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Wheat starch with 23% moisture content and wheat gluten powder with 8% moisture content
were successfully converted into plastic materials (bioplastics) by a plasticization treatment.
The treatment was carried out in an air-tight cylindrical cell equipped with a heating device
for the purpose of controlling the treatment temperature, and with a plunger for the purpose
of appling a desired stress pressure. Based on density and DSC thermogram analysis of the
obtained bioplastics, it was discovered that the stress pressure applied during the plasticiza-
tion treatment dictated the molecular arrangements of wheat starch and wheat gluten. The
x-ray diffractometry confirmed that both bioplastics prepared from wheat starch and wheat
gluten had non-crystalline structures.

INTRODUCTION

It has been well known that powderous starch and protein can be converted into
plastic materials (bioplastics) by plasticization treatment under proper temperature
and moisture conditions. Starch is normally composed of highly branched amylopectin
molecules which are partially crystallized, and almost linear amylose molecules which
have non-crystalline nature. Since the common starch obtained from various types of
cereals contains both amylose and amylopectin, it is generally believed that natural
starch is a biopolymer with some crystalline components. It has been found by the
x-ray diffraction analysis (Nara et al., 1978 ; Zobel, 1988b) that the crystallinity of a
purified wheat starch is 36%. It has also been reported that natural wheat gluten is a
non-crystalline biopolymer (Hoseney et al., 1986).

Wheat starch and wheat gluten can be melted under proper temperature and
moisture content. Bioplastic materials can be obtained by cooling this molten
materials. Characteristics of the bioplastics obtained by this procedure can play
important roles in the development of new food processing technologies. One of such
examples is the extrusion processing of food materials (Davidson et al., 1984 ; Lawton
et al., 1985). Physical properties of the bioplastics obtained from wheat starch and
wheat gluten are important information in studying such processing technology.
However, not many fundamental study on physical properties, particularly characteris-
tics at the temperature above 120°C have been reported to date. The study by Kohda
et al. (1971) dealt with the characteristics of cereal-plastics obtained from wheat flour
and rice grain. More recently, Fujio et al. (1988) reported the characteristics of wheat
gluten heat-treated under air-tightly compressed conditions.

The purpose of this study was to reveal the characteristics of the bioplastics
obtained by heat-treatment of wheat starch and wheat gluten at the temperature above
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120°C.
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MATERIALS AND METHODS

Wheat starch and wheat gluten
Moisture contents of wheat starch and wheat gluten (reagent grade, manufactured

by Ishizu Pharmaceuticals Co., Ltd.) were adjusted to 23 wt% and 8 wt% respectively
prior to the experiments.

Heat-treatment conditions
Koka Flow Tester (Shimazu Seisakusho Co., Ltd. Model 61323) was used for the

heat-treatment of wheat starch and wheat gluten under stress pressure. The outline of
the Flow Tester, details of the plunger loaded on cylindrical heating cell, and
experimental procedures used for this study have been described in the previous report
by Fujio et al. (1988). The raw material is heated in the heating cell to a specified
temperature under a certain stress pressure applied by the plunger. Using the similar
procedures, Fujio et al. (1988) have confirmed that both wheat starch and wheat gluten
could be converted into bioplastics under a suitable combination of temperature and
stress pressure. Such conditions are : temperature range : 120-200°C  for wheat starch
and 60-180°C  for wheat gluten, stress pressure range : O-200 Kg/cm2 for both wheat
starch and wheat gluten.

The raw materials were at first heated for 2 minutes at a designated temperature
without stress pressure, and then they were heated for another 3 minutes at the same
temperature under a designated stress pressure. In this process, the moisture contained
in the original sample was maintained without vaporization loss since the heating cell
was air-tight. Cylindrical bioplastics materials (11.3 mm in diameter and about lo-15
mm in length) were produced by cooling the heat-treated samples.

Density of bioplastics
Cylindrical bioplastic samples were cut into a desired length so that its volume and

weight could be accurately determined. Density (g/cm”) of each sample was deter-
mined by these measurements.

Differential scanning calorimetry (DSC)
Bioplastic samples were soaked in liquid nitrogen for a few minutes in order to

lyophilize them. The freeze-dried samples were immediately ground by a grinder to
obtain 42 mesh undersize fine particles. The thermal transitions of these samples were
measured with the differential scanning calorimeter manufactured by Seiko Electric
Co., Ltd. (Model DSC 100). Weight of the sample powder prepared from each bioplas-
tics was precisely weighed in a silver anti-leak pan. The moisture content of the
samples obtained from wheat starch was adjusted to 70% by adding required amount
of distilled water (weight of sample : weight of distilled water = 1 : 2.3). The moisture
content of gluten samples were not adjusted. After weighing the pan and the sample,
the pan was covered with a silver lid using a specially designed pan-press. Seal of the
lid was intact at 200°C temperature applied during the integrity test. The pans with
samples were kept at 4°C for a overnight in order to achieve a uniform moisture
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distribution, A pan with same amount of water was used as a reference in the case of
wheat starch, while an empty pan was used as a reference for gluten samples.

Calibration of DSC was carried out by measuring the melting enthalpy of indium.
Measurement of the endothermic enthalpy was carried out under the heating rate at
5°C per minute. The enthalpy was directly determined by measuring the area of
endothermic peak using a mini-computer system equipped in the DSC unit.

X-ray diffraction analysis
X-ray diffraction patterns were obtained for the same fine particle samples used

for DSC analysis. The x-ray diffraction patterns were obtained by transmission of a
diffractometer equipped with a monochrometer which was capable of selecting Ko
radiation of a copper target, and with a scintillation counter. X-ray diffraction
patterns for the bioplastics samples prepared from wheat starch at 10°C (no heat-
treatment) and 160°C under 200 Kg/cm2 stress pressure, and at 160°C without stress
pressure were determined. X-ray diffraction patterns for bioplastics prepared from
wheat gluten at 10°C (no heat-treatment), 7o”C, lZO”C, and 160°C under 200 Kg/cm2
stress pressure were also determined.

RESULTS AND DISCUSSION

Density variation of bioplastics
Fig. 1 shows the density variation of the bioplastics prepared from wheat starch

(1A) and wheat gluten (1B) under various treating conditions. Fig. 1A indicates some
fluctuations in density at the stress pressure above 10 Kg/cm2, which appear indepen-
dent from the treatment conditions. Since the accuracy of the measurement was same
all cases, it was speculated that the cause of the fluctuations was associated with the
heterogeneous nature of the bioplastics prepared from wheat starch. As it is evident
from Fig. lA, densities of the bioplastics prepared without stress pressure are much
lower compared to the densities of bioplastics prepared under the existence of stress

0 . 6 * [*I .O.6 LB1. _
A:

0 5 0 1 0 0 150 2 0 0 0 5 0 loo 150 2 0 0

Stress pressure ( Kglc.m2)
Fig. 1. Density variations  of  bioplastics from wheat starch(A)  and wheat gluten(B).

n , 60°C  ; v, 80°C  ; v, 100°C;  0, 120°C ; 0, 140°C ; A, ~60°C; A, 180°C; 0,
2 0 0 ° C ;  m, 120-180°C
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pressure. This fact suggests that wheat starch cannot be completely melted during the
heat-treatment, allowing loosely arranged heterogeneous structure. As a result, the
bioplastics prepared without stress pressure had a porous appearance.

In the case of the bioplastics prepared from wheat gluten, however, density
variations with stress pressure levels were more smooth and systematic. This fact
indicates that the bioplastics prepared from wheat gluten have more homogeneous
structure, and their characteristics are dependent on treatment temperature and stress
pressure level. Particularly at the treatment temperature below 120X,  level of the
stress pressure applied during the heat-treatment clearly dictated the density of the
product bioplastics. It was observed that wheat gluten could be converted into
bioplastics at a treatment temperature as low as 60-80°C.  However, the resultant
bioplastics lacked transparency. These findings suggest that protein molecules in the
bioplastics prepared from wheat gluten at the treatment temperature below 120°C  are
not completely melted. On the other hand, the level of stress pressure had almost no
effect on the density of the bioplastics prepared at the temperature above 120X,  except
the case with no stress pressure which gave a significantly lower density. The average
density of the bioplastics prepared from wheat gluten with 8% moisture content under
the treatment temperature 120°C and the stress pressure 10 Kg/cm’ was 1.26 g/cm3.

DSC thermogram behavior of bioplastics
Fig. 2 shows the DSC thermograms of the bioplastics prepared from wheat starch

at various heat-treatment temperatures. Fig. 2A was obtained without stress pressure,
while (2B) was obtained under 200 Kg/cm2 stress pressure. In Fig. 2A, a thermogram
of natural wheat starch is plotted with dotted line as a reference. The curve for the
reference shows two endotherm peaks at 61°C and 101°C. Endotherm enthalpies of
these two peaks are 4.1 Cal/g and 0.5 Cal/g respectively. These endotherm enthalpies
represent the changes in enthalpies when solid starch converted into gelatinized state.
Similar thermogram data on wheat starch and rice starch have been reported by
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Fig. 2. Differential scanning calorimeter runs for bioplastics from wheat starch heat-
treated with stress pressure (A, 0 Kg/cm’ ; B, 200 Kg/cm’).  Sample sizes on A (d. b., top
to bottom) ; 2.5 mg, 2.3 mg, 2.3 mg, 2.4 mg, 2.1 mg, 2.1 mg. Sample sizes on B (d. b., top
to bottom) ; 2.0 mg, 2.6 mg, 2.5 mg, 2.7 mg, 3.1 mg. The water-to-starch ratio is 2.3 : 1
in all samples.
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Fig. 4. Differential scanning calorimeter runs for bioplastics from wheat gluten heat-
treated with stress pressure of 200 Kg/cm’.  Sample sizes (d. b., top to bottom) ; 2.5 mg,
3.5mg,  3.5mg,  3.9mg,  3.6mg,  4.0mg,  3.8mg,  3.6mg.  The water was not added to
samples except native one (70% H,O).

Kugimiya et al. (1980),  Lund (1984) and Yost et al. (1986). The thermogram for the
wheat starch treated at the temperature below 160°C without stress pressure showed
two peaks correspond with the two peaks for the natural starch shown in Fig. 2A. In
contrast, DSC thermograms of wheat starch prepared by heat-treatment under 200 Kg/
cm2 stress pressure which are shown in Fig. 2B are significantly different from those
shown in Fig. 2A.

Fig. 3 shows the integrated enthalpy values at 61°C as a function of stress
pressure level. As it is shown in this figure, the integrated enthalpies for the samples
prepared at 120°C  and 140°C drastically decreased when the applied stress pressure
reached about 30 Kg/cm2, at which point the endothermic values for both samples
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Fig. 5. X-ray diffraction patterns of bioplastics from wheat starch(A) and wheat
gluten(B).

A-a : 10X, 200 Kg/cm2 ; A-b : 16O”C,  0 Kg/cm2 ;
A-c : 16o”C,  200 Kg/cm2 ; B-a : lo”C,  200 Kg/cm2 ;
B-b : 7o”C, 200 Kg/cm2 ; B-c : EOT,  200 Kg/cm2  ;
B-d : 16o”C,  200 Kg/cm*

approached constant levels. The constant endothermic value for sample prepared at
140°C heat-treatment was significantly smaller than that of 120°C treated sample.
From the observation of Fig. 2 and Fig. 3, it can be concluded that higher the treat-
ment temperature and the level of stress pressure (above 30 Kg/cm’),  greater is the
degree of randomness in starch molecule arrangement in the resultant bioplastics.

Fig. 4 shows DSC thermograms for the bioplastics prepared from wheat gluten
under the treatment temperature at 8o”C, lOo”C,  lZo”C,  14o”C,  160°C and 180°C and
stress pressure at 200 Kg/cm2. A natural gluten with 70% moisture content showed
only a slight endothermic peak at around 64°C. This peak is believed to be caused by
the gelatinization of starch existed in the gluten sample as a contaminant (Eliasson et
al., 1980). However, natural gluten with 5% moisture content showed a change in heat
capacity on DSC thermogram at around 94°C. This change in heat capacity suggests
that the natural gluten is consisted of amorphous random polymers (Hoseney et al.,
1986). Similar changes in heat capacity were also observed with the bioplastics
prepared from wheat gluten treated at various temperatures under 200 Kg/cm2 stress
pressure. The DSC patterns (not shown) for wheat gluten heat-treated without stress
pressure were similar to the curves shown in Fig. 4. These results indicate that the
bioplastics prepared from wheat gluten have amorphous random structures as well as
thermoplastic nature.

X-ray diffraction behavior
Fig. 5 shows x-ray diffraction patterns of the bioplastics prepared from wheat

starch and wheat gluten. Wheat starch treated at 10°C (corresponds to natural starch)
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showed a high degree of crystallinity in x-ray diffraction pattern. Similar patterns for
cereal starch have been reported by Zobel (1988a). The crystalline structure of wheat
starch was completely destroyed when it was heat-treated at 160X,  giving x-ray
diffraction patterns similar to that of a typical amorphous material. Natural wheat
gluten also showed almost no crystallinity on its x-ray diffraction pattern, which
confirmed the common beliefs that a natural gluten was a non-crystalline biopolymer.
The bioplastics prepared from wheat gluten at a higher temperature showed virtually
no crystallinity at all. From these results, it can be concluded that the bioplastics
prepared from wheat starch and wheat gluten under proper conditions can be a
non-crystalline (amorphous) material.
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