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ABSTRACT: The surface shear rheology of hydrophobin HFBII adsorption layers is studied in angle-ramp/relaxation regime by
means of a rotational rheometer. The behavior of the system is investigated at different shear rates and concentrations of added
β-casein. In angle-ramp regime, the experimental data comply with the Maxwell model of viscoelastic behavior. From the fits of
the rheological curves with this model, the surface shear elasticity and viscosity, Esh and ηsh, are determined at various fixed shear
rates. The dependence of ηsh on the rate of strain obeys the Herschel−Bulkley law. The data indicate an increasing fluidization
(softening) of the layers with the rise of the shear rate. The addition of β-casein leads to more rigid adsorption layers, which
exhibit a tendency of faster fluidization at increasing shear rates. In relaxation regime, the system obeys a modified Andrade’s
(cubic root) law, with two characteristic relaxation times. The fact that the data comply with the Maxwell model in angle-ramp
regime, but follow the modified Andrade’s low in relaxation regime, can be explained by the different processes occurring in the
viscoelastic protein adsorption layer in these two regimes: breakage and restoration of intermolecular bonds at angle-ramp vs
solidification of the layer at relaxation.

1. INTRODUCTION
The interfacial rheology of protein adsorption layers has been a
subject of intensive studies in relation to the properties of
protein-stabilized emulsions,1−6 foams,7−9 and mixed systems
such as lipids + proteins10,11 and surfactants + proteins.12−17

Detailed information on the investigated systems, experimental
techniques, and theoretical models can be found in review
articles on interfacial shear rheology.17−22

The subject of the present study is the rheological behavior of
adsorption layers from the protein HFBII hydrophobin at the
air−water interface. The most remarkable property of the HFBII
layers is that they solidify soon after their formation and that
their surface shear elastic and viscous moduli are considerably
higher than those for other proteins.9 Bubbles formed in HFBII
solutions preserve the irregular (nonspherical) shape they have
had at the moment of solidification of their surfaces.23 Foams
composed of such bubbles exhibit an exceptional stability.8 This
is related to the fact that the solidification of the adsorption

layers at the bubble surfaces suppresses the foam disproportio-
nation. From a mechanical viewpoint, the indicator for
solidification is the surface shear elasticity, Esh, which is zero
for fluid interfaces but has nonzero values for solidified (elastic
or viscoelastic) adsorption layers. Comprehensive information
on the properties of hydrophobins and their applications can be
found in recent publications.23−33

In general, the surface shear elasticity is due to the formation
of lateral bonds between the adsorbed molecules. For a medium
with viscoelastic behavior, the interfacial shearing leads to
breakage and restoration of such bonds. However, a prolonged
and intensive shearing may reduce Esh and cause softening, and
even fluidization, of the protein adsorption layer. After ceasing
the external mechanical impact, the layer solidifies again and the
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interfacial stresses might relax completely or incompletely.34−36

The process of relaxation (solidification) and its characteristic
time are important for the longevity of protein-stabilized foams
and emulsions.
In the present article, we report results from the investigation

of the shear rheology of HFBII adsorption layers at the air−
water interface by means of a rotational rheometer in angle-
ramp/relaxation regime. To minimize the external impact on the
surface viscoelastic properties, the angle-ramp is carried out at
the smallest shear rates that are achievable with the used
apparatus. Adopting an adequate rheological model, from the
obtained data we determine the surface shear elasticity and
viscosity of the HFBII adsorption layers. In addition, from the
data obtained in the relaxation regime, the characteristic time of
surface solidification is determined. The effects of the shearing
time and rate, as well as of added β-casein, on the rheological
behavior are investigated. The results obtained in angle-ramp/
relaxation regime will be compared with results obtained in
oscillatory regime in a subsequent study.

2. MATERIALS AND METHODS
In our experiments, the protein HFBII was used, which is a class II
hydrophobin isolated from the fungus Trichoderma reesei following
the procedure described in ref 23. A stock solution of concentration
0.1 wt % HFBII was prepared. Before each experiment, the stock
solution was sonicated in an ultrasonic bath for 5 min to break up the
protein aggregates and then it was diluted to 0.005 wt %. Just before
its loading in the rheometer, the diluted solution was also sonicated,
to break up newly formed aggregates. All experiments were performed
at a temperature of 25 °C.
The used β-casein was supplied by Sigma (β-casein from bovine milk,

minimum 90%, cat. No: C6905). The mixed solutions of β-casein and
HFBII were prepared with 0.005 wt % HFBII at different β-casein
concentrations ranging from 0.015 to 0.135 wt %. Taking into account
the molecular weight of β-casein (24 000 g/mol) and that of HFBII
(7200 g/mol), the molar ratio β-casein/HFBII in the used solutions
ranged from 0.9 to 8.1.
For each solution, the experiment was repeated at least three times.

Before each run, the solution in the experimental cell was replaced
with a newly prepared solution. After its loading, 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.2,4,12,14,37,38 For this reason, in our experi-
ments the aging time was the same, 5 min in all runs. Similar aging
time has been used by other authors.4

The measurements were carried out with a rotational rheometer
Bohlin Gemini, Malvern UK. This rheometer is equipped with a biconical
tool (see Figure 1) for interfacial shear rheology measurements. The
biconical 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 bicone is
R1 = 2.81 cm; the inner radius of the wall of the cylindrical cell is R2 =
3.0 cm, and the distance between them is ΔR = 0.19 cm. The latter
represents the width of the ring-shaped HFBII adsorption monolayer that
is subjected to shear deformation.

In angle-ramp/relaxation regime, the rotation angle θ increases with
a constant speed θ̇ ≡ dθ/dt, and afterward, θ is kept constant (θ̇ ≡ 0)
and the torque τ relaxes. During the whole experiment, θ and τ were
recorded as functions of time t. This regime is one of the operation
modes of this class of rheometers,39 but to the best of our knowledge,
it has not been applied for investigating the rheology of protein
adsorption layers so far.

To protect the elastic protein adsorption layer against disruption, we
carried out the experiments at very low angular velocities (0.009 ≤ θ̇ ≤
0.28 mrad/s), which are at the lower limit of velocities achievable by
the used apparatus. The test measurements at the surface of pure water
give τ = 0 for θ̇ ≤ 0.28 mrad/s, i.e. there is no rheological response (or
it is below the accuracy threshold of the used apparatus). This is not
surprising, because the aqueous phase is a viscous fluid whose
rheological response is proportional to the velocity and is extremely low
at the low velocities used in our experiments. In contrast, the elastic
response of the hydrophobin adsorption layer is proportional to θ
(rather than to θ̇), so that its rheological response is registered with a
good accuracy by the apparatus (see below). In other words, the
measured torque is completely due to the viscoelastic adsorption layer,
and it is experimentally confirmed that the viscous friction with the
subphase is completely negligible at the used very low rotation rates.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Effect of the Shearing Time. The typical behavior of
the investigated systems in angle-ramp/relaxation regime is
shown in Figure 2 for 0.005 wt % HFBII solutions. The torque
τ increases with the increase of the rotation angle θ, and
afterward, τ relaxes at fixed θ. The values of θ and t, which
correspond to the end of the angle ramp (and the beginning of
relaxation), are denoted by θb and tb. In Figure 2, we compare
three rheological curves obtained at three different values of the
rotation (shearing) time, tb = 200, 400, and 800 s, all other
conditions being the same. For the experimental (relatively
low) shear rate, θ̇ = 35 μrad/s, the rheological behavior of the
HFBII layers is insensitive to tb for t < tb. In relaxation regime
(t > tb), it seems that the three curves in Figure 2 have different
behavior, but in fact they correspond to the same characteristic
relaxation time; see section 5.1 below.
For the measurements with hydrophobin layers in angle-

ramp/relaxation regime, it is typical that if one experiment is
repeated many times, the reproducibility of the obtained τ-vs-t
curves is not perfect. Most of the experimental curves obtained
under identical conditions are close to each other, but there
are also curves that markedly deviate from the other ones.

Figure 1. Sketch of the used rotational rheometer with biconical tool: (a) vertical cross-section and (b) top view. The dimensions are R1 = 2.81 cm
and ΔR = R2 − R1 = 0.19 cm.
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Possible sources of irreproducibility are the aggregation in the
HFBII solutions and the formation of a stiff adsorption layer
with many voids27,40,41 (the area fraction and size-distribution
of the voids are irreproducible). Another source of irrepro-
ducibility can be the attachment of HFBII aggregates to the
adsorption layer23,24,27,42,43 and the formation of local multi-
layered spots on the interface. Here, we present only experi-
mental curves that exhibit repeating behavior, whereas the
curves with anomalous behavior have been ignored.
3.2. Effect of the Shearing Rate. Figures 3 and 4 show

experimental results for the torque, τ, vs time, t, at different
values of the angular velocity, θ̇. The two investigated systems
are solutions of HFBII (Figure 3) and HFBII + β-casein
(Figure 4). The reproducibility of the experiments was higher
for the solutions with HFBII alone and lower for the solutions
of HFBII + β-casein. The six curves in each figure correspond
to six different fixed values of θ̇, which vary from 8.73 to 280
μrad/s. For each of the two systems, the greater shearing rate, θ̇,
leads to a greater value of the measured torque, τ. For all θ̇,
the angle-ramp regime ends at the same rotation angle θ = θb =
14 mrad and after that the adsorption layer relaxes at θ̇ = 0.
At the lowest angular velocity θ̇, the shearing time is tb = θb/θ̇ =
1604 s, whereas at the highest θ̇ the shearing time is only tb =
50 s. Because of this difference, the data in Figures 3a and 4a are
shown in logarithmic scale along the horizontal axis to visualize
the rheological response of the adsorption layer at the early
times (t < tb). In addition, to compare the experimental curves
at intermediate and long times (t ≥ tb), the data for τ are plotted
vs the dimensionless time t/tb in Figures 3b and 4b. The latter
plots visualize also the dependence of the torque, τ, on the
rotation angle, θ, insofar as in angle-ramp regime t/tb = θ/θb,
and θb is the same for all runs in Figures 3 and 4. These figures
present the basic set of data for testing different rheological
models in sections 4 and 5.
At the higher angular velocities, some of the experimental

curves exhibit small undulations, which are better visible in
Figure 3b. They are due to the action of the mechano-electronic
feedback built in the apparatus, which keeps constant the
rotation velocity in angle-ramp regime.
3.3. Effect of Added β-Casein. Figure 5 shows the effect

of added β-casein on the HFBII adsorption layers. On the one
hand, for 0.1 wt % β-casein solution (without HFBII), the
measured torque is so low, that it cannot be registered by
the used apparatus; see the horizontal experimental curve at the

bottom of Figure 5. On the other hand, if HFBII is present the
effect of β-casein on the measured shear stress is relatively weak.
Hence, despite the presence of β-casein, HFBII forms elastic
layer at the air/water interface. Note that in this series of
experiments, the β-casein weight concentration is up to 27 times
greater that of HFBII. Under such conditions, the weak effect of
β-casein (Figure 5) indicates (i) greater surface activity of HFBII
and (ii) weak interaction between HFBII and β-casein. Indeed,
in the opposite case of strong adhesive interaction between
the two proteins, most of the HFBII molecules would be
incorporated in joint aggregates with β-casein in the bulk, so
that HFBII would not be able to form a dense adsorption layer,
which contradicts the experimental results. A further discussion
of the data in Figure 5 can be found in section 4.3.

4. ANGLE-RAMP REGIME: DATA INTERPRETATION

4.1. Comparison with the Maxwell Model. In angle-
ramp regime, at the early times (t ≪ tb), we do not observe
indications for the existence of yield-stress effects. The shapes
of the experimental curves in Figures 2−5 look like the curves
predicted by the Maxwell model; see Figure 6. (In angle-ramp
regime, the alternative Kelvin model predicts a linear increase
of τ with time, which is inconsistent with the experimental
results.) In the Maxwell model, the total strain, θ, is equal to the

Figure 2. Experimental curves obtained in angle-ramp/relaxation
regime: plots of the torque, τ, vs time, t, for aqueous solutions of 0.005
wt % HFBII at the same shear rate, θ̇ = 35 μrad/s at t < tb, but at three
different shearing times: tb = 200, 400, and 800 s. The relaxation of
τ happens at a fixed rotation angle: θ̇ = 0 at t > tb.

Figure 3. Data for adsorption layers from 0.005 wt % HFBII solutions.
(a) Plot of the torque τ vs time t at six different angular velocities, θ̇,
denoted in the figure. For all curves, the angle ramp ends at the same
rotation angle θ = θb = 14 mrad, and after that the adsorption layer
relaxes at θ̇ = 0. (b) The same data are plotted vs t/tb, where the time
moment tb ≡ θb/θ̇ corresponds to the boundary between the angle-
ramp and relaxation regimes.
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sum of the deformations of the elastic and viscous elements. In
terms of rates-of-strain, this relationship reads as follows:

τ + τ
η

= θ̇
G t
1 d

d (1)

where G and η are, respectively, elastic and viscous coefficients.
In the conventional Maxwell model, G and η are independent

of time, t. Moreover, in the angle-ramp regime the shear rate θ̇
is also independent of t. Then, the integration of eq 1 gives the
following:

τ = ηθ̇ − −
η

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥

G
t1 exp

(2)

In the angle-ramp regime, t = θ/θ̇, so that eq 2 can be expressed
also in the form:

τ = ηθ̇ − − θ
ηθ̇

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥

G
1 exp

(3)

At each fixed angular velocity θ̇, the experimental τ-vs-θ curve
excellently agrees with eq 3 (see the regression coefficients in
Table 1). The fits are illustrated in Figure 7, for the two

investigated systems. From the fits, G and η have been
determined as adjustable parameters. The values of the surface
shear elasticity, Esh, and viscosity, ηsh, are determined from G and
η as follows:4,44

= η = ηE g G g,sh f sh f (4)

≡
π

−
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟g

R R
1

4
1 1

f
1

2
2

2
(5)

gf is a geometric factor; R1 = 2.81 cm and R2 = 3.00 cm are the
inner and outer radii of the experimental ring-shaped interfacial
domain, which is subjected to shearing (Figure 1). With these
parameter values, eq 5 gives gf = 12.36 rad/m2. The advantage
from using a relatively narrow gap, ΔR = 0.19 cm, is that eq 5 is
applicable to systems of both linear and nonlinear rheological
response. If the ratio ΔR/R1 is not small and the system exhibits a

Figure 4. Data for adsorption layers from 0.005 wt % HFBII + 0.03 wt %
β−casein. (a) Plot of the torque τ vs time t at five different angular
velocities, θ̇, denoted in the figure. (b) The same data are plotted vs t/tb,
where the time moment tb ≡ θ.b/θ̇ corresponds to the boundary between
the angle-ramp and relaxation regimes, at which θ = θ b = 14 mrad for
all runs.

Figure 5. Effect of added β-casein on the torque, τ, vs time, t,
rheological curves in angle-ramp/relaxation regime at 0.005 wt %
HFBII; shearing time tb = 200 s; shear rate θ̇ = 35 μrad/s, and at
different concentrations of β-casein denoted in the figure.

Figure 6. Sketch of the Maxwell model of a viscoelastic body:
consecutively connected elastic element (spring) of modulus G and
viscous element (dash-pot) characterized by a viscous coefficient η.
The stress, τ, acting on the two elements is the same, whereas the total
strain, θ, equals the sum of the strains of the two elements.

Table 1. Parameters of the Maxwell Model Determined from
the Fits of the Data in Angle-Ramp Regime, t < tb (Figures 3
and 4)

θ̇ (μrad/s) Esh (mN/m) ηsh (N·s/m) regr coeff

0.005 wt % HFBII
8.73 142 ± 5 30.7 ± 0.9 0.9991
17.5 187 ± 8 19.9 ± 0.6 0.9990
35 224 ± 8 9.8 ± 0.4 0.9987
70 153 ± 6 5.6 ± 0.3 0.9985
140 158 ± 6 3.0 ± 0.1 0.9970
280 248 ± 8 1.8 ± 0.1 0.9917
0.005 wt % HFBII + 0.03 wt % β-casein
8.73 46 ± 3 24.1 ± 0.9 0.9990
17.5 72 ± 8 13.7 ± 0.3 0.9983
35 96 ± 8 9.1 ± 0.3 0.9963
70 108 ± 4 5.5 ± 0.1 0.9984
140 234 ± 8 3.4 ± 0.1 0.9985
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nonlinear response (e.g., shear thinning), then gf becomes
dependent also on the layer’s specific rheological properties and
the simple eq 5 is not applicable. For narrow gaps, the meniscus
in the gap might not be perfectly flat, which would result in larger
effective ΔR and gf. We carried out test measurements at ΔR =
0.10 and 0.19 cm, which gave identical results, so that the effect of
meniscus seems to be inessential.
The results for Esh, and ηsh, are given in Table 1. Esh varies in

the range from 50 to 250 mN/m. These values are large as
compared to those measured for other proteins. For example,
Esh ≤ 38.2 mN/m was measured for β-lactoglobulin.45 The
errors of Esh and ηsh in Table 1 reflect the reproducibility of the
experiment, rather than the accuracy of the separate measure-
ment. If these errors are determined from a separate fit
(Figure 7), then their values are smaller than those in Table 1.
4.2. Comparison with the Herschel−Bulkley Law. In

Table 1, the surface shear viscosity, ηsh, systematically decreases
with the rise of the shear rate θ̇ (shear thinning). As seen in
Figure 8a, the data for ηsh obey the Herschel−Bulkley law:46

τ = θ̇ = η θ̇ ⇒ η = θ̇ −K Kn n
sh sh sh

1
(6)

In eq 6, τsh ≡ gfτ is the shear stress; K is the consistency and n is
the flow behavior index; n < 1 for shear thinning, whereas n > 1
for shear thickening. The values of K and n determined from
the fits in Figure 8a are given in Table 2.
Figure 8b compares the values of the shear elasticity, Esh, for

HFBII adsorption layers without and with β-casein. At the
lower θ̇, the elasticity is greater for the HFBII layers, whereas at

the higher θ̇, the elasticities for the two systems become
comparable.
Figure 8c, shows the ratio νch ≡ Esh/ηsh, which represents the

characteristic frequency of the rheological response of the layer.
(tch ≡ 1/νch is the respective characteristic time.) In the
framework of the Maxwell model (see Figure 6), an elastic body

Figure 7. Examples for fits (the solid lines) of experimental data for
torque τ vs angle θ with the Maxwell model. (a) 0.005 wt % HFBII;
(b) 0.005 wt % HFBII + 0.03 wt % β-casein. The values of the angular
velocity θ̇, and of G and η determined from the fits are shown in the
figure for the respective curves.

Figure 8. Plots of (a) the shear viscosity, ηsh, (b) the shear elasticity,
Esh, and (c) the characteristic frequency of the layer’s rheological
response, νch, vs the rate of strain (angular velocity) θ̇ for 0.005 wt %
HFBII with and without added β-casein. The lines are fits with the
power functions shown in the figure.

Table 2. Parameters in Equations 6 and 7 Determined from
Fits of the Data in Figure 8

solution
K N·s/m/
(μrad/s)1−n n m pa

Q
(sm−1)

0.005 wt % HFBII 202 ± 18 0.16 ± 0.02 0.92 ± 0.07 0.08 663
0.005 wt % HFBII +
0.03 wt %
β-casein

106 ± 6 0.30 ± 0.02 1.22 ± 0.09 0.52 139

ap is calculated from the relationship p = m + n − 1.
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corresponds to Esh → const, ηsh → ∞, and consequently νch =
Esh/ηsh → 0. In the other limit of a purely viscous fluid, we have
Esh → ∞, ηsh → const, and consequently νch → ∞. Hence, the
characteristic frequency, varying in the range 0 < νch < ∞ (0 =
purely elastic body; ∞ = viscous fluid), provides a quantitative
measure for the degree of softness (fluidity) of the investigated
viscoelastic adsorption layers. In this respect, the increase of νch
with the rate of strain in Figure 8c indicates fluidization of the
adsorption layer upon increasing of the shear rate. The addition
of β-casein leads to more rigid layers at the lower rates of strain,
but the difference becomes smaller at the higher rates of strain.
In analogy with eq 6, the data in Figures 8b and 8c can be

also fitted with power functions:

= θ̇ ν = θ̇E A Q,p m
sh ch (7)

Because νch ≡ Esh/ηsh, by definition we have p = m + n − 1.
Parameter values determined from the fits are shown in
Table 2. The fits in Figure 8b indicate the general tendency of
the elasticity Esh to increase with θ̇ in the investigated range of
shear rates. The scattering of the Esh values, especially for the
layer from pure HFBII, is most probably due to the lower
reproducibility of the respective measurements. The β-casein
containing layers exhibit a faster tendency of fluidization with
the rise of θ̇compare the values of m in Table 2.
The variation of viscosity ηsh and elasticity Esh with the shear

rate θ̇ (see eqs 6 and 7 and Figure 8) is not in conflict with the
use of the Maxwell model to fit the data (Figure 7). Indeed, in
the angle-ramp regime θ̇ = const for each run, so that ηsh(θ̇) =
const and Esh(θ̇) = const for each experimental curve, like those
in Figure 7.
4.3. Effect of β-Casein Concentration. Figure 9 shows

the effect of β-casein concentration on Esh and ηsh at shear rate

θ̇ = 35 μrad/s and shear time tb = 200 s. At β-casein con-
centrations ≤0.03 wt %, the values of both Esh and ηsh are
practically the same as for HFBII alone. At β-casein
concentrations ≥0.045 wt %, Esh becomes smaller with about
80 mN/m, but still remains relatively high, ≥120 mN/m.
This behavior indicates that an adsorption layer of HFBII

is present at the air/water interface in all these experiments
(Figure 9). The constancy of Esh and ηsh at β-casein concentra-
tions ≤0.03 wt % indicates negligible adsorption of β-casein at such
low concentrations. Effects are detected at β-casein concentrations
≥0.045 wt %, at which both Esh and ηsh begin to decrease.

We could hypothesize that the β-casein forms a second
adsorption layer, below that of the hydrophobin. In addition,
β-casein molecules may fill the voids in the hydrophobin
monolayer thus affecting its rheological behavior. If the β-casein
molecules were able to break the continuous HFBII network at
the interface, this would lead to a dramatic drop of both Esh and
ηsh, but such a behavior is not observed in these experiments
(Figure 9). The physical picture that emerges from the data
analysis is that the adsorption from the mixed solutions of
HFBII + β-casein leads to a spontaneous formation of an
interfacial bilayer, which consists of a layer from the more
hydrophobic HFBII that faces the air phase, and a layer of the
more hydrophilic β-casein that faces the aqueous phase. It is
remarkable that if the two proteins are let to spontaneously
adsorb from the mixed solution, without external mechanical
impacts, they separate in the formed interfacial bilayer.
If the described HFBII/β-casein bilayer is subjected to a

more intensive or prolonged agitation, we may expect that the
two protein components will begin to mix. Indication for such
an effect is the value Esh = 96.3 mN/m (at θ̇ = 35 μrad/s and
0.03 wt % β-casein) in Table 1; the respective value in Figure 9
is Esh = 223 mN/m. This difference can be explained with the
fact that the value Esh = 96.3 mN/m is obtained at two times
longer shearing time, tb = 400 s (vs tb = 200 s for the value in
Figure 9). The experiments show that the agitation leads to a
pronounced softening of the mixed HFBII + β-casein
adsorption layers, which is observed also in oscillatory rheo-
logical measurements that will be reported in a subsequent
paper.

5. RELAXATION REGIME: DATA INTERPRETATION
5.1. Modified Andrade’s Cubic-Root Law. As described

above, in our experiments after the angle-ramp (shearing),
the torque τ relaxes at fixed rotation angle, θ = θb for t ≥ tb.
At relaxation, the τ-vs-t dependence is not exponential (as
predicted by the Maxell model), but follows a cubic-root
(Andrade’s) law.47−50 The data comply with the equation:

τ ≈ τ − Δ Δ ≡ −
⎡

⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤

⎦
⎥⎥

t
t

t t t1 ,b
r1

1/3

b
(8)

where tr1 is a relaxation time and τb is a characteristic value of
the torque. Note that the original Andrade’s law refers to the
time dependence of the strain of a solid subjected to load,
whereas in our case eq 8 describes the relaxation of the stress
upon solidification. This physical difference leads to different
signs before the cubic root: In the original Andrade’s law,47−49

this sign is plus, whereas in eq 8 the sign is minus. For this
reason, here eq 8, and its generalized form, eq 9, are termed
modified Andrade’s law.
The data in Figures 2−5 for τ vs t in relaxation regime (t > tb)

were fitted by eq 8, and the parameters τb and tr1 were
determined from the fits. For example, in Figure 10a, the data
from Figure 3 are plotted as τ/τb vs (Δt)1/3 in accordance
with eq 8. It is remarkable that the different relaxation curves in
Figure 3 collapse on a single master curve (Figure 10a). The
same happens with the data from Figure 4, which are plotted as
τ/τb vs (Δt)1/3 in Figure 10b. Each set of data is fitted with a
straight line in accordance with eq 8. The determined parameters
τb and tr1 are shown in Table 3. The values of the relaxation time
tr1 practically coincide for a given system at different angular
velocities of the shearing that has preceded the relaxation.

Figure 9. Effect of the addition of β-casein to 0.005 wt % HFBII
solutions on the surface shear elasticity, Esh and viscosity, ηsh, determined
from the best fits of the experimental curves in Figure 5 for angle-ramp
regime at a shear rate θ̇ = 35 μrad/s and shearing time tb = 200 s.
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For this reason, the data sets in Figures 10a,b are fitted with a
single straight line corresponding to the respective mean tr1 in
Table 3.
It should be noted that the cubic-root (Andrade-type)

relaxation does not begin immediately at t = tb, when the
shearing has been ceased. There is a transitional period of
5−10 s between the end of the angle-ramp regime and the
relaxation in accordance with eq 8. In Figures 10a,b, the
transitional period is manifested as deviations of the
experimental points from the linear dependence at the smallest
Δt. The points corresponding to the transitional regime have
been excluded when drawing the linear regressions in Figure 10.

The mean values of the characteristic relaxation (solid-
ification) time tr1 in Table 3 are about two times longer for the
adsorption layers with β-casein, in comparison with those for
HFBII alone. Hence, the data in Table 3 indicates that the
addition of β-casein decelerates the solidification of the
adsorption layer.
Table 4 shows the values of τb and tr1 for the stress relaxation

after shearing for three different time intervals, tb = 200, 400,

and 800 s, at the same shear rate θ̇ = 35 μrad/s; see Figure 2.
The results indicate that in the considered case τb and tr1 are
insensitive to tb.
Figure 10c shows plots of τ/τb vs (Δt)1/3 at different

concentrations of β-casein at the same θ̇ = 35 μrad/s. For each
separate β-casein concentration, the data comply very well with
a linear dependence. The slopes of the lines are different for
different β-casein concentrations. The determined values of the
parameters τb and tr1 are given in Table 5. The relaxation time tr1
exhibits a maximum at an intermediate β-casein concentration.

5.2. Long-Time Relaxation. The limiting transition Δt →
∞ in eq 8 yields τ→ −∞, which is physically meaningless. This
fact indicates that eq 8 represents a short-time asymptotics
of a more general expression describing the whole relaxation

Figure 10. Relaxation regime (t > tb): Plots of the dimensionless
stress, τ/τb, vs cubic root of time, (Δt)1/3, in accordance with eq 8. (a)
Data from Figure 3 for 0.005 wt % HFBII and (b) from Figure 4 for
0.005 wt % HFBII +0.03 wt % β-casein, at different shear rates θ̇ of the
preceding angle-ramp. (c) Data from Figure 5 for 0.005 wt % HFBII at
θ̇ = 35 μrad/s, and at different concentrations of added β-casein given
in the figure.

Table 3. Parameters of the Modified Andrade’s Model
(Equation 8) Determined from Fits of the Data in Relaxation
Regime, t > tb (Figure 10a,b)

0.005 wt % HFBII
0.005 wt % HFBII + 0.03 wt

% β-casein

θ̇ (μrad/s) τb (μN·m) tr1 (min) τb (μN·m) tr1 (min)

8.73 22.4 39.8 15.5 99.5a

17.5 28.2 30.0 19.7 75.7
35.0 29.2 35.2 29.6 72.9
70.0 32.2 30.6 27.5 74.7
140 31.0 34.5 35.4 79.9
280 34.4 33.6 24.7 68.9

mean: 33.9 ± 3.6 mean: 74.4 ± 4.0
aThis value is not included when calculating the mean tr1.

Table 4. Parameters of the Modified Andrade’s Model
(Equation 8) Determined from Fits of the Data in the
Relaxation Regime (t > tb) in Figure 2

tb (s) τb (μN·m) tr1 (min)

200 30.3 33.8
400 29.2 35.2
800 29.6 32.2

mean: 29.7 ± 0.6 33.7 ± 1.5

Table 5. Parameters of the Linear Fits of the Data in Figure
10c for 0.005 wt % HFBII at Different Concentrations of
Added β-Casein

β-casein (wt %) τb (μN·m) tr1 (min)

0.000 30.3 33.8
0.015 24.9 33.6
0.030 27.5 74.1
0.045 29.8 93.4
0.075 26.6 56.9
0.100 24.5 54.5
0.135 23.6 52.8
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process. To find it, we carried our experiments at much longer
times; see Figures 11 and A1 (the latter is in Appendix A of the

Supporting Information). We tried to fit the data with different
expressions, which give eq 8 as a short-time asymptotics (for
Δt → 0). The following relaxation law provides the best agree-
ment with the experiment (see Figure 11):

τ = τ − Δ − Δ
⎡

⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤

⎦
⎥⎥

t
t

t
t

expb
r1

1/3

r2 (9)

The parameter values determined from the fit are τb =
24.5 N·m; tr1 = 29.8 min, and tr2 = 47.5 min for adsorption
monolayers at the surface of a 0.005 wt % HFBII solution. For
sufficiently small Δt, the last term in the brackets in eq 9 is
negligible and the exponent can be expanded in series to yield
eq 8. The linear portion of the curve in Figure 11 at small Δt
corresponds to the asymptotic eq 8 and to the experimental
time intervals in Figure 10.
Equation 9 can be considered as a modified form of

Andrade’s law,47 which was originally introduced to describe
the creep of metals. The argument of the exponent in eq 8
corresponds (by magnitude) to one of the mathematical forms
of the Andrade’s law, which is obeyed by various materials with
viscoelastic behavior; see, e.g., eq 2 in ref 51; eq 10 in ref 50;
eq 3 in ref 52, and eq 11 in ref 53. In our case, eq 9 character-
izes the relaxation of the stresses in a protein adsorption layer
(after a preceding shearing) with two characteristic relaxation
times: tr1 and tr2.

6. CONCLUSIONS
The present article is the first study, in which the surface shear
rheology of hydrophobin adsorption layers at the air/water
interface is investigated in angle-ramp/relaxation regime and
the obtained data are interpreted in the framework of a
rheological model. In preceding studies,7−9 the phenomeno-
logical storage and loss moduli, G′ and G″, have been
determined using rotational rheometer in oscillatory regime.
The next step, viz. the determination of the true elasticity
and viscosity of the viscoelastic surface layer, demands the
use of an adequate rheological model. The main advantage
of the angle-ramp regime is that it allows one to identify the
rheological model, which quantitatively describes the behavior

of the system. The obtained data at fixed shear rate, θ̇, are in
excellent agreement with the Maxwell model (Figure 7). This
enabled us to determine the surface shear elasticity and
viscosity, Esh and ηsh (Table 1). Furthermore, the dependence
of ηsh on θ̇ obeys the Herschel−Bulkley law; see eq 6 and
Figure 8a. A similar power law is obeyed by the characteristic
frequency of rheological response: νch = Qθ̇m. The latter
quantity, which varies in the range 0 < νch < ∞ (0 = purely
elastic body; ∞ = viscous fluid), provides a quantitative
measure for the degree of softness (fluidity) of the viscoelastic
adsorption layers. The increase of νch with the rise of θ̇ in
Figure 8c indicates an increasing fluidization (softening) with
the increase of θ̇. The addition of β-casein leads to more rigid
adsorption layers, which exhibit a tendency of faster fluidization
with the rise of θ̇ (Figure 8b). In other words, the softness/
rigidity of different viscoelastic adsorption layers can be
compared by putting together the respective νch(θ̇) depend-
ences and values of the parameters Q and m.
Another novelty in the present study is that in relaxation

regime, the HFBII adsorption layers obey a modified Andrade’s
law, eq 9, with two relaxation times, tr1 and tr2, and a
characteristic stress τb; see Figure 11. At shorter times, the
relaxation curves obey a cubic-root asymptotics given by eq 8.
The fits of the data give tr1 and τb; see Tables 3−5. For HFBII
adsorption layers without additives, the relaxation time tr1 is
independent of the rate and time of shearing of the preceding
angle-ramp stage; see Tables 3 and 4. The data for HFBII
solutions + β-casein, and especially the high Esh values, indicate
the formation of an interfacial bilayer, which consists of a layer
from the more hydrophobic HFBII facing the air phase and a
layer of the more hydrophilic β-casein that faces the water phase.
Thus, it turns out that the data for τ vs t comply with the

Maxwell model (eq 2) in angle-ramp regime (section 4.1), but
they follow the modified Andrade’s low (eq 9) in relaxation
regime (section 5). This difference can be explained with the
different processes that occur in the viscoelastic adsorption
layer in these two regimes: breakage and restoration of inter-
molecular bonds (at angle-ramp), and solidification of the
adsorption layer (at relaxation).
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