into rod-like conformations delaying or reducing strain-hardening 

under extensional flows. This disappearance or delayed strain-hardening above cac of 

SDS in HPMC-SDS solution can be used to explain particle-bubble impact behaviour. 

When a particle impacts a bubble film of HPMC and HPMC-SDS solution, it stretches 

the film; the solutions which showed stain-hardening during extensional viscosity 

measurements resulted in either bubble burst at higher particle impact velocities and 

lower HPMC concentration in bubble film, or particle capture, at lower particle impact 

velocities and higher HPMC concentration in bubble film. 

In lower (dilute) HPMC concentration (0.065% (w/v)), there is a gradual decrease in 

extensional viscosity and strain-hardening with increasing SDS concentration. The reason 

is explained above. For the two intermediate HPMC concentrations (0.26% (w/v) and 

0.52% (w/v)), extensional viscosities first decreased until 4.5 mM L-1 SDS then increased 

for 9 mM L-1 SDS concentrations even greater than their SDS-free counterpart, probably 

due to stress contributions of polymer-surfactant swelling and networking. For the highest 

HPMC concentration, 1.0% (w/v), with the highest SDS concentration, 9 mM L-1, 

extensional viscosity was found to be lower than to its SDS-free counterpart. This 

behaviour can be attributed to the reduced availability of SDS molecules at elevated 

concentrations of HPMC to form mixed micelles. 
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Figure 7-7: Extensional viscosities of HPMC-water solutions at different strains with 

different level of SDS concentrations: (a) 0.065% (w/v), (b) 0.26% (w/v), (c) 0.52% (w/v) 

and (d) 1.0% (w/v). 

 

Figure 7-8 summarises the outcomes from particle-bubble impact behaviour, 

corresponding thinning behaviour of HPMC-SDS solutions, schematics of extensional 

flow and hypothetical molecular-level association between HPMC and SDS, below cac, 

at cac and above cac of SDS. 
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Figure 7-8: Particle-bubble impact behaviour, visual extensional flow behaviour, 

schematic graphical extensional flow behaviour and schematic molecular-level 

association at SDS concentrations, <cac, at cac and >cac. 

 

7.4 CONCLUSIONS 

The role of extensional viscosity on the particle-bubble impact behaviour was studied 

using an acoustically driven extensional rheometer. It was shown that the extensional 

viscosity of the solution correlates well with particle-bubble impact behaviour and can be 

used to predict particle-bubble impact outcomes. The solution without SDS shows bead-

on-a-string and stain-hardening phenomena, these phenomena are related to stress 

concentration upon stretching. Bubbles obtained from these solutions resulted in bubble-

burst when a particle impacted with them as discussed in Chapter 6. The solutions with 

SDS beyond cac do not show strain-hardening or very mild strain-hardening at higher 

stains; bubbles from these solutions give self-healing phenomenon.  

Previous and current chapters described the hypothesis testing of particle coating using 

foams, the building of a single particle-bubble impact apparatus, physical characterisation 

of bubble solutions and particle systems, particle-bubble impact studies, qualitative 
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molecular-level explanation of particle-bubble impact behaviour and extensional 

viscosity studies of bubble solutions. It was possible to explain boundary conditions of 

different outcomes of single particle-bubble impact behaviour. These studies warranted 

the need to develop an understanding of the coating quality of bubble coated particles 

which is the main objective of the next chapter. 
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CHAPTER 8  BUBBLE COATED SINGLE PARTICLE 

CHARACTERISATION 

 

8.1 INTRODUCTION 

Chapter 7 discusses the importance of extensional viscosity of a solution in controlling 

and predicting particle-bubble impact behaviour and hence bubble film coating quality 

and efficiency. Coating uniformity, thickness, film-particle adhesion and surface 

topography are important coating quality attributes. An inhomogeneous coating may lead 

to uneven release of encapsulated material and inconsistent protection of oxygen sensitive 

materials.  

Self-healing results in maximum coating or complete wrapping of particle by bubble film. 

The assessment of coating quality is of paramount importance to establish the bubble 

coating method as an alternative to existing droplet based particle coating methods. The 

main aims of this chapter are to: 

 Measure load per bubble-particle impact (∆w) using a gravimetric method, and 

 Assess surface topography of the coated particles using SEM. 

8.2 EXPERIMENTAL  

8.2.1 Materials 

Glass particles of 1.0, 2.0 and 3.0 mm diameter and Cellulose Acetate phthalate particles 

if 0.8 mm diameter (Cospheric, Santa Barbara, USA) were used. Selected aqueous 

solutions of HPMC and sodium dodecyl sulphate as used in the particle-bubble impact 

study reported in chapter 6, sodium caseinate (NaCAS) as discussed in section 3.2.1 and 

PEO (Sigma-Aldrich, New Zealand) was used to generate single bubbles.  
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8.2.2 Methods 

8.2.2.1 Particle-bubble contact 

The single bubble was generated at the top of the nozzle of the experimental apparatus 

and a particle with a diameter of 1, 2 or 3 mm were dropped with an impact velocity of 

0.9 m/s. The film coated particles were collected on a smooth dish fixed beneath the 

bubble nozzle. The smooth dish with particles was transferred into a hot air oven at 45°C 

and the particles were dried for an hour. The particles were collected and analysed for 

theoretical coating thickness from weight gain and surface structure examined using 

scanning electron microscope.  

8.2.2.2 Theoretical coating thickness calculations 

Theoretical coating thickness were calculated by using formula derived by Dewenttinck 

et al. (1998) and then Depypere et al. (2009) as given in Equation (8-1) 

 

dc =  rp [(1 +  
ρp .Mc

ρcMp
)

1
3⁄

− 1]                                                                                     8-1 

 

where 𝑀𝑐  and 𝜌𝑐 are the dry coating materials mass and density respectively deposited 

to the powder mass  𝑀𝑝 and density 𝜌𝑝 . All particles are assumed to be spherical with 

radius 𝑟𝑝. The coating is considered to be uniform with thickness 𝑑𝑐 . 

8.2.2.3 Surface structure studies using SEM 

Aqueous bubbles of HPMC-SDS, NaCAS, NaCAS-SDS and NaCAS-SDS-Polyethylene 

oxide (PEO) were used to coat the glass particles of 1 mm diameter using method 

described in section 8.2.2.1 and the surface topography of these particles were 

investigated using SEM in secondary electron mode at 4 different magnifications.    
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8.3 RESULTS AND DISCUSSION 

8.3.1 Weight gain and coating thickness 

A particle impacted with a bubble and oven dried showed a significant weight gain. Five 

to fifty spherical glass particles of 1, 2 and 3 mm diameter were impacted with HPMC-

1.0% (w/v)-9 mM L-1 SDS bubbles in separate events, dried and weighed. A graph 

between particle weight gain and number of particles is shown in Figure 8-1. It should be 

noted here that each particle-bubble impact resulted in the bubble film wrapping around 

particle more than once, as the particle crosses the top of the bubble and then bottom of 

the bubble. However, this measured weight gain (for 1 mm particle, 150 µg) was found 

to be higher than calculated dry mass in a 6 mm bubble (  ̴20 µg) (Appendix 104). This 

suggests the drying was not sufficient to remove the moisture completely from the bubble 

coated particles.  

As can be seen in the Figure 8-1, with increasing particle diameter, average weight gain 

is increasing which is apparently due to the fact that with increasing particle diameter 

hence particle surface area, the surface area of contact between particle and bubble 

increases resulting in an increase in the transfer of film material on particle. 
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Figure 8-1: Total weight of uncoated and coated 1,2 and 3 mm diameter particles with 

HPMC-1.0% (w/v)-9 mM L-1 SDS bubbles. 

  

Here it is important to discuss and compare the work related to coating of a single particle 

using droplets by other authors (Link & Schlünder, 1997; Panda, Zank, & Martin, 2001; 

Ström et al., 2005). Strom et al. (2005) developed a device for coating single particles 

under controlled conditions. The device comprised of a coating chamber that contains a 

capillary tube for levitating a particle, a micro-dispenser for producing discrete droplets 

of controlled frequency, size and velocity, and a gas supply system that provides gas at a 

specified temperature and humidity. They use cellulose family coating material, 

Hydroxypropyl cellulose (0.5-1.0% (w/v), viscosity, µ = 2.3-9.4 mPa.s and surface 

tension, σ = 42.8-44.5 mN/m) to make droplets of  ̴ 50 µm. Figure 8-2 shows the amount 

of coating materials deposited over a 1.2 mm glass particle in the coating chamber. This 

graph was plotted from the article by Storm et al. (Ström et al., 2005) 
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Figure 8-2:  Number of droplet-particle impacts vs. amount of coating deposited in a 

droplet based particle coating system. This graph is reproduced from (Ström et al., 2005). 
  

As can be seen from Figure 8-1 and Figure 8-2, a bubble based coating can deposit 150 

µg of coating materials on the particle in a single particle-bubble contact whereas for 

droplet based coating system, ̴ 240,000 droplets of 50 µm is needed to deposit 115 µg of 

coating materials. This apparently suggest higher fractional coating per bubble film 

particle interaction over existing droplet based particle coating method.  

Figure 8-3 shows the corresponding estimated coating film thickness using eq. 8-1. 

Average coating thickness appears to decrease with increasing particle diameter. There 

could be two possible reasons: 

(i) A particle with 1 mm diameter crosses the bubble twice collecting more film 

materials, 

(ii) A particle with 2 mm diameter could not cross the bubble twice during particle-

bubble impact hence couldn’t collect as much film material as 1 mm diameter 

particle. 
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Particles with 3 mm diameter couldn’t penetrate the bubble completely, this might have 

left 3 mm particle partially coated leading to relatively less transfer of film materials.  

 

Figure 8-3: Coating thickness per particle-bubble contact for 1, 2 and 3 mm diameter 

particles. 

 

8.3.2 Scanning electron microscopic studies of bubble coated particles 

8.3.2.1 Surface topography of bubble film coated particles 

Figure 8-4 shows the surface topography of (a) uncoated glass particle, (b) HPMC-SDS 

bubble film coated glass particle and (c) Hydroxypropyl cellulose droplet coated glass 

particle. As can be seen in the Figure 8-4 (b) and (c) the bubble film coating renders 

smooth coating over particle than the droplet based coating. Although in droplet based 

coating process, coating formulation and drying conditions can be manipulated to achieve 

more or less smooth coating, in the bubble-film coating process, as a ready-made film 

wraps around particle, which gives smoother coating on the particle. Smoother hence 

homogeneous coating is essential to achieve particle properties related to protecting labile 

compounds and for better physical properties like flowability. 
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(a) Uncoated glass particle (b) Bubble film coated 

glass particle 

(c) Droplet coated glass 

particle 

  

 

Figure 8-4: (a) Uncoated glass particle, (b) HPMC-SDS bubble film coated glass particle 

and (c) Hydroxypropyl cellulose (HPC) droplet coated glass particle. The SEM image of 

the HPC droplet coated glass particle was reprinted from (Ström et al., 2005).  

 

The film thickness of the coated particle can be measured by imaging the cross-sectioned 

particle using SEM in backscatter mode. The different phases of coated particles, in this 

case, particle material and coating material can be differentiated using backscatter mode 

in SEM imaging. The glass particles used throughout this thesis can not be cross-

sectioned hence cellulose acetate phthalate (CAP) particles were coated by bubbles in a 

similar way as glass particles and then embedded into resin before being cross-sectioned 

into two halves and visualised under SEM at different magnification. The SEM images 

of cross-sectioned coated CAP particles of 800 micron diameter are shown in Figure 8-5 

at two different magnifications. The coating thickness of the HPMC coated cellulose 

acetate phthalate particles was measured to be ̴ 5 microns. 
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Figure 8-5: Backscattered electron mode SEM images of transversal cross-section of 

HPMC coated Cellulose Acetate Phthalate particle. 

 

The coating on glass particles coated by different coating materials; HPMC, NaCAS and 

NaCAS with SDS and Polyethylene glycol, using bubble film coating method were cut 

by a sharp blade and seen under SEM. These images are shown in Figures 8-6 (a)-(d). 

The coated particles were cut down to the glass surface. Figure 8-6 (a) shows the image 

of HPMC-SDS coated glass surface. The coating surfaces were seen to be smooth. The 

surface of the glass particles coated using NaCAS were seen to be rough as can be seen 

in Figure 8-6 (b). The surface structures of the NaCAS with SDS and NaCAS, SDS with 

PEG bubble coated particle have smoother surface as shown in Figures 8-7 (c) and (d). 

This suggest plasticizers, like PEG, influence the quality of bubble film coated particle 

similar to the droplet coated particles. 
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Figure 8-6: Edge morphology of (a) HPMC-SDS, (b) NaCAS, (c) NaCAS-SDS and (d) 

NaCAS-PEG-SDS bubble coated 1 mm diameter glass particle. 

 

The HPMC bubble film coated rough glass particles were scratched using a sharp blade 

to ensure the presence of coating on it as shown in Figure 8-7. Delaminated coating film 

flakes are visible in Figures 8-7 (b), (c) and (d) supports the presence on thin film on the 

particle after impacting with bubble. 
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Figure 8-7: Uncoated and HPMC bubble film coated porous glass particle. 

 

8.4 CONCLUSIONS  

It was shown that the bubble-film coating method provide high fractional coating per film 

particle interaction and can deposit a continuous coating onto particles. The topography 

of the bubble coated particles was compared with the topography of particles coated using 

droplet based coated methods available in the literature. It was seen that the bubble-film 

coating method provides smoother and coating. Cross-sectional images of bubble-film 

coated soft Cellulose Acetate Phthalate particles showed that the bubble-film coating 

method provides continuous coating around particle. The surface structure of the bubble-

film coated particles from HPMC and NaCAS were different. HPMC films seem smooth 

whereas the NaCAS films coated particles exhibited rougher surface.  

The existence of film around the rough surface of a glass particle coated by the bubble-

film coating method was also seen by imaging bubble-film coated particles by scanning 

electron microscope.  
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In this chapter, bubble formulation showing self-healing behaviour upon particle impact 

were selected, a future work could be using a range of bubble solutions showing particle 

slide-off, particle capture and bubble burst and exploring how different particle-bubble 

impact behaviour translates into particle coating efficiency and quality. 

Previous and current chapters described in this thesis suggest that a particle can be 

uniformly coated through controlled contact with a bubble or a foam. This sets the scene 

to conceptualise industrial-scale apparatus. The next chapter discusses recommendations 

for designing industrial-scale equipment for particle coating using bubbles. 

 

 

 

  



Chapter 8 Bubble Coated Single Particle Characterisation 

230 

 

 



Chapter 9 Recommendations for Industrial-Scale Coating Using Bubbles 

231 

 

CHAPTER 9  RECOMMENDATIONS FOR INDUSTRIAL-SCALE 

COATING USING BUBBLES 

 

9.1 INTRODUCTION 

Chapter 8 explores the pay-load per particle-bubble impact and coating quality (thickness 

and surface topography) of the bubble coated particles. This chapter integrates the 

findings of this thesis to select formulation and operation conditions of particle coating 

using foam or bubbles and propose a conceptual industrial-scale particle coater using 

bubbles. The main aims of this chapter were to: 

 Propose a conceptual industrial-scale particle coater using bubbles based on the 

findings from the single particle-bubble impact studies. 

 Envisage micro-level processes involved during particle coating using bubbles in 

the industrial-scale coater. 

 Propose formulation and process related guidelines based on the findings of this 

thesis and conceptual industrial-scale coating. 

9.2 CONCEPTUAL INDUSTRIAL-SCALE COATER 

An industrial-scale particle coater is envisaged with the key micro-level processes 

involved during particle coating. An initial stage of brainstorming suggested a cloud or 

sheet of moving bubbles in air need to contact a curtain of falling particles and then the 

bubble film-treated particles need to be fluidised in hot air to dry them to get coated 

particles. Detailed engineering calculation is required to design and propose the 

dimension of this coater but that is beyond the scope of this thesis.  
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9.2.1 Operating principles 

The basic principles of particle coating using bubbles in the conceptual industrial-scale 

coater may comprise of generation of individual bubbles and conditioning them to 

enhance ‘stickiness’ before they impact with particles of a ‘powder curtain’. The bubbles 

may consist of solutes (polymer, polysaccharides, surfactant, plasticisers) which act as 

coating medium and solvent in which the solute is dissolved. Particle-bubble impact 

occurs to transfer bubble film onto the particle surface. The fluidisation hot air evaporates 

the solvent and leaves a dry layer of solute over the particle, resulting in bubble coated 

particles. 

The following sections describe in detail the bubble generator, particle disperser and 

fluidisation chamber and operating principles of the conceptual industrial-scale particle 

coater, but description here are qualitative. 

9.2.2 Bubble generator 

Bubbles or foam may be generated by supplying air and bubble solution from the inner 

side of a closed drum rotating on a vertical axis as shown in Figure 9-1. The rotation of 

the cylinder may provide centrifugal force to detach the bubble from the bubble nozzles 

(orifices) around rotating drum. Air to liquid flow rate, foaming behaviour of the coating 

formulation and rotation speed of the drum are key variables that affects the bubble 

quality (number of bubbles per unit time, bubble film thickness, diameter) which 

influence particle coating attributes such as film thickness, payload and coating coverage. 

In a bubble based film coating system, the particle-bubble contact is required and 

optimum wrapping/painting by bubble film is desired.  

The following questions should be asked related to bubble generation: 
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 How does the bubble diameter vary with viscosity of the solution, rotating speed 

of the drum and rupture at which the air is supplied? 

 How does the bubble diameter relate with the liquid to air flow rates to make 

foam? 

 How does the bubble diameter relate to the bubble nozzle or orifice diameter in 

the rotating drum? 

 How does the frequency of bubble formation vary with rotation speed of the 

bubble generation drum? 

 How does the film thickness vary with rotation speed of the drum, viscosity of the 

solution and nozzle or orifice diameter? 

The answers of these questions will enhance understanding of bubble generation hence 

better control on them. An individual coater could be equipped with multiple drums which 

can be switched to suit the coating solution. 

9.2.3 Particle disperser  

One of the several challenges of conceptualizing this industrial-scale coater was to get a 

particle curtain without affecting the bubble generation. A particle dispenser may be fixed 

co-axially above the rotating drum bubble generator to make a continuous circular falling 

particle curtain. This disperser may be based upon a flour mill concept where two discs 

(one fixed and one rotating) with curved grooves in opposite direction are used. A particle 

chute mounted above the upper fixed disc will supply the particles and the lower rotating 

disc will bring the particle towards the edge through grooves. The particle will fall out 

when two grooves of the upper and the lower discs meets to form an outlet. Discharge 
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could be controlled by changing the lower disc spin speed. The schematic is shown in 

Figure 9-1. Following question should be answered to get optimum coating performance: 

 Does the rotation of the upper disc above lower disc have any influence on particle 

morphology? 

 How does position and speed of the particle curtain depend on the rotation speed, 

particle diameter and rotating disc diameter? 

 What is the optimum ratio of the particle and bubble volume to get maximum 

particle coated without agglomeration due to excess film deposition per particle? 

 What range of vertical distance should be provided between bubble generating 

drum and particle disperser to ensure the particle to attain critical velocity required 

to penetrate the bubble films?  

9.2.4 Coated particle fluidisation for drying  

Particle fluidisation during drying is important in getting coated particles without excess 

agglomeration. Following set of question should get answered to optimise coating 

performance: 

 What superficial velocity of air is needed to fluidise the coated particles and to 

elutriate unattached coating film material? 

 What mass air flow rate is required to achieve drying? 

 What temperature around bubble generating drum is needed to ‘condition’ the 

bubble film? 
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 What should be the temperature of hot fluidisation air to dry a wet coated particle 

in a particular time during fluidisation?  

 What height of the drying chamber is required at particular temperature to dry a 

bubble coated particle? 

 How will the superficial velocity of air above the fluid bed but in the vicinity of 

the bubble cloud be controlled? (to avoid bubbles and particles being carried 

vertically). 

The following general set of questions should be answered during setting formulation 

and operating conditions for industrial-scale particle coating using foam: 

 What is the desired film thickness?  

 What is the optimum bubble size to particle size ratio range? 

 What coverage of the particle is possible? 

 How does coverage vary with particle to bubble size ratio? 

 How does bubble thickness change during stretching around particle to coat them? 

 How much is deposited per particle bubble impact?  

 How does this vary as the particle size varies, or as the bubble size varies?  
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Figure 9-1: Conceptual industrial-scale powder coater using bubbles. 

 

9.3 MICRO-LEVEL PROCESS IDENTIFICATION 

Micro-level processes of particle coating using bubble in conceptual industrial-scale 

coating were idetified based on the approach discussed by Werner et al. (2007) and shown 

schematically in Figure 9-2. The micro-level processes during particle coating using 

bubbles in the conceptual industrial-scale coater can be envisaged based on tracking the 

life-cycle of a single particle impacting a single bubble.  
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A particle drops though the particle dispenser and accelerated towards terminal velocity. 

At the same time the bubble generator ejects bubbles. Detachment of bubble from the 

orifice at which it was generated depends on pressure, collisions and centrifugal forces 

with surface energy effect. The initial tangential velocity of the ejected bubbles depends 

upon the bubble diameter and drum rotation speed. The initial velocity of the bubble may 

be high (needed to dispatch bubble from bubble nozzles) but may decelarate quickly to 

attain the air velocity withing the drying chamber. During and after this bubble 

deceleration, the temperature of the drying chamber may play a role in ‘conditioning’ the 

bubble before it impacts with falling particles. A particle-bubble impact may lead to four 

outcomes: particle capture or bubble burst or slide-off or self-healing bubble as identified 

in the particle-bubble impact studies in chapter 6 of this thesis. The schematic of the 

possible outcomes in indutrial-scale coater is shown in Figure 9-2. This conditioning may 

have an impact on particle-bubble impact outcomes. Conditioning of the bubble may lead 

to adherence of the bubble to the particle which may lead to self-healing (more coating 

per particle-bubble impact). Poor conditioning of the bubble before particle impact may 

lead to particle slide-off. Self-healing results in complete continuous coating around 

particle where bubble burst, particle capture or particle slide-off may result in incomplete 

wrapping of particle.  

Drying of the particle having fractional or complete bubble coating increases the viscosity 

of the bubble film around particle and passes through its glass transition temperature 

exhibiting first a ‘rubbery’ character and then ‘glassy’ character. This glassy character 

ensures no stickiness, provided the temperature and moisture is kept below glass 

transition temperature. This control is very important to avoid agglomeration during 

particle coating using bubbles. 
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Figure 9-2: Conceptual micro-scale phenomena occurring in conceptual rotating drum-

based industrial-scale particle coater. 

 

9.4 CONCLUSIONS AND RECOMMENDATIONS 

The science of the particle coating using bubbles was investigated through single particle 

and bubble impacts and a conceptual industrial-scale particle coater using bubbles was 

proposed. The basic question required to be answered during designing industrial-scale 

coater were also discussed. However, due to limited time, designing and commissioning 

of industrial-scale coater couldn’t be performed. Future work on designing an industrial-

scale coater with greater flexibility to test the findings of this study at the lab and pilot-

scale is required. 

The future work should consider calculating air velocities to elutriate unbound film 

materials; drying time; particle and bubble population densities to maximise particle-

bubble impact frequencies but minimise agglomeration. Control of air velocities at many 

points will be critical. 
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The studies described in the previous and current chapters suggest that particle coating 

using bubble is possible and proposes a conceptual design of industrial-scale particle 

coater using bubbles. Possible questions to be answered to design the particle coater were 

raised. Recommendations for future work are discussed in the next chapter. 
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CHAPTER 10  CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE WORK 

 

10.1 GENERAL CONCLUSIONS  

This thesis proposes a new method of particle coating using foams or bubbles. A 

conceptual micro-level process approach was carried out to deconvolute complex particle 

coating processes using foams or bubbles into smaller manageable parts to understand 

through carefully planned experiments and to seek guidance from literature. Impact of a 

single particle with a single bubble in the air was found to be useful in understanding 

particle coating by foam and aids the design process for an industrial-scale coater 

reducing the need for large experimental studies.  

Four distinct behaviours were observed when a single particle impacted with a single 

bubble in air: particle capture, particle slide-off, bubble burst and bubble self-healing. All 

behaviours observed facilitate particle coating to some degree. Bubble formulation was 

shown to influence the particle-bubble impact behaviour significantly. A combination of 

polymer and surfactant which can associate in solution appears preferable to either pure 

polymer or pure surfactant solution for particle coating using foams or bubbles. 

Observations were consistent with surfactant forming mixed aggregates or micelles with 

polymer in solutions beyond a critical concentration called cac. The polymer bubble 

solutions with surfactant concentration above cac resulted in the self-healing 

phenomenon when a particle impacted them above a critical impact velocity. Self-healing 

provided an efficient and continuous coating over a particle. Hence, the ideal coating 

formulation was shown in this work to be a polymer bubble solution with surfactant 

concentration levels above cac. Experimental conditions responsible for different 
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particle-bubble impact behaviour were optimised and an explanation of different particle-

bubble impact behaviour were proposed. 

Particle-bubble impact behaviour can be controlled based on bubble formulations and 

particle impact velocity. Self-healing behaviour was obtained for rough, cylindrical and 

smooth spherical particles with a polymer bubble with surfactant level above cac. This 

means particle coating using bubbles could provide the basis of a useful and efficient 

process for powders and particulates. 

A deeper understanding was developed for different particle-bubble impact behaviour. 

Polymer-surfactant complexation theory could be used to explain these behaviours at the 

molecule-level. Extensional flows of the same bubble solutions were studied using an 

acoustically driven microfluidic rheometer to probe the influence of extensional viscosity 

on particle-bubble impact behaviour. Solutions with a surfactant concentration lower than 

cac resulted in bead-on-string structure and stain-hardening behaviour as a result of 

thinning. The bubbles from these solutions resulted in either bubble burst at higher 

particle impact velocities or particle capture at lower particle impact velocities, but not 

the desirable self-healing behaviour. The solutions with surfactant concentration above 

cac resulted in delayed or reduced strain-hardening and long-lived filament as a result of 

thinning between two plates of rheometer rig. The bubbles from these solutions survived 

particle impact and resulted in self-healing. 

Bubble coated particles were characterised for coating film thickness based on mass gain 

per particle bubble impact. Surface topography of the bubble coated particles was 

investigated using SEM and compared with droplet based coating from literature. It was 

shown that the mass load per bubble particle contact is more than the droplet-particle 

contact and coating is smoother and continuous than droplet based coating technique.  
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Recommendations for bubble or foam based particle coating were made and a tentative 

design for industrial-scale coater were proposed. 

The results here use scientific principles to assess a proposed new particle coating method 

using foams or bubbles. The results are phenomenological meaning they are not material 

or apparatus specific and hence are directly useful to industrial scale processing.   

10.2 SUGGESTED FUTURE WORK 

The studies conducted in this thesis highlight further investigation into important research 

questions. 

Hypothesis testing of particle coating using foams in Chapter 3, assess the quality of 

coated particle on the basis of wettability characterisation at different length-scales; bulk 

level, single particle level and at different location of individual particles. Further 

evaluation of coated particle based on particle size distribution, density and coating 

thickness in more detail may be useful to understand the influence of various parameters 

on foam coated powders characteristics.  

Particle-bubble impact behaviour studies in chapter 6 need to be supplemented with 

physics of impact behaviour. Moreover, experimental particle-bubble impact behaviour 

at different draining time to freshly generated bubble and its influence on impact 

behaviour needs to be performed. 

A mathematical modelling of bead-on-string, blob and long-lived filament formation of 

extensional flow and its influence on particle-bubble impact behaviour at similar strain 

rates needs to be developed to have a better understanding. 
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Once the above are better understood, then attempt could be made to undertake the 

engineering design of continuous industrial-scale particle coater using foams/bubbles at 

throughputs of 1-5 tonnes per hour.  

Attempts can also be made to integrate above learning in describing particle quality 

attributes such as coating mass uniformity and coating morphology, this may result in 

powder with properties-on-demand through coating using foams or bubbles. 
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APPENDICES 

10.3 SURFACE CREATION RATES WHEN A PARTICLE 

IMPACTS A BUBBLE 

Volume of a 6 mm diameter bubble,  𝑉𝑏 =
4

3
𝜋𝑅𝑏

3 

                                                                = 0.1131 mL 

Surface area of a 6 mm diameter bubble, 𝐴𝑏 = 4𝜋𝑅𝑏
2 

                                                                        = 113.04 mm2 

Time required to generate a bubble of 6 mm diameter, using a bubble nozzle,   

𝑇𝑏 =  
𝑉𝑏

Air flow rate in the bubble nozzle in second
  

    = 2.21 seconds 

Surface creation rate during bubble generation through a bubble nozzle, 𝑆𝑏 =  
𝐴𝑏

𝑇𝑏
 

                                                                                                                    = ~50 mm2/𝑠 

Fluid volume in a bubble of 6 mm diameter, when bubble solution flow rate (VL) was 

0.04 mL/min, 𝐹𝑉 =  𝑉𝐿 . 𝑇𝑏   

                             = 0.001507 mL 

Film thickness of a 6 mm bubble diameter, 𝐹𝑡 =  
𝐹𝑉

𝐴𝑏
 

                                                                          = 13.3 µm 

Surface creation rate when a 1 mm diameter particle impacts a bubble with impact 

velocity (𝑣𝑝) of 0.9 m/s, 𝑆𝑝 =  
𝜋𝑑𝑏

𝑣𝑝
 

                                             = ~2830 mm2/s 
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10.4 MASS TRANSFER FROM BUBBLE TO PARTICLE 

The volume of coating solution in a bubble of diameter 6.5 mm, and 12 µm film 

thickness,  𝑉𝑐𝑠 =  𝐴𝑏.𝐹𝑡 

                       = 0.016 mL 

Dry mass in a bubble solution of HPMC-1.0% (w/v)-9 mM L-1 SDS = 1.256 g/100 mL. 

Dry mass in 0.016 mL = 20 µg. 

Gravimetric weight gain by a particle after contact with a bubble (Figure 8-1) = 150 µg.  

The measured weight gain by the particle after impact with bubble and drying is more 

than the actual dry mass available in a 6 mm bubble. This suggests the drying was not 

sufficient to remove all the moisture from the bubble coated particles.  

 


