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M. Lexis, N. Willenbacher

Department of Chemical Engineering, Karlsruhe Institute of Technology, 76131 Karlsruhe,

Germany

Abstract

We have determined bulk rheology of B-lactoglobulin (BLG) foams and surface viscoelasticity
of corresponding protein solutions varying pH as well as type, valency and concentration of
added salt in a wide range. Foam rheology was characterized by the storage modulus Gy,
the apparent yield stress 1,, and the critical strain y;.am defining the cessation of linear
viscoelastic response. These quantities were determined at gas volume fractions ¢ between
82% and 96%. Surface viscoelasticity was characterized in shear and dilation, corresponding
shear and dilational moduli G/ , E’ as well as the critical stress 7t gsuface @nd strain yc surface
marking the onset of non-linear response in oscillatory surface shear experiments were

determined at fixed frequency.

Beyond the widely accepted assumption that G, and 1, are solely determined by the Laplace
pressure within the droplets and the gas volume fraction we find that both quantities strongly
depend on corresponding interfacial properties. Gy increases linearly with G and even
stronger with E’, 1, varies proportional t0 t¢surace @aNd  Ycoam Scales linearly with v syrace-
Furthermore, deviations from these simple scaling laws with significantly higher reduced Gg
and 1, values are observed only for foams at pH 5 and when trivalent salt was added. Then
also the dependence of these quantities on ¢ is unusually weak and we attribute these
findings to protein aggregation and structure formation across the lamellae then dominating

bulk rheology.
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1. Introduction

Foams that are stabilized by proteins play an important role in the food industry. The aerated
structure gives a special look, mouthfeel and taste to the product which is well accepted by
the customers. The foam structure consisting of jammed gas bubbles is responsible for the
peculiar rheological behavior. Under low stresses the bubble network is able to store energy.
The bubbles get deformed but do not move past each other. Hence, in this regime the elastic
properties dominate. When a certain stress, called yield stress, is exceeded, the bubbles
start sliding past each other and the foam as a whole flows easily like a liquid. Foam
properties like stability and rheology are important issues not only for the end product but
also during processing, where transport, heating and mixing take place. Understanding and
controlling the parameters influencing foam properties are of great interest in the food
technology and many studies in this regard have been established. It is well known that the
gas volume fraction, bubble size distribution and surface tension are the most important
parameters influencing elastic properties and yield stress of so-called liquid foams including
a low viscosity of the continuous phase (Eqs 1,2)."® The latter was found to be additionally
affected by the liquid viscosity.®” In Eqs 1 and 2 the predictions of the storage modulus and

yield stress initially proposed by Mason et al. and extended in our previous study are shown.

Go=a-(Z) (& - ¢ (1)
0.3
o=k (D) ()" - g0* @

where ¢ is the surface tension, r3, the Sauter mean radius, ¢ the gas volume fraction and ¢.
represents the maximum packing fraction of the bubbles before they start to deform into non-
spherical shapes. The latter has usually been an estimated value but can also be calculated
from the measured bubble size distribution, as we proposed recently.” The prediction of the
yield stress includes an empirically determined factor for the (weak) contribution of the liquid
viscosity, where n_ is the continuous phase viscosity and n, the water viscosity at same

conditions. This phenomenological extension of the model equation proposed by Mason et
2
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al."? has been derived from measurements on foams made from casein, whey protein isolate
and a mixture of synthetic surfactants. The solvent viscosity was varied using different water
/ glycerol mixtures and sugar solutions.® Each equation includes a numerical pre-factor, k
and a respectively. Values between 0.5 and 1 have been used for these constants so far in
the literature without further discussion.”®® In a recent study we found k values between 1

and 7 and a values varying between 2 and 22.

The film dilational modulus is defined by E = -A d#/ dInA where r is the surface pressure,
and A is the area of the film. This modulus E is thus a measure of the resistance of a film to
change in its area. Surface shear rheology gives information about the resistance of an
adsorbed layer at the interface against shear. Hence, it is sensitive to the structural state of
the adsorbed molecules. From a colloidal view a surface elastic modulus arises either from
attractive interactions between neighboring particles or particles caging at high packing
density.? From interfacial oscillatory shear measurements another quantity can be extracted,
the critical shear stress 7. surace Which denotes the end of the linear viscoelastic regime. For t
> 1. surface the deformation response becomes non-linear indicating a structural change in the
surface layer.'® Surface shear rotational experiments also show yielding behavior for several
protein solutions which was investigated by Martin et al." They came to the conclusion that
the critical shear stress indeed induces a fracture within the protein film and can therefore be
regarded as intrinsic property of the protein layers. A higher critical stress represents a

higher strength of the protein layer.

Surface rheology has been mainly discussed in terms of foam formation and stability.'*"®

Little is known so far about the correlation between foam rheology and the surface
viscoelasticity of corresponding protein solutions although these features must be coupled
since shearing a foam induces stretching and compression of the lamellae and hence the
surfactant layer at the air liquid interface. The group of Cohen-Addad has thoroughly
investigated the linear viscoelastic response G* of surfactant foams in a broad frequency
range. Based on the model of Princen'” they propose a relationship between G*(») and the

3
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complex angular modulus A*(®») determined from dynamic compression tests of two adjacent
bubbles connected by a single lamella. The quantity A*(w) is further assumed to be
proportional to the dilational modulus E*=E’+iE”. In particular they could show that the fast
relaxation processes observed in foams are determined by the surfactant transport within the
liquid films."® The frequency w. characterizing the onset of this scaling regime is assumed to
be proportional to the ratio of the dilational modulus E’ and an effective interfacial viscosity
including the surface viscosity E”/w., the solution viscosity and the lamellar thickness as well
as the bubble diameter. Different scaling laws relating . to the foam modulus G are
proposed for rigid and mobile interfaces and these scaling laws are confirmed experimentally
for two different types of surfactant foams.'® Deviations from the simple G* ~ w”scaling are
observed for foams made from surfactants providing very rigid interfaces (E* ~ 102 Pa).?*° So
far a systematic comparison between foam plateau modulus and interfacial shear or

dilational moduli for protein foams is missing.

The viscous stress in continuously sheared foams scales with the capillary number Ca as 1,
~ Ca" and the exponent n depends on surface mobility and viscoelasticity. For rigid interfaces
n = % and for mobile interfaces n = %2 have been predicted theoretically and confirmed

experimentally.?" %

A direct empirical correlation between the yield stress and the interfacial dilation modulus E’
of whey protein foams made at different pH, concentration and valency of added salt has
been proposed by Davis et al.?* However, they do not take into account the effect of bubble
size (distribution) and gas volume fraction on t,, although pH and ionic strength are known to
affect the absolute value of this quantity substantially. Dimitrova and Leal-Calderon®
reported a correlation between shear modulus of concentrated emulsions stabilized by
different proteins and dilational moduli of the corresponding protein solutions. But it should
be noted that their E’ values were taken from the literature probably determined at protein
concentration, pH and ionic strength conditions different from those relevant for the probed

emulsions. Finally, it should be mentioned that also for particle stabilized so-called Pickering
4
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emulsions the modulus G, is not only determined by the interfacial tension between the liquid
phases but also by an elastic contribution resulting from the attractive interaction among the

stabilizing particles.?®

In this study we attempt to directly correlate surface and foam rheological properties of -
lactoglobulin (BLG) solutions. Therefore, the interfacial layer properties were systematically
changed by varying the ionic strength, the type of salt and the solution pH. We propose a
unique relationship between foam modulus Gy and interfacial moduli G;' or E’, between the
foam yield stress t, and the critical stress or strain at which an interfacial layer structure
breaks down. We demonstrate the validity of this correlation in a wide range of gas volume
fraction irrespective of bubble size distribution and Laplace pressure. Finally we discuss the
limitation of this approach in terms of structure formation across lamellae induced under

certain conditions of ionic strength, ion valency and pH.
2. Experimental Details
2.1 Solution preparation and measurements

Solutions of 1 wt% p-lactoglobulin (BLG, used as received) were prepared by dissolving the
protein powder kindly provided by the group of Ulrich Kulozik (University of Munich,
Germany) in ultrapure water (Milipore, 18 MQ). Variation of pH was achieved by adding
appropriate amounts of NaOH or HCI (Carl Roth 1N standard solutions), respectively. lonic
strength was varied adding NaCl (99.5%, Roth Chemicals) between 10-100 mM NaCl. The
influence of ion type and valency was investigated with addition of 50 mM KCI, LiCl, NH,CI

(99%, Roth Chemicals), CaCl, (98%, Roth Chemicals) or NdCl; (99.9%, Alfa Aesar).

The surface tension of all solutions was measured with the pendant drop method (Kriss,

DSA 100) at 21°C and a drop age of 30 min as described elsewhere.’
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The liquid viscosities were measured with the Ares rotational rheometer (TA Instruments)
using a Couette geometry (17/16.5 mm). All solutions showed Newtonian behavior in the

range of imposed shear rates y= 10-1000 s™ with viscosities between 0.94-1.1 mPas.

Interfacial dilational elasticities were determined at 21°C and a drop age of 30 min using the
oscillating bubble method (Kriss, DSA 100). The oscillations were generated by a piezo
pump that pulsed with a frequency of 0.1 Hz and an amplitude of 0.3. The amplitude resulted
in a drop deformation between 2 and 3 %, depending on the drop volume. As the drop was
generated manually it was not possible to keep the volume for every measurement exactly
the same. Oscillatory deformation was applied for a time period of 100 s and 1200 pictures

were analyzed to calculate E* = E'+E”.

Interfacial shear viscoelastic properties were determined at 25 °C and a surface age of 30
min with a stress controlled rotational rheometer (TA Instruments, DHR3) using the double
wall ring geometry (D;ing=70 mm). Details about this measuring geometry can be found in.%’
The viscoelastic properties were recorded at a frequency of 0.7 Hz and a deformation
amplitude of 1%, which did not exceed the linear viscoelastic regime of any sample solution.
From these measurements we determined the surface elastic modulus G;. Measurements
with increasing deformation amplitude allowed for the determination of the width of linear
viscoelastic regime (LVE). When non-linear deformation response sets in, G/ starts to
decrease and the end of the LVE was determined to be reached when G; = 0.9*Gi’ ve. At this

point the critical deformation v sutace @nd shear stress 1. surrace Were extracted.

It should be noted that we have characterized the interfacial rheology of protein solutions at
the same concentration at which foam preparation and foam rheology was done. This is in
contrast to many other studies on interfacial rheology where experiments were done at much
lower concentration of amphiphils in order to ensure a monolayer of surface active ingredient
at the air/water interface. But one has to be aware that the structure of an interfacial layer,
especially in the case of proteins, can substantially change with concentration and a

correlation of foam and interfacial rheology can only be expected if the interfacial layer is the
6
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same in both sets of experiments. However, multiple layers of proteins may be present at the
surface, i.e. the thickness of the layer may not be negligible. Therefore, the measured

quantities E’, G/’ have to be treated as apparent values.

2.2 Foam preparation and measurements

The protein solutions were preheated to 50 °C in a water bath to obtain foams that are stable
enough for reproducible rheological measurements. The increase in temperature fastens
adsorption kinetics but does not affect the protein structure. Foams were produced using a
glass filter fused in a glass pipe as described elsewhere’ and nitrogen was purged through
the pores with V= 60 ml/min. As soon as the foam reached the column height the nitrogen
flow was stopped and recording of the foam age was started.

The time dependent gas volume fraction was determined using a conductivity electrode with
integrated temperature sensor (WTW, Cond 340i) as described in a previous study.” The
measuring gap of the electrode had a length of 2 cm. The foam volume within the gap is
similar to that we used for rheological characterization. Hence, the measured conductivity is
an appropriate average value. Conductivity measurements were performed in a region of the

foam column close to that from where the samples for rheological measurements were

taken.
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Figure 1: Drainage velocity of the protein foams with different ionic strengths (a) or pH (b).
Data were calculated from the time period in which each foam drained from 85% to 86% gas

volume fraction.

Fig.1 shows the drainage velocity for the protein foams with different ionic strengths and
different pH. Increasing the amount of NaCl leads to slower liquid drainage. This is attributed
to the reduced electrostatic repulsion between the proteins leading to closer protein packing
and increased probability of aggregation. Such protein aggregates are able to plug the
junctions of the Plateau borders so that the drainage of the liquid is slowed down. Moreover,
the surface mobility can have an influence on foam drainage.?®?° As the interface is
supposed to become more rigid with increasing ionic strength (at least upon addition of 20
mM as discussed in sec. 3.1.4) this might be an additional reason for the slower drainage.
The pH dependent drainage velocity shows a minimum at pH 5. This is very close to the
isoelectric point (IEP) where protein net charge is close to zero and therefore, aggregates
plugging the liquid channels occur more frequently. Higher distance to the IEP increases the
protein solubility and at the same time the drainage velocity.

The bubble size distribution was determined by taking pictures with an endoscopic CCD
camera (Lumenera LU 160, resolution 1392 x 1040) that was placed inside the foam. The
Sauter mean radius r;; was extracted from image analysis with the software iPS
(Visiometrics, Germany).

Foam rheological measurements were carried out with a Rheoscope 1 (Thermofisher,
Germany) using a parallel plate geometry with a diameter of 60 mm. The surfaces were
covered with sandpaper to minimize wall slip effects and the gap was set to 6 mm. The
measurement time was 60 s in order to limit time dependent changes in foam structure. Each
foaming system was measured at different foam ages and hence, different gas volume

fractions ¢ between 82-94%.
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The apparent yield stress was determined from steady shear measurements where
increasing stresses were applied. Depending on foam composition the initial stresses were
set between 3 and 5 Pa and the final stresses between 50 and 125 Pa. As already
extensively discussed in ’ the apparent yield stress is independent of start and end point of
the stress ramp experiment as well as on the number of data points taken. In particular, it
was shown that the sample deformation within the gap is non-uniform when the yield point is
exceeded. We assume this effect is weak just around the yield point and experiments
determining t, and y. were highly reproducible but the parameters should be treated as
apparent values.

The moduli G’ and G” of the foam were determined from oscillatory shear measurements
with varying stress amplitude at a frequency f = 1 Hz. The moduli did not show frequency
dependence between 0.01-10 Hz. Hence, the measured G’-value in the linear viscoelastic
regime is called plateau modulus Gy. The deformation amplitude that decreased G’ down to
0.9*Gywas taken as critical deformation y. sam. It is worth noting that this critical deformation
at which non-linear deformation sets in is well below the yield point vy, at which bubbles start
to flow past each other. This yielding occurs at the stress or deformation amplitude at which

G'=G"’

3. Results and discussion

3.1 Variation of ionic strength

3.1.1 Foam and solution properties

In Table 1 the values of the surface tension measured after 30 minutes surface aging, the
mean Sauter radii of the foam bubbles and the range of gas volume fractions where foam
rheology measurements took place are shown. The surface tension does not significantly
change with addition of NaCl to the protein solutions. The initial mean bubble size decreases

when adding 50 mM salt but does not change upon further addition of NaCl.
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lonic 0 10 20 30 50 80 100 Max. error
strength / [ %
mM

o/mN/m | 51.5 50 49.5 [49.6 |50.1 49.5 49.9 1

rsz / ym 110- 114 121 124 | 78-175 | 80-140 | 77-145 | 14
154
o/ % 87-96 89 89 89 86-93 85-93 84-91 1

Table 1: Surface tension of the protein solutions after 30 minutes surface aging, bubble radii
and gas volume fractions in the range of foam ages where the rheological measurements
took place. The maximum error is the standard deviation of three measurements at a given

ionic strength.

3.1.2 Oscillatory shear measurements

In Fig. 2 oscillatory shear stress amplitude sweeps are shown for the BLG foams with
different ionic strengths at similar gas volume fraction ¢ = 89%. For all foams G’ and G” stay
nearly constant at low stresses in the linear viscoelastic regime. G’ is always much higher
than G” and when G’ increases, G” also increases. All G’ curves (Fig. 2a) show a decrease
before they cross the G” curve (intersections marked with crosses) with a negative slope
increasing with increasing ionic strength. In the same stress amplitude range the G” values
(Fig. 2b) also show interesting behavior. For the foams without salt and with 10 mM NaCl the
curves go through a local minimum and a subsequent local maximum just before crossing
the G’ curve. For higher ionic strengths the minimum in G” essentially vanishes and the
curves just exhibit a pronounced maximum which is shifted to higher stress amplitude values
with increasing ionic strength. Such peaks have already been found for surfactant foams with

gas volume fractions higher than 74%.>° The foams with lower gas volume fractions did not

10
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show this maximum which was explained by the occurrence of plastic deformation prior to

31,32

yielding. Other studies consider the point where dissipation is maximal as transition point
from elastic to viscous behavior, hence as the yield point. The simultaneous decrease of G’
and G” for salt concentrations up to 30 mM indicates a gradual structure break down. Video
recordings of sheared foams reveal that the bubbles start to slide past each other, i.e. the
foam yields, when the maximum in G” or the crossover of G’ and G” is reached as also
reported in earlier studies.**? Similar behavior has been reported for whey protein isolate
foams’ and was explained as follows: In several studies BLG has been found to form
aggregates in thin liquid films that are able to “glue” the surfaces together.**** The
simultaneous decrease of both moduli was interpreted as a gradual destruction of the
intralamellar protein networks before the bubbles start to move past each other. But there is
no direct experimental proof for this intralamellar network and a structural break down might
also occur within the interface where the proteins form aggregated networks due to dominant
attractive interactions. This network structure seems to be fully developed at high ionic
strengths (80 mM, 100 mM) and then provides a uniform rigid surface layer stabilizing the
foam and leading to a sharp decay of G’ and G” and a well defined yield point. At lower ionic
strength the moduli decay simultaneously in a broad range of stress amplitude values
between the onset of non-linear deformation and final yielding. The extended range between
the LVE regime and the yield point is attributed to a gradual breakdown of the non-uniform,
imperfect network structure within the interface (and or across the lamellae) supposed to be
present at lower ionic strength when attractive interactions are partly balanced by

electrostatic repulsion.

11
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Figure 2: Oscillatory shear experiments at a fixed frequency f = 1 Hz but varying stress

amplitude for BLG foams (¢ = 89%) at different ionic strength of NaCl.

3.1.3 Yield Stress and Storage Modulus of the Foams

Fig. 3 shows the yield stress values and the storage moduli normalized by Laplace pressure
olrs; and (¢-¢c)° or ¢(¢-c), respectively and the critical deformation of the BLG foams for
different NaCl concentrations. The normalization is derived from Eqs 1 and 2 and results in a
collapse of data taken at different gas volume fractions ¢ to a single master curve. The
normalized storage moduli increase sharply and then levels off to a constant value of about
12 at an ionic strength of 30 mM. At such high salt concentrations adsorption of the proteins
at the interface is enhanced due to a reduced electrostatic repulsion. Also a change to a
compact folded shape that allows closer packing at the interface and increased lateral
attraction due to counterion screening may occur.®® Accordingly, these closer packing of
proteins increases the stress needed to deform the bubbles which corresponds to the
measured storage modulus. Additionally the protein aggregates that might occur more

frequently at higher ionic strength could improve network formation thus further adding a

12
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mechanical strength. These effects are only observed up to 20 mM NaCl, higher ionic
strength does not lead to further increase of the normalized G, values. In contrast, the
normalized yield stress and critical deformation increase monotonically with increasing ionic

strength.
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Figure 3: a) storage moduli normalized by Laplace pressure (o/rs;) and ¢(¢-¢;) and b) yield
stresses normalized by Laplace pressure and (¢-¢,)° c) critical deformation of BLG foams. All
rheological quantities are measured at various gas volume fractions (see Table 1) and

different ionic strengths.

3.1.4 Surface Rheology

Fig. 4a shows the elastic moduli of the surfaces in dilation (E’) and in shear (G/). Both
quantities show the same trend when increasing the ionic strength. Adding 10 mM NaCl
leads to an increase of E’ and G; but further addition of salt does not have any effect. The
increase of attractive interactions probably causes the higher E’ and G/’ values after addition
of salt. In Figs. 4b and c the critical shear stress 1 suface and deformation ycsurace Of the
surface layer is plotted versus the ionic strength. In contrast to the surface elastic moduli,

Te.surface iINCreases monotonically, indicating that a higher stress is required to destroy the

13
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interfacial layer structure formed at higher ionic strength. Finally, ycsuface = Tcsurface /' Gi
increases monotonically with increasing ionic strength. Hence, the stress needed to deform
the protein structure at the interface is not affected by ionic strength higher than 10 mM but
the stress and deformation that are needed to break the structure increase continuously with

ionic strength in the range investigated here.
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Figure 4: a) Surface elastic modulus in dilation (E’) and shear (Gi’), b) critical shear stress
Tesuface @Nd ) critical deformation vy, surace Of the surface layer in dependence of the ionic

strength for 1 % BLG solutions

3.2 Variation of the kind and the valency of the cation
3.2.1 Foam and solution properties

Tab. 2 shows the characteristic properties of the solutions and foams prepared with 50 mM
salt of different type and valency. The surface tension is not significantly affected by the kind
of added salt, whereas the initial bubble radii and the bubble size distribution increase with
the valency of the cation. Especially when 50 mM NdCl; were added, the foams possess
comparably big bubbles with a broad size distribution as reflected by the high ¢. value.” This
is most likely due to the occurrence of aggregated proteins as a consequence of the strongly
suppressed electrostatic repulsion in the presence of trivalent ions. More and/or bigger

protein clusters result in a lower affinity of the proteins to adsorb at the interface. Hence, not
14
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all arising bubbles can be immediately stabilized what leads to an overall increase of the

bubble size and a broader distribution.

15
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NH,CI KCI LiCl CaCl, NdCl; Max. error
! %
o/ mN/m | 46.6 48.7 47.5 471 48.7 2

rs2/ um 93-183 84-175 93-145 105-278 220-270 10

¢/ % 86-92 82-90 84-90 84-91 92-95 1

e 71.5 71.3 70.7 73.0 84.9 4

Table 2: Surface tension of the protein solutions with different kinds of salt after 30 minutes
surface aging. Bubble radii and gas volume fractions were determined at various times in the
range of foam ages where the rheological measurements took place. In all cases the salt
concentration was chosen to be 50 mM. The standard deviation of three measurements
performed at a constant foam age and for a given kind of salt was calculated. The maximum
standard deviation obtained from data for different foam ages and kinds of salt is listed here

as maximum error.

3.2.3 Yield Stress and storage modulus of the foams

Figs 5a, b and c show the reduced storage moduli, reduced yield stresses and vy, fam data,
respectively for the different salts added. No difference is observed for the foams made from
solutions including different monovalent salts. The addition of the divalent salt CaCl, leads to
lower values in reduced G, but to higher values in reduced 1, and v a.m compared to the
monovalent salts. In particular, for the latter the difference is very pronounced. Each ion
behaves differently when coming into contact with the protein. It is a balance between
binding to the protein and preferential hydration (exclusion of the salt from the protein

surface) of the protein.***” Ca*

is known to bind very strongly to BLG which could lead to
conformational changes of the protein resulting in an increase of the hydrophobic surface
area leading to stronger protein-protein interactions. Also, the formation of ionic bridges

cross-linking the protein molecules is likely to occur.?®*® The results for the foams made from

BLG solutions with 50 mM NdCl; also differ strongly from those obtained for foams including

16
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monovalent ions. For both, the reduced G, and t,, we find very high values, whereas y; surface
is not significantly higher than for the monovalent ions. The reason for the high 1, and Gy
values is again attributed to aggregation of proteins resulting from their low solubility at this
high ionic strength. This is supported by the turbidity of the solutions observed after adding
the salt. The mechanism that causes these high values of the rheological parameters is
presumably again the formation of a structure across the lamellae. The reduced 1, values
additionally vary with gas volume fraction ¢. In fact, the ¢-dependence 1, for these foams is
lower than predicted by Eq. (2). We assume that the network structure is not destroyed as
long as t < 1, as it was the case for the foams investigated in’, but additionally contributes to
the high yield stress. At lower ¢ and therefore thicker lamellae the protein network spanning
the lamellae is expected to have more influence and hence causes high yield stress values
leading to the unexpected weak variation of t, with ¢. This phenomenon does not show up in
the critical deformation of the foams. Finally, the different effect of divalent Ca®* and trivalent
Nd** on foam rheology clearly demonstrates that the corresponding protein structure and

packing is strongly affected by the type and valency of the added ions.
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Figure 5: a) reduced storage moduli, b) reduced yield stresses and c) critical deformation for
foams made from 1% BLG dissolved in an aqueous 50 mM salt solution measured at
different gas volume fractions ¢ (see Tab. 2). For each salt ¢ increases from the left to the

right.
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3.2.4 Surface Rheology

In Figs. 6a, b and c the surface moduli E’ and Gy, the critical deformation of the surface layer
Yesurface @Nd the critical stress of the surface layer 1. suace are shown for the protein solutions
containing different salts. The results show similarities to those found for the foams (chapter
3.2.3). Monovalent ions affect E’, G/, V¢ surface @aNd Tcsurface iN @ similar way. CaCl, increases
Yesurace @Nd Tesurace DUt NOt the surface elastic moduli. The stronger binding of Ca®, as
described in chapter 3.2.3 may also explain why the critical stress and deformation needed
to break the protein structure is higher with Ca?* than for other ions. The solutions containing
NdCl; show highest E’ and G; values but low 7. surface Values similar to the monovalent case
and T surface IS IN between the values for the monovalent ions and Ca®. In general, the effect
of di- and trivalent ions on interfacial rheology is much less pronounced than on foam
rheology. This strongly suggests that foam rheology in these cases is strongly determined by

structure formation across the lamellae.
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Figure 6: a) surface elastic modulus in dilation (E’) and shear (G;), b) critical shear stress
Tesuface @nd C) critical deformation ycsumace Of the surface layer for 1 % BLG solutions

containing 50 mM salt of different type and valency.
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3.3 Variation of pH

3.3.1 Foam and solution properties

Table 3 shows the characteristic properties of the BLG foams and solutions at different pH.
The initial average bubble sizes and bubble size distributions (¢, = 71.5% 1.9 for all foams)

are practically independent of pH. Surface tension varies with a minimum at pH 5 as already

found in.2*%

pH 3 4 5 6 6.8 8 9 Max.
error / %

ol 47.6 48.3 | 45.5 48.9 | 51.5 52.2 52.0 1

mN/m

rs2/ um | 104-109 | 118 | 93.8-145 | 102 | 110-154 | 103 106-175 7

o/ % 86-88. 88 84-91 89 87-96 88 87-94 0.4

Table 3: Surface tension of the protein solutions at various pH after 30 minutes surface
aging, bubble radii and gas volume fractions in the range of foam ages where the rheological
measurements took place. The maximum error is the maximum standard deviation of three

measurements at a given pH.

3.3.2 Oscillatory shear stress amplitude sweeps

In Fig. 8 oscillatory shear stress amplitude sweeps for foams at pH values between 3 and 8
are shown. Interestingly, the curves possess different shapes at different pH. At and below
the IEP (= pH 5) G’ and G” are almost constant before crossing (at pH 3 the foams are very
unstable and therefore the moduli slightly decrease). The curves obtained at pH above the
IEP can be divided in four regimes. After a short linear viscoelastic regime, both moduli
decrease simultaneously, then G” increases again before the moduli cross over and finally
both decrease again. The simultaneous decrease of G’ and G” indicates a gradual structural

break down as described in chapter 3.1.2.
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Figure 8: Oscillatory shear measurements with varying stress amplitude of BLG foams at
different pH: a) storage modulus G’ and b) loss modulus G” versus the stress amplitude at

fixed frequency f = 1 Hz. Intersection of G’ and G” marked with crosses.

3.3.3 Yield Stress and storage modulus of the foams

In Fig. 9 the plateau moduli and yield stresses of BLG foams at various gas volume fractions
normalized by the Laplace pressure as well as the critical deformation are shown in
dependence of the pH. Around the isoelectric point the foams exhibit maximum yield stress,
elastic modulus and critical deformation. Low pH, especially pH 3, leads to very unstable
foams that possess very low elasticity and yield stress whereas foams at high pH are fairly
stable. This behavior has already been reported in*® and was explained by conformational
changes of the protein structure at different pH. Also, different electrostatic interactions
between the proteins due to the change in their net charge across the IEP occur. At pH 5 the
net charge vanishes which was shown to lead to thick disordered protein layers at the
surface. The proteins also tend to aggregate at the isoelectric point. Once trapped in a foam
lamella these protein clusters presumably support the network formation across two adjacent
surfaces and give an additional mechanical strength to the foam structure resulting in such

high values for storage modulus and yield stress. In 7 the proposed network formation in

20

Page 20 of 31



Page 21 of 31

Soft Matter

whey protein isolate foam lamellae was found to increase G, but did not affect the yield
stress. From oscillatory amplitude sweeps it could be concluded that the whey protein
network is destroyed at t< 1, as it is here the case here for every pH # 5. This suggests the
existence of weak, non-uniform networks gradually destroyed as the stress amplitude
increases. At pH 5 the destruction of the protein network seems to go along with yielding of
the foam indicating a strong uniformly collapsing structure. Above pH 6.8 all three foam

rheological parameters do not significantly depend on pH.

5 (0T (6(4-6.))" 2o DO (000" Vs foam
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Figure 9: a) Storage moduli normalized by Laplace pressure (o/rs;) and ¢(¢-¢;), b) yield
stresses normalized by Laplace pressure and (¢-¢,)°,c) critical deformation of BLG foams. All
rheological quantities are measured at various gas volume fractions (see Table 3) and

different.

3.3.4 Surface Rheology

Fig. 10a shows the pH dependence of the surface elastic moduli in shear and dilation for the
1% BLG solutions. Both moduli increase up to pH 6 followed by a local minimum around pH
7. The minimum probably arises because this is the natural pH of the solution and no ions
are added to adjust the pH. The maximum change in ionic strength due to adjusting pH is

approximately 10 mM and according to Fig. 4a this corresponds to a drastic increase in G/’ as
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well as E’. Against expectation, the surface moduli do not show a maximum around the IEP
as it has been reported for various proteins including BLG in several studies of interfacial

shear*' 44

and dilational properties.?*“%4® But note that the protein concentration used in
those studies is much lower (at least 5-10 times) than the concentration used here which was
chosen that high to meet the conditions used for foam preparation and foam rheology
measurement. Burgess et al.*® also worked with high protein concentrations of BSA and HI,G
similar to the concentrations used in this study and measured surface shear elasticities as
function of pH. Surprisingly, they found a minimum in G’ at the IEP and explained this
phenomenon by low protein-protein interactions due to a compact shape of the proteins. This
explanation is in disagreement with the other studies mentioned above which conclude
strong attraction among proteins at the IEP. They attribute this attractive interactions due to
close and effective contacts among proteins because of their low net charge.?**. We think
the difference in the reported results arises mainly from different protein concentrations.
Exceeding a critical protein concentration results in the formation of multilayers at the
surface. Wiistneck*® measured surface elastic properties of gelatin layers and found the
elastic modulus to decrease at a certain concentration that he attributed to the onset of
multilayer formation. Also, the formation of protein aggregates, which becomes more
significant as the protein concentration increases, can lead to a decrease in surface elasticity
as we discussed extensively in a previous study.” The reason for the lower values at pH 3
compared to the values at pH 6.8 despite the same distance to the isoelectric point is

differences in protein structure and hydrophobicity as already discussed in 24°.
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Figure 10: a) Surface elastic modulus in dilation (E’) and shear (Gi’), b) critical shear stress
Tesurface @Nd C) critical deformation vy suface Of the surface layer for 1 % BLG solutions at

different pH

3.4 Correlation between interfacial and foam rheology

In Fig. 11 the normalized storage moduli of all foams investigated in this study are plotted
versus the surface elastic moduli G and E’. Additionally, data points for whey protein isolate
foams (0.1% and 1%) and 3% casein foams (data taken from’) are included. A clear
correlation is observed between the normalized foam moduli and surface moduli of the
corresponding protein solutions except for the 1% BLG solutions at pH 5 and with NdCl; as
well as the 1% WPI solution. The relationship between G, and G/’ is obviously linear whereas
our data suggest a stronger quadratic or cubed dependence of G, on E’. These findings
directly demonstrate that surface elasticity is another important parameter controlling foam
elasticity besides the Laplace pressure inside the bubbles, gas volume fraction and bubble
size distribution. Accordingly, the pre-factor a in Eq. 1 is solely determined by the surface
elastic moduli G/ or E’. For the three cases where deviations from the simple correlations
between foam and surface elasticity are observed protein aggregation and structure or
network formation across foam lamellae are supposed to be decisive for foam elasticity as

already discussed in detail in sec. 3.2 and 3.3 as well as’.
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Figure 11: storage moduli normalized by Laplace pressure (o/rs;) and ¢(¢-¢,) versus a)

surface shear elastic modulus Gi’ and b) surface dilational eslastic modulus E’
OpH3, ApH4, OpH S5 ApH6 < pHS V pH 9,
pH 6.8 and NaCl: B 0 mM, ® 10 mM, A50 mM, @ 80 mM, A100 mM,

50 mM ™ KCI, A NH,CI, ® LiCl, & CaCl, *NdCl,

0 0.1% WPI, ® 1% WPI, A3% casein

Fig. 12 a and b display the reduced yield stresses of all investigated BLG foams as a function
of the critical stress ¢ surface OF Ve surface Characterizing the onset of non-linear response of the
corresponding protein solutions in interfacial shear rheology experiments. The relationship
between the normalized foam vyield stress and these characteristic surface rheological
parameters can be approximated by a linear correlation as the simplest approach. This
demonstrates that the parameter k in Eq. (2) is determined by surface rheological features of
the corresponding BLG solutions. But again the foams made at pH 5 and those made from
the BLG solutions including 50 mM NdCI; clearly deviate from this simple correlation and
again we conclude that this is due to a structure or network formation across foam lamellae
as discussed above which also dominates the yielding of the foam. Finally, Fig. 12c shows

the correlation between the critical deformation v am characterizing the onset of non-linear
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response during oscillatory shear of the foams and the critical deformation 7. surface Obtained in
oscillatory surface shear experiments. Again, a clear correlation between characteristic foam
and surface rheological properties is found including all investigated BLG systems except
those at pH 5. This once more confirms that foam rheology is tightly related to surface
rheological properties of the corresponding protein solutions. Moreover, the deviation of the
data for the BLG systems at pH 5 from this correlation and the strong dependence of y; surace
on gas volume fraction further supports the conclusion that in this case foam rheology is
dominated by the structure across the foam lamellae instead of the opposing protein

surfacelayers alone.
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Figure 12: yield stresses normalized by Laplace pressure and (¢-¢.)? versus a) critical shear
deformation of the surface . susace, b) critical shear deformation of the surface y; suace @and c)
critical deformation of the foams y; r.am vVersus critical deformation of the surface y; surtace
OpH 3, A pH 4, 0pH 5, A pH 6, < pH 8, V pH 9,

pH 6.8 and NaCl: B 0 mM, ® 10 mM, A50 mM, @ 80 mM, A100 mM,

50 mM ™ KCI, A NH,CI, ® LiCl, € CaCl, ¥ NdCl;

25



Soft Matter

3.5 Conclusion

We have investigated the correlation between the rheological behavior of BLG foams and the
surface shear and dilational viscoelastic properties of corresponding protein solutions. Foam
rheology is characterized here in terms of the frequency independent storage modulus Gg
reflecting the elasticity of the foam “at rest” and the apparent yield stress 1, determining the
onset of flow, i.e. the stress at which bubbles start to slide past each other. Moreover, the
transition from linear to non-linear response was characterized using stress amplitude sweep
oscillatory shear experiments. From these experiments the critical strain y. defining the
cessation of linear viscoelastic response was extracted. These foam rheological quantities
were determined at gas volume fractions between 82% and 96%. Surface viscoelasticity was
characterized in shear and dilation. Corresponding shear G; and dilational E’ moduli as well
as the critical strain y. and stress 1, marking the onset of non-linear response in oscillatory
surface shear experiments were determined at a fixed frequency. Solution pH as well as
concentration, type and valency of added salt have been varied systematically thus varying

foam rheology and surface viscoelasticity in a wide range.

Since protein conformation, solubility and aggregation in the bulk and at the surface may
strongly change with protein concentration surface viscoelastic properties were determined

at the same protein concentration as used for foam preparation.

Foam as well as interfacial moduli Gy, G’ and E’, respectively, strongly increase upon
addition of salt to the protein solution but level off at an ionic strength of about 20-30 mM
NaCl. The quantities 1y, Yc foam, Tcsurfaces Yesurface Characterizing the transition from linear to non-
linear response increase monotonically with increasing ionic strength. A characteristic
change from a gradual decrease of G’ with increasing stress amplitude in oscillatory shear
experiments to a sharp decrease at a higher critical stress is found when more and more salt

is added. This indicates the formation of a stronger and more uniform structure of the foam
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and the interfacial protein layers as the attractive interactions among proteins become

dominant.

The type and valency of the added salt has little effect on the surface viscoelastic properties
of the protein solutions. But foam rheology drastically changes when divalent (Ca*) or
trivalent ions (Nd**) are added. Adding Nd** results in a drastic increase in G, and T, but also
in an anomalously weak variation of t, with gas volume fraction not captured by Eq. (2). In
contrast, addition of Ca®* mainly shows up in a strong increase of Y am. These findings
indicate the formation of an aggregated protein network structure across foam lamellae,
which then determines the foam properties but does not show up in interfacial viscoelasticity.
The different effect of Nd** and Ca** suggests that different structures are formed within the

lamellae.

Variation of pH has little effect on foam rheological parameters Gy, 1, and y; am €Xxcept at pH
5 which is the isoelectric point. At this point all these quantities exhibit distinct maxima and
again t, and G, show an unusually weak dependence on volume fraction not captured by the
scaling laws (Eqg. (1), (2)) confirmed in various previous studies. This again indicates the
formation of a network structure of aggregated protein molecules across the lamellae and
this is further supported by the non-monotonic variation of surface viscoelastic parameters

not showing similar strong and distinct maxima at pH 5.

Finally, a unique correlation between foam rheological properties and surface viscoelasticity
of corresponding BLG solutions could be established using all the collected data mentioned
above. The reduced foam storage modulus increases monotonically with G and E’ except
for the foams made at pH 5 and in the presence of the trivalent salt. Moreover, the
correlation between the reduced apparent yield stress and Tgsuface OF Yesurface IS Well
approximated by a linear relationship and yc fam is proportional to y; surace Within experimental
uncertainty. Once more, the foam rheological parameters obtained at pH 5 and when Nd** is

added are significantly higher than expected from these simple correlations.
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In summary, we conclude that the widely accepted physical models predicting foam modulus
and vyield stress from the Laplace pressure within the gas bubbles and the gas volume
fraction do not fully capture the physics of these phenomena. The pre-factors a and k in Eq.
(1) and (2) are not just numerical constants on the order of one but are found to vary
between 1 < a or k < 30. A unique correlation between foam rheological properties and
surface viscoelastic parameters is found except in cases where attractive interactions among
proteins are dominant and are supposed to be strong enough to form a network structure

across foam lamellae.
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Interfacial elasticity can strongly increase the
modulus and vyield stress of protein foams by
more than an order of magnitude compared
to widely accepted model predictions only
including contributions from Laplace pressure
and gas volume fraction



