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Abstract

The aim of this work is to evaluate the effect of poly-e-caprolactone addition and
concentration on the gas permeability, tensile properties and biodegradation of
PBAT/PCL blends prepared by extrusion in a bench scale single-screw extruder. The
blends were characterized by scanning electron microscopy (SEM), tensile proper-
ties, permeability to oxygen (O,) and carbon dioxide (CO,) gas and biodegradation
in soil. Our data indicate that PCL addition to poly(butylene adipate-co-terephtha-
late) (PBAT) increases its permeability to both O, and CO,. The tensile properties
of the blends are sensitive to PCL concentration and, particularly, their modulus is
higher than that of PBAT. SEM images did not show changes in PBAT morphology
upon PCL incorporation and content. Biodegradation (bio-disintegration) in soil was
shown to increase with both the presence and content of PCL in the blends. Incorpo-
ration of up to 25% of PCL to PBAT can be suitable to develop materials with high
potential of biodegradation with preserved tensile properties. The higher permeabil-
ity upon blending with PCL can also be useful in applications such as cooking food
coated with polymeric films.
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Introduction

Environmental concerns about the management and disposal of solid waste has
led to industrial and academic endeavors to develop materials with good proper-
ties during use and fast degradation after disposal. Therefore, the replacement of
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conventional and non-biodegradable plastics by polymers that degrade when com-
posted under favorable conditions has been recognized for decades [1, 2].

Poly(butylene adipate-co-terephthalate) (PBAT) is a biodegradable copolymer
with good processability, high deformability and mechanical properties similar
to those of PE. It has a combination of characteristic properties derived from its
aromatic and aliphatic components: butylene terephthalate and butylene adipate,
respectively. PBAT is considered a promising material for agricultural packaging
and after irradiation can also be used in more demanding areas, such as regenerative
medicine or active packaging [3]. In addition, PBAT can be processed by conven-
tional equipment (mixers, extruders, injection molding machines, etc.) and is stable
during regular processing conditions [4]. Chaves and Fechine (2016) reported that
increases in processing temperature contribute to chain scission reactions during
PBAT processing in an internal mixer [5]. Al-Itry et al. (2012) proposed a mecha-
nism of degradation of PBAT during processing based on hydrolysis of the ester
bond, followed by B-scission [6]. However, aromatic rings can effectively protect
the copolymer from radiation-induced processes while aliphatic ester segments can
make the material susceptible to radiation crosslinking and/or degradation [3].

Several researchers [7—10] have investigated the incorporation of nanoparticles
into PBAT by evaluating the properties and biodegradation of the polymer. The
development of polymeric blends, as well as their association with nanotechnology,
appears as another possible solution that can be adopted in different technological
areas, aiming at improving the intrinsic properties of polymers.

The literature reports several studies on the use of PBAT in polymeric blends
aiming to improve the toughness of brittle biodegradable polymers, such as PLA.
Wang et al. (2016) [11] studied the PLA/PBAT blend using a solvent casting method
for food packaging application. They concluded that PBAT reduced the brittleness
and improved the flexibility of the PLA. The results of packaging tests with fresh
green onions revealed that PBAT-containing films effectively maintain product
freshness and prevent fogging on the surface of packaging film due to its high water
vapor permeability. The authors evaluated the biodegradation of the PBAT/PLA
blend under soil conditions. They concluded that after four months of degradation,
the PBAT/PLA samples buried in soil, presented themselves in small fragile frag-
ments, showing a lower degradation rate than when compared to the neat polymers.
Further, the melting temperature and melting point changes of the various compo-
nents in the PBAT/PLA blend before and after degradation basically followed the
changing process of the respective single polymers.

PCL is a linear aliphatic semi-crystalline polyester, commonly used in pharma-
ceuticals and dressings for wounds. Due to its biodegradability, biocompatibility
and environmental friendliness PCL have been used for packaging, agriculture and
medical devices, as well as a substitute of non-biodegradable commodity polymers
[12, 13].

Our research group has been investigating PBAT and its blends, evaluating their
stability under processing and degradation conditions, and the properties required
for packaging applications [14—17]. Sousa et al. (2018) [18] evaluated the rheolog-
ical and thermal characteristics of PBAT in blends with polycaprolactone (PCL),
processed in an internal laboratory mixer. It was observed that the PBAT/PCL blend
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is immiscible, with phase inversion at about 70% PCL. Crystallization data during
cooling indicated a strong interaction between PBAT and PCL.

Even so, further studies are needed to elucidate the influence of PBAT compo-
sition on miscibility, mechanical properties, permeability, time and mechanism of
degradation of polymers and their blends. Blends of PBAT/PCL can be interesting,
because both polymers are biodegradable, commercially available and with impor-
tant properties for packaging applications. Unless the PBAT is previously photo-
oxidized, it degrades very slowly when buried in soil [15]. Therefore, the reason
for incorporating PCL into PBAT is that, not only is PCL stiffer than PBAT, but its
biodegradation rate is higher than that of PBAT. PBAT has important properties,
such as high flexibility, for the production of packaging, but it degrades slowly when
discarded under normal conditions. PCL is stiffness than PBAT and highly biode-
gradable and can also be used in packaging production. PBAT/PCL blends can be
promising in the production of packaging, combining adequate mechanical proper-
ties with a high biodegradability.

Experimental

The polymers used were PBAT (polybutylene adipate-co-terephthalate), purchased
from BASF, known commercially as ECOFLEX® F C1200 and PCL (poly-e-
caprolactone), purchased from MCassab and manufactured by PERSTORP under
the trade name CAPA 6500®.

Samples of neat PBAT, PCL and PBAT/PCL blends were prepared in a Haake
Rheomix 3000 laboratory internal mixer operating with roller type rotors at a nomi-
nal speed of 60 rpm, with a 150°C chamber wall temperature processed during
15 min. The blends produced in the mixer were ground and fed to a 16-mm bench
scale single screw extruder Lab-16 Chill-Roll from AX Plasticos (Brazil) with a flat
die, operating in a range of 80-120°C and 35-45 rpm, to prepare films for further
characterization. Films specimens with thickness between 112 and 211 pm were
obtained. Table 1 reports the compositions and film thicknesses obtained.

The gas permeability to oxygen and carbon dioxide of the films manufactured
were determined according to ASTM D1434 and ISO 15,105/1 standards at 25 °C
in a GPD-C Brugger equipment. Film specimens were tensile tested according to
ASTM D882, in an EMIC DL1000 universal testing machine fitted with a 20 N load
cell operating at 50 mm/min extension rate at ambient temperature. The Young’s

Table 1 Compositions of PBAT/

PCL blends Sample PBAT (%) PCL (%) Thickness (um)
PBAT 100 0 120
90PBAT/10PCL 10 90 112
75PBAT/25PCL 75 25 118
50PBAT/50PCL 50 50 116
PCL 0 100 211
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modulus was calculated from the slope of the initial linear region of the load defor-
mation curve. The maximum tensile strength was determined by dividing the maxi-
mum tensile load carried by the specimen during the test by the original sample
cross-sectional area. Scanning electron microscopy images of gold sputtered cryo-
genically fractured surfaces were obtained in a Shimadzu SSX 500 equipment with
500 x —2000 x magnification.

A composting soil prepared by manually mixing equal quantities of organic fer-
tilizer, earthworm humus and fertile soil was used for biodegradation testing which
took place in an incubator operating at 30-35 °C with air and soil relative humidity
kept at 80 and 60%, respectively. The samples were buried in the prepared soil and
weighted weekly, for 17 weeks, to determine sample mass loss (bio-disintegration)
as a function of time, calculated by Eq. 1, where m,, is the initial mass and m; the
final mass of the sample, according to ASTM G160 standard.

x 100
s (1)

Results and discussion
Permeability

Oxygen and carbon dioxide gas permeability tests results are graphically shown in
Fig. 1.

Results indicate that PCL is more permeable to both oxygen and carbon dioxide
than PBAT. Oxygen and carbon dioxide permeabilities of PCL are 3.7- and 2.8-fold
higher than that of PBAT, respectively. Therefore, increasing the PCL content in the
blend increases the permeability values in both cases.

The increase in carbon dioxide permeability with higher PCL content in blends
is more significant than oxygen permeability. Increasing from 10 to 25% and from
25 to 50% of PCL in the blend increases oxygen permeability by 51% and 27%,
respectively, relative to 9OPBAT/10PCL blend (Fig. 1a). Figure 1b shows a gradual
increase in CO, permeability with increasing PCL content, reaching increases of up
to 114%.

Permeability is favored by the decrease in crystallinity, which leads to a higher
diffusion coefficient, since diffusion is restricted to amorphous regions and the
length of the diffusion path decreases in this condition [19]. However, despite the
crystallinity of PCL being greater than that of PBAT [18], the low glass transi-
tion temperature (Tg) of PCL, far below ambient and test temperature, may have
contributed to the increase in permeability to both O, and CO, gases compared to
PBAT, since the packing density of the PCL chains may have been decreased due
to increased mobility. Sousa et al. (2018) [18] also observed that increments above
50% of PCL in PBAT tend to decrease the total crystallinity of the blend, which can
justify the observed behavior.
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Fig. 1 Oxygen a and carbon dioxide b permeability at ambient temperature for neat PBAT and PCL and
PBAT/PCL blends

The permeability of films tends to increase as the gas molecule diameter
decreases. Thus, contrary to what was experimentally observed, a higher perme-
ability to oxygen molecules than to carbon dioxide molecules, was expected. It
is possible that this effect was offset by the higher solubility of CO, in the PBAT
and PCL.
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Tensile properties

Tensile results for PBAT, PCL and PBAT/PCL blends are shown in Figs. 2, 3, 4.

Tensile properties were affected by PCL incorporation and content into the PBAT
matrix. Our results indicate that the Yong’s modulus of PCL is larger than that of
PBAT and also led to an increase in the stiffness of systems containing up to 25% of
PCL. This behavior was expected because of the higher modulus of PCL [15, 20].
However, further increase in PCL content in the blend, i.e., for the S0PBAT/50PCL
blend, led to a decrease in modulus. It is believed that a change in blend morphology
at high PCL concentrations is responsible for the observed decrease in modulus of
the 1:1 PBAT/PCL blend.

The experimental data spread observed for the tensile strength of the different
systems (Fig. 3) investigated makes it difficult to, non-equivocally, state the influ-
ence of PCL incorporation on the properties of PBAT/PCL blends. Apparently,
a decrease in tensile strength with PCL concentration with up to 25% PCL was
observed, followed by a slight increase at higher PCL content. This behavior is
taken as indicative of a possible phase inversion in the system with higher PCL
content. The occurrence of intermediate values of tensile strength lower than
those of neat components shows a trend of strong contribution of the interface
to the maximum strength. Values much lower than those of the individual com-
ponents would indicate a state of incompatibility due to low interfacial adhesion.
Further tests must be conducted before a conclusion is reached. The Young’s

250

200 +

150 +

100

Young's modulus (MPa)

50

Fig.2 Young’s modulus of neat PBAT and PCL and PBAT/PCL blends
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Fig. 3 Tensile strength of neat PBAT and PCL and PBAT/PCL blends
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Fig.4 Elongation at break of neat PBAT and PCL and PBAT/PCL blends
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modulus and tensile strength values of neat polymers agree with those found in
the literature [12, 20, 21] for PBAT (~ 55 MPa) and PCL (~ 15 MPa).

Elongation at break (Fig. 4) clearly decreased with increasing PCL content in
the blend. Neat PBAT shows a significantly higher elongation at break than the
neat PCL. This is associated to structure of PBAT which displays low crystal-
linity and high flexibility and toughness [22, 23]. PCL, on the other hand, is a
rigid, brittle polymer. Thus, a decrease in elongation at break for the blends was
expected and predicted by the rule of mixtures since the elongation at break of
PCL (~ 19%) is much lower than that of PBAT (~ 780%). Approximately a 94%
reduction in this property when 50% PCL was incorporated into neat PBAT.

The rule of the mixtures was applied for Young’s modulus to observe the
expected values for this property, as shown in Fig. 5, and a positive—negative
deviation was observed. Up to 25% PCL content in the blend, the Young’s Mod-
ulus values obtained are higher than those predicted while values below those
predicted were observed for the SOPBAT/S0OPCL blend, which can be explained
by the immiscibility and phase separation of the blends. A similar behavior was
reported by Sousa et al. (2018) [18] when investigating degradation during pro-
cessing of PBAT/PCL blends, which suggested that phase inversion leading to a
co-continuous system in PBAT/PCL blends containing more than 30% of PCL
was obtained.

300

O Rule of mixtures

250 A

200 A

150

100 +

Young's modulus (MPa)

50

T T T T

0 20 40 60 80 100
% PCL

Fig.5 Rule of mixtures for Young’s modulus of neat PBAT and PCL and PBAT/PCL blends
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Fig. 6 Micrographs PBAT/PCL blends with 10% (left), 25% (center) and 50% (right) PCL. 1000 X mag-
nification

Fig.7 Micrographs of fractured surfaces of PBAT/PCL blends with 10% (left), 25% (center) and 50%
(right) of PCL. 1000 X magnification

Scanning electron microscopy (SEM)

Figure 6 shows the micrographs of the surfaces of the PBAT/PCL blends contain-
ing 10%, 25% and 50% of PCL.

Blends containing 10 and 25% PCL have a uniform, pore-free structure with
some rounded particles dispersed on the matrix surface. It is believed that these
particles result from condensation during cooling of the film in the chill-roll or
incomplete melting of the blending components. Considering the PBAT and PCL
melting temperatures, the processing temperatures employed and the small length
of the extruder, it is possible that these are incompletely molten PBAT particles.
The SOPBAT/S0PCL blend surface is irregular and seems to point to increased
phase separation.

Figure 7 shows the micrographs of the fractured surfaces of PBAT/PCL blends
with 10%, 25% and 50% of PCL.

Figure 7 shows blends with ductile fracture characteristics, dense morphology
and free of pores. In these compositions, it is not possible to distinguish the indi-
vidual phases of the blends.

The increase in the concentration of PCL, apparently did not cause phase seg-
regation as observed on fracture surfaces, which may indicate a partial miscibility
between the components of the mixture.
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Fig. 8 Mass loss as a function of biodegradation time of neat PBAT and PCL and PBAT/PCL blends

Biodegradation

The mass loss curves of PBAT/PCL films are illustrated in Fig. 8.

The data show that: (a) mass loss increases with soil burial time for all investi-
gated systems, (b) PCL degrades faster than PBAT and (c) the mass loss of the inves-
tigated systems increases with the PCL content. In other words, the loss mass order
due to bio-disintegration is: PCL>PBATS50/PCL50>PBAT 75/PCL25>PBAT90/
PCL10>PBAT.

Average mass losses after 119 days (17 weeks) of soil burial were, respectively,
2.3% and 34.7% for PBAT and 5S0PBAT/50 PCL blend. Neat PCL lost 57% of its mass
in 37 days of burial and completely disintegrated after 41 days of testing. Although
the biodegradation of samples buried in soil in the laboratory is not as aggressive as
the real conditions, especially regarding temperature, Weng et al. (2013) [2] observed
that after 120 days of burial, only fragments of PBAT film obtained by casting were
detected. In another study reported by Palsikowski et al. (2017) [1], the soil degrada-
tion time of neat PBAT was only 30 days, with only fragments of the polymer being
observed. The differences in the literature for the degradation of PBAT can be attrib-
uted to the different composting conditions adopted.
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Conclusions

Our data indicate both oxygen and carbon dioxide permeabilities increased with
PCL content in the blends. When compared with neat PBAT, oxygen gas perme-
ability initially decreases and carbon dioxide gas permeability increased with the
PCL incorporation. The unexpected higher CO, permeability than O, permeability
observed for all systems are thought to be due to higher solubility of CO, in PCL
and PBAT. Incorporation and increase in PCL content in the blends led to stiffer
blends which little change in tensile strength when compared with PBAT. Addi-
tive mechanical properties (Young’s modulus) up to 25% of PCL and a negative
deviation of these characteristics above this concentration were observed which was
attributed to blend phase inversion. SEM analysis was unable to detect changes in
morphology of the systems investigated as a function of PCL content. Biodegrada-
tion is significantly more pronounced with PCL incorporation and content. PBAT is
a biodegradable polymer with important characteristics that allows it to be used in
the packaging industry. However, compared with PCL, this polymer degrades very
slowly. For fast disposal applications, the quick degradation of the polymer after use
is interesting. Thus, blending PCL and PBAT is a viable solution as it increases its
degradation without negatively affecting tensile strength, modulus and permeability
characteristics. Adding up to 25% PCL to PBAT is a useful alternative for the envi-
ronment, as it combines maintenance or improvement of properties combined with
higher biodegradability.
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