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NON-NEWTONIAN BEHAVIOR OF AMYLOSE-AMYLOPECTIN
MIXTURE SOLUTION¥*

Hiroo Ogawa*!, Kiyomi Ishige*', Shigeki Konoo*!, Yuri Tashiro*'
and Naomichi Iso*!

This study aimed to clarify the viscometric properties of starch solution from the point of view
of the composition ratio of amylose and amylopectin. The viscosities of dilute solutions of amylose
and amylopectin were measured at 25°C. The viscosity of a concentrated solution of a mixture of
amylose and amylopectin was measured at various temperatures to obtain the activation energy of
flow. The intrinsic viscosity, [77], and Huggins’ constant, k’, were 0.87 di/g and 0.54 for amylose and
1.22 dI/g and 2.46 for amylopectin, respectively. The flow properties and the activation energy of
flow of the concentrated mixture solution were proportional to the ratio of amylose and amylopectin
and coincided with those of the native starch solution in the same composition. Thus it was found
that additivity existed between flow properties and activation energy of flow of amylose and
amylopectin. Non-Newtonian behavior, dilatant flow of concentrated amylose solution and thixo-
tropic flow of concentrated amylopectin one, were observed. Those solution properties were
considered to come independently from their molecular conformation.
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Introduction

It is well known that starch granules are composed of amylose and amylopectin. The concentrat-
ed solution properties of starch are considered to alter according to the composition ratio of amylose
and amylopectin. The studies on the structures and physico-chemical properties of amylose and
amylopectin have been done, individually, in water (Husemann et al.V; Burchard?); potassium
hydroxide solutions (Cowie et al.®» ©; Everett et al.¥" ); and potassium chloride solutions (Cowie®™®).
However, there are few studies on the concentrated solution properties of starch from the point of view
of the composition ratio.

This study aimed to clarify the viscometric properties of native starch solution and model
solutions made by mixing amylose and amylopectin in several ratios.

Experimental

Samples

An amylose sample was obtained from corn starch by the butanol precipitation method
(Schoch®). As a sample of amylopectin, waxy corn starch was used. Although the waxy corn starch
used here contained approx. 4% amylose, the amylose content was considered to be negligible for the
purpose of this work. Model solution samples were prepared by mixing the separated amylose and the
amylopectin, i.e. waxy corn starch. In addition, two kinds of high-amylose corn starch, 72 wt% and
51 wt% of amylose content, and corn starch, 23 wt% of amylose content, were used as native samples.
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Fig. 1. The Huggins’ plot of amylose (open circle) and amylopectin (closed circle) in dimethylsulfoxide
(DMSO) at 25°C.

The amylose and/or amylopectin and native starch were dissolved in dimethyl sulfoxide (DMSO) by
stirring for 3 days at room temperature. All the original starch samples used in this work were supplied
by Nippon Starch Chem. Co., Ltd.

Viscosity measurements of dilute solutions

The viscosities of the dilute solutions were measured using an Ubbelohde type viscometer, in
which the flow time of water was approx. 150 s at 25°C. The concentration range of the solutions was
from 0.05 to 0.5 g/dl.

Viscosity measurements of concentrated mixture solutions

The viscosities of the concentrated mixture solutions, of which the concentration ranged from 3.0
to 5.0 g/dl, were measured using an U-rheometer (Iwamoto Co., Kyoto). This viscometer was a
Couette type rotational viscometer: the radii of the outer and inner cylinders were 1.50 cm and 1.25
cm, respectively. The diameters of wire used here were 0.4 mm and 0.5 mm, of which the wire
constants were 1.01 X 10° and 4.17 X 10? dyn-cm/deg, respectively. The rotational speed of the outer
cylinder was 50-350 rpm, i.e., shear rate of 34—240 s™!, and the measurement temperatures were at 25,
40, 55, and 70°C.

Results and Discussion

The results of viscosity measurement of dilute solution were analyzed using the Huggins equation:
ne/c=[n]+k'[n]c+--- (1)

where 7,/c is the reduced viscosity and c is the concentration. Figure 1 shows Huggins’ plot of

amylose and amylopectin solutions: the abscissa was the concentration of starch solution and the

ordinate was the reduced viscosity. The Huggins’ plot of the sample solutions exhibited a linear

function to the concentration. Thus intrinsic viscosity, [7], and Huggins’ constant, k’, were obtained

from the intercept and the slope of the straight line, respectively. As shown in Table 1, the k’ of
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amylopectin solution is greater than that of the amylose one. Thus each amylopectin molecule was
considered to interact more strongly relative to each amylose one because the constant k” is known to
relate to the degree of intermolecular interaction. The greater value of k’ of amylopectin was
consistent with the fact that the value of [n] of amylopectin was greater than that of amylose, as
described in Table 1.

The concentrated solutions (which are 4% concentration of amylose and amylopectin) exhibit the
non-Newtonian flow as shown in Fig. 2. In general, the following power law exists between shear rate,
é, and shear stress, p;, for the non-Newtonian flow.

pe=ké! (2)
where k and n are constants. The constant, n, is particularly known as an index of non-Newtonian
flow in solutions. In the case of Newtonian flow,
shear stress is directly proportional to shear rate,
i.e., n=1, in the equation of p,. In the case of
non-Newtonian flow on the other hand, n-value is

Table 1. The values of the intrinsic viscosities
and the Huggins’ constants of amylose and
amylopectin in dimethylsulfoxide (DMSO)

at 25°C
not equal to 1: “dilatants” exhibit the property in
[7] k' which shear stress increases beyond the increase
Amylose 0.87 (di/g) 0.54 in ;I::trt;ate, t.e.,' tn <é‘; a:nd .ﬂtlh:;otrc;plc gov:
Amylopectin 122 (dl/g) 2 46 exhibits the opposite effect, with time dependen
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Fig. 2. The relationship between the shear stress and shear rate of 4% amylose and amylopectin in
dimethylsulfoxide (DMSO) at 25°C.
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Fig. 3. The relationship between the weight fraction of amylose and the n-values (an index of
non-Newtonian flow), estimated using the power law equation, where the concentration of the
solution is 5%. In this figure, the term ‘model’ indicates the mixture of amylose and amylopectin,
and the term °‘native’ indicates corn starch (amylose content of 23%) and the two kinds of
high-amylose corn starch (amylose contents of 72% and 51%). The temperature of measurements is
sited in the figure.

hysteresis behavior occurring between changes in shear stress and shear rate, i.e. n>1. Thus viscosity
increases with increasing shear rate in dilatant fluids and decreases with time in thixotropic ones. Thus
viscosity of non-Newtonian fluid seems to be an apparent viscosity. The concentrated solutions used
in this study could be analyzed using the power law of Eq. (2). Figure 3 shows the relationship
between the weight fraction of the amylose or amylopectin and n-values obtained. Although the data
in Fig. 3 were obtained from the solution of 5% total sugar concentration, similar results were
obtained from solutions of different concentrations. And the model solution, which were prepared in
order to coincide with the composition ratio of amylose and amylopectin in the native starch solution.
As shown in Fig. 3, it can be seen that the model solutions and the native solution also exhibited
non-Newtonian flow in the same way as the solutions of only amylose or amylopectin. The more the
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Fig. 4. The plots of logarithm of 7, at shear rate of 240s™' against the reciprocal of the absolute

temperature of 5% starch solutions for a model solution of mixed amylose and amylopectin, and
native starch solutions with different amylose contents.

amylose content was increased, the larger the n-values became. Conversely, the more the amylopectin
content increased, the smaller the n-value became. The manner of change of the n-values appeared to
be linearly dependent upon the ratio of amylose to amylopectin. From the results, it could be said that
additivity existed between the flow properties of amylose and amylopectin. On the basis of the n-values
obtained, the concentrated amylose solution was found to exhibit dilatancy, n=0.6, and the concen-
trated amylopectin solution showed thixotoropic flow, n =1.25. The results were considered to be due
to the molecular conformation of the loose helix structure of amylose and of the rigid particle structure
of amylopectin in solution, respectively. It was also supposed that the amylopectin molecules in the
concentrated solutions constructed some special intermolecular structure, because of the heavy
interactions suggested by the high value of the Huggins’ constant.

Figure 4 shows the plots of the logarithm of apparent viscosity, 7., at a shear rate of 240s™
against the reciprocal of the absolute temperature, 1/7T, for native starch solutions and model mixture
solutions of 5% concentration. The apparent viscosity of the model mixture solution was greater than

1



78 H. Ogawa, K. Ishige, S. Konoo, Y. Tashiro and N. Iso J. Tokyo Univ. Fish.

(Concentration of starch)

25 + model native

a 5% [ 5%

° 4% . 4% o
20 + °

o 3% L 3%

AE (kJ mol 1)

S
o
1

0 025 050 075 1
Weight fraction of amylose

Fig. 5. The relationship between the apparent activation energy of flow and the weight fraction of
amylose for a model solution of mixed amylose and amylopectin, and native starch solutions with
different amylose contents.

that of the native starch solution, particularly at a high weight fraction of amylose of about 0.5 and 0.7,
as shown in Fig. 4. It was considered that native starch granules (which consist of a complex of
microcrystal and noncrystal portions) had to first swell in the solvent before dissolving, while the
separated amylose and amylopectin were dissolved directly in the solvent. Thus, the lack of sufficient
expansion or stretching of the amylose and amylopectin molecules in the native mixture solution
resulted in a lower apparent viscosity than that of model mixture solution.

From the slopes of the plots in Fig. 4, the apparent activation energies of flow, AE,, were
estimated. The relationship between AE, and the weight fraction of amylose and amylopectin is shown
in Fig. 5. As shown in Fig. 5, AE, increases linearly with the increasing amylose fraction. This
exhibits the same tendency as the n-values as shown in Fig. 3. It was concluded that the amylose and
amylopectin molecules behaved independently in these mixed solutions from the fact that the n-values
for both the non-Newtonian index and the AE, showed additivity in relation to the weight fraction of
amylose.
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