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Abstract 
This thesis is concerned with foam stability and surface mechanical properties 

(including surface tension and surface rheological properties) of liquid-air 

interfaces of foams. In particular, the question as to which surface mechanical 

property (or properties) primarily governs (or govern) foam stability, the 

optimal hydrophobicity range of particle to stabilise foam, and the reason why 

the particle with that hydrophobicity are capable of stabilising foam in terms 

of the modification of surface mechanical properties of liquid-air interfaces of 

particle-stabilised foams are investigated systematically in this thesis. In 

respect of relating foam stability to surface mechanical properties, the 

oscillating pendent droplet method of obtaining surface rheological properties, 

the repeatability of dynamic surface tension measurements of ionic surfactant 

solution using the static pendant droplet method, and the measurement of foam 

stability using a modified Bikerman test of Li et al. (2010) that controls the 

relative humidity at the top of column have been studied as a matter of priority. 

The dependency of surface rheological properties on oscillation frequency and 

amplitude has been described and this dependency indicates that the 

measurement of surface rheological properties of different surfactant solutions 

should be performed at a fixed oscillation frequency and amplitude in order to 

obtain convincing observations of the relationship between surface mechanical 

properties and foam stability. Furthermore, it has been demonstrated that the 

observable differences of dynamic surface tension results between different 

trials are due to the presence of trace amounts of highly surface-active 

impurities and it is necessary to perform large numbers of independent trials of 

dynamic surface tension measurement and then calculate the arithmetic mean 

of all dynamic surface tension results to obtain the dynamic surface tension 

value of ionic surfactant solutions with highly surface-active impurity. 

Moreover, the observation of the dependency of foam stability upon 

environmental relative humidity has been confirmed and extended. It is 

precisely to facilitate the investigation of the relationship between foam 

stability and surface mechanical properties that the environmental relative 

humidity has to be controlled at a constant value. Foam stability is correlated 

to surface rheological properties including surface elasticity, surface 

dilatational viscosity and Gibbs elasticity under the condition that the effect of 

surface tension on foam stability is kept approximately constant and therefore 

eliminated. It has been shown that both surface tension and surface rheological 

properties affect the stability of surfactant-stabilised foams, however, surface 

tension appears to play more important role, with respect to the stability of 

surfactant-stabilised foams. The stability of foams stabilised by the mixtures 

of particles and surfactants, as well as the relationship between surface 

mechanical properties and stability of particle-stabilised foams, is also studied 

in this thesis. It has been experimentally demonstrated that only intermediately 

hydrophobic particles can enhance foam stability by the addition of particles 

to surfactant solutions, since these particles affect the surface mechanical 

properties by increasing surface elasticity and Gibbs elasticity whereas 

decreasing equilibrium surface tension and surface dilatational viscosity, 

which has a synergistically positive effect on the stability of particle-stabilised 

foams.  
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1.1 Introduction 

Aqueous foam is generally defined as a colloidal dispersion of a large number 

of gas bubbles (dispersed phase) in a continuous liquid phase (Cantat et al., 

2013). Due to the physical and mechanical properties of aqueous foams such 

as low bulk density, large specific surface area and characteristic behaviour of 

both liquids and solids, aqueous foams are widely applied in various industrial 

applications including fire-fighting, mineral flotation, oil recovery, detergents, 

food and cosmetics (Weaire et al., 1999). In order to achieve the best 

performance of aqueous foam in these numerous industrial applications, 

obtaining stable foam is always an important issue and thus foam stability is a 

fundamental parameter. The key to producing stable foam is to modify surface 

properties, especially the surface mechanical properties, by the utilisation of 

stabilising agent, such as surfactant (Hill et al., 2017). Therefore, the 

relationship between foam stability and surface mechanical properties is 

worthy of detailed exploration. Furthermore, surfactant is not the only kind of 

stabilising agent to obtain stable foam; the use of solid particles to enhance 

foam stability has drawn much attention recent years (Hunter et al., 2008). 

However, solid particles can also destabilise foam (Garrett, 2015). Therefore, 

it is pertinent to investigate the effect of solid particles on foam stability and 

surface mechanical properties in this current work.  

1.1.1 Motivation and Novelty 

In the industrial process of enhanced oil recovery (EOR), one of the most 

commonly used techniques is gas injection, which introduces gases including 
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natural gas, nitrogen and carbon dioxide into the reservoir to promote oil 

displacement. This technique accounts for approximately 60% of EOR 

production in the USA (U.S. Department of Energy, 2019). However, due to 

the low viscosity and low density associated with any injected gas, many 

challenges are encountered by this approach, such as poor sweep efficiency, 

gravity segregation and reservoir heterogeneity (Heller, 1994). In order to 

alleviate these issues, foams are alternatively injected for mobility control and 

for blocking and diverting to improve oil recovery efficiency (Schramm et al., 

2012). Applications of foams in EOR require an understanding of the basic 

principles involved in foam generation, propagation, and especially, stability. 

These fundamentals provide an important base for developing foam 

applications in EOR. Therefore, it is significant to study foam stabilisation by 

surfactants and/or particles, and the underlying physicochemical properties in 

governing foam stability in order to improve the foam applications in EOR.  

With regard to the exploration of foam stabilisation and its determinant 

physicochemical properties, it is still not clear which surface mechanical 

property (or properties) primarily governs (or govern) foam stability. In this 

thesis, this issue will be discussed in details. Furthermore, the most commonly 

used approach at present for stability measurement of particle-stabilised foams 

(i.e. the hand-shaking method) is less reproducible which could compromise 

the investigation of foam stabilisation by particles. In this thesis, a more 

reproducible method to quantify the stability of particle-stabilised foams will 

be applied and the effect of particles on foam stability and surface mechanical 

properties will be thoroughly investigated. 
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1.1.2 Aim and Objectives 

The aim of this research is to explore foam stabilisation by surfactants and 

particles and its relationship to surface mechanical properties of air-liquid 

interfaces. In particular, two main objectives are achieved in this thesis. The 

first one is the investigation of the relationship between foam stability and the 

underlying surface mechanical properties including surface tension and 

surface rheological properties (such as surface elasticity, surface dilatational 

viscosity and Gibbs elasticity). The question as to which surface mechanical 

property (or properties) primarily governs (or govern) foam stability is 

explored systematically. The second objective is to study the effect of solid 

particle on foam stability and surface mechanical properties. The optimal 

hydrophobicity range of particle to stabilise foam is experimentally explored 

and the reason why the particle with that hydrophobicity are capable of 

stabilising foam is investigated thoroughly in terms of the modification of 

surface mechanical properties of liquid-air interfaces of particle-stabilised 

foams. 

In this chapter, the existing literature which are relevant to above-described 

research objectives are reviewed and then the topics covered in the later 

chapters of this thesis are introduced. Since foam stability is the major concern 

in this thesis, the methods to measure foam stability and the general structure 

of foam which materially influences foam stability, as well as the mechanism 

that governs foam instability are firstly reviewed in section 1.2. Then, the 

basic principles of surfactants are described in section 1.3 as surfactants are 

most commonly used to modify surface properties to increase foam stability. 
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Furthermore, the literature concerning surface mechanical properties including 

surface tension and surface rheological properties are reviewed in section 1.4 

in order to facilitate to understand their impacts on foam stability. Finally, 

previous research on particle-stabilised foams in the context of this thesis is 

considered in section 1.5.  

1.2 Foam Stability 

From an energetic perspective, foam does not spontaneously form from 

segregated gas and liquid phases, so energy is required to disperse gas so as to 

create gas-liquid interfaces. This energy equals to the product of surface 

tension and surface area created. This requirement illustrates that foam is 

thermodynamically unstable so that phases tend to separate with time and 

cause foam collapse (Fameau et al., 2015). A quantity that describes the life 

time of a foam or the tenacity of a foam is generally termed as foam stability. 

Although it is a widely used term, there is no accurate physical definition of 

foam stability and there is no intrinsic measurement of foam stability 

(Stevenson et al., 2014). In practice, foam stability is normally quantified as 

the variation of a foam property (for example foam height or foam volume) 

with time (Malysa et al., 2008). It is also can be quantified as the necessary 

time needed when a foam property (such as foam height or foam volume) 

decays to a reference value (such as one-half of foam height or foam volume) 

(Malysa et al., 2008). It is noted that characterisations of foam stability are 

always a function of time.  
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However, besides foam stability, there is another important foam property 

known as foamability which describes the capacity of foaming agents (such as 

surfactant solutions) to produce foam (Malysa et al., 2008). Foamability is 

characterised as the initial amount of foam (for example foam height or foam 

volume) generated by a foaming agent immediately after the foam generation. 

It is noted that the quantification of foamability is a time-invariant value, 

which is different with foam stability. Thus, although foam stability and 

foamability are closely related, they are two different properties of a foam. 

However, it has been pointed by Malysa et al. (2008) that foam stability and 

foamability sometimes have been misunderstood and used interchangeably by 

some researchers. In this current work, only foam stability is considered and 

foamability is not studied. The terminology as explained above applies to the 

entire thesis.  

In this section, the methods to measure foam stability and the problems 

inherent will be discussed, before a description of the general structure of 

foam. Finally, the most important mechanisms that govern foam instability 

will be reviewed. 

1.2.1 Measurement of Foam Stability 

Several commonly adopted methods are available to measure foam stability 

and a frequently used method is Bikerman foam stability test (Bikerman, 1938, 

1973) during which a gas is continuously pumped into a surfactant solution to 

produce foam and simultaneously the foam collapses at its free surface. When 

the generation rate at the bottom of the foam equals to the collapse rate at the 
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top of the foam, the foam reaches an equilibrium height. The equilibrium foam 

height divided by the superficial gas velocity, which was defined by Bikerman 

as ‘unit of foaminess’, is employed to quantify foam stability and the physical 

meaning of this value is the residence time of the gas phase in the foam layer 

(Li, 2012). It is worth pointing out that in the original work of Bikerman (1938, 

1973), the so-called ‘unit of foaminess’ was to describe foamability. However, 

according to the physical meaning of the ‘unit of foaminess’ and the difference 

between the characterisations of foam stability and foamability (the 

characterisation of foam stability is a function of time whereas that of 

foamability is time-invariant), it appears that Bikerman has used foam stability 

and foamability interchangeably, and the value he defined is actually to 

describe foam stability rather than foamability. The Bikerman foam stability 

test is a dynamic foam test (i.e. a gas is kept delivering into the surfactant 

solution to produce foam continuously) for foam stability (Schramm, 2005) 

and has been widely applied in different industrial applications including 

sparkling cider (Blanco-Gomis et al., 2009), protein foam (Pernell et al., 2002), 

desulphurisation (Hansen et al., 2008) and froth flotation (Barbian et al., 2003, 

2005, 2006). In this current work, the Bikerman foam stability test is applied 

to measure foam stability and the superficial gas velocity is controlled 

constant during all the measurements. Thus, the equilibrium foam height is 

utilised to quantify foam stability.  

Besides dynamic foam test for foam stability, there are static foam tests (i.e. 

foam is created beforehand and left statically to record its collapse) for foam 

stability (Schramm, 2005). One of these static foam tests to characterise foam 
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stability is Ross and Miles (1941) method which proceeds by pouring a 

surfactant solution into a reservoir of the same liquid and measuring the height 

variation of produced foam with time. Furthermore, two static foam tests that 

are widely used in the brewing industry are the Rudin test and the NIBEM 

method (Weaire et al., 1999). Both tests are based on quantification of foam 

collapse to represent foam stability. The Rudin test measures the location of 

foam-liquid interface as a function of time whereas the NIBEM test records 

the location of foam-gas interface as a function of time instead. Moreover, 

there is another static foam test to quantify foam stability by measuring the 

half-life of foam. The time for one-half of the foam height to collapse is used 

to represent foam stability (Farrokhpay, 2011).  

In fact, the characterisation of foam stability using Bikerman foam stability 

test can be affected by many external environmental factors. Choung et al. 

(2004) have studied the effect of temperature on foam stability and it was 

shown that foam became less stable with the increase of solution temperature, 

which was attributed to the irreversible precipitation of surfactants when the 

solution temperature was increased. Wang et al. (2017) have conducted the 

similar research and have observed the same phenomenon that foam stability 

decreased with the increase of solution temperature. It was believed by them 

that increased temperature reduced bulk viscosity and surface shear viscosity, 

and this caused increased drainage rate and thus contributed to instability of 

foam. Besides the effect of temperature on foam stability measurement, the 

environmental relative humidity also plays vital role on foam stability. Li et al. 

(2010, 2012) have investigated the effect of environmental relative humidity 
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on static and dynamic foam stability. It has been demonstrated by these 

authors that foam stability was dependent upon environmental relative 

humidity, as the evaporation at the top of the foam deteriorated with the 

decrease of environmental relative humidity, which resulted in higher collapse 

rate of foam. Champougny et al. (2018) have experimentally investigated the 

influence of environmental humidity on soap film stability. It was found by 

them that the film length at rupture increased continuously with the relative 

humidity. However, the effect of environmental relative humidity on foam 

stability has still been largely overlooked by some researchers and the 

environmental relative humidity has not been controlled with high precision. 

For instance, Wang et al. (2016) have compared the stability of foams 

stabilised by different surfactant solutions at the environmental relative 

humidity of 50-60%, which was considered by them as effectively constant. 

However, it will be demonstrated in chapter 4 of this thesis that this humidity 

range still materially influences foam stability. 

1.2.2 General Concept of Foam Structure 

In subsection 1.2.1, the methods to measure foam stability and the problems 

inherent with the Bikerman foam stability test have been discussed. Since 

foam stability is materially affected by the foam geometrical structure 

(Drenckhan et al., 2015), it is necessary to present a general overview of foam 

structure in this subsection.  

The structure of foam is determined by the minimisation of surface energy for 

a given liquid volume fraction with considering simple geometric rules at the 
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scale of bubble (Anazadehsayed et al., 2018). The key parameter that affects 

the shape of bubble is volumetric liquid fraction (ε), which is defined as the 

ratio of liquid volume Vl and foam volume Vf, as shown in eq. 1-1 

l

f

V

V
                                                  (1-1) 

Foams of high liquid fraction are considered to be ‘wet’, whereas those with 

low liquid fraction are ‘dry’, and the bubbles have a shape that are dependent 

upon the liquid fraction. Foam with liquid volume fraction higher than 0.15 is 

considered as wet foam by Drenckhan et al. (2015), of which bubble shape 

approximates to sphere, whereas foam with liquid volume fraction smaller 

than 0.05 is generally referred as dry foam and the bubble is in the shape of 

polyhedron (Drenckhan et al., 2015). For a static foam column, wet foam is 

generally found at the bottom of the column which is close to the foam-liquid 

interface, whereas dry foam is usually located at the top of the column, which 

is far away from the foam-liquid interface but close to the gas-foam interface. 

The representative photos of wet foam and dry foam which are taken from the 

bottom and the top of a foam column respectively are shown in Figure 1-1. 
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Figure 1-1. The representative photos of wet foam and dry foam which are taken from the 

bottom and the top of a foam column respectively. (a) Wet foam which is at the bottom of a 

foam column. (b) Dry foam which is at the top of a foam column.  

As can be seen from Figure 1-1, for either wet foam or dry foam, the foam 

structure consists of three different elements including films (which separates 

two bubbles), Plateau borders (which are channels between three bubbles and 

also intersections of three films), and nodes where four Plateau borders meet 

(Weaire et al., 1999). For wet foam, with an increase of liquid volume fraction, 

Plateau borders swell and nodes become more rounded and the bubbles tend 

towards a spherical shape (Weaire et al., 1999). Further increase of liquid 

volume fraction (approximately larger than 0.35) results in the separation of 

close-packed bubbles and the loss of foam rigidity, at which condition bubble 

moves independently and is referred as bubbly liquid instead of wet foam 

(Langevin, 2017). However, for dry foam, the structure is generally well 

described by Plateau’s law, which rules that three films meet uniformly at 120° 

angles and four Plateau boarders should meet uniformly at the tetrahedral 

angle of 109.5° (Plateau, 1873). A simple bubble geometry for dry foam 

which adheres to Plateau’s law was proposed by Lord Kelvin considering the 

minimal surface area (or surface energy) as a tetrakaidecahedral cell (known 
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as a Kelvin bubble) which contains 14 films, 36 Plateau boarders and 12 nodes 

(Thomson, 1887). A schematic diagram of Kelvin bubble, film, Plateau border 

and node is shown in Figure 1-2. Furthermore, Weaire et al. (1994) have 

computed a structure of smaller surface area (or surface energy) than Kelvin 

bubble, which is the optimal structure of dry foam so far in terms of energetic 

perspective (Drenckhan et al., 2015). However, it is difficult to create 

experimentally whereas the Kelvin bubble can be easily found or produced in 

real foam (Weaire et al., 2012).  

 
(a)                                             (b)                                          (c) 

Figure 1-2. A schematic diagram of Kelvin bubble, film, Plateau border and node. (a) The 

structure of a Kelvin bubble. (b) A cross section of a Plateau border and three films. (c) The 

shape of a node. 

1.2.3 Mechanisms Causing Foam Instability 

In subsection 1.2.2, the general overview of foam structure is presented. Due 

to the distinctive foam geometry, there are three different fundamental 

mechanisms that cause foam instability, which are foam drainage (flow of 

liquid out of a foam under the action of gravity), coarsening (diffusion of gas 

between bubbles due to pressure difference) and coalescence (rupture of liquid 

films between bubbles or at the surface) (Cantat et al., 2013). These three 

mechanisms are in fact interdependent (Hilgenfeldt et al., 2001) that foam 

drainage which leads to dryer foams promotes coarsening and coalescence, 
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and larger bubbles obtained through coarsening and coalescence are in favour 

of foam drainage. A brief overview of these three mechanisms will be 

provided below.  

1.2.3.1 Foam Drainage 

Foam drainage determines the liquid volume fraction within a foam, which is 

a key factor for both coarsening and bubble coalescence (Saint-Jalmes et al., 

2002). The foam drainage equation describes the drainage process and models 

the spatio-temporal evolution of liquid volume fraction within the foam (Saint-

Jalmes, 2006). Since liquid flowing through foam has viscous dissipation 

(Kruglyakov et al., 2008), based upon the different assumptions of dominant 

foam element on viscous dissipation, different foam drainage equations have 

been proposed. Leonard and Lemlich (1965) have developed a model known 

as mobile channel-dominated model (Koehler, 2012) that considering the 

viscous dissipation was only dominated by Plateau borders (or ‘channels’) and 

the gas-liquid interface was mobile (i.e. considering the surface shear 

viscosity). Furthermore, Verbist et al. (1994)  have proposed a model that also 

assuming the only dominant foam element on viscous dissipation was Plateau 

border but considering the gas-liquid interface was rigid (i.e. does not flow), 

which was known as rigid channel-dominated model. Besides above two 

approaches which ascribe viscous dissipation only to Plateau border, an 

alternative approach is to neglect the contribution of Plateau border to viscous 

dissipation and assume that the only dominant foam element on viscous 

dissipation is node. This approach was proposed by Koehler et al. (1999) and 

was known as the node-dominated model. Moreover, Koehler et al. (2000, 
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2004) have also developed a model combining the contribution of both Plateau 

border and node to viscous dissipation, which was known as the network-

dominated model. The foam drainage equation and drainage velocity of 

above-mentioned models are shown in Figure 1-3. 

 
Figure 1-3. The foam drainage equation and drainage velocity of mobile channel-dominated 

model, rigid channel dominated model, node-dominated model and network-dominated model. 

V is the drainage velocity; Ac is the channel cross-sectional area; αm is the flow resistance for 

mobile interfaces; μ is the bulk viscosity; ρ is the volumetric density; g is the gravitational 

acceleration; ε is the liquid fraction; t is the time; δc is a constant to calculate the channel 

cross-sectional area, which is approximately 0.161 for the Kelvin bubble; αc is the flow 

resistance for a channel; δ1 is a constant to calculate the relationship between edge length, 

radius of curvature and liquid volume fraction, which is approximately 0.171 for the Kelvin 

bubble; L is the edge length; γ is the surface tension; P is the driving pressure; K is the 

permeability of porous medium; z is the direction of gravity; L0 is the edge length of a 

completely dry foam; ξ is a constant to calculate the size of the node, which is 1.71 for the 

Kelvin bubble; r is the radius of curvature; αn is the flow resistance for a node; δn is a constant 

to calculate the node cross-sectional area, which is approximately 0.543 for the Kelvin bubble; 

ε∗ is the liquid fraction of the wet limit foam that foam with liquid fraction higher than this 

value is considered as wet foam. 

Furthermore, Stevenson (2006) has performed dimensional analysis of foam 

drainage, and the channel-dominated model and the node-dominated model 

have been simplified by Stevenson (2006) to simple power-law relationships 

that correlated the dimensionless drainage rate expressed as a Stokes number 

with the liquid volume fraction. Stevenson (2007) has applied this power-law 

approach to describe previous drainage data in a dimensionally constant form 

so that direct comparison of these data can be achieved. It has been 
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demonstrated by Stevenson (2007) that the rigid channel-dominated model 

was not robust as it under-estimated the actual drainage rate. In addition, 

Stevenson et al. (2010) have taken the inertial losses in a foam into 

consideration besides the viscous dissipation and proposed a viscous-inertial 

foam drainage equation which has been ascertained to be valid. 

1.2.3.2 Coarsening 

Coarsening occurs on the same timescale with foam drainage and involves the 

gas transport between bubbles of different radius, which causes bubbles with 

radius smaller than the average value to shrink whereas bubbles larger than the 

average size to grow, thus leading to a growth of the average bubble radius 

with time (Pitois, 2012). For a suspension of well-separated spherical bubbles, 

the growth law was analogous to Ostwald ripening proposed by Lifshitz et al. 

(1961) and Wagner (1961) that the average bubble radius increases with the 

cubic root of time. As for dry foam, the growth law of 2-dimensional foams 

was proposed by von Neumann (1952) and the generalisation of von 

Neumann’s theory to 3-dimensional foams was performed by MacPherson et 

al. (2007). Whereas for wet foam, the growth law was described by Lemlich 

(1978), which has been explicitly reviewed by Stevenson (2010) to emphasise 

its importance in description of coarsening. Furthermore, Lambert et al. (2007) 

have suggested a growth law of bubbles for a moderately wet foam that 

between the extremes. Glazier et al. (1992) have reviewed the bubble scaling 

behaviour of foams in all cases and they found that generally average bubble 

radius grew as the square root of time, which was different with the scaling 

behaviour of well-separated spherical bubbles. This difference is due to the 
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fact that in foam, gas primarily chooses the smallest path to diffuse, which is 

through the films between bubbles (Briceño-Ahumada et al., 2017). The 

characteristic coarsening rate of a foam has been theoretically derived by 

Hilgenfeldt et al. (2001) and was correlated with many physical-chemical and 

mechanical properties including liquid volume fraction, bubble geometry, film 

thickness and permeability, gas diffusivity and solubility, and surface tension 

of the liquid to produce the foam. Moreover, it was shown by Meinders et al. 

(2004) that another surface mechanical property which was surface elasticity 

also played an important role in coarsening process. It was believed by Rio et 

al. (2014) that the influence of surfactant on coarsening process was 

potentially mainly due to the increase of surface elasticity, however, as 

pointed out by Rio et al. (2014), this deserved further investigation as the 

details of this effect remained unclear. In this thesis, the effect of surface 

elasticity on foam stability will be explored. 

1.2.3.3 Coalescence 

Since coalescence in foams involves film rupture, the study of single film 

rupture provides insights to the understanding of coalescence in foams 

(Langevin, 2015; Bournival et al., 2017). Film drainage is important in the 

study of film rupture, since it leads films between bubbles extremely thin so 

that readily to burst. The thin liquid film drains until film rupture occurs and 

film rupture is caused by the spontaneous growth of thermal fluctuation, which 

creates a local variation in surface tension (Manev et al., 2005). Since the 

amplitude of thermal fluctuation is determined by surface elasticity instead of 

surface tension, thus surface elasticity plays a vital role in film rupture (De 
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Gennes, 2001). However, the mechanisms account for film rupture cannot 

fully explain coalescence in foams, as thin liquid films in foams are 

dynamically deformed and these deformations have not been considered in the 

study of film rupture (Bournival et al., 2014). It has been shown by 

Vandewalle et al. (2001) that coalescence in foams was an avalanching 

process that first bubble ruptured due to thermal fluctuations and then caused a 

cascade of bursting bubbles. Carrier et al. (2003) have demonstrated that 

liquid volume fraction was a key parameter that affected coalescence in foams 

and coalescence in foams occurred once critical liquid volume fraction has 

been reached. At the critical liquid volume fraction, thin liquid films in foams 

are rapidly stretched and dilated, which eventually become unstable and 

rupture. This mechanism based upon film dilatation indicates the crucial role 

of surface elasticity and surface dilatational viscosity on bubble coalescence 

(Colin, 2012). Furthermore, other researchers have reported that coalescence 

in foams happened at critical bubble size (Georgieva et al., 2009) and critical 

capillary pressure (Khristov et al., 2002), which were different with the 

mechanism of critical liquid volume fraction. In fact, it is difficult to 

distinguish these mechanisms as liquid volume fraction, bubble size and 

capillary pressure are correlated and vary with time due to foam drainage and 

coarsening (Rio et al., 2014). 

1.3 Basic Principles of Surfactants 

Most foams owe their existence to the presence of surfactants that accumulate 

at gas-liquid interfaces. Surfactants are used to reduce the surface free energy 

which is the minimum work required to create that surface. Without the 
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reduction, a tenacious gas-liquid foam could not be produced. Therefore, 

surfactants play an important role in stabilising foams and thus to understand 

surfactant behaviours is fundamental in the study of foam stability. In fact, 

there are two major behaviours of surfactant that require understanding in the 

context of foam stability, which are the formation of micelles in bulk solutions 

and the adsorption of surfactant at interfaces including gas-liquid and solid-

liquid interfaces. In this section, general structural features and classification 

of surfactants are introduced, and the behaviour of surfactants in bulk 

solutions and at interfaces are reviewed. 

1.3.1 Introduction to Surfactants 

A surfactant is a substance that can adsorb onto the surfaces of the system and 

significantly reduce surface free energies (Rosen et al. 2012). Surfactants have 

an amphipathic molecular structure consisting of a hydrophobic group that has 

very little attraction for water and a hydrophilic group that has strong 

attraction for water. A surfactant molecule is schematically shown in Figure 1-

4. The round hydrophilic head is polar or ionic and the hydrophobic tail is 

non-polar (usually a hydrocarbon chain).  

 

 
Figure 1-4. Generalised structure of a surfactant 

Hydrophilic Head Hydrophobic Tail



 

   19 

 

Depending on the nature of the hydrophilic head, surfactants are classified as 

anionic (negatively charged), cationic (positively charged), zwitterionic 

(bearing both positive and negative charge) and non-ionic (bearing no 

apparent ionic charge). Some common examples of each type of surfactant are 

shown in Table 1-1. 

Table 1-1. Common examples of each type of surfactant 

Surfactant type Common examples 

Anionic surfactant 
RCOO−Na+ (soap)  

RC6H4SO
− 

3 Na+ (alkylbenzene sulfonate) 

Cationic surfactant 
RNH

+ 

3 Cl− (salt of long chain amine) 

RN(CH3)
+ 

3 Cl− (quaternary ammonium chloride) 

Zwitterionic 

surfactant 

RN+H2CH2COO− (long-chain amino acid) 

RN+(CH3)2CH2CH2SO
− 

3  (sulfobetaine) 

Non-ionic 

surfactant 

RCOOCH2CHOHCH2OH (monoglyceride of long-chain fatty acid) 

R(OC2H4)xOH (polyoxyethylenated alcohol) 

These four types of surfactants have all been utilised in industrial applications. 

Anionic surfactants are the most widely used surfactant type in industrial 

applications due to the relatively low cost and they are practically applied in 

most detergents (Lucassen-Reynders, 1981). The primary application of 

cationic surfactants is to utilise their strong adsorbing tendency onto most 

solid surfaces (which are usually negatively charged) to modify the 

characteristics of the solid surfaces (Tadros, 2005). The advantage of non-

ionic surfactants is that they are compatible with all the other types of 

surfactants and thus non-ionic surfactants are usually used with other types of 

surfactant for better performance (Porter, 1994). Zwitterionic surfactants are 
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commonly used in cosmetic products because they are typically less irritating 

to skin and eyes than other types of surfactant (Rosen et al., 2012). In fact, the 

selection of surfactant for a particular industrial application is informed by 

their physicochemical properties including surface-activity, chemical stability, 

solubility, compatibility with ions and other surfactants, biodegradability and 

toxicity (Porter, 1994; Rosen et al., 2012).  

In particular, the surface-active properties of surfactants are the mainly 

concerned properties in the later subsections (subsections 1.3.2 to 1.3.4) and 

the behaviour of surfactants in bulk solutions and different interfaces will be 

reviewed individually. Furthermore, chemical stability of surfactants 

(especially surfactant hydrolysis in aqueous solution) has an important 

influence on the determination of surface tension value of surfactant solution 

(Lunkenheimer et al., 1995), which will be discussed in subsection 1.4.1. 

1.3.2 Behaviour in Bulk Solutions 

A fundamental characteristic of surfactants is micelle formation in which 

molecules form colloid-sized clusters in bulk solutions when the surfactant 

concentration is above a critical concentration. It was shown by Preston (1948) 

that there was a difference in the changing trend of physicochemical properties 

of surfactant solutions with increasing surfactant concentration above a critical 

concentration. For example, the schematic representation of surface tension of 

a surfactant solution as a function of surfactant concentration is shown in 

Figure 1-5. It indicates that at first surface tension decreases monotonously 

with the increase of surfactant concentration until above a critical 
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concentration that the surface tension remains approximately constant. The 

similar difference in the changing trend of other properties (such as self-

diffusion and equivalent conductivity) with increasing surfactant concentration 

at this particular concentration has also been observed (Lindman et al. 1980). 

In fact, this difference in the changing trend of physicochemical properties 

with increasing surfactant concentration at this critical concentration suggests 

the micelle formation at the same critical concentration, which is known as 

critical micelle concentration (CMC) (Holmberg et al., 2003). At 

concentrations lower than the CMC, the dissolved surfactant molecules 

manifest as monomers. At concentrations above the CMC, the additional 

surfactants are aggregated as micelles, which are self-assembled structures by 

monomers and co-exist with monomers at a concentration approximately 

equal to the CMC. The value of the CMC can be inferred via measurement of 

any of above-mentioned physicochemical properties with surfactant 

concentration, although the most commonly used methods are surface tension 

measurements, fluorescence spectroscopy and electrical conductivity 

techniques (Rosen et al., 2012). There are many factors affect the values of the 

CMC in aqueous solutions including the structure of surfactant, electrolyte or 

organic additives, pH and temperature of the aqueous solutions (Rosen et al. 

2012). 
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Figure 1-5. Schematic representation of surface tension of a surfactant solution as a function 

of surfactant concentration 

A schematic representation of monomers and micelles in bulk solutions are 

shown in Figure 1-6. The presence of micelles was originally proposed by 

McBain (1913) and the structure of micelles was suggested by Hartley (1936) 

as approximately spherical (with aggregation number of monomers less than 

100). However, modern techniques such as light scattering and neutron 

scattering indicate that micelles are not always spherical. Besides spherical 

micelles, cylindrical, lamellar and vesicular micelles have all been identified 

in different systems. It has been demonstrated by Winsor (1968) that 

variations of temperature, surfactant concentration, surfactant structure, as 

well as the presence of additives in aqueous solutions, could cause a change of 

micelle shape. 

S
u

rf
ac

e 
te

n
si

o
n

Surfactant concentration

CMC



 

   23 

 

 
Figure 1-6. Schematic representation of monomers and micelles in bulk solutions 

In fact, the micelle formation is a process of minimising the free energy of the 

whole system of surfactant solutions. When the solution concentration is lower 

than the CMC, since micelles are not formed and only monomers exist in 

surfactant solutions, the hydrophobic group of monomers accumulate at the 

gas-liquid interface orienting the hydrophobic group away from water to 

minimise the free energy of the solutions. This process is known as adsorption 

and the details of this process will be discussed in the next subsection 

(subsection 1.3.3). However, when surfactants are dissolved in water at a 

concentration higher than the CMC, originally surfactant molecules adsorb at 

the gas-liquid interface to minimise the free energy of the solutions and 

gradually there is no space on the gas-liquid interface for adsorbing additional 

surfactant molecules to further reduce the free energy of the system. Therefore, 

as an alternative mechanism to minimise the free energy of the system, the 

additional surfactant molecules aggregate into micelles with their hydrophobic 

groups pointing to the interior of the micelles and their hydrophilic groups 

pointing to the water, which removes the hydrophobic groups from contact 

Solution concentration < CMC Solution concentration > CMC 
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with water and thereby reduces the free energy of the system. Thus, the 

driving force for micelle formation is the elimination of the contact between 

hydrophobic groups of surfactant molecules and water, which is known as the 

hydrophobic effect (Tadros, 2005). However, micelle formation is opposed by 

the hydrophilic groups of ionic surfactants, as the electrostatic repulsion 

between hydrophilic groups impedes the micelle formation. This unfavourable 

effect can be retarded by adding electrolytes to ionic surfactant solutions 

which screens the electrostatic repulsion between hydrophilic groups and 

therefore makes micelle formation more favourable. 

1.3.3 Surfactant Adsorption at Gas-liquid Interface 

In addition to the surfactant characteristic of micelle formation, there is 

another fundamental characteristic of surfactant that as important as micelle 

formation, which is the tendency of surfactant to adsorb at interfaces. In fact, 

this characteristic is the reason why surfactants are commonly used to modify 

surface properties to stabilise foams as mentioned in section 1.1. Therefore, it 

is essential to understand the surfactant adsorption at the gas-liquid interface 

in terms of the study of stability of surfactant-stabilised foams.  

During the process of surfactant adsorption, surfactants spontaneously 

accumulate at the gas-liquid interface with the hydrophilic groups pointing 

towards the liquid and the hydrophobic groups pointing towards the gas, 

which results in the reduction in surface tension. As illuminated above in 

Figure 1-5, surfactants show a gradual reduction in surface tension with the 

increase of surfactant concentration until the CMC is reached, above which the 
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surface tension remains virtually constant. The thermodynamic relationship 

between surface tension and surface excess (the surfactant concentration at the 

gas-liquid interface) is described by the Gibbs adsorption isotherm (Gibbs, 

1928), which is:  

 
1 d

d lnnRT c


                                                (1-2) 

where Γ is the surface excess; n is an integer that takes the value of 1 for non-

ionic surfactants and 2 for completely disassociated ionic surfactants; R is the 

universal gas constant; T is the absolute temperature; γ is the surface tension 

and c is the surfactant concentration in the bulk solution. According to the 

Gibbs adsorption isotherm, the surface excess can be obtained from the 

variation of surface tension with surfactant concentration. The adsorption 

behaviour of different surfactants at the gas-liquid interface varies with the 

nature of hydrophilic head group, by which surfactants can be classified as 

ionic and non-ionic surfactants (which has been discussed in subsection 1.3.1). 

For non-ionic surfactants, the surfactant adsorption at the gas-liquid interface 

is diffusion controlled that firstly the surfactant molecules diffuse from the 

bulk solution to the subsurface (the subsurface is an imaginary surface in the 

bulk solution with a thickness of several molecular diameters that directly next 

to the surface), and then the surfactant molecules adsorb at the gas-liquid 

interface from the subsurface, which instantaneously establishes a local 

equilibrium between the gas-liquid interface and the subsurface (Ward et al., 

1946). The adsorption process of non-ionic surfactants is described by the 

equation of Ward and Tordai (1946), which is  
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where Γ is surface excess; t is the time after the gas-liquid interface is created 

and τ is a dummy variable with the unit of time; D is the diffusion coefficient; 

cb and c(τ) are the surfactant concentration in the bulk solution and at the 

subsurface respectively. As for ionic surfactants, the surfactant adsorption 

process at a gas-liquid interface is much more complicated since the 

adsorption process is accompanied with the change of surface charge density 

and surface electrical potential, and thus the electrostatic interaction between 

the charged surface and the ionic surfactant molecules must be taken into 

consideration (Borwankar et al., 1988). Therefore, due to the effect of 

electrostatic interaction, the adsorption of ionic surfactants at the gas-liquid 

interface is electro-diffusion controlled. An analytical expression of the 

adsorption of ionic surfactants at the gas-liquid interface has been derived by 

Vlahovska et al. (1997) and it has been demonstrated by them that the effect 

of electrostatic interaction increased the adsorption time of ionic surfactants at 

the gas-liquid interface and decelerated the adsorption process. 

1.3.4 Surfactant Adsorption at Solid-liquid Interfaces 

As mentioned in section 1.1, solid particles have also been shown to engender 

a stable foam both in combination with surfactants and without surfactants. In 

the current work, particles are applied in addition to surfactants to increase 

foam stability. Therefore, in order to understand the effect of particles on 

surface mechanical properties and thus on foam stability, it is necessary and 
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important to review the adsorption of surfactants at solid-liquid interface 

herein.  

The adsorption of surfactants at solid-liquid interface can be driven by a 

number of interactions between surfactant molecules and solid surfaces such 

as electrostatic interaction (i.e. ion exchange and ion pairing), chemical 

interaction (usually covalent bonding), hydrophobic bonding (which includes 

the lateral interaction between surfactant molecules and the interaction 

between surfactant molecules and hydrophobic sites on the solid surface), 

hydrogen bonding and dispersion forces (i.e. van der Waals forces) (Zhang et 

al., 2006). However, the involved interactions for adsorption of ionic and non-

ionic surfactants at solid-liquid interfaces are different (Tadros, 2005). Thus, 

the adsorption of ionic and non-ionic surfactants at solid-liquid interfaces 

require further discussion. Additionally, the hydrophobicity of solid surface 

also affects the interaction between surfactant molecules and solid surface 

(Somasundaran et al., 2000), thus the surfactant adsorption at hydrophobic and 

hydrophilic solid-liquid interface has to be considered separately. 

1.3.4.1 Adsorption of Ionic Surfactants at Solid-liquid Interfaces 

The adsorption of ionic surfactants at hydrophobic interfaces is mainly 

governed by the hydrophobic interaction between the tail groups of surfactant 

molecules and the solid surface, whereas the electrostatic interaction between 

surfactant molecules and the surface plays a relatively minor role (Tadros, 

2005). When ionic surfactants adsorb at hydrophilic surfaces, the hydrophilic 

surface normally develops a surface charge as a result of surface equilibrium 
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which involves potential determining ions (which are generally H+ and OH−) 

and the charge on the hydrophilic surface depends on the nature of the surface, 

pH of the surfactant solution, ionic strength and other conditions of surfactant 

solution (Paria et al., 2004). Therefore, the adsorption of ionic surfactants at 

hydrophilic surfaces can be typically considered as ionic surfactant adsorption 

at oppositely charged surfaces, of which two adsorption mechanisms have 

been proposed by Somasundaran et al. (1966) and Gao et al. (1987), 

respectively. The associated adsorption isotherm which are interpreted by 

these two adsorption mechanisms are known as the four-region model 

(Somasundaran et al., 1966) and two-step model (Gao et al., 1987), 

individually. Both adsorption mechanisms are moderately for describing 

adsorption behaviour of certain combinations of surfactant and substrate. 

A schematic representation of adsorption mechanisms of ionic surfactants at 

hydrophilic (oppositely charged) solid surfaces to interpret the four-region 

model and the two-step model of adsorption isotherm is shown in Figure 1-7. 

The adsorption mechanism to interpret the four-region model of adsorption 

isotherm is represented by process (a) in Figure 1-7, whereas process (b) in 

Figure 1-7 illustrates the adsorption mechanism to interpret the two-step 

model of adsorption isotherm. From stage I to IV of these two adsorption 

mechanisms, the surfactant concentration of bulk solution is increased. The 

major stages of these two adsorption mechanisms are generally the same that 

firstly surfactant molecules electrostatically adsorb at the solid surface and 

then the adsorbed surfactant molecules begin to form primary surface 

aggregates due to the lateral interactions between adsorbed surfactant 
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molecules and make the solid surface electrically neutralised, and 

subsequently the surface aggregates grows driven by the hydrophobic 

interaction between tail groups of surfactant molecules until eventually the 

saturation level of surface excess has been reached. The major differences 

between these two adsorption mechanisms are the structure of surfactant 

aggregates formed during the adsorption process. For process (a), the adsorbed 

surfactant molecules firstly form a structure of surface aggregates known as 

hemimicelle during stage II (Somasundaran et al., 1966) and eventually form a 

bilayer during stage IV, whereas in process (b), the adsorbed surfactant 

molecules start to form ‘tepee’ structures as described by Atkin et al. (2003) 

and finally form admicelles, which are defined as spherical structures with 

hydrophilic head groups pointing towards both the solid surface and the 

solution.  

 
Figure 1-7. Schematic representation of adsorption mechanisms of ionic surfactant at 

hydrophilic (oppositely charged) solid surface to interpret the four-region model and the two-

step model of adsorption isotherm. (a) The adsorption mechanism to interpret the four-region 

model of adsorption isotherm. (b) The adsorption mechanism to interpret the two-step model 

of adsorption isotherm. I-IV represent the successive stages of adsorption. 
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1.3.4.2 Adsorption of Non-ionic Surfactants at Solid-liquid Interfaces 

Non-ionic surfactants are physically (rather than electrostatically) adsorbed to 

surfaces (either hydrophobic or hydrophilic) and thus the adsorption is usually 

reversible (Paria et al., 2004; Zhang et al., 2006). A schematic representation 

of adsorption mechanism of non-ionic surfactant at solid surface is shown in 

Figure 1-8.  

 
Figure 1-8. A schematic representation of adsorption mechanism of non-ionic surfactant at 

solid surface. (a) The adsorption of non-ionic surfactant at a hydrophobic surface. (b) The 

adsorption of non-ionic surfactant at a surface of intermediate hydrophobicity. (c) The 

adsorption of non-ionic surfactant at a hydrophilic surface. I-V represent the successive stages 

of adsorption. 

The surfactant concentration of bulk solution is increased from stage I to V of 

the adsorption process. The hydrophobicity of surface determines the 

orientation of adsorbed surfactant molecules and the structure of surface 

aggregates (Clunie et al., 1983). However, it is noted that in the beginning 

stages of the adsorption process (i.e. the stages I and II in Figure 1-8), the 

adsorptions of non-ionic surfactants at the surfaces of different hydrophobicity 

are the same that the surfactants lie flat on the surface driven by van der Waals 
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attraction until achieve the monolayer saturation of adsorbed surfactant 

molecules. Subsequently, for hydrophobic surfaces, due to the hydrophobic 

interaction between the tail groups of adsorbed surfactant molecules with the 

surface, the hydrophilic head groups of adsorbed surfactant molecules are 

detached from the surface (shown as stage III (a) in Figure 1-8) and because of 

the further adsorption of surfactant molecules and the hydrophobic interaction 

between adsorbed surfactants, the adsorbed surfactant molecules form 

monolayer or hemimicelle with hydrophobic tail groups in contact with the 

surface and hydrophilic head groups pointing towards the solution (shown as 

stage IV after stage III (a) in Figure 1-8). The hydrophobic interaction 

between the adsorbed surfactant molecules and the surface is strong. However, 

for hydrophilic surfaces, there is an attraction between hydrophilic head 

groups of adsorbed surfactant molecules and the surface, which leads to the 

detachment of hydrophobic tail groups of adsorbed surfactant molecules 

(shown as III (c) in Figure 1-8). Further adsorption of surfactant molecules 

and the hydrophobic interaction between adsorbed surfactants result in the 

formation of reversed monolayer with hydrophilic head groups in contact with 

the surface and hydrophobic tail groups pointing towards the solution (shown 

as stage IV after stage III (c) in Figure 1-8). In particular, for this reversed 

structure, more surfactant molecules are further adsorbed and the surface 

aggregates keep growing to form bilayer or admicelle as shown in stage V of 

Figure 1-8. In fact, this further growth of surface aggregates is also due to the 

hydrophobic interactions between surfactant molecules and it has been 

suggested by Levitz (2002) that the non-ionic surfactant adsorption at 

hydrophilic surface is due to the strong lateral interaction between surfactant 
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molecules and the weak interaction between surfactants and the surface. 

Furthermore, for surfaces of intermediate hydrophobicity, the adsorbed 

surfactant molecules remain flat on the surface as shown in III (b) of Figure 1-

8.  

1.4 Surface Mechanical Properties of Air-liquid Interfaces in Foams 

As discussed in section 1.1, stabilising agents such as surfactants and particles 

are applied to modify the surface properties in order to stabilise foams. In 

particular, it is the surface mechanical properties are explored in this thesis to 

understand their effects on foam stability. Thus, it is pertinent to review the 

mechanical properties of gas-liquid interfaces including surface tension and 

surface rheological properties (such as surface elasticity, surface dilatational 

viscosity and Gibbs elasticity) herein. Firstly, the principles and measuring 

methods of surface tension are reviewed. Secondly previous work on surface 

rheological properties and the problem in terms of relating surface rheological 

properties (referring specifically to properties of surface dilatational rheology) 

to foam stability will be reviewed. 

1.4.1 Surface Tension  

1.4.1.1 Fundamental of Surface Tension  

As described in section 1.3, the surface free energy is the minimum amount of 

work required to create that surface. According to this, the surface free energy 

per unit area is referred to as the surface tension (Rosen et al., 2012). In order 

to understand the origin of surface tension, a gas-liquid interface is considered 
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(see Figure 1-9 in which, for example, an air-water interface is shown). In the 

bulk, a water molecule is surrounded and attracted by many other molecules 

through van der Waals forces, which are isotropic. However, for a water 

molecule in the region of the interface, the attraction forces are no longer 

isotropic since the contribution of the molecules in the bulk is larger than that 

of molecules near the surface. Due to the imbalanced forces, the air-water 

surface is forced to contract and comes under tension, which is known as 

surface tension (Schramm, 2005).  

 
Figure 1-9. Schematic representation of the attractive forces between water molecules at the 

air-water interface and in the bulk. 

Since the surface seeks to minimise its surface area, the bubbles of gas tend to 

adopt an approximately spherical shape, which reduces the total surface free 

energy. Across the curved surface, surface tension causes a pressure difference 

between the inside and outside of the bubble, which can be written as 

1 2
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where γ is surface tension; R1 and R2 are the principal radii of curvature; ∆P is 

the pressure difference across the gas-liquid interface. This is the Young-

Laplace equation, which relates the pressure difference across an interface to 

the curvature of the interface and the surface tension (Joos, 1999). 

Furthermore, it is worth stressing that surface tension is a dynamic property 

that surface tension of a freshly created gas-liquid interface of a surfactant 

solution will decrease with time until reaching the equilibrium value (Eastoe et 

al., 2000). The period of this time can vary from milliseconds to days 

depending on the surfactant type and the concentration of surfactant solution. 

There are many methods available for the measurement of surface tension and 

some commonly used methods rely on the Young-Laplace equation, such as 

the maximum bubble pressure method, the spinning droplet method and the 

pendent droplet method (Schramm, 2005). In addition, there are other 

important methods for measuring surface tension including the Wilhelmy plate, 

du Noüy ring, and droplet weight and volume method (Eastoe et al., 2000). 

Amoung all these methods, the pendant droplet method has been one of the 

most extensively developed techniques for surface tension measurement 

(Berry et al., 2015), since this method can measure not only the static value of 

surface tension (time-invariant value) but also the dynamic surface tension, 

whereas the most of other methods can only measure the static value of 

surface tension, such as the Wilhelmy plate and du Noüy ring method 

(Schramm, 2005). In the current work of this thesis, the pendant droplet 

method is applied to measure dynamic surface tension of different surfactant 

solutions and the equilibrium surface tension will be obtained by linear 
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extrapolation of the dynamic surface tension to infinite time via the method of 

Makievski et al. (1997). Thus, in the next subsection, the principle of pendent 

droplet method for measuring surface tension and the factors that influence the 

accuracy of surface tension measurement using the pendent droplet method 

will be discussed. 

1.4.1.2 Pendent Droplet Method for Measuring Surface Tension 

The central idea of the pendent droplet method is that the droplet shape is 

related to surface tension and therefore surface tension can be obtained by 

consideration of the droplet shape (Saad et al., 2016). In fact, the pendant 

droplet shape is governed only by surface tension and gravity. Surface tension 

tends to make a droplet spherical whereas gravity tends to elongate a pendant 

droplet. A pendant droplet can be maintained at the tip of the capillary due to 

the balance between the force proportional to surface tension and gravitational 

force. Mathematically, the balance between the force proportional to surface 

tension and gravitational force conforms to the Young-Laplace equation (eq. 

1-4). Because the only external force herein is gravitational force, the pressure 

difference can be written as 

0P P gz                                              (1-5) 

where ∆P0 is a reference pressure difference at the apex of the droplet; ∆ρ is 

the density difference between the droplet phase and continuous phase; g is the 

gravitational acceleration; z is the vertical height of the given point on the 

droplet surface to the apex of the droplet. Thus, the shape of the pendant drop 

can be determined for known values of surface tension, density difference, 
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gravitational acceleration and the radius of curvature at the apex of the droplet 

by integration of the Young-Laplace equation. The converse process that 

determination of surface tension from the shape of the pendant droplet is how 

the pendent droplet method works. Typically, this method relies on best fitting 

theoretical droplet curves obtained from numerical integration of the Young-

Laplace equation to the experimental measured shape of the pendant droplet. 

Although the theory of the pendent droplet method, as briefly explained above, 

is straightforward, the process of computation of the surface tension is more 

protracted and consists of 3 steps. The first step is image analysis in which the 

experimental profile can be detected from a captured image and subsequently 

the initial value of the radius of curvature at the apex of the droplet can be 

obtained. The second step is to generate the theoretical droplet profiles by 

numerical integration of the Young-Laplace equation for given values of 

surface tension, density difference, gravitational acceleration and the radius of 

curvature at the apex of the droplet. Here, density difference and gravitational 

acceleration are known physical properties; the radius of curvature at the apex 

of the droplet can be obtained from the image analysis; the surface tension 

requires an initial estimate. Del Rio et al. (1997) have demonstrated that the 

efficacy of the method was insensitive to the quality of the initial estimate. 

The third step is an optimisation process to find the best fit of the theoretical 

curves to the experimental profile to identify the optimal surface tension, 

which requires an iterative solution. Besides surface tension, other interfacial 

properties including surface volume, surface area and radius of curvature at 

the apex can be obtained as well using the pendent droplet method. 
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According to the process of computation of surface tension in the pendant 

droplet method, there are four main ‘internal’ factors that influence the 

accuracy of surface tension measurement using the pendent droplet method, 

which are: 1. The digital image quality which is determined by the hardware 

of drop shape analyser including the digital camera and the illumination, 2. 

The image analysis technique which detects the outline of the droplet, 3. The 

numerical algorithm of the Young-Laplace equation to obtain theoretical 

profile, and 4. The optimization technique to find the best fit of the theoretical 

Laplacian cures to the experimental profile. Much research has been carried 

out in terms of these ‘internal’ factors to improve the accuracy of surface 

tension measurement by the pendant droplet method: Hoorfar et al. (2004, 

2006) have extensively studied the effect of image quality on determination of 

surface tension. They have demonstrated that problems with hardware 

performance (including light source, microscope lens and digital camera) 

could cause errors in the surface tension determination. Different image 

analysis techniques have been used in the pendant droplet method (Canny, 

1986; Cheng et al., 1990; Smith et al., 1997; Zuo et al., 2004; Zholob et al., 

2007; Kalantarian et al., 2011, 2013). Saad et al. (2011) have compared the 

surface tension values obtained by using these different image analysis 

techniques. They have demonstrated that the outline detection technique did 

not have a significant effect on surface tension results. Several numerical 

algorithms and various optimisation techniques have been employed in the 

pendant droplet method (Nelder et al., 1965; Rotenberg et al., 1983; Del Rio 

et al., 1997; Alvarez et al., 2009). Saad et al. (2016) has reviewed these 

numerical algorithms and optimisation techniques, and it was demonstrated 
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that the choice of numerical algorithms and optimisation techniques only had a 

considerable effect on the computation time rather than the accuracy of 

surface tension determination. It appears that the development of image 

analysis technique, numerical algorithm and optimisation technique in the 

pendant droplet method itself cannot significantly further increase the 

accuracy of the technique. 

In addition to these so-called ‘internal factors’ that affect the accuracy of 

surface tension measurement of the pendant droplet method itself, many 

‘external factors’ such as experimental parameters can also affect the 

repeatability, precision and therefore accuracy of surface tension measurement. 

The effect of droplet volume on the precision and accuracy of surface tension 

measurement has been observed and studied by several researchers (Lin et al., 

1995, 1996; Morita et al., 2002; Ferrera et al., 2007). It has been found that 

the accuracy of measured surface tension was dependent upon the droplet 

volume; the larger the droplet volume, the more accurate the surface tension 

obtained (Lin et al., 1995, 1996). Generally, it was pointed out by Saad et al. 

(2011) that the droplet volume should be large enough to produce well-formed 

droplet, which could increase the accuracy of surface tension measurement. 

Another ‘external factor’ that can influence the accuracy of surface tension 

measurement is the significant change of surfactant solution concentration in 

the produced droplet over time. Berry et al. (2015) has investigated the effect 

of evaporation on surfactant solution concentration and therefore the surface 

tension measurement. It was demonstrated that evaporation caused a local 

increase in concentration within the droplet over time and therefore a decrease 
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in surface tension. Furthermore, the effect of trace amounts of highly surface-

active impurities on the equilibrium surface tension measurement of main 

surfactant component has been noticed and explored (Mysels, 1986; Vollhardt 

et al., 1984, 1990). The presence of highly surface-active impurity in a 

surfactant solution is normally due to the synthesis or hydrolysis of a 

surfactant (Lunkenheimer et al., 2004; Fainerman et al., 2010). For sodium 

alkyl sulfate surfactants, the most common and inevitable impurities are 

alcohols (for instance, dodecanol as impurity in sodium dodecyl sulfate), 

which are caused by synthesis or hydrolysis process (Vollhardt et al., 1990, 

2000). Mysels (1986) have demonstrated that the presence of dodecanol in 

sodium dodecyl sulfate (SDS) solutions caused a continuous reduction in the 

dynamic surface tension curve at long time and ascribed this phenomenon to 

the relatively rapid adsorption of SDS and the relatively slow adsorption of 

dodecanol. The dynamic surface tension results of SDS solution (1.788 g/L) at 

different stages of purification as a function of time obtained by Mysels (1986) 

are shown in Figure 1-10. 

 
Figure 1-10. Dynamic surface tension of SDS solution (1.788 g/L) at different stages of 

purification as a function of time. (□) bulk solution, (△) first-stage purification, (▽) second-

stage purification, and (●) third-stage purification. Adapted from Mysels (1986). 
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Vollhardt et al. (1984, 1990) have observed the significant effect of trace 

amounts of highly surface-active alcohols on the equilibrium surface tension-

concentration isotherms of sodium alkyl sulfate solutions and interpreted this 

observation as a result of the complex adsorption behaviour of the two-

component system. In fact, the co-adsorption behaviour of SDS and dodecanol 

mixtures at the air-water interface (Lu et al., 1995; Vollhardt et al., 2000; 

Fainerman et al., 2001) and at hydrophobic surfaces (Bain et al., 1994; Ward 

et al., 1997) has been explored. Lu et al. (1995) have demonstrated that the 

adsorption of SDS at the air-water interface was enhanced by the presence of 

dodecanol when the SDS concentration was far below the CMC, whereas at 

the SDS concentration above the CMC, the adsorption of SDS was impaired. 

Ward et al. (1997) have compared the adsorption isotherms of SDS and 

dodecanol mixtures at solid-water and air-water interfaces, which 

demonstrated that the adsorption behaviour at different interfaces were similar 

and the adsorption isotherms at different interfaces shared a number of 

common features. However, most of the studies focused on the effect of trace 

amounts of surface-active impurities on equilibrium surface tension and the 

effect of trace amounts of surface-active impurities on dynamic surface 

tension has not been fully explored. Fang et al. (1992 a & b) have studied the 

dynamic surface tension of SDS and dodecanol mixtures and only confirmed 

that SDS and dodecanol adsorbed in different time domains. Therefore, in 

chapter 3 of this thesis, the effect of trace amounts of highly surface-active 

impurities on dynamic surface tension measurement using the pendent droplet 

method will be systematically investigated. It will be demonstrated that trace 

amounts of surface-active impurities can have an appreciable influence on 
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dynamic surface tension results and thus affects the accuracy of dynamic 

surface tension measurements with the pendent droplet method. 

1.4.2 Surface Rheological Properties 

Besides surface tension, surface rheological properties are another surface 

mechanical properties that are modified by the adsorption of surfactant, which 

are also important characteristics that affect foam evolution and foam stability 

(Kruglyakov et al., 1997). Surface tension is believed to be related to foam 

stability since the surfactant solutions with smaller surface tension produces 

more stable foam (Kanokkarn et al., 2017). However, foam stability cannot 

solely be explained by the reduction of surface tension, as foams comprising 

of surfaces of equal tension do not necessarily exhibit the same stability 

(Stubenrauch et al., 2004; Santini et al., 2007). Since surface rheological 

properties also play an important role in foam stability (Kanner et al., 1969), 

the previous work about surface rheological properties in the context of 

relating to foam stability is briefly reviewed in this subsection.  

Surface rheology deals with the response of surfaces to external perturbations 

(Miller et al., 2009), which has been widely studied since its important 

relevance in many industrial applications including foaming, oil recovery and 

high-speed coating (Miller et al., 2010). The main types of external 

perturbation of a surface are shear (i.e. where the shape of an element of 

surface changes at constant surface area) and dilatation (i.e. where there is a 

change in area of a surface element but keeps the shape constant), which are 

induced by shear and dilatational stresses respectively (Ravera et al., 2010). 
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Thus, the study of surface rheology can be separated into surface shear 

rheology and surface dilatational rheology (Jaensson et al., 2018).  

1.4.2.1 Surface Shear Rheology 

Firstly, surface shear rheology is introduced. It is worth stressing that surface 

shear rheology is different with surface dilatational rheology and the 

comments about surface shear rheology are not relevant to surface dilatational 

rheology (which is one of the major concerns in this thesis). For surface shear 

rheology, in order to characterise the pure viscous (Newtonian) behaviour of 

ideal liquid-like surfaces, the resistance of an ideal liquid-like surface to shear 

deformation is interpreted by introducing a surface shear viscosity μs, which is 

characterised by 

d

d

xy

xy s

u

t
                                                (1-6) 

where x and y define a plane which can be termed as xy-plain; σxy is the shear 

stress in the xy-plain, which is a tensor; uxy is the applied shear deformation in 

the xy-plain and d dxyu t  is the rate of shear deformation. As indicated in eq.1-

6, for the pure viscous (Newtonian) behaviour of ideal liquid-like surfaces, 

shear stress is proportional to the rate of shear deformation and the 

proportionality factor is the surface shear viscosity (Guzmán et al., 2018). 

However, it is noted that for some solid-like surfaces, such as surfaces with 

adsorption of insoluble lipids and polymers, surface shear viscosity is not 

sufficient to describe the surface response to shear stress, as an elastic 

behaviour (which can be described by the Hook’s law) is observed (Karbaschi 
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et al., 2014). Thus, a surface shear elastic modulus G is introduced as the 

proportionality factor between the shear stress and the applied deformation, 

which is written as 

xy xyGu                                                (1-7) 

However, in the case of liquid-like surfaces with soluble adsorption layers 

formed by low molecular weight surfactants, the surface shear elastic modulus 

is zero and thus it is not taken into consideration as a characteristic property 

for surface shear rheology (Langevin, 2014). Therefore, in terms of the gas-

liquid interface adsorbed with surfactants, surface shear viscosity is adequate 

to completely describe surface shear rheology. In order to measure surface 

shear viscosity, various techniques have been employed which can be 

classified as indirect and direct methods (Krägel et al., 2010). The indirect 

techniques analyse surface velocity profiles by using tracer particles, whereas 

the direct techniques determine the displacement or torque of a measuring 

probe located in the interface. However, it is noted that values of surface shear 

viscosity obtained by different methods show inconsistency. It has been 

pointed out by Stevenson (2005) that there was considerable difference in the 

values of shear viscosity of surfaces stabilised by soluble surfactants obtained 

by different methods. This difference was ascribed by Stevenson (2005) to the 

fact that, for soluble surfactants, only apparent surface shear viscosity could be 

measured by these methods and the measurement of apparent shear viscosity 

was experiment-dependent. Much research has been performed to correlate 

surface shear viscosity to foam stability and it has been found that surface 

shear viscosity affected foam stability (Edwards et al., 1991). However, it has 
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also been pointed out by Edwards et al. (1991) that foam stability was more 

dependent upon surface dilatational rheology than surface shear rheology. In 

fact, for gas-liquid surfaces with soluble adsorption layers formed by low 

molecular weight surfactants, the response of surface to dilatation dominates 

over the response of surface to shear, as surface shear viscosity is much 

smaller than surface dilatational viscosity (Karbarchi et al., 2014; Langevin 

2014). Therefore, it is necessary to correlate foam stability to surface 

dilatational rheology. In this thesis, only surface dilatational rheology will be 

considered and surface shear rheology is not studied. In particular, the surface 

rheological properties discussed subsequently in this thesis are only those of 

dilatational deformation. 

1.4.2.2 Surface Dilatational Rheology 

Surface dilatational rheology is characterised as a surface dilatational 

viscoelasticity (Liggieri et al., 2010), which is a complex quantity and consists 

of real and imaginary parts that represent elastic and viscous responses 

respectively. The elastic component is known as surface elasticity which 

describes the elastic energy stored in the surface and the viscous component is 

known as surface dilatational viscosity which describes the dissipative process 

within the surface due to the interaction with the adjacent bulk solutions 

(Mendoza et al., 2014). The mathematical equations to describe surface 

dilatational rheology will be derived from first principles in chapter 2 as it is 

one of the main studying objectives of this thesis and needs to be fully 

understood. The surface rheological properties (including surface elasticity 

and surface dilatational viscosity) can be obtained by different methods 
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including Langmuir troughs (Noskov, 2002), surface light scattering (Noskov 

et al., 2003) and oscillating pendent droplet/bubble (Kovalchuk et al., 2002, 

2004, 2005). Revera et al. (2010) have reviewed the experimental techniques 

for surface rheological properties and demonstrated that the oscillating 

pendent droplet/bubble method was especially effective due to the fast data 

acquisition and the data interpretation under dynamic conditions, which 

improved the accuracy of surface rheological property measurement. Shrestha 

et al. (2008) have performed the oscillating bubble method to measure surface 

dilatational elasticity of mixed surfactant/protein systems. The variation of 

modulus of surface dilatational visco-elasticity as a function of oscillation 

frequency for aqueous sodium caseinate system at different concentrations 

obtained by them is shown in Figure 1-11. They have demonstrated that 

surface elasticity decreased with increasing surfactant concentration and then 

remained approximately constant, which has been ascribed by them to the fact 

that larger surfactant concentration results in larger surface excess and thus 

surface tension changes less appreciably compared to surface area in response 

to the surface expansion, which leads to the decrease of surface elasticity. 
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Figure 1-11. Variation of modulus of surface dilatational visco-elasticity as a function of 

oscillation frequency for aqueous sodium caseinate system at different concentrations. 

Adapted from Shrestha et al. (2008) 

The typical results of surface mechanical properties including equilibrium 

surface tension, surface elasticity, surface dilatational viscosity and Gibbs 

elasticity of some common surfactants and surfactant-particle systems in 

literature are shown in Table 1-2. 

Table 1-2. The typical results of surface mechanical properties including equilibrium surface 

tension, surface elasticity, surface dilatational viscosity and Gibbs elasticity of some common 

surfactants and surfactant-particle systems in literature. These data are obtained from 

published graphs and therefore should be considered as approximate values. 

Samples 
Concentration 

(g/L) 

Equilibrium 

surface 

tension 

(mN/m) 

Surface 

elasticity 

(mN/m) 

Surface 

dilatational 

viscosity 

(mN∙s/m) 

Gibbs 

elasticity 

(mN/m) 

Investigator 

SDS 

0.288 

(in 0.584 g/L 

NaCl) 

45.00 ─ ─ ─ 
Fainerman et 

al. (2010) 

0.288 64.00 ─ 
0.0041 

(intrinsic) 
25.50 

Wantke et al. 

(2003) 

0.865 49.00 ─ 
0.0037 

(intrinsic) 
32.50 

1.730 39.00 ─ 
0.0079 

(intrinsic) 
20.50 

2.307 39.50 ─ ─ ─ 
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Sodium 

tridecyl 

sulfate 

0.317 62.50 ─ ─ ─ 

Varga et al. 

(2007) 
0.605 52.00 ─ ─ ─ 

1.267 38.00 ─ ─ ─ 

DTAB 

0.617 ─ 
2.00  

(800 Hz) 

0.0131 

(800 Hz) 
─ 

Monroy et 

al. (1998) 

0.925 65.00 
4.00  

(800 Hz) 

0.0194 

(800 Hz) 
─ 

Espert et al. 

(1998); 

Monroy et 

al. (1998) 

2.775 45.00 
10.00 

(800 Hz) 

0.0125 

(800 Hz) 
─ 

6.167 38.00 
3.50  

(800 Hz) 

0.0044 

(800 Hz) 
─ 

12.334 38.00 ─ ─ ─ 
Espert et al. 

(1998);  

TX-100 

0.001 63.60 ─ ─ ─ 

Hunter et al. 

(2009) 

0.001 

(with 1 wt% 

silica particle) 

65.00 ─ ─ ─ 

0.005 60.00 
16.00 

(0.04 Hz) 
─ ─ 

0.043 

(with 0.5 wt% 

silica particle) 

─ 
19.50 

(0.02 Hz) 
─ ─ 

0.045 46.00 ─ ─ ─ 

0.065 ─ 
11.00 

(0.04 Hz) 

0.0002 

(intrinsic) 
48.50 

Hunter et al. 

(2009); 

Fruhner et 

al. (1999) 

0.065 

(with 0.5 wt% 

silica particle) 

─ 
15.60 

(0.04 Hz) 
─ ─ 

Hunter et al. 

(2009) 

0.097 ─ ─ 
0.0005 

(intrinsic) 
51.10 

Fruhner et 

al. (1999) 

0.162 ─ ─ 
0.0024 

(intrinsic) 
55.00 

0.194 33.00 ─ ─ ─ 
Hunter et al. 

(2009) 

The values and descriptions in brackets of surface elasticity and surface dilatational viscosity 

indicate the oscillation frequency of the measurement of surface rheological properties. 
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Many attempts to correlate foam stability to surface dilatational rheology have 

been reported and reviewed by Langevin (2000), which demonstrated that 

foam stability was closely related to surface dilatational rheology. However, 

studies that have attempted to explore the dependency of foam stability upon 

surface rheological properties have tended to suffer from the deficiency that 

the latter have not been varied independently of surface tension, so there is a 

possibility that the surface rheological properties have acted as proxies for 

surface tension. For instance, Fruhner et al. (1999) have measured surface 

rheological properties and foam stability of several surfactant solutions at 

different concentrations. They have found that foam stability increased with 

increasing surface dilatational viscosity. However, this observation could 

possibly be explained by noting that increased concentration results in a 

reduction of surface tension, although other factors may also have played a 

role. Similar problems were also manifest in the research conducted by Wang 

et al. (2016) and Hofmann et al. (2017) in that they have changed surface 

tension and surface rheological properties simultaneously when measuring 

foam stability of different surfactant solutions. Thus, it is difficult to determine 

which surface property (or properties) is (or are) truly responsible for the 

increased foam stability. In this thesis, in order to link surface rheological 

properties with foam stability, the equilibrium surface tension of different 

surfactant solutions will be maintained approximately at the same value, 

thereby enabling the surface rheological properties to be adjusted 

independently of surface tension. 
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1.5 Particle-stabilised Foams 

As described in section 1.1, foam stability can be promoted by applying 

appropriate solid particles (Horozov, 2008; Kruglyakov et al., 2011) and 

particle-stabilised foam with premium stability is useful in many industrial 

applications such as enhanced oil recovery and froth flotation (Bournival et al. 

2015; Singh et al., 2015). Since the effect of particles on foam stability and 

surface mechanical properties is another objective of this thesis (as described 

in subsection 1.1.2), the fundamental of particles is introduced and the 

previous work about the stability of particle-stabilised foams is reviewed in 

this section. 

1.5.1 Fundamental of Particles 

1.5.1.1 Behaviour of Particles in Bulk Solutions 

The system of dispersed particles (the diameter of a particle is approximately 

between 1 nm and 1 μm) in a bulk solution is considered as a type of colloidal 

dispersions (Shaw, 1991), which is known as a two-phase system that the 

dispersed phase is suspended in the continuous phase (emulsion and foam are 

also two common types of colloidal dispersions). One of the most important 

characteristics of colloidal dispersions is the substantial amount of interfacial 

area, which indicates the large interfacial energy of colloidal dispersions. Due 

to this, most colloidal dispersions are considered as thermodynamically 

unstable and thus in the case of dispersed particles in bulk solutions, the 

dispersed particles tend to combine together to form large aggregates to reduce 

the interfacial energy (Hunter, 1993). In fact, the particle aggregation is due to 
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the interaction between these particles induced by Brownian motion of 

colloidal particles (Evertett, 1988), which is the random movement of these 

particles driven by their thermal energy (Einstein, 1905). The interaction 

between colloidal particles includes attractive force (i.e. van der Waals force) 

and repulsive force (i.e. electrostatic repulsive force), and the balance between 

van der Waals attraction and electrostatic repulsion determines the stability of 

colloidal dispersion which can be characterised by the aggregation tendency of 

colloidal particles. Therefore, the overall interaction energy between colloidal 

particles can be introduced by combining the van der Waals attraction energy 

and the electrostatic repulsion energy, which is given as  

i a rE E E                                                   (1-8) 

where Ei is the overall interaction energy; Ea is the attractive energy; Er is the 

repulsive energy between colloidal particles (Derjaguin et al., 1941; Verwey et 

al., 1948). It has been demonstrated by Derjaguin et al. (1941) and Verwey et al. 

(1948) that the overall interaction energy between colloidal particles was a 

function of the distance between colloidal particles and an energy barrier that 

colloidal particles must overcome to aggregate existed. This energy barrier results 

from the dominant role of repulsive force at intermediate distance between 

colloidal particles. If colloidal particles have sufficient energy to overcome 

this energy barrier, they approach to each other and enter into the small 

distance domain, where attractive force dominates and causes irreversible 

aggregation. Whereas if colloidal particles only have limited energy and 

remain at large distance domain, although the repulsive force between 
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colloidal particles is still smaller than the attractive force between them, this 

only results in the weak and reversible aggregation between colloidal particles. 

1.5.1.2 Particle Adsorption at Gas-liquid Interface  

Besides the tendency to aggregate, colloidal particles can be surface active and 

adsorb at the gas-liquid interface to reduce the area of the gas-liquid interface 

and thus minimise the free energy of colloidal dispersions. Therefore, this 

adsorption behaviour of colloidal particles at gas-liquid interface is 

thermodynamically favourable and spontaneous (Binks et al., 2006). A key 

parameter that influences the adsorption of colloidal particles at the gas-liquid 

interface is the hydrophobicity of particles, which determines the three-phase 

contact angle where solid particles and gas-liquid interface meet. A schematic 

representation of a solid particle at the air-water interface is shown in Figure 

1-12.  

 
Figure 1-12. Schematic representation of a solid particle at the air-water interface. θaw 

represents the three-phase contact angle. γpa, γpw and γaw represent the surface tensions of 

particle-air, particle-water and air-water interfaces, respectively.  

The three-phase contact angle increases with the increase of particle 

hydrophobicity that more hydrophilic particles demonstrate smaller three-
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phase contact angle whereas more hydrophobic particles exhibit larger three-

phase contact angle (Binks et al., 2002). In emulsion systems (i.e. considering 

a particle at an oil-water interface), for a three-phase contact angle above 90°, 

the particle is considered as hydrophobic, whereas for a three-phase contact 

angle below 90°, the particle is considered as hydrophilic (Hunter et al., 2008). 

However, in foam systems (i.e. considering a particle at a gas-liquid interface), 

the hydrophobic particle (the three-phase contact angle is above 90°) act as 

anti-foaming agent. In order to stabilise foams, the three-phase contact angle 

of the particles is kept below 90° (Horozov et al., 2008). Thus, for foam-

stabilising particles, particles with the three-phase contact angle close but 

below 90° are considered as ‘partially hydrophobic’, whereas particles with 

the three-phase contact angle well below 90° are considered relatively 

hydrophilic (Bournival et al., 2015). This terminology is used throughout this 

thesis. 

Unlike the reversible adsorption of surfactant molecules at gas-liquid interface, 

the adsorption of particles at a gas-liquid interface is irreversible as the free 

energy of particle detachment from gas-liquid interface is significant (Hunter 

et al., 2008), and is given as  

2 2(1 cos )E r                                           (1-9) 

where E is the free energy of particle detachment from gas-liquid interface; r 

is the particle radius; γ is the surface tension of gas-liquid interface; θ is the 

three-phase contact angle. The plus sign in the brackets of eq. 1-9 represents 

removing particles from the interface to the air phase whereas the minus sign 



 

   53 

 

represents removing particles from the interface to liquid phase. Hunter et al. 

(2008) have reviewed this particle detachment energy and pointed out that it 

was related with the stability of particle-stabilised foams. The stabilisation 

mechanism of particle-stabilised foams relied on the detachment energy of 

solid particle from the gas-liquid interface. 

Furthermore, colloidal particles not only adsorb at the gas-liquid interface but 

also interact with each other at the gas-liquid interface as they interact in bulk 

solutions. The same forces (van der Waals force and electrostatic repulsive 

force) as described in the last subsection (subsection 1.5.1.1) also play a role 

on particle interaction at the gas-liquid interface. However, additional particle 

interaction forces (i.e. dipole repulsive force and capillary attractive force) are 

introduced due to the presence of gas-liquid interface which makes the 

interaction between particles at the gas phase are different with that at the 

liquid phase (Hunter et al., 2008). Since the detachment energy of particles 

from gas-liquid interface are large, under a perturbation of the gas-liquid 

interface, the colloidal particles are more likely to move laterally along the 

gas-liquid interface rather than move into gas phase or liquid phase (Tambe et 

al., 1994). Therefore, the particle interaction forces at the gas-liquid interface 

including van der Waals force, electrostatic repulsive force, dipole repulsive 

force and capillary attractive force are also important in the stability of 

particle-stabilised foams (Hunter et al., 2008). 
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1.5.2 Stability of Particle-stabilised Foams  

The stability of foams stabilised solely by particles or by mixtures of 

surfactants and particles are affected by many conditions including particle 

hydrophobicity, particle concentration and surfactant concentration (Hunter et 

al., 2008). Among all these conditions, the particle hydrophobicity is of 

special importance as it determines the position of a particle whether 

adsorbing on the air-liquid interface or remaining in the liquid (Nguyen et al., 

2006). Silica particles are commonly used to stabilise foams and the 

effectiveness of adding silica particles to stabilise foams is dependent upon the 

hydrophobicity of the silica particles (Binks, 2002). The hydrophobic particles 

can attach to the surface of bubble to make the foam more stable. However, 

silica particles are inherently hydrophilic (Binks et al., 2008) and therefore, 

silica particles must be hydrophobised before applying to stabilise foams. In 

fact, there are two methods to hydrophobise silica particles, which are ex-situ 

chemisorption method and in-situ physisorption method (Binks et al., 2008). 

For the ex-situ chemisorption method, silica particles are hydrophobised by 

reacting surface silanol groups with different amounts of 

dimethyldichlorosilane groups (Binks et al., 2000) or with different types of 

straight chain alcohols (Hunter et al., 2009). For the in-situ physisorption 

method, silica particles are hydrophobised by adsorption of amphiphilic 

molecules. Binks et al. (2008) has applied cationic surfactants to adsorb on 

silica particles to modify the particle hydrophobicity. Furthermore, non-ionic 

surfactant (AlYousef et al., 2018), switchable surfactant (Zhu et al., 2014) and 

protein (Chen et al., 2018) were also utilised to adsorb on silica particles to 
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change the particle hydrophobicity. In addition, the interactions between pre-

hydrophobised silica particles (obtained with ex-situ chemisorption method) 

and non-ionic surfactants has been investigated by Hunter et al. (2009) and it 

was demonstrated by them that non-ionic surfactants adsorbed at pre-

hydrophobised silica particles with head groups pointing towards solutions to 

render the particles more hydrophilic. Silica particles with modified 

hydrophobicity (obtained in both methods) have been widely used to stabilise 

foams by many researchers. However, the observations of optimum 

hydrophobicity of particle to stabilise foams obtained by various researchers 

are different. Binks et al. (2005) applied hydrophobic silica particles (obtained 

with ex-situ chemisorption method) solely to stabilise foams. It was shown by 

them that particles with intermediate hydrophobicity were capable of 

stabilising foams, which had 32% silanol groups remaining on the particle 

surface. However, Dickinson et al. (2004) also applied partially hydrophobic 

silica particles (obtained with ex-situ chemisorption method as well) to 

stabilise foams and demonstrated that there appeared to be an optimum 

particle hydrophobicity that gave maximum foam stability, which was 

approximately 20-33% silanol groups converted on the particle surface. It can 

be seen that the observed optimum degree of particle hydrophobicity to 

stabilise foams in these two works are different. Furthermore, Binks et al. 

(2008) have performed the experiments of foams stabilised by mixtures of 

silica particles and cationic surfactants (the in-situ physisorption method to 

hydrophobise particles) and demonstrated that the most hydrophobic particles 

obtained in the in-situ method yielded completely stable foams, which appears 

to be different with the observation in Binks et al. (2005) that the 
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intermediately hydrophobic particles (obtained in the ex-situ method) resulted 

in the best foam stability. Note that the method to hydrophobise silica particles 

applied in Binks et al. (2005) and Binks et al. (2008) are different, which may 

could contribute to the different observations in these works. Furthermore, 

Zhu et al. (2015) have also performed the similar experiments of foam 

stabilised by mixtures of silica particles and cationic surfactants, however, 

their observations appeared to suggest that the most hydrophobic particles 

have not resulted in the best foam stability, which seems to be different with 

the observation in Binks et al. (2008). In fact, these researchers have 

performed different methods to produce foams including ‘hand shaking’ 

method (applied in Binks et al. (2005, 2008) and Zhu et al. (2015)), aerating 

method (also applied in Binks et al. (2005)) and pressure drop method 

(applied in Dickinson et al. (2004)), whereas foam stability was all quantified 

by measuring foam collapse over time in their works. However, none of these 

researchers controlled the relative humidity when producing foams and 

measuring foam stability, which has been demonstrated by Li et al. (2010, 

2012) and Champougny et al. (2018) to be a determining factor in foam 

stability measurements. Thus, the results of foam stability obtained by these 

researchers are likely to be compromised and this could be the reason that the 

observations of optimum particle hydrophobicity to increase foam stability 

obtained by them are different. In this thesis, the stability of foams stabilised 

by mixtures of silica particles and surfactants will be measured by a more 

reproducible method that a constant environmental relative humidity are 

maintained during the measurement, and the optimum particle hydrophobicity 

to increase foam stability will be investigated in chapter 6.  
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In addition to the issue about the optimal particle hydrophobicity to produce 

most stable foams, the issue about the underlying reasons for enhanced 

stability of particle-stabilised foams has also drawn much attentions. It is 

admitted that the stability of foam produced from surfactants was correlated to 

surface mechanical properties including surface tension and surface 

rheological properties (Georgieva et al., 2009). Therefore, the stability of 

particle-stabilised foams could also be related to the properties of surface with 

particles adsorbed (Safouane et al., 2007).  Some research has been performed 

to study the mechanical properties of surfaces with particle layers and 

correlate them to the stability of particle-stabilised foams. Wang et al. (2008) 

have studied the surface rheological properties of silica particle dispersions in 

the presence of cetyltrimethyl ammonium bromide (CTAB). It was 

demonstrated by them that the effect of silica particles on surface rheological 

properties was significant and the interaction between particles and surfactants 

played an important role in changing the surface mechanical properties. 

Hunter et al. (2009) have investigated the interactions between non-ionic 

surfactant and hydrophobic nanoparticles and their impact on foam stability. 

They have observed that surface elasticity of system containing particles was 

higher than that of system without particles. This observation of increased 

surface elasticity was ascribed by them to the reduction of available interfacial 

area for adsorption of free surfactant to the air-liquid interface due to the 

particle occupation. Safouane et al. (2007) have experimentally investigated 

the effect of particle hydrophobicity on the mechanical properties of surfaces 

with hydrophobic silica particle layers and it was showed that there was a 

strong influence of the particle hydrophobicity on the mechanical properties of 
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surfaces with particle layers. It was also suggested by them that the surface 

rheological properties were quite small and most likely not related to the 

stability of particle-stabilised foams. However, Cervantes Martinez et al. 

(2008) have been able to correlate surface mechanical properties with the 

stability of foams stabilised solely by particles. They argued that particle-

stabilised foams became stable against coarsening when surface elasticity was 

greater than half of equilibrium surface tension. Stocco et al. (2009, 2011) 

have experimentally confirmed this argument and suggested it as a prediction 

criterion for determining whether particle-stabilised foams were stable or not 

against coarsening. In the experiments of Stocco et al. (2009, 2011), the values 

of surface elasticity were obtained by using oscillating bubble method which 

was performed at the oscillating frequency of 1 Hz. However, it was known 

that surface elasticity were dependent upon oscillating frequency and the 

smaller oscillating frequency resulted in the smaller surface elasticity (Liggieri 

et al., 2010). Thus, surface elasticity varies with the measuring oscillation 

frequency and this may cause above prediction criterion not always valid. In 

this thesis, it will be demonstrated in chapter 6 that stable particle-stabilised 

foams can be obtained without satisfying above prediction criterion. In 

addition, the relationship between stability of particle-stabilised foams and 

surface mechanical properties will also be described in chapter 6. 

1.6 Thesis Structure 

After reviewing the previous literature about the subjects of foam stability, 

surfactants, surface mechanical properties and particle-stabilised foams, the 

issue of accurate quantification of foam stability, surface tension and surface 
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rheological properties which compromises the investigation of the relationship 

between foam stability and surface mechanical properties has been noticed. In 

addition, with regard to foams stabilised by the mixtures of particles and 

surfactants, the effect of particles on foam stability and surface mechanical 

properties, as well as the link between stability of particle-stabilised foams and 

surface mechanical properties, requires further exploration. Thus, the topics 

about the measurement of surface rheological properties (chapter 2), the 

repeatability of dynamic surface tension measurement (chapter 3), the effect of 

relative humidity on foam stability measurement (chapter 4), the relationship 

between surface mechanical properties and foam stability (chapter 5) and 

particle-stabilised foams (chapter 6) are covered in the later chapters of this 

thesis. The overall approach that applied in this thesis to achieve the aims and 

objectives as described in subsection 1.1.2 is shown in Figure 1-13. 

 
Figure 1-13. The overall approach that applied in this thesis 

In chapter 2, the method to obtain surface rheological properties is studied. 

Firstly, theoretical equations that describe the oscillatory mechanical 
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properties of a gas-liquid interface are derived from first principles. 

Subsequently, measurements of surface rheological properties using the 

oscillating pendent droplet method are described to illuminate the dependency 

of surface rheological properties on oscillation frequency and amplitude.  

In chapter 3, the repeatability of dynamic surface tension measurements of 

ionic surfactant solution using the static pendant droplet method is 

investigated. Firstly, an unexpected and repeatable systematic change of 

dynamic surface tension of sodium alkyl sulfate solutions between different 

trials is described. Secondly, this unexpected systematic change of dynamic 

surface tension between different trials is attributed to the presence of trace 

amounts of highly surface-active impurities and this statement is verified by 

performing dynamic surface tension measurement of ionic surfactant solution 

without highly surface-active impurity. Finally, with respect to the pendent 

droplet method, the way to determine the dynamic surface tension of ionic 

surfactant solutions with highly surface-active impurity is explored by 

performing statistical analysis.  

In chapter 4, measurements of foam stability at different environmental 

relative humidities are performed to confirm and extend the observation about 

the dependency of foam stability upon environmental relative humidity. 

Furthermore, in chapter 5, foam stability is correlated to surface rheological 

properties under the condition that the effect of surface tension on foam 

stability is eliminated. Firstly, different surfactant solutions with 

approximately the same equilibrium surface tension are obtained. Then, the 

measurements of foam stability and surface rheological properties of these 
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surfactant solutions are performed to correlate foam stability with surface 

rheological properties. 

In chapter 6, the stability of foams stabilised by the mixtures of particles and 

surfactants, as well as the relationship between surface mechanical properties 

of air-liquid interfaces in particle-stabilised foams and the stability of particle-

stabilised foams, is investigated. Firstly, the effect of silica particles (at a fixed 

particle concentration) on stability of foams stabilised by cationic surfactants 

at different surfactant concentrations is explored. Secondly, the effect of 

particle concentration on stability of foams stabilised by mixtures of cationic 

surfactants and silica particles is studied. Thirdly, the stability of particle-

stabilised foams and surface mechanical properties of air-liquid interfaces in 

particle-stabilised foams are correlated. 



 

 

 

 

 

 

Chapter 2 Measurement of Surface 

Rheological Properties 
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2.1 Introduction 

Surface rheological properties including surface elasticity, surface dilatational 

viscosity and Gibbs elasticity play a very important role in the dynamic 

behaviour of surfaces. Since one of the main objectives of this thesis (as 

described in subsection 1.1.2) is to relate foam stability to surface rheological 

properties and surface tension to explore which surface property dominates 

foam stability, the method of obtaining surface rheological properties has to be 

studied as a matter of priority. In this chapter, firstly, theoretical equations that 

describe the oscillatory mechanical properties of a gas-liquid interface are 

derived from first principles. Subsequently, measurements of surface 

rheological properties using the oscillating pendent droplet method are 

described to illuminate the dependency of surface rheological properties on 

oscillation frequency and amplitude. 

2.2 Theoretical Derivation of Surface Rheological Properties 

During the expansion of a surface with adsorbed surfactant, the presence of 

the adsorbed layer of surfactant results in a gradient in surface tension that can 

provide resistance to expansion, which is known as surface elasticity. In 

addition, the dissipative process of surfactant transport between the surface 

and the bulk causes a viscous response, which is quantified as surface 

dilatational viscosity. Therefore, the surface with adsorbed surfactant 

possesses a surface visco-elastic characteristic and this is defined by Lucassen-

Reynders (1981) as  
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                                              (2-1) 

where σ is the surface tension and A is the surface area. In fact, the surface 

visco-elasticity is a complex value that the real part εr is surface elasticity and 

the imaginary part εi is related to the surface dilatational viscosity μd, which is 

defined as 

 i
d





                                             (2-2) 

where ω is angular frequency of oscillation. Note that the surface with 

adsorbed surfactant also exhibits resistance to shear. Hence, the surface 

exhibits surface shear viscosity as well as surface dilatational viscosity. 

However, the surface shear viscosity is expected to play little role in the 

behaviour of the surface in the situation that the strong coupling between 

dilatation and diffusion in the bulk of surfactant solutions (Georgieva et al., 

2009), as the surface shear viscosity is several orders of magnitude smaller 

than the surface dilatational viscosity (Monroy et al., 1998). Note that even 

though different measurements of surface shear viscosity manifest large 

uncertainty (Stevenson, 2005), the surface shear viscosity is still much smaller 

than the surface dilatational viscosity. For instance, the largest value of surface 

shear viscosity of SDS solution at the concentration of 1.5 g/L that reviewed 

by Stevenson (2005) is 0.1 μN∙s/m, whilst the surface dilatational viscosity of 

SDS solution at similar concentration is 8.8 μN∙s/m (Wantke et al., 2003). 

With the expansion of the surface with adsorbed surfactant, mass transfer 

occurs between the gas-liquid interface and the bulk solution. The surface 
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elasticity of the surfactant solution at time short enough so that interface-bulk 

exchange has not happened yet is called Gibbs elasticity and it is defined by 

Joos (1999) as  

 0

d

d
e


   


                                             (2-3) 

where Γ is surface excess (also known as surface concentration) which is the 

surfactant concentration at the gas-liquid interface and Γe is equilibrium 

surface excess.  

In fact, surface visco-elasticity and Gibbs elasticity can be related and surface 

visco-elasticity can be introduced as a function of the angular frequency of 

oscillation. An interface with adsorbed surfactant which is subjected to small 

area compressions and expansions of a given angular frequency ω and 

amplitude A* is considered herein. The resulting surface tension, oscillating 

with the same angular frequency ω, is measured. If the initial area is A0, the 

area as a function of time can be expressed in exponential form as  

 0  i tA A A e                                               (2-4) 

where A* is the amplitude of surface area disturbance; t is the oscillation time; 

i is the unit imaginary number which satisfies 2 -1i  . As relative area 

disturbance are more important than the absolute area disturbance and the 

amplitude of area disturbance is very small, eq. 2-4 can be written as  

 0ln ln i tA A A e                                           (2-5) 
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where 
0

A
A

A



  . The periodic changes in area with an angular frequency ω 

creates associated variation in the surface excess 

 
 * i t

e e
 

                                            (2-6) 

where Γ* is the amplitude of the surface excess oscillations. Note that there is 

a phase angle φ between the area disturbances and the surface excess 

oscillations. In order to simplify mathematics, eq. 2-6 can be written as 

 i t

e e                                                  (2-7) 

where * ie    , which is a complex quantity that represents the amplitude of 

the surface excess oscillations in the unit of mol∙m-2. However, in the book of 

Dynamic Surface Phenomena of Joos (1999) (which is an important work in 

the research field of dynamic processes at interfaces), Γ' was defined as the 

amplitude of the surface tension oscillations, which is in the unit of mN/m. 

Since the units of Γ and Γe are both mol∙m-2, if following the definition of Γ' in 

Joos (1999), there will be a dimensional inconsistency of eq. 2-7, which 

indicates that the definition of Γ' given by Joos (1999) is not correct. Therefore, 

in the remainder of the analysis in this section, the definition of Γ' given above 

will be used. 

As a result of the surface excess oscillations, the bulk concentration also 

changes as 

 0

nz i tc c He e                                               (2-8) 
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where c0 is equilibrium bulk concentration; H is a constant of integration; n is 

a variable and satisfies 2 i
n

D


 , where D is diffusion coefficient; z is the 

distance from the interface, upon which the bulk concentration oscillations are 

dependent. The boundary condition for conservation of mass at the surface is 

 
0z

d c
D

dt z




  
    

 
                                      (2-9) 

where θ is surface dilatation and it is defined as 
lnd A

dt
  . Substitution of eqs. 

2-5, 2-7 and 2-8 into eq. 2-9 gives 

 2i t i t i t i t

ei e i A e i A e DnHe                                (2-10) 

Note that in Joos (1999), instead of eq. 2-10, the substitution of equations that 

just described above gives 

2i t i t i t i t

ei e H A e H A e DnHe                              (2-11) 

By comparison between eqs. 2-10 and 2-11, it can be seen that in the second 

and third terms of eq. 2-11, there should be an ‘i’ rather than an ‘H’. In fact, 

this is caused by the incorrect calculation of differentiation 
lnd A

dt
 in Joos 

(1999). Therefore, in the following analysis, eq. 2-10 will be used. 

In eq. 2-10, the higher harmonic term 2i t

ei A e    can be neglected, as the 

amplitudes A' and Γ' are small and their product is even smaller. Therefore, eq. 

2-10 can be simplified as 
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ei i A DnH                                           (2-12) 

For a diffusion-controlled surfactant adsorption to an interface, there is 

equilibrium between the surface excess and the subsurface concentration, the 

relationship of which is called an ‘adsorption isotherm’. Note that the 

subsurface is an imaginary surface in the bulk solution with a thickness of 

several molecular diameters that directly next to the surface (Ward et al., 

1946). Since the fluctuations are small, the linear adsorption isotherm, i.e. the 

Henry’s law isotherm, can be applied herein, which is 

 = HK c                                                  (2-13) 

where KH is the surface Henry’s law constant. 

After association of eqs. 2-7, 2-8 and 2-13 gives: 

 0 1
=s

e H

c c H dc

d K


 

   
                                   (2-14) 

where cs is subsurface concentration. 

The constant of integration H can be eliminated between eqs. 2-12 and 2-14, 

thereby yielding the amplitude of the surface excess oscillations Γ' as a 

function of the amplitude of relative surface area disturbance A': 
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Since the relaxation frequency ω0 that related to the diffusion relaxation time 

is defined as 

2

0

dc
D

d


 
  

 
                                             (2-16) 

Considering the definition of n as mentioned above and the relaxation 

frequency ω0, eq. 2-15 can be written as 
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                                          (2-17) 

In fact, the variation in surface excess due to periodic disturbance in surface 

area results in associated variation in surface tension, which can be written as 

 * ( )= i t

e e                                                 (2-18) 

The same mathematic simplification as mentioned above is also applied herein, 

thus eq. 2-18 can be simplified as  

= i t

e e                                                   (2-19) 

where *= ie   , which is a complex quantity. 

The amplitude of surface tension variations σ' is related to the amplitude of the 

surface excess oscillations Γ': 
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Considering the definition of surface visco-elasticity ε and Gibbs elasticity ε0 

as given in eqs. 2-1 and 2-3, finally, eq. 2-20 becomes 

 0

1 2

01
i









 

  
 

                                             (2-21) 

In order to simplify eq. 2-21, ξ is introduced and defined by Joos (1999) as 

 

1 2
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                                              (2-22) 

after rearrangement, eq. 2-21 becomes 

 0

1 i




 


 
                                               (2-23) 

Multiplying by the complex conjugate  1 i   , eq. 2-23 becomes  

 
   0 0 0

2 2 2

1 1
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             (2-24) 

This equation was first derived by Lucassen and van den temple (1972a & b). 

According to eq. 2-24, the real part εr (i.e. surface elasticity) and the imaginary 

part εi are 

 
 0 0

2 2

1
;

1 2 2 1 2 2
r i

   
 

   


 

   
                           (2-25) 

Therefore, the modulus of visco-elasticity |ε| and the phase angle φ between 

surface area disturbance and surface tension variation are given by  
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             (2-26) 

It also follows that 

 cos ; sinr i                                    (2-27) 

According to eq. 2-1, the modulus of visco-elasticity can be calculated as the 

quotient of the amplitude of surface tension variation σ* and the relative 

amplitude of surface area disturbance A': 

*

A


 


                                        (2-28) 

Thus, these theoretical derivations provide a theoretical method to calculate 

surface rheological properties including surface elasticity, surface dilatational 

viscosity and Gibbs elasticity, which is applied in the oscillating pendent 

droplet method to obtain the values of surface elasticity and surface 

dilatational viscosity. In this current work, the oscillating pendent droplet 

method is applied to measure surface elasticity and surface dilatational 

viscosity of different surfactant solutions. Moreover, Gibbs elasticity is 

inferred from the results of surface elasticity and surface dilatational viscosity 

according to the mathematical description given above. 

In fact, with the oscillating pendant droplet method, the amplitude of surface 

tension variation σ*, the relative amplitude of surface area disturbance A', the 

phase angle φ between surface area disturbance and surface tension variation, 

and the angular frequency of oscillation ω can be measured by the software 
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controlling the apparatus. Typical experimental results of surface tension 

variation and surface area disturbance obtained by the oscillating pendent 

droplet method are shown in Figure 2-1 as an example. 

 
Figure 2-1. Typical experimental results of surface tension variation and surface area 

disturbance obtained by the oscillating pendent droplet method. These results are from surface 

rheological properties measurements of sodium dodecyl sulfate (SDS) solution at the 

concentration of 0.087 g/L (in 8.766 g/L NaCl aqueous solution) with the oscillation 

frequency and amplitude at 0.4 Hz and 0.25, respectively. 

Via the values of these four parameters, surface elasticity and surface 

dilatational viscosity can be autogenously inferred according to eqs. 2-2, 2-27 

and 2-28 by the software controlling the apparatus. Furthermore, Gibbs 

elasticity can be obtained through eq. 2-26. The flow chart of the oscillating 

pendant droplet method to obtain surface elasticity, surface dilatational 

viscosity and Gibbs elasticity is shown in Figure 2-2. 
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Figure 2-2. The flow chart of the oscillating pendant droplet method to obtain surface 

elasticity, surface dilatational viscosity and Gibbs elasticity 

As can be seen from eqs. 2-1 and 2-21, surface visco-elasticity is related to the 

oscillation frequency and amplitude, and therefore, in the following sections 

(sections 2.3 and 2.4), measurements of surface rheological properties are 

performed to explore the dependency of surface rheological properties upon 

oscillation frequency and amplitude. 

2.3 Experimental Details 

The oscillating pendant droplet method is performed herein to measure surface 

rheological properties including surface elasticity and surface dilatational 

viscosity of sodium dodecyl sulfate (SDS) solution at the concentration of 

0.087 g/L (in 8.766 g/L NaCl aqueous solution) with different oscillation 

frequencies and amplitudes. Note that this solution was used by the 

manufacturer of droplet shape analyser (Krüss, DSA100R) to test the function 

of this device after assembling and thus it is applied herein to explore the 
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dependency of surface rheological properties upon oscillation frequency and 

amplitude. The presence of this NaCl concentration (i.e. 8.766 g/L) in the SDS 

solution is to increase the SDS adsorption activity and to decrease the CMC to 

0.404 g/L (Dutkiewicz et al., 2002), thus this SDS solution (0.087 g/L in 8.766 

g/L NaCl) is approximately at 21.5 % of the CMC. The Gibbs elasticity of this 

SDS solution with different oscillation frequencies and amplitudes as will be 

shown in Tables 2-1 and 2-2 is inferred from experimental results according to 

eq. 2-26. SDS is an anionic surfactant and was purchased from Fisher 

Scientific Co. with purity above 97.5%. It is used as received and deionised 

water is used. Note that SDS used herein is without further purification as the 

present study of surface rheological properties is prior to the study of stability 

of foams produced by surfactant solutions. Although it is possible to purify a 

small amount of surfactants in the study of surface rheological properties, it is 

difficult and time-consuming to purify a large amount of surfactants which are 

required in the study of foam stability. Due to this, in the current work, all the 

surfactants used are as received and without further purification. The SDS 

solution used herein is kept in a plastic container to minimise the hydrolysis 

rate of SDS, as it was demonstrated by Fainerman et al. (2010) that SDS 

solutions kept in a plastic container hydrolysed much slower than in a glass 

container.  

A schematic diagram of the droplet shape analyser (Krüss, DSA100R) that has 

been used is shown in Figure 2-3. It consists primarily of 5 parts: (1) the 

dosing unit, (2) light source, (3) stage, (4) camera and (5) computer. In 

particular, the dosing unit includes 3 parts, which are the syringe, piezo pump 
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and the capillary. The capillary is used to suspend the pendant droplet. The 

syringe is controlled manually to produce a pendant droplet at the tip of the 

capillary. The piezo pump can be applied to oscillate the droplet at given 

amplitude and frequency. The droplet images are obtained using a digital 

camera which is mounted on the apparatus. The light source is also mounted 

on the apparatus to increase the image quality for accurate image analysis. The 

images are analysed and computed using droplet shape analysis software 

which is installed on the computer. 

C

1

3

C

4 2
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Figure 2-3. Schematic diagram of the droplet shape analyser (Krüss, DSA100R). 1. The 

dosing unit 2. Light source 3. Stage 4. Camera 5. Computer 

All measurements are performed at the temperature of the laboratory, which is 

maintained at 22 ± 1 °C. A pendant droplet is suspended at the tip of the 

capillary and a video is recorded. The dilatational rheological measurements 

are performed by imposing a low frequency and low amplitude sinusoidal 

variation on the gas-liquid surface area. Note that the defined oscillation 

amplitude is a relative value which is related to the mean volume of the 

droplet and it is therefore dimensionless. Two sets of measurements are 

designed herein to test the dependency of surface rheological properties upon 
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oscillation frequency and amplitude. In one set of measurements, the 

oscillation frequency has been changed and the oscillation amplitude is held 

constant at 0.25, which ensures the oscillation of a droplet whilst readily 

retains the integrity of that droplet. The values of oscillation frequency tested 

herein are 0.1, 0.2, 0.4, 0.8 and 1 Hz. In the other set of measurements, the 

oscillation frequency is held constant at 0.5 Hz which is the intermediate value 

that the device can produce (the oscillation frequency that can be created by 

this device is 0-1 Hz), whereas the oscillation amplitude is varied. The values 

of oscillation amplitude are 0.1, 0.2, 0.3, 0.4 and 0.5. In both sets of 

measurements, the experiment is repeated 3 times at each value of oscillation 

frequency and amplitude. The accuracy of measurement using pendent droplet 

method can be affected by contamination, and therefore all the measurements 

performed herein are punctilious with respect to cleanliness. The dosing unit 

of the droplet shape analyser (Krüss, DSA100R) and all the glassware 

involved in the measurement are thoroughly flushed by deionised water and 

then by acetone to ensure the cleanliness. The capillary is mounted vertically 

to form an axisymmetric droplet to obtain accurate measurements of dynamic 

surface tension. The external diameter of the capillary used is 1.807 mm. All 

the measurements are performed with the droplet shape analyser mounted on a 

layer of polyfoam of depth 50 mm to reduce the droplet vibration induced by 

environmental vibration interference, which has been shown to be effective by 

taking Fourier series of the results. Details of the Fourier series analysis are 

given in Appendix A. 



 

   77 

 

2.4 Dependency of Surface Rheological Properties upon Oscillation 

Frequency and Amplitude 

The results of surface elasticity, surface dilatational viscosity and Gibbs 

elasticity of SDS solution at the concentration of 0.087 g/L (in 8.766 g/L NaCl 

aqueous solution) with different oscillation frequencies and amplitudes are 

shown in Tables 2-1 and 2-2, respectively. (The original results of surface 

rheological properties obtained by the oscillating pendent droplet method and 

the parameters inferred from the original data to obtain Gibbs elasticity in each 

independent measurement at different oscillation frequencies and amplitudes 

are shown in Appendix B.)  

Table 2-1. Surface rheological properties of SDS solution at the concentration of 0.087 g/L in 

8.766 g/L NaCl aqueous solution as a function of oscillation frequency. The oscillation 

amplitude is 0.25. The values in brackets represent the full range of observations. 

Frequency 

(Hz) 

Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

0.1 4.58 (4.50 - 4.63) 4.80 (4.75 - 4.84) 19.24 (18.41 - 19.77) 

0.2 6.19 (5.93 - 6.57) 3.62 (3.19 - 4.16) 37.99 (25.66 - 52.30) 

0.4 7.87 (7.45 - 8.40) 2.23 (2.13 - 2.37) 41.03 (39.96 - 43.10) 

0.8 9.85 (9.43 - 10.17) 1.37 (1.36 - 1.38) 49.04 (46.87 - 53.13) 

1.0 10.53 (9.82 - 11.00) 1.24 (1.23 - 1.26) 64.48 (59.57 - 74.16) 
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Table 2-2. Surface rheological properties of SDS solution at the concentration of 0.087 g/L in 

8.766 g/L NaCl aqueous solution as a function of oscillation amplitude. The oscillation 

frequency is 0.5 Hz. The values in brackets represent the full range of observations. 

Amplitude 

(-) 

Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

0.1 8.99 (8.50 - 9.44) 1.95 (1.83 - 2.22) 44.17 (33.19 - 62.99) 

0.2 9.58 (8.92 - 10.13) 1.89 (1.85 - 1.91) 35.36 (32.83 - 39.97) 

0.3 9.86 (9.35 - 10.48) 1.96 (1.89 - 2.09) 36.67 (35.15 - 39.00) 

0.4 9.47 (9.29 - 9.70) 1.88 (1.80 - 1.94) 35.21 (32.65 - 36.49) 

0.5 9.27 (8.73 - 9.76) 1.84 (1.79 - 1.87) 34.26 (32.73 - 35.41) 

The behaviour of surface elasticity, surface dilatational viscosity and Gibbs 

elasticity with increasing oscillation frequency and amplitude are shown in 

Figures 2-4 and 2-5, respectively. As can be seen from Figure 2-4, surface 

elasticity and Gibbs elasticity increase whereas surface dilatational viscosity 

decreases with increasing oscillation frequency. The dependency of surface 

rheological properties upon oscillation frequency are demonstrated. It is 

shown in Figure 2-5 that surface elasticity, surface dilatational viscosity and 

Gibbs elasticity approximately remain constant with increasing oscillation 

amplitude. Figure 2-5 also demonstrates that these surface rheological 

properties are approximately independent of oscillation amplitude. Note that in 

Figure 2-4, the Gibbs elasticity results at frequency of 0.2 and 1.0 Hz show 

relatively large errors compared with results at other frequencies. These large 

errors appear to result from the compromised method applied herein to infer 

Gibbs elasticity from measured results of surface elasticity and surface 

dilatational viscosity according to eq. 2-26. The details of this will be 

discussed later. The same reason accounts for the large error of Gibbs 

elasticity at amplitude of 0.1 in Figure 2-5.  
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Figure 2-4. Surface elasticity, surface dilatational viscosity and Gibbs elasticity of SDS 

solution at the concentration of 0.087 g/L in 8.766 g/L NaCl aqueous solution as a function of 

oscillation frequency. The oscillation amplitude is 0.25. The error bars represent the full range 

of observations. 
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Figure 2-5. Surface elasticity, surface dilatational viscosity and Gibbs elasticity of SDS 

solution at the concentration of 0.087 g/L in 8.766 g/L NaCl aqueous solution as a function of 

oscillation amplitude. The oscillation frequency is 0.5 Hz. The error bars represent the full 

range of observations. 
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Figure 2-6. Relative amplitude of surface area disturbance and amplitude of surface tension 

variation of SDS solution at the concentration of 0.087 g/L in 8.766 g/L NaCl aqueous 

solution as a function of oscillation frequency and amplitude. (a) The results as a function of 

frequency. The oscillation amplitude is 0.25. (b) The results as a function of amplitude.  The 

oscillation frequency is 0.5 Hz. The error bars represent the full range of observations. 
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The results of relative amplitude of surface area disturbance and amplitude of 

surface tension variation with different oscillation frequencies and amplitudes 

are shown in Figure 2-6. (The original results obtained in each independent 

measurement are shown in Appendix B.) It is seen from Figure 2-6(a) that the 

relative amplitude of surface area disturbance approximately remains constant 

whereas the amplitude of surface tension variation increases with the increase 

of oscillation frequency. As shown in Figure 2-6(b), the relative amplitude of 

surface area disturbance and the amplitude of surface tension variation 

increase approximately proportionally to the increase of oscillation amplitude. 

For the surface rheological properties with different oscillation frequencies, it 

is postulated that the characteristic time for diffusion of surfactants to the gas-

liquid interface becomes progressively more significant with respect to the 

period of oscillation as frequency increases. Therefore, fewer molecules can 

adsorb in each cycle as the oscillation frequency increases. As a consequence, 

the absolute value of surface tension increases monotonically with the increase 

of oscillation frequency, which is shown in Figure 2-6(a). Since the relative 

amplitude of surface area disturbance is constant and the surface visco-

elasticity is relate to surface tension variation and surface area disturbance, the 

modulus of visco-elasticity increases with the increase of oscillation frequency. 

In addition, since the phase angle between surface area disturbance and 

surface tension oscillation decreases with the increase of oscillation frequency, 

according to eqs. 2-2 and 2-27, surface elasticity increases whereas surface 

dilatational viscosity decreases with increasing oscillation frequency. In fact, 

the dependency of surface elasticity and surface dilatational viscosity upon 

oscillation frequency have been observed by other researchers (Liggieri et al., 
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2010; Karbaschi et al., 2014). However, it is not expected to observe the 

dependency of Gibbs elasticity upon oscillation frequency, which is shown in 

Figure 2-4, since Gibbs elasticity is considered as a limiting surface elasticity 

at infinite oscillation frequency (Joos, 1999), thus it is supposed to be 

independent on the measuring oscillation frequency. This appears to be due to 

the fact that the method applied herein to obtain Gibbs elasticity is 

compromised. In our experiment, the values of Gibbs elasticity are inferred 

from the results of surface elasticity and surface dilatational viscosity which 

are measured at low frequency range (i.e. 0.1 - 1.0 Hz) according to eq. 2-26. 

However, it has been demonstrated by Wantke et al. (1998, 2001) that the 

theoretical model in eq. 2-24 is more applicable to obtain values of surface 

rheological properties at low frequency than at high frequency, as the 

calculated values of surface rheological properties according to the model in 

eq. 2-24 at high frequency exhibit large differences with the measured values. 

Furthermore, the large errors of Gibbs elasticity at some frequencies in our 

results also indicate the difficulties in using this method to infer Gibbs 

elasticity. However, it is still applied herein to provide an objective 

measurement for Gibbs elasticity. 

With respect to the surface rheological properties with different oscillation 

amplitudes, the increase of oscillation amplitude results in the proportional 

increase of relative amplitude of surface area disturbance and amplitude of 

surface tension variation, which can be seen from Figure 2-6(b). Since the 

modulus of surface visco-elasticity is equivalent to the quotient of amplitude 

of surface tension variation and relative amplitude of surface area disturbance, 
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the modulus of surface visco-elasticity is independent of oscillation amplitude 

and approximately remains constant. Furthermore, as the oscillation frequency 

is also constant and therefore the phase angle between surface area disturbance 

and surface tension oscillation is constant as well, the surface rheological 

properties are independent of oscillation amplitude according to the 

relationship given in eq. 2-27. This observation shows agreement with the 

results of Georgieva et al. (2009) that surface tension shows a linear variation 

with relative change in surface area. 

2.5 Summary 

Since the results of surface rheological properties are dependent upon 

oscillation frequency, the measurement of surface rheological properties of 

different surfactant solutions in later chapters (chapter 5 and 6) should be 

performed at a fixed frequency which is dictated by the relevant experimental 

conditions. As for the oscillation amplitude, since the results of surface 

rheological properties are independent of it, a value that ensures droplet 

oscillation while retaining the integrity of the droplet can be assigned to the 

measurement of surface rheological properties in later chapters (chapter 5 and 

6). 



 

 

 

 

 

 

Chapter 3 Repeatability of Dynamic 

Surface Tension Measurement 
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3.1 Introduction 

Besides surface rheological properties, surface tension is another fundamental 

property of gas-liquid interfaces that has relevance with foam stability 

(Kanokkarn et al., 2017). Therefore, before relating foam stability to surface 

mechanical properties including surface rheological properties and surface 

tension, the method to measure surface tension needs to be studied as well. In 

this chapter, the repeatability of dynamic surface tension measurements of 

ionic surfactant solution using the static pendant droplet method is 

investigated. Firstly, an unexpected systematic change of dynamic surface 

tension of sodium alkyl sulfate solutions between different trials is described 

and then more measurements of dynamic surface tension of sodium alkyl 

sulfate solutions are performed to confirm that this unexpected observation is 

repeatable. Next, this unexpected systematic change of dynamic surface 

tension between different trials is attributed to the presence of trace amounts 

of highly surface-active impurities and this statement is verified by performing 

dynamic surface tension measurement of ionic surfactant solution without 

highly surface-active impurity. It is a consequence of the presence of highly 

surface-active impurity that the repeatability and precision of dynamic surface 

tension measurements are compromised. Finally, the method to determine the 

dynamic surface tension of ionic surfactant solution with highly surface-active 

impurity is explored. The large numbers of dynamic surface tension results of 

sodium alkyl sulfate solutions are statistically analysed and it is statistically 

demonstrated that the dynamic surface tension of individual trials of ionic 

surfactant solution with highly surface-active impurity can be considered as 
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the same and do not change significantly for a statistical perspective (i.e. 

considering large data population). Therefore, it is necessary to perform large 

numbers of independent trials of dynamic surface tension measurement to 

acquire the dynamic surface tension value by calculating the arithmetic mean. 

3.2 Initial Measurement of Dynamic Surface Tension 

3.2.1 Experimental Details 

The static pendant droplet method is performed to measure dynamic surface 

tension of sodium tridecyl sulfate solution at the concentration of 1.301 g/L 

(i.e. 2.68% above the critical micelle concentration (CMC)) and sodium 

dodecyl sulfate (SDS) solution at the concentration of 0.288 g/L in 0.584 g/L 

NaCl aqueous solution (i.e. approximately 25% of the CMC) over time. The 

sodium tridecyl sulfate solution is prepared slightly above the CMC to ensure 

that the actual concentration of the prepared sodium tridecyl sulfate solution 

reaches the CMC and thus to avoid a possible smaller equilibrium surface 

tension if the actual concentration of the prepared sodium tridecyl sulfate 

solution is smaller than the CMC. The SDS solution is prepared in NaCl 

aqueous solutions since the dynamic surface tension of the same solution has 

been measured by Fainerman et al. (2010) using the pendant droplet method 

and it is designed to reproduce the dynamic surface tension measurement of 

this solution to compare the results of the current work with theirs. Sodium 

tridecyl sulfate is a homologue of SDS and was also purchased from Fisher 

Scientific Co. with purity above 98%. Sodium tridecyl sulfate and SDS are 

both used without further purification. Besides the reason explained in section 
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2.3, this is in particular due to that the present study of the surface tension of 

these surfactant solutions is prior to the study of stability of foams produced 

by these surfactant solutions. While relating foam stability to surface 

mechanical properties, the measured surfactant solutions need to be the same, 

however, the purification process would result in the change of surfactant 

concentrations (Fainerman et al., 2010). This is the particular reason that the 

surfactants used herein are all as-received. Thus, trace amounts of tridecanol 

and dodecanol as inevitable impurities during synthesis process exist in 

sodium tridecyl sulfate and SDS, respectively (Mysels, 1986). Note that the 

sodium alkyl sulfate homologues are known to hydrolyse slowly to respective 

alkanols, which affects the purity of surfactant solutions (Varga et al., 2007). 

However, it has been demonstrated by Vollhardt (1982) that the quality of 

SDS solution can be stable over one year at room temperature if it is kept in a 

hydrophobic container. Fainerman et al. (2010) has observed the similar 

phenomenon that SDS solutions kept in a plastic container hydrolysed much 

slower than in a glass container. Hence, in order to retard the hydrolysis rate, 

all the surfactant solutions used herein are kept in plastic containers. The 

deionised water is used to dilute the surfactants and the CMC of sodium 

tridedyl sulfate solution and SDS solution in 0.584 g/L NaCl aqueous solution 

are 1.267 g/L and 1.153 g/L, respectively. (Varga et al., 2007; Fainerman et al., 

2010). 

The same experimental device, the droplet shape analyser (Krüss，DSA100R) 

as shown in Figure 2-2, has also been used herein. All the measurements are 

static pendant droplet measurement and are performed at the temperature of 
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the laboratory, which is 22 ± 1 °C. (It has been demonstrated by Phongikaroon 

et al. (2005) that the equilibrium surface tension of surfactant solution 

decreases approximately linearly with increase of temperature, so that the 

equilibrium surface tension difference at this temperature range is insignificant. 

For instance, the equilibrium surface tension of SDS solution only decreases 

0.31 mN/m from 21 to 23 °C. Thus the uncertainty of surface tension with 

respect to temperature is insignificant compared to the dispersion reported 

herein). A well-formed pendant droplet is suspended from a capillary for 2 

minutes. The images of pendant droplet are acquired at a constant rate of 2.5 

images per second for all measurements. A total of 300 images are obtained 

for each measurement. After 2 minutes, the old droplet is discarded and 

several droplets are formed and discarded to minimise the initial load of the 

old droplet before producing a new droplet, as the initial load of the old 

droplet affects the result of new droplet. By following this process, the initial 

load of old droplet is negligible and therefore the effect of initial load on 

surface tension measurement in the experiments performed herein is 

insignificant. When a new droplet is produced, a new measurement starts. The 

independent measurement is repeated 10 times. All the other experimental 

conditions are maintained the same as described in section 2.3. 

3.2.2 Unexpected Systematic Change of Dynamic Surface Tension Results 

Generally, it is expected that the dynamic surface tension results of 

independent trials will be consistent with only small random errors are 

observed between these trials. Then, the dynamic surface tension of each 

sample can be obtained by calculating the arithmetic mean of 10 trials, with a 
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reportable error. However, by inspection of the dynamic surface tension 

results of sodium tridecyl sulfate solution at the concentration of 1.301 g/L (i.e. 

2.68% above the CMC) and SDS solution at the concentration of 0.288 g/L in 

0.584 g/L NaCl aqueous solution (i.e. approximately 25% of the CMC), it is 

noticed that the dynamic surface tension results seem to change systematically 

with the proceeding of independent trials instead approximately remaining 

constant between measurements. The dynamic surface tension results of these 

two surfactant solutions are shown in Figure 3-1 and 3-2, respectively. 

 
Figure 3-1. Dynamic surface tension results of sodium tridecyl sulfate solution at the 

concentration of 1.301 g/L (i.e. 2.68 % above the CMC). The number in bracket represents the 

sequential trial number. 

0 25 50 75 100 125 150 175

37

39

41

43

45

47

49

(4)

(5)

(2)

(3)

(6)

(7)

(8-10)

(1)
First Trial

 Trial 1

 Trial 2

 Trial 3

 Trial 4

 Trial 5

 Trial 6

 Trial 7

 Trial 8

 Trial 9

 Trial 10

D
y

n
am

ic
 S

u
rf

ac
e 

T
en

si
o

n
 (

m
N

/m
)

Time (s)

Last Trial



 

   91 

 

 
Figure 3-2. Dynamic surface tension results of SDS solution at the concentration of 0.288 g/L 

in 0.584 g/L NaCl aqueous solutions (i.e. approximately 25% of the CMC). The number in 

bracket represents the sequential trial number. 

By inspection of Figure 3-1, it can be seen that there is poor agreement of 

dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) 

from trial to trial. The dynamic surface tension increases monotonically from 

trial 1 to trial 8 and then almost remains constant from trial 8 to trial 10. Due 
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and therefore the precision of dynamic surface tension measurement is 

potentially compromised. Thus, the arithmetic mean of 10 trials cannot 

accurately represent the true value of the dynamic surface tension of sodium 

tridecyl sulfate solution (1.301 g/L). The equilibrium surface tension of 

sodium tridecyl sulfate solution (purified) at the concentration of 1.267 g/L 

(i.e. at the CMC) obtained by Varga et al. (2007) was approximate 38.00 

mN/m (as shown in Table 2-1). By comparison of this value to the 
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observations of the current work, it indicates that the dynamic surface tension 

results of trial 1 show agreement with the observation of Varga et al. (2007), 

since the equilibrium surface tension inferred from the dynamic surface 

tension results of trial 1 is the closest value to 38.00 mN/m among the 10 trials. 

As for SDS solution (0.288 g/L in 0.584 g/L NaCl), it can be seen from Figure 

3-2 that the dynamic surface tension results of SDS solution (0.288 g/L in 

0.584 g/L NaCl) also shows poor repeatability. However, contradictory to the 

observation of sodium tridecyl sulfate solution (1.301 g/L) that the dynamic 

surface tension increases as the measurement goes on, it is observed that the 

dynamic surface tension seems to decrease systematically from trial 1 to trial 

10. Due to this systematic decrease of dynamic surface tension throughout the 

course of the experiment, the repeatability and precision of dynamic surface 

tension measurements of SDS solution (0.288 g/L in 0.584 g/L NaCl) are 

potentially compromised and therefore the accurate of dynamic surface 

tension measurement is poor if using the arithmetic mean of 10 trials to 

represent the true value of the dynamic surface tension of SDS solution (0.288 

g/L in 0.584 g/L NaCl). Furthermore, the dynamic surface tension results of 

SDS solution (0.288 g/L in 0.584 g/L NaCl) obtained in the current work are 

compared with the results obtained by Fainerman et al. (2010). In their 

experiment, the dynamic surface tension of the same surfactant solution was 

measured using the pendant droplet method. The SDS used in the 

measurements of Fainerman et al. (2010) was also without further purification. 

After comparison of the results of Fainerman et al. (2010) with the results 
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obtained in this current work of 10 trials, it is demonstrated that the results 

they have obtained approximate to our observations obtained in trial 1. 

These systematic changes of dynamic surface tension between different trials, 

either increase or decrease, are unexpected and they affect the accuracy of 

dynamic surface tension measurement. Thus, it is necessary to further explore 

these unexpected systematic changes of dynamic surface tension between 

different trials. First of all, it is a priority to ascertain that whether these 

unexpected observations are repeatable or not. Therefore, in the next section, 

more dynamic surface tension measurements of these two surfactant solutions 

are performed to investigate the repeatability of unexpected systematic change 

of dynamic surface tension between different trials. 

3.3 Confirmation of the Unexpected Observation 

In order to confirm the repeatability of above mentioned observation that 

dynamic surface tension changes systematically, the dynamic surface tension 

measurements of afore-mentioned two surfactant solutions are repeated more 

times using the same experiment method and under the same experiment 

conditions. In previous dynamic surface tension measurements of these two 

surfactant solutions, all the measurements are repeated 10 times and these 10 

consecutive trials can be considered as a run. After one run, the apparatus is 

carefully cleaned and new surfactant solution is injected to perform another 

run. The dynamic surface tension measurements of each sample are repeated 

10 runs in total, which means 100 independent measuring trials are performed. 

In order to compare the results between different runs, in each run, the 
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arithmetic mean of dynamic surface tension of 10 trials is calculated and then 

since this arithmetic mean result contains 300 data of dynamic surface tension 

over 2 minutes, the average of arithmetic mean result of dynamic surface 

tension over 2 minutes is calculated to represent the dynamic surface tension 

result of each run. The average of arithmetic mean result of dynamic surface 

tension over 2 minutes, σA, is defined as: 

300

1

1

300
A i

i

 


                                             (3-1) 

where i is the sequential image number and σi is the arithmetic mean result of 

dynamic surface tension between 10 trials of ith image. Furthermore, in each 

run, the range of dynamic surface tension between 10 trials is calculated, and 

the average range of 300 images (i.e. over 2 minutes) is used to quantify the 

dispersion of the dynamic surface tension values obtained from 10 trials. Note 

that here the dispersion is represented by the range of data sets which is the 

difference between the largest and smallest values, as the range is most useful 

in representing the dispersion of small data sets (Viljoen, 2000). The average 

range of dynamic surface tension of 300 images, RA, is defined as: 

 
300

1

1

300
A i

i

R R


                                              (3-2) 

where Ri is the range of dynamic surface tension between 10 trials of ith image. 

The smaller the average range is, the better the repeatability and precision of 

dynamic surface tension between different trials is. The average arithmetic 

mean, the average range and the changing trend of dynamic surface tension 
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between 10 trials in each run of afore-mentioned two surfactant solutions are 

shown in Table 3-1 (The detailed dynamic surface tension results of all 10 

runs of these two surfactant solutions are shown in Appendix C). Note that the 

changing trend of dynamic surface tension between 10 trials in each run is 

marked by an arrow of different directions to indicate the systematic increase, 

fluctuation and systematic decrease. If the systematic increase of dynamic 

surface tension between 10 trials and a relatively large average range (larger 

than 3 mN/m, which is a pre-specified value that far larger than the average 

range value for measurements with good repeatability) have been observed, 

the changing trend will be marked by the ‘↑’ sign. If the systematic decrease 

of dynamic surface tension between 10 trials and a relatively large average 

range (larger than 3mN/m) have been observed, the changing trend will be 

marked by the ‘↓’ sign. Whereas for the measurements with fluctuation of 

dynamic surface tension between 10 trials and acceptable repeatability (i.e. the 

average range is smaller than 3 mN/m), the changing trend is marked by the 

‘→’ sign.  
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Table 3-1. The average arithmetic mean, the average range and the changing trend of dynamic 

surface tension between different trials in each run of sodium tridecyl sulfate solution (1.301 

g/L) and SDS solution (0.288 g/L in 0.584 g/L NaCl) 

Run 

Sodium tridecyl sulfate solution  

(1.301 g/L) 

SDS solution  

(0.288 g/L in 0.584 g/L NaCl) 

The 

average 

arithmetic 

mean 

(mN/m) 

The 

average 

range 

(mN/m) 

The 

changing 

trend  

(-) 

The 

average 

arithmetic 

mean 

(mN/m) 

The 

average 

range 

(mN/m) 

The 

changing 

trend  

(-) 

1 43.84 7.58 ↑ 38.77 9.48 ↓ 

2 42.61 6.08 ↑ 43.71 6.52 ↓ 

3 40.37 5.44 ↑ 46.89 5.00 ↓ 

4 41.84 3.98 ↑ 48.73 2.36 → 

5 37.47 0.47 → 49.66 0.94 → 

6 37.33 0.31 → 50.02 1.22 → 

7 37.34 1.56 → 50.24 2.11 → 

8 37.53 0.51 → 51.01 0.72 → 

9 37.57 0.63 → 49.25 1.79 → 

10 36.70 0.96 → 49.66 1.81 → 

The ‘↑’ sign represents the systematic increase of dynamic surface tension as the measurement 

goes on. The ‘→’ sign represents the dynamic surface tensions of 10 trials remain almost the 

same and only fluctuate with random errors. The ‘↓’ sign represents the systematic decrease of 

dynamic surface tension as the measurement goes on.  

It can be seen from Table 3-1 that, for sodium tridecyl sulfate solution (1.301 

g/L), both unexpected systematic increase and expected fluctuation of 

dynamic surface tension between different trials have been observed and the 

unexpected systematic increase of dynamic surface tension between different 

trials occurs more than once. Whilst for SDS solution (0.288 g/L in 0.584 g/L 

NaCl), both unexpected systematic decrease and expected fluctuation of 

dynamic surface tension between different trials have been observed. For both 

surfactant solutions, it is noted that the systematic change of dynamic surface 
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tension between different trials can only be observed in the earlier runs (i.e. 

for sodium tridecyl sulfate solution (1.301 g/L), it is from run 1 to run 4, 

whilst for SDS solution (0.288 g/L in 0.584 g/L NaCl), it is from run 1 to run 

3), whereas in the latter runs, it is the expected fluctuation of dynamic surface 

tension between different trials that have been observed. 

The comparison between different runs of average arithmetic mean and 

average range of dynamic surface tension between different trials of sodium 

tridecyl sulfate solution (1.301 g/L) is shown in Figure 3-3 and that of SDS 

solution (0.288 g/L in 0.584 g/L NaCl) is shown in Figure 3-4. As can be seen 

from Figure 3-3, the average arithmetic mean of dynamic surface tension 

results obtained in the earlier runs (i.e. from run 1 to run 4) are much larger 

than those obtained in the rest of runs, which are approximately the same. In 

fact, this is due to the appreciable systematic increase of dynamic surface 

tension in the earlier runs. The average arithmetic mean of dynamic surface 

tension result generally decreases at first and then almost remains at constant 

through the course of performing different runs. It is also noted that if only 

considering the average dynamic surface tension result obtained in trial 1 of all 

the repeated runs, they are approximately the same. 
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Figure 3-3. Comparison between different runs of average arithmetic mean and average range 

of dynamic surface tension between different trials of sodium tridecyl sulfate solution (1.301 

g/L). The error bar of each run represents the average range of dynamic surface tension 

between different trials. The bold error bars indicate that the unexpected systematic increase 

of dynamic surface tension between different trials has been observed in this run, whereas the 

thin error bar indicates that the expected fluctuation of dynamic surface tension between 

different trials has been observed in this run. 

 
Figure 3-4. Comparison between different runs of average arithmetic mean and average range 

of dynamic surface tension between different trials of SDS solution (0.288 g/L in 0.584 g/L 

NaCl). The error bar of each run represents the average range of dynamic surface tension 

between different trials. The bold error bars indicate that the unexpected systematic decrease 

of dynamic surface tension between different trials has been observed in this run, whereas the 

thin error bar indicates that the fluctuation of dynamic surface tension between different trials 

has been observed in this run. 

1 2 3 4 5 6 7 8 9 10

35

38

41

44

47

50

T
h

e 
av

er
ag

e 
ar

it
h

m
et

ic
 m

ea
n

 o
f 

d
y

n
am

ic
 s

u
rf

ac
e 

te
n

si
o

n
 (

m
N

/m
)

Run

1 2 3 4 5 6 7 8 9 10

34

38

42

46

50

54

T
h

e 
av

er
ag

e 
ar

it
h

m
et

ic
 m

ea
n

 o
f 

d
y

n
am

ic
 s

u
rf

ac
e 

te
n

si
o

n
 (

m
N

/m
)

Run



 

   99 

 

It is shown in Figure 3-4 that the dispersion of dynamic surface tension 

between different trials in the earlier runs (i.e. from run 1 to run 3) are much 

larger than that in the latter runs. This is due to the unexpected systematic 

decrease of dynamic surface tension between different trials in the earlier runs, 

which also accounts for the smaller average arithmetic mean of dynamic 

surface tension results obtained in the earlier runs (i.e. from run 1 to run 3), 

whereas the average arithmetic mean of dynamic surface tension results 

obtained in the other runs are much larger and approximately the same. The 

average arithmetic mean of dynamic surface tension result increases at first 

and then approximately maintains at the same throughout the course of 

performing different runs. However, if only considering the average dynamic 

surface tension result obtained in trial 1 of all the repeated runs, they are 

approximately the same.  

To summarise, it appears that the considerable systematic change of dynamic 

surface tension between different trials are prone to occur in the earlier runs 

for both surfactant solutions. In the latter runs, it is more common to observe 

the expected fluctuation of dynamic surface tension between different trials. 

These observations demonstrate that the unexpected systematic changes are 

repeatable rather than random. Therefore, it is necessary to investigate the 

underlying cause for these unexpected systematic changes of dynamic surface 

tension between different trials. In the next section, these unexpected 

observations are ascribed to the presence of inevitable highly surface-active 

impurity and further measurements are performed to verify this statement. 
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3.4 Cause of the Unexpected Observation 

3.4.1 Effect of Highly Surface-active Impurity on Dynamic Surface Tension 

Measurement 

As described above, the surfactants including sodium tridecyl sulfate and SDS 

are both used as-received and without further purification. It has been 

demonstrated by Mysels (1986) that sodium alkyl surfate homologues 

contained alkanol as inevitable highly surface-active impurities during 

synthesis process and they were difficult to remove. Thus, trace amounts of 

tridecanol and dodecanol as inevitable high surface-active impurities exist in 

the sodium tridecyl sulfate and SDS solutions, respectively. By inspecting the 

dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) 

and SDS solution (0.288 g/L in 0.584 g/L NaCl), it is believed in this current 

work that the presence of highly surface-active impurity accounts for the 

unexpected systematic change of dynamic surface tension between different 

trials.  

It has been demonstrated by Lu et al. (1995) that the presence of trace 

amounts of dodecanol in SDS solution affected the adsorption of SDS to the 

air-liquid interface and the influence mechanism was different at various SDS 

concentrations (i.e. above the CMC or far below the CMC). For the SDS 

concentration above the CMC, most of the dodecanol molecules are 

solubilised by SDS micelles. Thus, the majority of dodecanol molecules which 

are encircled in SDS micelles remain in the bulk solution instead of adsorbing 

to the air-liquid interface. Due to the strong attractive interaction between 
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dodecanol and SDS molecules, the adsorption of SDS to the air-liquid 

interface is compromised by the presence of dodecanol. However, for the SDS 

concentration far below the CMC, as there is no SDS micelle to solubilise 

dodecanol molecules, the dodecanol molecules adsorb at the air-liquid 

interface. Because of the strong attractive interaction between dodecanol and 

SDS molecules, the SDS adsorption is enhanced by the presence of dodecanol. 

Since sodium tridecyl sulfate and SDS are homologues, the presence of trace 

amounts of tridecanol has the same effect on the adsorption of sodium tridecyl 

sulfate to the air-liquid interface. In fact, the unexpected observation of 

systematic change of dynamic surface tension between different trials as 

described above results from the effect of highly surface-active impurity on 

the adsorption of surfactant to the air-liquid interface. 

In our experiments with sodium tridecyl sulfate solution (1.301 g/L), the 

concentration of sodium tridecyl sulfate solution is above the CMC, thus, the 

presence of trace amounts of tridecanol compromises the adsorption of sodium 

tridecyl sulfate to the air-liquid interface, which results in the increase of 

dynamic surface tension. In addition, due to the low concentration of 

tridecanol in the bulk solution, the diffusion rate of tridecanol from the bulk 

solution to the droplet is fairly slow. Therefore, in the earlier runs of dynamic 

surface tension measurement, the amount of tridecanol in the droplet increases 

trial-by-trial and thus tridecanol gradually acts more and more on 

compromising the adsorption of sodium tridecyl sulfate to the air-liquid 

interface with the measurement goes on. This results in the considerable 

systematic increase of dynamic surface tension between different trials in the 
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earlier runs as shown in Figure 3-3. Since the amount of tridecanol in the 

sodium tridecyl solution (1.301 g/L) is minor and distributed heterogeneously 

as highly surface-active impurity is preferentially enriched at the air-liquid 

interface (Lunkenheimer et al., 2004), the majority of tridecanol in the sodium 

tridecyl sulfate solution (1.301 g/L) exist in the test samples of the earlier runs. 

Thus, for the latter runs, the amount of tridecanol in the test sample of sodium 

tridecyl sulfate solution (1.301 g/L) is negligible and therefore plays little role 

in affecting the adsorption of sodium tridecyl sulfate to the air-liquid interface, 

which accounts for the expected fluctuation of dynamic surface tension 

between different trials in the latter runs as shown in Figure 3-3. 

As for the experiments with SDS solution (0.288 g/L in 0.584 g/L NaCl), since 

the SDS concentration is far below the CMC, the presence of trace amounts of 

dodecanol enhances the adsorption of SDS to the air-liquid interface, which 

results in the decrease of dynamic surface tension. Furthermore, the diffusion 

rate of dodecanol is also rather slow on account of the low concentration of 

dodecanol. Hence, in the earlier runs of measurement, the amount of 

dodecanol in the droplet increase gradually with the measurement goes on and 

therefore dodecanol plays an ever-increasing role upon the promotion of SDS 

adsorption to the air-liquid interface trial-by-trial, which accounts for the 

significant systematic decrease of dynamic surface tension between different 

trials in the earlier runs as shown in Figure 3-4. Due to the fact that dodecanol 

in SDS solution is limited and heterogeneously distributed, dodecanol mainly 

exists in the test samples of the earlier runs and becomes negligible in the test 

samples of the latter runs. Thus, the effect of dodecanol on the promotion of 
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adsorption of SDS to the air-liquid interface is insignificant in the 

measurements of the latter runs and therefore results in the expected 

fluctuation of dynamic surface tension between different trials in the latter 

runs as shown in Figure 3-4. 

In this subsection, the unexpected systematic changes of dynamic surface 

tension between different trials in the earlier runs are attributed to the presence 

of trace amounts of highly surface-active impurities in the surfactant solutions. 

In order to verify this statement, more dynamic surface tension measurements 

of surfactant solution which is known without highly surface-active impurity 

are performed in the next subsection. 

3.4.2 Verification of the Effect of Highly Surface-active Impurity on Dynamic 

Surface Tension Results 

The surfactant considered in this subsection is dodecyl trimethyl ammonium 

bromide (DTAB) which is a cationic surfactant and was purchased from 

Fisher Scientific Co. with purity of 99%. It is used without further purification. 

Note that DTAB is much more chemically stable than sodium alkyl sulfate 

homologous and does not contain highly surface-active impurity (Ritacco et 

al., 2011). This is the reason for choosing DTAB as tested surfactant to verify 

that whether the systematic change of dynamic surface tension between 

different trials can be observed or not. The dynamic surface tension of DTAB 

solution at the concentration of 4.954 g/L (i.e. 5.00 % above the CMC) is 

measured using the same experimental method and under the same 

experimental conditions as described in subsection 3.2.1. The CMC of DTAB 
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solution is 4.718 g/L (Atkin et al., 2003). The measurements are also 

performed 10 trials in each run and are repeated 10 runs in total. The 

arithmetic mean and the dispersion of dynamic surface tension between 100 

trials of DTAB solution (4.954 g/L) are shown in Figure 3-5 (The detailed 

dynamic surface tension results of all 10 runs of DTAB solution (4.954 g/L) 

are shown in Appendix C). Note that here the dispersion is represented by the 

standard deviation instead of the range, since the range is less useful in 

representing the dispersion of large data sets because it only depends on the 

largest and smallest values of the observations (Viljoen, 2000). The 

equilibrium surface tension of DTAB solution (4.954 g/L) is 37.40 ± 0.27 

mN/m, which will be calculated in section 5.2 and shown in Table 5-1. This 

value obtained in the current work shows agreement with the equilibrium 

surface tension of DTAB solution at the concentration of 6.167 g/L (i.e. 

approximate 30% above the CMC) measured by Espert et al. (1998), which is 

approximate 38.00 mN/m (as shown in Table 2-1). 

In order to compare the dispersion of dynamic surface tension results between 

different surfactant solutions, the arithmetic mean and the dispersion of 

dynamic surface tension between 100 trials of sodium tridecyl sulfate solution 

(1.301 g/L) and SDS solution (0.288 g/L in 0.584 g/L NaCl) are also shown in 

Figure 3-5. Furthermore, the average standard deviation of dynamic surface 

tension results over 2 minutes of these three surfactant solutions are also 

calculated. The average standard deviation of dynamic surface tension of 300 

images, SDA, is defined as: 
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                                          (3-3) 

where SDi is the standard deviation of dynamic surface tension between 

different trials of ith image.  

The average standard deviation of dynamic surface tension over 2 minutes of 

sodium tridecyl sulfate solution (1.301 g/L), SDS solution (0.288 g/L in 0.584 

g/L NaCl) and DTAB solution (4.954 g/L) are 2.97, 3.82 and 0.27 mN/m, 

respectively. The average standard deviation of DTAB solution (4.954 g/L) is 

much smaller than that of the other two surfactant solutions. By comparing the 

dispersion of dynamic surface tension results of these three surfactant 

solutions, for sodium tridecyl sulfate solution (1.301 g/L) and SDS solution 

(0.288 g/L in 0.584 g/L NaCl), the dispersion are very large as shown in 

Figure 3-5(a) & (b), which is due to the fact that the appreciable systematic 

change of dynamic surface tension between different trials has been observed. 

Whereas for DTAB solution (4.954 g/L), the dispersion is minor as shown in 

Figure 3-5(c) and therefore the dynamic surface tension results have 

demonstrable repeatability and precision between 100 trials. This indicates 

that the appreciable systematic change of dynamic surface tension between 

different trials has not been observed; neither the systematic increase nor the 

systematic decrease.  
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Figure 3-5. The arithmetic mean and the dispersion of dynamic surface tension between 100 

trials of three surfactant solutions. Error bars represent the standard deviation of all the 

observations. All the errors of data over 2 minutes are calculated and only present 1 error bar 

in every 10 error bars for clarity. (a) The results of sodium tridecyl sulfate solution at the 

concentration of 1.301 g/L (i.e. 2.68% above the CMC). (b) The results of SDS solution at the 

concentration of 0.288 g/L in 0.584 g/L NaCl aqueous solution (i.e. approximately 25% of the 

CMC). (c) The results of DTAB solution at the concentration of 4.954 g/L (i.e. 5.00 % above 

the CMC). 

To emphasise, it is demonstrated that the appreciable systematic change of 

dynamic surface tension between different trials does not occur at all in the 

dynamic surface tension measurements of DTAB solution (4.954 g/L). Since 
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DTAB does not contain highly surface-active impurity comparing with 

sodium alkyl sulfate homologues, this observation illustrates that the 

appreciable systematic change of dynamic surface tension between different 

trials is due to the presence of highly surface-active impurity. The effect of 

highly surface-active impurity on dynamic surface tension results has been 

demonstrated. Due to this effect, the repeatability and precision of dynamic 

surface tension measurements of surfactant solution with highly surface-active 

impurity is poor and thus it is difficult to decide the actual value of dynamic 

surface tension of surfactant solution with highly surface-active impurity. 

Therefore, it is necessary and important to determine a method by which to 

quantify the dynamic surface tension of surfactant solution with highly 

surface-active impurity. In the next section, statistical analysis of dynamic 

surface tension results of sodium tridecyl sulfate solution (1.301 g/L) and SDS 

solution (0.288 g/L in 0.584 g/L NaCl) is performed to achieve this goal. 

3.5 Statistical Analysis of Dynamic Surface Tension Results 

3.5.1 Proposal of a Hypothesis 

As described above, the dynamic surface tension measurements of sodium 

tridecyl sulfate solution (1.301 g/L) and SDS solution (0.288 g/L in 0.584 g/L 

NaCl) have been repeated 10 runs and in each run 10 independent trials have 

been performed. Therefore, the dynamic surface tension measurements have 

been repeated many times and large amounts of dynamic surface tension data 

have been obtained. From these data, since both unexpected systematic change 

and expected fluctuation of dynamic surface tension between 10 trials have 
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been observed among 10 runs, it is not straightforward to decide whether there 

is a significant dynamic surface tension difference between independent trials 

or not from a statistical perspective (i.e. considering large data population). 

Thus, it is difficult to decide whether the arithmetic mean of large amount of 

dynamic surface tension data can be applied or not to represent the actual 

value of dynamic surface tension of surfactant solution with highly surface-

active impurity from a statistical perspective (i.e. considering large data 

population). Therefore, the statistical hypothesis testing must be performed. 

The statistical hypothesis test is a method of statistical analysis to compare 

two statistical data sets to explore the statistical relationship between them. A 

statistical relationship between the data sets is proposed as a hypothesis and it 

is compared as an alternative to a null hypothesis that there is no such 

relationship between the data sets. This comparison is considered as 

statistically significant if the null hypothesis is not likely to realise according 

to a pre-specified threshold of probability, which is known as significance 

level that symbolised as α. In this case, the hypothesis that needs to be tested 

is that the dynamic surface tension changes significantly between independent 

trials. Since the largest dynamic surface tension differences can be observed 

are between trial 1 and trial 10 according to the experimental observations, the 

hypothesis that is going to be tested can be simplified as the dynamic surface 

tension change significantly between trial 1 and trial 10. In order to perform 

statistical hypothesis testing, the average of dynamic surface tension over 2 

minutes are calculated to represent the result of individual trial. The average 

dynamic surface tension results of trial 1 and trial 10 of 10 runs of sodium 
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tridecyl sulfate solution (1.301 g/L) and SDS solution (0.288 g/L in 0.584 g/L 

NaCl) are shown in Table 3-2.  

Table 3-2. The average dynamic surface tension results of trial 1 and trial 10 of 10 runs of 

sodium tridecyl sulfate solution (1.301 g/L) and SDS solution (0.288 g/L in 0.584 g/L NaCl) 

Sample Trial 

 The average dynamic surface tension 

(mN/m) 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 

Sodium 

tridecyl 

sulfate 

solution 

(1.301 g/L) 

1st 38.99 38.60 36.99 39.21 37.42 37.21 36.44 36.00 35.73 36.17 

10th 46.50 44.69 42.24 42.09 37.33 37.44 37.59 36.88 36.40 36.95 

SDS solution  

(0.288 g/L in 

0.584 g/L 

NaCl) 

1st 45.71 48.44 50.01 50.10 50.61 51.37 51.23 50.26 50.23 50.74 

10th 36.27 42.98 49.03 49.61 49.46 50.53 50.98 49.99 48.68 49.53 

For each surfactant solution, the average dynamic surface tension results of 

trial 1 and trial 10 can be considered as independent random variables. The 

average dynamic surface tension results of 10 runs of trial 1 can be regarded as 

one data set and that of trial 10 can be regarded as another data set. These two 

data sets are compared and the null hypothesis that symbolised as H0 is 

proposed as the dynamic surface tension results of trial 1 can be considered as 

the same with the dynamic surface tension results of trial 10. Whereas the 

alternative hypothesis that symbolised as H1 is the dynamic surface tension of 

trial 1 are significantly different from the dynamic surface tension results of 

trial 10. Mathematically, this is the difference between the mean of the 
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populations which the data sets are drawn from that is going to be compared to 

test this hypothesis. Therefore, the null hypothesis and the alternative 

hypothesis can be written as 

 
0 1 2 1 1 2: = ; :H H                                        (3-4) 

where μ1 is the mean of the population which the data set 1 is drawn from; μ2 

is the mean of the population which the data set 2 is drawn from. The 

significant level is pre-specified as 0.01, which is a probability threshold 

below which the null hypothesis will be rejected. The reason for using 0.01 as 

the significance level is that this probability is a common value in statistics to 

represent unlikely realisation, which means the probability of an event less 

than 0.01 can be considered as small probability event (Nuzzo, 2014). 

3.5.2 Method of Statistical Hypothesis Testing 

The above-mentioned hypothesis can be tested using different methods and it 

is important to select appropriate test method to obtain reliable results. In each 

method, a test statistic which is calculated from data sets can be used to 

perform hypothesis test. Generally, the test statistic is defined to quantify 

behaviours that would distinguish the null hypothesis from the alternative 

hypothesis. The optimum test statistic is selected before performing statistical 

hypothesis testing. The flow chart of the whole process of selecting optimum 

test methods and performing statistic hypothesis test is shown in Figure 3-6.  
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Figure 3-6. The flowchart for the statistical hypothesis testing 

Firstly, it is necessary to decide whether the data sets are drawn from normally 

distributed populations, as the test methods for data from normal distribution 

and abnormal distribution are different: The common test methods are the 

parametric method and most of them are only suitable for data from normal 

distribution. As for data from abnormal distribution, a non-parametric method 

can be applied. The Shapiro-Wilk test (1965) is performed herein to test the 

normality of the data sets, since it is one of the most commonly used methods 

and it has been proved by Razali et al. (2011) that the Shapiro-Wilk test had 

the best utility for a given significance. It tests the null hypothesis that the data 

is normally distributed. The test statistic is 
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where x(j) (with parentheses enclosing the subscript index j) is the jth order 

statistic, i.e., the jth smallest number in the data set; xj is the jth statistic in the 

data set; x̅ is the arithmetic mean of the data set; aj is a constant related to the 

standard normal distribution and is given by Shapiro and Wilk (1965). If the 

data sets are tested statistically not drawn from normal distribution population, 

the Wilcoxon rank sum test is applied to perform statistical hypothesis testing, 

as it is one of the most frequently used non-parametric tests (Mann et al., 

1947). The test statistic is 
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where r1 is the sum of the ranks in data set 1; n1 is the size of data set 1; n2 is 

the size of data set 2. If the data sets are statistically proved to follow the 

normal distribution, another property that needs to be determined is the 

variance equality of two populations, as the test methods for data with equal 

variances and unequal variances are different. The test method used herein is 

the two-sample F-test of equality of variances. The test statistic is  
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                                                (3-7) 

where S
2 

1  is the variance of data set 1; S
2 

2  is the variance of data set 2. For data 

sets drawn from populations with equal variances, the two-sample Student’s 
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T-test is applied to perform statistical hypothesis testing and for data sets 

drawn from populations with unequal variances, the Welch’s test is used 

instead. The Welch’s test is an adaptation of the Student’s t-test, which is 

more reliable when the data sets are drawn from populations with unequal 

variances (Ruxton, 2006). The test statistic and the degree of freedom of test 

statistic of these two tests are different. The test statistic of the two-sample 

Student’s T-test is 

 1 2
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                         (3-8) 

where X̅1 is the arithmetic mean of data set 1; X̅2 is the arithmetic mean of data 

set 2. The degree of freedom of this test statistic is 1 2 2n n  . As for the 

Welch’s test, the test statistic is 
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                                               (3-9) 

and the degree of freedom of this test statistic is 

2
2 2

1 2

1 2

2 2
2 2

1 2

1 2

1 2

+
1 1

S S

n n

S S

n n

n n

 
 

 

    
    
    
  
 
 
 

. All of 

these five test methods can provide the probability value (p-value), which is 

the probability that, when the null hypothesis is true, the test statistic would be 

the same as or of greater magnitude than the actual observed results. Then, 
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comparing the probability value with pre-specified significance level, if the 

probability value is less than the significance level, the null hypothesis will be 

rejected and the alternative hypothesis will be accepted, otherwise the null 

hypothesis will be accepted. 

3.5.3 Results of Statistical Hypothesis Testing 

The results of the normality test are shown in Table 3-3. It can be seen that the 

probability values of 2 trials of sodium tridecyl sulfate solution (1.301 g/L) are 

larger than the significance level (α = 0.01), whereas those of SDS solution 

(0.288 g/L in 0.584 g/L NaCl) are smaller than the significance level. This 

indicates that the observed data of two trials of sodium tridecyl sulfate solution 

(1.301 g/L) are significantly drawn from normality distributed populations, 

whereas the data sets of two trials of SDS solution (0.288 g/L in 0.584 g/L 

NaCl) are not significantly drawn from normally distributed populations. 

Therefore, for SDS solution (0.288 g/L in 0.584 g/L NaCl), the Wilcoxon 

rank-sum test is applied directly to perform statistical hypothesis testing. 

While for sodium tridecyl sulfate solution (1.301 g/L), the equality of 

variances of the populations which the data sets are drawn from need to be 

tested next to select appropriate test method. 
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Table 3-3. Results of the normality test showing that whether the data sets are drawn from 

normally distributed populations 

Sample Trial p-value Decision at α=0.01 

Sodium tridecyl 

sulfate solution  

(1.301 g/L) 

1st  0.2866 
Cannot reject 

normality 

10th  0.0226 
Cannot reject 

normality 

SDS solution  

(0.288 g/L in 0.584 

g/L NaCl) 

1st  0.0056 Reject normality 

10th  0.0004 Reject normality 

The two sample F-test for equality of variances is performed and the 

probability value of sodium tridecyl sulfate solution (1.301 g/L) is 0.0037, 

which is smaller than the pre-specified significance level. This illustrates that 

the variances of the two populations which the data sets of sodium tridecyl 

sulfate solution (1.301 g/L) drawn from are significantly different. Thus, for 

sodium tridecyl sulfate solution (1.301 g/L), Welch’s T-test is the appropriate 

test method for performing statistical hypothesis testing. After conducting the 

normality test and the variance equality test, the optimum test method for each 

sample has been selected and then the statistical hypothesis testing for each 

sample has been conducted individually using corresponding optimum test 

method. The results of statistical hypothesis testing are shown in Table 3-4.  

Table 3-4. Results of statistical hypothesis testing  

Sample Test method p-value Decision at α=0.01 

Sodium tridecyl 

sulfate solution 

(1.301 g/L) 

Welch’s T-test 0.0664 
Cannot reject null 

hypothesis 

SDS solution 

(0.288 g/L in 

0.584 g/L NaCl) 

Wilcoxon rank-sum test 0.0757 
Cannot reject null 

hypothesis 
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It demonstrates that the probability values of these two surfactant solutions are 

both larger than the pre-specified significance level, which indicates that the 

null hypothesis cannot be rejected. The statement of null hypothesis is 

accepted and statistically proved, which indicates that, for both sodium 

tridecyl sulfate solution (1.301 g/L) and SDS solution (0.288 g/L in 0.584 g/L 

NaCl), the dynamic surface tension results of trial 1 can be considered as the 

same with the dynamic surface tension results of trial 10. Furthermore, this 

demonstrates that the dynamic surface tension of individual trials can be 

considered as the same and do not change significantly for a statistical 

perspective (i.e. considering large data population). Due to this, the arithmetic 

mean of the dynamic surface tension results of all 100 trials can be applied to 

represent the dynamic surface tension of these two surfactant solutions. In 

addition, this indicates that performing large numbers of independent trials of 

dynamic surface tension measurement using the static pendant droplet method 

is necessary to obtain the dynamic surface tension value of ionic surfactant 

solution with highly surface-active impurity, which can be quantified by the 

arithmetic mean of dynamic surface tension results between different trials. 

3.6 Summary 

Dynamic surface tension measurements of ionic surfactant solution using the 

static pendant droplet method are performed statistically sufficient 

independent trials. The observable differences of dynamic surface tension 

results are noted, and it is demonstrated that these differences are due to the 

presence of trace amounts of highly surface-active impurities, which 

compromises the repeatability and precision of dynamic surface tension 
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measurement of ionic surfactant solution using the static pendant droplet 

method. For ionic surfactant solution without highly surface-active impurity, 

the considerable differences of dynamic surface tension have not been 

observed and the dynamic surface tension results show acceptable 

repeatability and precision. Furthermore, it is proved that, with respect to the 

static pendant droplet method, obtaining the dynamic surface tension value of 

ionic surfactant solutions with highly surface active impurity from a single 

trial or a small quantity of trials is not necessarily accurate and therefore not 

reliable. It is necessary to perform large numbers of independent trials of 

dynamic surface tension measurement to acquire the dynamic surface tension 

values of ionic surfactant solution with highly surface-active impurity by 

calculating the arithmetic mean. 



 

 

 

 

 

 

Chapter 4 Effect of Environmental 

Relative Humidity on Foam Stability 
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4.1 Introduction 

It is essential to characterise foam stability accurately when relating foam 

stability to surface mechanical properties, otherwise the conclusion obtained 

from the inaccurate foam stability results will be compromised. Therefore, it is 

important and necessary to study the accurate measurement of foam stability. 

In this chapter, measurements of foam stability at different environmental 

relative humidities are performed to confirm and extend the observation of the 

dependency of foam stability upon environmental relative humidity obtained 

by Li et al. (2010). 

4.2 Experimental Details 

The modified Bikerman foam stability test of Li et al. (2010) is performed 

herein to measure foam stability of SDS solution at the concentration of 2.402 

g/L (i.e. 1.56% above the CMC) with different environmental relative 

humidities in the freeboard (which is the space between the foam surface and 

the top of the column). Note that the SDS solution is prepared slightly above 

the CMC to ensure that the actual concentration of the prepared SDS solution 

reaches the CMC and thus to avoid a possible smaller equilibrium surface 

tension if the actual concentration of the prepared SDS solution is smaller than 

the CMC. The CMC of SDS solution is 2.365 g/L (Varga et al., 2007). In this 

modified method, a non-overflowing pneumatic foam is created in a column 

by supplying compressed air into SDS solution. The foam will reach an 

equilibrium height when the collapse rate at the top of the foam is equal to the 

formation rate at the bottom of the foam. In comparison to the original test of 



 

   120 

 

Bikerman (1938, 1973), the modification is that the environmental relative 

humidity at the top of the column is controlled and recorded when producing 

the foam. In the original Bikerman foam stability test, foam stability was 

quantified as the quotient of equilibrium foam height and superficial air 

velocity, which was defined by Bikerman (1973) as 

e

a

H

j
                                           (4-1) 

where Σ is the quotient of equilibrium foam height and superficial air velocity 

which has unit of time. He is the equilibrium foam height and ja is the 

superficial air velocity. In the current experiment, foam stability is 

characterised by the equilibrium foam height when all the experimental 

conditions are specified, including temperature, superficial air velocity, and 

bubble size.  

A representative photograph and a schematic diagram of the whole 

experimental system are shown in Figure 4-1 and 4-2, respectively. The 

Perspex column of circular section is 1.2 m tall and the internal and external 

diameters of the Perspex column are 52 mm and 60 mm, respectively. The 

column consists of two parts: the upper one is 1 m tall with a scale fitted to the 

side to record the foam height and the lower one is 0.2 m tall. They are 

connected by a flange. A glass frit is clamped between the two parts and the 

porosity of the glass frit is 40-100 μm. Humid air is pumped into the column 

from the bottom via this glass frit. A needle valve and a flowmeter are 

connected in series with the humid air tubing to control and measure the 

superficial velocity of humid air. Dry air is supplied into the column and 
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mixed with environmental air from the top via a specially constructed 

distribution tubing located 0.1 m below the top to control the relative humidity 

at the top of the column. Another needle valve/ flowmeter set is connected 

with the dry air tubing to control and measure the superficial velocity of dry 

air. Self-indicating silica gel (Fisher Scientific) is employed herein as drying 

agent, which turns from orange to colourless when water is adsorbed (The 

effectiveness of drying agent to dry compressed air is demonstrated in 

Appendix D). The relative humidity is measured at the top of the column by a 

thermohygrometer (Rotronic, HC2-WIN-USB) which reports to a computer. 

The relative humidity is recorded every minute and the arithmetic mean of all 

relative humidity results during the measurement is calculated as the value of 

relative humidity of the measurement. During the measurement, photographs 

are taken at the bottom of the foam layer by a digital camera (Canon, IXUS 

275) with illumination (LED Torch, HIILIGHT 2000). 

 
Figure 4-1. The representative photograph of the experimental system for measuring foam 

stability under conditions of controlled-humidity 
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Figure 4-2. The schematic diagram of the experimental system for measuring foam stability 

under conditions of controlled-humidity 

All measurements are performed at the temperature of the laboratory, which is 

controlled at 22 ± 1 °C. The values of environmental relative humidity 

controlled herein are 93.9 ± 1.0, 71.1 ± 2.6, 51.3 ± 1.2, 30.5 ± 1.2 and 10.0 ± 

1.5% (The corresponding superficial velocities of dry air to maintain these 

environmental relative humidities are 0 (The dry air is not delivered), 0.30 ± 

0.03, 0.35 ± 0.01, 0.39 ± 0.01, 0.42 ± 0.01 mm/s, respectively). The foam 

stability measurements are repeated 3 times at each environmental relative 

humidity value. 1 litre SDS solution at the concentration of 2.402 g/L is used 

and the foam-liquid interface is kept 0.8 m below the top of the column in 

each trial. The superficial velocity of humid air is kept constant at 0.075 ± 

0.015 mm/s for each trial. (It has been demonstrated by Li et al. (2010) that 

the evolution of foam height was a function of superficial velocity of humid 

air and they have performed the foam stability measurement at humid air 
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superficial velocities of 0.027, 0.053, 0.080, 0.107 and 0.133 mm/s. In the 

current work, the superficial velocity of humid air is maintained constant at a 

relatively intermediate value to ensure the air flow is steady and non-

overflowing foam is obtained). The foam height is recorded every 5 minutes 

after delivering humid air into SDS solution. For each trial, 3 photographs are 

taken of the foam and an image processing software (ImageJ) is applied to 

provide an estimation of the arithmetic mean bubble diameter of the foam. 

Note that due to the curved nature of the column and the refraction of light, the 

quality of photographs obtained herein is compromised because of the optical 

distortion issue and therefore affects the estimation of the arithmetic mean 

bubble diameter of the foam. However, these photographs are still analysed to 

provide an objective estimation of the arithmetic mean bubble diameter of the 

foam. By means of the programme, the photograph is expanded and a square 

with 100 mm2 area is drawn upon it, then the number of bubbles covered in 

the square is counted. It is assumed that the shape of a bubble in the 

photograph is circle and the area of all bubbles covered in the square is 

approximately equal to the area of the square, which gives 

2

100
2

AD
n

 
 

 
                                        (4-2) 

where n is the number of bubbles covered in the square and DA is the 

arithmetic mean bubble diameter. According to eq. 4-2, the arithmetic mean 

bubble diameter can been calculated through the number of bubbles covered in 

the square. A representative photograph of produced foams with a square of 

100 mm2 area is shown in Figure 4-3. 
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Figure 4-3. Representative photograph of produced foams with a square of 100 mm2 area. This 

foam is produced by SDS solution at the concentration of 2.402 g/L with the environmental 

relative humidity at the top of the column controlled at 93.9 ± 1.0 %. The minimum 

graduation of this scale is 1mm. 

Note that this method is not an actual measurement of the bubble diameter, 

instead it just provides an indication of bubble diameter. In the current work, it 

is used to estimate the arithmetic mean bubble diameter of produced foams. 

For all measurements, the estimation of arithmetic mean bubble diameter is 

0.53 ± 0.11 mm. The error is the standard deviation of all arithmetic mean 

bubble diameters calculated from all photographs. 

4.3 Effect of Environmental Relative Humidity on Foam Stability 

The evolution of foam height of SDS solution with different values of 

environmental relative humidity at the top of the column is shown in Figure 4-

4 (The detailed results of each independent measurement are shown in 

Appendix E). It is seen that the foam height increases approximately linearly 
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when the environmental relative humidity at the top of the column is 93.9%. It 

indicates that the foam continues to grow linearly and does not reach an 

equilibrium height during the measurement period when the air at the top of 

the column is nearly saturated with water. For lower values of environmental 

relative humidity, it is seen that the foam heights also grow approximately 

linearly at first before attaining an equilibrium height. The equilibrium foam 

height and the Bikerman’s Σ value with different environmental relative 

humidities at the top of the column are shown in Table 4-1 and the equilibrium 

foam height plotted against environmental relative humidity is shown in 

Figure 4-5. As can be seen, the equilibrium foam height grows monotonically 

with the increase of environmental relative humidity at the top of the column. 

This indicates that the equilibrium foam height is a function of environmental 

relative humidity, thereby confirming and extending the observations of Li et 

al. (2010). Furthermore, this result also shows agreement with the observation 

obtained by Champougny et al. (2018), who have experimentally investigated 

the influence of environmental relative humidity on soap film stability and 

have found that the film length at rupture increased continuously with the 

environmental relative humidity. 
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Figure 4-4. The foam height of SDS solution with different environmental relative humidities 

at the top of the column. The error bars represent the full range of independent observations. 

The legend indicates the environmental relative humidity in the freeboard of the column. This 

result shows agreement with the observation of Li et al. (2010) 

 

Table 4-1. The equilibrium foam height with different environmental relative humidities at the 

top of the column. The error of the environmental relative humidity is the standard deviation 

of all recorded environmental relative humidity results. The values in brackets of equilibrium 

foam height represent the full range of observations. The values in brackets of Bikerman’s Σ 

value represent the full range of calculations. 

Relative 

Humidity  

(%) 

Equilibrium Foam Height  

(mm) 

Bikerman’s Σ value 

(s) 

93.9 ± 1.0 
696 (687 - 705) (the highest value 

that was recorded) 
9280 (7633 - 11750) 

71.1 ± 2.6 435 (424 - 442) 5800 (4711 - 7367) 

51.3 ± 1.2 349 (347 - 351) 4653 (3856 - 5850) 

30.5 ± 1.2 282 (256 - 315) 3760 (2844 - 5250) 

10.0 ± 1.5 256 (248 - 269) 3413 (2756 - 4483) 
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Figure 4-5. The equilibrium foam height as a function of environmental relative humidity. 

Note that the foam height at environmental relative humidity of 93.9% is the highest value 

that was recorded rather than an equilibrium value. The error bars of the environmental 

relative humidity represent the standard deviation of all observations. The error bars of 

equilibrium foam height represent the full range of independent observations (because the 

independent foam stability measurements at each environmental relative humidity are only 

repeated 3 times). 

Since foam stability is characterised by the equilibrium foam height, it is 

reasonable to conclude that foam stability is a function of environmental 

relative humidity at the top of the column and the foam becomes more stable 

with the increase of the environmental relative humidity at the top of the 

column. Thus, foam stability can be manipulated by changing the 

environmental relative humidity at the top of the column. This indicates that 

the environmental relative humidity is also an important element that affects 

foam stability and it has to be controlled and measured when using 

equilibrium foam height or similar parameters to quantify foam stability. It is 

only meaningful to compare foam stability which is measured at the same 

environmental relative humidity, as well as other experimental conditions. Li 
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et al. (2010) have emphasised that environmental relative humidity should be 

controlled in foam stability measurement and the observation obtained by 

Champougny et al. (2018) has also suggested the importance of environmental 

relative humidity in foam stability measurement. However, this factor has still 

been largely overlooked by researchers who perform foam stability 

measurement and the environmental relative humidity has not been controlled 

with high precision. For instance, Wang et al. (2016) have studied the stability 

of foams stabilised by SDS solution with and without dodecanol. In their 

experiment, the environmental relative humidity was kept at 50-60% and it 

was considered as constant.  Nevertheless, it can be seen from Figure 4-5 that 

the equilibrium foam height difference between the environmental relative 

humidity of 50% and 60% is still material, with a difference in foam height of 

approximately 50 mm being observed in the current experiment. This indicates 

that the environmental relative humidity of 50-60% cannot be regarded as the 

same and the conclusions obtained in their study are potentially compromised, 

as the difference of foam stability could result from the difference of 

environmental relative humidity. Therefore, it is important to control the 

environmental relative humidity with high accuracy when measuring foam 

stability. Note that in the current work, the observations of foam stability have 

not been compared directly with the results of foam stability measurement of 

Wang et al. (2016), since the experimental systems and conditions of their 

work are different with those of the current work, which results in the direct 

comparison impracticable. 
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4.4 Summary 

In this chapter, foam stability is measured with a modified Bikerman foam 

stability test at different environmental relative humidities. It is confirmed that 

foam stability is dependent upon environmental relative humidity. With 

regards to relating foam stability to surface mechanical properties, foam 

stability of different surfactant solutions need to be measured at the same 

environmental relative humidity. In the experiments of later chapters (chapters 

5 and 6), all the foam stability measurements are performed at consistent 

values of environmental relative humidity. In the next chapter (Chapter 5), the 

relationship between foam stability and surface mechanical properties, 

including surface tension and surface rheological properties, are studied. It is 

precisely to facilitate an investigation of this relationship that the 

environmental relative humidity has to be controlled at a constant value. 



 

 

 

 

 

 

Chapter 5 Dependency of Foam 

Stability upon Surface Tension and 
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5.1 Introduction 

After a detailed exploration of the measurement of surface rheological 

properties, surface tension and foam stability, in this chapter, foam stability 

will be correlated to surface rheological properties including surface elasticity, 

surface dilatational viscosity and Gibbs elasticity under the condition that the 

effect of surface tension on foam stability is kept constant and therefore 

eliminated. Firstly, the static pendent droplet method is performed to measure 

dynamic surface tension of different surfactant solutions in order to find out 

the different surfactant solutions with approximately the same equilibrium 

surface tension. Then, the measurements of foam stability and surface 

rheological properties of these surfactant solutions are performed to correlate 

foam stability with surface rheological properties. 

5.2 Different Surfactant Solutions with Approximately the Same 

Equilibrium Surface Tension 

As described above (in subsection 1.4.2), it is important to eliminate the effect 

of surface tension on foam stability when relating foam stability to surface 

rheological properties. Therefore, surface rheological properties have to be 

varied independently of surface tension, which means that surface rheological 

properties are changed whilst maintaining an approximately constant 

equilibrium surface tension. This is achieved by changing the surfactant type 

and manipulating the concentration of surfactant solutions so that the 

equilibrium surface tension is approximately the same. 
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In order to find different surfactant solutions with approximately the same 

equilibrium surface tension, the static pendant droplet method is performed 

herein to measure dynamic surface tension of different surfactant solutions 

with different concentrations. The equilibrium surface tension can be obtained 

by linear extrapolation of the dynamic surface tension to infinite time via the 

method of Makievski et al. (1997), who suggested that as a long time 

approximation, the dynamic surface tension is a linear function of 1/2t , which 

can be written as 

 

1/22
1/2

2

e
e

RT
t

c D


   
  

 
                                   (5-1) 

where R is universal gas constant; T is absolute temperature; c is bulk 

concentration of surfactant solution; π is circular constant; D is diffusion 

coefficient; t is time and σe is equilibrium surface tension. When plotting eq. 

5-1 into coordinate system with σ vs. 1/2t , the intercept at ordinate is an 

estimation of equilibrium surface tension. In fact, to simplify the estimation 

process, the results of dynamic surface tension are plotted against 1/2t , then a 

tangent of the curve is plotted and the intercept at ordinate can be considered 

as the estimation of equilibrium surface tension. Note that this method is 

originally proposed for non-ionic surfactants and the estimated equilibrium 

surface tension by this method is typically smaller than the real equilibrium 

surface tension, which can amount to 0.5-2 mN/m (Makievski et al., 1997). 

However, it is applied herein to provide an objective criterion for the 

determination of equilibrium surface tension. 
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The surfactants used for the experiment are TX-100 which is a non-ionic 

surfactant, sodium tridecyl sulfate and dodecyl trimethyl ammonium bromide 

(DTAB). TX-100 was also purchased from Fisher Scientific Co. with purity 

above 95% and these three surfactants are all used without further purification. 

The CMC of these three surfactant solutions are 0.175 g/L, 1.267 g/L, and 

4.718 g/L, respectively (Soria-Sanchez et al., 2010; Varga et al., 2007; Atkin 

et al., 2003). The same apparatus as shown in Figure 2-2 has been applied to 

this set of experiments and the static pendent dropt method has been 

performed under the same experimental conditions as described in subsection 

3.2.1. Independent measurements are repeated 100 times and the arithmetic 

mean of dynamic surface tension results obtained from all independent trials is 

calculated to obtain the value of dynamic surface tension. This set of  

experiments are repeated with above three surfactants at different 

concentrations until approximately the same equilibrium surface tension of 

these three surfactant solutions at different concentrations have been obtained. 

Finally, the determined concentrations for TX-100, sodium tridecyl sulfate and 

DTAB solutions are 0.066 g/L (i.e. 37.50% of the CMC of TX-100), 1.301 g/L 

(i.e. 2.68% above the CMC of sodium tridecyl sulfate) and 4.954 g/L (i.e. 5.00% 

above the CMC of DTAB), individually. Note that the equilibrium surface 

tension of TX-100 solution at the concentration of 0.066 g/L is actually 

slightly higher than the equilibrium surface tension of the other two surfactant 

solutions which are almost the same. However, it is the closest value can be 

obtained to the equilibrium surface tension of the other two surfactant 

solutions in the current experiments. The detailed results of equilibrium 



 

   134 

 

surface tension of TX-100 solution at different concentrations are shown in 

Appendix F. 

The dynamic surface tension results of these three surfactant solutions are 

shown in Figure 5-1 and the method of linear extrapolation of dynamic surface 

tension to estimate equilibrium surface tension is shown in Figure 5-2. It can 

be seen in Figure 5-1 that the dynamic surface tension of TX-100 solution at 

the concentration of 0.066 g/L is larger than that of sodium tridecyl sulfate 

solution at the concentration of 1.301 g/L which is larger than that of DTAB 

solution at the concentration of 4.954 g/L.  

 
Figure 5-1. Dynamic surface tension results of TX-100 solution (0.066 g/L), sodium tridecyl 

sulfate solution (1.301 g/L) and DTAB solution (4.954 g/L). The error bars represent the 

standard deviation of the observations. All the errors of obtained data are calculated and only 

present 1 error bar in every 10 error bars for clarity.  
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Figure 5-2. Dynamic surface tension results of TX-100 solution (0.066 g/L), sodium tridecyl 

sulfate solution (1.301 g/L) and DTAB solution (4.954 g/L) against 
1/2t . (a) Full range of 

results. (b) Partial enlarged view.  The straight line represents a tangent and a linear 

extrapolation of dynamic surface tension to infinite time. The intercept at ordinate represents 

the estimated equilibrium surface tension. The error bars represent the standard deviation of 

the observations. All the errors of obtained data are calculated and only present 1 error bar in 

every 10 error bars for clarity. 
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After plotting the dynamic surface tension results of these three surfactant 

solutions against 1/2t  as shown in Figure 5-2(a), a tangent to the curve is 

applied as linear extrapolation of dynamic surface tension and the intercepts at 

ordinate are the estimated equilibrium surface tensions of these three 

surfactant solutions, which are shown in Figure 5-2(b). The estimated 

equilibrium surface tensions of these three surfactant solutions are shown in 

Table 5-1. The error of equilibrium surface tension is calculated by the 

average of errors of dynamic surface tension of 300 images (i.e. over 2 

minutes). 

Table 5-1. Results of equilibrium surface tension, surface rheological properties and 

equilibrium foam height of TX-100 solution (0.066 g/L), DTAB solution (4.954 g/L) and 

sodium tridecyl sulfate solution (1.301 g/L). The errors of equilibrium surface tension and 

surface rheological properties are the standard deviation of the independent observations. The 

values in brackets represent the full range of observations. 

Sample  

Equilibrium 

surface 

tension 

(mN/m) 

Surface 

elasticity 

(mN/m) 

Surface 

dilatational 

viscosity 

(mN∙s/m) 

Gibbs 

elasticity 

(mN/m) 

Equilibrium 

foam height 

(mm) 

TX-100  

(0.066 g/L) 
38.30 ± 0.16 15.32 ± 0.27 2.46 ± 0.11 39.02 ± 2.45 164 (162 - 166) 

DTAB  

(4.954 g/L) 
37.40 ± 0.27 2.51 ± 0.43 0.05 ± 0.04 2.70 ± 0.42 288 (280 - 302) 

Sodium 

tridecyl 

sulfate 

(1.301 g/L) 

37.60 ± 2.97 3.53 ± 0.16 0.34 ± 0.02 5.50 ± 0.26 314 (307 - 320) 

It can be seen from Figure 5-2(b) and Table 5-1 that the equilibrium surface 

tension of TX-100 solution at the concentration of 0.066 g/L, DTAB solution 

at the concentration of 4.954 g/L and sodium tridecyl sulfate solution at the 

concentration of 1.301 g/L are 38.30, 37.40 and 37.60 mN/m, respectively. 

This indicates that the equilibrium surface tension of DTAB solution at the 

concentration of 4.954 g/L and sodium tridecyl sulfate solution at the 

concentration of 1.301 g/L are approximately the same, whilst the equilibrium 
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surface tension of TX-100 solution at the concentration of 0.066 g/L is slightly 

higher than that of the other two solutions. This statement will be confirmed 

by the observation of bubble size of foams produced from these three 

surfactant solutions in the next section (section 5.3). 

In this section, two surfactant solutions with approximately the same 

equilibrium surface tension and one surfactant solution with slightly higher 

equilibrium surface tension are obtained. In the next section, foam stability of 

these three surfactant solutions are measured at the same environmental 

relative humidity and surface rheological properties of these three surfactant 

solutions are measured at the same oscillation frequency and amplitude. Then, 

the relationship between surface rheological properties and foam stability of 

these three surfactant solutions will be studied.  

5.3 Relationship between Surface Rheological Properties and Foam 

Stability 

In order to relate foam stability to surface rheological properties, the 

measurements of foam stability and surface rheological properties of different 

surfactant solutions as mentioned above are performed. The same methods as 

described in sections 2.3 and 4.2 are applied. The foam stability measurements 

are performed at environmental relative humidity of 70.0 ± 0.3%, since a finite 

foam height of large depth can be obtained under this condition. The 

superficial velocity of dry air is controlled at 0.30 ± 0.03 mm/s during the 

experiment to maintain this environmental relative humidity. All the other 

experimental conditions remain the same as mentioned in section 4.2 and the 
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same method to obtain the estimation of arithmetic mean bubble diameter as 

described in section 4.2 is applied herein as well to quantify the bubble size of 

produced foams. Also, the measurements of surface rheological properties are 

performed at the oscillation frequency of 0.5 Hz and the oscillation amplitude 

of 0.25. Note that 0.5 Hz is approximately the underlying frequency applied 

on bubbles in the foam stability measurement considering the superficial 

velocity of dry air (0.30 ± 0.03 mm/s) and the bubble size (i.e. arithmetic mean 

bubble diameter) of foams (for example, the estimation of arithmetic mean 

bubble diameter of foams produced from DTAB solution (4.954 g/L) is 0.59 ± 

0.06 mm), since the quotient of superficial velocity of dry air and bubble size 

(i.e. arithmetic mean bubble diameter) indicates the value of underlying 

frequency applied on bubbles. The value of oscillation amplitude is chosen at 

0.25, as this value ensures droplet oscillation whilst retaining the integrity of 

the droplet. The measurements are repeated 30 times with each of the 

surfactant solution. All the other experimental conditions are the same as in 

section 2.3.  

Typical photographs of foams produced from TX-100 solution (0.066 g/L), 

DTAB solution (4.954 g/L) and sodium tridecyl sulfate solution (1.301 g/L) 

are shown in Figure 5-3. It can be seen from Figure 5-3 that the bubble size 

(i.e. arithmetic mean bubble diameter) of foam produced from TX-100 

solution at the concentration of 0.066 g/L is larger than those of other foams, 

which are otherwise approximately the same. In fact, the bubble size (i.e. 

arithmetic mean bubble diameter) of these foams produced from TX-100 

solution (0.066 g/L), DTAB solution (4.954 g/L) and sodium tridecyl sulfate 
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solution (1.301 g/L) are 0.77 ± 0.08, 0.59 ± 0.06 and 0.59 ± 0.11 mm, 

respectively. The error of the bubble size is the standard deviation of bubble 

sizes calculated from all photographs of each surfactant solution. Note that the 

difference of bubble sizes between foam produced by TX-100 solution at the 

concentration of 0.066 g/L and the other two foams only results from the 

different equilibrium surface tension, as the foams of different surfactant 

solutions are produced at the same conditions (i.e. the porosity of glass frit, 

superficial air velocity, environmental temperature and relative humidity are 

all the same). Therefore, the observation of bubble size (i.e. arithmetic mean 

bubble diameter) of different foams confirms that the equilibrium surface 

tension of TX-100 solution at the concentration of 0.066 g/L is higher than 

those of DTAB solution at the concentration of 4.954 g/L and sodium tridecyl 

sulfate solution at the concentration of 1.301 g/L, which are approximately the 

same. This shows agreement with the observation of estimated equilibrium 

surface tension of these three surfactant solutions. 

 
Figure 5-3. The representative photo of foams produced from TX-100 solution (0.066 g/L), 

DTAB solution (4.954 g/L) and sodium tridecyl sulfate solution (1.301 g/L). (a) Foam 

produced from TX-100 solution at the concentration of 0.066 g/L. (b) Foam produced from 

DTAB solution at the concentration of 4.954 g/L. (c) Foam produced from sodium tridecyl 

sulfate solution at the concentration of 1.301 g/L. The proportional scale is 5 mm.  

The evolution of foam height of these three surfactant solutions are shown in 

Figure 5-4 (The detailed results of each independent measurement are shown 
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in Appendix F). It is shown in Figure 5-4 that the foam heights of these three 

surfactant solutions grow approximately linearly at first until reaching an 

equilibrium height, which confirms the observation that is shown in section 

4.3.  

 
Figure 5-4. The evolution of foam height of TX-100 solution (0.066 g/L), DTAB solution 

(4.954 g/L) and sodium tridecyl sulfate solution (1.301 g/L) with environmental humidity at 

70%. The error bars represent the full range of independent observations. 

The equilibrium foam heights of these three surfactant solutions are shown in 

Table 5-1. As can be seen, the equilibrium foam height of TX-100 solution at 

the concentration of 0.066 g/L is lower than that of DTAB solution at the 

concentration of 4.954 g/L which is lower than that of sodium tridecyl sulfate 

solution at the concentration of 1.301 g/L. This demonstrates that the foam 

stability of sodium tridecyl sulfate solution at the concentration of 1.301 g/L is 

the best among foams produced by these three surfactant solutions, whilst the 

foam stability of DTAB solution at the concentration of 4.954 g/L is at the 
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intermediate value and the foam stability of TX-100 solution at the 

concentration of 0.066 g/L is the lowest.  

The results of surface rheological properties of these three surfactant solutions 

are also shown in Table 5-1 (The detailed results of surface rheological 

properties in each independent measurement of these three surfactant solutions 

are shown in Appendix F). The surface rheological properties of TX-100 

solution (0.066 g/L) obtained in the current work are compared with the values 

reported by Hunter et al. (2009) (the surface elasticity value) and Fruhner et al. 

(1999) (the surface dilatational viscosity and Gibbs elasticity values) of TX-

100 solution at a similar concentration of 0.065 g/L, which are shown in Table 

1-2. The difference in the surface elasticity value obtained in the current work 

(which is 15.32 ± 0.27 mN/m) and by Hunter et al. (2009) (which is 11.00 

mN/m) is due to the different oscillation frequencies in the measurements, 

which are 0.5 Hz in the current work and 0.04 Hz in Hunter et al. (2009). The 

different values of Gibbs elasticity obtained in the current work (which is 

39.02 ± 2.45 mN/m) and by Fruhner et al. (1999) (48.50 mN/m) could result 

from the slight difference in the solution concentration, since larger surfactant 

concentration results in smaller surface dilatational properties as demonstrated 

by Shrestha et al. (2008). It is worth noting that the surface dilatational 

viscosity of TX-100 solution (0.065 g/L) obtained by Fruhner et al. (1999) is 

actually an intrinsic value, which explains why it is much smaller than the 

value obtained in the current work, since the surface dilatational viscosity 

obtained in the current work is the apparent value. 
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Furthermore, the surface elasticity and surface dilatational viscosity of DTAB 

solution (4.954 g/L) obtained in the current work are compared with those 

values of DTAB solution at the concentration of 6.167 g/L reported by 

Monroy et al. (1998) which are shown in Table 1-2. The reason that these two 

DTAB solutions are comparable is the concentrations of these two DTAB 

solutions are both above the CMC, which is 4.718 g/L (Atkin et al., 2003). 

The values of surface elasticity and surface dilatational viscosity obtained in 

the current work and in Monroy et al. (1998) are in the same range and the 

difference is due to the different oscillation frequencies in the measurements, 

which are 0.5 Hz in the current work and 800 Hz in Monroy et al. (1998). 

It also can be seen from Table 5-1 that surface elasticity, surface dilatational 

viscosity and Gibbs elasticity of TX-100 solution at the concentration of 0.066 

g/L are much larger than those of sodium tridecyl sulfate solution at the 

concentration of 1.301 g/L which are slight larger than those of DTAB 

solution at the concentration of 4.954 g/L. In fact, the much larger surface 

rheological properties of TX-100 solution (0.066 g/L) is due to the much 

lower surfactant concentration compared to sodium tridecyl sulfate solution 

(1.301 g/L) and DTAB solution (4.954 g/L), which is approximate 20-75 times 

lower to these two surfactant solutions. This is because lower surfactant 

concentration results in lower surface excess and thus surface tension changes 

more appreciably compared to surface area in response to the surface 

expansion, which leads to larger surface rheological properties (Shrestha et al., 

2008). In order to highlight the effect of surfactant concentration on surface 

rheological properties, the surface rheological properties of SDS solution 
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(0.087 g/L in 8.766 g/L NaCl, which has been studied in chapter 2) at the 

oscillation frequency of 0.5 Hz and the oscillation amplitude of 0.25 are 

shown in Table 5-2 as a reference to the surface rheological properties data 

shown in Table 5-1. Note that the measurement of surface rheological 

properties of this SDS solution at the oscillation frequency of 0.5 Hz is not 

actually performed in chapter 2 and the values of surface rheological 

properties at this oscillation frequency are inferred from Figure 2-4, thus these 

values should be considered as approximate. Furthermore, the equilibrium 

surface tension result of SDS solution (0.288 g/L in 0.584 g/L NaCl, which 

has been studied in chapter 3) and the equilibrium foam height of foams 

produced from SDS solution (2.402 g/L, which has been studied in chapter 4) 

at the environmental relative humidity of 71.1 ± 2.6% are also presented in 

Table 5-2 for a comparison with the data of equilibrium surface tension and 

equilibrium foam height shown in Table 5-1.  

Table 5-2 Results of equilibrium surface tension, surface rheological properties and 

equilibrium foam height of SDS solution at different concentrations. The error of equilibrium 

surface tension is the standard deviation of the independent observations. The values in 

brackets represent the full range of observations. 

Concentration 

of SDS 

solution 

(g/L) 

Equilibrium 

surface 

tension 

(mN/m) 

Surface 

elasticity 

(mN/m) 

Surface 

dilatational 

viscosity 

(mN∙s/m) 

Gibbs 

elasticity 

(mN/m) 

Equilibrium 

foam height 

(mm) 

0.087  

(in 8.766 g/L 

NaCl) 

─ 8.40 1.94 42.80 ─ 

0.288  

(in 0.584 g/L 

NaCl) 

44.70 ± 3.82 ─ ─ ─ ─ 

2.402 ─ ─ ─ ─ 435 (424 - 442) 

It can be seen from Table 5-2 that surface elasticity, surface dilatational 

viscosity and Gibbs elasticity of SDS solution (0.087 g/L in 8.766 g/L NaCl) 
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are also much larger compared to those of sodium tridecyl sulfate solution 

(1.301 g/L) and DTAB solution (4.954 g/L). As explained above, this is also 

caused by the much lower surfactant concentration of SDS solution (0.087 g/L 

in 8.766 g/L NaCl) in comparison with that of sodium tridecyl sulfate solution 

(1.301 g/L) and DTAB solution (4.954 g/L), which is approximate 15-57 times 

lower to these two surfactant solutions. 

By comparison between equilibrium foam height, equilibrium surface tension, 

surface elasticity, surface dilatational viscosity and Gibbs elasticity of these 

three surfactant solutions as shown in Table 5-1, it is indicated that TX-100 

solution at the concentration of 0.066 g/L exhibits the largest equilibrium 

surface tension and surface rheological properties among these surfactant 

solutions whereas the foam stability is the lowest. As for DTAB solution at the 

concentration of 4.954 g/L, the equilibrium surface tension is approximately 

the same with that of sodium tridecyl sulfate solution at the concentration of 

1.301 g/L but smaller than that of TX-100 solution at the concentration of 

0.066 g/L, whilst the surface rheological properties are the smallest and the 

foam stability is at intermediate value among these three surfactant solutions. 

With regards to sodium tridecyl sulfate solution at the concentration of 1.301 

g/L, the equilibrium surface tension is approximately the same with that of 

DTAB solution at the concentration of 4.954 g/L but smaller than that of TX-

100 solution at the concentration of 0.066 g/L, whilst the surface rheological 

properties are at intermediate values and the foam stability is the best among 

these three surfactant solutions. In fact, the differences of foam stability 

among these three surfactant solutions result from both differences of surface 
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tension and surface rheological properties between these three surfactant 

solutions. Although, it is worth mentioning that the lowest foam stability of 

TX-100 solution (0.066 g/L) also results from the much lower surfactant 

concentration compared to the other two surfactant solutions, and the potential 

depletion of TX-100 surfactant from the bulk solution during the foaming 

process plays a role as well. However, the difference in surfactant 

concentration actually affects the surface mechanical properties and thus leads 

to different foam stability. Therefore, surface mechanical properties can be 

considered as a proxy of surfactant concentration to influence foam stability. 

By comparison of DTAB solution at the concentration of 4.954 g/L to sodium 

tridecyl sulfate solution at the concentration of 1.301 g/L, since the 

equilibrium surface tension of these two surfactant solutions are 

approximately the same, the effect of surface tension on foam stability can be 

eliminated. As can be seen from Table 5-1, foam stabilised by sodium tridecyl 

sulfate solution at the concentration of 1.301 g/L has larger surface rheological 

properties and better stability, which indicates that surface rheological 

properties and foam stability are related and the larger surface rheological 

properties account for the better foam stability. This demonstrates that surface 

rheological properties also play a material role in foam stability. It is worth 

mentioning, that although the similar conclusions have been drawn by other 

researchers (Fruhner et al., 1999; Wang et al., 2016; Hofmann et al., 2017), 

the effect of surface tension on foam stability has not been eliminated by them 

whereas it is eliminated in the current work. 
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With respect to a comparison of TX-100 solution at the concentration of 0.066 

g/L and DTAB solution at 4.954 g/L, it can be seen from Table 5-1 that the 

foam stability of TX-100 solution at the concentration of 0.066 g/L is even 

worse than that of DTAB solution at the concentration of 4.954 g/L in spite of 

the much larger surface rheological properties of TX-100 solution at the 

concentration of 0.066 g/L. This is believed to be due to the larger equilibrium 

surface tension of TX-100 solution at the concentration of 0.066 g/L which 

deteriorates foam stability. This indicates that surface tension appears to play 

more important role than surface rheological properties at foam stability. The 

comparison of TX-100 solution at the concentration of 0.066 g/L and sodium 

tridecyl sulfate solution at the concentration of 1.301 g/L demonstrates the 

same principle. The larger equilibrium surface tension of TX-100 solution at 

the concentration of 0.066 g/L results in the worse foam stability, regardless of 

the larger surface rheological properties. This implies that the dependency of 

foam stability on surface tension is stronger than on surface rheological 

properties. If the surface tension of different surfactant solutions are the same, 

the one with larger surface rheological properties have better foam stability. 

However, if the surface tension of different surfactant solutions are different, 

the surface tension governs the foam stability comparing with surface 

rheological properties that the lower surface tension, the better foam stability, 

in spite of the values of surface rheological properties. To summarise, the 

above observations demonstrate that both surface tension and surface 

rheological properties have an influence upon foam stability and surface 

tension appears to play a more important role than surface rheological 

properties.  
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In fact, the current observations are in partial agreement with other research 

results. Georgieva et al. (2009) have compared the foam stability of C12G2 

solution at the concentration of 0.070 g/L and C12E6 solution at the 

concentration of 0.032 g/L. They demonstrated that the foam produced from 

C12G2 solution at the concentration of 0.070 g/L is more stable, which is 

attributed to the larger surface elasticity of C12G2 solution at the concentration 

of 0.070 g/L than that of C12E6 solution at the concentration of 0.032 g/L. 

However, the conclusion of Georgieva et al. is drawn under the presupposition 

that the surface tension of these two surfactant solutions are approximately the 

same. The equilibrium surface tension of C12G2 solution at the concentration 

of 0.070 g/L is 33.00 mN/m (Santini et al., 2007) and that of C12E6 solution at 

the concentration of 0.032 g/L is 32.50 mN/m (Mulqueen et al., 1999). Note 

that these two equilibrium surface tensions are obtained from published graphs 

and therefore should be considered as approximate values. It is seen that the 

equilibrium surface tension of these two surfactant solutions are 

approximately the same. Therefore, their results support the conclusion 

obtained herein that both surface tension and surface rheological properties 

including surface elasticity, surface dilatational viscosity and Gibbs elasticity 

affect foam stability, but the dependency of foam stability on surface tension 

is stronger than on surface rheological properties. 

5.4 Summary 

The surface rheological properties and foam stability of TX-100, DTAB and 

sodium tridecyl sulfate solutions at different concentrations are related under 

the condition that the surface rheological properties of these three surfactant 
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solutions are adjusted independently of the equilibrium surface tension. The 

surface rheological properties of different surfactant solutions are measured at 

the same oscillation frequency and amplitude, as the surface rheological 

properties are a function of oscillation frequency whereas independent of 

oscillation amplitude. Further, the foam stability of different surfactant 

solutions are measured at the same environmental relative humidity, as foam 

stability is strongly dependent upon environmental relative humidity. It is 

demonstrated that both surface tension and surface rheological properties 

including surface elasticity, surface dilatational viscosity and Gibbs elasticity 

affect foam stability, however, surface tension appears to play a more 

important role, with respect to the stability of surfactant-stabilised foams. 



 

 

 

 

 

  

Chapter 6 Particle-stabilised Foams 
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6.1 Introduction 

After investigating the relationship between surface mechanical properties and 

the stability of surfactant-stabilised foams, in this chapter, there is a focus 

upon exploring the effect of particles on foam stability and surface rheological 

properties. The stability of foams stabilised by the mixtures of particles and 

surfactants, as well as the relationship between surface mechanical properties 

and the stability of particle-stabilised foams, will be investigated in this 

chapter. Firstly, the effect of silica particles (at a fixed particle concentration) 

on stability of foams stabilised by cationic surfactant at different surfactant 

concentrations is described. Subsequently, the effect of particle concentration 

on stability of foams stabilised by mixtures of cationic surfactant and silica 

particles is studied. Finally, the stability of particle-stabilised foams to surface 

mechanical properties are correlated. 

6.2 Effect of Silica Particles (at Fixed Particle Concentration) on the 

Stability of Foams Stabilised by Cationic Surfactant at Different 

Concentrations 

6.2.1 Hydrophobicity of Silica Particles 

Since the hydrophobicity of silica particles affects the ability of silica particles 

to stabilise foams, it is important to measure the hydrophobicity of silica 

particles with the adsorption of cationic surfactants at different concentrations. 

The hydrophobicity of silica particle in aqueous colloidal dispersions in the 

presence of cationic surfactants with different concentrations at high pH is 

investigated. At high pH, silica particles are negatively charged due to the 
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dissociation of surface silanol groups of silica particles (Binks et al., 2008), 

which is conducive to the adsorption of cationic surfactants at the particle 

surface. The hydrophobicity of silica particles is quantified in terms of the 

amount of sediments in the mixture of silica particles and cationic surfactants, 

which has been demonstrated practicable by Binks et al. (2008). Since 

hydrophobic particles tend to aggregate, and the aggregation increases with 

the hydrophobicity of particles, the amount of sediments in mixtures can be 

applied to represent the hydrophobicity of silica particles. Note that in Binks et 

al. (2008), the particle hydrophobicity was also quantified by the contact angle 

of surfactant drops in air on a planar wafer which had similar composition to 

the particle. However, it has been demonstrated by Wenzel (1936) that the 

contact angle was proportional to the roughness of the surface. Therefore, the 

contact angle of planar surface is different with the contact angle of particle, 

and thus the quantification of particle hydrophobicity by using the contact 

angle of planar surface is potentially compromised. Although the direct 

determination of the contact angle of particle using ellipsometry has been 

proposed by Hunter et al. (2007), it is impracticable in the current work since 

the particles studied herein are generally partial hydrophobic so that they do 

not fulfil one of the criteria proposed by Hunter et al. (2009) to utilise the 

ellipsometric method that the colloidal particle dispersions should be highly 

stable. Thus, in the current work, the particle hydrophobicity is only quantified 

by the amount of sediments in the mixture of silica particles and cationic 

surfactants. The silica particle used herein is LUDOX HS-30 colloidal silica 

dispersions, which was purchased from Sigma-Aldrich. The concentration of 

colloidal silica dispersions is 30 wt% and the pH is 9.8. The surface area and 
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the average diameter of silica particle are approximately 220 m2/g and 12 nm, 

which are parameters quoted by the manufacturer. The cationic surfactant used 

is dodecyl trimethyl ammonium bromide (DTAB), which was purchased from 

Fisher Scientific with purity of 99%. It is used without further purification and 

the CMC of DTAB solution is 4.718 g/L (Atkin et al., 2003). Sodium 

hydroxide (purchased from Fisher Scientific and with purity above 99%) is 

used to make concentrated sodium hydroxide solution to adjust the pH of 

aqueous dispersions and the deionised water is applied to dilute colloidal silica 

dispersions. 

The as-received colloidal silica dispersions is diluted to the concentration of 3 

wt% at pH = 10. The different concentrations of DTAB solutions are selected 

as 0, 0.1, 0.25, 0.5, 1.05, 2.5, 5, 10, 20 × CMC. Note that for the value of 

concentration around the CMC, the DTAB solution is prepared slightly above 

the CMC to ensure that the actual concentration of the prepared DTAB 

solution reaches the CMC and thus to avoid a possible smaller equilibrium 

surface tension if the actual concentration of the prepared DTAB solution is 

smaller than the CMC. The volume of diluted colloidal silica dispersions at 

different surfactant concentrations is 10 mL and corresponding amounts of 

DTAB at different concentrations are added to the diluted colloidal silica 

dispersions. The concentrated sodium hydroxide solution is added 

subsequently to maintain the pH at 10. Since it is just a few drops of 

concentrated sodium hydroxide solution added to the mixture, the 

concentration change of silica particles and DTAB is negligible. After 

preparation of these aqueous dispersions, they are stirred thoroughly and left 
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for 24 hours to let sedimentation finishes. Photographs of mixtures of colloidal 

silica particles (3 wt%) and DTAB solutions at different concentrations after 

24 hours are shown in Figure 6-1.  

 
Figure 6-1. Photos of mixtures of colloidal silica particles (3 wt%) and DTAB solutions at 

different concentrations after 24 hours. The concentration of DTAB solution in each mixture 

is shown at the top of the vial. 

It can be seen from Figure 6-1 that the mixtures of colloidal silica particles (3 

wt%) and DTAB solutions at different concentrations possess different 

degrees of sedimentation. The amount of sediments increases with increasing 

surfactant concentration at first and reaches a peak value at the surfactant 

concentration of 0.5 × CMC. After that the amount of sediments drops and 

then approximately remains constant above the surfactant concentration of 

CMC. This observation demonstrates that the hydrophobicity of silica particles 

in different mixtures changes from hydrophilic to hydrophobic and then back 

to less hydrophobic with the increase of DTAB concentration. This 

observation shows an agreement with the results of Binks et al. (2008) in a 

similar system, which is a mixture of colloidal silica particles (2 wt%) and di-

decyl dimethyl ammonium bromide (di-C10DMAB) at different concentrations. 

The colloidal silica particles used by them is precisely the same as applied 
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herein. They ascribed the variation of particle hydrophobicity to the adsorption 

of cationic surfactant at silica particles. In the current work, silica particles are 

inherently hydrophilic as containing surface silanol groups and appreciably 

negatively charged at pH of 10 because of the dissociation of surface silanol 

groups (Binks et al., 2008). The oppositely charged cationic surfactants DTAB 

adsorb at particle surface by electrostatic adsorption and render the silica 

particle from hydrophilic to hydrophobic, as the hydrophilic head of surfactant 

adsorbing on particle surface and the hydrophobic tail pointing to solutions. 

Due to this, silica particles start to aggregate progressively as the hydrophobic 

tails of adsorbed surfactants on particle surface attract to each other by van der 

Waals force (Binks et al., 2008). With the increase of surfactant concentration, 

more DTAB surfactants adsorb on particle surface and thus make the silica 

particle more hydrophobic, therefore the amount of sediments also increases, 

as shown in Figure 6-1 from surfactant concentration at 0 to 0.5 × CMC. As a 

monolayer forms, silica particles show the most hydrophobic and the amount 

of sediments is the largest, as shown in Figure 6-1 at the surfactant 

concentration of 0.5 × CMC. Above this concentration, further adsorption of 

extra surfactants on particle surface by the tail-tail interaction results in the 

partial bilayer with some hydrophilic head groups pointing to solutions, which 

makes silica particles less hydrophobic and therefore causes the decrease of 

sediment amount as can be seen in Figure 6-1 from 0.5 × CMC to 1.05 × CMC. 

Further increase of surfactant concentration leads to more adsorption of 

surfactants on particle surface to form bilayer with all hydrophilic head groups 

exposed to solutions rendering silica particles hydrophilic again. This should 

have resulted in the decrease of sediment amount, however, it can be seen in 
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Figure 6-1 from 1.05 × CMC to 20 × CMC that the amount of sediments 

approximately keeps constant. This is likely due to the potential flocculation 

of silica particles because of the electrical double layer reduction at high 

electrolyte levels (Derjaguin et al., 1941; Verwey et al., 1948), since the 

surfactant concentrations in these mixtures are relatively high. A schematic 

diagram which illustrates the variation of particle hydrophobicity with 

increasing surfactant concentration caused by the adsorption of surfactant as 

described above is shown in Figure 6-2. 

 
Figure 6-2. A schematic diagram of variation of particle hydrophobicity with increasing 

surfactant concentration caused by the surfactant adsorption at the particle surface. The 

surfactant concentration increases from (a) to (d). (a) The adsorbed surfactants form partial 

monolayer which renders the particle from hydrophilic to less hydrophobic. (b) The adsorbed 

surfactants form monolayer which makes the particle the most hydrophobic. (c) The adsorbed 

surfactants form partial bilayer which makes the particle less hydrophobic. (d) The adsorbed 

surfactants form bilayer which changes the particle to hydrophilic again.  

Therefore, due to the adsorption of DTAB surfactant at the particle surface, 

the hydrophobicity of silica particles first increases and then decreases with 

increasing surfactant concentration. This confirms the observation of Binks et 

al. (2008) that the hydrophobicity of silica particles was affected by the 

concentration of surfactant and the most hydrophobic particles were obtained 

at the intermediate surfactant concentrations. It was suggested by Binks et al. 

(2008) that the most hydrophobic particles obtained at the intermediate 

surfactant concentrations yielded the most stable foams. However, the 

observations obtained by Zhu et al. (2015) appeared to suggest that the most 

hydrophobic particles have not resulted in the best foam stability. Thus, in the 
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next subsection (subsection 6.2.2), foam stability of DTAB solutions with and 

without 3 wt% colloidal silica particles at different surfactant concentrations 

are measured to ascertain the optimum particle hydrophobicity which gives the 

best foam stability. 

6.2.2 Foam Stability Measurement 

Since the sediments in mixtures at relatively high DTAB concentrations (i.e. 

5-20 × CMC) are likely due to the potential flocculation of silica particles at 

high electrolyte levels rather than the hydrophobic interaction between silica 

particles, such high concentrations are not considered in the foam stability 

measurement. The foam stability measurements of DTAB solutions with and 

without 3 wt% colloidal silica dispersions at concentrations of 0.1, 0.25, 0.5, 

1.05, and 2.5 × CMC are performed. DTAB solutions in the absence of silica 

particles are prepared with 1 litre of deionised water and the corresponding 

amounts of DTAB at different concentrations, whereas mixtures of silica 

particles and DTAB are prepared with 1 litre colloidal silica dispersions (3 

wt%) and the same amounts of DTAB at those different concentrations. The 

pH of all these samples is kept at 10 as well to ensure that the silica particles 

are negatively charged, which is conducive to the adsorption of DTAB at 

silica particles. The same method of foam stability measurement as described 

in section 4.2 is also used herein. This method is reproducible and maintains a 

constant environmental relative humidity in the freeboard of the column. The 

environmental relative humidity is controlled at 70.4 ± 0.5%, since a finite 

foam height of large depth can be obtained under this condition. All the other 

experimental conditions are remained the same as described in section 4.2. 
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Furthermore, the same method to obtain the estimation of arithmetic mean 

bubble diameter as described in section 4.2 is also applied herein to quantify 

the bubble size of produced foams. It is reiterated that this method just 

provides an indication of bubble diameter rather than an actual value of bubble 

diameter. 

The bubble size (i.e. arithmetic mean bubble diameter) of foams produced by 

DTAB solutions with and without 3 wt% colloidal silica dispersions at 

different surfactant concentrations are shown in Figure 6-3. As can be seen, 

the bubble size (i.e. arithmetic mean bubble diameter) of foams produced by 

DTAB solutions with silica particles is larger than that of foams produced 

without silica particles at the same DTAB concentration. This is attributed to 

the increase of surface tension caused by the decrease of DTAB concentration 

in solutions as DTAB surfactants adsorbed on silica particle surface. In fact, it 

was known that bubble size had an influence on foam stability (Cho et al., 

2002). However, in the current case, bubble size works as a proxy of surface 

tension to affect foam stability and the change of surface tension results from 

the existence of silica particles. Thus, the change of foam stability herein all 

accounts for the presence of silica particles. The surface tension changes 

caused by the presence of silica particles are described in subsection 6.4.1.  
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Figure 6-3. The bubble size (i.e. arithmetic mean bubble diameter) of DTAB surfactant 

solutions with and without 3 wt% colloidal silica dispersions at different surfactant 

concentrations. The error bars represent the standard deviation of all observations. The point 

on the abscissa represents that there is no foam produced in this set of measurements. 

 

 

 
 

0.05 0.2 0.5 2 50.1 1

0.0

0.2

0.4

0.6

0.8

1.0

1.2
 Without 3 wt% silica particles

 With 3 wt% silica particles

B
u

b
b

le
 S

iz
e 

(m
m

)

DTAB Concentration (CMC)

0 20 40 60 80 100 120 140

0

50

100

150

200

250

300
(a)0.1 × CMC DTAB

0.1 × CMC DTAB + 3 wt% silica particles

F
o

am
 H

ei
g

h
t 

(m
m

)

Time (min)



 

   159 

 

 
 

 
 

0 10 20 30 40 50 60 70

0

5

10

15

20

25
(b)0.25 × CMC DTAB

0.25 × CMC DTAB + 3 wt% silica particles

F
o

am
 H

ei
g

h
t 

(m
m

)

Time (min)

0 20 40 60 80 100 120 140

0

50

100

150

200

250
(c)0.5 × CMC DTAB

0.5 × CMC DTAB + 3 wt% silica particles

F
o

am
 H

ei
g

h
t 

(m
m

)

Time (min)



 

   160 

 

 
 

 
 

0 20 40 60 80 100 120 140

0

100

200

300

400
(d)1.05 × CMC DTAB

1.05 × CMC DTAB + 3 wt% silica particles

F
o

am
 H

ei
g

h
t 

(m
m

)

Time (min)

0 20 40 60 80 100 120 140

0

100

200

300

400
(e)2.5 × CMC DTAB

2.5 × CMC DTAB + 3 wt% silica particles

F
o

am
 H

ei
g

h
t 

(m
m

)

Time (min)



 

   161 

 

 
Figure 6-4. The foam height comparison of foams produced by DTAB solutions with and 

without 3 wt% colloidal silica dispersions at different surfactant concentrations. (a) The 

comparison at surfactant concentration of 0.1 × CMC. (b) The comparison at surfactant 

concentration of 0.25 × CMC. (c) The comparison at surfactant concentration of 0.5 × CMC. 

(d) The comparison at surfactant concentration of 1.05 × CMC. (e) The comparison at 

surfactant concentration of 2.5 × CMC. (f) The comparison of equilibrium foam height. The 

error bars represent the full range of all observations. 

The foam height comparison of foams produced by DTAB solutions with and 

without 3 wt% colloidal silica dispersions at different surfactant 

concentrations are shown in Figure 6-4 (The detailed results of each 

independent measurement are shown in Appendix G). As can be seen from 

Figure 6-4(a), a stable foam cannot be formed solely by DTAB solution at the 

concentration of 0.1 × CMC, whereas foam is much more stable when 

producing from mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (3 wt%). This demonstrates that foam stability is increased 

markedly by adding silica particles to DTAB solution at the concentration of 

0.1 × CMC. It is shown in Figure 6-4(b) that foams produced from DTAB 

solutions at the concentration of 0.25 × CMC with and without silica particles 
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show approximately the same instability, although the foam produced with 

silica particles are slightly more stable. It appears that silica particles do not 

have a significant effect on foam stability in this case. Figure 6-4(c) and 6-4(d) 

show that foams produced from DTAB solutions without silica particles at 

concentrations of 0.5 and 1.05 × CMC are much more stable than those 

produced with silica particles at the same surfactant concentration, which 

indicates that silica particles in these cases act as antifoaming agent and 

diminish foam stability. As shown in Figure 6-4(e), foams produced from 

DTAB solutions at the concentration of 2.5 × CMC with and without silica 

particles are both stable and exhibit approximately the same stability. This 

demonstrates that silica particles on this occasion also play little role on foam 

stability, which is the same as shown in Figure 6-4(b). Figure 6-4 (f) shows the 

equilibrium foam height of foams produced by DTAB solutions with and 

without silica particles at different surfactant concentrations. It is seen that 

foam stabilised solely by DTAB solutions increases first and then 

approximately remains constant with increasing DTAB concentration, whereas 

the stability of foam stabilised by the mixture of DTAB solutions and colloidal 

silica dispersions decreases first and then increases with the increase of DTAB 

concentration. With silica particles, stable foams can be obtained at both low 

and high surfactant concentrations. 

By comparison of foam stability of DTAB solutions with and without silica 

particles at different surfactant concentrations, it is demonstrated that the 

presence of silica particles plays different roles on foam stability at different 

surfactant concentrations, as the promotion, deterioration and maintaining 
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consistency of foam stability after adding silica particles to DTAB solutions 

have all been observed. Foam stability can only be improved by adding silica 

particles to DTAB solution at the concentration of 0.1 × CMC, whereas at 

higher concentrations, foam stability either remains the same or decreases 

after adding silica particles. This indicates that the effect of silica particles on 

foam stability depends on the surfactant concentration which affects the 

hydrophobicity of silica particles. The silica particles can only increase foam 

stability at low surfactant concentrations, which makes the silica particles 

intermediately hydrophobic as discussed in subsection 6.2.1. Therefore, it is 

demonstrated that silica particles can only increase foam stability when the 

particles have intermediate hydrophobicity. This observation shows agreement 

with the results of Binks et al. (2005) obtained from foams stabilised solely by 

hydrophobic silica particles (hydrophobised by ex-situ method). It has been 

demonstrated by them that particles of intermediate hydrophobicity were the 

only ones capable of stabilising foams. However, this observation differs to 

the results of Binks et al. (2008) obtained from foams stabilised by mixture of 

cationic surfactant and hydrophilic silica particles (in-situ method to 

hydrophobise silica particles), which showed that foam stability was enhanced 

with particles being maximally hydrophobic at the intermediate surfactant 

concentration. It appears that the observations of Binks et al. (2005, 2008) are 

different in respect of the optimal hydrophobicity range of solid particles for 

foam stabilisation, and that the present results are in favour of the observation 

of Binks et al. (2005) that only intermediate hydrophobic particles are capable 

of increasing foam stability. The current observation seems to suggest that 

foam stability can only be improved by intermediate hydrophobic silica 
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particles regardless the method applied (either ex-situ chemisorption method 

or in-situ physisorption method) to obtain hydrophobic silica particles. The 

difference between results of current work and the observation of Binks et al. 

(2008) appears to be due to the different methods to measure and quantify 

foam stability. Binks et al. (2008) have applied the ‘hand shaking’ method to 

produce foam and monitored the foam volume change during a certain time to 

quantify foam stability. However, the ‘hand shaking’ method to produce foam 

is not a reproducible method as the energy created by shaking hand to form 

bubble is difficult to maintain constant. Furthermore, the environmental 

relative humidity in the measuring vessel, which has been demonstrated by Li 

et al. (2010, 2012) and Champougny et al. (2018) to be a determining factor 

on foam stability, has not been controlled and measured, although it could be 

approximately considered to be close to the saturation condition in the ‘hand 

shaking’ method. Therefore, the reproducibility of the quantification of foam 

stability in Binks et al. (2008) is likely to be compromised and thus results in 

the different observations of the optimum particle hydrophobicity to increase 

foam stability compared to the results obtained herein. It is reiterated that the 

method of foam stability measurement used in the current work is 

reproducible and maintains a constant environmental relative humidity in the 

freeboard of the column. 

In this subsection, foam stability of DTAB solutions with and without 3 wt% 

colloidal silica dispersions at different surfactant concentrations has been 

studied. However, it is noted that, in these measurements, the concentration of 

colloidal silica particles is kept at a fixed value. Therefore, the effect of silica 
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particle concentration on the hydrophobicity of silica particles and then on the 

foam stability has not been explored in the above study. Thus, in the next 

section (section 6.3), the effect of silica particle concentration on the stability 

of foams produced from mixtures of DTAB solutions and colloidal silica 

dispersions will be studied. 

6.3 Effect of Particle Concentration on the Stability of Foams Stabilised 

by Mixtures of Cationic Surfactant and Silica Particles 

6.3.1 Foam Stability Measurement 

Since foam stability can only be promoted by adding silica particles to DTAB 

solution at the surfactant concentration of 0.1 × CMC (0.472 g/L) as 

demonstrated above, the concentration of DTAB solution studied herein is 

chosen as 0.1 × CMC. The values of silica particle concentration are chosen as 

0.1, 0.3 1, 3, 9 wt%. The pH of all these mixtures are also controlled at 10 to 

create negatively charged silica particles. The foam stability measurements of 

mixtures of DTAB solutions at the concentration of 0.1 × CMC and colloidal 

silica dispersions at different particle concentrations are performed. The 

method and the experimental conditions are the same as described in 

subsection 6.2.2. The results of bubble size (i.e. arithmetic mean bubble 

diameter) and equilibrium foam height of foams produced from mixtures of 

DTAB solutions at the concentration of 0.1 × CMC and colloidal silica 

dispersions at different particle concentrations are shown in Figure 6-5 (The 

detailed results of evolution of foam height in each independent measurement 

are shown in Appendix G). It can be seen that the bubble size (i.e. arithmetic 
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mean bubble diameter) of foams approximately remains constant with 

increasing silica particle concentration, whereas the equilibrium foam height 

increases first reaches a maximum at silica particle concentration of 3 wt% 

and then decreases with increasing silica particle concentration. This indicates 

that foams produced from mixtures of DTAB solutions (0.1 × CMC) and 

colloidal silica dispersions at intermediate silica particle concentrations (i.e. 3 

wt% in this case) are the most stable. Since it has been demonstrated in section 

6.2 that foam stability can only be increased by silica particles with 

intermediate hydrophobicity, it is pertinent to explore whether the most stable 

foam obtained herein is stabilised by the intermediately hydrophobic silica 

particles as well. Therefore, in order to verify the validity of the observation 

obtained in section 6.2, the hydrophobicity of silica particle with the presence 

of DTAB solutions (0.1 × CMC) in aqueous colloidal dispersions at different 

silica particle concentrations is investigated in the next subsection (subsection 

6.3.2). This aims to determine whether the mixture of colloidal silica particles 

at intermediate concentration (i.e. 3 wt% in this case) and DTAB solution at 

the concentration of 0.1 × CMC generates the intermediately hydrophobic 

particles. 
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Figure 6-5. The bubble size (i.e. arithmetic mean bubble diameter) and equilibrium foam 

height of foams produced from mixtures of DTAB solutions at the concentration of 0.1 × 

CMC and colloidal silica dispersions at different particle concentrations. The error bars of 

bubble size represent the standard deviation of all observations. The error bars of equilibrium 

foam height represent the full range of all observations (because the independent foam 

stability measurements for each mixture are only repeated 3 times). 

6.3.2 Hydrophobicity of Silica Particles 

The same method and materials as described in section 6.2.1 are also applied 

to the experiments reported herein. The ‘as-received’ colloid silica dispersions 

(30 wt%) are diluted to different concentrations of 0.1, 0.3, 1, 3, 9 wt%. The 

volume of each diluted colloidal silica dispersions is 10 mL and 0.005 g 

DTAB is added to each diluted colloidal silica dispersions, which makes the 

DTAB concentration at 0.1 × CMC. The pH of mixtures is maintained at 10 

by adding concentrated sodium hydroxide solution. All these prepared 

aqueous dispersions are stirred thoroughly and left for 24 hours to allow for 

sedimentation. Photographs of mixtures of DTAB solutions at the 

concentration of 0.1 × CMC and colloidal silica particles at different 

concentrations after 24 hours are shown in Figure 6-6.  
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Figure 6-6. Photographs of mixtures of DTAB solutions (0.1 × CMC) and colloidal silica 

particles at different concentrations after 24 hours. The concentration of silica particles in each 

mixture is shown at the top of the vial. 

It can be seen that the amount of sediments increases first and then decreases 

with the increase of silica particle concentration. The peak value of sediment 

amount is observed at the particle concentration of 1 wt%. Since it has been 

shown in subsection 6.2.1 that the amount of sediments represents the 

hydrophobicity of silica particles, this variation of sediment amount indicates 

that silica particles vary from less hydrophobic to the most hydrophobic and 

then changes back to less hydrophobic again. In fact, the change of 

hydrophobicity of silica particles herein is also due to the adsorption of DTAB 

to silica particles as demonstrated in subsection 6.2.1. However, in this case, it 

is a reverse process of the surfactant adsorption on silica particles with 

increasing surfactant concentration as described in subsection 6.2.1. 
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At a fixed DTAB concentration (e.g. 0.1 × CMC in this case), if the particle 

concentration is extremely low, the amount of surfactants is abundant 

compared to the quantity of particles and thus surfactants adsorb on particle 

surface to form a bilayer of adsorbed surfactants with hydrophilic heads 

pointing towards solutions, which makes particles remain hydrophilic. With 

the increase of particle concentration, the amount of adsorbed surfactants on a 

single particle decreases, which forms a partial bilayer of adsorbed surfactants 

on a particle surface with some hydrophobic tails of surfactants pointing to 

solutions and therefore renders the particle from hydrophilic to less 

hydrophobic. Further increasing particle concentration keeps reducing the 

amount of adsorbed surfactants on a particle surface and therefore increasing 

the hydrophobicity of silica particles until a monolayer is formed and the 

hydrophobicity of silica particles reaches the maximum value, as shown in 

Figure 6-6 from 0.1 to 1 wt%. Above a particle concentration of 1 wt%, 

increasing particle concentration results in further decrease of adsorbed 

surfactants on a particle surface and thus forms a partial monolayer, which 

leads to still less hydrophobic silica particles as can be seen from 1 to 9 wt% 

in Figure 6-6. This variation of particle hydrophobicity with increasing 

particle concentration caused by the adsorption of surfactant is illustrated in a 

schematic diagram as shown in Figure 6-7.   
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Figure 6-7. A schematic diagram of variation of particle hydrophobicity with increasing 

particle concentration caused by the surfactant adsorption at particle surface. The particle 

concentration increases from (a) to (d). (a) The adsorbed surfactants form bilayer which makes 

the particle still remain hydrophilic. Note that this step has not been observed in the current 

experiment. (b) The adsorbed surfactants form partial bilayer which renders the particle from 

hydrophilic to less hydrophobic. (c) The adsorbed surfactants form monolayer which makes 

the particle the most hydrophobic. (d) The adsorbed surfactants form partial monolayer which 

makes the particle less hydrophobic.  

Therefore, it is demonstrated that mixtures of DTAB solutions (0.1 × CMC) 

and colloidal silica dispersions at intermediate particle concentration (i.e. 3 wt% 

in this case) result in intermediately hydrophobic silica particles. Thus, it is 

explained why that the most stable foams obtained in subsection 6.3.1 is 

stabilised by silica particles possess intermediate hydrophobicity. This agrees 

with the observation obtained in section 6.2 that the intermediately 

hydrophobic silica particles are the only ones capable of increasing foam 

stability.  

However, it is worth exploring why it is that intermediately hydrophobic silica 

particles can increase foam stability. Therefore, in the next section (section 

6.4), surface mechanical properties of the samples used in sections 6.2 and 6.3 

are investigated to correlate them with the stability of particle-stabilised foams. 
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6.4 Relationship between the Stability of Particle-stabilised Foams and 

Surface Mechanical Properties 

6.4.1 Surface Mechanical Properties of DTAB Solutions with and without 

Colloidal Silica Dispersions (3 wt%) at Different Surfactant Concentrations 

The oscillating and static pendant droplet methods as described in chapters 2 

and 3 are performed herein to obtain surface rheological properties and 

equilibrium surface tension, respectively, of samples used in section 6.2.2. The 

Gibbs elasticity of these samples are inferred from experimental results of 

surface elasticity and surface dilatational viscosity according to eq. 2-26. 

Independent measurements are repeated 25 times for each sample and all the 

other experimental conditions are maintained the same as described in section 

5.3. The equilibrium surface tension can be obtained by linear extrapolation of 

the dynamic surface tension to infinite time according to the method of 

Makievski et al. (1997) that has been described in section 5.2. The 

independent measurement of dynamic surface tension of each sample is 

repeated 25 times as well and all the other experimental conditions are the 

same as described in section 5.2.  

The results of surface rheological properties and equilibrium surface tension of 

DTAB solutions with and without 3 wt% colloidal silica dispersions at 

different surfactant concentrations are shown in Table 6-1 (The detailed results 

of surface rheological properties and equilibrium surface tension in each 

independent measurement of these samples are shown in Appendix G). The 

equilibrium foam heights of these samples are also presented in Table 6-1 to 
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enable reference to surface mechanical properties. As can be seen from Table 

6-1, stable foams can be produced by mixtures of 3 wt% colloidal silica 

dispersions and DTAB solutions at concentrations of 0.1 and 2.5 × CMC. By 

inspection of the surface mechanical properties of mixtures of 3 wt% colloidal 

silica dispersions and DTAB solutions at concentrations of 0.1 and 2.5 × CMC, 

it is shown that surface elasticities of these two samples are smaller than half 

of equilibrium surface tensions of these two samples. This indicates that the 

prediction criterion of stable particle-stabilised foams proposed by Stocco et al. 

(2009, 2011), that particle-stabilised foams become stable if surface elasticity 

is greater than half of equilibrium surface tension is not supported by the 

current measurements, since the prediction criterion has not been fulfilled 

whereas stable foams are apparent. It is demonstrated that the criterion for 

particle-stabilisation proposed by Stocco et al. (2009, 2011) is not universally 

valid, according to the current measurements. This is due to the fact that the 

measured value of surface elasticity is dependent upon the oscillation 

frequency (Liggieri et al., 2010) and a larger oscillation frequency results in 

larger surface elasticity. Although this proposed prediction criterion relating 

surface elasticity and surface tension is not always valid, surface elasticity and 

surface tension both play important roles on the stability of particle-stabilised 

foams. 
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Table 6-1. The comparison of surface rheological properties, equilibrium surface tension and 

equilibrium foam height of DTAB solutions with and without 3 wt% colloidal silica 

dispersions at different surfactant concentration. The errors are the standard deviation of all 

observations and the values in the brackets represent the full range of observations. 

Samples 

Surface 

elasticity 

(mN/m) 

Surface 

dilatational 

viscosity 

(mN∙s/m) 

Gibbs 

elasticity 

(mN/m) 

Equilibrium 

surface 

tension 

(mN/m) 

Equilibrium 

foam height 

(mm) 

0.1 × CMC 

DTAB 
3.62  ± 0.29 0.15 ± 0.04 4.25 ± 0.38 63.92 ± 0.17 Zero in all cases 

0.1 × CMC 

DTAB + 3 wt% 

silica particles 

15.04 ± 1.67 0.06 ± 0.05 15.25 ± 1.74 60.60 ± 0.32 193 (162 - 233) 

0.25 × CMC 

DTAB 
1.73 ± 0.28 0.14 ± 0.07 2.56 ± 0.99 55.35 ± 0.14 3 (2 - 3) 

0.25 × CMC 

DTAB + 3 wt% 

silica particles 

3.69 ± 0.34 0.20 ± 0.04 4.57 ± 0.32 64.95 ± 0.18 14 (14 - 14) 

0.5 × CMC 

DTAB 
2.09 ± 0.39 0.09 ± 0.02 2.47 ± 0.39 46.40 ± 0.08 173 (162 - 183) 

0.5 × CMC 

DTAB + 3 wt% 

silica particles 

3.97 ± 0.41 0.38 ± 0.03 6.18 ± 0.45 60.20 ± 0.39 14 (13 - 14) 

1.05 × CMC 

DTAB 
2.51 ± 0.43 0.05 ± 0.04 2.70 ± 0.42 37.40 ± 0.27 288 (280 - 302) 

1.05 × CMC 

DTAB + 3 wt% 

silica particles 

4.25 ± 1.20 0.19 ± 0.04 5.05 ± 1.16 40.00 ± 1.88 59 (49 - 72) 

2.5 × CMC 

DTAB 
1.34 ± 0.22 0.06 ± 0.04 1.66 ± 0.38 37.43 ± 0.04 270 (263 - 276) 

2.5 × CMC 

DTAB + 3 wt% 

silica particles 

1.36 ± 0.15 0.05 ± 0.02 1.59 ± 0.20 36.90 ± 0.13 277 (265 - 288) 

The surface mechanical properties of DTAB solutions both with and without 3 

wt% colloidal silica dispersions at different concentrations are shown in 

Figure 6-8. They are correlated with data for foam stability which are shown 

in Figure 6-4(f). As previously demonstrated in section 6.2, foam stability can 

only be improved by adding colloidal silica dispersions (3 wt%) to DTAB 

solution at the concentration of 0.1 × CMC (which produces intermediately 

hydrophobic silica particles), whereas for higher DTAB concentrations, foam 
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stability either remains approximately the same (at DTAB concentration of 

0.25 and 2.5 × CMC) or decreases (at DTAB concentration of 0.5 and 1.05 × 

CMC) after the addition of silica particles.  
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Figure 6-8. The surface mechanical properties of DTAB solutions both with and without 3 wt% 

colloidal silica dispersions at different surfactant concentrations. (a) Equilibrium surface 

tension results. (b) Surface elasticity results. (c) Surface dilatational viscosity results. (d) 

Gibbs elasticity results. The error bars represent the standard deviation of all observations. 
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For the case that foam stability are improved (i.e. at DTAB concentration of 

0.1 × CMC), it can be seen in Figure 6-8 that equilibrium surface tension and 

surface dilatational viscosity are smaller whereas surface elasticity and Gibbs 

elasticity are larger with addition of silica particles. All these changes of 

surface mechanical properties result in the promotion of foam stability since 

the surface is more elastic and surface tension is lower. In fact, these changes 

of surface mechanical properties are due to the interaction of surfactants and 

silica particles. The adsorption of surfactants on particle surfaces is supposed 

to result in the increase of surface tension as fewer surfactants are remained to 

adsorb at the air-liquid interface to lower surface tension, however, the 

adsorption of silica particles on the air-liquid interface decreases surface 

tension. Therefore, there is a synergistic effect on surface tension due to 

surfactant adsorption on particle surfaces and particle adsorption on air-liquid 

interface, which ultimately results in the decrease of surface tension if the 

silica particles are at intermediate hydrophobicity. Furthermore, the adsorption 

of silica particles to the air-liquid interface accounts for the increase of surface 

elasticity and Gibbs elasticity and the decrease of surface dilatational viscosity 

if there is no excess interaction between adsorbed silica particles and silica 

particles in bulk solution.  

For the cases that foam stability is compromised after adding silica particles 

(i.e. at DTAB concentrations of 0.5 and 1.05 × CMC), it is noted that, 

although surface elasticity and Gibbs elasticity increase slightly (in favour of 

foam stability), surface tension and surface dilatational viscosity also increase 

(deteriorating foam stability), which ultimately causes a decrease of foam 
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stability. In fact, the increase of surface elasticity and Gibbs elasticity is due to 

the adsorption of silica particles on air-liquid interface whereas the increase of 

surface dilatational viscosity results from the excess interaction between silica 

particles on the air-liquid interface and silica particles in bulk solution as the 

silica particles obtained in these cases are more hydrophobic and therefore 

more likely to aggregate, which makes the air-liquid interface more viscous. In 

addition, the increase of surface tension is due to a synergistic effect of 

surfactant adsorption on particle surface and particle adsorption on air-liquid 

interface. Furthermore, the more hydrophobic particles obtained in these cases 

increase the probability of particle interaction in bulk solution instead of 

particle adsorption at the air-liquid interface, which generally affects the 

surface mechanical properties of the air-liquid interface. For cases in which 

foam stability approximately remains the same after the addition of silica 

particles (i.e. at DTAB concentrations of 0.25 and 2.5 × CMC), surface 

mechanical properties either remain the same (as shown in Figure 6-8 at 

DTAB concentration of 2.5 × CMC) or have been changed, but the competing 

effects of changed surface mechanical properties on foam stability are likely 

counteracted (as shown at DTAB concentration of 0.25 × CMC). Thus, foam 

stability maintains the same after the addition of silica particles. 

Therefore, it is demonstrated that the variation of surface mechanical 

properties affects the stability of particle-stabilised foams and the changes of 

surface mechanical properties are governed by two competing effects: One is 

the competition of adsorption of surfactants upon the solid-liquid interface 

versus the  air-liquid interface. The other one is the competition between the 
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adsorption of silica particles on air-liquid interface versus the interaction 

between silica particles in bulk solution. These two effects are combined 

together to influence surface tension, surface elasticity, surface dilatational 

viscosity and Gibbs elasticity. Foams can be stabilised by adding silica 

particles if surface tension and surface dilatational viscosity are reduced and 

surface elasticity and Gibbs elasticity are promoted. This is the reason for that 

intermediately hydrophobic particles are capable of increasing foam stability. 

In this subsection, the effect of silica particles on surface mechanical 

properties and the reason why intermediately hydrophobic particles can 

increase foam stability have been explored. In the next subsection (subsection 

6.4.2), the effect of particle concentration on surface mechanical properties are 

investigated to verify whether the most stable foam obtained with different 

particle concentrations possesses the best surface mechanical properties which 

are conducive to foam stability. 

6.4.2 Surface Mechanical Properties of Mixtures of DTAB Solutions (0.1 × 

CMC) and Colloidal Silica Dispersions at Different Particle Concentrations 

Surface rheological properties and equilibrium surface tension of the samples 

used as described in subsection 6.3.1 are measured. The same methods as 

described in subsection 6.4.1 have been applied and the results of surface 

rheological properties and equilibrium surface tension of mixtures of DTAB 

solutions at the concentration of 0.1 × CMC and colloidal silica dispersions at 

different particle concentrations are shown in Table 6-2 (The detailed results 

of surface rheological properties and equilibrium surface tension in each 

independent measurement of these samples are shown in Appendix G). The 
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equilibrium foam heights of these samples are also shown in Table 6-2 in 

order to enable a comparison with surface mechanical properties. As can be 

seen from Table 6-2, for all samples, surface elasticity is smaller than half of 

equilibrium surface tension, however, both stable and unstable foams 

stabilised by these samples have been observed. This shows agreement with 

the observation obtained in subsection 6.4.1 that the prediction criterion for 

stable particle-stabilised foams proposed by Stocco et al. (2009, 2011) is not 

universally valid.  

Table 6-2. The comparison of surface rheological properties, equilibrium surface tension and 

equilibrium foam height of mixtures of DTAB solutions at the concentration of 0.1 × CMC 

and colloidal silica dispersions at different particle concentrations. The errors are the standard 

deviation of all observations and the values in the brackets represent the full range of 

observations. 

Samples 

Surface 

elasticity 

(mN/m) 

Surface 

dilatational 

viscosity 

(mN∙s/m) 

Gibbs 

elasticity 

(mN/m) 

Equilibrium 

surface 

tension 

(mN/m) 

Equilibrium 

foam height 

(mm) 

0.1 × CMC 

DTAB + 0.1 wt% 

silica particles 

1.65 ± 0.12 0.11 ± 0.02 2.22 ± 0.18 62.05 ± 0.18 4 (3 - 4) 

0.1 × CMC 

DTAB + 0.3 wt% 

silica particles 

3.50 ± 0.42 0.14 ± 0.07 4.15 ± 0.51 64.85 ± 0.24 3 (3 - 4) 

0.1 × CMC 

DTAB + 1 wt% 

silica particles 

5.67 ± 1.85 0.48 ± 0.26 8.53 ± 3.37 67.35 ± 0.45 36 (34 - 37) 

0.1 × CMC 

DTAB + 3 wt% 

silica particles 

15.04 ± 1.67 0.06 ± 0.05 15.25 ± 1.74 60.60 ± 0.32 193 (162 - 233) 

0.1 × CMC 

DTAB + 9 wt% 

silica particles 

8.12 ± 0.56 0.06 ± 0.03 8.30 ± 0.56 63.10 ± 0.32 92 (80 - 113) 
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The surface mechanical properties of mixtures of DTAB solutions at the 

concentration of 0.1 × CMC and colloidal silica dispersions at different 

concentrations are shown in Figure 6-9. They are compared with foam 

stability results of these samples as can be seen in Figure 6-5. It has already 

been demonstrated in subsection 6.3.1 that foam stability increases first and 

then decreases with increasing particle concentration. The most stable foams 

are obtained at a particle concentration of 3 wt%. It can be seen from Figure 6-

9 that equilibrium surface tension increases first and then decreases, and 

afterwards increases again with increasing particle concentration. The 

maximum and minimum values of equilibrium surface tension are at 1 and 3 

wt% respectively. As for the surface rheological properties, they increase first 

and then decrease with increasing particle concentration. The maximum values 

of surface elasticity and Gibbs elasticity are at the concentration of 3 wt%, 

whereas that of surface dilatational viscosity is at 1 wt%. The variations of 

surface mechanical properties are actually due to the competitive adsorption of 

surfactants on solid-liquid interface and air-liquid interface, and the 

competition between particle adsorption on air-liquid interface and inter-

particle interaction in bulk solution. Furthermore, it is worth mentioning that 

the decrease of equilibrium surface tension from silica particle concentration 

of 1 wt% to 3 wt% as shown in Figure 6-9(a) is also likely to be driven by the 

elongation of droplet shape due to the weight of silica particles collecting at 

the bottom of the droplet (Manga et al., 2016). 
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Figure 6-9. The surface mechanical properties of mixtures of DTAB solutions at the 

concentration of 0.1 × CMC and colloidal silica dispersions at different concentrations. (a) 

Equilibrium surface tension results. (b) Surface elasticity results. (c) Surface dilatational 

viscosity results. (d) Gibbs elasticity results. The error bars represent the standard deviation of 

all observations. 
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By relating surface mechanical properties to foam stability, it is demonstrated 

that the most stable foams (at the particle concentration of 3 wt%) are obtained 

at the smallest equilibrium surface tension and surface dilatational viscosity, 

whereas surface elasticity and Gibbs elasticity are at their greatest. The foams 

stabilised by mixtures at other particle concentrations are less stable due to 

larger equilibrium surface tension and surface dilatation viscosity and smaller 

surface elasticity and Gibbs elasticity, which is a synergistic effect to 

compromise foam stability. This shows agreement with the observation in 

subsection 6.4.1 that the stability of particle-stabilised foams is governed by 

the synergism of surface mechanical properties. Foam stability can be 

improved by adding intermediately hydrophobic silica particles because 

surface tension and surface dilatational viscosity are diminished whereas 

surface elasticity and Gibbs elasticity are increased.  

6.5 Summary 

In this chapter, the link between foam stability and surface mechanical 

properties of mixtures of DTAB solutions and silica particles is investigated. 

The effect of silica particles (at a fixed particle concentration) on the stability 

of foams produced by DTAB solutions at different concentrations and the 

effect of particle concentration on the stability of foams stabilised by mixtures 

of DTAB solutions and silica particles are described. It is experimentally 

demonstrated that different surfactant and particle concentrations affect the 

particle hydrophobicity due to the adsorption of surfactant at particle surface 

and only intermediately hydrophobic particles can enhance foam stability. 

Furthermore, the stability of particle-stabilised foams and the surface 
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mechanical properties of air-liquid interfaces of these foams are compared, 

which demonstrates that the reason why silica particle with intermediate 

hydrophobicity is capable of improving foam stability is due to its effect on 

surface mechanical properties which increases surface elasticity and Gibbs 

elasticity whilst decreases surface tension and surface dilatational viscosity. 

All these changes in surface mechanical properties have a synergistic effect on 

the stability of particle-stabilised foams. The variations of surface mechanical 

properties are due to the competitive adsorption of surfactants on solid-liquid 

interface and air-liquid interface, and the competition between the adsorption 

of silica particles on air-liquid interface and the interaction between silica 

particles in bulk solution. 



 

 

 

 

 

 

Chapter 7 Conclusions and 

Recommendations for Future Work 
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7.1 Conclusions 

In this chapter, the achievements of this thesis in the context of the objectives 

as described in subsection 1.1.2 are reviewed. Then, the recommendations for 

future works are presented. 

1. It has been confirmed that the theoretical equations which describe the 

oscillatory mechanical properties of a gas-liquid interface (presented in section 

2.2) have been applied autogenously in the oscillating pendent droplet method 

to measure surface elasticity and surface dilatational viscosity. Therefore, 

according to these theoretical equations, the values of Gibbs elasticity were 

able to be obtained by inference from the results of surface elasticity and 

surface dilatational viscosity in the current work. Subsequently, the 

dependency of surface rheological properties on oscillation frequency and 

amplitude has been observed in section 2.4 and this dependency indicated that, 

in order to obtain convincing observations of the relationship between surface 

mechanical properties and foam stability (which is the first objective as 

described in subsection 1.1.2), the measurement of surface rheological 

properties of different surfactant solutions should be performed at a fixed 

oscillation frequency and amplitude. 

2. The observable differences of dynamic surface tension results of ionic 

surfactant solutions (obtained by the static pendant droplet method) between 

different trials have been noted in sections 3.2 and 3.3, and then this 

unexpected systematic change of dynamic surface tension between different 

trials has been found to be due to the presence of trace amounts of highly 
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surface-active impurities in section 3.4. It was a consequence of the presence 

of highly surface-active impurities that the repeatability and precision of 

dynamic surface tension measurements were compromised. It has also been 

statistically demonstrated in section 3.5 that, with respect to the static pendant 

droplet method, performing large numbers of independent trials of dynamic 

surface tension measurement and then calculating the arithmetic mean of all 

dynamic surface tension results is necessary to obtain the dynamic surface 

tension value of ionic surfactant solutions with highly surface-active impurity. 

3. The measurements of foam stability using the modified Bikerman test of Li 

et al. (2010), that controls the environmental relative humidity at the top of 

column, were performed at different environmental relative humidities 

(ranging from 10% to 90 %) in chapter 4 to confirm and extend the 

observation of the dependency of foam stability upon environmental relative 

humidity that foam stability increases with an increase of environmental 

relative humidity. With regards to relating foam stability to surface 

mechanical properties (the first objective), foam stability of different 

surfactant solutions need to be measured at the same environmental relative 

humidity. 

4. Three different surfactant solutions have been prepared in section 5.2 by 

changing the surfactant type and manipulating the concentration of surfactant 

solutions so that two of them had approximately the same equilibrium surface 

tension whereas the other one had slightly higher equilibrium surface tension. 

The measurements of foam stability (at constant relative humidity) and surface 

rheological properties (at the same oscillation frequency and amplitude) of 
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these three surfactant solutions were performed in section 5.3 to correlate 

foam stability to surface rheological properties (the first objective). It has been 

demonstrated that both surface tension and surface rheological properties 

affected the stability of surfactant-stabilised foams, however, surface tension 

appeared to play a more important role, with respect to the stability of 

surfactant-stabilised foams. 

5. The stability of foams stabilised by the mixtures of particles and surfactants, 

as well as the relationship between the surface mechanical properties of air-

liquid interfaces and the stability of particle-stabilised foams, has also been 

studied in this thesis (which is the second objective as described in subsection 

1.1.2). The stability of particle-stabilised foams has been measured by the 

modified Bikerman test of Li et al. (2010) as well, which was more 

reproducible than other methods to produce foam and to quantify foam 

stability such as ‘hand-shaking’ method which has been applied in Binks et al. 

(2008). It has been experimentally demonstrated in sections 6.2 and 6.3 that 

only intermediately hydrophobic particles could enhance foam stability by the 

addition of particles to surfactant solutions, since these particles affected the 

surface mechanical properties of air-liquid interfaces of particle-stabilised 

foams by increasing surface elasticity and Gibbs elasticity whereas decreasing 

equilibrium surface tension and surface dilatational viscosity, which had a 

synergistically positive affect on the stability of particle-stabilised foams. The 

variations of surface mechanical properties of air-liquid interfaces of particle-

stabilised foams were ascribed, in section 6.4, to the competitive adsorption of 

surfactants on solid-liquid interface and air-liquid interface, and the 
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competition between the adsorption of silica particles on air-liquid interface 

and the interaction between silica particles in bulk solution. However, this 

observation of the optimum range of particle hydrophobicity to stabilise foam 

did not agree with the results of Binks et al. (2008) which concluded that the 

most hydrophobic particles were more successful at increasing foam stability. 

This difference in the experimental observations was attributed to the different 

methods to produce foam and quantify foam stability, since it was the ‘hand-

shaking’ method applied in Binks et al. (2008) that could compromise the 

reproducibility of the quantification of foam stability. 

7.2 Recommendations for Future Work 

In the current work to obtain surface rheological properties of air-liquid 

interfaces of foams, Gibbs elasticity (which can be considered as the limiting 

surface elasticity at infinite oscillation frequency) was inferred from the results 

of surface elasticity and surface dilatational viscosity which were measured at 

the relative low oscillation frequency (less than 1 Hz), since the device of 

droplet shape analyser applied in this study is not available to perform the 

measurement at relatively high frequency (for example, several hundred 

Hertz). Thus, the values of Gibbs elasticity obtained in this thesis could be 

potentially compromised. The recommendation is, in the future, to obtain 

Gibbs elasticity at higher frequency directly. 

In the exploration of foam stability measurement, the representative 

photographs of foams were obtained from normal digital camera, which could 

results in poor quality and optical distortion of photographs, and thus 
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compromises the estimation of bubble distribution of a foam. Therefore, in the 

future, it is recommended to use high resolution camera to increase 

photograph quality and to apply corrections on photographs by software to 

eliminate optical distortion issue, in order to obtain an accurate estimation of 

bubble distribution of a foam. 

In the study of the relationship between surface mechanical properties and 

foam stability, the determined surfactant solutions with similar equilibrium 

surface tension were limited, which were sodium tridecyl sulfate (anionic 

surfactant), DTAB (cationic surfactant) and TX-100 (non-ionic surfactant). In 

the future, more surfactant solutions will be tested to confirm and extend the 

observation obtained in the current work that surface tension plays a more 

important role than surface rheological properties in governing the stability of 

surfactant-stabilised foams. Furthermore, the effect of potential surfactant 

depletion during foaming process on surface mechanical properties and then 

on foam stability has been noticed in this thesis, it is suggested to measure the 

surface tension of surfactant solution before and after foaming process to test 

the depletion of surfactant in the future. 

In the investigation of the stability of particle-stabilised foams and the 

relationship between the surface mechanical properties of air-liquid interfaces 

and the stability of particle-stabilised foams, the foam was actually stabilised 

by the mixture of particles and surfactants. The work concerning the foam 

stabilised solely by particles has not been performed in this thesis, which is 

worth exploring in the future. Thus, the stability of foams stabilised solely by 

particles should be studied with the reproducible method of controlling 
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environmental relative humidity during foam stability measurements. 

Furthermore, the surface mechanical properties of liquid-air interfaces of 

foams stabilised solely by particles should be investigated as well. 

Finally, in the current work, the study focused either on microscale (the 

investigation of surface mechanical properties of air-liquid interfaces) or on 

mesoscale (the exploration of the stability of foams stabilised by surfactants or 

mixtures of surfactants and particles). However, none of the work in this thesis 

was related to industrial applications (i.e. the study in macroscale). In fact, 

foams have great potential in various industrial applications including 

consumer products (such as home and personal care or food and drink 

products), flotation, fire-fighting, and in particular, enhanced oil recovery. In 

the future, it is expected to apply stable foams, which are obtained by the 

modification of surface mechanical properties of gas-liquid interfaces, in the 

oil field to improve oil sweep efficiency. 
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Appendices 

Appendix A Influence of Noise upon Results Obtained by Droplet Shape 

Analyser 

It is supposed herein that potentially poor signal-to-noise ratios could have a 

detrimental impact upon results obtained by the oscillating pendent droplet 

method, and therefore the method of noise elimination should be further 

studied before performing measurements of surface rheological properties. 

The noise caused herein is mainly due to the environmental vibration 

interference. In order to reduce the droplet vibration induced by the 

environmental vibration interference, the droplet shape analyser is mounted on 

a layer of polyfoam of depth 50 mm. 

The oscillating pendant droplet method is applied to measure dynamic surface 

tension for effectiveness evaluation of the environmental vibration reduction 

of the polyfoam. The measurements are performed by imposing a low 

frequency and amplitude sinusoidal variation on the air-liquid surface area. 

The dynamic surface tension of an oscillating droplet of SDS solution at the 

concentration of 0.087 g/L is measured over time. The frequency of oscillation 

is 0.5 Hz and the relative amplitude of the disturbance is 0.1. Note that the 

defined amplitude is related to the mean volume of the droplet and it is a 

dimensionless parameter. The oscillation of the droplet lasts for 20 seconds. In 

order to test the effectiveness of the polyfoam to reduce the environmental 

vibration, two sets of measurement are designed. In one set of measurements, 
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the experiment is performed with the droplet shape analyser placed on a 

standard laboratory bench directly; in the other, the same experiment is 

repeated with the apparatus mounted on the polyfoam. The dynamic surface 

tension results obtained from the oscillating pendant droplet method with and 

without the polyfoam is shown in Figure A-1. 

 
Figure A-1. The dynamic surface tension results obtained from the oscillating pendant droplet 

method with and without the polyfoam. (a) The dynamic surface tension measurement is 

performed without the polyfoam. (b) The dynamic surface tension measurement is performed 

with the polyfoam. 

After comparison, it can be seen that the dynamic surface tension results 

measured without polyfoam show certain degree of noise, while the dynamic 

surface tension results obtained with polyfoam have less noise. This 
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demonstrates that the environmental vibration influences the accuracy of 

dynamic surface tension measurement and the polyform applied herein can 

reduce the environmental vibration effectively. A Fourier analysis of dynamic 

surface tension results has been performed to confirm the reduction of 

environmental vibration by employing the polyfoam. The comparison of 

Fourier analyses of dynamic surface tension results obtained with and without 

the polyfoam is shown in Figure A-2.  

 
Figure A-2. Fourier analyses of dynamic surface tension results obtained with and without the 

polyfoam 

As can be seen, the dash line indicates the oscillation frequency of the droplet 

imposed by the apparatus, which is 0.5 Hz. For the dynamic surface tension 

measurement without the polyfoam, obvious noise exists except for the 

oscillation frequency, which varies from 1.5 Hz to 3.5 Hz, whereas for the 

dynamic surface tension measurement with the polyfoam, the noise has been 

reduced and almost only the oscillation frequency exists. It is believed that 
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applying polyfoam can filter environmental vibration effectively and the 

polyfoam should be applied under the apparatus as a routine to increase the 

accuracy of dynamic surface tension measurement. It is noted that an even 

better reduction of noise could probably be achieved if the equipment were to 

be mounted upon an optical bench.  
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Appendix B Original Results and Inferred Parameters of Surface 

Rheological Properties Measurements in Chapter 2 

The original experimental data for surface rheological properties obtained by 

the oscillating pendent droplet method in each independent measurement at 

different oscillation frequencies are shown in Table B-1. Elastic modulus (also 

known as surface elasticity or the real part of visco-elasticity), loss modulus 

(i.e. the imaginary part of visco-elasticity), modulus of visco-elasticity and 

surface dilatational viscosity can be measured directly. The parameters 

inferred from the original data to obtain Gibbs elasticity in each independent 

measurement at different oscillation frequencies are shown in Table B-2. The 

original results of relative amplitude of surface area disturbance and amplitude 

of surface tension variation in each trial at different oscillation frequencies are 

shown in Table B-3. 

Table B-1. Original results of surface rheological properties in each trial at different 

oscillation frequencies 

Frequency 

(Hz) 
Trial 

Elastic 

modulus 

(mN/m) 

Loss 

modulus 

(mN/m)  

Modulus of 

visco-elasticity  

(mN/m) 

Surface dilatational 

viscosity 

(mN∙s/m) 

0.1 

(1) 4.63 2.98 5.51 4.75 

(2) 4.50 3.02 5.42 4.80 

(3) 4.59 3.04 5.51 4.84 

0.2 

(1) 6.57 5.23 8.40 4.16 

(2) 6.08 4.01 7.28 3.19 

(3) 5.93 4.41 7.39 3.51 

0.4 

(1) 7.45 5.35 9.18 2.13 

(2) 7.75 5.49 9.50 2.19 

(3) 8.40 5.95 10.29 2.37 

0.8  

(1) 9.43 6.87 11.67 1.37 

(2) 10.17 6.94 12.31 1.38 

(3) 9.96 6.86 12.09 1.36 

1.0 

(1) 11.00 7.92 13.55 1.26 

(2) 9.82 7.72 12.49 1.23 

(3) 10.77 7.80 13.30 1.24 
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Table B-2. Parameters inferred from results given in Table B-1 to obtain Gibbs elasticity in 

each trial at different oscillation frequencies 

Frequency 

(Hz) 
Trial sin(φ) cos(φ) tan(φ) ξ 

Gibbs elasticity 

(mN/m) 

0.1 

(1) 0.54 0.84 0.64 1.81 18.41 

(2) 0.56 0.83 0.67 2.03 19.77 

(3) 0.55 0.83 0.66 1.96 19.54 

0.2 

(1) 0.62 0.78 0.79 3.87 52.30 

(2) 0.55 0.83 0.66 1.94 25.66 

(3) 0.60 0.80 0.74 2.91 36.00 

0.4 

(1) 0.58 0.81 0.72 2.55 40.04 

(2) 0.58 0.82 0.71 2.435 39.96 

(3) 0.58 0.82 0.71 2.42 43.10 

0.8 

(1) 0.59 0.81 0.73 2.68 53.13 

(2) 0.56 0.83 0.68 2.15 46.87 

(3) 0.57 0.82 0.69 2.21 47.12 

1.0 

(1) 0.58 0.81 0.72 2.58 59.72 

(2) 0.62 0.79 0.79 3.67 74.16 

(3) 0.59 0.81 0.72 2.63 59.57 

 

Table B-3. Original results of relative amplitude of surface area disturbance and amplitude of 

surface tension variation in each trial at different oscillation frequencies 

Frequency 

(Hz) 
Trial 

Relative amplitude of surface 

area disturbance  

(%) 

Amplitude of surface tension 

variation 

(mN/m) 

0.1 

(1) 17.90 0.99 

(2) 18.45 1.00 

(3) 18.43 1.01 

0.2 

(1) 16.37 1.37 

(2) 16.81 1.22 

(3) 17.18 1.27 

0.4 

(1) 17.50 1.61 

(2) 15.78 1.50 

(3) 15.94 1.64 

0.8 

(1) 15.93 1.86 

(2) 15.54 1.91 

(3) 15.88 1.92 

1.0 

(1) 14.24 1.93 

(2) 16.66 2.08 

(3) 14.63 1.95 

The original results of surface rheological properties obtained by the 

oscillating pendent droplet method in each independent measurement at 

different oscillation amplitudes are shown in Table B-4. The parameters 

inferred from the original data to obtain Gibbs elasticity in each independent 

measurement at different oscillation amplitudes are shown in Table B-5. The 
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original results of relative amplitude of surface area disturbance and amplitude 

of surface tension variation in each trial at different oscillation amplitudes are 

shown in Table B-6. 

Table B-4. Original results of surface rheological properties in each trial at different 

oscillation amplitudes 

Amplitude 

(-) 
Trial 

Elastic 

modulus 

(mN/m) 

Loss 

modulus 

(mN/m)  

Modulus of 

visco-elasticity  

(mN/m) 

Surface dilatational 

viscosity 

(mN∙s/m) 

0.1 

(1) 9.44  5.76  11.06  1.83  

(2) 9.04  6.97  11.42  2.22  

(3) 8.50  5.63  10.19  1.79  

0.2 

(1) 9.69  5.80  11.29  1.85  

(2) 8.92  6.02  10.76  1.91  

(3) 10.13  5.98  11.76  1.90  

0.3 

(1) 9.75  6.02  11.46  1.91  

(2) 10.48  6.56  12.36  2.09  

(3) 9.35  5.93  11.08  1.89  

0.4  

(1) 9.29  5.66  10.88  1.80  

(2) 9.70  6.10  11.46  1.94  

(3) 9.43  6.00  11.18  1.91  

0.5  

(1) 9.76  5.82  11.36  1.85  

(2) 9.32  5.89  11.03  1.87  

(3) 8.73  5.62  10.38  1.79  

 

Table B-5. Parameters inferred from results given in Table B-4 to obtain Gibbs elasticity in 

each trial at different oscillation amplitudes 

Amplitude 

(-) 
Trial sin(φ) cos(φ) tan(φ) ξ 

Gibbs Elasticity 

(mN/m) 

0.1  

(1) 0.52  0.85  0.61  1.56  33.19  

(2) 0.61  0.79  0.77  3.37  62.99  

(3) 0.55  0.83  0.66  1.97  36.32  

0.2  

(1) 0.51  0.86  0.60  1.49  32.83  

(2) 0.56  0.83  0.68  2.08  39.97  

(3) 0.51  0.86  0.59  1.44  33.29  

0.3 

(1) 0.53  0.85  0.62  1.61  35.15  

(2) 0.53  0.85  0.63  1.67  39.00  

(3) 0.54  0.84  0.63  1.74  35.87  

0.4  

(1) 0.52  0.85  0.61  1.56  32.65  

(2) 0.53  0.85  0.63  1.69  36.49  

(3) 0.54  0.84  0.64  1.75  36.48  

0.5  

(1) 0.51  0.86  0. 60  1.48  32.73  

(2) 0.53  0.85  0.63  1.72  35.41  

(3) 0.54  0.84  0.64  1.81  34.65  
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Table B-6. Original results of relative amplitude of surface area disturbance and amplitude of 

surface tension variation in each trial at different oscillation amplitudes  

Amplitude 

(-) 
Trial 

Relative amplitude of surface 

area disturbance  

(%) 

Amplitude of surface tension 

variation 

(mN/m) 

0.1 

(1) 1.25 0.14  

(2) 1.21 0.14  

(3) 1.46 0.15  

0.2  

(1) 3.55 0.40  

(2) 4.80 0.52  

(3) 4.20 0.49  

0.3  

(1) 9.73 1.12  

(2) 12.47 1.54  

(3) 10.95 1.21  

0.4  

(1) 29.39 3.20  

(2) 23.95 2.75  

(3) 25.66 2.87  

0.5  

(1) 36.63 4.16  

(2) 36.06 3.98  

(3) 35.69 3.70  
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Appendix C Detailed Results of Dynamic Surface Tension Measurement 

in Chapter 3 

The detailed dynamic surface tension results of sodium tridecyl sulfate 

solution (1.301 g/L) from run 2 to run 10 are shown in Figure C-1 to C-9, 

respectively. 

 
Figure C-1. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 2. The number in bracket represents the sequential trial number. 
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Figure C-2. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 3. The number in bracket represents the sequential trial number. 

 

 
Figure C-3. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 4. The number in bracket represents the sequential trial number. 
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Figure C-4. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 5.  

 

 
Figure C-5. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 6.  
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Figure C-6. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 7. 

 

 
Figure C-7. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 8.  
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Figure C-8. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 9.  

 

 
Figure C-9. Dynamic surface tension results of sodium tridecyl sulfate solution (1.301 g/L) of 

run 10.  
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The detailed dynamic surface tension results of SDS solution (0.288 g/L in 

0.584 g/L NaCl) from run 2 to run 9 are shown in Figure C-10 to C-18, 

respectively. 

 
Figure C-10. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 2. The number in bracket represents the sequential trial number. 
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Figure C-11. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 3. The number in bracket represents the sequential trial number. 

 

 
Figure C-12. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 
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Figure C-13. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 5.  

 

 
Figure C-14. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 6.  
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Figure C-15. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 7.  

 

 
Figure C-16. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 8.  

0 25 50 75 100 125 150 175

47

48

49

50

51

52

53

54
 Trial 1

 Trial 2

 Trial 3

 Trial 4

 Trial 5

 Trial 6

 Trial 7

 Trial 8

 Trial 9

 Trial 10

D
y

n
am

ic
 S

u
rf

ac
e 

T
en

si
o

n
 (

m
N

/m
)

Time (s)

0 25 50 75 100 125 150 175

48

49

50

51

52

53

54
 Trial 1

 Trial 2

 Trial 3

 Trial 4

 Trial 5

 Trial 6

 Trial 7

 Trial 8

 Trial 9

 Trial 10

D
y

n
am

ic
 S

u
rf

ac
e 

T
en

si
o

n
 (

m
N

/m
)

Time (s)



 

   231 

 

 
Figure C-17. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 9.  

 

 
Figure C-18. Dynamic surface tension results of SDS solution (0.288 g/L in 0.584 g/L NaCl) 

of run 10. 
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The detailed dynamic surface tension results of DTAB solution (4.954 g/L) of 

all 10 runs are shown in Figure C-19 to C-28, respectively. 

 
Figure C-19. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 1. 

 

 
Figure C-20. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 2. 
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Figure C-21. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 3.  

 

 
Figure C-22. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 4.  
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Figure C-23. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 5. 

 

 
Figure C-24. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 6.  
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Figure C-25. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 7.  

 

 
Figure C-26. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 8.  
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Figure C-27. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 9. 

 

 
Figure C-28. Dynamic surface tension results of DTAB solution (4.954 g/L) of run 10.  
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Appendix D Effectiveness of Drying Agent to Dry Compressed Air 

Prior to performing foam stability measurements, the effectiveness of the 

drying agent (which is self-indicating silica gel applied in the current work) is 

ascertained that whether there is effective drying of compressed air which is 

delivered from the top of the column as shown in Figure 4-2, since only 

mixing appreciable dry air with environmental air is capable of adjusting the 

relative humidity of the freeboard in a wide scope. The relative humidity of 

compressed air before and after going through the drying agent is measured. 

The testing system is shown in Figure D-1. Compressed air is delivered into a 

Perspex column through two lines that one is going through the drying agent 

whereas another is not. The relative humidity in the Perspex column is 

measured and recorded every minute by a thermohygrometer (Rotronic, HC2-

WIN-USB), which is directly linked with a computer. The flowrate of 

compressed air is kept at constant at 0.5 L/min. Firstly, all the valves in the 

system are closed, thus there is no compressed air delivered into the Perspex 

column and the relative humidity of environmental air in the Perspex column 

is measured for 30 minutes. Then, ball valves 1 & 2 and the pressure reducing 

valve are switched on and thus compressed air without going through the 

drying agent is delivered into the column. After the relative humidity in the 

column is stable, which means the column is fully filled with undried 

compressed air, the relative humidity of undried compressed air in the column 

is measured for 30 minutes as well. Finally, ball valve 2 is turned off and ball 

valves 3 & 4 are switched on, thus compressed air after going through the 

drying agent is delivered into the column. After the column is fully filled with 
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dried compressed air, the relative humidity of dried compressed air is also 

measured for 30 minutes. The arithmetic mean of the relative humidity 

observations in each 30-minute measurement is chosen to represent the 

relative humidity of that type of air.  
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Figure D-1. Schematic diagram of the compressed air humidity measuring system 

 

 
Figure D-2. The evolution of relative humidity in the column 
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Table D-1. The detailed results of relative humidity in the column. Note that the humidity 

values recorded by the thermohygrometer used in the current work are only to one decimal 

place. 

Time  

(min) 

Humidity 

(%) 

Time  

(min) 

Humidity 

(%) 

Time  

(min) 

Humidity 

(%) 

0 41.7 36 5.8 72 7.1 

1 41.5 37 5.7 73 7.7 

2 41.3 38 5.6 74 8.3 

3 41.2 39 5.5 75 0.8 

4 41.1 40 5.5 76 0.0 

5 41.0 41 5.4 77 0.0 

6 40.9 42 5.4 78 0.0 

7 40.9 43 5.3 79 0.0 

8 40.8 44 5.3 80 0.0 

9 40.8 45 5.2 81 0.0 

10 40.7 46 5.2 82 0.0 

11 40.7 47 5.2 83 0.0 

12 40.6 48 5.2 84 0.0 

13 40.6 49 5.1 85 0.0 

14 40.6 50 5.1 86 0.0 

15 40.5 51 5.1 87 0.0 

16 40.5 52 5.1 88 0.0 

17 40.5 53 5.1 89 0.0 

18 40.4 54 5.1 90 0.0 

19 40.4 55 5.1 91 0.0 

20 40.3 56 5.1 92 0.0 

21 40.3 57 5.1 93 0.0 

22 40.3 58 5.1 94 0.0 

23 40.2 59 5.1 95 0.0 

24 40.2 60 5.1 96 0.0 

25 40.1 61 5.1 97 0.0 

26 40.1 62 5.1 98 0.0 

27 40.1 63 5.1 99 0.0 

28 40.1 64 5.0 100 0.0 

29 40.1 65 5.0 101 0.0 

30 40.1 66 5.0 102 0.0 

31 29.5 67 5.0 103 0.0 

32 8.2 68 5.0 104 0.0 

33 6.7 69 5.0 105 0.0 

34 6.2 70 5.3 106 0.0 

35 6.0 71 6.4 107 0.0 

The evolution of relative humidity in the column is shown in Figure D-2 and 

the detailed results of relative humidity in the column are shown in Table D-1. 

As can be seen from Figure D-2, the relative humidity of environmental air in 

the column is stable and maintains around 40 %. The arrows in Figure D-2 

indicate the moments at which the undried and dried compressed air are 

delivered into the column. After delivering undried compressed air into the 

column, the relative humidity in the column decreases directly to about 5 % 
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and then keeps constant. Note that the slight increase of relative humidity in 

the column from 69 to 74 minutes is due to the switching off undried 

compressed air and the environmental air flows into the column from the vent. 

Whilst dried compressed air is delivered into the column, the relative humidity 

decreases immediately again to 0 % and remains at null value until the 

measurement stops. 

The relative humidity of environmental air, undried compressed air and dried 

compressed air are shown in Table D-2. As can be seen, the relative humidity 

of undried compressed air is 5.2 % and the relative humidity of dried 

compressed air is 0.0 %. This demonstrates that the drying agent is effective 

and the compressed air after going through the drying agent is approximately 

completely dry, which allows adjusting the relative humidity of the freeboard 

in a wide scale. 

Table D-2. The relative humidity of environmental air, undried compressed air and dried 

compressed air 

Type of air 
Relative humidity  

(%) 

Environmental air 40.6 

Undried compressed air  5.2 

Dried compressed air  0.0 

 

  



 

   241 

 

Appendix E Detailed Results of Foam Stability Measurement in Chapter 

4 

The detailed results of evolution of foam height of SDS solution in each 

independent measurement with different values of environmental relative 

humidity at the top of the column are shown in Tables E-1, E-2, E-3, E-4, and 

E-5. 
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Table E-1. The detailed results of evolution of foam height of SDS solution in each 

independent measurement with relative humidity of 93.4 % at the top of the column 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 200 200 0 0 0 

5 200 228 28 200 231 31 200 229 29 29 3 

10 200 252 52 200 255 55 200 245 45 51 10 

15 200 277 77 200 277 77 200 268 68 74 9 

20 200 303 103 200 300 100 200 294 94 99 9 

25 200 327 127 200 324 124 200 318 118 123 9 

30 200 349 149 200 349 149 200 345 145 148 4 

35 200 375 175 200 374 174 200 366 166 172 9 

40 200 399 199 200 398 198 200 392 192 196 7 

45 200 428 228 200 423 223 200 417 217 223 11 

50 200 453 253 200 445 245 200 441 241 246 12 

55 200 476 276 200 470 270 200 469 269 272 7 

60 200 500 300 200 491 291 200 492 292 294 9 

65 200 526 326 200 518 318 200 515 315 320 11 

70 200 547 347 200 547 347 200 538 338 344 9 

75 200 570 370 200 577 377 200 560 360 369 17 

80 200 587 387 200 598 398 200 583 383 389 15 

85 200 609 409 200 619 419 200 606 406 411 13 

90 200 630 430 200 638 438 200 629 429 432 9 

95 200 650 450 200 655 455 200 647 447 451 8 

100 200 672 472 200 676 476 200 663 463 470 13 

105 200 694 494 200 700 500 200 680 480 491 20 

110 200 718 518 200 722 522 200 702 502 514 20 

115 200 742 542 200 737 537 200 721 521 533 21 

120 200 765 565 200 762 562 200 742 542 556 23 

125 200 786 586 200 783 583 200 769 569 579 17 

130 200 807 607 200 800 600 200 794 594 600 13 

135 200 826 626 200 825 625 200 817 617 623 9 

140 200 845 645 200 846 646 200 840 640 644 6 

145 200 873 673 200 872 672 200 866 666 670 7 

150 200 905 705 200 895 695 200 887 687 696 18 

Note: H1 represents the height of foam-liquid interface. H2 represents the top height of foam. 

ΔH represents the foam height, which is the difference between H1 and H2. Error is the 

difference between largest and smallest foam height values of all independent measurements. 

These definitions also apply to the other tables which are used for recording the detailed 

results of foam height evolution in all appendixes (Appendix E, F and G). 
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Table E-2. The detailed results of evolution of foam height of SDS solution in each 

independent measurement with relative humidity of 71.1 % at the top of the column 

Time 

(min) 

Trial 1 

Foam Height 

(mm) 

Trial 2 

Foam Height 

(mm) 

Trial 3 

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 275 275 0 0 0 

5 200 235 35 200 230 30 275 295 20 28 15 

10 200 260 60 200 253 53 275 316 41 51 19 

15 200 282 82 200 275 75 275 340 65 74 17 

20 200 299 99 200 297 97 275 364 89 95 10 

25 200 323 123 200 319 119 275 387 112 118 11 

30 200 344 144 200 342 142 275 407 132 139 12 

35 200 368 168 200 364 164 275 425 150 161 18 

40 200 394 194 200 388 188 275 446 171 184 23 

45 200 416 216 200 407 207 275 473 198 207 18 

50 200 444 244 200 429 229 275 497 222 232 22 

55 200 465 265 200 451 251 275 518 243 253 22 

60 200 484 284 200 471 271 275 542 267 274 17 

65 200 507 307 200 493 293 275 560 285 295 22 

70 200 526 326 200 516 316 275 578 303 315 23 

75 200 550 350 200 521 321 275 595 320 330 30 

80 200 563 363 200 527 327 275 609 334 341 36 

85 200 566 366 200 532 332 275 619 344 347 34 

90 200 573 373 200 538 338 275 630 355 355 35 

95 200 575 375 200 555 355 275 639 364 365 20 

100 200 580 380 200 567 367 275 648 373 373 13 

105 200 583 383 200 581 381 275 658 383 382 2 

110 200 584 384 200 586 386 275 664 389 386 5 

115 200 587 387 200 599 399 275 669 394 393 12 

120 200 600 400 200 607 407 275 673 398 402 9 

125 200 607 407 200 610 410 275 677 402 406 8 

130 200 610 410 200 612 412 275 686 411 411 2 

135 200 608 408 200 617 417 275 685 410 412 9 

140 200 609 409 200 622 422 275 689 414 415 13 

145 200 616 416 200 627 427 275 687 412 418 15 

150 200 618 418 200 625 425 275 689 414 419 11 

155 200 622 422 200 630 430 275 683 408 420 22 

160 200 638 438 200 633 433 275 688 413 428 25 

165 200 652 452 200 630 430 275 690 415 432 37 

170 200 656 456 200 634 434 275 694 419 436 37 

175 200 657 457 200 638 438 275 697 422 439 35 

180 200 659 459 200 638 438 275 698 423 440 36 

185 200 663 463 200 636 436 275 700 425 441 38 

190 200 654 454 200 640 440 275 700 425 440 29 

195 200 642 442 200 640 440 275 699 424 435 18 
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Table E-3. The detailed results of evolution of foam height of SDS solution in each 

independent measurement with relative humidity of 51.3 % at the top of the column 

Time 

(min) 

Trial 1 

Foam Height 

(mm) 

Trial 2 

Foam Height 

(mm) 

Trial 3 

Foam Height 

(mm) 

Average 

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 218 218 0 225 225 0 221 221 0 0 0 

5 218 247 29 225 252 27 221 257 36 31 9 

10 218 270 52 225 275 50 221 280 59 54 9 

15 218 290 72 225 303 78 221 305 84 78 12 

20 218 317 99 225 326 101 221 328 107 102 8 

25 218 341 123 225 350 125 221 353 132 127 9 

30 218 365 147 225 377 152 221 380 159 153 12 

35 218 388 170 225 400 175 221 400 179 175 9 

40 218 410 192 225 420 195 221 423 202 196 10 

45 218 428 210 225 442 217 221 447 226 218 16 

50 218 457 239 225 467 242 221 471 250 244 11 

55 218 475 257 225 487 262 221 484 263 261 6 

60 218 495 277 225 497 272 221 495 274 274 5 

65 218 510 292 225 508 283 221 503 282 286 10 

70 218 523 305 225 519 294 221 512 291 297 14 

75 218 532 314 225 527 302 221 519 298 305 16 

80 218 541 323 225 533 308 221 526 305 312 18 

85 218 546 328 225 542 317 221 531 310 318 18 

90 218 550 332 225 551 326 221 539 318 325 14 

95 218 550 332 225 554 329 221 544 323 328 9 

100 218 554 336 225 558 333 221 550 329 333 7 

105 218 555 337 225 565 340 221 555 334 337 6 

110 218 553 335 225 570 345 221 559 338 339 10 

115 218 553 335 225 568 343 221 565 344 341 9 

120 218 557 339 225 570 345 221 568 347 344 8 

125 218 560 342 225 571 346 221 571 350 346 8 

130 218 563 345 225 570 345 221 573 352 347 7 

135 218 562 344 225 569 344 221 574 353 347 9 

140 218 565 347 225 570 345 221 574 353 348 8 

145 218 562 344 225 571 346 221 572 351 347 7 

150 218 566 348 225 572 347 221 572 351 349 4 

 

 

 



 

   245 

 

Table E-4. The detailed results of evolution of foam height of SDS solution in each 

independent measurement with relative humidity of 30.5 % at the top of the column 

Time 

(min) 

Trial 1 

Foam Height 

(mm) 

Trial 2 

Foam Height 

(mm) 

Trial 3 

Foam Height 

(mm) 

Average 

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 221 221 0 215 215 0 208 208 0 0 0 

5 221 251 30 215 240 25 208 234 26 27 5 

10 221 274 53 215 265 50 208 255 47 50 6 

15 221 300 79 215 287 72 208 279 71 74 8 

20 221 324 103 215 312 97 208 305 97 99 6 

25 221 345 124 215 332 117 208 326 118 120 7 

30 221 366 145 215 354 139 208 352 144 143 6 

35 221 386 165 215 378 163 208 373 165 164 2 

40 221 405 184 215 398 183 208 400 192 186 9 

45 221 424 203 215 420 205 208 422 214 207 11 

50 221 438 217 215 444 229 208 443 235 227 18 

55 221 452 231 215 457 242 208 462 254 242 23 

60 221 460 239 215 463 248 208 478 270 252 31 

65 221 464 243 215 473 258 208 492 284 262 41 

70 221 465 244 215 476 261 208 505 297 267 53 

75 221 467 246 215 483 268 208 512 304 273 58 

80 221 470 249 215 490 275 208 515 307 277 58 

85 221 471 250 215 490 275 208 519 311 279 61 

90 221 469 248 215 492 277 208 523 315 280 67 

95 221 472 251 215 490 275 208 525 317 281 66 

100 221 472 251 215 488 273 208 530 322 282 71 

105 221 473 252 215 487 272 208 529 321 282 69 

110 221 473 252 215 490 275 208 532 324 284 72 

115 221 477 256 215 489 274 208 532 324 285 68 

120 221 477 256 215 491 276 208 523 315 282 59 
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Table E-5. The detailed results of evolution of foam height of SDS solution in each 

independent measurement with relative humidity of 10.0 % at the top of the column 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 216 216 0 224 224 0 216 216 0 0 0 

5 216 239 23 224 244 20 216 246 30 24 10 

10 216 261 45 224 265 41 216 263 47 44 6 

15 216 282 66 224 283 59 216 283 67 64 8 

20 216 305 89 224 309 85 216 303 87 87 4 

25 216 329 113 224 324 100 216 325 109 107 13 

30 216 353 137 224 345 121 216 345 129 129 16 

35 216 373 157 224 363 139 216 366 150 149 18 

40 216 395 179 224 383 159 216 382 166 168 20 

45 216 413 197 224 399 175 216 398 182 185 22 

50 216 427 211 224 414 190 216 413 197 199 21 

55 216 437 221 224 426 202 216 430 214 212 19 

60 216 443 227 224 434 210 216 438 222 220 17 

65 216 448 232 224 443 219 216 449 233 228 14 

70 216 452 236 224 452 228 216 456 240 235 12 

75 216 453 237 224 459 235 216 459 243 238 8 

80 216 455 239 224 461 237 216 465 249 242 12 

85 216 458 242 224 462 238 216 468 252 244 14 

90 216 458 242 224 466 242 216 474 258 247 16 

95 216 459 243 224 466 242 216 478 262 249 20 

100 216 461 245 224 468 244 216 478 262 250 18 

105 216 460 244 224 468 244 216 479 263 250 19 

110 216 460 244 224 474 250 216 480 264 253 20 

115 216 465 249 224 473 249 216 485 269 256 20 

120 216 464 248 224 475 251 216 485 269 256 21 
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Appendix F Detailed Results of Equilibrium Surface Tension, Foam 

Stability and Surface Rheological Properties Measurements in Chapter 5 

The estimation of equilibrium surface tension of TX-100 solution at the 

concentration of 0.175 g/L (i.e. at the CMC of TX-100) is shown in Figure F-1. 

 
Figure F-1. Partial enlarged view of dynamic surface tension results of TX-100 solution at the 

concentration of 0.175 g/L (i.e. at the CMC of TX-100) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of TX-100 solution at the 

concentration of 0.088 g/L (i.e. 50% of the CMC of TX-100) is shown in 

Figure F-2. 

 
Figure F-2. Partial enlarged view of dynamic surface tension results of TX-100 solution at the 

concentration of 0.088 g/L (i.e. 50% of the CMC of TX-100) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of TX-100 solution at the 

concentration of 0.070 g/L (i.e. 40% of the CMC of TX-100) is shown in 

Figure F-3. 

 
Figure F-3. Partial enlarged view of dynamic surface tension results of TX-100 solution at the 

concentration of 0.070 g/L (i.e. 40% of the CMC of TX-100) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of TX-100 solution at the 

concentration of 0.044 g/L (i.e. 25% of the CMC of TX-100) is shown in 

Figure F-4. 

 
Figure F-4. Partial enlarged view of dynamic surface tension results of TX-100 solution at the 

concentration of 0.044 g/L (i.e. 25% of the CMC of TX-100) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The results of equilibrium surface tension of TX-100 solution at different 

concentrations are shown in Table F-1. 

Table F-1. Results of equilibrium surface tension of TX-100 solution at different 

concentrations. The errors of equilibrium surface tension are the standard deviation of the 

independent observations. 

Concentration of TX-100 solution 

(g/L)  

Equilibrium surface tension 

(mN/m) 

0.175 (at the CMC) 30.80 ± 0.08 

0.088 (50% of the CMC) 35.10 ± 0.11 

0.070 (40% of the CMC) 36.60 ± 0.20 

0.066 (37.5% of the CMC) 38.30 ± 0.16 

0.044 (25% of the CMC) 41.10 ± 0.18 
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The detailed results of evolution of foam height of TX-100 solution (0.066 g/L) 

in each independent measurement at environmental relative humidity of 70.0 ± 

0.3% are shown in Table F-2. 

Table F-2. The detailed results of evolution of foam height of TX-100 solution (0.066 g/L) in 

each independent measurement at environmental relative humidity of 70.0 ± 0.3%  

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 200 200 0 0 0 

5 205 231 26 202 247 45 204 243 39 37 19 

10 205 262 57 202 270 68 204 265 61 62 11 

15 205 278 73 201 290 89 204 283 79 80 16 

20 205 295 90 201 306 105 204 303 99 98 15 

25 205 310 105 201 321 120 204 319 115 113 15 

30 205 325 120 201 328 127 204 335 131 126 11 

35 205 320 115 201 317 116 204 346 142 124 27 

40 207 322 115 202 322 120 205 335 130 122 15 

45 207 328 121 202 325 123 205 340 135 126 14 

50 207 338 131 202 327 125 204 345 141 132 16 

55 207 340 133 202 332 130 204 343 139 134 9 

60 205 342 137 202 337 135 205 350 145 139 10 

65 205 347 142 202 335 133 205 352 147 141 14 

70 205 352 147 202 342 140 205 358 153 147 13 

75 205 353 148 202 350 148 205 360 155 150 7 

80 205 358 153 202 355 153 205 357 152 153 1 

85 205 367 162 202 363 161 205 355 150 158 12 

90 205 358 153 202 365 163 206 363 157 158 10 

95 205 363 158 202 367 165 205 365 160 161 7 

100 205 362 157 202 369 167 206 368 162 162 10 

105 205 370 165 202 367 165 206 370 164 165 1 

110 205 366 161 202 365 163 206 371 165 163 4 

115 205 360 155 202 368 166 207 375 168 163 13 

120 205 372 167 202 365 163 206 368 162 164 5 

125 205 365 160 202 360 158 207 370 163 160 5 

130 205 367 162 203 362 159 206 369 163 161 4 

135 205 371 166 203 365 162 207 370 163 164 4 
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The detailed results of evolution of foam height of DTAB solution (4.954 g/L) 

in each independent measurement at environmental relative humidity of 70.0 ± 

0.3% are shown in Table F-3.  

Table F-3. The detailed results of evolution of foam height of DTAB solution (4.954 g/L) in 

each independent measurement at environmental relative humidity of 70.0 ± 0.3% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 200 200 0 0 0 

5 209 241 32 210 246 36 207 255 48 39 16 

10 209 259 50 210 272 62 207 276 69 60 19 

15 208 280 72 210 290 80 207 290 83 78 11 

20 208 303 95 210 312 102 207 310 103 100 8 

25 208 325 117 210 330 120 207 335 128 122 11 

30 208 343 135 210 355 145 207 356 149 143 14 

35 208 364 156 210 372 162 207 380 173 164 17 

40 208 384 176 210 397 187 207 400 193 185 17 

45 208 405 197 210 413 203 208 424 216 205 19 

50 208 426 218 210 428 218 208 447 239 225 21 

55 208 447 239 210 438 228 208 455 247 238 19 

60 208 460 252 210 448 238 208 461 253 248 15 

65 208 470 262 210 457 247 208 463 255 255 15 

70 208 475 267 210 468 258 208 469 261 262 9 

75 208 478 270 210 480 270 208 470 262 267 8 

80 208 480 272 210 490 280 208 476 268 273 12 

85 209 482 273 210 500 290 208 474 266 276 24 

90 209 485 276 209 502 293 208 482 274 281 19 

95 209 490 281 210 504 294 208 485 277 284 17 

100 209 490 281 210 503 293 208 494 286 287 12 

105 209 490 281 208 502 294 208 505 297 291 16 

110 209 490 281 209 500 291 208 508 300 291 19 

115 209 490 281 209 495 286 208 517 309 292 28 

120 209 489 280 209 490 281 208 510 302 288 22 
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The detailed results of evolution of foam height of sodium tirdecyl sulfate 

solution (1.301 g/L) in each independent measurement at environmental 

relative humidity of 70.0 ± 0.3% are shown in Table F-4. 

Table F-4. The detailed results of evolution of foam height of sodium tridecyl sulfate solution 

(1.301 g/L) in each independent measurement at environmental relative humidity of 70.0 ± 0.3% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 200 200 0 0 0 

5 215 254 39 211 245 34 215 240 25 33 14 

10 221 276 55 215 269 54 216 263 47 52 8 

15 221 296 75 216 289 73 218 288 70 73 5 

20 224 317 93 218 307 89 220 310 90 91 4 

25 225 337 112 219 337 118 222 332 110 113 8 

30 227 365 138 220 356 136 223 356 133 136 5 

35 227 380 153 221 380 159 224 377 153 155 6 

40 229 398 169 222 402 180 225 396 171 173 11 

45 230 418 188 223 424 201 225 416 191 193 13 

50 230 437 207 224 446 222 226 434 208 212 15 

55 231 454 223 225 465 240 227 453 226 230 17 

60 231 469 238 225 484 259 227 472 245 247 21 

65 233 484 251 225 500 275 228 489 261 262 24 

70 235 497 262 225 516 291 229 499 270 274 29 

75 233 507 274 225 533 308 230 510 280 287 34 

80 234 517 283 226 540 314 229 518 289 295 31 

85 235 528 293 226 545 319 230 527 297 303 26 

90 236 533 297 227 546 319 230 530 300 305 22 

95 237 537 300 227 546 319 230 537 307 309 19 

100 237 540 303 227 543 316 230 540 310 310 13 

105 236 542 306 228 545 317 231 543 312 312 11 

110 237 545 308 228 546 318 231 545 314 313 10 

115 240 547 307 229 547 318 231 545 314 313 11 

120 239 546 307 229 550 321 231 545 314 314 14 

125 239 547 308 230 547 317 231 547 316 314 9 

130 239 546 307 230 550 320 232 547 315 314 13 
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The detailed results of surface rheological properties in each independent 

measurement of TX-100 solution (0.066 g/L) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table F-5. 

Table F-5. The detailed results of surface rheological properties in each independent 

measurement of TX-100 solution (0.066 g/L) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz. 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 15.00 2.45 38.88 

2 15.34 2.27 34.94 

3 15.53 2.63 42.62 

4 15.64 2.41 37.57 

5 15.08 2.44 38.60 

6 15.30 2.41 37.83 

7 14.54 2.40 38.32 

8 15.39 2.33 35.95 

9 15.22 2.51 40.02 

10 15.92 2.45 38.00 

11 15.40 2.53 40.43 

12 15.29 2.43 38.18 

13 15.38 2.43 38.01 

14 15.25 2.33 36.14 

15 15.29 2.60 42.30 

16 15.26 2.44 38.35 

17 15.34 2.44 38.44 

18 14.87 2.54 41.50 

19 15.38 2.30 35.49 

20 15.25 2.49 39.55 

21 15.79 2.52 39.68 

22 15.20 2.47 39.13 

23 15.55 2.63 42.56 

24 15.38 2.47 38.90 

25 15.54 2.41 37.64 

26 14.96 2.48 39.73 

27 15.47 2.30 35.33 

28 15.20 2.69 44.88 

29 15.45 2.67 43.75 

30 15.31 2.42 37.87 
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The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (4.954 g/L) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table F-6. 

Table F-6. The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (4.954 g/L) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz. 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 2.47 0.07 2.30 

2 2.19 0.09 1.98 

3 2.25 0.19 3.28 

4 2.33 0.02 2.40 

5 2.36 0.05 2.53 

6 2.06 0.09 2.41 

7 2.22 0.12 2.76 

8 2.01 0.05 1.89 

9 2.01 0.02 2.06 

10 2.19 0.06 2.41 

11 2.25 0.06 2.48 

12 2.61 0.02 2.68 

13 2.54 0.01 2.52 

14 1.24 0.02 1.30 

15 1.74 0.06 1.96 

16 2.83 0.01 2.87 

17 2.85 0.02 2.91 

18 2.81 0.05 2.99 

19 2.89 0.01 2.92 

20 3.02 0.02 2.95 

21 2.89 0.04 3.03 

22 2.92 0.08 3.21 

23 2.76 0.06 2.98 

24 2.87 0.02 2.81 

25 2.96 0.04 3.10 

26 2.78 0.03 2.89 

27 2.93 0.04 2.82 

28 2.73 0.06 2.96 

29 2.80 0.01 2.78 

30 2.79 0.02 2.84 
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The detailed results of surface rheological properties in each independent 

measurement of sodium tridecyl sulfate solution (1.301 g/L) at oscillation 

amplitude of 0.25 and oscillation frequency of 0.5 Hz are shown in Table F-7. 

Table F-7. The detailed results of surface rheological properties in each independent 

measurement of sodium tridecyl sulfate solution (1.301 g/L) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity  

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 3.81 0.33 5.62 

2 3.44 0.38 5.86 

3 3.46 0.36 5.68 

4 3.47 0.35 5.55 

5 3.54 0.30 5.21 

6 3.48 0.34 5.50 

7 3.42 0.34 5.49 

8 3.58 0.34 5.57 

9 3.33 0.33 5.34 

10 3.52 0.32 5.32 

11 3.60 0.34 5.56 

12 3.52 0.32 5.36 

13 3.45 0.32 5.33 

14 3.25 0.33 5.30 

15 3.29 0.31 5.06 

16 3.43 0.33 5.34 

17 3.54 0.37 5.89 

18 3.59 0.31 5.30 

19 3.64 0.36 5.77 

20 3.33 0.32 5.21 

21 3.35 0.29 4.95 

22 3.54 0.34 5.49 

23 3.47 0.37 5.76 

24 3.38 0.37 5.79 

25 3.67 0.30 5.29 

26 3.70 0.38 6.03 

27 3.63 0.32 5.41 

28 3.76 0.33 5.55 

29 3.78 0.33 5.57 

30 3.88 0.36 5.94 
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Appendix G Detailed Results of Foam Stability and Surface Rheological 

Properties Measurements in Chapter 6 

The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.1 × CMC in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% are shown in Table G-1. 

Table G-1. The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.1 × CMC in each independent measurement at environmental relative 

humidity of 70.4 ± 0.5%  

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 215 215 0 215 215 0 0 0 

5 217 217 0 215 215 0 215 215 0 0 0 

10 217 217 0 215 215 0 215 215 0 0 0 

15 216 216 0 215 215 0 215 215 0 0 0 

20 216 216 0 215 215 0 215 215 0 0 0 

25 216 216 0 216 216 0 215 215 0 0 0 

30 216 216 0 215 215 0 215 215 0 0 0 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-2. 

Table G-2. The detailed results of evolution of foam height of mixture of DTAB solution (0.1 

× CMC) and colloidal silica dispersions (3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 202 202 0 202 202 0 203 203 0 0 0 

5 211 240 29 210 237 27 211 248 37 31 10 

10 212 264 52 210 263 53 213 268 55 53 3 

15 212 285 73 210 292 82 214 290 76 77 9 

20 213 312 99 210 310 100 214 310 96 98 4 

25 213 310 97 211 319 108 215 334 119 108 22 

30 212 320 108 211 332 121 215 345 130 120 22 

35 214 330 116 211 342 131 215 355 140 129 24 

40 214 332 118 212 353 141 217 370 153 137 35 

45 215 339 124 211 362 151 216 386 170 148 46 

50 214 345 131 210 373 163 215 400 185 160 54 

55 215 348 133 210 373 163 215 415 200 165 67 

60 214 355 141 213 379 166 216 420 204 170 63 

65 214 356 142 210 390 180 216 427 211 178 69 

70 214 359 145 212 394 182 216 434 218 182 73 

75 214 367 153 212 394 182 215 437 222 186 69 

80 214 368 154 212 394 182 215 436 221 186 67 

85 215 368 153 210 393 183 216 440 224 187 71 

90 215 370 155 211 393 182 215 443 228 188 73 

95 215 370 155 210 392 182 215 445 230 189 75 

100 214 371 157 210 392 182 215 445 230 190 73 

105 215 378 163 211 392 181 213 446 233 192 70 

110 215 377 162 210 392 182 215 446 231 192 69 

115 215 380 165 213 392 179 214 446 232 192 67 

120 215 377 162 212 395 183 215 448 233 193 71 
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The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.25 × CMC in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% are shown in Table G-3. 

Table G-3. The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.25 × CMC in each independent measurement at environmental relative 

humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 209 209 0 209 209 0 207 207 0 0 0 

5 209 211 2 208 210 2 207 209 2 2 0 

10 209 212 3 208 210 2 207 210 3 3 1 

15 209 211 2 208 211 3 207 210 3 3 1 

20 209 212 3 208 211 3 208 210 2 3 1 

25 209 211 2 208 210 2 208 210 2 2 0 

30 209 211 2 208 211 3 207 210 3 3 1 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.25 × CMC) and colloidal silica dispersions (3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-4. 

Table G-4. The detailed results of evolution of foam height of mixture of DTAB solution 

(0.25 × CMC) and colloidal silica dispersions (3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 205 205 0 203 203 0 202 202 0 0 0 

5 210 223 13 204 217 13 200 210 10 12 3 

10 210 225 15 203 217 14 200 213 13 14 2 

15 213 226 13 204 218 14 200 215 15 14 2 

20 210 222 12 203 215 12 200 214 14 13 2 

25 212 227 15 203 218 15 200 213 13 14 2 

30 213 225 12 203 217 14 200 212 12 13 2 

35 213 224 11 204 217 13 200 214 14 13 3 

40 215 227 12 203 218 15 200 215 15 14 3 

45 213 225 12 202 215 13 200 217 17 14 5 

50 215 228 13 204 216 12 200 215 15 13 3 

55 215 227 12 204 219 15 200 213 13 13 3 

60 213 227 14 204 218 14 200 214 14 14 0 
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The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.5 × CMC in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% are shown in Table G-5. 

Table G-5. The detailed results of evolution of foam height of DTAB solution at the 

concentration of 0.5 × CMC in each independent measurement at environmental relative 

humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 202 202 0 0 0 

5 207 236 29 204 232 28 210 230 20 26 9 

10 206 256 50 205 255 50 210 244 34 45 16 

15 207 275 68 206 285 79 211 263 52 66 27 

20 207 293 86 207 310 103 213 275 62 84 41 

25 207 310 103 207 328 121 214 296 82 102 39 

30 207 328 121 207 345 138 214 309 95 118 43 

35 208 330 122 207 360 153 214 327 113 129 40 

40 208 337 129 207 370 163 214 342 128 140 35 

45 209 339 130 207 367 160 214 350 136 142 30 

50 209 345 136 207 377 170 214 358 144 150 34 

55 209 347 138 207 380 173 214 366 152 154 35 

60 209 351 142 207 383 176 214 375 161 160 34 

65 209 353 144 208 383 175 214 386 172 164 31 

70 210 354 144 207 385 178 214 384 170 164 34 

75 210 354 144 208 382 174 214 385 171 163 30 

80 210 357 147 207 378 171 214 386 172 163 25 

85 210 360 150 207 379 172 214 388 174 165 24 

90 210 365 155 207 379 172 214 388 174 167 19 

95 210 372 162 207 380 173 214 390 176 170 14 

100 210 370 160 207 383 176 214 390 176 171 16 

105 210 367 157 207 383 176 214 387 173 169 19 

110 210 366 156 207 384 177 214 388 174 169 21 

115 210 374 164 207 388 181 214 388 174 173 17 

120 210 372 162 207 390 183 214 388 174 173 21 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.5 × CMC) and colloidal silica dispersions (3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-6. 

Table G-6. The detailed results of evolution of foam height of mixture of DTAB solution (0.5 

× CMC) and colloidal silica dispersions (3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 202 202 0 199 199 0 205 205 0 0 0 

5 209 220 11 204 214 10 210 224 14 12 4 

10 210 225 15 205 215 10 212 222 10 12 5 

15 212 228 16 205 222 17 213 225 12 15 5 

20 212 230 18 206 217 11 214 225 11 13 7 

25 213 231 18 207 217 10 214 223 9 12 9 

30 214 233 19 208 222 14 215 230 15 16 5 

35 215 230 15 208 220 12 215 228 13 13 3 

40 215 228 13 209 223 14 216 226 10 12 4 

45 215 230 15 210 225 15 216 226 10 13 5 

50 216 230 14 210 223 13 217 226 9 12 5 

55 217 228 11 211 228 17 217 228 11 13 6 

60 217 230 13 211 225 14 217 231 14 14 1 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(1.05 × CMC) and colloidal silica dispersions (3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-7. 

Table G-7. The detailed results of evolution of foam height of mixture of DTAB solution 

(1.05 × CMC) and colloidal silica dispersions (3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 201 201 0 201 201 0 205 205 0 0 0 

5 207 237 30 205 227 22 200 237 37 30 15 

10 208 241 33 202 240 38 194 240 46 39 13 

15 208 250 42 200 241 41 191 255 64 45 10 

20 207 253 46 200 242 42 191 247 56 48 14 

25 207 257 50 198 248 50 190 245 55 52 5 

30 207 261 54 197 250 53 190 240 50 52 4 

35 208 265 57 197 253 56 188 240 52 55 5 

40 208 265 57 198 258 60 188 239 51 56 9 

45 208 265 57 193 260 67 187 240 53 59 14 

50 208 265 57 193 259 66 188 243 55 59 11 

55 208 265 57 193 255 62 194 244 50 56 12 

60 208 265 57 192 264 72 192 255 63 64 15 

65 208 267 59 190 266 76 192 251 59 65 17 

70 208 270 62 190 265 75 191 243 52 63 23 

75 208 270 62 190 256 66 192 242 50 59 16 

80 208 265 57 190 260 70 192 246 54 60 16 

85 208 268 60 192 257 65 191 243 52 59 13 

90 209 265 56 191 263 72 191 240 49 59 23 
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The detailed results of evolution of foam height of DTAB solution at the 

concentration of 2.5 × CMC in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% are shown in Table G-8. 

Table G-8. The detailed results of evolution of foam height of DTAB solution at the 

concentration of 2.5 × CMC in each independent measurement at environmental relative 

humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 200 200 0 201 201 0 0 0 

5 211 225 14 210 245 35 208 240 32 27 21 

10 210 254 44 209 282 73 208 264 56 58 29 

15 210 282 72 209 310 101 208 293 85 86 29 

20 210 309 99 211 341 130 208 320 112 114 31 

25 209 330 121 213 370 157 208 350 142 140 36 

30 209 349 140 213 393 180 209 374 165 162 40 

35 209 370 161 214 418 204 209 402 193 186 43 

40 209 384 175 214 428 214 209 425 216 202 41 

45 209 390 181 213 440 227 209 441 232 213 51 

50 209 395 186 215 459 244 209 452 243 224 58 

55 210 395 185 216 469 253 211 465 254 231 69 

60 213 410 197 217 480 263 212 469 257 239 66 

65 215 432 217 217 495 278 213 473 260 252 61 

70 215 442 227 216 500 284 215 481 266 259 57 

75 215 451 236 216 499 283 215 485 270 263 47 

80 215 463 248 217 498 281 216 487 271 267 33 

85 215 478 263 216 501 285 217 490 273 274 22 

90 215 485 270 218 497 279 217 487 270 273 9 

95 216 488 272 218 500 282 217 484 267 274 15 

100 217 490 273 217 496 279 218 490 272 275 7 

105 217 486 269 217 495 278 218 487 269 272 9 

110 217 480 263 218 495 277 218 485 267 269 14 

115 217 482 265 217 498 281 219 482 263 270 18 

120 217 480 263 217 493 276 219 490 271 270 13 

 

  



 

266 

 

The detailed results of evolution of foam height of mixture of DTAB solution 

(2.5 × CMC) and colloidal silica dispersions (3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-9. 

Table G-9. The detailed results of evolution of foam height of mixture of DTAB solution (2.5 

× CMC) and colloidal silica dispersions (3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 199 199 0 206 206 0 202 202 0 0 0 

5 208 224 16 210 246 36 205 235 30 27 20 

10 210 245 35 211 266 55 208 253 45 45 20 

15 208 273 65 212 296 84 208 276 68 72 19 

20 208 305 97 213 315 102 208 300 92 97 10 

25 208 325 117 214 338 124 208 324 116 119 8 

30 208 348 140 214 345 131 208 342 134 135 9 

35 208 372 164 213 350 137 209 360 151 151 27 

40 208 393 185 213 360 147 209 389 180 171 38 

45 209 410 201 214 382 168 209 398 189 186 33 

50 208 428 220 214 396 182 210 408 198 200 38 

55 208 450 242 214 413 199 210 414 204 215 43 

60 208 468 260 214 435 221 211 425 214 232 46 

65 208 490 282 215 458 243 211 435 224 250 58 

70 208 494 286 215 457 242 212 452 240 256 46 

75 208 500 292 215 468 253 212 450 238 261 54 

80 208 490 282 216 476 260 213 472 259 267 23 

85 208 493 285 216 480 264 213 485 272 274 21 

90 208 497 289 217 492 275 213 490 277 280 14 

95 208 500 292 217 492 275 214 483 269 279 23 

100 208 500 292 217 501 284 214 487 273 283 19 

105 208 495 287 217 498 281 214 484 270 279 17 

110 208 495 287 217 493 276 214 482 268 277 19 

115 208 499 291 217 500 283 215 486 271 282 20 

120 207 495 288 217 495 278 215 480 265 277 23 
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The evolutions of foam height of mixtures of DTAB solution (0.1 × CMC) 

and colloidal silica dispersions at different particle concentrations with the 

environmental relative humidity of 70.4 ± 0.5% are shown in Figure G-1. 

 
Figure G-1. The evolutions of foam height of mixtures of DTAB solution (0.1 × CMC) and 

colloidal silica dispersions at different particle concentrations with the environmental relative 

humidity of 70.4 ± 0.5%. The error bars represent the full range of independent observations. 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.1 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-10. 

Table G-10. The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.1 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 205 205 0 205 205 0 210 210 0 0 0 

5 214 218 4 209 212 3 210 213 3 3 1 

10 215 218 3 209 213 4 210 213 3 3 1 

15 215 218 3 210 213 3 210 214 4 3 1 

20 215 218 3 210 213 3 210 214 4 3 1 

25 215 218 3 210 214 4 210 214 4 4 1 

30 214 218 4 210 214 4 210 213 3 4 1 

35 215 218 3 210 214 4 210 214 4 4 1 

40 214 218 4 210 214 4 210 213 3 4 1 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.3 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-11. 

Table G-11. The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.3 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 211 211 0 219 219 0 218 218 0 0 0 

5 220 225 5 219 223 4 217 221 4 4 1 

10 220 224 4 219 223 4 217 220 3 4 1 

15 220 224 4 219 224 5 217 221 4 4 1 

20 220 223 3 219 222 3 217 221 4 3 1 

25 220 224 4 219 223 4 217 220 3 4 1 

30 220 223 3 219 224 5 217 221 4 4 2 

35 220 223 3 219 223 4 217 220 3 3 1 

40 220 224 4 219 222 3 217 220 3 3 1 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (1 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-12. 

Table G-12. The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (1 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 200 200 0 202 202 0 198 198 0 0 0 

5 203 222 19 207 227 20 200 219 19 19 1 

10 204 236 32 207 232 25 205 238 33 30 8 

15 205 245 40 208 247 39 205 250 45 41 6 

20 203 241 38 210 250 40 205 241 36 38 4 

25 205 244 39 210 248 38 205 245 40 39 2 

30 204 240 36 208 244 36 205 240 35 36 1 

35 204 241 37 207 247 40 205 239 34 37 6 

40 204 244 40 208 248 40 205 239 34 38 6 

45 204 242 38 208 244 36 205 238 33 36 5 

50 204 243 39 208 242 34 205 238 33 35 6 

55 204 244 40 208 243 35 205 239 34 36 6 

60 204 240 36 208 245 37 205 239 34 36 3 
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The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (9 wt%) in each independent 

measurement at environmental relative humidity of 70.4 ± 0.5% are shown in 

Table G-13. 

Table G-13. The detailed results of evolution of foam height of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (9 wt%) in each independent measurement at 

environmental relative humidity of 70.4 ± 0.5% 

Time 

(min) 

Trial 1  

Foam Height 

(mm) 

Trial 2  

Foam Height 

(mm) 

Trial 3  

Foam Height 

(mm) 

Average  

Foam Height 

(mm) 

H1 H2 ΔH H1 H2 ΔH H1 H2 ΔH ΔH Error 

0 202 202 0 202 202 0 200 200 0 0 0 

5 207 228 21 205 224 19 201 221 20 20 2 

10 208 241 33 207 232 25 203 232 29 29 8 

15 209 251 42 208 244 36 207 242 35 38 7 

20 209 262 53 210 255 45 207 251 44 47 9 

25 210 275 65 210 265 55 208 258 50 57 15 

30 211 284 73 210 270 60 210 269 59 64 14 

35 211 286 75 212 270 58 208 274 66 66 17 

40 212 290 78 212 273 61 210 280 70 70 17 

45 212 293 81 212 283 71 211 283 72 75 10 

50 212 295 83 213 286 73 212 283 71 76 12 

55 213 298 85 213 286 73 210 283 73 77 12 

60 212 298 86 215 287 72 212 283 71 76 15 

65 212 309 97 215 286 71 210 282 72 80 26 

70 213 319 106 213 287 74 212 282 70 83 36 

75 213 319 106 213 288 75 210 281 71 84 35 

80 214 319 105 214 290 76 210 282 72 84 33 

85 213 320 107 214 289 75 209 285 76 86 32 

90 215 321 106 215 290 75 210 287 77 86 31 

95 213 320 107 216 290 74 212 288 76 86 33 

100 213 320 107 215 291 76 210 290 80 88 31 

105 212 322 110 215 293 78 212 291 79 89 32 

110 214 328 114 215 291 76 211 290 79 90 38 

115 215 328 113 215 295 80 212 290 78 90 35 

120 214 327 113 214 296 82 212 292 80 92 33 
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The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.1 × CMC) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table G-14. 

Table G-14. The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.1 × CMC) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 4.11 0.16 4.76 

2 3.68 0.14 4.24 

3 4.08 0.24 5.16 

4 3.63 0.19 4.44 

5 3.55 0.14 4.10 

6 3.26 0.15 3.91 

7 3.78 0.08 4.09 

8 3.44 0.18 4.21 

9 3.63 0.15 4.25 

10 3.56 0.14 4.12 

11 4.09 0.16 4.73 

12 4.21 0.16 4.87 

13 4.09 0.19 4.89 

14 3.66 0.20 4.54 

15 3.43 0.15 4.05 

16 3.66 0.08 3.96 

17 3.53 0.11 3.92 

18 3.28 0.14 3.88 

19 3.46 0.15 4.07 

20 3.45 0.13 3.97 

21 3.19 0.09 3.55 

22 3.40 0.13 3.93 

23 3.40 0.15 4.01 

24 3.53 0.18 4.34 

25 3.41 0.19 4.29 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (3 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-15. 

Table G-15. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica dispersions (3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 13.56 0.12 13.95 

2 11.96 0.03 12.07 

3 11.82 0.06 12.01 

4 13.82 0.09 14.11 

5 12.33 0.08 12.58 

6 13.20 0.01 13.24 

7 14.89 0.06 15.08 

8 14.17 0.05 14.33 

9 15.56 0.06 15.75 

10 16.04 0.05 16.20 

11 18.48 0.19 19.14 

12 16.81 0.07 17.04 

13 15.72 0.06 15.90 

14 15.29 0.09 15.58 

15 15.02 0.08 15.29 

16 15.95 0.04 16.08 

17 15.70 0.03 15.78 

18 14.98 0.04 15.12 

19 15.04 0.08 15.32 

20 15.89 0.06 16.09 

21 16.01 0.01 16.04 

22 18.07 0.17 18.64 

23 15.03 0.01 15.07 

24 15.60 0.00 15.60 
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The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.25 × CMC) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table G-16. 

Table G-16. The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.25 × CMC) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 2.82 0.45 7.07 

2 1.84 0.12 2.42 

3 1.60 0.07 1.92 

4 1.79 0.15 2.60 

5 1.76 0.19 2.92 

6 1.61 0.09 2.03 

7 1.78 0.09 2.18 

8 1.74 0.14 2.49 

9 1.64 0.09 2.03 

10 1.56 0.15 2.43 

11 1.71 0.13 2.37 

12 1.70 0.17 2.71 

13 1.54 0.09 1.97 

14 1.64 0.15 2.51 

15 2.32 0.10 2.73 

16 1.73 0.17 2.75 

17 1.57 0.08 1.92 

18 1.48 0.15 2.43 

19 1.55 0.13 2.27 

20 1.61 0.17 2.69 

21 1.71 0.08 2.05 

22 1.55 0.08 1.89 

23 1.56 0.17 2.70 

24 1.74 0.17 2.70 

25 1.56 0.11 2.10 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.25 × CMC) and colloidal silica 

dispersions (3 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-17. 

Table G-17. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.25 × CMC) and colloidal silica dispersions (3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 4.91 0.11 5.31 

2 3.93 0.20 4.77 

3 4.21 0.22 5.16 

4 3.59 0.21 4.56 

5 3.50 0.18 4.31 

6 3.53 0.21 4.51 

7 3.82 0.19 4.64 

8 3.85 0.15 4.48 

9 3.78 0.21 4.70 

10 3.84 0.23 4.87 

11 3.22 0.21 4.25 

12 3.35 0.17 4.12 

13 3.64 0.22 4.66 

14 3.51 0.23 4.58 

15 3.65 0.23 4.71 

16 3.59 0.28 5.05 

17 3.32 0.17 4.04 

18 3.84 0.17 4.52 

19 3.44 0.25 4.67 

20 3.38 0.13 3.91 

21 3.34 0.22 4.42 

22 3.83 0.18 4.59 

23 3.65 0.17 4.39 

24 3.86 0.13 4.37 

25 3.62 0.23 4.69 
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The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.5 × CMC) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table G-18. 

Table G-18. The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (0.5 × CMC) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 3.29 0.11 3.71 

2 2.24 0.09 2.60 

3 2.26 0.11 2.73 

4 2.35 0.11 2.79 

5 2.16 0.09 2.53 

6 2.07 0.09 2.46 

7 2.32 0.05 2.51 

8 2.58 0.06 2.80 

9 2.06 0.09 2.43 

10 2.08 0.08 2.40 

11 1.75 0.07 2.02 

12 1.60 0.08 1.93 

13 1.99 0.07 2.27 

14 1.94 0.09 2.34 

15 1.56 0.10 2.04 

16 1.79 0.11 2.29 

17 1.78 0.09 2.18 

18 1.59 0.10 2.09 

19 1.86 0.08 2.22 

20 2.17 0.12 2.69 

21 2.52 0.11 2.95 

22 1.71 0.09 2.09 

23 1.99 0.07 2.29 

24 2.37 0.11 2.82 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.5 × CMC) and colloidal silica 

dispersions (3 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-19. 

Table G-19. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.5 × CMC) and colloidal silica dispersions (3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 4.98 0.38 6.93 

2 4.99 0.39 6.99 

3 4.51 0.41 6.85 

4 4.12 0.39 6.40 

5 4.25 0.40 6.58 

6 3.59 0.45 6.87 

7 3.78 0.38 6.06 

8 3.76 0.34 5.66 

9 3.62 0.38 6.00 

10 4.05 0.40 6.47 

11 3.90 0.33 5.73 

12 3.72 0.37 5.98 

13 3.73 0.37 5.99 

14 3.91 0.37 6.03 

15 3.77 0.33 5.60 

16 3.52 0.34 5.55 

17 3.92 0.38 6.15 

18 3.79 0.36 5.86 

19 3.66 0.37 5.89 

20 3.57 0.35 5.70 

21 4.37 0.41 6.69 

22 3.99 0.37 6.11 

23 3.64 0.38 6.01 

24 4.42 0.39 6.55 

25 3.60 0.36 5.79 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (1.05 × CMC) and colloidal silica 

dispersions (3 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-20. 

Table G-20. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (1.05 × CMC) and colloidal silica dispersions (3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 7.10 0.12 7.53 

2 5.75 0.10 6.12 

3 4.74 0.19 5.50 

4 4.31 0.18 5.03 

5 4.55 0.17 5.23 

6 3.75 0.16 4.39 

7 3.39 0.18 4.18 

8 3.64 0.14 4.22 

9 3.73 0.22 4.74 

10 3.88 0.16 4.55 

11 3.88 0.19 4.70 

12 8.39 0.27 9.43 

13 3.56 0.22 4.60 

14 3.77 0.19 4.61 

15 5.01 0.12 5.45 

16 4.08 0.19 4.88 

17 3.76 0.21 4.69 

18 3.81 0.21 4.77 

19 3.38 0.20 4.32 

20 3.63 0.16 4.31 

21 3.74 0.19 4.56 

22 3.73 0.21 4.67 

23 3.29 0.24 4.48 

24 3.50 0.19 4.32 

25 4.01 0.21 4.96 
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The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (2.5 × CMC) at oscillation amplitude of 0.25 

and oscillation frequency of 0.5 Hz are shown in Table G-21. 

Table G-21. The detailed results of surface rheological properties in each independent 

measurement of DTAB solution (2.5 × CMC) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 0.77 0.14 2.43 

2 1.23 0.02 1.30 

3 1.73 0.19 2.96 

4 1.89 0.05 2.08 

5 1.26 0.03 1.38 

6 1.20 0.04 1.37 

7 1.30 0.06 1.54 

8 1.29 0.05 1.47 

9 1.26 0.03 1.35 

10 1.23 0.05 1.42 

11 1.33 0.06 1.56 

12 0.93 0.09 1.42 

13 1.25 0.04 1.42 

14 1.29 0.08 1.65 

15 1.44 0.05 1.64 

16 1.54 0.04 1.67 

17 1.37 0.12 2.07 

18 1.43 0.04 1.60 

19 1.34 0.03 1.46 

20 1.48 0.05 1.67 

21 1.36 0.02 1.42 

22 1.31 0.09 1.75 

23 1.45 0.08 1.82 

24 1.44 0.05 1.65 

25 1.31 0.03 1.42 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (2.5 × CMC) and colloidal silica 

dispersions (3 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-22. 

Table G-22. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (2.5 × CMC) and colloidal silica dispersions (3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 1.69 0.07 1.96 

2 1.68 0.07 1.97 

3 1.44 0.05 1.65 

4 1.29 0.02 1.35 

5 1.26 0.03 1.38 

6 1.20 0.04 1.37 

7 1.30 0.06 1.54 

8 1.29 0.05 1.47 

9 1.26 0.03 1.35 

10 1.23 0.05 1.42 

11 1.33 0.06 1.56 

12 0.93 0.09 1.42 

13 1.25 0.04 1.42 

14 1.29 0.08 1.65 

15 1.44 0.05 1.64 

16 1.54 0.04 1.67 

17 1.37 0.12 2.07 

18 1.43 0.04 1.60 

19 1.34 0.03 1.46 

20 1.48 0.05 1.67 

21 1.36 0.02 1.42 

22 1.31 0.09 1.75 

23 1.45 0.08 1.82 

24 1.44 0.05 1.65 

25 1.31 0.03 1.42 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (0.1 wt%) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz are shown in Table G-23. 

Table G-23. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica dispersions (0.1 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 1.92 0.09 2.30 

2 1.71 0.14 2.45 

3 1.65 0.14 2.42 

4 1.81 0.11 2.29 

5 1.79 0.08 2.14 

6 1.73 0.11 2.22 

7 1.67 0.14 2.42 

8 1.71 0.13 2.35 

9 1.69 0.14 2.41 

10 1.76 0.12 2.36 

11 1.67 0.13 2.33 

12 1.60 0.09 2.03 

13 1.79 0.13 2.45 

14 1.66 0.09 2.09 

15 1.65 0.13 2.32 

16 1.55 0.13 2.23 

17 1.50 0.13 2.19 

18 1.55 0.09 1.95 

19 1.70 0.10 2.16 

20 1.48 0.13 2.22 

21 1.47 0.08 1.84 

22 1.53 0.13 2.20 

23 1.39 0.09 1.82 

24 1.59 0.12 2.23 

25 1.54 0.11 2.11 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (0.3 wt%) at oscillation amplitude of 0.25 and oscillation 

frequency of 0.5 Hz are shown in Table G-24. 

Table G-24. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica dispersions (0.3 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 2.21 0.35 5.48 

2 3.16 0.05 3.35 

3 3.84 0.10 4.21 

4 3.82 0.22 4.81 

5 3.86 0.04 3.99 

6 3.72 0.17 4.44 

7 3.89 0.13 4.38 

8 4.17 0.13 4.69 

9 3.94 0.18 4.70 

10 3.53 0.13 4.03 

11 3.77 0.15 4.38 

12 3.43 0.07 3.67 

13 3.58 0.08 3.89 

14 3.60 0.09 3.91 

15 3.82 0.15 4.43 

16 3.28 0.10 3.67 

17 3.53 0.19 4.37 

18 3.56 0.15 4.16 

19 3.27 0.18 4.08 

20 3.21 0.09 3.53 

21 3.34 0.06 3.55 

22 2.98 0.24 4.22 

23 3.03 0.11 3.45 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (1 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-25. 

Table G-25. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica dispersions (1 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 9.86 0.85 14.54 

2 4.02 0.37 6.10 

3 4.39 0.14 4.94 

4 4.48 0.12 4.93 

5 5.07 0.67 10.19 

6 4.41 0.32 6.01 

7 6.43 0.37 8.14 

8 7.33 0.77 12.14 

9 6.28 0.75 11.53 

10 4.39 0.41 6.78 
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The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica 

dispersions (9 wt%) at oscillation amplitude of 0.25 and oscillation frequency 

of 0.5 Hz are shown in Table G-26. 

Table G-26. The detailed results of surface rheological properties in each independent 

measurement of mixture of DTAB solution (0.1 × CMC) and colloidal silica dispersions (9 

wt%) at oscillation amplitude of 0.25 and oscillation frequency of 0.5 Hz 

Trial 
Surface elasticity 

(mN/m) 

Surface dilatational viscosity 

(mN∙s/m) 

Gibbs elasticity 

(mN/m) 

1 9.14 0.04 9.27 

2 9.58 0.06 9.77 

3 8.81 0.05 8.97 

4 8.71 0.03 8.82 

5 8.41 0.13 8.85 

6 8.06 0.02 8.14 

7 8.31 0.04 8.44 

8 7.81 0.04 7.92 

9 7.93 0.07 8.16 

10 8.72 0.09 9.02 

11 7.52 0.06 7.71 

12 8.46 0.00 8.47 

13 8.63 0.04 8.76 

14 7.97 0.03 8.06 

15 8.12 0.09 8.42 

16 7.75 0.07 7.97 

17 7.54 0.04 7.68 

18 7.75 0.07 7.99 

19 7.79 0.09 8.08 

20 7.35 0.06 7.53 

21 7.69 0.06 7.88 

22 7.51 0.07 7.75 

23 7.94 0.02 8.00 

24 7.63 0.04 7.76 

25 7.82 0.08 8.09 
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The estimation of equilibrium surface tension of DTAB solution (0.1 × CMC) 

is shown in Figure G-2. 

 
Figure G-2. Partial enlarged view of dynamic surface tension results of DTAB solution (0.1 × 

CMC) against 1/2t . The straight line represents a tangent and a linear extrapolation of 

dynamic surface tension to infinite time. The intercept at ordinate represents the estimated 

equilibrium surface tension. The error bars represent the standard deviation of the 

observations. All the errors of obtained data are calculated and only present 1 error bar in 

every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (3 wt%) is shown in Figure G-3. 

 
Figure G-3. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.1 × CMC) and colloidal silica dispersions (3 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of DTAB solution (0.25 × CMC) 

is shown in Figure G-4. 

 
Figure G-4. Partial enlarged view of dynamic surface tension results of DTAB solution (0.25 

× CMC) against 1/2t . The straight line represents a tangent and a linear extrapolation of 

dynamic surface tension to infinite time. The intercept at ordinate represents the estimated 

equilibrium surface tension. The error bars represent the standard deviation of the 

observations. All the errors of obtained data are calculated and only present 1 error bar in 

every 10 error bars for clarity. 
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.25 × CMC) and colloidal silica dispersions (3 wt%) is shown in Figure G-5. 

 
Figure G-5. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.25 × CMC) and colloidal silica dispersions (3 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of DTAB solution (0.5 × CMC) 

is shown in Figure G-6. 

 
Figure G-6. Partial enlarged view of dynamic surface tension results of DTAB solution (0.5 × 

CMC) against 1/2t . The straight line represents a tangent and a linear extrapolation of 

dynamic surface tension to infinite time. The intercept at ordinate represents the estimated 

equilibrium surface tension. The error bars represent the standard deviation of the 

observations. All the errors of obtained data are calculated and only present 1 error bar in 

every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.5 × CMC) and colloidal silica dispersions (3 wt%) is shown in Figure G-7. 

 
Figure G-7. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.5 × CMC) and colloidal silica dispersions (3 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(1.05 × CMC) and colloidal silica dispersions (3 wt%) is shown in Figure G-8. 

 
Figure G-8. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (1.05 × CMC) and colloidal silica dispersions (3 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of DTAB solution (2.5 × CMC) 

is shown in Figure G-9. 

 
Figure G-9. Partial enlarged view of dynamic surface tension results of DTAB solution (2.5 × 

CMC) against 1/2t . The straight line represents a tangent and a linear extrapolation of 

dynamic surface tension to infinite time. The intercept at ordinate represents the estimated 

equilibrium surface tension. The error bars represent the standard deviation of the 

observations. All the errors of obtained data are calculated and only present 1 error bar in 

every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(2.5 × CMC) and colloidal silica dispersions (3 wt%) is shown in Figure G-10. 

 
Figure G-10. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (2.5 × CMC) and colloidal silica dispersions (3 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.1 wt%) is shown in Figure G-

11. 

 
Figure G-11. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.1 × CMC) and colloidal silica dispersions (0.1 wt%) against 1/2t . The straight 

line represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. 

The intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (0.3 wt%) is shown in Figure G-

12. 

 
Figure G-12. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.1 × CMC) and colloidal silica dispersions (0.3 wt%) against 1/2t . The straight 

line represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. 

The intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (1 wt%) is shown in Figure G-13. 

 
Figure G-13. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.1 × CMC) and colloidal silica dispersions (1 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity.  
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The estimation of equilibrium surface tension of mixture of DTAB solution 

(0.1 × CMC) and colloidal silica dispersions (9 wt%) is shown in Figure G-14. 

 
Figure G-14. Partial enlarged view of dynamic surface tension results of mixture of DTAB 

solution (0.1 × CMC) and colloidal silica dispersions (9 wt%) against 1/2t . The straight line 

represents a tangent and a linear extrapolation of dynamic surface tension to infinite time. The 

intercept at ordinate represents the estimated equilibrium surface tension. The error bars 

represent the standard deviation of the observations. All the errors of obtained data are 

calculated and only present 1 error bar in every 10 error bars for clarity. 
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