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Abstract

Thermoplastic starch (TPS)/wood composites in a wide com-
position range were prepared in an internal mixer followed
by compression molding. Three types of lignocellulose fibers
were used to study the effect of particle and surface charac-
teristics on the processability as well as the mechanical and
water absorption properties of the composites. The mechanical
properties of these composites were also compared with those
of the composites processed by injection molding in an earlier
study, and the effect of processing technology on the mechan-
ical properties was also investigated. The processing of TPS/
lignocellulose composites in the internal mixer demanded more
energy with increasing amount and aspect ratio of the fibers as
a result of a network formation. Only a small variation among
the dispersion component of the surface tension of the wood
samples was found, and almost no difference in the stiffness
and strength of the composites prepared in the internal mixer
was observed. The results proved that the influence of the pro-
cessing method on the stiffness and strength of the compos-
ites depends strongly on the aspect ratio of the wood particles.
Increasing anisotropy results in increasing difference in the
mechanical properties of the composites prepared by different
methods. The equilibrium water uptake of the fibers and the
composites depended especially on the size and, consequently,
on the specific surface area of the wood fibers.
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1 Introduction

Recently a growing interest has been shown in the applica-
tion of biopolymers as packaging materials in order to reduce
the environmental pollution caused by plastic waste and to
achieve sustainable development. Starch is considered as one
of the most promising biopolymers because it is readily avail-
able, cheap and biodegradable. Starch is a semicrystalline poly-
mer and it represents the major form of stored carbohydrates
in plants. Starch is a mixture of two substances composed of
a-D glucopyranosyl repeating units, an essentially linear poly-
saccharide—amylose and a highly branched polysaccharide—
amylopectin. One of the major problems with granular starch
is its limited processability, which can be improved by the use
of plasticizers. Thermoplastic starch can be obtained by the
destruction of the starch granules in the presence of plasticiz-
ers under specific conditions. Polyols such as glycerol, glycols
as well as water are the most widely used plasticizers [1-3].
The main disadvantages of TPS are its pronounced hydrophilic
character and inadequate mechanical properties. The inferior
properties of TPS can be improved by the incorporation of
other materials (natural fibers, nanoclays, or other biodegrad-
able polymers) [1, 2, 4-11].

A considerable number of papers deal with the effect of nat-
ural fibers on the properties of thermoplastic starch. Most of
them study the influence of fiber type and amount usually by
determining properties at one or two fiber contents. All kinds of
fibers have been used as filler in TPS including various forms of
cellulose [6, 12-24], jute [18, 25-27], sisal [28-33], wheat straw
[13], flax [23, 34] hemp [13, 28, 35, 36], cotton [13, 37, 38],
flax [19, 39], ramie [20, 40].

According to the existing literature a relatively small num-
ber of papers have been published which consider the practi-
cal relevance of TPS/wood composites [7, 41-46]. There are
even fewer paper about systematic experiments carried out
as a function of fiber content in a wide composition range
[2, 41, 42], furthermore, it is very difficult to find publica-
tions on the effect of processing methods on the properties of
TPS/wood composites. In our earlier work we investigated dif-
ferent TPS/wood composites prepared by injection molding [47].
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On the bases of the results we concluded that the modifica-
tion of TPS with wood particles improves several properties
considerably. Stiffness and strength increased, and the effect
was stronger for fibers with larger aspect ratio. Wood fibers
reinforced TPS considerably due to poor matrix properties and
strong interfacial interactions, the latter resulting in decreased
mobility of starch molecules and in the fracture of large wood
particles during deformation. Strong interfacial adhesion led
to smaller water absorption than predicted from the additive
effect of the components, but water uptake remained relatively
large even in the presence of wood particles. In the present
study we investigate the effect of processing technology and
the surface energy of fibers on the mechanical and water
absorption properties.

2 Experimental
2.1 Materials

The corn starch used in the experiments was supplied by
Hungrana Ltd. Hungary and its water content was 12 %.
Glycerol with 0.5 % water content was obtained from Molar
Chemicals Ltd. Hungary and it was used without further puri-
fication or drying. Three different wood fibers used as rein-
forcement were obtained from Rettenmaier and S6hne GmbH,
Germany. The particle characteristics of the fibers are listed
in Table 1. Composites were prepared with 5, 10, 15, 20, and
30 V/V % fiber content.

Table 1 Particle characteristics and the dispersion component of surface
tension (y,) of the studied fibers

Fiber Arbocel CW 630  Filtracel EFC 1000  Arbocel FT 400
D[4,3]* (um) 39.6+1.0 213.1+1.6 171.2+2.5
Length® (um) 93.49+£6.0 363.40 +31.3 235.24 +£25.1
Diameter® (um) 33.25+3.2 63.91+6.1 21.80+ 1.7
Aspect ratio® 348+0.5 6.84 + 0.9 12.60+ 1.5
(v, (mJ/m?) 38.4+0.5 40.2+0.7 45.1+0.3

a) volume average particle size
b) average values determined from scanning electron micrographs
¢) measured by inverse gas chromatography

Both the corn starch and the lignocellulose fibers were dried
in an oven before composite preparation (100°C for 24 hours and
105 °C for 4 hours, respectively). Thermoplastic starch containing
36 m/m % glycerol was prepared by dry-blending in a Henschel
FM/A10 high speed mixer at 2000 rpm. TPS pellets were pro-
duced by processing the dry-blend with a Rheomex 3/4” single
screw extruder attached to a Haake Rheocord EU 10 V driving
unit at 140-150-160 °C barrel and 170 °C die temperatures, and
60 rpm screw speed. TPS pellets and fibers were homogenized
in an internal mixer (Brabender W50 EH) at 150 °C for 10 min
at 50 rpm. 1 mm thick plates were compression molded from the
melt at 150 °C and for 5 min. The composite samples were put in

a desiccator in order to keep them in a dry atmosphere until the
beginning of tensile testing and water absorption measurements.

2.2 Methods

The dispersion component of the surface tension (y¢ ) of the
lignocellulose samples was determined by inverse gas chroma-
tography (IGC) at infinite dilution using n-alkanes with different
chain lengths. IGC measurements were carried out using a Perkin
Elmer Autosystem XL apparatus, after conditioning the samples
at 105 °C for 16 h under a constant flow of nitrogen, at 40 °C.
A new column was prepared for each set of experiments. Vapor
samples of 5-20 pl were injected into the column and retention
peaks were recorded by a FID detector. Each reported value is
the result of three parallel measurements. High-purity nitrogen
was used as carrier gas and its flow rate changed between 5 and
20 ml/min depending on the type of adsorbent and adsorbate. The
v,” values were calculated by the method of Dorris and Gray [48].

The mechanical properties of all the composites were char-
acterized by tensile testing using an Instron 5566 universal
testing machine with a setting of 5 mm/min cross-head speed
and 115 mm gauge length at 23 °C and 52 % relative humidity
(RH). Tensile tests were performed on five parallel specimens.
The water absorption of the wood fibers and the composites
prepared in the internal mixer was also determined at 23 °C
and 52 % relative humidity by the measurement of the weight
increase of the specimens. The desired relative humidity was
achieved with a saturated solution of Mg(NO,),.

3 Results and discussion

It is well known that the properties of polymer composites
strongly depend among others on the component properties
and the interfacial interactions which is the function of surface
energy. Comparing the characteristics of the applied fibers it is
clear that their average size (as well as the specific surface area)
and the aspect ratio are very different, but only a small differ-
ence in the surface energy could be measured (Table 1) in spite
of that the surface of the applied lignocelluloses are very differ-
ent from each other (FT 400 is bleached, EFC 1000 is dewaxed
fiber, while the surface of CW 630 is covered with wax).

3.1 The effect of the particle characteristics of the
fibers on the processability of TPS composites

The equilibrium torques recorded during the homogeniza-
tion in the internal mixer are plotted against the composition
for all TPS/wood composites in Fig. 1. According to the figure
the processing of TPS/lignocellulose demands more energy
with increasing fiber content and aspect ratio, respectively.
Previous studies on wood reinforced composites have proved
that aggregation rarely occurs, but fibers might touch each
other and thus hinder their mobility, which stems purely from
geometric reasons [49-52], and long fibers may even form a
loose network [53, 54].
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Fig. 1 Equilibrium torque recorded during sample preparation as a
function of fiber content

3.2 The effect of fiber surface energy and processing
technology on the mechanical properties of TPS
composites

Typical tensile stress-elongation curves are presented in
Fig. 2. Similar traces were observed for all composites inves-
tigated indicating that filler characteristics has only a slight
effect on the mechanical properties.

20
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1 ——FT400

Tensile stress (MPa)
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Fig. 2 Tensile stress- elongation curves of TPS/wood fiber

composites, fiber content 20 V/V %

Stiffness and strength are used the most frequently to esti-
mate the effect of fillers and fibers on the properties of com-
posites. The modulus, tensile strength and elongation at break
of our TPS composites are plotted against fiber content in

Fig. 3a-c, respectively.
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Fig. 3 Composition dependence of modulus (a), tensile strength (b) and
elongation at break (c) of TPS composites prepared in internal mixer
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According to the Fig. 3a stiffness increases from around
0.38 GPa up to approximately 3.8 GPa, while tensile strength
from 7.5 MPa to 23 MPa, thus the modification of TPS with fibers
results in very strong reinforcement. Although in our previous
paper we proved that the reinforcing effect of wood fibers in TPS
composites prepared by injection molding strongly depend on the
aspect ratio of the fiber [47], the results of the present investi-
gation did not show too much difference among the mechanical
properties of the TPS composites containing fibers with differ-
ent particle characteristics. The measured modulus and tensile
strength values depend significantly on the fiber content, but not
on the particle size and aspect ratio. The impact of the slightly
dissimilar surface energies cannot be detected either.

5
A internal mixer a)
A injection molding
)
=9
&)
wv
=
S
©]
p=
o+—F7TF—7T—1—
0 5 10 15 20 25 30 35 40
FT 400 content (V/V%)
5 - -
® internal mixer b)
O injection molding
)
=9
&)
wv
=
S
©]
p=
0+ 1T

'1I0'1I5‘2IO'2I5'30 35'40
CW 630 content (V/V%)

T
0 5

Fig. 4 Effect of the processing technology and fiber aspect ratio on the
stiffness of TPS composites

It is well known that the orientation of the anisotropic par-
ticles results in a reinforcing effect in polymer composites,
and a larger extent of orientation can be achieved by injection

molding than with the sample preparation in the internal mixer,
which cause lower extent of the fiber orientation. This can
be well observed in Fig. 4 and Fig. 5 where the composition
dependence of the mechanical properties of TPS/FT 400 and
TPS/CW 630 are shown. The aspect ratio of FT 400 is 12.6
while that of CW 630 merely 3.5. It is clear from Fig. 4 and
Fig. 5 that the reinforcing effect as well as the influence of the
processing method is larger in the case of FT 400.
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Fig. 5 Effect of the processing technology and fiber aspect ratio on the
strength of TPS composites

3.3 The effect of fiber properties on the water
absorption of TPS composites

As we mentioned earlier, one of the main disadvantages of
TPS is its pronounced hydrophilic character. The absorption of
excessive water weakens all the properties of TPS. Earlier stud-
ies showed that the reinforcement of TPS with natural fibers
decreases its water uptake, therefore it results in the improve-
ment of composite characteristics [12, 14, 15, 18, 40].
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The water uptake of the fibers and TPS/FT 400 composites
as a function of time is presented in Fig. 6 and Fig. 7, respec-
tively. Equilibrium water absorption was determined from
absorption isotherms by fitting the following form of Fick’s
law to the experimental results.

8 1 1
M, =M_|1-——| exp(—at) + —exp(-9) + —exp(—25at
‘ w( ”2( Xp(—ar) 9 xp(=9) s xp( a)D

o

where M, is time dependent weight increase, M the final (equi-
librium) water uptake reached after infinite time, ¢ the time of
absorption and a a constant characterizing the overall rate of
water absorption.
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Fig. 6 Water uptake of wood fibers at 52 % RH relative humidity
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Fig. 7 Water uptake of TPS/FT 400 composites at 52 % RH relative humidity

The equilibrium water uptake of the composites is plot-
ted in Fig. 8 showing that water absorption decreases with
fiber content, as reported in the literature [12,14,15,18,40].
Although the effect of the three fibers is very similar, it is clear
from Fig. 8 that the smallest water uptake was measured on the
TPS/EFC 1000 composites, while the largest on the TPS/CW
630 ones. Similar conclusions can be drawn from Fig. 6 too,
since EFC adsorbs the smallest amount of water, CW630 in
turn the largest. Comparing the properties of the fibers, it is
evident that the surface energy of the fibers has no significant
effect on water absorption capacity, but the particle size can
influence it. CW 630, the fiber of the smallest particle size, ie.
the largest specific surface area can adsorb the highest quantity
of water. EFC 1000 has, however, the largest particles among
the applied wood fibers and it adsorbs smaller amount of water
than the other fibers.

12
A FT400
®  EFC 1000
. ® CW630

Equilibrium water uptake (m/m%o)

Fiber content (V/V%)

Fig. 8 Equilibrium water uptake of TPS/wood composites as a function of
fiber content. The broken line indicates additivity between TPS and wood

4 Conclusion

Three types of wood fibers with different particle and sur-
face characteristics were applied for the preparation of thermo-
plastic starch/wood composites in an internal mixer followed
by compression molding. The processing of the composites in
the internal mixer demanded more energy with the increasing
amount and aspect ratio of the fillers because the wood fibers
could hinder each other’s mobility as a result of a network for-
mation. For TPS/wood composites stiffness and strength did
not depend on particle characteristics, and not even on surface
energy. Formerly we proved that composite properties strongly
depend on the polymer/filler interactions, but probably the
variation of the surface energies of the applied fillers was not
large enough to result in measurable differences. The mechan-
ical properties of the composites prepared in the internal mixer
were also compared with those of samples processed earlier by
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injection molding. The results proved that the influence of the
processing method on the stiffness and strength of the com-
posites depends strongly on the aspect ratio of the wood par-
ticles. As the extent of orientation of an anisotropic particle is
much less during the homogenization in an internal mixer than
during injection molding, the increasing anisotropy results in
increasing difference in the mechanical properties of the com-
posites prepared by different methods. Large differences were
measured for TPS/FT 400 composites (largest aspect ratio),
but only a minimal distinction for TPS/CW 630 ones (smallest
aspect ratio). The particle characteristics of wood samples also
have a strong effect on the water absorption ability of the com-
posites. The equilibrium water uptake of fibers and composites
depends especially on the size, consequently, on the specific
surface area of the wood fibers.
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