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Abstract In this study we investigated the role of the
water content of extrudates had in foaming capacity
and searched for the water content giving the greatest
expansion of starch extrudates. Porous structures based
on potato amylopectin starch were prepared by extru-
sion followed by a microwave foaming process. Starch
was first extruded with water, in order to incorporate
water in the granular structure and achieve gelatiniza-
tion. Extrudates were conditioned at humidities rang-
ing from 11% to 97%. The water content in the starch
extrudates was studied by a water vapor sorption
isotherm study. Extrudates were analyzed with light
microscopy and wide angle X-ray scattering studies to
determine degree of crystallinity. In the second step,
extrudates were foamed in a microwave oven. As the
water started to boil, it acted as a blowing agent,
leaving a porous closed-cell starch structure. The
densities and the expansion ratios of the foamed
samples are determined. Porosity was studied with
environmental scanning electron microscopy. Mechan-
ical properties as a function of the surrounding
humidity were analyzed with dynamic mechanical
analysis. We found that the maximal degree of expan-
sion was in extrudates conditioned at 33% and 54%
RH and having water content of 11.2% and 13.4%,
respectively. This level of water is sufficient to expand
the extrudate to a maximum level but not high enough
to plasticize the starch and cause cell collapse after
treatment.
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Introduction

Starch is abundant all over the world as it is produced
by most higher plants as energy storage. Starch is an
important source of nutrition for man, but it is also
used for industrial applications. Starch is composed
mainly of the two polysaccharides amylose and amy-
lopectin. Both amylopectin and amylose have a
a(1 — 4) linked p-glucan backbone. Amylose is essen-
tially linear and amylopectin is extensively (1 — 6)
branched. Amylose has a molecular weight of 10°~10°
and amylopectin 2 x 10’-5 x 10% [1-3].

Because of the growing greenhouse effect due to the
use of non-renewable resources such as crude oil and
the incineration of fossil fuels, starch has gained
interest as a raw material for disposable products such
as films and foams [4, 5]. In the past two decades starch
has been used in many different applications in
attempts to replace synthetic polymers [5]. Starch is
abundant and a relatively cheap raw material. In
addition to being biodegradable, starch has the advan-
tage of being carbon dioxide neutral, which means that
the same amount of carbon dioxide that is produced
when the plant, or products thereof such as starch
plastics, is degraded it is consumed as the plant grows.
Starch has been used as a filler in synthetic polymers
[6] and as a raw material for products such as bags,
packaging chips and other disposable products [4, 5].
To create a thermoplastic material of native starch, it is
necessary to disrupt and melt the semi crystalline
granular structure of starch [7, 8]. Several methods
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have been used in preparing starch-based thermoplas-
tic materials, such as baking in a hot mould [9] to
create shaped articles, freeze drying [10] and extrusion
all of which are commonly used in the food industry.
Foams have also been prepared by a microwave
technique [11].

Starch granules are very sensitive to humidity and
quickly adapt their moisture content to the surround-
ing humidity. Physical properties and the material
properties of starch vary significantly with its moisture
content [12]. Water molecules break the hydrogen
bonds between chains in the starch granules, the
mobility of the chains increases and the glass transition
temperature, T, is thus reduced. 7, depends on the
mobility of the polymer. Water molecules decrease the
interaction energy between starch chains and increase
the distance between them, resulting in a decreased T,
[13]. It has been shown that there is a relationship
between T, and the foaming capacity. Kokini and co-
workers [14] state that the largest expansion in cereal
starches is achieved in a temperature region, ranging
from T, to 100 degrees above T,, where after thermal
degradation of the sample starts. Water is a strong
plasticizer for many biopolymers [15]. In addition to
having a plasticizing effect on starch, water is also the
blowing agent in the preparation of foams in a
microwave oven. During heating in a microwave oven
starch extrudates will expand at the same time as their
water contents are reduced [16]. Boiling water intro-
duces steam bubbles in the structure the water even-
tually evaporates and leaves a porous closed-cell
structure.

Studies by Shogren and co-workers [9] showed that
foams prepared from amylopectin rich starch have
lower densities than foams rich in amylose. This is valid
for foams prepared by both extrusion [9] and micro-
wave treatment [11]. In literature contradictory results
have been found, were amylose rich starches have a
larger foaming capacity [17, 18]. Based on our previous
results [11] we choose to focus this study on potato
amylopectin starch.

Microwave treatment is a fast way of adding energy
and is used in many industrial applications. Buffler
[19] described the way in which microwave energy is
converted to heat. Microwave energy can be used for
cooking and heating as well as for baking and
expansion of foods [20]. A study of popping popcorn
shows that the best expansion was achieved when the
corn kernels had a moisture content of 10-15% [21].
When starch extrudates are heated by microwaves the
moisture will generate superheated steam, which
creates high internal pressure [22]. During heating,
the starch in presence of water undergoes a phase
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transition from a glassy to a rubbery state. The walls
inside the starch extrudates will start to yield to the
pressure created by the superheated steam. As a
result of moisture loss during microwave treatment
and cooling after treatment, the structure will return
to the glassy state and the porous structure will
become permanent [23].

The purpose of this study was to identify the effect
of moisture content on the foaming ability of high
amylopectin starch during microwave processing and
to identify the optimum degree of moisture.

Materials and Methods
Materials

Potato amylopectin starch in granular form was kindly
supplied by Lyckeby Stirkelsen AB (Kristianstad,
Sweden). This type of potato starch was genetically
engineered by Lyckeby Stdrkelsen AB and Svalof
Weibull AB (Svalév, Sweden) in order to suppress the
synthesis of amylose [24]. Deionized ultra filtered
water, millipore®, was used.

Extrusion

Starch was gelatinized and blended with water by an
extrusion process. Starch and water were extruded in a
Haake Minilab, Germany, twin screw co-rotating
extruder. The screws had a length of 110 mm and a
diameter of 14 mm. The die of the extruder had a
diameter of 2.5 mm. Starch and water were mixed
prior to extrusion, total water content in starch was
20 wt%. The extrusion temperature was 95 °C. The
extruder had a screw speed of 100 revolutions per
minute (rpm). The starch/water mixture was circulated
in the extruder for 2 min.

Conditioning

Samples of extruded amylopectin starch were condi-
tioned in five different levels of ambient humidity.
Pieces of extrudates were placed in closed vessels
containing saturated salt solutions. The salts used were
lithium chloride (Sigma-Aldrich R31413), magnesium
nitrate hexahydrate (Sigma-Aldrich F63079), sodium
chloride (Sigma-AldrichF71381) and potassium sul-
phate (Sigma-Aldrich R31270). According to ASTM
standard E104 [25] saturated solutions of these salts
result in relative humidities of, 11%, 33%, 54%, 75%
and 97%, respectively, at room temperature, 23 °C.
Extrudates were first placed in the vessel with the
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lowest relative humidity, 11 %, when equilibrium water
content was reached, they were successively moved to
a higher degree of relative humidity. Samples were
weighed on a Mettler AE260-DR balance to determine
the mass after water absorption. Samples were weighed
every day. When no weight increase could be noted
saturation was considered to have been reached and
the samples were moved to a higher humidity. When
the highest relative humidity was reached, extrudates
were successively moved to the next lower humidity.
When the lowest level was reached, the samples were
dried in an oven at 120 °C for 24 h in order to achieve
complete dryness. The true water percentage at each
level of relative humidity was calculated. All measure-
ments were made in triplicate. The deviations were
small.

Light Microscopy

Extruded amylopectin starch samples were optically
studied with light microscopy to investigate the effi-
ciency of the gelatinization process. Extrudates were
pressed to 1 mm thick films prior to measurements.
Films were pressed in a Fontyne table press, TP 200, at
95 °C with an initial pressure of 5 kN for 5 min and at
the higher pressure of 100 kN for 5 min. Photos were
taken in a Nikon FXA light microscope with 10 times
enlargement.

Foaming

Starch extrudates were foamed by microwave treat-
ment. Extruded and subsequently conditioned samples
of amylopectin starch were placed in a microwave
oven. The microwave oven was a Sharp (Hamburg,
Germany) R-202N that emits microwaves with a
frequency of 2450 MHz. Samples were exposed to
microwaves for 2 min and then left to dry in 33% RH.

Wide Angle X-ray Diffraction

After extrudates were expanded into foams by micro-
wave treatment, the foams were ground in a mortar in
liquid nitrogen and reconditioned for 7 days in closed
vessels in 54% relative humidity using a saturated
aqueous salt solution of magnesium nitrate. Analyses
were made in triplicate, and diffractograms of the
powdered samples were recorded in the reflection
geometry on a Siemens D5000 Diffractometer using
nickel filtered CuK, (/ = 0.154 nm) radiation. Diffrac-
tograms were taken between 5 and 30°(20) at a rate of
1°(20) per minute and a step size of 0.1°(26).

Density

Foam density was measured by a sand volumetric
displacement method. A similar method has been used
by Segnini and co-workers [26]. Prior to measurement,
samples were conditioned in 33% RH. Three different
foams were analyzed for each sample. The measure-
ments were made in triplicate, and deviations were
small. Pieces of the foams were weighed on a Mettler
AE260 analytic balance. The pieces were then placed
in a 25-mL graduated cylinder, and a known volume of
sand was added to the cylinder. The total volumes of
foams and sand were recorded after tapping the
graduated cylinder for 1 min. Foam density was calcu-
lated from the mass divided by the displaced volume.

Expansion Ratio

The volume of conditioned amylopectin extrudates
was measured by a sand volumetric replacement
method. The extrudates were foamed in a microwave
oven, and the volume was measured. The expansion
ratio was calculated according to Eq. 1. The values
given are an average of measurements made in
triplicate.

expansion ratio

=(volume,,,, — volumecxirudate )/ VOlumeexirudate ® 100 %

(1)
Environmental Scanning Electron Microscopy

The porous structures of foams prepared by microwave
treatment of extruded amylopectin starch were studied
by taking images with an environmental scanning
electron microscopy (ESEM). Pieces of foams were
immersed in liquid nitrogen prior to being cut with a
scalpel to achieve sharp incisions and to avoid crushing
the samples. ESEM images were received in a Philips
XL 30 operated at 12 kV. Images were taken at 50
times enlargement at 0.9 torr.

Dynamic Mechanical Analysis

The mechanical behavior of the cell walls in the foams
was studied with dynamic mechanical analysis, DMA.
Extruded amylopectin was pressed to a thin film to
mimic the cell wall. A Perkin Elmer DMA7 was used
with an extension assembly connected to a humidity
controller. Films were cut into 5 mm X 15 mm strips
with a thickness of 0.06 mm. The strips were mounted
between two holders. Samples were tested in tensile
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mode with a frequency of 1 Hz and an amplitude of
4 um. The relative humidity in the sample chamber
followed a program that held RH at 10% for 30 min and
then increasing it by 1% per minute until 95% RH was
reached; after which 10% RH was held for 1 min. Three
different testing temperatures were used, 40, 60 and
80 °C, and all measurements were made in duplicate. It
was of interest to determine at which humidity the
softening occurred at each testing temperature.

Results and Discussion
Extrusion

After extrusion, amylopectin starch was collected as a
clear, transparent homogeneous material with thermo-
plastic properties. The X-ray diffractogram, Fig. 1,
shows a lack of crystallinity. There are no visible peaks
indicating residual crystallinity or peaks as signs of
recrystallization. An amorphous material has been
created. The starch granules were destructurized and
gelatinization took place in the extruder. The diffrac-
tograms show that the starch extrudates did not
recrystallize during conditioning for 5 days, even at
the highest surrounding humidity 97%, yielding a
starch extrudate with moisture content 25.3%.

Light microscopy images were taken in to verify the
results of WAXS diffractograms. Images, Fig. 2a and b,
show only a few individual undisrupted granules as
signs of residual crystallinity. Undisrupted granules are
identified by the significant Maltese cross. With so few
granules present, the material can still be considered
amorphous.
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Fig. 1 WAXS diffractogram of extruded amylopectin
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Fig. 2 (a) Light microscopy image of extruded amylopectin
starch, 10 times enlargement, (b) Light microscopy image of
extruded amylopectin starch, 10 times enlargement

Water Vapor Sorption Isotherms

After conditioning extrudates at five different levels of
room humidity the moisture contents at each level were
calculated and the values are compiled in a water vapor
sorption isotherm graph, Fig. 3. The graph shows
hysteresis; the water content is dependant on whether
the sample comes from a lower or a higher relative
humidity. Samples from a lower relative humidity have
low water content than samples from a higher relative
humidity. Hysteresis of native starch is well known and
has been described by Sala and Tomka [27] and Slade
and Levine [28]. This is also the case for the potato
amylopectin used in this study. The graph in Fig. 3 can
be divided into three regions. In the first region, from
0% to 11.4%, there is a steep increase in water content.
The dry starch has polymer—polymer hydrogen bonds as
well as free hydroxyl groups that can absorb water, and
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Fig. 3 Water vapor sorption isotherms at 20 °C for amylopectin
extrudates

the water content thus increases rapidly. The second
region has a more modest increase in water content.
There is an equilibrium of polymer—polymer hydrogen
bonds and polymer—water hydrogen bonds. The highest
moisture content was 25.3% when conditioned at 97%
RH. There is another significant increase in water
uptake at approximately 75% RH. There is a majority
of polymer—water hydrogen bonds [23].

Density and Expansion

The density of foams prepared by microwave treat-
ment as a function of conditioning level is listed in
Table 1. The lowest foam density was found for
extrudates containing 13.4% water and that had been
conditioned in 54% RH prior to foaming in the
microwave oven. Extrudates conditioned at 33% RH,
and that had a water content of 11.2% also yielded
foams with a low density. Extrudates conditioned at
11% RH had a higher density; we believe that the
relatively low water content, 8.3%, is not sufficient to
expand the extrudate. Even though the difference in
moisture content is low, 2.9%, this seems to be

Table 1 Densities at different water contents with correspond-
ing surrounding humidities

Surrounding RH (%) Moisture content (%) Density (g/mL)

11 8.3 0.71
33 11.2 0.36
54 13.4 0.30
75 16.9 0.51
97 25.8 0.81

important for the foaming effect on the sample. At
the higher degrees of moisture, conditioning at 75%
and 97% RH, the foam densities are higher than at
54%. We think that a more compact material was
created due to collapse of the expanding cells. Water in
the extrudates causes expansion and the creation of a
porous structure, but water also plasticizes starch and
gives the cell walls increased elasticity. The elasticity in
the cell wall prevents rupture of the cell during
foaming. However, cell wall contains water after
foaming, it retains its melt tenacity and can cause the
cell to collapse after expansion. The expansion ratios
correlate well with the results of the density measure-
ments, Fig. 4. The highest expansion ratio is observed
for foams for which the extrudates with water contents
of 11.4% and 13.4%, conditioned at 33% and 54% RH,
respectively.

ESEM

Images taken with ESEM show that porous structures
are created from extrudates conditioned at all five
levels of ambient humidity. The degree of porosity
varies, however, as do the size and shape of pores.
Foam conditioned at the lowest level of humidity, 11%;
Fig. 5a, are porous although not to the same degree as
foams in Fig. 5b and c, conditioned at 33% and 54 %,
respectively. Density measurements and expansion
ratio calculations show that the highest porosity is
achieved for foams conditioned in 33% and 54% RH.
These results are in agreement with results observed in
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Fig. 4 Expansion ratios as a function of water content in
amylopectin extrudates
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Fig. 5 (a) ESEM image of
foam conditioned at 11% RH,
50 times enlargement, (b)
ESEM image of foam
conditioned at 33% RH, 50
times enlargement, (¢) ESEM
image of foam conditioned at
54% RH, 50 times
enlargement, (d) ESEM
image of foam conditioned at
75% RH, 50 times
enlargement, (e) ESEM
image of foam conditioned at
97% RH, 50 times
enlargement

97%

ESEM images. Foams conditioned at 75% and 97%,
Fig. 5d and e, are not as porous as those shown in the
previous figures. A greater number of collapsed cells
can be seen at the highest relative humidity, Fig. Se.
Figure 6 shows the edge of a foam piece. The foam has
a rather thick skin with low porosity. Cells at the edges
of the foam are compressed, and this is the case
regardless of the humidity at which the sample was
conditioned. This may be because the edges of the
sample dry out first. Directly inside the low porosity
skin pores are evenly distributed and are even in size
and shape.

Theoretical Prediction of the Glass Transition
Temperature

The glass transition temperature, 7,, of a starch
extrudate is dependent on its moisture content. T,
can be predicted with the Couchmann-Karasz Eq. 2
[29]. The equation was originally developed only for
compatible, homogeneous mixed systems, but Brinke
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et al. [30] expanded its use by showing it to be valid for
polymer networks/dilutent systems as well.

T _ WlACpngl + WzAszng
& WlACpl + WzAsz

W is the weight fraction of the dilutent (here water), W,
is the weight fraction of the polymer, Ty; is the glass
transition temperature of the dilutent, Ty, is the glass
transition temperature of the polymer, AC,,; is the change
heat capacity at Ty; and AC; is the change in heat
capacity at Tg. We calculated Ty, at the different relative
humidities using the water content obtained from the
sorption isotherm graph measurements, Fig. 7. The
values of Ty, Ty, AC,; and ACy,; are taken from Bizot
et al. [27], where Ty amylopectin = 358 K, Ty water = 134 K,
AC,, amylopectin = 0.295 J/gK and AC,, yater = 1.83 J/gK.
Figure 7 shows the predicted T, values as a function of
the ambient relative humidity. According to Kokini
et al., the greater expansion is achieved in a temperature
region of T, and 100 °C and above. The water content in
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Fig. 6 ESEM image of edge of foam conditioned at 33% RH, 50
times enlargement

the sample during foaming steadily decreases due to
evaporation. The samples conditioned at 33% and 54%
RH start with water contents of 11.2% and 13.4% and T,
values of 132.5 and 98.9 °C, respectively. They will
immediately be within their optimum expansion tem-
perature region and thus have better conditions for
expansion.

Dynamic Mechanical Properties

It is of great interest to measure the strength of the
walls of cells that are created during foaming, since this
will determine whether the cell will collapse. If water is
still present after evaporation, the cell wall will have
high melt tenacity owing to a low T}, and the cell will
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Fig. 7 Predicted Tgs of amylopectin extrudates at different water
contents

be able to flow and collapse. Samples of amylopectin
starch were investigated at three different tempera-
tures, 40, 60 and 80 °C. The humidity at which
softening of the material occurred was recorded for
each temperature. Foaming started at 100 °C, when
water was brought to boiling. The results were extrap-
olated to 100 °C, Fig. 8. Softening occurs at approxi-
mately 23% ambient humidity at 100 °C. The
corresponding moisture content in the amylopectin
extrudate was 10.5-12%, Fig. 1. The best expansion
was achieved for extrudates with slightly higher mois-
ture contents, 11.2% and 13.4%.

Conclusions

We have shown that the water content of amylopectin
starch extrudates has a significant effect on their
expansion capacity during microwave foaming and
stability towards shrinkage after treatment. The largest
expansion is achieved when extrudates are conditioned
at 33% and 54% RH, which corresponds to moisture
contents of 11.2% and 13.4%, respectively. This is
calculated from measurements of density and is con-
firmed by observations in ESEM images. Lower water
content did not expand the extrudate to the same
degree, and thus the foams had higher densities. One
reason for this may be the evaporation of all water
before maximum expansion can take place. Extrudates
with water content, 16.9-25.8%, yield foams with
comparatively high densities. We believe these extru-
dates have been expanded to the same degree as
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Fig. 8 Softening temperature as function of surrounding humidity,
measured with DMA
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extrudates with optimum water content, 11-13.5%. At
high levels of water content, the evaporating water will
expand the samples. However after treatment, water is
still present in the structure, giving the cell wall a melt
tenacity that allows it to shrink, which results in cell
collapse. Water has two major functions in creating
starch foam; first in forming cells and second in
plasticizing the cell wall. Water that forms bubbles
creates cells as the water evaporates. As a plasticizer,
water lowers T, and increases the melt tenacity. The
plasticizing effect will not be great enough at low water
content and cells will be disrupted. We have found that
the optimum water content in an amylopectin starch
extrudate is 11-13.5%. At this level, the extrudate has
enough water to prevent breakage of cells during
foaming but a low enough water content after treat-
ment to give a fixed structure.
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