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Stellingen

Een hoge weerstand van vioeistofoppervlakken tegen vervorming in shear werkt
bij het opkloppen van waterige eiwit oplossingen de vorming van kleine bellen in
de hand. (dit proefschrift)

De tijdsathankelijkheid van de oppervlaktespanning van waterige
eiwitoplossingen wordt bepaald door het transport naar en de ontvouwing van de
eiwitten aan het grensvlak. (dit proefschrift)

Het succes van eiwithydrotysaten als hulpstof bij het maken van waterig schuim is
te danken aan hun relatief lage molekuulgewicht en de afwezigheid van een
stabiele secundaire en tertiare structuur Verder speelt de preferentiéle adsorptie
van eiwitmoleculen met een hoog molekuulgewicht een rol bij het stabiliseren van
schuim. (dit proefschrift)

De honorering van promovendi is sterk afhankelijk van het aanbod op de
arbeidsmarkt van jonge academici. Dit leidt ertoe dat de beste promovendi
gemiddeld het slechtst betaald krijgen.

Auto’s in Nederland zijn heilige melkkoeien.

Het is paradoxaal te noemen dat iedereen het rustiger aan schijnt te willen doen
maat dat je in deze maatschappij niet meetelt als je het niet druk hebt.

De rode golf op de ringweg in Groningen die slechts te ontwijken is door dertig
kilometer harder te rijden dan is toegestaan is een bijzondere vorm van

rekeningtijden.

Het solistische karakter van veel ALQ posities is niet bevorderlijk voor het
vervullen van een vervolgfunctie.

De vergrijzing in de weienschappelijke wereld in Nederland veroorzaakt de
vernietiging van menselijk kapitaal.

Vergeetachtigheid is een onbewuste maar zeer effectieve remedie tegen stress.
De publicke discusste ten aanzien van genetische manipulatie wordt sterk
vertroebeld door verhalen met een hoog Frankenstein gehaite die door
pressiegroepen worden gebruikt om aandacht te trekken.

Wijsheid is het omzetten van juist geselecteerde feiten naar relevante kennis.

Hoe verder men van het Groene Hart afwoont hoe minder groen het er lijkt.

Stellingen behorende bij het proefschrift:
Proteins and protein/surfactant mixtures at interfaces in motion
F.J.G. Boerboom 5 september 2000
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Chapter 1
General Introduction

1.1 Introduction

Dispersions are substances in which one phase, liquid, gas or solid, is finely distributed
in another phase. In this thesis we will mainly consider just one type ol dispersion:
foams. Foams are dispersions in which gas is distributed into a liquid or a solid phase.

Here we will restrict ourselves to systems in which gas is dispersed in a liquid phase.

Anyone who has ever tried to produce a foam from a pure substance like water must have
observed that these are unstable. The gas dispersed in the liquid in the form of bubbles
rises quickly and merges during the rise with other bubbles and eventually disappears

into the surrounding air.

Immediate disappearance of the foam can be prevented by adding surface active
molecules. These molecules tend to accumulate at the interface between liquid and gas.
An example of such surface active materials are soaps. These substances are
amphiphillic which means that they have a polar and an apolar part in the molecule.
Amphiphilic substances lower the surface tension (y) which is a measure of the tendency
of the surface to contract. When the surface tension is lowered, the tendency of the
surface 1o contract becomes lower. The surface tension has the dimension N m™. a force
per unit length or , Jm™ an encrgy per unit area. An increased amount of surface active
material per unil area causes a decrcase in surface tension. In general it is observed that a
lower surface tension facilitates the creation of foams. However if the bubbles still would
have the tendency to merge then the foam would disappear quickly. So surface active
materials that are able to stabilise foams have to meet another condition which is that

they need 1o stabilise the bubbles against the lendency to merge.
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Stability can be achieved if adsorbed layers repel each other. The repulsion takes the
form of a force per unit area, which is called the disjoining pressure. This pressure can be
caused by several interactions between the adsorbed layers such as steric or electrostatic
interactions. When surface active materials are not able to create enough disjoining

pressure such as alcohols (') indeed the foams collapse quickly.

There are different types of surface active substances with different characteristic
properties in the creation and in breakdown properties of foams. It would be interesting
to have some idea about the relation between the molecular properties and performance
of a surfactant with respect to foaming properties. Among others, the trend in the food
industry to produce foods which are designed on the basis of functionality of their

constituents makes this desirable.

The reason that it is difficult to predict the properties of surface active species is that
both the formaticn and the breakdown of foams are very intricate processes in which
surface properties and hydrodynamics go hand in hand and. This makes that foaming

properties are scientifically not well understood,

The research described in this thesis was aimed at finding static and dynamic properties
that play a role in foaming behaviour of solutions of various surface active species. The
class of surfactants which has received most of the attention in this thesis are proteins.
Also low molecular surfactants were studied however in order to compare the behaviour
of these substances. In order to study the interactions at the surface also mixtures of

proteins and low molecular surfactants were studied.

Since we are not able to formulate a direct link between molecular structure and foaming
properties the strategy used in this thesis was to first correlate molecular properties 1o
surface properties. Next these surface properties can be related to mechanical properties
of adsorbed layers. These mechanical properties were subsequently be used to explain

certain aspects of foaming characteristics.
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1.2 Surface properties

Surface properties are responsible for the ability of a surface active substance to create
and stabilise foams. In this thesis we will mainly concentrate on how the surface active
material adsorbed to the surface enables the creation and stabilisation of foams. As most
sub-processes in foams are determined by time dependent processes, we will concentrate
on these, Surface properties considered are the surface concentration I defined as the
excess amount of adsorbed material per unit area and the surface tension y defined as the
free energy per unit area, Lyklema o).

In non equilibrium circumstances both surface concentration and surface tension can be
considered to be a funcrion of time and place on a surface. Since surface active material
needs to be transported to a surface it takes time before the surface has reached
equilibrium with respect to surface concentration. Moreover macromolecular surfactants
may need to unfold before a significant decrease in surface tension takes place which is
another reason for this time dependence. Due to redistribution of surface active material
over the surface, the surface concentration of the surface active species may not be
uniform over the whole surface which causes the surface tension to differ over the
surface as well. In the following paragraphs first the equilibrium properties of surfaces
will be discussed. After that we will pay attention (o non equilibrium properties of

surfaces.

1.2.1.Adsorption behaviour of low molecular surfactants

The adsorption behaviour of low molecular surfactants is well documented in literature
Chang and Frances (*), Lucassen-Reijnders (). Essentially two types of equations are
needed to describe the behaviour of low molecular surfactants at air/water interfaces in
equilibrium: (i} The relation between bulk concentration and surface concentration called
the adsorption isotherm and (ii) the relation between the surface concentration and
surface tension, the equation of state. The most commonly used adsorption isotherm is

the Langmuir isotherm, which reads for dilute solutions:
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K.c

r=r, ——
"1+ K,c

Equation 1.1

In this equation, I''is the surface concentration. I}, and K; are constants indicating
respectively the maximum surface concentration of surfactant and the Langmuir constant
which are characteristic for the adsorption behaviour of a certain species. The ¢ in the
equation means the bulk concentration. The relation between surface tension and surface

concentration can be described by the Gibbs adsorption equation:
1 (&
)
RT\dnc/,

Equation 1. 2
In this equation, I is the surface concentration of the surfactant, R and T are respectively

the gas constant and the absolute temperature. ( J indicates the partial derivative
T

of surface tension with respect to the natural logarithm of concentration al constant
temperature. In case the concentrations are not equal to the activity of the surfactant, the
activity instead of the concentration must be used in both equations. This is very
important in the case of low molecular surfactants since these substances aggregate in the
form of micelles, causing the activity to be significantly lower than the bulk
concentration. The Gibbs equation indicates that the surface tension is a function of
surface concentration and concentration in the bulk phase. Equations 1.1 and 1.2 are only
valid for low molecular surfactants however. In the case of macromolecules, both the

Langmuir equation and the Gibbs equation do not hold anymore De Feyter et al.(*).

1.2.2 Adsorption behaviour of proteins
A large number of authors studied the adsorption of proteins at air water surfaces in
static conditions. Equilibrium adsorption isotherms (i.e. relations between surface

tension and surface concentration} of different proteins were studied by Benjamins et al.
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{*3. Graham and Phillips (*), De Feijter and Benjamins (*), Hunter et al. ¢, '°). These
studies investigated the surface concentration of proteins in relation to the surface
tension of these systems in equilibrium. From these studies it appears that proteins like
most polymers, exhibit a high affinity behaviour. The surface concentration of proteins in
equilibrium with the bulk phase is high even at very low builk concentrations. Figure 1.1
shows a typical example of the relation between surface tension and bulk concentration

for a protein and a surfactant.



Chapter 1 General Introduction

y[mN m™]
75

65 1
60 +

55 + protein

50 +

45 |

40 } 1 ;
1.00E-06 1.00E-04 1.00E-02 1.0CE+00

T plateau [-]

“soap”

rotein
P T =1*10 < mol m?

[=1*10 "mol m*

1.00E-06 1.00E-04 1.00E-02 1.00E+00

C [mol m™]

Fi gure 1. 1 Relation between bulk concentration and surface tension and surface
concentration after Walstra ( i)

From this relation we can see that proteins have a high surface concentration even at
relatively low bulk concentrations. Generally an S shaped relation is found between the

surface pressure and the surface concentration (figure 1.2)
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Figure 1. 2 Relation between surface pressure and surface concentration for un arbitrary

profein.

This S curve consists of three distinetly different regions marked with roman numbers I,
II and IH. When the surface pressure (which is the surface tension of the pure solvent
minus the actual surface tension) is below 1 mN m™ a dilute region can be found. The
adsorbed molecules act as a two dimensional gas. In the region in which the surface
pressure is between 1 and around 20 mN m™" the surface pressure rises steeply with the
surface concentration. There is no general consensus yet as to the exact reason for this
bebaviour. General homopolymer theories are not able to predict such a behaviour
because the interactions between the different groups in proteins are too diverse to fit
into practically applicable theories. Norde ("). De Feyter and Benjamins (**) and van
Aken ("*) use deformable particle models to explain this behaviour. In these types of
models interactions between the proteins are surnmed up Into one or more interaction
parameters. Also scaling is used to explain the shape of the dependence of surface
pressure on surface concentration Douillard et. al. (]5, '6). In the third region the surface
pressure increases less steeply with surface concentration, in this region it is thought that

trains and loops are formed which contribute only very weakly to the surface tension .
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Recently, more detailed information became available on density profiles of adsorbed

18 19

("), Atkinson et al. (', %),

layers by means of neutron retlectometry Eaglesham et al.
These studies indicated that the density profiles of adsorbed protein layers normal to the
surface consist of a dense layer (protein fraction around 0.8) of a few nanometers thick
close to the surface and a distal region in the order of tens of nanometers thick with a
protein [raction in the order of 0.1 to (.2, These experiments seemed to confirm self
consistent fiekd calculations carried out on B-casein look-alikes, taking in account
electrostatic and hydrophobic interactions Leermakers ct al. (m). However more accurate
measurements with the same technique suggest that a parabola would describe the
density profile better than a step function (*'). Another method of establishing the
conformation of adsorbed protein molecules has been described by Leaver and Dalgleish
(). They studied the susceptibility of B-casein to hydrolysis by trypsin. It was shown for
B-casein that the bonds between the 25" 10 28" amino acid Irom the N terminus were
most susceptible to hydrolysis. which shows that this part of the chain will be farthest
from the surface. This (echnique enables us (o obtain a general idea of the conformation
of adsorbed preteins.

Norde and Favier (*') demonstrate that adsorption of BSA onto silica particles leads to a
decrecase in secondary structure which does not recover completely on desorption by
means of circular dichroism. With lysozyme however no significant change in the
molecular structure was observed on adsorption.

Another technique which may provide more information of the spatial structure of
adsorbed molecules over the surface is atomic force microscopy of adsorbed layers
transferred 10 mica plates. This may enable to quantify aggregation of proteins into

network structures at oil/water or possibly air/water interfaces Gunning et al. .

1.2.3 Adsorption of Mixtures of Surfactants and Proteins

Apart [rom the adsorption of single species alse the adsorption of mixtures is interesting
for two reasons. First the surface active species applied in practice generally are not pure
systems but consist of more than just one type of surfactant. Second, in processing

sometimes more than just one type of surfactant is applied deliberately during several
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processing steps 1o be able to obtain the desired product. De Feijter et al. () studied the
displacement of proteins by surfactants at the oil/water and air/water interface, They
introduced a model in which the exchange of proteins and surfactants is described. From
this model they conclude that in static conditions low molecular surfactants adserb
preferentially due to their higher energy of adsorption per unit area both at air/water and
otl/water interfaces.

It was found that complications may occur in the behaviour of binary mixtures of surface
active species. Coke et al. (*°y demonstrated that B-lactoglobulin and Tween 20 aggregate
in solution. Both the complex and the individual species are observed to adsorb at the
surface. Clark et al. (*) demenstrated that purified B-lactoglobulin may contain low
molecular surfactants which may disrupt the interactions between the protein molecules
adsorbed at the surface which may lead to misinterpretations in the behaviour of fi-

lactoglobulin.

1.2.4 Surface behaviour under dynamic conditions

When surfaces are deformed for instance by expansion or compression the adsorbed
layers are also deformed which means that they are no longer in equilibrium with the
bulk liquid, Deformation causes rearrangements to take place in the adsorbed layer and
causes net transport Lo and from the bulk phase. In this following section we will discuss
the transport and rearrangement mechanisms that determine the dynamic surface
behaviour. Second we will discuss several techniques by which information can be

obtained on these surface properties.

Molecular rearrangements at the surface can oceur due to phase behaviour at surfaces
such as the creation of lamellar gel phases at oil/water- and air/water surfaces by means
of substances like Glycerol Lacto Palmitate (GLP). These glycerides can form micro
crystalline phases at the surface which cause very rigid surface layers Westerbeek and
Prins (**). Rearrangements of proteins due to adsorption at solid or liquid surfaces have
been reported by Norde and Favier (**) and Norde and Kleijn (''). They demonstrated

that adsorption of some proteins leads to loss of secondary structure. In that case the
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behaviour of unfolded protein molecules with respect to desorption differs considerably
from the behaviour of native proteins at interfaces.

Clark et al. (29)reported fhat BSA exhibits irreversible conformation changes after
foaming which means that proteins change their conformation to such a degree that
partial denaturation takes place. This behaviour can also be ascribed to loss of secondary
structure, Norde and Favier (7). Also reactions at the surface may be responsible for fime
dependent behaviour of surface. For instance cystine residues in proteins are suspected (o
form intra- and intermolecular covalent bonds in protein layers resulting in a high

resistance to deformation Clark et al. (30).

1.2.4.1 Transport to and from the surface

When a surface active species is present in the bulk phase, the molecules will tend to
accumulate at the surface. The transport to the surface can be considered to take place for
instance by diffusion (Brownian motion} of molecules. The purely diffusive flux to

interfaces was described by Ward and Torday (**) . For a bare surface they find this flux

D
I=a s

In this equation J is the flux, ¢, is the bulk concentration and t is time.

to be:

=

Equation 1. 3

In order to use the relationship between ¥, T and <, in equilibrium for a surface that is not
in equilibrium, the concept “sub-surface concentration” is introduced. It is assumed that
even under non-equilibrium conditions there is “equilibrium” between yand T and ¢; (c,
is subsurface concentration). This subsurface layer is assumed to be present within a
distance of molecular dimension from the surface. The difference between ¢, and ¢, is
the driving force for the diffusional transport of surfactant to or from the surface which is
not in equilibrium. When the surface expands continuously Van Voorst Vader et al. (*%)

demonstrated that in case of a steady state, the surface dilution of the adsorbed material
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just compensates the transport to the surface. Hence the {lux to the surface in this case of

convective diffusion is given by:

Equation I. 4

dc
In this equation D means the diffusion coefficient, [— means the first partial
={}

5z

derivative of the concentration with respect to the distance normai to the surface taken at

the surface, I"means the surface concentration and 1s the relative rate of

expansion. Combining equations 1.3 and 1.4 leads to the following expression of the

flux:

Equation 1. 5

The lowering of surface tension due to the adsorption of surface active material strongly
depends on type of the species adsorbed to the surface. We will discuss the relations
between the surface concentration and the surface tension of low molecular surfactants
and proteins.

In literature numercus studies were described on the adsorption at the air/water interface.
In comparison desorption has received considerably less attention. Desorption is a
relaxation mechanism that can be of vital importance for disproportionation (1.4.2.2.) or

the generation of a surface tension gradient (1.3.2.} however. When a soluble low
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molecular surfactant desorbs from a compressed surface the discharge of molecules from
the adsorbed layer is rapid in comparison to the diffusion away from the surface. In the
case also convection takes place the rate of discharge from a surface at equal
circumstances is not dependent on time but on the thickness of the stagnant layer 8, the
concentration difference between the stagnant layer and the bulk (c¢,-¢,) and the diffusion

constant [, MacRitchie (33). In that case the rate of transport is given by:

D(C‘\ - c,,)

J= 5

Equation 1. 6

Here, & depends on the particular flow pattern. Unlike low molecular surfactants, the
desorption kinetics of substances like proteins are much slower than the adsorption
kinetics. The resistance to desorption of proteins were found to be extremely high by
MacRitchie (). Compression of the adsorbed layer for BSA beyond surface pressures of
30 N m' leads to collapse phenomena in which the occupied area per molecule
dcereases significantly to only fractions of the original area. In that case compression
leads to very thick protein layers. Figure 1.3 depicts the decrease in surface area in time

due Lo compression of the surface at equal surface tension, Mac Ritchie (**).
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MacRitchie (**) determined that the resistance o desorption due to the interfacial
interactions of BSA is four orders of magnitude larger than the resistance to diffusion.

Van Kalsbeek °%) reports en the generation of insoluble protein layers with -

a0 —

Figure |. 3 Relative surface area as a function of the square yoot of time after initial compression

of adsorbed lavers of B-lactoglobulin io different surface pressures, 1= 10 mN w0 m= 20 mN
wi':A m=30mN m’' - Q Mac Ritchie (7).

lactoglobulin when bubbles dissolve in the disproportionation process. Apparently the
generation of a cellapsed monolayer does not lead to a significant decrease in the
dissolution rate of a bubble. This leads to the speculation whether these layers may be
regarded as macroscopic or that these layers should be regarded as concentraled bulk
layers (skins). Fisher et al. (37) found that the coalescence probability of emulsion
droplets stabilised by lysozyme is lowered significantly if the droplet surface arca is
decreased by a factor 2.3. They ascribe this to surface coagulation of the protein. This
indicates that desorption properties may have a signilicant effect on foaming and
emulsitication.

In the case of mixed monolayers of DPPC and B-lactoglobulin it has been observed that
the B-lactoglobulin molecules are displaced preferentially when the surface is subjected

. . M s g .
to compression, MacRitchie (7). This indicates that there may be a considerable
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influence of a second surface active species on the behaviour of adsorbed protein layers.

The same has essentially been found for surfaces in equilibrium.

1.2.5 Methods and techniques for determining dynamic surface properties

There are several methods by which the dynamic surface behaviour can be studied.
Depending on the information that is needed, a technique can be chosen that matches the
practical conditions as closely as possible.

Viscoelasticity of adsorbed layers can be studied by subjecting surfaces to a sinusoidal
deformation and measuring the response of the surface in terms of surface tension or
resistance to shear forces analogous to bulk rheological techniques. This can be done
both in shear, van Voorst Vader et al. (39), Krigel et al (40, 1Y and in dilation, Graham
and Phillips (42), Kokelaar et al. (43). These experiments are meant to quantify the total
resistance to deformation of adsorbed layers close to equilibrium by means of shear or
dilational moduli and quantify the relaxation behaviour in terms of a loss angle.

Other methods subject the surface to continuous deformation either in shear or dilation.
An interesting method that measures surface properties in continuous steady state
dilation is the overflowing cylinder method Bergink (44), Joos (4 ? ). Im this device the
surface tension can be measured in relation to the relative rate of expansion. Another
technique is described by Rillaerts and Joos (*®) in which the surface is expanded
continuouslty by means of pulling a strip from the surface. These devices provide
information on transport and possibly unfolding of polymers at the surface. Dickinson
*"y reports on a device which measures an apparent surface shear viscosity by means of
shearing of a surface layer. The apparent surface shear viscosity is an indication of
interactions between adsorbed molecules which are formed during deformation of the
surface. More recently developed techniques measure the response in terms of pressure
of a bubble created from a capillary to an increase of volume of the bubble in a
sinusiodal or continuous fashion (*). In tablel.1 the different measuring technigues have
been classified according to the type of deformation and type of information that can be

obtained.



15 Chapter | General Introduction

Determined properties | Sinusoidal Continuous

{close to equilibrium)} | (steady state, far from

equilibrium)
39 40 41 EY]
Shear references:, ™, reference:
parameters: parameter:

frequency, amplitude shear rate

measured properties: measured property:
|G|, G*, G”, tan & n'

Dilation references: 2, references:, =, *°
parameters: paratneter:

frequency, amplitude relative expansion rate
measured properties: measured property

|El, E*, E” ,1an & n!

Table 1. I Measurable properties of homogeneous surfaces.

1.2.5.1 Viscoelasticity of adsorbed layers

In contrast to to surface properties of substances under continuous dilation,
viscoelasticity of surface active substances has been studied rather extensively. In
general, adsorbed layers of low molecular surfactants have small dilational- and shear
moduli accompanied by high loss angles when surfaces are deformed with frequencies
around 0.01 to 10 Hz., Murray and Dickinson (**).When surfaces occupied with low
molecular surfactants are deformed with frequencies in the range of 100 to 1000 Hz, the
dilational moduli are much larger (50), (5') This increase in the dilational modulus shows
that the relaxation mechanisms probed depends on the time scales of the measurements.
This can be compared well to bulk properties in which we distinguish between a glass, a
rubber and a viscoelastic material. Apparently the frequencies between 100 to 1000 Hz
are in a region comparable to the “rubber regime” while viscoelasticity of the surface can
be found in the area between 0.01 and {0 Hz. This shift from a rubbery region to a
viscoelastic region does not occur if the exchange between the surface and the bulk phase

is inhibited due to insolubility of the surfactant in the bulk phase or phase transitions at
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the surface. Especially the dilational modulus at lower frequencies remains high in such

cases due to the absence of relaxation phemomena such as diffusion from the surface

(52).

Adsorbed protein layers generally have a substantial resistance to deformation both in
shear and in dilation. In shear substantial differences were detected between proteins.
Generally proteins with a large conformational stability have a high shear modulus. The
presence of high shear moduli are ascribed to lateral interactions between the molecules
in the surface due to interactions between the protein molecules in network like
structures, Benjamins and van Voorst Vader (39). From these experiments it is possible to
obtain relaxation times of these adsorbed layers to deformations in shear, which provides

information on the type of rearrangement processes.

In dilation the resistance to deformation is also relatively high for proteins. Graham and
Phillips (*), Williams and Prins (**) Serrien et. al.(3h, Murray and Dickinson ). A
distinct dependence on the frequency of deformation can be detected in the range of
frequencies between 1#10"* and 1*107* hz for B-lactogiobulin, Murray and Dickinson
(49), This tells us that the time scale of rearrangements in the adsorbed layers as a
consequence of a dilational deformation is between 10* to 10° seconds. Also in dilation a
distinct positive relation can be detected between the conformational stability and the
modulus for proteins Benjamins et al (**). Also a distinct optimum is ohserved in the
dilational modulus at certain surface tensions. This indicates that at certain surface
tensions, the surface tension is more susceptible to variations in relative surface area.
This can assumed to be caused by the shape of the adsorption isotherm, in the region the
surface tension is most susceptible to variations in surface concentration the maximum in
the modulus is attained.

For low molecular surfactants, these time scales for rearrangements generally range
between 107 10 10% seconds according to Lucassen-Reynders (*Y). Going back to the

analogy to bulk properties we may assume that there is a shift to a longer relaxation time
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with proteins compared to low molecular surfactants hence the shift from the rubber
plateau to the visco-elastic region takes place at longer relaxation times.

Murray and Dickinson (*%), Chen et al. (**), Chen and Dickinson (**) Kréigel et al. *)
describe the viscoelasticity of mixtures of proteins and surfactants and mixtures of
proteins. These studies showed that the desorption of proteins by low molecular
surfactants has a significant influence on the visco-elastic properties of the surface. Even
when a relatively small amount of low molecular surfactants has been adsorbed, the
resistance to shear and dilation decreases significantly resulting in a surface which
exhibits a predominantly surfactant like behaviour. The dilational behaviour may be
explained by relaxation of the surface due to a more rapid exchange of molecules
between the bulk and the surface of low molecular surfactants. As we mentioned before,
this pracess is much faster in the presence of low molecular surfactants than in the
presence of proteins. The decrease in the surface shear moduli may be explained by the
disruption of the intermolecular interactions of the proteins. This last hypothesis is
supported by Wilde and Clack (**) and Clark et al. (**) who determined the mobility of
molecules adsorbed at the surface as a function of Tween 20 concentration by FRAP
(Fluorescence Recovery After Photobleaching) experiments. They found that the
mobility of B-lactoglobulin at the air/water and oil/water surface increased considerably
when Tween 20 was added 1o the bulk phase. This supports the idea that B-lactoglobulin
is able to form intermolecular bonds which can be disrupted by the presence of Tween 20

in the adsorbed layer.

1.2.5.2 Surface properties in continuous deformation

In the case of the adsorption of most low molecular surfactants, the transport to and from
the surface are the only mechanisms that determine the surface properties under dynamic
circumstances when surfaces are subjected to expansion or compression. The transport to
the surface was discussed in section 1.2.5. Van Voorst Vader et al. (3 2) studied the
adsorption of low molecular surfactants in a Langmuir trough at constant relative rates of
expansion. They derived the relations between the bulk concentration, the relative

expansion rate and the surface tension. It was concluded that the transport to expanding
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liquid surfaces could be described by convective diffusion. Bergink et. al. (. °Y studied

the adsorption of low molecular surfactants at continuously expanding liquid surfaces in
an overflowing cylinder and came o the same conclusion.

Van Aken and Merks (%) studied the adsorption of proteins to slowly dilating surfaces.
They observed that the sensitivity of the surface tension to variations in the relative rate
of expansion of adsorbed protein was very high, both in compression and in dilation,
even at very low relative deformation rates. In compression they found irregularities in
the surface tension measured. which could be ascribed to the adsorbed layer becoming
insoluble (skin formation). Serrien et al (**) studied the unfolding rate of BSA at
expanding surfaces. This unfolding rate was calculated from surface tension data.
Assuming first order kinetics for the unfolding of the molecules at the surface, a first
order constant could be fitted to surface tension data. The order of magnitude found for
the first order constant was in the order of 1*10™ s In literature however little
information on the time scales of the unfolding of protein molecules at surfaces is
available. This is most probably due to the difficult experimental accessibility of such
data.

Murray and Dickinson (49), Chen and Dickinson ((’3), Dickinson et. al. (M)describcd shear
measurernents on adsorbed protein layers under constant deformation rates of the
surface. The resistance to deformations in shear, expressed in the apparent surface shear
viscosity depended strongly on time, which is ascribed to the time needed for the
proteins to create a network structure in the adsorbed layer. The apparent surface shear
viscosity differed 4 orders of magnitude between the different proteins indicating that the

capability of forming network structures in time also differs considerably.

1.3 Mechanical properties of adsorbed surface layers

In the previous sections we discussed the surface properties in relation to molecular
properties of different species. An important issue in this thesis is to find out what
relations exist between surface properties and foaming properties. In order to obtain a

better understanding of foarmning behaviour in terms of foamability and foam stability, it
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has to be realised that the relations between force and deformation of surfaces play an
important role. In order to reach mechanical equilibrium certain relations need to be
satisfied between the motion of the surface, the surface properties and the forces applied
to the surface. To establish these relations we will need to know how surfaces react to

forces.

Generally deformation of a surface can be caused either by a force exerted parallel
{viscous drag) or a force exerted normal (pressure) to the surface of a bubble. This gives
rise (o respectively a heterogeneous or homogeneous deformation over the surface. This

is illustrated in the following picture of a bubble deformed by a parallel and a normal

dinA/dt

—_—
position at surface

e ¥
“dnA/dt

position at surface

Figure 1. 4 Highly schematic representation of a bubble deformed by a force normal and parallel
to the surface and the variation of a number of relevant parameters over a characteristic part of a

surface of a bubble.

force,
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In the schematic graphs on the right of the diagram, the parameters surface tension,
surface concentration and relative rate of expansion and compression have been
indicated as well. When the surface is deformed by a normal force, all parameters remain
uniform over the bubble. In the situation the surface is deformed by forces parallel to the

surface all surface properties change over the surface of the bubble.

1.3.1 Homogeneous deformations of surfaces

In the situation a surface is deformed uniformly, for instance when pressure fluctuations
are applied to a bubbie or during the disproportionation process, there should be a
mechanical balance between the pressure which is inside the bubble and the pressure in
the surrounding medium. There are two contributions to the pressure in the bubble: one
is due to Boyle’s law that says that pressure times volume is a constant, the other

contribution originates from Laplace’s law given in equation 1.7.

Equation I. 7

In this equation Ap is the difference between pressure in the bubble and the pressure of
the surrounding medium, yis the surface tension and r is the bubble radius. When a
bubble grows or shrinks due to disproportionation in a continuous process (steady state)
the surface properties are determined by the surface dilational viscosity as given in

equation 1.8,

d _ yr{m B qu
= [d]n A
dt

Equation I, 8

in this equation 1. is the surface dilational ViSCosity, Y, and ¥, mean the surface
tensions in dynamic and equilibrium conditions respectively and dinA/ds means the
relative rate of expansion or compression. This parameter describes the response of

surface tension to the relative rate of expansion or compression and its value depends
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strongly on the time scale. The parameter 1, compares two situations, the reference
point is taken to be the surface tension in equilibrium which is compared to a situation
far from equilibrium, There can be a significant difference in magnitude between surface
dilational viscosities in compression and expansion because the relaxation in
compression involves desorption from the surface while in expansion this parameter is
determined by adsorption. The rates at which these processes occur may be orders of
magnitude different especially in the case the molecules interact at the surface %,
Generally the dependence of the surface dilational viscosily on time scale can be

assumed to be given by a power law Prins (%),

. n(dln A}
M =My

Equation I. 9

In this equation » Represents the magnitude of the surface dilational viscosity at a
relative rate of expansion or compression of 1 5™ and m indicates the influence of the
time scale. In most cases we find that m1 is around - 1. This means that in general the
surface dilational viscosity decreases with increasing relative expansion or compression
rate.

When viscoelasticity plays a role, the resistance to deformation of a surface can be
assumed to consist of an elastic and a viscous part. The total resistance to deformation is
expressed in the complex modulus E. Equation 1. 10 relates the elastic and viscous part
to each other.

E=E, +iom,
Equarion 1. 10

In this equation £ is the dilational modulus: E, is the elastic part and {en, is the viscous

part. { Is the imaginary number (i* = —1), cois the angular frequency and 1, is the
dilational viscosity. Another parameter which is relevant is tan § which is the ratio
between wn, and £, . A small tan & indicates that the surface behaves predominantly

clastic which means “more solid like”.
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Lucassen-Reynders (*) defined a condition given in Equation 1. 11 for the inhibition of
disproportionation of a completely elastic surface in the case of a Laplace pressure
difference between bubbles. If the following condition is true the dilation of the surface

is stopped completely.

1
E>—
2 }’
Equation 1. 11

If the viscous part of the dilational modulus: wr, is finite however, disproportionation

will take place.

1.3.2 Deformations caused by viscous drag

When a liquid flows parallel to a deformable or liquid surface in the presence of surface
active material a redistribution of surface active material takes place. This leads to a

surface tension gradient which is equal to the viscous stress. Hence at every point at the
67
)

dv, dy
(5).~
dz )y dx

surface Equation 1. 12 applies (

Equarion i. 12

In this equation 17 is the viscosity of the bulk phase, the differential indicates the velocity
gradient normal to the surface, and dy/dx indicates the surface tension gradient along the
surface. The equation merely tells us that mechanical equilibrium is reached when the
surface tension gradient is equal to the viscous drag exerted by the liquid 1o the surface.
Figure 1.5 illustrates that this can work in two different ways, because both the viscous

drag and the surface tension gradient may cause the motion of the surface.
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Figure 1. 3 Relation between viscous stress and relative rate of expansion of the

surface under three different conditions.

When the surface tension gradient is the cause of the deformation {case A), the surface
essentially drags the liquid below it because of the motion of the surface. In case B, both

the surface tension gradient and the velocity gradient vanish. Note that the velocity as

well as still can have a finite value in this case. This happens e.g. in the

In
dr
overflowing cylinder in the presence of pure liquids.

In situation C the bulk liquid causes the motion of the surface thereby creating a surface

tension gradient.

1.4 Foam creation and foam stability

Many authers from various disciplines studied the factors that affect the formation,
stability and breakdown of foams. They demonstrated that both creation of foams and
stability of foams are processes in which several surface properties are relevant. The

difficulty in understanding the field of foam creation and stability lies in quantifying the
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influence ol all the sub-processes involved. Moreover this is complicated by the mutual
dependence of the various sub-processes. In this section we will discuss several aspects

ol the creation and slability of foams.

1.4.1 Creation of foams

Foamns can be created by means of wide number of metheds such as whipping, stirring,
sparging and heterogencous and hemogeneous nucleation in a liquid supersaturated with
gas. The result of all these methods is the same, namely the creation of a more or less
fine distribution of gas into a liquid. The mechanisms however by which these foams are
created differ quite considerably. With sparging the area is enlarged due to pumping of
gas through an orifice in contact with the liquid. A bubble is literally pumped up and is
released from the orifice duc o the buoyancy of the bubble or by viscous drag or inertial
effects. During whipping and stirring large bubbles arc broken up into smaller bubbles.
Break-up occurs due to viscous forces when the flow is laminar and due to pressure
gradicnts when the flow is turbulent. With heterogeneous and homogencous nucleation
bubbles arc created because the liguid is supersaturated with gas. With heterogeneous
nucleation bubbles form at so called active sites which consist ol gas pockets. Because of
gas diffusion, the bubbles grow and detach from the nucleus as a consequence of gravity
and a new bubble is created. Wilh homogeneous nucleation the bubbles are created at
very high super-saturations, and are formed spontaneously in the liquid. This thesis will
concentrale on the creation of foams by whipping since it a widespread technique by
which loams are created in practice.

The type of foam depends strongly on the conditions under which the foamn is created.
The most important aspects are the flow properties (laminar or turbulent} around the
bubbles created by the stirring action and also the type of surlace active species. This
will result in a foam with certain characteristic properties with respect to bubble size and

the gas fraction in the foam.
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When break-up of bubbles in laminar flow is considered. an important parameler is the

Weber number which is defined as follows:

Equation . 13

In this equation means the velocity gradient normal to the surface. 15, means the

e

viscosity of the continuous phase, r is the radius of the bubble and yis the surface
tension in equilibrium, Walstra ((’8). Hence the Weber number is the ratio of the external
stress over the Laplace pressure. In the case of emulsions, there are relations between the
Weber number at which a droplet becomes unstable and the viscosity ratio between the
disperse and the continuous phase for different flow types. Generally in air/water systems
(viscosity ratio 107%) in simple shear flow the critical Weber number is around 10. In
figure 1.6 the relation between the viscosity ratio (the ratio of the viscosity of the
disperse and continuous phase) and the critical Weber number has been given.

Williams et al. (*) found a distinct dependence of the critical Weber number in simple
shear flow in the break up of oil droplets on the concentration of B-lactoglobulin. At low
concentrations of this protein (below 10 g1y and at all concentrations of the protein B-

casein, the critical Weber number has the theoretical value indicated in figure 1.6.
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Figure 1. 6 Relation between the critical Weber number and the viscosity ratio in “normal”

situarions solid line and in the case of B-lactogiobulin | g I'' dotted line (**},

At high concentrations of B-lactoglobulin however, the critical Weber number remained
at a constant value of (.47 at viscosity ratios between 10 to 107", This phenomenon was
ascribed to the generation of a network structure at the surface which facilitates bubble
break-up. This may be caused by a high rigidity of the surface, causing the break up o
oceur at Jower velocity gradients. This indicates that the surface properties may influence
the transfer of stress to the surface by viscous forces. Hence not only the intensity of the

flow around the bubble determines the break-up, but also the surface properties.

Another indication of the influence of surfactant action on the bubble break-up behaviour
has been shown by De Bruijn (™). It is demonstrated that in simple shear flow, tip-
streaming can occur under subcritical conditions of shear rate at intermediate levels of
surfactants. The tip-sireaming is ascribed to the accumulation of surfactant to the tips of
the bubbles, causing very low surface tensions and consequently very low Laplace
pressures, resulting in the break off of small bubbles. The cause of this process is

attributed to small amounts of impurities in the surfactant.
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Also the type of equipment may have a significant effect on the result of foaming or
emulsification tests. Walstra and Smulders demonstrate that different types of
emulsification equipment produce emulsions with different mean bubble sizes at
comparable levels of energy dissipation. This indicates that it is very difficult to compare
different types of foaming and emulsification equipment.

Taisne and Walstra ('') studied the recoalescence during the production of emulsions by
means of an elegant method. It was found that there is an equilibrium between break-up
and coalescence of emulsion droplets during emulsification.

Prins (*%) studied the creation of foams by a rotating wire cage from solutions of a non-
ionic surfactant in relation to the surface properties. An optimum in the creation of the
foam was observed which was ascribed to an increase in coalescence during foam
formation. By means of a simple consideration in which the relative rate of expansion of
surfaces in the foam were related to dynamic surface properties of the species he was
able o reconcile the relative rate of expansion in the foam to that at a free surface in
expansion. These observations mean that not only the creation of the dispersion is

important but that also instability may be relevant during the formation of the dispersion.

1.4.2 Foam stability

In this section three different mechanisms influencing foam stability: drainage,

disproportionation and coalescence will be discussed.

1.4,2.1 Drainage

When a foam is created, the difference in density between the dispersed phase (the gas})
and the continuous phase (the liquid) will cause the rise of bubbles. This process is
called creaming. The velocity of bubble rise depends on the type of flow around the
bubble, the density of the continuous phase, the viscosity of the liquid and the density
difference between the continucus phase and the disperse phase. Also the kind of
surfactant used to stabilise the bubbles in the liquid is important Zuidberg (™). It could
be concluded that bubbles with rigid surfaces cream up to a factor 2 slower than bubbles

with a mobile surface.
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A phenemenon closely related to creaming is drainage, which is the flow of liquid out of
the foam under the action of gravity, which causes the foam films and Plateau borders to
become thinner. The drainage process essentially depends on the same flow properties
and surfactant characteristics which determine creaming. Drainage of foams can be
considered to be influenced by two separate processes taking place at the same time.
Liquid flow through the films into the plateau borders and liquid flow through the
plateau borders into the bulk phase underneath. Several factors related to surface
properties, bubble size distribution and composition were studied in literature. Malhotra
and Wasan (74), Narsimhan (75), Bhakta and Ruckenstein (76) present models which
describe drainage of foams as percolation through a network in which the volume
fraction of liquid varies with time. Chesters (77) studied the drainage from films between
bubbles on which a force is applied. Three types of surfaces are distinguished. These are
described as: mobile, partially mobile and immobile. These types of surfaces in this order
cause a decrease in the rate of drainage.

Also several studies have been carried out on single films. In single films, the balance
between the suction of the plateau borders, the disjoining pressure and the film elasticity
can be determined in a more straightforward way Kruglyakov et. al. (%), Baets and Stein
{'79), Prins et. al. {80) Aronsoen et. al.(S'). The results of the studies on single films and
drainage of macroscopic foams do not match very well however. Probably this can be
ascribed to the fact that the dimensions of films in foams and static films are not
comparable, moreover the plateau border drainage which is absent in single films has a
substantial influence in foams. In addition, marginal regeneration, a process which

promotes drainage, occurs in single films does not oceur in foams.

1.4.2.2 Disproportionation

Disproportionation is the process of net transport of gas from small bubbles to larger
bubbles. This process is caused by the higher Laplace pressure in small bubbles as shown
in equation 1.6. The higher Laplace pressure around a small bubble causes the bulk
concentration of gas to be higher than around a bigger bubble. Consequently a net

transport of gas by diffusion from small bubbles to bigger bubbles takes place. This
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causes smaller bubbles to become smaller and disappear eventually. This leads to a
coarser foam. This sub-process is inhibited by surfactants because the surface tension
decreases if a surface is compressed and increases if a bubble expands. The compression
of the surface causes the surface tension to decrease, which causes a decrease in the
Laplace pressure. This makes the disproportionation w proceed more slowly. Ronteltap
(32), Ronteltap et. al. (m), (34) concluded that the rate of disproportionation depends on
the surface dilational viscosity in compression. If this parameter has a high value, a small
relative rate of compression gives a high decrease in surface tension, which inhibits the
rate of disproportionation. By means of this parameter the rate of disproportionation of

beer foam could be explained.

In addition it was found that the rate of disproportionation was also determined by the
solubility of the gas in the liquid phase. If this was high, disproportionation was found 1o
more rapid as well since the rate ol transport from one bubble to the other is increased.
Monsalve and Schechter (**) described the relation between the bubble size, the drainage
and the disproportionation of foams. It was concluded that disproportionation and
drainage both resulted in decrease in surface area in the foam, which can be described by
means of two exponential terms, corresponding to the drainage and the
disproportionation process.

Al purely elastic surfaces, disproportionation can be stopped if the modulus is larger than
half the surface tension Lucassen-Reynders (5') as described in section 1.3.1. At a visco-
elastic surface the rate of disproportionation witl be determined by the rate of surface

relaxation.

1.4.2.3 Coalescence

Coaiescence 15 the merge of bubbfes because of a breaking of the film between them. 11 is
a stochastic process, which means that the breaking of a certain film is depends on
chance, Generally the coalescence process needs instabilities such as waves in the
surface of the film which cause the film to become thin and this can be the introduction

to film breaking. In thin films coalescence can be opposced by a disjoining pressure. The
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disjoining pressure is the pressure in a thin film which is caused by the repulsion of the
adsorbed layers at both surfaces. This repulsion may be due to electrostatic or steric
interactions between adsorbed molecules Walstra {*%) Tadros and Vincent (*7). These
repulsive forces generally work over length scales which are in the order of nanometers

which means that the disjoining pressure is effective only for very thin films.

The resistance to coalescence in stirred suspensions of bubbles or drops due to the
presence of surface active species, is generally ascribed to the Gibbs Marangoni Effect.
The impact of bubbles causes a liquid flow parallel to the surface locally dilating the
surface. If the bubbles are too close to each other the film becomes too thin o supply the
surface with enough surface active material. This causes a local increase in surface
tension which gives rise Lo a surface tension gradient. This surface tension gradient
causes the maotion of the surface to slow down and slows down the dilation of the film. In
this case the rate of flow of liquid from the space in between the bubbles is decisive for
the moment of coalescence.

Coalescence of bouncing bubbles also can be strongly inhibited if the molecules in the
film surface are able ta interact laterally, for instance in the presence of various proteins.
There local dilation of the surface is strongly opposed. In that case also strong repulsive
interactions between the adsorbed layers are observed due to both steric and electrostatic
interactions between the adsorbed proteins. This results in relatively thick films. Clark et
al. (Sﬂ).Cokc et. al.(zs) demonstrate that the addition of a surfactant to a protein solution
leads to a lower rigidity of a film which manifests itself in a increased lateral diffusion of

the adsorbed species and in a decreased stability of the films.

1.4.2.4 Spreading particles and hydrophobic particles

If etther spreading, or hydrophobic particles are present in foams, they may seriously
affect foam stability. When hydrophaobic particles are present in an aqueous film these
can promote coalescence when both ends of the particles protrude through the film.
Since the contact angle of the liquid with the particle is large it causes the liguid to

recede from the particle and causes film rupture.
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Bisperink (*) and Prins (*°) studied the influence of spreading particles on the stability of
thin liquid fiims. It was concluded that when spreading particles are present in the liquid
two parameters determine if the particle will spread at the surface. The first parameter
determines if the particle can penetrate the film surface, the second parameter determines
if the particle will start spreading at the surface. If such a particle is present at the surface
of a thin film the spreading surfactant will drag liquid away from the particle which will
cause the film to become thinner and eventually break. The criterion for a bubble to be
susceptible to this spreading mechanism depends on the size of the bubble, the thickness
of the film and the type of surface active species at the surface of the film and in the
spreading particle. However if the bubble surface area is too small, the spreading cannot
proceed far enough due to the limitation in the area of the surface over which it can
spread. Finally the surfactant adsorbed to the surface also determines the spreading of the
surfactant. This is because the surfactant already adsorbed to the surface will inhibit the
spreading of the surface active species from the particle since the tendency to spread over

the surface is lower due to the lower surface tension at the surface of the film.

1.5 Mechanical aspects of sub-processes occurring in
foams

One characteristic property of these sub-processes causing instability in foams is that in
all of them the bubble surface is deformed in a certain characteristic way. In order to
cause this deformation, a certain force needs to be imposed on the adsorbed layer. This
force can be applied parallel to the surface which happens during drainage. The force can
also be applied normal to the surface when a pressure difference causes a deformation as
in the case of disproportionation. The way this force is applied to the surface makes a
distinct difference in the way a surface reacts to the deformation and which surface

properties play a role.

Another important factor is the time scale of deformation of the surface. During creation
of foams, the deformation rates of the surface are relatively high, while during the initial

stages of disproportionation, the deformation rate is low, At low deformation rates, slow
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relaxation processes have a much larger influence on the surface behaviour. The two
main relaxation processes which affect the surface behaviour are: The transport of
surface active material from the bulk to the surface and vice versa, and conformation

changes of the molecules, which play a role with polymers such as proteins.

In table 1.1 the most important sub-processes in foams are listed. This table shows the
types of deformation and the approximate time scales over which the different sub
processes take place. The cause of the deformation in the sub-process has been indicated
as well as the effect the deformation causes in the surface. This table clearly shows that
the creation and stability of foams depend on sub-processes which take place over
different time scales and are affected by diffcreﬁt surface properties. Bubble break-up in
turbulent flow, disproportionation and coalescence of static foam films are sub-processes
which are caused by forces which work normal to the surface. Bubble break-up in
laminar flow, creaming and drainage, coalescence during stirring and spreading,

however, are sub-processes which depend on forces which work parallel to the surface.

In this thesis we will pay attention to deformations parallel to the surface because this is
where the need for investigation lies whereas abundant information is available on

uniform deformations of the surface.
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Sub-Process Direction of | Time Cause Effect
force (stress) | Scale [s] Sub-process (response)
Bubble break-up Normal 10% 10 107 | Pressure Laplace
Turbulent difference pressure
Bubble break-up Parallel 107 1o 1 Viscous Surface tension
Laminar Flow gradient
Creaming and Parallel 107 10 100 | Viscous Surface tension
Drainage Flow gradient
Disproportionation | Normal 1070 107 Laplace Dilational
Pressure Modulus
Coalescence Normal Drainage, Disjoining
(static) Waves, pressure
Coalescence Parallel 10% 10 1 Bouncing Viscous
(dynamic) Flow
Spreading Parallel 10710 1 Surface tension | Viscous
gradient Flow

Table 1. 2 Classification of sub-processes occurring in foams

1.6 Aim of this thesis

The work on this thesis resulted from a direct question from industry about the
possibility of obtaining a working knowledge on the performance of protein hydrolysates
as a foaming agent in relation to their composition in terms of molecular weight
distribution. Since the direct translation from the molecular composition to foaming
properties was considered not feasible a distinction was made into four levels of
information which needed to be investigated and related 1o each other in order (o come 1o
a satisfactory answer.

1: On the molecular level molecules interact in bulk and on the surface and cause certain

surface properties which are measurable by means of different techniques depending on
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the information required. 2: These surface properties in turn are responsible for the
mechanical properties of surface layers over various time scales. 3: This correlates with
time scales of the different mechanisms playing a role in the creation and stability of
foams. 4: In tum the mechanical properties also need to be translated into foaming
properties relevant for our industrial counterparts. Since this scope was oo wide to cover
completely, choices were made to tackle cnly a number of aspects we considered to be

most relevant considering the gaps in our understanding.

In the translation of molecular properties to surface properties of proteins it was
considered that the transport from buik to the surface and vice versa and the unfolding
and refolding of protein molecules at the surface were uitimately responsible for the
surface behaviour of proteins. Since various time scales play a role during foaming we
chose o cover a wide range of time scales and study the influence of transport and
unfolding of proteins. Qur main aim was to be able to separate these two processes from
each other and achieve an understanding of the time scales involved in both processes
depending on the type of protein and other circumstances. Different types of model
proteins differing in physical stability (globular, random coil) were considered.

In addition we chose to study this behaviour for mixtures of proteins and surfactants
since these systems are relevant for the industrial practice and might be related to the
behaviour of protein hydrolysates. The effect of the presence of surfactants on the
unfolding behaviour of proteins was unknown especially under dynamic conditions.
Studying the transport and unfolding for these systems would indicate whether the

suhstances adsorbed to the surface would mutually influence each other.

Another gap in our knowledge was, in our opinion, the absence of information dealing
with the response of surfaces to viscous forces. These forces may play a significant role
in foaming but had not been studied in a systematic way. Hence we chose to use the
overflowing cylinder technique in a special way to provide information on mechanical
properties of surfaces of vartous systems deformed by forces acting parallel to the

surface.
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In order to translate mechanical properties to foaming properties, foam generation and
drainage behaviour of a number of systems was considered. We chose to study systems
of which the mechanical properties of the surface differed considerably and concentrated
on obtaining an answer on which surface properties at what time scales are relevant for
break-up of bubbles and drainage. These sub-processes were chosen because they were
suspected to be influenced by the resistance to deformation to forces acting parallel to

the surface.

1.6.1 Contents of this thesis

In chapter 2 a model will be presented inwhich transport to the surface and
unfolding properties of proteins at the surface are related to mechanical properties of the
surface. This is necessary to interpret the behaviour of proteins at expanding air/water
surfaces in the overflowing cylinder. A model will make the interpretation of data on
adsorption of proteins at expanding interfaces possible. The understanding of the
separate contributions of unfolding and transport to expanding surfaces is the main goal

of this model.

In chapter 3 the model will be used to interpret measurements of surface tension, surface
concentration and relative rate of expansion of expanding surfaces in the overflowing
cylinder. The unfolding behaviour of diverse types of proteins will also be investigated.
In addition, a new technique will be presented which enables the measurement of surface
tension gradients generated at air/water surfaces. These measurements will be used to

quantify the resistance to deformation to forces applied parallel to the surface.

In chapter 4 the model of chapter 2 will be adapted for binary mixtures of low molecular
surfactants and proteins adsorbing simultaneously at expanding air/water surfaces.
Several aspects of the adsorption and mechanical behaviour of air/water surfaces of
binary surfactant mixtures will be covered. The extended model will be compared to

experimental data obtained by means of the techniques described in chapter 3.






