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Abstract 

The current study examines the interfacial behaviour and foaming potential of 

poly(vinylpyrrolidone) (PVP, 40 kDa)-silica composite nanoparticles. Individually, 

the two components, PVP and hydrophilic silica nanoparticles, exhibit very little 

foaming potential. In contrast, combining the two components to form silica-PVP 

core-shell nanocomposites via polymer physisorption leads to good ‘foamability’ and 

long-term foam stability. Optical reflectivity (OR) measurements showed that the 

adsorption of PVP on silica can be regarded as irreversible with the saturated polymer 

surface excess around 1 mg/m2, in good agreement with the thermogravimetric 

analysis (TGA) data. The adsorbed 40 kDa PVP film is highly hydrated (contained 

water 40-55 wt%), behaving as a steric barrier, which helps to keep the particles apart. 

Addition of an electrolyte (Na2SO4) was shown to have a marked effect on the foam 

stability. By varying Na2SO4 concentration between 0 and 0.55 M, three regions of 

foam stability were observed: rapid foam collapse (≤ 0.01 M), delayed foam collapse 

at 0.1 M, and long-term stability (~ 10 days) at 0.55 M. The observed transitions in 

foam stability were better understood by studying the microstructure and rheological 

properties of the particle-laden interfaces using different techniques such as Langmuir 

trough, Interfacial Shear Rheometer (ISR400), Brewster angle microscopy (BAM) and 

cryo scanning electron microscope (cryo-SEM). Meanwhile, the 2D structure of 

particle-laden interfaces surrounding an air bubble and deposited at a planar interface 

were correlated using cryo-SEM and BAM images to elucidate the interfacial shear 

rheology of particle-stabilized bubbles and its relation to foam stability. 
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For rapidly collapsing foams, the interfaces were characterized as being “liquid-

like”. By contrast, the enhanced foam stability at 0.1 M and 0.55 M Na2SO4 was 

attributed to the formation of solid-like (pseudo solid-like for the 0.1 M particle layer) 

interfacial particle layers surrounding bubbles, at a compression state in the region of 

the liquid to solid (L-S) phase transition. The increased interfacial rigidity was 

attributed to adhesion between interpenetrating polymer layers. For the most stable 

foam (prepared in 0.55 M Na2SO4), particles strongly aggregated at the interface into 

a connected particle network, forming a strongly elastic interfacial layer. Hence, 

bubble-bubble coalescence was found to be significantly retarded by the aggregation 

of nanocomposite particles at 0.55 M, with the long term destabilization resulting 

from bubble coarsening. For rapidly destabilizing foams, however, the contribution 

from bubble-bubble coalescence was shown to be more significant. Further 

investigations need to be carried out to prevent bubble coarsening. 
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Chapter 1: Introduction 

This chapter provides a brief introduction to aqueous foams (the focus of this study) 

and the commonly used foaming agents, including surfactants, particles, and polymers. 

Subsequently, research novelty, research aims and objectives are highlighted. Finally, 

an outline of the topics to be discussed in each chapter of the thesis are given.  

1.1 Aqueous Foams 

    Foams can be classified into two main groups: solid foams and wet foams 

(predominantly aqueous foams) according to the nature of the continuous phase. Solid 

foams fabricated with metals and polymers have been applied in catalysis, thermal and 

sound insulation, drug delivery, and tissue engineering, etc.1 As shown in Fig. 1.1, 

aqueous foams are also commonly encountered and have wide applications in 

detergency (e.g. laundry detergent and dishwashing), food science (e.g. ice cream, 

coffee and beer), cosmetics and personal care products (e.g. makeup remover, shower 

gel, shampoo and toothpaste), foam extinguisher (to isolate O2), enhanced oil 

recovery2 (bubbles can deform when going through porous medium and exert pressure 

on the trapped oil), and mineral flotation (carriers for mineral particles).3, 4, 5, 6, 7, 8 
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Figure 1.1 Commonly used foams in the natural world and as used in various 

products: (1) a freezing bubble, (2) detergency, (3) foams in beer, (4) foams in ice 

cream, (5) foams in fire extinguisher, (6) foams in makeup remover. 

However, aqueous foams are thermodynamically unstable and destabilize very 

quickly through different de-foaming mechanisms such as evaporation, coarsening, 

liquid drainage and coalescence.9 Hence, making stable foams that can meet demands 

for different areas and applications is a challenging task, which has given rise to lots 

of research interests in the past decades.10 

1.2 Research Novelty and Opportunities 

So far, several agents have been shown to be effective foam stabilizers, for example 

surfactants, surfactant mixtures,9 surfactant-polymer mixtures,11 solid colloidal 

particles,10 surfactant-particle mixtures,12 microgel particles,13 and pseudo-microgel 

particles (formed by grafting polymers onto the surface of solid particles)14. Foaming 

potential of these foaming agents will be heavily influenced by their behaviours at the 

air-water interface, and the related mechanisms for foam stabilization are described in 

Table 1.1. 
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Table 1.1 Stabilization mechanisms for aqueous foams stabilized by different 

stabilizers. 

Foam 

stabilizers 

Schematics Stabilization mechanism 

Surfactants 

 

Disjoining pressure15 

Surface tension reduction10 

Solid particles  

 

Solid barrier formation 

surrounding bubbles10 

Surfactants + 

Particles 
 

Solid barrier formation and 

surface tension reduction 10 

Polymers 

 

Poor foam stability due to weak 

adsorption of polymers at the 

gas−liquid interface16 

Surfactants + 

Polymers 

 

Increase the surface viscosity; 

steric repulsion between two 

approaching fluid interfaces17 

Microgel 

particles 
 

Deform at the interface to 

increase their desorption energy; 

response to environmental 

stimulus18  
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To the best of our knowledge, the interfacial behaviour and foaming behavior of 

polymer-particle composites formed via polymer physisorption has not been 

considered in detail, despite the fact that polymers such as poly(vinylpyrrolidone) 

(PVP) are commonly used as co-stabilizers in many food, pharmaceutical, cosmetic 

and detergent formulations.16 PVP is widely used in formulating products because of 

its good solubility in water and organic solvents, as well as its ability to strongly 

adhere on different materials.11, 19, 20 The simpler physisorption than chemical grafting 

of polymer on nanoparticles is advantageous, especially when mass manufacturing is 

required for desired day-to-day applications. Polymers such as PVP adsorb at many 

sites per nanoparticle, and therefore are not likely to desorb once attached to the 

nanoparticle surface, which is also an important factor when removing excess surface 

active species prior to the needed formulation.21  

The physical presence of such polymers can drastically modify the particle affinity 

at the interface, whilst controlling particle−particle interaction to adjust the structure 

and mechanical strength of interfacial layers, which will in turn influence the 

foamability and foam stability of the polymer-particle composite system. 

1.3 Research Aim and Objectives 

Aim: Investigate the governing mechanisms of foam stabilization using PVP-coated 

silica nanoparticles (composite particles). 

Objectives:  

(1) Understand the adsorption behaviour of PVP on silica surface and the lubricating 

properties of the adsorbed PVP films. 
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(2) Prepare PVP coated silica composite particles (composite particles); understand 

the interfacial behaviour of the composite particles and their overall foaming 

behaviour. 

(3) Understand the interfacial rheology of composite particle-laden planar interfaces 

and rheology surrounding bubbles. 

1.4 Thesis Outline 

 

Figure 1.2 Flow diagram of the thesis outline. 

A flow diagram highlighting the main contributions of the thesis is shown in Fig. 

1.2. The adsorption of PVP (8 kDa, 40 kDa, 360 kDa and 1300 kDa) on silica was 

studied in Chapter 3 using optical reflectometry (OR) and Quartz Crystal 

Microbalance with Dissipation monitoring (QCM-D). OR measurements showed that 

the adsorption of PVP on silica was irreversible, with the saturated surface excess 

around 1 mg/m2. QCM-D data suggested that the 8 kDa PVP films were less hydrated 
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(~ 10 wt% trapped water), forming flat conformation (predominantly train orientation) 

on silica surface; while the high molecular weight PVPs (40 kDa, 360 kDa and 1300 

kDa) slowly reorganized into more lossy films (loops and tails), with more water 

being contained (40-55 wt%). The lubricating properties of the adsorbed PVP films at 

the silica-water interface were measured by an atomic force microscope (AFM). The 

resultant lubrication effect was then highlighted by measuring the suspension rheology 

of uncoated and PVP-coated silica particles. The studies presented in Chapter 3 

provide the fundamental knowledge for the composite particle preparation via 

polymer adsorption. 

In Chapter 4, PVP (40 kDa)-coated silica composite particles (composite particles) 

were prepared (via polymer physisorption). The adsorbed 40 kDa PVP films are 

highly hydrated, behaving as steric stabilizers to separate the particles. Foaming 

behaviour of the composite particles was examined, and addition of an electrolyte 

(Na2SO4) was shown to have a marked effect on the foam stability. By varying the 

concentration of electrolyte between 0 and 0.55 M, three regions of foam stability 

were observed: rapid foam collapse (≤ 0.01 M), delayed foam collapse at 0.1 M, and 

finally long-term stability (~ 10 days) at 0.55 M. The observed transitions in foam 

stability were better understood by studying the microstructure and physical and 

mechanical properties of the particle-laden interface.  

Chapter 5 develops these initial observations to elucidate the structure-rheology 

relationship for the composite particle-laden interfaces surrounding bubbles, an 

important property to better understand the foaming behavior presented in Chapter 4. 

The interfacial shear rheology of the composite particle-laden planar interfaces was 

first measured as a function of both the sub-phase electrolyte concentration and 

surface pressure using an Interfacial Shear Rheometer (ISR400) with a Langmuir 
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trough. The surface pressure-dependent rheology was correlated to the micron-scale 

structure of the particle-laden interfaces imaged using Brewster angle microscopy 

(BAM). These structures were further studied using cryo-scanning electron 

microscope (cryo-SEM) of particle-stabilized bubbles in foams. Combining different 

techniques (ISR, BAM and cryo-SEM), we are able to elucidate the likely rheology 

for particle-laden interfaces surrounding bubbles.  

Thesis conclusions are provided in Chapter 6. This research was aimed at 

understanding the interfacial behaviour and foaming potential of polymer-nanoparticle 

composites. PVP coated silica composite particles (composite particles) were prepared 

via polymer physisorption, and the composite particles were shown to be effective 

foaming agents. Foam lifetimes were shown to increase with increasing electrolyte 

concentration, and the enhanced foam stability (0.1 M and 0.55 M) was attributed to 

the formation of solid-like (elastic dominant) interfacial particle layers surrounding 

bubbles. The absence of bubble coalescence in foams prepared using 0.55 M Na2SO4 

was linked to the formation of large particle aggregates, preventing the formation of 

thin liquid films (plateau borders) between neighbouring bubbles, and bubble 

coarsening was identified to be the dominant foam destabilization mechanism in this 

chase. Opportunity for future work is also summarized.  

**It is important to note that the materials and methods discussion is provided in 

each results chapter rather than a combined chapter. Due to the numerous techniques 

used throughout the study it was thought to be the most appropriate way of presenting 

the information. 
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Chapter 2: Theoretical Background and Literature 

Review  

This chapter generally reviews the existing literature which sets the context for the 

results sections of this thesis. Section 2.1 considers polymers in solution and their 

ability to adsorb at solid-liquid interfaces. Particle behaviours at liquid interfaces is 

discussed in Section 2.2. Section 2.3 summarizes the mechanisms of foam 

destabilization and reviews the foaming behaviours of the foaming agents utilized in 

the current study, which is helpful to better understand the foamability and foam 

stability of our PVP-coated silica composite particles.  

More critical literature reviews relating to the experimental activities of the thesis 

can be found in each results chapter (Chapters 3, 4 and 5). 

2.1 Polymers in Solution and Adsorption at the Solid-liquid Interface 

A polymer is a macromolecule composed of many monomer units, which is named 

a homo-polymer if all the repeating monomers are identical, and otherwise a co-

polymer. Polymers are commonly used in formulated products, behaving as foaming 

agents, rheology modifiers and steric stabilisers, etc. These macromolecules are able 

to form complex structures at the solid-liquid interface through self-assembly, which 

is a potential candidate for fabricating novel materials.22, 23 Surface modifications 

using self-assembled polymer layers are time and cost saving, whilst providing a 

straightforward route to coat surfaces with complexed shapes.24 All those above-

mentioned applications involve polymers in a bulk liquid or at interfaces (solid-liquid, 

liquid-liquid, and gas-liquid). 



9 

 

2.1.1 Polymers in solution  

An isolated polymer chain can embody a series of conformations in solution 

depending on the solution quality or the net interactions between segments. In an ideal 

solvent where the net polymer segment-segment interactions are zero, the polymer 

chain is left unperturbed with a conformation called a random coil. An important 

length scale for an unperturbed polymer coil is the radius of gyration, Rg: 

𝑹𝒈 =
𝒍√𝒏

√𝟔
                                                                                                                   (2.1) 

where l and n are the length and number of segments respectively. Rg is regarded as 

the effective coil size for polymer chains in solution. 

In a real solvent however, the apparent size of polymer coil can be larger or smaller 

than Rg depending on the solvent quality, and it is sometimes called the Flory radius, 

RF, where 𝑅𝐹 = 𝛼𝑅𝑔(𝛼 is the expansion factor). In a good solvent, for instance, the 

net segment-segment interactions are repulsive, resulting in an expanded polymer coil 

(𝛼 > 1). By contrast, the segments attract each other and the coil shrinks in a poor 

solvent (𝛼 < 1), see Fig. 2.1. 

 

Figure 2.1 Schematic of polymer conformations in solution when 𝛼 > 1, 𝛼 = 1 (Rg), 

and 𝛼 < 1 respectively. 
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2.1.2 Adsorption of polymers at a solid-liquid interface 

Polymers are able to self-assemble into nanoscale structure at the solid-liquid 

interface through physical absorption, which is found to be important for surface 

modifications, including: surface wettability, roughness, hardness, tribological 

properties, and surface-surface interactions.22, 25, 26, 27  

Adsorption normally leads to a conformational change of the polymer chain, from a 

random coil in the solution (see Fig. 2.1) to a more extended structure at the solid-

liquid interface (see Fig. 2.2) with many attached segments to the surface.28 Hence, 

the adsorption affinity per segment does not need to be high in order for the 

adsorption free energy of the whole polymer chain to compensate for the entropy loss 

upon adsorption.29 The critical free energy needed for polymer adsorption was found 

to be ~ 0.3 kBT per segment (kB is the Boltzmann constant, T is the thermodynamic 

temperature),30 which can be easily satisfied by various interactions (between polymer 

molecules and solid surfaces), including electrostatic interactions, covalent 

interactions, hydrophobic forces and hydrogen bonding, etc.21 The adsorption of 

polymers on solids can be usually regarded as irreversible because of the small 

possibility that all the adsorbed train segments desorb from the surface 

simultaneously.28 

 

Figure 2.2 Schematic of a simplified conformation of an adsorbed polymer chain on a 

solid surface.30 
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A simplified conformation of an adsorbed polymer chain on a solid surface is 

shown in Fig. 2.2, which shows segments attached to the surface in trains, separated 

by segments extending into the solution as loops and tails.30 The fraction of train 

segments is an important parameter for describing the conformation of an adsorbed 

polymer layer, with this fraction having been reported to be 0.3 - 0.5 for uncharged 

polymers adsorbing on mineral surfaces.28 In practice, polymer chains can form more 

complicated conformations on solid surfaces depending on the polymer molecular 

weight, polymer structure (e.g. homo-polymer or co-polymer, etc.), polymer 

concentration in the bulk solution, solvent quality (good solvent or bad solvent), 

available adsorption sites on the surface, and binding strength between polymer and 

surface (see Fig. 2.3).31  

 

Figure 2.3 Possible conformations of adsorbed single polymer chain at a liquid-solid 

interface:31 (a) adsorbing by single point; (b) adsorbing by loops; (c) adsorbing with 
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flat conformation; (d) adsorbing by random coil; (e) adsorbing with non-uniform 

segment distribution; (f) multilayer adsorption. 

The initial polymer adsorption on a solid surface is influenced by the polymer 

conformation in the bulk liquid, after which rearrangement of the adsorbed polymer 

chains may take place on the solid surface. An example is given in Fig. 2.4: after 

adsorption, the polymer chains collapse towards the surface to form a flatter 

conformation very quickly, within micro-seconds or seconds;30 however, the final 

equilibrium state may take significantly longer time because of the slow 

rearrangement of the adsorbed polymer chains.  

 

Figure 2.4 Rearrangement of an adsorbed polymer chain on a solid surface.30 

2.2 Particles at Liquid Interfaces 

Colloidal particles at liquid interfaces (air−liquid or liquid−liquid) are of critical 

importance from both industrial and academic point of views due to their crucial role 

in stabilizing foams and emulsions and the related applications in cosmetics, food 

industries, pharmaceuticals, drug delivery, and oil recovery, etc.3, 4, 32, 33, 34, 35 These 

particle-laden films also provide routes for novel materials synthesis such as porous 

textures,36 light-weight materials,37 2D arrays of nanocrystals,38 microcapsules,39 

bijels,40 membranes, photonic materials, and templates for nanowire arrays.41, 42  
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2.2.1 Particle wettability and desorption energy 

2.2.1.1 Wettability of particles. The potential for particles to reside at a liquid 

interface is determined by the particles wettability,43 represented by the three phase 

contact angle (θ),10 which is measured in the aqueous phase. For example, for an oil-

water interface the contact angle is given by:  

cos 𝜃 =
𝛾𝑝𝑜−𝛾𝑝𝑤

𝛾𝑜𝑤
                                                                                                         (2.2) 

where γpo, γpw, γow are the interfacial tensions of particle - oil, particle - water and 

oil - water interfaces respectively.10 Particles have equal preference to the water and 

oil phases when θ = 90°. Typically, hydrophilic particles are described as having a 

contact angle θ < 90° (γpo > γpw), whereas θ > 90° (γpo < γpw) indicates the particles 

are more hydrophobic (see Fig. 2.5a).10, 44, 45, 46 Hydrophilic particles normally 

stabilize oil-in-water (O/W) emulsions, while water-in-oil (W/O) emulsions can be 

stabilized using hydrophobic particles as the emulsifying agent (see Fig. 2.5b).10, 47  

 

Figure 2.5 (a) Particle location at the oil-water interface depending on the particles 

contact angle; (b) Deformation of the particle-stabilized film as a consequence of the 

particles contact angle47. 
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2.2.1.2 Desorption energy of particles. Once a particle is pinned at the liquid (α)-

liquid (β) interface, a certain area of the interface is substituted by an equivalent area 

of the particle (cross-sectional area). Ignoring contributions from gravity, the energy 

required to remove a particle from the interface is related to the particle contact angle 

θ, the particle radius r, and the surface tension 𝛾αβ, and is given by 

𝑊𝑟 = 𝜋𝑟2𝛾𝛼𝛽(1 ± 𝑐𝑜𝑠𝜃)2                                                                                        (2.3) 

where the sign inside the bracket is negative for particle removal into the polar phase, 

and positive for particle removal into the non-polar phase.10 For a given particle, 

assuming that r = 3.4×10-8 m (34 nm), 𝛾αβ = 0.072 N/m (air-water surface tension), 

and θ = 90°, then the required detachment energy 𝑊𝑟  ~ 60000 kT. The enormous 

desorption energy suggests that the particle adsorption can be considered almost 

irreversible.  

Apart from particle wettability, 𝑊𝑟  can also be heavily affected by particle size. 

Assuming 𝛾αβ = 0.072 Nm-1 and θ = 90°, the relationship between the desorption 

energy and particle radius is shown in Figure 2.6. Clearly, the desorption energy of 

very small particles (r ≤ 0.5 nm) is in the order of ~ 10 kT, comparable to most 

surfactant molecules (the dashed line shown in Fig. 2.6). While 𝑊𝑟 value increases by 

4 orders of magnitude as the particle radius increases from 1 nm to 100 nm. From this 

perspective, increased foam stability in the presence of Brownian-like particles can be 

achieved by enhancing particle aggregation at the air-liquid interface, as shown in our 

recent publication.48 
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Figure 2.6 Relationship between particle desorption energy and particle radius at the 

air-water interface, assuming the particle contact angle is 90°. The dashed line shows 

the desorption energy for most surfactants. 

2.2.2 Microgel particles at liquid interfaces 

More recently, polymer microgel particles which consist of a highly cross-linked 

network of high molecular weight polymers was found to be efficient foam and/or 

emulsion stabilizers.49 The microgel particles are considered to be mechanically ‘soft’ 

since they are intermediates between hard particles and soft polymers, and thus can 

deform significantly. Therefore, interfacial behaviour of these microgel particles are 

expected to be different from that of hard spheres. 

For instance, PNIPAM microgel particles exhibit a dramatic decrease in particle 

size around the lower critical solution temperature (LCST, ~ 32 °C) as shown in Fig. 

2.7a,50, 51 whilst remaining sensitive to pH changes (see Fig. 2.7b). Fig. 2.7 suggests 
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that the hydrophobicity of the PNIPAM microgels can be increased by decreasing the 

pH and/or raising the liquid temperature.52 

 

Figure 2.7 Temperature and pH dependence of the mean hydrodynamic diameter of 

PNIPAM microgel particles in an aqueous dispersion.52 

 

Figure 2.8 Schematic of deformed microgel particles at the oil-water interface.18 

In contrast to solid spheres, deformation of the microgel particles can occur both in 

a bulk liquid and at liquid-liquid interfaces, although the microgel particles can 

behave similarly to hard spheres in a bulk liquid when the particle concentration was 

low, with significant particle deformation not measured until the microgel particles 

were highly packed (high particle concentration).53 When adsorbed at liquid-liquid 
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interfaces, however, the microgel particles are able to deform (stretch) at lower 

particle concentration to minimize the excess (uncovered) interfacial area (Fig. 2.8).54, 

55 This behaviour confirms that the increased free energy from reducing the interfacial 

area is higher than the energy costs to deform these particles at liquid interfaces. As 

the surface coverage increases, the microgel particle deformation can reduce, whilst 

maintaining coverage of the liquid interface. Deformability of the microgel particles at 

the interfaces depends on the cross-linking ratio (see Fig. 2.9).55 By changing the 

internal cross-linker density, it was shown that the most deformable microgels were 

the most effective emulsion stabilizers, producing emulsions with extended lifetime.55  

 

Figure 2.9 Scheme illustrating the effect of cross-linker density on the microgel 

conformation at the interface. The higher cross-linked microgel particle is less 

deformable due the densely cross-linked core. 56 
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2.2.3 Pseudo-microgel particles at liquid interfaces  

In the current thesis pseudo-microgel particles refer to particles that are decorated 

by polymers grafted on their surface.57 An example is nano-sized PS latexes (core) 

stabilized by PMMA16-b-PDMAEMA254 shell.58 With the core-shell structure the 

particle affinity for the air-water interface was significantly enhanced in basic 

conditions, due to deprotonation of the PDMAEMA shell. Therefore, particles can 

adsorb more strongly at the interface at high pH, providing more resistance to lateral 

compression, see Fig. 2.10. From this perspective, the affinity of polymer-grafted 

particles at the liquid interface highly depends on the polymers conformation,58 where 

tuning the solvent quality provides a direct route to control particle retention at the 

liquid-liquid interface.  

 

Figure 2.10 Π-A isotherms of pMMA16-b-pDMAEMA254 stabilized PS latexes 

particles as a function of the sub-phase pH at the air-liquid interface.58 
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2.2.4 Interfacial aggregation of particles 

Particle-laden interfaces are of great interest due to their ability to stabilize 

immiscible fluids, such as foams (gas-liquid) and emulsions (liquid-liquid).59 Previous 

research has demonstrated the importance of interfacial particle aggregation on the 

overall emulsion stability.60 Compared to emulsions stabilized by dispersed particles 

(repulsion dominated particle-particle interaction), more stable emulsions can be 

formed under conditions where particles have negligible charge and thus a tendency to 

aggregate, with the particle surface coverage of the stable emulsion often below the 

particle close-packing limit.61, 62  

For suspensions (3D structures), it has been shown that weakly aggregated 

suspensions display solid-like properties with yield stress behavior. 2D aggregated 

suspensions display similar rheological behavior, including an elastic response with 

small linearity limits, a power law dependence on surface coverage and a dependence 

on the particle-particle interaction strength.60 Our recent publication confirmed that 

rapid surface aggregations improves particle retention at an interface. The aggregated 

particle-laden interface becomes strongly elastic which helps to stabilize the interface 

against bubble-bubble or droplet-droplet coalescence.59, 63 

Tailoring aggregate structures is typically achieved by the addition of electrolyte 

and/or surfactants.59, 60, 64, 65 For example, charged polystyrene particles readily form 

2D colloidal crystals at a planar water–decane interface due to the repulsive dominant 

interaction acting between the particles. Addition of sodiumdodecylsulfate (SDS) and 

sodium chloride (NaCl) to the aqueous sub-phase resulted in a destabilization of these 

monolayers, forming fractal aggregates at low particle concentrations and a 

heterogeneous gel structure as the particle surface coverage increased.60 Rather dense 

aggregate structures were observed when only electrolyte was added, whereas more 
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open structures were obtained in the presence of small amounts of surfactant, 

confirming that the structure of 2D fractals is dependent on the inter-particle 

interaction strength.66 It has been reported that reaction limited cluster aggregation 

(RLCA) proceeds when the inter-particle attraction is weak, thus particles have the 

ability to reorganize on contact leading to the formation of a dense-packed particle 

layer. For strong inter-particle attraction, diffusion limited cluster aggregation (DLCA) 

leads to the formation of more porous and heterogeneous structures as particle 

reorganization is limited (contact and stick).48, 60 The aggregation process is also 

shown to be a function of time, with a typical example demonstrated by octyl-coated 

silica particles at a planar air-toluene interface. Initially, the structure transitions from 

(1) a crystalline structure to (2) small clusters + singular particles, to (3) clusters with 

large size distributions and finally to form (4) one large interconnected particle cluster 

(particle network).67 In the current study, interfacial aggregation was tailored by 

electrolyte addition. Details regarding interfacial aggregation on foam stability and the 

rheology of particle-laden interfaces will be discussed in Chapters 4 and 5. 

2.3 Aqueous Foams, Foamability and Foam Stability 

2.3.1 Foam destabilization  

The mechanisms for foam destabilization are considered below, including 

evaporation, drainage, coarsening, and coalescence. 

2.3.1.1 Evaporation. Foams can disappear very quickly due to liquid evaporation. 

Both environmental humidity and foaming agents can affect the evaporation rates of 

the liquid film remarkably.68 For instance, it was found that the evaporation rate can 



21 

 

be reduced dramatically by forming a highly compressed surfactant layer around 

bubbles.69 

2.3.1.2 Drainage. The large density difference between gas and liquid promotes 

phase separation. Liquid drains out from the foams gradually and thins the liquid films 

between bubbles,70 leading to film rupture.70 Foams can be categorized as dry foam, 

wet foam and bubbly liquid according to their liquid volume fraction ( 𝜙 =

𝑉𝑙𝑖𝑞𝑢𝑖𝑑/𝑉𝑓𝑜𝑎𝑚). Bubbles in a dry foam (𝜙 ≤ 0.05) are polyhedral (see bubbles near 

the top of the foam in Fig. 2.11). When 𝜙 = 0.36, bubbles are no longer deformed, 

and the foam is called a wet foam (see bubbles near the bottom of the foam in Fig. 

2.11). Systems with much higher liquid volume fraction (𝜙) are named bubbly liquid. 

A schematic demonstrating the transitions from pure air → dry foam → wet foam → 

bubbly liquid and finally → pure water is shown in Fig. 2.12.  

 

Figure 2.11 Image of a draining foam: bubbles near the top of the foam are 

considered “dry” and polyhedral, while bubbles near the bottom of the foam are 

considered “wet” and spherical.9 
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Figure 2.12 Schematic of foam demonstrating for the dependence on the liquid 

volume fraction.71 

2.3.1.3 Coarsening. The internal and external pressure difference of a bubble is 

described by the Laplace pressure, which is given by 2𝛾/𝑅 for an isolated spherical 

bubble where 𝛾 is the gas-liquid surface tension, and R is the bubble radius. For two 

gas bubbles separated by a thin liquid film, each bubble contributes to the total 

pressure difference, resulting in an overall Laplace pressure of 4 𝛾/𝑅 . Bubble 

coarsening proceeds when there is a bubble size distribution and the pressure inside 

the smaller bubbles exceeds that of larger bubbles. Hence, air diffuses from the 

smaller to larger bubbles, leading to bubble shrinkage (small bubbles), and bubble 

growth (larger bubbles), with the smaller bubbles eventually disappearing (see Fig. 

2.13).72  

 

Figure 2.13 Time sequence of a dry foam coarsening. 70 
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2.3.1.4 Coalescence. Liquid drainage promotes thinning of the liquid film 

separating bubbles, which if drained to a critical thickness may promote bubble 

coalescence. The dominating mechanism for film rupture is still poorly understood.9 

Some authors report that coalescence occurs once the bubbles have reached a critical 

size in foams, or once the liquid fraction has reached a critical value, or when the 

capillary pressure reaches a critical value.9 All those mechanisms may seem very 

different, however, it is very difficult to distinguish them from one another in practice, 

since capillary pressure, liquid fraction and bubble size are normally connected.9 It is 

likely that the mechanism for film rupture is system dependent with several 

possibilities shown in Fig. 2.14.  

 

Figure 2.14 Possible mechanisms for film rupture: (B–C) direct rupture, (B–M–C) via 

bilayer to monolayer transition and (B–V–C) via void formation.73 
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2.3.2 Aqueous foams stabilized by particles 

2.3.2.1 Particle-stabilized foams. It has been demonstrated that foams stabilized 

by solid particles can be ultra-stable with stabilities reported over several years.6 To 

date, the foaming potential of fumed silica particles has been systematically studied, 

where the particle contact angle can be easily tuned by chemical modification using a 

short-chain silane reagent (dichlorodimethylsilane).7 Fig. 2.15a shows the foaming 

behaviour of fumed silica particles with different degrees of silanization (SiOR% 

content represented along the top axis of the image, SiOR% = 100 - SiOH%), and the 

measured particle contact angles are shown in Fig 2.15b.7 Particles with high SiOR% 

surface content (≥ 80%) are extremely hydrophobic, producing water-in-air powders 

or dry water (Figs. 2.16b and c)7. By contrast, particles with a low surface SiOR% 

content (≤ 34%) become extremely hydrophilic resulting in particle dispersion. 

Between the two extremes, wet foams were readily stabilized by the modified 

particles. The foams prepared using particles with 68% and 58% SiOR surface 

coverage were stable to coarsening and coalescence and observed to be stable over a 

few years (Fig. 2.15a).74  
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Figure 2.15 (a) Images of particle dispersions in water, particle stabilized wet foams 

and water-in-air powders. Particles become increasingly hydrophobic from left to 

right with increasing surface SiOR groups.7 (b) Advancing contact angle, θ, of pure 

water droplets on flat surfaces formed from fumed silica particles of different 

percentages of surface SiOR groups (SiOR% = 100 - SiOH%).9 
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Figure 2.16 Schematic of (a) air-in-water foams and (b) water-in-air powders; (c) 

Photo of water drops in air stabilized by particles.7 

2.3.2.2 Foams stabilized by pseudo-microgel particles. The interfacial behaviour 

of polymer microgel particles and pseudo-microgel particles has been previously 

discussed (see earlier text).49, 59, 75 Compared with solid spheres, the microgel particles 

are able to deform at an interface and respond to environmental stimuli. 

A good example of this is poly[2-(dimethylamino)ethyl methacrylate] (PDMA) 

stabilized polystyrene (PS) particles (PDMA-PS particles). The adsorption/desorption 

behaviour of these “hairy” PDMA-PS particles at the air-water interface was 

influenced by the pH- and temperature-responsive of the PDMA branches, see Fig. 
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2.17.75 At a pH ≥ 6.0 (e.g. pH = 10.0), the PDMA branches were non-protonated or 

partially protonated. This resulted in relatively hydrophilic PDMA (partially hydrated) 

branches when the temperature of the fluid was below the lower critical solution 

temperature, LCST = 34.5 ℃. The partially hydrated PDMA branches prevented 

particles from aggregating, and hence, bubbles were stabilized by particle monolayers. 

The PDMA branches became hydrophobic (non-hydrated) when the temperature 

exceeded the LCST at high pH (e.g. pH = 10.0). Particles began to flocculate, and the 

bubbles were stabilized by particle multilayers (Fig. 2.17). By contrast, the polymer 

branches were protonated and became hydrophilic at pH ≤ 5, and no foam was 

generated irrespective of the fluid temperature. More interestingly, rapid de-foaming 

could be achieved by lowering the solution pH to protonate the PDMA branches, and 

the foaming/de-foaming cycles were repeatable for at least five times.75  

Poly[2-(diethylamino)ethyl methacrylate] (PDEA) stabilized PS particles (PDEA-

PS particles) as a temperature-responsive foam stabilizer were also reported by the 

same research group.49 The LCST of PDEA branches was found to be ~ 41 ℃. By 

adjusting the temperature below and above the LCST, foams stabilized by particle 

monolayer and particle multilayers were observed respectively, see Fig. 2.18. 
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Figure 2.17 Schematic of PDMA-PS particles as a pH- and temperature-responsive 

foam stabilizer. Images show aqueous solutions of the PDMA homo-polymer at 

different pH and temperature conditions.75 
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Figure 2.18 Schematic of PDEA-PS particles as a temperature-responsive foam 

stabilizer.49 

2.3.3 Long lived foams and foam based light-weight materials 

As discussed in Section 2.3.2, evaporation, coarsening, drainage, and coalescence 

are the different mechanisms for foam destabilization. Thus, in order to produce stable 

foams, these destabilizing processes should be inhibited or stopped altogether. This is 

somewhat challenging since these mechanisms can occur concurrently and affect one 

another to accelerate foam destabilization. 

Ultra-stable liquid foams have been demonstrated by Rio et al., some examples are 

shown in Fig. 2.19.9 In brief, liquid drainage can be arrested if the liquid in a foam 

gels or the drainage channels become blocked by particle aggregates. Coalescence can 

be retarded by gelified foam films, and it can be arrested if the films surrounding 

bubbles become very thick and/or rigid.9, 59 The reduction in bubble coarsening rate 
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requires very thick films, and its arrest was observed in cases where the compressional 

elastic modulus was large.9 More details regarding bubble coarsening and coalescence 

are discussed in Chapter 4. 

 

Figure 2.19 Foamability and foam stability of foams that stabilized by amphiphiles-

particle composites (Ca: concentration of n-amylamine, Cp: concentration of 

particles).76 
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Figure 2.20 (a) Image of foam based porous materials prepared using 15.7 wt% silica 

particles (d50 (agglomerate) ~ 3.5 μm, particle density: ~ 2.1 g/cm3) and 2.2 wt% 

tetradecyl trimethyl ammonium bromide (TTAB); (b) SEM image of  the formed foam 

structure.37 

    Particle-stabilized foams can be used as templates to prepare foam based materials 

of highly porous structures for a range of applications. Light-weight materials using 

foaming based methods have already been reported. The solid foams shown in Fig. 

2.20 were prepared using silica particles and surfactant mixtures. A key factor for its 

success is the appropriate selection of surfactants which both modify the particle 

surface and stabilize the foam.37 Alternatively, solid foams can be prepared by 

forming capillary foams using particles, bulk fluid (water based) and a small amount 

of oil, see Fig. 2.21.77 Since oils have higher polarity than gases, water dispersible 

particles tend to have a higher affinity to oil−water interfaces than to gas−water 

interfaces, and are therefore often more suitable for stabilizing the oil−water interface 

in Pickering emulsions or the oil-coated bubbles in capillary foams than the air−water 

interface of aqueous Pickering foams. The addition of a small amount of oil provides a 

convenient and timesaving alternative to particle surface modification for foam 
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stabilization and greatly broadens the range of suitable particles.77 However, it should 

be noted that the particle concentration used in both methods was high (> 15wt%) (Fig 

2.20 and 2.21), and this is something the current research is trying to address by better 

understanding the structure - interfacial rheology relationship. 

 

Figure 2.21 Capillary foams prepared using polyvinyl chloride particles (d50 = 14.8 

μm, particle density = 1.41 g/cm3, particle concentration > 20 wt%), bulk fluid (water 

based), and a secondary fluid which is Trimethylolpropane trimethacrylate 

(TMPTMA).77, 78  

 

 

 



33 

 

Chapter 3: PVP Adsorption on Silica Surface and 

Lubricating Properties of the Adsorbed PVP Films 

3.1 Synopsis 

Polymer physisorption is often simpler and less time-consuming than chemical 

grafting onto surfaces, which can be advantageous when considering routes for large-

scale industrial applications. In order to prepare poly(vinylpyrrolidone) (PVP)-coated 

silica composite particles (composite particles) via polymer physisorption, the 

knowledge of PVP adsorption on silica surface was essential. 

In the current chapter, silica surfaces were modified by the physisorption of PVP 

from water solution. Four polymer samples with different molecular weights ranging 

from 8 kDa to 1300 kDa were examined. Optical reflectivity (OR) measurements 

showed that the saturated surface excess for each PVP sample was around 1 mg/m2. 

The amount of trapped water within the 8 kDa PVP film  (~ 10 wt%) was found to be 

much less than the trapped water (40-55 wt%) in films formed from higher molecular 

weight PVP (40 kDa, 360 kDa, and 1300 kDa). In addition, QCM-D dissipation 

values for the 8 kDa PVP films were more than four times smaller than those 

measured for the higher molecular weight PVPs, suggesting that the 8 kDa PVP 

conforms to a flat film (predominantly train orientation), while the high molecular 

weight PVPs slowly reorganize resulting in more lossy films (increased Sauerbrey 

film thickness). Colloid-probe AFM lateral force measurements showed that 8 kDa 

PVP films exhibited similar lateral resistance to that seen for uncoated silica surfaces 

in water, whereas higher molecular weight PVP films showed significantly reduced 
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lateral forces. This lubrication effect, induced by the adsorbed higher molecular 

weight PVP samples was explored further by measuring the rheology of concentrated 

particle suspensions. Suspension yield stress data for PVP-coated particles showed a 

reduction by a factor of 2 in the yield stress when compared to the uncoated particles 

for suspension concentrations above 60 vol%, i.e. approaching the close-packed limit 

of spheres. 

3.2 Literature Review 

3.2.1 Poly(vinylpyrrolidone) (PVP)  

Polymers in solutions and adsorption at solid-liquid interface have been generally 

reviewed in Chapter 2. In particular, being a biocompatible, water-soluble, and low-

cost polymer, PVP has wide applications in food industries, nanoparticle synthesis, 

cosmetics, medical and pharmaceutical industries.11, 79, 80 For instance, owing to its 

good biocompatibility, PVP has been used as a serum albumin substitute,81 a 

component of artificial tears and an ingredient of bactericidal iodine.82 The structural 

formula of a PVP molecule is shown in Fig. 3.1. 

 

Figure 3.1 Structural formula of a PVP molecule. 



35 

 

It has been reported that PVP molecules strongly (segmental adsorption energy of 

around 4 kT) adsorb on silica surfaces through hydrogen bonding21, 83 between the 

carbonyl groups of the PVP molecules and the silanol groups on silica, see Fig. 3.2.19, 

21, 83 PVP adsorption on silica was shown to be pH dependent. At neutral pH, PVP 

adsorption on silica had been investigated mainly via depletion methods at 

concentrations >> 1 ppm.19, 21, 83, 84, 85, 86, 87, 88 For instance, the saturated surface excess 

for 540 kDa (Rg ~ 33 nm) and 1150 kDa (Rg ~ 41 nm) PVPs adsorbing on silica was ~ 

1 mg/m2, showing a weak dependence on molecular weight. The adsorbed PVP layer 

thickness was determined from hydrodynamic measurements (particle sizing), 

showing an increase in PVP layer thickness with increasing surface coverage, 

although the PVP layer thickness was significantly less than the polymer radius of 

gyration even at the adsorption plateau, indicating that the polymer adsorbs in a 

flattened-state.19 An increase in pH (more basic) reduces the number of PVP 

adsorption sites due to the dissociation of the surface silanol groups. When the number 

of surface adsorption sites becomes too low, this leads to a decrease in the amount of 

PVP that can adsorb on silica (e.g. pH ≥ 8).88 The equilibrium between -OH and -O− 

groups on silica is influenced by the solution pH and the ionic strength. A higher ionic 

strength screens the negative charges at the silica-solution interface, allowing a higher 

degree of dissociation of the silanol groups and thus a higher charge density for a 

given pH. This means that while increasing the pH can lead to a decrease in the 

amount adsorbed for PVP, an increase in ionic strength may also have the same 

effect.88 In the current chapter, we are interested in the adsorption kinetics of PVP, 

rearrangement of PVP chains, and layer hydration of adsorbed PVP films, especially 

at ultra-low concentrations (≤ 1ppm) in Milli-Q water (pH ∼ 6.2). The PVP-coated 
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silica composite particles that are used in Chapters 4 and 5 were also prepared in 

Milli-Q water. 

  

Figure 3.2 Interactions between silica and PVP through hydrogen bond.89  

3.2.2 Lubricating properties of polymer films  

Recently, PVP has been shown to be a promising lubrication additive for artificial 

joints by significantly reducing the friction coefficient, as well as improving wear 

resistance of the joint pairs.82, 90 A 2-fold reduction in the coefficient of friction and a 

30% reduction in the wear scar diameter relative to water were measured for PVP  

solutions under a normal load of 2 kN.82 PVP also exhibits high degradation resistance, 

which is beneficial from a tribology perspective, confirming the polymer stability as a 

lubricant over extended periods of time. 

    Friction reduction is important to both traditional industry (e.g. bearing lubrication) 

and advanced micro- or nano-scale devices such as implants or bio-sensors, from the 

perspective that reduced friction improves energy utilization and minimizes wear.23, 91, 

92 Current opinions of friction have been commonly considered in terms of different 

energy dissipation pathways as the contacting surfaces move past each other, either by 

thin fluid films or, for surfaces in contact, by molecular species forming boundary 
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layers.93 Moreover, lubrication using more environmentally friendly, water-based 

solvents is increasing in popularity.82 Various systems, ranging from micro/nano-

electromechanical systems and biomedical devices, to articulating joints or the eye, 

require surfaces in contact to slide easily past each other in aqueous environments.23, 93 

In particular, polymer coatings have been shown to be economic, versatile and 

convenient approaches to reduce the frictional forces between surfaces in an aqueous 

system, as they are able to sustain large normal loads while retaining a stable fluid 

interfacial layer.94, 95 The morphology of the adsorbed or grafted polymer layers and 

the nature of their interactions with the surfaces, with the solvent, and with each other 

determine the degree of lubrication.96, 97, 98 In a good solvent condition, the 

interactions between two surfaces that are fully coated by polymers (adsorbed or 

grafted) are usually repulsive due to the osmotic pressure exerted by the confined 

polymer chains.94 Grafted polymer brushes, for example, show negligible mutual 

interpenetration as they are compressed to D < 2L0 (D is the distance between two 

surfaces, and L0 is the mean uncompressed thickness), because of excluded-

volume/entropic effects.99 Even under moderate compression, the depletion zone 

where frictional dissipation occurs remains fluid. The combination of a limited mutual 

interpenetration of the brushes and a fluid interface results in excellent lubrication 

(also called entropic lubrication).100 Recent research emphasized the importance of the 

interfacial fluid film as well as the morphology of polymer layers on the resultant 

friction forces.101 The interfacial fluid layer may act as a shear plane between polymer 

brushes (grafted), despite moderate brush collapse, resulting in lower frictional forces. 

As the solvent quality is further decreased, the brushes undergo significant collapse 

(see Fig. 3.3), and the fluid film at the interface can no longer be maintained. The 

shear plane then moves to the entangled polymer layers, leading to higher friction 
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coefficients. Similar transitional behaviour has also been shown by polymer films that 

were formed via physisoprtion: a low boundary friction coefficient was found for 

highly hydrated viscoelastic surface layers, whereas (very) thin adsorbed rigid 

polymer films had negligible effect on interfacial lubrication.102 The lubrication 

effects of polymer coatings are not only confined to reduce the frictional forces 

between flat surfaces, but also in bulk systems where the rheology of high volume 

fraction polymer-coated particles can be manipulated by the degree of lubrication. It 

has been shown that thick and highly hydrated polymer layers strongly repel each 

other to provide sufficient lubrication for particles to easily slide past one another, 

resulting in low suspension viscosities.103  

 

Figure 3.3 Correlation between lubrication and conformation of polymer brushes.104 

To the best of our knowledge, the lubricating properties of ultra-thin PVP films 

prepared via physisorption has not previously been considered.22 Polymer 

physisorption is usually simpler than chemical grafting onto surfaces, which can 

obviously be advantageous when considering routes for efficient and cost effective 

scale-up. In the current chapter, surface modification was achieved by adsorbing PVP 

on silica at ultralow concentrations (≤ 1ppm). The adsorption behaviour of PVP was 

studied by optical reflectometry (OR) and Quartz Crystal Microbalance with 
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Dissipation monitoring (QCM-D): allowing us to measure or infer the surface excess, 

adsorption kinetics, polymer rearrangement on the substrate, and PVP film hydration. 

The lubricating properties of these adsorbed PVP films at the silica-water interface 

were measured using an atomic force microscope (AFM). The resultant lubrication 

effect was then highlighted by measuring the suspension rheology of uncoated and 

PVP-coated silica particles. 

3.3 Materials and Experimental Methods 

3.3.1 Materials 

PVP (8 kDa, 40 kDa, 360 kDa and 1300 kDa) was purchased from Alfa Aesar (UK) 

and used as received. Silicon wafers with a 100 nm thermally deposited oxide layer 

were purchased from University Wafer (USA). Hollow silica particles (diameter 9 – 

13 μm and density ~ 1.1 g/mL) were purchased from Sigma-Aldrich (UK). Milli-Q 

water with a resistivity of 18.2 MΩ.cm was used throughout the study. 

3.3.2 Experimental methods 

3.3.2.1 Fixed angle optical reflectometry (OR). PVP (8 kDa, 40 kDa, 360 kDa, 

1300 kDa) adsorption was studied by a fixed angle optical reflectometry (OR), and the 

working principle of OR is shown in Fig. 3.4. The OR (purchased from Wageningen 

University, Netherlands) has a polarized red He-Ne laser (632.8 nm) that is incident 

onto a silicon wafer close to the Brewster angle. The intensity of the reflected parallel 

(Rp) and perpendicular (Rs) components of the laser was monitored by a pair of 

photodetectors mounted at 90˚ to each other. Rp/Rs produces a value for the measured 

signal, S and changes to this signal, ΔS, are measured during an experiment. Silicon 

wafers were cut to the dimensions of 1 cm × 3 cm and fresh substrates were used for 
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each experiment. These silicon substrates were UV-Ozone cleaned for 30 min and 

rinsed with Milli-Q water before positioning the substrate in the flow cell of the OR. 

Milli-Q water was used as a background liquid to first ensure a stable baseline signal 

(S0) before each adsorption experiment, and the change in the measured signal ΔS = S 

− S0 was then recorded after PVP solutions were injected.105 Once a stable surface 

excess value was obtained, Milli-Q water was re-injected into the OR cell to 

investigate the rinse-off behaviour of PVP. The adsorbed amount, Γ, can be calculated 

from, 𝛤 =
∆𝑆

𝑆0
𝑄, where Q is a sensitivity factor, which is determined by a four-layer 

model (inset in Fig. 3.4) depending on the angle of incidence of the laser light (θ), the 

refractive indices of the surface and adsorbed materials (n), the thickness of the oxide 

layer on the silicon wafer (d), and the refractive index increment of the adsorbant 

(dn/dc). The following values were used: θ = 71°, 𝑛𝑆𝑖𝑜2
 = 1.46, nSi = 3.85, 𝑛𝐻2𝑂 = 1.33, 

nPVP = 1.51, 𝑑𝑆𝑖𝑜2
= 100 nm, and dn/dcPVP = 0.175 mL/g.88  

After an experiment, the remaining liquid was removed from the OR cell using a 20 

mL syringe, before the OR cell was cleaned by continuously rinsing with 2 L of Milli-

Q water. 



41 

 

 

Figure 3.4 Schematic of the OR working principle. 

3.3.2.2 Quartz crystal microbalance with dissipation monitoring (QCM-D). The 

adsorption of PVP (8 kDa, 40 kDa, 360 kDa, 1300 kDa) on silica was also 

investigated using an E4 QCM-D from Q-Sense (Gothenburg, Sweden), see Fig. 3.5a. 

The measurement cell (Fig. 3.5b) is mounted on a Peltier element, which can provide 

an accurate temperature control (25 ± 0.02 °C). The quartz crystal oscillators (sensors) 

used for the experiments had a diameter of 14 mm and a fundamental shear oscillation 

frequency of 5 MHz (Fig. 3.5c). The sensors were first cleaned by sonicating in a 2 wt% 

Decon solution for 30 min followed by 10 min sonication in Milli-Q water, after 

which the sensors were air dried and left in a UV-Ozone cleaner (Bioforce 

Nanoscience, USA) for 3 h to eliminate remnant organics.106 All measurements started 

by running Milli-Q water as a background fluid, before the PVP solution was pumped 

into the sensor cell after establishing a stable baseline. The changes in frequency (∆f) 

and dissipation (∆D) were measured simultaneously at different overtones. In the 
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current study, Δf3 and ∆D3 were used to present the frequency and dissipation shifts, 

since the third overtone shows the best signal-to-noise ratio.24  

 

Figure 3.5 Images of the E4 QCM-D system (a), the flow channel (b), and the quartz 

crystal oscillator (c). 

At resonance, an oscillating electric field induces mechanical shear waves in the 

sensor. Any increase in mass (Δm) on the quartz sensor causes the oscillation 

frequency of the sensor to decrease, leading to a negative shift in the resonance 

frequency (−∆𝑓). According to the Sauerbrey model, ∆𝑓 = −𝑛
1

𝐶
∆𝑚, where C is the 

mass sensitivity constant (C = 17.7 ng cm−2 ·Hz−1 at 5 MHz), and n is the overtone 

number (n = 1, 3,...).31 The Sauerbrey equation is entirely valid when the adsorbed 

film couples perfectly to the shear oscillator to form a thin, rigid film. Under such 

circumstances the deposited mass is directly related to the sensor frequency shift. 

However, in many systems such criteria may not be realized, in particular when the 

adsorbed film is more viscous, displaying fluid-like behaviour (softer layer properties 
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– viscoelastic). The frequency response of the oscillator is influenced by the 

viscoelastic properties of the deposited layer which influences the oscillator 

dissipation (D) (considered to be zero for a true Sauerbrey film). With a substantial 

change in the sensor dissipation, usually considered to be >5% of the frequency shift, 

the apparent mass of the deposited viscoelastic film can be modeled using the 

Voigt−Voinova equation, by considering the shift in both the sensor frequency and 

dissipation. In the following equations, subscripts 0, 1, and 2 represent the quartz 

sensor, the adsorbed viscoelastic layer, and the Newtonian fluid, respectively.107 

∆𝑓 = −
1

2𝜋𝜌0ℎ0
{

𝜂2

𝛿2
+ [ℎ1𝜌1𝜔 − 2ℎ1(

𝜂2

𝛿2
)2 𝜂1𝜔2

𝜇1
2+𝜔2𝜂1

2]}                                                 (3.1) 
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1

2𝜋𝑓𝜌0ℎ0
{

𝜂2

𝛿2
+ [2ℎ1(

𝜂2

𝛿2
)2 𝜂1𝜔2

𝜇1
2+𝜔2𝜂1

2]}                                                                  (3.2) 

𝛿2 = √
2𝜂2

𝜌2𝜔
                                                                                                                 (3.3) 

 

where ℎ is the thickness, 𝜌 is the density, 𝜂 is the viscosity, 𝜇 is the shear modulus, 

and 𝜔 is the angular frequency. To calculate the adsorbed film thickness from the 

frequency and dissipation responses a couple of assumptions must be made in regards 

to the layer density, fluid density and fluid viscosity.  In the current study the layer 

density, fluid density and fluid viscosity were set to 1×103 kg/m3, 1×103 kg/m3 and 

1×10-3 Pa·s, respectively.31, 108 For comparison, both the Sauerbrey and the Voigt 

models were used to estimate the surface excess of the adsorbed PVP films. 

3.3.2.3 Lateral force measurements using an atomic force microscopy (AFM). 

A Bioscope II AFM (Bruker, USA) was used to measure the lateral forces between 

silica-silica surfaces and PVP-PVP coated silica surfaces using the colloid probe 

technique, see Fig. 3.6. Tipless silicon nitride cantilever (DNP-020, Bruker AFM 

Probes International Inc., USA) with a spring constant of 0.6 N/m, determined by the 

thermal resonance method, was used to create colloid probes. Silica particles (Duke 
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Scientific, USA) of 30 µm diameter were attached to the cantilevers using a two-part 

epoxy glue (Araldite 2012, UK) which was allowed to cure overnight. These colloidal 

probes were then examined by SEM (Hitachi TM3030, UK) to ensure that the particle 

was well centred and cleanly attached to the cantilever. Four pieces of silicon wafer 

were cut and cleaned as aforementioned and were soaked in 1 ppm PVP solutions of 

different molecular weight (8 kDa, 40 kDa, 360 kDa, and 1300 kDa) for 30 min to 

ensure the silica surfaces were completely saturated with PVP molecules, after which 

the silicon wafers were rinsed with Milli-Q water to remove excess PVP. In the same 

way, four different PVP-coated colloid probes were also prepared. Lateral force 

measurements were obtained immediately after the PVP surface preparation to ensure 

that both PVP surfaces remained fully hydrated. These experiments involved 

depositing two or three drops of Milli-Q water onto the PVP coated substrate before 

immersing the colloid probe into the solution. Friction loops were obtained as a 

function of the normal load (0.44 µN to 2.22 µN) at a scan length of 1 µm and a scan 

rate of 1 µm/s. All force curves were collected at 0.5 Hz at a minimum of three 

different surface sites to ensure representative behaviour.  

 

Figure 3.6 Schematic of the lateral force measurement using colloid probe technique. 

    3.3.2.4 Suspension preparation and bulk rheology. Particle pastes were prepared 

for bulk rheology measurements. To prepare the uncoated silica particle paste, 50 g of 
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silica (9-13 µm) was added to 50 g of Milli-Q water very slowly under gentle agitation, 

creating a 50 wt% paste. The paste concentration was then increased by gradually 

removing the supernatant by centrifuging the sample at 10000 rpm. To prepare PVP-

coated particle pastes, 0.2 wt% solutions of either 8 kDa or 40 kDa PVP were used 

instead of pure Milli-Q water, to create a 50 wt% paste. The adsorption data (will be 

shown in this chapter) showed that a PVP to silica surface area ratio of 5 mg/m2 is 

sufficient to saturate the silica particle surface with PVP.59 The PVP−silica paste was 

continually mixed for 12 h to ensure uniform PVP coverage throughout the paste, 

before centrifugation and then removing the supernatant.59 These pastes were then re-

dispersed in Milli-Q water, readjusting the paste concentration to 50 wt%. This 

washing process was repeated  several times to ensure that any excess PVP was  

removed.59 Once the 50 wt% paste containing PVP-coated particles was created, the 

paste concentration could be increased using the same centrifugation method as for the 

uncoated particle pastes. 

    Flow curves of pastes made with silica particles and PVP-coated particles were 

measured using a stress-controlled Discovery Hybrid Rheometer (DHR-2, TA 

Instruments, UK) equipped with a cross-hatched plate geometry.109 Prior to each 

measurement the plate geometry was cleaned in acetone and washed with excess 

Milli-Q water. Sand paper of Grade 40 was fixed to the center of the base plate to 

prevent paste slippage, and a solvent trap was used to minimize the evaporation of the 

paste liquid. For the flow curve measurements, ~ 2 mL of the paste was placed on the 

Peltier plate and the plate geometry lowered to a 1 mm gap setting. Once positioned, 

the paste rheology was measured by varying the shear rate between 0.1 and 200 s-1. 

The measured flow curves were analyzed using the Herschel-Bulkley model to obtain 
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values of yield stress at each paste concentration. All the measurements were 

conducted at a constant temperature of 25 oC.  

3.4 Results and Discussion 

3.4.1 PVP adsorption measured by OR  

    3.4.1.1 PVP surface excess. According to Fig. 3.7a, the adsorption isotherm for 40 

kDa PVP at 25oC obtained using the OR can be described by two phases (i) increasing 

surface excess up to a PVP concentration of 0.1 ppm, and (ii) a plateau surface excess 

of ~ 0.9 mg/m2 (1.35 × 10-2 molecules/nm2) for PVP concentrations ≥ 0.1 ppm, 

correlating well with previously published data.19, 21, 59, 110 Isotherms for 8 kDa, 40 

kDa, 360 kDa and 1300 kDa PVP are presented in Fig. 3.7b and show similar 

behavior, although the plateau surface excess values are partly dependent on the 

molecular weight, which is commonly observed for linear polymers.25 

 

Figure 3.7 Surface excess isotherms for (a) 40 kDa PVP and (b) comparison of 

isotherms for 8 kDa, 40 kDa, 360 kDa and 1300 kDa PVP measured by OR at 25 ˚C. 

    3.4.1.2 PVP adsorption kinetics. Fig. 3.8 shows the adsorption kinetics of 8 kDa 

PVP for a variety of PVP concentrations. Each OR experiment begins with 
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establishing a baseline (approximately 10 min) in Milli-Q water before the PVP 

solution is injected into the measurement cell. A clear concentration dependence on 

the PVP adsorption rate exists, with the equilibrium surface excess values being 

achieved after 5 min for 1 ppm PVP but more than 1 h is required to reach equilibrium 

for 0.01 ppm PVP. The adsorption rate for 0.001 ppm PVP has the largest uncertainty 

due to the poor signal-to-noise ratio at this ultra-low concentration, although a 

repeatable equilibrium surface excess of around 0.2 mg/m2 was measured. Once the 

equilibrium surface excess was obtained, Milli-Q water was re-introduced into the OR 

cell at the positions indicated by the arrows in Fig. 3.8. Negligible rinse-off of the 

adsorbed PVP was observed at all concentrations, indicating that the PVP molecules 

are strongly bound to the silica surface, hence the adsorption of PVP onto silica can be 

regarded as irreversible (over the timescales of interest).86 

  

Figure 3.8 Adsorption kinetics for 8 kDa PVP as a function of the PVP concentration 

measured by OR. Adsorption kinetics described by Eq. 3.3 are shown as solid lines.  

Arrows indicate the injection time of Milli-Q water (rinse-off).  
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    Since PVP adsorption on silica has been found to be irreversible, the adsorption 

kinetics of PVP can be described by relating the changing rate of the surface excess as 

a function of time t and the initial concentration c of PVP in solution as25 

𝑑Γ

𝑑𝑡
= 𝑘𝑎𝑐𝐵(Γ)                                                                                                            (3.4) 

where 𝑘𝑎is the adsorption rate coefficient of PVP and 𝐵(Γ)is the blocking function, 

which is suggested by the Langmuir model to be 25 

𝐵(Γ) = {
1 − Γ

Γ0
⁄ , Γ < Γ0

0,                 Γ ≥ Γ0

                                                                                      (3.5) 

where Γ and Γ
0
 are the surface excess at time 𝑡 and at saturation respectively.25 The 

relationship between Γ and the adsorption time can then be calculated by integrating 

Eq. 3.4 to give 

Γ = Γ0 − exp (−
𝑘𝑎𝑐𝑡

Γ0
) Γ0                                                                                         (3.6) 

Comparisons between the experimental data and the kinetic model fitting is shown 

in Fig. 3.8 for the 8 kDa PVP. Excellent agreement is obtained for the 0.1 and 1 ppm 

PVP with an optimal fitting parameter of 𝑘𝑎  = 1.2×10-5 m/s. However, poor 

agreement between the experimental data and the kinetic model was observed at lower 

PVP concentrations due to insufficient polymer concentration, i.e. sub-monolayer 

coverage.25  
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Figure 3.9 Adsorption kinetics for 40, 360 and 1300 kDa PVP measured by OR at 1 

ppm. Adsorption kinetics described by Eq. 3.3 are shown as solid lines. Arrows 

indicate the injection time of Milli-Q water (rinse-off). 

    The adsorption kinetics of 40, 360 and 1300 kDa PVP at 1ppm was also measured 

by OR, and again, good kinetic model fitting was observed (Fig. 3.9). The fitting 

parameters (𝑘𝑎 ) for the 40 kDa, 360 kDa, and 1300 kDa PVP are 8.6×10-6 m/s, 

5.5×10-6 m/s, and 5.0×10-6 m/s respectively, similar in magnitude to other linear 

polymers.25 
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Figure 3.10 Initial PVP adsorption rate dependence on the PVP concentration and 

molecular weight. Semi-log data shown inset. 

Fig. 3.10 compares the initial PVP adsorption rates as a function of the polymer 

concentration and molecular weight. The initial adsorption rates of PVP increased 

with increasing PVP concentration and decreasing PVP molecular weight. 

3.4.2 PVP film hydration 

Complementing the OR data, surface adsorption was also studied using QCM-D at 

equivalent PVP concentrations and molecular weights. The main difference between 

the two techniques is that the QCM-D is sensitive to both the adsorbed PVP and any 

solvent trapped within the adsorbed film (i.e. an apparent film mass), whereas the OR 

is sensitive to the adsorbed PVP while the trapped solvent within the polymer film 

remains absent (i.e. the real film mass). Therefore, by comparing the QCM-D and OR 

data it is possible to estimate the degree of adsorbed film hydration.111 
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Figure 3.11 Time dependent resonance frequency (black filled squares) and 

dissipation (red filled triangles) for 8 kDa, 40 kDa, 360 kDa, and 1300 kDa PVP at 1 

ppm. Arrows indicate the injection time of Milli-Q water (rinse-off). 

The raw QCM-D data (∆f - time and ΔD - time) is shown in Fig. 3.11. For each 

QCM-D experiment, a stable baseline (approximately 10 min) was first established in 

Milli-Q water first before injecting the PVP solution. Milli-Q water was re-introduced 

once equilibrium surface excess obtained, see arrows in Fig. 3.11. 

The raw QCM-D data was converted to adsorbed surface excess using two different 

models i) Sauerbrey112 and ii) Voigt113, see Fig. 3.12.31 In both models the background 

fluid is Newtonian with only the thin adsorbed film modelled differently. It can be 

seen that both the viscoelastic Voigt model and the elastic Sauerbrey model differ 

from each other by around 10%, indicating that the adsorbed PVP films mainly 

behave as an elastic film. Hence the Sauerbrey model is adequate, and is used for the 

following analysis.31  
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Figure 3.12 PVP molecular weight dependent equilibrium surface excess as 

determined by Sauerbrey and Voigt models, PVP concentration = 1 ppm. 

    Adsorption of 1 ppm PVP on silica using OR and QCM-D is directly compared in 

Fig. 3.13. 1 ppm was chosen since the adsorption isotherms in Fig. 3.7 confirmed 

complete surface saturation at PVP concentrations ≥ 0.1 ppm. Fig. 3.13 shows that for 

all QCM-D data, the equilibration time was much longer than was observed for the 

equivalent OR data due to the conformational rearrangement/reorganization of the 

polymer chains at the solid-liquid interface, which the OR is less sensitive to. The 

QCM-D data also showed little or no rinse-off (Milli-Q water wash identified by the 

arrows), confirming the results from the OR data where irreversible PVP adsorption 

was also shown. 



53 

 

 

Figure 3.13 Adsorption kinetics for 1 ppm PVP of different molecular weights 

measured by both OR (black squares) and QCM-D (red circles). Arrows indicate the 

injection time of Milli-Q water (rinse-off). 

Equilibrium surface excess values as a function of the PVP molecular weight are 

compared for the OR and QCM-D data, see Fig. 3.14. The equilibrium PVP surface 

excess measured by QCM-D (apparent film mass) is shown to be greater than the 

surfaces excess determined by OR, albeit the 8 kDa PVP data is in good agreement for 

both techniques. Since the PVP concentration is too low to change the density and 

viscosity of the bulk liquid,114 the QCM-D data indicates that the 8 kDa PVP forms a 

film with little water trapped, while the higher molecular weight polymers form more 

hydrated films. Based on the differences in surface excess between the OR and QCM-

D data, we may therefore estimate that the amount of water retained in the PVP films 
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for 8 kDa PVP is around 10 wt%, and for the higher molecular weight PVPs (40 kDa, 

360 kDa, and 1300 kDa) is approximately 40-55 wt%. 

   

Figure 3.14 Equilibrium surface excess as a function of the PVP molecular weight 

measured by OR and QCM-D. 

3.4.3 PVP Sauerbrey film thickness and conformation 

    In addition to the frequency shift (∆𝑓), the dissipation shift, ΔD, is also recorded by 

the QCM-D, see Fig. 3.11. Since the polymer concentration (1 ppm) used here is too 

low to change the properties of the background liquid,114 the sensor dissipation should 

mainly result from the viscous losses of the adsorbed PVP film itself, including any 

trapped water inside the PVP film.108  
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Figure 3.15 Comparison of the PVP Sauerbrey film thickness and the QCM-D 

equilibrium dissipation as a function of the PVP molecular weight at 1 ppm.  

Fig. 3.15 shows the relative changes in Sauerbrey film thickness and dissipation for 

PVP films as a function of the PVP molecular weight and at a fixed PVP 

concentration of 1 ppm. The average hydrated film thickness from the QCM-D data 

was 0.9 nm for the 8 kDa PVP film and 1.8 nm for the higher molecular weight PVP 

films according to the Sauerbrey model. While the calculated film thickness of the 8 

kDa PVP is in good agreement with the average film thickness determined from the 

OR data (~ 0.8 nm), when compared for the higher molecular weight PVPs there is 

significant divergence of the resulting film thicknesses (OR data ~ 1 nm for the 40 

kDa, 360 kDa and 1300 kDa PVP films), again confirming that the difference likely 

results from the degree of PVP film hydration. Considering that the radius of gyration 

(Rg) of these polymers in solution are ~ 4 nm, ~ 7 nm, ~ 27 nm and ~ 51 nm for 8, 40, 

360 and 1300 kDa PVP respectively115, the film thickness data shown in Fig. 3.15 

most likely corresponds to the PVP chains lying flat or nearly flat on the substrate 
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(PVP chain width previously reported to be ~ 1 nm).89 This likely polymer orientation 

on the substrate is also justified by the low dissipation values, although it is worth 

noting that the dissipation of the 8 kDa PVP film is four times smaller than the higher 

molecular weight PVPs. Once again signifying increased film stiffness by the lowest 

molecular weight PVP. 

    

Figure 3.16 ∆D as a function of ∆f for the 1300 kDa PVP at 1 ppm. All the ∆D/∆f 

values shown should be multiplied by a factor of 10-6. Schematic to show the likely 

polymer orientation to reach the equilibrium state. 

Fig. 3.16 shows ∆D as a function of ∆f for the 1300 kDa PVP adsorption, 

highlighting potential conformational changes of the PVP molecules on silica during 

the adsorption process (rinse-off data not included). The experiment was allowed to 

reach equilibrium and the raw data is shown in Fig. 3.11. In Fig. 3.16 the QCM-D 

response for the 1300 kDa PVP can be divided into three stages, labelled as regions I, 
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II and III, according to the mean slope of each region.31 Region I shows a very small 

increase in dissipation (up to 0.08 × 10-6) with a faster increase in frequency, up to 5 

Hz, which is approximately half of the equilibrium plateau value of 11 Hz (see Fig. 

3.11), suggesting that during the initial stages of adsorption, the 1300 kDa PVP 

molecules lie flat on the silica surface. In regions II and III the slope (∆𝐷/∆𝑓 ) 

increases to 0.05×10-6 and 0.1×10-6 respectively, representing a larger and larger 

contribution from the sensor dissipation, with relatively small changes in the 

frequency. These latter stages (regions II and III) represent the gradual 

rearrangement/reorganization of the 1300 kDa PVP film resulting in a 40-55 wt% 

hydration of the adsorbed polymer film. The increased contribution from the 

dissipation is further confirmation of gradual film softening (increased hydration) due 

to the longer time conformational changes of the adsorbed polymer film (inset Fig. 

3.16). These slower dynamics have previously been reported using AFM, where the 

authors studying the adsorption of 1 ppm PVP on graphite observed that the polymer 

first adsorbs in an expanded chain confirmation before reconfiguring over several 

hours to reach an equilibrium state that is slightly more globular and rougher.116 

Similar softening behaviour was also observed for the 40 kDa and 360 kDa PVP films, 

see Fig. 3.17. 
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Figure 3.17 ∆D as a function of ∆f for the 8 kDa 40 kDa and 360 kDa PVP at 1 ppm. 

All the ∆D/∆f values shown should be multiplied by a factor of 10-6. 

By comparison, the entire adsorption process of the 8 kDa PVP (Fig. 3.17) 

reasonably compares to region I of the 1300 kDa PVP data. Very small equilibrium 

values of Δf and ∆D of 5 Hz and 0.1×10-6 respectively were measured for the 8 kDa 

PVP film. The fact that the equilibrium Δf for the 8 kDa PVP film was about half that 

of the 1300 kDa film, whereas the ∆D value was more than 4 times smaller, confirms 

that negligible softening of the 8 kDa film occurs. From the QCM-D data we would 

expect the 8 kDa PVP film to be more rigid than the higher molecular weight PVP 

films. 

3.4.4 Lubrication effects 

3.4.4.1 Particle-substrate lateral force. The lateral forces between silica-silica 

surfaces, and PVP coated silica surfaces were measured under different normal loads 

using the AFM colloid probe technique.96 The lateral forces between uncoated silica 

surfaces (Fig. 3.18) increased almost linearly with increasing normal load (over the 

range considered), as expected by Amonton’s law.117 Interestingly, the measured 

lateral forces between 8 kDa PVP-PVP surfaces closely matched the uncoated silica 

data at all loads. By contrast, the 40 kDa PVP-PVP, 360 kDa PVP-PVP, and 1300 

kDa PVP-PVP surfaces showed significantly smaller lateral forces, and each of these 

three longer chain PVP polymers showed a similar response independent of the 

polymer molecular weight. This suggests that above a critical chain length, PVP can 

reduce the friction between silica surfaces by approximately a factor of 2. 
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    Qualitatively these results complement the adsorption data, where it was shown that 

the 8 kDa PVP forms a comparatively more “rigid” film than the more “lossy” higher 

molecular weight PVP films. The ability to reconfigure and essentially hydrate to 

produce an interfacial film of increased softness is favorable for lubrication. Under 

compression the “soft” interfacial film is able to accommodate the normal load and 

inhibit hard surface contact, something that is less achievable for the lowest molecular 

weight PVP, which essentially adsorbs in a flat configuration with little retained water 

in the polymer film.93, 101 

 

Figure 3.18 Lateral forces measured between silica-silica, 8 kDa PVP-PVP, 40 kDa 

PVP-PVP, 360 kDa PVP-PVP, and 1300 kDa PVP-PVP surfaces by a colloid AFM 

probe. 
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    In summary, we have determined a critical PVP molecular weight (~ 40 kDa) exists, 

around which the friction may be reduced by ~50% compared with uncoated silica 

surfaces. 

3.4.4.2 Yield stress of suspensions. High concentration (50 to 63 vol%) 

suspensions were prepared using uncoated silica particles in water, as well as 8 kDa 

PVP and 40 kDa PVP coated silica particles in water. The Herschel-Bulkley equation, 

𝜏 = 𝜏0 + 𝑘(�̇�)𝑛, where 𝜏 is the shear stress, 𝜏0 the suspension yield stress, �̇� the shear 

rate, 𝑘 and 𝑛 the consistency and flow indices, respectively, was used to determine the 

suspension yield stress, with an example fitting shown in Fig. 3.19. The fitting 

parameters (𝑘 and 𝑛) are summarized in Table 3.1. As shown, for the uncoated and 8 

kDa PVP-coated silica particles the apparent suspension viscosity (𝑘) was observed to 

increase with increasing solids concentration, while the extent of suspension shear 

thinning (𝑛) also increased (𝑛 < 1, shear thinning). However, the 40 kDa PVP-coated 

silica particles showed minimal variation in 𝑛  (exhibiting Newtonian-like fluid 

behavior), even though the suspension viscosity increased with increasing solids 

concentration.118  
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Figure 3.19 Suspension viscosity (closed symbols) and shear stress (open symbols) as 

a function of the applied shear rate for a 59 vol% uncoated silica suspension. Dashed 

line represents the Herschel-Bulkley model used to determine the suspension yield 

stress (𝜏), consistency index (𝑘) and flow index (𝑛), see Table 3.1.  

Table 3.1 Fitting parameters k and n of the Herschel-Bulkley equation.  

 

Solids conc. 

(vol%) 

Uncoated silica 

particles 

8 kDa PVP-coated 

silica particles 

40 kDa PVP-coated 

silica particles 

 k (Pa·s) n k (Pa·s) n k (Pa·s) n 

53 5.0 × 10-3 0.99   5.0 × 10-3 0.99 

56 1.0 × 10-2 0.95   6.0 × 10-3 0.99 

59 6.4 × 10-2 0.91 3.0 × 10-2 0.95 1.0 × 10-2 0.99 

61 8.9 × 10-2 0.90 6.0 × 10-2 0.91 7.0 × 10-2 0.95 

63 3.0 × 10-1 0.86 2.2 × 10-1 0.85 9.0 × 10-2 0.99 

 

Suspension yield stress as a function of the apparent particle volume fractions were 

shown in Fig. 3.20. The Sauerbrey thickness of the PVP film (Fig. 3.15) was taken 

into account to shift the ‘apparent’ volume fraction of the composite particle 

suspension to a slightly higher value (Fig. 3.20) compared with the uncoated particles. 
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The yield stress of the 40 kDa PVP-coated particle suspension was shown to be 

significantly reduced above 60 vol% compared with the uncoated silica particle 

suspension. This result is in broad agreement with the lateral force data (Fig. 3.18) 

where it was shown that the 40 kDa PVP films had significantly lower lateral forces 

than the uncoated silica surfaces. The lubrication effect from a softer polymer film 

would assist particles to slide past each other more easily when the particles are highly 

packed (high contact loading).103 By contrast, the suspensions prepared using 8 kDa 

PVP-coated particles behaved similarly to uncoated silica particles, most likely a 

result of the thin, dehydrated PVP film adsorbed on the particle, as evidenced by OR 

and QCM-D techniques. This thin and rigid film has much less retained water, 

resulting in a greater degree of friction between each particle, and therefore, a larger 

shear force is needed to induce yielding of the high volume fraction suspension. 

 

Figure 3.20 Suspension yield stress as a function of the apparent particle volume 

fraction for uncoated silica particles (No PVP), 8 kDa and 40 kDa PVP coated silica 

particles in water. 
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3.5 Conclusion  

In the current study, silica surfaces were modified by adsorbing 

poly(vinylpyrrolidone) (PVP) at ultra-low concentrations (< 1 ppm). Different PVP 

molecular weights between 8 kDa and 1300 kDa were used to investigate both the 

adsorbed mass and the frictional properties of the resultant polymer coating. The 

surface excess measurements obtained by OR only showed a very weak molecular 

weight dependence, whereas QCM-D data on the same PVP films showed that the 

amount of retained water in the 8 kDa PVP film was much less (~10 wt%)  than the 

retained water in films formed using higher molecular weight PVP (trapped water ~ 

40-55 wt%). Lateral forces measured by AFM between 8 kDa PVP-PVP surfaces very 

closely matched the uncoated silica lateral forces at all normal loads tested. By 

contrast, the lateral forces measured between 40 kDa PVP-PVP, 360 kDa PVP-PVP, 

and 1300 kDa PVP-PVP surfaces were significantly smaller, indicating that above a 

critical chain length (~ 40 kDa), PVP can significantly reduce the friction between 

silica surfaces by approximately a factor of 2. This lubrication effect of PVP has been 

verified by observing a reduction in the yield stress of high concentration silica 

suspensions when the particles were coated with 40 kDa PVP. The 8 kDa PVP-coated 

particles showed negligible variance from the uncoated particles, further validating the 

lubricating effect of higher molecular weight PVP at ultra-low polymer concentrations. 
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Chapter 4: Foaming Behaviour of PVP-coated Silica 

Particles 

4.1 Synopsis 

PVP adsorption on silica has been studied in the previous chapter. Since the 

adsorption of PVP on silica was shown to be irreversible, PVP-coated silica particles 

(composite particles) were considered as a means of stabilizing foams. 

The current chapter examines the foaming behaviour of composite particles. 

Individually, the two components, PVP and silica nanoparticles, exhibit very little 

potential to partition at the air-water interface and, as such stable foams cannot be 

generated. In contrast, combining the two components to form silica-PVP core-shell 

nanocomposites leads to good ‘foamability’ of long-term foam stability. Addition of 

an electrolyte (Na2SO4) was shown to have a marked effect on the foam stability. By 

varying the concentration of electrolyte between 0 and 0.55 M, three regions of foam 

stability were observed: transitioning from rapid foam collapse at low electrolyte 

concentrations, through delayed foam collapse at intermediate concentrations, and 

finally long-term stability (~ 10 days) at the highest electrolyte concentration. The 

observed transitions in foam stability were better understood by studying the 

microstructure and physical and mechanical properties of the particle-laden interface. 

For rapidly collapsing foams the nanocomposite particles were weakly retained at the 

air-water interface. The interfaces in this case were characterized as being “liquid-like” 

and the foams collapsed within 100 min. At an intermediate electrolyte concentration 

(0.1 M), delayed foam collapse over ~16 h was observed. The particle-laden interface 
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was shown to be pseudo solid-like as measured under shear and compression. The 

increased interfacial rigidity was attributed to adhesion between interpenetrating 

polymer layers. For the most stable foam (prepared in 0.55 M Na2SO4), the ratio of the 

viscoelastic moduli, G’/G” was found to be equal to ~ 3, confirming a strongly elastic 

interfacial layer. Using optical microscopy, the enhanced foam stability was assessed 

and attributed to a change in the mechanism of foam collapse. The bubble-bubble 

coalescence was found to be significantly retarded by the aggregation of 

nanocomposite particles, with the long term destabilization being recognized to result 

from bubble coarsening. For rapidly destabilizing foams the contribution from bubble-

bubble coalescence was shown to be more significant. 

4.2 Literature Review 

Assembly of colloidal particles at fluid interfaces (Fig. 4.1) is a promising 

technique for synthesizing novel materials which can be potentially used in 

biomedicine, materials science, and formulated products.3, 4, 32, 33, 34, 35 In many 

products, colloid particles and a wide range of chemical additives such as surfactants 

and polymers often co-exist to provide desirable properties, which usually include 

immiscible fluids (liquid-liquid or gas-liquid). Upon mixing in these systems, 

interfaces generated are stabilized by the chemical additives. While the amphiphilicity 

of surfactants governs their interfacial activity, the surface chemical uniformity of a 

particle means that contrasting affinities for both the polar/non-polar fluids is not 

readily achieved, although the use of Janus particles is a route to provide such 

amphiphilicity.119 
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Figure 4.1 Self-assembled PVP coated (a) Ag nano-cubes, (b) Ag octahedra, (c) Ag 

nanowires and (d) Au nanoprisms films at the air-water interface.120, 121, 122 

The potential for a particle to reside at an interface is influenced by the particle 

wettability, represented by the three phase contact angle (θ).10 Previous studies 

showed that good emulsion stabilizing particles exhibit contact angles close to 90°. 

For foams, this critical contact angle is lower than 90o, with optimum stabilizing 

conditions reported for contact angles close to 70o.9 Relatively small deviations away 

from this optimum contact angle can lead to dramatic changes in foam stability, with 

particles behaving as de-stabilizers rather than stabilizers. Various routes to modify 

particle wettability have been demonstrated, which include silanization,10, 72 surfactant 

adsorption,12 addition of electrolyte,123 polymer grafting,14, 57 surface roughness 

modification,124 and more recently switching of physical conditions of the system such 

as temperature, pH, light, or CO2 addition/removal. 
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4.2.1 Foaming potential of surfactant-particle composites and interfacial 

rheology 

For foams stabilized by surfactant, the behavior and mechanisms of foam collapse 

have recently been reviewed by Briceno-Ahumada and Langevin. They showed that 

the rate of bubble coarsening was proportional to the permeability of the interfacial 

layer, which was dependent on the layer thickness and the surfactant packing density, 

a factor that can be controlled by introducing surfactant mixtures.125 The added benefit 

of using composite surfactant-particles to arrest bubble coarsening has been 

demonstrated in several recent studies.12, 126, 127 Through the electrostatic attraction 

between cetyltrimethyl ammonium bromide (CTAB) and silica particles, foams 

stabilized by composite particles were shown to exhibit substantially longer foam 

lifetimes than surfactant-only stabilized foams.126 The enhanced foam stability was 

shown as a reduction in the rate of bubble coarsening once the particle concentration 

at the interface was sufficiently high to effectively “jam” the foam network.126 The 

critical condition to minimize bubble coarsening was influenced by the particle 

number density at the interface, which was directly related to the surfactant 

concentration.12, 127 During bubble coarsening, smaller bubbles were observed to 

reduce in size before the interface eventually buckled.126 Interfacial buckling (see Fig. 

4.2) confirmed the strong retention of the surfactant-particle composites at the gas-

liquid interface, with the energy for particle detachment affected by the wetting angle. 

The critical wetting angle has been shown to vary between 50o and 70o, depending on 

the surfactant concentration when below the critical micelle concentration (CMC).127  
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Figure 4.2 Crumpled bubbles stabilized by surfactant-particle composites.126 

    For an interface to buckle Erni et al.128 confirmed that the two interfacial 

rheological contributions, shear and dilatational, should be non-zero, and the interface 

should behave as an elastic solid, i.e. G’(storage modulus) > G”(loss modulus). With 

continued bubble shrinking, the irreversibly adsorbed chemical species eventually 

‘jam’ and resist any further surface area reduction, until a critical compressive strain is 

surpassed to buckle the interface. The ability for an interface to resist in-plane shear 

has recently been shown as a key contributing factor in stabilizing droplets. At the 

liquid-like state (G” > G’) the interfacial layer provides little resistance to droplet-

droplet coalescence. However, when the condition for interfacial buckling is satisfied 

and the interface is described as being solid-like, two interacting droplets do not 

coalesce.63 The stabilizing mechanism is attributed to the interfacial shear yield stress 

which must be exceeded in order for the interfacial layer to flow away from the 

contact area and initiate droplet coalescence. For foams stabilized by surfactant-only, 
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the conservation of the surfactant surface coverage through the reversible adsorption 

of surfactant molecules mitigates the buckling.  

Langevin and co-workers recently demonstrated that the shear rheology of a 

surfactant-particle-laden interface satisfies the soft glassy rheological response, with 

the elastic contribution of the layer being dependent on the surfactant concentration.12 

The data qualitatively verify previous observations of foam lifetime. However, the 

contribution of interfacial shear rheology to foam destabilization may be more 

relevant to bubble coalescence than bubble coarsening, as the arrest of bubble 

coarsening has frequently been discussed in terms of the dilatational elasticity.125 For 

a single bubble, coarsening can be stopped if the elastic compression modulus E of the 

interfacial layer is at least twice the gas-liquid surface tension (𝛾). Following the 

derivation by Gibbs,9, 72, 125 bubble coarsening ceases when the Laplace pressure 

approaches zero. While numerous practical foam studies have verified this criterion, 

contradictions have also been reported, which were often justified by the formation of 

multilayers.72 

4.2.2 Foaming potential of polymers and polymer-surfactant mixtures 

The application of polymers to stabilize foams has received little scientific attention 

due to weak adsorption of polymers at the gas-liquid interface.11, 16 However, 

polymer-surfactant mixtures have been shown to extend the lifetime of thin liquid 

films by promoting the formation of surface complexes below the critical aggregation 

concentration (CAC). The presence of surface complexes leads to an increase in the 

surface viscosity and steric repulsion between two approaching fluid interfaces, as 

shown in Fig. 4.3.11, 17 Above the CAC the polymer-surfactant complexes gel, 

significantly increasing the bulk fluid viscosity and extending film lifetime. In this 
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case the maximum foam stability was observed at the onset of surfactant-polymer 

precipitation.17, 129  

 

Figure 4.3 Schematic of a thin liquid film stabilized by polymer−surfactant 

complexes, ∆h indicates the distance between two neighbouring polymer branches.17 

4.2.3 Foaming potential of microgel particles and pseudo-microgel 

particles 

    More recently, emulsions and foams stabilized by polymer microgel particles have 

demonstrated tuneable functionality in two-phase systems by the use of thermal-

responsive or pH-responsive polymers.13, 130 The co-polymer ratio in microgel 

particles has been shown to affect the emulsifying potential of particles. Compared 

with rigid microgel particles, ‘softer’ and more responsive particles produce 

emulsions of extended lifetime.131 Pseudo-microgel particles formed by grafting 

polymer onto the surface of nanoparticles have also been proven to be good 

emulsifying agents, stabilizing emulsions for several months. Tilton and co-workers 

reported that the best nanoparticles for emulsification had a low concentration of 

polymer chains adsorbed on their surface (0.077 chains/nm2), stabilizing emulsions 

with only 0.05 wt% polymer-grafted nanoparticles. This concentration of particles is 
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much lower than that usually required to stabilize Pickering emulsions.14 Compared 

with hard spheres, core-shell particles were shown to be good foaming/emulsifying 

agents and stabilizers since they are capable of reducing the  surface tension,57 

facilitate the adsorption of particles at the fluid-fluid interface,50, 57, 132 and provide a 

route to control the particle-particle separation distance to adjust the structure and 

mechanical strength of interfacial layers.133, 134, 135 

To the best of our knowledge, foaming ability of polymer-particle composites 

formed via polymer physisorption has not been considered in detail. In the current 

chapter, we focus on the interfacial properties of PVP-coated silica composite 

particles. The role of electrolyte concentration on the mechanical response of 

deposited particle layers was investigated and correlated to the observed transitions in 

foam stability. 

4.3 Materials and Experimental Methods 

4.3.1 Materials 

PVP with a molecular weight of 40 kDa was purchased from Alfa Aesar (UK) and 

used as received. Ludox AS40 silica nanoparticles were purchased from Sigma-

Aldrich (UK) as a 40 wt% aqueous suspension. Prior to its use the silica particle 

suspension was diluted to 10 wt% using Milli-Q water and then ion exchanged using 

Amberlite IRN 50 resin (Alfa Aesar, UK) to remove excess SO4
2- counter-ions. The 

removal of excess counter-ions was verified by conductivity measurements of the 

diluted suspensions (reduced from ~225 ± 30 µS/cm to ~53 ± 10 µS/cm). The particle 

hydrodynamic diameter was determined using a Malvern ZetaSizer Nano ZS (Malvern 

Instruments, UK) to be ~ 34 nm with a PDI of 0.14. Milli-Q water with a resistivity of 

18.2 MΩ.cm was used throughout the study and sodium sulphate (99+%. A.C.S. R, 
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Sigma Aldrich, UK) was used as received without further purification for changing 

the electrolyte concentration. 

4.3.2 Experimental methods 

4.3.2.1 Preparation of PVP coated silica composite particles. To prepare the 

PVP (40 kDa) coated silica nanoparticles, henceforth referred to as composite 

particles, 30 mL of 10 wt% silica nanoparticle suspension was added dropwise to 5 wt% 

PVP solution (40 mL) under gentle agitation. The PVP-silica suspension was 

continually mixed for 12 h to ensure PVP adsorption. Excess or weakly adsorbed PVP 

was removed from the silica particle suspension by centrifuging the sample at 13,000 

rpm (18549g) for 4 h. The supernatant was removed using a wide bore pipette before 

re-dispersing the centrifuged particles in Milli-Q water using mild sonication. The 

wash process was repeated several times and complete removal of any unadsorbed 

PVP was verified by measuring the surface tension of the removed supernatant after 

each wash cycle. Complete PVP removal was assumed when γa/w of the removed 

supernatant reached ~ 72.3 mN/m, at 25 °C. A schematic of the method designed to 

form the composite particles is shown in Fig. 4.4. 
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Figure 4.4 Schematic of composite particle preparation. 

    PVP adsorption on the silica nanoparticles was confirmed by transmission electron 

microscopy (TEM), see Fig. 4.4, and the amount of adsorbed PVP determined using 

thermo-gravimetric analysis (TGA) (Q-500- TA, USA). For TGA, 5-10 mg of the 

composite particles was heated from 30 oC to 900 oC (the thermal degradation 

temperature of PVP is around 400 oC 26) at a 10 oC/min heat rate under N2 flow (50 

mL/min). Here, silica only, PVP only and the empty aluminum pan were used as 

reference samples measured at identical conditions. Since all the trapped water should 

have evaporated around 100 °C, the remaining mass of the composite particles at 

100 °C was used as a starting value for the analysis. Assuming that the PVP and SiO2 

mass loss from the composite particles up to 600 °C are 100% and 0%, respectively, 

the mass of adsorbed PVP with respect to the mass of silica nanoparticles was 

determined using the following equation 

𝑊𝑃𝑉𝑃

𝑊𝑆𝑖𝑂2

=
(𝑊𝑡𝑜𝑡𝑎𝑙,100 ℃−𝑊𝑡𝑜𝑡𝑎𝑙,600 ℃)

𝑊𝑡𝑜𝑡𝑎𝑙,100 ℃−(𝑊𝑡𝑜𝑡𝑎𝑙,100 ℃−𝑊𝑡𝑜𝑡𝑎𝑙,600 ℃)
                                                  (4.1)                               
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where 𝑊𝑡𝑜𝑡𝑎𝑙,100 °𝐶  and 𝑊𝑡𝑜𝑡𝑎𝑙,600 °𝐶  are the remaining masses of the composite 

particles at 100 °C and 600 °C, respectively. 𝑊𝑃𝑉𝑃 and 𝑊𝑆𝑖𝑂2
 represent the mass of 

PVP and silica in the composite particles, respectively. Based on Eq. 4.1, the adsorbed 

amount (Γ) of PVP on the silica nanoparticles is given by 

Γ =
𝑊𝑃𝑉𝑃

𝑆𝑠𝑝𝑒×𝑊𝑆𝑖𝑂2

                                                                     (4.2) 

where 𝑆𝑠𝑝𝑒 is the specific surface area of silica nanoparticles (~135 m2/g for Ludox 

AS40). 

    4.3.2.2 Foam studies. After several washes the composite particles were re-

dispersed in Milli-Q water to 10 wt% (particle to suspension mass). The suspension 

was refrigerated during storage. For foam testing, 10 mL of 1 wt% composite particles 

was prepared in 40 mL glass vial to an appropriate electrolyte concentration (between 

0 and 0.55 M Na2SO4). The composite particle suspension was gently agitated using a 

laboratory carousel before 1 min of vigorous handshaking to generate the foam. The 

foamability and foam stability were visually measured by tracking foam heights at 

regular time intervals. 

More detailed analysis of the foam destabilization mechanism was undertaken by 

studying bubble-bubble interactions using an optical microscope (Olympus BX51). 

Immediately following foaming, a small volume sample of the stable foam was 

extracted using a flat edged capillary tube (CM Scientific Ltd, 0.5 × 5 mm). The 

capillary tube was positioned below the air-foam interface and the sample gently 

drawn into the capillary tube with minimal disturbance. The dimensions of the 

capillary tube were chosen to minimize the deformation (i.e. flattening) of the foam 

bubbles. To prevent foam drying, both ends of the capillary tube were sealed using 

Parafilm M®, and the sealed sample left un-disturbed on the optical microscope stage.  
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The bubble size distribution as a function of foam aging was determined by measuring 

the diameter of individual bubbles using ImageJ software. All foam stability 

experiments were conducted at T = 25 °C. 

4.3.2.3 Π-A isotherms. Surface pressure–area (Π-A) isotherms of deposited particle 

layers at the air-water interface were measured using a Langmuir trough (Biolin 

Scientific, Sweden), with a maximum trough area of 85 cm2. Surface pressure was 

measured using a paper Wilhelmy balance of dimensions 10 × 30 mm (w × l). Prior to 

each measurement the Delrin trough and baffles were thoroughly cleaned using 2 wt% 

Decon solution and rinsed with excess Milli-Q water and acetone. Any contaminants 

residing at the air-aqueous interface were first removed by compressing the barriers to 

the minimum trough area (20 cm2), before aspirating the liquid surface under gentle 

suction. The “cleanliness” of the air-aqueous interface was verified by subsequent 

compressional isotherms. The trough was considered clean when the maximum 

deviation of the surface pressure under the maximum compression was less than 0.3 

mN/m. Surface pressure Π is given by: 𝛱 = 𝛾0 − 𝛾, where 𝛾0 is the surface tension of 

a pure interface and 𝛾 is the surface tension of a contaminated interface.136 

The prepared particles (uncoated or composite) were first dispersed in the spreading 

solvent (mixture of water and isopropanol alcohol at a 1:1 vol/vol ratio), to a 

concentration of 0.5 wt% (based on the total suspension mass). Spread at the air-

aqueous interface was 40 µL of 0.5 wt% particle suspension, ensuring that droplets 

were evenly distributed across the trough area and added without disturbing the 

interface (i.e., no droplet splashing). To evaporate the spreading solvent, the interface 

was left undisturbed for 30 min prior to collecting the Π-A isotherms. The surface 

pressure of the particle layer under compression was continuously measured as the 

interfacial area was reduced from 76 cm2 to 20 cm2 at a speed of 5 cm2/min. All the 
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measurements were repeated in triplicate with the results demonstrating a good 

repeatability (surface pressures at equivalent areas within ± 5%). 

4.3.2.4 Microstructure of particle layer. The micron-scale structure of the 

composite particles layer at the air-water interface was studied under several states of 

compression (low → high compression). Following the layer preparation using the 

method described above, the composite particles layer was compressed to the desired 

surface pressure and held at a constant pressure for 5 min. The particle layer was then 

transferred from the air-aqueous interface to molecularly smooth mica basal planes 

using the Langmuir-Blodgett (LB) deposition technique.137 The freshly cleaved mica 

substrate (Agar SCIENTIFIC, UK) was withdrawn through the air-aqueous interface 

at 90 mm/min whilst maintaining the surface pressure to ensure that the transfer ratio 

(deposited area to compressed area) remained constant at ~ 1, see Fig. 4.5. The 

deposited particle layers were carefully dried at slightly elevated temperature to 

minimize any drying effects, and stored in a ZONESEM sample cleaner before 

imaging using a scanning electron microscope (Hitachi SU8230, UK). 
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Figure 4.5 Schematic of the Langmuir-Blodgett deposition method.  

4.3.2.5 Interfacial shear rheology. The shear viscoelasticity of the composite 

particles interfacial layer was studied using a stress-controlled Discovery Hybrid 

Rheometer (DHR-2, TA Instruments, UK) equipped with a double wall ring (DWR) 

geometry (see Fig. 4.6).109 To ensure maximum measurement sensitivity, the 

rheometer was calibrated using precision mapping with the transducer bearing mode 

set to soft. For the interfacial shear rheology measurements, 19.2 mL of the electrolyte 

solution was pipetted into the circular Delrin trough to ensure that the air-aqueous 

interface was pinned at the inner ridge of the trough. Spread at the air-aqueous 

interface was 10 μL of the composite particle suspension of 0.5 wt% solid content in a 

mixture of water/IPA (1:1 v/v). Prior to each measurement the DWR geometry was 

cleaned in acetone and washed with excess Milli-Q water and then flamed to remove 

any organic contaminants. With the particle layer formed at the air-aqueous interface, 
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and the spreading solvent being evaporated (evaporation time ~ 30 min), the DWR 

geometry was gently lowered and positioned to pin the air-aqueous interface. Once 

positioned, the viscoelasticity of the interfacial layer was determined from data 

collected whilst oscillating the DWR geometry at a constant frequency of 0.5 rad/s 

and varying strain between 10-2 % and 103 %. All the measurements were conducted at 

a constant temperature of 25 oC. More details describing the experimental technique 

and procedures can be found elsewhere.63, 109, 132 

 

Figure 4.6 Image of a stress-controlled Discovery Hybrid Rheometer equipped with a 

double wall ring (DWR) geometry. 

4.3.2.6 Adhesion force measurements between two PVP coated surfaces using 

colloid probe technique. A Bioscope II AFM (Bruker, USA) was used to measure the 

interaction forces between two PVP coated surfaces using the colloid probe technique. 

The tipless silicon nitride cantilever (DNP-020, Bruker AFM Probes International Inc., 
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USA), with a spring constant of 0.6 N/m determined by the thermal resonance method, 

was used to create colloid probes. Silica particles (Sigma Aldrich, UK) between 9 and 

13 µm were attached to the cantilevers using a two-part epoxy glue (Araldite 2012) 

which was allowed to cure overnight. These probes were then examined by SEM 

(Hitachi TM3030, UK) to ensure that the particle was well centred and cleanly 

attached to the cantilever (see Fig. 4.7). A 1 cm2 piece of silicon wafer (University 

Wafer Inc., Boston, USA) with a 100 nm top layer of silicon dioxide was placed into a 

UV/Ozone cleaner (Bioforce Nanosciences, Iowa, USA) for 30 min and then rinsed 

with Milli-Q water. Both the silicon wafer and the colloid probe were dipped into two 

trays each containing 10 ppm 40 kDa PVP for 10 min, after which the silicon wafer 

was rinsed with Milli-Q water and the colloid probe was dipped into a tray of Milli-Q 

water. Optical reflectometry data confirmed rapid adsorption of PVP on silica, 

reaching steady state conditions within 10 min, see data in Chapter 3. 

  

Figure 4.7 SEM image of the silica colloid mounted on a tipless silicon nitride AFM 

cantilever. 
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    Force curves were obtained immediately after the PVP surface preparation to 

ensure that both PVP surfaces remained fully hydrated. Two or three drops of liquid 

(either Milli-Q water or Na2SO4 solution) were deposited onto the PVP coated wafer 

surface before immersing the colloid probe into this solution. All force curves were 

collected at 0.5 Hz at a minimum of 3 different surface sites. A minimum of 10 force 

curves per area were obtained.  

4.4 Results and Discussion 

4.4.1 Characterization of composite particles  

4.4.1.1 PVP surface coverage and polymer film thickness. The Ludox particles 

used to form the composite particles had a hydrodynamic diameter (Dh) of ~ 34 nm 

(determined using a Malvern ZetaSizer). By comparison, the radius of gyration (Rg) of 

the PVPs in water was ~ 4 nm, ~ 7 nm, ~ 27 nm and ~ 51 nm for the 8, 40, 360 and 

1300 kDa PVP, respectively.115 The selection of PVP to form the composite particles 

was first based on the Rg/Dh ratio. Neither the 360 nor the 1300 kDa PVP was suitable 

to form the composite particles because of the large Rg/Dh value, which may result in 

significant particle bridging. The 8 kDa PVP was deemed unsuitable due to the little 

difference from silica only (Chapter 3).Hence, 40 kDa PVP was chosen to synthesize 

the composite particles via polymer physisorption. The irreversibly adsorbed 40 kDa 

PVP films were highly hydrated (Chapter 3), which assisted in stabilizing the particles 

by steric forces. 
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Figure 4.8 (a) TGA data for silica nanoparticles, PVP, and composite particles; (b) 

TEM image of the formed composite particles. 

With the composite particles prepared (PVP-coated silica particles), the PVP 

surface coverage was confirmed by TGA (Fig. 4.8a) and found to be ~ 0.9 mg/m2 

(1.35 × 10-2 molecules/nm2, 5 molecules/particle) based on Eq. 4.2, which is in good 

agreement with the OR results presented in the previous chapter. Since these two 

results are similar it might indicate that the surface morphology (planar or high 

curvature) has little effect on the adsorbed state of the polymer. Using dynamic light 

scattering, the mean hydrodynamic diameter (Dh) of the composite particles was found 

to be ~ 52 nm, confirming an approximate hydrated polymer shell thickness of ~ 9 nm. 

The core-shell structure of the composite particles is clearly visible in the TEM 

images shown in Fig. 4.8b with the average thickness of the dried polymer shell being 

~ 3-5 nm (images were analyzed using ImageJ). When considering the associated PVP 

layer thickness (planar and particle), it becomes apparent that the curvature restricts 

polymers from adsorbing almost flat on the substrate, something which has been 

observed for planar substrates. The thicker PVP film surrounding the nanoparticles 

confirms the inability for the polymer chains to fully relax and adsorb almost flat 

(train orientation) on the curved substrate. Hence, the polymer chains remain partially 
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extended, with the polymer adsorption density severely restricted by their closest 

neighbors. 

    4.4.1.2 Electrolyte concentration effects on the stability of the composite 

particles. The effect of electrolyte concentration on the stability of the composite 

particles was studied prior to assessing the particles foaming potential. Fig. 4.9 shows 

the dependence of the particle electrophoretic mobility and the mean particle size on 

the electrolyte concentration (0 to 0.1 M Na2SO4). At low electrolyte concentrations 

(≤ 0.01 M) the particle electrophoretic mobility was relatively high (~ -2.0 cm2/Vs) 

with particles sizes in the range of 47 – 52 nm. The particles can therefore be 

considered as non-interacting and dispersed. The observed decrease in the measured 

particle size between water and 0.01 M Na2SO4 resulted from the change in the 

polymer conformation, shrinking back to the particle surface as the solvency of the 

polymer reduced in the divalent electrolyte solution. At 0.1 M electrolyte 

concentration the composite particles electrophoretic mobility decreased and the mean 

particle size increased. The onset of particle aggregation at 0.1 M was confirmed, with 

particle aggregation more pronounced with increasing electrolyte concentration. At 

the highest electrolyte concentration (0.55 M), the particle/aggregate size could not be 

accurately measured using the Nano ZS instrument due to fast sedimentation of the 

formed aggregates. 
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Figure 4.9 Measured hydrodynamic diameter of composite particles (symbol: circle), 

and particle electrophoretic mobility (symbol: square) as a function of the electrolyte 

concentration. Lines to guide the eye.  

4.4.2 Foamability and foam stability  

4.4.2.1 Contact angle measurements. For particles to act as foaming agents they 

must demonstrate the ability to partition from the solvent and reside at the air-water 

interface. The particle desorption energy from an interface has been discussed, with 

the desorption energy (𝑊𝑟) given as a function of the air-water interfacial tension 

(𝛾𝑎/𝑤), the particle radius (R), and the particle wettability which is described by the 

three-phase contact angle (𝜃). Increased foam stability in the presence of Brownian-

like particles can be achieved by enhancing particle aggregation at the air-water 

interface, as shown in our recent publication,48 increasing the particle wettability, or 

both. While increasing the electrolyte concentration enhances particle aggregation 

(Fig. 4.9), measuring changes in the particle contact angle at an air-water interface can 
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be challenging. However, a useful approximation can be made by measuring the three-

phase contact angle of a sessile droplet on a PVP coated silica substrate.123, 138  

 

Figure 4.10 Contact angle of a sessile drop at rest on PVP coated silicon wafer as a 

function of the electrolyte concentration.    

The three-phase contact angle of the composite particle residing at the air-aqueous 

interface was approximated by the sessile droplet technique. The substrates were 

prepared by immersing 1.5 × 1.5 cm2  pieces of silicon wafer in 10 ppm 40 kDa PVP 

solution for 10 min (ensuring a saturated PVP coverage on the silicon substrate based 

upon the OR data), before rinsing the surfaces with Milli-Q water. Fig. 4.10 confirms 

that increasing the electrolyte concentration from 0 to 0.55 M Na2SO4 increased 

slightly the three-phase contact angle from 23o to 39o. A slight increase in the three-

phase contact angle, coupled with an increase in the aggregate size (with increasing 
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electrolyte concentration) will ultimately improve particle retention at the air-aqueous 

interface.  

4.4.2.2 Foaming behavior of the composite particles. Foams were prepared using 

three potential foaming agents i) PVP, ii) hydrophilic silica nanoparticles and iii) 

composite particles, in four liquid environments of increasing electrolyte 

concentration. As expected, for the untreated hydrophilic silica nanoparticles, no 

foaming was observed even at the highest electrolyte concentration (0.55 M), and this 

was attributed to poor interfacial partitioning. Compared with hydrophilic silica 

nanoparticles, PVP exhibited greater surface activity, reducing the air-aqueous surface 

tension to ~ 61 mN/m at the highest electrolyte concentration (Fig. 4.11). Upon 

shaking, foams were readily formed confirming good ‘foamability’, but the foams 

rapidly collapsed within a few seconds once the shaking had ceased. Poor foam 

stability in the presence of polymers has been widely reported with rapid foam 

collapse being attributed to the low elasticity and viscosity of the interfacial layer.139, 

140 
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Figure 4.11 Air-aqueous surface tension in the presence of 0.5 wt% PVP as a function 

of the electrolyte concentration. 
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Figure 4.12 (a) Time-dependent stability of foams prepared using composite particles 

as a function of the electrolyte concentration (lines to guide the eye); (b) Images 

showing changes in foam height with aging time. The electrolyte concentrations are 

shown below each glass vial depicted at t = 1 min. Height of glass vial = 9 cm. 

Using composite particles as the foaming agent, the effect of electrolyte 

concentration was shown to have a marked effect on the foam stability, see Fig 4.12. 

At all electrolyte concentrations the composite particles exhibited good foaming 

potential. However, the rate of foam collapse was shown to be sensitive to the 

electrolyte concentration. In the absence of any electrolyte, the initial foam height was 

substantially less than foams formed in the presence of electrolyte. At low electrolyte 

concentrations (≤ 0.01 M), the foams were observed to steadily collapse, with the 

foam height diminishing completely within 1 h. At intermediate electrolyte 

concentration (0.1 M), the foam collapse trend appeared different from the steady 

foam collapse observed at lower electrolyte concentrations: immediately following 

shaking (< 5 min), the foam height reduced by ~ 8% and then remained constant for 

the next 30 min. Subsequent collapse of the foam over the next 18 h followed an 

exponential decay, a typical decay profile for collapsing foams.141, 142, 143 At the 

highest electrolyte concentration (0.55 M), partial foam collapse was observed 

immediately following shaking (< 10 min), most likely associated with liquid drainage 

from the foam.143 However, unlike all other foams which eventually collapsed within 

several hours, the foam remained stable over a prolonged period of time. Fig. 4.12a 
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shows a gradual reduction in the foam height (~ 15%) over a period of six days, with 

complete foam collapse observed after two weeks (data point not shown). These 

simple experiments highlight the importance of solvent composition on the 

‘foamability’ and stability of foams stabilized by composite particles. However, the 

mechanism that governs foam stability is not readily apparent. 

Fig. 4.12b shows the general appearance of the foams and composite particle 

suspensions used in the foaming experiments. At low electrolyte concentrations (≤ 0.1 

M), a blue haze was observed in the aqueous sub-phase below the foam surface, thus 

confirming good dispersion of the composite particles. In contrast, the aqueous sub-

phase containing 0.55 M electrolyte appeared white, resulting from increased 

scattering of visible light by the larger aggregates, which eventually settled to form a 

sediment bed on the base of the glass vial. These visual observations were in good 

agreement with the particle size data shown in Fig. 4.9.  

Particle retention in the 0.55 M Na2SO4 foams (after vigorous shaking) was found 

to be ~ 10 wt%, determined from the dry mass of the sediment (electrolyte removal 

and repeat suspension washing). The particle content was in good agreement with the 

data published by Hunter et al..144 The low particle retention was likely due to the 

hydrophilic nature of the composite particles. As the electrolyte concentration 

decreased (0.1 and 0.01 M Na2SO4) the particle wetting angle also decreased (Fig. 

4.10) i.e. more hydrophilic. Hence, it is anticipated that the proportion of particles 

partitioned in the 0.1 and 0.01 M Na2SO4 foams would be < 10 wt%. 

4.4.2.3 Liquid volume fractions in foams. The liquid volume fraction in the foams 

has been estimated by measuring the changes in both the liquid (VL1-VL2) and foam 

(VF) volumes with aging time (see Fig. 4.13). Fig. 4.13 confirms that the 0.55 M foam 

remains considerably water-wet, with a liquid volume fraction of ~ 45 vol% after 6 
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days aging. High water retention in foams prepared using strongly aggregating 

particles is in good agreement with previously reported data.145, 146 The water-wet 

foam (0.55 M) is in contrast to the 0.1 M Na2SO4 foam, which during aging gradually 

de-watered leading to a relatively dry foam (~ 15 vol% water) after 2 h aging. 

 

Figure 4.13 Time-dependent liquid volume fractions for 0.1 M and 0.55 M Na2SO4 

foams. Data calculated from foam heights in Fig. 4.12b. 

4.4.3 Compression, microstructure and relaxation of the particle-laden 

interfaces 

4.4.3.1 Π-A isotherms. To better understand the observed transitions in foam 

stability: rapid collapse, delayed collapse and long-term stability, the compressional 

and relaxation properties of the deposited composite particle layers were studied using 

an air-liquid Langmuir trough. Fig. 4.14 compares the Π-A isotherms for all particle 

systems used in the current study. As expected, hydrophilic silica nanoparticles 
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provided no resistance to lateral compression, depositing into the water. As a result, 

the surface pressure remained extremely low (~ 0 mN/m) over the full compression 

range. When the composite particles were spread at the air-water interface the surface 

pressure at maximum compression increased to 2.8 mN/m, although exhibited little 

resistance to compression. It was evident that the presence of PVP improved particle 

retention at the air-water interface.  

Spreading a fixed volume of the composite particles on to a sub-phase of 

increasing electrolyte concentration (0.01 M, 0.1 M and 0.55 M), resulted in a 

progressive increase in the maximum measurable surface pressure, thus confirming 

the electrolyte concentration effect previously described. The effect of electrolyte 

concentration on particle retention at the air-aqueous interface was clearly evident at 

the maximum trough area (low compression), where the surface pressure of the 

particle layer increased from 0.4 mN/m to 2.0 mN/m when deposited on water and 

0.55 M electrolyte solution, respectively. 
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Figure 4.14 Π-A isotherms for silica and composite particles spread at the air-aqueous 

interface. The particle concentration and spreading volume were fixed at 0.5 wt% and 

40 μL, respectively. The inflection points were identified by the changing of the 

isotherm slope. 

    Based on the Π-A isotherm data in Fig. 4.14, the compression elastic modulus (E) 

of the composite particle-laden films (0.01 M, 0.1 M and 0.55 M Na2SO4) can be 

determined by: 

𝐸 = −𝐴𝑑𝛱/𝑑𝐴                                                                                                          (4.3)                                

where Π is the surface pressure (mN/m) and A (m2) is the trough area. The 

compression elastic modulus (E) in Fig. 4.15 will be discussed further when 

considering the foam destabilization mechanism in Section 4.4.7. 
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Figure 4.15 Compressional elasticity of composite particle layers deposited on 

aqueous sub-phases of increasing electrolyte concentration 0.01 M, 0.1 M and 0.55 M 

Na2SO4. 

4.4.3.2 Micron-scale structure of particle-laden interfaces. The composite 

particles network was assessed by scanning electron microscopy (SEM) close to the 

inflection points, as well as the maximum interfacial layer compression (minimum 

trough area). The interfacial particle layers were transferred onto solid substrates 

(mica) using the LB deposition technique.  

With no electrolyte addition, the surface pressure of the composite particle layer 

remained low, and the corresponding SEM images (Fig. 4.16a-1) confirmed a lack of 

particle networking and the absence of a close-packed particle monolayer at the 

minimum trough area (Fig. 4.16a-2). At 0.01 M Na2SO4, the deposited particle layer 
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was more interconnected but showed significant voids at the first inflection point (see 

Fig. 4.16b-1). With further compression (Π = 5 mN/m) the void domain size 

decreased to form an almost complete particle monolayer (Fig. 4.16b-2). Close to the 

second inflection point (Π = 7 mN/m), the particle network became sufficiently 

compressed that particle aggregates were displaced and formed a patchy multi-layer 

network (displaced particles identified as bright spots in the particle layer, see inset 

Fig. 4.16b-3). At maximum compression (Π = 8.6 mN/m), substantial displacement of 

particles resulted in the formation of a multi-layer network, with the second particle 

layer showing finger-like structures (see Fig. 4.16b-4). At 0.1 M Na2SO4, the surface 

pressures of the particle layer at equivalent trough areas (32 cm2 and 20 cm2) were 

approximately 40% higher than that at 0.01 M Na2SO4 electrolyte concentration. A 

multi-layer particle network was once again observed near the second inflection point 

(see Fig. 4.16c-1). However, under maximum compression substantial crumpling of 

the particle layer was observed, confirming buckling of the interfacial particle layer 

under high lateral compression force (see Fig. 4.16c-2). Interfacial buckling of the 

particle-laden interface has previously been reported.147 Instead of being expelled 

from the air-water interface, which requires a large amount of energy as highlighted 

by the particle detachment theory (Eq. 2.3), particle-laden interfaces buckle under 

sufficient static compressive loading. For an interface to buckle, previous work 

confirmed that the two interfacial rheological contributions, shear and dilatational, 

should be non-zero, and the interface should behave as an elastic solid, i.e. G’ (storage 

modulus) > G” (loss modulus).147 An attempt was made to repeat the deposition and 

imaging protocol for the highest electrolyte concentration (0.55 M), however, 

significant salting on the mica substrate interfered with the sample imaging.   
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Figure 4.16 SEM images showing the surface pressure dependent micron-scale 

structure of deposited composite particle layers transferred from the air-aqueous 
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interface. Sub-phase electrolyte concentration equal to 0 M, 0.01 M, and 0.1 M, as 

labelled.  Trough area and film surface pressure provided for each micrograph. 

The LB deposition technique was also used to recover the hydrophilic silica 

particle-laden films from the air-aqueous interface for SEM observation at the 

minimum trough area (20 cm2). Fig. 4.17a shows that only a few silica particles were 

retained at the interface when the sub-phase electrolyte concentration was 0.01 M, 

although particles retention was only slightly increased when increasing electrolyte 

concentration to 0.1 M (Fig. 4.17b). Still the particle surface coverage remained too 

low to influence the surface pressure. Fig. 4.17 verifies that the extremely low surface 

pressure (~ 0 mN/m) recorded for the silica only particle-laden interfaces results from 

poor particle retention. 

 

Figure 4.17 SEM images showing the micron-scale structure of deposited silica 

particle layers transferred from the air-aqueous interface at minimum trough area. 

Sub-phase electrolyte concentrations as labelled. 

4.4.3.3 Particle layer relaxation. Relaxation/reorganization of the composite 

particle layers at the air-aqueous interface was studied at constant surface pressures, 3 

mN/m and 7 mN/m. A constant surface pressure experiment was conducted to 

elucidate the mobility of the particle layers as a function of the sub-phase electrolyte 

concentration under equivalent compressional force, albeit the compression areas were 



97 

 

slightly different. Firstly, a surface pressure of 7 mN/m was chosen to ensure that the 

particle layers were in a close-packed state, proved by Fig. 4.16. With the target 

surface pressure reached, the barriers of the Langmuir trough were operated in 

feedback mode to ensure that the surface pressure remained fixed, and the trough area 

recorded over 600 s. Fig. 4.18a shows the time-dependent changes in the normalized 

trough area required to maintain a constant surface pressure. The trough area was 

normalized by the starting trough area which was a function of the sub-phase 

electrolyte concentration: 0.01 M = 32 cm2, 0.1 M = 36 cm2, and 0.55 M = 38 cm2. 

 

Figure 4.18 Relaxation/reorganization of particle layers compressed to a constant 

surface pressure of (a) 7 mN/m and (b) 3 mN/m. 

    Quite interestingly there was a distinct division in the behaviour of the particle 

layers with the response clearly dependent on the sub-phase electrolyte concentration. 

At 0.01 M the trough area was shown to continually decrease such that the surface 

pressure of the composite particle-laden film could be maintained. This behaviour was 

characteristic of a liquid-like system where neighbouring particles are able to 

reorganize to an apparent lower energy state when under an applied load. At 600 s the 

trough area had reduced by 22%. At higher electrolyte concentrations (0.1 M and 0.55 

M) the response was more solid-like, with only a 6% reduction in the trough area after 



98 

 

600s. The time-dependent response would indicate that following compression, the 

interfacial particle layer (0.1 M and 0.55 M) was effectively “locked in place” and 

could not reorganize under lateral compression to alleviate the applied pressure. 

At a lower surface pressure, 3 mN/m (Fig. 4.18b), where all three particle layers 

were in a non-close-packed state, the time-dependent response of the particle layers 

differed only slightly. For the case of 0.01 M and 0.55 M electrolyte solution, the 

response of the compressed particle layers showed similar behaviors to those observed 

at higher surface pressure, i.e. liquid-like and solid-like states. However, for the 0.1 M 

electrolyte solution the particle layer showed a different time-dependent response, as 

shown by the continued reduction in the trough area to maintain the constant surface 

pressure (3 mN/m). Since the response was between the two extremes (liquid-like and 

solid-like states), we have termed this particle layer to be “pseudo solid-like” at low 

surface pressure. 

 

Figure 4.19 First and second compression isotherms for a composite particle film 

deposited on 0.01 M Na2SO4. Inset: equivalent data for a composite particle film 

deposited on 0.55 M Na2SO4. 
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A multi-compression isotherm (first and second cycle) was conducted to examine 

the influence of composite particle desorption under compression for the 0.01 M film. 

Fig. 4.19 shows little difference between the first and second compression cycles, with 

the two isotherms overlapping when the surface pressure was between 1.75 mN/m and 

2.25 mN/m. The small differences between consecutive isotherms at low surface 

pressures most likely result from clustering of particles rather than particle 

desorption.58 Similar multiple compression isotherms were observed for a composite 

particle film deposited on 0.55 M Na2SO4 (inset of Fig. 4.19). At higher electrolyte 

concentrations (0.1 M and 0.55 M), particle retention at the air-aqueous interface 

increases due to increased particle (aggregate) size and apparent wettability (slight 

increase, see Fig. 4.10). Hence, the possibility of particle desorption is more unlikely, 

and the time-dependent behaviour shown in Fig. 4.18 should only be due to 

relaxation/reorganization of particle layers rather than particle desorption. 

4.4.4 Interfacial rheology of deposited particle layers 

Interfacial mobility of the particle layers was measured using the interfacial DWR 

geometry. Recent studies have highlighted the importance of interfacial shear 

elasticity to stabilize liquid droplets.57, 63, 131, 148 For strongly elastic interfacial layers 

the shear strength is a major contributing factor inhibiting droplet coalescence. If the 

applied load is sufficient to exceed the shear yield stress, the interfacial layer will 

rupture to cause droplet coalescence. It is important to note that the shear interfacial 

viscoelasticity correlates to the likelihood of droplet coalescence but has not been 

considered in terms of hindrance to droplet coarsening. Droplet coarsening is 

frequently correlated to the dilatational elasticity, which will be discussed later in the 

Chapter.72, 125 
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    To replicate the condition of low surface pressure (equivalent to the particle surface 

coverage at the maximum Langmuir trough area), the spreading volume was adjusted 

in such a way that the expected surface pressure for the interfacial shear rheology 

measurements was in the region of 3 mN/m. Following particle deposition, the 

viscoelasticity of the composite particle layers was measured at constant oscillation 

frequency of 0.5 rad/s and increasing strain between 10-2 % and 103 %. 

    The open and closed symbols in Fig. 4.20 represent the elastic (G’) and viscous (G”) 

contributions, respectively. When oscillating in the linear viscoelastic region, at the 

lowest electrolyte concentration (0.01 M) the viscoelastic moduli (G’ and G”) are 

almost equal (2.7 to 5.9 × 10-5 N/m). The rheology of the deposited particle layer can 

therefore be described as “weakly elastic”. At 0.1 M Na2SO4, the viscoelasticity of the 

particle layer increased, exhibiting a higher elasticity with G’ = 2.2 × 10-3 N/m and 

the G’/G” ratio equal to ~ 3. The viscous to elastic ratio remained unchanged at the 

highest electrolyte concentration (0.55 M), although the elasticity of the particle layer 

increased by almost an order of magnitude as compared with the case of 0.1 M. This 

substantial increase in elasticity of the particle layer was in good agreement with the 

relaxation data shown in Fig. 4.18b, and supports the general observation of a more 

rigid interfacial particle layer at higher electrolyte concentrations.   

    With increasing oscillation strain the linear viscoelastic region was exceeded as the 

mechanical structure of the composite particle layer fractured under larger 

deformations. Increasing the oscillation strain led to a reduction in both the G’ and G” 

contributions as the particle aggregates begin to flow. Eventually a critical strain is 

surpassed when the film transitions from solid-like (G’ > G”) to liquid-like (G’ < G”) 

response.63, 131 In an oscillation stress ramp test (data not shown) the yield point (𝜏𝑦) 

of the three particle layers, identified as the crossover in G’ and G” (i.e. G” = G’), was 
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observed to increase from 4.3 ×  10−6  N/m to, 2.4 ×  10−5  N/m and 5.9 ×  10−5 

N/m with increasing Na2SO4 concentration from 0.01 M to 0.1 M and 0.55 M, 

respectively. Interestingly, the yielding dynamics of the composite particle film is 

somewhat different to the more conventional yielding of a solid particle film (i.e. 

silica particles). In the absence of polymer, the rigid-body interaction between 

neighbouring particles leads to a strongly elastic film (G’≫G”) which often yields in 

stages, i.e. two-step yielding dynamics, observed as a ‘hump’ in G” prior to the 

power-law decay.48 In the presence of polymer, the particle-particle interaction is 

‘softened’ by the interacting polymer layers, which has been shown to lubricate the 

particle-particle interaction (Chapter 3). This lubrication weakens the overall network 

strength (G’≥G”) and the film yields via a one-step mechanism. 

 

Figure 4.20 Strain dependent viscoelasticity of the composite particle layers spread at 

the air-aqueous interface. Sub-phase electrolyte concentration: 0.01 M, 0.1 M and 0.55 

M Na2SO4; particle spreading concentration = 0.5 wt%; spreading volume = 10 μL.   
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4.4.5 Interaction forces between PVP coated surfaces 

The influence of electrolyte concentration on the interactions between PVP 

polymer coated silica surfaces was investigated using the AFM colloid probe 

technique. Fig. 4.21 shows the results of interaction forces as two PVP coated surfaces 

approach each other in aqueous electrolyte solutions. In 0.01 M Na2SO4 solution, the 

forces are monotonically repulsive, with the long-range interaction taking the form of 

an exponential decay. Although only the first few nm of the observed repulsion (i.e. 

from 40 to approximately 30 nm) is anticipated from the electrostatic component of 

the interaction, since the Debye length is only ~ 1.8 nm for 0.01 M divalent electrolyte 

solution, this repulsion was sufficiently strong that it was detected at separations of 2 

or 3 times the Debye length.149 At separations closer than 30 nm the measured 

repulsive force was from direct chain-chain interactions (steric forces). Gentle 

compression of these layers under the applied force of the AFM cantilever was 

measured with no obvious overlapping, indicating a soft layer on silica surfaces. Steric 

repulsion between the two interacting polymer layers can be pseudo-quantitatively 

described by the Alexander-de Gennes (AdG) theory. When two polymer brush layers 

approach each other, a critical distance is eventually reached when the loops and tails 

of the polymer overlap, leading to an increase in the local density of “polymer 

segments”. The resulting polymer overlap leads to an increase in osmotic pressure and 

repulsive interaction energy. Applying the Derjaguin approximation, the total 

interaction force is given by 150 

𝐹(𝐷)

𝑅
=

16𝜋𝑘𝑇𝐿

35𝑠3 [7 (
2𝐿

𝐷
)

5/4
+ 5 (

𝐷

2𝐿
)

7/4
− 12]               (4.4) 

where 𝑘 is the Boltzmann constant, 𝑇 is the temperature, D is the surface separation 

distance, s is the mean distance between anchoring sites on the surface, and L is the 
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uncompressed brush layer thickness. Since the absolute surface separation distance is 

unknown, the fully compressed layer thickness was estimated and used to offset the 

data. The AdG model fitting for interacting PVP polymer surfaces in 0.01 M Na2SO4 

is shown in Fig. 4.21b. The fitting parameters s and L are 1.69 nm and 31 nm, 

respectively. With the uncompressed brush layer thickness exceeding the room 

temperature Rg (radius of gyration) for 40 kDa PVP (Rg ~ 7 nm),19 the likely 

configuration for the PVP polymer is consistent with a high adsorption density, and 

the polymer brush extending slightly into solution beyond a compact PVP layer.  

 

Figure 4.21 AFM force curves showing the influence of Na2SO4 concentration on the 

interactions between two approaching PVP coated silica surfaces using the colloid 

probe method. (a) Approach force curves shown on a linear scale; inset shows the 

adhesion data obtained between PVP polymer coated silica surfaces. (b) Approach 

force curves shown on a semi-log scale including the AdG theory (solid line) with 

fitting parameters s = 1.69 nm and L = 31 nm; inset highlighting the likely 

interactions between the approaching polymer layers in a poor solvent. (i) out of 

contact, (ii) jump-in due to intersegment attraction, (iii) push-through associated with 

the fusion of polymer layers. 
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    For the force curves obtained in 0.1 M and 0.55 M Na2SO4 aqueous solutions, we 

expect minimal electrostatic interactions due to significant compression of electrical 

double layers. Instead, a jump of the colloid probe towards the surface was observed 

at separation distances equal to 40 nm, followed by a second jump at distances less 

than 20 nm under further compression. The measured jump-in at long range was 

attributed to intersegment attraction between the outermost polymer segments. The 

fact that the observed interaction force for the two PVP surfaces interacting at ~ 40 nm 

was weakly attractive suggests that aggregation of composite particles under these 

conditions should be favoured. The second jump-in is thought to be associated with a 

push-through event and fusion of the opposing polymer layers, see schematic in Fig. 

4.21b.  

    The inset in Fig. 4.21a shows that no adhesion was measured between PVP coated 

surfaces in 0.01 M Na2SO4. Weak adhesion of the polymer coated surfaces was only 

measured at higher electrolyte concentrations, with similar values being recorded for 

both 0.1 M and 0.55 M Na2SO4. The measured adhesion can be attributed to 

interpenetration and attraction between polymer segments on opposing surfaces.  

4.4.6 Optical microscope observations 

Following liquid drainage, foam destabilization was attributed to either bubble 

coalescence and/or bubble coarsening (i.e. Ostwald ripening driven by a gradient of 

Laplace pressures). To better understand the governing mechanism for foam collapse, 

as shown in Fig. 4.12, an optical microscope study was conducted focusing on a few 

foam bubbles, with the bubble size distributions determined by analysing a sequence 

of images using ImageJ software. To ensure reasonable statistical certainty each 

bubble size distribution was determined from analysing a minimum of 15 - 20 bubbles. 
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4.4.6.1 0.1 M foams. Unfortunately, foam bubbles generated in 0.01 M electrolyte 

solution collapsed during foam transfer and could not be analysed, thus confirming the 

fragility of the particle-laden interface. Close-packed bubbles were observed in 0.1 M 

Na2SO4 foam (inset image in Fig. 4.22). The number of bubbles within the glass 

capillary was observed to decrease during the 230-min aging time, which 

corresponded to an increase in the average bubble size and a broadening of the bubble 

size distribution (indicated by the “error” bars in Fig. 4.22). An increase in bubble size 

and polydispersity was also evidenced in the images taken at 1, 29 and 72 min aging, 

see Fig. 4.23. While it was difficult to determine the dominant mechanism for bubble 

growth, bubble-bubble coalescence was clearly observed in the 0.1 M Na2SO4 foam, 

as evidenced by the periodic ‘jumps’ in the bubble size, thus suggesting the 

occurrence of bubble coalescence leading to rapid bubble growth (Fig. 4.22, symbols: 

open circles). 

 

Figure 4.22 Average bubble size (symbol: closed squares) and number of bubbles 

(symbol: closed triangles) as a function of the foam aging time. Open symbols (circle) 
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correspond to the time-dependent growth of a typical bubble (electrolyte concentration 

= 0.1 M Na2SO4). The inset shows an optical microscope image of fresh foam bubbles 

prepared in 0.1 M Na2SO4. 

 

Figure 4.23 Image time sequence demonstrating an increase in bubble size and 

polydispersity in a foam prepared in 0.1 M Na2SO4 electrolyte solution.  

4.4.6.2 0.55 M foams. The optical microscope image in Fig. 4.24 showed that the 

0.55 M bubbles were well separated by micron-sized particle aggregates (highlighted 

by the dashed red box). This is distinctly different from the closely packed 0.1 M 

foams. The time-dependent average bubble size was observed to increase, gradually 

reaching steady state after ~200 min aging. At the same time the bubble polydispersity 

decreased as indicated by the ‘error’ bars. Growth of the large bubbles resulted from 

the volume reduction and disappearance of some smaller bubbles, hence the number 

of bubbles in the measured sample decreased from 15 to 8. No bubble coalescence 

was observed during the measurement. 
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Figure 4.24 Average bubble size (symbol: closed squares) and number of bubbles 

(symbol: closed triangles) as a function of foam aging time. Electrolyte concentration 

= 0.55 M Na2SO4. The inset shows an optical microscope image of fresh foam bubbles 

prepared in 0.55 M Na2SO4. 

Fig. 4.25 shows a sequence of images which depict the time-dependent shrinkage of 

an isolated bubble in the 0.55 M Na2SO4 foam. At t = 1 min the bubble size was 

approximately 100 μm before decreasing in size and eventually disappearing below 

the resolution of the optical microscope at t = 45 min. As the bubble size reduced the 

particle layer was observed to detach from the air-aqueous interface, forming a 

crumpled particle layer on the surface of the glass capillary. This finding indicated 

that the particle layer was not able to resist bubble coarsening. Since bubble 

coalescence was not observed during foam aging, the dominant mechanism for foam 

collapse was anticipated to be bubble coarsening. Hence, while bubble coarsening was 
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expected to occur in all foam systems, the extent of droplet coalescence has been 

demonstrated to reduce with increasing electrolyte concentration. 

 

Figure 4.25 Optical microscope images of an isolated bubble aging in 0.55 M 

electrolyte solution.  

    To verify bubble coarsening in the 0.55 M Na2SO4 foam, the time-dependent sizes 

of several small (< 300 μm) and several large (> 700 μm) bubbles were measured.  For 

the large bubbles shown in Fig. 4.26b, the bubble sizes increased slightly over the 

duration of the measurement (ca. 500 min). This was in contrast to the smaller bubbles 

shown in Fig. 4.26a, which were observed to decrease in size and eventually disappear. 

The time for complete bubble disappearance depended on the initial bubble size, i.e. 

smaller bubbles are inherently more unstable to disproportionation due to their higher 

Laplace pressure. For bubbles of intermediate sizes (~ 350 – 450 μm), the bubble size 

was observed to remain almost independent of aging time. The rate of bubble 

shrinkage via coarsening can be characterized by151: 

𝑅3(𝑡) = 𝑅0
3 − (

𝑡

𝜏
)                             (4.5) 

where R(t) and Ro are the bubble radius at time t and to, and 𝜏 is the coarsening time.  

Normalizing the bubble coarsening time (
𝑡𝑖

𝑡∞
) and bubble size (

𝑏𝑖

𝑏0
) (where subscript i 

represents intervals of time, and subscripts 0 and ∞ represent the initial and final 

measurable conditions), the shrinkage dynamics of the smaller bubbles were in 

excellent agreement with the bubble shrinkage theory (see Fig. 4.26c.).     
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Figure 4.26 Time-dependent changes in the size of individual bubbles: (a) small 

bubbles, and (b) large bubbles. (c) Normalized bubble size (bi/b0) and coarsening time 

(ti/t∞) for nine selected bubbles. Empirical fitting is described by Eq. 4.5. Foams 

prepared by dispersing composite particles in 0.55 M Na2SO4. 

4.4.7 Discussion of foam destabilization mechanism  

Following initial liquid drainage, long-term foam stability becomes mainly a 

function of the rates of bubble coalescence and coarsening. In the current study, foam 

stability has been shown to be a function of the electrolyte concentration, with poor 

foam stability observed at the lowest electrolyte concentration (0.01 M Na2SO4), and 

attributed to a high rate of bubble coalescence due to the increased mobility of the 

particle-laden layer. Upon bubble-bubble contact the repulsive interaction between 

neighbouring composite particles facilitates particle migration away from the contact 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 Eq. 4

N
o

rm
a

li
z
e

d
 d

ia
m

e
te

r

Normalized time

0 50 100 150 200 250

0

50

100

150

200

250

300

350

400

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

B
u
b
b
le

 d
ia

m
e
te

r 
(u

m
)

Time (min)

0 100 200 300 400 500 600
300

400

500

600

700

800

900

1000

 1

 2

 3

 4

 5

 6

 7

B
u

b
b

le
 d

ia
m

e
te

r 
(u

m
)

Time (min)

ca

b



110 

 

region, resulting in thin liquid film rupture and bubble coalescence. At higher 

electrolyte concentrations (0.1 M and 0.55 M Na2SO4), the interaction between 

composite particles was weakly attractive, and we observed the formation of more 

solid-like particle-laden interfaces of increased rigidity. The interfacial rigidity was 

partly influenced by the reduced solvation of polymer layers on silica particles with 

increasing electrolyte concentration. The reduction in solvation will modify the 

conformation of polymers from an expanded coil when dispersed in pure water (a very 

good solvent) to a tightly packed globule beyond the theta condition (i.e. poor solvent).    

Between these two extremes, the coil dimensions will steadily decrease with the 

reducing solvation of polymer. Evidence for such collapse was seen in the change of 

particle size shown in Fig. 4.9 (the observed decrease in the measured particle size 

between water and 0.01 M Na2SO4). The gradual collapse of the polymer is, in effect 

moving it from a strongly hydrophilic state towards a more hydrophobic state. This 

change leads to strengthening of the particle-laden interface, with both a growth of 

particle aggregates and their increased retention at the air-aqueous interface driven by 

this decreased solvation of the polymer layers. 

4.4.7.1 Bubble coarsening. Bubble coarsening was evidenced in all foam systems. 

While the particle-laden interfaces exhibited mechanical strength they were unable to 

cease bubble coarsening. Foam coarsening occurs when 
𝑑𝑃

𝑑𝑅
= −

2𝛾

𝑅2 +
4𝐸

𝑅2 < 0,72 hence 

bubbles become stable to coarsening when 𝐸 >
𝛾

2
. From the compressional isotherm 

data shown in Fig. 4.14, the compression elastic modulus can be calculated from the 

changes in surface pressure and trough area (𝐸 = −𝐴
𝑑𝜋

𝑑𝐴
). The dynamic compression 

elastic modulus (E) as a function of trough area is shown in Fig. 4.15. For composite 

particles deposited on 0.01 M and 0.1 M Na2SO4, the maximum compression modulus 
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was found to be,  𝐸𝑚𝑎𝑥,0.01 𝑀 ≈ 𝐸𝑚𝑎𝑥,0.1 𝑀 < 𝛾/2 , while for 0.55 M Na2SO4 the 

maximum compressional elastic modulus was 𝐸𝑚𝑎𝑥,0.55 𝑀 ≈ 𝛾/2 (γ determined from 

the data presented in Fig. 4.11). For all foam systems 𝐸 >
𝛾

2
 was not satisfied, hence, 

bubble coarsening contributed to the destabilization of prepared foams. 

    4.4.7.2 Bubble coalescence. Although both particle-laden interfaces prepared using 

0.1 M and 0.55 M Na2SO4 solutions were elastically dominant (G’ > G”), bubble 

coalescence was observed only in the case of 0.1 M Na2SO4 foam. Previous research 

confirmed that coalescence is feasible when the interfacial shear yield strength of the 

particle layer is exceeded.48, 63, 131 In an attempt to understand why bubble coalescence 

was possible when the particle-laden interfaces were elastically dominant, we 

considered the relationship between the compressive stress (𝑃𝑐 =
4𝛾

𝑅
) acting on the 

thin liquid film separating two bubbles intimately in contact,72 and the yield stress of 

the particle-laden interface. Assuming an average bubble diameter (2R) of 400 µm and 

the surface tensions (𝛾) taken from the data presented in Fig. 4.11, the compressive 

stress exerted on the interacting particle layers was approximately 1.3 × 103 N/m2 for 

composite particle foams formed in 0.1 M and 0.55 M electrolyte solutions. Based on 

the yield points (𝜏𝑦) for the two particle layers (0.1 M Na2SO4, 𝜏𝑦 = 2.4 ×  10−5 

N/m; 0.55 M Na2SO4, 𝜏𝑦 = 5.9 × 10−5  N/m), an apparent yield stress can be 

calculated by introducing a second dimension, which is taken to be the thickness of 

the interfacial particle layer. Since we did not measure the particle layer thickness, we 

can reasonably assume that the thickness is equivalent to the hydrodynamic diameter 

of the composite particles/aggregates. The apparent yield stress (𝜏′𝑦) for both the 0.1 

M and 0.55 M interfacial particle layers was in the region of  3.0 × 102 N/m2, and 

approximately an order of magnitude lower than 𝑃𝑐. Hence, when bubbles are closely 
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packed within a foam, and 𝑃𝑐  ≥  𝜏′𝑦 , it is reasonable that the particle-laden interfaces 

will rupture leading to bridging and bubble coalescence. The absence of bubble-

bubble coalescence in foams prepared using composite particles dispersed in 0.55 M 

Na2SO4 can be attributed to the lack of thin liquid film formation. With strong 

attraction between composite particles, the resulting large aggregates appear as a 

network within the continuous aqueous phase, as highlighted by the dashed red box in 

Fig. 4.24 (inset image). The network impedes liquid drainage therefore inhibiting the 

formation of thin liquid films between neighbouring bubbles.145, 146 In the highest 

electrolyte solution the dominant mechanism for foam collapse was attributed to 

bubble coarsening.  

4.5 Conclusion 

A simple method to form polymer-coated silica nanoparticles (composite particles) 

has been demonstrated, with the stabilizing potential of the composite particles studied 

as a function of the aqueous electrolyte concentration (Na2SO4). Individually, the two 

components, polymer and silica nanoparticles, exhibit no or poor foaming ability. 

However, with minimal energy input, the composite particles were observed to 

stabilize foams over several days. Foam lifetimes were shown to increase with 

increasing electrolyte concentration, and the enhanced foam stability was attributed to 

the formation of solid-like (elastic dominant) interfacial particle layers surrounding 

bubbles, with high interfacial layer elasticity resulting from greater particle retention 

at the air−aqueous interface and strong attraction between neighbouring composite 

particles. The absence of bubble coalescence in foams prepared using 0.55 M Na2SO4 

was linked to the formation of large particle aggregates, preventing the formation of 
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thin liquid films (plateau borders) between neighbouring bubbles. Bubble coarsening 

was identified to be the dominant foam destabilization mechanism.  
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Chapter 5: Interfacial Rheology of Composite 

Particle-laden Planar and Curved Interfaces 

5.1 Synopsis 

Particle-stabilized emulsions and foams are widely encountered, yet few studies 

have considered the structure-rheology relationship for particle-laden interfaces 

surrounding bubbles. The composite particles were shown to be effective foam 

stabilizers in the last chapter, with the foam stability depending on the aqueous phase 

electrolyte concentration. In the current chapter, the interfacial shear rheology of the 

composite particle-laden planar interfaces was measured as a function of both the sub-

phase electrolyte concentration and surface pressure using the Interfacial Shear 

Rheometer (ISR 400). All particle-laden interfaces exhibited a liquid-like to solid-like 

transition with increasing surface pressure. The surface pressure-dependent rheology 

was correlated to the micron-scale structure of the particle-laden interfaces imaged 

using Brewster angle microscope (BAM). These structures were further studied using 

cryo-SEM of particle-stabilized bubbles in foams. Combining different techniques 

such as the ISR, BAM and cryo-SEM, attempts were made to elucidate the interfacial 

shear rheology of particle-stabilized bubbles and its relation to foam stability. 

Independent of the sub-phase electrolyte concentration, the resultant rheology of the 

particle-laden interface stabilizing bubbles is elastic dominant at a compression state 

in the region of the L-S phase transition. 
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5.2 Literature Review 

    2D colloid assemblies at gas-liquid or liquid-liquid interfaces of particle-stabilized 

foams and emulsions have been progressively utilized to produce novel, functional 

products and materials.7, 32, 152, 153 An expansion in the number of applications has 

resulted from the significant research interests in particle assemblies over the past few 

decades. We now have a sufficiently detailed understanding of these systems to allow 

us to fine tune their properties.10, 154 This precise control of particle assemblies at 

interfaces can now be used to design-in performance characteristics, i.e. structure – 

property relationship control.60, 155 In the simplest case the range of particle assemblies 

(structure) can be bound by the degree of dispersion, with interfacial and bulk 

properties significantly different when considering particle-laden interfaces of highly 

dispersed and close packed assemblies.156   

The potential for a particle to reside at a liquid-liquid interface is highly dependent 

on the interaction forces between the particle and interface, and the particle 

wettability.157, 158 While particle interactions in a single phase are well characterized, 

the asymmetric alignment of particles at an interface between two immiscible liquids 

of contrasting polarity introduces added complexity which contributes to the overall 

arrangement of the particle assembly.159 The main forces contributing to the particle 

assembly include colloidal (DLVO), capillary, hydrophobic, monopolar and dipolar 

interactions. Since the dipolar and dispersion forces are a function of the total surface 

area exposed to the non-aqueous and aqueous phases, respectively, the overall 

interaction energy becomes very sensitive to the particle hydrophobicity, i.e. 

wettability.160, 161  
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Figure 5.1 Structure of silica particle monolayer at the octane-water interface, the 

particle contact angle in (a) and (b) is 65° and 152° respectively.160 

The control on particle assemblies offered by particle wettability has been 

demonstrated in several recent studies.156, 157, 160 For hydrophilic particles, particle 

assemblies are governed by the interaction forces mediated through the aqueous phase.  

Since the particle repulsion is weak, hydrophilic particles have a tendency to form 

particle clusters (Fig. 5.1) which have been observed to densify through the addition 

of electrolyte, and as a function of time, see Fig. 5.2.160 Similar to the particle 

aggregation kinetics observed in the bulk, particle aggregation at the liquid-liquid 

interface follows the diffusion-limited (DLCA), or reaction-limited cluster 

aggregation (RLCA) kinetics to form low density or high density gel-like networks, 

respectively (see Fig. 5.3).48, 60 Well ordered, crystalline structures have been observed 

when strongly hydrophobic particles are deposited at a liquid-liquid interface (see Fig. 

5.1b).67 Since the interaction force mediated through the non-polar phase becomes 

significant, the long-range Coulomb interaction dominates the particle-particle 

repulsion, leading to well-ordered and dispersed particles at the interface. 
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Figure 5.2 Time-dependant aggregation of octyl-coated silica particles at the air–

toluene interface (a) t = 4 min, (b) t = 90 min, (c) t = 270 min, and (d) t = 400 min.67 

 

Figure 5.3 Schematic to represent the likely particle-laden structures formed via the (a) 

RLCA and (b) DLCA processes, the red lines denote the “bond” between particle 

clusters.48 

Particle assemblies can also be influenced by the number of particles residing at the 

liquid-liquid interface.155 The contribution of particle assemblies to the properties of 

the liquid-liquid interface is significant, with the lateral mobility of particles and 
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particle domains contributing to the interfacial rheology, a governing property in the 

stabilization of droplets and bubbles.59, 63, 162 The mobility of the particle-laden 

interface has been shown to be a function of the particle coverage and the applied 

shear at the interface, see Fig. 5.4.163 At relatively low particle concentrations the 

lateral displacement force is low and the particles migrate in slip layers. At slightly 

higher particle concentrations the lateral displacement force also remains low, but 

mobility is frequently observed through the rotation of particle domains due to the 

influence of neighbouring particles. The force required to laterally displace particles at 

an interface increases dramatically as the 2D close-packed assembly is approached 

(∅ ~ 75%), Fig. 5.5.164  This increase in the lateral displacement force correlates to a 

sudden increase in the interfacial shear rheology.155 At very high particle 

concentrations the shear deformation of the interface is highly constrained, leading to 

‘jamming’ of the particle domains and restricting mobility as the interface response 

becomes more solid-like.155 As a result, the rigid particle network remains intact to 

inhibit droplet coalescence when the two liquid interfaces (droplets or bubbles) 

approach.63 The critical particle concentration for network jamming is dependent on 

the attractive potential, with strong attraction between particles leading to the 

formation of a space-spanning, contiguous particle assembly of increased shear 

viscosity at significantly lower particle surface coverages ( ∅  ~ 40%).48, 60 Such 

transitions from liquid-like to solid-like responses have been shown to strongly 

correlate to the decreased probability of droplet coalescence.63 In a solid-like state, 

mobility of the particle assembly can only be achieved once the particle assembly is 

ruptured after the sustained stress exceeds the interfacial shear yield stress of the 

particle-laden interface.59 
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Figure 5.4 Phase diagram illustrating two regimes of interfacial particle dynamics as a 

function of particle concentration and shear rate.163 

 

Figure 5.5 Summary of the interfacial particle forces: (1) force required to push 

particles into the bulk; (2) force required to displace particles laterally along the 

interface; (3) force due to gravity.164  
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In the previous chapter, polymer-coated nanoparticles were shown to be effective 

foam stabilizers.59 The current chapter develops those initial findings to elucidate the 

structure-rheology relationship for polymer-coated nanoparticles deposited at the 

planar air-water interface. Using techniques such as Brewster Angle Microscopy 

(BAM) and pressure-modulated interfacial shear rheology, we are able to directly 

correlate the mechanical properties of the particle-laden interface to its structure. We 

extend our observations to make some initial assessment about the rheology of 

particle-laden interfaces surrounding foam bubbles, by identifying equivalent 

structures of a 2D planar interface and a curved air-aqueous interface. 

5.3 Materials and Experimental Methods 

The particle types used in the current chapter are equivalent to those presented in 

Chapter 4 (Sections 4.3.1 and 4.3.2.1). Experimental methods are introduced below. 

5.3.1 Characterization of particle-laden interfaces 

    5.3.1.1 Π-A Isotherms. Surface pressure–area (Π-A) isotherms of deposited 

particle layers were investigated using an air-liquid Langmuir trough (Biolin Scientific, 

Sweden), with a maximum trough area of 280 cm2. Details of the trough cleaning 

procedure can be found in Chapter 4.59 The particles were first dispersed in the 

spreading solvent (mixture of water and isopropanol alcohol at a 1:1 vol. ratio) to a 

concentration of 0.5 wt%. 80 µL of the 0.5 wt% particle suspension was spread 

carefully at the air-liquid interface. The deposited film was left undisturbed for 30 min 

to evaporate the spreading solvent. The surface pressure of the particle-laden interface 

was continuously measured as the trough area was reduced from 280 cm2 to 20 cm2 at 

a compression rate of 50 cm2/min. All measurements were repeated in triplicate and 
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the results demonstrated good reproducibility (surface pressures at equivalent trough 

areas were within ± 5%).59 

5.3.1.2 Particle-laden interface structure. The structure of the particle-laden 

interface was studied under several states of compression (low → high surface 

pressures) using a Brewster Angle Microscope (BAM, Model EP3, Accurion GmbH, 

Germany) combined with a Langmuir trough, see Fig. 5.6. One advantage of 

combined Langmuir trough + BAM is that the structural changes associated with 

compression of the particle-laden interface can be measured in-situ without the need 

for ex-situ analysis of a Langmuir-Blodgett film.165 In the current chapter the BAM 

was equipped with light guides and a CCD camera used to image the particle-laden 

interface at ×10 magnification. Both the microscope and polarized light were initially 

aligned to the air-water Brewster angle, 𝜃B ≈ 53.22°. With no p-polarized  reflection 

(i.e. parallel light to the incident plane) from a clean air-water interface, reflected light 

was only measured following deposition of the particle-laden interface (Fig. 5.7), with 

the reflected light intensity being a function of the particle surface coverage and film 

thickness.166  

 

Figure 5.6 Image of the Brewster angle microscope combined with Langmuir trough. 
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Figure 5.7 Working principle of the Brewster angle microscopy. 

Three electrolyte concentrations (0.01 M, 0.1 M and 0.55 M Na2SO4) in the 

aqueous sub-phase were considered. The Brewster angle was calibrated for each 

electrolyte concentration (0.01 M ~53.23°, 0.1 M ~53.27° and 0.55 M ~53.45o) to 

achieve the best image quality (i.e. maximize the contrast between the aqueous sub-

phase and the particle layer). Following calibration 80 μL of the 0.5 wt% composite 

particle suspension was deposited at the air-aqueous interface in the spreading solvent. 

The deposited particle-laden interface was left undisturbed for 30 min prior to imaging. 

The particle-laden interfaces were compressed to several target surface pressures (0.5, 

1, 2, 3, and 4 mN/m) from a maximum trough area of 320 cm2. The compressed 

particle-laden interfaces were allowed to relax for 1 min before imaging by BAM at 

constant pressure. The polarizer and analyzer were set to 2° and 10°, respectively. 

Images were collected using the EP3View2.x software (Accurion).  

5.3.1.3 Interfacial shear rheology. The viscoelasticity of the particle-laden 

interfaces was studied under shear using an Interfacial Shear Rheometer (ISR400, 



123 

 

Biolin Scientific,) combined with a KSV NIMA Langmuir trough (Biolin Scientific), 

as shown in Fig. 5.8a. The measurement region is enveloped by a pair of Helmholtz 

coils with one coil used to fix the orientation of the magnetic needle and the second 

coil producing a magnetic field gradient to drive the magnetic needle in motion. The 

needle had dimensions of radius (a) = 0.27 mm and length (L) = 55 mm, and mass (m) 

= 72 mg. To conduct the rheology measurements a hydrophobically modified 

magnetic needle was pinned at the air-aqueous interface and positioned within a 

roughened glass channel (Fig. 5.8b). A slight meniscus was generated by the glass 

channel to ensure that the magnetic needle was self-centred. An overhead CCD 

camera (Basler Electric Company) was focused on the needle such that one edge of 

the needle could be precisely tracked during oscillatory motion.155 Edge detection was 

projected onto a linear image sensor with a 512-pixel photodiode array and pixel 

resolution of 3.58 μm.  
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Figure 5.8 Image of (a) the Interfacial Shear Rheometer (ISR400) with Langmuir 

trough and (b) schematic of the magnetic needle positioned in the glass channel at the 

air-water interface.167 

    With the magnetic needle oscillating sinusoidally (induced by the Helmholtz coils), 

an amplitude ratio, AR, can be defined as the ratio of the amplitude of the rod 

displacement (strain, 𝛾) to the forcing amplitude (stress, 𝜎), with the strain and stress 

offset being the phase difference (𝛿). The dynamic surface modulus, 𝐺∗ , which is 

given by  𝐺∗(𝜔) =  𝐺’(𝜔) +  𝑖𝐺’’(𝜔), can be determined from AR and 𝛿 168, 169  

𝐺∗(𝜔) =
1

𝐴𝑅
𝑒𝑖𝛿 = 𝐺’(𝜔) +  𝑖𝐺’’(𝜔)                                         (5.1) 



125 

 

where 𝐺’  and 𝐺" describe the storage and loss moduli of the interfacial film, 

respectively. One of the sensitivities of the ISR technique is to ensure that the surface 

stresses dominate the underlying sub-phase stresses. The requirement to decouple the 

surface stresses from the sub-phase bulk contribution can be assessed by the 

dimensionless Boussinesq number (Bo), which is defined as the ratio of surface to 

bulk stresses.170 For all particle-laden interfaces considered in the current study Bo ≥ 

20, indicating no requirement to decouple the sub-phase contribution. For this reason, 

all experimental data are presented without further processing.48  

In a typical ISR measurement, 400 mL of the aqueous sub-phase was first pipetted 

into the Langmuir trough. Prior to each measurement the needle was magnetized and 

positioned at the air-aqueous interface within the glass channel. A calibration of the 

magnetic needle was first conducted on a particle-free interface such that the influence 

of sub-phase viscosity, rod dimensions and inertia could be subtracted from the 

measured needle response. 80 μL of the 0.5 wt% particle suspension was then 

deposited at the air-aqueous interface following the film preparation procedure 

previously described. The particle-laden interface was left undisturbed for 30 min to 

evaporate the spreading solvent and then compressed at a rate of 10 cm2/min to 

several target surface pressures (0.5, 1, 2, 3, 4, 5 and 6 mN/m). To maintain a constant 

surface pressure the operational mode of the Langmuir trough was switched to 

pressure control mode during the rheological measurement. 
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Table 5.1 Strain sweep settings for the ISR measurements. 

Surface 

pressure 

(mN/m) 

0.01 M Na2SO4 0.1 M Na2SO4 0.55 M Na2SO4 

Frequency 

(Hz) 

Voltage 

range (V) 

Frequency 

(Hz) 

Voltage 

range (V) 

Frequency 

(Hz) 

Voltage 

range (V) 

0.5 0. 5 0.05-0.8 0. 5 0.05-0.8 0. 5 0.05-1 

1 0. 5 0.05-0.8 0. 5 0.05-0.8 0. 5 0.05-3 

2 0. 5 0.05-0.8 0. 5 0.05-1.5 0. 5 0.5-5 

3 0. 5 0.1-1.5 0. 5 0.5-5 0. 5 0.5-8 

4 0. 5 0.5-7 0. 5 0.5-7 0. 5 1-9 

5 0. 5 1-8 0. 5 2-9 0. 5 2-10 

6 0. 5 1-10 0. 5 3-10 0. 5 4-10 

7 0. 5 1-10     

8 0. 5 1-10     

For all particle-laden interfaces a dynamic strain sweep (amplitude sweep) was first 

conducted at a fixed frequency of 0.5 Hz (3.14 rad/s) to determine the linear 

viscoelastic region. Such measurements also provided guidance on the input voltages 

required to drive the magnetic needle into oscillation with sufficient forward and 

backward motion. For example, for weak particle-laden interfaces (i.e. low surface 

pressures ~ 0.5 mN/m) the optimal input voltage was in the range 0.05 to 0.8 V, while 

for more compressed interfaces (i.e. higher surface pressures ~ 3 mN/m) the input 

voltage varied between 0.1 and 1.5 V. Details of the input voltages used in the current 

study are summarized in Table 5.1. To probe the time-dependent response of the 

particle-laden interfaces, frequency sweep measurements were conducted between 0.1 

Hz (0.63 rad/s) and 5 Hz (31.40 rad/s), see Table 5.2 for experimental settings. 
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Table 5.2 Frequency sweep settings for the ISR measurements. 

Surface 

pressure 

(mN/m) 

0.01 M Na2SO4 0.1 M Na2SO4 0.55 M Na2SO4 

Initial 

voltage 

(V) 

Initial 

displacement 

(μm) 

Initial 

voltage 

(V) 

Initial 

displacement 

(μm) 

Initial 

voltage 

(V) 

Initial 

displacement 

(μm) 

0.5 0.05 300 0.1 300 0.1 150 

1 0.05 300 0.1 200 0.2 20 

2 0.05 300 0.2 20 1 15 

3 0.2 100 1.5 15 4 12 

4 0.5 50 3 12 5 10 

5 2 40 4 10 7 8 

6 2 20 7 8 8 6 

7 2 15     

8 4 10     

 

5.3.2 Cryo-SEM  

Particle-stabilized foams were generated using 10 mL of 1 wt% composite particles 

dispersed in either 0.1 M or 0.55 M Na2SO4 solution. Cryo-SEM (Quorum 

Technologies, UK) was used to study the structure of the particle-laden interfaces 

surrounding air bubbles (see Fig. 5.9a). Approximately 0.5 mL of the foam was 

pipetted onto a universal specimen shuttle (AL200077B) and plunged into liquid 

nitrogen at -196 °C.171 The frozen samples were then transferred to a Quilo cryo 

preparation chamber (T = -175 °C) using the system cryo transfer device (see Fig. 

5.9b). The preparation chamber was used to remove excess ice by the twin fracturing 
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manipulators (see Fig. 5.9c). With the excess ice removed the cryo samples were 

transferred onto a highly stable SEM cold stage for observation.  

 

 

Figure 5.9 Photos of (a) the cryo-SEM system, (b) the cryo transfer device with a 

universal specimen shuttle (AL200077B) and (c) the Quilo cryo preparation chamber 

with the twin fracturing manipulators. 

5.4 Results and Discussion 

5.4.1 Π-A isotherms and interfacial structure (BAM) 

5.4.1.1 Π-A isotherms. In the previous chapter, Fig. 4.14 compared the Π-A 

isotherms for all particle types used in the current study. The Langmuir trough used 



129 

 

for collecting those Π-A isotherms had a maximum and minimum trough area of 80 

cm2 and 20 cm2 respectively. The compression ratio of the Langmuir trough is defined 

as:  
𝐴𝑚𝑎𝑥−𝐴𝑚𝑖𝑛

𝐴𝑚𝑎𝑥
, where 𝐴𝑚𝑎𝑥 is the maximum trough area, and 𝐴𝑚𝑖𝑛 is the minimum 

trough area. The compression ratio of the aforementioned Langmuir trough was 0.75, 

which was not suitable to study the gas-liquid-solid phase transitions of the isotherms. 

Hence, the Π-A isotherms of the deposited composite particle films at the air-aqueous 

interfaces were re-measured using a Langmuir trough with a higher compression ratio 

(~ 0.93, 𝐴𝑚𝑎𝑥 = 280 𝑐𝑚2, 𝐴𝑚𝑖𝑛 = 20 𝑐𝑚2). 

Π-A isotherms of the deposited particle-laden interfaces are shown in Fig. 5.10. The 

effect of the sub-phase electrolyte concentration is evident, with the highest surface 

pressures measured for the highest electrolyte concentration. All particle-laden 

interfaces exhibit a clear gas (G), liquid (L), solid (S) phase transition, showing the 

increase in film collapse pressure from 8 mN/m to 11 mN/m and 22 mN/m with 

increasing Na2SO4 from 0.01 M to 0.1 M and 0.55 M, respectively. 
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Figure 5.10 Π-A isotherms of composite particles deposited at the air-aqueous 

interface, with the particle concentration and spreading volume remained fixed at 0.5 

wt% and 80 μL, respectively. The surface pressure was measured continuously at a 

compression rate of 50 cm2/min. All particle-laden interfaces exhibit gas (G), liquid 

(L), and solid (S) phase transitions, with collapse of the particle-laden interfaces 

measured at approximately ~ 50 cm2.  

The compressibility (Cs) of the particle-laden interfaces can be determined by 

𝐶𝑠 = (
−1

𝐴
) (

𝑑𝐴

𝑑𝛱
)                                                    (5.2) 

where A is the trough area and Π is the surface pressure. An average compressibility 

(𝐶𝑠
∗
) can then be calculated by integrating Eq. 5.2 to give 

𝐶𝑠
∗ = −

𝑙𝑛𝐴2−𝑙𝑛𝐴1

𝛱2−𝛱1
                                                   (5.3) 

where subscripts 1 and 2 refer to the start and finish positions of the compression.  
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Table 5.3  Average compressibility of particle-laden interfaces in the L- and S-phase.  

Na2SO4 (M) L-phase S-phase 

0.01 0.360 0.050 

0.1 0.270 0.035 

0.55 0.150 0.020 

 

    Table 5.3 compares the average compressibility of the three particle-laden 

interfaces (at 0.01 M, 0.1 M and 0.55 M) in the L- and S-phases.  In the L-phase, an 

increase in the sub-phase electrolyte concentration leads to a reduction in the film 

compressibility, indicating a greater resistance to compression. It should be noted that 

the observed differences in compressibility are unlikely the result of particle removal 

from the air-aqueous interface. In Fig. 4.19, the differences between the first and 

second compression cycles at equivalent trough areas (0.01 M Na2SO4 particle-laden 

interface) were negligible when the surface pressure was greater than ~ 1.5 mN/m. 

Hence, the effect of particle removal under compression is considered to be negligible. 

At higher electrolyte concentrations, particle retention at the air-aqueous interface is 

enhanced, most likely as a result of increased particle aggregation and change in the 

particle wetting angle (increased hydrophobicity).59 Therefore the possible effect of 

particle detachment from the interface should be even more unlikely. The decrease in 

film compressibility with increasing electrolyte concentration is thought to result from 

changes in the strength of particle-particle interactions. Fig. 4.9 confirmed aggregation 

of the composite particles at the critical electrolyte concentration of 0.1 M. This 

observation was supported by AFM data which showed attraction between composite 

particles in 0.1 M and 0.55 M Na2SO4 electrolyte solutions and apparent adhesion 
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measured during pull-off.59 For 0.01 M Na2SO4, the interaction was purely repulsive 

with no measurable adhesion. Modulating the strength of particle-particle interactions 

will impact the ability for particles to re-organize under compression. Hence, strong 

particle-particle attraction (0.55 M Na2SO4) will inhibit particle mobility and lower 

the film compressibility. In the S-phase, film compressibility reduced by almost one 

order of magnitude for all systems, although there still remains an influence of the 

sub-phase electrolyte concentration.  

5.4.1.2 Interfacial structure of the composite particle laden films. The structure 

of the composite particle-laden interfaces had been assessed by SEM using the LB 

deposition technique mainly for surface pressures ≥ 5 mN/m at 0.01 M and 0.1 M 

Na2SO4 (see Fig. 4.16). However, the LB imaging protocol was significantly impeded 

by salting on the mica substrate when the sub-phase electrolyte concentration 

increased to 0.55 M. In order to avoid the salting effect, the particle-laden interfaces 

were imaged using a Brewster angle microscope (BAM) at 0.01 M, 0.1 M and 0.55 M 

Na2SO4, respectively.  

For 0.01 M Na2SO4 and at the lowest surface pressure (Π = 0.5 mN/m), the BAM 

image was featureless and of uniformly dark grey color, hence assessing the structure 

of the particle-laden interface was not possible (Fig. 5.11). However, as the particle-

laden interface was compressed (Π = 1, 2, 3 mN/m) the BAM image becomes 

increasingly brighter as a result of increased densification of the particle-laden 

interface (increased surface coverage). The brightness of the image taken at the L-S 

phase boundary (Π = 3 mN/m) appears to be uniform throughout, suggesting that the 

deposited particle-laden interface is homogenous, although intricate detail of the 

particle network structure is difficult to visualize since the particles remain dispersed 

at the lowest electrolyte concentration. 
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Figure 5.11  BAM images of deposited composite particles at the air-water interface 

as a function of the sub-phase electrolyte concentration (0.01 M, 0.1 M, and 0.55 M as 

labelled) and surface pressures. Increasing electrolyte concentration increases voidage 

in the particle-laden films, which can be attributed to aggregation of the composite 

particles. Surface pressure driven densification of the particle-laden films is 

qualitatively verified by reduced voidage and increased brightness of the BAM images.  

    The onset of particle aggregation allowed for more interesting structural features to 

be identified. With the consecutive increase in electrolyte concentration (0.1 M), it is 

readily shown that the particle-laden interface (Π = 0.5 and 1 mN/m) becomes less 

homogenous with dark spots (voids) and bright spots (particle aggregates/clusters) 

being clearly observed. At the highest electrolyte concentration (0.55 M Na2SO4) the 

voids in the particle-laden interface are significant, with the void size observed to 

decrease with increasing surface pressure. 

The contrast between the particle network and the aqueous sub-phase can be used to 

provide an approximation of the particle surface coverage at the air-aqueous interface 

in different electrolyte concentrations (0.1 M and 0.55 M Na2SO4) and at different 

surface pressures, see Fig. 5.12. BAM images were processed using ImageJ software 

0.5 mN/m

0.01M

1 mN/m 2 mN/m 3 mN/m 4 mN/m 5 mN/m

0.1M

0.55M
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with a band pass filter to correct for the varying illumination prior to thresholding.172 

While different approaches were considered to determine the most appropriate 

threshold value for distinguishing the two phases (voids and particle aggregates), 

visual comparison of the BAM and grey-scaled images was found to be the most 

reliable. A sensitivity assessment on the chosen threshold value showed that a ± 5% 

change in the threshold value would result in a 4.5 – 6 % variability in the quoted 

apparent particle surface coverage. Assessment of the apparent particle surface 

coverage was made by analysing three images (dimensions – 390 × 490 µm) along the 

centreline of the trough from the barrier edge to the mid-point between the two 

Langmuir trough barriers.  

 

Figure 5.12 Apparent particle surface coverage (∅) of 0.1 M and 0.55 M Na2SO4 

particle-laden interfaces. BAM images were processed using ImageJ, first correcting 

for varying illumination using a band pass filter and thresholded to differentiate 

between the sub-phase and particle layer. 
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Fig. 5.12 compares the apparent particle surface coverages for the 0.1 M and 0.55 

M Na2SO4 particle-laden interfaces as a function of the surface pressure. Intuitively, 

as the surface pressure is increased the particle network compresses, hence the particle 

surface coverage increases. Also, the apparent particle surface coverage of the 0.55 M 

particle-laden interface is consistently below that of the 0.1 M particle-laden interface 

at equivalent surface pressures. As is clearly shown, the lower particle surface 

coverage results from a higher degree of particle aggregation which has been shown in 

the last chapter.59 For 0.1 M Na2SO4, the apparent particle surface coverage increases 

from ~ 70 % to almost complete coverage (~ 99%), while the average void size 

reduced from approximately 4 µm2 (~4.1 µm2) to less than 1 µm2 (~ 0.7 µm2) as the 

surface pressure is increased from 0.5 mN/m to 4 mN/m. At the highest electrolyte 

concentration (0.55 M Na2SO4), the apparent particle surface coverage increased from 

~ 27% to ~ 80%, with the average void size reducing from greater than 1000 µm2 

(~1135 µm2) to less than 10 µm2 (~7 µm2) across the same range of surface pressures. 

5.4.2 Linear rheology 

The shear rheology of the particle-laden interface was investigated using the ISR 

needle rheometer, with the elastic (G’) and viscous (G”) contributions being measured 

as a function of the sub-phase electrolyte concentration and surface pressure. Having 

attained the target surface pressure, the Langmuir trough barriers were operated in 

feedback mode to ensure that the surface pressure remained constant during the 

rheology measurement.  

5.4.2.1 Strain sweep. To assess the mechanical properties of the particle-laden 

interfaces, the magnetic needle was oscillated at an amplitude within the linear 

viscoelastic region and at constant frequency of F = 0.5 Hz (3.14 rad/s). 
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Figure 5.13 (a) Dynamic surface shear moduli (G' – closed symbols and G" – open 

symbols) and (b) G’/G’’ ratio of the particle-laden interfaces as a function of the sub-

phase electrolyte concentration and surface pressure. The magnetic needle was 

oscillated at constant frequency ( 𝜔 = 3.14 rad/s) and amplitude in the linear 

viscoelastic region. The dynamic surface shear moduli were determined using Eq. 5.1. 

    Fig. 5.13a compares the dynamic surface shear moduli of the three particle-laden 

interfaces under increased compression. The viscoelastic response to the 

compressional force was consistent for all three particle-laden interfaces, and 

resembled the typical rheology profiles of an aging interface, for example oil-water 

interfaces stabilized by asphaltenes which exhibit a time-dependent viscous-to-elastic 

transition as the asphaltenes accumulate at the oil-water interface (increased surface 

coverage) and reorganize.173 At the lowest surface pressure (Π = 0.5 mN/m) all three 

particle-laden interfaces were viscous dominant and can be considered liquid-like. 

However, as the imposed surface pressure increased, the contribution of the two 

viscoelastic moduli increased at different rates, eventually reaching an elastic 

dominate (i.e. solid-like) interface. It is interesting to note the critical surface pressure 

to promote this transition (G’ = G”) was a function of the sub-phase electrolyte 

concentration (Fig. 5.13b). 
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    At the lowest electrolyte concentration (0.01 M) and low surface pressures (Π < 3 

mN/m), the particle-laden interface is purely viscous with an immeasurably small 

shear elasticity. At these surface pressures the particle-laden interface was in the L-

phase, and due to the repulsive interaction between the composite particles,59 the 

particles were freely mobile under the applied shear. The viscous and elastic 

contributions measured at Π = 3 mN/m were almost equivalent, while at higher 

surfaces pressures in the S-phase (Π = 3 – 8 mN/m) the viscoelastic ratio (G’/G”) 

increased sharply up to Π = 4 mN/m, indicating an elastic nature of the interface. 

Eventually a maximum viscoelastic ratio of ~3.2 was reached as the particle-laden 

interface approached the collapse pressure. 

    As the electrolyte concentration of the sub-phase increased, similar trends in the 

viscoelastic response to increasing surface pressure were observed. However, the 

critical surface pressure for liquid-like to solid-like transition of the interface 

decreased (Fig. 5.13b), with the 0.55 M Na2SO4 particle-laden interface being strongly 

elastic at Π = 1 mN/m, a condition which can be considered well below the L- to S-

phase transition pressure (Fig. 5.10) as measured under compression. The increased 

elasticity at low surface pressures can be attributed to the higher degree of particle 

aggregation, which promotes the formation of a contiguous, space spanning network, 

when the apparent particle surface coverage is low. 

As shown in Fig. 5.13a, the magnitude of the viscoelastic response when compared 

at equivalent surface pressures increased with increasing the sub-phase electrolyte 

concentration. This type of response is indicative of the structural differences, most 

likely governed by the particle coverage and the strength of particle-particle 

interactions at the interface. The relative influence of the two governing mechanisms 

is not readily discernible, although the strength of particle-particle interactions 
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controlled by the sub-phase electrolyte concentration is shown to have a dramatic 

influence on the magnitude of the viscoelastic moduli, in good agreement with 

previous observations (see Fig. 4.20).174 However, while the magnitude of the 

viscoelastic responses is different, it is interesting to note that the viscoelastic ratio for 

all three systems appears to plateau towards G’/G” ~ 3.0 (Fig. 5.13b), underlining that 

the shear viscoelastic response becomes independent of the surface pressure when the 

particles at the interface reach a certain jammed state. Fig. 5.10 confirms that the 

viscoelastic ratio plateaus within the S-phase for 0.01 M and 0.1 M Na2SO4 particle-

laden interfaces, while it was observed in the L-phase for the highest electrolyte 

concentration. Although the viscoelastic moduli are often described by the previously 

mentioned governing mechanisms (particle-particle interaction strength and particle 

coverage),155, 174, 175 the exact mechanism for this independence is not fully understood. 

Nevertheless, this characteristic response may indicate that the particle networks 

become self-similar at high surface pressure when the axial compression dictates the 

structure forming parameters (i.e. a jamming state). 

5.4.2.2 Frequency sweep. To better understand the time-dependent dynamics of the 

particle-laden interfaces, frequency-sweep measurements were performed in the linear 

viscoelastic regime. The viscoelastic moduli measured as a function of the oscillation 

frequency, 𝜔 (0.63 to 31.4 rad/s) are shown in Fig. 5.14. At low surface pressure (Π = 

0.5 mN/m), the response of all three particle-laden interfaces was characteristically 

viscous, varying with ~ 𝜔1 and independent of the sub-phase electrolyte 

concentrations. At higher frequencies, G’ was immeasurable as the phase difference 

between the stress and strain approaches 90o.168 
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Figure 5.14 Frequency dependent viscoelastic moduli (G' – closed symbols and G" – 

open symbols) of the particle-laden interfaces as a function of the sub-phase 

electrolyte concentration and surface pressure. The power-law scaling confirms the 

transition from liquid-like at Π = 0.5 mN/m (all systems) to solid-like behaviour with 

increasing surface pressure and sub-phase electrolyte concentration.   

At the intermediate surface pressure (Π = 2 mN/m), the 0.01 M particle-laden 

interface remained viscous in nature, while a viscoelastic transition was observed for 

the 0.1 M and 0.55 M particle-laden interfaces. The dependence of both G’ and G” on 

the oscillation frequency decreases with increasing electrolyte concentration. For 

example, the G’ response of the 0.55 M particle-laden interface shows a frequency 

independent plateau, signifying the onset of the glassy state where the dynamics of the 

system becomes frozen.12  At Π = 4 mN/m, all particle-laden interfaces exhibited a 

frequency independent plateau of G’, which was expected as the apparent particle 

surface coverage approached 100%, although such conditions can be attained at a 

much lower apparent particle surface coverage when the attractive potential between 

the composite particles is strong, such as for electrolyte solutions of 0.55 M Na2SO4. 

While no definitive crossover in the viscoelastic moduli was measured in the 

frequency range, the dependence of G” on 𝜔  (at a surface pressure of 4 mN/m) 

suggests that the high frequency response is influenced by the viscous forces,175 i.e. 

the sub-phase fluid viscosity and confined polymer layers. 

5.4.3 Nonlinear rheology  

In the solid-like state (G’ > G”) particle-laden interfaces exhibit a critical yield 

value which must be exceeded for the particles (particle domains) to flow. Dynamic 

strain-amplitude sweeps at a constant frequency (𝜔 = 0.5 𝐻𝑧) were performed to 

measure the yield modulus as a function of the sub-phase electrolyte concentration 
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and surface pressure. Fig. 5.15 shows the characteristic responses of the particle-laden 

interfaces to the increased strain. At low amplitude (strain) the viscoelastic moduli 

were independent of the applied deformation, signifying the characteristic linear 

viscoelastic response. With increasing strain, both moduli decreased as the mechanical 

strength of the particle-laden interface was weakened. A critical strain was attained 

when G’ = G” at which the particle-laden interface had yielded. Beyond this point the 

film response to the deformation (strain) was dominated by viscous forces. In the 

nonlinear regime the slopes of G’ and G” versus strain exhibited a ratio of ~2 (G’~ 

𝛾0
−𝜈′

and G’’~ 𝛾0
−𝜈′′

 where ν’ ~ 2ν’’) which is consistent with previously reported 

values for yielding interfaces.176 

 

Figure 5.15 Dynamic strain sweep of an elastically dominant particle-laden interface 

(0.01 M Na2SO4). At small strains the dynamic shear moduli are independent of strain 

before the particle-laden interface yields (G’ = G”) at higher strains, lines to guide the 

eye.  
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Fig. 5.16a shows the dependence of the particle-laden interface yield modulus 

(where G’ = G”) on the sub-phase electrolyte concentration and surface pressure. For 

all systems investigated, the yield modulus increases with surface pressure and 

increasing electrolyte concentration (yield modulus at equivalent surface pressures), 

which directly correlates to the increased particle aggregation due to stronger 

attraction between the composite particles in 0.1 M and 0.55 M Na2SO4 electrolyte 

solution. At the lowest electrolyte concentration (0.01 M) the particle-laden interface 

yield modulus was only measurable in the S-phase region, i.e., measurable under 

severe compression. The increase in yield modulus is moderate and almost linear with 

increasing surface pressure. For the intermediate electrolyte concentration (0.1 M) the 

yield modulus is measured in both the L-phase and S-phase (slightly beyond the 

transition pressure). The linear dependence of the yield modulus on surface pressure is 

once again observed up to Π = 4 mN/m, beyond which the yield modulus becomes 

almost independent of the surface pressure in the S-phase region. The reduced 

dependency of yield modulus on surface pressure in the S-phase is in good agreement 

with the data measured using 0.01 M Na2SO4 electrolyte solution. At the highest 

electrolyte concentration (0.55 M), the yield modulus was measured in the L-phase 

region (L-to-S phase transition ~ 6 mN/m). While there is slight fluctuation in the data, 

the trend is approximately linear (yield modulus vs. surface pressure) and in good 

agreement with the L-phase characteristic response. 
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Figure 5.16 (a) Yield modulus (G’ = G’’) and (b) apparent yield strain and apparent 

yield stress (0.1 M Na2SO4) of particle-laden interfaces as a function of the surface 

pressure and the sub-phase electrolyte concentration. The apparent yield strain and 

apparent yield stress were determined based on the cross-over (G’ = G”) condition as 

shown in Fig. 5.15. 

Fig. 5.16b shows the apparent yield strain for all systems and directly compares 

apparent yield strain to apparent yield stress for the 0.1 M Na2SO4 particle-laden 

interfaces. Yield strain reflects the amount of interfacial deformation required to yield 

the particle-laden interface, with a lower yield strain and a higher yield stress interface 

often described as brittle.170 While the apparent yield strain remains relatively low for 

the two cases where attraction between the composite particles is prevalent, the 

apparent yield strain of the 0.01 M Na2SO4 particle-laden interface appears more 

sensitive to the surface pressure, with the yielding properties characterized by ductile 

and brittle responses at low and high surface pressures, respectively.  

5.4.4 Rheology of particle-laden interfaces surrounding bubbles 

A unique feature of the ISR is the ability to accurately adjust the surface pressure of 

the particle-laden interface and measure the interfacial rheology. Correlating the 

rheology and film structure can then provide new insights to the likely rheology of 

particle-stabilized bubbles and droplets. Extrapolating the rheology measured at a 
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planar interface to that of a curved interface is only sensible if the two radii of 

curvature (particle and bubble) are sufficiently contrasting such that the particle ‘sees’ 

the interface as being effectively planar.  

5.4.4.1 Particle positioned at a planar interface and a curved interface. Fig. 

5.17 illustrates the geometry associated with a particle residing at a planar and curved 

interface. At a planar interface (Fig. 5.17a), dimensions AD and BC are equivalent 

(within consideration of any contact line undulation), and any significant curvature 

will lead to greater disparity between the two lengths (Fig. 5.17b). Hence, the 

uniformity of a planar interface no longer holds and the ability to correlate rheological 

properties of a curved interface to those measured at a planar interface is lessened.  

 

Figure 5.17 Schematics of a particle positioned at (a) a planar interface and (b) a 

curved interface. The particle centre is point B and the bubble centre is point F. 

Centre-to-contact line (BC), and edge-to-contact line (AD) are identified by the 

dashed lines. 
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Particle-stabilized foams were imaged using cryo-SEM such that the structure of 

the particle-laden interface surrounding the air bubble could be elucidated. Fig. 5.18 

shows low and high magnification images of single bubbles isolated in foams 

prepared with composite particles dispersed in 0.1 M (Fig. 5.18a) and 0.55 M (Fig. 

5.18b) Na2SO4 electrolyte solutions. The typical bubble size (Db) following foaming 

(via handshaking) was greater than 100 µm, while the hydrodynamic diameter (Dh) of 

the composite particle was ~ 52 nm, leading to a Db/Dh ratio of ~ 103.  

 

Figure 5.18 Particle-laden interfaces surrounding air bubbles: a) 0.1 M Na2SO4 foam, 

and b) 0.55 M Na2SO4 foam. The individual bubbles are shown in the inset of the 

higher magnification interfacial images. 
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    At this ratio a simple geometry calculation was solved to determine whether or not 

the particle ‘sees’ the interface (surrounding bubbles) as being effectively planar. As 

shown in Fig. 5.17, the hydrodynamic diameter (Dh) of the composite particle is ~ 52 

nm, with the electrolyte concentration dependent contact angle (θ) measured to be 30° 

– 40° (Fig. 4.10), hence it is reasonable to assume θ = 30°. 

For the right triangle △BCD in Fig. 5.17a, 

BD = 26 nm = 0.026 μm  

∠CBD = θ =30° 

So BC = 
√3

2
BD = 0.022 μm 

Hence, in Fig. 5.17b, BC = 0.022 μm.  

According to Fig. 5.18, the diameter of the foam bubble (Db) is ~100 μm. Thus, in Fig. 

5.17b: 

FC = DF = 50 μm 

BF = BC + FC = 50.022 μm 

DE ⊥ BF 

In the right triangle △BED, based on the Pythagorean theorem, 𝐸𝐷2 = 𝐵𝐷2 − 𝐵𝐸2 

In the right triangle △EDF, 𝐸𝐷2 = 𝐷𝐹2 − 𝐸𝐹2 

𝐵𝐸 + 𝐸𝐹 = 𝐵𝐹 = 50.022 𝜇𝑚 → 𝐸𝐹 = 𝐵𝐹 − 𝐵𝐸 = 50.022 − 𝐵𝐸  

𝐵𝐷2 − 𝐵𝐸2 = 𝐷𝐹2 − 𝐸𝐹2 = 𝐷𝐹2 − (𝐵𝐹 − 𝐵𝐸)2  

BE = AD = 0.022 μm = BC 

    The simple calculation confirms that the length scale of centre-to-contact line (BC), 

and edge-to-contact line (AD) is equivalent. It is therefore reasonable to evaluate the 

likely rheology of particle-stabilized bubbles from the rheology measured at a planar 

interface. 
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5.4.4.2 Rheology of particle-stabilized bubbles. Firstly, on assessment of the 

cryo-SEMs, the structure of the two particle-stabilized bubbles show good similarity 

to those measured by BAM. At the highest electrolyte concentration (0.55 M) the 

structure of the particle-laden interface is heterogeneous with fractures sparingly 

distributed throughout the film (Fig. 5.18b), which contrasts the homogenous and 

densely packed particle-laden interface observed for the intermediate electrolyte (0.1 

M) foam (Fig. 5.18a). These structures visually correspond to the BAM images 

obtained at the higher surface pressures. Applying the same thresholding method used 

to determine the apparent particle surface coverage from the BAM images, we 

determined the apparent particle surface coverage stabilizing air bubbles in foams to 

be approximately 100% and 95% for 0.1 M and 0.55 M Na2SO4 foams, respectively. 

Referring to Fig. 5.12, these apparent particle surface coverages suggest that the 

surface pressure of the particle-laden interface surrounding the air bubbles is in the 

region of ~ 4 mN/m (0.1 M Na2SO4) and ~ 5 mN/m (0.55 M Na2SO4). Quite 

interestingly both of these surface pressures correspond to a particle-laden interface at 

the L-S phase transition, and an interfacial shear rheology which is elastic dominant. 

The heterogeneous structure of the particle-laden interface (0.55 M Na2SO4) results 

from the macroscopic clustering of the composite particles (particle aggregation). As 

such, we may conclude that stability of foams formed via simple handshaking 

corresponds to the structure of the particles at the L-S phase transition as the jammed 

state of the particle network is attained.  

5.5 Conclusion 

The current chapter considered the influence of sub-phase electrolyte concentration 

and surface pressure on the rheology of particle-laden interfaces. Silica nanoparticles 
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stabilized by PVP formed highly dispersed and homogenous particle-laden interfaces, 

which evolved into aggregated, space spanning networks with increasing electrolyte 

concentration. Under axial compression all particle-laden interfaces underwent gas-

liquid-solid phase transitions before collapse of the network structure at high surface 

pressures.   

The surface shear moduli of all particle-laden interfaces exhibited a liquid-like to 

solid-like transition with increasing surface pressure, and the critical surface pressure 

where the transition occurred was shown to be a function of the sub-phase electrolyte 

concentration. The strength of particle-particle interactions determined predominantly 

the shear rheology of the particle-laden interfaces, with the magnitude of the 

viscoelastic moduli increasing with increasing electrolyte concentration. At higher 

surface pressures the viscoelastic ratio (G’/G”) became almost independent of the sub-

phase electrolyte concentration, potentially indicating self-similarity of the particle 

networks once the axial compression dictates the structure forming parameters. 

The use of nanoparticles as the stabilizing species enabled insight to the likely 

interfacial rheology of particle-stabilized bubbles. The 2D structure of particle-laden 

interfaces surrounding an air bubble and deposited at a planar interface were 

correlated using cryo-SEM and BAM images. At intermediate and high electrolyte 

concentrations it would appear that the structure of the particle-laden interface is at the 

L-S phase transition boundary. At this condition the shear rheology of the particle-

laden films is elastic dominant, although the particle-laden interface exhibits a low 

yielding strain due to its brittleness. 
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Chapter 6: Conclusions and Future Work 

Interfacial behaviour and foaming potential of the PVP coated silica composite 

particles are studied in this project. Comprehensive investigations have been carried 

out to understand foaming potential of the composite particles, structure-rheology 

relationship of the particle-laden interfaces, and destabilization mechanism of the 

composite particle-armed bubbles, etc. The following conclusions are drawn from this 

research work: 

6.1 Conclusions 

6.1.1 PVP adsorption and lubricating properties of PVP films 

The adsorption behaviour of PVPs with different molecular weights (between 8 

kDa and 1300 kDa) on silica a surface was investigated at ultra-low concentrations (≤ 

1 ppm). OR measurements showed that the adsorption of PVP on silica was 

irreversible, with a saturated surface excess around 1 mg/m2. Along with the QCM-D 

data, the amount of water trapped in the 8 kDa PVP film was found out to be ~ 10 

wt%, much less than the retained water (~ 40-55 wt%) in films formed using higher 

molecular weight PVPs. The equilibrium dissipation values obtained by QCM-D for 

the 8 kDa PVP film was more than 4 times smaller than those measured of the higher 

molecular weight PVPs, suggesting that the 8 kDa PVP conformed to a flat film 

(predominantly in a train orientation), while the high molecular weight PVPs slowly 

reorganized into more lossy films (more loops and tails). 

Lateral forces measured by the AFM colloid probe technique between 8 kDa PVP-

PVP surfaces matched very closely to that between uncoated silica surfaces at all 
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normal loads that being used. By contrast, a ~ 50% reduction in the lateral forces 

between 40 kDa PVP-PVP, 360 kDa PVP-PVP, and 1300 kDa PVP-PVP surfaces was 

found, suggesting that above a critical molecular weight (40 kDa), the friction 

between silica surfaces can be reduced by approximately a factor of 2 by introducing 

PVP coatings. The molecular weight dependent lubricating effect of PVP films was 

further verified by measuring the yield stress of concentrated particle suspensions, 

where a 50% reduction in yield stress was found for the 40 kDa PVP-coated particle 

suspension comparing with the yield stress of the uncoated and 8 kDa PVP-coated 

particles at high particle suspension concentration (≥ 60 vol%). 

6.1.2 Foaming behaviour of the composite particles 

PVP-coated silica nanoparticles (composite particles) were simply prepared by 

polymer physisorptions, and the foaming potential of the composite particles was 

found to increase with increasing electrolyte concentration. The enhanced foam 

stability was attributed to the formation of solid-like (elastic dominant) interfacial 

particle layers surrounding bubbles. The increased particle film rigidity (elasticity) at 

high electrolyte concentration (≥ 0.1 M) resulted from adhesion of interpenetrating 

polymer chains and a higher degree of particle aggregation. The absence of bubble 

coalescence in foams prepared using 0.55 M Na2SO4 was attributed to the formation 

of large particle aggregates (thick liquid films), separating neighbouring bubbles apart. 

Hence, bubble coarsening was identified to be the dominant foam destabilization 

mechanism for the 0.55 M bubbles. The foams prepared at lower electrolyte 

concentrations (≤ 0.1 M Na2SO4) showed the contribution from bubble-bubble 

coalescence to be more significant. 
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6.1.3 Interfacial rheology of composite particle-laden planar and curved 

interfaces 

The influences of sub-phase electrolyte concentration and surface pressure on the 

rheology of a particle-laden planar interface were considered first. The composite 

particles spread homogenously at the air-aqueous interface when the sub-phase 

electrolyte concentration was low (≤  0.01 M). As the electrolyte concentration 

increased, aggregated structures and space filling networks were observed. Under 

axial compression, all particle-laden interfaces underwent gas-liquid-solid phase 

transitions before film collapse. 

    The surface shear moduli of all particle-laden interfaces exhibited a liquid-like (G’ 

< G’’) to solid-like (G’ > G’’) transition with increasing surface pressure, and the 

critical surface pressure where the transition (G’ = G’’) occurred was shown to be a 

function of the sub-phase electrolyte concentration. The 2D structure of particle-laden 

interfaces surrounding an air bubble and deposited at a planar interface were finally 

correlated using cryo-SEM and BAM images to elucidate the interfacial shear 

rheology of particle-stabilized bubbles. At 0.1 M and 0.55M Na2SO4, it would appear 

that the structure of the particle-laden bubble surfaces is close-packed, with a 

compressional surface pressure at the L-S phase transition boundary, where the shear 

rheology of the particle-laden interface was found to be elastically dominant (G’ > 

G’’). 

In summary, PVP (40 kDa) coated silica composite particles were prepared via 

polymer physisorption, with the irreversibly adsorbed and highly hydrated 40 kDa 

PVP films behaving as steric particle stabilizers. The composite particles (core-shell 

structure) were shown to be efficient foaming stabilizers, and the observed foam 
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lifetimes increased with increasing electrolyte concentration. The enhanced foam 

stability (0.1 M and 0.55 M) was attributed to the formation of solid-like (elastic 

dominant) interfacial particle layers surrounding bubbles. Although bubble 

coalescence in foams prepared using 0.55 M Na2SO4 was significantly retarded, 

bubble coarsening cannot be stopped even when the particle-laden films were highly 

elastic. 

6.2 Initial Investigations and Future Work 

Although stable foams can be generated using the composite particles as foaming 

agents in the presence of 0.55 M Na2SO4, bubble coarsening cannot be avoided, 

resulting in bubble vanishing in about two weeks’ time. Hence, future work is worth 

carrying out to stop bubble coarsening. Once bubble coarsening is avoided, particle 

stabilized foams can then be used as templates to prepare porous and light-weight 

materials.  

Light-weight material fabrication using foam based method has already been 

reported, however, the particle concentration being used was high (> 10 wt%).37, 77, 78 

Future work will focus on developing foam based light-weight materials but using 

lower concentrations of particles. To stop bubble coarsening, several initial attempts 

have been carried out using the existing composite particle system, and these are 

presented below.  

6.2.1 Increase particle surface coverage and solidify particle-laden 

interface 

Background: according to the cryo-SEM images (Fig. 5.18), foams prepared in 0.1 

M Na2SO4 had a higher apparent particle surface coverage. However, the particle film 
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was found to be pseudo-solid-like, which can stop neither bubble coarsening nor 

coalescence.  

Idea: prepare foams at 0.1 M Na2SO4 to guarantee a high particle surface coverage, 

and then rigidify the close-packed particle film on bubble surface to stop bubble 

coarsening. 

Two samples, labelled as sample 1 and sample 2 were prepared with sample 1 

(foams prepared in 0.55 M Na2SO4) served as a reference. For the preparation of 

sample 1, 10 mL of 1 wt % composite particles was prepared in a 40 mL glass vial 

with the electrolyte concentration fixed at 0.55 M Na2SO4 and foams were generated 

by 1 min of vigorous handshaking. For sample 2, foams was first generated at 0.1 M 

Na2SO4 (7.5 mL of 1.33 wt % composite particles, 0.1 M Na2SO4), after which 2.5 ml 

of 2 M Na2SO4 solution was injected into the bulk liquid to make sure the final 

particle concentration, electrolyte concentration and liquid volume in sample 2 were 

equal to those in sample 1 (1 wt%, 0.55 M and 10 ml respectively). The foamability 

and foam stability were visually measured by tracking foam heights. 

 

Figure 6.1 (a) Images of sample 1 and sample 2 when t = 150 min; (b) Measured 

foam height for sample 1 and sample 2 as a function of time. 
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We expected that the addition of 2 M Na2SO4 solution would rigidify the particle-

laden film on bubble surface and enhance its mechanical strength. In practice, it was 

found that this method even accelerated foam extinction (see Fig. 6.1). A possible 

reason may be as follows: after the addition of the 2 M Na2SO4 solution, liquid with 

higher electrolyte concentration diffused into thin films between bubbles, resulting in 

particle aggregation on the bubble surface. This aggregation process immediately 

created a porous particle film, facilitating bubble coalescence. Further work needs to 

investigate alternative routes to solidify the particle-laden interface whilst keeping the 

particle film close-packed (high particle surface coverage). 

6.2.2 Seal the pores on the bubble surface and rigidify the particle-laden 

interface using beta-escin 

Background: it has been shown that the particle-laden interface at 0.55 M is highly 

elastic, but forms a porous structure (see Fig. 5.18).  

Idea: seal the pores on the 0.55 M particle film may help to stop bubble coarsening. 

Fig. 6.2 shows that beta-escin (saponin) is a strong surface active surfactant which 

can adsorb at the air-water interface very rapidly (within seconds), forming interfacial 

films with significant shear elasticity (G’/G’’ ~ 10, at concentrations ≥ 0.01 wt%). 

Beta-escin was added into the composite particle dispersion as a co-foaming-agent to 

fill up the pores on bubble surface, whilst rigidifying the particle-laden film. The 

electrolyte concentration in the aqueous phase was 0.55 M. 
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Figure 6.2 Viscoelasticity of beta-escin films as a function of time and solution 

concentration, measured by PhD student Emily James in our group. 

Fig. 6.3 shows the combination of beta-escin and composite particles in 0.55 M 

Na2SO4 enhanced both fomability and foam stability compared with the individual 

components (composite particle in 0.55 M Na2SO4, or beta-escin alone). These results 

indicate beta-escin addition may be a promising route to stop bubble coarsening, 

which needs further investigation (e.g. use higher concentrations of beta-escin). 
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Figure 6.3 (a) Time-dependent stability of foams prepared using 0.1 wt% beta-escin 

in water, 0.1 wt% beta-escin in 0.55 M Na2SO4, 0.1 wt% beta-escin + 1 wt% 

composite particles in 0.55 M Na2SO4, and 1 wt% composite particles in 0.55 M 

Na2SO4 (lines to guide the eye); (b) Images showing changes in foam height with 

aging time. Sample 1: 0.1 wt% beta-escin in water; sample 2: 0.1 wt% beta-escin in 

0.55 M Na2SO4; sample 3: 0.1 wt% beta-escin + 1 wt% composite particles in 0.55 M 

Na2SO4. Height of glass vial = 9 cm. 

6.2.3 Enhance particle affinity at the interface and increase the yield stress 

of the particle-laden interface 

Enhancing the particle affinity at the interface can potentially stop particle 

desorption from the surface, which is useful in arresting bubble coarsening. To 

achieve this, several methods could be employed: (a) use larger particles instead of the 
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30 nm Ludox silica particles to increase the particle desorption energy at the interface; 

(b) use particles that are more hydrophobic than silica particles (e.g. polystyrene 

particles)177. 

It was reported recently that coarsening of particle-stabilized foams can be arrested 

even at sub-monolayer particle surface coverage when the yield stress of the particle-

laden interface was significant.177 Therefore methods should be developed to increase 

the yield stress of the particle-laden interfaces. It should be noted that strong lateral 

interactions between neighbouring particles is usually necessary in order to enhance 

the yield stress of particle films. Several strategies can be used to increase lateral 

interactions between particles at interfaces, such as changing particle size, particle 

surface roughness, particle surface chemistry, and/or solution conditions (pH or 

electrolyte concentration).59, 177 
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