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Abstract Thermoplastic starch (TPS)/polycaprolactone
(PCL) blends were obtained by melt mixing. First, the
best formulation of thermoplastic starch (starch, plasti-
cizer and additives) was studied. The obtained films
were characterized by means of differential scanning
calorimetry, DSC (melting temperature and crystallinity
degree); thermogravimetric analysis, TGA (real compo-
sition of the blend and thermal stability); tensile tests
(mechanical properties); infrared spectroscopy, FTIR
(interactions between components); scanning electron
microscopy, SEM (morphology); and water absorption
tests. The effect of PCL/TPS ratio on the previously
mentioned characteristics and properties were studied.
In addition, the effect of using PCL modified with
maleic anhydride as compatibilizer was also analyzed.
An optimal compatibilizer content was found improv-
ing the mechanical properties and slowing down the
degradation rate in soil of the blends. On the other
hand, a slight increase in the water absorption of the
blends was found in comparison with the non-
compatibilized ones.
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Introduction

It is known that waste accumulation is actually a serious
problem and, so that, the development of environmental
friendly, degradable, polymeric materials has attracted
extensive interest [1, 2].

The non-biodegradability of most plastics has caused many
environmental problems associated with their disposal. Not
only are non-recyclable, but also cause problems in its post-
consumer treatment because they are largely inert to microbial
attack. This fact has carried to an increased interest in the use
of biodegradable polymers [3].

In recent times, the development of starch-based products
has a growing interest, since starch is a fully biodegradable
and environmental friendly material [4]. Starch is an abundant
and low cost natural biopolymer obtained from renewable
resources. The starch grains consist in macromolecules ar-
ranged in layers. A mixture of two polysaccharides in different
ratios, amylose (lineal) and amylopectin (branched), com-
poses starch [5]. This macromolecular structure is suitable
for the production of bioplastics. However, prior to production
of such materials, the structure of native starch should be
suitable modified. This is necessary since starch degradation
starts at a lower temperature than its melting point, and thus
native starch cannot be processed by conventional plastics
technology prior to any modification [6]. This modification
is performed by the breakdown of the starch granule when it is
processed in the presence of a specific amount of plasticizer,
mainly s, at a given temperature [1]. The resulting material is
called thermoplastic starch (TPS). Nevertheless, the TPS is a
material which usually has low stability in high moisture con-
ditions and has a fragile nature, assisted by eventual migration
of plasticizers to the environment [7]. Blending TPS with
other polymers has been commonly used. Bikiaris et al. [8],
have developed blends with synthetic polymers such as
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polyethylene leading to non-fully biodegradable materials.
TPS is also blended with other biodegradable polymers such
as aliphatic polyesters, i.e. polycaprolactone (PCL) [7],
poly(hydroxyl butyrate) [9] and poly(lactic acid) [10], in order
to improve their properties maintaining the biodegradation
capacity of the material. Among them, PCL is a promising
synthetic biodegradable material, because of its very high
flexibility and its hydrophobic nature [11]. It is also one of
the more commercially available biodegradable polymers.
However, it is still expensive to be widely used as required
by packaging applications. This is the reason why it is blended
with lower-cost natural biopolymers such as thermoplastic
starch.

The main issue to overcome in the preparation of TPS/PCL
blends is the poor compatibility and weak adhesion between
the polysaccharide and the synthetic polymer matrices owing
to their different polarity giving consequently poor final prop-
erties [12]. In fact, starch and hydrophobic polymers (such as
PCL) are immiscible and simple mixing lead to phase sepa-
rated blends. In order to improve their compatibility, and so
the adhesion between the two immiscible polymers, a reactive
functional group (maleic anhydride) onto the PCL phase can
be introduced to increase the polar nature of this polymer,
consequently improving the adhesion between the compo-
nents of the system [3, 12]. Blending of PCL and TPS, with
a reactive functional group grafted onto PCL, offers the best
balance between low cost and good mechanical properties [7].

The aim of this work was to optimize both, TPS and
TPS/PCL formulations looking for the lowest water vapor
adsorption and the strongest mechanical properties. In the
case of TPS, the effect of plasticizer content was ana-
lyzed. Then, the composition of TPS, PCL and PCL mod-
ified with maleic anhydride (PCL-gAM) fully biodegrad-
able ternary blends was optimized. The morphology, ther-
mal and mechanical properties and biodegradability of the
blends was studied.

Experimental
Materials

Cassava starch purchased from Almidonera Diesel Argentina
was used in powder form. The plasticizer used was ethylene
glycol (EG, JT Baker). Stearic acid was used (SA Shuchardt
Merck OHG) as a lubricant for processing.

Polycaprolactone, having a molar mass of 80,000 g/mol,
was supplied by Aldrich Chemistry.

Maleic anhydride (MA), from Carlo Erba Reagents prod-
uct, was used to prepare the compatibilizer.

Benzoyl peroxide (BP) from Aldrich Chemistry was used
as initiator of the grafting reaction.
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Preparation of thermoplastic starch

Cassava starch (CS) and plasticizer (ethylene glycol, EG)
were pre-mixed in a beaker. A small amount of stearic acid
(SA 0.5 wt.%) was added as a processing agent. The mixture
was introduced in a Brabender type mixer. The first step
consisted on looking for the minimal plasticizer content need-
ed for the gelatinization of native starch avoiding thermal
degradation. We also optimized temperature (T), screw rota-
tion speed (SRS) and residence time (RT) in the mixer. We
found optimal mixing conditions in the Brabender type mixer
at 120 °C and 60 rpm for 6 min, respectively, for 25 wt.% of
plasticizer. Lower T, SRS, RT, and/or plasticizer content were
not enough for complete gelatinization. Higher values of T,
SRS and/or RT induced TPS thermal degradation. On the
other hand, we used plasticizer contents up to 35 wt.% be-
cause at higher contents the Young’s modulus of the TPS was
so low that samples for mechanical testing could not be
prepared.

The effect of plasticizer content ranging from 25 to
35 wt.% on the TPS water absorption and mechanical proper-
ties was analyzed. Table 1 shows the composition of the
samples.

Preparation of the compatibilizer

The compatibilizer was prepared by blending 95/4.5/0.5 wt.%
of PCL/AM/BP in a Brabender Type mixer at 110 °C and
60 rpm for 7 min. The composition and conditions were cho-
sen looking for the highest anhydride content of the grafted
polymer according to the work by John et al. [13]. The
compatibilizer was named PCL-gAM.

Preparation of the PCL/PCL-gAM/TPS ternary blends

The blends were prepared by intensive mixing in a Brabender
type mixer at 110 °C and 60 rpm for 6 min. TPS25 was used
because it showed the best mechanical properties and lower
water absorption. The different contents of TPS25, PCL-gAM
and neat PCL were added simultaneously into the mixer.
Blends with several TPS25 contents (0, 25, 50 and 75 wt.%)
were prepared. The PCL-gAM content (0, 5, 10 and 15 wt.%)
was also varied for each TPS25 content. Then, films of
0.7 mmx15 mmx20 mm were obtained by compression
molding in a hydraulic press by following the next program:

Table 1  Composition of the thermoplastic starch

Sample  CS (wt%)  EG(Wt%)  SA Wwt%)  EG/CS Ratio
TPS25 74.5 25 0.5 0.3

TPS30 69.5 30 0.5 04

TPS35 64.5 35 0.5 0.5
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10 min at 120 °C and 0 kg/cm2, 10 min at 120 °C and 50 kg/
cm?2 and finally mold cooling with water up to 30 °C. The
films were identified by three numbers, X/Y/Z, where the first
number corresponds to the wt.% of PCL, the second number
to the wt.% of PCL-gAM and the last one to the wt.% of
TPS25.

Characterization

Water vapor absorption (WVA) experiments were conducted
on 20 mm side square shape specimens. Prior to the water
vapor absorption measurements, the samples were dried in a
vacuum oven at 30-35 °C for 48 h. The samples were condi-
tioned in hermetic containers at room temperature with 65 %
of relative humidity (RH). This condition was achieved by
using a solution of glycerin and water, according with the
ASTM D5032. The amount of water vapor absorbed by the
samples was calculated by weighing them periodically, until a
constant weight was attained. The water vapor uptake (WVA)
was given by the following equation:
M—M,

WVA%) === x 100 (1)

where Mt is the weight at time t and MO the initial weight of
the sample

Thermogravimetric tests (TGA) were carried out with a
Shimadzu TGA-50. Samples were heated at a constant rate
of 10 °C/min from room temperature to 700 °C, under nitro-
gen atmosphere. The temperatures for maximum degradation
rates of TPS components were calculated from derivative
thermogravimetrical analysis (DTGA).

Thermal characterization was carried out by using a Q2000
TA Instrument differential scanning calorimeter (DSC). About
8 mg of the samples were weighed accurately into aluminum
pans and sealed hermetically. The samples were cooled down
to —80 °C, and then heated to 250 °C at a heating rate of
10 °C/min under nitrogen atmosphere. Finally they were
cooled down to room temperature. The crystallinity degree
of pure PCL and PCL in the blends ewas calculated by the
following equation:

X% = AH,,

= x 100 2
wper X AH g0 @

where AH,,, is the experimental heat of melting, wpcy, the PCL
weight fraction and AH, is the heat of melting of 100 %
crystalline PCL (AH ¢ 136.1 J/g [14]).

Infrarred Spectroscopy (FTIR) spectra were recorded with
Mattson Genesis Il instrument for a frequency range between
4000 and 600 cm-1. An average of 32 scans at a resolution of
4 cm™! was conducted at room temperature.

SEM micrographs of the crio-fractured surface of the sam-
ples were taken with a JEOL JSM-6460 LV instrument. The

samples were prepared by cutting 10 mm %20 mm rectangular
specimens after their immersion in liquid air to avoid the plas-
tic deformation of the observed surface. Finally they were
immersed in HCI (1 M) and dried at 30 °C in an oven, in order
to dissolve the thermoplastic starch and uncover the cavities in
order to differentiate one phase from another (TPS25 from
PCL).

Tensile tests were performed on an INSTRON 4467 ma-
chine using a load cell of 100 N and operating at a constant
crosshead speed of 10 mm/min for the PCL and 1 mm/min for
the PCL/PCL-gAM/TPS25 blends. These conditions were se-
lected according to the ASTM D882-91 standard. Before me-
chanical measurements, the samples were conditioned in a
chamber at 65 % of relative humidity for 48 h at room tem-
perature. All samples were tested at the same storage time in
order to avoid differences about aging or plasticizer release to
the environment on the mechanical performance.

Biodegradability of the samples was studied by evaluat-
ing weight loss of blends as a function of time in a soil
environment at room temperature. Samples of 15 mmx
15 mmx=0.7 mm were weighed and then buried in boxes
with soil. Natural microflora present in soil (Pinocha type)
was used as the biodegrading medium. Soil was maintained
at approximately 50 % moisture by weight and samples
were buried at a depth of 15 cm. The samples were dried
before buried them in a vacuum oven for 24 h at room
temperature. Then, once unearthed, the samples were
weighted to measure the water absorption and after that
were dried in a vacuum oven for 24 h at room temperature
to measure the weight loss.

Comparative graphs were done that showed the residual
mass of the samples, calculated as the weight of the degraded
sample to a certain time divided by its initial weight:

weight of the deg raded sample at time t 100

(3)

Residual =
esidual mass (%) initial weight of the sample

Results and discussion

Effect of plasticizer content on the preparation
of thermoplastic starch films

The plasticizer content in the preparation of thermoplastic
starch was optimized looking for complete gelatinization

avoiding thermal degradation, low water vapor absorption
and improved mechanical properties.

Water vapor absorption

The TPS usually has low stability in high moisture conditions.
The stability can be improved by reducing the water vapor
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absorption of the material [1]. The compatibility of TPS with
non-polar polymers such as PCL is also enhanced by this
effect [12]. Figure 1 shows the WVA values at 65 % RH of
the TPS as a function of plasticizer content.

The WVA values of TPS are high because the water mole-
cules can easily diffuse to H-bonds with OH-groups of
glucosyl units along the polymer chains [15]. It can be seen
that WVA increases as a function of plasticizer content for the
tests at 65 % RH. The strong affinity of ethylene glycol and
water induces hydrogen bonding leading to an increment in
the WVA as a function of ethylene glycol content [15].

Thermogravimetrical analysis (TGA)

Figure 2 shows the DTGA curves of native starch and TPS as
a function of plasticizer content. The temperatures of maxi-
mum degradation rate of the components calculated from the
derivative thermogravimetrical analysis (DTGA) analysis are
included in Fig. 2.

The water content calculated by TGA for Native
Starch, TPS25, TPS30 and TPS35 was calculated as the
weight loss at 140 °C resulting in 11.0+0.2, 15.5+0.3,
24.240.3, 24.0+2.7 wt.%, respectively. These values are
in accordance with those reported by Soares et al. and
et al. [16, 17]. In addition, the water content was higher
as a function of plasticizer content, as was expected from
the water vapor absorption results.

The thermal degradation of native starch and TPS
followed the typical behavior reported by several au-
thors [16, 18-20]. In the case of native starch, a three-
step reaction is observed. The first step was between
25 and 140 °C, which corresponds to the water loss,
the second between 260 and 330 °C to starch decom-
position and the third between 500 and 600 °C to the
oxidation of partially decomposed starch [18]. A

85

m 65%RH

80 4

WVA (%)

:

70 : . . . .
25 30 35

Plasticizer Content (%)

Fig. 1 Water vapor absorption as a function of TPS plasticizer content
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Fig. 2 DTGA analysis of Native Starch and TPS with different
plasticizer contents

shoulder is also observed in the range of 260 and
285 °C. The shoulder appears probably because the
degradation degradation events of the main peak occur
through the series of competitive reactions, which in-
cludes depolymerization (which can be explained by
the chain scission of the glycosidic linkage of polysac-
charide), and subsequent decomposition of amylopectin
and amylase products [19]. In the case of TPS, a fourth
event between 210 and 250 °C is observed which cor-
responds to ethylene glycol degradation. The positions
of the maximum of the TPS peaks were not significant-
ly modified by changing the ethylene glycol content. It
is concluded that the thermal stability of starch is not
dependent of plasticizer content (in the range studied in
this work).

Differential Scanning Calorimetry (DSC)

Figure 3 shows the DSC curves of TPS as a function of plas-
ticizer content. The temperatures associated with the glass
transition are also shown in Fig. 3.

The DSC curves present one change of heat capacity and
an endothermic peak. The position of the endothermic peak at
temperatures between 60 and 160 °C is attributed to water
evaporation. The change of heat capacity observed at temper-
atures between —25 and 50 °C is slightly dependent on the
amount of ethylene glycol: the higher it is, the lower the tem-
perature of the heat capacity change. This decrease in temper-
ature linked to heat-capacity change can be attributed to a
glass transition temperature (Tg) shift, due to increasing
amounts of plasticizer. Moreover, the experimental values
are in good agreement with the glass transition temperature
reported in the literature [1, 15].
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Fig. 3 DSC curves of TPS as a function of plasticizer content

Fourier Transformed Infrared Spectroscopy (FTIR)

The microdomain structures of the native starch and TPS were
analyzed by FTIR. The main bands for distinctive functional
groups were identical in thermoplastic pure starch. Figure 4
show the FTIR spectra of native starch, ethylene-glycol and
TPS formulations.

The peaks corresponding to native starch and ethylene gly-
col are still present in all TPS formulations. In addition, the IR
spectra of TPS were similar for all plasticizer contents. In the
case of starch, the peaks at 1020 cm-1 and 1075 cm-1-
1150 cm-1 were attributed to C—O stretching of C—O—C group
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Fig. 4 FTIR spectra of native starch and TPS with different plasticizer
contents

in the anhydroglucose ring and C-O stretching of C-O-H
group, respectively [21]. The wavenumbers in the range of
1400-1450 cm-1 are assigned for O—H bonding. The peak
position approximately at 1660 cm-1 was due to the bound
water present in the starch. The band at 2900 cm-1 is associ-
ated with C—H stretching . A broad band due to hydrogen
bonded hydroxyl group (O—H) appeared at 3040-3640 cm-1
and is attributed to the complex vibrational stretching, associ-
ated with free, inter and intra molecular bound hydroxyl
groups [22]. The bands corresponding to ethylene glycol are
in similar positions than starch ones, so their disappearance or
shifting are difficult to identify. Similar spectra for TPS as a
function of plasticizer content suggests that the interaction
between starch and plasticizer is physical but not chemical.

X-ray diffractometry (XRD)

X-ray diffraction technique is used to identify crystal structure
and regular molecular arrangement presented in native and
processed starches. Figure 5 shows the XRD spectra of native
starch and TPS formulations.

Native cassava starch showed a typical A-type X-ray dif-
fraction pattern, typical of cereal crystalline structure, with
strong peaks at 20 14.9°,16.9° and 22.9° [5]. When extruded
with plasticizer a significant reduction in crystallinity was ob-
served and a transparent material was produced. During this
process the starch granules are gelatinized and hence the glu-
cosidic chains are retrodraded into the V form. The
retrograded TPS samples gives V-type diffraction pattern with
the main peaks at 20 13.1° and 20.0° [1]. Peaks near 268 22.9°
are still present in the TPS patterns, but their intensity is sub-
stantially reduced in comparison with native starch. In addi-
tion, the intensity of these peaks are reduced as a function of
plasticizer content, indicating lower crystallinity. The

16.9
179
229

Intensity (a.u.)

T T rt i T T i T T
5 10 20 25 30
20 ()

Fig. 5 XRD spectra of native starch and TPS with different plasticizer
contents
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presence of these peaks indicates that some crystallinity still
exists in the material. A fully amorphous material may be
produced if the thermoplastic material was further processed
or if higher plasticizer content would be used. Even so, signif-
icant deterioration/reduction of the molecular weight could
take place with further processing, which might reduce the
mechanical properties of the thermoplastic starch. On the oth-
er hand, plasticizer contents higher than 35 wt.% leads to a
material so soft and fragile that it could not be mechanically
tested.

Mechanical properties

Table 2 shows the mechanical properties of TPS as a function
of plasticizer content.

The Young’s modulus and tensile strength decrease and the
elongation at break increases as a function of plasticizer con-
tent. This behavior, including the reduction of glass transition
temperature, is typical of plasticized green polymers [23-25].

TPS25 was the sample that showed the lowest water vapor
absorption and the strongest mechanical properties. The
chemical structure was not dependent on the plasticizer con-
tent. The TPS25 formulation was selected for the following
studies.

Characterization of PCL/PCL-gAM/TPS2S5 ternary
blends

Water absorption

Figure 6 shows the equilibrium water uptake of the samples as
a function of the content of compatibilizer and for the different
amounts of TPS25.

Water absorption increased as a function of TPS25 content,
due to the hydrophilic nature of this component. In most cases,
at constant content of TPS25, the addition of compatibilizer
did not produce a decrease in the water content of mixtures.
By contrast, in the case of the mixture with 75 wt.% of TPS25
and 15 wt.% of PCL-gAM the absorption significantly de-
creased. These results demonstrated that there is not a clear
relationship between the content of the compatibilizer and the
water absorption of the samples. Bikiaris et al. [8] have found
that this behavior can be attributed to the production of

Table 2  Mechanical properties of TPS a function of plasticizer content

Sample Young’s modulus Tensile Strength Elongation at
(MPa) (MPa) break (%)

TPS25 27+20 1.0+0.1 23+1

TPS30 5+1 0.4+0.1 26+1

TPS35 2+1 0.2+0.1 28+1
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Fig. 6 Equilibrium water uptake as a function of the content of
compatibilizer

carboxylic groups which are hydrophilic in nature and, con-
sequently, the compatibilized blends behaved more
hydrophilically than the non compatibized ones. On the other
hand, Wu [3] have found the opposite result; they have shown
that the reduction in water uptake in the presence of PCL- gAM
is caused by the presence of ester carbonyl groups. This leads to
a balance between available carbonyl groups and the amount of
PCL and TPS25 in each material that determine the degree of
water absorption of the final sample.

Thermal properties (DSC and TGA)

Figure 7 shows the DSC curves of the pure polymers and
blends with 25 wt.% of TPS25 as a function of PCL-gAM
content. Only blends with 25 wt.% of TPS25 were included
because the curves of the blends with 50 wt.% and 75 wt.% of
TPS25 showed the same shape. Table 3 resumes the thermal
properties of the pure polymers and blends calculated by DSC.

0/0/100
100/0/0

Heat Flow (a.u.)

: . . I . ; .
-50 0 50 100 150 200
Temperature (°C)

Fig. 7 DSC curves of pure polymers and blends with 25 wt.% of TPS25
as a function of PCL-gAM content
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Table 3 Thermal properties of

the pure polymers and blends Sample T, (°C) Tn"(°C) AH, (/g) XS (%) T CCC) T,'(°C) T:#(°C) T,"(°C)

calculated by DSC
100/0/0 —61 61 74 54 - — — 402
95/5/0 -60 60 87 — — — — 400
90/10/0 —-60 61 87 - - - - 400
85/15/0 -59 60 92 — — - - 401
75/0/25 —58 59 63 62 — 305 - 401
50/0/50 —62 59 47 69 - 307 - 401
25/0/75 =57 58 22 65 — 305 - 401
70/5/25 =59 60 65 — — 307 - 398
45/5/50 —61 59 50 — — 306 - 397
20/5/75 —61 59 22 — — 305 - 396
65/10/25 —60 60 66 — — 303 - 396
40/10/50 -59 59 48 - - 303 - 394
15/10/75 -63 58 26 - - 303 - 394
60/15/25 —60 60 70 - — 300 — 393
35/15/50 -62 59 49 - - 300 — 392
10/15/75 -62 58 35 — — — — —
0/0/100 23 - - - 235 320 560 -

*T,=Glass transition temperature (DSC)

° T,,=Melting temperature (DSC)
¢ AH,,=Heat of melting (DSC)

4 Xc=Crystallinity degree (DSC)

¢T,=EG decomposition (DTGA)

T,=Starch or TPS25 decomposition (DTGA)

€ Ty=Starch oxidation (DTGA)
hT,=PCL decomposition (DTGA)

The crystallinity degree of PCL slightly increased in the
presence of TPS25. TPS25 could be acting as nucleation agent
increasing the crystallization rate of the PCL phase. The crys-
tallinity degree of the compatibilized blends could not be cal-
culated because the AH100 value of the PCL-gAM is not
informed in the literature. On the other hand, the Xc value of
pure TPS25 could neither be calculated because the melting
peak was superimposed with water evaporation and thermal
degradation. For all samples, except to 0/0/100 corresponding
to pure TPS25, an endothermic peak was observed around
56—60 °C. The enthalpy associated with this peak depends
on the PCL content and allows us to attribute it to the melting
of PCL. It was noticed that the melting temperature of PCL in
the blend was only slightly depressed by the presence of
TPS25. The blends with PCL-gAM showed almost the same
melting point than the neat PCL, around 60 °C. Nevertheless,
it was observed a slight increase of glass transition tempera-
ture which can be associated to the reduced segmental motion
of random coil chains in amorphous regions and increased
free volume through the presence in the end- chain of the
encumbering molecules of maleic anhydride [12].

Figure 8(a,b) shows the TGA and DTGA curves of
the pure polymers and blends with 25 wt.% of TPS25

as a function of PCL-gAM content. The curves of the
blends with 50 wt.% and 75 wt.% of TPS25 showed the
same shape.

The temperatures for the maximum degradation rates
of the main events of all materials are resumed in
Table 3. The maximum thermal degradation rate of pure
PCL takes place at about 400 °C (T4). TPS25 showed
two main peaks. The first one at one at 236 °C corre-
sponding to ethylene glycol thermal degradation (T1) and
the second one at 320 °C corresponding to starch decom-
position (T2). The height of the peak corresponding to
starch oxidation (T3) was significantly lower than that of
starch decomposition (T2), so it cannot be seen in Fig. 8
due to the number of curves added in the same graph.
The peak corresponding to ethylene glycol could not be
seen in the curves of the blends with PCL because its
height was significantly lower than that of the PCL (T4).
In the case of the PCL/TPS25 blends, the presence of
two degradation processes can be observed. The first
one occurs between 270 °C and 350 °C, and corresponds
to the TPS25 phase (EG and starch decomposition). The
second one occurs above 370 °C, and is associated to the
pyrolysis of the PCL fraction present in the mixtures.
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Fig. 8 Thermogravimetrical analysis of pure polymers and blends with 25 wt.% of TPS25 as a function of PCL-gAM content: a TGA; b DTGA

The temperatures for the maximum degradation rates of
these events were called T2 and T4, respectively. The
temperature for TPS25 decomposition (T2) was not sig-
nificantly modified by the presence of PCL nor PCL-
gAM. In addition, the temperature for PCL decomposi-
tion (T4) was not significantly modified as a function of
TPS content but was slightly suppressed as a function of
PCL-gAM content, probably because the chemical mod-
ification with maleic anhydride reduces the molecular
weight of PCL.

Chemical Structure (FTIR)

Figure 9 shows the FTIR spectra of the pure polymers and
blends with 25 wt.% of TPS25 as a function of PCL-gAM
content.

The characteristic peaks of PCL at 3000-2800, 1721,
850-1480 and 730 cm ' appeared in all specimens in-
stead of pure TPS25. On the other hand, the FTIR
spectra of PCL/TPS25 and PCL/PCL-gAM/TPS25
blends showed more intense peaks at 3200-3700 cm '
than that of the pure PCL spectra, which were assigned
to O-H bond stretching vibration. This is because the
OH group of TPS25 contributes to the bond stretching
vibration [26].

The intensity of the peak centered at 3300 cm™', cor-
responding to OH groups of starch, is suppressed in the
spectra of the blends. This may be an evidence of reaction
between the OH groups of starch and reactive groups
present in PCL-gAM. The formation of hydrogen bonds
between the hydroxyl groups of the carbonyl groups of
TPS25 and PCL is one of the possible reactions [4]. Then
the spectra of PCL/TPS blends are similar to those of pure
PCL. The typical anhydride band at 1780 cm ™' could not
be observed because of overlapping of the intense PCL
band at 1720 cm ' [12].

@ Springer

Morphology (SEM)

Figure 10(a-l) shows the SEM images of the PCL/TPS25
blends as a function of PCL-gAM content.

The holes in the micrographs represents the location of the
TPS25 phase which was removed after the treatment with
HCI. Holes size distribution could not be analyzed due to
the irregular shape of the holes. Even so, it can be observed
that the samples with 5 wt.% of PCL-gAM show the most
regular sized, best distributed and smallest holes, independent-
ly on the TPS25 content. This may be a consequence of the
optimization of PCL/TPS compatibility at this PCL-gAM
concentration. Other authors have found optimal PCL/starch
compatibilization adding 10 wt.% of pre-compatibilizer that
consisted on PCL chemically modified with pyromellitic an-
hydride [12]. Increasing the PCL-gAM content above 5 wt.%,
the hole distribution get worse and irregular shaped and bigger
holes were observed, independently on the TPS25 content. On

5
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Fig.9 FTIR spectra of pure polymers and blends with 25 wt.% of TPS25
as a function of PCL-gAM content
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Fig. 10 SEM images of the PCL/TPS25 samples as a function of PCL-gAM content: a 75/0/25; b 50/0/50; ¢ 25/0/75; d 70/5/25; e 45/5/50; £20/5/75; g

65/10/25; h 40/10/50; i 15/10/75; j 60/15/25; k 35/15/50; 1 10/15/75

the other hand, increasing the amount of TPS25 increases the
size and number of the TPS25 phase without modifying its
distribution, independently on the PCL-gAM content
analyzed.

Mechanical Properties (Tensile Tests)

Figure 11 shows the stress strain curves of the pure polymers
and blends with 25 wt.% of TPS25 as a function of PCL-gAM

content. Only blends with 25 wt.% of TPS25 were included
for the sake of simplicity.

Mechanical properties such as Young’s modulus (E), max-
imum stress (0) and elongation at break (¢) were calculated
from the stress—strain curves obtained in the tensile tests. The
results are summarized in Table 4.

PCL is a ductile polymer, able to undergo large defor-
mations; but unfortunately it shows a relatively low stiff-
ness rendering it unable to be used for any applications
where a high rigidity is required [7]. The presence of

@ Springer
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Fig. 11 Stress—strain curves of 18
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TPS25 in the blends do not contribute to increase the
stiffness of the films, because pure TPS25 modulus is
significantly lower than the modulus of pure PCL.
Concerning the Young’s moduli of PCL/TPS25
blends containing PCL-gAM, higher values than the
neat PCL and TPS25 polymers were observed. The me-
chanical properties of the compatibilizer (PCL-gAM)
could not be calculated because the samples were so
fragile that dog-bone specimens for mechanical testing
could not be prepared. Even so, we noticed that the
stiffness of the compatibilizer sheets was significantly
higher than that of the sheets prepared with the neat
PCL and TPS25 polymers. For this reason, the
Young’s moduli of the PCL/TPS25 blends containing

Table 4 Mechanical properties of the pure polymers and blends
Sample E (MPa) o (MPa) € (%)
100/0/0 425+4 17.4+2.1 47744415
75/0/25 178+2 9.4+0.3 52.0+8.0
70/5/25 545+7 11.6+0.5 25.6+10.1
65/10/25 349423 6.0+0.2 2.0+0.3
60/15/25 539+16 4.6+0.5 1.2+0.2
50/0/50 142+18 16.0+1.3 6.0+£0.4
45/5/50 681+9 5.7+0.4 4.0+£1.0
40/10/50 588+11 5.0+0.6 2.6+0.5
35/15/50 692+11 7.5+0.2 1.2+0.0
25/0/75 243+2 2.6+0,2 3.6+0.3
20/5/75 102049 45+0.3 1.4£0.2
15/10/75 990+17 52+1.1 0.7+0.1
10/15/75 - - -

0/0/100 13+£2 0.9+0.1 33+0.3
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Strain (%)

PCL-gAM are higher than that of the pure polymers.
In addition, an optimal PCL-gAM content is observed
at 5 wt.% for all TPS25 contents analyzed. This result
is in accordance with the SEM analysis that confirmed
the optimal compatibilization at this concentration. The
increment in the Young’s modulus is accompanied with
a detriment in the elongation at break. This is a conse-
quence of the improved distribution and lower size of
the TPS25 phase that hinder the movement of the PCL
phase chains [12].

Biodegradation in soil

Figure 12(a—d) shows the curves of weight loss as a function
of time for all materials after biodegradation in soil.

Figure 12(a) shows that the pure TPS25 is complete-
ly degraded after 21 days of burial in soil. On the
other hand, only 1 % of the initial pure PCL mass
was degraded after 21 days. In addition, only 3 % of
the pure PCL was degraded after 243 days. In the case
of the blends, the degradation rate increases as a func-
tion of the TPS25 content. In the soil, water diffused
into the polymer sample, causing swelling and enhanc-
ing biodegradation, so it is expected higher degradation
rate for the most hydrophilic sample [3]. In the case of
the compatibilized samples, the blends containing
5 wt.% of PCL-gAM showed the slowest biodegrada-
tion rate independently of the TPS25 content. The en-
hanced PCL/TPS compatibility of the samples with
5 wt.% of PCL-gAM, which was shown by SEM and
mechanical properties analysis, may be decreasing the
water absorption capacity of TPS25 slowing down the
biodegradation rate.
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Fig. 12 Residual mass as a function of time after biodegradation in soil of the a pure polymers and the blends with b 25 wt.%, ¢ 50 wt.% and d 75 wt.%

of TPS25 as a function of PCL-gAM content

Conclusions

PCL/PCL-gAM/TPS blends were obtained by melt mixing
and compression molding and their properties were investi-
gated. The optimal plasticizer content in the synthesis of TPS
was analyzed. The lowest water vapor absorption and the
strongest mechanical properties were obtained using
25 wt.% of ethylene glycol. In the case of the blends, an
optimal compatibilizer content was found. The highest
Young’s modulus was obtained with the blend containing
5 wt.% of compatibilizer (PCL-gAM), which was attributed
to the enhanced compatibility between the pure PCL and the
TPS25 phases demonstrated by SEM. In contrast, the water
vapor absorption increased by the addition of the
compatibilizer.

The thermal stability of TPS was not significantly modified
by the presence of PCL nor PCL-gAM. On the other hand, the
thermal stability of PCL was reduced the addition of PCL-
gAM which may be a consequence of the reduction of the
molecular weight of PCL after the chemical modification.
On the other hand, the crystallinity degree of PCL slightly
increased in the presence of TPS25. TPS25 could be acting
as nucleation agent increasing the crystallization rate of the
PCL phase. The glass transition temperature of PCL was
slightly increased by the presence of PCL-gAM, which was

attributed to the reduced segmental motion of random coil
chains in amorphous regions and increased free volume
through the presence in the end- chain of the encumbering
molecules of maleic anhydride.

Finally, it was observed that the degradation rate in soil on
the blends increases as a function of the TPS25 content due to
the hydrophilic nature of this component. In the case of the
blends, the slowest degradation rate was obtained in the sam-
ple with 5 wt.% of compatibilizer, which was attributed to the
enhanced compatibility between pure PCL and TPS25 phases.
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