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Abstract 

 

The interfacial adsorption of surfactants is a dominant factor in numerous 

applications and industrial systems. The applications arise from their influence on the 

interfacial properties of air/liquid or liquid/liquid interfaces. The outcomes of various 

processes essentially depend on interfacial properties, which are in turn determined 

by surfactants characteristics. These characteristics include dynamic and equilibrium 

interfacial tension. In spite of the numerous studies, the surfactant adsorption at 

water/oil interface has not been fully described.   

In the literature, the majority of thermodynamic models that employed at oil/water 

interface were derived from equilibrium tension. The modelling work is this study is 

fundamentally different. The new model used simple equations to relate interfacial to 

the bulk concentration. Consequently, the dynamic modelling was applied to obtain 

adsorption parameters. The dynamic model was fitted simultaneously at two different 

concentrations. Good fittings were achieved and then applied to predict dynamic 

tension at other concentrations. 

In this study, experimental set up of pendant drop method was employed to 

experimentally determine the dynamic and equilibrium interfacial tensions. Thus, the 

adsorption behavior of alkyl trimethyl ammonium bromide was investigated on two 

alkanes (hexane and decane). Furthermore, the modelling framework is extended to a 

Gemini surfactant. The Gemini surfactants have particular interest due to advantaged 

surface activities over the common cationic surfactants. In this regard, the dynamics 

of symmetric Gemini surfactant (C14-C3-C14) was studied on decane/water interface.  

In the first part of the study, comprehensive attention was devoted to the interaction 

between oil and surfactants molecules at oil/water interface. In the literature, many 

studies focused on surfactants adsorption itself only, which can be conducted by the 

reduction in equilibrium interfacial tension. Such studies often disregard the 

interactions between surfactants and oil molecules. In other words, these theories 

assumed the presence of oil molecules does not have any influence on surfactant 

adsorption. This study attempts to cover the deficiency in the field by modelling the 

dynamic processes of a common surfactant, CTAB at both hexane and decane 
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interfaces with water. The results indicated strong interactions between alkane 

molecules and hydrocarbon tails of surfactant at oil/water interface. From the 

obtained parameters, new physical insights on alkane and surfactants adsorption 

addition were proposed. The results open new method to correctly predict the 

interaction between oil and surfactant molecules as well as the effects of the 

interactions.    

In the second part, the dynamic adsorption of a Gemini surfactant, C14C3C14 was 

studied. The results indicated the Gemini surfactant has very long adsorption at 

oil/water interface. The comprehensive modelling indicated a complicated behavior 

of Gemini surfactant at decane/water interface. Most significantly, the results 

demonstrated a variable and concentration-dependent interaction between the 

adsorbed molecules.    
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1 Introduction 

1.1 General overview 

The phenomenon of interfacial adsorption between two immiscible fluids is a 

significant process from both theoretical and application perspectives. Interfacial 

tension is the force that works between two immiscible liquids and has a parallel 

force acting on a unit surface area [1]. Commonly, interfacial tension is expressed in 

mN/m or mJ/m2, but may vary with the application-specified definition [2]. The 

characteristics of interfacial tension are related to surface-active agents: ‘Surfactants'. 

This is due to their specific properties of self-assembly (adsorption) to different 

interfaces, characterized by significant deformation depending on their distinctive 

structure. This property is essentially based on thermodynamic adsorption and 

represents a significant role in several practical applications and products like 

emulsification, wetting, coating, foaming, inhibitor corrosion, and biological 

industrial purposes [3, 4].  

1.2 Introduction to surfactants 

Surfactants are defined as chemical compounds which are amphiphilic due to their 

structure, and consist of a hydrophobic group (surfactant tail) with a slight attraction 

to water, and a hydrophilic group (surfactant head) with a strong attraction to water 

as shown in Figure (1-1). Their essential features when changing are responsible for 

their characteristics at the surface and interface. According to mentioned structure 

the surfactants basically classified due to the charge of polar head groups. Under this 

concept the surfactants divided into two main types: non-ionic and ionic surfactants. 

The non-ionic surfactants with no charge in their head group consider water 

solubility and that returns to their high polarity such polyol groups. The ionic 

surfactants with charges in their head groups include the following types:  

anionic surfactants with negative charge such carboxylate, sulfate and phosphate. 

Cationic surfactants which studied in this thesis have positive charges, and common 

example is quaternary ammonium.  
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Zwitterionic surfactants which consider crucial factor to biology, consist of negative 

and positive charge in the head group such as sulfobetaine. Gemini surfactants have 

two head group and two tails with spacer in between typed into cationic (which 

studied in this thesis) and ionic depending on head charge.  

The reasons behind surfactants deployment return to their exceptional capacity to 

influence the characters of surface and interface. In addition, surfactants function 

based on the nature and functional groups position. Hence trivial modifications in 

molecular structure produce a new module of surfactants require a comprehensive 

understand to their molecular behavior. This property is employed as a quality 

criterion in a wide range of industrial fields and has remarkable functional 

significance. Application of surfactants range from; food processing, cosmetics, 

paint, pharmaceuticals, agrochemicals, petroleum (Table 1), fuel additives, 

lubricants, and in photographic films [5].  

1.2.1 Basics of surfactant adsorption 

Surfactants act at the interface and can be shown by the formation of an aqueous 

solution of surfactants by dissolving in water. The assembly of surfactant molecules 

modifies water instruction and increases free energy in the system. 

Therefore, the contact between the water molecules and the hydrophobic group will 

be reduced. The hydrophobic group works by rearranging water structure by 

breaking and permeating hydrogen bonds simultaneously. According to this 

phenomena, the hydrophobic groups are oriented to reduce water contact and pushed 

to the interface with oil, and thereby a reduction in surface tension will occur Figure 

(1-2). 

 

Head 
Hydrophilic Part

Tail
Hydrophobic Part

 

Figure  1-1: Typical structure of Surfactant 

 



3 | P a g e  
 
 

In other words, the surfactants’ adsorption process is set up in two steps: surfactant 

molecules transfer from the bulk solution to sub-surface, (the boundary between 

where diffusion takes place and where adsorption occurs). In the second step, 

surfactant molecules move to the air interface with the hydrophobic chain pointed 

out of the water, and hydrophilic head in the water [3, 6]. Therefore, the surfactants 

reassemble itself at the surface and work on modifying surface characteristics which 

establish a background for several implementations.   

The subsurface concentration is reduced as surfactant molecules adsorb at the 

interface. As a result, the whole process is dominated by diffusion compared to the 

amount of adsorbed molecules at the interface layer. The applicable time is the most 

important part [7] in verifying the diffusion process of surfactant molecules to the 

interface called dynamic adsorption and extends until equilibrium is established. In 

other words, the surfactants adsorption continuous (as dynamic) till reach CMC 

where molecules commence a new state by aggregate and form micellization. After 

this point the interfacial tension stay constant (no adsorption impact) and does not 

respond for any increase in the concentration. In case of water is bulk phase the 

hydrophobic tails intertwined together to reduce water contact whilst the hydrophilic 

heads stay in contact with water. The formation of surfactants micelles come in 

different types such bilayers, spherical and cylindrical.   

In general, dynamic adsorption is conducted concerning molecule diffusion to the 

interface [8, 9], and adsorption kinetics are applied when the effective diffusion is 

too low [10]. On the other hand, the situation become more complicated when air 

molecules are replaced by oil molecules due to the enriching forces involved in the 

adsorption layer as shown in Figure (1-3) [11]. 

However, the surfactant adsorption layer at oil/water interface is important in many 

practical fields. This area was not highlighted due to the uncertain role of the oil 

phase. In contrast, a remarkable development has been achieved in the study of 

adsorption at the air/water interface to determine the kinetics and rheological 

characteristics from the theoretical and experimental viewpoint. 
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1.2.2     Measurement techniques   

Several difficulties encountered throughout working on the oil/water interface 

represented in sensitivity of measuring methods to such systems [12], which makes 

the analysis of the experimental data difficult. Although, most models employed at 

the air/water interface are directly applied with no specific considerations on the 

oil/water interface. Limitations in experimental time have some impacts on the 

experimental process. Potential evaporation of oil, and also purification of all 

elements participate in the adsorption process.  

For instance, surfactant molecules may contain surface contaminations that affect 

empirical results. This is encountered in the study when cationic surfactants are used 

as received and take time before commencing purification of surfactants by adopting 

a crystallization procedure for all used surfactants'. 

 

 

Figure  1-2: Surfactant adsorption process from bulk solution to oil/water interface. 

 

Also, there is a high possibility for surface active molecules to diffuse into oil phase. 

That requires a purification procedure such as alumina column or silica gel column, 

the later procedure was applied on different oil phases. Furthermore, the solubility of 

surfactants in one or two phases complicates the applied conditions and has 

remarkable effects on experimental outcomes together with the involved partition 

coefficients [13-15].  

There are many methods in the literature that are concerned with measuring 

interfacial tension between liquids. Each method has its specific considerations that 
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govern method selection. These characteristics depend on the nature of the measured 

liquids and the extent of stability. Characteristics also include, experimental 

circumstances, accuracy, the credibility of applied instruments and the cost [16].  

 

Table  1-1: Some examples of surfactant applications in the petroleum industry [5]. 

Interface Applications 
Gas/liquid systems 
 
 
 
 
 
 
 
 
 
Liquid/liquid systems 
 
 
 
 
 
 
 
 
 
 
Liquid/solid systems 
 
 
 

Producing oil well and well-head foams 
Oil flotation process froth 
Distillation and fractionation tower foams 
Fuel oil and jet fuel tank (truck) foams 
Foam drilling fluid 
Foam fracturing fluid 
Foam acidizing fluid 
Blocking and diverting foams 
Gas-mobility control foams 
 
Emulsion drilling fluids 
Enhanced oil recovery in situ emulsions 
Oil sand flotation process slurry 
Oil sand flotation process froths 
Well-head emulsions 
Heavy oil pipeline emulsion 
Fuel oil emulsions 
Asphalt emulsion 
Oil spill emulsions 
Tanker bilge emulsions 
 
Reservoir wettability modifiers 
Reservoir fines stabilizers 
Tank/vessel sludge dispersants 
Drilling mud dispersants 

 

The measurement methods include capillary pressure technique, drop profile 

tensiometer, Du Nouy ring method, Wilhelmy plate method, spinning drop method, 

pendant drop method, and sessile drop method. It should be mentioned that some 

methods can only measure equilibrium interfacial tension such as Wilhelmy plate 

method. On the other hand, some methods, such as the pendant drop method, can be 

used for both equilibrium and dynamic interfacial tension [17]. 
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The importance of studying the behavior of dynamic interfacial tension is that it 

offers a deeper understanding of the nature of interactions between different 

molecules at the adsorption layer. Furthermore, dynamic studies can construct a 

wider knowledge about molecular arrangements or any effect regarding the 

aggregation and changes in conformation.  

Hence, it can help to understand the basis for chemical reactions and formation 

kinetics, in addition to the profound illustrations of micellar structure [18]. 

1.3 Objectives and motivation of the thesis 

This thesis aims to study the dynamic and equilibrium adsorption of cationic 

surfactants: cetyl trimethyl ammonium bromide (CTAB) and Gemini surfactant (C14-

C3-C14) at the alkane/water interface. It aims to develop appropriate models that can 

be applied to measure dynamic and equilibrium adsorption of surfactants at the 

oil/water interface. By studying dynamic adsorption, different parameters can be 

determined such as: adsorption parameters, the nature of interactions between 

surfactant-surfactant molecules and any roles of oil molecules. It is noteworthy that 

the work is restricted to below-CMC concentration to highlight the impact of 

dynamic adsorption [19].   

 

 

 

Figure  1-3: Interaction of amphiphiles at oil/water interface; 1- hydrophobic oil/oil, 

2- tail/tail, 3- oil/tail, 4- water/oil, 5- head/head, 6- hydrophilic water/water, 7- 

head/water, 8- head/oil [11]. 
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1.4 Thesis Structure 

Chapter 1: Introduce the fundamentals of interfacial tension and its applications in 

different fields. Provide background about surfactants, fundamental to its adsorption 

on different surfaces, different methods of measurements and the importance of these 

measurements in practical life with relation to the significance of this study. 

Chapter 2: Presents the theoretical models that are applied on oil/water interface, 

highlighting the dynamic and equilibrium adsorption behavior. The research gap in 

this study is to present the relations between different elements that contribute to the 

reduction in interfacial tension.  

Chapter 3: Describe the materials, apparatus, and the instruments that are used to 

measure the dynamic and equilibrium tensions. The oil and surfactants are purified 

by the application of silica gel column and recrystallization. Preparation of solutions 

and apparatus to conduct measurements is also described. These include the 

experimental data analyzed using axisymmetric drop shape analysis and modelling 

experimental data by the Excel solver procedure.  

Chapter 4: The adsorption behavior of conventional cationic surfactant (CTAB) at 

different oil surfaces and fitting data determine regarding novel model. This is a 

comparative study based on a new vision and systematic understanding of the nature 

of the adsorption process at the oil/water interface. 

Chapter 5: Presentation of the Gemini surfactant C14-C3-C14. Synthesis and 

measurement of the diffusion coefficient by application of the NMR technique are 

presented. The chapter also discusses the dynamic adsorption of the Gemini 

surfactant C14-C3-C14 at the oil/water interface. A new mathematical approach that is 

successful in predicting the dynamic and equilibrium adsorption is described. The 

fitting exhibits unusual phenomena and follows two different models (high and low 

concentrations). Explanations are offered regarding adsorption results. 

Chapter 6: An overview of the major conclusions of this work is presented along 

with some suggestions for further work. 
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2 Literature Review 

2.1 Adsorption behaviour of surfactants at oil/water interface 

There are many types of surfactants with a variety of chemical structures and 

physical properties. These surfactants participate in unique physiochemical virtues at 

the interface due to the adsorption behaviour characteristics, and self-assembling in 

bulk solutions. Therefore, understanding adsorption and thermodynamics models is a 

crucial challenge. The basics of surfactants’ adsorption at oil/water interface are as 

discussed earlier in the case of the air/water interface.  

In general, hydrocarbons surface tension is in order of 20-30mN/m, and this 

attributes to weak molecular interactions in polar solvents [20]. However, the 

surfactants’ presence in the oil/water systems can reduce the interracial tension due 

to the surfactants transferring and occupying the interface until reaching maximum 

coverage stage (equilibrium). Also, the influence of adsorption and desorption time 

affects the interface by expanding or compressing [21].  

In regards to the potential solubility of surfactants 'totally or partially' in both liquids 

[12, 13], surfactant molecules are defined as amphiphilic, i.e., a part works as 

hydrophilic and the other as hydrophobic. In such cases, at oil/water adsorption, high 

activity at the surface occurs as a result of the molecules’ affinity for oil and water 

phases [22, 23]. This contributes to the concentration of surfactant molecules at the 

surface and, therefore, causes the reduction of interfacial tension between oil and 

water.  

For surfactants with complex structure, the diffusion theory is not the only 

mechanism of adsorption for many conditions. The adsorption in such cases returns 

to the new orientation of adsorbed molecules, changes in the adsorption layer 

architecture, and re-change in interfacial structure  [24].  

The influence of surfactant concentrations on minimizing interfacial tension at oil 

interface is illustrated in the model situation in Fig. 2-1. In the case of very small 

concentrations (Fig. 2-1a), the curve is almost straight because the surfactants have 

no effect on interfacial tension. Thus, it returns to molecules adsorbed away from 



9 | P a g e  
 
 

each other. Increasing the concentration (Figure 2-1b), leads to the packing of the 

adsorbed molecules at the interface with significant reduction.  

The final stage (Figure 2-1c), is where any increase in concentration is directed to 

form micelles that take many shapes rather than reducing interfacial tension. This 

concentration defined as a critical micelles concentration (CMC) [25]. 

 

 

Figure  2-1: Surfactant interfacial concentration as a function of bulk concentration of 
surfactants on logarithm scale [25]. 

 

The CMC is indicated as the clincher point in the plot of surface tension and 

concentration as the interfacial tension ingredient becomes stable. Micelles formation 

is considered as another approach mechanism to the adsorption process, where the 

hydrophobicity of surfactant tails affects the nature of the micelles’ orientation. 

To reduce contact with water, surfactant tails prefer to agglomerate to each other in 

bulk solution. This situation contributes to the production of micelles, and in turn 

arranges itself as oily cores to minimize contact with water molecules [26]. In 

contrast, surfactant heads (hydrophilic group) remains in direct contact with water 
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molecules [27]. The emulsions of the surfactant at the oil/water interface take two 

categories. Firstly, oil in water (O/W) which refers to oil droplet dispersion in water 

as a continuous phase. Secondly, water in oil (W/O) where the droplet of water 

(includes surfactant layer) that is dispersed in oil as continuous phase [20]. 

2.2   Equilibrium interfacial tension           

There are a number of methods applied to measure the equilibrium adsorption 

between two immiscible liquids depending on concepts of single drops or bubbles 

[11]. Examples of these methods are sessile and pendant drop methods, spinning 

drop technique and static drop volume method [3, 28, 29]. The experimental data 

results from these static techniques are compared with theoretical methods to obtain 

adsorption parameters.  

The following section articulates some of the theoretical frameworks that have been 

used to underpin the analysis of results of this thesis. 

2.2.1 Thermodynamic adsorption models 

Gibbs adsorption equation is a popular model to calculate the changes in adsorption 

value of surfactant molecules at the interface and given concentration. This amount 

of adsorbed molecules is known as adsorption density or the interfacial excess 

concentration Г [4]. Interfacial tension measurements can be applied to calculate the 

number of adsorbed surfactant molecules using the following formula: 

i
i

idd µγ ∑Γ−=                                (2-1) 

Hence: 

dγ  change in interfacial tension 

Гi surface excess concentration of component i 

μi chemical potential changes of  component i 

When equilibrium occurs between bulk solution and interfacial phase, 

ii aRTdd ln=µ                     (2-2) 
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Where ai is activity of component i in the bulk, R is the ideal gas constant and T is the 

absolute temperature.   

For dilute solutions of molar concentration C, the equation can be given in the 

following form: 

 

CdnRTd
i

i ln∑Γ−=γ                 (2-3) 

At isotherm: 







=Γ

Cd
d

nRT ln
1 γ                        (2-4) 

n is a constant, which refers to the species number between the bulk surfactant and 

adsorbed surfactant at the interface. 

• n=1 for the non-ionic surfactant, or ionic surfactant in excess electrolyte 

presence. 

• n=2 for ionic surfactants without any presence of an excess electrolyte. 

• In case of Gemini surfactants, n is arguably 2 or 3, or even variable [30].  

Adsorption isotherm at equilibrium can be calculated at different bulk concentrations 

using equation (2-4). 

 

Beside the Gibbs equation, other equations are also used to relate surfactant 

concentrations at interfacial tension and surfactant equilibrium in the liquid phase. 

Langmuir model [31], was firstly designed to determine the adsorption at gas/solid 

surfaces. This model also was valid to measure the adsorption of two immiscible 

liquids. It is adequately able to describe a variety of experimental results with good 

agreement.  

The fundamentals of the model suggest that each adsorption site is held by only one 

molecule. Also assumes the ideality in the intermolecular forces, and the interaction 

between the monomers in the lattice [4].  
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The corresponding equations of Langmuir model are: 

bL

bL
m CK

CK
+

Γ=Γ
1

                           (2-5) 

or                                         







Γ−Γ

Γ
=

mL
b K

C 1
. 

Where cb is the bulk concentration (mol/l), Г and Гm are the equilibrium and 

maximum surface concentration respectively (mol/m2), KL is the Langmuir 

equilibrium constant (l/mol).  

When KL << 1 at low concentrations at assumption of no interactions between 

adsorbed molecules, Langmuir isotherm can be described by Henry isotherm [3, 4] 

as following:  

 

𝑘𝐻= Г𝑚𝑘𝐿                   (2-6) 

Here, kL reverse indicates to surfactant concentrations, where kH refers to the 

measurements of surfactants activity. 

Szyszkowski equation [32], is another isotherm model derived from substituting 

Langmuir equation (2-5) to Gibbs equation (2-4); 

𝛾0 − 𝛾𝑒𝑒 = −𝑛𝑅𝑔𝑇Γm ln(1 + KCb)                      (2-7) 

Where, γ0 and γeq are the interfacial tension of pure solvent and equilibrium 

interfacial tension respectively. This equation considered as a proof of Langmuir 

model validity, and provides interpretation for adsorption/desorption mechanism 

regarding Langmuir adsorption isotherm. On the other hand, Frumkin isotherm [33], 

considered additional interactions between adsorbed molecules at the interface.  

Langmuir model can be replaced by Frumkin isotherm in some conditions, when the 

model failed to refer to a non-ideal surface. Frumkin isotherm can include the 

interactions between surfactant molecules at the interface:  
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Γ
Γ

−







Γ−Γ

Γ
=

mmF
b A

Kc exp1
            (2-8) 

Where KF is Frumkin equilibrium adsorption isotherm; A is the measure of the non-

ideality of mixing in the surface layer.  

Eq. (2-8) turned to Langmuir isotherm Eq. (2-5), in case of non-interaction (A=0). 

The value of A is used to conduct the fitting procedure and my take different signs 

that have remarkable impacts on interfacial tension (γ) as a function of concentration 

(Figure. 2-2).  

The corresponding equation of state for Frumkin isotherm is:  

𝛾0 − 𝛾𝑒𝑒 = −𝑛𝑅𝑔𝑇Γ𝑚 ln(1 + KCb) − 1
2
𝑛𝑅𝑔𝑇Γ𝑚A( Γ

Γ𝑚
)2                     (2-9) 

When A has negative sign, this attributes to the attractive interactions between bulk 

molecules and adsorption layer. Moreover, A may take positive sign and refer to the 

repulsive interactions between molecules at bulk and adsorption layer [6].   
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Figure  2-2: The effect of A on dynamic interfacial tension by using Eq. (2-8). 
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2.2.2 Influences of oil molecules in adsorption layer interactions 

The influence of oil molecules in the interactions at the oil/water interface has been 

the focus of numerous studies. However, there is still an open inquiry concerning the 

significance of adsorption of both surfactant-surfactant, and surfactant-solvent 

molecules. Studying the effects of oil molecules on adsorption layer characteristics, 

with a lot of unverified assumptions, tend to point an insignificant effect of such 

interactions. This may somehow be attributed to the differences in applied 

experimental procedures, in addition to use in theoretical frameworks.  

A summary of studies that assume the reduction in interfacial tension occurs only by 

surfactant activity was thoroughly fulfilled and demonstrated by Boucher et al.[34]. 

After studying the adsorption behaviour of several surfactants, the reduction of 

interfacial tension at the air/water interface was interpreted under attractive 

interactions and cohesions between surfactant molecules. However, this is not the 

case for surfactant adsorption at the oil/water interface, where oil molecules 

penetrate between surfactant molecules; as a result, the amount of adsorbed 

surfactant is less than water/air interface.  

In similar work, Gurkov et al. [35] studied the stability of interfacial tension of non-

ionic surfactants, which have different sizes on the xylene interface. They attribute 

any decrease in interfacial tension, to surfactant-surfactant adsorption only. Hence, 

the interactions between oil/surfactants are formed in dipole-dipole interactions 

excluding ion-dipole interactions. 

Danov et al.[36], have measured the adsorption activity of different ionic surfactants 

at the hexadecane/water interface, and reported that the increase in surfactant 

concentration leads to gradual increase in surfactant activity Г1. The conclusion was 

based on the notion that the oil molecules are intercalated between surfactant tails. 

The interactions rates β at the oil/water and the air/water interfaces have been 

determined by applying different thermodynamic frames such as Van der Waals, 

Langmuir and Frumkin isotherms. They come to conclude that, the β > 0 for 

air/water, and β ≈ 0 at the oil/water interface. This explanation depends on oil 

molecules that have been squeezed out of adsorption layer. Pradines et al. [13] have 

also studied the adsorption of a series of alkyl trimethyl ammonium bromides 
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CnTAB, at different chain lengths (10,2,14,16) at the water/hexane interface. He 

pointed out that, for a surfactant with a short alkyl chain, the oil molecules 

incorporate alongside the surfactant into an adsorption layer. However, the 

interactions between surfactant molecules exclude oil molecules out of the 

adsorption layer at longer alkyl chain lengths.  

In contrast, there have been many studies that refer to the pivotal role of oil 

surfactants in adsorption layer structures. That is not only by offering a hydrophobic 

environment for surfactant alkyl chains to adsorb at the interface, but oil molecules 

also compete for surfactant molecules to place at the interface. Theoretically, most of 

the adsorption models to fit experimental data at the oil/water interface have been 

determined from those developed at air/water interface. Accordingly, this adaptation 

obviously does not accurately take into account the impact of oil molecules [37]. 

Medrzycka and Zwierzkowski [38], have investigated the adsorption behaviour of 

CnTAB (12,14,16) at the air/water interface and the alkane/water interface. In their 

experiment, they used alkanes that have similar chain lengths as the surfactants. This 

is to determine the effect of chain length of both molecules on the interactions. They 

proposed that the oil molecules participate with surfactants depending on the 

structure of adsorption layer. Fainerman et al. [39] studied the adsorption of a series 

of alkyl trimethyl ammonium bromides CnTAB at a variety of water/alkane 

interfaces. He derived a new thermodynamic model that was originally proposed at 

different water/alkane interfaces. The interactions in the adsorption layer have been 

expressed under a mixed adsorption layer. The new theory suggests a competitive 

case at the interface, between adsorbed surfactant in the solution phase, and alkane 

molecules in the oil phase.  

These consequences has essentially been built on a previous study [40] when the co-

author noticed an increase in the adsorption of C10OE8 (octaethyleneglycol 

monodecyl ether) in hexane-saturated air. The outcomes are interpreted regarding 

competitive adsorption between C10OE8 and hexane molecules, and imply that the 

presence of hexane oil contributes to the increase in adsorption of C10OE8. Gillab et 

al. [41] expected a great increment in the adsorption amount at the oil/water interface 

against the air/water interface. The adsorption of two ionic surfactants, sodium decyl 

sulfate (SDS) and sodium dodecyl sulfates (SDDS), have been measured at different 
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alkane interfaces (C6–C16). A high adsorption ratio has been found of the 

aforementioned surfactants at the oil/water interface, with 13 times for SDDS and 35 

times for SDS compared to the air/water interface. An earlier study by Hutchinson et 

al. [42] indicated that the oil molecules are placed at the interface with the adsorbed 

surfactants. Competitive interactions exist between surfactant alkyl chains and oil 

molecules. Mucic et al. [15] measured the interfacial tension of two cationic 

surfactants of series of alkyl trimethyl ammonium bromides (C10TAB and C12TAB) 

at different alkane interfaces. The affinity of hydrophobic oil chains deduced 

interface interactions between alkyl chains of surfactant and oil molecules. 

It is clear that most studies that avoid any role for oil molecules [13, 34-36] have a 

good fitting for experimental equilibrium data. However, the good fitting cannot 

underlie the mechanism of the models. Further, the equilibrium data is insufficient to 

express the interactions between different energies of the adsorption process at the 

oil/water interface.  

2.2.3 Effect of alkyl chain length of surfactants adsorption  

It is crucial to acknowledge the potential impacts of alkyl chain length at the 

microscopic level on the characteristics of adsorbed surfactants between two 

immiscible liquids. In this regard, several studies were performed to compare 

surfactant concentrations’ effect on different oil interfaces [23, 43, 44]. Also, oil 

chain length and its extremity polar appear to have a noteworthy influence on the 

structure of the surfactant adsorption layer [39]. It can also indicate that the 

participation of oil molecules in adsorption structure was investigated at 

water/vapour interface, which considers an intermediate phase between the water/air 

and the water/oil interfaces. Mucic et al. conducted a comparative study [15], where 

two alkyl trimethyl ammonium bromides C10TAB and C12TAB were investigated on 

different aliphatic alkane/water interfaces. As ionic surfactants, the solubility of oil 

and surfactants was neglected rather than surfactant transfer to the oil phase. It was 

reported that the value of constant adsorption K and the maximum adsorption Гm are 

much higher compared to air/water interface.  
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The results qualitatively indicated the intercalation of oil molecules in the adsorption 

layer of surfactants. The behaviour of both surfactants regarding adsorption 

parameter values is significant, and yet there is no clear dependence of these 

parameters on the length of oil molecules and surfactants. This can be potentially 

interpreted as the specific effect of oil molecules on the surface activity of 

surfactants. However, Fainerman in his review [45] attributes that to the influence of 

experimental error. Pradines et al. [13] studied the influence of alkyl chains on fixed 

oil interfaces. He reported about oil molecules’ involvement in adsorption layer with 

surfactants at the shortest alkyl chain length (C10TAB). He attributes that to the fact 

that hexane molecules are not long enough to construct the adsorption layer with 

long hydrophobic chains. While at longer chains (C12TAB, C14TAB, C16TAB), oil 

molecules are not part of the layer structure due to the strong interactions between 

the alkyl chains of surfactants.  

Medrzycka and Zwierzykowski [38] have also studied the influence of chain length 

by matching between oil molecules’ length (dodecane, tetradecane, and hexadecane), 

and surfactant alkyl chain length CnTAB (n = 2,14,16). They aimed to determine 

under what conditions can the length of oil molecules incorporate in surfactant 

adsorption layer. They indicate a strong dispersive force between surfactant and oil 

molecules. 

Fainerman et al. [45] in his review indicated another opinion on alkane adsorption at 

adsorption layer. They suggest that the surfactant molecules can affect the adsorption 

process even at another layer (second). Using the binary model, Fainerman repeated 

the fitting of experimental data and good agreement is observed between 

experimental data and theoretical model compared to those obtained by the applied 

model [13]. He agreed with Rosen [26] and pointed out that the increase in the length 

of surfactant alkyl chain contributes in increasing the interactions between 

surfactant-surfactant chains and surfactants-alkane molecules.   

On the other side, there is an important thermodynamic factor has significant impact 

on surface/interfacial tension reduction: the water entropy and enthalpy. Hu et al. 

[46] conducted several measurements on nonionic, zwitterionics and cationic 

surfactants and studied the behaviour of surface entropy and surface enthalpy. 

Surface water molecules are flexible to rotate and transfer and in to this concept 
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surface entropy is higher than bulk. The study claimed that water surface tension 

essentially depends on surface entropy measurements which in turn based on 

surfactants head group. In addition, the study reported that mentioned surfactants 

provide a reduction in water enthalpy between 50-70%. Whereas the influence of 

water entropy reaches close to zero and sometimes het lower (negative numbers) for 

ionic surfactants. The order of surfactants capability to reduce surface water entropy 

is as following; ionic > zwitterionics > nonionic.       

2.2.4 Gemini surfactants 

Gemini surfactants are well known by their special structure that consists of two 

hydrophilic heads and two hydrophobic chains with a spacer at different lengths in 

between [47-49]. In literature, Gemini surfactants of bis-quaternary ammonium 

bromide [CmH2m+1N(CH3)2-(CH2)s-N(CH3)2CmH2m+1]Br2 are common regarding  

properties and surface activities. These Geminis possess symmetrical structures and 

are referred to as m-s-m, where m is the carbon atoms’ number in the two tails and s 

is the number of carbon atoms in the spacer [30, 50]. In this thesis, gemini surfactant 

with structure depicted in Figure 2-3 was synthesized with high purity in the 

laboratory. The steps of synthesis and reaction conditions are detailed later in chapter 

5.  

 

 

Figure  2-3: The chemical structure of Gemini surfactant C14-C3-C14   

   

On the other hand, some Geminis have more than two heads and tails and sometimes 

different tail lengths and are known as unsymmetrical Geminis [51-55]. In 

comparison to their conventional surfactants, Gemini surfactants have superior 
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properties that are influenced by the length of the spacer group, hydrophobic chain 

length and dissymmetry. Their unique surface active characteristics have attracted 

considerable interest. One of these features is the observed low critical micelles 

concentration (CMC). Besides, the viscosity of aqueous Gemini surfactants with a 

short spacer is much higher than monomeric analogue surfactants at low 

concentrations and has excellent efficiency in reducing the interfacial tension [30, 

56-62]. These properties played an apparent role and introduce better performance in 

a wide range of applications in different fields such as floatation, food industry, 

detergents, drug delivery and enhanced oil recovery [63]. In the past few years, a lot 

of attention have been paid to exploit Gemini surfactants as potential gene delivery 

agents [64] and the inhibitors of corrosion [65].  

Dynamic and equilibrium adsorption of surfactants attracted extensive interest due to 

their major applications in different industrial and scientific fields. The kinetics of 

adsorption is almost considered to be an indispensable step to investigate surfactant 

solutions. This physical phenomenon assists in providing a deep understanding of the 

behaviour of surfactant molecules throughout the adsorption, in addition to defining 

the parameters that control the adsorption process [4, 38, 45, 66-68]. Many studies 

have been conducted on the adsorption of Gemini surfactants at the air/water 

interface [69-73]. Achyrya et al [58] investigate the dynamic surface tension of 

gemini surfactants at the air/water interface and claim that the adsorption was very 

slow in comparison to conventional surfactants and this can be attributed to the 

complicated molecular structure. Rosen et al [54] investigated the behaviour of 

dynamic adsorption of two series of cationic Geminis’ aqueous solutions and they 

claim the spacer impacts on the adsorption process. 

In contrast, kinetic adsorption of Gemini surfactants at the oil/water interface has not 

been explored to great details [74-76]. This is partially attributed to the fact that 

liquid/liquid interface is unstable, thin and buried interface between bulk liquid 

interfaces. Du et al [74] studied the adsorption of different Geminis at different 

oil/water interfaces. Experimentally, they measured the dynamic interfacial tension 

of heptane and tetradecane/water interfaces. All physical quantities were calculated 

(not fitting) and the influence of the diffusion coefficient hasn’t been mentioned. 

They claim that the increase in alkyl chain length increased the time to reach a stable 
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value of interfacial tension and this is illustrated regarding the slower diffusion. 

Using spinning drop method, Zhang et al [77] measured the dynamic interfacial 

tension of Gemini surfactant against Hexadecane/water interface. Unusual behaviour 

of surface tension versus concentrations was reported and explained regarding the 

multi-layer structure. Therefore, promoting procedure to measure dynamic and 

equilibrium interfacial tension of Geminis is somehow complicated and requires 

developing a theoretical framework able to describe a full experimental data due to 

unexpected behaviour of Geminis at adsorption layer.  

2.3 The dynamics of adsorption at oil interfaces 

It is well known that surface active agents can change the characteristics of different 

surfaces by adsorption. This phenomenon has been applied to several processes and 

new industrial technologies considering adsorption influences. These industrial 

technologies are governed under dynamic terms and developing their efficiency 

based on the use of interfacial active agents. The formation time of fresh, effective 

interfaces depends on techniques used and can range from milliseconds to seconds. 

Dynamic properties of liquid adsorption considerably investigated by determined 

dynamic interfacial tension. 

2.3.1 Empirical model (Rosen approach)   

Remarkable effort published in a series of eight manuscripts [66, 68, 70, 78-82], 

Rosen et al. developed a method to analyse the experimental results of dynamic 

surface tension at air/water interface. In this study, the concept of Rosen’s approach 

was successfully applied in a similar way to experimental data at the oil/water 

interface. The curve of dynamic interfacial tension can empirically model using 

Rosen empirical equation [78]. It demonstrates experimental results in a better way 

with estimating some physical parameters. Moreover, other physical models can be 

moderated with the current model regarding the simplicity of the mathematical 

framework [4]. 

As shown in Figure (2-2), Rosen divided the curve of dynamic interfacial tension 

into four regions: (I) induction region (II) rapid fall region (III) meso-equilibrium 
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region and (IV) equilibrium region. The first three regions can be fitted using the 

following equation: 

𝛾𝑡 = 𝛾𝑚 + (𝛾0−𝛾𝑚)

�1+� 𝑡𝑡∗�
𝑛
�
                        (2-9) 

 γm is the meso-equilibrium interfacial tension, t* is constant with the same time unit, 

n is dimensionless constant. It should be noted that least square method (which apply 

curve fitting procedure) is appropriate technique to determine mentioned fitting 

parameters [83]. The influences of fitting parameters are depicted in Figures (2-3) to 

(2-5).  

As shown in Figure (2-3), the dynamic interfacial tension curve is fallen into the half 

of  γ0 - γm and verified maximum slope at t = t*  [68]. One can recognise extrusive 

relation link n and hydrophobicity where at high value rapid gradient occur at second 

region Figure (2-4). Also, the influence of γm is identified in Figure (2-5), where the 

time does not have any effect on interfacial tension reduction. It takes long time to 

reach γm when the concentration is low. Here, it should mentioned that the fitting of 

other two parameters occurs at γm = γeq all in case γm cannot be recognised in 

experimental results.  
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Figure  2-4: Regions of dynamic interfacial tension amended to oil/water interface 
[78, 84]. 

                                                                  

 

Figure 2-5: Rosen approach (t* influence)    Figure  2-6: Rosen approach (n influence) 
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Figure  2-7: Rosen approach (γm influence) 

 

2.3.2 Theoretical models for surfactant adsorption 

Based on the limitation of interfacial region, and as an instantaneous process. The 

adsorption concentration determine by Langmuir isotherm that considered in 

equilibrium with sub-surface concentration [4] as following: 

                                                   𝑐𝑠(𝑡) = 1
𝑘 �

Г(𝑡)
Г𝑚−Г(𝑡)�                    (2-10) 

Hence, Г(t) and Гm represent transient and maximum surface excess concentrations 

of adsorbed surfactants respectively, cs(t) sub-surface layer concentration, k is the 

adsorption constant.  

When the system reaches the equilibrium, the concentration of sub-surface and bulk 

solution becomes similar. As a result, cs(∞)=cb and Eq. (2-10) becomes: 

      𝑐𝑏 = 1
𝑘 �

Г𝑒𝑒
Г𝑚−Г𝑒𝑒

�                                        (2-11) 

Here, cb is the bulk concentration, and Гeq is the equilibrium surface excess 

concentration.  

 

This procedure also can be applied on Frumkin equation, and reads as: 
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𝑐𝑠(𝑡) = 1
𝑘

Г(𝑡)
Г𝑚−Г(𝑡)𝑒𝑒𝑒 �−𝐴 �

Г(𝑡)
Г𝑚
��                          (2-12) 

By integration Eq. (2-4), and Eq. (2-10) to form: 

𝛾0 − 𝛾(𝑡) = −𝑛𝑅𝑔𝑇Γm ln�1 + Kcs(t)�             (2-13)  

γ(t) is the dynamic interfacial tension. 

The basics of Gibbs equation depend on dividing the surface into several parts. This 

definition of somewhat is valid in the case of equilibrium interfacial tension. It 

should be noted that, however, there is no confirmation that the dividing surface 

maintains its characteristics during dynamic adsorption [85]. 

2.3.3 Diffusion mechanism  

Several studies [3, 86, 87] presented the initial conditions and governed equations of 

molecular diffusion. Hence, the surfactants molecular diffusion can be determined by 

the diffusion equation of Fick’s second law: 

( ) ( )
x

txc
D

t
txc

2

2 ,,
∂

=
∂

∂ ∂             (2-14)   

( ) ( )
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td

x
tcD

∂
Γ

=
∂

∂ ,0
                    (2-15)   

at t=0 the initial conditions become: 

c(x,0)= c0                                                (2-16)   

                                       Г(0)=0                                     (2-17)   

 c(∞,t)=c0                                                    (2-18)   

c(x,t) is the concentration at surface x and time t, D is the diffusivity of bulk solution, 

and c0 is initial bulk concentration.  
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The board line between diffusion region (bulk solution), and adsorption region (the 

interface) is the sub-surface. Surfactants’ adsorption to the interface occurs 

coincidently with a reduction in the concentration of sub-surface. As a result, 

diffusion process from the bulk occurs to replenish the shortage in the subsurface. 

Here, it should be mentioned that the rate of molecular diffusivity to the sub-layer is 

much bigger than that at the adsorption layer. 

Numerical methods can offer solutions for diffusion equations by applying 

appropriate initial and boundary conditions. Thus, an analytical expression is 

preferable to extract more profound comprehension of the adsorption process. The 

integral equation of Ward and Tordai [88], has been used to account for the 

mechanism of diffusion controlled adsorption: 

( ) ( ) ( )












−−=Γ ∫
t

sb tdctcDt
0

2 ttπ                            (2-19)   

Where D is diffusion coefficient, τ is dummy integration variable, cs is the transient 

subsurface concentration, t is the time and Г(t) is surface concentration excess. The 

term between the brackets refers to the back diffusion term, and it is also identical to 

the convolution integral [89]. This model predicts direct adsorption of subsurface 

molecules to the interface at early times while in contrast some possible deceleration 

or might back diffusion to the bulk occur at later times [25].  

The use of above equation has some difficulties attributes to the unknown boundary 

of instantaneous sub-surface concentration. It is crucial to apply the appropriate 

adsorption isotherm to calculate surface excess concentration and sub-surface 

concentration. In this study, those limits were estimated simultaneously by solving 

equations (2-10) and (2-17). Besides, Ward-Tordai equation cannot be solved 

analytically. Hence, a complicated numerical solution is needed. Many researchers 

[90-93] have performed a remarkable effort to develop a numerical solution for 

Ward-Tordai equation. Amongst these numerical models, Phan’s numerical solution 

[93] was used in this study. 



26 | P a g e  
 
 

2.3.4 Diffusion coefficient 

As mentioned earlier, surfactant adsorption rate from the bulk solution to the 

interface between two immiscible liquids depends on its diffusion coefficient and its 

concentration. Therefore, the bulk concentration is always higher than the subsurface 

concentration. Diffusivity D can be used to describe the necessary time to reach 

equilibrium.  

There are two types of diffusion coefficients: the first is self-diffusion coefficient or 

tracer diffusion coefficient that is defined as the diffusional movement in singular 

liquid, and the other kind is the mutual diffusion coefficient, which studies the rate of 

diffusion of two components, one into another [94, 95]. It was reported earlier [96] 

that the self-diffusion is considered as a special case of mutual diffusion. In general, 

the mutual diffusion coefficient is employed to determine the dynamics of surfactants 

adsorption at liquids [97]. There are different procedures to measure diffusion 

coefficient such as Nuclear magnetic resonance NMR [98] and dynamic light 

scattering method [99].  

For dynamic adsorption studies, the surfactant concentrations in water are fairly low. 

Consequently, self-diffusion is employed. 

2.3.5 Kinetic mechanism 

The above theoretical model may fail to fit experimental data, when obtained 

diffusion coefficient is larger than theoretical ones [4]. Thus, applying kinetic 

equation take into account the delay of time due to surfactant transfer from the bulk 

into the interface. 

 𝑑Г(𝑡)
𝑑𝑡 = [Г(𝑡)]{𝑘𝑎𝑐𝑠(𝑡)− 𝑘𝑑𝐹}      (2-33) 

Where, ka and kd are adsorption and desorption constant, F and G are Г(t) functions. 

The adsorption in this condition depends on Г(t) and cs(t) while the desorption just 

depends on Г(t). When t→∞ that means dГ(t)/dt=0, so the Eq. (2-23) becomes: 

cs(t)=F(Г(t))                                  (2-24)    



27 | P a g e  
 
 

At equilibrium, the kinetic equation turns into adsorption isotherm [3] and take the 

following   form: 

𝑑Г(𝑡)
𝑑𝑡 = 𝑘𝑎𝑐𝑠(𝑡)�1− Г

Г𝑚
� − 𝑘𝑑Г               (2-25) 

This equation represents linear kinetics, the concentration of sub-surface consider as 

an essential parameter for linearity of the kinetic model together with the empty 

spaces at the interface (1- Г/Гm). Adsorption and desorption constants ka,kd are 

supposed to be constant. Where,  

        𝑘𝑎 =  𝑘𝑑

𝑘Г𝑚
                                             (2-26) 

It should be highlighted that Eq. (2-25) is a non-linear equation and thus numerical 

procedures are required. Subsequently, another empirical equation can be used due to 

the slow in the adsorption rate is expected as the concentration is increased.  

 𝑑Г(𝑡)
𝑑𝑡 = 𝑘𝑎𝑐𝑠(𝑡) �1− Г

Г𝑚
� 𝑒𝑒𝑒�−𝐵 �Г Г𝑚� ��− 𝑘𝑑Г𝑒𝑒𝑒�−𝐵 �Г Г𝑚� ��           (2-26) 

Where B is an empirical factor which is used to measure the adsorption and 

desorption rate.  

Accordingly, the effect of surface coverage (Г/Гm) is expected to be similar. The 

advantages of Eq. (2-26) are represented in better description for the efficiency of 

surfactant adsorption at high surface coverage. Also, the barrier of activation energy 

at the adsorption and desorption rate also can be determined.  

However, the variation of empirical parameters such as B and ka with concentration 

represent a disadvantage. Also, using one term B for adsorption and desorption rate 

which effect on equilibrium isotherm.      

Eq. (2-25) can be extended on Frumkin isotherm to: 

𝑑Г(𝑡)
𝑑𝑡 = 𝑐𝑠(𝑡)𝑘𝑎 �1 − Г(𝑡)

Г𝑚
� − 1

𝑘
Г(𝑡)
Г𝑚

𝑒𝑒𝑒 �−𝐴 Г(𝑡)
Г𝑚
�        (2-27) 

The kinetic model becomes diffusion model in case ka→∞ [93]. 
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It should be noted that the influence of A is just on the desorption rate. To provide 

more explanation, the following equation that requires numerical solution can be 

applied.  

𝑑𝑡(𝑡)
𝑑𝑡

= 𝑘𝑎

Г𝑚
𝑒𝑒𝑒 �𝐴

2
�Г Г𝑚� �

2
� × �𝑐𝑠(𝑡)(Г𝑚 − Г) − Г

𝑘
𝑒𝑒𝑒�−𝐴 �Г Г𝑚� ���    (2-28) 

2.4 Dynamic modelling 

2.4.1 Numerical model   

Derivation of the theory to describe the experimental data is not simple due to the 

need for numerical procedures. Thus, precise results can be obtained depending on 

solving transport equations and, for example, developing techniques to tackle the 

partial differential equation considered the complex goal. The numerical model can 

be built to consider the diffusion and adsorbed surfactants, counterions, and 

electrolyte [11]. In another previous study [93], the numerical solution has been 

proposed to solve the governing Equations of (2-19) and (2-25).  

By dividing the time into small intervals, ∆ti=ti-ti-1, i=1,2,3,….. Eq. (2-19) then can 

be processed by a trapezoidal rule which leads to: 

𝑔(𝑡𝑖) ≈ 𝛽 − 𝛼𝑐𝑠(𝑡𝑖)           (2-29) 

The dimensionless parameters are defined in the literature [93]. 

At diffusion the adsorption parameters (cs(t) and Гm) can obtained by numerical 

solution for  Eq. (2-29) and (2-5) simultaneously where C(0)=0 and Г(0)=0. 

Additional parameter A also can be obtained is case of applying Eq. (2-8).  

On the other hand, for kinetic model, the Eq. (2-25) can be used with the following 

frame: 

𝑔(𝑡𝑖)−𝑔(𝑡𝑖−1)
𝑘𝑎∆𝑡𝑖

= 𝑐𝑠(𝑡𝑖)[1− 𝑔(𝑡𝑖)] − 𝑔(𝑡𝑖)
𝑘
𝑒𝑒𝑒�−𝐴𝑔(𝑡𝑖)�  (2-30) 

By applying mentioned initial conditions, the Eqs. (2-29) and (2-30) can be solved 

simultaneously to determine Г(t). 
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The regression of non-linear least-square has been used by applying Microsoft Excel 

spreadsheet with subroutines that are written in Visual Basic. The simultaneous 

fitting of two dynamic curves took significantly more time than usual fitting. 

Consequently, the conventional framework, based on Gibbs isotherm is often applied 

to one concentration at the time only [7]. 

2.4.2 Fitting of dynamic interfacial data 

The experimental results of dynamic interfacial tension are fitted against theoretical 

models using the following procedure that has been mentioned in [3]. The adsorption 

equilibrium data is modeled against Langmuir equation using the best-fitted value to 

obtain adsorption parameters such: k, Гm. Another example is Frumkin equation 

where the model has three parameters: with A as an additional parameter [4]. t also 

can be extended to include compressibility, Langmuir Compressibility (LC), 

Frumkin Compressibility (FC) and Frumkin Ionic Compressibility (FIC) [13].  

However, the extension requires more parameters. For instance, the Frumkin ionic 

compressibility model requires up to 6 independent parameters[7]. Besides, 

Fainerman et al. [39] proposed a new “binary” model, which included a new term 

accounting for the competitive adsorption of oil and surfactants molecules. The 

model has more fitting parameters than the air/water interfacial model. However, the 

proposed model had the same quality of agreement with experimental data and thus 

cannot be justified from such data.   

Secondly, estimating the diffusion coefficient value and comparing it to to a 

theoretical value that potentially the two scenarios may apply. If the diffusion 

coefficient value is close to the theoretical value, then the condition is considered as 

a diffusion process and mentioned adsorption parameters obtained by solving Eq. (2-

10) and Eq. (2-19).  

The other option the diffusion value is higher than theoretical value and for this case 

the condition is considered as kinetic process additional adsorption parameters need 

to be fitted such as ka, kd, β. These other parameters provide better fittings when 

more complicated models are applied such as modified Frumkin kinetics and 

modified Langmuir-Hinshelwood kinetics. In the case of using a kinetic step, suitable 
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fittings can be estimated, but applying the mentioned model requires more 

parameters. However, the complexity characterizes solution mechanisms and no 

physical structure for kinetic parameters.      

2.4.3 Efficiency and effectiveness of surfactant adsorption 

Surfactant molecules reduce the surface tension under two categories: surfactant 

efficiency where the reduction in surface tension is determined according to 

concentration and effectiveness where the maximum performance of surfactants can 

reduce the surface tension with no consideration for the concentration. A criterion for 

good efficiency when surfactant concentration gives a reduction in surface tension up 

to 20 mN/m. Hence, this is considered as a minimum concentration required 

verifying maximum adsorption at the interface. In particular, some parameters may 

influence the efficiency such as head groups and a straight alkyl chain. The 

effectiveness of surfactant adsorption is considered a significant factor to assess 

some applications such as foaming, emulsification and wetting. That is attributing the 

measurements of interfacial packing by applying maximum surface tension using the 

Gibbs equation. 

The effectiveness and efficiency of surfactant adsorption are not coincidental where 

sometimes the experimental data exhibits remarkable reducing in surface tension at 

low concentration (more efficiency), and in contrast smaller maximum surface 

concentration (less effective) [26, 27].  

2.5 New theoretical model 

Recently, a new model has been used successfully to model dynamic adsorption at 

air/water interfaces [55, 70, 71]. This approach is based on the theoretical framework 

[85] which requires both dynamic and equilibrium data. The model also has been 

applied successfully to compare the row data of C14TAB and C16TAB [100], as well 

as a Gemini surfactants [101] at the air water interface.  
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2.5.1 Theoretical equation 

The equation of the new model comes to replace Eq. (2-7), and based on the 

following relationship; 

𝛾𝑒𝑒 = 𝛾0𝑒−𝜒𝑐𝑏             (2-31) 

Where, γeq is the equilibrium interfacial tension, cs(t) is the transient sub-surface 

concentration [85], and χ is a new adsorption constant with a similar unit of k, which 

physically applies to the account surfactant efficiency [6].  

The mentioned mathematical approach can also be applied to model the dynamic 

interfacial tension where the relation can be written in form: 

𝛾(𝑡) = 𝛾0𝑒−𝜒𝑐𝑠(𝑡)             (2-32) 

In this study, the same approach is applied to dynamic adsorption at the oil/water 

interface. The Ward and Tordai equation, with full numerical solution [93], is used in 

combination with new modelling approach. Furthermore, the framework can be 

validated by dynamic adsorption at more than one concentration. 

2.5.2 Fitting procedure of new model 

Adsorption parameters were fitted simultaneously to two dynamic curves, i.e., two 

different concentrations was applied to obtain one unique solution. The fitted 

parameters are K and Гm which in turn is used to predict another dynamic curve. 

These fitted parameters also can be used as initial parameters to find the best-fitted 

value by applying Eq. (2-7). The best value method does not have a fixed value and 

depends on the initial value. The steps of fitting procedure can be summarised as 

following: 

• Solving eq. (2-7) and (2-31) to determine K and Гm. 

• Estimate the best value of D by applying the diffusion model at dynamic 

experimental data. 

• Compare best value of D with theoretical value. For small value diffusion 

kinetic model will be applied to determine the constants.  
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Here, it should be noted that eq. (2-7) has some circumstances at fittings can be 

detailed as following: fitting precise of eq. (2-7) to equilibrium experimental results 

is skeptical in reference to the verities of K and Гm that provide good fitting to 

equilibrium results. The other concern these fittings are just applicable to Langmuir 

model. Otherwise, if for example Frumkin model or any other models were applied, 

more other parameters should be concerned.  

In this thesis, The new model eq. (2-31) has been applied alongside with eq. (2-7) 

and one can number some features of novel model: 

• The key advantage of the new model is that it has fewer parameters and 

provides unique solutions. 

• The new model has been applied previously to describe equilibrium and 

dynamic adsorption on the air/water interface [100], and oil/water (chapter 4) 

where good prediction for experimental data was obtained.  

• Excludes surface excess concentration and relates the interfacial tension to 

bulk concentration. The equation does not depend on Gibbs isotherm (2-4), or 

Eq. (2-7).  

Furthermore, the new model differs from the conventional approach that depends on 

the specific thickness of the sub-surface layer. The mathematical relationship is 

consistently applied for all dynamic adsorptions.     

The best-fitted parameters determined by calculating the mean square average 

deviation of experimental and modelling results that verified with following 

equation: 

𝛿𝛾 = �∑�𝛾𝑒𝑒𝑒−𝛾𝑚𝑚𝑑𝑒𝑚 �
2

𝑛
                       (2-33) 

Hence, δγ is the standard deviation, n is measured points. The standard deviations of 

the prediction were also smaller than 1mM/m and indicated good predictability. 

This new modelling approach is the theoretical basis for modelling works in this 

study.  
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2.6 Other experimental techniques to study interfacial adsorption  

One of the problems faced throughout studying interfacial tension is the 

determination of the structure and order of molecules at the adsorption layer of the 

oil/water interface. Moreover, some technical issues may affect the reliability of 

measurements. For example, lack of the efficiency of applied method due to the 

presence of oil phase, purification of both phases and volatility of oil phase that has 

an adverse impact on experiment time [102]. Accordingly, some techniques have 

been proposed for more robust procedures to tackle and provide a better 

understanding for the width of the interfacial layer and potential ordering at the 

interface of oil/water. 

2.6.1 X-ray studies 

This method is defined as a well-established technique to measure the surface and 

interface parameters. The concept of this technique is based on determining the 

differences between electron densities as a function of the depth from the interface. 

 For the oil/water interface, the incoming X-ray beam penetrates the oil phase (Kin), 

and reaches the interface before reflecting on water phase (kscat). The difference 

between these rays Kin and Kscat refers to wave vector transfer Qz Figure (2-3) [103]. 

Hence, some of the rays have been absorbed by liquid; the angles (α) have adjusted 

on the scale of a millidegree.  

The adsorption of surfactants at the oil/water interface was studied by this method 

where the outcomes support that the oil presence has a strong impact on the disorder 

of molecules at the adsorption layer. In addition, change in the length of oil 

molecules (hexane to hexadecane) has strong effect on adsorbed surfactants where 

the monolayer is replaced by multi-layer [44].  

In this regard, a comparative study [104] showed the full extent of surfactant 

molecules at oil/water interface, and thereby the thickness layer is much greater than 

the air/ water interface. Furthermore, they attributed surfactant thickness to the high 

fluctuation in the layer. Therefore, abnormal roughnesses are anticipated due to high 

interaction at the interface between surfactant and oil molecules. 
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In other studies conducted by X- ray, it is indicated that interfacial fluctuation 

contributes to form the layer at the interface thicker than bulk solution [105]. Ivanov 

et al. [67] reported the molecules row parallel to the interface at the same plane. 

Repulsion occurs between compete molecules, and thereby some of them will 

attempt to expel away from the adsorption layer. 

 

Kin
α α

                    Kscat

Alkane
                             Qz

Water

      X-rays

 
Figure  2-8: X-ray scattering between alkane and water interface  [103]. 

 

In contrast, the roughness of the interface produces a multilayer adsorption layer. 

Such position has effects on adsorption energy, where some molecules become 

deeper into water region than others. This situation reduces the repulsion between 

molecules and increases adsorption concentration. In the same way,  Lu et al. [106] 

experimentally observed the roughness of layers by applying neutron scattering on 

different surfactants at the air/water and oil/water interfaces.  

Interestingly, they assumed that the surfactant and oil molecules are joining the same 

roughness. Alongside, surfactant adsorbed molecules are not as vertical as oil 

molecules and are tilted to enhance layer dimensions and then contribute in the 

roughness structure. 

2.6.2 Neutron reflectometry 

This procedure is a powerful technique to investigate the structure of adsorbed 

surfactants along with impeded interfaces on a molecular scale. The foundation of 

this method involving concentrated beam of neutrons falls on the planar surface. 

Neutron reflectometry offers accurate information about the surface structure, 
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density and also surface roughness. This method is considered as a specular 

reflection technique where the scattering is elastic and both angles are equal[107]. In 

particular, neutron reflection on the refractive scale provides much detail about the 

interface. Thus, the reflective scale is linked to scattering length density of the 

material and gives the significant information about the composition and orders of 

molecules at the interface. This information also can be obtained by X-ray, but 

applying neutron scattering provides a random impact from element to another, and 

using of isotopic scattering gives clear contrasts in scattering density.  

The interaction between the surfactant alkyl chain and hydrophobic oil molecules 

were investigated by applying neutron reflectometry [104]. Active interactions have 

been reported which can be attributed to the roughness influence. Accordingly, the 

interfacial thickness of oil/water is three times thicker than the air/water interface.    

2.6.3 Radiotracer  

Measuring surface tension using radiotracer technique was firstly developed by 

Dixon, et al., [108]. However, few types of research have been published in this field 

due to unexpected problems in determining the radiation emitted on the surface 

solution by the radio. The principles of this technique are based on verifying the self- 

adsorption by applying radiation to the solution. Surfactant molecules adsorbed at the 

interface, and that is a return to the radiation at the interface is stronger than that at 

the solution. In other the words, this method measures the difference in radioactivity 

between labelled surfactants at adsorption layer together with solution bulk and at 

bulk solution alone. Radiotracer was successfully applied to measure the adsorption 

of sodium dodecyl sulfate solutions SDS, potassium and palmitate. Furthermore, the 

adsorption of ion from surfactant solution has been investigated using the current 

technique [109]. Subsequently, the radiotracer is capable of providing interpretations 

for a mixture of surfactants, the measurements of surface tension may produce data 

that are difficult to analyse [110]. Nevertheless, the method involved expensive 

safety equipment due to radioactivity. Hence, the application of radiotracer has been 

reduced after developing more efficient techniques  [11].       



36 | P a g e  
 
 

2.7  Summary   

The fundamentals of different theoretical models and the characteristics of aqueous 

surfactant solution and their influence on adsorption process on the oil/water 

interface have been described. In fact, the current understanding of surfactant 

adsorption at the oil/water interface are not well- detected, and this is attributed to the 

majority of theories that are applied to the oil/water interface were adopted from 

models of the air/water interface. The current model relies on equation tension that 

produces non-unique fitting parameters. Furthermore, the current model failed to 

describe the impact of oil molecules and surfactant molecules. On the other hand, the 

experimental data clearly shows the significance of molecular factors on such 

processes.  

Hence, applying dynamic model can provide new methods to overcome such 

shortcomings. This thesis employs the new methods and aims to produce new 

insights into the interactions of ions of the oil/water systems. Two systems were 

selected for this study, and presented in Chapter 4 and 5 respectively. 

In Chapter 4, the experimental data for CTAB at both decane/water and hexane/water 

interfaces, were modelled to obtain the adsorption parameters from dynamic instead 

of equilibrium interfacial tension. From the adsorption parameters can be used to 

deduce in influences of alkane on the adsorbed layer.  

In Chapter 5, a new mathematical approach has been developed to fit experimental 

data of the Gemini surfactant. The fitting is applied on dynamic and equilibrium 

results to determine physical quantities, where some interpretations are produced to 

illustrate the adsorption at interfacial layers. 
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3 Methodology 

3.1 Chemical and organic compounds 

The adsorption behaviour of cationic surfactants (CTAB) and (C14-C3-C14) were 

investigated on the oil/water interface. Thus, experimental work was applied to 

measure dynamic and equilibrium interfacial tensions using the pendant drop 

method. The experimental data is analysed by computer software and is fitted using 

different theoretical models.  

3.1.1 Hydrocarbons 

A series of alkanes (hexane, decane, dodecane and hexadecane) were investigated to 

determine two essential characteristics: 

• The effect of oil molecules on the structure of surfactant adsorption layer. 

• Any potential role of oil molecules length on surfactant adsorption behaviour.  

The alkanes were undergoing the purification procedure to avoid any contaminated 

agents that influents alkane surface tension. Table 3-1 elucidates the structure and 

suppliers of used alkanes.  

 

Table  3-1: Applied alkanes 

Alkane                                Formula                        Supplier                      Purity 

Hexane                                 C6 H14                                         Sigma Aldrich               99% 

Decane                                 C10 H22                                       Sigma Aldrich                99% 

 

3.1.2 Surfactants 

In this study, two cationic surfactants: (i) cetyl trimethyl ammonium bromide and (ii) 

α,ω-bis(N-alkyl dimethylammonium bromides) were investigated. There are denoted 

as CTAB and C14-C3-C14 in this study. The first surfactant is a common cationic 

surfactant, which was obtained commercially. Subsequently, the surfactant was 

purified for the study. The second surfactant is a Gemini surfactant, which was 



38 | P a g e  
 
 

synthesized with high purity. Table 3-2 shows the structures and suppliers of used 

surfactants. 

 

Table  3-2: Used cationic surfactants  

Surfactant  Structure                                     Supplier           Purity 

Cetyltrimethylammonium 
bromide 

 CH3 (CH2)15N (Br) (CH3)3     Sigma Aldsich  99% 

α,ω-bis(N-alkyl                     
dimethylammonium 
bromides                               

 [C14H29N(CH3)2-[(CH2)C14H29N   Synthesis           90%  

 (CH3)2-(CH2)3-N(CH3)2C14H29]Br2  

 

3.2 Purification procedures 

One of the parameters that influence the droplet formation is surface active 

contamination. The effect was experienced in this study where value obtained at 

equilibrium tensions fluctuated. The effect of impurities typically depends on 

concentration and can be expressed to resist the transfer of surfactant molecules and 

may contribute to decreasing internal motion. In spite of the products were provided 

for a high quality, these products were purified again to avoid any potential effects of 

contamination.    

3.2.1 Alkane purification 

In general, the alkanes potentially has traces of surface–active impurities [111]. 

These impurities have real impacts on the behaviour of interfacial tension at the oil 

/water interface. Thereby most experiments suffer from a lack of purity and 

reliability. This was faced earlier in this study when the surface tension of hexane 

was measured many times resulting in low surface tension at 40 mN/m. The 

purification procedure is described below.  

 

The glass chromatography column as shown in Figure 3-1 was connected to glass 

elbow at the top. This elbow is in turn fitted to rubber tube with a manual activation 

pump at the end. The purified alkanes will be collected from the end of the column in 
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measured flask. Certain amount of Silica Gel (Sigma Aldrich) placed in a measured 

flask and well mixed with Petroleum Spirit (Sigma Aldrich). Subsequently, the 

mixture is placed in the column, and a known amount of hexane will be introduced to 

the column. Then, the whole amount of hexane will be manually pumped throughout 

the column. This procedure was repeated several times until the hexane surface 

tension is verified. The purified dosage fractionated under pressure at  a temperature 

less than melting point of hexane using rotary vacuum. The mid fraction of purified 

hexane was collected prior to the experiments [112]. A further step is applied where 

the sample of hexane was tested by NMR (Appendix 2) to guarantee that every trace 

of petroleum spirit was excluded by comparing with standards. The surface tension 

of hexane was assessed using pendant drop method and the results were 49.5 mN/m. 

The effect of purification steps on hexane surface tension is shown in Figure 3-2.  

 

 

 
 

Figure  3-1: Alkanes purification using silica gel column 
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Figure  3-2: Hexane/water interfacial tensions regarding to the step of purification  

3.2.2  Surfactants recrystallization 

After several experiments at cationic surfactants, it was clear that the impurities have 

significant impacts on surface characteristics. To evaluate the performance of 

surfactants, the purification was mandatory.  

Recrystallization is a significant method to remove the impurities from the solid 

component using a solvent. The basics of this method are: increasing the temperature 

of dissolving the solute close to its boiling point and then cooling to collect crystals.  

A. Solvent selection 

The appropriate solvent for whole used cationic surfactants was acetone. The process 

depends on taking a small quantity of surfactant and adding a small quantity acetone 

until the surfactant cannot dissolve.     

B. Recrystallization process 

Recrystallization involves: 

• In Erlenmeyer flask, put a small quantity of surfactant (5-7 g) and add some 

acetone (150- 200ml).  

• Heat the whole mixture on a hot plate to boiling point.   
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• Remove the mixture from the hot plate and leave it to be cooled undisturbed 

at room temperature. 

• For a further cooling, place the mixture in the ice bath until the crystals 

appear. 

• Collect the crystals by vacuum filtration and rinse with a small amount of 

cold acetone. 

• Place the purified crystals overnight in the desiccator to verify efficient 

dryness. 

• This procedure is repeated twice and the purified surfactants tested by 

measuring equilibrium surface tension. Flow sheet of surfactants purification 

process depicted in Figure 3-3 

 

 

 

 

Choose appropriate 
solvent Dissolve by hot solvent

Crystallization by slowly cooling

Filter under vacuum and collect
Overnight drying

 

 

Figure  3-3: Flow sheet of recrystallization process 
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3.3 Interfacial tension measurements 

It is well known that the diffusion of surfactants molecules in liquids is slow. As a 

result, the measurements of dynamic interfacial tension between two immiscible 

liquids require a longer time compare to the air/water interface. Regarding these 

requirements, the measurement options are limited and pendant drop technique is the 

only appropriate and reliable method. 

3.3.1 General principle of pendant drop method 

The basics of the pendant drop technique depend on the estimation of interfacial 

tension from the droplet shape, with minimal interface disturbances. For oil/water 

measurements, the drop formation will be on the needle tip immersed in liquid. The 

drop instantly stays hanging which eventually would be detached by gravity. The 

principle of the surface tension calculation returns to estimate the boundary of drop 

dimensions related to density criteria. The physical foundation of the pendant drop 

and calculation method has been mentioned in early studies [113, 114]. There are 

two methods with the pendant drop. 

In the first method, both experimental and theoretical shapes are fitted according to 

the Laplace equation:  







 +=∆

2
1

1
1

RR
P γ                (3-1)  

Where: 

 γ  is the interfacial tension between two phases. 

R1, R2 are two principal radii of the drop. 

∆p is pressure difference through curved drop. 

From fitting the theoretical curve to the raw image of the droplet, the surface or 

interfacial tension can be obtained [115].  

The second method is based on some weight of the droplet, depending on Tate’s law: 

W=2 π r γ                               (3-3) 

Here, W is the drop weight, r is tip radius.  
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The first method was chosen due to the flexibility of applying small quantities of 

liquids. It is also, easily adapted to temperature and pressure. Furthermore, this 

method allows highly accurate measurements by controlling external vibration. 

Using this method means only a few drops are required to determine surface tension. 

Additionally, the experiment procedure is simple and can measure a variety of fluid 

ranges [116, 117]. With the available fitting software[115], the pendant drop became 

more convenient for dynamic tension studies.  

3.3.2 Experimental Setup 

The apparatus of pendant drop as shown in Figure 3-5 consists of following parts: 

• An experimental cuvette covered by metal cap.  

• Illuminating system which present a clear vision of the drop,  

• Syringe from Hamilton Co. (Nevada, USA),  

• Camera,  

• Computer. 

 

 g 

 

   

fd

c

 a

 b

 

 

Figure  3-4: Pendant drop method setup: a. Syringe b. Cuvette c. Vibration proof table 
d. Camera e. Computer f. illumination system g. Electricity source  
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3.3.3 Solution Preparation and Surface Tension Measurement 

The surfactants were weighed using a high precision balance. Stock solution was 

prepared using deionized water. For all experiments the stock solution is sonicated 

for half an hour to be certain that all surfactant fragments were dissolved. After 

which, all the surfactant concentrations were prepared from stock solution by 

dilution. To improve the accuracy, a smart needle was used to transfer stock dosage 

to dilution flasks. The solutions were under measurements directly after preparation. 

All experiments were run using an undisturbed surface area.  

The dynamic interfacial tension measurements at the oil/water interface were 

conducted under conditions of room temperature and different molar ratios of 

surfactant using pendant drop. The syringe was loaded with surfactant solution and 

immersed in a cuvette of the alkane.  

It is essential to prevent any potential evaporation of oil throughout the experimental 

time; we used a metal cap to secure the cuvette. The system was purged every time to 

avoid any air bubbles remaining in the tube at experiment time or during the change 

of surfactant concentrations. Syringe piston motion was extremely controlled to form 

a surfactant droplet with a diameter of 2mm of needle extremity.  

Subsequently, the measurements were conducted at concentrations lower than critical 

micelles concentration (CMC). The equilibrium interfacial tension obtained as a 

function of interfacial tension regarding surfactants concentrations. In addition to 

that, sufficient adsorption time was allowed to verify equilibrium value. To avoid 

any contamination impacts on the interfacial tension measurements. All glassware 

and apparatus were well cleaned using Deconex 15E 6% by Volume.  

3.4 Determination of interfacial tension at oil/water interface 

The raw experimental results of dynamic and equilibrium interfacial tension were 

analysed sufficiently to be fitted by thermodynamic models later. To achieve that, the 

following programmes have been applied in sequence: 
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3.4.1 ImageJ Software 

The movies that were captured for dynamic surface tension were converted to images 

using OGG software as depicted in figure (3-5a). ImageJ is defined as a processing 

programme that analyses the images by NIH image for Macintosh. The image 

undergoes to several processes after displaying such: editing, analysing, processing, 

saving and eventually printing in different bits (8,16,32). Furthermore ImageJ 

includes several formats: TIFF, GIF, JPEG, BMP, DICOM, FITS, in addition to raw 

[118].  

In this study, TIFF format have been used together with 8 bits. It is essential to adjust 

drop image to ensure that the true-edge-on view is captured. A black colure offered 

by ImageJ as shown in Figure (3-5b) covers the whole image where the quality 

depends on enhancing the contrast. This procedure was repeated to include all 

targeted images which represent the dynamic curve stages. Then, the images were 

cropped at the appropriate scale to be compatible and to include all physical 

parameters (interfacial tension, area, curvature etc.). 

 

 

                    
(a)                                                                    (b) 

Figure  3-5: Images of pendant drop; (a) raw image (b) image after processing by 
imageJ 

3.4.2 Axisymmetric Drop Shape Analysis  

Axisymmetric Drop Shape Analysis (ADSA) is a software developed to calculate the 

surface tension and contact angle of liquid / fluid interface regarding to the shape of 

axisymmetric menisci of pendant and sessile drops [119]. 
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Two essential parameters are required for ADSA measurements, the outer diameter 

of needle and density difference between the fluids. Hence, the densities of both 

water and oil phases need to be measured beforehand by a density meter and 

computed into ADSA.  

The scale factor of is calculated using following equation: 

Scal Factor cm/pix = Do
�(𝑌2−𝑌1)2+(𝑋2−𝑋1)

      (3-4) 

Where D0 is the external diameter of capillary nozzle in JSGC, and X, Y representing 

the two points in the nozzle edges. 

Generally, ADSA was developed to implement all the characteristics related to 

pendant drop such as interfacial tension, volume, area and the radius of the cuvette at 

the apex. Figure 3-6 illustrate the steps of ADSA process.  

 

 

Physical properties
(ρ,g) 

Image analysis

Image

Numerical optimization

      
∆P = γ (1/R1+1/R2)   

Surface tension, concentration, 
surface area, voluem and 

curvatureat the apex  
 

Figure  3-6: General procedure of Axisymmetric Drop Shape Analysis (ADSA) 
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To analyse the image of pendant drop, the image should be loaded into the software 

as shown in Figure (3-7). In this case, the analysis requires inputting parameters such 

as local gravity, a difference of densities between two applied phases, coordinates 

number of the image and scale factor. The principles of ADSA measurements depend 

on the shape of the drop. 

Then, edge detection and smoothing is conducted where any remaining outliers are 

removed by applying second mentioned procedure as shown in Figure (3-8). The 

foundation of ADSA in measuring interfacial tension depends on a numerical 

procedure of fitting the experimental drop to the thermodynamic framework based on 

the Laplace equation. In fact, the accuracy of obtained interfacial tension returned to 

the consistency between the experimental and the theoretical curve.    

 

 

                                                                                                                                 

 

Figure  3-7: Image loaded to ADSA after processing by imageJ. 
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Figure  3-8: Consistency of theoretical and experimental curves at ADSA.  
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4 Dynamic adsorption of cetyl trimethyl 
ammonium bromide at alkane/water interface 

4.1 Introduction 

Experimental studies on oil/water interfaces have highlighted the distinguishing role 

of the oil molecules on the adsorption process. Experimental data with a variation in 

surfactant molecules or oil molecules have demonstrated the molecular origins of the 

interaction within the interface. For instance, results from a series of alkyle trimethyl 

ammonium bromide at hexane/water interface have demonstrated a competitive 

adsorption between short alkyl surfactants and hexane molecules [2].  

Study of C10TAB and C12TAB with different alkanes (from octane totetradecane) 

also demonstrated the distinguishable impact of the oil molecules on interfacial 

adsorption [22]. Similarly, study on CnTAB with hydrocarbons of same length 

indicated a strong dispersive force between surfactant and oil molecules [12]. 
Consequently, Fainerman et al. [23] proposed a new “binary” model, which included 

a new term accounting for the competitive adsorption between oil and surfactants 

molecules. The binary model has more fitting parameters than air/water interfacial 

model. However, the proposed model had the same quality of agreement with 

experimental data and thus cannot be justified from such data.  

From reported values in the literature, there are variations in adsorption parameters 

for a common cationic surfactant, cetyl trimethyl ammonium bromide (CTAB) which 

attribute to limitations of applied theoretical framework. In spite of different 

parameters, all models provided a good fit to equilibrium data. A comparative study 

on different models have found that most models can fit the equilibrium data well 

[24] and good fitting cannot justify the underlying mechanism of the models.  

In summary, the adsorption of CTAB has been studied in the literature by a number 

of researchers. While the experimental data were similar, the modelling results are 

different, depending on model assumptions. The non-unique values of the adsorption 

parameters render the procedure ineffective, especially for oil/surfactant interaction. 

The main deficit arose from the fact that the equilibrium data is too simple to 

distinguish the multiple effects on oil/water interfacial adsorption. The available 



50 | P a g e  
 
 

experimental data demonstrate a strong interaction between oil and surfactant at the 

oil/water interface. Yet, there is not effective method to quantify such effect. For this 

system, the current fitting procedure, which is solely based on the equilibrium data, 

is not sufficient to justify modelling assumptions.  

Previously, our group has developed a new modelling approach to obtain the 

adsorption parameters from the dynamic, instead of equilibrium, surface tension [25]. 

By fitting simultaneously to two dynamic curves, i.e. dynamic surface tension at 

different concentrations, we were able to obtain unique modelling solution. The 

modelling framework is extended CTAB at oil water interfaces. In particularly, 

hexane and decane were used.  

4.2 Experimental procedures 

Several concentrations of cetyl trimethyl ammonium bromide have been prepared by 

deionized water. For completely dissolution of CTAB, the stock solution was 

continuously sonicated for more than 30 minutes. The other concentrations were 

prepared by dilution. 

Before conducting the experiments with CTAB, every alkane was firstly tested by 

measuring surface tensions with pure water. The interfacial tension measurements 

start immediately after measuring surface tension of alkane and compare the results 

with literature. The volume needed to form the droplet for every concentration was 

exact measured before experiment starting.  

The dynamic interfacial tension was conducted under sufficiently long time for every 

concentration. The experiment was achieved by emerging CTAB solution in a 

cuvette containing 30 ml of alkane. For every concentration, the syringe was well 

flushed by deionized water many times to avoid any remaining traces from previous 

concentration. 

The camera is adjusted carefully by auto-focus on the droplet until image with clear 

edges has been obtained. It was critical to record the droplet under regular time 

without any disturbing. For this purpose, a stabilized table was used through all 

experiment time. It should be highlighted that unsuitable experimental conditions 

such disturbing formed droplet has negative influence on the measurements. This is 
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can be recognized on the curve of dynamic interfacial tension where affected area 

appears fluctuated before returns to stable mode.  

The data has been analysis using following software’s from image preparing until 

estimating final values of adsorption parameters: OGG Converter, ImageJ, ADSA, 

Excel and Excel solver. After the image is ready for analysis with ADSA, sequential 

images were used to get the value of dynamic interfacial tension. 

All data is arranged in Excel sheet as following: 

• Collecting row experimental data (frames, dynamic interfacial tension and 

time). 

• The regression equation for every concentration was conducted (dynamic 

interfacial tension and t0.5 to obtain γeq. 

• Rosen approach has been used by applying Eq. (2-9)  

• Applying Excel solver to do the fitting for experimental data of two 

concentrations simultaneously, and obtain adsorption parameters. 

4.3 Results 

4.3.1 Equilibrium interfacial tension 

In this study, CTAB was used to measure the interfacial tension at different 

concentrations below critical micelles concentration (CMC). The measurements have 

been conducted on both hexane and decane/water interfaces. The experimental data 

was fitted using two different models: the conventional model and the new model. 
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Figure  4-1: Equilibrium tension of CTAB at hexane/water interface 

 

The first is conventional Szyszkowski, Eq. (2-7), with different initial conditions, 

was applied to fit the data with K and Гm as adjustable parameters. The second is the 

new model, (Eq. 2-31). 

 

  

Figure  4-2: Equilibrium tension of CTAB at decane/water interface 

  

The Excel solver was applying as shown in Figures 4-1 and 4-2, where small 

standard deviations were obtained for using Eq. (2-33) as listed in Tables 4-1 and 4-2 

for the interfaces mentioned above. The best fitted parameters were determined by 
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minimizing sum of squares differences between experimental and modelling points. 

It can be seen that the two models can fit data very well.  

However, Eq. (2-31) provided a unique solution. It can be observed that the value of 

new parameter χ varied widely between air/water and alkane/water interfaces as 

shown in Tables 4-1 and 4-2. This difference definitely is not related to the length of 

alkane chain as the value at hexane is higher than decane. The multiple best-fitting in 

Tables 4-1and 4-2 are expected given the variation in the literature. It should be 

noted all curves in Figure 4-1and 4-2 are indistinguishable even at the lower 

concentrations. 

 

Table  4-1: Fitting parameters of CTAB at equilibrium of hexane/water interface. 

Model        Adjustable Variables          Best fitted Value            δγ(mN/m)  

 New Model       χ (M-1) air/water [100]                 747.06                      0.673 

                            Hexane/water                              2631.3                  0.503                   

Szyszkowski Eq. 

Case 1              K (M-1)                                            7111                       0.453 

                      Гm (× 106 mol/m2)                                9.7                                 

Case 2               K (M-1)                                            8222                      0.269                                              

                     Гm (× 106 mol/m2)                                8.91 

Case 3              K (M-1)                                            5805                       0.579 

                     Гm (× 106 mol/m2)                                0.108 

Case 4              K (M-1)                                            9909                       0.128 

                    Гm (× 106 mol/m2)                                  8.1 
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Table  4-2: Equilibrium fitting parameters of CTAB at decane/water interface. 

Model           Adjustable Variables             Best fitted Value    δγ(mN/m)  

 New Model    χ (M-1) air/water   [100]                 747.06                0.673 

                          χ (M-1) Decane/water                  1883                  0.465                   

 Szyszkowski Eq. 

Case 1              k(M-1)                                          2300                   1.07 

                     Гm(× 105 (mol/m2)                            1.63                                 

Case 2               k(M-1)                                         4500                    0.53                                              

                     Гm(× 105 (mol/m2)                             1.08 

Case 3               k(M-1)                                          3770                   0.27 

                      Гm(× 105 (mol/m2)                            1.19 

Case 4                k(M-1)                                         4354                   0.023 

                      Гm(× 105 (mol/m2)                            1.10 

 

Using the conventional model would provide multiple combinations of K and Гm. 

Details of the fitting can be found in Appendix 1. Such non-unique results would 

make the impossible to get the appropriate values for dynamic modelling. The new 

equation, on contrast, had a single fitting parameter and produced a unique fitting. 

The results from the new model will be used for dynamic modelling. In the other 

words, the equilibrium data is insufficient to verify the adsorption constants. 

4.3.2 Dynamic interfacial tension 

The adsorption kinetic at oil/water interface followed a slow process with gradual 

reduction. Due to the experimental procedure, no effective data was obtained before 

1 s. Nevertheless, the data is sufficient for dynamic modelling (Fig. 4-3 and 4-4).  

For hexane Two concentrations, 0.3and 0.5 mM, were fitted simultaneously (solid 

lines) and gave good fitting for the dynamic model. In addition, 0.2 and 0.6 mM were 

selected for fitting at decane/water interface. The coding for numerical model can be 

found in Appendix 3. 
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The dynamic modelling resulted in adsorption were maximum surface excess Гm and 

affinity constant K. The standard deviation of both interfaces was less than1 mN/m 

with 0.371 and 0.313 for 0.3 and 0.5 mM at hexane. Whereas at decane read 0.572 

and 0.340 mN/m for 0.2 and 0.6 mM respectively. These fitting deviations agreed 

with standard errors in literature, and can be classified as excellent fitting [6].  

Furthermore, the model was used to predict the data at 0.4 mM (hexane) and at 0.4 

0.8 mM at decane interfaces. The standard deviations of the prediction were also 

smaller than1 mM/m and indicated excellent predictability. 

 

 

Figure  4-3: Dynamic interfacial tension of CTAB at hexane/water interface. 
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Figure  4-4: Dynamic interfacial tension of CTAB at decane/water interface.  

    

As mentioned the new model was applied on two concentrations where the standard 

deviation for all dynamic curves were consist with theoretical standards.  

4.4 Discussion 

4.4.1 Comparison with literature values 

As mentioned earlier, CTAB adsorption has been reported many times in the 

literature. For instance, the variations in adsorption parameters for adsorption at 

water/hexane interface are presented in Table 4-4. In spite of different parameters, all 

models provided a good fit to equilibrium data. The reported values varied widely 

from 2.38 to 3.13 × 10-6 mol/m2. 
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Table  4-3: Adsorption parameters of CTAB at hexane/water interface. 

Гm (mol/m2)                 K (M-1)                       Model                       Reference                                            

2.38 × 10-6                 1.5 × 107                   FC                                [2] 

2.63 × 10-6                 2.2 × 107                   FIC                               [2] 

3.13 × 10-6                120 × 105                   Binary model               [23] 

2.38 × 10-6                1.6 × 107                    LC                                [20] 

2.61 × 10-6                2.2 × 104                    FIC                               [20] 

 

On contrast, the data from dynamic modelling is fundamentally different. The 

physical quantities which were determined from the new dynamic model are 

presented in Table 4-5 in comparison with those at air/water [85].  

Table  4-4: Adsorption parameters of CTAB at different interfaces. 

Interface                           Гm  (mol/m2)                        K (M-1) 

Air/water                          6.32 × 10-6                             2017 

Hexane/water                   7.15 × 10-6                            1237 

Decane/water                   10.22 × 10-6                           9600 

 
 

The experimental data was well described by the new model, for both fitting and 

predicting curves. This experimental data was similar to previous data in literature 

[7]. However, the modelling results are fundamentally different, especially in terms 

of Гm which is directly linked to the structure of interface zone.  

It is important to note that by applying to two concentrations simultaneously, the 

dynamic modelling gives unique values of K and Гm. The obtained Гm is high for 

hexane and decane/water interfaces (Table 4-5). However, this is not outside the 

typical range for surfactants, which were obtained from the equilibrium fitting [6]. In 

summary, the data from this study is unique for equilibrium tension and more 

consistent for dynamic tension.  
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4.4.2 Influence of oil molecules 

At hexane interface, the value of Гm is a bit higher than air/water interface and 

provides implicit subscription of oil molecules in the interaction at adsorption layer. 

As the alkane chain length increased (decane) the interactions also increased, and as 

result the value of Гm has almost doubled from the air/water interface.  

 

Figure  4-5: The arrangement of CTAB molecules at: air/water and decane/water 

To interpret that the predicted Г at the CMC were obtained at decane/water interface 

and compared to air/water interface: ГCMC was 4.03 and 9.16 × 10−6 mol/m2 at air and 

decane/water interfaces, respectively. The increment is consistent with the proposed 

increment of surfactant at the oil/water interface. For instance, it has been found that 

SDS adsorption can increase as much as 13 times from air/water to alkane/water 

interface [41]. The result indicates a structural variation within the adsorption zone. 

For air/water interface, the CTAB packing is limited by electrostatic repulsion 

between the heads (Fig. 4-5a).  

Structure layer of aqueous solution at air/water interface forms monolayer at 

limitation of 8 × 10−6 mol/m2 [6]. The saturated monolayer packing, assuming that 

the trimetyl ammonium heads are in the same horizontal plane, was 6.2 × 10−6 

mol/m2 [120]. In the other words, the obtained ГCMC in this study is greater than the 

limitation of mono-layer proposed in literature.  

The results at decane/water interface demonstrated that CTA+ heads are not in same 

plane (Fig. 4-5b). The bromide Br – ions with high diffusion coefficient play a 

significant role in interfacial area and built layers around head group. This sort of 

arrangements assist to make CTA+ molecules pack closer more than air/water and of 
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course leads to high Гm. Furthermore, the arrangement of Br – ions consider 

hypothesis and as result repulse with water molecules because they are not dissolve 

in water system. It is interesting to refer that the high density of CTA+ tail, breach 

mentioned system and provide a path for Br – ions to close the surface [100].  At 

oil/water interface the thickness of surfactants layer probably return to interface 

fluctuations. Depending on this figure, the roughness of surface is also expected 

where the oil layer has thickness [104].  The proposed mechanism is consistent with 

the increased thickness of the decane/water interface, as showed by X-ray study 

[105]. Neutron reflectometry also demonstrated that the oil/water inter-facial 

thickness is 3 times thicker than air/water interface [104]. Due the presence of oil 

molecules of hexane and decane, the oil/water interface produces additional volume 

that is available for CTA+ molecules. Furthermore, the repulsive force, between 

dodecyl tail of CTA+ and decane molecules, can balance the electrostatic force and 

disrupt the monolayer arrangement. This arrangement is similar to Ivanov’s proposed 

arrangement [67].  

In summary, the obtained data demonstrated the significant role of oil molecules on 

the adsorption layer of CTAB. It can be deduced that CTA+ molecules are not at 

same level due to the roughness of layer adsorption, which means the surfactant 

followed a multi-layers arrangement.  

4.5 Summary 

In this study the behaviour of CTAB solutions at the hexane and decane/water 

interfaces were investigated using pendant drop method. The experimental data was 

effectively modelled at equilibrium by a simple model with one parameter which 

offers one solution.  

The results demonstrated the success of new model in describing data. In addition, 

experimental results at equilibrium were also modelled using the Syszkowski 

equation where multiple solutions have been obtained. Consequently, the new model 

was also applied at dynamic conditions to fit two concentrations simultaneously.  

The results exhibited consistency between modelled and experimental data. The 

obtained parameters indicated a fundamental difference between air/water and 
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oil/water interfaces: the adsorbed quantity increased significantly. In case of decane, 

the adsorption concentration was double. The difference reflects the critical impact 

of hydrophobicity of hexane and decane molecules on the adsorption layer.  

The study verified to the participation of hexane and decane in the adsorption 

process. Hence, the surfactant inter-action is no longer dictated by electrostatic force 

between surfactant heads and counter-ions. The repulsion between oil and surfactant 

tails also plays a critical role.  
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5 Adsorption dynamics of Gemini surfactant at 
decane/water interface 

 

5.1 Introduction 

Gemini surfactants are well known by their special structure that consists of two 

hydrophilic head and two hydrophobic chains with a spacer in between [47-49]. Most 

of Gemini surfactants possess symmetrical structures and refer as m-s-m where m is 

the carbon atoms number in the two tails and s is the number of carbon atoms in the 

spacer. Furthermore, some Gemini surfactant s have more than two heads and tails 

and sometimes different tail length and known as unsymmetrical Geminis [51-55].  

In comparison to their conventional surfactants, Gemini surfactants have superior 

properties which influenced by length of spacer group, hydrophobic chain length and 

dissymmetry. Their unique surface active characteristics have attracted considerable 

interest. One of these features is the observed low critical micelles concentration 

[30]. Furthermore, the viscosity of aqueous Gemini surfactants with short spacer is 

much higher to monomeric analogue surfactants at low concentrations and excellent 

efficiency in reducing the interfacial tension [30, 56-62].  

Despite of important applications of different industrial and scientific fields, there is 

lack and shortage knowledge in investigating the dynamics and kinetic 

characteristics of Gemini surfactants. One of the main controversial issues regarding 

Gemini surfactant is the value of ionic constant in Gibb equation, Eq. 2-3. The 

conflicting reports have been critically reviewed by Zana [30]. At this stage, there is 

no consensus regarding the value of n: some researchers select 2, while other 

selected 3. More extraordinarily, neutron reflectometry indicated that n varies with 

concentrations [121]. By modelling from dynamic tension, the fitting can circumvent 

the Gibbs equation and controversies regarding n. Such advantage has been 

demonstrated in a recent study with a Gemini surfactant at air/water interface [101].    
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In this study, the dynamic and equilibrium interfacial tension of Gemini cationic 

surfactant α,ω-bis (N-alkyl dimethylammonium)  were investigated using pendant 

drop method. 

5.2 New theoretical framework 

In this study, a new modelling approach was developed to fit the experimental data 

of Gemini surfactants at oil/water interface. It is well known that Gibbs adsorption 

equation is essential approach and pivotal to predict the adsorption of surfactants at 

several different interfaces addition to many applications in technical and industrial 

fields. In this study, these thermodynamic frameworks were characterized without 

Gibbs equation. These new models showed sufficient powerful capability on 

describing different data of dynamic and equilibrium tensions.  

Many attempts have been done to fit the full experimental data of Gemini surfactant 

using mentioned model of Eqs. (2-31) and (2-32), addition to the extended model 

that was used to improve the fitting data of Gemini surfactant (C12-C3-C12) at air 

water interface [101]. However, applying these models deficit to provide sufficient 

fitting and exhibit a real gab between experimental results and theoretical models 

[55]. The new equation for CTAB, that is Eq. 2-31, was also applied without success.  

Accordingly, a new mathematical approach was exclusively developed for Gemini 

surfactant to replace the Eq. (2-31). The equation for Gemini surfactant is given as 

following: 

𝛾𝑒𝑒 = 𝛾0 − (𝛾0 − 𝛾𝑚𝑖𝑛) 𝑄𝑒𝑒𝑐𝑏
1+𝑄𝑒𝑒𝑐𝑏

                      (5-1) 

Where, γmin is the minimum interfacial tension (mN/m) and Qeq is new equilibrium 

constant (M-1). These parameters are adjustable parameters and can be used to 

predict the dynamic adsorption. Hence equation (5-1) is extended to the dynamic 

relationship: 

𝛾(𝑡) = 𝛾0 − (𝛾0 − 𝛾𝑚𝑖𝑛) 𝑄𝑒𝑒𝑐(𝑡)
1+𝑄𝑒𝑒𝑐(𝑡)

                  (5-2) 
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This model provides a well description for the experimental results as can be 

explained later.  It is worth to mention that, Eq. (5-1) has the same characterization 

of Eq. (2-31) where one can see that the adsorption density is not included in the 

equation and there is direct relationship between interfacial tension and bulk 

concentration. Consequently, Eq. (5-2) was replaced by Eq. (2-32) and success to 

calculate the dynamic interfacial tension for all Gemini concentrations. In addition, 

the new model approach does not require Gibbs adsorption isotherm and does not 

affect with any variance that may occurs in the thickness of sub-surface 

concentration. It should be noted that Equation (5-1) was inspired by the Rosen’s 

approach, i.e. equation (2-9).  

5.3 Experimental procedure 

The dynamic and equilibrium interfacial tension of Gemini surfactant have been 

conducted by applying the same procedure of conventional surfactants at chapter 4. It 

should be mentioned here that the concentrations of Gemini surfactant were prepared 

at concentrations lower than those conducted at conventional surfactants. 

5.3.1  Gemini surfactant synthesis 

The Gemini surfactant of type m-s-m was eventually formed as depicted in Figure 5-

1. The synthesis reaction was verified as illustrated briefly in the following 

procedure: all synthesis reactions were conducted under a positive pressure of dry 

nitrogen in oven-dried glassware. Commercially available solvents and reagents were 

used as purchased from Sigma-Aldrich. All NMR experiments were performed on a 

Bruker AVANCE III 400 MHz spectrometer at 298K.     

N

12

BrBr
NN

12 12

Br Br

reflux, CH3CN
48 h

14-3-14
Gemini surfactant  

 

Figure  5-1: Reaction synthesis of Gemini surfactant (C14-C3-C14). 
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To achieve the synthesis reaction we used a 250 mL round-bottom flask fitted with a 

reflux condenser and a magnetic bar was added N,N-dimethyltetradecylamine (24.15 

g, 0.1 mol), 1,3-dibromopropane (10.09 g. 0.05 mol) and acetonitrile (80 mL). The 

reaction mixture was heated to reflux with vigorous stirring for 48 h. Then the 

mixture was subsequently cooled down slowly to 0 °C, upon that a white precipitate 

formed. The white solid was filtered and wash with acetonitrile (3 x 30 mL). 

Recrystallization of the solid product from boiling acetonitrile resulted in the C14-C3-

C14. Gemini surfactant was obtained as a white solid. The product was analytically 

pure as confirmed by 1H-NMR spectroscopy.  

It should be noted that this Gemini surfactant was selected after some initial testing. 

The dynamic surface tensions were obtained in the reasonable range, from 10 s to 

minutes, for the effective dynamic modelling. On contrast, the dynamic adsorption of 

C12-C3-C12 was too fast and thus was not used in this study.  

5.3.2 Estimation of CMC 

The CMC of C14-C3-C14 was determined in this study by measuring the interfacial 

tension at varied concentrations. Therefore, the titration of dynamic interfacial 

tension has been applied to measure CMC of C14-C3-C14 and found to be 0.13 mM 

which is consider in consistency with literature value of 0.15 mM [65]. This low of 

CMC value regarding to conventional surfactants can return to the time that two 

alkyl chains of C14-C3-C14 take to move from water to micelles pseudo phase [122]. 

5.3.3 DOSY-NMR experiment to determine the diffusion coefficient    

In general, useful information about surfactants geometric characteristics in solutions 

can be obtained by self-diffusion measurements using nuclear magnetic resonance 

(NMR). These measurements have a wide range of applications such, DNA, protein 

properties, and self-diffusion coefficients.  There are several experimental procedures 

that widely used to determine the diffusion coefficient of bulk solution such as NMR 

spectroscopy [123], longitudinal encode-decode LED [124] and BPP-SED [125].  

 

As can be seen in Figure 3-7 the 1H NMR spectrum of (C14-C3-C14) has been 

performed in D2O where the single was suppressing by WATERGATE pulse 
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sequence. Proton NMR self-diffusion experiments were carried out using a Bruker 

AVANCE III NMR spectrometer at 400.13 MHz. The surfactant sample of 1mM 

was prepared by D2O and placed in 5mm NMR test tube therewith put in the 

apparatus for measurement. All measurements were carried out in controlled 

temperature (25 °C) and in consideration to weaken single of water we sued D2O 

instead of water. The 2D DOSY experiments were performed using standard Bruker 

pulse sequences (ledbpgp2s) which employs longitudinal eddy current delay (LED) 

with bipolar gradient pulse pair and 2 spoil gradients. The bands of resonance were 

seen at 0.835, 1.258 and 3.187 ppm which based on methylene protons. The single 

peak of resonance at 3.187 ppm is related to methyl protons escorted by hydrogen 

molecules.   

 

The δ (the gradient duration) and Δ the diffusion coefficient (the time intervals 

between pulse onset) values were optimizes for every concentration (using the 1D 

pulse sequence ledbpgp2s1d, δ (2×P30) and Δ (d20), Bruker's TopSpin). The 

diffusion experiments were recorded with δ = 2000–3000 μs, Δ = 100 ms, eddy 

current delay (D21) = 5 ms, and 16 scans per spectrum. The data were processed by 

Bruker’s TopSpin which immediately shows the diffusion coefficient D. 

   

Herein the echo multiple was applied due to the diffusion time to quantify the 

relationship between gradient pulses and accordingly the gradient strength. In their  

pioneer work, Stejskal- Tanner [126]  proposed pulsed gradients to the spin of echo 

sequence, and that is provide better results in comparison to previous study. They 

provide a solution of partial differential equation of Bloch-Torry and introduce the 

following formula:       
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I g                      (5-3) 

 

Where ζ is the gyromagnetic ratio of the proton, I is the amplitude of echo signal 𝐼0 is 

the amplitude when g=0, g is the strength of gradient pulse. Therefore, to determine 
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the diffusion coefficient D the data was fitted by applying mentioned equation and 

fitted function curve that calculated by 1HDOSY is illustrated in Figure 5-2.  

 
Figure  5-2: H NMR experiment to measure diffusion coefficient (spectrum with D2O 

suppressing in C14-C3-C14) 

Depending on the calculations of function fitting curve (Fig. 5-3), it has been 

detected that the diffusion coefficient value was 6.0 × 10-11 m2/s. This value will be 

used later in the dynamic modelling.   

 

 

Figure  5-3: H NMR measurement (fitted function curve) 
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5.4 Modelling results 

5.4.1 Equilibrium interfacial tension   

The equilibrium interfacial tension was measured for a series of aqueous solution of 

surfactant at concentrations less than CMC as shown in Fig. 5-1. Consequently, Eq. 

(5-1) has been applied to fit experimental results where the model success to provide 

good fitting as shown in Fig (5-4). 

 

Figure  5-4: Modelling equilibrium interfacial tension 

The adsorption parameters of new equilibrium model were changed several times to 

verify the best equilibrium fitting and used as initial values to promote dynamic 

fittings. The deviation between experimental data and modelling results are less than 

1 as shown in Table 5-1, and considered as acceptable deviation [127].  

The best-fitting values from the new thermodynamic model (Eq. 5-1) are obtained as 

following:  

Qeq= 226710 M-1 and γmin = 12.34 mN/m 

The behaviour of equilibrium adsorption of C14-C3-C14 is similar to other results [74]. 

The surface tension of Gemini surfactant follows the concave and convex region. 

Hence, two-parameters fitting were needed.  
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Table  5-1: Experimental and modelling results of equilibrium adsorption (γ0=52.3 
mN/m) 

No Concentration 

(mM) 

Experimental IFT 

(mN/m) 

Fitted value 

(mN/m) 

Deviation (mN/m) 

1 0.000 52.30 52.30                 0.000 

2 0.004 33.20 33.29 0.0086  

3 0.005 30.68 31.07 0.1490  

4 0.006 29.37  29.27 0.0111  

5 0.01 24.80 24.57 0.0543  

6 0.02 19.62  19.56 0.0044  

7 0.03 17.64 17.46 0.0335  

8 0.04 16.15 16.30 0.0218  

9             0.06               14.86              15.07 0.0418  

0.3246 

 

5.4.2 Dynamic interfacial tension  

The fitting of experimental data of C14-C3-C14 at decane/water interface exhibits 

unusual behaviour, with complicated dependence on the concentrations. It should be 

noted that the dynamic adsorption of C14-C3-C14 is much longer than that of CTAB, 

which was caused be low diffusion coefficients and complicated adsorption kinetics. 

Thus the molecular interactions at interface adsorption layer became more dominant.  

In the literature, there are several observations on experimental results of Gemini that 

require different thermodynamic framework [30]. In this study, two thermodynamic 

models have been used to describe the adsorption at different concentrations. The 

dynamic fitting procedure has conducted by applying two concentrations 

simultaneously. The s- shape of dynamic adsorption of C14-C3-C14 has complete 

elements that have been mentioned by Rosen’s qualitative description (Chapter 2). 

For this surfactant, the two modellings are based on: (i) Langmuir adsorption 
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isotherm with two fitting parameters (kL, Гm) and (ii) Frumkin adsorption isotherm 

with three parameters (kF, Гm, A).  

A. Langmuir adsorption isotherm 

The same numerical solution has been applied to solve Eqs. (2-5) and (2-19) where 

the value of sub-surface concentration cs(t) is used to calculate interfacial tension at 

Eq. (5-2). Langmuir model failed to describe the adsorption behaviour at very low 

concentrations [128, 129]. This model is most frequently used isotherm due to its 

simplicity, and provides some of key physics at adsorption layer. The model ignores 

inter-molecular interaction between adsorbed molecules, such as electrostatic 

interactions or intra-monolayer interactions. In other words, the reduction in the 

curve is only governed by the lateral attractions. In this regard this model has been 

used to model the experimental data of higher concentrations (0.02, 0.03 and 0.06 

mM). The adsorption parameters of adsorption fitting are listed in Table 5-2, and the 

best fitting was basically obtained by determining the less standard deviation for 

applied concentrations.  

Table  5-2: Adsorption parameters obtained by the best fit of Langmuir model. 

  cb (mM)         KL (M-1)       Гm (mol/m2)            A                       δγ             

0.02 - 0.03       603676           2.12 × 10-6           0            (0.93 & 0.52)                                       

 0.02 - 0.06      603676           2.20 × 10-6           0            (0.88 & 0.42)    
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Figure  5-5: Dynamic interfacial tension, fitting at 0.02 and 0.03 mM. 

 

 

 

Figure  5-6: Dynamic interfacial tension, fitting at 0.02 and 0.06 mM. 
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The fitting results can be seen in Figures 5-5 and 5-6. At higher concentrations, the 

model exhibits capability to fit the results. The results come with good standard 

deviation in spite of few deviation points (as shown in at the beginning of curve 0.03 

mM of Fig 5-3). These deviations may attribute to potential errors that may occur 

through the measurements. It should be mentioned that the best results for Langmuir 

model is at (0.02-0.06 mM) regarding to smallest deviations (Table 5-3).  

Consequently, it is clear from the results that the condition is diffusion–controlled 

and the kinetic step is not needed. However, the model could not fit the low 

concentrations (<0.01 mM). At the low concentrations, the modelled predictions are 

slower than experimental values. Hence, the Frumkin isotherm was employed to 

deduce surfactant behaviour at low concentrations. In this instance, the model have 

an additional parameters, A, and thus became more flexible.   

B. Frumkin adsorption isotherm  
The dynamic model, with numerical solution to solve Eqs. (2-8) and (2-19), was 

applied to obtain cs(t). Consequently, cs(t) was used to obtain dynamic interfacial 

tension and fitted against the experimental results at low concentrations.  

In the literature, Frumkin isotherm is typically used to include interaction between 

surfactant molecules. In addition, it was found these interactions take long time 

before equilibrium adsorption can be established [77]. The fitting results of dynamic 

interfacial tension by applying Frumkin model are depicted as full plotted curves in 

(Fig. 5-2). Two concentrations 0.001 and 0.01 mM simultaneously (solid lines) and 

provide good fitting for dynamic adsorption. The adsorption parameters are listed in 

Table 5-3, (including Гm, k, A, δγ and concentrations).  

Table  5-3: Adsorption parameters obtained by the best fit of Frumkin model. 

cb (mM)      KF (l/mol)  Гm (mol/m2)        A               δγ        Quality of fit                                       

 0.003-0.01   120901    7.954 × 10-6   -6.28   (0.304&0.600)     Good 
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It can be seen that the Frumkin model described appropriately the experimental data 

and provides better fitting for 0.01 and 0.001 mM curves, due to additional parameter 

A. Negative value of A refers to the spontaneity of adsorption process.  

This can be explained in terms of shortage of polar groups on hydrophobic alkyl 

chain of surfactants which results in more impacted contact between surfactant 

molecules. The resulted curves seem to be steeper than Langmuir isotherm for 

positive A (attraction between molecules). Also, the curves are steep (low 

concentration) and inclined to be straight at 0.001 mM. Nevertheless, the curves fail 

to predict at other concentrations. 

 

Figure  5-7: Dynamic interfacial tension (0.003 & 0.01 mM) 

 

5.5 Discussion  

5.5.1 Equilibrium tension 

In this regard, the researches on dynamic modelling of Gemini surfactants are scarce, 

in comparison with conventional surfactants. Finding an appropriate theoretical 

model, that can describe adsorption dynamically, remains difficult. Instead, many 
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researches have proposed the conflicting hypotheses about the interfacial structure 

and ionic bounding of Gemini surfactants. 

This study modelled the dynamic and static adsorption of experimental data of 

Gemini surfactants with a new theory. The theory is more reliable than conventional 

methods in obtaining adsorption constants. The equilibrium experimental data of C14-

C3-C14 was modelled by applying new model Eq. (5-1). As illustrated in Figure (5-4), 

it is clear that this model provided very good fitting to experimental results. It should 

be highlighted that there are two parameters involved in this model instead of one as 

mentioned in Eq. (2-31) (Chapter 4).  

The first adjustable parameter is minimum interfacial tension γmin between oils and 

surfactant solutions. This term has been mentioned in literature[130], in similar 

situation between salts concentrations and different oils. In fact, there is similarity 

between minimum interfacial tension γmin and the interfacial tension at CMC (γCMC) 

and critical aggregate concentration (γCAC). In this regard, γCMC becomes γmin and the 

slope gradually turns to zero, instead of a sudden change as with conventional 

surfactants [131]. The second parameter is the new Gemini adsorption constant Qeq 

which has the same origin as χ in Eq. (2-31). These parameters have been used to 

obtain better equilibrium fittings and in turn were applied for dynamic modelling. 

Accordingly, Eq. (5-1) provides an appropriate and implicit prediction for 

equilibrium curve. The implicit nature of the equation is the key for dynamic 

modelling. 

5.5.2 Dynamic tension 

In literature, the majority of modelling results that concern about determining of 

adsorption constants of surfactants were based on equilibrium data with 

uncertainties. In this study, our new mathematic model (Eq. 5-2) was used to model 

experimental data at different concentrations. The new theoretical model interpreted 

the dynamic adsorption is dominated by diffusion and therefore the kinetic step is not 

required.  

Generally, the adsorption of C14-C3-C14 is to be more effective at oil interface [75]. 

Physically, equilibrium adsorption of  C14-C3-C14 (Fig. 5-1) is very slow comparing 
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to our results on conventional surfactants at Chapter 4 and consider similar to 

equilibrium adsorption of Gemini surfactants at oils interfaces as reported in 

literature [74].  

Interestingly, the dynamic adsorption of C14-C3-C14 exhibits unusual response for the 

theoretical fittings, depending on the concentrations. Langmuir isotherm was only 

successful to predict the dynamic adsorption at the higher concentrations. The failure 

of the Langmuir isotherm at lower concentrations is apparently originated from 

molecular structure of the Gemini surfactant.  

Consequently, to improve the fittings, Frumkin isotherm model has been proposed. 

The new fitting becomes more flexible with 3 parameters (Гm, k, and A). The model 

can improve the fitting but not overall predictions (i.e. at all concentrations). The 

non-ideality parameter A was suggested by Frumkin to calculate the interactions 

between surfactants molecules. From the value of A, the interaction between 

molecules is repulsive.  

The modelling results in this study indicate a fundamental shift in term of the 

interaction: at low concentrations, the interaction becomes significant. This can be 

explained by the change in ionic bonding of Gemini surfactants as showed by 

neutron reflectometry[121]. At high concentrations, one of the two anions is bounded 

the Gemini surfactants.  Whereas, at low concentrations, ~ 10% of CMC, both anions 

dissociate from the surfactant. Such concentration-dependent behaviour has been 

discussed at length in the literature [30]. Hence, at high concentrations, Gemini 

surfactants behave cationic surfactants: mono-charged surfactant and a counter-

anion. At lower concentrations, Gemini surfactants behave differently: a double-

charged surfactants surrounding by two counter-anions.    

The changing charge can lead to different interactions. At low concentrations, the 

adsorbed surfactants interact repulsively via the counter ions. At high concentrations, 

the surfactant behaves as normal surfactants, i.e. being governed by Langmuir 

isotherm. In theory, there should be a gradual transition between the two binding 

states. Hence, the appropriate model should have A as a concentration-dependent 

parameter, instead of a constant. Such modelling would require a comprehensive 

development of the numerical procedure and outside the scope of this study.  
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5.6 Summary 

In this study, the adsorption behaviour of Gemini surfactant at decane/water interface 

was investigated experimentally and theoretically. Consequently, a new 

mathematical approach was developed to fit the experiment results of equilibrium 

adsorption of Gemini surfactants. The new model has two adjustable parameters and 

and does not require Gibbs equation.  

The Gemini surfactant is fundamentally different to normal cationic surfactant in 

previous Chapter and require new modelling equations. At equilibrium adsorption, a 

new model (Eq. 5-1) was developed to provide consistent fitting. The dynamic fitting 

obey two theoritical models, Langmuir for higher and Frumkin for lower 

concentrattions. The concentration-dependent behaviour can be explained by 

considering variable ionic bounding of the Gemini surfactant.   
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6 Conclusions and Recommendations 

6.1 Conclusions 

The study has investigated the dynamic adsorption of cationic surfactants at oil/water 

interface, with a new modelling framework. The new model used simple equations to 

relate interfacial to the bulk concentration. Consequently, the dynamic modelling 

was applied to obtain adsorption parameters. The dynamic model was fitted 

simultaneously at two different concentrations and used data at other concentrations 

for verifications.  

The experimental and subsequent modelling were conducted for two system:  

surfactants: cetyl trimethyl ammonium bromide (CTAB) and Gemini surfactant (C14-

C3-C14) at the alkane/water interface. 

In the first part of the study, two different oils were used. The results indicated a 

strong interaction between alkane molecules and hydrocarbon tails of surfactant at 

oil/water interface. From the obtained parameters, new physical insights on alkane 

and surfactants adsorption addition were proposed. Quantitatively, the model 

indicated that surfactant form a double layer at oil/water interface. The double layer 

was thinner as oil molecule reduced from decane to hexane. The results open new 

method to correctly predict the interaction between oil and surfactant molecules as 

well as the effects of the interactions.    

In the second part, the dynamic adsorption of a Gemini surfactant, C14C3C14 was 

studied. The results indicated the Gemini surfactant has very long adsorption at 

oil/water interface. The comprehensive modelling indicated a complicated behavior 

of Gemini surfactant at decane/water interface. Most significantly, the results 

demonstrated a variable and concentration-dependent interaction between the 

adsorbed molecules.  Unusual behaviour of Gemini surfactant at dynamic interfacial 

tension requires to usage two isotherm models, Langmuir and Frumkin isotherms. At 

high concentrations, the Langmuir isotherm was able to predict the adsorption. Yet, 

Frumkin isotherm with three parameters was required for low concentrations.  
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6.2 Recommendation 

The study has qualitatively described the influence of oil molecules on the surfactant 

adsorption. The proposed interactions would need further verification, especially 

from other methods. Unlike air/water interface, however, the oil/water interface is 

not readily accessible by other experimental techniques, such as neutron 

reflectometry or sum frequency generation. Hence, it is recommended that molecular 

simulation is carried out to verify the results from this study.  
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Appendix 1  
 

1- CTAB/Decane interface 

Equilibrium Calculations 

a. Fitting equilibrium results by new model  

 

 
 

 

b. Applying Szyszkowski equation where multiple solutions were obtained 

Case 1                                                                                  Case 2                                                                                            

                   
 

0.02281 0.35232
Concentratio(mM) Experiments(mN/m) Eq. (2-7) Equi G (Ge/Gm) 0.00393 Eq. (2-32) 0.62063

0.00E+00 52.28 52.28 0 52.28 0
2.00E-04 35.22 3.52E+01 0.465576172 2.2E-06 3.59E+01 0.42975
4.00E-04 24.81 2.48E+01 0.635253906 2.8E-05 24.61301 0.0388
6.00E-04 17.26 1.73E+01 0.723144531 0.00205 16.88805 0.13984
8.00E-04 11.477 1.14E+01 0.776855469 0.00184 11.58761 0.01224

KF (mol-1) 3770.444
Gm (mol/m 2 ) 1.19E-05
A 0
Concentratio(mM) Case 3 Equi G (Ge/Gm)

0.00E+00 52.28
2.50E-07 5.23E+01 0.000941753
5.00E-07 5.22E+01 0.001881599
1.00E-06 5.22E+01 0.003755569
2.00E-05 5.01E+01 0.070129395
0.00005 4.72E+01 0.158569336
0.0001 4.28E+01 0.273681641

2.00E-04 3.57E+01 0.429931641
4.00E-04 2.51E+01 0.601074219
6.00E-04 1.73E+01 0.693847656
8.00E-04 1.11E+01 0.751464844
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Case 3                                                                        Case 4                                                                                            

                                                       
                 

  

2- CTAB/Hexane interface 

a. New model fittings 

  
 
 
 
 
 
 
 
 
 

KF (mol-1) 4354.871
Gm (mol/m 2 ) 1.1E-05
A 0
Concentratio(mM) Case 4 Equi G (Ge/Gm)

0.00E+00 52.28
2.50E-07 5.23E+01 0.001088142
5.00E-07 5.22E+01 0.00217247
1.00E-06 5.22E+01 0.004337311
2.00E-05 5.00E+01 0.08013916
0.00005 4.69E+01 0.178833008
0.0001 4.24E+01 0.303466797

2.00E-04 3.52E+01 0.465576172
4.00E-04 2.48E+01 0.635253906
6.00E-04 1.73E+01 0.723144531
8.00E-04 1.14E+01 0.776855469

0.5864032 49.5
concentration (M) Expriments(mN/m) Eq. (2-7) 1.3754747 EquG Equation (2-32) 1.01375233

0.00E+00 49.5 49.5 0 4.95E+01 0
3.00E-04 21.62283574 2.25E+01 0.7940926 0.63916 2.25E+01 0.73305345
4.00E-04 17.28387169 1.74E+01 0.0116208 0.702637 17.27831795 3.0844E-05
5.00E-04 13.81062058 1.31E+01 0.5697613 0.747559 13.28083947 0.28066803
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b. Szyszkowski equation 
 

 
Case 1                                                                        Case 2                                                                      

                     
 
Case 3                                                                        Case 4                                                           

                    
 

 
 
 
 
 

  

KF (mol-1) 7111
Gm (mol/m 2 ) 9.70E-06
A 0
Concentratio(M) Case 2 Equi G (Ge/Gm)

0.00E+00 49.50
2.50E-07 4.95E+01 0.001774788
5.00E-07 4.94E+01 0.003541946
1.00E-06 4.93E+01 0.007061005
2.00E-05 4.63E+01 0.124633789
0.00005 4.22E+01 0.262451172
0.0001 3.66E+01 0.415771484

3.00E-04 2.20E+01 0.681152344
4.00E-04 1.71E+01 0.739746094
5.00E-04 1.30E+01 0.780761719
6.00E-04 9.56E+00 0.810058594

KF (mol-1) 5909
Gm (mol/m 2 ) 1.07E-05
A 0
Concentratio(M) Case 1 Equi G (Ge/Gm)

0.00E+00 49.50
2.50E-07 4.95E+01 0.001475334
5.00E-07 4.94E+01 0.002946854
1.00E-06 4.93E+01 0.005870819
2.00E-05 4.65E+01 0.105651855
0.00005 4.26E+01 0.228149414
0.0001 3.72E+01 0.371337891

3.00E-04 2.25E+01 0.639160156
4.00E-04 1.74E+01 0.702636719
5.00E-04 1.31E+01 0.747558594
6.00E-04 9.44E+00 0.779785156

KF (mol-1) 6222
Gm (mol/m 2 ) 1.04E-05
A 0
Concentratio(M) Case 4 Equi G (Ge/Gm)

0.00E+00 49.50
2.50E-07 4.95E+01 0.001553535
5.00E-07 4.94E+01 0.003103256
1.00E-06 4.93E+01 0.006183624
2.00E-05 4.65E+01 0.110656738
0.00005 4.25E+01 0.237182617
0.0001 3.71E+01 0.383544922

3.00E-04 2.24E+01 0.650878906
4.00E-04 1.73E+01 0.713378906
5.00E-04 1.32E+01 0.756347656
6.00E-04 9.51E+00 0.788574219
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Appendix 2 
 

 
Figure A-1: NMR image for hexane as received (withpout purification) 

 

 
Figure A-2: NMR image for hexane after purification. 
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Appendix 3 
 

Numerical procedure to calculate diffusion: 

Function Diffusion2(tp, Cb, KF, a, D, td, nd, l, delt) 

'This function calculate the dimensionless surface conc at tp given bulk conc cb 

'tp,t0 in ms, c in mol 

Dim n, dt, A1, A2, Cs1, Cs2, Cs3, G1, G2, G3, Err, Pi, i, ii 

Dim dtt, temp(14100, 1) 

Dim T(14000), G(14000), Cs(14000), F1, F2, F3 

 

'=============================================== calculated time 

step 

For i = 1 To nd 

T(i) = tt(i, nd, td, l) 

Next i 

 

'=============================== timestep after td 

n = nd + Int((tp - td) / delt) 

dtt = (tp - td) / (n - nd) 

For i = nd + 1 To n 

T(i) = td + (i - nd) * dtt 

Next i 

 

'================================== 

G(0) = 0: T(0) = 0: Cs(0) = 0: temp(0, 0) = 0 

Pi = Atn(1) * 4: A1 = (D / Pi) ^ (0.5) 

For i = 1 To n 

A2 = 2 * Cb * A1 * (T(i) ^ 0.5) - A1 * Cs(i - 1) * (T(i) - T(i - 1)) ^ (0.5) 

For ii = 1 To i – 1 

A2 = A2 + A1 * (Cs(ii) + Cs(ii - 1)) * ((T(i) - T(ii)) ^ (0.5) - (T(i) - T(ii - 1)) ^ (0.5)) 

Next ii 'calculate A2 

Err = 1: Cs1 = Cb: Cs2 = 0 'Cs(i - 1): 'limits of Cs(i) 
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'======================================= bisection 

While Err > (0.00001) 'And test(i) < 29 

G1 = GFr(A1, A2, Cs1, T(i), T(i - 1)): F1 = F(Cs1, KF, G1, a) 

G2 = GFr(A1, A2, Cs2, T(i), T(i - 1)): F2 = F(Cs2, KF, G2, a) 

If F1 * F2 < 0 Then 

Cs3 = (Cs2 + Cs1) / 2 'Cs2 + Abs((Cs1 - Cs2) * F2 / (Abs(F2) + Abs(F1))) 'dividing 

point 

G3 = GFr(A1, A2, Cs3, T(i), T(i - 1)): F3 = F(Cs3, KF, G3, a) 

If F3 = 0 Then 

Err = 0 

Else 

If F3 * F2 < 0 Then 

Cs1 = Cs3: Err = Abs(Cs1 - Cs2) / Cs1 

Else 

Cs2 = Cs3: Err = Abs(Cs1 - Cs2) / Cs1 

End If 

End If 

G(i) = G3: Cs(i) = Cs3 

'Debug.Print i 

Else 

Diffusion2 = "fail": GoTo 100 

End If 

Wend 

 

'=======================================end bisection 

temp(i, 0) = G(i): temp(i, 1) = Cs(i) 

Next i 

 

'=================================== 

Diffusion2 = temp 

100 

End Function 

Function tt(i, nd, td, l) 
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If i > nd Then 

tt = td + (i - nd) * td * (Exp(l) - Exp((nd - 1) * l / nd)) / (Exp(l) - 1) 

Else 

tt = td * (Exp(i * l / nd) - 1) / (Exp(l) - 1) 

End If 

End Function 

Function F(Cs, KF, G, a) 

'calculate function F from F isotherm 

F = Cs * (1 - G) - (1 / KF) * G * Exp(-a * G) 

End Function 

Function GFr(A1, A2, Cs, t2, t1) 

'cal surface conc using diffusion sol 

GFr = A2 - A1 * Cs * ((t2 - t1) ^ 0.5) 

End Function 

Function EquG(Cb, KF, a) 

'calculate function F from F isotherm 

Dim G1, G2, G3, Err, F1, F2, F3 

Err = 1: G1 = 0: G2 = 1 

While Err > (0.001) 

F1 = F(Cb, KF, G1, a): F2 = F(Cb, KF, G2, a) 

If F1 * F2 < 0 Then 

G3 = (G2 + G1) / 2: F3 = F(Cb, KF, G3, a) 

 If F3 = 0 Then 

 Err = 0 

Else 

If F3 * F2 < 0 Then 

G1 = G3: Err = Abs(G1 - G2) / G2 

Else 

G2 = G3: Err = Abs(G1 - G2) / G2 

End If 

    End If 

EquG = G3 

'Debug.Print i 
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Else 

EquG = "fail": GoTo 100 

End If 

Wend 

100 

End Function 
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