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ABSTRACT 

Proteins are amphiphilic and adsorb at liquid interfaces. Therefore, they can be efficient 

stabilizers of foams and emulsions. β-lactoglobulin (BLG) is one of the most widely studied 

proteins due to its major industrial applications, in particular in food technology.  

In the present work, the influence of different bulk concentration, solution pH and ionic 

strength on the dynamic and equilibrium pressures of BLG adsorbed layers at the 

solution/tetradecane (W/TD) interface has been investigated. Dynamic interfacial pressure (Π) 

and interfacial dilational elastic modulus (E’) of BLG solutions for various concentrations at 

three different pH values of 3, 5 and 7 at a fixed ionic strength of 10 mM and for a selected 

fixed concentration at three different ionic strengths of 1 mM, 10 mM and 100 mM are 

measured by Profile Analysis Tensiometer PAT-1 (SINTERFACE Technologies, Germany). 

A quantitative data analysis requires additional consideration of depletion due to BLG 

adsorption at the interface at low protein bulk concentrations. This fact makes experiments 

more efficient when oil drops are studied in the aqueous protein solutions rather than solution 

drops formed in oil. On the basis of obtained experimental data, concentration dependencies 

and the effect of solution pH on the protein surface activity was qualitatively analysed. In the 

presence of 10 mM buffer, we observed that generally the adsorbed amount is increasing with 

increasing BLG bulk concentration for all three pH values. The adsorption kinetics at pH 5 

result in the highest Π values at any time of adsorption while it exhibits a less active 

behaviour at pH 3. 

Since the experimental data have not been in a good agreement with the classical diffusion 

controlled model due to the conformational changes which occur when the protein molecules 

get in contact with the hydrophobic oil phase in order to adapt to the interfacial environment, 

a new theoretical model is proposed here. The adsorption kinetics data were analysed with 

the newly proposed model, which is the classical diffusion model but modified by assuming 

an additional change in the surface activity of BLG molecules when adsorbing at the interface. 

This effect can be expressed through the adsorption activity constant in the corresponding 

equation of state. The dilational visco-elasticity of the BLG adsorbed interfacial layers is 

determined from measured dynamic interfacial tensions during sinusoidal drop area 

variations. The interfacial tension responses to these harmonic drop oscillations are 
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interpreted with the same thermodynamic model which is used for the corresponding 

adsorption isotherm.  

At a selected BLG concentration of 2×10
-6 

mol/l, the influence of the ionic strength using 

different buffer concentration of 1, 10 and 100 mM on the interfacial pressure was studied. It 

is affected weakly at pH 5, whereas it has a strong impact by increasing buffer concentration 

at pH 3 and 7. In conclusion, the structure formation of BLG adsorbed layer in the early stage 

of adsorption at the W/TD interface is similar to those of the solution/air (W/A) surface. 

However, the equation of state at the W/TD interface provides an adsorption activity constant 

which is almost two orders of magnitude higher than that for the solution/air surface. 

At the end of this work, a new experimental tool called Drop and Bubble Micro Manipulator 

DBMM (SINTERFACE Technologies, Germany) has been introduced to study the stability 

of protein covered bubbles against coalescence. Among the available protocols the lifetime 

between the moment of contact and coalescence of two contacting bubble is determined for 

different BLG concentrations. The adsorbed amount of BLG is determined as a function of 

time and concentration and correlates with the observed coalescence behaviour of the 

contacting bubbles.  
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LIST OF ABBREVIATIONS 

Latin Symbols 

A surface/interfacial area 

A cross sectional area of the dividing 

surface (section 3.3) 

a interaction constant 

   activity of the component i 

   protein intermolecular interaction 

parameter 

b 

 

radius of curvature at (0, 0) in 

Figure 6 

b adsorption activity coefficient  

bi adsorption activity coefficient in the 

i-th state 

   total adsorption constant for the 

protein molecule in all states 

    adsorption equilibrium constant for 

the protein in the i-th state 

c bulk concentration 

c* critical protein concentration 

   surfactant counter-ion concentration 

   concentration of component i 

   protein concentration 

   surfactant concentration 

   initial bulk protein concentration 

D diffusion coefficient 

E surface/interfacial dilational visco-

elasticity modulus 

   surface/interfacial dilational 

limiting elasticity (high frequency 

limit) 

   storage modulus = elasticity 

    loss modulus = viscosity 

| | visco-elasticity modulus 

f cyclical frequency (Hz) of 

oscillations 

fa average activity coefficient of ions 

in the bulk solution in Eq. (3.16) 

fi activity coefficient of component i 

in Eq. (3.10) 

g local gravitational constant 

k kinetic constant 

   Henry constant 

   Langmuir equilibrium constant 

m number of ionized groups in a 

protein molecule 

na aggregation number 

∆P pressure difference 

∆   pressure difference at a reference 

plane 

R gas law constant 

   radius of curvature at the point (x, 

z) in Figure 6 

r radius of curvature 

S entropy 

s arc length 

T absolute temperature 

t time 

U internal energy of the total system 

   internal energy of the bulk phase α 

   internal energy of the bulk phase β 

   excess free energy associated with 

the surface 

z vertical height measured from the 

reference plane 
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Greek Symbols 

 

β shape factor in Eq. (4.6) 

Γ adsorption as a function of the bulk 

concentration 

Γ* critical value of protein adsorption 

  
  surface excess concentration of 

component i 

   total adsorption of protein in all 

states 

    protein adsorption in the i-th state 

   surfactant adsorption 

   total adsorption in m layers 

   maximum surface/interfacial 

coverage 

γ surface/interfacial tension 

   surface/interfacial tension of pure 

solvent 

ε two-dimensional relative surface 

layer compressibility coefficient 

θ surface/interfacial coverage 

   total surface/interfacial coverage by 

protein molecules 

   chemical potential of the 

component i at a reference state 

   chemical potential of the 

component i 

σ surface region of the Gibbs dividing 

surface 

  dummy variable with time unit 

ind  induction time  

Π surface/interfacial pressure; is  the 

difference between the interfacial 

tension  of a solution and 0 as the 

tension for the pure W/TD interface 

   critical value of surface pressure 

∆ρ density difference 

Φ normal angle 

  phase angle 

   characteristic frequency of 

diffusion relaxation 

   molar area of component i 

     maximum partial molar area 

     minimum partial molar area 

   average molecular area of an 

adsorbed protein molecule 

   molar area of an adsorbed 

surfactant molecule 

    molar area of surfactant at zero 

surface pressure 

   initial molar area of a surfactant or 

of a solvent molecule 

 

 

 

Indicates 

  

W/A solution/air surface 

W/TD solution/tetradecane interface 
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1. Introduction 

 

1. INTRODUCTION 

Proteins are widely studied due to its various applications in food technology, biochemistry, 

cosmetics, pharmacology etc. [ 1 , 2 ]. In particular, comprehending colloidal systems 

stabilized by proteins and the dynamic behaviour of proteins at interfaces are very important 

in food systems [2, 3, 4, 5, 6, 7, 8, 9, 10]. Proteins are important stabilizers in various food 

products such as milk, ice cream or salad dressings. For this purpose various types of proteins 

were investigated, as an example, vegetable proteins from wheat and soy, and milk proteins 

like caseins and β-lactoglobulin (BLG) [4, 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 ]. The 

stabilization of foams [20] and emulsions [15] depend to a great extent on the interfacial 

properties, adsorption dynamics, surface activity, and surface rheology. Such fundamental 

studies concerning food protein adsorption at the water/oil interface can draw corresponding 

information to understand complex phenomena such as the digestion processes [21, 22]. 

Proteins are large biomacromolecules consisting of a number of amino acid residues. Proteins 

have zwitterionic nature since they contain both acidic and basic functional groups, therefore, 

the solution pH plays a crucial role. Amino acids design proteins which may be positive, 

negative, or neutral, and as a result, proteins have an overall electrical net charge. 

The isoelectric point pI is the pH value at which the net charge is zero. Proteins carry a 

positive net charge at a pH below their pI, whereas they carry a negative net charge above 

their pI. The value of pI is specific for every protein because of its unique primary structure. 

The molecular net charge is affected by the solution pH and can become positive or negative 

due to the gain or loss, respectively, of protons (H
+
). The pI value can affect the solubility of 

molecules at a given pH. Protein molecules have the minimum solubility at the pH that 

corresponds to their pI. The effect of the protein net charge on the interfacial pressure and the 

adsorption kinetics can be attributed to changes of the surface activity of the protein 

molecules and the existence of an electrostatic barrier of adsorption [23]. The higher the net 

charge the lower the chance for hydrophobic segments (usually buried in the aqueous 

environment) to be exposed to the interface with a hydrophobic phase (solid or fluid). In 

summary, reduction of protein net charge causes increasing the affinity of the protein to the 

interface, thus adsorption will be enhanced [24, 25]. 

https://en.wikipedia.org/wiki/Functional_groups
https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Protons#In_Physics_and_biochemistry
https://en.wikipedia.org/wiki/Solubility
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In literature, various theoretical models have been introduced to qualitatively characterize the 

dynamic and equilibrium adsorption behaviour of proteins and surfactant. Joos and Serrien 

[26] were the first who suggested the theory of protein adsorption layers. The properties of 

such layers differ from those of regular surfactants in many respects. As compared with the 

adsorption of surfactants, proteins have been transported to the interface, as well as their 

conformation may be changed. Protein molecules tend to be in a folded conformation at 

interfaces at the beginning of the adsorption process. Depending on the species of protein, 

surface concentration and the fluid which forms the interface with the protein solution, the 

degree of the unfolding process is determined. It was reported that changes in orientation of 

globular protein molecules could influence the adsorption kinetics in case of short adsorption 

times [27]. It elucidates why the value of the partial molar area for proteins is large and 

variable, as compared with usual surfactants.  

The present thesis discusses the behaviour of protein adsorbed layers based on a number of 

experimental data. The experiments presented here, have been performed with various 

concentration of aqueous BLG solution at the interface with tetradecane (TD). The globular 

protein BLG is one of the main components of the bovine milk. It is a relatively small protein 

of 162 residues, with 18.4 kDa molecular weight [28, 29, 30]. Since the properties of BLG 

can be considered beneficial or harmful in dairy products, BLG has major interest in food 

industry [31]. To the best of our knowledge, there are no extensive studies in the literature, 

which comprise results on the adsorption behaviour of BLG in a wide protein concentration 

and pH ranges (including pH-values below, at and above the isoelectric point), neither for the 

case of water/oil interface nor for water/air surface. In the latter case, recently Ulaganathan et 

al. [25, 32] attempted to systematically investigate the effects of pH and ionic strength on 

BLG surface layers. In the proposed thesis, we investigate the effect of BLG bulk 

concentration, solution pH and the dilational rheology of BLG adsorbed layers at the (W/TD) 

interface by measuring the dynamic interfacial pressure as a function of BLG concentration, 

pH and ionic strength of the solutions to obtain information about the mechanism of 

adsorption of BLG. The dynamic interfacial pressure, interfacial pressure isotherm and 

dilational visco-elastic rheology were obtained at pH 3, 5 and 7 (pIBLG ≈ 5.1) on the basis of 

the П(t) data measured during the adsorption process for about 23.5 hours. 

https://en.wikipedia.org/wiki/Residue_(chemistry)
https://en.wikipedia.org/wiki/Molecular_weight
https://en.wikipedia.org/wiki/Dairy
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To describe the behaviour of protein adsorbed layers at the W/TD interface, the classical 

diffusion controlled model has been modified by assuming an additional change in the 

surface activity of BLG molecules when adsorbing at the interface. This new theoretical 

model which is used here, assumes a physically reasonable diffusion coefficient for the 

protein molecules and an adsorption activity constant as a function of the adsorbed amount. A 

smaller adsorption coefficient is required at the beginning of the adsorption process while a 

larger one is required for the longer lasting adsorption process. This is due to conformational 

change of the protein when BLG molecules contact with the hydrophobic TD phase at the 

interface. This conformational change is considered in terms of changes in the surface 

activity. We show the agreement of this mixed theoretical model with experimental data for 

BLG solutions at three pH value of 3, 5 and 7 in the presence of 10 mM buffer solution.  
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2. TARGET OF THIS THESIS 

This thesis aims at better understanding of the mechanism of the BLG adsorption at 

solution/tetradecane (W/TD) interfaces. As the adsorption of proteins at liquid/liquid 

interfaces is a time process, the Profile Analysis Tensiometer PAT-1 (SINTERFACE 

Technologies, Germany) is used to quantitatively study the formation of adsorption layer of 

BLG at liquid/liquid interface via measuring the dynamic interfacial tension. Using PAT-1, 

we studied the effect of BLG bulk concentration, solution pH and solution ionic strength on 

the interfacial pressure and the dilational rheology. While the tensiometer provides 

information on the formation of adsorption layers over a certain time interval, dilational 

elasticity and viscosity can be obtained from relaxation experiments via the responses of the 

interfacial layer to harmonic perturbations (oscillations) in a certain frequency range. 

The adsorption behaviour of proteins at liquid/fluid interfaces can be attributed to several 

factors which influence the conformational changes of protein molecules in the adsorption 

layer. The interaction between adsorbed protein molecules and the oil molecules at the 

interface can be considered with changing concentration and pH of the BLG solution or the 

ionic strength of the BLG solution [24, 33, 34, 35, 36, 37, 38, 39, 40, 41].  

Generally, the rate of interfacial pressure change and the equilibrium values of interfacial 

pressure are increasing with the BLG bulk concentration while in parallel the induction time 

is decreasing. Furthermore, increasing the ionic strength increases the adsorption and leads 

typically to increasing П values. The mechanism of BLG adsorption layers will be 

investigated via dynamic interfacial tension measurements. It will be shown that the classical 

diffusion controlled adsorption cannot quantitatively describe the gained data. A modification 

of this diffusion model will be presented that considers also the change in conformation of 

protein molecules upon adsorption at the W/TD interface [42]. 

The effect of BLG concentration and solution pH on the surface pressure, the dilational 

rheology and the structure of BLG adsorbed layers at the solution/air (W/A) surface were 

recently reported by Ulaganathan et al. [25, 32] and Gochev et al. [43]. In the present work, 

we are going to treat the obtained experimental data at the W/TD interface in the same 

manner. This includes the equilibrium interfacial pressure isotherms, and the dilational visco-

elasticity in the range of low frequencies, most relevant for protein adsorption layers. The set 

of experimental data is presented and analysed by the most advanced thermodynamic model 
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recently proposed in [44]. It will be shown how the presence of TD molecules changes the 

absolute molar parameters of adsorbed BLG while the regularities with regard to the effects 

of pH and ionic strength are similar to adsorption layer of BLG at the W/A surface [45]. The 

same is true for the viscoelasticity of BLG layers at the W/TD interfacial layers [46]. 

The Drop Bubble Micro Manipulator DBMM (SINTERFACE Technologies, Germany) is 

used to describe the characterization of the stabilizing effect of BLG for air bubbles in 

aqueous protein solutions. Using DBMM the time of rupture of the liquid film between two 

bubbles (could be fresh bubbles or aged bubbles) in a BLG solution for a given time in a 

certain concentration of BLG solution can be determined. Since the presented study aims at 

stabilizing emulsions, DBMM is a suitable measuring technique for the elementary processes 

in foams and emulsions, in particular coalescence studies. This deserves large systematic 

studies, which is the reason why it is not part of this work. 
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3. FUNDAMENTALS OF ADSORPTION LAYERS 

3.1. Foams and Emulsions  

Foams are systems in which a gas phase is dispersed in a liquid or solid medium and it is easy 

to find from beer, cappuccino and whipped cream. Emulsions are the general term for 

systems in which one liquid phase is dispersed in another liquid phase which is immiscible. It 

is called O/W (oil in water) emulsion when the dispersed phase is an organic liquid and the 

continuous phase is water or an aqueous solution and is called W/O (water in oil) emulsion 

for the opposite situation. Emulsions are common in our life such as food, for example, milk, 

ice cream, mayonnaise, butter, and margarine, pharmaceutics, personal care and cosmetic 

products. To be an O/W emulsion or a W/O emulsion can generally be determined by the 

Bancroft rule that the phase in which the emulsifier is better soluble is the continuous phase 

[ 47 ]. Emulsifiers can be classified as water-soluble and oil-soluble by their HLB 

(Hydrophilic-Lipophilic Balance) value. It can be used in order to choose good emulsifiers 

for the desired emulsion. In O/W emulsions, use high HLB surfactants that are more soluble 

in water than in oil while in W/O emulsions use low HLB surfactants that are more soluble in 

oil than in water. 

 

 

                                                      (a)                                    (b) 

Figure 1 (a) stable emulsion (b) unstable emulsion – it progressively separates 

 

It is essentially impossible to create everlastingly stable foams or emulsions, it is necessary to 

add a surface-active substance as a third component to prevent phase separations. In this case, 

the surface active substance is called emulsifier. One class of emulsifiers are surface active 
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agents known as surfactants. When it is added to foams or emulsions as stabilizer, they 

facilitate lower interfacial free energy by adsorbing and orienting at the water/oil interface, 

and at the same time it suppress the rate of phase separation between water and oil to keep the 

foams or emulsion state [48]. Another class of emulsifiers are macromolecular substances 

such as polymers and proteins. They reduce the interfacial tension not as much as surfactants, 

but they can stabilize foams and emulsions via steric forces [49, 50, 51]. In food technology, 

often proteins and their mixtures with low molecular weight surfactants are used together as 

emulsifiers [52, 53, 54, 55, 56, 57] due to the efficiency of both compounds – surfactants for 

their low interfacial tension and proteins for their steric stabilization.  

 

3.2. Surface and Interfacial Tension 

Surface tension is an important property of surfactant systems [58 , 59]. When a fresh 

interface of a surfactant or protein solutions is formed, the corresponding surface tension is 

the same as that of the solvent, because there is no surfactant or protein yet adsorbed. And 

then the surface tension will be decreased with time until the equilibrium state of adsorption 

is reached. This relaxation can be in a time range from a few seconds (or even less) up to 

hours and even days depending on the surfactant type and solution conditions such as 

concentration, pH, temperature and ionic strength. The equilibrium surface tension guides the 

way to better understand of dynamic behaviour of adsorption layers. 

Believe it or not, we are living under the influence of surface tension. The phenomena, for 

example, water dripping from a tap which is stretched to a certain point and then separates as 

a spherical drop, or being round as a rain drop on a leaf, or raised liquid along the wall of a 

container in a vertical tube, are all due to the tension acting on the liquid surface. As shown in 

Figure 2, between the molecules constituting a liquid there are various interaction forces. In 

the bulk, as shown in Figure 2 (b), the forces of attraction and repulsion between the fluid 

molecules are symmetric and in equilibrium, so that the net force is zero. However, at the 

surface, as shown in Figure 2 (a), the interaction with molecules in the second fluid phase is 

different, i.e. asymmetric. Therefore, there is a net force directed towards the inside of the 

fluid. The resulting excess force is called surface tension or surface energy. Itsaction is 

directed towards minimization of the liquid surface area. The surface tension is a commonly 

occurring phenomenon and it can be also defined as the work required to create a certain area  
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of a new surface. As the water/oil interface is the subject of the thesis, the terminology 

―interfacial tension‖ instead of ―surface tension‖ is used for liquid/liquid interfaces here. 

 

 

Figure 2 Diagram of the forces acting on molecules of a liquid 

 

3.3. Adsorption and Gibbs Dividing Surface 

The adsorption of molecules at the interface of a liquid phase occurs when this liquid phase is 

in contact with another immiscible phase. This phase can be a gas, a solid, or another liquid. 

Surface tension is affected by adsorption. Adsorbed layers may affect the interactions of the 

dispersed phase and as a result, these layers may play for example a key role in emulsion 

stabilization.  

In the presence of two phases, the surface phase is located in between them. Josiah Willard 

Gibbs proposed an idealized model which is based on the concept of a ―dividing surface‖ 

with zero thickness. In this model, the chemical components of the bulk phases α and β are 

not changed except in the vicinity of the dividing surface and even the total moles of any 

component is constant in the bulk phases but not in the dividing surface. However, in reality,  

the total moles of component vary depending on the position of the dividing surface. This is 

described schematically in Figure 3.  
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Figure 3 Schematic illustration of the concept of Gibbs’ dividing plane; (a) solvent excess 

concentration is zero (the coloured area is equal on both sides of the Gibbs dividing surface), 

(b) the surface excess of component i is the difference (coloured area) in the concentrations 

of that component on either side of the Gibbs dividing surface. 
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The surface excess concentration of component i is given by 

  
  

  
 

 
 (3.1) 

where A is the interfacial area.   
  can be positive, negative or zero. 

The internal energy U of the system consisting of the bulk phases α and β, and the interfacial 

region σ can be written as:  

           (3.2) 

The corresponding expression for the thermodynamic energy of the interfacial region σ is as 

follows: 

          ∑     
 

   (3.3) 

where T is the temperature, S is the entropy, γ is the surface tension, A is the cross sectional 

area of the dividing surface, and    is the chemical potential of the component i. For any 

infinitesimal change in T, S, A, μ, n, the differentiation of Equation (3.3) gives: 

                      ∑      
 

  ∑   
       (3.4) 

from Equation (3.2), the differential total internal energy in any bulk phase which is isobaric 

and isothermal leads to: 

           ∑         (3.5) 

Similarly for the differential internal energy in the interfacial region σ from Equation (3.3) we 

get: 

             ∑      
 

   (3.6) 

By subtracting Equation (3.6) from Equation (3.4), it is obtained: 

         ∑   
         (3.7) 

Then at constant temperature, by introducing in this equation the surface excess   
  of 

component i, which is defined in Equation (3.1), finally the general form of the Gibbs 

fundamental equation can be represented by:  
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    ∑   
       (3.8) 

Using this Gibbs adsorption equation it is feasible to connect the concentration of the solute 

with the surface tension of a solution, which results in a corresponding change in surface 

energy. 

The chemical potential    of the component i is given by 

     
          (3.9) 

where    is the standard chemical potential of the component i at a reference state, R is the 

gas constant, T is the absolute temperature, and    is the activity of component i. 

Differentiation of the chemical potential equation leads to: 

      
   

  
            (3.10) 

where f is the activity coefficient of component i, and    is the concentration of species i in 

the bulk phase. If the solutions in the phases α and β are dilute, the activity coefficient f of the 

component i approaches unity and the Gibbs isotherms: 

    
 

  
(

  

     
)

   
  (3.11) 

 

3.4. Thermodynamic Adsorption Models 

3.4.1. The Henry Adsorption Model  

The simplest adsorption isotherm is the linear Henry isotherm [60]. 

       (3.12) 

where Γ is the adsorbed amount at the bulk concentration c and    is the equilibrium 

adsorption constant so-called Henry constant. This isotherm has a relatively limited range of 

application and applies only for very low surface concentrations and conforms to non-

interacting gaseous monolayers (ideal gas). Note, this adsorption model was originally 

derived by Henry for the gas adsorption and was applied to surfactant adsorption layers much 

later, using analogue quantities characteristic for surfactant interfacial layers.  
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3.4.2. The Langmuir Adsorption Model  

The most frequently used non-linear adsorption isotherm is the Langmuir model [61]. 

    
   

     
  (3.13) 

where Γ is the adsorbed amount at the bulk concentration c of the surfactant, Γ∞ is the 

maximum surface coverage and KL is the so-called Langmuir equilibrium constant. The 

Langmuir model assumes that adsorption in a single molecular layer takes place, all 

adsorption sites are equivalent and the surface is uniform, and there are no interactions 

between neighbouring adsorbed molecules. The corresponding Szyszkowski‐Langmuir 

equation of state has the form [62]: 

             (     )  (3.14) 

here Π is the surface pressure, γ and  γ0 are the interfacial tensions of the solution and the pure 

solvent, respectively. B. von Szyszkowski derived his equation as an empirical relationship 

combining the measured quantity of surface tension with the surfactant bulk concentration. 

Only later it was shown that the Langmuir adsorption model can be transferred into the von 

Szyszkowski equation via the Gibbs fundamental equation (3.11). The physical meaning 

behind this adsorption model is a localized adsorption layer where each molecule requires a 

certain area at the interface. 

 

3.4.3. The Frumkin Adsorption Model 

In the following, the general form of the Frumkin adsorption model is given by the adsorption 

isotherm and the equations of state. 

   
   

   
    (   )        (3.15) 

    (     ) 
      

 

   
   (    )  (3.16) 

where     is the surface coverage, a is the interaction constant, b is the adsorption 

equilibrium constant,    is the surfactant concentration.     is the molar area required by one 

surfactant molecule at zero surface pressure,    is the counter-ion concentration, and f is the 
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average activity coefficient of ions in the bulk solution. The molar area of a surfactant    can 

be dependent on Π [48, 63]. 

      (     )  (3.17) 

here   is the two-dimensional relative surface layer compressibility coefficient, which 

characterizes the intrinsic compressibility of the molecules in the surface layer [64]. At high 

concentrations of inorganic electrolyte, which is higher than that of the surfactant, it is 

possible to describe the usual Frumkin equation for non-ionic surfactants as [63]: 

   
  

   
   (   )        (3.18) 

    
 

   
   (    )  (3.19) 

In surfactant science this equation as a generalization of the Langmuir adsorption model is 

also often applied to surfactant adsorption layers. Often, both equations are also applied to 

adsorption layers of globular proteins due to their simplicity as compared to models derived 

specifically for proteins.  

 

3.4.4. Model for the Adsorption of Proteins in Different Adsorption States  

Various theoretical models exist to describe the adsorption of polymer molecules at liquid 

interfaces. However, for a long time no specific adsorption models for proteins existed yet in 

the literature and the authors used the equation proposed by Singer [65] for analysing the 

measured surface pressure isotherms. The work by Graham and Phillips [66, 67, 68] is widely 

referred to in the field of protein adsorption, however, such rather general model for polymers 

cannot take any specific properties of proteins into account. Hence, Joos and Serrien [26] 

proposed the theory of protein adsorption based on the principle of Braun-Le Châtelier for 

describing liquid interfacial layers, in which proteins adsorb onto the interface in two states 

characterized by different partial molar areas [69]. Due to the folding properties of protein, 

adsorbed protein molecules at an interface can show more than two different adsorption states 

and cause different molar areas [70, 71]. The model derived in [41] is based on this principle 

and is suitable to describe the adsorption of protein molecules over a broad concentration 

range. The model assumes that the partial molar area of the adsorbed protein molecules can 
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vary from a maximum value (    ) at low concentration and low surface coverage to a 

minimum value (    ) at higher concentrations when the protein layer is closely packed at 

the interface. The value of the molar area    is the molar area of the component i, given by 

      (   )   (     )  with         and         (   )  , in order 

to describe the different unfolded states of the protein. Another assumption is that    is much 

smaller than the minimum molar area of the protein. When    is the average molecular area 

of an adsorbed protein molecule and     is the ―partial‖ protein adsorption in the i-th state, 

   ∑    
 
    is the total adsorption of protein in all n states, so that         ∑      

 
    

is the total surface coverage by protein molecules. The equation of state for protein 

adsorption is as follows [69]: 

 
   

  
   (    )    (  

  

  
)      

   (3.20) 

where    is the average molar area of protein,    is the molar area increment between two 

―neighbouring‖ states, which is approximately equal to the molar area of an adsorbed protein 

segment or a water molecule, and    is the protein intermolecular interaction parameter. The 

equation of the adsorption isotherm for each state (j) of the adsorbed protein is defined by: 

      
     

(    )
     

         (
  

  
)   ]  (3.21) 

where     is the adsorption equilibrium constant of the protein in the j-th state,    is the bulk 

concentration of the protein solution and    is the ―partial‖ molar area of protein in the j-th 

state. When we assume that     are constant for any state of the protein adsorption (      , 

for any j), the adsorption constant for the protein molecule as a whole is ∑      . By this 

assumption the distribution function of various adsorption states can be calculated from 

Equation (3.21): 

      

(    )

     
            

     

  
 

∑ (    )

     
   

             
     

  
 

  (3.22) 

Note that the adsorption activity coefficient of the j-th state is related to that of the 1-st state 

via the parameter α:    (
  

 
)    , which reflects the fact that the conformational changes 
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lead to the changes in the surface activity of the adsorbed protein molecules. The isotherm 

adsorption equations for each adsorbed state (j) of the protein are [69]: 

/

1

exp 2 ( / )
( / ) (1 ) j

P Pj

Pj P j P

j P

b c a
 

 
      

  
 (3.23) 

From Equation (3.22), one can define the relationship between the interfacial coverage and 

the molar area of the protein by introducing the total surface coverage by protein molecules 

        ∑      
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∑   (   )

     
  

           
     

 
 

∑ (   )
     

  
           

     
 

 

  (3.24) 

When all     (
  

 
)     are identical for any j, the adsorption constant for the protein 

molecule as a whole is bj = nbj = b [69]. This leads to the distribution function of 

adsorptions over all states of the protein molecules: 
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  (3.25) 

From this model we can conclude that with increasing total adsorption, the adsorbed protein 

molecules occupying larger areas are progressively displaced by those requiring smaller areas 

at the interface. This fact     (
  

 
)     , results in the equation which expresses the 

average molar area via the partial areas of protein molecule in different states: 

  
∑   (

  

  
)  

       
     

 
   (   ) 

∑ (
  

  
)  

       
     

 
   (   ) 

  (3.26) 

With the increase of protein concentration in the solution, surface pressure increased but it is 

found that Equation (3.20)-(3.23) are valid only for relatively low protein concentration due 

to the fact that proteins can be aggregated or became a bilayer at higher protein 

concentrations [69, 72]. However, the theory is extended to explain also data for higher 

concentrations by taking into account a two-dimensional condensation within the protein 
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layer [73]. Assume that there is a critical bulk concentration c
*
 above which the adsorption 

appears pressure independent [41].  

The adsorption isotherm in this post critical concentration range is the same as in the pre-

critical regime, while the equation of state becomes dependent on the aggregation number na: 

    (  
 

  

    

  )  (3.27) 

Also, to account for a multilayer adsorption, an additional adsorption activity coefficient bi is 

introduced, which can be referred to as the secondary layer constant. The value of this 

parameter is much lower than b1. This assumption was successfully applied for the theoretical 

description of BLG adsorption layers at the W/A surface [74]. For the total adsorption in m 

layers    is calculated as: 

    ∑ (
   

     
)

   
 
     (3.28) 

where   
 

 
 is the adsorption of protein in the first layer. 

 

3.5. Dynamic Adsorption Models 

3.5.1. Diffusion Controlled Model to Describe the Adsorption Kinetics 

The typical adsorption mechanism of surfactants is based on the diffusional transport of 

molecules to and from the interface. The diffusion equation was first proposed by Ward and 

Tordai [75], leading to an integral equation of the form 

 





t

0
o d

dt

)t(d

D

2
c)t,0(c

 (3.29) 

or alternatively 

 ( )   √
 

 
*  √  ∫  ( ) (√   

√ 

 
+  (3.30) 

Here D is the diffusion coefficient in the bulk, c0 is the initial bulk protein concentration, t is 

the time and   is a dummy integration variable with time unit. It shows the relationship 
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between the adsorbed amount Γ(t) and the subsurface concentration c(0, t) for freshly formed 

surfaces.  

The equation proposed by Ward and Tordai (3.30) is only suitable for planar interfaces. Liu 

et al. [76] derived a modification of the Ward-Tordai equation for a spherical interface.  

 ( )   √
 

 
*  √  ∫  ( ) (√   

√ 

 
)+  

 

 
*    ∫  ( ) (   )

 

 
+  (3.31) 

where r is the radius of curvature. The plus and minus sign in the additional second term of 

the Ward-Tordai equation means the diffusion from outside and inside to the droplet surface, 

respectively. In [68] Graham and Phillips used a simplified approach based on the account for 

the first term only in the right hand side of Ward-Tordai equation. This so-called ―square-

root-of-time-approach‖ works well for surfactants at low concentrations and short adsorption 

times, however, not for proteins.  

When protein molecules come into contact with the interface, they are subject to 

conformational changes. In particular at the water/oil interface the hydrophobic parts of the 

protein molecules have the tendency to penetrate into the hydrophobic oil phase, by this 

changing the molecular conformation. At low bulk concentrations the process of self-

assembly at the interface is rather slow, hence, the protein molecules have enough space and 

time for molecular modifications. There is a period of time in which the progress of protein 

adsorption does not yet lead to an increase in the interfacial pressure. This time interval is 

called induction time which is best observed experimentally at low concentrations. 

A possibility to describe experimental data for proteins properly is to consider, besides the 

transport of the molecules in the solution bulk by diffusion, a mechanism that takes somehow 

the conformational changes of the adsorbed protein molecules into account.  It appears 

realistic to assume that conformational changes lead to an increase in the surface activity. 

Accordingly, a combined model of diffusional transport and an additional time process is 

proposed in [42, 45]. Instead of the integral equation proposed by Ward and Tordai [75] for a 

plane interface, the Fick’s law for diffusional transport in form of a partial differential 

equation was used in a geometry assuming that a spherical TD oil drop was surrounded by 

the aqueous protein solution. Fick’s law in spherical coordinates reads: 

  

  
  (

   

    
 

 

  

  
)  (3.32) 
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where c=c(r, t) is the protein concentration at distance r from the centre of the drop and at 

time t, and D is the diffusion coefficient. The main parameters of this adsorption model are 

the surfactant bulk concentration c0 and the diffusion coefficient D. The boundary conditions 

at the interface include two time functions, the sub-surface concentration c(0,t) and the 

amount of adsorbed surfactants (t). Hence, Eq. (3.32) can be solved only in combination 

with an additional relationship between (t) and the measurable dynamic interfacial tensions 

(t), typically in form of the equation of state ((t)). This assumes that the equation of state 

is also applicable under dynamic conditions, i.e. a local equilibrium exists between the 

adsorption layer and the sub-surface layer (bulk phase layer adjacent to the surface). 

As an additional time-dependent process for the protein adsorption, it is proposed that the 

adsorption activity of the protein increases with the adsorbed amount. Typically, the 

adsorption activity coefficients in each state bj are assumed to be independent of the bulk 

concentration c, which is also true under dynamic conditions. However, it is assumed that at 

short adsorption times the adsorption activity coefficient is equal to a certain value b0 and 

then increases with the adsorption time. This process should allow to reflect the structure 

formation by the protein and TD molecules at the interface, supposing that some time is 

required for protein molecules to adapt to the optimum conformation at the interface. The 

following relation for the change of the adsorption activity coefficient b with time t was 

proposed in [42]: 

 ( )    (     )                                                                                (3.33a)            

     (        )                  (3.33b) 

The increase of b is limited by a maximum time tmax, beyond which it remains constant and 

equal to bm. Hence, at the moment the adsorption equilibrium has been reached, the 

adsorption activity coefficient should have the value obtained from fitting the entire 

experimental adsorption isotherm. The coefficient k can be called the kinetic constant. With 

this temporal dependence of the adsorption activity coefficient, Eq. (3.21) becomes: 

 ( )   
     

(    )
     

        (
  

  
)  ] (3.34) 

It is demonstrated that the value of b0 is remarkably lower than b1 obtained from the fitting of 

the surface pressure isotherm given by Eqs. (3.20) and (3.21) (cf. Chapter 5.1.1.). This value 
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of b0 appears actually to be rather close to the corresponding parameter obtained for BLG 

adsorbed at the W/A surface [43, 77]. This fact allows speculating that in the beginning of the 

BLG adsorption layer formation process, i.e. at short adsorption times, the structure of the 

interfacial layers at the W/TD interface is similar to that at the W/A surface. On the contrary, 

the bm value is shown to be approximately equal to b1. 

 

3.5.2. Lucassen and van den Temple Model to Describe Surface Relaxations 

The surface dilational viscoelasticity modulus has been defined by Gibbs as the increase in 

surface tension γ for a small relative increase of surface area dA/A=d ln A [78]: 

  
  

    
  (3.35) 

The frequency (      ) dependent dilational modulus have been derived by Lucassen and 

van den Tempel assuming a diffusion controlled exchange of matter mechanism [79, 80]. The 

surface dilational modulus can be expressed as a complex number:          which can 

be split into the visco-elasticity modulus |E| and the phase angle  : 

| |  √(  )  (  )      and              (     )  (3.36) 

where the real part E′ is the storage modulus equal to the dilational elasticity contribution and 

the imaginary part E″ is the loss modulus equal to the viscosity contribution [81]. 
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   √          
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which contain the limiting elasticity            and characteristic frequency of diffusion 

relaxation    
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4.1. Materials 

4.1.1. Protein (β-lactoglobulin, BLG) 

The protein β-Lactoglobulin (BLG) used in the present studies has a molecular weight of 

18,300 Da and was isolated from whey protein isolate WPI 895 (Fonterra, New Zealand, Lot 

No. CT08) containing 96.3% (w/w) native whey protein (20.2% α-la, 45.5% BLG A, 33.5% 

BLG B), 1.4% caseinomacropeptide (CMP), 6.4% moisture and 1.8% ash and supplied by 

José Toro-Sierra from Technische Universität München [ 82 ]. The supplied BLG was 

dissolved in buffer solution and purified with activated charcoal (BLG/charcoal mass ratio 

1/3) [83] to prepare BLG stock solutions of 10
-4 

mol/l. The solution was stirred for 30 min 

and then filtered with Millipore filter (GE infrastructure, USA) which has a pore size of 0.45 

µm. The prepared stock solutions were kept in the refrigerator no longer than 5 days and 

required solutions were prepared from these stock solutions by dilution with buffer. A buffer 

mixture of Na₂HPO₄/citric acid (purchased from Fluka, Germany, assay > 99%) with various 

buffer concentrations of Cbuff = 1, 10 and 100 mM were used to prepare protein aqueous 

solutions at pH 3, 5 and 7. All buffer solutions in this work have been prepared with ultrapure 

Milli-Q water (resistivity = 18.2 MΩ cm).  

 

4.1.2. Oil Phase (n-tetradecane, TD) 

The oil phase chosen in this work is n-tetradecane (TD) (≥ 99%) purchased from Alfa Aesar, 

purified first by distillation and then by washing several times with chromatography resins 

Florisil 60-100 mesh. The interfacial tension of the TD against buffer solution without BLG 

was 52.5 mN/m at room temperature of T = 22 ± 1 ° C. 
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4.2. Experimental Methods 

4.2.1. Profile Analysis Tensiometer (PAT-1)  

 

Figure 4 Scheme of the Profile Analysis Tensiometer, PAT-1 (SINTERFACE Technologies, 

Germany). 

 

In the field of surface tension measurement, drop shape techniques are widely used for 

several decades. Since the correct value of surface tension of nearly spherical drops or 

bubbles can be difficult to find, axisymmetric drop shape analysis (ADSA) is successfully 

used for surface tension measurement [84]. The coordinates of the drop profile extracted from 

the image taken by an electronic camera are compared with those from the theoretical 

Laplacian curve calculated for a known surface tension using a nonlinear optimization 

process [ 85 , 86 , 87 ]. With the development of electronic computers, ADSA technique 

became accurate due to the pioneering work of Neumann and his group [88]. 

In this study, dynamic interfacial tension experiments have been performed with the drop and 

bubble Profile Analysis Tensiometer PAT-1 (SINTERFACE Technologies, Germany) [89]. 

The scheme of this instrument is shown in Figure 4. It is composed of a cell where a drop or a 

bubble is formed at the tip of a vertical or U-shape capillary, a dosing system, a light source 

and a video camera which is connected to a computer with an integrated digitizer. The main 

principle of this method is to determine the surface tension of liquid or the interfacial tension 

between two immiscible liquids based on the shape of a drop or bubble. The coordinates of 

drop taken from a video image by the camera, for instance, is fitted with the Gauss-Laplace 

equation, as schematically shown in Figure 5.  
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Figure 5 Coordinates of a buoyant drop profile (red dots) and calculated profiles. 

 

 (
 

  
 

 

 ₂
)      (4.1) 

here γ is the interfacial tension, R  and R₂ are the two principal radii of interface curvature, 

and ∆P is the pressure difference across the interface. This equation describes the mechanical 

equilibrium status of two homogeneous fluids separated by an interface. It shows the 

relationship between the interfacial tension and the curvature of a liquid meniscus which is 

given by Gauss-Laplace equation.  

             (4.2) 

where ∆P  is the pressure difference at a reference plane, ∆ρ is the density difference, g is the 

local gravitational constant, and z is the vertical height measured from the reference plane. 

Surface force tends to make the drop spherical while gravity tends to elongate the drop. The 

shape of the drop is determined by a combination of these two forces: the surface tension and 

the gravity effects. Therefore, the interfacial tension can be determined from the shape of the 

drop. 

The model profile can be numerically calculated using the Gauss-Laplace equation [90]. This 

equation can be represented as a set of three first-order differential equations by the 

geometric parameters of the drop profile as shown in Figure 6. Using a fourth-order Runge-

Kutta integration algorithm a time efficient solution can be performed [91]. 
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Figure 6 Definition of geometric parameters of the drop profile. 
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  (4.6) 

Here s is the arc length, Φ is the normal angle, x and z are the coordinates of the profile points, 

R1 is the radius of curvature at the point (x, z), b is the radius of curvature at (0, 0), and β is 

the shape factor.  

The Profile Analysis Tensiometer PAT-1 allows measurements of dynamic surface and 

interfacial tension in a time range from a few seconds up to hours and even days with a 

constant interfacial area or volume of the drop or bubble. It requires very small amounts of 

sample and it is suitable for numerous experiments such as at liquid/vapour [92], liquid/gas 

and liquid/liquid interfaces [63]. With a pre-set frequency and amplitude an external 

perturbation in form of a harmonic oscillation can be generated in the frequency range 

between 10
-5

 and 10
-1

 Hz. The embedded software provides not only the interfacial tension 

and the contact angle, but also the drop or bubble surface area and volume. 

All measurements reported in this work were performed with PAT-1 for time intervals of 

84,500 s (about 23.5 hours) by using the buoyant drop configuration using a TD drop formed 
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in the aqueous BLG solution of 25ml to minimize the depletion of BLG molecules from the 

bulk due to BLG adsorption at the interface [71]. In addition, harmonic oscillations are 

performed to gain information about the interfacial dilational rheology of the BLG 

solution/TD layers. 

 

4.2.2. Drop Bubble Micro Manipulator (DBMM) 

The Drop Bubble Micro Manipulator DBMM (SINTERFACE Technologies, Germany) is an 

instrument to analyse the interaction between two droplets or two bubbles or a single droplet 

and a bubble in an immiscible liquid medium [93, 94, 95]. It is an extention module of the 

Oscillating Drop and Bubble pressure Analyser ODBA (SINTERFACE Technologies, 

Germany) which is using the capillary pressure technique [96]. As shown in Figure 7 DBMM 

consists of two identical cells which are each equipped with a syringe dosing system, 

pressure sensor, piezo-excitation actuator for exact drop size and drop oscillations and a 

capillary. The capillaries are mounted such that they face to each other. One cell is fixed to 

the instrument while the second cell can be moved in xyz-directions relative to the first cell. 

The capillaries can be designed in various size and materials [95] but the one used here are 

stainless steel capillaries which had inner and outer diameter of 0.67 mm and 0.90 mm, 

respectively. 

 

 

Figure 7 Scheme of the Drop Bubble Micro Manipulator, DBMM (SINTERFACE 

Technologies, Germany) with its main elements. 
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The standard CCD camera allows video recording with a sampling rate of 20 fps. 

Simultaneously a dedicated software enables us to determine the radii of the two objectives 

on both sides and the corresponding capillary pressure in real time. These values are recorded 

in a file with a selected data acquisition rate. The instruments allow several experimental 

protocols such as shown in Figure 8, but the easiest experiment is just approaching two 

droplets against each other. In this case the two droplets are prepared one by one and brought 

into contact by moving the mobile one towards the fixed one. Note, it is needed to bring the 

two menisci right opposite to each other in one symmetry axis or into any other planned 

position. After contacting of the drops the time until coalescence, i.e. life time of the thin film 

created between the drops, can be determined. The coalescence is detected by a very steep 

and sudden change in capillary pressure registered in both cells [94, 95]. Depending on the 

amount of adsorbed layer of stabilising agent such as protein or surfactant, this measured life 

time can be seconds, minutes or hours. 

 

    

(a)                                            (b) 

    

(c)                                            (d) 

Figure 8 Experimental examples of DBMM: (a) two hexane droplets in water, (b) hexane 

droplet (left) and air bubble (right) in water, (c) two air bubbles in water, (d) water droplet in 

hexane droplet immersed in water.  
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5. RESULTS AND DISCUSSION 

The process of adsorption can be defined by dynamic interfacial tensions, while the 

equilibrium values correspond to the adsorption isotherm. The measurement of dynamic 

interfacial tension is relatively easy but efficient for analyzing the kinetics and rheology of 

adsorbed molecules. In a large series of experiments we measured the interfacial tension of a 

TD drop ageing in BLG solutions at various BLG concentrations in the range of 10
-10

 – 210
-

6 
mol/l in the presence of 10 mM buffer at pH 3, 5 and 7. To study the effect of ionic strength, 

Cbuff = 1 mM and Cbuff = 100 mM were also used, however, only for 10
-6 

mol/l BLG solutions. 

The interfacial pressure Π = γ0 – γ was calculated with γ0 = 52.5 mN/m for the pure aqueous 

buffer/TD interface. In order to obtain information about the interfacial dilational rheology of 

the studied BLG adsorbed layers, sinusoidal oscillations of the drop surface area (generated 

by simusoidal changes of the drop volume) were applied and the interfacial tension responses 

were recorded [89, 97]. In Figure 9 the timeline of the experimental protocol is shown. It 

contains periods of area oscillations at a fixed frequency of 0.1 Hz in the course of adsorption 

and at a set of different frequencies of 0.01, 0.02, 0.05, 0.1 and 0.2 Hz performed after the 

adsorption equilibrium was reached, i.e. after 80,000 s.  

 

(a)    
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(b)    

(c)    

Figure 9 Timeline of the experimental protocol; γ – interfacial tension, Volume – volume of 

a TD drop in BLG solutions (a) general view, (b) a set of oscillations at frequency 0.1 Hz 

which is used at 1000, 5000, 10 000, 18 000, 30 000, 60 000 s, (c) oscillations at frequency 

0.01, 0.02, 0.05, 0.1, 0.2 Hz after 80 000 s. 
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5.1. Dynamic Interfacial Pressures of BLG Solutions 

The dynamic interfacial tension of protein solutions is different from that of usual surfactants 

in many aspects. It is mainly because of the conformational changes of protein molecules at 

the adsorption layer. At low bulk concentrations, the protein molecules start to adsorb at the 

interface in a folded conformation and they find quite a large free space at the interface. 

When these molecules become unfolded, the molecules occupy a larger interfacial area. Once 

there are sufficiently many molecules adsorbed, i.e. once a sufficient amount of protein 

adsorption is reached, the interfacial tension starts to decrease. The interfacial tension 

decreases immediately, however, when the protein bulk concentration is sufficiently high. 

Often a further weak decrease of interfacial tension can be observed beyond the state of a 

complete surface coverage has been reached. This can be explained by molecular aggregation 

at the interface or by the formation of multilayers [67]. The rate of adsorption is related with 

conformational changes, molecular rearrangement, and diffusional processes of molecules 

into the adsorption layer. 

Most proteins reveal a higher affinity to adsorb at the water/oil interface than at the W/A 

surface. This is also valid for BLG solutions. It can be explained by the data in this thesis and 

via a direct comparison with the experiments performed by Ulaganathan et al. in [25, 32]. 

The interfacial tension of freshly formed TD drop in an aqueous BLG solution at the interface 

is about 52.5 mN/m, while the surface tension of a freshly formed air bubble in an aqueous 

BLG solution at the surface is about 72.5 mN/m at room temperature 22 ± 1 °C.   

 

5.1.1. Effect of BLG Bulk Concentration 

Figure 10 illustrates the dynamic interfacial pressure data for different BLG concentrations at 

pH 3 at the W/TD interface as measured by profile analysis tensiometry (PAT-1) [98, 99]. As 

expected, the interfacial pressure values increase and the initial adsorption rate is faster with 

increasing BLG concentration [27, 100]. At higher BLG concentrations (above 10
-6 

mol/l, see 

Fig. 10) a noticeable plateau is reached during the measurements while the interfacial 

pressures at lower concentration continuously increase in the studied time region. At the same 

time the rate of adsorption is slower at low concentrations, as it is expected. Therefore, it can 
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be assumed that at the maximum measurement time of 80,000 s the surface layers are close to 

the equilibrium state of adsorption only for the higher BLG bulk concentrations. 

 

 

Figure 10 Dynamic interfacial pressure Π(t) for different BLG concentrations at pH 3 at the 

W/TD interface (lines are guides for the eye). 

 

In the same way, the dynamic interfacial pressure measured for a series of aqueous BLG 

solutions at the W/TD interface in the concentration range between 10
-10

 mol/l and 210
-6

 

mol/l at pH 5 and 7 are studied and summarised in Figure 11 and 12, respectively. Similarly, 

as discussed for the case of pH 3, the adsorption rate is increasing with increasing BLG 

concentration. The difference is that the final interfacial pressure value of the highest studied 

BLG concentration at pH 7 is about 5mN/m lower than that of pH 3 and 5. The dependence 

of solution pH on the interfacial tension isotherms will be discussed in more detail in the next 

section. 
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Figure 11 Dynamic interfacial pressure Π(t) for different BLG concentrations at pH 5 at the 

W/TD interface (lines are guides for the eye). 

 

 

Figure 12 Dynamic interfacial pressure Π(t) for different BLG concentrations at pH 7 at the 

W/TD interface (lines are guides for the eye). 
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In the previous chapter 3.5.1, a diffusion controlled model to describe the adsorption kinetics 

was derived. To describe experimental data of protein adsorption, a mechanism which takes 

the conformational changes of the adsorbed protein molecules into account is considered. 

Hence, a combined model of diffusional transport and an additional time process is proposed. 

The TDC model (―the model with time-dependent adsorption activity coefficient‖) is given 

by a diffusional transport and the Eqs. (3.20), (3.24), (3.28), (3.29), (3.33), (3.34), while the 

model which implements Eqs. (3.20), (3.21), (3.24), (3.28), (3.29) together with a diffusional 

transport is referred to as the TIC model (―the model with time-independent adsorption 

activity coefficient‖). Hence, the TIC model corresponds to the classical diffusion controlled 

adsorption kinetics while the TDC model is based on a mixed mechanism of diffusional 

transport of protein molecules in the solution bulk and a conformational change at the 

interface characterised by a change in the adsorption activity coefficient. 

In Figure 13 the experimental dynamic interfacial tensions (blue curves) for a bulk 

concentration of 10
-7

 mol/l BLG at pH 3 at the W/TD interface are shown together with three 

calculated curves for diffusion coefficient D; black curves – 710
-11

 m
2
/s, green curve – 

1.310
-11

 m
2
/s, and red curve – 210

-10
 m

2
/s. The black curve has been calculated with the 

TIC model for a diffusion controlled adsorption kinetics taking the spherical shape of the TD 

drop (surrounded by the aqueous BLG solution) into consideration. The parameters used for 

the model calculations are those in Table 1, and the radius of the drop is assumed to be 1.2 

mm. The optimum diffusion coefficient for these data is 710
-11

 m
2
/s. As one can see, 

however, the description of the experimental data is not very good. 
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Figure 13 Dynamic interfacial tensions at a bulk concentration of 10
-7

 mol/l BLG at pH 3 at 

the W/TD interface; blue curves- experimental data, black curves – calculated with the 

optimum diffusion coefficient using diffusion controlled adsorption model D=710
-11

 m
2
/s, 

green curve D=1.310
-11

 m
2
/s, red curve D=210

-10
 m

2
/s; data are taken from [42]. 

 

To get a reasonable description of the experimental data a large diffusion coefficient is 

required at the beginning of the adsorption process for some initially adsorbed BLG 

molecules at the interface or some possible convection around the drop. The longer the 

adsorption process lasts, the smaller is the diffusion coefficient required for a good agreement 

between theory and experiment. However, to improve the agreement between the 

experimental data and their theoretical description, a mechanism which describes the 

conformational changes of BLG molecules in the adsorption layer can be considered, as it 

was discussed further above. It is realistic to assume that conformational changes in the 

interfacial layer can lead to an increase in the surface activity of the protein molecules. Thus, 

let us propose that the adsorption activity of the protein increases during the process of 

adsorption. At short adsorption times we assume an adsorption constant b equal to b0. This 

coefficient increases with increasing adsorption time t due to the structure formation of the 

protein and TD molecules at the interface. Hence, at the moment the adsorption equilibrium 

has been reached the coefficient bm should have the value obtained from fitting the 

experimental adsorption isotherm [42].  
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Figure 14 Dynamic interfacial tensions at pH 3 for BLG at the W/TD interface at a bulk 

concentration of 10
-9

 mol/l; blue curve – experimental data, black curve – calculated with the 

TIC model, red curve – calculated with the TDC model. For all other studied concentrations 

the data are plotted in Appendix 1; data are taken from [42]. 

 

In Figure 14 and Appendix 1 the experimental data for different bulk concentrations of BLG 

are shown together with model calculations. The black curves correspond to a best fitting 

with the TIC model for a diffusion controlled adsorption kinetics (using the parameters given 

in Table 1), and the red curves were obtained using the TDC model. Using the new TDC 

model proposed here, which is based on the assumption of an additional change in the surface 

activity of the adsorbing BLG molecules, it is possible to describe the measured dynamic 

interfacial tensions in a much better way. The used diffusion coefficients for the two models 

are summarised in Figure 15. The values of the constant k in the given equation 

b1=b0(1+ktmax) (see Eq. (3.33)) for an optimum fitting of the experimental data are 

summarised in Table 1. Note, the value of bm is close to the one used to describe the isotherm, 

i.e. the equilibrium state of the adsorption layer, which is an important fact for the 

applicability of the proposed kinetics model.  
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Figure 15 Diffusion coefficients obtained from a best fitting of experimental data as a 

function of BLG bulk concentration; open symbols and blue curve - the TIC model, black 

symbols and red curve - the TDC model; data are taken from [42]. 

 

Dynamic interfacial tensions at pH 5 and 7 for different concentration of BLG at the W/TD 

interface using the TDC model are studied in the same manner as the solutions with pH 3. In 

Figures 16 and 17 the experimental data for different bulk concentrations of BLG are shown 

together with model calculations at pH 5 and 7, respectively. While the black curves refer 

again to the TIC model, the red curves are obtained with the TDC model taking a diffusional 

transport and additionally conformational changes into account. The values of the diffusion 

coefficients were in the range between 10
-9

 and 10
-11

 m
2
/s at pH 5 and between 10

-9
 and 10

-10
 

m
2
/s at pH 7. In Table 2 and 3 the values of the respective model parameters for pH 5 and 7 

are summarized, respectively. Note, at pH 5 the values of bm are almost identical to the value 

6.010
5
 m

3
/mol obtained for the isotherm and at pH 7 the values of bm agree quite well with 

the one 4.810
5
 m

3
/mol obtained for fitting the isotherm as shown in Figure 22 (a)  and Table 

4. For all other studied concentrations besides those displayed here the corresponding results 

are plotted in Appendices 2 and 3.  
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Table 1 Values for the parameters in the adsorption activity equation bm=b0 (1+ktmax) valid 

at pH 3; data are taken from [42]. 

BLG concentration 

10
-7  

M 

b0 

10
3
 m

3
/mol 

k 

10
-4

 s
-1

 

tmax 

10
4
 s 

bm 

10
4
 m

3
/mol 

10 2.5 8.0 4.5 9.3 

5 3.0 7.0 3.5 7.7 

1 2.0 7.4 6.7 10.1 

0.5 1.0 10 6.0 6.1 

0.1 2.5 3.5 8.0 7.25 

0.05 2.5 6.0 7.0 10.8 

0.01 3.5 5.0 6.0 10.9 

 

Table 2 Values for the parameters in the adsorption activity equation bm=b0 (1+ktmax) valid 

at pH 5; data are taken from [42]. 

BLG concentration 

10
-7  

M 

b0 

10
3
 m

3
/mol 

k 

10
-4

 s
-1

 

tmax 

10
4
 s 

bm 

10
5
 m

3
/mol 

0.5 150 0.32 5.5 4.1 

0.2 2.0 30 4.0 2.4 

0.1 1.0 28 8.0 2.24 

0.05 60.0 65.0 5.5 215.1 

0.02 3.0 8.0 9.0 2.16 

 

Table 3 Values for the parameters in the adsorption activity equation bm=b0 (1+ktmax) valid 

at pH 7; data are taken from [42]. 

BLG concentration 

10
-8  

M 

b0 

10
3
 m

3
/mol 

k 

10
-4

 s
-1

 

tmax 

10
4
 s 

bm 

10
5
 m

3
/mol 

5 3.0 45 3.5 4.7 

2 2.5 80 4.5 7.2 

1 2.5 40 7.0 7.0 

0.5 60 0.65 5.5 2.7 

0.05 1.0 10 6.0 6.1 
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Figure 16 Dynamic interfacial tensions at pH 5 for BLG at the W/TD interface at a bulk 

concentration of (top) 510
-9

 mol/l, (bottom) 510
-8

 mol/l; blue curves – experimental data, 

black curves – calculated with the TIC model, red curves – calculated with the TDC model. 

For all other studied concentrations the data are plotted in Appendix 2; data are taken from 

[42]. 
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Figure 17 Dynamic interfacial tensions at pH 7 for BLG at the W/TD interface at a bulk 

concentration of (top) 210
-8

 mol/l, (bottom) 10
-7

 mol/l; blue curves – experimental data, 

black curves – calculated with the TIC model, red curves – calculated with the TDC model. 

For all other studied concentrations the data are plotted in Appendix 3; data are taken from 

[42]. 
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5.1.2. Effect of Solution pH 

The evolution of dynamic interfacial pressure with time for different BLG concentrations in 

the range of 10
-9

 – 10
-6

 mol/l at three pH values pH 3, 5 and 7 at the W/TD interface are 

shown in Figure 18 and Appendix 4. To illustrate the effect of pH on the interfacial pressure, 

corresponding data for three pH values are discussed at different concentrations. At a 

relatively low BLG concentration of 10
-9

 mol/l (Figure 18 (a)), the Π(t) data for all three pH 

values pH 3, 5 and 7 are quite similar. At a BLG concentration 10
-8

 mol/l (Figure 18 (b)), we 

observed that the adsorption kinetics at pH 3 results in the lowest Π values at any time of 

adsorption and this trend continues until a BLG concentration of 510
-7

 mol/l (Figure 18 (d)). 

Beyond this BLG concentration the lowest Π values were measured at pH 3, however, it 

crosses the data for pH 7 at 5,000 s for CBLG=10
-6

 mol/l (Figure 18 (e)) and 3,000 s for 

CBLG=210
-6

 mol/l (Figure 19). In addition, at a BLG concentration 510
-8

 mol/l (Figure 18 

(c)), we observed that generally the adsorption kinetics at pH 5 result in the highest Π values 

at any time of adsorption and this trend continues for all other higher protein concentrations 

in the range studied in this work. On the contrary, dynamic interfacial pressure data shown in 

Figure 18 (b) indicate an unfamiliar behaviour. This is due to its low concentration. We 

assumed that the maximum measurement time of 80,000 s is close to equilibrium in which 

the protein adsorption layer is regarded to as a steady regime although it is far from its 

equilibrium state. At the relatively high protein concentrations, the final interfacial pressure 

data which is measured after 80,000 s of adsorption reaches values of about 35 mN/m for pH 

3 and 5, whereas it reaches only a value of around 30 mN/m for pH 7 (cf. also the summary 

of isotherms in Figure 23 (a)).  
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(a)    

(b)    
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(c)    

(d)    
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(e)    

Figure 18 Evolution of the interfacial pressure Π(t) for different BLG concentrations at three 

pH value of pH 3, 5 and 7 at the W/TD interface; (a) 10
-9

 mol/l, (b) 10
-8

  mol/l, (c) 510
-8

 

mol/l, (d) 510
-7

 mol/l, (e) 10
-6

 mol/l; for concentrations between (a) - (b) and (c) – (d) 

additional data are plotted in Appendix 4; (lines are guides for the eye). 
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Figure 19 Evolution of the interfacial pressure Π(t) at the lowest and highest protein 

concentrations (CBLG = 10
-10

 mol/l and 210
-6

 mol/l) measured in this study at pH 3, 5 and 7 

at the W/TD interface; (lines are guides for the eye).  

 

Figure 19 shows the evolution of the interfacial pressure with time at pH 3, 5 and 7 for the 

lowest (10
-10

 mol/l) and highest (210
-6

 mol/l) BLG concentrations measured in this study. 

The trend of the Π(t) curves for pH 3, 5 and 7 is similar for both concentrations. The 

adsorption kinetics at pH 5 is the fastest and results in the highest Π values at any time of 

adsorption while it is crossed for those at pH 3 and 7. At the beginning of adsorption, pH 3 is 

slower than pH 7, but it is reversed after ca. 5,000 s for 10
-10

 mol/l and 9,000 s for 210
-6

 

mol/l. The induction time for the low concentrations was detected to be few minutes only, 

whereas it is hard to distinguish for the higher concentrations due to the fast adsorption 

process. 

Surface activity and molecular net charge of the protein are well known factors for the effect 

of pH on the adsorption behaviour of BLG [24]. In general, proteins carry a certain net charge 

with an absolute value │Z│; Z = 0 at the isoelectric point pI, negative Z (–Z) at pH > pI and 

positive Z (+Z) at pH < pI. H
+
 titration experiments of BLG solutions revealed that │Z│pH7 is 

about 2.5-3 times lower than │Z│pH3 [25, 101, 102]. This is corresponding to the data shown 
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here except the crossing adsorption behaviour of pH 3 and 7 at the highest concentration of 

BLG. 

The results shown here demonstrate that the adsorption kinetic at pH 5 is the strongest in 

comparison to pH 3 and 7, beyond a certain protein concentration (ca. CBLG ≥ 510
-8 

mol/l), 

which was reported for the W/A surface as well [35, 37]. The reason can be found in strong 

intermolecular interactions at pH values close to the isoelectric point (≈ 5.1) of BLG while 

the interactions between adsorbed BLG molecules at pH 3 and 7 are mainly electrostatic and 

thereby long ranged and relatively weak. By reduction of │Z│, the affinity of the BLG to the 

interface can be increased and finally adsorption can be enhanced [24].  

In Figure 20 interfacial pressures of BLG adsorbed layer for constant CBLG = 10
-6

 mol/l at 

different adsorption times at the W/TD interface for three studied pH values of pH 3, 5 and 7 

are shown. Apparently it is demonstrated that the value of interfacial pressure is the lowest at 

pH 3 and the highest at pH 5 at any adsorption time.  

 

 

Figure 20 Interfacial pressure Π(pH) at pH 3, 5 and 7 for constant CBLG = 10
-6

 mol/l at 

different adsorption times at the W/TD interface (lines are guides for the eye).  
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5.1.3. Effect of Solution Ionic Strength 

In order to investigate the role of different ionic strength on the adsorption kinetics of BLG, 

we measured the dynamic interfacial pressure of BLG layers at pH 3, 5 and 7 for a constant 

concentration of CBLG =10
-6

 mol/l at the W/TD interface for three different buffer 

concentrations of 1, 10 and 100 mM. Generally, increasing the electrolyte concentration 

increases the BLG adsorption [24, 34, 35]. This fact can be ascribed to the screening of the 

protein net charge by counter-ions, thus increasing the protein surface activity [25]. This is 

confirmed in our experiments for pH 3 and 7 as shown in Figures 21 (a) and (c). Increasing 

buffer concentration from 1 to 100 mM does not appreciably reduce the induction time, but 

all data-sets reach similar final interfacial pressure after 80,000 s of adsorption at pH 3, 

whereas it is not the case at pH 7. The interfacial pressures at pH 5 for the same three 

different buffer concentrations, however, are almost equal as shown in Figure 21 (b). Similar 

results were presented by Ulaganathan et al. for the W/A surface [25]. Likewise, one can 

assume that the changed ionic strength of the solutions do not influence considerably the 

surface activity of the protein molecules at negligible molecular net charge [35]. In the 

solutions at pH ≠ pI, on the contrary, the influence of electrolytes on the BLG adsorption is 

very remarkable [24, 34, 35]. 

In Figure 22 the dynamic interfacial pressures at pH 3, 5 and 7 for constant CBLG = 10
-6

 mol/l 

at different buffer concentrations are shown. For a qualitative comparison of the electrolyte 

effects at different pH values, the interfacial pressure for buffer concentrations of 1, 10 and 

100mM at two different pH values are shown on each graph. In general, BLG is less surface 

active at pH 3 and it is getting more surface active by increasing the buffer concentration at 

pH 3 and 7. The adsorption at pH 7 which is higher than at the isoelectric point of BLG is 

enhanced with increasing buffer concentration until the adsorption for Cbuff = 100 mM 

reaches interfacial pressures similar to those at pH 5, as shown in Figure 22 (a). It follows a 

comparable scenario at pH 3 as shown in Figure 22 (b). Note, however, the final interfacial 

pressure after 80,000 s of adsorption is almost the same for all solutions at pH 3 but it is 

slightly lower than those at pH 5. As one can see in Figure 22 (c), the adsorption of BLG at 

pH 3 is slower than at pH 7 for the first few minutes but it is reversed en route and it leads the 

higher final interfacial pressure at pH 3 as compared to those at pH 7. The results in Figure 

21 and 22 indicate that the protein net charge │Z│ is negligible for pH 5 and it can be also 

neglected at sufficiently high buffer concentration such as 10 mM and 100 mM. 
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(a)    

(b)    
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(c)    

Figure 21 Buffer concentration (ionic strength) dependence of the measured interfacial 

pressure Π(t) at the W/TD interface for solutions with CBLG = 10
-6

 M at (a) pH 3, (b) pH 5, (c) 

pH 7; (lines are guides for the eye). 

 

(a)    
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(b)    

(c)    

Figure 22 Evolution of the interfacial pressure Π(t) at the W/TD interface for solutions of 

CBLG = 10
-6

 M; (a) pH ≥ pI, (b) pH ≤ pI, (c) pH ≠ pI with values of pI ≈ 5.1 at different buffer 

concentrations; (lines are guides for the eye).  
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5.2. Interfacial Pressure Isotherms of BLG Solutions: Effect of Solution pH 

The interfacial pressure isotherm plays a key role to better understand the behaviour of BLG 

adsorbed layers depending on BLG solution pH. In [22] BLG was studied at water/oil 

interfaces at pH 2.5 and 7, and in [103] the adsorption isotherms of several proteins at the 

water/air and different water/oil interfaces are presented. To the best of our knowledge, 

however, there are so far no systematic investigations about the adsorption behaviour of BLG 

at a water/oil interface at different pH values of the aqueous phase. Only recently, 

Ulaganathan et al. [25] reported on the effect of solution pH on the adsorption kinetics and 

the surface pressure isotherm for BLG adsorbed layers at the W/A surface.  

The experimental data for BLG adsorbed layers at the W/TD interface for the three studied 

pH values of 3, 5 and 7 are shown in Figure 23 (a). The three obtained isotherms Π(CBLG) 

show significant interfacial pressure values of about 5 mN/m already at bulk concentrations 

of CBLG = 10
−10

 mol/l, i.e. the isotherms start at much lower bulk concentrations as compared 

to the W/A surface (cf. [25]). Also the maximum interfacial pressure values of about 

31 mN/m for pH 7 and 36 mN/m for pH 3 and pH 5, are significantly higher as compared to 

about 20 to 25 mN/m measured at the W/A surface. Apparently the W/TD interface exhibits a 

higher affinity for the protein molecules to adsorb than the W/A surface. Note, there are only 

small differences between pH values among the interfacial pressure data in the BLG 

concentration region below 5×10
-9

 mol/l. Generally, at any BLG concentration in the studied 

range, the interfacial pressure at pH 3 is always the lowest one, which means that BLG 

molecules are less surface active at pH 3. This trend was also shown in other recent studies 

[25, 41]. The specific kinks in the isotherms are discussed in literature as a signal for the 

transition from a monolayer adsorption to the formation of multilayers. However, these kinks 

appear at concentrations of around 10
−7

 mol/l for pH 7 and at almost 10
−6

 mol/l for pH 3 and 

pH 5, which seem to be rather high concentrations. The possibility of the BLG molecules to 

protrude with their hydrophobic parts into the oil phase leads obviously to quite different 

structures of the interfacial layers, expressed by the shape and location of the isotherms. The 

model proposed in [41, 42, 74] were applied for the isotherm fitting. The values of the model 

parameters (cf. Equations (3.20) to (3.29) discussed above) used to obtain the best fit of the 

experimental data are listed in Table 4. The same parameters were not only used for the 

model calculations of the dynamic interfacial tensions (see section 5.1.) but also for the visco-

elasticities discussed in detail further below in section 5.3.  
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(a)    

(b)    

Figure 23 (a) Experimental Π–c isotherms, (b) Calculated adsorbed amounts for BLG at 

three selected pH values at the W/TD interfaces; Symbols - experimental points, Lines - best 

fit of the results calculated using the adsorption model described in section 3.4.4; рН 7 - red 

line and square symbol , pH 5 - black line and opened diamond symbol , pH 3 - blue line 

and triangle symbol ; data are taken from [45].  
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While all model parameters for the three pH values are quite similar, the values for the 

surface activity parameter b1 differ remarkably. A similar situation was also observed in [43] 

for BLG adsorption layers at the W/A surface. In Figure 23 (b) the adsorbed amounts of BLG 

at three different pH values at the W/TD interface are shown as calculated with the given 

model and the parameters listed in Table 4. The total adsorbed amounts of BLG at the W/TD 

interface are qualitatively comparable for pH 5 and 7, while smaller adsorbed amounts were 

obtained for layers formed from solutions at pH 3. The adsorbed amount of BLG at pH 5 

becomes considerably high at very high bulk concentrations above CBLG > 10
−6

 mol/l at the 

W/TD interface. 

 

Table 4 Equilibrium adsorption parameters for BLG at the W/TD interface obtained by 

fitting the model of Eqs. (3.20) to (3.29); data are taken from [45]. 

Parameters Unit 
Value 

pH 3 pH 5 pH 7 

a - 0 0 0 

α - 1.2 1.2 1.0 

ω0 10
5
 m

2
/mol 4.2 4.7 4.2 

ω1 10
6
 m

2
/mol 8.2 7.5 7.0 

ωm 10
7
 m

2
/mol 2.5 2.0 2.0 

na - 25 28.5 38 

Π* mN/m 35 36 31 

b1 10
5
 m

3
/mol 1.0 6.0 5.5 

bm 10
1 

m
3
/mol 5.0 340 2.0 

m - 2 2 2 
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 (a)    

(b)    

Figure 24 Calculated dependences (a) of the interfacial pressure  and (b) of the molecular 

area  on the adsorbed amount  of BLG at three selected pH values of 3, 5 and 7 at the 

W/TD interface using the parameter values listed in Table 4; pH 7 - red line, pH 5 - black 

line, pH 3 - blue line; data are taken from [45]. 
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The dependencies shown in Figure 24 were also calculated using the optimum model 

parameters listed in Table 4. The major difference is that the critical point in the Π 

dependence on Γ, after which the interfacial pressure changes only very slightly with the 

increasing adsorbed amount, appears at a rather large adsorbed amount (Γ ≈ 2.2 mg/m
2
) for 

pH 5, whereas for pH 3 and 7 the critical points are comparable to each other, and appear at a 

lower adsorption value (Γ ≈ 1.9 mg/m
2
). Apparently, the stronger adsorption at pH 5 cannot 

be explained by a smaller molar area as the data of ω dependence on Γ in Figure 24 show that 

the molar areas in the range around the critical points Π* are very close to each other for any 

studied pH. Obviously, the average shape and orientation of the adsorbed BLG molecules 

control these dependencies. For the case of pH 5, we conclude that a secondary adsorption 

layer is formed onto the primary monolayer. This is also in correlation with the adsorption 

dependence on concentration in Figure 23, which show a strong increase of the adsorbed 

amount at BLG concentrations higher than the critical point of ca. 4×10
−7

 mol/l on the 

concentration dependency of interfacial pressure. 

The induction time (τind) is also used as a parameter to describe the effect of BLG bulk 

concentration and solution pH on the adsorption dynamics [25, 27, 74, 100, 104]. The 

induction time of BLG adsorption was also studied for different solution pH at the W/A 

surface and it was shown that it depends almost linearly on the BLG bulk concentration. The 

longest induction time of ind > 50,000 s were found at bulk concentrations up to 5×10
−8

 mol/l 

for pH 3 whereas the ind values were lower at pH 5 and 7. In particular at pH 7 the induction 

times were almost one order of magnitude shorter. However, even at a bulk concentration of 

10−6 mol/l an induction time of about 10 s was still determined. 

In contrast to the results of the W/A surface, we cannot provide a satisfactory explanation 

about the effect of solution pH via induction time data due to its too short values. Thus, we 

only can state that the induction time has the trend to decrease with increasing BLG bulk 

concentration. It can be supported as well by Figure 25. As shown here, the induction time 

for BLG adsorbed layer at the W/TD interface in the studied pH range are very short. Even at 

a bulk concentration of 5×10
−8

 mol/l the induction times are of the order of 100 s at all three 

pH values studied here. For higher BLG concentrations the induction times are of the same 

order and only at very high concentrations (> 10
−6

 mol/l) they get shorter. As it was discussed 

above, the adsorption of BLG at water/oil interfaces starts at much lower concentrations than 
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Figure 25 Dynamic interfacial tension of BLG solution at the W/TD interface with 

concentration 2×10
−9

 mol/l (filled symbols) and 510
−8

 mol/l (open symbols) at three 

different pH values; pH 7 (□,■), pH 5 (◊, ♦) and pH 3 (∆, ▲); (lines are guides for the eye); 

data are taken from [42]. 

 

those required for the W/A surface to change the surface pressure. This goes along with the 

induction times observed here. Even rather small amounts of adsorbed BLG molecules start 

to increase the interfacial pressure. The number of molecules adsorbed at the very low BLG 

concentration of 10
−10

 mol/l is already quite high and obviously sufficient to change the 

interfacial tension (cf. Figures 23 and 24). 
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5.3. Dilational Rheology of BLG Adsorption Layers 

Dilational rheology of protein interfaces is very useful to obtain additional information of the 

dynamics of adsorbed protein layers. In Figures 26 – 28 we show the analysis of interfacial 

tension response data to harmonic drop surface area in terms of the visco-elasticity modulus 

and phase angle as a function of interfacial pressure at pH 3, 5 and 7, respectively. The 

experiments were performed after the adsorption equilibrium status was reached, i.e. after 

80,000 s. Additional data are gained during the establishment of the adsorption layer, i.e. 

after 1000, 5000, 10 000, 18 000, 30 000, 60 000 s adsorption times. Each oscillation was 

made with three full periods and the analysis provides an averaged value. Note, in some cases 

the adsorption layer is not in a quasi-equilibrium state during the oscillation, however, this is 

neglected in this work since we look mainly after the general trend of the visco-elasticity 

curves. 

The results of the visco-elasticity in Figure 26 (a) were obtained at the adsorption equilibrium 

as the highest surface age studied, i.e. at about 80,000 s. The phase angle for П < 25 mN/m is 

only few degrees and increases up to about 10 degrees for П > 25 mN/m. The theoretical 

curves in Figure 26 (a) for the two frequencies 0.01 and 0.2 Hz were calculated with the 

model proposed in [41] using the parameters obtained for the isotherm shown in Figure 23 (a). 

The corresponding value of the diffusion coefficient was 510
-12

 m
2 

/s. In Figure 26 (b) the 

adsorption times at which the oscillations at 0.1 Hz have been performed for getting the 

modulus data were 1000, 5000, 10 000, 18 000, 30 000 and 60 000 s. The red symbols are the 

data corresponding to those in Figure 26 (a) at a frequency of 0.1 Hz. The theoretical red 

curve was calculated with the same parameter values as for the curves in Figures 23 (a) and 

26 (a). As one can see, the equilibrium data are in good agreement with those obtained under 

dynamic conditions with a mean difference of ± 8 mN/m.  

In Figure 27 (a) we see the visco-elasticity modulus as a function of interfacial pressure at 

two different frequencies. The presented data have been measured after an adsorption time of 

more than 80,000 s. The phase angle is only few degrees for П < 25 mN/m and it is about 10-

15 degrees for П > 25 mN/m. The black theoretical curve in Figure 27 (a) has been calculated 

with the same model used for Figure 23 (a) using the same parameter values and a diffusion 

coefficient of 10
-10

 m
2 
/s. The red curve was calculated for the parameters given in Table 5. In 

Figure 27 (b) shows the same dependence as in Figure 27 (a), but for a frequency of 0.1 Hz.  
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(a)    

(b)    

Figure 26 BLG at pH 3 at the W/TD interface (a) Viscoelasticity modulus |E| as a function of 

the interfacial pressure at different oscillation frequencies and phase angle  as a function of 

the interfacial pressure Π at two frequencies 0.01 and 0.2 Hz; f=0.01 (■), f=0.05(), f=0.1 (□) 

and f=0.2 (▲) Hz; measured after 80,000 s; (b) Viscoelasticity modulus |E| as a function of 

the interfacial pressure at the frequency of 0.1 Hz, obtained from dynamic experiments for 5 

different BLG concentrations; 2×10
-8

 (■), 5×10
-8

 (□), 10
-7 

(▲), 2×10
-7

 () and 5×10
-7

 () 

mol/l; red curves – calculated with the given theoretical model, black curves – taken from 

[105] for comparison; measured at  1000, 5000, 10 000, 18 000, 30 000 and 60 000 s; data are 

taken from [46]. 
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(a)    

(b)    

Figure 27 BLG at pH 5 at the W/TD interface (a) Viscoelasticity modulus |E| as a function of 

the interfacial pressure at different oscillation frequencies and phase angle  as a function of 

the interfacial pressure Π at two frequencies 0.01 and 0.2 Hz; f=0.01 (■), f=0.05(), f=0.1 (□) 

and f=0.2 (▲) Hz; black curves – calculated with the parameters given in Table 4, red curves 

– calculated with the parameters given in Table 5; measured after 80,000 s; (b) 

Viscoelasticity modulus |E| as a function of the interfacial pressure Π at the frequency of 0.1 

Hz, obtained from dynamic experiments for six different BLG concentrations; red curves – 

calculated with the given theoretical model, black curves – taken from [105] for comparison; 

measured at  1000, 5000, 10 000, 18 000, 30 000 and 60 000 s; data are taken from [46]. 
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The results, however, were obtained from dynamic experiments, performed during the 

process of adsorption layer formation from BLG solutions at six different bulk concentrations. 

The adsorption times at which the oscillation experiments were performed during the 

adsorption process are again 1000, 5000, 10 000, 18 000, 30 000 and 60 000 s, respectively. 

The theoretical red curve was calculated with the parameters summarized in Table 5. The 

parameter values deviate slightly from those used for the calculation of the isotherm in Figure 

23 (a). For example, the value for 1 is about 10% larger as that used for the red curve, 

calculated for the two frequencies in Figure 27 (a). In Figure 27 (b) the experimental data 

from [105] are shown, and also the black theoretical curve has been taken from this paper, 

which perfectly agrees with the data given here. All experimental conditions in [105] were 

identical to those used in the presented work, except for the pH which was probably 4.6 

(given in [106]). 

 

Table 5 Equilibrium adsorption parameters for BLG at the W/TD interface at pH 5, used for 

calculations shown in Figure 27. 

a α 0 

(m
2
/mol) 

1 

(m
2
/mol) 

m 

(m
2
/mol) 

nA c 

(mN/m) 

bj 

(m
3
/mol) 

b2 

(m
3
/mol) 

m 

0.0 1.0 4.1 e+5 8.8 e+6 2.3 e+7 8.5 36.0 2.0e+5 1.0 2 

 

In Figure 28 (a) we present the viscoelasticity value at two frequencies 0.01 and 0.2 Hz, 

measured after an adsorption time of 80,000 s. The phase angle is only few degrees for 

П < 25 mN/m and of the order of 10 to 15 degrees for П > 25 mN/m. The theoretical curves 

were calculated with the parameters given in the Table 1, using a diffusion coefficient of 

10
-10

 m
2 
/s. In Figure 28 (b) the dependence of the viscoelasticity as a function of the 

interfacial pressure is shown with values obtained from oscillations performed during the 

adsorption process. The theoretical curve was obtained for the oscillation frequency of 0.1 Hz.  
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 (a)    

(b)    

Figure 28 BLG at pH 7 at the W/TD interface (a) Viscoelasticity modulus |E| as a function of 

the interfacial pressure Π at different oscillation frequencies and phase angle  as a function 

of the interfacial pressure Π for BLG; f=0.01 (□), f=0.05(), f=0.1 (■) and f=0.2 (▲) Hz; 

measured after 80,000 s; the solid and dashed curves are calculated for the frequencies of 

0.01 and 0.2 Hz (b) Viscoelasticity modulus |E| as a function of the interfacial pressure Π at 

the frequency of 0.1 Hz, obtained from dynamic experiments at pH 7 at the W/TD interface 

for six different BLG concentrations; 10
-10

 and 2×10
-8

 (■), 2×10
-10 

and 5×10
-10

 (□), 10
-9 

and 

2×10
-9

 (▲), 0.5×10
-8 

and 10
-8 

(), 0.5×10
-7 

and 10
-7

 () mol/l; red curves – calculated with 

the given theoretical model, black curves – taken from [105] for comparison; measured at  

1000, 5000, 10 000, 18 000, 30 000 and 60 000 s; data are taken from [46]. 
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5.3.1. Effect of BLG Bulk Concentration 

In the section 5.1., we showed that adsorption kinetic is influenced by BLG bulk 

concentration and solution pH and can be described by a new theoretical model [42, 45]. 

Generally the adsorption of proteins at liquid/liquid interfaces is a time process and higher 

protein concentrations leads to faster adsorption [25, 42, 45, 74]. In addition, the 

conformational changes when protein molecules adsorb at the W/TD interface are 

represented by the adsorption activity constant in the corresponding equation of state. The 

rate constant obtained by a best fitting of the results using the diffusion controlled adsorption 

model and  is smallest at pH 5, i.e. the protein molecules change their conformation at the 

interface to the smallest extend at pH 5 while it is biggest at pH 3 [42, 45]. 

The concentration dependence of measured dilational elastic modulus for selected BLG 

concentrations of 10 mM buffered BLG solutions at pH 7 at the W/TD interface is shown in 

Figure 29. The results revealed that E’ values are one order of magnitude higher than those of 

E‖ for the studied concentrations. For this reason, only the elasticity term is considered here. 

As we can see in Figure 29 (a) the dynamic dilational elastic modulus E’ increases with 

experimental time. It is clearly shown that the values of dilational elasticity depend on the 

BLG bulk concentration. These are represented using the corresponding Π data in Figure 29 

(b). As reported in [32, 36,107] E’ data for the presented BLG concentrations collapse onto a 

master curve. It is clearly showed at pH 7, but it is not really true at pH 3 (cf. Appendix 5). 

Figure 29 (c) presents the frequency dependence of the dilational elastic modulus E’ and 

interfacial pressure value Π after the adsorption time of 80,000 s. The values of dilational 

elasticity for each concentration are almost constant for all studied frequencies. The results 

show almost no dependencies of the E’ values on the frequency for both pH values as it is 

typical for protein interfacial layers [32, 70, 74] and an increase of E’ values depending on Π 

values for a given frequency is observed. For selected BLG concentrations of 10 mM 

buffered BLG solutions at pH 3 at the W/TD interface the gained results are plotted in 

Appendix 5. 

 



5. Results and Discussion: (3) Dilational Rheology of BLG Adsorption Layers 

 
 

- 60 - 

 

 (a)    

(b)    
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 (c)    

Figure 29 Interfacial properties of 10mM buffered BLG solutions for selected BLG 

concentrations at pH 7 at the W/TD interface; (a) time evolution of the measured dynamic 

dilational elastic modulus E’ at f = 0.1 Hz, (b) the measured dynamic dilational elastic 

modulus E’ on the interfacial pressure Π at f = 0.1 Hz, (c) frequency dependence of the 

measured dynamic dilational elastic modulus E’ at the adsorption time of 80,000 s, interfacial 

pressure for each cases are also shown in the graph; (lines are guides for the eye). 
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5.3.2. Effect of Solution pH 

Figure 30 presents the results of the measured dynamic dilational elastic modulus E’ 

depending on time t (a), the corresponding interfacial pressure Π at f = 0.1 Hz (b), and E’ 

depending on frequencies f=0.01, 0.02, 0.05, 0.1 and 0.2 Hz at the adsorption time of 

80,000 s at pH 7 and 3 for different concentrations of BLG. The values for the dynamic 

dilational elastic modulus E’ increase with time and increasing interfacial pressure Π as 

shown in Figures 30 (a) and (b). As for the 10
-7

 mol/l BLG solution at pH 7 the maximum 

interfacial pressure values have already reached (cf. Figure 23 (a)), E’ values of pH 7 are 

higher than those of pH 3 at all measured times. Figure 30 (c) shows the frequency 

dependence of the dilational elastic modulus E’ with interfacial pressure value Π. The results 

show weak dependencies of E’ values on the frequencies and an increase of E’ values 

depending on Π values for given fixed frequencies. The dilational elastic modulus E’ values 

at pH 7 are higher than those of pH 3 for all three conditions shown in Figure 30. This 

observation relates the elastic ability of BLG adsorbed layer, which is more active at pH 7 

than pH 3. This fact is summarised in Figure 31 for all studied pH values in this work.  

 

 (a)    
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(b)    

(c)    

Figure 30 (a) Time evolution of the measured dynamic dilational elastic modulus E’ at  

f = 0.1 Hz, (b) measured dynamic dilational elastic modulus E’ on the interfacial pressure Π 

at f = 0.1 Hz,  (c) frequency dependence of the dilational elastic modulus E’ at the adsorption 

time of 80,000 s for 10 mM buffered BLG solutions of 2×10
-9

 and 10
-7

 mol/l at pH 7 and 

pH 3 at the W/TD interface; (lines are guides for the eye). 
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Figure 31 pH dependence of the measured dilational elastic modulus E’ (squares) and 

interfacial pressure Π (circles) for selected BLG concentrations at pH 3, 5 and 7 at the W/TD 

interface at 0.1 Hz after 80,000s; (lines are guides for the eye). 
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5.3.3. Effect of Solution Ionic Strength 

In order to investigate the role of different ionic strength, we measured the dynamic dilational 

viscoelasticity modulus of BLG adsorbed layers at pH 3, 5 and 7 for a constant concentration 

of CBLG =10
-6

 mol/l at the W/TD interface for three different buffer concentrations of 1, 10 

and 100 mM. Figures 32 and 33 demonstrate the corresponding data.  

Increasing the buffer concentration of BLG solution from 1 to 100 mM does not evidently 

reduce the induction time, but all data-sets reach to similar final interfacial pressure at pH 3 

and 5, whereas it is different at pH 7 (cf. Figure 21). In addition, the interfacial pressure at pH 

5 for the three different buffer concentrations of 1, 10 and 100 mM are almost equal as shown 

in Figure 21 (b) while the influence of electrolytes on BLG adsorbed layer is very remarkable 

at pH 3 and 7. Similar results were also reported by Ulaganathan et al. for the W/A surface 

[25]. This fact can be explained by the protein net charge and the action of counter-ions. The 

influence of electrolytes on the BLG adsorption is negligible at any pH close to the isoelectric 

point (pI, pIBLG ≈ 5.1) and it is very noticeable at a pH value which is apart from the pI [24, 

35]. All these findings are also valid for the visco-elasticity data. As shown in Figure 32, 

Appendices 6 and 7, at pH 5 the dilational elasticity E’ and dilational viscosity E‖ data on 

time and interfacial pressure Π are not significantly different when the buffer concentration is 

changed. On the contrary, the dynamic dilational elasticity E’ data are distributed from ca. 

45.1 to 65.8 mN/m for pH 3 and from ca. 53.2 to 65.0 mN/m for pH 7. The results for the 

frequency dependencies of E  ́data presented in Figure 3 3 support this observation. The E’ 

values of pH 3 and 7 are widely spread while they are very similar for pH 5. The time 

evolution of the dynamic dilational viscocity E’ and E‖ on the interfacial pressure Π at f = 0.1 

Hz for BLG solutions at the W/TD interface for a fixed BLG concentration of 10
-6

 mol/l for 

three different buffer concentration 1, 10 and 100 mM at pH 3, pH 5 and pH 7 are plotted in 

Appendices 6 and 7. 
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(a1)    

(a2)    
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(a3)    

(b1)    
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(b2)    

(b3)    

Figure 32 Interfacial properties of BLG solutions at a fixed BLG concentration of 10
-6

 mol/l 

for three different buffer concentration 1, 10 and 100 mM (a) time evolution of the dynamic 

dilational elasticity E’ at f = 0.1 Hz (b) dynamic dilational elasticity E’ on the interfacial 

pressure Π at f = 0.1 Hz at pH 3, pH 5 and pH 7; (lines are guides for the eye). 
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(a)    

(b)    
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(c)    

Figure 33 Frequency dependence of the dilational elastic modulus E’ at the adsorption time 

of 80,000 s at a fixed BLG concentration of 10
-6

 mol/l for three different buffer 

concentrations of 1, 10 and 100mM at the W/TD interface at (a) pH 3, (b) pH 5, (c) pH 7; 

(lines are guides for the eye).  
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5.4. Stability of Contacting Bubbles in BLG Solutions 

The coalescence of two bubbles was studied by DBMM [93, 94, 95] for different 

concentrations of BLG solutions and the results are compared with the adsorption 

characteristics of BLG at the W/A surface using the profile analysis tensiometer PAT-1 [63, 

89, 92].  

The measured total pressure changes in the left-hand and right-hand side cells are used to 

estimate the coalescence time from the recorded experimental data. The experimental process 

can be managed in various ways [94, 95] and one of them is shown in Figure 34. Air bubbles 

 

 

 

Figure 34 Examples of sudden pressure changes for the process before and after the 

coalescence of two 40 s pre-aged bubbles using the DBMM for CBLG of 10
-6 

mol/l and  

210
-6 

mol/l, respectively; data are taken from [94]. 
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at the capillary tips on both sides are formed in BLG solution one after another. The bubble 

size is kept constant via a piezo control loop over the pre-ageing time of 40 s. Then the right 

bubble is moved carefully by the xyz-stage towards the left bubble and brought into contact. 

The moment of bubble contact can be determined by the registered geometry data. Once the 

bubbles are touching each other, the software starts to recognize them as one big bubble. The 

distance between the two objects in the record is decreasing and jumping suddenly into a 

certain value when they touch each other softly. This is defined as contacting point between 

two bubbles. However, as shown in Figure 34, this contact does not generate changes in the 

measured pressure data. Sudden pressure changes in both cells happen at the moment of 

coalescence. After the coalescence the pressures in both cells are identical. The left and right 

bubbles are formed at 11.12 s and 18.32 s for 10
-6

 mol/l BLG solution and 12.641 s and 

18.24 s for 210
-6 

mol/l BLG solution, respectively. Coalescence takes place after 0.602 s and 

10.601 s, for the two solutions, respectively.  

The lifetime of bubbles in BLG solution can be determined according to the stabilities of 

these bubbles. The resistance time against coalescence between 40 s pre-aged bubbles in 

 

 

Figure 35 The lifetime of liquid films between two bubbles for different concentration of 

BLG solution at a fixed pre-ageing time of 40 s; data are taken from [94]. 
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BLG solution is recorded with increasing BLG bulk concentration. It is shown in Figure 35 

that the lifetime depends on the concentration of BLG solution. With increasing protein 

concentration the lifetime of bubbles becomes longer until no coalescence is observed at a 

concentration of 10
-4 

mol/l and beyond. It indicates that a certain coverage of the bubble 

surface by protein molecules is needed to avoid the coalescence behaviour of bubbles, hence, 

stabilization against coalescence can be reached by modification of the interfacial properties. 

Bubble-bubble interaction is characterized by the coalescence time and it is difficult to 

provide detailed information of the dynamic interaction. To get the information of protein 

adsorption on the bubble surfaces, dynamic interfacial tension measurements have been 

performed. Using the Profile Analysis Tensiometer PAT-1, the dynamic interfacial tensions 

were measured for different concentrations of BLG solutions. In Figure 36, dynamic 

interfacial tension is combined with the results of DBMM which is studied for minimum 

ageing time to avoid coalescence between fresh air bubbles in different BLG concentrations. 

The obtained interfacial tensions indicate that the faster decrease of interfacial tension at the 

first hundred seconds is observed for the higher BLG bulk concentrations. The minimum 

ageing time at which coalescence between two air bubbles in BLG solution occur is marked 

in Figure 36 together with the standard deviation. Using this time, we can estimate surface 

tension of BLG at the bubble surfaces. Although there are some slight differences depending 

on the concentration, surface tension is in the range between 62.6 mN/m and 66.7 mN/m, 

except for 510
-5 

mol/l and 10
-4 

mol/l. The reason why we exclude these two concentrations 

is the interfacial tension decreases very quickly and cannot be determined with sufficient 

accuracy using the PAT-1 instrument. 

The combined information on dynamic interfacial tension measurements and minimum 

ageing time to avoid coalescence demonstrate that the interfacial tensions of the bubble 

surfaces have to be decreased by about 7 mN/m to prevent an instantaneous coalescence 

when the two bubbles contact each other. Figure 36 shows that the W/A surface is faster 

covered at the higher protein concentration while it needs more time at low concentration to 

have the required number of adsorbed protein molecules. Using the same procedure as 

described in [99] the amount of protein covering the bubble surface can be estimated and is 

about 2 mg/m².  With increasing time and concentration, the surface layer becomes more and 

more packed. In [99] it was discussed that from a certain surface pressure on, the formation 

of a secondary adsorption layer starts, i.e. in adsorption equilibrium this happens at about 
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2×10
-6

 mol/l. The total adsorption, according to the published data, increases up to about 

5 mg/mm² [94]. 

 

 

Figure 36 The combination of the results of dynamic interfacial tension measurements 

(curves) using PAT-1 and the minimum ageing time to avoid coalescence using DBMM 

(symbols with standard deviation) for BLG solution at different BLG concentration at pH 6; 

data are taken from [94]. 

 

Due to the complex experimental handling, experiments with two droplets contacting each 

other, i.e. model experiments to mimic the situation in emulsions, are yet pending. It can be 

expected, however, that the developed methodology for the DBMM will work in the same 

successful way. These experiments will be performed in future studies. 
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6. SUMMARY AND CONCLUSIONS 

The interfacial tension isotherms of BLG adsorption at the solution/tetradecane (W/TD) 

interface at the solution pH of 3, 5 and 7 can be well described by a thermodynamic model. 

All model parameters obtained by fitting the experimental data to the theory are more or less 

identical for the three pH values, except the surface activity parameter b, which increases 

with the pH.  

A new diffusion controlled model to describe the protein adsorption kinetics is proposed. The 

classical model with time-independent adsorption activity coefficient, referred to as the TIC 

model [41], fails to adequately describe our experimental results. In contrast, the new model 

with a time-dependent (or surface-coverage dependent) adsorption activity coefficient, named 

as the TDC model [42, 45], is successfully applied to the dynamic interfacial tension data 

measured by drop profile analysis tensiometry. Figure 37 represents an example for the 

quality of data interpretation. 

 

 

Figure 37 Dynamic interfacial tension γ(t) for a BLG solution with a concentration of 10
-7

 

mol/l at pH 3 at the W/TD interface; blue curve – experimental data, dashed curves – 

calculations using the TIC model for different diffusion coefficients, red curve – calculations 

using the TDC model and a fixed diffusion coefficient.  
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The results make clear that the measured dynamic interfacial tensions cannot be properly 

described by a pure diffusion controlled (TIC) model. In contrast, the proposed combined 

model of diffusional transport and an additional time process can describe the experimental 

data properly. The model assumes that the conformational changes of adsorbed protein 

molecules can be reflected by changes in the adsorption activity coefficient.  

When protein molecules come into the interface, they are subjected to conformational 

changes. Protein molecules start to adsorb at the interface in a folded conformation. At low 

bulk concentrations they have enough free space at the interface to unfold. An unfolded 

protein molecule occupies a larger interfacial area. Moreover, at water/oil interfaces the 

hydrophobic parts of the protein molecules have the tendency to penetrate into the oil phase 

which is supported by the conformational change. The consequence of this changed 

conformation is taken into account in terms of a change in the adsorption constant parameter 

in the corresponding equation of state. The rate (kinetic) constant k obtained by a best fitting 

of the experimental results using the proposed mixed adsorption model depends on the BLG 

bulk concentration and on the solution pH. The kinetic constant k for BLG solutions is the 

smallest at pH 5 (negligible net charge and compact molecular structure), which physically 

means that the protein molecules change their conformation at the interface to the smallest 

extent at these conditions. In contrast, it is the biggest at pH 3 (highest net charge and 

increased affinity to the aqueous subphase) which means the conformational changes of the 

proteins are the largest. 

The adsorption behaviour generally shows increasing interfacial pressure and elasticity with 

increasing the protein concentration. A comparison of the model calculations of the 

adsorption behaviour of BLG at the W/TD interface [42, 45] with those at the water/air (W/A) 

surface [25, 32] is presented in Figure 38 (a). The interfacial pressure of BLG adsorbed layers 

at the W/TD interface starts to increase at concentrations many orders of magnitude lower 

than that for the W/A surface. In addition, the isotherms at the W/A surface are much steeper 

than the corresponding ones at the W/TD interface. While the adsorption isotherms at the 

W/A surface reach the critical point of secondary layer formation [74] at rather low protein 

concentrations, the critical points are reached at much higher protein bulk concentrations at 

the W/TD interface. In addition, the interfacial pressure values Π
*
 at these critical 

concentrations are much larger at the W/TD interface than at the W/A surface by almost a 

factor of three. Hence, one could conclude that the adsorbed amounts at the W/TD interface 
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should be much larger than at the W/A surface. However, the corresponding Γ-values shown 

in Figure 38 (c) are only slightly higher than those calculated for BLG at the W/A surface. 

Therefore, we must conclude that it is not the total adsorbed amount that leads to the high 

interfacial pressure values observed at the W/TD interface, but the interfacial structure 

resulting from a strong interaction between the hydrophobic parts of the adsorbed protein 

molecules and the TD. 

 

Figure 38 Comparison of BLG adsorbed layers at the W/A and W/TD interfaces, 

respectively; (a) Experimental interfacial pressure Π–CBLG isotherms, (b) calculated 

dependence of Π on the adsorbed amount Γ of BLG, (c) calculated dependences of the 

adsorbed amount of BLG on CBLG, (d) calculated dependences of the molecular area Ω on the 

adsorbed amount of BLG at three selected pH values of 3, 5 and 7 at the W/TD (solid lines) 

and the W/A (dashed lines) interfaces; pH 7 - blue lines, pH 5 - black lines, pH 3 - red lines. 
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Appendix 1

 

Appendix 1 Dynamic interfacial tensions (t) for various concentrations of BLG solution at 

the W/TD interface at pH 3; blue curves – experimental data, black curves – calculated using 

the TIC model, red curves – calculated using the TDC model which implies additional 

dependence of surface activity coefficient on time. 
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Appendix 2

 

Appendix 2 Dynamic interfacial tensions (t) for various concentrations of BLG solution at 

the W/TD interface at pH 5; blue curves – experimental data, black curves – calculated using 

the TIC model, red curves – calculated using the TDC model which implies additional 

dependence of surface activity coefficient on time. 
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Appendix 3 

 

Appendix 3 Dynamic interfacial tensions (t) for various concentrations of BLG solution at 

the W/TD interface at pH 7; blue curves – experimental data, black curves – calculated using 

the TIC model, red curves – calculated using the TDC model which implies additional 

dependence of surface activity coefficient on time. 
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Appendix 4

 

Appendix 4 Evolution of the interfacial pressure Π(t) for different BLG concentrations at 

three pH value of pH 3, 5 and 7 at the W/TD interface; 510
-9

 mol/l (the concentration 

between a and b of Figure 18) and 10
-7

 mol/l (the concentration between b and c of Figure 18); 

(lines are guides for the eye). 
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Appendix 5 Interfacial properties of 10mM buffered BLG solutions for selected BLG 

concentrations at pH 3 at the W/TD interface; (a) time evolution of the measured dynamic 

dilational elastic modulus E’ at f = 0.1 Hz, (b) the measured dynamic dilational elastic 

modulus E’ on the interfacial pressure Π at f = 0.1 Hz, (c) frequency dependence of the 

measured dynamic dilational elastic modulus E’ at the adsorption time of 80,000 s, the 

interfacial pressure for each cases are also shown in the graph; (lines are guides for the eye). 

 

(a)    

(b)    
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(c)    

 

  



Appendix 6

 

Appendix 6 Time evolution of the dynamic dilational viscocity E‖ at f = 0.1 Hz for BLG 

solutions at a fixed BLG concentration of 10
-6

 mol/l for three different buffer concentration 1, 

10 and 100 mM at pH 3, 5 and 7; (lines are guides for the eye). 
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Appendix 7

 

Appendix 7 Dynamic dilational viscocity E‖ on the interfacial pressure Π at f = 0.1 Hz for 

BLG solutions at a fixed BLG concentration of 10
-6

 mol/l for three different buffer 

concentration 1, 10 and 100 mM at pH 3, 5 and 7; (lines are guides for the eye). 
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