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Abstract

Preparing blends from fully biodegradable resources is an important alternative in
the production of materials less harmful to the environment. Among these materials,
thermoplastic cornstarch (TPS) and polycaprolactone (PCL) are an interesting possi-
bility for replacing conventional synthetic materials, and it is desirable that they pre-
sent relative stability under conditions of processing and use. In the present work,
PCL/TPS blends with up to 30% TPS, obtained from cornstarch plasticized with
water and glycerin, coconut or babassu oil, were processed in an internal laboratory
mixer. Adjusted torque variation rate during the last processing stage is a very sensi-
tive indicator of molar mass alterations with processing time. Rheometry data indi-
cate that TPS obtained with babassu and coconut vegetable oils have a higher molar
mass compared to that obtained with glycerin. In addition, the incorporation of TPS
promotes thermal degradation in PCL/TPS mixtures, which is more pronounced the
higher the TPS content and with TPS-glycerin, except for the PCL/20%TPS blends
obtained with glycerin and babassu oil. The mechanical properties of the extruded
films decreased with the addition of TPS, this reduction being more evident with
the increase in the TPS content and in systems with TPS obtained with babassu oil.
In contrast, only in blends containing 10 and 20% TPS of glycerin, there was an
increase in elongation at break, being a good feature for flexible films, this property
is desirable in certain applications.
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Introduction

Environmental problems caused by high consumption and improper disposal of con-
ventional polymeric materials led to studies, dissemination and use of environmentally
less aggressive materials [1]. One of the solutions to these problems is the replace-
ment of conventional polymers by biodegradable polymers, which are materials that
can decompose by microorganisms. Thermoplastic starch (TPS) is a good example of a
biodegradable material. Its characteristics are similar to those of synthetic thermoplas-
tics, when a plasticizer (usually glycerol and/or water) is added to its processing [2—8].
The properties of thermoplastic starch will depend on the origin of the granules and
processing conditions, such as temperature, particle size, screw configuration, extruder
barrel, material feed rate, the matrix employed, the amount of water in the system, as
well as on the type and content of plasticizer [9].

Vegetable oils have been used as plasticizers in the production of TPS [10], in the
search for materials less aggressive to the environment. The thermal stability of these
oils depends on the amount of saturated fatty acids present in their composition; the
higher the more stable. Coconut and babassu oils are examples of vegetable oils that
have good thermal stability, having approximately 80% of saturated fatty acids in their
composition [11-13].

Despite the ease in producing thermoplastic starch (TPS), it still presents low
mechanical properties. Strategies used to alleviate this problem include the develop-
ment of polymer blends [12-15]. A promising polymer to blend with TPS is polycap-
rolactone (PCL), as this polymer not only has good thermal and mechanical properties
but it is also biodegradable [16—18].

Based on the above, here we investigate the effects of glycerin, coconut oil, and
babassu oil as plasticizers in the manufacture of thermoplastic starch (TPS), and their
incorporation into polycaprolactone (PCL) by analyzing the rheological and mechani-
cal properties of the films developed.

Experimental

Materials

Polycaprolactone (PCL), trade name Capa™ 6500, supplied as granules by Perstorp
(Sweden was used as the matrix. In order to obtain the Thermoplastic Starches (TPS)
(disperse phase), the following materials were used: Duryea® Maizena (Corn Starch),

Glycerin P.A supplied by Nuclear, Babassu Oil supplied by Florestas Brasileiras LTDA,
COPRA Extra Virgin Coconut Oil and distilled water.
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Methods
Processing of thermoplastic starches (TPS) and PCL/TPS blends

Three thermoplastic corn starches (TPS) were prepared with different plasticizers
with the following component ratios:

e For starches obtained with vegetable oil: 50% corn starch and 50% of a system
composed of 30% plasticizer (glycerin (20%)+ coconut or babassu oil (10%))
and 20% distilled water.

e For the starch obtained with glycerin only: 50% corn starch, 30% glycerin and
20% distilled water.

The components mentioned above were mixed manually in a plastic bag until a
homogeneous mass was obtained, then they were processed, in a Haake Rheomix
3000 internal mixer operating with "roller" type rotors. The TPS’s thus obtained
were ground in a knife mill. The PCL and PCL/TPS blends were processed in the
same equipment and subsequently, were ground in a knife mill. The conditions used
to manufacture TPS and to process PCL and PCL/TPS blends are shown in Table 1.

Torque-temperature—time relationship analysis

In an internal mixer, on tests performed at constant rotor speed, torque (Z) is directly
proportional to melt viscosity () in the last stage of processing:

Zoxn M

Viscosity is very sensitive to small variations in molar mass and can be used to
estimate the effect of processing on polymer degradation. For all known thermoplas-
tics (with very few exceptions) viscosity depends on the weight average molar mass
Mw according to the classical "power law 3.4" [19]. For a molten polymer processed
at a constant temperature having a pseudoplasticity index n, this relationship is:

0 o M 2

For PCL one can assume n=0.94 [20]. However, torque is also temperature
dependent. Consequently, torque drop during the final stages of processing can be
attributed to the combined effect of an increase in melt temperature caused by attri-
tion and a decrease in molar mass of the matrix caused by degradation.

Table 1 Processing parameters

Composition Temperature Rotor Speed Time
to manufacture TPS and to o :
O (rpm) (min)
process PCL and PCL/TPS
blends in an internal mixer TPS 125 60 20
PCL 125 60 10
PCL/TPS
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The effect of temperature on viscosity—and hence on torque—can be eliminated
by adjusting torque to a reference temperature and is given by:

Zx=Zexp{p(T —T %)} 3)

where Z* is the torque adjusted at a reference temperature 7% (arbitrary value,
but close to the melt temperature 7). The adjusted torque is the torque that would be
observed if the temperature in the chamber were T*. § is the exponential tempera-
ture coefficient of the material which, for PCL, was experimentally determined to be
0.0175 °C~! [20]. This 8 value will be used—in a first approximation—for both, the
neat PCL polymer and for the PCL/TPS blends.

Once a processing time interval Ar is chosen for the final stage of processing
(in the present case the interval between 5 and 10 min of processing), the relative
change in adjusted torque at a given temperature 7* is considered to be a measure of
the degradation rate:

1 AZ*
R, = —
z —= At 4)

where Z* is the average adjusted torque over the interval Az. The rate of change of
the weight-average molar mass can be estimated by taking into account the depend-
ence of torque on molar mass [21]:

. _L AZ 1/(2,5+n) -
M A\ z+

The % change in adjusted torque and the % change in weight average molar mass
per minute of processing are obtained by multiplying RZ and RM by 100.

Melt flow index (MFI)

Melt flow index (MFI) measurements were conducted in a DSM MI-3 model Plasto-
meter, according to ASTM D1238 standard, with a 2.16 kg load under 160 °C tem-
perature for PCL and PCL?TPS blends, and at 230 °C for the three thermoplastic
starches. To calculate the melt flow index, Eq. 6 is used:

weight (g) X 10

MFI (g/10 min) =
(g/10min) cutting time (min)

Q)

Preparation of PCL and PCL/TPS blend films

PCL and PCL/TPS blends processed in the internal mixer were ground in a knife
mill and extruded in a single-screw bench-top extruder model Lab-16 Chill roll from
AX PLASTICS fitted with a flat die and standard screw (without mixing elements)
to obtain flat films. The operating conditions are shown in Table 2.
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Table2 Processing parameters

iti Zone 1 Zone 2 Z
of PCL and PCL/TPS blends in Composition oone oone oone 3 Screw Speed
O O O (rpm)
the extruder
PCL 150 150 150 45
PCL/TPS 150 150 150 45

Mechanical properties

Mechanical properties were performed on an Emic (DL500) universal testing equip-
ment operating at 50 mm/min, with a load cell of 20 N, following the ASTM D882
standard, specific for mechanical tests on films. The average results of 10 samples
were reported as a function of TPS type (oil used as a plasticizer) and content. The
thickness of each sample was determined using a micrometer.

Results and discussion
Torque-temperature-time analysis

Figure 1 shows the torque and temperature curves as a function of processing time
obtained in the internal mixer during manufacture of the thermoplastic corn starches
(TPS) obtained with the different plasticizers. Processing was carried out at 125 °C
with rotor speed of 60 rpm for 20 min.

Initially, temperature drops and torque increase as the material is introduced in
the mixing chamber. Torque rises as the material is introduced in the chamber and
tends to level out as the materials melt. Temperature decreases as cold material
is fed into the processing chamber. Torque and temperature continue to increase
with time as starch gelatinizes and the granules are hydrated. After about two
minutes processing, torque continues to increase due to the loss of water from the

25 140
a
—— TPS-GLYCERIN
—— TPS-BABASSU 130 -
20 4 | — TPS-coconuT
120 4
o
= gx
£ 151 o 1101
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O 10 4
2 ;
o
90 -
5 4 —— TPS-GLICERYN
80 —— TPS-BABASSU
—— TPS-COCONUT
0 T T T 70 + T T T
0 5 10 15 20 [ 5 10 15 20
Time (min) Time (min)
Fig. 1 Torque (a) and temperature (b) versus time for the three thermoplastic corn starches (TPS)
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system. TPS obtained with glycerin reached a maximum torque after 9—10 min
processing. It is believed that maximum gelatinization occurs at this time, when
the temperature responsible for this process (123 °C) is reached. Subsequently,
this TPS shows a decrease in torque attributed to shear destructuring of the starch
granules. However, for the TPS containing vegetable oils, torque continues to
increase with time, probably because there was, at the same time, scission and
recombination and/or crosslinking of chains, generating an increase in their molar
mass. Based on these rheometry results, the TPS obtained with glycerin and that
TPS having babassu vegetable oil were chosen to verify their influence on PCL/
TPS blends.

Figure 2 shows the torque and temperature versus time curves, obtained in the
same equipment (Haake Rheomix 3000 internal mixer operating with “roller”
rotors), for the PCL and for the PCL/TPS blends with the TPS described above.

As expected, as the materials are introduced in the mixing chamber, tempera-
ture drops and torque increases. When the systems start melting, torque decreases
toward a plateau (steady state), and the temperature increases, surpasses the wall
temperature and also tends to stabilized. This plateau, which is reached when the
polymer is substantially molten, is reached during the first 5 min of processing. It
was possible to observe that with the increase of the PCL/TPS-GLYCERIN con-
tent, the torque value is lower than that of PCL. On the other hand, with increas-
ing PCL/TPS-BABASSU content, the torque value is higher than that of PCL.

The interval between 5 and 10 min of processing was chosen to analyze
the torque-temperature—time relationship (Fig. 3), according to the procedure
described previously, using the set chamber wall temperature as the reference
temperature 7% =125 °C, and #=0.0175 °C~! [20].

The data show that the adjusted torque linearly depends on processing time,
stabilizes with time, and results in straight torque-time lines with a nearly zero
slope, depending on the composition of the mixture. It is verified that the adjusted
torque values (a measurement that depends solely on the molar mass) are greater
and nearly independent of processing for the PCL curve than for the PCL/TPS
blends, which is taken as an indication of the greater thermal stability of PCL

a 140
160 h — = b
—— PCL/10%TPS-GLYCERIN
140 —— PCL/20%TPS-GLYCERIN
—— PCL/30%TPS-GLYCERIN 130
g —— PCL/10%TPS-BABASSU
—— PCL/20%TPS-BABASSU s
= —— PCL/30%TPS-BABASSU &
£ ~ 120
z [
3
3 &
g g
e £ 1104 — PCL
o —— PCL/10%TPS-GLYCERIN
—— PCLI20%TPS-GLYCERIN
PCL/30%TPS-GLYCERIN
100 - —— PCL/10%TPS-BABASSU
—— PCLI20%TPS-BABASSU
—— PCL/30%TPS-BABASSU
) : . r "
0 2 4 6 8 10
Time (min) Time (min)

Fig.2 Torque (a) and temperature (b) versus time for PCL and for PCL/TPS blends
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24
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Fig.3 Adjusted torque as a function of time for PCL and for PCL/TPS blends during the last minutes
5 min of processing (5—-10 min)

over the PCL/TPS blends. The blend containing 30% TPS with babassu oil, how-
ever, displayed adjusted torque values equivalent to that of neat PCL.

Table 3 and Fig. 4 show the variation in adjusted torque (RZ) and the variation
in weight average molar mass (RM) per minute of processing in the final processing
stages (5—10 min).

It is observed that the values of the variation of adjusted torque as a function of
time (RZ), which is a measurement of the rate of degradation, as well as the vari-
ation of the weight average molar mass (RM) for the blends, are higher than those
of PCL and that these changes tend to increase with TPS content. This behavior is
taken as an indication that the incorporation of TPS to PCL increased its degrada-
tion. In general PCL/20%TPS blends obtained with glycerin and babassu oil, dis-
played relatively lower values for RZ and RM, which seems to indicate that to be
an optimal TPS concentration for PCL/TPS blends, as degradation of these systems
was minimal.

Table 3 Adjusted Torque rheometery parameters during final processing stages (5-10 min)

Composition 7 % AZ % At R, (min~") R, (min™")
PCL 17.85+0.50 3.9102 5 0.0438 0.0549
PCL/10%TPS- GLYCERIN 11.90+0.13 0.7125 5 0.0120 0.0150
PCL/20%TPS- GLYCERIN 13.50+0.18 0.9343 5 0.0138 0.0173
PCL/30%TPS- GLYCERIN 14.35+0.38 1.4859 5 0.0207 0.0259
PCL/10%TPS-BABASSU 12.14+0.18 0.8427 5 0.0139 0.0174
PCL/20%TPS-BABASSU 15.24+0.23 1.0835 5 0.0142 0.0178
PCL/30%TPS-BABASSU 17.96+0.48 2.2060 5 0.0246 0.0308
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Fig.4 Adjusted torque and weight average molar mass variation for PCL and PCL/TPS blends

Melt flow index (MFI)

As described previously, three thermoplastic starches (TPS) were obtained during
processing in an internal mixer operating with roller rotors, at 60 rpm, 125 °C for
20 min, and the materials obtained in this test were used for this analysis. The test
was conducted at 230 °C, as the TPS did not flow at 160 °C, especially the TPS
containing vegetable oils. It is believed this behavior might be due to the higher
molar mass acquired in obtaining these materials in the internal mixer. When the
test was carried out at a temperature of 230 °C, all TPS’s flowed quickly, gen-
erating melt flow index values for the thermoplastic starches obtained with the
vegetable oils a little higher than the thermoplastic starch obtained with glycerin.
It is believed this behavior can be associated to the chain breakage of these higher
molar mass TPS’s obtained leading to their degradation, and therefore higher
melt flow indices.

Figure 5 and Table 4 show the Melt Flow Index of the three thermoplastic
starches (TPS) manufactured.

The results of the determination of the PCL and the PCL/TPS blends melt flow
indices are shown in Fig. 6 and Table 5.

The data show the melt flow index of PCL to be lower than the blends, that is,
its viscosity is higher than that of blends, a fact proven by toque rheometry as the
torque on PCL was higher than that observed for the blends. The melt flow index of
both TPS’s under investigation is higher than that of PCL. If the individual values
for PCL and TPS were used in the rule of mixtures, a lower melt flow rate than the
one obtained experimentally would be expected for all blends with increasing TPS
content as values ranging from 2.63 to 2.95 and from 2.68 to 3.11 would be expected
for PCL/TPS-gycerin PCL/TPS-babassu, respectively. The higher experimentally
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Table 5 Melt Flow Index of

PCL and PCL/TPS blends Composition ?fi;ﬂow
(g/10 min)

PCL 2.47+0.02

PCL/10%TPS-GLYCERIN 4.56+0.06

PCL/20%TPS-GLYCERIN 4.57+0.05

PCL/30%TPS-GLYCERIN 430+0.06

PCL/10%TPS-BABASSU 3.66+0.12

PCL/20%TPS-BABASSU 3.98+0.08

PCL/30%TPS-BABASSU 3.76+0.10

determined melt flow index values for the blends seems to indicate some sort of
degradation.

It is also worth mentioning that the blends with TPS of glycerin had slightly
higher melt index values than those obtained with TPS of babassu oil, this conse-
quence was expected, since in the rheometric analysis the final torque of the blends
containing TPS-glycerin was lower than the blends containing TPS-babassu, indicat-
ing a more pronounced degradation in the systems with TPS-glycerin. It is believed
that during the processing of materials in the internal mixer to obtain the blends,
the two TPS analyzed may have degraded at different rates and that this has affected
their melt flow behavior.

Mechanical properties

The tensile modulus of elasticity, tensile strength and elongation at break were deter-
mined according to ASTM D 882 standards. The portions of the stress—strain curve
where the tensile modulus, the yield strength, the maximum strength and elongation
at break were determined are shown in the example in Fig. 7 for PCL. The other
samples followed the same procedure.

Table 6 and Fig. 8 present the tensile properties for all investigated systems: elas-
tic modulus E, maximum tensile strength omax, elongation at break emax, and yield
strength ce. Mean values and standard deviations are reported.

The introduction of thermoplastic starches (TPS) to PCL led to decreases in mod-
ulus, tensile and yield strength, and elongation at break. This decrease was more
significant at higher TPS contents and particularly for the systems containing TPS
obtained with babassu oil. Despite this, the incorporation of 10 and 20% of glyc-
erin TPS promoted an increase in elongation at break, a very positive characteris-
tic, since more flexible films are desirable for certain packaging applications. These
results can be explained based on the lower properties of TPS compared to PCL and
thus, the incorporation of TPS to PCL led, in general, to reduced values of mechani-
cal properties. Based on rheometry data, however, one would expect the properties
of PCL/TPS-babassu blends to be higher than those of PCL/TPS-glycerin blends. It
is possible that this discrepancy can be attributed to better TPS-glycerin dispersion
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Fig.7 a Example of analysis of a stress—strain graph (black curve), in this case of PCL. The modu-
lus obtained by linear regression (blue line) was E=165.04 MPa. The maximum stress (red dot) is
omax=10.10 MPa and the maximum strain (green dot) is emax=582.94%. The repeated upward and
downward trend on the stress—strain curve is due to decreased cross-sectional area (necking). b Mag-
nification of the elastic region of the stress—strain graph, in which the yield strength (blue dot) is
oe=7.16 MPa (color figure online)

Table 6 Mechanical properties of PCL and PCL/TPS blends

Composition Elastsic Tensile Strength Elongation at Break  Yield Strength ce
Modulus E omax emax (MPa)
(Mpa) (MPa) (%)
PCL 184.97+26.73 12.59+1.80 610.06 +35.90 8.26+1.49
PCL/10%TPS- 118.33+23.83 9.84+0.57 765.49 +42.33 2.59+0.69
GLYCERIN
PCL/20%TPS- 101.16 +24.71 8.33+2.31 658.00+87.71 3.04+0.42
GLYCERIN
PCL/30%TPS- 58.55+4.36  5.17+2.23 608.77 +126.66 2.41+3.45
GLYCERIN
PCL/10%TPS- 95.64+13.22 5.86+2.05 561.42+66.16 3.26+0.86
BABASSU
PCL/20%TPS- 79.64+17.60 4.12+2.07 485.30+161.82 2.06+1.08
BABASSU
PCL/30%TPS- 63.14+6.95 2.57+0.66 248.08 +169.86 2.25+0.52
BABASSU
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Fig. 8 Tensile mechanical properties of PCL and PCL/TPS blends. Elastic modulus (a), tensile strength
(b), elongation at break (c) and yield strength (d)

and/or interaction with the matrix, but further analyzes must be conducted in order
to determine the reason for the observed behavior.

Conclusion

Rheometry data obtained during processing indicate that there was gelatinization
and destructuring of granules in thermoplastic cornstarch obtained with glyc-
erin, and that thermoplastic starches obtained with vegetable oils had a higher
molar mass compared to that obtained with glycerin. The addition of different
starches to PCL increases the degradation of the matrix, and this degradation,
in general, is more pronounced the higher the TPS content and for the blends
containing TPS-glycerin, except for the PCL/20%TPS blends obtained with glyc-
erin and babassu oil, the degradation it is less pronounced. Furthermore, there is
a decrease in the mechanical properties of PCL with the incorporation of ther-
moplastic starches. This reduction is more significant with the increase in the
TPS content, and in systems with TPS obtained with babassu oil. Only in blends
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containing 10 and 20% TPS of glycerin, there was an increase in elongation at
break, this is a good feature for flexible films as, in certain packaging applica-
tions, this property is desirable.
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