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Ruijia Wang 

 

Abstract 
 

The thin film pressure balance (TFPB) technique were used to study the stability of single 

foam films produced in the presence of n-alkyl polyoxyethylene (CnEOm) homologues. 

The results showed that films thin faster than predicted by the classical DLVO theory, 

which considers contributions from the van der Waals-dispersion and double-layer forces 

to the disjoining pressure of the film. The discrepancy may be attributed to the presence 

of hydrophobic force, the magnitude of which has been estimated using the Reynolds 

lubrication approximation. It has been found that the attractive hydrophobic force was 

substantially larger than the attractive van der Waals force, which may explain the faster 

film thinning kinetics. With a given non-ionic surfactant, the hydrophobic force 

decreased with increasing surfactant concentration, which explained the slower kinetics 

observed at higher concentrations and hence the increased foam stability. At 

concentrations where the hydrophobic force became comparable to or smaller than the 

van der Waals force, the foam films were stabilized by the increased elasticity of the 

foam films. 

The film elasticity of the surfactant solutions were measured using the oscillating drop 

analysis technique at different frequencies. The measurements were conducted in the 

presence of CnEOm surfactants with n=10-14 and m=4-8, and the results were analyzed 

using the Lucassen and van den Tempel model (1972). There was a reasonable fit 

between the experiment and the model predictions when using the values of the Gibbs 

elasticity calculated from the Wang and Yoon model (2006). From this exercise, it was 

possible to determine the diffusion coefficients (D) of the CnEOm surfactants. The D 
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values obtained for CnEOm surfactants were in the range of 2.5x10-10 to 6x10-9 m2s-1, 

which are in general agreement with those reported in the literature for other surfactants. 

The diffusion coefficient decreased with increasing alkyl chain length (n) and increased 

with increasing chain length (m) of the EO group. These findings are in agreement with 

the results of the dynamic surface tension measurements conducted in the present work. 

The TFPB studies were also conducted on the foam films stabilized in the presence of a 

mixture of C12EO8 and sodium dodecylsulfate (SDS) at different ratios. The results 

showed that the hydrophobic force increased with increasing C12EO8 to SDS ratio. Thus, 

the former was more effective than the latter in decreasing the hydrophobic force and 

hence stabilizing foam films. The C12EO8 was more efficient than SDS in increasing the 

elasticity of the single foam films and stabilizing foams. The TFPB studies were also 

conducted in the presence of n-octadecyltimethyl chloride (C18TACl) and polymers, i.e., 

polyvinylpyrrolidone (PVP) and polystyrene sulfonate (PSS). The effect of polymer on 

the film elasticity was strongest in the presence of PSS, which can be attributed to the 

charge-charge interaction. 

Nano-sized silica and poly methyl methacrylate (PMMA) particles were used as solid 

surfactants to stabilize foams. It was found that the foam stability was maximum at 

contact angles just below 90o. The TFPB studies conducted with silica nano-particles 

showed that the kinetics of foam films became slower as the contact angle was increased 

from 30o to 77 o , indicating that foam films becomes more stable with more hydrophobic 

particles. The extra-ordinary stability observed with the hydrophobic silica nano-particles 

may be attributed to the possibility that the particles adsorbed on bubble surfaces retard 

the drainage rate and prevent the films to reach the critical rupture thickness (Hc). 

Confocal microscope and SEM images showed that hydrophobized nano-particles 

adsorbed on the surfaces of air bubbles, and that some of the nano-particles form 

aggregates depending on the particle size and hydrophobicity. The dynamic surface 

tension measurements conducted with PMMA and silica nano-particles showed that the 

latter has higher diffusion rates than the former, which may be due to the differences in 

particle size and hydrophobicity.  
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Chapter 1 

Introduction 

  
1.1   Project scope and objectives 

Liquid foams have wide applications in many industries, e.g. flotation, personal care 

products, food processing and oil recovery. In these applications, foam stability is always 

an important issue. It is necessary to understand the physics and chemistry of the foam 

systems, either for foam boosting or defoaming. Foam is a dispersion of air bubbles in 

liquid solution. Because of the large surface area, the stability of foams is largely related 

to the surface properties on the air/water interface.  

This study aimed to provide fundamental understanding of the effect of surface properties 

on the stability of foam systems. A wide range of foam systems were studied. These 

systems included foam systems in presence of single nonionic surfactants, 

polymer/surfactant mixtures and nano particles. The study focused on the controlling 

factors which were surface forces and film elasticity. 

One of the objectives of this work was to explore the existence of hydrophobic force in 

foam films and indentify the role of hydrophobic force in the thinning of foam films. 

Compared to previous studies, the novelty of this work was that very systematical studies 

were conducted to investigate the relation between hydrophobic force, nonionic 

surfactant structures and surface behavior.  

Another objective is to improve the understanding of the relation and roles together of 

hydrophobic force and film elasticity in the stability of various foam systems. It was 

known both of the factors affected foam stability but it is not well understood. 

The foam stabilized by nano particles was also an important subject in this work. As a 

new research topic, it has very wide applications in many novel technologies and 

industrial processes. However, it is largely under studied.   
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1.2   Literature review 

Foam 

Foam is a multiphase system consisting of gas bubbles dispersed in a relatively small 

amount of liquid phase which contains surface active chemicals or materials, e.g. 

surfactants. Foams have been used widely in a number of industrial applications such as 

flotation, food processing, personal care products, oil recovery, fire fighting etc [1]. A lot 

of research has been done to investigate the behavior and relationships of surfactant 

monolayers and soap films [2-4]. Scientists have developed theoretical model trying to 

explain the mechanisms of foam formation and stability [5-6], but the behavior of foams 

and their stability are still not fully understood.  

Foam generation and structure 

Foams can be produced by two major methods, condensation and injection [7]. 

Condensation method generates foam by decreasing external pressure or chemical 

reaction to create air bubble in the solution. For example, releasing carbon dioxide gas by 

mixing aluminium sulphate and sodium bicarbonate solutions could produce larger 

amount of air bubbles in solution. Some researchers have used condensation method to 

generate dense, uniform creamy foams [8].  

Another method is injecting air into the liquid solution, or agitating the solution to 

disperse air bubbles. When injecting air, the air flow usually goes through capillaries, 

porous plates or gauzes. There are some common similar techniques used in experiments 

including hand shaking and pouring liquid into solutions etc. The structure of a typical 

foam system is shown in the figure 1.1. 
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In the bottom part of the foam, air bubbles are usually small and spherical. In this part of 

foam, the water content is relatively high. Thus it is called wet foam. After the foam 

generation, the water in the foam system will drain to the bottom because of the gravity. 

So the upper part of the foam has a lower water content compared to the bottom. As the 

liquid drains out of the foam, the bubbles start to form polyhedral.  Between the 

polyhedral bubbles, thin liquid foam films are formed. They are also joined by channels 

called Plateau borders. This kind of foam structure is usually the key structure that 

determines the stability of the whole foam system. 

Foam stability and characterization 

Because of the large surface area, foams are not thermodynamically stable. A surface 

active reagent is necessary for both the formation and stability of the foam. The major 

physicochemical parameters of foams are: volume or foam height at the equilibrium; air 

 

Fig. 1.1 A optical photograph of foams 
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or water fractions or their ratios; air bubble size and distribution; liquid drainage rate; 

foams and foam films collapse time, etc.  

Kruglyakov described the collapse of foams as a result of four processes that occur 

simultaneously [9]. They are: foam syneresis, which means the liquid drains out of films 

and Plateau borders; coalescence of the bubbles; coarsening of the bubbles; evaporation 

of the liquid. Usually the evaporation does not play an important role in foam stability in 

practical cases. A number of theoretical models were developed to describe the other 

three mechanisms [5, 6, 10]. Drainage of foams is an important process. However in 

industrial applications like flotation, the concentration of the solution is usually very low 

(<10-4M) where the viscosity of the solution does not change much at different 

concentrations. Drainage becomes less important when the viscosity remains constant. 

The coarsening occurs simultaneously with coalescence of the bubbles. However, the 

total volume of the foams does not change during coarsening. The coalescence of the 

bubbles is a process more relevant to the surface properties on the air/water interface. 

Surface forces and film elasticity are usually indentified as crucial factors to foam 

stability. These factors will be studied and discussed extensively in this dissertation. 

The stability of foams can be quantified as the time it takes between the formation and 

the totally collapse at the same equilibrium condition, e.g. foam volume. However, it is 

observed that the collapse time of the foam is sometimes difficult to be determined 

because of different foaming ability. A popular method is to monitor the foam height and 

the time. A column of a fix height is used, and the air flow is controlled at a fix rate. 

When the height of the foam stops increasing (equilibrium), shut off the air flow. The 

timing starts immediately after the air flow is stopped. When the volume of the initial 

foam decreases to the half of equilibrium, timing stops. This recorded time is called the 

foam half life time. It is used to characterize the stability of the foam. 

Factors determining foam films stability 

Foams are constantly under internal forces and external disturbances which affect their 

lifetimes. Because of the large surface area of foams, the properties of thin liquid films 

between the air bubbles have decisive influence on the stability of films and foams. It is 
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necessary to notice the complexity of foam systems and their stability. However progress 

in the study of foam films has been made. Direct measurements were conducted in free 

film using various methods and apparatus [11-30]. The understanding of foam and foam 

film has been approved by studying the surface properties of foam films. However, more 

work still needs to be done.  

For a typical simple liquid film stabilized by surfactants, the structure is shown in Fig 1.2. 

 

It consists of two air/water interfaces with a liquid interior. Some surface active 

chemicals or materials were preferentially adsorbed on the air/water interface. The 

stability of the film largely depends on factors like surface forces and film elasticity, etc. 

Surface forces 

Capillary pressure 

The driving force for film drainage is the capillary pressure. For a free horizontal film 

formed in a thin film pressure balance film holder, the capillary pressure Pc is defined as 

[7]:  

𝑃𝑃𝐶𝐶 = 2𝛾𝛾
𝑅𝑅𝐶𝐶

𝑅𝑅𝐶𝐶2 − 𝑅𝑅𝑓𝑓2 

 

Figure 1.2  A schematic of a foam film 
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Where  𝛾𝛾 is the surface tension, Rf and Rc are the radius of the film and the radius of the 

capillary ring holding the film.  

If Rf<<Rc, then 

𝑃𝑃𝐶𝐶 =
2𝛾𝛾
𝑅𝑅𝐶𝐶

 

 

Disjoining pressure 

The thinning of the foam films is affected by both capillary pressure and disjoining 

pressure when the thickness of the film drops to around 100nm. Derjaguin [31-32] 

defined disjoining pressure Π as the excess pressure acting normal to a film interfaces 

that results from the overlap of molecular interactions between the interfacial layers. 

Disjoining pressure is a function of film thickness. It could be either positive or negative. 

At the equilibrium of a foam film, Π = 𝑃𝑃𝐶𝐶 . 

The classical DLVO theory [33-34] only considers the electrostatic force (Π𝑒𝑒𝑒𝑒 ) and the 

molecular van der Waals force (Π𝑣𝑣𝑣𝑣 ). It is expressed as: 

Π = Π𝑒𝑒𝑒𝑒 + Π𝑣𝑣𝑣𝑣  

The first component is electrostatic force, Π𝑒𝑒𝑒𝑒 . The air/water interfaces are usually 

charged because of the adsorption of charged molecules, like surfactants, polyelectrolytes 

and particles. A double layer model is widely accepted to describe the electrostatic 

interaction. The surface charge is balanced by the net charge in a diffuse layer of counter-

ions that extends from the surface into the interior. The electrostatic force is expressed as: 

Π𝑒𝑒𝑒𝑒 = 2𝐶𝐶𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅(𝑐𝑐ℎ𝑦𝑦𝑚𝑚 − 1) 

Where h is distance between to surfaces; m=h/2; 𝑦𝑦𝑚𝑚 = 𝑧𝑧𝑧𝑧𝜑𝜑𝑚𝑚/(𝑅𝑅𝑅𝑅); z is the valence; F is 

Faraday’s constant; 𝜑𝜑𝑚𝑚  is the potential at a distance h/2 which is connected to the 

potential 𝜑𝜑0 of the diffuse electric layer at the air/water interface through the relation 
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𝜅𝜅ℎ = √2� (𝑐𝑐ℎ𝑦𝑦 − 𝑐𝑐ℎ𝑦𝑦𝑚𝑚 )−1/2
𝑦𝑦0

𝑦𝑦𝑚𝑚
𝑑𝑑𝑦𝑦 

𝜅𝜅 = �(8𝜋𝜋𝑧𝑧2𝑧𝑧2𝐶𝐶𝑒𝑒𝑒𝑒)/(𝜀𝜀𝑅𝑅𝑅𝑅) 

Where 𝜀𝜀 is the dielectric permeability. 

An approximation [2] can be employed for ym and y0. 

𝜅𝜅ℎ = 2𝑒𝑒𝑙𝑙
𝑡𝑡ℎ(𝑦𝑦0/4)
𝑡𝑡ℎ(𝑦𝑦𝑚𝑚/8)

 

An approximated expression of the electrostatic force can be derived at small values of 

𝜑𝜑𝑚𝑚 : 

Π𝑒𝑒𝑒𝑒 = 64𝐶𝐶𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅𝑦𝑦0
2exp(−𝜅𝜅ℎ) 

Where 𝑦𝑦0 = 𝑡𝑡ℎ[𝑧𝑧𝑧𝑧𝜑𝜑0/(4𝑅𝑅𝑅𝑅)]. 

Many researchers had done extensive work on developing the methods of calculating 

electrostatic force [35-40]. 

Another component of disjoining pressure is the van der Waals force. The van der Waals 

force can be expressed as a function of the film thickness [12, 41]: 

Π𝑣𝑣𝑣𝑣 = −
𝐴𝐴

6𝜋𝜋𝐻𝐻3 

Here A is the Hamaker constant [42]. It is a value that can be calculated or determined 

experimentally. In foam films, A232 was used to define the Hamaker constant for air in 

water. A232 is usually in the order of 10-20J [43]. 

Based on a large amount of research, now it is generally believed that non-DLVO forces, 

such as hydrophobic force, are also important for the stability of foams and foam films 

[44-48]. Thus the disjoining pressure could be expressed as the extended DLVO theory: 
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Π = Π𝑒𝑒𝑒𝑒 + Π𝑣𝑣𝑣𝑣 + Πℎ𝑏𝑏  

Hydrophobic force can be expressed using the power law: 

Πℎ𝑏𝑏 = −
𝐾𝐾232

6𝜋𝜋𝐻𝐻3 

Where H is the film thickness and K232 is the hydrophobic force constant. Thus the 

expression of hydrophobic force has a similar form with the van der Waals force. 

Hydrophobic force can be compared directly to the van der Waals force, by comparing 

the hydrophobic force constant K232 with the Hamaker Constant A232.  

Thus, the disjoining pressure is expressed as: 

Π = 64𝐶𝐶𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅𝑦𝑦0
2 exp(−𝜅𝜅ℎ) −

𝐴𝐴232

6𝜋𝜋𝐻𝐻3 −
𝐾𝐾232

6𝜋𝜋𝐻𝐻3 

Angarska et al [47] found that DLVO theory did not fit well at low surfactant 

concentration. It was necessary to include the contribution from hydrophobic force. Craig 

el al [49] investigated the bubbles coalescence, and found that hydrophobic force might 

play an important role in bubbles coalescence. Yoon and Aksoy [50] quantified the 

hydrophobic force in foam films in presence of DAH.  

Wang and Yoon [51-54] conducted a series of experiments on foam films in presence of 

SDS and MIBC. The thin film pressure balance (TFPB) technique was used to study the 

hydrophobic force. Their results show that at low surfactant concentrations there is 

hydrophobic force in foam films and its strength decreases with increasing surfactant 

concentration. Hydrophobic force can be as large as two orders of the magnitude of the 

van der Waals force. The decrease in the hydrophobic force in surfactant solutions can be 

explained by the adsorption of surfactants and counter-ions at the air/water interface. 

They hydrophilize the air/water interface. The bare air/water interface is considered to be 

the most hydrophobic. The work done by Du et al with SFG [55] supports this idea. They 

also found that the hydrophobic force decreases with the increasing of salt concentration. 

In Wang and Yoon’s work, hydrophobic force was identified as a very important factor in 
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the thinning of foam films. Foam films thin much faster than what DLVO theory predicts 

because of the existence of the attractive long range hydrophobic force between the two 

air/water interfaces in the films.  

Unlike the forces in other systems like colloid particles which could be measured directly 

by AFM, hydrophobic force in foams and foam films is more difficult to study. Because 

hydrophobic force becomes stronger at low concentration while the film becomes 

unstable, it is difficult to carry out experiment at low concentration. However besides the 

research works mentioned above, there has been a significant amount of work done to 

determine the magnitude of hydrophobic force and its role in the stability of various 

colloid dispersion systems like foam films. 

Marangoni effect and surface elasticity 

Foam and films are constantly under random thermal and mechanical disturbance. In this 

dissertation, we will focus on the dilatational surface elasticity. For example, during the 

thinning of foam films, the films are continuously stretched due to the liquid flow inside 

the film. If the thickness of the film reaches the critical film thickness [56], the film will 

rupture eventually. When the rupturing occurs, the rupture point will go through a local 

deformation on the air/water interface, e.g. expending. One determining factor for the 

stability of the foam films is the ability of the film to resist the deformation on the 

air/water interface. This ability is identified as film elasticity [57-63].  

Film elasticity can be explained by the Marangoni effect [64]. Take the expending 

deformation on the air/water interface for instance. When the interface is expending, the 

local surfactant adsorption density drops to a lower degree.  Then the surface tension 

value rises up to a higher degree. A surface tension gradient is created between the 

deforming and un-deforming part of the air/water interface. The liquid tends to flow from 

low surface tension area to high surface tension area. Thus the liquid in the film bulk 

solution will flow from the un-deforming part to the deforming part of the film. The 

liquid flow fixes the deformation of the film. At the same time, the free surfactant 

molecules brought by the liquid flow will be adsorbed on the deforming part of the 

air/water interface, so the surface tension can be restored to the initial value.  
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The Marangoni effect is affected by concentration of surfactant in the solution and on the 

surface. If the solution is very dilute, the adsorption density on the air/water interface is 

low. When the deformation occurs, the surface tension gradient will be very small. The 

surface tension gradient is the driving force for the liquid to flow from low surface 

tension area to high surface tension area. Thus less liquid will flow, and the Marangoni 

effect is low. At very low concentration, the film is difficult to be stabilized by 

Marangoni effect. In the case of the solution being very concentrated, the surface tension 

gradient is large immediately after the deformation occurs. However, because of the high 

concentration of surfactant, there are a large amount of free surfactant molecules. The 

free surfactant molecules will diffuse and adsorb on the high surface tension part of the 

air/water interface. The diffusion and adsorption rate is very high when the concentration 

is high. Thus the surface tension will be restored immediately after the deformation 

occurs. Without the surface tension gradient, Marangoni effect will not happen in the 

deforming film. In this case, the film does not have the optimized film elasticity either. 

Only at the intermediate concentrations film elasticity will reach the maximum. A 

schematic of this mechanism is shown in the Fig. 1.3. 

 

 

Figure 1.3  A schematic of concentration effect on Marangoni effect 
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Gibbs defined the film elasticity as two times of the surface elasticity because a film has 

two air/water interfaces [65]. Surface elasticity can be expressed as [65-67]: 

𝜀𝜀 =
𝑑𝑑𝛾𝛾

𝑑𝑑 ln𝐴𝐴
 

Where ε is the surface elasticity, 𝛾𝛾 is the surface tension, A is the surface area. 

The Marangoni effect and surface elasticity can be studied by techniques like wave 

techniques. According to the Lucassen and van den Tempel model [68-72],  the surface 

elasticity is the real component of the dilatational modulus, which is a frequency related 

parameter. Lucassen and coworkers reported several examples of surface elasticity 

modulus on soap films. Studies have been carried out by Prins [73]. Maysa and 

coworkers [74-77] have conducted studies in which qualitative correlation between 

foamability and effective elasticity was obtained in various surfactant systems. Some 

other techniques were used to study the dilational surface properties [78-79].  One of the 

techniques is operating close to equilibrium. The surface is subject to a sinusoidal change 

in surface area. This was achieved by the application of a movable barrier in a Langmuir 

Trough and simultaneously, the corresponding change in surface tension is measured by 

the Wilhelmy plate. From the dynamic surface tension data, the surface elasticity was 

calculated. Recently a newer technique has been used to investigate the dynamic 

rheological properties of the air/water interface. A pendent drop (or bubble) shape 

analysis method was applied to measure and calculate the dynamic surface tension. The 

dynamic surface tension was measured when the pendent drop (or bubble) went through 

an oscillating deformation on the volume and surface area. Many researchers have used 

this technique to conduct experiments in the surfactant, polymer and even emulsion 

systems. 

Particularly for thick films, under dynamic conditions, the Marangoni effect becomes 

extremely important. The Marangoni effect and surface elasticity tend to oppose any 

rapid deformation of the surfaces and provide a restoring force to the thin films. Thus the 

Marangoni effect and surface elasticity are significant factors for foams and foam films 
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stability, especially at dynamic conditions which is very common in the cases like 

practical industrial applications. 

Stability in various systems 

Foams can be stabilized by a wide range of different types of surface active materials. 

The most studied system is foam in presence of single surfactant which is also called 

soap foam. In practical industrial applications, the situations are more complex. Foams 

are also found to be stabilized by co-surfactants, polymer, particles and their mixtures. It 

is necessary to understand the difference of the physical and chemical properties in these 

systems, and their effect on foam stability.  

Foam in presence of surfactants   

Pure water cannot produce any stable foam. Foams can be produced and stabilized by 

adding surfactants in water. Generally, it is believed that surfactant adsorption on the 

air/water interface can bring changes to all the surface properties, e.g. surface charge, 

surface forces, surface rheology etc. The changes on surface properties can eventually 

affect the stability of foams and foam films. The dependence of foam stability on 

surfactants depends on a number of factors, e.g. the chemical structure of the surfactants, 

concentration of the surfactants, etc.  

Bergeron [57] studied the effect of structure effect of cationic surfactants. It was found 

that increasing the hydrocarbon chain length resulted in a increased intermolecular 

hydrophobic interaction in the adsorbed surfactant molecules as well as the adsorption 

density on the air/water interface. The foam and foam film stability is expected to 

increase accordingly. There was a sharp increase in film stability of cetyl 

triethylammonium bromide (CTAB) when increasing the hydrocarbon chain length from 

12 carbons to 14 carbons.  

The geometry of surfactant was also suggested to have effect on surface properties and 

foam stability. Lunkenheimer et al [80] conducted experiments using two surfactants with 

same functional polar group and same carbon chain length, but with different sizes of the 
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polar groups. It was found that the foam containing the surfactant with larger polar group 

had lower film elasticity and lower foam stability. 

Co-surfactant systems are also popular subjects in foam stability research. It is believed 

that the ratio of the surfactants in the mixture can affect the thinning and stability of the 

foam films. Foams containing the mixture of hexaethylene glycol mono n-dodecyl ether 

(C12EO6) and sodium cis-9-octadecanate (NaOl) were studied by Theander and Pugh [81]. 

They found that when the mole fraction of C12EO6 is higher than 0.3, the foam has higher 

water content in the foam than the single C12EO6 system. This indicates that the film 

rupturing is low and the foam is stable. If the fraction is lower than 0.3, the water content 

is lower than single surfactant system. They explained the results using Marangoni effect. 

During the foam generation, the new air/water interface is created. At low surfactant 

concentration, the diffusion rate of the surfactant molecules to the air/water interface is 

low, so the surface tension gradient on the interface is very small. Thus the Marangoni 

effect is not significant and the foam films are unstable at this concentration. At higher 

concentration, there is a large amount of free surfactant molecules on the surface. They 

can produce adequate surface tension gradient during deformation on the air/water 

interface. Thus the Marangoni effect is big, and the bubbles are stabilized. 

The effect of surfactant concentration has been constantly a parameter that researchers 

studied in foam and foam film stability. Myers [82] suggested that the effect of surfactant 

concentration can be explained in terms of Marangoni effect. Velikov et al. [83] found 

that the lifetime of foam films increased linearly with surfactant concentration. The 

increase of film life time was independent from surfactant types, and it happened at the 

concentrations below and above CMC. A theoretical model was developed by Bhakta and 

Ruckenstein [84] to explain the effect of surfactant concentration on foam stability in 

terms of disjoining pressure. They proposed that an increase in surfactant concentration 

stabilized the foam by increasing the maximum disjoining pressure. Some experimental 

results on foams and wetting films produced using TCAB in presence of NaCl agreed 

well with this theory [85]. 
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Besides surfactants, electrolytes also play an important role in foam stability mostly 

because of the effect of electrolytes on the electrostatic force on the air/water interfaces. 

Wang [51] found that the increase of NaCl concentration at the low SDS concentration 

range could increase the film stability. Hydrophobic force was suppressed by the increase 

of salt concentration, so the film is more stable. The stability of foams in presence of 

nonionic surfactants was also found to be affected by electrolyte concentration [21]. The 

type of couterions and co-ions was also found to affect the stability of films and foams. 

Angarska et al [86-87] found that foams stabilized by SDS and Magnesium ions had 

higher stability than foams stabilized by SDS and sodium ions at low concentration. They 

suggested that magnesium ions could interconnect the negatively charged head groups of 

SDS better than sodium ions, so the film elasticity of the adsorbed surfactant layer on the 

air/water interface was improved. 

Foams in presence of surfactant/polymer mixtures  

There are two major types of surfactant/polymer interactions: the weak interactions 

between neutral polymer carbon chains and surfactant carbon chains, and the strong 

interactions between oppositely charged polyelectrolyte and ionic surfactant molecules. 

In the last decade, surface tension measurement has been the most widely used technique 

to study surfactant/polymer interaction on the air/water interface. The surface tension 

measurement work and the later refined work, done by Jones [88] and Lange [89], has 

revealed the most recognized pattern of surface tension of surface/polymer mixtures. Fig. 

1.4 is a typical plot of surface tension of a surfactant solution in presence of a polymer.  
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A typical surface tension measurement of surfactant and neutral polymer mixture solution 

is done in a solution with constant polymer concentration, but increasing surfactant 

concentration as illustrated in the figure. T1 represents the point that the interaction 

between surfactant and polymer begins. It is recognized by researchers as the critical 

association concentration (CAC). T2’ is the saturation point of polymer, which means the 

polymer molecules are saturated with surfactant molecules. In the range between T1 and 

T2’, the surfactant and polymer are bonding to each other and forming surfactant/polymer 

complex which is usually surface active. In the concentration above T2’, free surfactant 

molecules are no longer bonding to polymers, so the adsorption of surfactant monomers 

on the air/water interface occurs. T2 is the point where surfactant micelle begins to form. 

Thus T2 is referred as the typical critical micelle concentration (CMC). The scheme 

above is an idealized situation. In a lot of real cases of surfactant/polymer mixtures, T2’ 

could be unclear. A gradual drop of surface tension from T1 to T2 is often observed [90]. 

In some systems, a local maximum of surface tension is even found between T1 and T2 

[91-93].  

 

Figure 1.4  Effect of surfactant concentration on surface tension of a 
surfactant/polymer mixture [129] 
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De Gennes analyzed the thermodynamics of the foam films system in presence of 

surfactant/polymer mixtures [90]. He suggested that because of the surface activity of the 

surfactant/polymer complex, the surface properties of the foam films should be changed. 

Then the adsorption of the surfactant/polymer complex should have great impact on the 

stability of the foam and foam films. A limited number of studies on this topic were 

conducted [94-96]. Some of the studies observed obvious increase of foam film stability 

in presence of surfactant/polymer mixtures. However, at high surfactant concentrations, 

sometimes the surfactant/polymer complex aggregates and desorbs from the air/water 

interface, which has negative impact on foam and foam film stability.  

The surface tension behavior of oppositely charged surfactant/polyelectrolyte mixture 

shows very different pattern from the mixtures of surfactant and neutral polymers [97-98]. 

The interaction between surfactant and polyelectrolyte is very strong as a result of strong 

electrostatic attraction. Two major patterns of surface tension were observed in the 

systems of CTAB/PSS [99] and SDS/PDMDAAC [100]. In the latter case, a strange 

surface tension peak was found which was related to the desorption of surfactant/polymer 

complex [101-103]. In some oppositely charged surfactant/polyelectrolyte systems, 

electrolyte concentration was also found to have significant impact on the surface tension 

behavior [104]. It is generally believed that the surface tension behavior of oppositely 

charge surfactant/polyelectrolyte mixtures is way more complicated than the mixtures of 

surfactant and neutral polymers.  

Study of effect of surfactant/polyelectrolyte mixture on foam properties is limited. Some 

studies found that oppositely charged surfactant/polyelectrolyte mixtures could have 

impact on the rheological properties of the solution which further affected the foam 

stability [98,105-107]. Some disjoining pressure studies were done recently [108-109]. 

Some foam stability studies were conducted, however no simple correlations between the 

measured parameters and foam stability were established. 

Foams in presence of nano particles 

The interaction between hydrophobic particles and air bubbles has been recognized for a 

long time in mineral flotation industry [110-111]. In flotation, bubbles generated at the 
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bottom of the column rise through the solution and form stable foam at the top of the 

column. During the rising, air bubbles pick up some hydrophobic particles and bring 

them to the top foam area. The strength of the attachment of particles on the air bubbles 

depends on the hydrophobicity of the particle surfaces. Recently, there has been growing 

interest in the foam system in presence of nano particles [112-115]. Ultras stable foams 

were observed in presence of hydrophobized nano particles in some studies [116-119].  

Spherical fumed silica nano particle has been a popular subject in foam studies. Binks 

and Horozov [117] investigated the effect of hydrophobicity of fumed silica nano 

particles on the foam stability without any surfactant in the solution. The hydrophobicity 

of the nano particles was characterized by the percentage of SiOH group on the particle 

surface. It was found that intermediate hydrophobicity resulted in the highest foam 

stability.  

Micro latex particles in foams were also studied by Fujiji and coworkers [118,120]. 

Stable foams were produced by hand shaking and blowing gas. Like the silica works, the 

particle dispersion was also surfactant free. They used SEM and optical microscope to 

study the particles layers in wet and dry foams. A highly order pattern of bilayer structure 

was observed in the system.  

Shape of the particles is also a key factor for the stability of the foams. Alargova and 

coworkers [116] found that micro rob shape polymer particles could also stabilize 

surfactant-free foams. The life time of the foam could go up to several weeks. It was also 

found that the diameter of the air bubbles did not change during the whole experimental 

period.  

Besides the particle systems mentioned above, in-situ hydrophobized silica nano particles 

were found to be effective in stabilizing foams [119,]. The mechanism was similar to 

mineral flotation. The silica nano particles were initially hydrophilic. Surfactants like 

carboxylic acids, alkyl gallates and alkylamines were added into the silica suspension at 

certain PH. The hydrophobicity of the silica nano particles increased significantly 

because of the adsorption of the surfactants on the particle surface. Foams stable for up to 
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days were produced by hand shaking in the hydrophobized silica nano particles 

suspension.  

There have been several stabilizing mechanisms suggested in recent works. These 

mechanisms include the increase of oscillatory structural force [112-113, 123], bridging 

particles mechanism [124-127], network or particle aggregation [128], etc. Although 

much work has been done to investigate the stabilization mechanism of nano particle 

foam systems, there has not been a universally accepted mechanism, because of the lack 

of systematic experimental data as well as the complex nature of the foam stability.  

1.3   Dissertation outline 

The most frequently used measurements were hydrophobic force constant measurement 

and surface elasticity measurement, which were both 2-D dynamic surface properties 

measurements. Another measurement was foam stability, which was about 3-D foam 

systems in reality. Other surface property measurements were also used, e.g. confocal 

microscopy, dynamic surface tension and viscosity etc.   

Chapter 1 provided essential background information on foams, foam films, surface 

forces, film elasticity and stability on various foam systems. Other researchers’ related 

work was reviewed and discussed extensively in the literature review section. 

Chapter 2 presented the work studying the role of hydrophobic force in the thinning of 

foam films in presence of single nonionic surfactants. A series of n-alkyl 

polyoxyethylene homologues were used in this study. The effect of surfactant structure 

on adsorption behavior and hydrophobic force was discussed. 

Chapter 3 studied the foam stability in presence of nonionic EO surfactants. The 

structure effect of film elasticity was investigated. The relation and effect of both 

hydrophobic force and film elasticity on foam stability was the major issued discussed in 

this chapter. 

Chapter 4 described the work on foam stability in presence of various co-surfactant and 

polymer/surfactant mixtures. The studied systems included nonionic/ionic surfactant 

mixure, neutral polymer/ surfactant system, anionic polymer/cationic surfactant mixture 
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and cationic polymer/anionic surfactant system. The effect and role of hydrophobic 

force and film elasticity on foam stability was studied. 

Chapter 5 investigated the foam systems stabilized by nano particles. The adsorption of 

nano particles on the air bubble surface was studied at both low and high concentration. 

Oscillating dynamic surface tension measurement was used to study the particle layer. A 

new explanation of anti-coarsening phenomenon in the particle stabilized foam systems 

was presented.  

Finally, chapter 6 summarized the major finding of this work and discussed the future 

direction of the research.  
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Chapter 2 

Role of Hydrophobic Force in the Thinning of Single Foam 

Films in the Presence of n-alkyl Polyoxyethylene 

Homologues 

Abstract 

It was shown previously that at low concentrations of sodium dodecylsulfate (SDS) and 

methylisobutylcarbinol (MIBC), hydrophobic force plays an important role in the 

stability of foam films. In the present work, effects of nonionic surfactants (n-alkyl 

polyoxyethylene homologues) on the stability of foam films have been studied, with 

particular emphasis on the role of hydrophobic force. The magnitudes of the hydrophobic 

forces in foam films were determined from the film thinning kinetics measured using the 

thin film pressure balance (TFPB) technique. The results show that single foam films thin 

much faster than predicted by the DLVO theory due to the presence of hydrophobic force. 

In general, hydrophobic force decreases with increasing concentration of a non-ionic 

surfactant. It was found also that hydrophobic force decreases with increasing chain 

length of the n-alkyl group and with decreasing chain length of the EO groups. 

 

2.1 Introduction 

Foams have many industrial applications such as food processing, oil recovery, fire 

fighting, personal care products and mineral flotation. It is of great importance that foams 

have high stability in these applications. Thus it is essential to understand various 

mechanisms of foam stabilization and the factors affecting it.  

Foam is a thermodynamically unstable system because of the larger surface area which 

has high surface free energy existing on air bubbles. The whole surface free energy could 



27 
 

be reduced by bubble coalescence. Rupture of the liquid foam film between air bubbles is 

believed to be one of the most significant mechanisms of destabilization of foam.  

It is believed that the stability of foam films is control by disjoining pressure. According 

to DLVO theory, in liquid foam films disjoining pressure is a sum of repulsive 

electrostatic force and attractive van der Waals force. However, previous studies showed 

repeatable deviation of foam films stability and thinning experimental data from DLVO 

predictions at low concentration of surfactant [1-2]. One of the indications of this 

deviation from recent investigations is the contribution of attractive hydrophobic force 

between the air-water interfaces in foam films. 

Wang and Yoon [2-3] investigated the role of hydrophobic force in foam film thinning 

and stability of foam at the presence of sodium dodecyl sulfate. The results suggested that 

hydrophobic force is larger than van der Waals force and it is sensitive to surfactant and 

electrolyte concentration. Wang and Yoon’s work [4] on methyl isobutyl carbinol also 

showed similar results suggesting an important role of hydrophobic force in foam and 

foam films stability containing nonionic surfactants.  

In the present work, kinetics of film thinning study was conducted in the presence of 5 

nonionic polyoxyethylene surfactants. These surfactants have typical linear polarized 

structure with different hydrocarbon chain length and head group size. Both chain length 

effect and head group size effect on hydrophobic force and adsorption behavior were 

compared. The results indicated that hydrophobic force plays a significant role in the 

thinning of foam films containing nonionic surfactants. It also revealed the relation 

between hydrophobic force and the hydrophobicity/adsorption of the interfaces.  

 

2.2 Materials and Experiment 

Materials:  

A set of polyoxyethylene homologues were used. C10(EO)4, C10(EO)6, C10(EO)8, 

C12(EO)8, C14(EO)8 were purchased from Fluka. Double-distilled and deionized water 
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with a conductivity of 18.2 MΩcm-1 was obtained from a nanopure water treatment unit 

and used to prepare solutions. Sodium chloride with 99.99% purity from Alfa Aesar was 

used as an electrolyte.  

 

Kinetics of film thinning: 

Thin film pressure balance technique was used to measure the kinetic film thinning as 

described in previous publications [2, 10].The kinetics of film thinning was measured in a 

Scheludko cell [5-7].The inner radius of the film holder (Rc) was 2.0 mm. The cell was 

placed in a glass chamber, which contained small amount of examined solution to 

maintain vapor saturation. To maintain the temperature within 25±0.1℃, the chamber 

was placed in a water circulation device. To obtain horizontal films, the chamber was 

placed and adjusted on a tilt stage (M-044.00, Polytec PI) combined with an inverted 

 

Fig. 2.1 the schematic of the set-up of the kinetic film thinning measurement device 
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microscopic stage (Olympus IX51). The fluoresce condenser of the inverted microscope 

was specially modified so that only a circular zone of 0.045 mm radius of the film was 

illuminated. The intensity of the reflected light and time was recorded at every 0.1 second 

by a PC-based data acquisition system. The microinterferometric technique was used to 

obtain the instant film thicknesses from the light intensity [8]. The film radius was 

controlled within 0.055-0.065 mm range at the very early stage of thinning. 

Surface tension: 

Surface tension isotherms of polyoxyethylene surfactant solutions with the presence of 

NaCl were measured using the SINTERFACE Profile Analysis Tensiometer PAT1. The 

measurements were operated at 25±0.1℃ and last for at least 2 hr to let the surfactant 

reach equilibrium. Each measurement was done within 3 days of the preparation of the 

solutions to minimize hydrolysis. 
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2.3 Results and Discussion 
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Fig. 2.3  Surface excess of C10EO6 solution with the presence of 0.1M NaCl as a 
function of concentration 
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Fig. 2.2  Surface tension of C10EO6 solution with the presence of 0.1M NaCl as a 
function of concentration 
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Figure 2.2 showed the surface tension of C10EO6 solution with the presence of 0.1M 

NaCl as a function of concentration. The surface tension isotherm was fitted by the 

Langmuir-Szyszkowski equation, which was also plotted in the figure: 

)1ln(0 cKRT Lm +Γ−= γγ  

Where 0γ  is the surface tension of pure water, Гm is the maximum adsorption density, KL 

is the Langmuir equilibrium adsorption constant, and c is the bulk concentration of 

C10EO6. Using the Langmuir isotherm, the surface excess of C10EO6 solution with the 

presence of 0.1M NaCl as a function of concentration was plotted in Figure 2.3. The 

expression of surface excess is:  

cK
cK

L

Lm

+
Γ

=Γ
1  
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Fig. 2.4  Surface tension of C10EO8, C12EO8, C14EO8 solution with the presence of 
0.1M NaCl as a function of concentration and their fittings with Langmuir-
Szyszkowski equation 
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Figure 2.4 and 2.5 show the surface tension of series n-alkyl polyoxyethylene 

homologues in the order of hydrocarbon chain length (carbon number) and head group 

size (EO number). The surface tension isotherms did not show minimum values around 

CMC indicating the purity of the surfactant was acceptable. Because of low solubility, 

the CMC of C10EO4 was not able to be determined. The isotherms were fitted by 

Langmuir-Szyszkowski equation. Table 1 shows the comparisons of KL and Гm of the 

solutions in the current study. Гm increased with an increase of carbon chain length and 

unchanged head group size, which may be due to the increase hydrophobic attraction 

between hydrocarbon chains. Гm also showed a decrease with an increase of head group 

size and unchanged carbon chain length. This may be due to an increase of the steric 

repulsion between the head groups. KL represents the level of the adsorption of molecule 

on the interface in order to reach the equilibrium.  
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Fig. 2.5  Surface tension of C10EO4, C10EO6, C10EO8 solution with the presence of 
0.1M NaCl as a function of concentration and their fittings with Langmuir-
Szyszkowski equation 
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Table 2.1b  The value of KL and Гm of C10EOn surfactants 

Surfactant EO number KL ( M-1) Гm ( μmol/m2) 

C10EO4 4 4x105 3.2 

C10EO6 6 1x106 2.4 

C10EO8 8 5x106 1.75 
 

Table 2.1a  The value of KL and Гm of CnEO8 surfactants 

Surfactant Carbon number KL ( M-1) Гm ( μmol/m2) 

C10EO8 10 5x106 1.75 

C12EO8 12 7x105 3.6 

C14EO8 14 6x104 30 
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Fig. 2.6  The kinetic thinning of C10EO6 foam film with 0.1M NaCl. A) 1x10-6M, B) 1x10-4M. 
The film radius is 0.065 mm. The red curve is Reynolds equation with DLVO theory (K232=0), 
the blue curve is Reynolds equation with extended DLVO theory, open circles are 
experimental data.  
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Figure 2.6 showed the kinetic thinning of film of C10EO6 with 0.1M NaCl. At low 

electrolyte concentration, there is an uncertainty for calculation of electrostatic force in 

foam films containing nonionic surfactant. Currently there is not a reliable technique to 

determine the double layer potential of the foam films studied. The reason of adding 

0.1M NaCl into the solution is that at such high electrolyte concentration the electrostatic 

force will be effectively screened out, thus the calculation of hydrophobic force constant 

K232 will be much easier. In order to make the kinetics of thinning comparable, the zero 

time point of kinetics of thinning was set as the time when the film thickness was 307nm 

for all the films studied. 

To study hydrophobic force, this report employed Reynolds equation to fit the data of 

kinetics of thinning of horizontal foam films. This is the same method used in previous 

studies [10]. The radius of the flat film used in the experiment was 0.065mm. It is shown 

that film with such small radius stabilized by surfactant can be considered as between two 

tangentially immobile surfaces [11-14]. This means Reynolds equation can be applicable 

for the foam films we used in this report. Reynolds equation is expressed as [15, 16]: 

2

3

3
2

fR
PH

dt
dH

µ
∆

=−
 

where H is film thickness, t is film thinning time, μ is dynamic viscosity, Rf is film radius, 

and △P is the driving force of film thinning. The driving force is expressed as: 

Π−=∆ cPP  

where Π is the disjoining pressure and Pc is the capillary pressure which is given by [6]: 

c
c R

P γ2
=

  

Rc is the radius of the film holder, and γ is surface tension of the solution in the film 

holder. The disjoining pressure is as below: 

hbvwel Π+Π+Π=Π   
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Where Πel, Πvw, and Πhd represent the contribution of electrostatic force, van der Waals 

force and hydrophobic force. As mentioned before, electrostatic force can be neglected 

with the presence of 0.1M NaCl. Thus the disjoining pressure becomes:  

hbvw Π+Π=Π  

where both van der Waals force and hydrophobic force are attractive forces. Therefore 

the driving force of film thinning is larger than zero and the film will eventually rupture 

as shown in Fig. 2.6.  

Hydrophobic can be represented by power law [17-19]: 

3
232

6 H
K

hb π
−=Π

 

where constant K232 represents the magnitude of hydrophobic force between two gas-

liquid interfaces in foam films. H is the film thickness. Van der Waals force is 

represented in the following expression: 

3
232

6 H
A

vw π
−=Π

 

Then the disjoining pressure can be expressed as: 

3
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The Hamaker constant A232 in this work is a function of film thickness H. it can be 

expressed as: 
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where  is the Planck’s constant,  is the main electronic adsorption frequency, c is 

the speed of light in vacuum, n2 is the refractive index of air, n3 is the refractive index of 

solution,  is the dielectric constant of air, and  is the dielectric constant of water.  

In Fig. 2.6 the Reynolds theory with DLVO theory (K232=0) and extended DLVO theory 

(K232≠0) were plotted in the figure for comparison. In Fig. 2.6A, at 1x10-6M, as for 

DLVO theory, hydrophobic force does not exist in the foam film system (K232=0), 

Reynolds equation had a relatively large deviation on the film thinning process with the 

experimental data. When K232 was adjusted to 3.6×10-19 J, the extended DLVO theory 

curve fitted the experiment data very well. This indicated that hydrophobic force played a 

significant role in film thinning process.  

At 1x10-4M, as shown in Fig. 2.6 B, the extended DLVO theory also showed much better 

fitting with the experimental data than the classical DLVO theory. However, the value of 

K232 is smaller than the formal case. One can find that the thinning time in the latter case, 

which was also the film life time, was longer than the former case. The deviation between 

experimental data and the classical DLVO theory was larger in the high concentration 

case. It indicated that at higher surfactant concentration, hydrophobic force was smaller 

than the case in lower surfactant concentration. The attractive hydrophobic force was one 

of the major forces that drove the thinning of the film and caused the deviation between 

film thinning experimental data and classical DLVO theory. Because the attractive 

hydrophobic force was lower, there was less driving force for the film to thin. Thus the 

film thinning was damped, and the deviation between classical DLVO theory and 

experimental data decreased. This also indirectly indicated that importance of 

hydrophobic force in the thinning of foam films.  

 

ph eν

2ε 3ε
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Figure 2.7 showed the effect of C10EO6 concentration on K232. K232 decreased with the 

increase of C10EO6 bulk concentration from 1×10-6M to 1×10-3M. Previous study implied 

that the decrease of K232 might be related to surface absorption. From the trend of the 

curve of hydrophobic force, one could tell that the slope of constant K232 curve decreases 

with increasing concentration before reaching CMC. It is indicated that K232 might hit a 

plateau at higher concentration. This is discussed in the later part of this report.  
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Fig. 2.7  Effect of C10EO6 concentration on K232 at the presence of 0.1M NaCl. 
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Figure 2.8 showed the effect of C10EO6 concentration on K232 , A232 and foam lifetime. 

As shown, in the studied region (1×10-6M ~ 1×10-4M), K232 decreased with an increase of 

C10EO6 concentration, which resulted in the increases of both foam film and foam life 

time. Comparing K232 and A232, one can find that K232 values are 7 to 20 times larger than 

Hamaker constant A232. Here the film lifetime represents the time it took the film during 

thinning before rupturing. Both foam and foam film lifetimes increase with increasing 

surfactant concentration. This corroborates well with the decreasing trend of hydrophobic 

force. This indicates that hydrophobic might be a key factor for destabilization of foam 

and foam films, especially at lower concentrations range (≦1×10-5M).  
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Fig. 2.8  Effect of C10EO6 concentration on K232 , A232 and foam lifetime. 
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Fig. 2.9 showed the effect of surface excess on K232. In the figure, K232 was found to 

decrease with the increase of surface excess. Both curves experienced a plateau at and 

above CMC (around 5×10-4M).  

From previous studies [2-4], it is indicated that hydrophobic force in foam films is related 

to hydrophobicity of the air-water interfaces. Adsorption of surfactants on the air-water 

interfaces is usually considered to reduce the hydrophobicity of the interfaces. Surfactant 

free air-water interface is believed to have the highest hydrophobicity. Eriksson and 

Yoon [20] have done work to show that water molecules are structured near hydrophobic 

surfaces. Sum-frequency spectra study by Du et al indicated that air-water interface 

should be considered as hydrophobic surface [21]. From Fig. 2.9 one can see that 

hydrophobic force is damped by increasing surfactant adsorption. It is interesting to see 

that at CMC where Г reached a plateau, K232 also reached a minimum and remained 

constant as the bulk concentration increased. This may indicate that K232 is directly 
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Fig. 2.9  Effect of surface excess on K232 
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related to surface concentration rather than solution bulk concentration. It also indicated 

that if the surface was closely packed which also means the broken H-bonding amount on 

the interface was fixed, the magnitude of hydrophobic force would not change, despite 

the increase of concentration and configuration of bulk solution. In the current study, the 

surfactants are polyoxyethylene homologues which contain a typical hydrophobic linear 

hydrocarbon chain and a typical hydrophilic EO head group. Comparing the effect of EO 

head group size and hydrocarbon chain length on hydrophobic force will give a clearer 

picture of the relation between hydrophobic force and hydrophobicity of air-water 

interfaces.  
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Fig. 2.10  Effect of surface excess and hydrocarbon chain length on K232. The 
solutions are in the presence of 0.1M NaCl. 



42 
 

 

In Figure 2.10, K232 constants of all the studied solution were plotted with surface excess, 

i.e. surface absorption densities. It showed that K232 of all the studied solution decreased 

with increasing surface adsorption density.  

To compare the hydrocarbon chain length effect, three surfactants with different chain 

lengths and the same head group size were plotted in Figure 2.10. To avoid confusion, 

part of the curves (plateau) of C12EO8 and C14EO8 were not plotted. It showed that in the 

studied concentration range (1×10-6M ~ 1×10-4M, below CMC) K232 value of the 

surfactant solution with a longer hydrocarbon chain was smaller than the K232 value of 

the surfactant solution with a shorter hydrocarbon chain. It also showed that surfactants 

with longer hydrocarbon chains had higher surface excess. Thus it indicated that increase 

of hydrocarbon chain length would increase surfactant molecules absorption and decrease 

K232. Fig. 2.11 showed similar relation, which is that increase of head group size would 

decrease surfactant molecules absorption and increase K232.  

10-6 10-5 10-4 10-3

5.0x10-20

1.0x10-19

1.5x10-19

2.0x10-19

2.5x10-19

3.0x10-19

3.5x10-19

4.0x10-19

1.5x10-6

2.0x10-6

2.5x10-6

3.0x10-6

3.5x10-6

Γ(
m

ol
/m

2 )

              K232

C10EO8    
C10EO6    
C10EO4    

K 23
2 
(J

)

Concentration (M)

   Γ
 
 
 

Fig. 2.11  Effect of surface excess and head group size on K232. The solutions are with 
the presence of 0.1M NaCl. 
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For the surfactants in Fig.2.10, longer chain increased the hydrophobicity of the 

molecules, so thermodynamically it is unfavorable for longer chain surfactants to disperse 

in bulk water. To be adsorbed on air-water interfaces could get to a lower level of free 

energy of the solution. For air-water interfaces, longer chain length resulted in higher 

adsorption density which contains more EO groups on the air-water interfaces. Thus 

hydrophobicity of the interface was reduced for longer chains, which corresponded to the 

decrease of hydrophobic force. This is an evidence for the correlation between interface 

hydrophobicity and hydrophobic force. 

As mentioned above, in this study it was found that the hydrophobic force was 

proportional to the degree of hyrophobicity of the air/water interface. It is believed that 

the surfactant-free air/water interface is the most hydrophobic. The hydrophobic force is 

the largest. That is part of the reason that surfactant-free water could not form stable 

foams. In the present work, it was found that surface excess (Γ) is directly related to the 

hydrophobicity of the air/water interface. The hydrophobicity of the air/water interface 

decreases with the increase of the surface excess. In Fig. 2.9, a clear relation between 

surface excess and hydrophobic force is shown. At concentrations higher than CMC, the 

surface excess reached a plateau because excess surfactant molecules start to form 

micelles in the bulk water instead of absorbing at the air/water interface. At the same 

concentration, K232 also reached a plateau which is a clear evidence of the relationship 

between hydrophobic force and the surface excess. 

It is still necessary to discuss whether in the present study the measured hydrophobic 

force is real and what the origin of the hydrophobic force is. Unlike the case of ionic 

surfactant, the nonionic surfactant increased the difficulty and uncertainty of calculating 

the surface potentials at the air/water interface. Thus it is difficult to calculate the amount 

of adsorption using the DLVO theory and analyze the possible contribution from 

hydrophobic force. In this work, the hydrophobic force constant K232 was determined by 

the thin film pressure balance technique (TFPB) in the presence of 0.1M NaCl. At this 

concentration of electrolyte, double layer force was effectively screened. In this case, the 

disjoining pressure consists of only two components, van der Waals force and 

hydrophobic force. K232 and A232 were calculated from the kinetic film thinning 
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experimental data which eliminated the possible uncertainty and influence from 

electrostatic force. Thus, the hydrophobic forces determined in this study could be 

considered real and reliable. 

There have been quite a few different theories on the origin of hydrophobic force 

between two macroscopic surfaces of solid [22-23]. Eriksson [24] presented a mean-field 

theory to explain the attraction which is proposed to be due to the hydrogen bond 

propagated molecular ordering effects next to hydrophobic surface. This theory gave a 

more straightforward explanation. However the origin of hydrophobic force in foam film 

systems has been unclear. 

Exciting progress has been made in TFPB studies by Wang and Yoon, which provided 

direct evidence that the stability of foam films is controlled by the long range 

hydrophobic force [2-3]. The hydrophobic force began to be effective at 250nm. The 

disjoining pressure results indicated the existence of hydrophobic force in foam films. 

Hydrophobic force was found affective at distance over 100nm. Researchers [25] 

suggested that long range non-DLVO hydrophobic force originated from the structural 

properties of water. Eriksson and Yoon [20] suggested that water is more structured in 

the intervening layer, which may also be supported by the sum-frequency spectra of the 

water on hydrophobic surfaces. Du et al [21] showed that sum frequency generation (SFG) 

spectra of the interfacial water on the silica surfaces coated with octadecyltrichlorosiland 

(OTS) are similar to that of ice, whereas the water on the OTS-coated silica surface 

shows a peak at 3700 cm-1. This is a signature of hydrophobic surfaces. This peak is due 

to dangling OH groups oriented at the interface which indicates that the layer of water in 

the vicinity of a hydrophobic surface is well ordered compared to the bulk water. 

Our results (Fig. 2.9, 2.10, 2.11) showed that higher surface access leads to lower 

hydrophobic force. The value of K232 was the highest at very low surface access. It is 

believed that hydrophobic force is proportional to the hydrophobicity of the surfaces. 

Thus it is reasonable to say that surfactant-free air bubble surfaces were the most 

hydrophobic. By absorbing surfactant molecules at the air/water interface, the 

hydrophobicity was lowered resulting in the decrease of hydrophobic force. 
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2.4 Conclusion 

Effects of n-alkyl polyoxyethylene homologues on hydrophobic force and the stability of 

foams and single foam films have been studied. The thin film pressure balance (TFPB) 

technique were used to study the stability of single foam films produced in the presence 

of n-alkyl polyoxyethylene (n-CnEOm) homologues, and the results analyzed using the 

Reynolds approximation. As low surfactant concentrations, films thin faster than 

predicted by the lubrication theory, with the disjoining pressures of the film calculated 

using the DLVO theory. This discrepancy can be attributed to the presence of 

hydrophobic force in the foam films. 

The magnitude of the hydrophobic force, as measured by the hydrophobic force constant 

(K232), decreased with increasing surface access (Γ) of the surfactant, which suggested 

that air bubble is hydrophobic, and that the hydrophobic force is dampened by the 

adsorption of the non-ionic surfactant. When the surface access reached a constant value 

at concentrations above the critical micelle concentration (CMC), K232 dropped to a low 

constant value correspondingly. At a given EO number (m), K232 becomes lower with 

increasing hydrocarbon chain length (n). The surface access (Γ) becomes higher with 

increasing hydrocarbon chain length. While at a given hydrocarbon chain length (n), K232 

becomes higher with increasing EO number (m). The surface access (Γ) becomes lower 

with increasing EO number (m). 

The stability of three-dimensional foams increased with increasing CnEOm concentration. 

At low surfactant concentrations, the increased foam stability with increasing 

concentration may be attributed to the decrease in hydrophobic force, which may be the 

major destabilizing force. 
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Chapter 3 

Stability of Foam and Foam Films in Presence of 

Nonionic Surfactants 

 

Abstract  

In this report, experimental work focused on studies of film elasticity of nonionic 

surfactant solutions. Both theoretical models and experimental techniques were used to 

study film elasticity. We found that film elasticity of surfactant solution went through a 

peak as the concentration increased. Solutions in presence of longer chain surfactant had 

higher film elasticity. Head group size had less impact on film elasticity. Effect of 

hydrophobic force and film elasticity on foam stability was also studied. At low 

concentration decrease of hydrophobic force contributed to foam stability. At higher 

concentration, increase of film elasticity was the major cause of high foam stability. As a 

whole, foam stability was controlled by a combined effect from hydrophobic force at low 

concentration and film elasticity at high concentration.  

 

3.1 Introduction 

Stability of foams is important in many industrial applications, e.g. floatation, detergent, 

personal care products and brewing industry [1-3]. It is essential to understand their 

physicochemical properties, especially the factors which control the stability.  

Foams are dispersion of air bubble in liquid solutions. Thinning and rupturing of the 

foam films between air bubbles mostly determines the stability of the whole foam 

systems. From our previous studies, we found that hydrophobic force plays an important 
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role in the thinning of foam films [4-9]. Hydrophobic force is one of the major driving 

forces of film thinning and foam destabilizing.  

However, the stability of foams and foam films cannot be explained only by surface 

forces [10]. Foam films are usually under dynamic random thermal and mechanical 

disturbance. It is believed that film elasticity is playing an important role in resisting 

surface deformation of the adsorbed surfactants layers on the air/water interface [11]. 

Rupture of the films is believed to occur with local thinning. During the local thinning, 

part of the film surface area increases. Surface elasticity, which is a major stabilizing 

factor, tends to restore the shape and surface tension of the air/water interface. It is 

defined as [12-14]: 

𝜀𝜀 =
𝑑𝑑𝛾𝛾

𝑑𝑑 ln𝐴𝐴
 

Where ε is the surface elasticity, 𝛾𝛾 is the surface tension, A is the surface area. In Gibbs’ 

original work, there was a simplified expression of the foam film elasticity [14]:  

EGibbs Film=2𝜀𝜀 

The elasticity of a liquid film equals to two times of the elasticity of the air/water 

interface.  

There are many studies of the surface elasticity of solutions in presence of surfactants and 

polymers. The techniques used to measure the surface elasticity varied [15-19]. However, 

for foam films, very few works have been done to direct measure oscillating film 

elasticity because of technical difficulties [20].  

Foam systems are complex system in regard of stability. It is not appropriate to conclude 

that the stability is only affected by only one factor, e.g. surface elasticity. We believe 

that both surface forces and surface rheology, as negative and positive factors, are 

playing important roles in foam stability. In this report, we presented the work to 

investigate the effect from hydrophobic force and film elasticity on foam stability. The 

oscillating drop analysis method was used to study the film elasticity at low frequencies. 
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The surfactant chain length effect and head group size effect on film elasticity was also 

investigated. The results showed that foam stability was controlled by a combined effect 

from hydrophobic force and film elasticity.  

 

3.2 Materials and Experiment 

Materials:  

A set of polyoxyethylene homologues were used. C10(EO)4, C10(EO)6, C10(EO)8, 

C12(EO)8, C14(EO)8 were purchased from Fluka. Double-distilled and deionized water 

with a conductivity of 18.2 MΩcm-1 was obtained from a nanopore water treatment unit 

and used to prepare solutions. All the samples in this report were prepared in presence of 

0.1M NaCl. Sodium chloride with 99.99% purity from Alfa Aesar was used as an 

electrolyte. 

Dynamic Surface tension and film elasticity: 

Dynamic Surface tension and film elasticity isotherms of polyoxyethylene surfactant 

solutions with the presence of NaCl were measured using the SINTERFACE Profile 

Analysis Tensiometer PAT1. The measurements were operated at 25±0.1℃. Each 

measurement was done within 3 days of the preparation of the solutions to minimize 

hydrolysis. The film elasticity measurement was conducted at 0.05 Hz. 

Foam half life: 

A Bikerman test was applied to measure the stability of three-dimensional foams [21], as 

shown in Fig. 2. 50 ml of solution was introduced into a glass column (3cm diameter, 

100cm height). An air flow was bubbled from the bottom through a porous glass plate at 

a constant flow rate for 20s. Then stop the air flow and start timing. The time was 

recorded until the volume of the foam was reduced to half of the original volume.   
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3.3Results and Discussion 

Film elasticity is one of the most important factors in foam stability. There have been 

several different models for surface rheology in regard to foam and foam films systems [9, 

11, 22-26].  

A popular expression of foam film elasticity is the Gibbs film elasticity. For a liquid foam 

film containing a single surfactant, the Gibbs film elasticity was derived by Gibbs and 

others as [14, 32, 33]:  

E = 2
dγ

dA/A
= 2A

dγ
dc

dc
dA

 

Where A is the surface area.  

Wang and Yoon [6, 7] developed a new model of film elasticity as the following:  

The equation can be rewritten as follows: 

E = 2A
dγ
dA

= 2A
dγ
dc

dc
dA

 

E =
2dγ

d ln A
 

Where c is the bulk surfactant concentration. For a close system, the volume of a foam 

film, V=AH, is constant, where H is film thickness. Also the total number of the 

surfactant molecules in constant in a closed system. 

𝑑𝑑(2𝐴𝐴Γ + 𝑉𝑉𝑐𝑐) = 0 

𝑑𝑑𝑐𝑐 = −
2(Γ𝑑𝑑𝐴𝐴 + 𝐴𝐴𝑑𝑑Γ)

𝐴𝐴𝐻𝐻
 

The volume is a constant. The equation above can be rewritten as 
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𝑑𝑑𝑐𝑐
𝑑𝑑𝐴𝐴

= −
2Γ

𝐴𝐴 �𝐻𝐻 + 2𝑑𝑑Γ
𝑑𝑑𝑐𝑐 �

 

Gibbs equation gives: 

𝑑𝑑𝛾𝛾
𝑑𝑑𝑐𝑐

= −
𝑅𝑅𝑅𝑅Γ
𝑐𝑐

 

Emerging the equations above, we get: 

𝐸𝐸 =
4𝑅𝑅𝑅𝑅Γ2

𝑐𝑐(𝐻𝐻 + 2𝑑𝑑Γ/𝑑𝑑𝑐𝑐)
 

Combine it with the Langmuir isotherm: 

Γ =
Γ𝑚𝑚𝐾𝐾𝐿𝐿𝑐𝑐

1 + 𝐾𝐾𝐿𝐿𝑐𝑐
 

𝑑𝑑Γ
𝑑𝑑𝑐𝑐

=
Γ𝑚𝑚𝐾𝐾𝐿𝐿

(1 + 𝐾𝐾𝐿𝐿𝑐𝑐)2 

Then 

EGibbs =
4cRTΓm

2KL
2

H(1 + KLC)2 + 2Γm KL
 

H is the critical rupture thickness of the films in the experiments. In this chapter, the 

values of Gibbs elasticity have been calculated using the model above. The values of Γ𝑚𝑚  

and 𝐾𝐾𝐿𝐿 were obtained by fitting the surface tension data to the Langmuir-Szyszkowski 

equation (Chapter 2).  Figure 3.1 showed the film elasticity curve of solution in presence 

of C10EO6 and 0.1M NaCl over a wide concentration range.  

This model does not have critical assumptions and from previous studies it has been 

recognized as a more effective model than others [5-7]. 



53 
 

 

As one can see, the film elasticity went through a maximum around the concentration of 

5x10-4M. film elasticity is low at both low and high concentration. To explain this, we 

firstly need to understand the role of surfactant diffusion. The increase and decrease of 

film elasticity attributed to the effect of different diffusion rate. Film elasticity was 

defined as the ability of a surface to resist the deformation on the surface. More 

specifically, surfaces would tend to return to the initial surface tension when a 

deformation occurred on the surface. When deformation occurs on the air/water interface, 

the surface area changes. Instantly the surface tension increase or decrease because of the 

surface area change. The surface will try to get back to the initial surface tension without 

changing the surface area. The larger surface tension gradient is, the larger the potential 

of surface to restore the deformation is. So the surface tension gradient is proportional to 

the film elasticity. The way for the surface to retain the initial surface tension is to adsorb 

or desorb surfactant molecule at the air/water interface. The adsorbing/desorbing process 

is basically a diffusion process. The diffusion rate is important because it controls the 
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Figure 3.1 Film elasticity of C10EO6 solution in presence of 0.1M NaCl calculated from 
Wang and Yoon’s model 
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surface tension gradient changing rate. Thus the diffusion rate is important to film 

elasticity. 

Here is the explanation of why film elasticity went through a peak in the measured 

concentration range. At lower concentration, the adsorption density of surfactant 

molecules on the air/water interface was very low. There were very few free surfactant 

molecules in the bulk solution of the film. Take expending deformation for example. 

When the deformation occurred, the surface area in the deformation zone increased. 

Instantly, the adsorption density in the deformation zone decreased, so the surface tension 

in this area increased. There were too few free molecules in the bulk solution to defuse on 

to the interface to restore the initial surface tension. So there was a surface tension 

gradient. However, because the initial surface tension in this area was already very high 

before deformation, the change in surface tension was not big. Thus the surface tension 

gradient was not large. As a result, the film elasticity was relatively low too. In the case 

of higher concentration, the adsorption density on the air/water interface was high, and 

there were a lot of free surfactant molecules in the bulk solution of the film. At this high 

concentration, the free surfactant molecules had relatively higher mobility and diffusion 

rate. When the deformation (e.g. expending) occurred, the surface tension gradient in the 

deformation area appeared. The surface tried to restore the initial surface tension by 

diffusing free surfactant molecules onto the air/water interface. However, because of the 

fast diffusion rate of the free molecules, the surface tension gradient disappeared very 

quickly. As a result, the film elasticity was relatively low. Thus, film elasticity was 

relatively low at both low and high concentration, which went through a maximum at an 

optimal concentration. 
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To further investigate the diffusion rate of the surfactant at a wide concentration range, 

we conducted dynamic surface tension measurement with C10EO8 solutions. The 

concentration range was from 1x10-6M to 1x10-4M. The duration of the measurement was 

1000 s which was enough for the adsorption to reach equilibrium. Fig. 3.2 showed the 

plot of the dynamic surface tension results. Each curve represented the instant surface 

tension at any time point at a specific concentration. The slope of the curved represents 

the diffusion rate of the molecules. One can found there was a obvious increase of the 

slope on the curves at all the concentration range. It took over 600 s to reach equilibrium 

at the lowest concentration. At the highest concentration, it only took less than 50 s to 

reach equilibrium. From 1x10-5M to 1x10-4M, one can observe a large increase of the 

diffusion rate. As discussed above, the increase of the diffusion rate was the cause of the 

decrease of the film elasticity in this concentration range. 
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The film elasticity had a positive effect on foam stability in the form of film elasticity. It 

is believed that film elasticity stabilized the air/water interface as well as the foam films. 

The stabilization mechanism is recognized as Marangoni effect. When deformation (e.g. 

expending) occurs on the liquid film, there is a surface tension gradient on the air/water 

interface. The liquid together with the free surfactant will tend to flow to the deformation 

zone. The liquid flow will fix up the deformation of the bulk film and the surfactant will 

diffuse onto the air/water interface to restore the initial surface tension. Thus the 

deformed film is stabilized. The film elasticity originated from Marangoni effect, which 

is closed relevant to the film elasticity.  

Experimental studies of film elasticity were carried out using the oscillating drop analysis 

method. The measurement of surface/film elasticity was based on the theory of Lucassen 

and van den Tempel model. The theoretical description of Lucassen and van den Tempel 

model is applicable at least for low and intermediate surface concentrations of the 

surfactant. It was assumed that there was effectively no barrier for the molecular 

exchange between the bulk solution and the surfactant monolayer. Accordingly, a 

complex surface dilatational modulusε is introduced: 

 

Figure 3.3  Schematic of Marangoni Effect. It showed the situation of a film in expansion.  
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𝜀𝜀̅ = 𝜀𝜀 + 𝑖𝑖𝑖𝑖𝑖𝑖 

Where 𝑖𝑖 = 2𝜋𝜋𝑣𝑣 , ν  denoting the frequency of a sinusoidal disturbance. As before, ε  
stands for the film elasticity which is given as a function of the frequency and the 
surfactant concentration by the following expression 

𝜀𝜀(𝑣𝑣, 𝑐𝑐) = 𝜀𝜀0
1 + 𝜉𝜉

1 + 2𝜉𝜉 + 2𝜉𝜉2 

Similarly, the surface viscosity is given by 

𝑖𝑖(𝑣𝑣, 𝑐𝑐) =
𝜀𝜀0

2𝜋𝜋𝑣𝑣
𝜉𝜉

1 + 2𝜉𝜉 + 2𝜉𝜉2 

In the above expressions the frequency-dependent parameter 𝜉𝜉 = �𝑖𝑖0/4𝜋𝜋𝑣𝑣 whereas the 

two chief parameters oo ωε  and are frequency-independent. They just depend on the 

surfactant concentration c. Note that for high frequencies, ξ  approaches zero and  

𝜀𝜀 = 𝜀𝜀0 

𝑖𝑖 = 0 

𝜀𝜀0 is also described as the high frequency film elasticity limit. It is half of the Gibbs film 

elasticity.  

In the expression above,  

𝑖𝑖0 = 𝐷𝐷(
𝑑𝑑𝑐𝑐
𝑑𝑑Γ

)2 

On the assumption of Langmuir-Szyszkowski adsorption isotherm, it becomes 

𝑖𝑖0 = 𝐷𝐷(
( 1
𝐾𝐾𝐿𝐿

+ 𝑐𝑐)2

Γ𝑚𝑚/𝐾𝐾𝐿𝐿
)2 

Where D is the diffusion coefficient of surfactant molecules in the bulk phase.  

In previous studies [28, 29], it is recognized that film elasticity is closely relevant to foam 

stability. However, the effect of surface viscosity on foam stability was not well defined 
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and sometimes confusing. Plus, surface viscosity becomes zero even at low frequencies. 

Current studied systems all showed dominant elastic characteristics. Thus in the current 

report, we focused on the film elasticity part of the complex modulus. As described in the 

Lucassen and van den Tempel model, the film elasticity is related to the surface 

deformation frequency and surfactant diffusion rate [22-24, 27].  

 The measurements in this report were conducted at 0.05Hz frequency. According to the 

model, the film elasticity should increase as the frequency increases. When the frequency 

reaches infinity, the film elasticity is the theoretical Gibbs film elasticity. However, 

current available techniques were not able to reach ultra high frequencies when surface 

oscillation occurs [19]. There was a big deviation between experimental data and 

theoretical prediction of Gibbs film elasticity [15, 19, 31]. Thus in our current report, we 

only presented the original film elasticity data which was measured at a frequency of 0.05 

Hz. All the measurements were conducted at the same frequency and condition. The film 

elasticity results were reasonably comparable qualitatively. 
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The film elasticity result of solutions in presence of C10EO8 was shown in Fig. 3.4 The 

CMC of C10EO8 was 1x10-3M. The concentration range of the measurement was all 

below CMC. The film elasticity increased as the concentration increased from 5x10-7M to 

8x10-6M. At around 8x10-5M, film elasticity reached a maximum of 9.35 mN/m. As the 

concentration continued to increase, film elasticity decreased. At 1x10-4M, film elasticity 

dropped to the same level of the initial lowest measured concentration. The peak 

configuration of the film elasticity curve was also observed by other researchers in other 

surfactant systems [10, 15, 19, 30, 31].  
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Figure 3.4  Film elasticity of solution in presence of C10EO8. The measurement was 
conducted at 0.05 Hz. 
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The theoretical results derived from Wang and Yoon’s model (Fig. 3.1), however, have 

deviations from the experiment results. In the theoretical calculated results, the 

magnitude of the maximum of film elasticity is higher and the concentration of the peak 

is higher than experimental data. As mentioned earlier in this report, the experiments 

were conducted at the frequency of 0.05 Hz. The oscillating drop analysis technique was 

developed based on the van der Temple theory. The van der Temple theory indicated that 

film/film elasticity is a frequency related property. Ideally, the real Gibbs film elasticity 

can be measured at an ultra high frequency. However current techniques can not conduct 

reliable high frequency measurement of film elasticity. Some researchers tried to modify 

the van der temple and predict the film elasticity at high frequency. However, the results 

were far from satisfactory. In our previous studies and others’ work, we found that if the 

measurement frequency increases the peak will move towards the higher concentration 

and the magnitude of the peak also increases. Figure 3.5 showed the effect of frequency 

on the magnitude and concentration of the peaks of film elasticity. When the deformation 
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Figure 3.5  Effect of frequency on the magnitude and concentration of the film elasticity 
peaks. The solution contains C10EO4 in presence of 0.1M NaCl. 
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occurs faster, in order to meet the condition of the optimum peak elasticity, the surfactant 

molecules need to move to the air/water interface faster. It is indicated that at high 

frequencies the peak of film elasticity could move to the concentration as the same with 

the model prediction, and the value of the peak could also increase to the model predicted 

value. The low frequency (0.05Hz) is the major cause for the deviation between the 

experimental data and the model predicted values. 

The oscillating drop technique was developed based on the theory of Lucassen and van 

der Temple [22]. As mentioned before, surface elasticity was expressed as: 

𝜀𝜀(𝑣𝑣, 𝑐𝑐) = 𝜀𝜀0
1 + 𝜉𝜉

1 + 2𝜉𝜉 + 2𝜉𝜉2 

where 

𝜉𝜉 = �𝑖𝑖0/4𝜋𝜋𝑣𝑣 

𝑖𝑖0 = 𝐷𝐷(
( 1
𝐾𝐾𝐿𝐿

+ 𝑐𝑐)2

Γ𝑚𝑚/𝐾𝐾𝐿𝐿
)2 

The values of 𝜀𝜀 could be measure by experiment at a certain frequency (in this case the 

frequency v is 0.05Hz). 𝜀𝜀0 is described as the Gibbs surface elasticity. Γm and KL are 

parameters which could be determined from the surface tension data. In Wang and 

Yoon’s model, the film elasticity E is Gibbs film elasticity. Theoretically Gibbs film 

elasticity is two times of the value of 𝜀𝜀0. Thus, by using the film elasticity data from the 

model as 𝜀𝜀0, combined with the experimental data as 𝜀𝜀 at a fixed frequency (0.05Hz), we 

can back calculate D, the diffusion coefficient of the surfactants, by fitting the 

experimental data with theoretical model values. 

When fitting the data, the priority was given to the fitting of the peak value and 

concentration as the criteria of good fitting. The reason is that the peak value and its 

concentration are directly related to the frequency v. The frequency v is the most 

important cause of the deviation between the experimental value and the model value. To 

explain this, one needs to understand the relation between the peak and the frequency.   
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As mentioned before, the film elasticity has a peak because of the increase of molecular 

exchange between surface and bulk solution. At lower concentrations it is the increasing 

surface excess that determines the trend of the surface elasticity curve. At higher 

concentrations, it is the frequency of molecular exchange (ω0) that determined the trend. 

The crossover of these two factors resulted in the peak pattern. When studying surface 

rheology by experiments, two frequencies need to be discussed. The frequency of 

deformation v and the frequency of molecular exchange 𝑖𝑖0 . The concentration of the 

peak is actually the concentration where 𝑖𝑖0< v turns into  𝑖𝑖0 > v. Therefore, the higher 

the frequency v is, the higher the surfactant concentration c required for the 𝑖𝑖0/v reverse 

to happen. Therefore, for high frequency cases, the peaks will move to higher 

concentration (as shown in Fig. 3.5). One can see that there is a direct relationship 

between the peak and the experimental frequency v.  

As mentioned before, the low frequency v is the major cause for the deviation between 

the experimental data and the model predicted values. As explained above, the peak value 

and its concentration is directly related to the frequency v. Therefore, when fitting the 

experimental data with the model, one should make the fitting of the peak as the priority 

in the fitting criteria.  

From the plot one can see that at a frequency of 0.05Hz, Wang and Yoon’s model can fit 

the experimental data very well with a diffusion coefficient of 1x10-9 m2s-1. We also 

carried out the same procedure with the other surfactants used in this study. Most of them 

fitted well despite the fact that some of them have large deviation between model and 

experimental data. Part of the reason could be that at low frequencies the film is no 

longer a closed system. At very low frequency like 0.05Hz, the film could have mass and 

thermo exchange with the environment and the bulk phase in the plateau borders. 

However both Wang and Yoon’s model and Lucassen’s model had an assumption that 

the film is a closed system. Therefore, it is possible that the mass and thermo exchange 

caused the deviation.  

Theoretically, the diffusion coefficient D has different values at different surfactant 

concentrations. However, here D was used as a fix fitting parameter. From other 
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researchers’ work [36-38], one can found that at concentrations around and below CMC, 

the value of D does not have significant change. D was also used by other researchers as 

a constant value at low concentrations for data fitting. Thus using D as a constant value in 

the present work could be acceptable.   

The values of D calculated in this work were shown in Table 3.1 and 3.2. The values 

were compared to the available experimental data in literature. Fournial et al [36] 

conducted nuclear magnetic resonance spectroscopic experiments and measured the value 

of D as 2.5X10-10 m2s-1 for C10EO4, which is exactly the same with the D value obtained 

in the present work. Zhmud et al [37] reported the D value of 6X10-9 m2s-1 for C10EO6 

which is higher than our value 1.5X10-9 m2s-1. Most of the reported experimental values 

or model calculated values of D from the literatures are in the magnitude of 10-10 and 10-9 

m2s-1 which is in agreement with the values in the present study. 
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Figure 3.6  The fitting data of film elasticity of three surfactants at the frequency of 0.05Hz. 
Diffusion coefficient is a fitting data. The Gibbs film elasticity calculated from Wang and 
Yoon’s model was used as  𝜀𝜀0 
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From the diffusion coefficient results in Table 3.1 one can see that surfactants with 

shorter carbon chain length have higher diffusion coefficient. Because larger molecules 

travel slower than small molecules in water. For the surfactants with the same chain 

length but different head group size, larger hydrophilic head group could increase the 

mobility of the surfactants in water. That’s why the surfactants with larger head group 

have higher diffusion coefficient in water.  

This also means that Wang and Yoon’s model could predict the Gibbs film elasticity of 

surfactant system which is a high property at frequencies. According to some other 

researchers, some film ruptures are caused by external thermal or mechanical disturbance, 

the frequency of the disturbance should be on the higher end. Using more advanced 

techniques, it would be worthwhile to study the film elasticity at frequencies over 

1000Hz. However, when more advanced techniques are not available it is reasonable to 

utilize the model to calculate the film elasticity. Wang and Yoon’s model’s assumption is 

that the volume and mass of the film is a constant, which is exactly the situation of a high 

Table 3.2 Effect of EO number on the diffusion coefficient of the surfactant 

Surfactant Diffusion Coefficient (m2s-1) 

C10EO4 2.5X10-10 

C10EO6 1.5X10-9 

C10EO8 6X10-9 

 

Table 3.1 Effect of chain length on the diffusion coefficient of the surfactant 

Surfactant Diffusion Coefficient (m2s-1) 

C10EO8 6X10-9 

C12EO8 1X10-9 

C14EO8 3X10-10 
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frequency state of a film. Thus, Wang and Yoon’s model is a good tool to study film/film 

elasticity in natural conditions. 

Figure 3.7 showed the dynamic surface tension curves of surfactants with different chain 

length and head group size.  Plot 1 showed the dynamic surface tension data of the 

solution in presence of 2.5x10-6M of C10EO8, C12EO8 and C14EO8. The duration of the 

measurement was 3000 s. However, the surfactant diffusion/adsorption did not reach a 

complete equilibrium. Since the purpose of this measurement is to compare the diffusion 

rate, it is enough to only analyze the dynamic surface tension in the first 3000 s. One can 

tell that surfactant with longer chain had smaller slope on the curves. That means that the 

diffusion and adsorption rate was slower for the surfactant with longer chain. Since the 

head group size was all the same, longer chain length possible led to lower mobility of 

the molecules in solution. Thus the rate of diffusion and adsorption was low too. 

Although at equilibrium the adsorption density of surfactants with longer chain was 

higher, the kinetics of diffusion and adsorption was still low. This result also proved the 

fitted diffusion coefficient D values which mentioned above. With longer chain, the 

diffusion rate of the surfactant is lower.  

During the deformation of the surface, it took longer time for the surfactants with longer 

chain to diffuse onto the air/water interface. Thus, the surface tension gradient was 

retained for longer time. We should notice that film elasticity is a dynamic parameter, so 

it is more appropriate to relate film elasticity to the dynamic surface tension. Thus the 

surface tension gradient here is a dynamic parameter too. Because the surface tension 

gradient was proportional to the film elasticity, the surfactants with longer chain had 

higher film elasticity than the surfactants with shorter chain. It was the same case at all 

the measured concentration range. 
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Figure 3.7  Dynamic surface tension of the surfactants we used in the diffusion 
characters study.  

(1) 
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Plot 2 showed the dynamic surface tension data of the solution in presence of 2.5x10-6M 

of C10EO4, C10EO6 and C10EO8. The duration of the measurement was also 3000 s. This 

measurement is to compare the effect of head gourp size on the dynamic surface tension. 

One can see that the surfactants with larger head groups change the surface tension faster. 

According to the fitted diffusion coefficient values, the surfactants with larger head 

groups diffuse faster than small head group surfactants.  

We already explained that film elasticity should be more appropriately related to dynamic 

surface tension. At the current point, we focused on the slope of dynamic surface tension 

curve to investigate the diffusion and adsorption rate of the surfactants. We also believe 

that it is worthwhile to investigate the magnitude of the surface tension gradient, because 

film elasticity is proportional to surface tension gradient. Take the head group size effect 

measurement for example. The diffusion rates of the surfactants were different, so the 

retaining times of the surface tension gradient were different and in the same order. 

However, there was not enough work focusing on the relation between the magnitude of 

surface tension gradient under deformation and dynamic surface tension value. Current 

experimental techniques were not able to determine or compare the surface tension 

gradient either. Lacking of reliable techniques left the problem unsolved. 

As mentioned in the introduction, both hydrophobic force and film elasticity are 

important factor in foam and foam film stability. To understand foam stability better, it is 

necessary to investigate the effect of hydrophobic force and film elasticity respectively, 

as well as their combined effect. We compared the effect of hydrophobic force and film 

elasticity at varied concentration range in fig. 3.8.  
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Hydrophobic force is an attractive force before the two air/water interfaces in a foam film. 

K232 is the hydrophobic force constant, representing the magnitude of hydrophobic force. 

It is an unfavorable factor for the foam and foam film stability. From our previous studies, 

we know that hydrophobic force decreases with increasing concentration. Surface 

adsorption density is closely related to the magnitude of hydrophobic force. Both chain 

length and head group size have effect on the surface adsorption density, which further 

impact hydrophobic force. Hydrophobic force constant was measured by kinetic film 

thinning method. However, the calculation and measurement were based on the 

assumption of unchanged film surface area. Thus K232 is relevant to the equilibrium 

parameters like equilibrium surface tension.  

It was found that increase of film life time was related to the decrease of hydrophobic 

force. It indicated that hydrophobic force could play an important role in the stability of 

foam systems. However, the correlation between film stability and foam stability is 
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Figure 3.8  Effect of hydrophobic force and film elasticity on foam stability at low 
concentration range and a wider concentration range. The surfactant was C10EO6 with 0.1M 
NaCl in solution. 
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complicated, especially in relatively more viscose fluid systems. Some researchers 

measured the viscosity of solutions in presence of surfactants at concentrations lower or 

around CMC. The results showed that the viscosity of the solution is almost the same 

with the viscosity of water [34, 35]. Thus to minimize the influence from viscosity, the 

concentrations of all the solutions used in this report were under or around CMC.  

We compared the effect of hydrophobic force and film elasticity on foam stability in Fig. 

3.8. The surfactant was C10EO6. As mentioned before, both hydrophobic force and film 

elasticity are important factors for foam stability. Hydrophobic force was considered as 

an unfavorable factor for foam stability because the attractive force caused rupture of 

foam films. Film elasticity was considered as a favorable factor for foam stability because 

it represented the ability of the surface to resist deformation. As discussed earlier, the 

model predicted film elasticity is closer to the high frequency film elasticity in natural 

environment, so here the film elasticity data was the model predicted data rather than 

experimental data. 

The first plot is the results in the low concentration range (from 10-6M to 10-4M). In this 

concentration range, film elasticity is very low and relatively flat. Thus film elasticity 

could not play an very significant role. Hydrophobic force decreases with the increasing 

concentration. As mentioned above, hydrophobic force is an unfavorable factor for the 

foam stability. So the decrease of hydrophobic force could result in higher foam stability. 

As one can see, in this concentration range, foam stability increases with increasing 

concentration. It is pretty obvious that in the low surfactant concentration range, the 

increase of foam stability attributes to the decrease of hydrophobic force. Film elasticity 

does not play a significant role here. 

However the situation is different at higher concentrations. As we discussed before in 

Chapter 2, hydrophobic force becomes very small at higher concentration range. The 

value of K232 also tends to reach a plateau after CMC because the surface adsorption 

density doesn’t change after CMC. That means hydrophobic force may not play a 

significant role at higher concentrations. The second plot showed the comparison of 

hydrophobic force, film elasticity and foam stability at a wide concentration range. One 
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can clearly see that at higher concentrations, foam stability increases with the increase of 

film elasticity while hydrophobic force becomes very low and tends to reach a plateau. 

This means the stability of foams is controlled by both hydrophobic force and film 

elasticity, but they have different roles at different concentrations. At lower 

concentrations, hydrophobic force is the major controlling factor of destabilizing foams. 

But at higher concentrations, film elasticity becomes the more important controlling 

factor for stabilizing foams. 

One thing needs to be pointed out is that only the foam stability data below 1x10-3 M was 

showed in fig. 3.8. For some of our surfactants, foam half lifetime data was also 

measured at 1x10-2 M. The reason for not showing the high concentration data is that at 

higher concentration the foam film transformed into the Newton Black Film (NBF) which 

is totally different from the film at low surfactant concentration. NBF usually formed at 

high salt and surfactant concentration. Fig. 3.9 A showed the kinetics of NBF formation 

of C10EO6 at 1x10-2 M in the presence of 0.1 M NaCl. Double layer force was damped by 

high salt concentration. The stabilizing force for the NBF is the steric force between the 

surfactant molecules absorbed on the two air/water interfaces. NBF usually has very 

small thickness (less than 10 nm) depending on the size of the surfactant molecules. 

There is almost not free water inside of the NBF, so once the NBF was formed the 

thickness will not change. NBF usually has very long film life time. The rupture 

mechanism for common black films cannot be applied on NBFs. NBF has the smallest 

thickness which is much smaller than the critical film rupture thickness. There is no water 

drainage and local thickness fluctuation in NBF. The rupture of NBFs was explained by 

the theory of local defect nucleation and growth. At certain conditions, defect like holes 

could form and grow in NBFs and result in the rupture of the film.  

As mentioned above, NBFs have very long film lifetimes and low water content within 

the film. As a result, at high surfactant concentrations, the foams will transform into very 

stable but dry foams as a result of NBF formation. Fig. 3.9B showed the foam half 

lifetime data for C10EO6 at a wide range of surfactant concentrations in the presence of 

0.1M NaCl. The NBF formed at concentration>1x10-3M. The stability of the foams 

increased very significantly. From the visual observation, one can see that the foams were 
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very dry. The films between air bubbles were much thinner and the whole foam system in 

the column was nearly transparent. It is believed that the water drainage in the dry foam 

system is very slow which can be neglected.  

Because of the formation of NBFs, the foams and foam films in the system were not the 

same with the ones at lower concentrations. The stability mechanisms for the foams and 

foam films were also changed. Therefore, it is reasonable to separate the situation of 

foams at concentrations higher than 1x10-3 M from the foams at lower concentrations. 

Fig. 3.10 showed the foam half life time vs. film elasticity of the solutions in presence of 

all the nonionic surfactants used in this work. The foam stability of all the samples 

followed similar trends, representing the effect from film elasticity at higher 

concentration. The chain length effect was presented in the first plot. From the data 

shown before, we know surfactant with longer chain gave higher film elasticity at high 

concentration. Thus the foam stability with long chain surfactant was expected to be high 

at higher concentration range. This was consistent to the foam stability experimental 

results shown. In the case of head group effect, surfactants with smaller head group did 

not give significant difference between C10EO4 and C10EO6. Thus the impact on the foam 

lifetime should be fairly small. As the experimental results turn out to be, unlike the chain 

length effect on foam stability, in this case the deviation between the two foam stability 

curves was not very large at high concentration. The film elasticity of C10EO8 is higher 

than the other two. The foam stability of C10EO8 is also higher than the other two at high 

concentrations.  The reason for the pattern of the curves is not completely clear. It is 

possible because of the solubility difference of these three surfactants. Larger hydrophilic 

head group helps with the solubility of the surfactants. For a surfactant with ten carbons 

in the chain, only four or six EO groups are not enough to make high solubility.  
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Figure 3.9  (A) Kinetics of film thinning at the concentration of 1x10-2M where Newton Black 
Film (NBF) formed. (B) Foam half life time at high surfactant concentration.  
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Figure 3.10  The effect of chain length and head group size on film elasticity and foam 
stability. All measurements were done in presence of 0.1M NaCl. 
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3.4 Conclusion 

This chapter presented the work investigating the role of hydrophobic force and film 

elasticity in foam stability in the presence of nonionic surfactants CnEOm. The results 

showed that at high surfactant concentrations, the hydrophobic force became comparable 

to or smaller than the van der Waals force. The increased foam stability with increasing 

concentration can be attributed to the increased elasticity of the foam films. 

The elasticity of the air/water interface was measured using the oscillating drop analysis 

technique, and the results analyzed using the Lucassen and van den Tempel model [22] It 

was found that frequency had significant effect on the measured film elasticity data. 

There was a reasonable fit between the experiment and model predictions when using the 

Gibbs elasticity values calculated with the Wang and Yoon model [7]. Use of the 

Lucassen and van den Tempel model [22] model allowed calculation of the diffusion 

coefficients (D) of the CnEOm surfactants used in the present work from the 

experimentally measured elasticity values. It was found that D increases with increasing 

m and decreases with increasing n. The D values obtain in the present work were in 

general agreement with the values reported in literatures. These findings are also in good 

agreement with the results of the dynamic surface tension measurements conducted in the 

present work. 

It is also found that at very high surfactant concentrations (>1x10-3M), the foam films 

transformed into steric force stabilized Newton Black Films (NBF) which had very long 

lifetime, resulting in the transformation from common wet foams to dry foams.  
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Chapter 4 

Stability of Foams and Single Foam Films in the Presence 

of Co-surfactant and Surfactant/Polymer Mixtures 

 

Abstract 

The stability of foams in presence of co-surfactant and polymer/surfactant mixtures was 

studied. This work focused on the effect of hydrophobic force and film elasticity on the 

foam stability of these systems. Compared to previous studies on single surfactant 

systems, effect mixtures were more complicated. The surface properties changed 

significantly with the polymer/surfactant complex formation, precipitation and desorption, 

etc. However, hydrophobic force was found to be closely related to the surface adsorption 

density. Both hydrophobic force and elasticity played very important roles in the 

competing effect on foam stability. 

 

4.1 Introduction  

Polymer/surfactant mixtures have a wide range of industrial applications [1]. In recent 

years, there has been a significant growth in studies of the interaction of water-soluble 

polymers with surfactants on the air/water interface [2-5].  

The surface adsorption in a mixed surfactant and polymer system has been analyzed 

thermodynamically by de Gennes [6]. If the polymer was adsorbed with surfactant on the 

air/water interface, one can expect a change in its foaming and thin film properties, 

including foam and foam film stability, foam drainage etc. According to currently 

obtained results, foam was stabilized by adding some polymers in solution. However, in 

film drainage studies on a series of polymer/surfactant systems, Cohen-Addad and 
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diMeglio found rather small effects of the polymer even in the case of the strongly 

interacting PEO/SDS system [7].  

The foam systems in presence of polyelectrolyte/surfactant mixtures were also studied 

extensively in recent years [8,9]. However, no simple correlations with the measured 

surface properties and foam properties were found. This also indicated the complexity of 

foaming and foam stability. More work needs to be done in polymer/surfactant mixture 

foam systems.  

In the current report, several different systems were studied, e.g. co-surfactants, 

surfactant/neutral polymers, surfactant/polyelectrolytes. Two important factors, 

hydrophobic force and film elasticity were compared. Thin film pressure balance and 

pendent drop shape analysis methods were used to measure the surface properties. 

Considering the complexity of the mixture systems, we discussed the effect of 

hydrophobic force and film elasticity on foam stability in each system respectively.  

 

4.2 Materials and Experiments 

Materials:  

C12(EO)8 was purchased from Fluka. C18TACl and SDS was purchased from TCI. 

Polyelectrolyte polystyrene sulfonate (PSS), polydimethyldiallylammonium chloride 

(PDMDAAC), and neutral polymer polyvinylpyrrolidone (PVP) were purchased from 

Sigma. The chemicals were all used as received.   

Deionized water with a conductivity of 18.2 MΩcm-1 was obtained from a nanopure 

water treatment unit and used to prepare solutions. Sodium chloride with 99.99% purity 

from Alfa Aesar was used as an electrolyte.  

Kinetics of film thinning: 

Thin film pressure balance technique was used to measure the kinetic film thinning as 

described in previous publications[10,11].The kinetics of film thinning was measured in a 
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Scheludko cell[12-14].The inner radius of the film holder (Rc) was 2.0 mm. The cell was 

placed in a glass chamber, which contained small amount of examined solution to 

maintain vapor saturation. To maintain the temperature within 25±0.1℃, the chamber 

was placed in a water circulation device. To obtain horizontal films, the chamber was 

placed and adjusted on a tilt stage (M-044.00, Polytec PI) combined with an inverted 

microscopic stage (Olympus IX51). The fluoresce condenser of the inverted microscope 

was specially modified so that only a circular zone of 0.045 mm radius of the film was 

illuminated. The intensity of the reflected light and time was recorded at every 0.1 second 

by a PC-based data acquisition system. The microinterferometric technique was used to 

obtain the instant film thicknesses from the light intensity [15]. The film radius was 

controlled within 0.055-0.065 mm range at the very early stage of thinning. 

Foam half life: 

A Bikerman test was applied to measure the stability of three-dimensional foams [16], as 

shown in Fig. 2. 50 ml of solution was introduced into a glass column (3cm diameter, 

100cm height). An air flow was bubbled from the bottom through a porous glass plate at 

a constant flow rate for 20s. Then stop the air flow and start timing. The time was 

recorded until the volume of the foam was reduced to half of the original volume.   

Surface tension: 

Surface tension of polyoxyethylene surfactant solutions with the presence of NaCl were 

measured using the SINTERFACE Profile Analysis Tensiometer PAT1. The 

measurements were operated at 25±0.1℃ and last for at least 2 hr to let the surfactant 

reach equilibrium. Each measurement was done within 3 days of the preparation of the 

solutions to minimize hydrolysis.  

Film elasticity was calculated from Wang and Yoon’s model (chapter 3).  
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4.3 Results and Discussion 

Ionic surfactant and nonionic surfactant mixtures 

Fig. 4.1 showed the properties of mixtures of ionic and nonionic surfactant (C12EO8 and 

SDS). The molar ratios of the mixtures are 1:9, 1:1 and 9:1 respectively. From the surface 

tension isotherms, one can tell that the configuration of the curves has close relation with 

the composition ratio.   The mixture of ratio 1:1 has the moderate surface tension between 

1:9 and 9:1. From the surface tension curves, we didn’t observe obvious interaction 

between the two kinds of surfactant molecules.K232 also has similar trend which is related 

to surface excess of three different mixtures. Also similar to single surfactant systems, 

K232 decreases as the surfactant concentration increases. At concentration above CMC, 

the hydrophobic force also tended to experience a near plateau where the surface 

adsorption density came close to constant. Film elasticity was calculated from Wang and 

Yoon’s model. They all went through a local maximum value of Film elasticity which is 

similar to the feature of single surfactant systems. The film elasticity with higher portion 

of C12EO8 was higher than low portion ones. In previous studies, researchers found 

similar results when comparing the film elasticity in presence of solely nonionic 

surfactant and in presence of solely ionic surfactant of the same carbon chain length. 

Nonionic surfactant usually gave higher film/film elasticity. A possible reason could be 

that in many case nonionic surfactants have less repulsive interaction between the 

molecules than ionic surfactants. Thus they can form denser adsorption layer on the 

air/water interface. This kind of dense layer could increase film/film elasticity. 
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Figure 4.1 (a) surface tension of mixture of C12EO8 and SDS (b) K232 of mixture of C12EO8 
and SDS (c) film elasticity of the mixture of C12EO8 and SDS (calculated from Wang and 
Yoon’s model). The molar ratios of C12EO8 and SDS mixtures are 1:9, 1:1 and 9:1. All 
measurements were done in presence of 0.1M NaCl. 
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Figure 4.2 showed the effect of hydrophobic force and film elasticity on foam stability in 

presence of the mixture of SDS and C12EO8 with the ratio of 9:1 with 0.1M NaCl. Similar 

to single surfactant systems, hydrophobic force is responsible for the slightly increase of 

foam stability at low concentrations. At higher concentrations, the increasing film 

elasticity is a major contributor to the foam stability. One thing worth to notice is that the 

concentration we used in the current experiments were either below or around CMC of 

the surfactants. At the concentration below or around CMC, the viscosity of the solution 

can be considered as the same as water. Thus the thinning of foam films and the stability 

of foams were not affected by viscosity change. However, at concentration higher than 

0.01 M, the viscosity of the solution may increase. In that case the stability of foams 

might attribute to not only film elasticity but also slower drainage. Thus, in our current 

studies, both experimental measurement and theoretical calculation were focused on 

relatively low and intermediate concentrations. 
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Figure 4.2  Effect of hydrophobic force and film elasticity on foam stability in presence of the 
mixture of SDS and C12EO8 (9:1) with 0.1M NaCl. 
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Foam half life time test results were shown in figure 4.3 together with the film elasticity 

of the three surfactants mixtures. In the plot one can tell that at intermediate and high 

concentration, high foam stability corresponded to high film elasticity. We don’t have the 

data above 10-3M. Because according to our observation, for this system, dry foam will 

eventually form at concentrations higher than 10-3M. Dry foam is a more complicated 

system so our effort was focused on the regular wet foams at low and intermediate 

concentrations. 
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Figure 4.3  Comparison of foam stability and film elasticity (calculated from Wang and 
Yoon’s model). 
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Neutral polymer and ionic surfactant 
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Figure 4.4  (a) surface tension of mixture of C18TACl and 0.1%wt PVP (b) K232 of mixture of 
C18TACl and 0.1%wt PVP (c) film elasticity of the mixture of C18TACl and 0.1%wt PVP 
(calculated from Wang and Yoon’s model) (d) foam half life of the mixture of C18TACl and 
0.1%wt PVP. All measurements were done in presence of 0.1M NaCl.  
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Fig. 4.4 showed the properties of solution in presence of the C18TACl and 

polyvinylpyrrolidone (PVP) mixture. PVP is considered as a neutral polymer without 

charge. However, when dispersed in water, it might have a small amount of positive 

charge which is much lower than the charge of regular polyelectrolyte [9,21]. 

The surface tension isotherm of the mixture showed that adding PVP caused minor 

decrease of surface tension of C18TACl solution which is different from the typical 

surfactant/polymer solution surface tension isotherm. There was no obvious evidence to 

indicate that there was any strong interaction between the polymer and the surfactant. The 

minor decrease of the surface tension might be resulted from the adsorption of the 

polymer PVP on the air/water interface since the polymer has some degree of surface 

activity. The adsorption of the polymer increased the adsorption of surface active 

molecules on the air/water interface, thus the hydrophobic force was depressed. 

Therefore K232 showed a minor decrease after PVP was adding into the C18TACl solution. 

From the results of film elasticity, there was an increase on the film elasticity. However 

the increase was relatively small compared to other systems in this study. This also 

suggested that there was not much strong interaction between polymer PVP and C18TACl 

on the air/water interface. Both hydrophobic force and film elasticity are determining 

factors for foam stability. Hydrophobic force was not significantly impacted by adding 

PVP in the solutions. The increase of film elasticity mostly came from the adsorption of 

PVP rather than polymer-surfactant interaction on the air/water interface. The increase of 

foam half life time of the mixture attributed to the film elasticity increase. One could 

conclude that the adding of PVP only had minor impact on foam stability of single 

C18TACl surfactant solution because the surfactant-polymer interaction was relatively 

weak. Fig 4.5 showed the effect of hydrophobic force and film elasticity on foam stability. 

Very similar to surfactant systems, as two major controlling factors, hydrophobic force 

and film elasticity control the foam stability at low and high concentrations respectively.  
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Some other work suggested that there are some weak hydrophobic interactions between 

PVP molecules and surfactant molecules [9,21]. However, in our present work, we didn’t 

observe significant surfactant/polymer interactions on the air/water interface. It might be 

because that the current experimental methods were not sensitive enough to detect the 

weak interaction on the air/water interface. However, some work [22-31] done with new 

techniques like neutron reflection has shed some light on this issue. Another possible 

cause is related to the 0.1 M salt concentration. In our previous work [19,20], we found 

that hydrophobic force could be damped by increasing salt concentration. In the current 

work, salt concentration in the solution was 0.1M. In such high concentration of salt, the 

hydrophobic force/interaction between polymer and surfactant could be suppressed. 

Finally, the weak positive charge of PVP in water might play a role. If the hydrophobic 

interaction between PVP molecules and C18TACl surfactant molecules was not strong 

enough, the weak repulsive interaction between the molecules might also suppress the 

hydrophobic interaction. 
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Figure 4.5  The effect of hydrophobic force and film elasticity on foam stability in the 
presence of surfactant/polymer mixture and 0.1M NaCl 
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Negative polyelectrolyte and positive surfactant mixture 
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Figure 4.6  (a) surface tension of mixture of C18TACl and 50ppm PSS (b) K232 of mixture of 
C18TACl and 50ppm PSS (c) film elasticity of the mixture of C18TACl and 50ppm PSS 
(calculated from Wang and Yoon’s model) (d) foam half life of the mixture of C18TACl and 
50ppm PSS. All measurements were done in presence of 0.1M NaCl.  
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The properties of mixture of polystyrene sulfonate (PSS) and C18TACl solutions were 

shown in Fig. 4.6. PSS is anionic polyelectrolyte with strong negative charge in water 

[5,8,17,32,34]. C18TACl is a cationic surfactant. There is expected to be very strong 

electrostatic interactions between oppositely charged PSS and C18TACl molecules. 

Except electrostatic attraction, hydrophobic attraction between carbon chains of the 

polymer and surfactant could also contribute to the interaction.  

From the surface tension isotherms one can tell that adding 50ppm PSS into C18TACl 

solution decreased the solution surface tension. This indicated that C18TACl molecules 

were bonded to PSS molecules and formed polymer/surfactant complex. The complex 

was effectively absorbed on the air water interface. Some other researchers found similar 

results [5,8,17]. The surfactant/polymer complex is very surface active, so when it was 

adsorbed on the air/water interface the surface excess was significantly changed. The 
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Figure 4.7  Effect of hydrophobic force and film elasticity on foam stability in the 
presence of the mixture of C18TACl and 50ppm PSS with 0.1M NaCl 
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change on surface excess could have large impact on all other surface properties like 

surface forces and film elasticity.   

The kinetic film thinning results showed that adding PSS decreased K232.  This could be 

explained by the theory described above. Hydrophobic force is closely related to the 

surface properties and adsorption configuration. In this case, PSS molecules were bonded 

with surfactant molecules and formed polymer/surfactant complex. The complex had 

relatively high surface activity, so it was absorbed at the air/water interface. Basically the 

surfactant/polymer complex could make greater change on surface excess at the air/water 

interface than single surfactants.  The hydrophobic force decreased when the adsorption 

density of surface active molecules on the air/water interface increased.  

Results from the film elasticity might reveal more information of the adsorption on 

air/water interface. The solution of mixture had a local maximum of film elasticity 

around 10-3M. The solution of single C18TACl had a lower peak around5x10-3M. The 

peak of mixture solution is a sign of denser or more rigid adsorption layer on the 

air/water interface. Some other previous surface tension and neutron reflectivity 

measurements with similar system [5,8,17,32,34] were done in the salt-free solutions. 

Their results have deviation from our current results. We noticed high salt concentration 

might change interfacial properties especially in the current system in which electrostatic 

interaction plays an important role.  

The foam half life time measurements results showed that adding PSS in C18TACl 

solution increased the foam stability especially at intermediate and high concentrations. It 

could be explained by the sharp increase of film elasticity. According to fig 4.7, film 

elasticity seems to play a very important role in a wide concentration range while 

hydrophobic force only have relatively minor effect at very low concentration. The 

interaction of the surfactant and polymer is very strong thus the surfactant/polymer 

complex has not only high surface activity but also dense adsorption layer. Both of these 

two properties could significantly increase film elasticity in a wider concentration range. 

Even though the increase of surface excess lowered hydrophobic force, the large increase 

of film elasticity still dominated foam stability in a wider concentration range. 
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4.4 Conclusion  

This chapter presented the study of foam stability in presence of co-surfactants and 

polymer/surfactant mixtures. TFPB technique was used to study the effect of 

hydrophobic force on foam stability. 

In co-surfactant systems, with increasing C12EO8/SDS ratio and concentration, 

hydrophobic force decreased and film elasticity increased. It is indicated that the nonionic 

surfactant was more effective than ionic surfactant on suppressing hydrophobic force and 

increasing film elasticity. Both hydrophobic force and film elasticity played important 

roles in the foam stability at low and high concentrations respectively. 

For polymer/surfactant mixtures, two systems were studied: Cationic surfactant (C18TACl) 

and neutral polymer mixture (PVP), cationic surfactant (C18TACl) and anionic polymer 

(PSS) mixture. For the C18TACl/PVP systems, the interaction between surfactants and 

polymer was relatively weaker than the C18TACl/PSS system. Foam stability in presence 

of C18TACl/PSS was promoted significantly compared to pure C18TACl system. 

Polymer/surfactant complex was formed because of the strong interaction between the 

opposite charge of C18TACl and PSS molecules, which resulted in the decrease of 

hydrophobic force and the increase of film elasticity.  
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Chapter 5 

Foam Stability in Presence of hydrophobized Nano 

and Micron Particles 

Abstract 

Hydrophobized nano particles were used as foam stabilizers. Nano particles and 

aggregations were adsorbed on the air bubble surfaces. We found the adsorption kinetics 

was related to the hydrophobicity of the particles. Foams were stabilized by multiple 

mechanisms. At low particle concentration, most particles were adsorbed on the air/water 

interface. Film elasticity increased significantly. For the first time, we explained why air 

bubble coarsening was inhibited. We found that the high surface elasticity attributed to 

the strong resistance of particle layers to surface compression rather than surface 

dilatation when bubble coarsening occurred. The effect of hydrophobic nano particles on 

film thinning was similar to nonionic surfactants. Hydrophobic force decreased with 

increasing hydrophobicicity of nano particles.  

5.1 Introduction 

Recently fine particles adsorbed on air/water and oil/water interface as a foam and 

emulsion stabilizer received great attentions [1-12,17,18,25]. It has been known and 

extensively investigated that solid particle/surfactants can be absorbed in floatation 

processes. Recent studies showed that solid nano particles alone or with some surfactants 

are able to stabilize aqueous foams and liquid films.  

Binks and Horozov [9] used spherical silica nanoparticles with different degree of 

hydrophobicity to investigate the effect of particle hydrophobicity on foam stability in the 

absence of any surfactant. Foams were wet and contained 60% of water after several days. 

Optical microscopy study showed that the foam contained micron-sized non-spherical 

bubbles surrounded by particle aggregates. The particle aggregates increased the 
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viscosity of the aqueous phase which resulted in slower drainage rate and higher foam 

stability.  Other studies showed that nano-particles were adsorbed densely on the 

air/water interfaces, which could form a shell structure outside the bubble surfaces [25]. 

Some results also showed the formation of nano-particles network in the bulk solution, 

which is another possible factor that increase the foams and foam films stability [6]. 

Fujii et al also reported the stabilization of foam system by latex nano-particles [20]. 

Highly order particles arrangement in the bilayer was found by SEM and optical 

microscopy. Alargova et al [8] have found that particles with non-spherical shape can be 

more effective foam stabilizer.  

An in-situ hydrophobization can be achieved by adsorption of surfactants on the initially 

hydrophilic particle surfaces in solutions. This is widely used in floatation processes. 

However, recent studies showed that in-situ hydrophobized particles can act as stabilizer 

of the foam system. Gonzenbach et al [24] added short chain amphiphiles to suspensions 

of different oxide and nonoxide particles and they produced high volume of stable foams.  

Particle shape, size, concentration and hydrophobicity have been identified as the main 

factors affecting foam stabilization. The optimum particle hydrophobicity has been 

achieved by chemical synthesis, or surface modification, or in-situ hydrophobization or 

even adjusting the PH and electrolyte concentration [22]. 

However, among all the above studies, there has been lack of attention of air/water 

interfacial properties study. The data of surface tension and surface rheology is very 

limited compared to the study on particles properties and particle-particle interactions. 

Most of the studies were done at very high concentrations of nano particles while in 

practical applications lower particle concentration is more feasible in consideration of 

cost of preparing nano particles. Thus the effect of nano particle on foam stability should 

also be studied at lower concentration.  

In this work, we studied foam stability and air/water interfacial properties in presence of 

hydrophobized silica nano particles and micron sized PMMA (poly methyl methacrylate) 

micron particles. Confocal laser scanning microscope was used to characterize the nano 
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particles on air/water interfaces and foam films. Surface tension and rheological 

properties were characterized by pendent and oscillating drop profile analysis method. 

The mechanisms of foam stability were also discussed.  

5.2 Materials and experiments 

Materials  

SiO2 nano-particles were purchased from Sigma-Aldrich. Particle shape was spherical. 

Particle size was in the range of 5-15nm. The nano particles were in the form of dry white 

powders.  

PMMA (poly methyl methacrylate) particles were purchased from Polysciences, Inc. 

Particle size was in the range of 1-10μm. The particles were dispersed in water at 5% wt.  

Trimethylstearylammonium Chloride was purchased from TCI. Chemical purity was 97%.  

Acetone was purchased from Fisher Scientific.  

Toluene was purchased from Fisher Scientific. Purity was 99.85%. 

Trichlorododecylsilane was purchased from Sigma-Aldrich. Purity was >95%. Chemical 

was stored in desicator at room temperature when not used.  

Rhodamine B was purchased from Sigma-Aldrich. Dye content was 95%. 

Deionized water was produced with a conductivity of 18.2MΩ/cm by the Millipore water 

system. 

Hydrophobization of nano particles  

Trichlorododecylsilane was dissoluted in 50ml of toluene to make a 1x10-3M solution. 

0.5g of SiO2 particles was dissolved in the solution. A disperse-wash cycle process was 

performed to get rid of the left over trichlorododecylsilane: Agitation was applied on the 

suspension for 5 min by means of a magnetic stirrer. The suspension was then subjected 

to sonication for 30 min. After the sonication, the suspension was centrifuged at 5000rpm 
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for 5min. After the centrifuging, the clear solution on the top of the centrifuge glass tubes 

was removed. Fresh toluene was added to the glass tube again. Then ultrasonic re-

dispersion process was applied on the suspension. The disperse-wash process was run for 

at least 4 times to make sure that there was no trichlorododecylsilane left in the solution. 

In the last cycle, ethanol was used instead of toluene. After the cycles, the wet particles 

were heated at 100 ℃ for 10 hr dry. To determine the hydrophobicity of the particles, a 

previously established contact angle measurement was performed [14]. After drying, 

4.5x108 Pa of pressure was applied on some of the particles in a pressured chamber for 

1min to make a disk. Contact angle tests were performed on these disks.  

Dispersion of hydrophobized nano particles in water 

Hydrophobic particles are very hard to be directly dispersed into water. In the current 

work, a previously reported method [14] was used. 0.5g hydrophobized SiO2 nano 

particles were at first dispersed in 5ml acetone. Ultrasonic vibration was used to assist the 

dispersion process. Then the solution was heated up to the boiling point of acetone (60 ℃) 

in a beaker. When the boiling ended, 50ml of deionized water was added into the beaker. 

1hr of ultrasonic was applied to assist dispersion. The final solution may contain a small 

amount of acetone. According to previous studies, the left over acetone did not have 

significant impact on surface and foam properties.  

Foam shake test 

10 ml of dispersions of nano particles or surfactant solutions were kept in a 20ml sealed 

glass bottle. Foams were generated through hand shaking by the same person at a same 

rate and time. Foam images were taken at 30 sec and 24 hr after shaking.  

Adsorption of particles at bubble surfaces imaging  

A confocal laser scanning microscope was used to investigate and image of the nano 

particles absorbed on air bubbles. The fluorescence dye was Rhodamine B which is 

positively charged in water. Rhodamine B solution of 1x10-5M was added into the 

particle suspension to label the negatively charged SiO2 nano particles. After 30min 

ultrasonic dispersion, foams were generated by hand shaking. A small amount of foam 
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was immediately moved onto a special confocal laser scanning microscope using glass 

dish for microscope imaging. Laser wave length was set at 543nm to ensure maximum 

excitation.  

Kinetics of film thinning 

Thin film pressure balance technique was used to measure the kinetics of film thinning in 

a Scheludko cell [31-33].The inner radius of the film holder (Rc) was 2.0 mm. The cell 

was placed in a glass chamber, which contained small amount of examined solution to 

maintain vapor saturation. To maintain the temperature within 25±0.1℃, the chamber 

was placed in a water circulation device. To obtain horizontal films, the chamber was 

placed and adjusted on a tilt stage (M-044.00, Polytec PI) combined with an inverted 

microscopic stage (Olympus IX51). The fluoresce condenser of the inverted microscope 

was specially modified so that only a circular zone of 0.045 mm radius of the film was 

illuminated. The intensity of the reflected light and time was recorded at every 0.1 second 

by a PC-based data acquisition system. The microinterferometric technique was used to 

obtain the instant film thicknesses from the light intensity [34]. The film radius was 

controlled within 0.055-0.065 mm range at the very early stage of thinning. 

Dynamic Surface tension and surface elasticity 

Dynamic Surface tension and surface elasticity isotherms of polyoxyethylene surfactant 

solutions with the presence of NaCl were measured using the SINTERFACE Profile 

Analysis Tensiometer PAT1. The measurements were operated at 25±0.1℃. Each 

measurement was done immediately after the preparation of the solutions to minimize 

environmental contamination. The samples were treated with ultra sonication for 30 min 

before the measurements. 

SEM imaging study of air bubbles 

Environmental Scanning Electron Microscope was used to study the image of the particle 

coated air bubbles in the foam system. To minimize the evaporation of the water from the 

foam, 5 torr of water vapor pressure was applied in the ESEM chamber. Wet foam was 

initially put into liquid nitrogen for 10 sec and carefully transported into the pre-cooled -4 
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C° ESEM chamber. Measurement was carried out in a relatively short time range because 

the evaporation of water still occurred in the experiment condition. 

5.3 Results and discussion 

 

 

 

Figure 5.1  SEM image of (A)PMMA particles, and (B)silica nano particles. 
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The SEM images of the PMMA particles and silica nano particles were shown in Fig 5.1. 

From the images, we can see that the PMMA particles had a range of diameter 

distribution from 1 to several microns. We did not observe large amount of particle 

aggregates. The manufacturer’s product information of the silica nano particles indicated 

the diameter of the silica particles was 5-20 nm. However, the resolution of the current 

SEM can only manage to see particle aggregates with a diameter of around sever microns. 

Currently there was no reliable technique to image nano particles and their aggregates in 

water. Because of the large surface area and unstable thermodynamic nature of the nano 

particles despite the ultrasonication used in the current study, it is reasonable to assume 

that the silica nano particles existed in the form of large aggregates rather than individual 

particles in the solutions.  

 

The contact angles of the particles were shown in Table 5.1. Silica nano particles were 

surface modified by us. PMMA particles were cleaned by a centrifuging-water washing 

process after purchase. Hydrophobized silica nano particles had very wide contact angle 

range. It is rather hard to precisely control the contact angle during the coating process. 

Thus a number of batches of hydrophobized particles were modified. Here the 11 samples 

were only a small part of all the particles we modified. 

Table 5.1 Contact angle of the particles. 

Name Contact Angle 
(±2°) 

PMMA 74 
Silica #1 12 
Silica #2 30 
Silica #3 44 
Silica #4 50 
Silica #5 77 
Silica #6 80 
Silica #7 103 
Silica #8 150 
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Fig 5.2 showed the comparison of foam stability between solutions in the presence of 

single surfactant C12TACl and solely hydrophobized SiO2 nano particles. From the 

images, one can tell that at 30 sec after the foam generation, both solution produced 

foams. The volume of the foam in the presence of 1%wt silica nano particles (80°) was 

higher than volume of the foam in presence of 1x10-3M C12TACl surfactant. However, at 

24 hr after foam generation, the foam in C12TACl solution completely vanished. The 

volume of the foam in the silica nano particle dispersion was only slightly reduced. Most 

of the air bubbles were still stable. The current work also observed even longer life time 

(a few days) of the particles stabilized foams. During this time, we did not observe very 

obvious coarsening happening in the foam.  

 

 

Figure 5.2 Foam in presence of (A) C12TACl, (B) SiO2 nano particles generated by hand 
shaking taken 30 sec after shaking; Foam in presence of (C) C12TACl, (D) SiO2 nano 
particles generated by hand shaking taken 24 hr after shaking. 
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Other researchers also observed similar phenomenon [6-8]. They also observed that the 

bubble size grew very slowly compared to single surfactant solution systems [6-8,22,26]. 

When taking a closer look at the foam and bubble surface in the silica nano particles 

stabilized foam system, one can see visible particle aggregations. However, current work 

also studied foam system stabilized by varied concentration of silica and PMMA nano 

particles. We found that there was much less particle aggregation occurred in lower 

concentration systems than higher concentration systems. It was indicated that the 

occurrence of aggregation could increase the viscosity of the solution thus the drainage of 

water in the foam system could be suppressed. The particle aggregation could also form 

network between air bubbles which could increase the foam stability. 

 

Table 5.3 showed the effect of contact angle of silica particles on foam stability. The 

foams were generated by the same hand shaking procedure. The results indicated that at 

low and intermediate contact angles, higher contact angle leaded to higher foam stability. 

However, when contact angle was over 90°, the particles might have defoaming effect. 

The maximum foam stability happened at 80°. 

Table 5.3  Effect of contact angle of silica particles on foam stability 

Contact angle (±2°) Foam lifetime 

12 less than 10 sec 

50 a few hours 

80 a few days 

150 a few minutes 
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It is believed that the ultra-high stability of the particles stabilized foam systems 

attributed to the adsorption of particles on the air/water interface. It is known in floatation 

that hydrophobized mineral particles can be adsorbed on air bubble surfaces because of 

hydrophobic force. In the current study, the size of the silica particles is 5-15 nm. The 

particle size of PMMA is 1-10μm. Because of the small size and larger surface area, the 

nano particles and their aggregation are supposed to have impact on surface properties of 

the air bubbles when they are adsorbed on the air/water interface.  

We measured the dynamic surface tension curve of the solutions in presence of 

hydrophobized fine particles. Pendent drop profile analysis technique was used. The 

measurement started immediately after the drop was formed. The surface area was kept 

the same. Both silica nano particles and PMMA particles were tested.  
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Figure 5.3 Dynamic surface tension of solution in presence of 5% wt PMMA particles. The 
contact angle of the PMMA particles was 74°. 
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Fig 5.3 showed the dynamic surface tension curve of solution in presence of 5% wt 

PMMA fine particles. As soon as the surface was formed, the surface tension began to 

drop from 70mN/m. The measurement lasted for 2500 sec. The surface tension did not 

reach equilibrium during this time. In the first 500 sec, surface tension drop was faster 

than the later part of the measurement. From the curve, one can easily tell that it takes 

time for the PMMA particles to adsorb at the air/water interface. 

The dynamic surface tension curve indicated the slow kinetics of particles adsorption on 

the air/water interface. When the surface at first formed, the particles are quickly 

absorbed on the interface. When the time went on, the adsorption became slower. It 

indicated that the adsorption rate is related to the coverage of the air/water interface. 

When the surface coverage is low, the potential for the particles to be adsorbed on the 

interface is high. Eventually, the adsorption on the air bubble surfaces will reach 

saturation.  

Also, it is believed that the hydrophobicity of the particles surfaces is important for the 

adsorption kinetics. From our previous studies, higher hydrophobicity could result in 

larger hydrophobic force. Hydrophobic force is the major reason that air bubbles and 

hydrophobic particles were attractive to each other. Thus higher hydrophobicity could 

lead to faster and stronger adsorption on the air/water interface. Some theoretical work 

has calculated the adsorption energy of hydrophobic particles on air/water interfaces [5, 

15, 28]. Particles with contact angle higher than 90 degrees have very high adsorption 

energy. Thus once the particles were adsorbed on the interface, the adsorption process is 

almost irreversible. The contact angle of the PMMA particles in the current work is 

around 74 degrees. The hydrophobicity is relatively low compared to polymer particles 

used in some other previous studies [9,12,14,15,20,]. This could be one of the reasons for 

the slow kinetics of the adsorption of PMMA particles.  
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We also measured the dynamic surface tension of solution in presence of 0.5% wt 

hydrophobized silica nano particles. The data was shown in Fig.5.4. The dynamic surface 

tension didn’t show an obvious drop trend. However, at the beginning of the 

measurement when the surface was formed, the curve started with a surface tension 

around 65mN/m and did not have significant drop. The contact angle of the particles used 

here was 103 degrees. It indicated that the particles adsorption was very fast because of 

the high hydrophobicity of the particles surfaces. Because of the fast adsorption, surface 

coverage was higher, thus surface tension did not drop much.  

It was noticed that the equilibrium surface tension of the solution in presence of silica 

nano-particles (65mN/m) is higher than the solution in presence of PMMA particles 

(62.5mN/m), despite the fact that the contact angle of silica particles is higher (103°) than 

PMMA particles (74°). Generally it is believed that higher contact angle (hydrophobicity) 

of nano-particles leads to stronger and fast adsorption on the air/water interface. However, 
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Figure 5.4 Dynamic surface tension of solution in presence of 0.5% wt hydrophobized silica 
nano particles. The contact angle of the silica nano particles was 103°. 
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researchers have found that other parameters like particle size and shape also affect 

surface tension significantly [35-38]. The reason for the decrease of surface tension is 

that the particles reduced the high-energy surface area at the air/water interface by 

adsorbing at the air bubble surfaces. It was found that smaller and spherical particles 

were more effective on affecting surface tension because it was easier for smaller 

particles to form close packed layer at air/water interface.  Close-packed layer is more 

effective to reduce the surface area at the air/water interface, thus it is more effective to 

reduce surface tension. 

In the present study, the two different types of particles (silica and PMMA) have very 

different size and shape. From the SEM images one can see that most of the PMMA 

particles were smaller than 5 μm in diameter and there was almost no aggregation. 

However most of the silica nano particles formed large size aggregates (10-50 μm) and 

the shape of the aggregates were far from spherical. It is believed that even though the 

hydrophobicity of silica nano particles is higher than PMMA particles, the latter can still 

form closer packed adsorption layer at the air/water interface and reduce the surface 

tension more effectively because of smaller particle size and spherical shape. This is also 

verified by the SEM images of the particle stabilized air bubbles in Fig. 5.12 and 5.13. It 

is obvious that the silica nano particles were all in aggregate form and they did not form 

close packed layer at the air bubble surface. However the PMMA particles had very nice 

close pack pattern at the air bubble surfaces.  
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Figure 5.5 Confocal laser scanning microscope images (left) and optical images (right) of air 
bubbles in presence of fluorescence labeled 0.2% wt silica nano particles 

A 

B 

50 μm 

200 μm 
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Confocal laser scanning microscope (CLSM) was recently employed in colloid and 

surface chemistry research [7,11,12,26,27]. In the current report, silica nano particles 

were labeled with fluorescence dye Rhodamine B. During the laser scanning, Rhodamine 

B will be excited and the labeled nano particles will show bright red color in the image. 

Water and air will only show black color. CLSM can scan the cross section of air bubbles 

layer by layer. Thus, one can tell the distribution of nano particles in the foam system by 

comparing a confocal image and an optical image.  

Fig. 5.5 and fig. 5.6 showed the CLSM images and optical images of air bubbles in 

presence of 0.2% wt and 1% wt hydrophobized silica nano particles. By comparing 

CLSM images and optical images, one can see that there are bright red layers on the 

surfaces of the air bubbles. The air and water parts are completely black. It can be easily 

understood that the silica nano particles were adsorbed on the air bubble surfaces. The 

adsorbed particles formed a dense layer on the air/water interface. We believe that the 

adsorbed layer is consisted of particle aggregation multilayer rather than particle 

monolayer because the highly hydrophobic particles coagulated. However, CLSM is 

based on an optical microscope rather than an electron microscope. Thus we cannot gain 

 

Figure 5.6 Confocal laser scanning microscope images (left) and optical images (right) of air 
bubbles in presence of fluorescence labeled 1% wt silica nano particles 

200 μm 
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information of the adsorption layer thickness and the particles morphology. In some other 

studies, ellipsometry scanning and ESEM work has shed some light on these issues 

[12,20,21,29].  

Fig 5.5B is an enlarged image of the area between two touched air bubbles. From our 

observation, we found the two bubbles were stable. The thin film between them didn’t 

rupture till the water in the sample drained. This phenomenon is similar to the high 

stability of emulsion droplets [23]. In emulsions, interfacial elasticity plays an important 

role as well as electrostatic force. We did some preliminary tests with high salt 

concentration (>1M). At high salt concentration, electrostatic force was effectively 

screened out. We were still able to observe high stability of foams and bubbles. Thus, in 

the current case, the high stability of the film also suggested the possibility of high 

surface elasticity.  

When the concentration of silica nano particles was high (1% wt) as shown in fig 5.6, one 

can observe large amount of particle aggregation in the solution. We also found in our 

experiment that higher particle hydrophobicity leads to more aggregation. These 

aggregates had two functions: First, the aggregates could form a network that stay 

between some of the air bubbles. The network could hold the air bubbles and keep them 

apart from each other, thus it is very difficult for the air bubbles to form thin foam films. 

Then the foam system is stabilized. Another function of the aggregates is reducing 

drainage. In fig 5.6, the air bubbles formed thin films and a plateau border. The 

aggregates occurred in the thin films and the plateau borders. Drainage could be 

effectively reduced [16,19].  
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Another possible mechanism (shown in Fig 5.7) is that the particles absorbed at the air 

bubble surfaces kept the film thickness larger than the film critical rupture thickness Hcr. 

The capillary wave theory indicates that a foam film is always in thermally or 

mechanically induced oscillating disturbance. When the distance between the two 

surfaces is within the range of a significant attractive force such as van der Waals force, 

the amplitude of the oscillating disturbance increases. When the two surfaces get close 

enough to each other, the film ruptures. When the particles or particle aggregates are 

adsorbed at the air/water interface, their diameters are larger than the critical rupture 

thickness of the film. Thus even if most of the water drains out of the film, the particles 

can still keep the thickness of the film larger than the critical rupture thickness. Therefore, 

the stability of the foam film is high when particles are adsorbed on the air/water 

interfaces. 

 

Figure 5.7 Schematic of the foam stability mechanism that particles avoiding critical 
rupture thickness (Hcr) 
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It was recognized that interfacial elasticity in emulsions could change when fine particles 

were adsorbed on the oil/water interface [13]. We believed that in foam system surface 

elasticity could also change significantly if the hydrophobized nano particles were 

adsorbed on the air/water interface. We measured the surface elasticity of solutions in 

presence of PMMA particles at varied particle concentrations. Fig 5.8showed the curve of 

surface elasticity vs. particle concentration. Samples at three particle concentrations were 

measured, 0.1%, 1% and 5%. Surface elasticity increased with increased amount of 

PMMA particles. Here the trend is similar to surface elasticity of surfactant solutions. 

However, the magnitude of surface elasticity was not very high compare to some 

nonionic surfactants and polymers which were used in our previous studies. It is possible 

because of the relatively lower hydrophobicity. The contact angle of PMMA was around 

only 74 degrees. We also mentioned the relatively slower and weaker adsorption kinetics 

of PMMA particles on air/water interface. That could lead to relatively lower surface 
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Figure 5.8  Surface elasticity of solutions in presence of PMMA particles 
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coverage of particles on the air/water interface. In our preliminary studies, the foam 

stability in presence of PMMA particles was not as good as expected. This might 

attribute to the relatively low surface elasticity too.  

 

The results of surface elasticity measurement of solutions in presence of hydrophobized 

silica nano particles were shown in fig 5.9. Two particle concentrations (0.5% and 1%) 

were studied. Compared to PMMA particles, silica particles gave a very significant rise 

of surface elasticity (up to 160mN/m). The contact angle of the hydrophobized silica 

nano particles was 103 degrees. In the dynamic surface tension study mentioned before, 

silica nano particles showed very fast adsorption kinetics. The high hydrophobicity could 

have contributed to it. From our CLSM images of air bubbles and other researchers’ work, 

one can see that silica nano particles formed a dense layer on the air/water interface. The 

dense layer could be the reason of the high surface elasticity. In the foam stability tests, 

silica nano particles significantly promoted the foaming ability and the foam stability of 
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Figure 5.9  Surface elasticity of solutions in presence of hydrophobized silica nano particles 



116 
 

water. We also observed that the 1% wt particle solution had higher foaming ability and 

foam stability than 0.5% wt particle solution. In our preliminary measurements in 

presence of high concentration of salt, foams containing higher concentration of particles 

also had higher foaming ability and foam stability. At high salt concentration, 

electrostatic force was effectively screened out. Thus the cause of high foam stability 

might attribute to high surface elasticity.  

To further understand the origin of the high surface elasticity, we looked into the original 

data of surface elasticity measurement. In the current work, surface elasticity was 

measured by pendent drop profile analysis method. A pump controls the volume of a 

pendent drop in an oscillation motion. The instrument can collect the information of the 

dynamic surface tension on the air/water interface. The surface tension fluctuates in 

response to the surface area change. The surface elasticity data was actually converted 

from dynamic surface tension data. Thus the original oscillating dynamic surface tension 

data in a surface elasticity measurement could also reveal some information about the 

particles layer adsorbed on the air water interface.  
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Figure 5.10 Original data of oscillating dynamic surface tension of air/water interface in 
presence of 0.5% wt hydrophobized silica nano particles in a surface elasticity measurement.  
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Fig. 5.10 showed the original data of oscillating dynamic surface tension of air/water 

interface in presence of hydrophobized silica nano particles in a surface elasticity 

measurement. The lower red curve represents the surface area of the pendent solution 

drop. As the oscillation of drop volume occurred, the surface area also went through a 

sinusoidal fluctuation. This motion also represents the 2-D deformation of the particles 

layer adsorbed on the air/water interface. The upper blue curve is the dynamic surface 

tension of the air/water interface. The horizontal red dash line represents the equilibrium 

surface tension when no oscillating deformation occurs. In Fig. 5.10, d is the average 

distance between the maximum or minimum of surface tension (γmax and γmim) and the 

equilibrium of surface tension (γe). The larger the d is, the higher the surface elasticity is. 

In previous studies, we measured the surface elasticity and dynamic surface tension of 

solutions with surfactants and polymers. Usually the distance between γmax and γe equals 

to the distance between γmim and γe. However in the current case, the latter is much larger 

than the former. It is also apparent that the valley part of the surface tension curve 

corresponds to the surface area decrease. This means that the majority of the contribution 

to surface elasticity came from the shrinking deformation on the air/water interface. The 

definition of surface elasticity is the ability of surface to resist the deformation of the 

surface. Thus Fig.8 indicated that the surface had strong resistance to the shrinking of the 

air/water interface (decrease of air bubble surface area).  

The foam in presence of the hydrophobized silica nano particles had very high stability. 

We believe it attributed to an anti-bubble-coarsening mechanism. Fig. 5.11 showed the 

schematics of this foam stabilization mechanism. In conventional foams in presence of 

surfactants, air in smaller air bubbles tends to diffuse into larger air bubbles and shrink, 

because of Laplace pressure difference [30]. The surface area decreases when the small 

air bubble shrinks. When the hydrophobized silica nano particles were adsorbed on the 

air/water interface, the interface had strong resistance to the surface area decrease. Thus, 

if the nano particles are adsorbed in the bubble surfaces, when the small air bubble tends 

to shrink, the nano particles layer will have strong resistance to the shrinking. Then it 

becomes difficult for the small air bubble to shrink and diffuse air into larger air bubbles. 

Therefore, bubble coarsening becomes difficult. The two air bubbles are relatively 

stabilized. This phenomenon contributed to the stability of the whole foam system. 
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Figure 5.11  Schematics of anti-coarsening mechanism in foam stabilized by hydrophobic 
nano particles. (A) 2-D deformation on the air/water interface in presence of nano particles; 
(B) Bubble coarsening mechanism; (C) Bubble anti-coarsening mechanism in presence of 
nano particles.  
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Figure 5.12  SEM images of air bubbles stabilized by PMMA nano particles 

a 

b 
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SEM imaging study was carried out on both foam systems stabilized by PMMA particles 

and surface modified silica nano particles. Fig 5.12 (a) is an image of the foam in 

presence of 1% wt of PMMA particles. The foam was generated by hand shaking for 20 

sec. The use of liquid nitrogen and low temperature environmental SEM enabled the 

observation of the air bubbles coated with PMMA particles. From the image, one can see 

that the air bubbles were coated with particles of varied size and concentration on the 

surface. The distribution of the particle size showed some degree of uniformity. Most of 

the bubbles are closed cells. Some of the air bubbles are open cells because of the 

evaporation of water during the venting process of the SEM. Fig 5.12 (b) is an enlarged 

image of the cell wall of one of the air bubbles. The coated particles showed a monolayer 

structure on the bubble surfaces. The shape and size of the air bubble remained the same 

during the observed evaporation of the water. The structure of the coated layer indicated 

that the shell-like particle coating held the surface of the air bubble and kept the shape 

and size of the air bubble in the foam system. However the PMMA stabilized foam did 

not show as high stability as the foam stabilized by silica particles. A possible reason is 

that the mono layer structure of the adsorbed layer of particles was not strong enough to 

hold the air/water interfaces during deformation and thinning of the foam films, thus the 

PMMA particles only provided intermediate stability to the foam system.  

Surface modified silica nano particles were also used to stabilize surfactant-free foam 

systems. Fig 5.13 (a) is an image of the air bubbles coated with silica nano particles. In 

the image, one can see that silica particles formed thick dense aggregates on the bubble 

surfaces. Aggregates were also observed in the bulk water between air bubbles. Networks 

of the aggregates were formed which could hold the location of the air bubbles. Thus it 

became more difficult for the air bubbles to get close together and rupture the foam films, 

and the stability of the foams was further enhanced. Some other researchers observed 

similar phenomenon. Fig 5.13 (b) showed an enlarged image of a single air bubble coated 

with silica nano particles. The absorbed layer of particles was thicker and denser than the 

absorbed layer in the PMMA particle system. The foam stability of the nano silica system 

is higher than the stability of the PMMA system according to our foam shake test results. 

The contribution to the stability was possibly from both the formation of the particle 

aggregates network and the dense adsorbed particle layers. 
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Figure 5.13  SEM images of the air bubbles coated with the surface modified silica 
nano particles.   

a 

b 
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From out previous studies, it was found that the hydrophobicity of nonionic surfactants 

had significant effect on hydrophobic force and film thinning. In the current study, the 

surface tension and surface elasticity data also suggested that the nano particles also acted 

similar to nonionic surfactants. Fig 5.14 showed the kinetic film thinning results of thin 

water films in presence of three hydrophobized silica nano particles with different 

hydrophobicity(contact angle). The film in presence of the most hydrophobic nano 

particles had the lowest thinning rate. The thinning rate increased with the decreasing 

hydrophobicity of the nano particles. We also calculated the hydrophobic force constant 

K232 of the three cases with consideration of the minor viscosity change in the solutions. 

K232 decreased with the increasing of hydrophobicity (contact angle) of the nano particles. 

This is very similar to the results of the nonionic surfactants we studied previously. It is 

indicated that when the hydrophobicity of the nano particle is high, the adsorption of the 
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Figure 5.14  Kinetics of film thinning in presence of surface modified SiO2 nano 
particles with different hydrophobicity and 0.1M NaCl 
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nano particles onto the air/water interface is high. Similar to surfactants, the higher the 

surface excess on the air/water interface, the lower the hydrophobicity of the air bubble 

surface will be. Thus when the hydrophobic force was lower, the thinning rate was slower.  

 

5.4 Conclusion 

This report presented the investigation work of the nano particles stabilized foams. Our 

experiment results showed that surfactant-free foams could be stabilized solely by 

hydrophobic nano particles (silica, PMMA).  

Confocal laser scanning microscope images showed the hydrophobized silica nano 

particles were adsorbed on the air bubble surfaces and formed dense layers. At low 

concentration of particles, most of the particles were adsorbed on the bubble surfaces. 

The absorbed particle layers could prevent the film from reaching the critical rupture 

thickness (Hcr) which is a major stabilizing mechanism of foams in the presence of 

particles.  

Dynamic surface tension measurements also indicated the kinetics of particles adsorption 

is related to the hydrophobicity and the size of the particles. Silica nano particles diffused 

faster than PMMA particles because of high hydrophobicity. However because of larger 

aggregate size and irregular shape silica nano particles lowered surface tension less than 

the PMMA particles. 

Using the oscillating drop analysis technique we investigated the surface elasticity of the 

air/water interfaces with hydrophobized nano particles. The results showed that surface 

elasticity increased significantly with the concentration of nano particles. The oscillating 

dynamic surface tension data from the surface elasticity measurement indicated that the 

adsorbed particle layer had strong resistance to the compressing motion rather than the 

dilatational motion during the surface area oscillations. The strong resistance of surface 

area compression could give strong resistance to the coarsening of air bubbles. This 
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phenomenon is one of the possible mechanisms for the ultra high stability of particle 

stabilized foams.  

Finally, we also found that the increase of particle hydrophobicity could decrease the 

thinning rate of the film, because the hydrophobized nano particles acted similar to 

surfactants. The adsorption density of particles increased with increasing hydrophobicity 

of the particles. Hydrophobic force and water drainage were retarded by the increasing 

adsorption.  
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Chapter 6 

Conclusions  

 

In this work, stability of various foam systems was studied. It is found that hydrophobic 

force, film elasticity, have significant effect on foam and foam film stability. The 

investigated foam systems include foams in presence of single surfactant, 

surfactant/polymer mixtures and nano particles.  

The thin film pressure balance (TFPB) technique were used to study the stability of single 

foam films produced in the presence of n-alkyl polyoxyethylene (n-CnEOm) homologues, 

and the results analyzed using the Reynolds approximation. As low surfactant 

concentrations, films thin faster than predicted by the lubrication theory, with the 

disjoining pressures of the film calculated using the DLVO theory. This discrepancy can 

be attributed to the presence of hydrophobic force in the foam films. 

The magnitude of the hydrophobic force, as measured by the hydrophobic force constant 

(K232), decreased with increasing surface access (Γ) of the surfactant, which suggested 

that air bubble is hydrophobic, and that the hydrophobic force is dampened by the 

adsorption of the non-ionic surfactant. When the surface access reached a constant value 

at concentrations above the critical micelle concentration (CMC), K232 dropped to a low 

constant value correspondingly.  

At a given EO number (m), K232 becomes lower with increasing hydrocarbon chain 

length (n). The surface access (Γ) becomes higher with increasing hydrocarbon chain 

length. While at a given hydrocarbon chain length (n), K232 becomes higher with 

increasing EO number (m). The surface access (Γ) becomes lower with increasing EO 

number (m). 
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The stability of three-dimensional foams increased with increasing CnEOm concentration. 

At low surfactant concentrations, the increased foam stability with increasing 

concentration may be attributed to the decrease in hydrophobic force, which may be the 

major destabilizing force. At high surfactant concentrations, the hydrophobic force 

became comparable to or smaller than the van der Waals force. The increased foam 

stability with increasing concentration can be attributed to the increased elasticity of the 

foam films. 

The elasticity of the air/water interface was measured using the oscillating drop analysis 

technique, and the results analyzed using the Lucassen and van den Tempel model (1972). 

It was found that frequency had significant effect on the measured film elasticity data. 

There was a reasonable fit between the experiment and model predictions when using the 

Gibbs elasticities calculated with the Wang and Yoon model (2006). 

Use of the Lucassen and van den Tempel model (1972) model allowed calculation of the 

diffusion coefficients (D) of the CnEOm surfactants used in the present work from the 

experimentally measured elesticities. It was found that D increases with increasing m and 

decreases with increasing n. The D values obtain in the present work were in general 

agreement with the values report in literatures. These findings are in agreement with the 

results of the dynamic surface tension measurements also conducted in the present work. 

The TFBC studies were also used in the presence of SDS as co-surfactant. The K232 

increased with increasing CnEOm to SDS ratio, indicating that the non-ionic surfactant is 

more efficient than the ionic surfactant on reducing hydrophobic force and increasing 

film elasticity. 

The TFPB studies were also conducted in the presence of n-octadecyltimethyl chloride 

(C18TACl) and polymers, i.e., polyvinylpyrrolidone (PVP) and polystyrene sulfonate 

(PSS). The effect of C18TACl /PSS is stronger than the effect of C18TACl/PVP on foam 

stability. It could be attributed to the strong opposite charge interaction and the formation 

of surfactant/polymer complex, which effectively reduced hydrophobic force and 

increased film elasticity.  
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Effects of nano-particles were studied on the stability of foam films. Hydrophobized 

silica nano particles and poly methyl methacrylate (PMMA) particles were used. It was 

found that hydrophobic nano-particles are more effective than the CnEOm surfactant for 

stabilizing foams. 

Foam stability results showed that silica nano particles with contact angle around 80° had 

the best stabilizing effect on foams. Particles with contact angle over 90° had defoaming 

effect.  

The extra-ordinary foam stabilities observed with the hydrophobic silica nano-particles 

may be attributed to the possibility that the particles adsorbed at the air/water interfaces 

retard the drainage rate and prevent the films to reach the critical rupture thickness (Hcr). 

These findings were approved by thin film pressure balance measurement, confocal laser 

scanning microscopy and scanning electron microscopy. 

The film elasticity in the presence of silica nano particles and PMMA particles was 

measured by oscillating drop technique. The results showed that film elasticity increased 

with the increase of concentration of both particles in solution.  

Dynamic surface tension measurements conducted with PMMA and silica nano-particles 

showed that the latter has higher diffusion rates than the former. This could be caused by 

the smaller particles size and higher hydrophobicity of silica nano particles than the 

PMMA particles. 

 

 

 


