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The stability of foams is commonly linked to the interfacial properties of the proteins and other surfactants used.
This study aimed to use these relationships to explain differences in foam stability observed among similar beer
samples from different breweries. The foam stability was different for each sample (Nibem foam stability ranged
from 206 to 300 s), but ranking was similar for all three foaming methods used, thus independent of the method,
gas, etc. Differences in foam stability were dominated by differences in coalescence, as illustrated by the cor-
relation with the stability of single bubbles and thin liquid films. The differences in coalescence stability could
not be explained by the measured interfacial properties (e.g. surface pressure, adsorption rate, dilatational
modulus and surface shear viscosity), or the bulk properties (concentration, pH, ionic strength, viscosity), since
they were similar for all samples. The drainage rates and disjoining pressure isotherms measured in thin liquid
films were also similar for all samples, further limiting the options to explain the differences in foam stability
using known arguments. The differences in coalescence stability of the thin films was shown to depend on the
liquid in between the adsorbed layers of the thin film, using a modified capillary cell to exchange this liquid (to a
buffer, or one of the other samples). This illustrates the need to review our current understanding and to develop
new methods both for experimental study and theoretical description, to better understand foam stability in the

future.

1. Current view on foam stability

It is sometimes important to reflect on the concepts and theories used
in a certain scientific field, and on the available experimental evidence
to support them. This is for example relevant when considering foams
stabilised by proteins or low-molecular weight surfactants. There is a
large body of literature on the relation between foam properties and
interfacial properties of proteins and other surfactants, e.g. [1-9]. When
reading this literature, it becomes clear that there is an established
consensus on the mechanisms that are important in foam stability. In
short, proteins need to adsorb to the interface, leading to a decrease in
interfacial tension and increase of interfacial elasticity. After the foam is
formed, it destabilises through disproportionation and/or coalescence of
bubbles. Both processes are influenced by the thickness of the thin films
separating the bubbles, and thereby they depend on the drainage of
liquid. The drainage is influenced by bulk viscosity, disjoining pressure
and interfacial rheology.

For some proteins (and protein hydrolysates), a correlation between
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certain interfacial properties and foam stability (collapse) was reported
[10-12]. A closer inspection of literature, however, easily shows the lack
of proof for a (consistent) quantitative relationship between the absolute
values of properties of the adsorbed layers, or thin films and the foam
stability. This lack has also been mentioned in some review articles
[8,13]. For p-lactoglobulin, Gochev et al. concluded that the increasing
(foam) film stability with increasing pH could not be explained by the
adsorption and surface viscoelastic properties of the adsorbed layers
[14]. The lack of proof is in part due to the fact that only few studies
have covered experiments at the different length scales, i.e. single in-
terfaces, thin films, and foam. Therefore, this study aims to include ex-
periments on all relevant length scales to evaluate if the presumed
relationship between interfacial and foam properties can be used to
explain differences in foam stability observed among batches of similar
beer samples from different breweries.
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1.1. Different length scales in foam formation and stability

The understanding and description of foam requires a description of
the system on different length scales (Fig. 1). A macroscopic foam
contains a large number of bubbles, separated by thin liquid films. The
liquid in the thin films will drain to the Plateau borders until it reaches
the bulk liquid below the foam. The drainage has been studied in thin
liquid films formed in a capillary or Mysels (porous) cell (also sometimes
called the thin film balance and thin film pressure balance), and by a
single bubble captured under an interface [15]. The interface of each
bubble is covered by adsorbed proteins or other surfactants. To study the
properties of these adsorbed layers, measurements can be done on single
interfaces, for instance using a drop tensiometer [11]. These techniques
have largely increased our knowledge and understanding of the phe-
nomena on the various length scales. There is however still a large step
in complexity when going from adsorption at air-water interfaces (e.g. as
measured by drop shape analysis) to foam stability (e.g. decrease of
foam height versus time). This large step in complexity may have
contributed to the difficulties in making the relation between the ex-
periments on smaller length scale and final foam stability.

Another challenge in this field, especially protein stabilised foams,
may have been that that the actual amount of published experimental
data on foam stability is relatively limited, more papers focus on foam
ability (formation). In addition, for some articles in which foam stability
data was provided the stability of the foam against drainage was
measured [11,16,17]. There are only few articles reporting on the
change of foam height versus time (foam collapse), which also hindered
identification of quantitative description of foam stability linked to the
relevant processes and parameters, as discussed further below.

1.2. Foam formation and adsorption kinetics

The foam ability describes how much foam is formed from a protein
solution under given condition and after a certain time of foaming (e.g.
sparging). The foam ability of a solution has been linked to the initial
rate of surface pressure increase, dI1/dt [2,13,18-20]. This parameter
can be seen as an apparent adsorption rate, but it is of course only an
indirect indication of the real (initial) adsorption rate measured as the
increase in adsorbed amount in time, d['/dt. Experimentally, the link
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between (apparent) adsorption kinetics and foam ability was shown by
increasing the protein concentration [21-26], changing the type of
protein [10,24,25], or the system conditions (pH, ionic strength)
[23-25,27]. In each of these cases, the increased adsorption kinetics
resulted in an increased foam ability, and a decrease in average bubble
size (d3,2), until at some point the maximum foam ability and minimal
bubble size were obtained, shown in detail in [22,23]. All these data
have clearly shown the qualitative link between adsorption kinetics and
foam formation. There is at this moment, however, no quantitative
relation to link adsorption kinetics to foam volume, or bubble size as has
been proposed for emulsions [28].

1.3. Foam stability and interfacial properties: theorical description

Depending on the study, foam stability is either referred to as sta-
bility against drainage or stability against collapse. Stability against
drainage is measured by the loss of liquid from the foam. Stability
against collapse is typically measured by the decrease in foam height
due to coalescence and/or Ostwald ripening. Drainage will occur from
the moment the foam is formed, resulting in thinning of the liquid films
separating the bubbles. Coalescence and Ostwald ripening are acceler-
ated by the decreasing film thickness, and result in collapse and coars-
ening of the foam. All these processes have been mentioned in numerous
reviews to depend on the interfacial rheological properties, i.e. surface
viscosity or elasticity [3,5,6,9,13,29-31]. Noskov et al. showed that the
surface elasticity for pure proteins was affected by denaturation
[32-34]. In other studies, they describe the decrease of surface elasticity
in mixed protein-surfactant systems [35,36]. For pure protein systems
typically a high dilatational elastic modulus is considered essential to
obtain a (very) stable foam [37]. However, upon closer inspection, it
became clear that it was not always made explicit by which mechanisms
or to which extent exactly the interfacial rheology was considered to
influence the foam stability. In the sections below the main arguments
provided in literature are given.

1.3.1. Drainage

The drainage in thin films is driven by the difference between the
pressure in the Plateau borders and the forces separating the two air-
water interfaces in the thin films; the disjoining pressure (II). The
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Fig. 1. Overview of the different length-scales relevant in foam studies, with a description of methods applied to study the system at the different scales and the

relevant parameters that can be derived from such analyses.
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drainage rate, as given in Eq. (1), depends on the thickness and radius of
the film, viscosity of the liquid, the surface mobility and the disjoining
pressure [5,38-40].

oh /o1 = —2ch" [3uR} (v /R, — 1) )

Where h is the film thickness, R¢ the film radius, p the liquid viscosity
and the constant c¢ accounts for the mobility of the interfaces. For
immobile surfaces, such as protein stabilised surfaces ¢f = 1 [5]. Film
thinning is driven by the difference in Laplace pressure of the adjacent
Plateau borders y/R;, and the film disjoining pressure II, where y is the
surface tension and R, the radius of the plateau border. For low-
molecular weight surfactants, there is typically a very low surface
elasticity, and high surface viscosity. This results in Marangoni flow
when there are surface tension gradients at the interface. Such gradients
can be induced by liquid drainage in the thin films. For adsorbed protein
layers, the interfacial mobility is typical zero [41], so in protein stabi-
lised surfaces the Marangoni flow is considered to be absent/negligible.
As a consequence, no significant contribution of surface rheological
properties on the drainage rate is expected. As a result, for such systems,
the drainage rate in different foams will be determined by differences in
bubble size, bulk viscosity, surface tension and disjoining pressure.

1.3.2. Ostwald ripening

Ostwald ripening is driven by a reduction of the total surface area
and thereby the interfacial energy [42]. Since Ostwald ripening involves
diffusion of gas through a liquid, an important factor influencing the rate
of Ostwald ripening is the gas solubility. As a consequence, Ostwald
ripening can be retarded by using a gas with a lower solubility such as
nitrogen instead of carbon dioxide [43]. Moreover, it has been suggested
that Ostwald ripening could be prevented through the elastic properties
of the interface. It has, however, been shown that for adsorbed protein
layers with a viscous behaviour Ostwald ripening is only retarded, and
not stopped [44].

1.3.3. Coalescence

The last point where interfacial rheology could be important for
foam stability is coalescence, which is the rupture of the thin liquid films
separating the bubbles. The rupture of thin liquid films is typically
considered to occur once a critical thickness is reached, the argument is
also referred to as the Vrij criterion [5,45]. There is a very large body of
literature on the stability of thin liquid films, see for example
[5,9,13,31,39,45-56]. The possible mechanism (sic.) proposed by Vrij
assumes that certain perturbations in film thickness will occur due to for
example thermal fluctuations. The growth of these thickness fluctua-
tions will depend on the same properties that also determine the
drainage rate (i.e. viscosity, disjoining pressure, surface tension) [45].
There are also arguments that the surface rheological properties should
be included in this analysis [5,57]. To include the surface elastic
modulus, Meinders et al. [5] suggested the following expression for the
Vrij criterion (Eq. (2)):

5H/5h < 7ﬂ(y+Ed)/Rf @

Where v is the surface tension and Eq4 the surface dilatational elastic
modulus. The disjoining pressure is the result of van der Waals, elec-
trostatic and oscillatory forces between the two interfaces of the thin
film [5,55,56,58]. However, Sheludko already remarked that “Rupture is
not observed when a stable structure is formed at thickness below the critical
thickness”, and “There is also the fact that films which do rupture never-
theless exist for a certain time before rupture occurs” (sic.) [55]. Previously,
Charles also observed that “films may rupture at different thicknesses”
(sic.) [59]. Both comments indicate that perhaps the concept of critical
thickness is too absolute, and that in reality sometimes films may drain
until a thickness where the films rupture after a certain time, i.e. sto-
chastically. This concept was elaborated by Chatzigiannakis who
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proposed that the thin films may rupture either according to the deter-
ministic or stochastic theory, depending on the exact conditions in the
film [60].

1.4. Foam stability and interfacial properties: experimental evidence

A link between surface rheology and foam stability against collapse
was shown experimentally for low molecular weight surfactants
[18,37,61], and for proteins [25,62-64] or foam stability against
drainage [27]. However, in other studies no such correlation between
the foam stability and interfacial properties was found [65-69]. For
instance, the foam stability of whey, egg-white and algae protein sta-
bilised foams increased significantly (i.e. for whey protein isolate the
foam stability (ts/) increased from ~250 s to ~1500 s), while the elastic
moduli were not significantly affected (Eq ~ 70-80 mN m’l) [68].
Similar observations were reported in a study on the effect of pH on
foam stability of p-lactoglobulin solutions [23], and for lysozyme heated
to different extents [66,69]. The study by Braunschweig et al. on foams
of p-lactoglobulin in presence of 0-1 M CaCl, [65] also showed that
there were no correlations between foam stability (collapse or drainage)
and either the viscous or elastic part of the surface dilatational modulus
(Fig. 2).

In short, it is not evident from experimental data that the surface
dilatational elasticity dominates, or explains, the foam stability. Of
course, the values of the measured surface dilatational elasticity depend
on the settings used for the measurement. It has been proposed that the
lack between measured surface rheological parameters and foam sta-
bility is due to the fact that the timescales relevant during foam collapse
are too different from those used during the measurements of the surface
rheology [61,70]. In other words, the question is which deformation of
the interface (amplitudes and frequencies) should be used in the
experiment to obtain information relevant to the conditions in the
collapsing foam. However, Noskov et al. also showed in several publi-
cations that the differences in surface dilatational elasticity were rela-
tively independent of the frequency used [35,71,72]. Moreover, in the
coalescence of bubbles in a foam, other factors may also play a signifi-
cant role that are not as such reflected in the surface rheological prop-
erties. An example is the bubble size (distribution) that determines the
pressure in the Plateau borders, and thereby the drainage rate (and
equilibrium thickness) in the thin films. Especially when comparing
results from different publications, but even within one study, variations
in foam structure may influence the foam stability in a way that surface
rheological properties are not dominant anymore.

1.5. Stability to coalescence of single bubbles and thin films: experimental
evidence

To bridge the gap in length scales between the behaviour of a single
air-water interface and foam stability, in some studies the stability of
single bubbles or bubble rafts [15,73-75], or emulsion droplets [76]
trapped under a planar surface was measured. In other studies, other
properties of thin liquid films were measured, such as thickness, black
spot formation, presence of aggregates [63,77,78]. Stubenrauch et al.
studied the rupture stability of thin liquid films of low-molecular weight
surfactants [79]. Based on that and earlier work, they stated that the
rupture stability could not be solely explained based on the surface
forces (disjoining pressure) in the film. They then continued to show a
correlation between the stability of thin liquid films and the surface
dilatational elasticity [79]. In contrast, Samanta et al. attributed the
higher stability of thin liquid films of low-molecular weight surfactants
(Brij, Tween) to the disjoining pressure [73,74]. Whether dominated by
surface rheological properties or by disjoining pressure, a commonly
used concept to describe stability of thin films is the Vrij criterion,
described above. In this view, the thin films would rupture as soon as a
certain critical thickness is reached. Some observations seem to show
that this is not always the case. Langevin and Politova [80,81] showed
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Fig. 2. Foam stability of p-lactoglobulin at pH ~ 6.7 in ultra-pure water with 0-1 M CaCl, versus the dilatational elastic (A) or viscous (B) modulus. Foam stability
was expressed as the percentage decrease in height (A) or liquid volume measured by conductivity (@) after 15 min relative to that at start of foam collapse (t = 0),

based on [63].

that for some films the film lifetime was much larger than the drainage
time. This shows that the films were stable for a definite amount of time
at certain thickness before rupture (at that film thickness) occurred. A
similar contradiction in literature was found for the effect of the film
radius on the film stability. It has been suggested that the critical
thickness of the thin film depends on its radius [31,53,82,83]. However,
this seems to be contradicted by the results from Vakarelski et al. who
showed examples where there was no strong correlation between the
rupture time and film radius [84].

The above shows that there is still much to be understood on the
relative contribution of the different mechanisms and parameters
influencing thin film stability. The observed discrepancies between
different studies may also, in part, be the consequence of some
complicating factors in the understanding of thin film rupture. For low
molecular weight surfactants, for example, the decrease of the thickness
of the thin films occurs, under some conditions, in a stepwise fashion.
This is also referred to as stratification, which is due to the confinement
of micelles within the thin film [52,85-87]. For typical proteins, such
behaviour is typically not observed, or at least it has not yet been
described. In protein systems, on the other hand, aggregation can occur,
especially when the sample has been heated or at a pH around the iso-
electric point of the protein. Aggregates are typically visible as clear
spots in the thin films [77,78]. To describe the possible effects of such
aggregates on thin film stability, often links are made to the field of anti-
foaming agents. The aggregates, or particles, that are trapped in the film
can improve the stability, or induce rupture, depending on the number
of particles, as well as their size, form and properties (e.g. hydropho-
bicity) [77,78]. Still, even for more homogeneous films, it seems that
there are still many cases where the expected stability of thin liquid
films, based on known interfacial and bulk properties does not match the
experimental observations.

From the above, it may be clear that there is, still much to learn about
which factors dominate the foam stability, and how this depends on
conditions. In this study the stability of a set of similar (lager) beers was
analysed. Several studies in the past have focussed on beer foam, for
instance comparing the results from different foam tests [88,89]. Other
studies focussed on identifying the differences in foam stability to the
composition, or processing of the beer, i.e. presence of proteins and the
hop isoa-acids [90-95]. In this work, a set of similar (lager) beers was
analysed, using different foaming methods, as well as single bubble, thin
liquid film and single interface methods. Based on the insights from all
length scales, the aim was to evaluate the link between foam stability
(against collapse) and interfacial properties.

2. New insights on foam stability
2.1. Foam stability and correlation with physicochemical properties
The foam stability of 24 lager beers, brewed according to similar

recipes by various breweries, was analysed according to the NIBEM
method. The foam stability of the beers ranged from around 206 s for the

beer with the least stable foam to 300 s for the beer with the most stable
foam. Over the whole set, the foam stability followed a normal distri-
bution (Fig. 3), which was expected since all lager beers were brewed
according to similar recipes.

The variation in most physicochemical parameters (e.g. viscosity,
PH, protein content) was relatively low, as expected for beers brewed to
the same requirements (Table 1). No significant correlation was found
between any of these measured parameters and the NIBEM foam sta-
bility, as reflected by the low values of the correlation coefficient (R?) for
linear fits.

Summarising, the compositional analysis and measurement of other
properties (viscosity, pH) did not provide clear reasons for the observed
differences in foam stability.

2.2. Effect of interfacial properties on foam stability

Based on literature, one would expect that the observed differences
in foam stability would be reflected in difference in the interfacial
properties. The increase of surface pressure in time, indicative of the
adsorption kinetics, was similar for all samples on short- as well as
longer timescales (i.e. 10 ms-3600 s; Fig. 4A and S1). The experiments
on diluted samples (5% v/v) also showed no significant differences be-
tween the samples (data not shown). The interfacial dilatational
modulus was increased from 5 to ~25 mN m~! for surface pressures
between ~25-30 mN m ™! (Fig. 4B). For all samples, the phase angle was
on average 23 + 3°, and the real (elastic) part was 0.92 * the complex
modulus. The low surface modulus, as well as the shape of the E4-IT
curve is different from typical curves measured for pure protein systems
[32-34,36,71]. The lower values for the surface dilatational modulus (at
increased surface pressure) seems similar to the curves observed in
mixed protein surfactant systems [36,96]. For the beer samples, the

120 -~

100 | R

Probability [%]
3

0 p—mme===t r T T T T 1
200 220 240 260 280 300 320 340

NIBEM Foam stability [s]

Fig. 3. Cumulative probability distribution of NIBEM foam stability for the
beers in the total set, dotted line shows the fitted normal distribution curve.
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Table 1

Range, minimum and maximum values for properties of the beer samples
studied, as well as absolute and relative standard deviations (SD, RSD). None of
these parameters had significant correlation (R?) to the NIBEM foam stability
(FS).

Advances in Colloid and Interface Science 312 (2023) 102845

dilatational properties may be a result of the hop isoa-acids. The high
similarity of interfacial properties of the different beer samples was also
observed for the complex modulus versus surface pressure, the adsorbed
amount in time, and the surface pressure during compression (Fig. 4C,
D). In short, none of the interfacial properties showed any significant

Min  Max  Average SD RSD R*vs differences between the samples.
[%] FS Additional experiments, such as the frequency dependence of the
Foam stability [s] 206 300 270 24 8.9 dilatational elastic modulus, and the surface shear elasticity all showed
Original extract  L°" 112 117 114 01 11 0.00 similar data for all samples (data not shown). Previously, Noskov et al.
‘[";/] y also showed the relative independence of differences in surface dilata-
w,
Real extract w]u 35 41 3.8 0.2 4.1 0.13 tional elasticity on the frequency [35,71,72]. Since no significant dif-
Apparent ow/ 94 20 02 07 013 ferences between the interfacial properties of different samples were
extract w] ’ ) ’ ’ ' ’ observed, it was concluded that all classical explanations based on dif-
Specific gravity  [g L 1.0 1.0 1.0 0.001 01 0.13 ferences in adsorption kinetics, or elasticity of the interface could clearly
20720 m. ] be used lain the observed diff in f bility. Th
Alcohol by [% wy not be used to explain the observed differences in foam stability. The
volume v 46 52 50 012 25 0.13 next steps focussed on narrowing down the origin of the differences in
CO, % w/ foam stability from the macroscopic side.
(manometric ow 0.5 0.6 0.5 0.02 4.6 0.18
method) ! 2.3. Comparison of different foaming methods
Total dlsoalp ha- ][(mE 187 264 219 18 82 050
acids g ]
Nitrogen [mgl 611 835 700 52 75 0.05 It has been suggested that the. I.nethod of producing tl'1e foam can
] kg1 have large effects on the foam stability [2]. It was therefore important to
Fri?;;:;o ][:;1?1] 56 121 79 16 20.4  0.00 identify to which extent the ranking of samples on NIBEM foam stability
High molecular  [mg 2 206 159 9 56 006 depended on the method used. Therefore, other, alternative methods of
protein kg1 ) ) foaming, such as sparging with N», and shaking were used to determine
pH (degassed [ 41 47 44 012 97 0.06 the foam stability and compare them with the NIBEM method. The
v,saml?tle) . (P ranking of the foam stability of different beers in these methods corre-
lzzoflcy @ S;n ? 1.5 1.7 1.6 006 3.8 0.10 lated with the ranking based on the NIBEM foam stability (Fig. 5).

The ranking was also retained when foaming with CO3, or when
measuring foam stability in dispensed beers (data not shown). This
showed that the foam stability was dominated by intrinsic factors that
were insensitive to the foaming method. Moreover, the similarity in
ranking between foams made by CO, (NIBEM) and air/Ny (shaking/
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Fig. 4. Summary of interfacial properties determined for the beers, (A) surface pressure in time, (B) complex surface dilatational modulus as function of surface
pressure, (C) surface load [mg m 2] as measured by ellipsometry in time (beers with NIBEM foam stability of 207, 266 and 289 s, all measured in duplicate), and (D)
the surface pressure versus surface area measured during compression of a single bubble in the PAT. Data in panel A, B and D were averaged over all beers (206-300 s

NIBEM foam stability).
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sparging) with a significantly different solubility in water and therefore
a significantly different rate of Ostwald ripening seems to indicate that
the differences in foam stability between samples were dominated by
coalescence, rather than Ostwald ripening (disproportionation).

2.4. Effect of particles on foam stability

Several studies have indicated the impact of particles on foam sta-
bility. For whey protein concentrates, for instance, the foam stability
increased from 2.81 to 19 min after filtering (220 nm filter) the samples
before the foam experiment [97]. In our study, filtration of the beer
samples (using 100 and 200 nm filters) did not result in any measurable
differences in foam stability (data not shown). Therefore, it was
concluded that the observed differences in foam stability were, in this
case, not caused by particles.

2.5. Foam stability is reflected in stability of single bubbles

Since the foam stability seemed to be dominated by coalescence, the
next set of experiments determined the rupture time of (single) bubbles
using the ‘bubble under the interface’ (BUI) method. In these experi-
ments, no Ostwald ripening of the bubbles was observed before rupture
of the film between the bubble and the air-water interface. Therefore,
the observed differences in foam stability between the samples are
considered to be due to differences in coalescence of the thin films,
rather than differences in Ostwald ripening. This may also be relevant
for other studies where the differences in foam stability between similar
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samples is investigated, since there seems little evidence to suggest that
in such sets Ostwald ripening would contribute significantly to the dif-
ferences in foam stability. Before analysing and interpreting the rupture
time, the bubble size distribution in different experiments was compared
to evaluate the similarity between different experiments (Fig. 6). The
bubble size distributions were similar between experiments (Fig. 6A). In
addition, the data showed no clear correlation between bubble size and
rupture time (Fig. 6B).

Only for some very small bubbles (typically <1 mm) a significantly
higher rupture time was observed. This was not studied in detail, but
assumed to be an effect of the lower force in the thin film, due to lower
buoyancy force for smaller bubbles. These observations did not influ-
ence the conclusions, since most data collected was for bubbles with
larger diameter, where no significant correlation was found with rupture
time. Such a correlation was perhaps expected based on literature
[39,82,98], but apparently in our experiment other factors were more
dominant.

Clear differences are visible between the cumulative distributions of
the single bubble rupture times for different samples (Fig. 7A). The
average rupture time for each sample was determined by fitting Eq. (4)
to the cumulative distributions of the rupture times. It should be noted
that the absolute timescale of rupture of single bubbles are not identical
to the timescale of coalescence in the foam (Fig. 7B). This is likely caused
by differences in the size of the single bubbles and the bubbles in the
foam, and therefore the forces acting on the thin film. Nevertheless, a
very strong correlation between the average rupture time and NIBEM
foam stability of different beers was obtained (Fig. 7B).
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Fig. 6. (A) Typical cumulative distribution of bubble diameter for bubbles used to determine rupture times in ‘bubbles under the interface’ for several beers (206,
266, 270, 274, 280 and 287 s NIBEM foam stability), and (B) the rupture time versus diameter for the samples shown in panel A.
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Fig. 7. (A) The cumulative rupture time distribution for single bubbles under the interface of different beers. Lines are from the fitted data, markers are experimental
data for beers with NIBEM foam stability of ll-206, o-221, @-266, 4-287 s, (B) The average rupture time plotted against the NIBEM foam stability (R? = 0.93).

These data show that the intrinsic properties of the system that
dominate the foam stability are retained in the coalescence stability of
single bubbles under an air-water interface. This is highly important
information, since this implies that the intrinsic foam stability, which in
this case is coalescence driven, is reflected in the stability of the thin
liquid films separating the single bubble from the bulk air-water inter-
face. To investigate this in more detail, thin liquid films were studied.

2.6. Foam stability is reflected in stability of thin liquid films

The rupture times of thin liquid films of beer samples diluted at 1.5%
v/v, were measured after different ageing times. Images of the thin films
just before rupture show that the films of the different beers reach
similar thicknesses (Fig. 8). The films were all quite homogeneous, i.e.
there were no signs of aggregates in the thin films. Drainage typically
started at the edge of the thin film, visible by the slightly darker colour at
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Fig. 8. Photos of thin liquid films (radii of around 100 pm) formed in the capillary cell for 1.5% v/v diluted beers with NIBEM foam stability of 246, 266 and 290 s.
Films were made after different ageing times (0, 5, 10 or 20 min). Photos shown were those just before rupture occurred. Numbers shown in left bottom of photos are

the rupture times of the films.



P.A. Wierenga et al.

the edges. With increased ageing time, the films drain further, reaching
lower (average) film thicknesses, until a homogenous thin film was
reached, as shown for the films made after 20 min ageing (Fig. 8).

At short ageing time, the rupture times were very short, <50 s. With
increasing ageing time, the rupture times increased dramatically
(Fig. 9A). The stability of the thin liquid films was clearly higher for the
beer samples with higher foam stability, even when taking into account
the variation in the experimental data. This is reflected in the very strong
correlation (R% 0.95-0.99) between the thin film rupture time and the
NIBEM foam stability (Fig. 9B). This difference in thin film stability was
even more pronounced for samples aged for 20 min, where the rupture
times range from ~300-1200 s for beers with NIBEM foam stability from
249 to 293 s respectively (Fig. 9B).

Apparently, even in a single thin film made with diluted samples, the
rupture times still retained the intrinsic factors dominating foam sta-
bility. This shows that the underlying mechanisms dominating foam
stability significantly affected the behaviour of these thin liquid films as
well.

3. Understanding thin film rupture (and foam stability)
3.1. Contribution of thin film drainage

Since there were no significant differences in viscosity and interfacial
properties of the samples (Table 1 and Fig. 4), the differences in foam,
single bubble (Fig. 7) and thin film rupture times (Fig. 9) were expected
to be due to differences in the drainage rate, equilibrium thickness, and/
or disjoining pressure isotherms. Thin liquid film drainage was
measured both in the closed and open capillary cell, so at high and low
relative humidity respectively (Fig. 10), using non-diluted beer. In the
closed capillary cell, the non-diluted beer samples showed initial
thickness at opening of the film of 82 + 8 nm (Fig. 10A). The films
drained to reach equilibrium thickness of 30 £+ 2 nm between 800 and
850 s after opening the film. For drainage in the open capillary cell, the
drainage occurred faster, i.e. equilibrium thickness of 25 nm was
reached after ~80 s (Fig. 10B). For these films, the contact angle of
different samples was calculated to be similar ~1 + 0.5°. In the open
cell, the thickness versus times curves were similar for all samples,
showing that the drainage rates for all samples were similar. Never-
theless, the rupture in open cell occurred at shorter times (63 + 40 s) for
the beer with a low stability than for the beer with a high foam stability
(129 £+ 24 5).

In summary, all samples showed similar drainage rates and equilib-
rium thicknesses. In basis, this was expected, since the most relevant
properties, the interfacial properties as well as the bulk viscosities, of all
samples were similar. These results however posed a problem, as the
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drainage rate and equilibrium thickness did not provide any reason to
explain the differences in the observed stability of the films against
rupture. Moreover, the observed difference in thin film stability at
similar equilibrium thickness is in contrast with typical theoretical de-
scriptions of thin film stability provided in literature. Based on the Vrij
criterion, it is assumed that films will rupture (instantaneously) at the
moment that a certain critical film thickness is reached [39,45,82,98]. In
this view, the rupture time will be determined by the time needed to
reach this critical thickness, i.e. the drainage rate. Therefore, it was
expected that samples with lower film stability would either drain faster
(to reach the critical film thickness), or rupture at larger film thickness,
which was not observed in the thin film data. Similar observations were
reported by Szekrényesy et al. who also showed that thin films, between
a single bubble under a planar surface, did not rupture instantaneously
after reaching the minimal thickness, but after being at the minimal
thickness for a certain amount of time [75].

3.2. Contribution of disjoining pressure

To provide somewhat more insight into the forces at work in the thin
liquid films, the disjoining pressure isotherms were measured in the
porous cell (Mysels cell). The thin films of all diluted beer samples
drained to an equilibrium thickness of around 40 nm, at a pressure of
~120 Pa (Fig. 11). For all samples, an increase to ~300 Pa resulted in a
decrease of film thickness to ~30 nm. The films formed with samples
with low foam stability already ruptured at pressures between 200 and
400 Pa. For the samples with the highest foam stability (NIBEM foam
stability of 280-293 s), the pressure could be increased up to 2000 Pa,
resulting in a film thickness of ~20 nm. The similarity in the disjoining
pressure isotherms for the different samples (except the pressure and
thickness at rupture) indicates that the electrostatic and steric repulsive
forces in the thin films were similar for all samples. This again agrees
with the observation that the interfacial properties and pH, ionic
strength etc. were similar for all samples.

3.3. Contribution of the liquid between the interfaces

As discussed above, the foam stability of the individual samples was
reflected in different foam experiments, the stability of single bubbles
under the interface, as well as the stability of thin liquid films. At the
same time, the samples appeared all essentially identical when consid-
ering the viscosity, the single interface properties as well as the drainage
rate, equilibrium film thickness and disjoining pressure isotherms. This
posed a serious question as to the applicability of the current state of
knowledge on foam stability. Based on the current consensus in litera-
ture, any set of samples where all these properties are similar (if not
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Fig. 9. (A) Typical rupture times of thin liquid films (in closed capillary cell) determined after 0-20 min ageing for 1.5% v/v diluted beers with original NIBEM foam
stability of 248, 261, 266, 277, 290 s (from left to right). Inset in panel A shows the rupture times without ageing (i.e. ageing time = 0 min), (B) rupture times plotted
versus the NIBEM foam stability (lines indicate exponential trendlines R% 0.95-0.99). Inset in panel B shows same data but with logarithmic Y-scale.
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Fig. 10. Drainage in thin liquid films in a closed (A) and open (B) capillary cell for non-diluted beer with NIBEM foam stability of (A, B) 206, 278 and (A) 279 s.
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Fig. 11. Disjoining pressure isotherm for 1.5% v/v diluted beer samples
(NIBEM foam stability of 287 s aged for 8-jll, 15-M, and 20-] and 30-] mi-
nutes) and NIBEM foam stability of 207 s-fresh and after ageing (¢, 4) and
266 s-a. Note that samples with low foam stability ruptured at pressures <400
Pa (see inset).

identical) should have the same foam stability. Similarly, for the thin
films the rupture times would be expected to be similar given the fact
that all measured properties were similar. The only thing that perhaps
was not taken into account, was the composition of the liquid in between
the air-water interfaces in the thin liquid films. This liquid was not
identical for the different samples, even though there were no significant
differences in viscosity or composition. The influence of this liquid was
tested using a modified capillary cell [99]. The benefit of this modified
cell is that it allows the exchange of the bulk liquid in between the two
air-water interfaces. To test the effect of exchange of bulk liquid on the
surface pressure, experiments were performed in the PAT where the
liquid in a droplet was exchanged to buffer (Fig. 12). For a pure hop
solution, the surfactants adsorbed at the interface clearly desorbed from
the interface when the exchange started. This is typical behaviour also
shown for other low molecular weight surfactants [99-102]. For the
beer samples, where proteins (perhaps in non-covalent association to
hop components) were adsorbed to the interface, no change in surface
pressure was detected. This is in line with other studies on pure proteins,
where for globular proteins typically no desorption was observed under
these conditions [100]. These observations indicate that exchanging the
bulk liquid does not affect the adsorbed protein layer.

Next, the effect of bulk exchange on the rupture time of thin films
was studied in the modified capillary cell. The films after exchange with
buffer always had relatively low film stability (Fig. 13). However, even
after exchange of buffer the film stability increased with increasing
ageing time. This is attributed to the formation of the adsorbed layer. At
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Fig. 12. Surface pressure as function of time for a solution of () hop and beer
(NIBEM foam stability of 254-4p, and 207 *) samples before and after exchange
of the bulk liquid with Na-acetate buffer with 5% ethanol.
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Fig. 13. Thin film rupture times for beer with NIBEM foam stability of 266 s
before (@) and after (o) exchange of liquid in the film with buffer at different
ageing times of the adsorbed layers.

each ageing time, the film without exchange of liquid in the film has a
higher film stability. The difference in thin film stability for the films as
is and after exchange increased with ageing time. After 20 min ageing
time the exchange of the liquid in the bulk by buffer resulted in a
significantly er rupture times, i.e. rupture time decreased from ~580 to
165 s (Fig. 13).

For three beers, after ageing the interfaces for 20 min, the bulk liquid
was replaced by buffer. After this exchange, the rupture time was the
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same for all samples, i.e. ~ 200 s (Fig. 14A). This was in a way expected,
since the interfacial properties were known to be the same and the thin
films were made from ‘identical’ interfacial layers and -after exchange-
the same liquid (buffer) in the middle of the film. At the same time, it
indicates that the liquid between the interfaces has a large effect on the
film stability. It is important to remember that this effect cannot be
explained by differences in viscosity (Table 1), nor by the effect of larger
particles (i.e. no effect of filtration). In literature, the existence of weakly
adsorbed multilayers has been suggested, the presence of which is not
reflected in a change in surface pressure or other measurements. In that
view, the exchange of bulk liquid is often thought to result in a change of
the adsorbed layer from a multilayer prior to exchange to a monolayer
after exchange. Since multilayer formation was suggested to (poten-
tially) enhance foam stability [103-105], this may be a possible reason
for the observed difference in thin film (and foam) stability resulting
from bulk liquid exchange. Since the interfacial and thin film properties
(such as drainage rate and disjoining pressure isotherms) were similar
for all beers and more importantly the equilibrium surface load of all
beers was ~2 mg/m? (i.e. corresponding to the adsorbed amount for a
monolayer) [106,107], multilayer formation can be excluded as possible
explanation for the observed differences caused by bulk liquid exchange.

To verify the effect of the liquid between the films, another set of
experiments was performed where for each sample the liquid in the film
was exchanged with another sample solution instead of buffer
(Fig. 14B). In all cases, the rupture times of the samples after exchange
became similar to that of the sample used for the exchange. To be spe-
cific, the rupture time of samples with low original stability was
significantly increased when the exchanged with a solution from a
sample with high stability, and vice versa. The effect was consistently
measured for samples from both batches (from two different years). At
this moment, there is no clear indication which factor or property in
these samples results in the different stability against rupture.

4. Conclusions and future outlook

Differences in foam stability are typically considered to be directly
related to differences in drainage, Ostwald ripening or coalescence.
Differences in these mechanisms are then attributed to differences in
interfacial (e.g. surface rheology) and bulk properties (e.g. viscosity).
Using a range of experiments on macroscopic (foam) and lower length
scales (singe bubbles, thin liquid films) it was shown that the differences
in foam stability were reflected in the stability of the thin liquid films. In
other words, the differences in foam stability were dominated by
intrinsic differences in stability against coalescence of the thin films, and
not by drainage, initial bubble size distribution, or Ostwald ripening. For
the samples used in this study, the large variation in foam (and
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coalescence) stability could not be explained by variations in the prop-
erties of thin liquid films, or single interfaces, as is typically described in
literature. To screen for differences in foam stability it may therefore be
more relevant to study the rupture of single bubbles under the interface
than the properties of single interface. The observed differences in sta-
bility against coalescence, as mentioned, was not linked to differences in
any of the conventional parameters measured. There was, however, a
clear and significant contribution from the solution in between the
adsorbed layers of a thin film on the thin film stability. By exchanging
this solution, we were able to illustrate the importance of this liquid to
the rupture stability of thin films. At this moment, it remains difficult to
pose a coherent hypothesis to explain these observations based on the
current theoretical descriptions of factors and mechanisms determining
foam stability. This illustrates the need to review our current under-
standing of coalescence phenomena and to develop new methods both in
experimental study and theoretical description of such systems.

5. Methods
5.1. Materials

Three sets of lager beer samples, from breweries from all over the
world were used. From each brewery one lager beer (per year) was
sampled, and all samples were brewed with similar recipes. The first set
consisted of beers from 6 breweries, the second set of beers was collected
ayear later from 7 breweries. Again, a year later beers from 11 breweries
were collected, including 2 which showed minimal and maximal foam
stability in previous experiments which were used for more detailed
studies.

5.2. Chemical characterization

The beers were analysed using typical methods (https://brewup.eu
/ebc-analytica/) to determine the original extract, real extract, alcohol
and gas contents as well as total content of isoalpha-acids, total protein
(using Kjeldahl, N*6.25), free amino nitrogen using the ninhydrin
method, and high molecular weight using the Bradford assay (see e.g.
[108]).

5.3. Viscosity

The viscosity was measured with an Ubbelohde (PSL_Rheotek, Essex,
UK). The flow time though the capillary was measured, and the kine-
matic viscosity was calculated using Eq. (3). The density was measured
with an DMA 5000 density meter (Anton Paar, Graz, Austria). Each
sample was measured at a temperature of 5 °C. The viscosity as well as
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Fig. 14. Rupture times before and after exchange of the bulk liquid -all after 20 min ageing time, (A) for three 1.5% v/v diluted beers (NIBEM foam stability of 249,
266, and 293 s) before and after exchange of liquid by buffer, and (B) for three samples before and after exchange with either buffer, or one of the other samples. In
each bar, the outline colour indicates first sample to be placed in the exchange cell, the fill colour indicates the sample used for the exchange.
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density were measured in duplicate.
3

Where 1) is the dynamic viscosity [Pa s], C is the cell constant at 25 °C
[0.004639 mm? s’z], tis the flow time [s], and p is the density [kg m’s].

n=10"%eCetep

5.4. Preparation of degassed beer

Beer was degassed by slowly pouring it into a beaker to avoid and
minimise foam formation. After the initial excess of gas was removed,
the sample was stirred very slowly using a magnetic stirrer for at least 2
h at room temperature. After this treatment, no nucleation was observed
in the solution.

5.5. Foam stability

NIBEM: The beer foam stability was measured using the NIBEM, FST
Foam Stability Tester (FST-100TPH, Haffmans BV, Venlo, the
Netherlands). Beer was transferred from the bottle to the standard glass
cup using the ISD-3000 sampling device, followed by injection of com-
pressed COs. The glass cup containing the foam was then placed in the
NIBEM measuring device with electrodes positioned at the top of the
foam. When the foam had collapsed to a pre-set distance of 10 mm below
the reference position, time recording automatically began. Upon foam
collapse, the electrode system kept moving downward until the foam
had collapsed another 30 mm, to reach 40 mm below the reference
position. The NIBEM foam stability, was expressed as the time needed
for the foam to collapse over this distance.

Shaking: The degassed beer (10 mL) was placed into a 100 mL cyl-
inder which was subsequently closed and shaken by hand intensively for
1 min. The cylinder was then opened, and the foam and liquid height
were monitored in time.

Sparging (with COs0or Ny): The degassed beer was placed into a
sparging cylinder (radius 3.1 cm, height 13 c¢cm) [69]. For each mea-
surement fresh solution (60 mL) was placed in the beaker, and N5 or CO5
was sparged through a metal frit into the solution at a flow rate of
around 100 mL min~?, until the foam height reached 12 cm. After the
gas flow was stopped, the foam height was recorded as a function of
time. To correct for minor differences in initial foam height, the relative
foam height was calculated by dividing foam height at t = x by the foam
height at t = 0. All samples were measured at least in duplicate. For this
experiment, also tests were performed using beer samples after filtering
over a 100 nm or a 200 nm filter.

Foam stability: For the NIBEM method, the time taken for foam decay
from 10 to 40 mm was taken as measure of foam stability. For both the
shake test and the sparging experiment, the inverse slope of the foam
height versus time (in s ecm ™) was used as indication of the foam
stability.

5.6. Bubbles under the interface

The stability of bubbles against coalescence (film rupture) was
determined using the setup previously applied for emulsion droplets
[76], and similar to other described methods [15,73,74]. A glass ring
was placed in a wide beaker with a larger diameter that contained the
sample solution (Fig. 15). The glass ring was used to support a Teflon
plate with two holes. Degassed beer was poured in the vessel until there
was a curved meniscus in the hole of the Teflon plate. Through one of the
holes a glass Pasteur pipette was placed in such a way that the tip was
below the other hole (Fig. 15). Then, a single or small number (<5) of
bubble(s) was released from the pipette tip. In our experiments, the
bubbles all disappeared after some time due to rupture of the thin liquid
film between the bubble and the air-water interface of the bulk liquid. In
other words, no coalescence between the bubbles and no disappearance
of bubbles due to Ostwald ripening was observed.
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Fig. 15. Schematic illustration of the set-up used for the determination of the
lifetime of single bubbles under the interface.

Images were recorded by video, in order to later extract the size as
well as the average lifetime of the bubbles (tg [s]), i.e. the rupture time.
Data were collected to have at least >100 bubbles recorded for each
sample. A lognormal cumulative distribution function (Eq. (4)) was used
to fit the experimental data (with minimizing on the sum of squared
errors).

P = 1 /LN (1) o o0 (5)) @

Where P(t) is the probability of rupture, or the cumulative number of
bubbles rupture at time t. The average rupture time (tg) of the bubbles
under the interface obtained in this way was reproducible to <10%
between experiments. Fitting rupture times with a stochastic function
was previously also done for rupture times of bubbles, e.g.
[74,109-111], and of thin liquid films [82].

5.7. Single interface properties

Bubble pressure analysis (BPA): The surface pressure was measured
on short-time scales (10-10,000 ms) using the BP-100 (Kriiss, Hamburg,
Germany).

Automated drop tensiometry (ADT): The surface pressure and
viscoelastic modulus were measured as function of time (0-3600 s)
using the automated drop tensiometer (Tracker, ITConcept, France) as
described by Wierenga et al. [112]. For each experiment, a new air
bubble (5 pL) was formed in the degassed beer. Measurements were
performed at 20 °C in duplicate. Since the change in surface pressure
was relatively fast in the degassed beer, experiments were also per-
formed with samples diluted to 5% (v/v) in demi water. The dilatational
rheological properties were measured using a deformation of the bubble
area with 5% at a frequency of 0.1 Hz. In separate experiments, an
amplitude sweep from 5 to 20% of the bubble area was applied.

Compression experiments: To study the effect of large-scale compres-
sion of the interface, additional experiments were performed with
degassed beer. After bubble formation at an initial volume of 5 pL, the
proteins were allowed to adsorb for 1200 s. Next, the bubble volume was
slowly decreased to ~0.5 pL.

Bulk exchange experiments: A double-capillary setup in the profile
analysis tensiometer (PAT, Sinterface, Berlin, Germany) was used to
measure the effect of exchanging the bulk liquid [113]. First a droplet of
5 pL was formed with the degassed beer. After 1200 s, the bulk exchange
was started by simultaneously pumping buffer (10 mM Na-acetate buffer
pH 4.5 containing 5% ethanol) into the droplet through the inner
capillary and removing liquid from the droplet through the outer
capillary.

Ellipsometry: A combined setup of a multi-skop ellipsometer
(Optrell, Germany) and Langmuir trough (Riegler and Kirstein, Ger-
many) was used, as described earlier [112]. The angle of incidence was
50°. For the samples, the values of the refractive indices of air (1.0) and
protein solution (1.3327) as well as the refractive index increment (dn/
dc = 0.18) [114,115] were used. For a clean air-water interface the
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measured values were A = 180.128° and ¥ = 5.080°.

Surface shear: The surface shear modulus measured using a rheom-
eter (Anton Paar MCR 301) was measured as described by Philipp Erni
et al. [116]. A stainless steel biconical disc was coupled to the disc
holder attached to the top driven motor and the torque and normal force
were monitored. The disc was placed into the air/water interface such
that the disc edge was in the plane of the air/water interface. Each so-
lution was measured by starting with a time sweep; constant strain 1%
and constant frequency 1 Hz, followed by a frequency sweep; constant
strain 1% and a frequency changing logarithmic from 0.01 to 5 Hz and
finally, a strain sweep; constant frequency 1 Hz and a strain changing
logarithmic from 0.1 to 100%. The surface shear was determined over
time, with each different sweep taking 10 min. The temperature was
kept constant at 20 °C or 5 °C with a temperature-controlled measure-
ment cell.

5.8. Thin liquid film properties

5.8.1. Capillary cell

The thin films formed in the capillary cell (capillary pressure is
40-50 Pa) were observed under reflected light (A = 546 nm), using the
setup described previously [54,58,69,117,118]. The intensity of the
reflected light was used to calculate the film thickness (as described
previously [119]). Additional information on the technique and ob-
tained results were reported in detail by others [50,120,121].

Experiments were performed in both the open and closed cell
configuration. In the closed cell experiments, around 5 mL of liquid was
placed in the bottom of the cell holder and a glass was placed on top of
the cell holder. Under these conditions, evaporation of liquid from the
thin film was prevented, or at least significantly reduced. Drainage rates
were determined for films from undiluted beer made without dimples.
Rupture times were measured in diluted samples, since the rupture times
exceeded 1800 s for all non-diluted samples.

The conditions of the experiments to determine rupture times were
optimized in order to have rupture times within practical timescales.
Therefore, in a first pre-screening set of experiments the ageing time
(time that the protein solution was in the cell prior to the formation of a
film) and the concentration of beer in the solution were varied (0-20
min and from 0.1 to 5% v/v). Based on these results, it was decided to
use the diluted degassed beer diluted to 1.5% v/v with 10 mM Na-
acetate at pH 4.5, and to make films after 20 min adsorption/equili-
bration in the thin film cell. After this ageing time, a thin film (radius ~
100 pm) was formed without dimple. The rupture times of the films (up
to 1800 s) were registered. For each sample at least 50 films were
measured. The data were used to plot the cumulative lifetime distribu-
tion, from which the average lifetime (rupture time) of the thin film for
each sample was determined, similar as described for the single bubbles
under a planar interface.

5.8.2. Capillary exchange cell

In the capillary exchange cell, the solution between the two adsorbed
layers can be exchanged for a second solution, as described previously
[99]. This set-up was used to determine the effect of the non-adsorbed
molecules from the bulk solution on thin film behaviour. The di-
mensions of the cell and capillary were similar as for the normal capil-
lary cell, and for these experiments the beers were also diluted to 1.5%
v/v with 10 mM Na-acetate at pH 4.5. For each analysis, a series of steps
had to be taken (Fig. 16). First, a small volume of liquid 1 (the buffer that
was also used for dilution) was sucked into one capillary (i.e. side-
capillary A). Subsequently, a small volume of liquid 2 was inserted
into the capillary cell. Molecules from liquid 2 were allowed to adsorb to
the air-water interface for a certain amount of time (0-20 min). After-
wards, the liquid between the two air-water interfaces was replaced by
liquid 1 by sucking liquid 2 from the capillary cell into side-capillary B,
while pushing additional liquid 1 into the capillary cell from side-
capillary A. The film holder had an internal diameter of 2.6 mm and
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Film holder

Fig. 16. Illustration of the exchange of the liquid in the double capillary cell,
from: [108]. (A) Step 1: filling of the film holder and one of the side capillaries
(denoted as capillary A) with liquid 2. (B) Step 2: rinsing of the film holder with
liquid 1 (using an external pipet), where a small amount of liquid 1 is sucked
into side capillary A. (C, D) Step 3: exchange of liquid 1 in the film holder with
liquid 2 while maintaining the adsorption layers formed during step 2.

height of 3 mm. The two attached side capillaries had an internal
diameter of 0.8 mm and a length of 25 cm. The liquid volume in the side
capillaries was around 400 pL, which is approximately 10 times the
volume of the liquid contained in the film holder (i.e. 40 pL). Typically,
the time taken to complete the exchange of bulk liquid was ~1-2 min. It
was previously shown using SDS solutions [122] that this approach
indeed allowed an efficient exchange of liquid between the adsorbed
layers at the air-water interfaces.

5.8.3. Porous cell

The porous cell used, or: thin film pressure balance, was coupled to a
pressure sensor and a capillary. A syringe connected to the capillary was
used to adjust the pressure in the films, as described previously [122].
This setup was described first by Mysels and Jones [123] and later by
Dimitrova et al. [58]. As in the capillary cell experiments, the thickness
of the film was measured from the intensity of reflected light. By
simultaneous measurement of pressure in and the thickness of the film,
the disjoining pressure isotherm was constructed. It may be clear that
once the solution is placed in the film holder, adsorption starts. To assure
that all experiments were performed under similar condition, the time
between placement of solution and start of the measurement was taken
to be around 20 min (similar as for capillary cell experiments).
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