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We  discuss  the influence  of liquid
phase viscosity  on yield  stress  and
storage modulus  of  aqueous  foams.
We  investigate  the  correlation
between  foam rheology  and
interfacial  rheology.
Higher  interfacial  elasticity  increases
yield stress  and  storage  modulus  of
the  foams.
Aggregation  of proteins  lowers  inter-
facial but  increases  foam  elastic
modulus.
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a  b  s  t  r  a  c  t

We  discuss  the effect  of  solvent  viscosity  �L and  interfacial  elasticity  (E′, G′) on  apparent  yield  stress  �y

and  storage  modulus  G0 of  protein  and  surfactant  foams  made  from  solutions  of  these  amphiphiles  in
various  water/glycerol  mixtures.  The  critical  volume  fraction  at which  �y and  G0 occur  is  calculated  from
the  bubble  size  distribution  and is related  to the adsorption  kinetics  of  the  corresponding  amphiphile.
Dependence  of �y on �L is  weak  (�y ∼  �L

0.3). Generally,  higher  interfacial  moduli  correspond  to higher  �y

and  G0, but  the  relationship  is non-trivial  when  protein  interaction  and  structure  formation  get relevant.
Increasing  glycerol  fraction  reduces  electrostatic  interaction  range  and  solvent  quality  for  the proteins.
This  leads  to  an  increase  in  E′ as  well  as  G0 for casein.  For  whey  protein  isolate  (WPI)  at  1% concentration,

′

roteins
urfactants
nterfaces

this  results  in  an increase  in G0, a decrease  in E , and  a broad  transition  region  between  linear  and  non-
linear  stress  response.  These  findings  are  consistently  attributed  to  protein  aggregation  finally  resulting
in  network  formation  across  lamellae.  This  network  does  not  form  at 0.1%  WPI concentration  and  accord-
ingly  G0 increases  with  WPI concentration.  In contrast,  �y remains  constant  suggesting  that  this  network
is  destroyed  at this  stress  level.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Aqueous foams are dispersions of gas in a liquid. Here, we
estrict ourselves to dispersions with gas volume fractions beyond
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the maximum packing fraction �c at which gas bubbles start to
deviate from their spherical shape. The bubbles need to be stabi-
lized, e.g. by amphiphilic molecules like surfactants or proteins.
Foams can be found in numerous industrial applications and espe-

cially in the food sector the creation of foamed products is a rapidly
growing process [1]. From a rheological point of view foams are
complex systems that exhibit viscoelastic behavior and an apparent
yield stress. Below a critical shear stress the jammed foam bubbles
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o not move past each other. In this regime foams behave as vis-
oelastic solids with G′ � G′′ and initially start flowing above this
ritical stress, called apparent yield stress.

Investigation of the parameters having an impact on the yield
tress of foams as well as the elastic properties at low stresses
as been subject to many studies [2–9]. Most of the studies were
erformed on surfactant foams or emulsions (as model system for
oams) and some additionally on protein foams. They all agree in
he point that the crucial parameters determining foam rheology
re gas volume fraction, surface tension, as well as bubble size dis-
ribution. Generally, the yield stress and the storage modulus were
ound to be proportional to (�/r32) * �2 where � is the surface ten-
ion, r32 the Sauter mean radius and � the gas volume fraction.
ome authors additionally mention the continuous phase viscos-
ty and the interfacial viscoelasticity of the adsorbed layer to be
mportant for the stability [10] and the rheology [9,11] of foams
ut systematic investigation is missing in the literature.

Adsorbed protein layers at liquid/gas interfaces show viscoelas-
ic behavior, when the surface concentration is sufficiently high
ue to an evolving contact network. The classical, most often used
xplanation is attractive interactions resulting from covalent cross-
inking [12,13]. The underlying mechanisms are analogous to the
elling caused by heat or chemical denaturation [14]. However,
everal studies executed on protein films at the air/water inter-
ace have not been able to confirm that covalent cross-linking is
he dominating source of interfacial elasticity [14–18]. Instead they
ropose a colloidal view of the protein layers [19,20] where the

nterfacial elasticity is a result of densely packed loose proteins.
icuta et al. [19] showed that an adsorbed layer of �-lactoglobulin
ehaves similarly to an adsorbed layer of colloidal polystyrene par-
icles. Elastic behavior sets in when a maximum packing fraction
t the interface is exceeded and the protein molecules start to act
ike soft disks.

The surface dilational modulus is often referred to as the crucial
urface layer property determining the foam stability. Unfortu-
ately, the studies of interfacial viscoelasticity are mainly focused
n small protein concentrations that are substantially lower than
he concentrations needed to create stable foams [21–24].

In the present work, we discuss the parameters influencing the
heological foam properties yield stress �y and storage modulus G0.
n order to cover a broad variety of interfacial features we  worked

ith different protein and surfactant systems that are known to
reate different interfacial layers. We  suggest a phenomenologi-
al expansion of Masons equations [4,5] for �y and G0 including
he liquid viscosity �L. Moreover, we present a way  to predict the
ritical gas volume fraction �c from the bubble size distribution in
he foam based on a model equation developed for the calculation
f the maximum packing fraction of solid spheres with arbitrary
article size distribution. Additionally, we characterize the surface
lasticity in dilation and shear and discuss the relationship between
nterfacial viscoelastic properties and bulk foam rheology. All mea-
urements on the solutions and foams were carried out at equal
rotein or surfactant concentrations enabling a direct comparison
f interfacial and macroscopic foam properties.

Since the yield stress �y is a key feature regarding foam rheology
e also include an elaborate discussion on the determination of this

uantity and the deformation and flow of the foams investigated
ere at stresses below and above �y.

. Experimental details
.1. Solution preparation and measurements

Surfactant foams were made from a mixture of 2% (w/w) of
he nonionic surfactant Triton X-100 (C14H22O(C2H4O)n, n = 9–10,
hysicochem. Eng. Aspects 459 (2014) 177–185

BASF) and 0.2% (w/w) of the anionic surfactant sodium dodecyl sul-
fate (C12H25NaO4S, Roth) dissolved in different mixtures of distilled
water and glycerol (≥99.5%, Carl Roth). For the protein foams we
used 0.1% and 1% (w/w)  whey protein isolate (WPI, Fonterra) as
well as 3% (w/w) micellar casein that was  kindly provided by the
group of Hinrichs (University of Hohenheim, Germany) and used
as received. For the determination of the gas volume fraction the
conductivity of the solution must be sufficiently high. The natural
pH of all solutions was pH 7 ± 0.2.

The surface tension of all solutions was measured with the
pendant drop method (Krüss, DSA 100) at 21 ◦C. For the protein
solutions the surface tension is time dependent. After 20 min  mea-
surement time a quasi-equilibrium value was reached that was
used to calculate the Laplace pressure of the foam bubbles. As the
protein foams were made at higher temperatures a systematic error
arises in our calculations. Niño et al. [25] found that the tempera-
ture dependence of the surface tension of the protein solutions is
mainly attributed to the temperature dependent surface tension of
water. Including this assumption we can estimate the error to be
less than 5%.

The liquid viscosities were measured with the ARES controlled
strain rheometer from TA Instruments using a double wall Couette
geometry (32/34 mm).  All solutions showed Newtonian behavior
in the range of imposed shear rates �̇ = 1–250 s−1.

Interfacial dilational viscoelastic properties were determined at
21 ◦C using the oscillating bubble method (Krüss, DSA 100). The
oscillations are generated by a piezo pump that pulsed with a fre-
quency of 0.1 Hz and amplitude of 0.3. As the generation of the drop
was carried out manually it was not possible to keep the drop vol-
ume for each measurement exactly the same. Hence, the amplitude
resulted in a surface deformation between 2% and 3%, depending
on the drop volume. The viscoelastic properties were measured
at a drop age of 30 min. Therefore, oscillatory deformation was
applied for a time period of 100 s and 1200 pictures were analyzed
to calculate E* = E′ + iE′′.

Interfacial shear viscoelastic properties were determined at
25 ◦C with the stress controlled rotational rheometer DHR3 from TA
Instruments using the double wall ring geometry (Dring = 70 mm).
Details about this measuring geometry can be found in [26].
After 30 min  aging of the surface the viscoelastic properties were
recorded at a frequency of 0.7 Hz and a deformation amplitude of
1%. For every sample solution we confirmed that the amplitude did
not exceed the linear viscoelastic regime and therefore we assume
that it did not affect the network formation of the proteins.

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. At this temperature adsorption kinetics is supposed
to be fast enough for quick stabilization of the gas bubbles but the
temperature is still low enough to exclude protein denaturation
[27]. This assumption finds confirmation in experiments (results
not shown) with higher whey protein concentrations (3 wt%) where
we were able to produce foams between 20 and 50 ◦C. Independent
of process temperature, all foams showed identical yield stresses
and storage moduli normalized by the Laplace pressure, thus taking
into account the variation in bubble size. Furthermore, the pro-
tein solutions preheated to 50 ◦C and subsequently cooled down to
21 ◦C did exhibit the same surface tension as the untreated protein
solutions. This further supports the assumption that an increase
in temperature up to 50 ◦C does not affect the protein structure.

Surfactant solutions were used at room temperature (21 ◦C).

For foam preparation solutions were poured on a glass fil-
ter (pore size 9–16 �m)  fused in a glass pipe (diameter = 60 mm,
height = 53 mm).  From the bottom side nitrogen was purged
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hrough the pores (V̇ = 60–80 ml/min). As soon as the foam reached
he column height the nitrogen flow was stopped and recording of
he foam age was started.

The time dependent gas volume fraction was  determined from
onductivity measurements using an electrode with integrated
emperature sensor (WTW,  Cond 340i). The ratio of foam to solu-
ion conductivity � (� = �foam/�solution) was used to calculate the gas
olume fraction (Eq. (1)) [28]

 = 1 − 3�(1 + 11�)
1 + 25�  + 10�2

(1)

As the protein foams cool down over time the temperature
ependent conductivity of the protein solutions was  determined in
dvance. In this way the �-values referring to the foam temperature
ould be calculated.

The bubble size distribution was determined from images taken
ith an endoscopic CCD camera (Lumenera LU 160, resolution

392 × 1040) that was placed inside the foam. The Sauter mean
adius r32 was extracted from image analysis with the software iPS
Visiometrics, Germany).

Foam rheological measurements were carried out with the con-
rolled stress rotational rheometer Rheoscope 1 (Thermofisher,
ermany) using a parallel plate geometry with a diameter of
0 mm.  The surfaces were covered with sandpaper and the gap was
et to 6 mm to minimize wall slip effects. The measurement time
as 60 s in order to limit time dependent changes in foam struc-

ure. Each foaming system was measured at different foam ages
nd hence, different gas volume fractions � between 80% and 94%.

The apparent yield stress was determined from steady shear
easurements. The stress was continuously increased. Depending

n foam composition the initial stress was between 3 and 10 Pa
nd the final stress between 25 and 115 Pa. On the experimental
imescales employed here the apparent yield stress was  indepen-
ent of start and end point of the selected stress ramp as well as
n the number of data points taken. Preliminary experiments with
ontinuous and stepwise increasing stresses (up to 6 s per data
oint) did not lead to significant differences in the resulting yield
tress value.

The moduli G′ and G′′ of the foams were determined from oscil-
atory shear measurements with varying stress amplitude at a
requency f = 1 Hz. The linear viscoelastic moduli did not show fre-
uency dependence between 0.01 and 10 Hz. Hence, the measured
′-value in the linear viscoelastic regime is called plateau modulus
0.

. Results and discussion

.1. Foam and solution properties

In Table 1 the values of the liquid viscosity �L, the Sauter mean
adius r32 and the surface tension � measured for the different
oam systems are summarized. Note that the mean bubble radius
ncreases with time due to degradation processes and the liquid
hase viscosity of the protein foams increases due to cooling of the
oams.

.2. Bubble size distribution

The bubble size distribution determines the maximum packing
raction that can be reached before the spherical bubbles start to
eform. This critical value increases with broadening of the size

istribution. From a physical point of view, it is the transition point
here a gas dispersion turns into a jammed system with a yield

tress and elastic properties [5,6]. In previous studies the critical gas
olume fraction was treated as a fit parameter or an estimated value
Fig. 1. viscosity and deformation versus shear stress for a WPI  foam (� = 83%) made
from a protein solution dissolved in a water/glycerol (60/40) mixture.

between 0.63 and 0.71 for random close packing and hexagonal
close packing was  used, respectively.

Based on a large number of data sets Sudduth et al. [29] have
proposed an empirical model to calculate the maximum packing
fraction �c of suspensions from the size distribution of the sus-
pended particles. Assuming a n-modal discrete distribution results
in Eq. (2), where �c,mono is the maximum packing fraction of a
monodisperse suspension (�c,mono = 0.63) and rx is the xth moment
of the particle size distribution

�c = �n − (�n − �c,mono) exp
(

0.271 −
(

1 − r5

r1

))
(2)

with

�n = 1 − (1 − �c,mono)n

and

rx =
∑n

i=1Nir
x
i∑n

i=1Nir
x−1
i

This equation is supposed to be valid for foams as well as they
can be considered as highly concentrated suspensions as long as
� ≤ �c. Hence, the critical gas volume fraction �c was  calculated for
each foam from the measured bubble size distribution.

Depending on the foam age the calculated �c values varied
between 0.65 and 0.69 for the surfactant foams, between 0.71 and
0.75 for the 1% WPI, 0.74–0.78 for the 0.1% WPI  foams and between
0.67 and 0.69 for the casein foams, i.e. in all cases the corresponding
bubble size distribution broadens with time. The initial maximum
packing fractions reflect very well the different adsorption behavior
of the foaming agents. Time dependent surface tension measure-
ments reveal that the surfactants used here adsorb very fast at the
interface and are able to instantly stabilize the rising gas bubbles
before coalescence can occur. This leads to very homogeneous bub-
ble size distributions. Casein adsorbs slower than the SDS/Triton
X100 surfactant mixture and whey protein even slower than casein.
Accordingly, the width of the bubble size distribution increases
in the order surfactant, casein, whey protein and this is directly
reflected in the corresponding �c values.

3.3. Steady shear measurements

Steady shear measurements with increasing applied stress
provide flow curves that are usually used to determine the viscos-

ity in dependence of the shear stress or strain rate and if applicable
the yield stress is deduced. For the foams used in this study the
measured viscosity vs. shear stress curves usually split up into two
sections as exemplary shown in Fig. 1 exemplary for a WPI  foam. In
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Table  1
Measured liquid viscosities �L , Sauter mean radius r32 and surface tension � for the different foaming systems. The given ranges are according to initial and final foam ages
where  the rheological measurements took place. The maximum deviations of the measured values from the average data listed above are given in the last line.

Glycerol/% Surfactants WPI  1% WPI  0.1% Casein

�L/ mPa  s r32/�m �/mN/m �L/ mPa s r32/�m �/mN/m �L/ mPa  s r32/�m �/mN/m

0 1.2 72–177 31.9 0.8–1.1
0.9–1.0

96–212
242–328

49.852.9 1.3–1.8 124–166 48.4

20  2.1 67–197 31.3 1.4–1.7
1.6–1.7

89–202
195–258

49.853.1 3.0–3.6 136–151 48.1

30  – – – – – – 3.8–4.8 177–186 47.5
40  4.6 72–164 30.7 2.9–3.8

3.0–3.3
96–193
180–204

50.353.2 – – –

60  12.3 77–192 30.7 7.5–10.5
7.8–10.0

131–165
191–209

51.252.8 – – –
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Max.  deviation/% 1.1 5.1 0.3 1.3
1.4

he first section we find an almost constant apparent zero shear vis-
osity that changes over to a shear thinning region within a narrow
ange of shear stresses. Theoretically there may  also exist a third
ection at higher stresses, the high shear plateau. This regime is not
ound in our measurements because the foam structure changes
ith time and applied stress. In contrast to the value for the appar-

nt zero shear viscosity the stress where the viscosity starts to
ecrease drastically does not depend on the measuring parame-
ers at constant measurement times as already found by Møller
t al. [30] for other densely packed foam and emulsion systems
ith an apparent yield stress. This characteristic stress is defined as

he apparent yield stress. Here we determine this value by plotting
he deformation versus the shear stress. Two regions with different
lopes can be identified as also depicted in Fig. 1. In the first region
he slope is close to 1 and hence, only small deformations occur
caused by coarsening induced bubble rearrangements). In the sec-
nd region the rate of deformation drastically increases indicating
oam flow. The stress at which the tangents to each regime intersect
s defined as the apparent yield stress �y here.

We found the apparent viscosity level in the first region to
trongly depend on measuring parameters like initial and final
tress as well as measuring time per data point (see Fig. 2b). Sim-
lar results have already been reported by Møller et al. [30] who
rgue that the apparent zero shear viscosity would rise up to infin-
ty if the measurement time would do so. From creep tests (see
ig. 2a) we are able to confirm that the apparent viscosity below the
ield stress (� 	 �y) monotonically increases with time. At stresses
lose to the yield stress the viscosity stays constant for a certain
ime period before it drastically decreases. Stresses higher than
y lead to a monotonic decrease in viscosity during the period of
bservation. Based on the results of Cohen-Addad et al. [31] and
incent-Bonnieu et al. [32] we propose the following explanation.
oams are thermodynamically unstable systems and change their
tructure over time. Liquid films between the bubbles become thin-
er due to drainage and eventually burst leading to coalescence
f the bubbles. At stresses far below the yield stress these local
elaxations induce an apparent highly viscous flow [31]. Hence, the
easured apparent viscosity is a result of the displacement of the

pper plate due to bubble rearrangements induced by coalescence.
he coalescence rate is correlated to the number of separating
amellae, it decreases with time and hence, the apparent viscosity
ncreases with time. The absolute value of the yield stress of a foam
ecreases with foam age because the average bubbles size increases
nd the distribution broadens with time. This is the reason why  at
tresses close to, but still below the yield stress (� < �y) the foam

tarts to flow after a certain time period, for the example shown
n Fig. 2a after 160 s. Stresses far beyond the yield stress (� > �y)
nstantly induce flow. The monotonic decrease of the viscosity is
aused by the degrading processes mentioned before.
10.6
26.0

1.5 1.5 2.0 10.4 0.2

The viscosities in the shear-thinning region have to be consid-
ered as apparent values because they were not measured at steady
state. From Fig. 2a it can be extracted that reaching a steady state
viscosity at a given shear stress if accessible at all takes far longer
than the total measurement time of 60 s employed for the stress
ramp in the experiments discussed here. Such long timescales are
not appropriate for the characterization of foams because of the
time dependent structure evolution.

Here, we  restrict ourselves to the determination of �y which is
reproducible and robust with respect to the choice of experimen-
tal parameters. It should be noted that the determination of steady
shear viscosity data is prone to systematic errors not only because
the foam structure changes with time and applied stress or strain.
An additional error arises because the flow profile in the shear gap
is not necessarily homogeneous. Shear banding phenomena have
been observed in several studies [33,34] and need to be consid-
ered when measuring foam viscosity. In Fig. 3 this is illustrated for
surfactant foam but similar results were also found for the protein
foams investigated here. The positions of 17 bubbles were tracked
over a time period of 5 s at a constant shear rate of � = 0.2 s−1.
Obviously, the velocity does not change linearly as it is required
for a correct viscosity calculation. Instead, two flow regimes with
different shear rates are observed.

3.4. Yield stress

Even if a true viscosity is hard to define and depends on mea-
suring parameters, the yield stress of our foaming systems does not
seem to be markedly affected by that. Varying gap sizes between 3
and 8 mm,  different initial and final stresses in stress ramp experi-
ments as well as different measuring times per data point (0.2–6 s)
at a constant total measurement time of 60 s did not lead to signif-
icant differences in the yield stress. In Fig. 4, the yield stress values
for all created foams are shown in dependence of �–�c where �c

has been determined from the bubble size distribution as described
in Section 3.2. The experimental data are normalized by the Laplace
pressure (�/r32) in order to account for the different average bub-
ble sizes and multiplied with the empirically determined factor
(�L/�W)−0.3. Here, �L is the continuous phase viscosity and �W is
the viscosity of water. As already reported previously [9] this leads
to a collapse of all data points for each particular foaming system
onto a master curve. Based on the equation proposed by Mason
[4,5], the yield stress can be described by the following empirical
equation:

( ) ( )0.3

�y = k · �

r32
· �L

�W
· (� − �c)2 (3)

The pre-factor k is the only fit parameter in this equation, all
other quantities are determined independently. Comparing the
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Fig. 2. (a) Creep tests for a foam made from the surfactant mixture dissolved in water with � 	 �y at 1 Pa (open symbols), � < �y at 8 Pa (crossed symbols) and � > �y at 20 Pa
(closed  symbols), (b) apparent viscosity versus shear stress for the same surfactant foam under different measurement conditions at a constant measurement time of 60 s:
�  shear stress continuously increasing from 3 to 25 Pa, stepwise increase of shear stress from 3 to 30 Pa (2 s per data point), stepwise increase of shear stress from 1 to
60  Pa (2 s per data point).
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ig. 3. Left side: velocity profile of a surfactant foam containing 40% glycerol at cons
y  red crosses and final positions reached after 5 s marked by black crosses. (For in
eb  version of this article.)
esults for the different foaming systems leads to the general con-
lusion that the surfactant foams possess lower yield stresses than
he protein foams at a given value of � − �c which in turn lie close
ogether. The k-factor is 4–5 times higher for the protein foams
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ig. 4. Apparent yield stress �y normalized by Laplace pressure (�/r32) and solution
iscosity ratio (�L/�W ) vs. � − �c for foams made from different proteins and a surfac-
ant mixture (closed symbols 1% WPI, semi-closed symbols 0.1% WPI, open symbols
asein and crossed symbols surfactant mixture) dissolved in various water/glycerol
ixtures (glycerol content �, 0%; �, 20%; �, 30%; �, 40%; �, 60%).
hear rate ( �̇ = 0.2 s−1). Right side: Foam image with initial bubble positions marked
tation of the references to color in this figure legend, the reader is referred to the

than for the surfactant foams. The different k-factors presumably
arise from different interfacial layer properties as will be discussed
in more detail in Section 3.6.

3.5. Oscillatory shear measurements

In Fig. 5a and b exemplary amplitude sweep curves are shown
for the different foaming system but similar physical foam prop-
erties �, �/r32 and �L. The curves keep their characteristic shape
independent of glycerol content or gas volume fraction. All sys-
tems show G′ > G′′ at low stress amplitudes in the linear viscoelastic
regime (�0 < �LVE) and G′′ > G′ in the flow regime (�0 > �c). For the
0.1% WPI  and especially for the casein system there is a sharp tran-
sition between both regimes and �c ≈ �LVE. But for the 1% WPI  and
the surfactant foams a third regime can be distinguished between
linear viscoelastic and flow regime. For the former the moduli
decrease simultaneously and for the latter G′ decreases while G′′

increases before crossing.
The 1% WPI  foams exhibit high storage modulus values at very

low stress amplitudes. Presumably the whey proteins build a net-
work across the lamella that causes such high moduli. Dimitrova

et al. [35] investigated the disjoining pressure in dependence of
the film thickness for a 0.2 wt% �-lactoglobulin (BLG) solutions.
Their results can be described by DLVO theory only for film thick-
nesses between 22 and 40 nm.  Below these values the interaction
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Fig. 5. Oscillatory stress amplitude sweep measurements of G′ (closed symbols) and G′′ (open symbols) for (a) 1% WPI  foam (� = 0.90, �/r32 = 261 Pa, �L = 3.8 mPa s), 0.1%
W  269 Pa, �L = 3.8 mPa  s) and � surfactant foam (� = 0.89, �/r32 = 241 Pa, �L = 4.6 mPa s), (c)
f PI  foam at different stress amplitudes. Pictures are side views of the shear gap taken at
t bbles deform but stay at their position), �3 = 100 Pa (bubbles have moved).
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Fig. 6. Plateau moduli normalized by Laplace pressure vs. � − �c for foams made
from 1% WPI  (closed symbols), 0.1% WPI  (semi-closed symbols), casein (open sym-
PI  foam (� = 0.92, �/r32 = 369 Pa, �L = 3.0 mPa s), (b) casein foam (� = 0.91, �/r32 =
oam  images taken from video recordings during oscillatory deformation of a 1% W
he  maximum displacement during an oscillation cycle with �1 = 0.3 Pa, �2 = 7 Pa (bu

etween opposing protein layers is dominated by a steric repulsion
ven though the thickness of the adsorption layer, as measured
or a 0.1 wt% BLG solution, is only about 3–4 nm [36]. Therefore,
he authors conclude that the proteins form a network across the
amella. As BLG is the main component of the whey proteins, this

ight also be the case here. Intermediate stress amplitudes prob-
bly destroy this network without moving the bubbles past each
ther. Video recordings of the foam in the shear gap (Fig. 5c) con-
rm that the bubbles deform but stay at their position during the
ecrease of both moduli and start moving just before the moduli
oss over.

The increase in G′′ for the surfactant foams can be explained
s follows. As the stress amplitude is applied some of the foam
lms get stretched while others are being compressed leading to
egions with lower and regions with higher surfactant concen-
rations. In order to equilibrate this imbalance, a Marangoni flow
rom the compressed regions to the stretched ones is induced
37]. This is a dissipative process that becomes stronger with
igher stress amplitudes and therefore should lead to an increases
′′.

In Fig. 6 the plateau moduli normalized by Laplace pressure are
lotted versus � − �c. Each measurement series can be described
y the equation proposed by Mason et al. (Eq. (4)) with the fit
arameter a depending on the foam system

0 = a ·
(

�

r32

)
· �(� − �c) (4)
For the surfactant foams and the 0.1% WPI  foams all data
oints collapse onto a master curve but for the other two  pro-
ein foams G0(�/r32)−1 increases with increasing glycerol content.
his increase is most likely not directly attributed to the increase
bols) and surfactant mixture (crossed symbols) dissolved in various water/glycerol
mixtures (glycerol content �, 0%; �, 20%; �, 30%; �, 40%; �, 60%).

in liquid viscosity since G0 is an elastic modulus which is by def-
inition not related to viscous dissipative processes. Instead this
variation in the pre-factor a is due to changes in the interfacial
layer properties caused by modified intermolecular interactions.
The dielectric constant decreases with increasing glycerol content
in the solvent mixtures [38] and hence, the range of electrostatic

interactions decreases, too. This should result in a denser pack-
ing of proteins at the interface. Moreover, glycerol increases the
chemical potential of the protein which decreases its solubility
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Fig. 7. Surface elastic moduli of WPI  and casein dissolved in various water/glycerol
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ymbols) for 3% casein (triangles), 1% WPI  (rectangles) and 0.1% WPI  (circles). Mea-
urements were performed after 30 min  aging of the surface at a frequency of 0.1 Hz
dilation) and 0.7 Hz (shear).

39,40]. This hypothesis is supported by the observation that disso-
ution of WPI  is significantly slower in glycerol/water mixtures and
issolution time increases with glycerol content. Furthermore, it
as not possible to dissolve the proteins in pure glycerol solution.

his glycerol-induced salting-out effect occurring due to preferen-
ial hydrating of the proteins dissolved in water/glycerol mixtures
as shown to apply for various proteins including �-lactoglobulin.
owever, it is well known that glycerol prevents denaturation of
roteins and in that sense increases its stability [39,40]. Neverthe-

ess, this change in solubility due to added glycerol may  depend on
he weight fraction of glycerol in the solvent, the type of protein
s well as on pH and ionic strength of the solution. Various studies
eport an increased solubility of protein due to added glycerol, e.g.
or Bovine Pancreatic Trypsin Inhibitor or T7 RNAP [49,50] but this
eems not to apply for the WPI  solutions investigated here. Hence,
e assume that at a critical glycerol content protein aggregates

hould be formed and their number should increase with increas-
ng glycerol content. Especially in the case of foams made from 1%

PI  solutions these aggregates could promote the network for-
ation across the lamellae and therefore increase foam elasticity.

oams made from 0.1% WPI  solutions do not show this dramatic
ncrease in elasticity with increasing glycerol content presumably
ecause the solubility limit has not been reached yet and protein
ggregation does not occur.

.6. Interfacial rheology

The surfactants investigated here build mobile interfacial lay-
rs that do not show elastic behavior at the concentration used.
he interfacial storage moduli in dilation (E′) and shear (Gi

′) for the
PI  and casein solutions are shown in Fig. 7. Interfacial loss moduli

f all solutions were low compared to the storage moduli and are
herefore not shown. For the casein solutions the elastic modulus
n dilation E′ increases with glycerol content. Dilational deforma-
ion is sensitive to the intrinsic deformation of the molecules [41].
he decreasing range of electrostatic repulsion should result in a
ore compact conformation and a denser packing of proteins at the

nterface, thus resulting in a higher elasticity. Moreover, using glyc-
rol for stabilizing the native structure of proteins is well known

n the field of biochemistry. Gekko et al. [39,40] investigated the

echanisms behind this phenomenon and came to the following
onclusion. The chemical potential of glycerol increases by contact
ith the protein. Since this is thermodynamically unfavorable the
hysicochem. Eng. Aspects 459 (2014) 177–185 183

system is supposed to reduce the protein–solvent interface. As a
result the proteins preferably keep the compact, folded state. The
most surface active component of the complex casein micelle and
therefore presumably the main part of the adsorption layer is �-
casein [42]. The latter is a flexible protein and the glycerol induced
structure change could possibly result in a lower deformability
which in turn could lead to the higher elastic dilational moduli.
The shear elastic modulus Gi

′ is very low and does not change with
addition of glycerol. Cicuta et al. [43] investigated �-casein surface
layers in shear and did not find elastic behavior as well. They pro-
pose that the surface mobility arises due to the loop-tail formation
of these flexible molecules at the interface, i.e. at high surface con-
centrations the hydrophilic tails are extended into the solution [44].
When a deformation is applied this conformation possibly enables
the proteins to move over or under each other in order to relax
stress.

The results for 1% WPI  show a different trend. The dilational
modulus decreases when a glycerol content of 40% is exceeded
and in shear we  observe a weak monotonic decay with increas-
ing glycerol content. Rullier et al. [45,46] investigated the structure
of native and aggregated BLG with respect to the stability of foams
made from these proteins. They found the aggregates to be less sur-
face active than native proteins. However, the foam stability could
be increased by adding aggregates to the native proteins. Davis and
Foegeding [47] investigated the dilational elasticity of native WPI
mixed with different amounts of polymerized WPI. Adding up to
50% aggregated proteins increased the dilational elasticity whereas
higher amounts led to a sharp decrease in E′. Transferring these
results to our experiments it is likely that the addition of glycerol
to 1% WPI  solutions leads to partial aggregation of the proteins as
already suggested in Section 3.5. This in turn results in less surface
activity and elasticity. The elasticity of the 0.1% WPI  solutions is
practically independent of glycerol content indicating that glycerol
does not markedly affect the protein structure and that no signif-
icant aggregation occurs at this concentration. The surface shear
experiments of the 0.1% WPI  solutions show strong variations for
unknown reasons and within experimental error no trend can be
observed regarding the dependence on glycerol content.

3.7. Correlation of foam and interfacial properties

The correlation between interfacial elasticity and foam proper-
ties has been addressed in many studies. In most cases high foam
stability and yield stress correspond to high interfacial elasticity
[11,48].

Among the systems investigated here, the 0.1% and 1% WPI  solu-
tions show similar and highest interfacial elastic moduli and the
corresponding foams exhibit the highest normalized yield stresses
(see Fig. 4). Casein solutions possess lower interfacial dilational and
almost no interfacial shear elasticity corresponding to lower foam
yield stress. The surfactant solutions, that do not show any mea-
surable interfacial elasticity, exhibit the lowest foam yield stresses.

According to Fig. 4 the effect of glycerol on foam yield stress is
mainly due to the corresponding change in solution viscosity and
captured by the scaling factor (�L/�w)0.3. In contrast a complex
behavior of glycerol on the surface elasticity of the protein solu-
tion is found. The decrease in E′ at high glycerol content which is
attributed to the formation of aggregates resulting in a network
formation across the lamellae does not show up in the reduced
yield stress. Presumably this network already breaks at � < �y and
therefore does not contribute to the yield stress.

The relationship between protein interfacial elasticity and bulk

foam elasticity is more complex. Comparing the different foaming
agents investigated here we generally found highest foam elasticity
for the corresponding solutions with highest interfacial elastic-
ity. For the 0.1% WPI  and the casein samples there is a direct
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orrelation between surface elasticity of the solution and the
nterfacial and bulk elasticity of the corresponding foam. Both, rhe-
logical properties of 0.1% WPI  solutions and corresponding foams
o not vary with glycerol content. But casein foams and solutions
oth become more elastic upon addition of 20% glycerol. Note, for
he solution this behavior is observable only in dilation as casein
olutions exhibit only very weak surface shear elasticity. In con-
rast, for 1% WPI  solutions, the effect of glycerol on the interfacial
lasticity differs from its effect on the bulk rheological properties of
he foams. Adding glycerol leads to a decrease in interfacial elastic-
ty, especially if the glycerol content of the solvent exceeds 40%

hereas at the same time the foam elastic modulus drastically
ncreases. This phenomenon is presumably due to protein aggre-
ation. Aggregates are less surface active and decrease interfacial
lasticity but probably enhance network formation across the foam
amellae and therefore increase foam elasticity.

. Conclusion

We  have investigated the effect of solution viscosity and sur-
ace elasticity on the apparent yield stress and bulk elasticity of
oams made from protein and surfactant solutions. Whey protein
olutions with different concentration, micellar casein and mix-
ure of a non-ionic and an ionic surfactant have been employed for
his study. The surface active ingredients have been used in vari-
us water/glycerol mixtures in order to study the effect of solvent
iscosity on foam rheology.

Based on the equations proposed by Mason we  can describe the
ffect of gas volume fraction and Laplace pressure on �y and G0
Eqs. (3) and (4)). Here we calculate the critical volume fraction
c from the bubble size distribution of the foams. This distribu-

ion is determined from the analysis of foam images taken with
n endoscopic CCD camera. The �c values found for the different
oaming systems are discussed in terms of foam formation and
as bubble stabilization properties of the employed proteins and
urfactants. Distinct features of the transition from the linear vis-
oelastic region (G′ � G′′) to the non-linear deformation regime
G′′ > G′) are observed for the different foam systems and can be
ttributed to structural features of the foam lamellae.

As expected the storage modulus G0 is independent of the solu-
ion viscosity for the foams made from surfactant, casein and 0.1%

PI solutions. The increase of G0 with increasing glycerol content
ound for the foams made from 1% WPI  solutions is attributed to
he formation of protein aggregates finally inducing the formation
f a network structure across the lamellae.

The apparent yield stress �y is found to be the critical stress at
hich the gas bubbles start to slide past each other. This quantity
irectly depends on solution viscosity and this relationship is cap-

ured by an empirical factor
(

�L
�w

)0.3
valid for all investigated foams

rrespective of gas volume fraction and type of foaming agent.
In general, protein-stabilized foams exhibit higher reduced �y

nd G0 values at given (� − �c) than surfactant foams. We  attribute
his to the surface elasticity of the corresponding solutions which
s highest for both WPI  solutions, significantly lower for the casein
olutions and negligibly small for the surfactant solutions.

For casein a weak increase of reduced G0 with increasing
lycerol content is observed for the foams which corresponds
o an increase in surface elasticity of the respective solutions.

e attribute this to a more compact conformation of the casein
olecules resulting from a decrease of solvent quality with increas-

ng glycerol content. The 0.1% WPI  system exhibits a higher foam

lastic modulus G0 than the casein or surfactant systems and this
irectly correlates to the high surface elasticity of the solution, both

n shear and dilation. The scenario is more complex for the 1% WPI
ystem. In this case the added glycerol is supposed to induce protein

[
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aggregation. This results in a decrease of the dilation modulus E′ at
glycerol contents beyond 20% but at the same time G0 increases and
we assume this is due to the formation of a network bridging the
opposing protein layers across the lamellae. This network forma-
tion obviously does not affect the reduced yield stress �y which does
not reveal a specific variation with glycerol content for the foams
made from different protein solutions. Therefore we conclude that
the protein network is destroyed at stresses � < �y.
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