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The long-term stabilization of foams by proteins for food applications is related
to the ability of proteins to form dense and mechanically strong adsorption layers
that cover the bubbles in the foams. The hydrophobins represent a class of
proteins that form adsorption layers of extraordinary high shear elasticity and
mechanical strength, much higher than that of the common milk and egg
proteins. Our investigation of pure and mixed (with added b-casein) hydrophobin
layers revealed that their rheological behavior obeys a compound rheological
model, which represents a combination of the Maxwell and Herschel–Bulkley
laws. It is remarkable that the combined law is obeyed not only in the simplest
regime of constant shear rate (angle ramp), but also in the regime of oscillatory
shear strain. The surface shear elasticity and viscosity, Esh and hsh, are
determined as functions of the shear rate by processing the data for the storage
and loss moduli, G0 and G00 . At greater strain amplitudes, the spectrum of the
stress contains not only the first Fourier mode, but also the third one. The
method is extended to this non-linear regime, where the rheological parameters
are determined by theoretical fit of the experimental Lissajous plot. The addition
of b-casein to the hydrophobin leads to softer adsorption layers, as indicated by
their lower shear elasticity and viscosity. The developed approach to the
rheological characterization of interfacial layers allows optimization and control
of the performance of mixed protein adsorption layers with applications in food
foams.

1. Introduction
The foams are thermodynamically unstable systems, which spontaneously decompose with time due to breakage of the liquid films intervening between the bubbles
and due to the phenomenon Ostwald ripening (foam disproportionation).1 These
destructive processes, if not completely arrested, can be considerably slowed
down, so that the foam could be considered stable in the time-scale of its practical
applications. One of the strategies to stabilize foams, including foams in structured
foods, is to ‘‘solidify’’ the bubble surfaces by covering them with a viscoelastic
adsorption layer, which enhances the foam longevity at least in three aspects. First,
the immobilization of the air/water interface slows down the film and foam
drainage.2–5 Second, the stability of the foam films is strongly enhanced, and their
a
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permeability to gas transfer is considerably reduced. Third, the produced bubbles
View Online
are considerably smaller and the foam viscoelasticity is markedly enhanced, which
is important for the properties of many consumer products.6–8 In the case of foams
and emulsions in the food industry, the main substances that are used to enhance the
interfacial rheology are proteins, which form dense and elastic layers at the surfaces
of gas bubbles and emulsion drops. The interfacial rheology of protein adsorption
layers has been intensively studied in relation to the properties of protein-stabilized
foams,9–11 emulsions,12–16 and mixed systems such as proteins with lipids,17,18 and
proteins with surfactants.19–22 Detailed information on the investigated systems,
experimental techniques and theoretical models can be found in review articles on
interfacial shear rheology.22–27
Recently, it was established that the hydrophobins are very promising stabilizers
of foams9–11 and emulsions.28–30 They represent a class of proteins that are contained
in filamentous fungi, including the common button mushroom.31 The hydrophobins
are relatively small proteins, whose structure is stabilized by several disulfide bridges,
so that they do not undergo structural changes upon adsorption at interfaces.31,32
The most remarkable property of the hydrophobins is that their adsorption layers
at the air/water interface exhibit a considerable shear elasticity, which is higher
than that of other investigated proteins.11,33 The adsorption layers from hydrophobins solidify soon after their formation.33,34 In applications, the hydrophobins can be
used in mixtures with other proteins and/or surfactants,35,36 which can modify their
foam-stabilizing effect. For this reason, it is important to quantify and compare the
surface rheological properties of adsorption layers of hydrophobins and their
mixtures with other amphiphiles.
In the experiment, rotational surface rheometers in oscillatory regime are often
used, which give the phenomenological surface storage and loss moduli, G0 and
G00 as functions of the frequency and time.9–11 If the viscoelastic layer complies
with the Kelvin law, then G0 and G00 characterize, respectively, the elastic and viscous
properties of the adsorption layer. The oscillatory regime does not give direct information on the applicability of the Kelvin or Maxwell model to a given system.
However, an adsorption layer can be characterized with shear elasticity and
viscosity, Esh and hsh, only in the framework of an adequate rheological model.
In a recent study,36 we investigated the surface shear rheology of hydrophobin
adsorption layers by a rotational rheometer in angle-ramp regime (increase of the
rotation angle at a constant angular velocity). The results showed that the rheological behavior of the system complies with a combined Maxwell–Herschel–Bulkley
law. From a physical viewpoint, if a rheological law is obeyed by a given continuous
medium in a given kinetic regime, it should be obeyed by the same medium also in all
other kinetic regimes. Our main goal in the present study is to investigate whether
the combined Maxwell–Herschel–Bulkley model can also describe experimental
data obtained in the oscillatory regime. This includes derivation of expressions for
calculating the surface shear elasticity and viscosity, Esh and hsh, from the experimentally determined phenomenological moduli G0 and G00 , and verification of
whether the same Esh and hsh are obtained in the angle-ramp and oscillatory regimes.
In this way, the adequacy of the used model will be confirmed.
For this goal, we carried out experiments with hydrophobin and mixed, hydrophobin + b-casein adsorption layers, which are described in Sections 2 and 3.
Further, the combined Maxwell–Herschel–Bulkley model was applied to interpret
the data and to determine Esh and hsh as functions of the shear-rate amplitude
(Section 4). This analysis was carried out in the regime of not-too-large amplitudes,
at which the rheological response of the system is quasi-linear, i.e. the stress oscillated with the basic frequency (that of the applied sinusoidal strain), the higher-order
Fourier modes in the strain being negligible. However, the Herschel–Bulkley law is
nonlinear, and at greater amplitudes the higher Fourier modes give non-negligible
contributions to the stress, so that we are dealing also with the case of a nonlinear
rheological response. The latter case is considered in Section 5. At sufficiently large
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frequencies, the viscoelastic network of protein molecules at the interface canView
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broken as indicated by the Lissajous plots. The approach developed here for the
investigation of hydrophobin adsorption layers is applicable also to any other viscoelastic interfacial layers.
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2. Materials and methods
The used protein HFBII represents a class II hydrophobin.31,32 It was isolated from
the fungus Trichoderma reesei following a procedure described elsewhere.33 A stock
solution of concentration 0.1 wt% was prepared. Before each experiment, this solution was sonicated in an ultrasound bath for 5 min to break-up the protein aggregates. Then, the necessary portion of the stock solution was diluted to 0.005 wt%.
The used b-casein from bovine milk, cat. No: C6905 by electrophoresis (assay
>98%) was a product of Sigma. Mixed protein solutions were prepared with 0.005
wt% HFBII and 0.03 wt% b-casein. In view of the molecular masses of HFBII
(7.2 kDa) and b-casein (24 kDa), the molar ratio b-casein/HFBII in the used solutions was 1.8.
Just before the rheological measurements, the working solution was sonicated
again to break-up any newly formed protein aggregates. All solutions were prepared
with deionized water of specific resistivity 18.2 MU$cm (Milli-Q purification system,
Millipore, USA). In all experiments, the working temperature was 25  C.
The surface shear rheology of the protein adsorption layers at the air/water interface was investigated by the rotational rheometer Bohlin Gemini, Malvern UK. This
rheometer is equipped with a bi-conical tool for surface shear rheology measurements. The bi-conical tool is placed in a working cell, where the investigated solution
is poured up to the edge of the tool. The outer radius of the bi-cone is R1 ¼ 2.81 cm;
the inner radius of the wall of the cylindrical cell is R2 ¼ 3.00 cm, and the distance
between them is DR ¼ 0.19 cm. The latter represents the width of the ring-shaped
protein adsorption layer that is subjected to shear deformation.
Before each run, the solution in the experimental cell was replaced with a new
portion. After loading the solution, we waited for 5 min before the start of the rheological measurements. This period of time is needed for the formation and consolidation of the adsorption layer. In general, the rheological properties of the protein
adsorption layers vary with the surface age.13,15,19,37,38 For this reason, in our experiments the aging time was the same, 5 min in all runs. A similar aging time has been
used also by other authors.15
Experiments in two different regimes have been carried out. First, in the angle_ and the
ramp regime the bi-conical tool rotates with a fixed angular velocity, q,
increase of the torque, s, is recorded as a function of time, t. Second, in the oscillatory regime the rotation angle q oscillates and the corresponding periodic variations
in the torque s are registered. Each experiment was repeated at least six times to be
sure that the results are reproducible. The direct measurements with pure water
showed that at the used low angular velocities (q_ # 0.132 rad s1), no effect of the
viscosity of the bulk aqueous phase is registered. In other words, the measured torque is completely due to the viscoelastic adsorption layer.
The primary data for q(t) and s(t) recorded by the apparatus have been used for
further processing and interpretation. The values of the surface shear stress, ssh, were
calculated from the measured torque, s, as follows:15,39


1
1
1
(1)
ssh ¼ gf s;
gf h

4p R21 R22
Here, gf is a geometric factor; with R1 ¼ 2.81 cm and R2 ¼ 3.00 cm, eqn (1) gives gf ¼
12.36 rad m2. Eqn (1) is applicable to surface layers of arbitrary viscoelastic
behavior in the case of narrow gap, i.e. (R2  R1)/R1 # 0.1. In our case the latter
ratio is 0.0676.
This journal is ª The Royal Society of Chemistry 2012
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The adsorption layers of b-casein alone (even at a relatively high concentration,
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0.17 wt%) gives a very weak rheological response, which is below the sensitivity
threshold of the used apparatus—the registered torque s is practically zero. Nonzero
s has been measured only in the presence of hydrophobin.

3. Experimental results
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3.1. Solutions of 0.005 wt% HFBII
As mentioned above, in the oscillatory regime the rotation angle q oscillates and the
corresponding periodic variations in the torque s are registered. First, we verified
whether the q(t) dependence generated by the apparatus is perfectly harmonic.
For this goal, the experimental dependence q(t) was fitted with a sinusoid:
q(t) ¼ qasin(ute + f)

(2)

see Fig. 1. Here, qa is the amplitude of oscillations; u ¼ 2pn is the angular frequency
and n is the conventional frequency; 4 is a phase-shift angle, and te is the experimental time, as registered by the apparatus. The fits of the experimental data for
q(t) with eqn (2) showed that the oscillations of q are sinusoidal with a very high
precision (regression coefficient of at least 0.99995). For each experiment, qa and
4 have been determined from the fit. For the needs of the subsequent theoretical
analysis, it is convenient to introduce the theoretical time, t, and the strain, g, as
follows:
t ¼ te + f/u, g ¼ tanq

(3)

Because the angle q is small in our experiments, we have g z q and amplitudes
ga z qa within an accuracy of at least six significant digits. For this reason, hereafter
we will use the notation g for both strain (measured in %) and rotation angle
(measured in radians); 1 mrad ¼ 0.1%. Likewise, ga ¼ qa will denote the strain amplitude, and g_ ¼ q_ will be the rate of strain, which represents also the angular velocity
and the shear rate.
In view of eqn (3), eqn (2) acquires the form:
g(t) ¼ gasin(ut)

(4)

Fig. 1 Typical experimental dependence of the rotation angle, q, on time, te, for 0.005 wt%
HFBII at frequency n ¼ 1 Hz, and at two different amplitudes: qa ¼ 0.68 and 1.74 mrad.
The solid lines, which are fits by eqn (2), indicate that the strain is a perfect sinusoid.
198 | Faraday Discuss., 2012, 158, 195–221
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For sufficiently small amplitudes, ga # 5.235 mrad, the registered torque s (and
View Online
shear stress ssh ¼ gfs) also exhibits harmonic oscillations with phase shift, so that
it can be expressed in the form:
ssh
¼ G 0 sinðutÞ þ G 00 cosðutÞ
(5)
ga
see Fig. 2; G0 and G00 are the storage and loss moduli. Eqn (5) means that at small
amplitudes the adsorption layer exhibits a quasi-linear rheological response (for
a true linear response, the determined surface shear elasticity and viscosity have to
_ whereas for a quasi-linear response they may
be independent of the shear rate, g,
_ see Section 4.2 for details). Fig. 2a is typical for all measurements
depend on g;
carried out at frequencies n # 2Hz and amplitudes ga # 5.235 mrad. In contrast,
Fig. 2b illustrates a special case at a higher frequency n ¼ 4 Hz, at which the data
for ssh(t) represent an experimental band, rather than a curve.
Our experiments show that at greater amplitudes, ga $ 10.5 mrad, the periodical
variations of ssh are not sinusoidal (Fig. 3), i.e. the adsorption layer exhibits

Fig. 2 Dependences of the measured stress, ssh, on time, te, for 0.005 HFBII, at strain amplitude ga ¼ 1.74 mrad. The solid lines are the best fits with eqn (5). (a) The frequency is n ¼ 1 Hz;
this plot is typical for all measurements carried out at frequencies n # 2Hz and amplitudes ga #
5.235 mrad. (b) The frequency is n ¼ 4 Hz; the data for ssh(t) represent an experimental band,
rather than an experimental curve.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Experimental dependences of the stress, ssh, vs. time, te, for 0.005 wt% HFBII in the
case of nonlinear response; the frequency is n ¼ 1 Hz; the strain amplitudes are (a) ga ¼
10.5 mrad; (b) ga ¼ 20.1 mrad. The points are experimental data; the solid lines represent
the best fit by eqn (6); the dash–dot and dashed lines are, respectively, the first and third Fourier
modes.

a nonlinear rheological response. In such a case, instead of eqn (5), we have a Fourier
series:
X
ssh
0
¼
½G sinðkutÞ þ Gk00 cosðkutÞ
(6)
ga k¼1;3;5;::: k
It can be proven theoretically40 that the Fourier expansion, eqn (6), can contain
only odd modes (k ¼ 1, 3, 5, .). This follows from the circumstance that rotations
clockwise and anticlockwise are mechanically equivalent. For the data in Fig. 3, only
the first two odd modes (k ¼ 1, 3) are significant. The solid line in Fig. 3 shows the fit
with eqn (6), whereas the dashed lines show the separate modes with k ¼ 1 and 3.
The values of the coefficients in eqn (6) determined from the fits of the data in
Fig. 3 are given in Table 1, where the errors reflect the accuracy of the measurements,
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Table 1 The storage and loss moduli, Gk and Gk , k ¼ 1,3, determined from the data in Fig.
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First Fourier mode

Third Fourier mode

ga (mrad)

G1 (mN m1)

G1 (mN m1)

G3 (mN m1)

G3 (mN m1)

10.50
20.99

33.0  0.3
5.73  0.06

43.4  0.4
26.8  0.3

4.65  0.06
5.52  0.06

5.20  0.07
0.55  0.07

0

00

0

00

rather than their reproducibility. In general, the experiment indicates that the
storage and loss moduli in eqn (6) depend on both amplitude ga and frequency n:
Gk ¼ Gk(ga,n), Gk ¼ Gk(ga,n), k ¼ 1, 3, 5,.
0

0

00

00

(7)

It is useful to plot the experimental data also in the form of Lissajous curves representing the stress ssh(t) vs. the strain g(t);40 see Fig. 4. In the case of quasi-linear
response (ga # 5.23 mrad), the Lissajous curves are ellipses, whereas in the case
of nonlinear response (ga ¼ 10.5 and 21.0 mrad), they look like curvilinear parallelograms of width that increases with the rise in ga. The Lissajous plots can be useful in
several aspects.40 First, by plotting the raw data for ssh(t) vs. g(t), the experimentalist
can immediately verify whether the rheological response of the system is linear or
nonlinear (ellipse vs. parallelogram). Second, if the Lissajous curves are wider
than an ellipse (in nonlinear regime), as in Fig. 4, this indicates shear thinning,
whereas a Lissajous curve that is concave with respect to an ellipse indicates shear
thickening.40 Last but not least, as demonstrated in Section 5 the parameters of
the rheological model can be determined by a fit of the Lissajous curve without using
a Fourier analysis.
In the oscillatory experiments with the rotational rheometer, there are two
mechanical degrees of freedom: to vary the amplitude ga at a fixed frequency n,
and to vary n at a fixed ga; see also eqn (7). Fig. 5a presents the dependences of
G1 and G1 on ga at n ¼ 1 Hz. The data show that G1 decreases with the rise of the
amplitude ga, whereas G1 initially increases until reaching G1, and then exhibits
a tendency to decrease.
Fig. 5b presents the dependences of G1 and G1 on the frequency n at amplitude
ga ¼ 1.74 mrad. Initially, G1 increases with the rise in n, but at the highest
0

00

0

00

0

0

00

0

Fig. 4 Lissajous plots of the stress, ssh(t) vs. the strain, g(t), for 0.005 wt% HFBII at frequency
n ¼ 1 Hz, and at four different values of the strain amplitude, ga: (a) 1.74 mrad; (b) 5.23 mrad;
(c) 10.5 mrad, and (d) 21.0 mrad.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Dependence of the storage and loss moduli, G1 and G1 (a) on the strain amplitude, ga, at
fixed frequency, n ¼ 1 Hz; (b) on the frequency, n, at fixed strain amplitude, ga ¼ 1.74 mrad.
The data are for the adsorption layer at the surface of 0.005 wt% HFBII solution. Each point is
the average value from 12 experiments. The dashed lines are guides to the eye.
0

00

00

investigated frequency it quickly decreases. In contract, G1 initially slightly
decreases, and then it levels off at the higher values of n. Note that the highest investigated frequency is n ¼ 4 Hz, which corresponds to the graph in Fig. 2b.
In Fig. 5a and b, every experimental point is an average of twelve independent
experiments. Each of them is carried out by pouring a new portion of the investigated solution in the experimental cell of the rheometer. The experimental errors
shown in Fig. 5a and b (unlike those in Table 1) represent the reproducibility (rather
than the accuracy) of the rheological measurements, characterized by the standard
deviation. As a rule, the accuracy of these measurements is much better than their
reproducibility. An exclusion is observed at the highest frequency in Fig. 5b, n ¼
4 Hz, which corresponds to the graph in Fig. 2b. In this special case (which probably
represents a broken viscoelastic layer; see Section 5) the data for ssh(t) are rather
scattered, but they can be fitted well with a sinusoid (Fig. 2b). Interestingly, this sinusoid is well reproducible (the experiment was repeated 24 times), which is reflected by
the relatively small error bars in Fig. 5b at n ¼ 4 Hz.
3.2. Solutions of 0.005 wt% HFBII and 0.03 wt% b-casein
As mentioned above, one of our goals is to give a self-consistent interpretation of
data obtained in oscillatory and angle-ramp regimes by the same rheological model.
Data in angle-ramp regime have been reported in our previous study,36 for both
202 | Faraday Discuss., 2012, 158, 195–221
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HFBII and mixed HFBII + b-casein solutions. In the measurements reported here,
View Online
we used a new sample of b-casein, which turned out to give a slightly different rheological behavior of the mixed layers—a lower elasticity in comparison with the bcasein sample used in ref. 36. Here the data in both the angle-ramp and oscillatory
regime have been obtained with the new sample of b-casein.
Fig. 6 shows experimental curves for the variation of the stress, ssh, with the
increase of the rotation angle, g, in the angle-ramp regime. Each curve corresponds
_ const. The dependence ssh(g) exhibits a clear tendency to
to a fixed shear rate, g¼
_
level off at the larger g. In addition, ssh increases with the rise of the shear rate, g.
Fig. 7 presents data for the storage and loss moduli G1 and G1 as functions of the
frequency, n, in oscillatory regime at fixed amplitude ga ¼ 1.74 mrad (ga ¼ 0.174%).
At this amplitude, the rheological response of the adsorption layer is quasi-linear,
i.e. the effect of the higher-order harmonics (G3 and G3 ) is negligible. The comparison of Fig. 5b and 7 indicates that the addition of b-casein leads to lowering of
both G1 and G1. Moreover, the decrease of G1 with the rise of n begins at lower
frequencies.
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4. Theoretical models vs. experimental results
As demonstrated below, the obtained experimental data comply with a compound
rheological model, which combines the Maxwell model with a modified Herschel–
Bulkley law. We begin with a brief overview and discussion on the applicability of
simpler models.
4.1. Models with constant Esh and hsh
The Kelvin model, known also as Kelvin–Voigt model,41,42 is characterized with
a parallel connection of an elastic and a viscous element (Fig. 8a). The latter two
elements are characterized by the conventional stress–strain relationships:
ssh,e ¼ Eshg, ssh,v ¼ hshg_

(8)

where ssh,e and ssh,v are, respectively, the elastic and viscous stresses; Esh and hsh are
the coefficients of surface shear elasticity and viscosity and (as usual) g and g_ are the
shear strain and rate-of-strain. Note that in the conventional Kelvin model, Esh and
hsh are constants independent of time, t.

Fig. 6 Experimental data obtained in angle-ramp regime for adsorption layers at the surface
of 0.005 wt% HFBII + 0.03 wt% b-casein solutions: Plots of the stress, ssh, vs. the rotation
angle, g, at three different fixed angular velocities: g_ ¼ 8.73, 17.5, 35, 70 and 140 mrad s1;
_ The solid lines are fits by the Maxwell model, eqn (15).
the time is expressed as t ¼ g/g.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Dependence of the storage and loss moduli, G1 and G1 on the frequency, n, at fixed
strain amplitude, ga ¼ 1.74 mrad. The data are for the adsorption layer at the surface of
0.005 wt% HFBII + 0.03 wt% b-casein solution. Each point is the average value from 12 experiments. The dashed lines are guides to the eye.
0

00

Fig. 8 Sketch of the two basic compound models of viscoelastic behavior composed of an
elastic element (spring) of elasticity Esh, and a viscous element (dash-pot) of viscosity hsh. (a)
The Kelvin model: parallel connection. (b) The Maxwell model: consecutive connection. ssh
is the applied stress; g is the total strain.

In the Kelvin model (Fig. 8a), the strain is the same for the two elements, whereas
the total stress equals the sum of the elastic and viscous stresses:
ssh ¼ Eshg + hshg_

(9)

Substituting g and ssh from eqn (4) and (5) into eqn (9), we obtain:
G0 ¼ Esh, G00 ¼ hshu

(10)

In other words, if a given body obeys the Kelvin model, then the storage
modulus G0 is constant and equal to the elasticity, whereas the loss modulus G00
increases linearly with the frequency, u ¼ 2pn, both of them being independent
of the amplitude ga.
As seen in Fig. 5 and 7, our experimental system does not obey the Kelvin law (G0
and G00 depend on ga, and G00 does not increase linearly with n). Moreover, in the
204 | Faraday Discuss., 2012, 158, 195–221
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_ + const., i.e. the stressView
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angle-ramp regime (g_ ¼ const.) eqn (9) gives ssh ¼ Esh gt
to linearly increase with time, which cannot explain the experimentally observed
tendency of ssh to level off (Fig. 6).
The Maxwell model,43 is characterized with a consecutive connection of an elastic
and a viscous element (Fig. 8b). Hence, the stress, ssh, is the same for the two
elements, whereas the total rate-of-strain equals the sum of the elastic and viscous
rates-of-strain:
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1 dssh ssh
þ
¼ g_
Esh dt
hsh

(11)

Substituting g and ssh from eqn (4) and (5) into eqn (11) and setting equal the coefficients before the sine and cosine, we obtain:
G0 ¼

Esh ðhsh uÞ2
2
Esh

þ ðhsh uÞ

2

;

G00 ¼

2
Esh
hsh u
2
Esh

þ ðhsh uÞ2

(12)

The two relations in eqn (12) can be solved with respect to Esh and hsh:
G 0 þ G00
;
G0
2

Esh ¼

2

G0 þ G 00
G 00 u
2

hsh ¼

2

(12a)

Eqn (12) implies that in the conventional Maxwell model (at constant Esh and hsh),
G0 and G00 depend on the frequency u, but are independent of the amplitude, ga. The
latter is in contradiction with our data in Fig. 5a.
Note that the rheological response of the system is characterized with a specific
frequency nch (or characteristic time tch ¼ 1/nch) defined as follows:
G00
Esh
nch h 0 u ¼
G
hsh

(13)

where eqn (12) has been used at the last step.
4.2. Generalization of the Maxwell model
In angle-ramp regime, the shear rate is constant, i.e. g_ ¼ const. Then, integrating eqn
(11) along with the initial condition ssh|t¼0 ¼ 0, we obtain:
_  exp(ncht)]
ssh ¼ hshg[1

(14)

_
where the definition (13) has been also used. Because in angle-ramp regime t ¼ g/g,
eqn (14) can be expressed also in the form:
_
_  exp(nchg/g)]
ssh ¼ hshg[1

(15)

At each fixed angular velocity g_ (angle-ramp regime), the experimental s–vs.–g
curve excellently agrees with eqn (15). This is illustrated in Fig. 6, for the mixed
system HFBII + b-casein. Similar results have been obtained for pure HFBII.36
From the fits, the parameters hsh and nch have been determined. The results for
hsh and Esh ¼ nchhsh are listed in Table 2 and plotted in Fig. 9. The values in Table
2 are average from six experiments, and the errors of these values reflect the reproducibility of the experiments. (The errors of Esh, hsh andnch determined from the
errors of the parameters of each separate fit in Fig. 6 are much smaller.)
The Herschel–Bulkley law44 reads:
ssh ¼ Kg_ n ¼ hshg_ 0 hsh ¼ Kg_ n1
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Parameters determined form the fit of the experimental curves in Fig. 6 with eqn (15);
View Online
0.005 wt% HFBII + 0.03 wt% b-casein; angle-ramp regime
g_ (mrad s1)

Esh (mN m1)

hsh (N.s/m)

nch (103 Hz)

8.73
17.5
35.0
70.0
140.0

42  5
54  8
73  8
91  9
113  5

26  5
15  3
8.0  0.8
4.7  0.1
2.6  0.1

1.6  0.3
3.5  0.7
9.1  0.8
19  3
45  4

Fig. 9 Shear viscosity, hsh, and elasticity, Esh, vs. the rate of strain (the angular velocity) g_:
Plots of the data from Table 2 for 0.005 wt% HFBII + 0.03 wt% b-casein obtained in the
angle-ramp regime in accordance with eqn (17). Each point is the average value from 6 experiments. The slopes of the linear regressions are given in Table 3.

where K is the consistency and n is the flow behavior index. At n ¼ 1, the continuous
medium behaves as a Newtonian fluid (hsh ¼ const.); for n < 1 and n > 1, the medium
exhibits, respectively, shear thinning and thickening.
The data in Fig. 9 indicate that in the considered interval of shear rates hsh, Esh
and nch can be expressed as power functions:
_ n1, Esh ¼ A|g|
_p
hsh ¼ K|g|

(17)

_ m(modified Herschel–Bulkley law)
nch ¼ Q|g|

(18)

where A, K, Q, m, n and p are constant parameters (m ¼ p  n + 1), see eqn (13). The
modulus of g_ was inserted in view of subsequent generalization to oscillatory regime,
for which g_ can be both positive and negative. Note that the elasticity and viscosity
are independent of whether the rotation is clockwise or anticlockwise, so in general
_ 40
they must depend on |g|:
_ Esh ¼ Esh(|g|)
_
hsh ¼ hsh(|g|),

(19)

_ which leads to the conclusion
In other words, hsh and Esh are even functions of g,
that the Fourier expansion, eqn (6) can contain only odd harmonics.40
Thus, the experiments in angle-ramp regime imply that the rheological behavior of
protein adsorption layers can be described by using the basic equation of the
206 | Faraday Discuss., 2012, 158, 195–221
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Maxwell model, eqn (11) with viscosity and elasticity, which depend on the shear
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_ see eqn (17)–(19).
rate g;
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4.3. Oscillatory regime with quasi-linear response
Here, it will be demonstrated that the combined Maxwell–Herschel–Bulkley model,
based on eqn (11) and (18), describes also the rheological behavior of the investigated protein layers in oscillatory regime. In this regime, g_ ¼ gaucos(ut) is a periodic
function of time (rather than constant as in the angle-ramp regime). In view of eqn
(18) and (19), Esh, hsh and nch ¼ Esh/hsh are also periodic functions of time.
As discussed above, for small strain amplitudes (in our case, ga # 5.235 mrad; see
Fig. 2) the investigated protein layers exhibit quasi-linear response, i.e. the higherorder harmonics have negligible amplitudes, so that the stress obeys eqn (5).
Then, substituting eqn (4) and (5) into eqn (11), we derive:
(nchG00 + G0 )cos(ut) + (nchG0  G00 )sin(ut) ¼ Eshucos(ut)

(20)

The multiplication of eqn (20) by sin(ut) and cos(ut), with a subsequent integration and some transformations, yields:
ðp
G00
2
nch sin2 xdx
(21)
hnch ih 0 u ¼
p
G
0

2G00
G þ
pu
0

ðp

2
nch cos xdx ¼
p

ðp
Esh cos2 xdx

2

0

(22)

0

x h ut is an integration variable. In view of eqn (13), the left-hand side of eqn (21)
can be considered as an average characteristic frequency, hvchi. If vch is independent
of time (as in the angle-ramp regime), then eqn (21) acquires the form hvchi ¼ vch, as
it should be expected. If vch and Esh depend on time (as in the oscillatory regime), the
two algebraic expressions in eqn (12a) are not valid; instead of them we have eqn (21)
and (22).
_ from eqn (18) with
In the case of oscillatory regime, we substitute nch(g)
g_ ¼ gaucos(x) in the right-hand side of eqn (21). The integral can be solved and
the result can be presented in the form:
_ m
hnchi ¼ Qhgi

 
g_ hmga u;


mh

(23)

Gðm=2 þ 0:5Þ
p1=2 Gðm=2 þ 2Þ

1=m
(24)

G(x) is the gamma function. In analogy with eqn (18), eqn (23) expresses the mean
_
characteristic frequency, hvchi, as a power function of the mean shear rate, hgi,
defined by eqn (24).
Eqn (23) allows us to compare the experimental results obtained in angle-ramp
and oscillatory regimes, see Fig. 10. In the angle-ramp regime, the characteristic
frequency is calculated from the expression nch ¼ Esh/hsh, where Esh and hsh are
determined as adjustable parameters from fits of the data like those in Fig. 6. In
Fig. 10, nch is plotted vs. the shear rate g_ in double logarithmic scale; m and Q are
determined from the slope and intercept of the obtained linear dependence. The
used data for 0.005 wt% HFBII + 0.03 wt% b-casein are these in Fig. 6 and Table 2,
whereas the respective data for 0.005 wt% HFBII (without added b-casein) have
been obtained in ref. 36 in the angle-ramp regime.
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Fig. 10 Plots of the characteristic frequency of rheological response vs. the mean rate of strain.
_ For the oscillatory regime, the respecFor the angle-ramp regime, the plot is vch h Esh/hsh vs. g.
_ The slope and intercept of the linear
tive mean quantities are plotted: hvchi h uG00 /G0 vs. hgi.
regression give m and Q; see eqn (18) and (23). (a) Data for 0.005 wt% HFBII. (b) Data for
0.005 wt% HFBII + 0.03 wt% b-casein. (c) Comparison with literature data11 for b-casein, blactoglobulin and HFBII from measured in the oscillatory regime.

The data points in the oscillatory regime (Fig. 10) were obtained in the following
way. hvchi ¼ uG00 /G0 was calculated from the experimental data in Fig. 5 and 7
(G0 ¼ G1, G00 ¼ G1 ). Then, hvchi was plotted vs. gau in a double logarithmic scale;
m and Q were determined from the slope and intercept of the obtained linear dependence. The values of m and Q obtained from the fits of the data in angle-ramp and
0

00
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oscillatory regimes are very close, which confirms the applicability of the combined
View Online
Maxwell–Herschel–Bulkley model to protein adsorption layers.
The values of m and Q in Table 3 were obtained by a simultaneous fit of the data
from the angle-ramp and oscillatory regime with the help of numerical minimization
of the respective compound merit function. From the obtained value of m, we calculated also the coefficient m in eqn (24) which is also given in Table 3. The values of n
_ where the power laws in
and p refer to the asymptotic region of sufficiently small g,
eqn (17) are obeyed; see Fig. 9.
The three points in the upper-right corner of Fig. 10a correspond to oscillatory
regime with nonlinear rheological response (greater amplitude or frequency of oscillations), at which the terms with k ¼ 3 in eqn (6) are not negligible. In this case, the
mean characteristic frequency is calculated from the first Fourier modes: hvchi ¼
uG00 1/G1. The respective points in Fig. 10a are close to the linear dependence that
holds in the case of quasi-linear response, but still deviate from it.
As seen in Fig. 10b, the data for the adsorption layers at the surface of mixed solu_
tions of HFBII and b-casein also comply with eqn (23) when plotted as nch vs. hgi.
The results obtained in angle-ramp and oscillatory regimes are in excellent agreement.
Not only HFBII, but also other proteins form viscoelastic adsorption layers at the
air/water interface. To check whether their behavior complies with eqn (23), in
Fig. 10c we have plotted data for adsorption layers from b-casein, b-lactoglobulin
(BLG) and HFBII obtained by rotational rheometer in oscillatory regime in
Ref. 11. The original data11 are in terms of G0 and G00 , from which we calculated hnchi
¼ uG00 /G0 . Fig. 10c shows that the data for b-casein and BLG excellently agree with
straight lines in accordance with eqn (23). The values of the exponent m are close, in
the range 0.8–0.9, for all these proteins. In other words, the combined Maxwell–Herschel–Bulkley model is applicable not only to layers from hydrophobin, but also to
viscoelastic adsorption layers from other proteins. In particular, the data for HFBII
obtained here and in ref. 11 are in good agreement, with a small difference in the
exponent: m ¼ 0.88 (Fig. 10a) vs. m ¼ 0.80 (Fig. 10c). (Smaller m corresponds to
more rigid layer.) This difference can be attributed to the different surface ages of
the adsorption layers (before the beginning of the rheological measurements): 5
min in our experiments vs. 1 h in ref. 11.
In general, the surface rheology of proteins varies with age. For proteins such as blactoglobulin and ovalbumin this effect is mostly due to conformational changes,
which occur with the protein molecules after their adsorption. For the rigid hydrophobin molecules conformational changes are not expected, but the number of hydrophobin aggregates that adsorb below the protein adsorption layer is increasing
with time, which can also lead to age effects.
0

4.4. Dependences of Esh and hsh on the rate of strain
The comparison of theory and experiment (Fig. 10) shows that the power depen_ m, is applicable in the whole region of quasi-linear
dence in eqn (18), viz. nch ¼ Q| g|
response of the protein adsorption layer. However, the comparison with the exper_ and Esh(g)
_ in eqn (17) can be
iment indicates that the power dependencies hsh(g)
_ and Esh(g)
_ in the whole region
used only at sufficiently low shear rates. To find hsh(g)
of quasi-linear response, we will employ eqn (22), which has not been used so far.
Table 3 Parameters in eqn (17)–(18) and (23)–(24) determined from fits of experimental data.a
Solution

m

n

p

Q (sm1)

m

0.005 wt% HFBII
0.005 wt% HFBII + 0.03 wt% b-casein

0.88
1.18

0.14
0.17

0.02
0.35

134
1538

0.413
0.440

a

Note: The values of n and p refer to the asymptotic region of small shear rates; m ¼ p  n + 1.
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Let us introduce an average shear elasticity, which is defined as follows:
2
hEsh ih
p

View Online

ðp
Esh cos2 xdx

(25)

0
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For Esh ¼ const. Eqn (25) yields hEshi ¼ Esh. Substituting nch from eqn (18) into
eqn (22), in view of eqn (25) we obtain:
hEsh i ¼ G0 þ ðm þ 1Þ

G00  m G 0 þ ðm þ 1ÞG00
Q g_ ¼
u
G0
2

2

(26)

where eqn (21) and (23) have been used at the last step. The combination of eqn (25)
and (26) gives an integral equation for determining the function Esh(x). The problem
_ To find such
can be solved by using an appropriate empirical expression for Esh(g).
_ dependence is similar to the
an expression, one can utilize the fact that the Esh(g)
dependence of hEshi on the amplitude gau (we recall that g_ ¼ gau cos(ut)). The
latter dependence can be calculated from eqn (26) using experimental data for G0
and G00 , and the value of m that is known from the fit in Fig. 10 (see Table 3).
In this way, from the data for 0.005 wt% HFBII (without added b-casein), it was
_ in the form:
found that we can seek Esh(g)
_  a2|g|
_ 2)
Esh ¼ a0exp(a1|g|

(27)

where g_ ¼ gau cos(x). The empirical parameters a0, a1 and a2 are to be determined
from the fit of experimental data, as follows. The points in Fig. 11a are calculated
from eqn (26), where the experimental values of G0 and G00 from Fig. 5b are
substituted. These points, expressing the experimental hEshi, are fitted with the theoretical dependence of hEshi on gau, which is obtained by substituting eqn (27) in the
integrand of eqn (25). The parameter values determined from the fit (the dashed line
in Fig. 11a) are:
a0 ¼ 160 mN m1, a1 ¼ 15.3 s, a2 ¼ 771 s2

(28)

_ is calculated from eqn
With the above parameter values, the dependence Esh(g)
(27) with g_ h gau; see the solid line in Fig. 11a. One sees that the curves representing
Esh and hEshi are really very close, the greatest differences appearing in the zone of
larger variations of Esh, as it could be expected in view of eqn (25). Finally, the
dependence of viscosity on the shear rate is calculated using the relationship hsh ¼
Esh/nch, where nch is given by eqn (18) with g_ h gau.
In the case of 0.005 wt% HFBII + 0.03 wt% b-casein, the data suggest that we can
_ in the form:
seek Esh(g)
_
_
 exp(b3|g|)]
Esh ¼ b0 + b1exp(b2|g|)[1

(29)

where g_ ¼ gau cos(x). The empirical parameters b0, b1, b2 and b3 have been determined from the fit of the data in Fig. 11b in the following way. Two sets of experimental data have been simultaneously fitted. The first one includes the data for
G0 and G00 from Fig. 7 obtained in oscillatory regime, which are substituted in eqn
(26) to find hEshi as a function of the rate-of-strain amplitude gau; see the points
in Fig. 11b. The second set consists of the data for Esh vs. g_ from Table 2 that
have been obtained in an angle-ramp regime; see the inset in Fig. 11b. The theoretical curve in Fig. 11b was computed from eqn (25) along with eqn (29). The least
squares method was applied to fit the data with a merit function that represents
a sum of two merit functions corresponding to the sets of data obtained in
210 | Faraday Discuss., 2012, 158, 195–221

This journal is ª The Royal Society of Chemistry 2012

Downloaded by UNILEVER RESEARCH LABORATORY on 02 October 2012
Published on 19 March 2012 on http://pubs.rsc.org | doi:10.1039/C2FD20017A

View Online

Fig. 11 Plots of shear elasticity vs. rate-of-strain amplitude. The points represent the mean
elasticity hEshi calculated from eqn (26) using the experimental G0 (gau) and G00 (gau) dependences. The dashed lines represent the best fits with eqn (25), along with eqn (27) or (29). (a)
Results for 0.005 wt% HFBII; Esh is calculated from eqn (27) and (28) with g_ ¼ gau; then,
hsh ¼ Esh/nch. (b) Results for 0.005 wt% HFBII + 0.03 wt% b-casein; Esh is calculated from
eqn (29) and (30) with g_ ¼ gau; the inset shows data for Esh obtained in angle-ramp regime,
which are fitted simultaneously with the data for hEshi obtained in oscillatory regime.

angle-ramp and oscillatory regimes. From a statistical viewpoint, this is the most
appropriate method, because the experimental error of the variables is correctly
taken into account. Of course, it is possible to merge the data from the inset with
_ along the horithe main curve in Fig. 11b by using an effective amplitude gau h g/m
zontal axis for the data in angle-ramp regime; see eqn (24). The combined dependence, corresponding to eqn (29), is shown in Fig. 12a. The parameter values
determined from the best fit are:
b0 ¼ 30 mN m1, b1 ¼ 95 mN m1, b2 ¼ 181 s1, b3 ¼ 16978 s1

(29a)

Fig. 12b shows the respective dependence of viscosity on the shear rate, which is
calculated using the relationship hsh ¼ Esh/nch, where nch is given by eqn (18) with
g_ h gau, and with m and Q from Table 3.
4.5. Summary and discussion
4.5.1. The combined Maxwell–Herschel–Bulkley model. As mentioned above, it
_ eqn
is remarkable that the modified Herschel–Bulkley law in terms of nch vs. g,
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Fig. 12 Comparison of the results for HFBII adsorption layers without and with added bcasein. (a) Surface shear elasticity, Esh, vs. gau calculated from eqn (27)–(29a) with g_ h
gau. (b) Surface shear viscosity, hsh ¼ Esh/nch, vs. gau, where nch is given by eqn (18) with g_
h gau, and with m and Q from Table 3.

(18), is satisfied in the whole region of quasi-linear response of the protein adsorption layers. Moreover, as seen in Fig. 10, the data obtained in the angle-ramp and
oscillatory regimes collapse on a single master line, whose slope and intercept
determine the parameters m and Q; see Table 3. The comparison between the
two regimes is possible if the data from the oscillatory regime are plotted in terms
_ defined by eqn (21) and (24). The full agreement
of average values, hnchi vs. hgi
between the data obtained in two very different kinetic regimes confirms the
adequacy of the combined Maxwell–Herschel–Bulkley model, which is based on
eqn (11), (18) and (19).
_ the dependence hsh(g),
_ and especially,
In contrast with the dependence nch(g),
_ can considerably deviate from a power law of Herschel-Bulkley type; see
Esh(g),
Fig. 11 and 12. The power laws in eqn (17) can be used asymptotically only in the
_ has been determined
limit of low shear rates; see Fig. 9. Here, the dependence Esh(g)
by fitting the experimental data with an appropriate empirical curve; see eqn (27)
and (29). The dependence Esh(gau) turns out to be very close to the respective dependence of the average shear elasticity hEshi on the amplitude gau; see Fig. 11. Hence,
it is much easier to characterize the dependence of elasticity on the shear rate by
212 | Faraday Discuss., 2012, 158, 195–221
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plotting the experimental data as hEshi vs. gau, where hEshi is calculated fromView
the Online
experimental G0 and G00 using eqn (26), without using any fits, like those in
Fig. 11. Data obtained in angle-ramp regime can be added on the same graph by
_
plotting the determined Esh vs. an effective amplitude gau h g/m.
Having once determined Esh, we can further determine the viscosity hsh ¼ Esh/nch, where nch has to be
calculated for the same shear rate from eqn (18).
In the framework of the Maxwell model (Fig. 8b), an elastic body corresponds to
Esh ! const., hsh ! N, and consequently nch ¼ Esh/hsh ! 0. In the other limit of
a purely viscous body, we have Esh ! N, hsh ! const., and consequently nch !
N. Hence, the increase of nch indicates fluidization (softening) of the body. In other
words, the value of the characteristic frequency, 0 < nch < N, can serve as an indicator for the degree of fluidization of the viscoelastic protein layer. In this respect,
the increase of nch with the rate of strain in Fig. 10 indicates fluidization of the
adsorption layer upon increasing the shear rate. Likewise, the greater slope of the
line in Fig. 10b in comparison with that in Fig. 10a (see the values of m in Table 3)
means that the addition of b-casein enhances the softening of the protein layer upon
shearing. More detailed information for the viscoelastic behavior of the system can
be obtained by calculating separately hEshi and hhshi, as demonstrated above (see
Fig. 11 and 12).
Eqn (26) indicates that hEshi represents a nonlinear combination of the storage
and loss moduli G0 and G00 . A similar expression holds for the average viscosity
2

hEsh i G0 þ ðm þ 1ÞG 00
¼
hhsh ih
G00 u
hnch i

2

(30)

where eqn (21) and (26) have been used. Hence, the popular paradigm that G0 and G00
characterize, respectively, the elastic and viscous response of the system (which is
correct for the Kelvin model) is not applicable to the investigated viscoelastic protein
layers, whose behavior obeys the combined Maxwell–Herschel–Bulkley model. Note
that at constant Esh, hsh and nch ¼ Esh/hsh [i.e. at m ¼ 0; see eqn (23)], eqn (26) and
(30) transform into eqn (12a). One of the important conclusions from the present
study is that if the rheology of the adsorption layer complies with the Maxwell
model, then the surface shear viscosity has to be calculated from eqn (30), rather
than by the frequently used expression hsh ¼ G00 /u, which corresponds to the Kelvin
model. Likewise, if the viscoelastic layer obeys the Maxwell model, then Esh must be
estimated from eqn (26), the simple relation Esh ¼ G0 of the Kelvin model being inapplicable.
The data obtained in angle-ramp and oscillatory regimes are mutually complementary. The main advantage of the angle-ramp regime is that it indicates the
type of the model, which can provide an adequate description of the system’s rheological behavior. In our case, the data obtained in the angle-ramp regime comply
with the Maxwell (rather than the Kelvin) model; see Fig. 6 and the related text,
as well as preceding studies.17,18,36 For protein layers, the main disadvantage of the
angle-ramp regime is that the reproducibility of the results is not so high. This
demands the measurements to be carried out many times and to take average values.
The most probable reason for the lower reproducibility is that the rheology of the
protein adsorption layers is sensitive to the surface age, i.e. to the prehistory.
Conversely, in the oscillatory regime a steady-state periodic strain is imposed, which
makes inessential the prehistory of the protein layer. The main advantage of the
oscillatory regime is in the enhanced reproducibility of the experimental results.
However, in this regime it is difficult to identify the adequate rheological law. A
combination of data obtained using the two kinetic regimes allows one to avoid
the aforementioned problems.
The Maxwell model, applied to protein adsorption layers, effectively describes the
simultaneous stretching, breakage and restoration of intermolecular bonds upon
shearing. As seen in Fig. 12a, with the increase of the rate of strain, the elasticity,
This journal is ª The Royal Society of Chemistry 2012
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Esh, initially increases, reaches a maximum, and then decreases. The initial increase
View Online
can be interpreted with a predominant effect of stretching, whereas the decrease at
higher shear rates—with predominant breakage of intermolecular bonds, which
leads to softening of the adsorption layer. It is remarkable that the HFBII layer
(without added b-casein) has elasticity which is insensitive to the shear rate in a relatively wide range. The addition of b-casein results in a markedly lower elasticity
(Fig. 12a), whereas the viscosity of the b-casein containing layers becomes smaller
only at the higher rates of strain (Fig. 12b). This evidences for the intercalation of
b-casein molecules in the voids of the HFBII adsorption layer that have been detected by microscopic observations.31,45,46 Despite the voids, at the investigated
concentrations the HFBII certainly forms an interconnected network at the surface.
If this network is broken, then Esh should be considerably lower, as for b-casein
alone (see Section 2).
The generalization of the Maxwell model to the case of variable hsh and Esh is
nontrivial. The experiment (Fig. 6) indicates that this can be achieved by postulating
variable hsh and Esh in eqn (11), which leads to the combined Maxwell–Hershel–
Bulkley model, as described above.
A different approach to the generalization of the Maxwell model could be attempted by postulating variable hsh and Esh in eqn (8). In such a case, instead of eqn (11),
one obtains:
d ssh
ssh dg
¼
ð Þþ
hsh
dt Esh
dt

(31)

_ eqn (31) leads to the appearance of the derivative
Because Esh ¼ Esh(|g|),
_
dEsh dEsh djgj
¼
_ dt
dt
djgj

(32)

_
_ is
The derivative d|g|/dt
is a discontinuous function at g_ ¼ 0 [we recall that g(t)
a sinusoid]. However, the experimental ssh(t) dependence is a continuous and
smooth function, which means that the postulate used to obtain eqn (31) is in
conflict with the experiment.
4.5.2. Comparison of the viscoelastic behavior of different protein adsorption
layers. Table 4 shows data for the effect of concentration of added b-casein on the
rheological parameters of mixed adsorption layers from solutions containing
0.005 wt% HFBII. The values of m determined from fits like those in Fig. 10 are
increasing with the rise of b-casein concentration, which indicates faster fluidization
with the rise of the shear rate. The values of hnchi, hEshi and hhshi in Table 4 are
calculated from m, G0 and G00 by means of eqn (13), (26) and (30) and correspond
to amplitude ga ¼ 1.74 mrad and oscillatory frequency n ¼ 1 Hz. The characteristic

Table 4 Effect of the concentration of added b-casein on the rheological parameters of adsorption layer from a 0.005 wt% HFBII; the values of hnchi, hEshi and hhshi correspond to ga ¼ 1.74
mrad and n ¼ 1 Hz
b-casein (wt%)

m

hnchi (s1)

hEshi (mN m1)

hhshi (N.s/m)

0.015
0.030
0.045
0.070

0.81
0.82
0.91
0.98

1.10
1.16
1.23
2.06

133
111
124
79.5

0.110
0.082
0.101
0.039
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frequency hnchi increases with the rise of b-casein concentration. In addition, hE
View
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and hhshi exhibit a tendency to decrease (excluding the point at 0.045 wt% HFBII).
In general, the data in Table 4 indicate an increasing fluidization (softening) of the
mixed protein adsorption layer with the rise of the b-casein concentration.
The difference between the values of m at 0.030 wt% b-casein concentration in
Tables 3 and 4 is due to the fact that the data in Table 4 have been obtained with
another sample of b-casein, the one that was used in ref. 36.
For HFBII, G0 is ca 10 and 100 times greater than for BLG and b-casein,
respectively.11 However, the difference between the values of hnchi in Fig. 10c is
not so great, especially for BLG and HFBII. This is due to the fact that hnchi ¼
hEshi/hhshi, and the softening of the adsorption layer may lead to a decrease of
both hEshi and hhshi, so that the changes in their ratio hnchi can be not so significant. For this reason, the viscoelastic properties of protein adsorption layers
should be characterized by the dependencies of two parameters, e.g. hnchi and
hEshi, on the shear rate.
Our experiments have been carried out at a fixed temperature, 25  C. The
investigation of the temperature dependence of hnchi, hEshi and hhshi can be
a subject of a subsequent study. If the increase of temperature also leads to softening of the adsorption layers, then the strain rate could be interpreted as an
effective temperature, as in the studies on concentrated particle suspensions
(colloidal glasses).47,48
4.5.3. Applications to long-term foam stability. The experiment shows that the
main reason for the decay of foams formed from protein solutions is the phenomenon foam disproportionation (Ostwald ripening).49,50 This phenomenon is related
to the transfer of gas across the foam films from the smaller to the bigger bubbles
driven by the higher pressure in the smaller bubbles. As a result, the smaller bubbles
shrink and disappear, whereas the bigger bubbles grow. This process can be characterized by the rate of decrease of the volume V of a small bubble:51


dV
pc
1 2s
¼ kg A zkg A
dt
pa R
pa

(33)

where t is time, A is the film area, pa ¼ const. is the atmospheric pressure; pc z 2s/R
is the capillary pressure with s being the surface tension; R is the bubble radius, and
kg is the permeability of the film to gas. Dense viscoelastic protein adsorption layers
on the bubble surfaces can suppress the foam disproportionation in two ways: (i)
decrease of the surface tension, s, and (ii) decrease of the permeability kg; see eqn
(33). Indeed, upon the bubble shrinking the protein layer on its surface is spontaneously compressed and solidifies, and can have a very low surface tension, which is
evidenced by the appearance of wrinkles on the bubble surface.9,52 Second, the solidification of the protein adsorption layer can lead to a significant decrease of the
permeability of the foam films to gases, kg. The main reason for that is the low solubility and diffusivity of the gas molecules in the respective condensed adsorption
layer, which has solid rather than fluid molecular packing.50 In this respect, better
foam-stabilizing effect is expected from adsorption monolayers of higher Esh and
lower nch that indicate a higher rigidity of the film.
Experimentally, solidification phase transition of a HFBII adsorption layer was
detected upon increase of the surface pressure ps (and surface coverage) by means
of the pendant-drop method.53 At 25  C, the transition occurs at ps z 22 mN m1.
It is registered by the sharp increase of the error of the fit of the pendant-drop profile
by the Laplace equation of capillarity. This effect is explained with the fact that the
solidified protein adsorption layer has an anisotropic tensorial surface tension,
whereas the Laplace equation presumes isotropic surface tension.52,54 The same
method53 could be applied to investigate the temperature dependence of the solidification phase transition for adsorption layers of various proteins.
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5.1. Effects of the frequency and strain amplitude
Here, our goal is to investigate the behavior of the protein adsorption layers at
higher values of the rate of strain g_ ¼ gau cos(ut). The amplitude gau can be
increased by raising either the strain ga, or the angular frequency u ¼ 2pn.
Fig. 13a and b show plots of the experimental data for the stress ssh(t) vs. strain
g(t) (Lissajous plot) corresponding to the same frequency, n ¼ 1 Hz, but to two
different strain amplitudes: ga ¼ 1.05 and 2.10%. The respective rate-of-strain amplitudes are gau ¼ 0.066 and 0.132 s1. The non-elliptical (parallelogram-shaped) Lissajous curves in Fig. 13a and b indicate that the rheological response of the layer is
nonlinear (see Section 3.1 above).
Fig. 13c shows a similar Lissajous plot of the experimental data from Fig. 2b obtained at a higher frequency, n ¼ 4 Hz, but at a lower strain amplitude, ga ¼ 0.174%,
so that the rate-of-strain amplitude is gau ¼ 0.044 s1, i.e. it is smaller than those
corresponding to Fig. 13a and b. The scattered points in Fig. 13c (the lack of Lissajous curve) imply that there is no definite relation between the stress and strain in this
specific case. This could be interpreted as breakage of the elastic network formed by
the adsorbed hydrophobin molecules at the air/water interface. The solid line (the
ellipse) in Fig. 13c represents the sinusoid that is drawn as fit of the data in
Fig. 2b. The comparison of the three plots in Fig. 13 indicates that at comparable
rates of strain the increase of the frequency u damages the viscoelastic adsorption
layer easier than the increase of the strain amplitude, ga.
5.2. Fits of the Lissajous curves with the theoretical model
Here, our aim is to demonstrate that the combined Maxwell–Herschel–Bulkley
model, based on eqn (11) and (18) can provide a quantitative description of the
experimental Lissajous curves in the case of nonlinear response, as in Fig. 13a and b.
In the case of nonlinear response, the use of Fourier expansions, like eqn (6), is not
convenient, because of the appearance of two infinite series of coefficients, Gk and
Gk, k ¼ 1, 3, 5, .. Instead, we could integrate the basic equation of the Maxwell
model, eqn (11). Substituting g_ ¼ gau cos(ut), we bring eqn (11) in the form:
0

00

dssh nch
þ ssh ¼ Esh ga cosx
dx
u

(34)

where x h ut. Applying the known formula for the solution of a linear first-order
differential equation, from eqn (34) we obtain:
ðx
ssh ðxÞ ¼ f ðxÞ½ssh ð0Þ þ ga
0

ðx
where f ðxÞhexp½

Esh ð^xÞ
cos^xd^x
f ð^xÞ

(35)

nch ð^xÞ ^
dx
u

(36)

0

^x and ssh(0) are, respectively, integration variable and constant. For a periodic variation of the stress, we have ssh(0) ¼ ssh(2p). Then, eqn (35) gives an expression for
determining the integration constant:
ssh ð0Þ ¼

ga f ð2pÞ
1  f ð2pÞ
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2ðp

0

Esh ðxÞ
cosxdx
f ðxÞ

(37)
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Fig. 13 Lissajous plots of experimental data for the stress vs. strain. The dashed lines are
_ determined in quasi-linear regime (section 4). The solid lines
drawn using m, Q and Esh(g)
are fits by means of eqn (35)–(37) using m, Q and Esh as adjustable parameters. (a) Data
from Fig. 3a for n ¼ 1 Hz and ga ¼ 1.05%; (b) Data from Fig. 3b forn ¼ 1 Hz and ga ¼
2.10%. (c) Data from Fig. 2b for n ¼ 4 Hz and ga ¼ 0.174%; in this special case the solid
line represents the sinusoidal fit in Fig. 2b.
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Table 5 Comparison of parameters determined from the fits of data in Fig. 13a and b (0.005
wt Online
View
% HFBII, nonlinear response) with the respective values for quasi-linear response (the first line)
gau (s1)

m

Q (sm1)

Esh (mN m1)

hnchi (Hz)

hhshi (mN.s/m)

<0.033
0.066
0.132

0.88
0.58
0.45

134
83
80

$ 133
137
137

# 3.06
9.81
20.5

$ 17.3
14.0
6.7

The dashed lines in Fig. 13a and b are calculated from eqn (35)–(37) using m, Q
_ determined in quasi-linear regime (Section 4). In particular, nch is calcuand Esh(g)
lated from eqn (18) with m and Q from Table 3. In addition, Esh is calculated from
eqn (27) and (28) with g_ ¼ gau cosx. As seen on Fig. 13a and b, the theoretical curves
calculated in this way do not agree with the experimental data.
To fit the data in Fig. 13a and 13b, we calculated ssh from eqn (35)–(37) using m, Q
and Esh as adjustable parameters. In particular, nch(x) was calculated from the modified Herschel–Bulkley law, eqn (18) with g_ ¼ gau cosx. For Esh(x) we cannot use the
empirical expression, eqn (27), because it has been obtained as a fit at lower shear
rates. Unlike the viscosity hsh, the elasticity Esh is not varying too much, so that
a reasonable approximation is to substitute Esh ¼ const. in eqn (35) and (37) and
to determine its value as an adjustable parameter (an averaged elasticity) from the
fit. The best fits are shown by solid lines in the respective figures, and the obtained
parameters are given in Table 5. It is curious that the same values of Esh were obtained from the fits of the data corresponding to the two different ga. Furthermore,
substituting the obtained m and Q in eqn (23)–(24), we obtain hnchi. Finally, the
averaged viscosity is calculated from the expression hhshi ¼ Esh/hnchi. The obtained
values are given in Table 5.
The first line of Table 5 shows parameter values corresponding to quasi-linear
response; the maximal value of hnchi (from Fig. 10a) and the minimal values of of
Esh and hsh (from Fig. 11a) are given for comparison. The last two lines of Table
5 show the parameters corresponding to the fits of the data in Fig. 13a and b. The
results show that hnchi increases with the rise of the rate-of-strain amplitude gau,
which indicates an increasing fluidization of the adsorption layer (see Section 4.5).
In addition, the last column of Table 5 indicates shear thinning, as it should be expected.
Fig. 14 compares the values of m and Q in the cases of quasi-linear and nonlinear
rheological response of the HFBII adsorption layer. In the case of quasi-linear
response, the values of m and Q are constant, independent of the rate-of-strain
amplitude, gau. In the case of nonlinear response, both m and Q are decreasing
with gau. This could be explained with structural changes in the adsorption layer
that appear at rate-of-strain amplitudes gau > 0.033 s1. In Fig. 13c, the lack of
a definite stress-vs.-strain dependence indicates that at higher frequencies the viscoelastic network of interconnected protein molecules at the interface can be destroyed.
In conclusion, the application of the combined Maxwell–Herschel–Bulkley model
to the case of nonlinear response allows one to determine the elasticity and viscosity
of the layer (Table 5) by fitting the Lissajous curves (Fig. 13a and b) with eqn (35)–
(37). In this case the parameters m and Q of the modified Herschel–Bulkley law
depend on the rate-of-strain amplitude, which indicates structural changes in the
adsorption layer that precede its breakage. So, our recommendation is the comparison of different protein adsorption layers to be carried out in the regime of quasilinear response, where the layer behaves as a viscoelastic body characterized by
constant rheological parameters Q and m in a relatively wide range of shear-rate
amplitudes; see Fig. 10 and 14.
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Fig. 14 Plots of m and Q from Table 5 vs. the experimental rate-of-strain amplitude. These
two parameters are constant in the region of quasi-linear response (the line in Fig. 10a), but
both of them decrease in the region of nonlinear response (Fig. 13a and b).

6. Conclusions
A rheological model of viscoelastic protein adsorption layers is developed, which
allows one to determine the interfacial shear elasticity and viscosity, Esh and hsh,
_ which are the same irrespective of the
as universal functions of the shear rate g,
used kinetic regime: angle ramp or oscillations. In general, experiments in different
regimes give different values of Esh and hsh, but the present analysis shows that the
_ and hsh(g).
_ Experobtained experimental points must lay on universal curves Esh(g)
imental stress-vs.-strain dependences were obtained for adsorption layers of the
protein hydrophobin HFBII and its mixture with b-casein. These protein layers
exhibit a well pronounced viscoelastic behavior, which is usually characterized by
the phenomenological storage and loss moduli, G0 and G00 .9–11 These moduli depend
on two kinetic parameters, frequency and amplitude of oscillations, and it has been
unclear how they are related to the true surface shear elasticity and viscosity. Our
analysis of data in both angle-ramp and oscillatory regimes revealed that the rheological behavior of the system obeys a combined Maxwell–Herschel–Bulkley model.
In the angle-ramp regime, the fits of the experimental rheological curves give directly
Esh and hsh. Their ratio, nch ¼ Esh/hsh, represents a characteristic frequency of the
system’s rheological response. In oscillatory regime, these three quantities are
_ hsh(g)
_ and nch(g).
_ Because the latter
universal functions of the rate of strain: Esh(g),
functions exhibit periodic variations, the comparison with the angle-ramp regime
has to be made in terms of the average values of the respective quantities, hEshi, hhshi
and hnchi, defined as described in the text. A complete agreement between the results
obtained in the two different kinetic regimes has been achieved. It turns out, that
_ m, in a wide
only hnchi obeys a simple law of Herschel–Bulkley type, hnchi ¼ Qhgi
_
range—more than three orders of magnitude; see Fig. 10. The dependences Esh(g)
_ are more complex than the simple Herschel–Bulkley power law for hnchi.
and hsh(g)
The determination of the basic rheological parameters Q and m allows comparison
of different viscoelastic protein layers. Q and m can be determined from the exper_ and hsh(g),
_ and
imental data for the moduli G0 and G00 , and subsequently, Esh(g)
their average values, hEshi and hhshi, can be calculated. The characteristic frequency
nch plays a central role in the rheological model. Its value, 0 < nch < N, characterizes
the softness/rigidity of the medium (0 ¼ elastic layer; N ¼ viscous fluid layer).
Despite the nonlinear character of the Herschel–Bulkley law, the protein adsorption
layers exhibit a quasi-linear rheological response in a wide range of shear-rate amplitudes. However, at greater amplitudes nonlinear effects appear, which are detected
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by the presence of a non-negligible third harmonic in the Fourier expansion of sshView
(t), Online
and by a non-elliptic (parallelogram shaped) Lissajous plot. The combined
Maxwell–Herschel–Bulkley model can be applied also to the regime of nonlinear
response, but in this case the parameters Q and m become dependent on the rateof-strain amplitude. In general, the nonlinear rheological response indicates structural changes in the protein adsorption layer caused by the more intensive shearing,
which leads to breakage of the interfacial viscoelastic network at sufficiently high
frequencies. For this reason, it is recommended to investigate the rheology of protein
adsorption layer in the regime of quasi-linear response, for which the layer is char_ and hsh(g)
_
acterized with constant Q and m, as well as with representative Esh(g)
dependencies. The results can be utilized for the optimization and control of the
properties of fluid dispersions stabilized by protein adsorption layers. From a formal
viewpoint, the developed approach can be applied to any viscoelastic continuum,
not necessarily a protein layer.
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