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Abstract The aim of this paper is to study the influence of
water on the mechanical properties of thermoplastic starch films.
Experimental observations of Young modulus and the breaking
force of thermoplastic starch foils with different percentages of
polyvinyl alcohol and keratin additives and screw rotation speeds
are reported. Thermoplastic starch foils are prepared by the extru-
sion method with the bowling from potato starch and glycerol as
a plasticizer. Young modulus and the breaking force were deter-
mined by the random marker method. Measurements of Young
modulus and the breaking force of the films were performed after
their production and after dosing with water. It was observed that
in all cases Young modulus decreases after dosing with water, but
the breaking force lied in the same range. Thermoplastic starch
foils produced at the screw rotation speed equal to 60 r.p.m.
have the best mechanical properties. The highest value of Young
modulus and the breaking force were obtained for samples with
a 1% keratin additive.
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INTRODUCTION

Environmental care and attempts to solve the problem of
waste management are the reason why many researchers
produce new packaging materials with mechanical proper-
ties comparable to those of conventional plastics. It is esti-
mated that about 44% of produced plastics, such as packag-
ing foil, gardening items, and disposable items, have short
life and quickly become a waste (Raport of EC, 2011).
Replacement of plastic materials by biodegradable poly-
mers significantly reduces the volume of waste, especially
those with short-term use, or where recycling is difficult to
perform or exceeds the cost of production of the new packag-
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ing (Avella et al., 2005; Swain et al., 2004; Zhao et al.,
2008). Degradation of a material is a complex and time-
dependent process whose mechanism depends on environ-
mental conditionsandadditives specially builtintothe macro-
molecule of the material from which the decomposition
process is started (Dilara and Briassoulis, 2000; Moscicki
et al., 2007). In the case of polymers, the process can take
place through changes in temperature (thermodegradation),
effects of light (photodegradation), ultrasound, biological
and chemical agents as well as during mechanical stress
and deformation of the material (Chiellini and Solaro,
1996; Dilara et al., 2000).

For many years, polymers have been prepared from
amixture of synthetic and natural polymers that are partially
biodegradable. Now completely biodegradable packag-
ing materials are made from plant materials, mainly from
starch (Avella et al., 2005; Lu et al., 2009; Moscicki et al.,
2007; Swain et al., 2004), proteins, cellulose, and rubber
(Phan et al., 2009; Schwach and Avérous, 2004; Zhao et
al., 2008).

Starch is formed from carbon dioxide and water in the
process of photosynthesis. It is a completely biodegradable
semi-crystalline polymer and a supplementary material
for most plants (Avella et al., 2005; Lu et al., 2009; Liu et
al., 2009). Under the action of high temperature and shear,
starch can be converted into a mouldable thermoplastic,
a material known as thermoplastic starch (TPS). Therefore,
TPS, which is a starting material for the manufacture of
products containing natural plasticizers and biodegra-
dable hydrophilic substances (Liu et al., 2009; Lu et al.,
2009; Ning et al., 2008; Moscicki et al., 2007; Swain et al.,
2004), is degraded in both aerobic and anaerobic conditions
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(Moscicki et al., 2007). Due to its low production cost and
easy availability of components, starch-based materials
are widely used in food industry (Avella et al., 2005; Lu
et al., 2009; Phan et al., 2009; Zhao et al., 2008), agricul-
ture (Lu et al., 2009; Dilara et al., 2000; Ning ef al., 2008),
and medicine (Araujo et al.; 2004; Azevedo et al., 2003;
Marques et al., 2002; Nair and Laurencin, 2007; Rinaudo,
20006). Specific properties of starch, including phase tran-
sition during heat treatment, mechanical properties, and
microstructure of the material prepared, strongly depend on
the conditions and techniques applied for producing such
materials (Liu et al., 2009). Additionally, strength proper-
ties of starch material are also influenced by the percentage
of starch and additives of reinforcing vegetable fibres
(Ashori and Nourbakhah, 2008; Georgopoulo et al., 2005;
Nourbakhah and Ashori, 2008; Mani and Bhattacharya,
2001; Ratto et al., 1999).

A disadvantage of starch-based plastics is their sensi-
tivity towards water. Variation of the water content of the
material as a function of changes in relative humidity leads
to (uncontrollable) changes in the mechanical properties.
Therefore, in our previous work (Gladyszewska et al.,
2013), we focused on dependence of Young modulus and
breaking force on soaking time. The aim of this paper is to
study the influence of water on the mechanical properties
of TPS films. We present the results of stress tests for TPS
films produced from potato starch and glycerin with the
addition of polyvinyl alcohol and keratin obtained for diffe-
rent screw rotation speeds during production. Measurement
of Young modulus and breaking strength were performed
using random marker method for dry samples and samples
subjected to water.

MATERIAL AND METHODS

The main component of TPS films was potato starch
mixed with glycerol as a plasticizer. Polyvinyl alcohol
and keratin were used as additives. Thermoplastic starch
was prepared from potato starch ‘Superiol’ (73.11% w/w
amylopectin and 26.89% w/w amylose) from PPS
‘PEPEES’ (Lomza, Poland) and glycerol (99.5% purity)
from BIOPETROL MARKETING Denmark, purchased
in Brenntag Poland Sp. z 0.0 in Lublin. Polyvinyl alcohol
(mol. wt. 72 000) originated from POCH Gliwice (Poland)
and keratin was produced by PROTEINA Label Natural
Protein SC in £6dZ (Poland). The composition of the raw
material samples is given in Table 1.

Thermoplastic starch foils were prepared from starch
granulates obtained by the extrusion method with the bowl-
ing. The extrusion-cooking process was performed using
a modified single screw extrusion-cooker type TS 45
(Polish design) with L/D=18/1 (L is the length, and D the
diameter of the screw). The extruder was equipped with an
additional cooling section of the barrel. During the extru-
sion-cooking process, the temperature on each section was
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Table 1. Composition of samples

Sample Material (%)
potato starch 78
SGA1 glycerol 20
polyvinyl alcohol 2
potato starch 79
SGA2 glycerol 20
polyvinyl alcohol 1
potato starch 79.5
SGA3 glycerol 20
polyvinyl alcohol 0.5
potato starch 78
SGK1 glycerol 20
keratin 2
potato starch 79
SGK2 glycerol 20
keratin 1
potato starch 79.5
SGK3 glycerol 20
keratin 0.5

80-120°C. The temperature was kept by controlling the
intensity of cooling fluid flow. The screw rotations ranged
from 50 to 80 r.p.m. The rotational speed of the screw was
monitored using an electronic tachometer DM-223AR
Wireless. The physical parameters of processed materials
frequently depend on technological parameters and on the
composition of samples. We prepared samples with screw
rotation speeds of 50, 60, 70, and 80 r.p.m. (rotation per
minutes). During the extrusion and film blowing, foil
sleeves were obtained with thicknesses in the range of 0.1-
0.15 mm and width of about 1 m. For the measurement of
mechanical properties, dumbbell shaped samples were cut.
A minimum of several dozen samples were cut from the foil
sleeves obtained for each composition and for each screw
rotation speed. The samples had a length of 50 mm and
a width of 20 mm at their tapered part. To study the effect
of water on Young modulus and breaking force, measure-
ments were performed before and immediately after dosing
0.5 cm? of fresh water at a constant temperature of 26.5°C.
A standard pipette was used for dosing the same amount of
water to the surface of the sample in each case.

In order to study the structure of TPS foils, a Philips
X’Pert PW 3040/60 X-ray diffractometer with the CuKa
radiation (A=1.54056 A) and with a generator operated at
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50 kV and 30 mA was used. A graphite monochromator
was used to select the Kal radiation. The radiation was
detected with a proportional detector. All X-ray diffraction
profiles were measured in 0-20 geometry from 10 to 30°
with the step 0.01° and counting time 5 s per data point.

Young modulus and breaking force were measured by
the random marker method. This method was described in
detail by Gladyszewska (2007). The method is based on
analysis of the relative position of markers randomly dis-
tributed on the surfaces of tested samples. In this method,
we determine changes in the position of markers on the sur-
face of a sample before and after the action of tensile force.
The change in the distance between two arbitrarily chosen
points before and after deformation is treated as relative
elongation of a linear element arranged at any angle to the
direction of the force. The general relationship between
the relative elongation of the linear element and the strain
tensor allows determination of strain tensor components
expressed in the direction of the analyzed linear element.
To determine all components of the strain tensor, a neces-
sary condition is to know the relative elongation of at least
three linear elements not lying on a straight line. The strain
tensor obtained is not expressed in the direction of the main
axis. The relationship between the strain tensor compo-
nents expressed in two different reference systems rotated
by any angle allows us to find this angle. Knowledge of the
angle between reference systems and the strain in the sys-
tem rotated relative to the main axis, explicitly allows us to
calculate the main strain, which is used to calculate Young
modulus (Gladyszewska and Chocyk, 2004).

This method allows directing the connection between
the sample deformation and stresses in the sample. By ap-
plying the random marking method in strength tests, one
can neglect boundary conditions, which make the results
obtained independent of material strain in the area of criti-
cal cross-sections (Gladyszewska, 2006). Force direction
is chosen in such a way that the sample is stretched preci-
sely in its plane. The applied markers do not affect sample
properties as in many of the existing techniques using
periodic patterns to study the displacement fields and the
strain fields. In those techniques, the patterns have to be de-
posited onto the sample directly engraved by the beam on
the surface or on an additional layer deposited on the stu-
died surface. Then, it is possible to obtain wrong results
by stiffening the surface layer of the tested material due to
the line system. In our method, markers not connected to
each other and located randomly on the surface of the sam-
ple do not introduce any additional stress. Therefore, the
natural mechanical properties of the studied material are
preserved. The sample is placed in clamping grips. One of
the grips is connected to a tensometer with a force measure-
ment range of 0-100 N. The second grip is a moving grip.
During the strength test, the sample image generated by
a camera equipped with a microscope lens is transmitted to
a computer with information of the value of the tensile force
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corresponding to the given image. The operating resolution
of the captured image is 240 x 320 pixels. The value of the
tensile force and the sample strain are later correlated.

For each case, aminimum of a dozen measurements were
performed and the corresponding mean values were cal-
culated. The maximum measurement uncertainty was de-
termined by the logarithmic method and marked in the figu-
res. Additionally, all data were subjected to analysis of va-
riance (ANOVA) using Origin 8.1 BONFERRONI test (2013).

RESULTS AND DISCUSSION

Generally, in the native starch, one can distinguish two
types of crystalline structure and a significant contribution
of the amorphous phase. One, the A-type is exhibited for
cereal starches. The second one, the B-type is character-
istic for amylose-rich starches (Schlemmer et al., 2007).
However, in the thermoplastic starches with the glycerol
as a plasticizer, there is also a V, -type structure. The exist-
ence of the V -type crystalline structure was commonly
connected with the interactions established between starch
and glycerol (as a plasticizer) during fabrication (Girones et
al.,2012; Schlemmer et al., 2007). Examples of 6-20 X-ray
diffraction profiles for sample SGK2 and for sample SGA1
are shown in Figs 1 and 2, respectively. X-ray diffraction
measurements were performed a few days after produc-
tion. For both samples, X-ray profiles revealed a wide
peak from the amorphous phase and weak peaks from the
small crystalline friction. In all cases, we can distinguish
a peak position at approximately 20 = 17.0, 22.2° from the
B-type structure and peaks at approximately 20 = 13.2,
19.6° from the V -type crystalline. Peaks from the B-type
and V, -type crystalline structures are indicated in the fig-
ures. The degree of crystallinity was estimated according
to Hulleman et al. (1999) at about 6% for all samples. The
degree of crystallinity of native starch is about 22% (Gernat
et al., 1990). The B-type crystalline has been attributed to
the fast re-crystallization of amylose during cooling after
production (Forssel ef al., 1997).
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Fig. 1. X-ray diffraction intensity (cps — count per seconds) pro-
files for a thermoplastic starch sample with 1% keratin of total
weight (SGK2) prepared with screw rotation speeds equal to
50 r.p.m. with an indicated position of peaks originating from the
crystalline structure.
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Fig. 2. X-ray diffraction intensity (cps — count per seconds)
profiles for thermoplastic starch sample with 2% the polyvinyl
alcohol total weight (SGA1) prepared with screw rotation speeds
equal to 70 r.p.m. with an indicated position of peaks originating
from the crystalline structure.

Figures 3 and 4 show the breaking force and Young
modulus dependences versus rotation speeds of the screw
for samples before and after dosing with fresh water. One
can observe that values of the breaking force are in the
same range before and after dosing with water. In contrast
to the breaking force measurement, we can observe sig-
nificant changes in the value of Young modulus before and
after dosing with water for all rotation speeds of the screw.
For samples containing keratin, at a rotation speed of 60
and 70 r.p.m., we obtain similar values of Young modulus
and breaking force. However, for the samples with the addi-
tion of polyvinyl alcohol, we observe a very large increase
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in the value of Young modulus for the speeds of 70 and
80 r.p.m. In contrast to the samples without added water, in
all cases we obtain similar dependence on the screw rota-
tion speed after dosing. The maximum values of Young
modulus and the breaking force are obtained for the samples
produced at 60 r.p.m. One can conclude from these results
that the films obtained with the screw rotation speed of
60 r.p.m. during the manufacturing have the best elastic
properties. For these screw rotation speeds, the breaking
force remains almost the same, but Young modulus is
decreased about 2.5 times for the samples with the addi-
tion of polyvinyl alcohol. For samples with the addition
of keratin, the effect of water is well pronounced, and the
maximum effect is produced at 60 r.p.m.

The results of the measurement of breaking force and
Young modulus for three different concentrations of keratin
and polyvinyl alcohol additives are shown in Figs 5 and 6,
respectively. These results also show that the value of
Young modulus is significantly reduced by water, but the
breaking force is in the same range before and after dos-
ing with water. However, depending on the additive, there
is a difference between the behaviour of Young modulus
and the breaking force. In the case of polyvinyl alcohol, the
lowest values of Young modulus and the breaking force are
obtained for 1%, both before and after dosing with water.
In contrast to this, samples containing keratin showed the
maximum values of both Young modulus and breaking
force for the 1% additive.
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Fig. 3. Dependence of the value of breaking force F (N) on screw rotation speeds for thermoplastic starch samples with 2% the polyvi-
nyl alcohol (SGA1) and 1% keratin (SGK2) of total weight: a — before, b — after dosing 0.5 cm® water.
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Fig. 4. Dependence of the value of Young modulus E (MPa) on screw rotation speeds for thermoplastic starch samples with 2% the
polyvinyl alcohol (SGA1) and 1% keratin (SGK2) of total weight: a — before, b — after dosing 0.5 cm® water. Explanations as in Fig. 3.
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Fig. 5. Dependence of the value of breaking force F (N) on the total weight percentage of additives (polyvinyl alcohol and keratin) for
thermoplastics starch samples obtained at 60 and 70 r.p.m.: a — before, b — after dosing 0.5 cm? water.
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Fig. 6. Dependence of the value of Young modulus E (MPa)on the total weight percentage of additives (polyvinyl alcohol and keratin)
for thermoplastic starch samples obtained at 60 and 70 r.p.m.: a — before, b — after dosing 0.5 cm?® water. Explanations as in Fig. 5.

The results presented above show that water has a high
impact on the mechanical properties of finished starch-
based materials. Air humidity varying the water content of
starch-based products can change not only the mechani-
cal properties. At low humidity, there are problems with
brittleness, and at high humidity there are problems with
softness. Therefore, other plasticizers are frequently used
to improve the mechanical properties of starch-based films.
For example, plasticizers can increase film flexibility by
reducing the internal hydrogen bonding between poly-
mer chains by increasing intermolecular space (Liu ef al.,
2009). Plasticizers also play an important role in process-
ing. In blown film processing, materials based on starch
are required to have high melt strength and extensibility
to form good foils. It has been reported that water used as
a plasticizer reduces the viscosity of samples during ther-
mal processing (Lai and Kokini, 1990; Thuwall et al., 2006;
Willet et al., 1995). Glycerol is used to improve extensi-
bility during the blowing process. Polyvinyl alcohol and
keratin is also blended with starch to overcome the natu-
rally bad processibility of raw starch and to eliminate the
influence of external factors on its mechanical properties.

Dosing with water is associated with absorption proces-
ses. Absorption of water results in a change in the propor-
tion of starch and plasticizer. Consequently, a change in the
ratio of starch and plasticizer leads to a reduction in the
degree of crystallization, resulting in a decrease in the va-
lue of Young modulus. However, changes caused by simple
absorption of water can also be a result of the dissolution
process of starch. Both of these processes lead to an increa-
se in the plasticizer to starch ratio whereas dissolution of
starch decreases crystallinity. An increase in the crystalli-
nity of TPS leads to an increase in the elastic modulus. The
role of each process is not obvious, although basically it
depends on a number of parameters such as processing
history and presence of additives. In summary, water ab-
sorption processes result in both dissolution and an increase
in the plasticizer and a decrease in crystallinity in samples.

The analysis of variance showed that both Young mo-
dulus and the breaking strength in the samples obtained at
different screw rotation speeds and different concentrations
of keratin and polyvinyl alcohol additives were statistically
significant. Also, the post-hoc test (& = 0.05) confirmed that
the average values of Young modulus and breaking strength
were statistically significant.
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CONCLUSIONS

1. We have found that the degree of crystallinity starch
films is about 6% irrespectively on water addition and rota-
tion speed.

2. The value of Young modulus of as-prepared samples
is higher than that of samples dosed with water.

3. The foils obtained at 60 r.p.m. have the best elastic
properties of the samples.

4. Dosing with water does not affect the breaking force
for all samples.

5. Samples with 1% of keratin have the highest value of
Young modulus and breaking force.
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