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Abstract 
 

Surfactants are amphiphilic molecules that find applications in the most diverse 

environments, from housekeeping products to industrial processes. The study of 

surfactant mixtures has drawn the attention of academy and industry due to the general 

enhanced adsorption properties the mixtures present, as compared to the individual 

surfactants. These effects are especially enhanced in mixtures of cationic and anionic 

surfactants due to the electrostatic interaction between opposite charges that leads to 

significant synergism between the surfactants (negative deviation from ideal behavior).  

This project aims develop the understanding of the phase behavior of the 

catanionic mixture cetyl trimethylammonium bromide/ sodium octyl sulfonate, as a 

function of the CTAB molar fraction, and to investigate how different compositions affect 

the ageing process of foams generated from the different solutions. The effect of the ratio 

between the two oppositely charged surfactants was studied resorting to several 

experimental methods. The interfacial properties of the mixtures were studied by 

tensiometry, while the bulk aggregation behavior was characterized by light microscopy, 

dynamic light scattering, cryogenic transmission electron microscopy and small angle 

neutron scattering. The viscosity of the different samples was probed by solution 

rheometry. Foam ageing was characterized by photography and small angle neutron 

scattering. 

Results showed significant differences in aggregation behavior and foam ageing 

for the different CTAB molar fractions studied. The presence of ellipsoid and rod-like 

micelles was found in this system, along with the formation of spontaneous vesicles for 

both equimolar composition and excess of SOSo. The data obtained also suggest that 

foam aging is related to the aggregates present in bulk solutions, and with the nature of 

the dispersed gas. 

The results were further rationalized on the basis of the model of the critical 

packing parameter of surfactants, the molecular interactions at play and the interactions 

between self-assembled structures and foam structure. 
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Resumo 
 

Os surfactantes ou tensioactivos consistem em moléculas anfifílicas cuja 

aplicação é encontrada nos mais diversos meios, desde produtos domésticos a 

processos industriais. O estudo de misturas de surfactantes reveste-se de grande 

interesse, quer a nível científico, que a nível industrial devido ao melhoramento das 

propriedades interfaciais de mistura, em comparação com os surfactantes individuais. 

Estes efeitos são especialmente significativos em misturas entre surfactantes catiónicos 

e aniónicos devido à interação eletrostática entre cargas opostas, que conduz a um 

elevado grau de sinergismo (desvio negativo ao comportamento ideal). 

Este projeto teve como objectivo o estudo do comportamento de fase da mistura 

cataniónica brometo de cetil trimetilamónio (CTAB) / octil sulfonato de sódio (SOSo), em 

função da fração molar de CTAB, e da influencia da diferente composição da mistura no 

processo de envelhecimento de espuma gerada pelas diferentes soluções. O efeito 

provocado pelas diferentes razões de mistura entre os surfactantes de carga oposta no 

comportamento de auto-agregação foi estudado recorrendo a várias técnicas 

experimentais. As propriedades interfaciais das misturas foram estudadas por 

tensiometria, enquanto a agregação no seio da solução foi investigada por microscopia 

de luz, dispersão dinâmica de luz, microscopia de transmissão electrónica criogénica, e 

difração de neutrões de baixo ângulo. A viscosidade das diferentes amostras foi 

determinada por reometria de soluções. Os processos de envelhecimento das espumas 

foram caraterizados por fotografia e difração de neutrões de baixo ângulo. 

Os resultados revelam diferenças significativas na agregação e no processo de 

envelhecimento da espuma para diferentes frações molares de CTAB estudadas. A 

presença de estruturas micelares elipsoidais e em forma de cilindro rígido foram 

encontradas para este sistema, assim como a formação espontânea de vesículos 

estáveis tanto para composição equimolar como para excesso em SOSo. Os dados 

obtidos sugerem também que o envelhecimento destas espumas está diretamente 

relacionado com o tipo de agregados em solução e com a natureza do gás disperso. 

Os resultados foram racionalizados pelo modelo do parametro crítico de 

empacotamento de surfactantes, pelas interações moleculares em jogo e pela interação 

entre a estrutura dos agregados e estrutura da espuma.  

Palavras chave: surfactantes, espuma, auto-agregação, vesículos, micelas. 
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1 Introduction 
 

 

1.1 Introduction to self-assembled systems and foams as colloidal 

systems 
 

 

Surfactant self-assembled structures and foams are the key topics throughout 

this work. Both of them are colloidal systems, and therefore interfacial properties emerge 

with great importance to understand the goal of this project. Colloidal systems are 

solutions or dispersions containing particles which possess at least one dimension within 

the range of a few nm to a few µm. Due to the small size of these particles, the surface 

area to volume ratio of the material is extremely high, so interfacial phenomena are 

dominant in this kind of systems. Because of this, it is of main importance to understand 

both the colloidal and interfacial properties of the systems under study in this work.  

 

 

1.2 Surfactant solutions 
 

 

1.2.1 Surfactants 
 

 

Surfactants, also known as surface-active agents, are characterized by their 

natural tendency to occupy an interface, changing significantly the physical properties of 

that boundary [1]. The molecular structure of surfactants is the main contribution for their 

properties. These molecules are composed by at least two distinct parts (Figure 1). One 

part, called lyophilic, is soluble in a specific solvent whereas the other part, called 

lyophobic, is not. When the solvent is water, which is the case in this work, the lyophilic 

part is called hydrophilic and is commonly referred to as head group, whereas the 

lyophobic part is called hydrophobic and referred as tail.  
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Figure 1 - A) Surfactant representation, B) Surfactant behavior in a solution 

 

Processes of adsorption and self-assembly derive from the structural duality of 

surfactants and are driven by the reduction of the Gibbs energy of the system.  

In order to avoid the unfavorable interactions between water and the hydrophobic 

part, the surfactant adsorbs at the gas-liquid interface lowering the Gibbs energy of the 

phase boundary (i.e. surface tension of the liquid). The surface tension of an aqueous 

solution (or the interfacial Gibbs energy per unit area of the boundary between water and 

air), decreases as the surface is covered by surfactant molecules. The driving force for 

this phenomenon is known as the hydrophobic effect. [1]. 

Surfactants form oriented monolayers at interfaces (liquid-gas, liquid-liquid and 

liquid-solid) and, also importantly, self-assembled structures in the bulk, such as 

micelles, vesicles, bilayers and liquid crystals. Surfactants have emulsification, 

dispersion, wetting, foaming and detergency properties. 

At very low concentrations, most surfactants are soluble in water in the form of 

unimers (free surfactants) forming simple solutions [1]. Above a certain temperature 

(Krafft temperature), with increasing concentration, the adsorption at surfaces and/or 

interfaces becomes stronger until saturation is reached and, the formation of small 

aggregates takes place – typically these aggregates are micelles. 

At sufficiently high concentrations, surfactants are also capable of self-

assembling in the form of lyotropic liquid crystals. Different molecular arrangements will 

give rise to different mesophases that will behave more liquid-like or solid-like phase 

depending on the concentration of the surfactant and the surfactant structure itself [2]. 
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Surfactants can be classified by several properties. Usually they are classified by 

polar head group charge, polar head group chemical nature, or by the number of head 

groups and tail structures. In this work, the most relevant approach is to classify the 

surfactants by the head group charge, as described below: 

 

- Anionic surfactants are composed by an amphiphilic anion and a cation 

(generally an alkaline metal or a quaternary ammonium) (Figure 2). The head 

group is commonly a sulfonate, sulfate, phosphate or carboxylate. Anionics are 

used in greater amount than any other surfactant class mostly on detergent 

formulations and emulsifiers. 

 

 

Figure 2 - Example of an anionic surfactant: sodium dodecyl sulfate (SDS) 

 

- Cationic surfactants comprise an amphiphilic cation and an anion, most often 

a halide ion (Figure 3). Usually, in this type of surfactant, the source of the positive 

charge is nitrogen from an amine or quaternary ammonium groups. Since the 

production of this type of surfactants is more costly than that of the anionic ones, 

they are less used overall. Nonetheless, they are of extreme importance in the 

coverage of negatively charged surfaces like steel, mineral ores, plastics, and 

fibers, which makes them good anticorrosive agents, dispersants and 

bactericides.  

 

 

Figure 3 - Example of cationic surfactant: cetyl trimethylammonium bromide (CTAB) 
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- Nonionic surfactants do not dissociate in water. Their hydrophilic group is 

uncharged and in most cases it is a polyether consisting of oxyethylene units, 

made by polymerization of ethylene oxide (Figure 4). The most important 

nonionic surfactants are fatty alcohol ethoxylates. They are used in liquid and 

powder detergents as well as in a variety of industrial applications, being the 

second most used type of surfactants overall. 

-  

 

 

Figure 4 - Example of a nonionic surfactant: Octaethylene glycol monododecyl ether (C12E8) 

 

 

- Zwitterionic surfactants possess a head group with both positive and negative 

centers (Figure 5). It is the case of synthetic products like betaines or 

sulfobetaines and natural substances like amino acids and phospholipids. 

Zwitterionics, as a group, are characterized by having excellent dermatological 

properties. They also exhibit low eye irritation and are frequently used in 

shampoos and other cosmetic products. 

 

 

Figure 5 - Example of a zwiterionic surfactant: Palmitoyl-oleyl-sn-phosphatidylcholine 

 

- Catanionic surfactants are obtained by the pairing of two oppositely charged 

surfactants and removing the respective counter-ions (Figure 6). In the pair there 

is electrostatic association between the head groups with no covalent bond 

between the surfactants. This pairing often results in synergistic effects such as 

reduction of cmc and surface tension at cmc compared to the cationic and anionic 

surfactants alone. Catanionics display unique aggregation behavior that is also 

different from the original oppositely charged surfactants [3, 4]. 
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Figure 6 - Example of a catanionic surfactant: tetradecyltrimethylammonium dodecylsulphate 

 

Another interesting class of surfactants are gemini surfactants. They are a group that 

display interesting physicochemical properties when compared to conventional 

surfactants. All geminis possess at least two hydrophobic chains and two ionic or polar 

groups, and many possibilities for the spacers (Figure 7) [5]. Compared to conventional 

surfactants of equivalent chain, they present properties like lower cmc and surface 

activity. Due to these characteristics, geminis are applied in diverse applications such as 

cosmetics, food processing, membranes and gene and drug delivery [6].  

 

Figure 7 - Representation of conventional (left) and gemini surfactants (right) 

 

Surfactants are present in many systems and environments such as, living 

organisms, cosmetic products, detergents or mining. Owing to such unique properties 

and rich phase behavior, these versatile molecules find application in many industrial 

processes, especially when surfaces are of main concern. The variety of surfactants and 

the possibilities that arise from mixed surfactant systems are of key importance, both for 

fundamental and application purposes. 

 

1.2.2 Surface tension 
 

Interfaces constitute the boundary that both connect and separate two different 

phases. They can be addressed in five different types: solid-solid, solid-liquid, liquid-

liquid, solid-gas, and liquid-gas (the last two ones can be also designated surfaces). 
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Surface or interfacial tension (γ) arises from this contact between the two different 

media. It is a consequence of the unfavorable interactions between the two phases. 

Molecules of one phase interact mainly with their neighbors of the same kind creating a 

cohesive force that delimits one phase from the other. In the case of water in contact 

with air, surface tension is explained by the cohesive forces inside the liquid originated 

by the hydrogen bonds between water molecules. The molecules at the surface have 

less neighbors to interact with and so, overall molecular interactions are stronger inside 

the bulk than at the surface. To minimize the total interaction energy, the system places 

as little molecules in the interface as possible, minimizing surface area. Therefore, 

increasing the surface area implies an increase in Gibbs energy, as it is necessary to 

expend work to carry out that process. 

The reversible work 𝛿𝑊𝑟𝑒𝑣
𝜎  needed to expand the surface area, A, by dA at 

constant temperature and pressure is given by: 

 dAWrev     [ 1 ] 

The proportionality constant between the reversible work required for surface 

expansion and the increase in surface area, at constant pressure and temperature, is 

called surface tension.  

Variation of total Gibbs energy of a system with only one component can be 

written as: 

 dAVdPSdTdG   [ 2 ] 

For constant temperature and pressure surface tension can be defined in terms 

of Gibbs energy by equation 3. 
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The variation of the surface tension with the presence of surfactant molecules at 

the interface may be rationalized by the Gibbs adsorption model (equation 4) [1, 7]. 

 )ln(aRTdd    [ 4 ] 

Where Γ is the surface excess of the solute, R is the ideal gas constant, T is the absolute 

temperature and a the optimal area occupied by the polar head-group in the polar/apolar 

interface. 

 



19 
 

1.2.2 Surfactant self-assembly 
 

Surfactant molecules self-assemble in organized structures that can be of various 

forms and sizes depending on surfactant and solvent characteristics. Self-assembly 

starts when the adsorption on the interfaces is no longer thermodynamically favorable. 

The concentration at which aggregates, termed micelles, start to form is called critical 

micellar concentration (cmc). 

 

1.2.2.1 Critical Micellar Concentration (cmc) 

 

The cmc is an important quantity for many applications of surfactants because 

not only it gives information on the concentration required to form aggregates, but also 

on the free surfactant concentration in solution. 

Cmc is characteristic of each surfactant and depends on several factors such as 

the chemical nature of the head 

group, hydrophobic tail length, 

temperature, ionic strength, 

surfactant concentration, and 

addition of cosolutes [8].  

It is well known that most 

physicochemical properties of 

surfactant solutions vary 

markedly below and above a 

certain concentration, the cmc. 

Below this concentration, ionic 

surfactants behave essentially as 

strong electrolytes.  Above cmc, 

the properties change markedly, 

indicating that a highly 

cooperative association 

processes takes place. This is 

well illustrated in figure 8 [9].  

The main reason for surfactants to self-assemble is the hydrophobic effect. Due 

to the poor interaction between alkyl chains and water molecules, it is highly unfavorable 

Figure 8 - Illustration of the notorious variation for different 
physicochemical properties of surfactants solutions before and after 

cmc. Adapted from [9] 
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to maintain contact surface between these two components. Water molecules reoriented 

themselves around this surfaces creating an organized structure termed clathrate cages 

that restrict the rotational and translational motion of the water molecules exerting a huge 

entropic penalty. To overcome this penalty, surfactants aggregate themselves in such a 

manner that the hydrophobic part of the surfactant has the minimum possible contact 

with water molecules. It is a fine balance between a strong entropic term and an enthalpic 

term whose sign is temperature dependent [1, 8, 10].  

 

1.2.2.2 Krafft Temperature 

 

Krafft temperature is the temperature at which the surfactant solubility matches 

the cmc (Figure 9). In other words, if the temperature is not high enough, the surfactants 

will start to precipitate before they can start aggregation. Aggregate formation in solution 

is linked with the sharp increase in solubility at the Krafft temperature [11]. 

 

Figure 9 – Schematic representation of the Krafft point for a certain surfactant [8]. 

 

1.2.2.3 Packing parameter and spontaneous curvature 

 

Surfactants self-assemble to form aggregates that can be of various types. The 

type of aggregate that a surfactant will form depends on the geometry that the molecule 

acquires in a certain environment and how the molecule is able to be packed with other 

molecules. 
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In order to predict and rationalize the type of aggregate structure that a certain 

surfactant will likely adopt in solution, one must consider molecular parameters 

(hydrophobic chain length and volume and polar head group surface area) and intensive 

variables (e.g. temperature and ionic strength). 

A simple and common concept to rationalize surfactant self-assembly behavior 

with surfactant geometrical shape is the critical packing parameter (CPP). It relates the 

surfactant molecular shape in certain conditions with a certain type of aggregate likely to 

be formed. It is given by equation 5 and it allows the prediction, to a certain extent, on 

how the aggregation will change with intensive parameters.  

 

 

C

C

La

V
CPP


  [ 5 ] 

Vc and Lc are the volume and the length of the hydrocarbon chain, respectively, 

and a is the optimal area occupied by the polar head group in the polar/apolar interface. 

The values of Vc and Lc can be calculated using equations 6 and 7 respectively, where 

nCH2 is the number of CH2 groups and nCH3 the number of methyl groups. 
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Parameter a is the most difficult to quantify since, for the same molecule, it 

depends on the solution conditions like temperature, pH, salt concentration or additives. 

The values that CPP assumes will dictate the kind of aggregate likely to be formed as 

shown in Table 1. 

Another model to rationalize self-assembly is the flexible surface model. It 

considers the surfactant film to be a surface with intrinsic interfacial tension and elastic 

properties [10]. The bending properties are characterized by the curvature bending 

constants. c is the mean curvature of the film, R1 and R2 are the principal radii of 

curvature in perpendicular directions, c1 and c2 are the principal curvatures.  
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It is established by convention that the curvature towards water is positive 

whereas curvature away from water is negative. Hence positive curvature will give rise 

to direct phases and negative curvature to inverted phases. 

The spontaneous curvature that the film acquires is the configuration that 

minimizes the Gibbs energy of the system.  This quantity can be related qualitatively to 

the CPP as shown in Table 1. 

Table 1 - Relation between CPP and c, and probable surfactants self-assembly. Adapted from [12]. 

 



23 
 

With this simple model of analyzing surfactant packing, it is possible to predict 

qualitatively the type of change in structural behavior that can be expected when 

changing the environment conditions. 

 

1.2.2.4 Salt addition 

 

The presence of salts have great influence on both cmc and CPP, especially for 

ionic surfactant solutions. The surface area of the head group in an aggregate is 

dependent on the electrostatic repulsion between adjacent molecules. The ions from the 

salt do not favor the dissociation of the ionic surfactant and lead to a “contraction” of the 

counterion cloud in the aggregates leading to screening effect on the head group 

charges, thus increasing the CPP and reducing the cmc [1, 10]. 

 

1.2.2.5 Temperature 

 

Nonionic surfactants are considerably more affected by temperature than ionic 

surfactants, for which temperature has low effect on CPP or cmc. For nonionics, of CnEm 

type, temperature has great influence. Increasing temperature will lead to dehydration of 

the hydrophilic head group, reducing its interaction with water, and leading to a reduction 

in the CPP and cmc of the surfactant. 

 

1.2.2.6 Cosolutes 

 

Cosolutes with lower molecular weight than the surfactant, produce changes in 

the cmc to different extent depending on cosolute polarity [1]. Both an increase and a 

decrease in cmc are possible. Small or moderate increases are observable with the 

addition of highly water-soluble compounds. A decrease in cmc upon addition of 

uncharged molecules is very common and is well illustrated by the addition of simple 

alcohols. The hydrophobic character of the alcohols lead these molecules into the 

micelles, stabilizing them.  

 

1.2.2.7 Concentration of surfactant 

 

With increasing surfactant concentration, the available volume for the molecules 

in water is lower, hence the interaction between aggregates will be stronger. This leads 

the surfactants to pack in a more favorable way to occupy the available volume. In the 
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case of ionics, for each surfactant added to the solution, there is an increase of the 

counter ions concentration that bring about similar phenomena as described for salt 

addition. These effects increase the CPP and as a consequence, surfactants organize 

in different ways. This can be described by Fontell’s scheme that explains the natural 

evolution of self-assembled structures with increasing amount of surfactant (Figure 10). 

 

 

1.2.3 Catanionic mixtures 

 

A mixture of surfactants can bring about significant changes in surfactant 

aggregation behavior even if one of them is present only in small quantities. Two 

surfactants with different packing parameters will interfere with each other causing a 

change in the overall curvature of the system that is different from the one of each 

surfactant separately. Mixed surfactant solutions have been the focus of considerable 

research interest due to their frequent use in industry and pharmaceutical formulations. 

Compared with the individual surfactants, mixtures exhibit different surface activity and 

aggregation behavior [13].  

Mixtures of surfactants can be understood assuming ideal mixing where the cmc 

of the mixture is then given by [1]: 

 




m
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x

cmc 1

1
 [ 9 ] 

Although this relation is important to understand ideal mixing behavior, it is not 

enough to evaluate the cmc of most mixture of surfactants with different head groups 

which deviate from ideal behavior. In such cases, the cmc of the mixture can be 

Figure 10 - Fontell scheme for the dependence of surfactant liquid crystalline structure 
on composition, illustrating the symmetry of curvature location of cubic phases. Adapted 

from [1] 
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estimated from the individual cmc and activity coefficients, f1 and f2, of the surfactants 

through equation 10.  
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The activity coefficients can be obtained by the regular solution theory from: 

 2

11 )1()ln( mxf   [ 11 ] 

and 

 2

12 )()ln( mxf   [ 12 ] 

Where 𝑥1
𝑚 is the molar fraction of component one in the micelle, and β is an 

interaction parameter, quantifying the net interaction between the surfactants in the 

micelle. Positive values of β indicate net repulsion between both species and negative 

values of β indicate net attraction. If β is zero the activity coefficients are one and there 

is ideal mixing. The β parameter can be interpreted as an energetic parameter that 

represents the excess Gibbs free energy of mixing given by equation 13, where wij is the 

interaction parameter between the i and j surfactants, k the Boltzmann constant and T 

the absolute temperature [14].  
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Surfactant synergistic behavior happens when the lowering in the cmc of the 

mixture is higher than the predicted by ideal mixture (β < 0). Synergism in oppositely 

charged surfactants is stronger than in other types of surfactant mixtures since the 

mixtures of oppositely charged surfactants enable the neutralization of charges in the 

aggregates. It also permits the release of the counter ions leading to a large increase in 

entropy of the system [15]. 

Catanionic mixtures are aqueous mixtures of surfactants where the head groups 

are oppositely charged. The electrostatic interaction between head groups has a 

screening effect on the charges and change dramatically the surface area of the 

surfactant, thus changing the CPP of the mixed surfactant layer. The screening effect is 

necessarily correlated with the proportion between the two surfactants and tends to a 

maximum as it approaches equimolarity. Therefore, adsorption, cmc, phase behavior, 

and other properties of the mixture are tremendously affected by the surfactant mixture 
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ratio. In catanionic mixtures, as well as in surfactants in general, these properties are 

also affected by the total surfactant concentration and molecular structure [15, 16, 17].   

As mentioned above, by varying the molar ratio between the single surfactants of 

a specific catanionic system, the CPP also changes permitting the occurrence of many 

different forms of aggregation even if they are not present for the individual systems [15, 

18]. Regarding the example of DTAB/SDS system  [18], just by varying the mixture ratio, at 

high dilutions, it is possible to observe small spherical micelles, for low DTAB molar 

fractions that increase in size to large thread-like micelle as the DTAB molar fraction 

increases. One can also find multiphase regions, and two-phase regions where vesicles 

and precipitate coexist. This rich phase behavior is found in many other catanionic 

systems [15, 19, 20]. 

One of the most researched topics in catanionic mixtures is the appearance of 

thermodynamically stable vesicles. Traditionally, this kind of structures are prepared by 

sonication, thin-film hydration or high-pressure extrusion, whereas for other situations it 

may be sufficient to vortex-mix or just vigorously shake a mixture to accomplish vesicle 

formation [21]. As these types of aggregates are of great importance to many applications 

such as pharmaceutics or nanotechnology, the appearance of thermodynamically stable 

vesicles in catanionic mixtures has led to intense research on this topic. 
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1.3 Foams  
 

Foams are colloidal systems made up by large amount of bubbles interacting with 

each other. When bubbles are packed, as it happens in foam, two bubbles meet in a film, 

films meet in plateau borders and plateau borders meet in nodes. Such complex network 

gives this state of matter remarkable properties.  

 

Figure 11 - Structure of a typical dry foam 

For foams to exist it is needed a liquid, a gas and a foaming agent. This work deals 

with liquid aqueous foams which consist in a dispersion of air in water. Their properties 

can be very varied (elastic or viscous, translucid or very opaque etc.) and depend on the 

size of the bubbles, the wetness of the foam and the chemicals used to make it. The 

differences are easily illustrated by our daily life, such as sea foam, chocolate mousse 

or washing products. 

1.3.1 Daily life examples and industrial applications of foams 
 

Foams are associated with many hygiene products that can be found in almost every 

house in the modern society such as dishwasher, shampoo or shaving cream. Despite 

this association, it is not clear if foams are a measure of cleaning efficiency or just a sub 

product of the cleaning process. In fact, manufacturers try to suppress foams in 

mechanical cleaning (washing machines and dishwashing) with anti-foaming agents in 

order to avoid foam overflowing. Although it is not import for cleaning itself, foam is 

extremely useful when dealing with vertical surfaces, such as cleaning walls or shaving 

because it is elastic at small shear, therefore stays  on the surfaces allowing better and 

longer coverage. 
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Certain beverages are also strongly associated with the presence of foam. In beer 

for example the foam is so important for the consumer that a great deal of beer 

advertising focus on how the foam forms and stays in the top of a bottle or a glass. In 

champagne although the foam is more delicate, it is so important that an expert can tell 

about the quality of the wine by looking at the foam alone. In champagne and certain 

beers, the foam formation relies on the release of gas from the supersaturated liquid that 

degases when the container is opened. In a cappuccino, the long lasting foam seen at 

the top is stabilized by proteins present in the milk.  

 

Figure 12 - Examples of foams. A) Mineral flotation; B) Beer foam; C) Sea foam; D) Firefighting foam. Adapted from [22]. 

 

This smooth and light material is also present in food industry mainly under the form 

of solid foams. Bread, one the most common food products in the world, is a solid foam. 

The yeasts produce carbon dioxide which is trapped in small air pockets and through 

thermal treatment the bread solidifies. Chocolate or fruit mousse are well known deserts 

that are foams themselves. 

In certain conditions it is possible to find foam forming “spontaneously”. When a 

liquid containing a foaming agent is mixed in such a way that the air is incorporated in it, 

a foam is created. This is the case in the bottom of a waterfall or the sea. Naturally these 

foams are ephemeral but in the presence of surfactants from pollutants or plankton they 

can last long as is the example of the “white-horses”. Hence the presence of foam in the 

sea is a good indicator of contamination (natural or industrial) by surfactants. 
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Mineral flotation is a major application of foam properties. The principle of flotation 

is based on the wetting properties at the liquid/air interfaces. It is possible to optimize the 

physicochemical conditions so that the mineral grains are trapped by the interfaces while 

the gangue remains in the liquid. Foam is used in this process because of its high 

interfacial area. The ground-up rock and mineral are placed in large tanks (height and 

diameter of several meters). Two types of surfactants (at least) are added: those that 

control the affinity of the mineral for the interface and those that cause the mixture to 

foam. Air is injected at the base while the mixture is vigorously mixed in a way that favors 

encounters between bubbles and particles. A foam is thus continually formed and rises 

to the surface of the tank before spilling out. It brings with it the mineral, attached to the 

bubbles. 

In fire-fighting it is necessary both to extinguish the fire and to isolate the 

combustible. Foams are able to extinguish burning hydrocarbons more effectively than 

water due to their low density and because they float and thus isolate the fuel from 

oxygen in the air. 

Sometimes, foam formation is undesirable for certain industrial processes. Such 

foam appears for example in the settling tanks or during the manufacturing of glass, 

steel, pulp or water color paints. In these cases there are methods, usually involving anti-

foaming agents to avoid the foaming process [23]. 

  

 

1.3.3 Formation 
 

Foam formation requires energy input for the creation of surfaces is energy costly 

and so, it does not occur without an energy source.  

There is not a universal method to generate foam. The type of foam produced will 

depend strongly on the used method. Different methods allow making foam in different 

ways that allow more or less polydispersity, bigger or smaller bubble size, higher or lower 

liquid fraction. Since foam properties depend so much on these parameters there is a 

large number of methods to produce foams. 

Foams can be generated by either dispersion or expansion methods. In 

dispersion methods, the discrete phase of the future foam is initially available as a large 

volume of gas. Such methods rely on the mixing of liquid and gas with an input of energy, 

as in shaking, whipping or pouring. Here a common technique is bubbling air through 
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small orifices such as capillaries or drilled plates resulting in size controlled bubbles 

whose size depends mainly on solution properties, orifice dimensions and gas flow rate. 

With methods like bubbling with a needle or microfluidics, essentially monodisperse 

foams can be created. 

In expansion methods the air that will be encapsulated in the bubbles is initially 

present as a solute. Foam results from generation of local gas pockets within the 

solution. Properties of the whole system have to be changed in such a manner that the 

solution becomes supersaturated with the gas. Gas can be generated chemically 

(chemical generate fire-fighting foams) or by microbiological processes (fermentation) or 

by lowering the entire pressure of the system (soft drinks) [24]. 

 

 

1.3.4 Structure 
 

 

The structure of foams is characteristic and easily recognized (Figure 13). The 

gas is trapped in small discrete containers referred as bubbles which are surrounded by 

the continuous phase, in our case the liquid. Foaming agents are the key to avoid the 

instantaneous collapse of the structure, because they stabilize the interfaces between 

air and water. Foams of everyday experience are disordered assemblages of bubbles of 

widely ranging sizes (polidisperse foams). 

 

The polydispersity of a foam is a measure of its bubble size distribution. It affects 

foam ageing processes like coarsening and is very important in industrial applications 

since the mechanical properties of the foam will depend on the bubble packing which in 

turn affects the three dimensional arrangement of the channels and films compromising 

or enhancing the properties for which the foam was designed for.  
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Figure 13 – Profile of a draining foam 

 

Another important quantity to characterize foam is the liquid volume fraction, or 

just liquid fraction,   (3.1). Where Vl and Vf are the liquid and foam volumes respectively. 

 

f
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V

V
  [ 14 ] 

The ratio between the volume of liquid and the total volume of foam will dictate 

the behavior of the foam and more specifically, the bubble shape. In a typical liquid foam 

in equilibrium under gravity it is possible to observe that the shape of the bubbles is 

dependent on the local liquid fraction of the foam. When   is higher than ≈ 0.36, it is no 

longer considered a foam but rather a bubbly liquid (the bubbles do not touch and there 

are no films). This is called the critical liquid fraction (random close packing). Foams with 

liquid fraction between 0.36 and 0.15 are referred to as wet foams - the bubbles start to 

lose their sphere shape but there is still a considerable amount of liquid in the plateau 

borders. From 0.15 to 0.05 the foam is an intermediate between wet and dry and for 

liquid fractions below ≈ 0.05 the foams are considered dry [25]. The setting of these values 

is quite arbitrary [26] however it helps distinguish between the two opposite behaviors.  
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Especially for dry foams, there are a set of rules observed by the Belgian physicist 

Joseph Plateau that characterize the structural organization of foam. He observed that: 

(1) The soap films are smooth and have a constant mean curvature which is 

determined by the Young-Laplace law; 

(2) The films always meet in threes along edges, forming angles of 120º; 

(3) The edges meet four-fold at vertices forming angles of ≈ 109.5º. 

Although these rules best describe dry foams and it was shown that some of them 

can be violated [27, 28], they are an important step and basis to understand foam structure, 

which impacts strongly on its behavior and stability. 

 

1.3.5 Foam ageing 
 

As previously said, foams are thermodynamically unstable which means that 

their destruction is the natural way to evolve over time.  There are three main 

mechanisms that act on the destabilization of foams: drainage, coarsening and 

coalescence. 

 

1.3.5.1 Drainage 

 

If a single bubble is considered, the difference in density between the air and the 

liquid is enough to describe the ascension of the bubble, explaining why liquid appears 

at the bottom of a foam. But in foams, the bubbles are interacting with each other leading 

to complex behavior. As mentioned before, bubbles are arranged in a network of films 

and channels that turn the description of liquid-gas separation too complex to be 

described by buoyancy.  

Due the gravitational influence, the liquid flows through the foam and the foam is 

said to drain. When a foam is not in equilibrium under gravity, the liquid drains through 

the foam until the capillary forces are in the same order of magnitude than the 

gravitational forces [29]. As drainage proceeds, the bubbles are progressively distorted 

from the spherical form, minimizing its surface energy. The drainage of the liquid and the 

distortion of bubbles leads to motion in the foam, changing the position between the air 
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compartments. The viscosity of the liquid within the foam will influence greatly this step 

for it will make the motion more difficult thus preventing the ageing process. 

The water flows through the foam along the Plateau borders from the top to the 

bottom creating a gradient in the local liquid fraction. In the top of the foam, the liquid 

fraction is lower so the foam is dryer and as a consequence, the shape of the bubbles 

will resemble more polyhedral whereas in the bottom the liquid fraction is higher so the 

bubbles will have a spherical shape. In a closed container the liquid flows downwards 

filling the bottom and pushing the foam upwards. 

Foam drainage has characteristic profile that is more intense at the beginning 

and gets scarce as the liquid leaves the foam. The characteristic time of drainage is given 

by: 

 




2gRK

H
Tdrain   [ 15 ] 

Where H is the foam height, R the average bubble radius, ρ the liquid density, η viscosity, 

g the acceleration of gravity, K a dimensionless permeability constant and α an exponent 

between 0.5 and 1. K and α depend on the mobility of the surface layers protecting the 

bubbles, which depends itself not only on the compression modulus but also on the 

surface shear viscosity [30]. 

From equation 14 it is obvious that the characteristic time of drainage depends 

on many properties of the foam. Specifically, it is directly proportional to the viscosity of 

the liquid, which means that the drainage velocity will be inversely proportional to this 

value.  

When foams are formed from surfactant solutions the liquid inside usually bears 

self-assembled structures. The aggregates in the liquid are often responsible for an 

increase in viscosity that affects directly foam stability but it can also be the case that big 

aggregates such as vesicles or micron-sized tubes can accumulate in the nodes where 

plateau borders meet obstructing the water flow [31, 32].  

Drainage is one of the most important mechanisms of ageing in foams. Once the 

liquid goes out the amount of film increases and the thickness diminishes, which makes 

for more efficient gas exchange between bubbles (coarsening) or even the rupture of the 

films (coalescence)[25]. 
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1.3.5.2 Coarsening  

 

In a simple way, coarsening consists in the exchange of air between bubbles. 

Due to the differences in Laplace pressure, gas is transferred from small to big bubbles 

leading to disappearance of the smaller bubbles and the enlargement of the bigger ones. 

This difference in pressure, ΔP is a consequence of the surface curvature in bubbles and 

it is described by the Young-Laplace equation [33]: 
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Where γ is the surface tension between the gas and the liquid and Rx and Ry the 

radii of the two bubbles under consideration. The exchange of gas between bubbles 

implies the passage of gas through the liquid and depends on the amount of contact 

surface between bubbles so it is easy to understand that for higher liquid fractions the 

air exchange rate will be slower than for low liquid fractions. Since the internal pressure 

of the bubble is inversely proportional to its radius, the differences in pressure between 

bubbles are higher for polidisperse foams.  In a perfectly monodisperse foam coarsening 

is not expected, but of course this is a hypothetical scenario since in reality there are 

always small fluctuations in the structure [33]. Very important for coarsening phenomena 

is the physical chemistry of the gas and the surfactant. The solubility of the gas in the 

liquid phase is a limiting factor for the gas exchange. For example, when the gas in a 

foam is carbon dioxide, it will coarsen a lot quicker than a foam under the same condition 

where the gas is air. Since the solubility of CO2 is higher, the exchange rate of gas will 

be faster and so will be the ageing of the foam. To increase foam stability often a small 

amount of hydrocarbon or fluorocarbon gases are mixed with air [34]. The low solubility of 

hydrocarbons and especially fluorocarbons in water reduces drastically the exchange 

rate gas between bubbles. Also the surfactant has a great influence in this destabilizing 

mechanism. The denser or looser packing of surfactants on the bubble surface can 

hinder more or less the gas exchange rate. 
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1.3.5.3 Coalescence  

 

The event where the film between two bubbles bursts giving rise to a single 

bubble is called coalescence. When the disjoining pressure is sufficiently low, the 

surfaces of the film do not repel each other so they collapse, reducing the total number 

of bubbles. This is the least understood mechanism of foam ageing. It is more 

important as the bubbles are bigger and the liquid fraction smaller.  

 

 

1.4 Aim of this project 
 

 

The areas where catanionic mixtures and respective foams can be applied are 

varied and for this it is important to improve the knowledge regarding these systems. In 

this work our goal is to investigate and rationalize the phase behavior of the catanionic 

mixture CTAB/SOSo and how this is related with foam formation and ageing. This project 

intends to expand the understanding of the interfacial properties and self-assembly 

behavior of catanionic mixtures, to improve knowledge about foam stability and how the 

bulk properties can play a role in the ageing processes of a foam.  The use of catanionic 

mixtures in foams have been studied [35, 36, 37] with interesting and promising results.  
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2 Experimental section 
 

2.1 Materials 
 

The surfactants cetyltrimethylammonium bromide (CTAB) and sodium 

octylsulfonate (SOSo) were used to prepare surfactant mixtures with different molar 

mixing ratios (Figure 14). Both surfactants where purchased from Sigma-Aldrich with 

≈99% and ≈98% purity, respectively. CTAB was washed several times with diethyl ether 

to eliminate possible contaminants before any usage and SOSo was used without any 

further purification. 

 

Figure 14 - Representation of: A) CTAB molecule; B) SOSo molecule 

 

2.2 Sample preparation 
 

The solutions used in this work were prepared in glass material washed with 

acetone, alcohol and ultrapure water several times. Stock solutions of both surfactants 

were prepared by weighting the solid surfactant in an analytical balance with ± 1×10-4 g 

precision and adding the necessary volume of ultrapure water (Milliporetm system). 

Surfactant mixtures were prepared by addition of mass from the stock solutions of the 

individual surfactants. The solutions were prepared at least one day before any 

measurements and subject to homogenization through continuous agitation. 

The surfactant composition of the samples will be expressed in different 

quantities as described in Table 2. 
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Table 2 - Ways to express the amount of surfactant in solution during this work 

 

 

2.3 Foam generation 
 

In this work, the double syringe method was used to produce foams. The double 

syringe method is an easy and controlled way to produce foam [38]. It requires two 

syringes that encapsulate water and air in controlled amounts and force both 

components to pass by a small constrain (Figure 15). The passage through this constrain 

incorporates the air in the liquid producing a foam with characteristic bubble size 

distributions.  

 

 

Figure 15 - Schematic representation of the double syringe method 

 

The syringes were washed with ultrapure water several times before the foaming 

process. The surfactant mixture needed for the foaming was extracted and measured 

from the glass vials directly with a micropipette, whereas the amount of gas was 

controlled by the syringe indicators.  

To control the ageing processes in the foam, C6F14 gas was used in SANS and 

drainage experiments. Air is passed through liquid C6F14, dragging some of its molecules, 

and is incorporated in the syringe where the surfactant solution is already set. 

Composition Definition 

Molality 

CTAB molar 
fraction 

Molarity 

Units 

 mol·dm
-3
 

 mol·kg
-1
 

No units 
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2.4 Experimental methods  
 

2.4.1 Tensiometry 
 

There are different experimental methods to measure the surface tension of a 

liquid and they can be divided in three categories depending on the property being 

measured [39]: (i) weight methods, in which there are capillary ascension, Wilhelmy plate 

and du Noüy ring, (ii) shape methods, which include volume of drop, pendant drop and 

sessile drop, and (iii) pressure methods represented by the method of maximum bubble 

pressure. 

In this work, we used the Wilhelmy’s plate method, a simple and precise method 

from which it is possible to obtain reliable results without theoretical corrections.  

 

Figure 16 - Representation of the Wilhelmy plate method for surface tension measurements 

In Figure 16, one can see a thin vertical plate attached to a balance and immersed 

on a liquid. The surface tension manifests through the meniscus forming around the 

perimeter of the plate. The plate is made of platinum or a platinum-iridium alloy as these 

are inert materials, easy to clean; besides, the plate can be optimally wetted on account 

of its very high surface free energy, thus forming a contact angle θ of 0° (cos θ = 1) with 

liquids. 

 

)cos(


L

F
  [ 17 ] 

When the balance is set to zero before dipping the plate, the increase in mass 

after the immersion is caused by the contact with the surface and by the dragging of the 

meniscus. This will give rise to a vertical force, F, provoked by the surface. If length of 

https://www.kruss.de/services/education-theory/glossary/surface-free-energy/
https://www.kruss.de/services/education-theory/glossary/contact-angle/
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the plate is known and constant over its height, since the contact angle between the plate 

and the liquid is 0º, surface tension is easy to calculate by equation 18 [40]. 

Experimental procedure 

 

The surface tension of the individual compounds and catanionic mixtures was 

measured with a commercial tensiometer Dataphysics, DCAT 11 model, with SCAT 11 

software, in order to obtain the cmc values for the different mixture ratios. The 

temperature at which the experiment was carried out was controlled by a thermostatic 

bath from Julabo. The procedure for the measurement started with careful washing and 

drying of the measuring glass vessel and the plate, with this last being flamed to remove 

any remaining impurities. After this process, 25 mL of water were added to the vessel; 

the measurement is preceded by measuring the surface tension of ultrapure water (to 

ascertain that the balance remains properly calibrated) at the temperature that the 

experiment is carried out. After this, small aliquots of the surfactant solution were added 

to the vase with the help of micropipettes and the value of the surface tension was 

registered each time after equilibrium was reached. All the solutions were prepared and 

equilibrated at least one day before the measurements to ensure a good level of mixture 

between the surfactants. 

 

Data treatment 

 

 To obtain the cmc value for the analyzed substance, two linear regressions are 

applied to the data before and after the inflexion point in the curve (as explained in Figure 

17) resorting to the function LINEST from Microsoft office excel. The intersection of the 

two regressions is resolved and the output x value is considered the natural logarithm of 

the cmc.  
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Figure 17 - Graphic representation of the surface tension variation with the natural logarith of the concentration 
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2.4.2 Light microscopy  
  

 2.4.2.1 Bright field microscopy 

 

Light microscopy is a powerful, quick, and well-established technique to probe 

objects at the micron scale. This technique relies on a visible light (400 nm < λ < 750 

nm) emitting source that illuminates the sample. The light transmitted is then conducted 

through a set of mirrors and lenses that amplify and invert the image to be displayed in 

the oculars of the microscope or in a digital camera attached to the device and plugged 

in a computer [41, 42, 43].  

The wave length of the light used is a limiting factor since it is only possible to 

resolve objects bigger or of the same order of magnitude in size that the wavelength 

used. Resolution is the capacity to distinguish two close points as different individual 

objects. In the case of a light microscope, the resolution (R) is given by: 

 

..2 AN
R


  [ 18 ] 

where λ is the light wavelength and N.A. the numerical aperture of the objective that in 

turn can be calculated from: 

 )sin(.. nAN   [ 19 ] 

with n being the refractive index of the medium between the sample and the lens and μ 

represents half of the aperture angle from the objective. The aperture angle is related 

with the amount of light that the lens is able to collect after the radiation has passed 

through the sample and get diffracted. The resolution power is affected by the 

wavelength of the radiation used and light diffraction in the sample [41, 42, 43]. 

 

2.4.2.2 Differential Interference Contrast Microscopy (DIC) 

 

Relying on a mode of dual-beam interference optics, the DIC mode transforms 

the fluctuations in optical path length in a sample, into areas of contrast in the sample 

image (Figure 18). In this technique, the specimen is sampled by pairs of closely spaced 

rays that vibrate perpendicularly to each other. This separation is generated by a beam 

splitter (Nomarski prism) between the polarizer and the condenser. When the ray pair 
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traverse a phase object in a region where there is a gradient in refractive index, 

thickness, or both, there will be an optical path mismatch between them as they 

emergence from the sample. The passage through different thicknesses and refractive 

indexes leads to differences in transmission inside the pair. A second Nomarski prism is 

placed right after the objectives with the purpose to recombine the ray pair again. Hence 

the two beams that propagates perpendicular to each other interfere resulting in a 

contrast enhancement. Beyond the contrast, this technique add some perspective to the 

aggregates that derives from the optical density of the sample. Because the optical path 

length is a result of both refractive index and thickness, it is not possible to tell if the 

phase gradient in the sample is due to differences in one, the other, or both. Amplitude 

differences in the image should be considered as representing just optical path 

differences, unless other information about the object is known [41].  

 

Figure 18 - Schematic representation of a microscope equipped with differential interference contrast system. Adapted 
from [41] 
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Experimental procedure 

 

In this work, the samples were visualized in a polarized light microscope Olympus BX51, 

equipped with differential interference contrast (DIC). The images from the different 

samples were captured by a digital camera Olympus C5060, coupled to the microscope. 

Sample observation was carried out by pouring a single drop on a slide, that is covered 

with a lamella and then both are sealed in order to maintain sample quality. 

 

2.4.3 Dynamic Light Scattering (DLS) 
 

Dynamic light scattering (DLS) or quasi-elastic light scattering (QELS) is a well-

established technique used to obtain information about the size and time scales in 

systems of various complexity. The principle behind this technique is the interpretation 

of light scattering fluctuations caused by the suspended/solubilized particles in the 

sample. A schematic representation of a DLS apparatus is presented in Figure 19. 

Light scattered by mesoscopic particles in solution produces a random 

interference pattern. This pattern, in general presents the form of random distributed 

spots of different sizes called speckles. Particle motion leads to a temporal evolution of 

the scattered speckle frame since one interference pattern is continuously replaced by 

another. This evolution is observed as intensity fluctuations over time in a single speckle 

spot, with a well-defined temporal correlation. The intensity fluctuations are inherently 

linked with the scatterers’ dynamics and, therefore, the temporal correlation functions 

depend on the particle movement. Thus, the measurable correlation properties of light 

can be linked to the dynamical properties of particles which in turn, can provide their flow 

velocity and direction, particle size, density of moving scatterers, among many other 

properties [44, 45, 46]. 

 

Figure 19 - Schematic ilustration of a basic light scattering apparatus 
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DLS measurements probe how concentration fluctuations relax towards 

equilibrium at a length scale of q-1, where q is the wave vector defined as. 

  



 2/sin4 refn
q   [ 20 ] 

In equation 19 nref is the refractive index of the medium, θ is the scattering angle, 

and λ is the wavelength of the incident light in vacuum. 

Correlating the intensity fluctuations through the use of an autocorrelation 

function it is possible to calculate the relaxation time [44]. This time is related with the 

diffusion coefficient (D) of the particles in solution by the equation: 

 21 Dq  [ 21 ] 

Knowing the diffusion coefficient, it is possible to calculate the hydrodynamic 

radius (Rh) from the Stokes-Einstein relationship [44]: 

 

h

b

R

Tk
D

06
  [ 22 ] 

 

Experimental procedure 

 

The catanionic solutions were analyzed for different concentrations with the particle 

analyzer Malvern ZetaSizer Nano ZS. For the determination of the particle size, 

population frequencies and respective errors, 1 mL aliquots of each solution where 

poured in disposable polystyrene covets and analyzed at 27ºC. Samples were 

equilibrated for 120 seconds before analyzed and the tests were repeated 5 times in 

order to get an average value for the parameter. 

 

2.4.4 Zeta potential 
 

Zeta potential is the potential difference between the dispersion medium and the 

stationary layer of fluid around the dispersed particle (Figure 20). Since it is extremely 

difficult to obtain information about the real surface charge of the particle due to solvation 

phenomena, the most outer layer of the particle in solution (slipping plane) is considered 

instead.  
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Figure 20 - Schematic representation of surface charge distribution around a positive charged particle 

This potential difference rises from the net electrical charge that lies on the region 

bounded by the slipping plane and depends on the position of the plane. Henceforth this 

measurement is widely used to quantify the magnitude of the charge. Although zeta 

potential is neither a measure of the actual surface charge nor of the Stern potential, it 

is often the only available method to have information about the “apparent” surface 

charge of the particles [47]. 

Zeta potential cannot be measured directly but it can be calculated considering 

the electrophoretic mobility, μe, according to the expression [48]: 

 




 0r

e 

 

[ 23 ] 

where ξr is the dielectric constant of the dispersion medium, ξ0 is the permittivity of free 

space, η is the dynamic viscosity, and ζ is the zeta potential. 

In colloidal chemistry, it is very important to have information about the particle 

stability against aggregation. The zeta potential is a good indicator of this stability since 

double-layer electrostatic repulsions act against aggregation, and the bigger the zeta 

potential is, the stronger the ionic repulsions between aggregates will be. 

 

Experimental procedure 

 

Zeta potential was estimated in a Malvern ZetaSizer Nano ZS, where the samples 

were placed in disposable capillary polycarbonate cells equipped with gold coated 

electrodes. Samples were equilibrated for 120 seconds at 27º C before analyzed at the 

same temperature. The tests were repeated 5 times in order to get an average value for 

the parameter. 
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2.4.5 Solution rheometry 
 

 The study of the mechanical properties of a system is called rheology. In rheology 

one of the most relevant properties is viscosity for it is a main factor for the 

characterization of fluid systems. Measuring the viscosity of liquids is not a trivial task 

because viscosity itself is a gathering of interplaying forces between the particles under 

motion. Nonetheless, it is possible to do so and in this work we resorted to a rotational 

rheometer of the “cup and bob” type to measure the viscosity of the solutions [49]. 

 

Figure 21 – Schematic representation of three main geometries of rotational viscometers: A) Cup and bob; B) Cone; C) 
Disc. Adapted from [50]. 

Rotational viscometers operate in the principle of measuring the force or torque 

required to move a solid shape in a viscous medium at a defined angular velocity (Figure 

21) [50, 51]. To rotate a disk or bob in a fluid at known speed, a force is necessary. The 

rheometer will determine the force required to the process. 'Cup and bob' viscometers 

work with a specific volume of sample which is to be sheared within a test cell. The torque 

required to acquire a certain rotational speed is measured. "Cup and bob" viscometers 

have two main geometries, known as either the "Couette" or "Searle" systems. In the 

first, it is the bob that rotates, and in the second, the cup. This measuring systems require 

large sample volumes and the cleaning process is more difficult. They may produce 

problems when performing high frequency measurements because in general they have 

large mass and large inertia. The main advantage of using these systems is that they 

can work effectively with low-viscosity samples and mobile suspensions. Their large 

surface area gives them greater sensitivity and so they will produce good data at low 

shear rates and viscosities. Due to the large surface area, the double gap measuring 

system is ideal for low viscosity / low shear rate tests [52]. 

Experimental procedure 

 

The samples were transferred into a rheometer (Rheoplus, Anton Paar) after at least one 

day equilibrating and viscosity was measured with a Couette geometry in a log ramp 
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shear rate from 1 to 100 rad/s acquiring 8 points. The cup and bob system used has 

internal gap thickness of 0.42 mm, external gap thickness of 0.47 mm and the sample 

volume of 3.619 mL. 

 

2.4.6 Cryogenic Transmission Electron Microscopy (cryo-TEM) 
 

Transmission electron microscopy (TEM) involves the transmission of an electron 

beam through a sample in a high vacuum environment (p < 10-5 – 10-6 Pa). This 

technique is an extremely powerful tool to probe objects at the nanoscale. Using both 

the dual particle and wave nature of the electron, one is allowed to control the electron 

wavelength in order to probe such small substrates. TEM samples must be ultra-thin in 

order to be observable. The image is formed from the interaction between electrons and 

the sample from where they are transmitted [43]. 

Cryo-TEM is a technique where TEM is used on vitrified samples [53]. Since TEM 

imaging requires high-vacuum it is not possible to observe liquid samples unless they 

are dried or frozen. More specifically, in the case of aqueous solutions, the samples must 

be vitrified or else the water crystals formed would destroy the aggregates natural shape 

and interfere with the electron path making the observation impossible. Vitrification is 

fundamental to explore aggregates in liquid samples because not only it avoids the 

evaporation of the solvent but also it arrests the movement of the particles enabling a 

good focus for the visualization [54]. Figure 22 summarizes the procedure schematically.  

 

Figure 22 - Schematic representation of sample preparation for Cryo-TEM observation. Adapted from [54]  
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Experimental procedure 

 

Cryo-TEM imaging allowed the visualization of the aggregates present in the 

solution samples at room temperature (around 25 ºC). A small quantity of sample is 

placed on a copper grid that was previously treated with plasma to acquire small surface 

charge and facilitate wetting process. The copper grid is in a thermostated chamber at 

the desired temperature and humidity. The sample in the grid is then blotted to create a 

thin film. Afterward, the copper grid with the sample is quickly vitrified by immersion in 

liquid ethane and carefully transferred in liquid-nitrogen environment to the microscope. 

The samples in this work were imaged with a Philips CM 120 Bio-Twin transmission 

electron microscope. 

 

2.4.7 Small Angle Neutron Scattering SANS 
 

Neutron scattering offered to colloidal science an extremely powerful tool to probe 

the colloidal systems at short scale (1 nm – 1000 nm) in its natural state. As in any other 

scattering technique, the scattering vector, q, is a key parameter. It is the difference 

between the incident and the scattered wave vectors, 𝑞 =  𝑘𝑠  − 𝑘𝑖. The magnitude of q 

is given by 𝑞 = 4𝜋 sin 𝜃 /𝜆, as seen above in the DLS section. The wave vector is a useful 

quantity because a diffraction peak happens at a certain q that depends both on θ and 

λ. 

Neutrons are scattered by the atomic nuclei and their diffraction depends on the 

nuclear scattering length density. The scattering length indicates how strongly the 

nucleus scatters neutrons. An important point about this parameter is that it does not 

vary systematically with the atomic number. The scattering density varies almost 

randomly from successive elements and even between isotopes. For example, the 

scattering between hydrogen and deuterium is completely different, which is one of the 

main reasons for this technique to be so important in soft matter and polymer science. 

By switching from H2O to D2O the experimentalist is able to emphasize some aspect of 

the scattering without changing too much the chemistry of the sample [55]. 

Considering a simple case where a dispersion of identical spherical particles in a 

certain matrix is being analyzed, the observed scattering intensity, I(q) is given by [56]: 
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 )()()()( 2 qSqPVNqI ppMp    [ 24 ] 

Where (𝜌𝑝 − 𝜌𝑀) is the contrast in scattering between a particle and the matrix, 

Np  is the number of particles in the sample, Vp is the volume of a particle, P(q) is the 

particle form factor and S(q) is the structure factor. This expression is only valid for a 

collection of spherical particles but it is also a good approximation for other shapes where 

anisotropy is not too high. 

The particle form factor is the term that gives the information about particle size 

and shape. Using appropriate models, it is possible to fit the intensity curves in order to 

obtain shape and characteristic sizes of the particles. The structure factor, S(q), is the 

parameter that considers the interaction between particles giving information about the 

local order of the sample. Scattering objects with different shapes will give rise to different 

scattering patterns. Some of these patterns are well known, as shown in Figure 23. There 

are several models concerning shape and form factors that permit an easy fitting for the 

acquired data given that one has an idea about the shape of the scattering bodies being 

probed. 

 

 

Figure 23 - Form factors for different particle shapes with the same radius of gyration. Adapted from [56] 
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 Experimental procedure 

 

SANS experiments were performed in Laboratoire Léon Brillouin implemented in 

CEA/Saclay facilities. The neutrons are produced in a nuclear reactor by fission of 

uranium 235, the same process as in a nuclear power plant. They are cooled in cold 

moderators to reach the desired energy (cold neutrons). Incoming polychromatic 

neutrons are monochromatized by a mechanical velocity selector. The neutrons are then 

collimated with two 68Ni guide elements under vacuum. The BF3 multi-detector, with 128 

x 128 cells of 5 x 5 mm2, was positioned at 1 m with λn = 6 Å for high q, 3 m with λn = 6 

Å for Medium q, 5 m with λn = 8.5 Å for low q and 6.7 m with λn = 15 Å for very low q 

distances from the sample in the horizontal direction in its vacuum tube. The instrument 

is operated by a PC through a menu-driven interface and an image of the data collected 

are displayed on a color monitor. Samples are analyzed in 1mm high quality quartz cells 

to be analyzed. 

 The two dimensional isotropic scattering spectra has been corrected for detector 

efficiency by dividing the scattering pattern by the incoherent scattering spectra of neat 

water and has been radially averaged and converted to absolute scale. This treatment 

was performed using the Pasinet v2.0146 software. Background has been subtracted, 

by subtracting the constant value of the incoherent scattering measured at high q values. 

 

 

2.4.8 Foam Characterization by Photography 
 

Photographic documentation of sample evolution can be of great value to 

understand the mechanisms that drive the ageing of the samples. By capturing photos 

in a systematic way it is possible to relate the different characteristics of the sample 

evolving with the time required to achieve this evolution. 

 

Drainage velocity 

 

 To calculate the drainage velocity of a foam one can consider the amount of liquid 

drained over time. Knowing the dimensions of the container in which the foam is, it is 

easy to have information about the volume drained in a certain time. With photographic 

time controlled documentation the volume of liquid drained can be calculated for each 

time, and drainage velocity can be obtained. 
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Figure 24 - Schematic representation of the setup used to measure drainage velocity 

 

Aqueous catanionic mixture solutions were submitted to foaming processes by 

the two syringe method. In order to evaluate physical-chemical properties of the said 

foam and bulk solutions, the samples were foamed at different liquid fractions. The 

prepared foams are stored, and immediately analyzed, inside 25 mL glass tubes in a 

homemade assemblage like the one in Figure 24, where foam photos were set to record 

every 5 seconds in the uEye trigger software using a uEye camera, regarding foam 

dynamics and ageing processes. Images were treated using free software Image J. 

 

Data treatment 

 

The photographs were sequenced with the software Image J. A line of 1 pixel 

width is drawn in the center of the foam container (that is placed in the same position 

each photo). In every photo, this line is considered to assemble a new image which is 

the sequence of the lines picked at each photo. The height of the liquid over time is 

considered in the transition in color from the liquid to the foam. Converting a vertical 

sequence of pixels in height and a horizontal sequence in time the drainage velocity is 

calculated by linear regression of the initial linear region with the help of function LINEST 

from Microsoft Office Excel. 
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Figure 25 - Procedure to evaluate drainage velocity through photographic documentation 

 

Bubble size 

 

In order to have good statistical information on the bubble size and bubble size 

distribution, measurements were performed in a homemade photographic device 

incorporating a uEye camera and moving support that can create a photo assemblage.  

The catanionic mixture solutions were submitted to foaming processes by the two 

syringe method at different liquid fractions. The samples were applied over a slide 

immediately after foaming, diluted with the solution used to produce foam and covered 

with a lamella. They were transferred to the photographic device and photos acquired. 

Images are treated and the size of the bubbles analyzed using the free software Image 

J. 

 

  



52 
 

3 Results 
 

The presentation of this work will be divided in two main parts. First, the bulk 

behavior of the CTAB/SOSo catanionic mixtures is explored as a function of the CTAB 

molar fraction (xCTAB) Figure 26. In a second part, aqueous foams of this catanionic 

solutions are studied considering ageing processes and their relation with bulk 

properties.  

 

 

 

 

 

Figure 26 - Scheme of the approach used to characterize bulk and foam behavior of the catanionic mixture 
CTAB/SOSo. 
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3.1 Bulk behavior 
 

3.1.1 CTAB/SOSo mixture – macroscopic characterization 
 

Different molar mixing ratios of CTAB/SOSo were prepared at a total surfactant 

concentration of 20 mmol·kg-1 using the method described in section 2.1. To designate 

the relative amount of CTAB and SOSo in each solution, CTAB molar fractions (xCTAB) 

will be considered.  

From the analyzed samples it is possible to distinguish some features by careful 

ocular observation (Figure 27). While the cationic-rich samples present a consistent 

transparency, the anionic-rich ones appear bluish or hazy depending on composition.  

 

Figure 27 – Visual appearance of CTAB/SOSo mixtures as a function of xCTAB. 

 

It is possible to have an intuitive notion of the relative viscosity from one sample 

to another by shaking the solution inside the container and observe how fast bubbles 

rise in the liquid.  From these observations, it can be inferred that: (i) the anionic-rich side 

has low viscosity with no significant difference between samples, (ii) the cationic rich side 

has a decreasing viscosity from xCTAB = 0.667 to 0.900, and (iii) xCTAB = 0.500 sample has 

some intermediate viscosity between the two extremes. Samples at 0.330 and 0.250 

have phase separation (“creaming”). In Figure 28 we present a schematic guide to 

rationalize the macroscopic behavior of the system. 

 

 

Figure 28 - Schematic representation of CTAB/SOSo phase behavior for the different xCTAB 
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3.1.2 Aggregate shape and size 

 

The appearance of a bluish tinge in some samples suggests the presence of big 

scattering objects. To evaluate the structure of those aggregates, different catanionic 

mixture ratios prepared were observed under a light microscope equipped with the DIC 

system (Figure 29). Aggregates were found only in the bluish samples in the form of 

either spherical vesicles or clusters of a large bilayer fragments. The samples appearing 

transparent to the naked eye, showed no evidence for aggregates under the resolution 

of the light microscope. 

 

 

 
Figure 29 - Microscopic characterization of: A)0.500 xCTAB - 400x magnification, B) 0.500 xCTAB - 1000x magnification; C) 
0.200 xCTAB - 400x magnification, D) 0.200 xCTAB - 1000x magnification, E) 0.100 xCTAB - 400x magnification, and F) 0.100 

xCTAB - 1000x magnification. 
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Vesicular micron-sized aggregates are observable for samples with xCTAB = 0.500, 

0.200 and 0.100 (Figure 29). The diameter of vesicles found in this analysis lies between 

0.6 µm and 12 µm (giant unilamellar vesicles) Indicating that the vesicles are highly 

polidisperse. It is worth mentioning that aggregates are present in two regions separated 

by a region of phase separation between 0.250 and 0.333. Birefringence of aggregate 

structures was probed with a cross-polarized system coupled with the microscope to 

evaluate the possible existence of multilamellar vesicles, but no evidence of this 

phenomena was found. 

 

 

3.1.3 Aggregate distribution and zeta potential 
 

 

In order to acquire further information about the phase behavior of the catanionic 

mixture, aggregate size and apparent surface charge where probed for the different 

samples using dynamic light scattering and zeta potential. The collected data is 

presented for different catanionic mixtures consisting in 5 independent measurements 

per sample. 

From the obtained data some tendencies arise: aggregates from the cationic-rich 

side are smaller than the ones found in equimolar and anionic region. Mixtures with xCTAB 

= 0.900, 0.800 and 0.750 display what is presumably small micelles that increase in size 

when more SOSo is present (with increasing diameter from 2 to 5 nm) (from Figure 30 

to Figure 31).  

 

 

 

Figure 30 - Size distribution by intensity for 0.900 xCTAB at 20 mmol·kg-1 
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Figure 31 - Size distribution by intensity for 0.800 and 0.750 xCTAB at 20 mmol·kg-1 

 

There is a bimodal distribution for these three different xCTAB, with a very good 

agreement between the five measurements. The peak that appears on the left in the 

representations, deriving from smaller aggregates, is higher than the one on the right 

indicating that the amount of these bigger aggregates are negligible.  

 

 

Figure 32 - Size distribution by intensity for 0.667 xCTAB at 20 mmol·kg-1 

 

In sample xCTAB = 0.667 (Figure 32) all 5 measurements converge to single peak 

for aggregates with a characteristic size of about 20 nm.  

 

In Table 3, one can observe that the small aggregates (population 1) increase in 

size from 2.1 nm at sample 0.900 to 26.0 nm at sample 0.667. The relative abundance 

of this population increases with decreasing xCTAB, from 66 to 97% between samples 
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0.900 and 0.667, respectively. Population 2 shows no trend in size distribution with xCTAB 

variation, although the abundance of the second population increases with decreasing 

xCTAB, from 34 to 3% between samples 0.900 and 0.667 respectively. The polydispersity 

index (PDI) for the different samples lies between 0.261 and 0.37 with no systematic 

variation with xCTAB.  

 

Table 3 - Summary table of of aggregate size distribution and respective frequency for samples 0.667, 0.750, 0.800 and 
0.900 xCTAB 

xCTAB 
Population 

1 / nm 
Population 1 
frequency / % 

Population 2 
/ nm · 102 

Population 2 
frequency / % 

PDI 

0.900 2.1 ± 0.1 66.3 ± 0.9 4.4 ± 0.6 33.7 ± 0.9 0.37 ± 0.01 

0.800 3.7 ± 0.1 80.0 ± 0.9 5.1 ± 0.3 20.0 ± 0.9 0.269 ± 0.005 

0.750 4.5 ± 0.1 85.3 ± 0.6 0.93 ± 0.08 14.8 ± 0.6 0.243 ± 0.003 

0.667 26.0 ± 0.3 97 ± 1 34 ± 9 3 ± 1 0.261 ± 0.001 

 

 

 

 

 

Figure 33 - Size distribution by intensity for 0.500, 0.200 and 0.100 xCTAB at 20 mmol·kg-1 
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In samples xCTAB = 0.500, 0.200 and 0.100 (Figure 33) (where vesicles are 

observed), it is noticeable a higher polydispersity in the results and some discrepancy is 

found between measurements. Sample 0.100 presents a PDI of 0.42, it increases for 

sample 0.200 as 0.47, and sample 0.500 has the highest value with 0.59. Aggregates 

appear to cover a range of sizes from tens of nanometers to several micrometers. 

 The Zeta potential study is presented considering 5 different measurements of 

each sample (Figure 34 and Figure 35). This technique indicates strong surface charge 

variation as shown in Table 4. The zeta potential has the most negative value for sample 

0.100 xCTAB with -18.9 mV and it decreases in absolute value as the xCTAB increases until 

sample 0.333 xCTAB where the zeta potential is near zero (-0.14 mV). At 0.500 xCTAB a 

large positive value is reached (38 mV), which is rather high for equimolarity. For the 

cationic-rich region, it was not possible to measure the zeta potential. 

 

 

Table 4 - Zeta potential as a function of the xCTAB 

xCTAB 0.100 0.200 0.250 0.333 0.500 0.667 0.750 0.800 0.900 

Zeta 
potential /mV 

-19 ± 2 -9.5 ± 0.9 -6.4 ± 0.2 -0.1 ± 0.7 38  ±  2 n.m. n.m. n.m. n.m. 

 

 

 

 

Figure 34 - Zeta potential distribution by intensity for 0.100, 0.200, 0.250, 0.333 xCTAB at 20 mmol·kg-1 
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Figure 35 – Zeta potential distribution by intensity for 0.500 xCTAB at 20 mmol·kg-1 

 

3.1.4 Cmc determination by surface tension 
 

Information about the critical micellar concentration (cmc) of the different 

surfactant mixtures was obtained by the evaluation of the catanionic mixtures effect on 

the surface tension of the aqueous solutions (Figure 36). By plotting the surface tension 

of the solution as a function of the natural logarithm of the concentration, cmc can be 

calculated as described in section 2.4.1. The erratic behavior of surface tension for 

samples xCTAB 0.200 and 0.100 may indicate the formation of different types of 

aggregates. Although it is unknown the nature of first aggregates that appear in solution, 

cmc is used for simplification. 
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Figure 36 - Summary graph of surface tension as a function of the natural logarithm of concentration for different xCTAB 

 

The cmc values were calculated for the different samples and are listed in Table 

5, along with the surface tension at cmc for the different mixtures. 
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Table 5 - cmc and surface tension on cmc for different xCTAB 

xCTAB cmc (mmol·kg-1) γcmc (mN·m-1) 

1.000 0.91 ± 0.04 36.7 ± 0.1 

0.900 0.26 ± 0.02 28.2 ± 0.1 

0.800 0.17 ± 0.02 27.7 ± 0.1 

0.750 0.17 ± 0.02 27.3 ± 0.1 

0.667 0.16 ± 0.02 26.8 ± 0.1 

0.500 0.16 ± 0.03 26.4 ± 0.1 

0.333 - - 

0.250 - - 

0.200 0.14 ± 0.02 26.3 ± 0.1 

0.100 0.24 ± 0.04 26.5 ± 0.1 

0.000 153 ± 1 42.1 ± 0.1 

 

Clear differences are observed in surface tension behavior for the different 

samples both before and after the cmc (Figure 36). From 0.91 mmol·kg-1 at xCTAB = 1.000 

to 0.14 mmol·kg-1 at 0.200, the cmc value decreases reaching a minimum. Then, it 

increases again until 153 mmol·kg-1 at 0.000 (neat SOSo). Surface tension on cmc 

follows the same tendency from: 36.7 mN·m-1 at 1.000, it decreases to 26.3 mN·m-1 at 

0.200 and then increases again to 42.1 mN·m-1 at 0.000 (Figure 37). Sample 0.333 and 

0.250 were not measured due to the presence of phase separation (creaming). 
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Figure 37 – Summary graph of cmc and γcmc as a function of xCTAB 
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Except for samples with xCTAB =  0.900, 0.200 and 0.100, before cmc, the surface 

tension decreases by the same magnitude as the natural logarithm of the concentration 

increases. Sample 0.900 and 0.100 have higher surface tension than the other samples 

for the same concentrations although sample 0.100 has a more erratic lowering. Sample 

0.200 has also an erratic lowering, but the surface tension is lower than any other 

sample. After the cmc, the surface tension starts to increase again, with increasing 

intensity, from 0.670 to 0.900. For the other samples, the surface tension after cmc is 

constant.  
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Figure 38 - Measured and calculated cmc for different xCTAB 

 

Figure 38 presents the difference between the cmc measured for the different 

xCTAB and the theoretical value obtained for an ideal surfactant mixture as referred in 

section 1.2.3. It is possible to observe that for all the xCTAB range, the theoretical value is 

higher than the measured one. As an example, for sample 0.900 the ideal value is five 

times bigger. For sample 0.100 the difference is more than thirty five times. This 

difference in this values indicate synergistic behavior between the surfactants. In Table 

6 the β parameter is calculated to evaluate the degree of synergism for each xCTAB. β 

values lie between -13.9 for sample 0.900 and -18.1 for sample 0.200. The synergism is 

highest for sample in the anionic rich region. An average value β = 16 ± 1 was found for 

the mixture. 

Table 6 - Interaction parameter β as a function of xCTAB 

xCTAB 0.100 0.200 0.500 0.667 0.750 0.800 0.900 

β -17.7 -18.1 -15.8 -15.5 -15.3 -15.4 -13.9 
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3.1.5 Viscosity profile by solution rheometry 
 

Rheological studies concerning solution viscosity were carried out for samples 

with xCTAB ranging from 0.480 to 0.800. Previous results indicate that different types of 

self-assembled structures are present for different mixing ratios of these catanionic 

mixtures. Solution viscosity can add some more information about aggregation behavior 

of the samples.  
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Figure 39 – Viscosity as a function of shear rate for different xCTAB 

  

The viscosity of different CTAB/SOSo mixtures as a function of the shear rate 

was probed using a double gap measuring system. The shear rate was increased in a 

log ramp sweep from 1 to 30 s-1 acquiring 8 points in each sample to obtain the presented 

curves (Figure 39).  

It is possible to see that viscosity increases from xCTAB = 0.800 up to 0.600, where 

the viscosity at the lower shear rate is around 55 mPa·s. From 0.600 to 0.510, the 

viscosity decreases and below sample 0.510 the viscosity is approximately constant for 

the samples. Samples with the lowest viscosity (between 1.4 and 1.8 mPa·s) have 

slightly higher viscosity than water (1.0 mPa·s). Especially for sample 0.600, it is clear 

that a shear-thinning behavior occurs, since the viscosity drops as the shear rate is 

increased. The high viscosity and shear thinning behavior of this sample suggest the 

presence of elongated micelles that align or break as the shear rate increases [57]. 

Sample 0.550 xCTAB presents phase separation into two distinct liquids, a bluish 

top phase and a transparent bottom one. While phase separated the sample was 

analyzed under cross polarized light to investigate the occurrence of birefringent 

structures, such as lamellar phases, but no evidence of it was found. 
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3.1.6 Cryo-TEM observations 
 

More detailed information about the aggregation behavior of sample 0.530 xCTAB 

analysis was obtained by Cryo-TEM (Figure 40). The sample is bluish at naked eye and 

viscosity tests indicate a viscosity about ten times the viscosity of water. The initial 

sample was divided in two parts: one part was analyzed directly, the other part was 

foamed and the drained liquid was analyzed one minute afterwards. 

 

Figure 40 - Cryo-TEM images of sample 0.530 xCTAB at 20 mmol·kg-1 showing vesicles and elongated micelles. 
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The inspection of the sample provided the confirmation of the existence of 

vesicles and elongated micelles for this xCTAB. The radius of the vesicles, measured in 

these samples, lies between 40 and 150 nm, although these values may be biased since 

big aggregates are usually eliminated due to the size of the film [58]. There was no 

discernible difference between the undisturbed samples, and the samples after the 

foaming process. 

 

3.1.7 Small Angle Neutron Scattering (SANS) study 
 

The scattering intensity as a function of the wave vector was probed with 3 or 4 

different configurations depending on the sample under study. As previously explained 

in chapter 2, the wave vector (q) is the difference between the scattered and the incident 

wave vectors. Settings that probe very low q (0.002 – 0.02 Å-1) and low q (0.005 – 0.05 

Å-1) allow the observation of the scattering object at a big scale. At middle q (0.03 – 0.13 

Å-1) information about the shape of the particle is dominant and high q (0.07 – 0.4 Å-1) 

gives information about the cross section of the structures. The different scattering 

spectra for a certain sample are merged resorting to Pasinet v2.0146 and fitted with 

SasView v3.1.2 software’s with the purpose of finding the shape and characteristic size 

of the particle. 

SANS results brought significant insight on the studied system. In a sweep over 

the different extremes of xCTAB, three main different types of aggregation were found. For 

xCTAB = 0.900 to 0.800, the fitted data was in agreement with the presence of spherical 

or ellipsoid micelles in solution. As the molar ratio decreases, one can find a transition 

from spherical micelles to rod like micelles at 0.750. From 0.700 to 0.590, in a first 

approach, the data was fitted for worm-like micelles with a good fitting that returns a 

persistence length higher than the total length of the aggregate. This means that the 

aggregates are in fact rigid rods and not worm-like micelles, thus, the curves were fitted 

for rod-like micelles, since it is simpler to compute improving the accuracy of the results. 

From samples 0.510 to 0.100, the scattering profiles are consistent with vesicles in 

solution. From Figure 41 to Figure 43, we show representative plots of the different types 

of aggregates for which the data was fitted.  
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Figure 41 – Model example (sample 0.100) of the scattering intensity as a function of the wave vector for vesicles in 
solution on the left and schematic representation of a vesicle and respective characteristic sizes on the right.  

 

 

Figure 42 - Model example (sample 0.590) of the scattering intensity as a function of the wave vector for rods in solution 
on the left and schematic representation of a rod and respective characteristic sizes on the right. 

 

 

Figure 43 - Model example (sample 0.800) of the scattering intensity as a function of the wave vector for ellipsoids in 
solution on the left and schematic representation of a ellipsoid and respective characteristic sizes on the right. 
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The differences between the aggregates arise from their different size and shape. 

For the different types of aggregates, the characteristic length scales influence the profile 

of the SANS curve.  

Figure 44 presents the acquired data for all the bulk samples studied by neutron 

scattering. These samples are prepared in D2O to enhance the contrast between the 

scattering objects and the solvent, so that they can be observed in SANS. Although we 

assume that no big differences are present, the use of D2O instead of H2O may lead to 

small changes in the phase behavior of the surfactant mixture. To simplify the analysis, 

samples were divided. In the top plot we represent all the xCTAB whose fitting processes 

involved vesicular shape, and in the bottom plot we present all the other samples. 
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Figure 44 - Intensity as a function of q for the different samples analyzed 
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The fitting parameters obtained for each sample are summarized from Table 7 to 

Table 9 and divided by shapes (vesicles, rods and ellipsoids respectively). 

Table 7 - Summary table of fitting parameters for samples 0.100, 0.450, 0.500 and 0.510 xCTAB using form factor for 
vesicle shape. 

Molar ratio 0.100 0.450 0.500 0.510 

Radius / nm 9.0 ± 0.1 10.4 ± 0.1 11.6 ± 0.1 12.6 ± 0.2 

Radius 
polidispersity 

0.383 ± 0.005 
0.333 ± 
0.002 

0.353 ± 
0.003 

0.60 ± 0.01 

Thickness / nm 2.2 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 

Thickness 
polidispersity 

0.1 ± 0.5 
0.077 ± 
0.007 

- - 

Scaling factor · 103 1.015 ± 0.007 
3.606 ± 
0.006 

3.92 ± 0.006 
4.229 ± 
0.006 

Background · 103 2.016 2.348 2.337 1.387 

Aggregate sld · 106 0.23 -0.37 -0.075 -0.083 

Solvent sld · 106 6.39 6.39 6.39 6.39 

 

Vesicular structures are found both in the equimolar and anionic regions of xCTAB. 

Although these two regions present self-assembled vesicles, there are some differences 

between them, evidenced in Table 7. As xCTAB increases, the average radius of the 

vesicles increases. The bilayer thickness is the same for xCTAB = 0.510, 0.500 and 0.450 

(2.6 nm) but it is thinner for 0.100 (2.2 nm). Polydispersity of the vesicles is very similar 

for samples 0.500, 0.450 and 0.100 (around 0.350) and is almost the double for sample 

0.510. In addition the scaling factor decreases significantly from sample 0.510 to 0.100. 

Table 8 - Summary table of fitting parameters for samples 0.590, 0.600, 0.700 and 0.750 xCTAB using form factor for rod 
shape. 

Molar ratio 0.590 0.600 0.700 0.750 

Length / nm 44.2 ± 0.8 40.5 ± 0.9 27.0 ± 0.2 9.24 ± 0.04 

Length 
polidispersity 

- 0.4 ± 0.1 0.11 ± 0.04 0.24 ± 0.01 

Radius / nm 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 

Radius 
polidispersity 

0.145 ± 
0.003 

0.147 ± 
0.003 

0.148 ± 
0.001 

0.128 ± 
0.001 

Scaling factor 
·103 

4.483 ± 
0.007 

4.54 ± 0.007 4.81 ± 0.006 
4.984 ± 
0.006 

background ·103 0.884 0.917 1.18 2.50 

Aggregate sld 
·106 

-0.144 -0.152 -0.228 -0.305 

Solvent sld ·106 6.39 6.39 6.39 6.39 

 

From sample 0.510 to 0.590, one observes a transition in the scattering pattern 

indicating different types of aggregates. In the cationic-rich region between 0.590 and 

0.750, the data is fitted with a form factor of rod like structures. As xCTAB increases, the 
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length of the rods decreases from 44.2 nm for sample 0.600 to 9.24 nm for sample 0.750. 

The cross-section radius of the rods is approximately the same (≈ 2 nm) with a slight 

difference for sample 0.750, which lies between two scattering regimes, although it can 

be fitted for rod-like structures. Radius polydispersity is almost the same for the different 

sample (≈ 0.14) whereas length polydispersity depends on the samples varying between 

0.11 in sample 0.700 to 0.4 in sample 0.600. The scaling factor increases with increasing 

xCTAB. 

Table 9 - Summary table of fitting parameters for samples 0.100, 0.450, 0.500 and 0.510 xCTAB using form factor for 
spherical shape. 

Molar ratio 0.800 0.900 

Radius a / nm 2.0 ± 0.1 2.0 ± 0.1 

Radius a 
polidispersity 

- - 

Radius b / nm 3.4 ± 0.1 3.2 ± 0.1 

Radius b 
polidispersity 

0.204 ± 0.001 0.04 ± 0.008 

Scaling factor · 103 5.11 ± 0.03 5.16 ± 0.01 

Background · 103 2.016 2.348 

Aggregate sld · 106 -0.300 -0.381 

Solvent sld · 106 6.39 6.39 

 

Samples 0.800 and 0.900 xCTAB present yet another intensity pattern that 

indicates the presence of ellipsoid or spherical structures.  

 

Figure 45 - Comparison of the fitting of 0.800 xCTAB data for A) ellipsoid form factor, and B) sphere form factor 

Both form factors were tested for the fitting process and both present good data 

fitting (Figure 45). The ellipsoid model was chosen instead of the spherical one because 

the fitting value for the sphere radius was higher than a fully stretched CTAB molecule, 

hence this value had no physical meaning. xCTAB = 0.800 and 0.900 present similar 

characteristic values. Radius a is the same for samples 0.800 and 0.900 (2.0 nm), but 

radius b is slightly higher for sample 0.800. Polydispersity of radius b for sample 0.800 
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(0.204) is higher than the one for sample 0.900 (0.04). The scaling factor decreases 

slightly from sample 0.900 to 0.800. 

The scaling factor is a parameter derived from the fitting process that condenses 

information on the number of particles and the volume of a single particle. This parameter 

is related with the volume fraction of the aggregates. As expected, since CTAB is a larger 

molecule than SOSo, the volume fraction increases with increasing xCTAB (Figure 46).  
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Figure 46 - Scaling factor as a function of the xCTAB 

 

3.1.8 Discussion – Bulk behavior 

 

With the information obtained from the different techniques for the 20 mmol·kg-1 

CTAB/SOSo catanionic mixture, an overview of the system can be done regarding its 

phase behavior and self-assembling properties. To simplify the analysis, we start from 

CTAB micelles xCTAB and we evaluate the effect of adding SOSo in the aggregate 

structures (decreasing CTAB). 

From the macroscopic observation, it was already clear that a variation in xCTAB 

influences the aggregation behavior of the solutions. The transparent cationic-rich side 

was found to contain small ellipsoidal micelles that grow into rod-like micelles as xCTAB 

decreases from xCTAB = 1.000 to 0.590. This growth tendency is consistent with an 

increasing viscosity in the samples indicating that the rod structure of the aggregates 
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may be responsible for this behavior. For sample 0.530, vesicles form in coexistence 

with rod-like micelles, as observed in Cryo-TEM. From 0.530 to 0.500, the decrease in 

viscosity suggests a gradual disappearing of rods leaving a single vesicle solution with 

unusually high zeta potential (37.6 mV) for equimolarity. With further decrease in xCTAB, 

although sample 0.450 still presents vesicles, phase separation occurs from sample 

0.333 to 0.250 where zeta potential is near zero. At xCTAB0 = 0.200 and 0.100 vesicles 

are found again, this time with negative surface charge in line with the higher proportion 

of SOSo in the system.  

The bilayer thickness is higher for vesicles from the equimolar region than for 

vesicles from the anionic rich region. Given that the surface charge is different, being 

positive for vesicles in the equimolar region, it is a possibility that the bilayer has different 

composition: rich in CTAB for 0.500 xCTAB and rich in SOSo for 0.100 xCTAB, suggesting 

two different types of vesicles for the same catanionic system. Microscopy, DLS and 

SANS measurements in combination suggest that both vesicular structures are widely 

polidisperse with diameters ranging from tens of nanometers to few micrometers. 

Considering that the total concentration of surfactant is the same, decreasing 

xCTAB implies the substitution of CTAB for SOSo molecules. Hence, the decrease in 

aggregate volume fraction should in principle follow a linear tendency. In Figure 46, we 

observe a non-linear decrease of the scaling factor with decreasing xCTAB, suggesting 

that as xCTAB decreases, some of the molecules are left outside the aggregates. 

Altogether, the dependence of phase behavior with xCTAB, cmc determinations 

and β parameter show a strong synergism between the two surfactants. The appearance 

of ellipsoids at first, then rods and finally vesicles as xCTAB decreases from 1.000 to 0.500 

indicates that the interaction between CTAB and SOSo increases successively the 

effective packing parameter or, alternatively, decreases the mean spontaneous 

curvature of the aggregates in this range. This defined trend in not observed between 

0.500 and 0.000 although the presence of vesicular structures and precipitate clearly 

indicates the strong interaction between aggregates and increase in the effective packing 

parameter compared with the single surfactants. 

For a visual understanding of the aggregation behavior in the bulk solutions 

Figure 47 displays a schematic representation of self-assembled structures as a function 

of the xCTAB. Neat surfactants are not represented in the diagram for pure SOSo did not 

form micelles at this concentration and neat CTAB could not be analyzed. 
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Figure 47 - Schematic representation of the types of aggregates formed as a function of xCTAB 

 

Molecular view 

 

The mixture of CTAB and SOSo presents strong synergistic behavior. Reduction 

in both cmc and surface tension at cmc can be explained by the strong electrostatic 

interaction between the head groups. Contact between these opposite charges gives 

rise to a screening effect lowering the repulsion between head groups and allowing a 

denser packing at the surfaces. This interaction allows a decrease in surface tension 

compared with the single surfactants. Interaction between head groups also allow the 

freeing of the counter ions leading to an increase in entropy of the system, favoring mixed 

aggregation and explaining the lowering in cmc. 

Given that the hydrophobic chain of SOSo is smaller than the CTAB one, as xCTAB 

decrease one could expect that the effective packing parameter of the aggregates would 

decrease as well. But, as mentioned above, the electrostatic attraction between head 

groups lead to a screening effect on the charges decreasing the surface area and thus 

increasing the packing parameter of the mixture. The sequence of the aggregates formed 

when decreasing xCTAB, indicates that the effective packing parameter of the mixture is 

increasing. Possibly the differences in aggregation derive from both the difference in 

chain length and electrostatic interaction, although, from the results, we can observe that 

the dominant factor is the last one.  

The difference in chain length is also responsible for a mismatched solubility 

between the two surfactants. The presence of positively charged vesicles in the 

equimolar region may be understood by the higher solubility of SOSo leaving the 
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aggregates richer in CTAB. The formation of vesicular structures in two regions, with 

different compositions, can be explained by the coexistence of surfactants with different 

chain length. The organization of the surfactants in a bilayer is not limited by one 

characteristic surfactant chain length. The arrangement between different amounts of 

surfactants in the inner or outer layers allow the formation of vesicular structures for 

different compositions. 

The non-linear dependence of the volume fraction of aggregates in solution with 

xCTAB can be explained by the fact that the cmc of neat SOSo is more than a hundred 

times lower than the concentration we are dealing with these experiments. In the 

presence of CTAB, the electrostatic interaction between the surfactants is strong enough 

to keep SOSo in the aggregates. As xCTAB decreases, less and less CTAB molecules are 

available to keep the SOSo in the aggregates. When all the CTAB is occupied, SOSo 

starts to solubilize.  

The Increase in viscosity is related with the presence of rod-like micelles in 

solution. The physical interactions among the elongated aggregates create transient 

entanglements that turn the flow of the liquid more difficult. 

 

Comparison with previous results 

 

Due to their remarkable properties, catanionic mixtures and catanionic 

surfactants have been widely studied regarding bulk and interfacial behavior. Catanionic 

mixtures present a rich phase behavior comprising a wide range of microstructures at 

various mixing ratios as can be seen in the present work. 

 The surface behavior of catanionic mixture CTAB/SOSo was previously studied 

in our group [59]. For this catanionic system, the dependence of surface tension with 

concentration was investigated with similar results to those obtained in this work. Both 

studies show that the cmc of the surfactant mixtures is lower than the cmc for the 

individual surfactants with very good agreement between the values except for the ratio 

xCTAB = 0.500. For this sample, the cmc value in the previous work was close to that in 

the catanionic surfactant TASo (surfactant counter-ion free derived from the equimolar 

mixture of the individual surfactants used in this work). This value is two times lower than 

the one we found in this work. The synergistic behavior was presented by the interaction 

parameter, β, that present a similar average value (-16) in both studies.  
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 In order to obtain further insight about the aggregation behavior in catanionic 

mixtures, various systems are compared in table 10 considering differences in chain 

length, for both anionic and cationic surfactants. 

Table 10 – Aggregation behavior for different catanionic mixtures. M = micelles, sM = spherical micelles, eM = 
ellipsoidal micelles, R = rod-like micelles, V = vesicles, L = lamellar phase, L.C. = liquid crystalline phase, P = 

precipitate, C.L. = clear liquid, MPh = multi-phase region, I = isotropic phase, 2Ph = two phase region. +/- indicates 
cationic-rich or anionic-rich respectively. x+ indicates molar fraction of cationic surfactant. 

 

 

As can be observed in the comparative table, there are differences in the 

aggregation behavior sequence when different surfactants of opposite charge are mixed 

in a water-rich environment. The comparison between different studies is not always 

easy and robust due to the different levels of detail of the studies available, which can 

give rise to ambiguous or insufficient information for comparisons. Nonetheless, there 

seem to be obvious differences in phase behavior between some systems that allow for 

some general conclusions. 

The similarities between our system and CTAB/SOS [60, 61] are obvious. The latter 

mixture, which only differs in the anionic head group, presents considerable resemblance 

in aggregation behavior sequence to the one studied here. There are however some 

differences like the presence of a lamellar phase near the equimolar region, that is not 

present in CTAB/SOSo system, the presence of rod-like micelles in the cationic-rich 

region that appear as ellipsoidal micelles in our system, and the presence of anionic 

spherical micelles that were not observed in our study. Both the study conducted by 

Brasher and coworkers and the one conducted by Karukstis and coworkers are in good 

agreement. 
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As the chain length asymmetry become smaller, more pronounced differences 

are found for the aggregation behavior in comparison with CTAB/SOSo. CTAB/SDSo [62, 

63] or CTAB/SDS [64] present a more symmetrical behavior for the cationic and anionic-

rich sides with presence of liquid crystalline phases that are not observed in 

CTAB/SOSo. In these systems a significant part of the diagram is dominated by 

precipitate around the equimolar region. It is noteworthy that the spontaneous formation 

of vesicles was not observed for these systems. The studies conducted by Nan and 

coworkers and You and coworkers present very similar results with latter one 

complementing the aggregation behavior on the cationic rich side with a two-phase and 

a liquid crystalline phase region. 

In the symmetric system DTAB/SDS [18, 65], the differences become even more 

pronounced since precipitation occurs mainly in the cationic rich region whereas in the 

other systems it is mostly observed in the anionic-rich one. In this system, no liquid 

crystals are formed and a precipitate dominates the phase diagram. The study of 

Herrington and coworkers presents good agreement with the one conducted by Chen 

and coworkers but with a much higher level of detail. 

The study of the asymmetric system OTAB/SDS [65] shows the presence of a 

liquid crystalline phase that is not present in the CTAB/SOSo system. Although detailed 

information is scarce for this mixture, the study reveals clear differences in phase 

behavior when compared with our system. 

Variation in the asymmetry of the hydrophobic chain length between the two 

surfactants is a key parameter for the aggregation behavior of catanionic systems. In a 

general way, as the symmetry increases also does the precipitation area in the phase 

diagram. Differences in the asymmetry of the chain length dictates the formation of 

different types of self-assembled structures and different transitions between 

aggregates. It appears that the difference between sulfate and sulfonate in the head 

group cause small differences in the aggregation behavior, although these differences 

can also result from other factors.  
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3.2 Foams 
 

To study the ageing process of the different foams produced with the different 

xCTAB solutions, experiments concerning the foam stability were conducted.  

It is possible to have an idea about foamability observing how the samples 

produce foam by vigorous shaking. Both foaming and foam stability are different between 

the cationic and anionic-rich sides. In the anionic-rich side, it is not possible to produce 

foam whereas in the cationic rich side it is very easy except for xCTAB = 0.670 where low 

foamability is found, probably due to the viscosity of the solution. Sample 0.500 foams 

well despite being at midpoint between the anionic and cationic-rich sides. It can also be 

observed that the rate at which the liquid drains to the bottom of the container is different 

for the different samples. 

 

3.2.1 Foam ageing 
 

 Drainage velocity is measured for different foams, generated with pure air as the 

dispersed phase, at 20%  , as a function of xCTAB. The plot in Figure 48 was constructed 

to evaluate the behavior of foam drainage for the different samples. 
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Figure 48 - Drainage velocity of foams, at 20% liquid fraction generated with simple air, as a function of the xCTAB.  

xCTAB = 0.480, 0.490 and 0.500 have similar drainage velocities comprised 

between 17.3 and 18.4 mm3·s-1. As the xCTAB increases, the drainage velocity decreases 

sharply reaching a minimum of 1.88 mm3·s-1 at 0.550. From 0.550 to 0.800 the drainage 
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velocity increases reaching the highest value of 21.3 mm3·s-1. The minimum in drainage 

velocity appears in a region of transition between rod-like micelles and vesicles. 

Drainage velocity of foams generated with air containing traces of C6F14, at 20% 

 , was measured for different xCTAB (Figure 49). 
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Figure 49 - Drainage velocity of different xCTAB at 20% liquid fraction generated with air containing traces of C6F14 

  

Drainage velocity is 0.35 mm3·min-1 for sample 0.500, it decreases to a minimum of 0.013 

mm3·min-1 for sample 0.600 and then increases until sample 1.000 where the drainage 

velocity is 0.41 mm3·min-1. 

As it was mentioned in section 1.3.5, the bulk viscosity is directly proportional with 

the characteristic time of foam drainage, which means the drainage velocity is inversely 

proportional to viscosity. Hence, the product of drainage velocity by viscosity should give 

rise to a constant value if the other parameters remain constant.  

In Figure 50 we present a plot of the product between drainage velocity and 

viscosity as a function of the xCTAB. The used viscosity value was taken from the viscosity 

results at a shear rate consistent with the shear provoked by the flow of the solution in a 

small capillary with typical size of a plateau border (≈ 20 µm) at the same velocity as the 

foam drainage velocity. 
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Figure 50 - Product between drainage velocity and viscosity as a function of xCTAB for 20% liquid fraction foams 
generated with simple air. 

 

The results show an obvious peak for sample 0.600 at 191 mPa·m3 more than 

four times higher than for the other samples. This indicates that considering the viscosity, 

sample 0.600 is draining faster than expected. For the other samples this product lies 

between 13 and 45 mPa·m3, with slight differences. This product increases from 0.480 

to 0.490 that is approximately the same as 0.500. It decreases until 0.530 reaching the 

minimum and increases again until 0.600 where there is the absolute maximum. Then it 

decreases to 0.650 and from 0.650 to 0.800 it is almost constant. 

 The same principle was applied for foams with air containing traces of C6F14 as 

dispersed phase. The results are presented in Figure 51. 
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Figure 51 - Product between drainage velocity and viscosity as a function of xCTAB for 20% liquid fraction foams 
generated with air containing trace amounts of C6F14. 
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For this case, the values are higher for sample 0.500 (0.72 mPa·mm3) and 

decrease until sample 0.800 (0.55 mPa·mm3) to then increase again for 1.000 xCTAB (0.65 

mPa.mm3). Nonetheless the values are all of the same order of magnitude.  

As an example of the macroscopic behavior of a draining foam, in Figure 52 is 

represented a foam generated from a solution of xCTAB = 0.600, at 20% liquid fraction with 

simple air as dispersed phase at initial stage and the same sample 20 and 40 minutes 

after.  

 

Figure 52 - Photography of foam at 20% liquid fraction (simple air) from sample 0.600 xCTAB in 20 minutes intervals, 
representing foam ageing. 

After the first 20 minutes the foam is obviously more transparent, the size of the 

bubbles have increased and there is liquid in the bottom of the vial derived from the 

drainage of the foam. 20 minutes after that, the same evolution is observed.  

Another experiment was carried out with the same solution at the same liquid 

fraction but the dispersed phase is air with traces of C6F14 (Figure 53).  

 

Figure 53 - Photography of foam at 20% liquid fraction (air with trace amounts of C6F14) from sample 0.600 xCTAB, one 
hour and 1 week after foam generation, representing foam ageing. 

 

The same evolution processes are observed in the foam such as bubble growth, 

drainage and increased transparency, but at a much larger time scale. The ageing is 
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faster for simple air foams. This explains why the drainage velocities are so different 

between the foams from pure air and those with traces of C6F14. As the coarsening is 

almost arrested with the C6F14 the Plateau borders remain small and the drainage is 

much slower. It is possible that the very fast drainage is only observed in foams made 

with air as the drainage velocity needs to be sufficiently high to observe it. 

To evaluate foam stability one can acquire information about the bubble radius 

evolution and have an idea about the rate at which coarsening is happening. Foams 

generated with different xCTAB at 20% liquid fraction with traces of C6F14 in the gas phase 

were analyzed (Figure 54). The bubble size is the average value of the measurements. 
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Figure 54 - Bubble radius as a function of the xCTAB at 20 % liquid fraction with air containing trace amounts of C6F14 at 
the time of formation (black) and one week later (red). The y axis is represented in logarithmic scale for convenience. 

  

Initial bubble size is different for the different foams in study. The average initial 

bubble size values are comprised between 16 µm and 30 µm decreasing from 20 µm at 

0.500 to 17 µm at 0.600. Then it increases again to 29 µm at 0.800 to decrease again to 

22 µm for pure CTAB. After one week the bubble radius is lowest for 0.500 with 325 µm 

it increases until 650 µm for sample 0.800 and decreases again for pure CTAB with 550 

µm. The initial bubble size is lowest for sample 0.600 but after 1 week is sample 0.500 

with the lowest bubble radius. This indicates that coarsening process is slower for sample 

0.500. 
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3.2.4 SANS in foams 

 

The use of neutron scattering in foams is useful to understand foam structure and 

probe the aggregation behavior of surfactants inside the foam. In SANS interfaces are 

very important as a contribution for the scattering. A foam is characterized by its 

considerable amount of interface which give rise to a strong signal that decays with the 

q-4. Foams were generated at 0.10, 0.15, 0.20 and 0.25 liquid fractions, for xCTAB of 0.500, 

0.600 and 0.800 at 20 mmol·kg-1. The analyzed samples were prepared in D2O and C6F14 

as dispersed phase. 
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Figure 55 - Scattering intensity as a function of the wave vector for 0.500 xCTAB solutions at 20 mmol·kg-1 in D2O, at  10, 

15, 20 and 25%  liquid fractions with air containing traces of C6F14 as dispersed phase. The blue line represents the q-4 
decay for low q in sample 0.500 25%. 

 

Figure 55 presents the scattering intensity as a function of q for sample 0.500 at 

different liquid fractions. The scattering intensity in the low q region present strong signal 

with a decay that follow a q-4 tendency, characteristic of the presence of interfaces. It is 

observed that at low q, the intensity increases as the liquid fraction increases. Middle q 

show a systematic increase with the increase in liquid fraction of the foam and high q is 

roughly the same for all the samples. At 10%  , some oscillations are observed for q 

around 0.025 that could indicate the presence of a characteristic length.  



81 
 

0.01 0.1

1E-4

1E-3

0.01

0.1

1

10

100

1000

q / Å-1 

 0.600 10%

 0.600 15%

 0.600 20%

 0.600 25%

I 
/ 

c
m

-1

 

Figure 56 - Scattering intensity as a function of the wave vector for 0.600 xCTAB solutions at 20 mmol·kg-1 in D2O, at  10, 

15, 20 and 25%  liquid fractions with air containing traces of C6F14 as dispersed phase. 

Foams with different liquid fractions of 0.600 xCTAB show the typical strong signal 

with q-4 dependence for foams (Figure 56). At low q the intensity increases with increase 

liquid fraction from sample 0.600 15% to 0.600 25% and sample 0.600 10% appears to 

increase in intensity compared with 0.600 15%. Middle q follows the same tendency as 

low q with small oscillations for q around 0.030. High q values are the same for the 

different samples. 
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Figure 57 - Scattering intensity as a function of the wave vector for 0.500 xCTAB solutions at 20 mmol·kg-1 in D2O, at 15 

and 20%  liquid fractions with air containing traces of C6F14 as dispersed phase. 

The analysis of 0.800 xCTAB foams with 15% and 20% liquid fractions show high 

intensity at low q with a decay following q-4. In this sample the intensity at low q is higher 

for sample 0.800 15%. At q around 0.025 the intensity of the samples is approximately 
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the same and for middle q, intensity of sample 0.800 20% gets stronger. At high q the 

scattering intensity is very similar, slightly more intense for 20%. 
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Figure 58 - Scattering intensity as a function of the wave vector for 0.500, 0.600 and 0.800 xCTAB solutions at 20 

mmol·kg-1 in D2O, at 15%  liquid fraction with air containing traces of C6F14 as dispersed phase. 

The comparison of the different xCTAB analyzed at the same liquid fraction is 

presented in Figure 58. The foam scattering intensity for low q is very similar for the 

different xCTAB, slightly smaller for 0.800. At middle q a notorious difference is observed 

between samples. At high q sample 0.500 15% has slightly lower intensity than the other 

samples. 
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Figure 59 - Scattering intensity as a function of the wave vector for 0.500, 0.600 and 0.800 xCTAB solutions at 20 

mmol·kg-1 in D2O, at 20%  liquid fraction with air containing traces of C6F14 as dispersed phase. 

 The analysis of Figure 59 permit the observation of a big difference at low q for 

foam 0.800 20%. At q around 0.03 the relative intensity between the curves changes and 
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at middle q, sample 0.800 20% and 0.600 20% are higher than 0.500 20% and 

approximately the same. For high q no difference is found between the different samples. 

 

3.2.5 Discussion – Foam behavior 

 

The results indicate that foam ageing is dependent on xCTAB.  The drainage 

velocity of foams generated with simple air as dispersed phase decreases with xCTAB 

from 21.3 mm3·s-1 at 1.000 to 0.550 reaching a minimum of 1.88 mm3·s-1 to increase 

again until 17.3 mm3·s-1 for sample 0.480. The product between the drainage velocity 

and viscosity of the solution are in line with the expect dependence except for sample 

0.600 that is draining faster than expected considering its viscosity. 

In foams where air with trace amounts of C6F14 is used, the drainage velocity 

presents a similar trend as for the foams generated with simple air where the drainage 

velocity decreases with xCTAB from 0.41 mm3·min-1 for sample 1.000 to 0.013 mm3·min-1 

for sample 0.600. Then it increases again until 0.35 mm3·min-1 for sample 0.500. For this 

foams no considerable deviation was found for the values of the product between 

drainage velocity and viscosity. 

Bubble size of foams for different xCTAB generated with air containing C6F14 is 

different for the different samples both in the initial stage and after one week. Bubble 

radius is lowest (17 µm) for 0.600 in the initial stage but one week after it is the 0.500 

with the lowest bubble radius (325 µm) suggesting that the gas exchange is different for 

the different compositions. The ratio of the final bubble size to the initial bubble size is 

around 24 for the three samples at 0,600 (26), 0,800 (22) and 1,000 (25). This ratio is 

much smaller (16) for the sample at 0.500. This indicates that coarsening process is 

slower for sample 0,500, as the drainage is not slower it suggests that the coarsening is 

slow because of interfacial properties. 

For all the foam scattering plots, there is a strong signal for low q with a decay 

approximately of q-4. This big contribution in the spectra derives from the interfaces that 

are present in great quantity in foams. It is expected that in foams with higher liquid 

fraction, the contribution from the interfaces to be lower since the relative amount of air 

dispersed in the solution is smaller. In this results we observe for 0.500 with different 

liquid fractions that both at low q scattering is more intense for samples with higher liquid 

fraction. Also for 0.600 the intensity of the plots increases with increase liquid fraction 



84 
 

except for sample 0.600 10% where the intensity is higher than for sample 0.600 15%. 

On sample 0.800 the scattering intensity at low q is higher for sample 0.800 15% than 

0.800 20% but at middle q the intensity is stronger for the last one. The different molar 

ratios in study present different scattering patterns, especially at middle q, consistent 

with the aggregates present in the bulk samples, indicating that different types of objects 

are present inside the foams. 

The unexpected high scattering intensity for low q in samples mentioned above 

can be explained by the high amount of scattering objects within the Plateau borders. 

Since the double syringe method produce samples with characteristic bubble radius, we 

can assume that amount of scattering objects increase with the amount of solution inside 

the foam. For sample 0.600 10% this tendency is not observed probably because, due 

to the high viscosity of the sample that could have led to bad foaming, hence changing 

the liquid fraction and bubble distribution. Sample 0.800 present the expected behavior 

where the low q signal is higher for the lowest liquid fraction (interfaces dominate) and 

the middle q signal is higher for higher liquid fraction where aggregates dominate. 

The acquired data indicates that the presence of C6F14 in the dispersed phase 

has great impact on foam ageing. The drainage velocity for foams with the flour carbon 

compound is about a hundred times lower than the foams with simple air. This suggests 

that slower coalescence is linked with slower drainage velocity. For both foams with 

different dispersed gases it is clear that the xCTAB has influence in foam stability. It is 

observed that as the rod-like micelles grow the drainage velocity of the samples 

decrease but as soon as they disappear drainage velocity tend for the same value both 

when vesicles or ellipsoid micelles are present in solution. The interaction between rods 

give rise to high viscosity that slows down the liquid flow through the foam channels. A 

change in the aggregation tuned by the xCTAB can be used to control the foam ageing 

process. 

 

Comparison with previous results 

 

Few studies were conducted regarding the foamability and foam stability of foams 

derived from catanionic mixtures. Stocco and coworkers [36] performed a study with a 

catanionic mixture of CTAB and myristic acid (C13COOH) evaluating surface properties 

and foam behavior. In this study, the authors observed that catanionic mixtures present 

a lowering in surface tension compared to the individual surfactants and that the surface 
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tension is approximately the same for samples close to equimolarity. They also showed 

that the surfactants mixture ratio influence foam stability, as observed also in our work. 

Another study, by Varade and coworkers [35], with the same system but in a particular 

ratio of 2 C13COOH : 1 CTAB, considered the generation of a low foamability ultra-stable 

foam, whose stability is dependent on the very high amount of vesicles in the solutions 

that constrain the drainage of the samples. Although vesicles are present in our system, 

there was no evidence of this behavior and the samples presented high foamability. 

 In a different study, by Fauser and coworkers [37], a mixture of DTAB and SDS 

was probed regarding foam film formation and stabilization. In this study, the author also 

found a dependence of the film stability and formation with the mixture ratio. This system 

differs significantly from CTAB/SOSo, since the hydrophobic chains are symmetric with 

twelve carbons each and only the anionic-rich region gives rise to stable foam films. In 

contrast, in our system, foams are only observed in the cationic-rich region. Nonetheless 

all these studies point out that the electrostatic interaction between the oppositely 

charged surfactants is responsible for an increase in foam stability compared with the 

single surfactants. 
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4 Conclusions and perspectives 
 

The phase behavior of the catanionic mixture cetyl trimethylammonium bromide 

(CTAB) / sodium octyl sulfonate (SOSo), as a function of xCTAB has been determined with 

focus on how different compositions affect the bulk self-assembly and the ageing process 

of foams generated from the different solutions. 

Interfacial studies of the different mixtures were carried out by tensiometry where 

it was found that both cmc and surface tension of the mixtures at cmc are lower than for 

the individual surfactants. Along with an average β parameter of -16 for the mixture, 

these results indicate a strong synergism between the two oppositely charged 

surfactants (negative deviation from the ideal behavior). 

In the course of this work it was found that xCTAB has significant influence on the 

different parameters studied mainly in bulk self-assembly, solution viscosity and foam 

stability. 

 Resorting to light microscopy, DLS, cryo-TEM and SANS, it was found that bulk 

aggregation behavior comprises the presence of: ellipsoidal micelles, from xCTAB = 0.900 

to 0.800; rod-like micelles, that increase in size as the xCTAB decreases from 0.750 to 

0.590; and vesicles, with high degree of radius polydispersity, of different bilayer 

thickness, which can be positively charged in the equimolar region, or negatively charged 

from 0.200 to 0.100. The types of aggregates formed can be rationalized based on the 

CPP model and molecular interaction between surfactants.  

In the cationic-rich side, the variation of the solution viscosity is related with the 

presence of rod-like micelles with different lengths. Longer rods give rise to solutions 

with higher viscosity. For samples where spherical micelles or vesicles are present no 

significant difference between the viscosities is observed. 

Rod-like micelles also play an important role in the drainage velocity of foams, 

and it is observed that the longer these structures are, the lower the drainage velocity is. 

Bubble size variation showed that there is an influence in coarsening depending on xCTAB. 

The gas exchange between bubbles is approximately the same for xCTAB between 1.000 

and 0.600, but is lower for 0.500. For the anionic-rich side, it is not possible to generate 

foam. The presence of C6F14 has great influence on coarsening and foam drainage 

velocity, increasing substantially foam stability. SANS studies inside the foam structure 

have shown the presence of the same types of aggregates than the ones found in the 

bulk. 

 Overall, we have demonstrated that in catanionic mixtures a considerable amount 

of properties can be tuned by the simple variation of xCTAB. There are, however, several 
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topics that could be further explored, such as the influence of concentration and 

temperature in the bulk behavior, and the foam stability with different liquid fractions. 

Moreover, new studies could be done with this type of mixtures, such as systems with 

different mismatch between the surfactant tails, which could bring better understanding 

on the relation between aggregation and foaming properties.  
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