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The rheological behavior of amylopectin–b-lactoglobulin–water system in the region of incompatibility
was studied by performing constant shear rate and oscillatory measurements. Phase-segregated samples
were prepared at concentrations that laid over the binodal and tie-lines.
The results were interpreted in terms of the isostress and isostrain blending laws. For this purpose the
bases of Takayanagi model was used and a modified model considering the gradual formation of double
emulsions close to the phase-inversion concentration that explain the transition was proposed.
Good agreement between observed and calculated values was obtained using the isostress and isostrain
models.
Phase segregation and the phase-inversion control the rheological properties of the amylopectin–b-lac-
toglobulin mixture in aqueous media.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The main components present in almost all foods are polysac-
charides and proteins; therefore, to some extent they will deter-
mine the structure, chemical and physical properties of the
whole system. The behavior of one of them is affected by the pres-
ence of the other and vice versa. In aqueous medium they can be
compatible or incompatible. If they are thermodynamically incom-
patible they will segregate into two different phases, however, if
they are thermodynamically compatible they will co-exist in a sin-
gle-phase system or they will concentrate in one of the phases of
the two-phase system (Tolstoguzov, 1986, chap 9).

Studies about polysaccharide–protein systems not only have
scientific interest for a better understanding of the behavior of
complex multicomponent systems but also for technological impli-
cations such as development of new food products (da Silva & Rao,
1992, chap 11).

We have been studying amylopectin and b-lactoglobulin in an
aqueous system and used this system as a model for a multicom-
ponent system, e.g. starch-based food systems. At high concentra-
tions, amylopectin and b-lactoglobulin have been shown to phase
segregate in one phase rich in polysaccharide and one phase rich
in protein, when the system was not induced to phase segregate
by heating, changes in pH or addition of salts. For samples with
ll rights reserved.
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amylopectin:b-lactoglobulin ratios of around 1:1 an intermediate
metastable phase was seen. The kinetics of phase segregation be-
tween amylopectin and b-lactoglobulin were controlled mainly
by the polysaccharide because with time the branch of the binodal
close to the polysaccharide concentration shifts to this axis. For
this system, the critical concentration for phase segregation was
quite high, above 20% (Quiroga & Bergenståhl, 2008); this critical
concentration was dropped to lower concentrations on heat treat-
ment above 60 �C (Quiroga & Bergenståhl, submitted for
publication).

Since the physical properties of phase-segregated mixtures de-
pend on the composition of each phase and its volume fraction and
distribution, and the extent of interaction between phases (Man-
son & Sperling, 1976, chap 2), we have decided to continue study-
ing this system to get more information about its rheological
properties. Therefore, the aims of this work were: (i) to study the
rheological properties of amylopectin–b-lactoglobulin aqueous
mixtures in the region of incompatibility and (ii) to explain the
rheological results according to an approach similar to Takayanagi’s
model.

The Takayanagi’s model was the first and simplest model to ex-
plain the mechanical behavior of a binary polymer system, where
both polymers have different moduli (Takayanagi & Harima,
1963). Later on, this model was modified and applied for describ-
ing the mechanical properties of ternary aqueous systems, where
the solvent was partitioned into both polymer phases (Clark, Rich-
ardson, Ross-Murphy, & Stubbs, 1983; Lopes da Silva & Rao, 1999,
chap 6; Sperling, 1986, chap 8).
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Amylopectin is one of the two components of starch. It is a
highly branched polymer of glucose units linked in a linear way
with a-D-(1?4) bonds. Branching takes place with a-D-(1?6)
bonds occurring every 24–30 glucose units. The molecular weight
values range from 2 to 700 106 (Bertoft, 2004, chap 2; Zobel, 1988).

b-Lactoglobulin is the major whey protein of cow’s milk (�3 g/
l). It is a relatively small protein of 162 residues, with an 18.4 kDa
molecular weight. In physiological conditions it is predominantly
dimeric (Kontopidis, Holt, & Sawyer, 2004; Sawyer, 1992, chap 7).

2. Materials and methods

2.1. Materials

Amylopectin (molecular weight 20 MDa) from unmodified
waxy maize starch (extracted from hybrid corn grain) was bought
from Sigma (product number A-7788). b-Lactoglobulin was kindly
supplied by Arla Foods (PSDI 2400).

2.2. Sample preparation

Two stock solutions were prepared: one solution of AP (�18%)
and one solution of blg (�40%).The first solution was prepared by
dissolving the polysaccharide in water at 120 �C for 1 h and the
second solution by mixing the protein with water at room temper-
ature. For removing the impurities and insoluble material from the
solutions, they were centrifuged at 20,000 rpm for 1 h. The concen-
tration of the solution was recalculated by gravimetry, i.e. by
weighing an specific amount of sample and leaving at 105 �C until
the weight was constant.

AP–blg mixtures were prepared by mixing the stock solutions at
different ratios and by adding some amount of water if needed to
the mixture. In order to prevent bacterial growth in the samples
during equilibration (1 week), sodium azide (0.01 wt%) was added.
All samples were calculated on a weight percentage basis (wt%).

Two sets of samples were prepared in the region of incompati-
bility (along the tie-lines S1–S5 and S6–S9), and one sample (S10)
in the region of compatibility, see the phase diagram in Fig. 1. The
volume of each sample was 20 mL.
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Fig. 1. AP–blg–D2O phase diagram, 1 week equilibration time: ( ) AP and blg samples u
has a metastable nature and does not represent the true equilibrium condition. Figure mo
b-lactoglobulin Aqueous System” (Quiroga and Bergenståhl, submitted for publication).
2.3. Rheology

For the study of the rheological behavior of the mixtures, three
different programs were used: constant rate, oscillation stress
sweep and oscillation strain control; and the measurements were
performed in a Viscotech rheometer (ReoLogica Instruments AB,
Lund, Sweden) with a concentric cylinder (23 mm internal diame-
ter, 27 mm external diameter and 37.5 mm height).

Before the measurements the set-up of the equipment was done
according to the rheometer manufacturer specifications, and all the
parameters were set for the different programs.

To ensure that the measurements were done properly we gave
the samples enough time to reach an equilibrium flow before the
sampling of the data, (delay time). In addition, the values pre-
sented in this paper were the result of the calculations of the mea-
surements recorded during a period of time (integration time).

2.3.1. Constant rate
The measurements were made in the range of 0.01 and 100 s�1,

although the graphs show the shear rate range between 1 and
100 s�1, with a delay time of 10 s and integration time of 30 s.

2.3.2. Oscillation stress sweep
The measurements were performed in order to find the linear

viscoelastic region. The stress sweep was in the range of 0.07146
and 10 Pa divided in 20 logarithmic steps, the frequency was set
to 1 Hz, the delay time was 10 s and the integration period 30 s.
All further oscillation measurements were carried out at strains in-
side this region.

2.3.3. Oscillation strain control
Frequency was varied between 0.02 and 100 Hz in 60 steps,

though the graphs display the frequency range between 0.02 and
10 Hz. The delay time was 10 s. The integration period for the first
20 steps was 60 s, for the next 20 steps 30 s and for the last 20
steps 10 s. The integral period was decreased with increasing the
frequency to shorten the experimental time but still keeping suffi-
cient time for completing at least one oscillation cycle. The toler-
ance limit of the strain was 1%.
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About 15 g of sample was placed in the cup, allowed to equili-
brate at 20 �C for 5 min and measured.

For each sample the measurements were done twice with an
interval of 200 s between the measurements.

The experiments were performed before and after equilibration.
The time of equilibration was 1 week.

3. Results

The composition of the samples is described in Table 1. The
chosen compositions lay over the tie-lines of the co-existent
phases and over the binodal of the phase diagram of the
phase-segregated AP–blg–D2O system. Samples S1 and S6 were
rich in protein with low polysaccharide content, samples S5
and S9 were rich in polysaccharide with important protein con-
tent. The composition of the other samples was between those
that were described. Sample S10 was not in the region of incom-
patibility; it was co-soluble. Fig. 1 shows the position of each
sample in the phase diagram.

The total macromolecular concentration of the samples was
quite high; for the phase-segregated samples it was between 21%
and 27%.
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Fig. 2. Viscosity curve, shear rate versus viscosity; the composition of the samples are de
before equilibration.

Table 1
Composition of samples and the distribution between the AP-rich and blg-rich phase
in the phase-segregated region

Sample code % AP % Blg /AP rich phase
a /blg rich phase

a

S1 1.13 25.31 0.00 1.00
S2 5.03 21.47 0.23 0.77
S3 10.00 16.96 0.54 0.46
S4 14.78 11.79 0.84 0.16
S5 17.33 9.82 1.00 0.00
S6 2.16 21.06 0.00 1.00
S7 5.00 16.98 0.24 0.76
S8 9.99 11.89 0.79 0.21
S9 12.69 10.04 1.00 0.00
S10b 4.87 12.04 – –

a Estimated from Fig. 1.
b Non-phase-segregated sample.
3.1. Flow behavior

All the samples before and after phase segregation exhibited a
‘‘power law” relationship between shear rate and shear stress.
The samples with high polysaccharide content exhibited a shear-
thinning behavior, however, the samples with high protein content
showed Newtonian behavior.

The results of the different rheological parameters of the sam-
ples were different before and after 1 week of equilibration, though
the differences between them were small, e.g. for the measure-
ments shear stress versus shear strain the differences in the slope
were less than 5%.

For the samples rich in polysaccharide the apparent viscosity
decreases with increasing the shear rate; however, for the sam-
ples rich in proteins the apparent viscosity was more or less
the same at low and high shear rates (see Figs. 2 and 3). This
agrees with the flow curve, i.e. samples rich in polysaccharide be-
haved as shear-thinning fluids and samples rich in protein as
Newtonian fluids.

Oscillatory data give a fingerprint of the state of the micro-
structure (Barnes, 2000, chap 13); for this kind of measure-
ments a sinusoidal varying stress is applied and the equally
varying strain and the shift between stress and strain are mea-
sured (Ferry, 1970, chap 5). However, great care has to be ta-
ken to ensure that the experiment takes place in the linear
region where the storage modulus (G0 ) and loss modulus (G00)
are independent of the maximum amplitude of stress of the
oscillation.

3.2. Viscoelastic region

The moduli, storage modulus (G0 ) and loss modulus (G00), were
independent of stress over a range between 0.07 and approxi-
mately 3 Pa. The tendency of the curves looked quite similar before
and after equilibration; therefore only the graph after equilibration
is presented (see Fig. 4). The viscous samples showed that G0 de-
creased slowly with increasing stress; however, the less viscous
samples showed that G0 increased drastically with increasing
stress.
0 100

ate [1/s]

S1

S2

S5

scribed in Table 1: S1( ), S2( ), S3( ), S4( ) and S5(d) rheological measurements



1

10

100

1 10 100

Shear Rate [1/s]

A
p

p
ar

en
t 

V
is

co
si

ty
 [

P
a.

s]

S1

S2

S3

S4

S5

0.1

0.01

Fig. 3. Viscosity curve, shear rate versus viscosity; the composition of the samples are described in Table 1: S1( ), S2( ), S3( ), S4( ) and S5(d); rheological measurements
after 1 week of equilibration.
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S3( ), S4( ) and S5(d); rheological measurements after 1 week of equilibration.
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3.3. Mechanical spectra

G00 values were higher than G0 values, the loss modulus values
range was between 0.15 and 26.70 Pa and the storage modulus val-
ues range was between 0.05 and 15.90 Pa, at least in the range be-
tween 0.2 and 10 Hz, indicating that the viscous component had a
more important role in the samples than the elastic, i.e. the sam-
ples were liquid-like (see Fig. 5).

The difference between G0 and G00 was larger for the samples
rich in polysaccharide than the samples rich in protein; e.g. for
S5 the difference between the moduli was around 13 Pa.

G
0 and G00 values are larger for the samples rich in AP than those

rich in blg. For all the samples, G0 and G00 displayed marked fre-
quency dependence, the moduli values increased with increasing
frequency. At low G0 and G00, the moduli of the samples converged
with increasing frequency (above 2 Hz), thereby displaying a visco-
elastic liquid characteristic. The noisiness in these samples at
increasing frequency might be because the measurements were
performed close to the operational limits of the equipment.

The Cox–Merz rule was applied to the system in order to check
the relationship between the rheological parameters determined
from oscillatory test such as complex viscosity on one hand and
the apparent viscosity, from shear stress and shear rate, on the
other hand (Fig. 6). The less viscous samples showed almost a
superimposition of the shear rate dependence of steady shear vis-
cosity and of the frequency dependence of the complex viscosity at
equal values of frequency (below about 5 Hz) and shear rate. For
the viscous samples, no superimposition was seen, that might
mean that these samples were less homogeneous than the others.

4. Discussion

In this study we have characterized the rheological properties in
the two-phase region of a phase-segregating system. The results
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show that the highly viscous AP-rich phase is in equilibrium with a
low-viscous blg-rich phase. The ratio between the low-viscous and
the high-viscous phase is about 400 for viscosity (flow curves),
about 100 for G

0 and about 100 also for G00. In the mixed region
the dominating phase controls the properties and when the vol-
ume fractions become about equal, we can observe a dramatic
change in the properties (Fig. 7).

Takayanagi assumed that when the high modulus phase forms
the continuous structure, the deformation is controlled by the out-
er structure and results in an equal deformation of both inner and
outer structure elements (so-called isostrain). The equal deforma-
tion of all structure elements corresponds to a mechanical model of
parallel elements. When the low modulus phase forms the contin-
uous structure the deformation of the outer material will be more
extensive than the deformation of the inner structures although
the tension can be assumed to be evenly distributed (so-called iso-
stress). Equal stress on all structure elements corresponds to a
mechanical model where the elements are arranged in series.

The isostrain model gives that the modulus of the composite is
obtained as a volumetric average of the modulus of the both phases:

GC;strain ¼ /IP � GIP þ /OP � GOP GOP >> GIP ð1Þ

where GC is the modulus of the composite, GOP and GIP are the
moduli of the outer and inner phases and / refers to the volume
fraction of the phases.

The isostress model gives reciprocal volumetric average:

GC;stress ¼
1

/IP
GIP
þ /OP

GOP

GOP << GIP ð2Þ



Fig. 7. Apparent viscosity, complex modulus (G*), storage modulus (G0 ) and loss modulus (G00) versus the volume fraction of AP-rich phase along the tie-lines S1–S5 and S6–S9
in Fig. 1. Data were recorded at 1 Hz frequency and 2 Pa shear stress.

Fig. 8. This illustration shows how the phase-segregating polymer emulsion (A and
E) passes through a double emulsion state (B and D) above a critical concentration,
/IP� , with an increased effective internal phase volume (/̂IP), close to the phase-
inversion concentration, /IPinv (C).

C.C. Quiroga, B. Bergenståhl / Carbohydrate Polymers 74 (2008) 358–365 363
The Takaynagi model demands certain conditions to provide a
decent description of the mechanical properties of a fluid with a
composite character. Both phases need to form an isotropic disper-
sion. The deformation would be small if the dispersion remained
isotropic. The mechanical properties of the domains are described
by only considering the bulk modulus, e.g. no interfacial tension ef-
fects are considered. No hydrodynamic interactions are considered
between the domains, which also limit the model to small-defor-
mation rheology.

The AP–blg system can be described using the Takayanagi mod-
el using the moduli obtained at the phase boundaries (S1 and S5)
as measures of the moduli of the pure phases. By estimating the
volume fractions of the respective phases (Table 1) from the phase
diagram (Fig. 1) using the isostrain model, Eq. (1) and the isostress
model, Eq. (2), the G*, G0 and G00 (obtained at 1 Hz and a shear stress
of 2 Pa) as well as the viscosity from the flow curves were
compared.

The results from the viscometric measurements (not shown)
deviated somewhat, most likely because the results were influ-
enced by hydrodynamic interactions between domains (particu-
larly in the low-viscous region). Similar deviations from the
Takayanagi theory were also observed for G00 and G*.

The comparison shows that the Takayanagi model describes the
elastic modulus quite well close to the phase boundary. This sug-
gests that the deformation is sufficiently small to leave the struc-
ture unaltered and that the contribution of interfacial energies is
very limited. As expected, G

0 is less sensitive to hydrodynamic phe-
nomena and the results in the low-viscous region fit with the mod-
el as well as the results obtained in the high-viscous region.

However, in the middle of the range there appears to be a tran-
sition region where the system changes from the isostress to the
isostrain behavior. This transition is not described by the Takayan-
agi model directly.

The microstructure of phase-segregating AP–blg mixtures in
dried films was investigated in a previous study (Quiroga & Ber-
genståhl, 2007) using atomic force microscope (AFM). In that
work, clear emulsion structures were observed close to the
phase boundaries, continuous AP close to the AP-rich phase
and continuous blg close to the blg-rich phase. In the intermedi-
ate range of the phase-segregated region many more undefined
structures were observed. The microstructure displayed a spin-
odal character with an unclear continuity. Close to this phase-
inversion region it appeared that the emulsions obtained a grad-
ual tendency to form double emulsions. Based on these observa-
tions we suggest the following tentative explanation of the
mechanical properties of the system.

4.1. The Takayanagi model applied on a phase-inverting system

We are assuming that the phase inversion is a gradual process
(along the compositional line). Thus we can imagine that double
emulsion domains are formed in the vicinity of the phase-inversion
concentration. A formation of double emulsion can be assumed to
make the effective internal phase volume much higher than the
internal phase volume if no double emulsion would be formed
and would approach one at the phase-inversion concentration
(Fig. 8). This concept can be introduced into the simple Takayanagi
model.

Let’s define a critical inversion concentration /IPinv of the inter-
nal phase and let’s assume that a double emulsion is formed when
AP is added to a blg-rich phase: blg-rich phase/AP-rich phase/blg-
rich phase emulsion; and that this process starts above a critical
concentration of the internal phase /IP� . Similarly the double emul-



Fig. 9. The modified Takayanagi isostrain/isostress models considering the gradual
formation of double emulsion when the system approaches the phase-inversion
concentration (Eq. (6)). The model is compared with experimental G0 data along the
tie-line S1–S5 in Fig. 1. /AP at the X-axis refers to the volume fraction of the AP-rich
phase along the phase-segregated tie-line (S1–S5). Data were recorded at 1 Hz fr-
equency and 2 Pa shear stress.

Table 2
Estimations of the parameters describing the microstructure and the mechanical
properties using the gradual phase-inversion model

Fraction blg-rich phase /̂IP
a /̂OP=IP

b ĜIP
c ĜC phase inv

d

0.00 0.00 – – 0.10
0.05 0.05 0.00 10.00 0.10
0.10 0.10 0.00 10.00 0.11
0.15 0.21 0.29 7.09 0.13
0.20 0.32 0.38 6.19 0.15
0.25 0.44 0.43 5.76 0.18
0.30 0.55 0.46 5.50 0.22
0.35 0.66 0.47 5.33 0.29
0.40 0.78 0.48 5.21 0.42
0.45 0.89 0.49 5.12 0.77
0.50 1.00 0.50 – –
0.55 0.89 0.49 0.20 1.30
0.60 0.78 0.48 0.19 2.40
0.65 0.66 0.47 0.19 3.50
0.70 0.55 0.46 0.18 4.60
0.75 0.44 0.43 0.17 5.70
0.80 0.32 0.38 0.16 6.80
0.85 0.21 0.29 0.14 7.90
0.90 0.10 0.00 0.10 9.01
0.95 0.05 0.00 0.10 9.50
1.00 0.00 – – 10.00

The phase-inversion concentration, /IPinv, is set to 0.5, the critical concentration
when the double emulsion starts to form, /IP� , is set to 0.1. The modulus of the blg-
rich phase is set to 0.1 and the modulus of the AP-rich phase is set to 10.

a Effective volume fraction internal phase (Eq. (3)).
b The volume fraction of the continuous phase in the effective internal phase (Eq.

(4)).
c The modulus of the effective internal phase (Eq. (5)).
d The modulus of the phase-inverting polymer system (Eq. (6)).
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sion, AP-rich phase/blg-rich phase/AP-rich phase emulsion, can be
assumed to be formed above a volume fraction /IP� when the blg
content in the system is increased. A simple linear model describ-
ing the formation of double emulsion from 0 to 1 between /IP� and
/IPinv can be assumed to illustrate the consequences of the gradual
inversion process. An effective volume fraction internal phase (/̂IP)
can thus be shown as:

/̂IP ¼ /IP� þ ð1� /IP� Þ �
/IP � /IP�

/IPinv � /IP�

� �
ð3Þ

The effective internal phase consists of a continuous emulsion
in the original internal phase and with the original outer phase
as internal phase. The volume fraction dispersed phase in the effec-
tive internal phase (/̂OP=IP) is shown as:

/̂OP=IP ¼
/̂IP � /IP

/̂IP
ð4Þ

Using the composition given by Eq. (4) the mechanical proper-
ties of the effective inner phase can be estimated:

ĜIP ¼ f ð/̂OP=IP;GOP; ð1� /̂OP=IPÞ;GIPÞ ð5Þ

where f refers as a function of (1), (2) depending on the relative
strength of the moduli.

The result is the modulus of a gradually phase inversing poly-
mer system:

ĜC phaseinv ¼ f ð/̂IP; ĜIP; ð1� /̂IPÞ;GOPÞ ð6Þ

where f refers to a function of (1), (2) depending on the relative
strength of the moduli.

The model can be applied from the low modulus side (in our
case with the blg-rich phase as continuous phase) or from the high
modulus side (in our case with the AP-rich phase as the continuous
phase).

Equation [6] has been solved using /IPinv = 0.5, /IP� = 0.1. The
obtained G

0 from S1 and S5 was used as G0blg-rich phase and
G0AP-rich phase. The result is shown in Fig. 9 and the derivation of the
curves plotted in this figure is shown in Table 2.

The nature of the rapid change in the mechanical properties as
the system passes through the region of phase inversion is clearly
obtained. Thus this result shows that the gradual character of the
phase-inversion process and the formation of double emulsions
close to the phase-inversion concentration result in the dramatic
change in the modulus that is observed experimentally. These re-
sults suggest that the internal microstructure in a segregating
polymer system has a drastic influence on its mechanical
properties.

5. Conclusions

Phase segregation and phase-inversion control the rheological
properties of phase-segregated amylopectin–b-lactoglobulin sys-
tem. The phase-inversion leads to a gradual change in the elastic
modulus that cannot be described with the classical Takayanagi
model. A modified Takanayagi model considering the gradual for-
mation of double emulsions close to the phase-inversion concen-
tration explains the transition.
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