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Abstract

In this work, biodegradable aliphatic polyester blends of polycaprolactone and polylactide were melted and blended with
a natural and biodegradable thermoplastic starch (TPS). The TPS employed in this study was obtained by plasticization of
isolated wheat starch using glycerol as plasticizer. Morphology as well as thermal properties of the blends was investigated,
and water vapor permeability as a barrier property was also monitored. The biodegradability of the biodegradable blends
was performed by a composting process on laboratory scale. The composting process was conducted in an adiabatic closed
reactor for 21 days and during the composting process, the temperature, pH value, % moisture and volatile matter and evolved
CO, were monitored. Biodegradation of the blends was determined by weight loss, as well as monitoring of morphological
surface change. The thermophilic phase prevailed in the composting process, indicating intensive biodegradation of substrate
as well as biodegradation of investigated ternary blends. Since microorganisms use starch as a carbon source, addition of TPS
causes considerable acceleration of biodegradation of ternary blends due to higher water vapor permeability as a result of
the hydrophilic nature of starch. The thermoplastic starch was first degraded within the blend, which was facilitated access
to the microorganisms of other ingredients in the blend, encouraging the biodegradation of other components.
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Introduction

Non-degradable materials, petrochemical-based plastics
such as polyethylene (PE), polypropylene (PP), polystyrene
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ble materials as disposable packaging material significantly
disturbs and damages the ecosystem (Carmona et al. 2015).
They cause irreversible pollution of our environment. Con-
sciousness that our petroleum resources are limited as well
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materials with interesting and complementary properties,
which are already remarkable and researched (Labet and
Thielemans 2009; Carbonell-Verdu et al. 2018). PLA is an
aliphatic hydrophobic biodegradable polyester. Its excellent
properties, such as high mechanical performance, point out
that it can be used in many applications (Huang 2005; Yu
et al. 2006, Palsikowski et al. 2018; Musiot et al. 2018).
PLA has a high tensile strength and elastic modulus, but
very low elongations at break (Auras et al. 2004; Lu et al.
2017). The expressed brittleness restricts its use as pack-
aging materials. PLA degradation takes place very slowly,
especially for unmodified PLA, which according to litera-
ture has shown that degradation can take place even after
1 year in seawater (Selke 2000; Auras et al. 2004; Musiol
et al. 2018). Degradation of PLA is mainly activated by
hydrolysis and is highly dependent on temperature. On the
other hand, PCL is another semi-crystalline linear aliphatic
biodegradable polyester with high potential to be used as
packaging materials (Siracusa et al. 2008; Ortega-Toro et al.
2015; Garcia-Campo et al. 2017; Gumede et al. 2018). PCL
has a high elongation and low elastic modulus, which can
perfectly complement the defects of the mechanical proper-
ties of PLA. Despite the presence of hydrolytically labile
aliphatic ester linkages, PCL exhibits a slower hydrolytic
degradation rate when compared with PLA (2-3 years) (Nair
and Laurencin 2007). Consequently, changing and adapting
the properties of these materials is the focus of scientific
research. One of the most effective approaches, which is an
inexpensive and fast procedure, unlike the development of
new polymeric materials or new polymerization, is a blend-
ing that combines the best attributes of a particular polymer.
Modification of a single biodegradable polymer by blend-
ing with other biodegradable materials provides improved
and/or maximizes the performance of the material for the
targeted purpose. One of the main and very important draw-
backs of PCL and PLA is their high cost, which greatly lim-
its their wide commercial use. The alternative to overcome
the aforementioned main disadvantage could be blending
them with thermoplastic starch (Carmona et al. 2015; Abdul
et al. 2017; Antosik and Wilpiszewska 2018; Ortega-Toro
et al. 2015). Natural biodegradation in a wide range of envi-
ronments, low cost and natural abundance in most regions
deplete thermoplastic starch for use as raw material for bio-
degradable polymers. By its nature, starch is not a typical
thermoplastic polymeric material. From a chemical point of
view, starch is composed of a homopolymer of p-glucose,
a predominantly linear polymer with some slight branches
amylose (alpha-1,4 links between the linear molecules) and
highly branched amylopectin (alpha-1,6 links at the branch
points) (Sarazin et al. 2008; Kostakova et al. 2017; Fer-
reira et al. 2016). Since the melting temperature of pure dry
starch is near the starch degradation temperature, natural
starch should be modified so that it can be processed by
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using conventional synthetic polymeric techniques (Taggort
2004; Ortega-Toro et al. 2015). The transformation of natu-
ral starch into thermoplastic-like material is called gelatini-
zation (Fig. 1) and the transformed product is known as ther-
moplastic starch (TPS). The gelatinization process (Fig. 1)
involves the addition of a plasticizer under high pressure and
mechanical shear force. The main role of the plasticizer is
to destroy the crystalline structure and hydrogen bonding in
starch under moderate temperature and thereby allow it to
be processed in a similar manner to conventional polymers
(Carvalho et al. 2003; Curvelo et al. 2001). Plasticizers get in
between the polymer chain and act as lubricants, increasing
flexibility and movement. Furthermore, plasticizers decrease
the glass and melt temperature of the polymer, leading to
more processability of starch (Selke et al. 2004). For the
effective gelatinization process of natural starch, it is impor-
tant that the chemical structure of plasticizers is similar to
those of polymers (Huang et al. 2005; Tumwesigye et al.
2016). The most commonly used plasticizers are organic
liquid plasticizers, most commonly polyols hydrophilic plas-
ticizers containing hydroxyl groups, such as glycol, sorbitol,
sugars, and glycerol. Glycerol is the most popular plasticizer
among those listed (Brody 2005; Jiang et al. 2006; Huang
et al. 2005). Because of its hydroscopic nature, thermoplas-
tic starch itself is characterized by moisture sensitivity and
poor mechanical properties. However, TPS has low oxygen
permeability and thus could potentially play an oxygen bar-
rier role in biodegradable packaging. Therefore, blending
TPS with PCL/PLA blends can decrease the material cost
and increase its biodegradability.

Amylose

Fig. 1 Gelatinization process of the wheat starch
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The objective of this study is the production of the binary
and ternary blends with different compositions of PLA,
PCL, and 30 wt% of TPS, using the TPS polymer with spe-
cifically 30 wt% of glycerol content. Blends are character-
ized by scanning electron microscopy (morphology); Fourier
transform infrared spectroscopy (identification of functional
groups); differential scanning calorimetry (thermal proper-
ties); water vapor permeability (barrier properties); and
biodegradation under composting process (biodegradabil-
ity). The most important aim of this study is to promote the
biodegradation of PLA, PCL polymers and their blends by
adding thermoplastic starch.

Experimental
Materials

The wheat variety “Srpanjka” (harvest 2008) was obtained
from the Agricultural Institute, Osijek, Croatia. According to
the data provided with samples, the “Srpanjka” variety con-
tained 68.73% d.m. starch, 12.57% d.m. protein and 12.20%
moisture. Isolation of starch from wheat and characteriza-
tion of starch were made by our colleagues, as described in
their research (Ackar et al. 2010). The content of amylose
in isolated wheat starch was 22.49 +2.01 wt%. Glycerol was
supplied by Gram Mol (Zagreb, Croatia). Polylactide was
supplied by Nature Works LLC, USA (Ingeo™ Biopoly-
mer, 4043D, density 1.24 g cm™3 at 25 °C, Tg=50—70 °C,
T,,=145-160 °C) and polycaprolactone by Sigma-Aldrich,
Germany (polycaprolactone 440744-500G, average M,
70,000-90,000 g mol~! by GPC, M /M, <2, density
1.145 g cm™ at 25 °C).

Preparation

Thermoplastic starch (TPS) was prepared from a manual
mixture of the following components: 70 wt% native wheat
starch and 30 wt% glycerol. TPS was extruded with a labo-
ratory single-screw extruder (Model 19/20DN; Brabender
GmbH, Germany). The extrusion parameters were as fol-
lows: screw 1:1; die 4 mm; temperature profile in the first
(dosing), second (compression) and third (ejection) zone
100/100/130 °C; screw speed 40 rpm; dosing speed 15 rpm.
After extrusion, the samples were air-dried overnight and
then stored in sealed plastic bags at room temperature until
further analysis. The binary and ternary blends were pre-
pared using a Brabender kneading chamber. The components
were put in the chamber preheated up to 170 °C with a rotor
speed of 50 rpm and kneaded for 6 min. After homogeniza-
tion, the blends were molded in laboratory hydraulic press
Fontune, Holland (SRB 140, EC 320x320NB) (180 °C;
25 bar, 5 min). Throughout this paper, the designation,

for example PCL30/PLA70, refers to 30 wt% of PCL and
70 wt% of PLA in the blend. After preparation of the PCL/
PLA blends, TPS was then blended with blends in a weight
composition of 30 wt% (example PCL50/PLASO0/TPS).

Differential scanning calorimetry (DSC)

Thermal analysis was done using a model DSC 823e dif-
ferential scanning calorimeter (Mettler Toledo, Greifen-
see, Switzerland) with a quench cooling accessory, oper-
ated under a nitrogen atmosphere with flow of nitrogen of
60 ml min~!. All DSC experiments were done in duplicate
and the thermograms shown refer to the second heating.
DSC measurements were performed according to the fol-
lowing method:

1. Heating up from O to 200 °C with a heating rate of
10 °C min™".

2. Holding on at 200 °C for 2 min to eliminate any previous
material thermal history.

3. Cooling with liquid nitrogen from 200 to — 90 °C at
10 °C min~ ..

4. Holding on at —90 °C for 2 min.

5. Second heating from —90 to 25 °C with a heating rate
of 10 °C min™".

The crystallization and melting parameters were taken
from the cooling and reheating scans. The degree of crystal-
linity, y. (%), of both PCL and PLA was determined accord-
ing to Vertuccio et al. (2009) using Eq. (1):

(%) = w100 1
X (o) = AHO Xf ’ ( )
where AH___ is fusion enthalpy (J g~!) determined by DSC

exp
measurement, AH, is theoretical enthalpy of the completely

crystalline polymer, which is 132 J g=! for PCL (Crescenzi
et al. 1972) and 93.7 J g~ for PLA (Chen et al. 2006), and
the wt% of PCL or PLA is given by the term f.

Water vapor permeability (WVP)

Water vapor permeability (WVP) of the blends was carried
out on the Herfeld’s apparatus according to DIN 53333 (Bota
et al. 2017). Herfeld’s apparatus consists of a glass container
that is filled with 50 ml of distilled water and closes with a
metal ring which contains a circular hole of diameter 36 mm.
The test sample is placed face down on the cover of the ves-
sel of circular diameter 55 mm and tightened with the metal
ring. The glass container is placed in a desiccator with 97%
sulfuric acid. The weight of the glass container with the test
samples and the water is determined at the beginning and
after the given time interval of 24 and 48 h. Water vapor
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permeability (WVP) is determined according to equation,
Eq. (2):

WVP = [my — (my + m3)/2] /A, )

where m;, is the mass of the device with water and specimen
at the beginning (g), m, is the mass of the device with water
and a test tube after 24 h (g), m5 is the mass of the device
with water and a test tube after 48 h (g), A= 7 is the film
surface of the examined sample, and r is the radius of the
film permeation area.

Biodegradability test
Composting materials

In this work, mixture of biowaste (BW) and green waste
(GW) was used as a composting substrate. Biowaste (vegeta-
ble waste, fruit waste and bread) and green waste (leaf and
branches) were collected from Dolac Market: Fresh Good-
ies, Zagreb, Croatia, and in the forest near Zagreb, Croatia,
respectively. The pH value and moisture of biowaste were
between 4.5 and 6.0 and between 70 and 90%, respectively.
The pH value and moisture of green waste was between 5.0
and 6.0 and between 5 and 6%, respectively.

Composting process

The composting of BW and GW was conducted in a closed
thermally insulated cylindrical stainless steel reactor
(d=212 mm, h=330 mm) with effective volume (V,) of
10 dm? for 21 days. The moisture content of the substrate
was set at approximately 60 mass%, pH value was 6.2, C/N
ratio 30/1 and 2.5 kg of the mixture was fed into the reac-
tor from the top. The air inlet was placed at the bottom of
the reactor and the reactor was operated at an airflow rate
of 0.868 dm® min~!. The temperature was monitored by
thermocouples placed at the reactor’s inlet and in the mid-
dle of the reactor and connected to the data logger over the
21 days of composting. To ensure permanent air humidity at
the reactor’s inlet, the air was saturated with moisture prior
to entering the reactor by passing through a Drechsel bottle.
After leaving the reactor, the hot spent air was allowed to
cool naturally and the condensate was collected in the gradu-
ated cylinder. In the composting process, 11 polymer blends
was added. Two pieces of each polymer/blend (A =1 cm?)
were mixed with the composting substrate.

During the composting process, samples of composting
material (without polymer) were collected periodically and
the most relevant physical-chemical (pH value, moisture
content (MC), dry solid content (DS), volatile solids con-
tent (VS), N content (according to Kjeldahl method)) and
microbiological characteristics were determined. All phys-
ical-chemical analyses were carried out in duplicate and
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in accordance with the Austrian standard methods for the
analysis of compost, which are in widespread use across
Europe (Austrian standard 1986). Colony-forming units
(CFU) of mesophilic and thermophilic bacteria and fungi
were determined on the general-purpose media (nutrient
agar for bacteria and malt agar for fungi) by the pour plate
method (Briski et al. 2012). For the plate count, a dilution
series (0.9% mass of aqueous NaCl solution) was prepared
from each sample. The plates were incubated in 80% rela-
tive humidity at 28 °C to cultivate the mesophilic fungi, at
37 °C to cultivate the mesophilic bacteria and at 50 °C to
cultivate the thermophilic microorganisms. To determine
the concentrations of the evolved CO,, the exhaust gas
was absorbed in 1 mol dm™ NaOH. CO, was analyzed
daily by titration of the excess of 1 mol dm~ NaOH with
1 mol dm™3 HCI (Kolthoff and Sandel 1951). The results
were expressed as g CO, per kg of the dry composting
mass.

Scanning electron microscopy (SEM)

Morphological characterization of selected samples was
done by means of scanning electron microscopy (SEM)
using a microscope Vega Plus TS 5135 (Tescan, Czech
Republic) with a secondary electron imaging (SE) at
30 kV. The samples were observed both before and after
degradation tests. For each sample, two types of speci-
mens were prepared for microscopic characterization:
top surface and fracture surface. The top surfaces were
observed directly. The fracture surfaces were prepared in
liquid nitrogen perpendicular to the surface. All specimens
were fixed on a metallic support to minimize charging:
the flat specimens showing top surfaces were fixed with
double adhesive conductive carbon tape (C-tape; Chris-
tine Gropl, Austria), while the fracture surfaces were fixed
with a conductive silver paste (Leitsilber G302; Christine
Groepl, Austria). For further minimization of charging and
sample damage by the electron beam, all specimens were
sputtered with a thin Pt layer (ca 8 nm) in a vacuum sputter
coater (SCD 050; Balzers, Lichtenstein).

Infrared spectroscopy

Attenuated total reflectance (ATR) FTIR spectra were
measured on a Nicolet Nexus 870 spectrometer. For all
samples, we measured the top surfaces before and after
degradation using a horizontal micro-ATR Golden Gate
unit (SPECAC) with a diamond prism. The ATR FTIR
spectra were processed by the advanced ATR correction
using the OMNIC software.
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Results and discussion
Thermal properties

Thermal behavior with respect to the thermal transitions of
the blends is useful in detecting possible interactions (mis-
cibility behavior) between polymers in binary and ternary
blends. The two DSC scan cycles were performed in this
investigations. With the first scanning was erased the ther-
mal history of the materials and DSC curves of the second
run by scanning from — 90 to 200 °C of the materials are
shown in Figs. 2, 3 and 4. Table 1 shows a summary of the
thermal properties obtained from the DSC thermograms.
From Table 1, the glass transition temperature of PLA is
at 56.7 °C, which is very close to the melting temperature
of PCL at 58.6 °C. Due to the proximity of thermal transi-
tion, which leads to some overlapping procedures, it is not
possible to clearly distinguish precisely certain thermal
transitions of each polymer in the blends. On the other

hand, the glass transition temperature of PCL (Typ¢ ) was
difficult to identify in the resulting DSC curves, due to the
limitation of the DSC instrument (possibility of cooling to
—90 °C). From the DSC thermogram of PLA, cold crys-
tallization of PLA is observed in the range of 120-135 °C
with a peak (T,.p; o) at 127 °C. The cold crystallization is
an exothermic peak just before 7,,p; 4 of the PLA phase,
attributed to the recrystallization of crystals of PLA’s
lower perfection into o crystals of greater perfection (Feng
and Ye 2011). After the cold crystallization process, the
melt process follows at a temperature range from 145 to
165 °C with a peak (Ty,pr) at 149.4 °C. From the DSC
thermogram of PCL, an exothermic melt process is located
between 45 and 65 °C with a peak at 58.6 °C, whereas the
glass transition temperature of PCL is at —62.8 °C. T\ p; o
does not change with the addition of PCL at values around
149 °C, but in the blend of the same ratio of both compo-
nents, PCL50/PLAS5O0, the melting temperature reduction
of both, PLA and PCL, components was recorded. By the
addition and increase in the content of PCL in PLA, cold

Fig.2 DSC heating thermo- PLA
grams of PLA, PCL, PLA/TPS, -
PCL/TPS, PCL50/PLA50 and ;‘ PLA/TPS
PCL50/PLAS50/TPS & /\/_—’
2 |& PCL50/PLAS0
<z w—f\r_—
L
3 PCLS0/PLASO/TPS
o w——/\ﬁ__
PCL/TPS W
l I 1 1 1 1 Ll I I T I 1 1 I 1
-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180
Temperature, °C
Fig.3 DSC cooling thermo- PLA
grams of PLA, PCL, PLA/TPS, PLA/TPS N
PCL/TPS, PCL50/PLAS0 and .
PCL50/PLASO/TPS ;‘
-
£ | PCL50/PLAS0
g2
-3 A PCLS0/PLASO/TPS

PCL

PCL/TPS

T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
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Fig.4 DSC heating and cooling
thermograms of binary and
ternary blends

PCL70/PLA30

PCL70/PLA30/TPS

PCL30/PLA70

PCL30/PLA70/TPS

PCL70/PLA30

Heatflow, Wg-!
2wWg!

PCL70/PLA30/TPS

PCL30/PLA70

PCL30/PLA70/TPS

/\ﬁ_

/Y—

crystallization peak of PLA is slightly shifted to lower
temperatures, while on the other hand the addition of PLA
to PCL leads to the shift in T pq;, to higher temperatures
without significant influence with further increase of PLA
content in the blends. However, the degree of PLA crystal-
linity (y.pcr,) significantly increases with a PCL content
compared with pure PLA. Further increase of PCL con-
tent, or the same proportion of both components, leads at a
lower degree of crystallinity compared to the smaller PCL
content in the blend. Probably, the higher content of PCL
limits and does not allow the growth of PLA spherulite,
which is reflected in the degree of crystallinity. The excess
PCL can block or limit the molecular motion of PLA
chains and interrupt the growth of PLA spherulites (Ferri
et al. 2016). The PLA melting peak, which is very small
in pure PLA, is more pronounced in blends. As shown
in Fig. 2 and Table 1, the PLA melting peak indicates
a shift to lower temperatures with the addition of TPS.
This depression in T p; 5 i characteristic when a semi-
crystalline component (PLA) is miscible with an amor-
phous polymer such as TPS in these investigated systems.
Despite moderate depression, it can be said that a certain
degree of miscibility between the components of the blend
was achieved. The addition of the TPS in PCL also shows
a similar decrease in the PCL melting peak. In general,
according to literature, the reduction of the melting peak
in a polymer blend is attributed to the morphological effect
and reduced lamellar thickness, respectively (Mittal et al.
2015). Also, from the thermodynamics point of view, the
reduction of melting peak is associated with a reduction in
the chemical potential of the crystallizable polymer due to
the presence of the partially miscible amorphous polymer
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(Mittal et al. 2015; Broz et al. 2003; Thakur and Thakur
2016). From the DSC heating curve (Fig. 2), it is apparent
that TPS contributes to the acceleration of cold crystal-
lization of PLA, where a successive increase in enthalpy
of cold crystallization or the degree of PLA crystallinity is
clearly seen (Table 1). According to Carmona et al. (2015),
TPS can act as a filler and have the role of a nucleating
agent, which stimulates PLA cold crystallization and gives
a more accurate alignment of polylactide chains in the
crystal structure, i.e., influences the significant increase
in the degree of PLA crystallinity. From the DSC cool-
ing curve for PLA as well as for PLA/TPS (Fig. 2), there
are no visible crystallization peaks during cooling due to
the almost amorphous structure of PLA; probably, small
crystal phases that are present in the structure are crys-
tallized during cold crystallization. Also, the absence of
crystallization during cooling may be due to very charac-
teristic PLA properties, which have a very slow cooling
rate during cooling, and/or the cooling rate was too high to
allow crystallization in the PLA, particularly in PLA/TPS
blend showing a more significant degree of crystallinity.
Table 1 shows that the addition of starch to PCL reduces
the melting temperature and melting enthalpy of PCL,
which may be attributed to reduction of PCL molecular
weight and hydrolysis of the ester groups by the water
in gelatinized starch, similar to the described work (Su
et al. 2012; Averous et al. 2000). The degrees of PCL and
PLA crystallinity are 53.6 and 1.4%, respectively. As we
can see, PLA is almost completely amorphous with an
extremely small fraction of the crystal phase. When they
were blended in the same ratio, PCL had a slight decrease
in its degree of crystallinity compared to pure PCL, while
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Table 1 Summary of the thermal properties of the investigated blends

PLA thermal properties

Topcr, °C) Thper O Toper, (°C)  AHpep g AHupo g™ Awper (%) Typra (°C) Topra (°C) Teepra CC)  AHpp g AHupa g™ Agpra (%)

PCL thermal properties

70.7 53.6

26.9 63.3

58.6

-62.8

PCL

1.4

1.3

149.4 127.0 1.3

56.7

PLA

494 534

28.8 40.1

56.1

-61.3

PCL/TPS
PLA/TPS

24.1

15.8

15.3

1194

121.1

147.0
149.3
147.6
146.0
145.4
149.1
146.9

54.4

17.1

11.2

6.6
4.1

11.2

19.5 49.2

30.2 144

56.6

PCL30/PLA70

14.4
8.8

8.4
37

122.6
124.0
117.9
120.8
119.0

14.5 52.0

- 56.9 30.1 14.5

PCL30/PLA70/TPS
PCL50/PLAS0

50.8

335

30.2 27.7

51.9

27.6

9.1

8.0
32
3.0

20.8 45.0

- 57.4 29.9 17.8

PCL50/PLASO/TPS
PCL70/PLA30

17.1

4.8

47.7

51.6

41.3

30.8

57.1

21.3

4.2

58.4 30.5 25.5 25.6 39.6

PCL70/PLA30/TPS

PCL70/PLA30/TPS s

PCL70/PLA30 S
s WVP (gm-2day-1)
PCL50/PLASO/TPS E
PCL50/PLAS0
PCL30/PLA70/TPS
PCL30/PLA70 @i
PLAITPS s
PCUTPS
TPS &

PLA

PCOL B

Fig.5 WVP of the investigated biodegradable blends

PLA became pronouncedly more crystalline. With subse-
quent addition of TPS to a PCL/PLA (1:1) blend, the same
behavior occurred for PCL, as well as for PLA where the
degree of PLA crystallinity increased dramatically from
8.8 t0 27.6%. Given the degree of crystallinity, it is appar-
ent that both TPS and PLA interfere with the mobility
of PCL chains, resulting in a reduction in the degree of
PCL crystallinity. When TPS was added to the PCL/PLA
blend, it caused an additional increase of the T pq; in the
blends. On the other hand, adding TPS reduced the T, p; 5
of PLA. These shifts in the melting temperature of PLA
or PCL by addition of TPS in the blends may occur due
to the distinct amorphous and soluble TPS and PCL frac-
tions that can be miscible in the PLA phase or the soluble
TPS and PLA fractions that can be miscible in the PCL
phase (Carmona et al. 2015). By increasing the PCL con-
tent in ternary blends, the thermoplastic starch disrupted
the regularity of the chain structures and thereby increased
the free space between chains and as a result T}, p; and
Xepcr, Were decreased (Davoodi et al. 2016). However, in
the PCL/PLA and PCL/PLA/TPS blends, both PCL and
TPS enabled further PLA chain mobility, resulting in an
increased degree of PLA crystallinity. When TPS is pre-
sent in polymer blends, the degree of PLA crystallinity
is increased. As for PCL crystallization, when both TPS
and PLA were present in polymer blends, they restricted
the PCL chain mobility and, thus, PCL showed a slightly
lower crystallinity than pure PCL.

Water vapor permeability

For greater freshness and shelf life of foods, it is extremely
important to avoid or minimize moisture transfer between
the food and the surrounding atmosphere. Therefore, as a
barrier property, the water vapor permeability is very impor-
tance and should be as low as possible to optimize the food
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package environment and potentially increase the shelf life
of the food product (Ghasemlou et al. 2013; Hosseini et al.
2013). The results of water vapor permeability (WVP) of the
studied blends are shown in Fig. 5. As expected, the thermo-
plastic starch showed the highest water vapor permeability
(449.61 g m~2 day™!) which is expected due to its hydro-
scopic nature, whereas the hydrophobic PCL and PLA sam-
ples showed the lowest WVP values (Fig. 5). From Fig. 5, it
can be seen that PLA, in spite of the low value of crystallin-
ity compared to PCL, has a lower WVP since the 7, of PLA
(56.7) is much higher than that of PCL (- 62.8). The diffu-
sion coefficient of water in an amorphous or semi-crystalline
polymer is related to the molecular dynamics or segmental
motions of the amorphous regions of the polymer. Thus, if
the temperature of an amorphous polymer—water system is
above the glass transition temperature, Tg, motion will be
rapid, the free volume increases, and WVP will be high,
while the opposite will be true below 7, (Shogren 1997).
Crystals in the polymer structure play an important role in
inhibiting the transfer of water vapor permeability due to the
small cross section and low permeability restricting chain
mobility, thus reducing the WVP of the polymers (Zemb-
ouai et al. 2013). Also, the increase of WVP can be linked
to the two-phase morphology of PCL/TPS and PLA/TPS
blends, allowing penetration of moisture through the sur-
face due to cavity formation. From Fig. 5, it is observed that
increase in the PCL content has a positive effect on water
vapor barrier properties of PCL/PLA binary blends. PCL/
PLA blends show intermediate water vapor barrier proper-
ties compared to the PCL, PLA polymers, respectively. On
the other hand, the value of WVP of PLA increased by addi-
tion of 30, 50 and 70 wt% of PCL, respectively. This means
that PLA insertion improves PCL barrier properties even at
a relatively low rate, due to the increased PLA crystallin-
ity in the PCL/PLA mixtures. Reduction of the WVP with
crystallinity can generally be explained in two ways. Higher
crystallinity implies higher content of impermeable crystal-
lites within the structure, thereby reducing the amount of the
amorphous phase through which the gas molecules can pen-
etrate. Another fact is that the impermeable crystals increase
the tortuosity of the transport path. It is known that the gas
transport properties of polymer blends are strongly influ-
enced by the tortuosity of the circulating molecule gases.
Gas permeation is carried out exclusively in the amorphous
phase of polymer blends. In this way, a semi-crystalline
polymer consists of an almost impermeable crystal phase
dispersed in the permeable amorphous phase. Therefore,
any increase in crystallinity leads to a reduction of the gas
permeability, due to reduced contribution of the permeable
amorphous phase and to increased tortuosity of the diffusion
path (Sun et al. 2017). In our case, the relatively good adhe-
sion between PCL domains and the PLA matrix and higher
levels of crystallinity of PLA in the blends, as shown in the
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DSC analysis and followed by SEM analysis, resulted in a
longer path length for the diffusion of water vapor molecules
and gas, which led to the decrease in the barrier properties
of PCL/PLA blends. In the ternary PCL/PLA/TPS blends,
incorporation of thermoplastic starch in blends leads to
increase in the WVP value due to the hydrophilic starch
character. Also, the incorporation of thermoplastic starch in
the PCL and PLA blends reduces the intermolecular force
between the PCL and PLA, receptively, resulting in enhanc-
ing the gaps in the blend structure. This phenomenon was
confirmed by the results from SEM (show below). Ternary
blends with higher PCL content had lowest WVP due to bet-
ter integration in the blend, reducing gaps by creating more
compact structure, causing lowered WVP. This may also
indicate the existence of better intermolecular interactions
and a decrease in the mobility of amorphous thermoplastic
starch. The low water vapor permeability, i.e., the accept-
able level of water resistance of a blend, is one of the par-
ticular important properties from a food packaging point of
view, especially for high water activity foods or foods that
come into contact with high humidity environments during
storage and transportation (Rhim et al. 2007). On the other
hand, although for the industrial application of biodegrad-
able blends the hydrophobicity of the material is essential,
it is also important that to promote biodegradability a cer-
tain level of water vapor permeability must be present after
use, because the efficiency of the microorganisms is better
in a high humidity environment. Therefore, it is important
for the good efficiency of biodegradable materials that they
must be suitable for both application and biodegradability.
By adding starch to the PCL/PLA blend, a certain degree
of water absorption is precisely ensured because starch is
a water-sensitive polymer. Hydrogen bonds can be formed
between water and its hydroxyl groups. Besides lowering the
final price of the material, the role of starch also as a nutrient
medium for microorganisms will result in faster biodegrada-
tion of the blends.

Biodegradability during the composting process

In the composting process, aerobic mesophilic and ther-
mophilic microorganisms are responsible for the biological
treatment of biodegradable organic matter. A microbial
population consisting mainly of bacteria and fungi con-
sumes biodegradable organic matter, together with oxy-
gen, and produce CO,, NH;, water, compost and a lot of
heat (Kuci¢ et al. 2013). In the Fig. 6 is it shown a visual
appearance of PCL70/PLA30 samples before and after bio-
degradable. Due to the exothermic process and the release
of large amounts of heat, the temperature in the compost-
ing mass increases significantly. Therefore, for maintain-
ing the efficiency of the composting process, temperature
is one of the most important parameters (Fig. 7 ). Several
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Fig.6 Visual appearance of PCL70/PLA30 samples before (left) and
after (right) biodegradation
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Fig.7 Temperature changes in the composting mass and growth of
microorganisms during 21 days of the composting process

phases are exchanged during the composting process: mes-
ophilic, thermophilic, cooled (second mesophilic) phase
and maturation phase (Fig. 7 ). Thermophilic phase is the
most important for degradation of biodegradable blends,
due to the extremely high temperature which favors the
degradation of organic matter by microorganisms (Fig. 7).
Permanent temperature change in a reactor leads to a
change in the microbial species involved in the degrada-
tion of the substrates and biodegradable polymers. Also,
the rise in temperature in the composting mass favors the
growth of thermophilic microorganisms and ultimately
affects their activity. According to Jayasekara et al. (2005),
a key change in polymer degradation is the decrease in
molecular weight due to the formation of smaller prod-
ucts during decomposition. The starch can be degraded
by fungi and/or bacteria due to enzymatic activity, lead-
ing to the formation of carbon dioxide, water, and sugar
(Neto et al. 2017) (Fig. 8). Due to its hydrophilic character,
starch degrades firstly and rapidly, thus facilitating access
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Fig.8 The evolution of carbon dioxide versus temperature during
21 days of the composting process

by microorganisms, encouraging the biodegradation of
other components in the blend (Neto et al. 2017). During
21 days of the composting process, some samples (PCL,
PCL/TPS, PCL50/PLAS50, PCL50/PLAS0/TPS, PCL70/
PLA30 and PCL70/PLA30/70) undergo degradation by
microorganisms and some of them lose up to 68% of their
initial mass. From Fig. 9a, b, it is apparent that some sam-
ples, especially with a higher content of PLA (PLA, TPS,
PLA/TPS, PCL30/PLA70 and PCL30/PLA70/TPS), were
completely degraded during the 21 days of the composting
process, probably associated with a predominantly amor-
phous structure of the neat PLA and higher value of the
WVP, which is a attractive medium for microorganisms
(Perotti et al. 2017; Ferri et al. 2016). Microorganisms
initially attack and consume at first the wheat starch, lead-
ing to fracture the blend structure and then polylactide or
polycaprolactone chains, which promote further biodegra-
dation process. The thermoplastic starch is attractive and
accessible to microorganisms and promotes the biodegrad-
able procedure. Comparison of the data shown in Fig. 9a
indicates that neat PCL exhibits a lower rate of biodeg-
radation due to its crystalline structure (DSC results). In
fact, the blends with minor percentage of PCL are more
liable to biodegradation than those with a higher percent-
age of PCL. Therefore, in this study, the slower biodegra-
dation of the blends with higher content of PCL compared
to other blends is due to the slow biodegradability of the
pure polycaprolactone because of high crystallinity, as
well as the hydrophobic molecular structure of the PCL.
Additionally, the PCL may also prevent microorganisms
from accessing the thermoplastic starch (TPS) phase in
the depth of the blend, probably because the hydrophobic
chains of polycaprolactone prevents hydrophilic enzymes
from accessing the TPS contained in the blend.
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Morphology

The biodegradation of the samples was monitored also by
scanning electron microscopy. For the sake of brevity, the

main text shows only selected samples with typical mor-
phological features (Figs. 10, 11) and the complete results
are given in the supplementary materials (Figs. S1 and S2).
Figure 10 displays the SEM micrographs of the PCL sam-
ple with 30 wt% of TPS. Before biodegradation, the surface
of the sample was smooth (Fig. 10a) and the small surface
asperities came probably from not-perfectly plasticized
starch granules. Some amount of non-plasticized starch
granules was observed also in the fracture surfaces of all
other starch-containing samples (see Fig. 2 and Figs S2 in
the Supplementary material). After biodegradation, the sur-
face showed large smooth areas containing holes with quite
sharp boundaries (Fig. 10b). The smooth areas were attrib-
uted to the slowly degrading PCL matrix, while the sharp
holes came from fast degrading TPS minority phase. These
results were in good agreement with weight loss experi-
ments, which proved the expected slow biodegradation of
PCL that increases after the addition of TPS.

Figure 11 displays the SEM micrographs of the PCL70/
PLA30 system, both with and without thermoplastic starch,
and both before and after biodegradation. The fracture
surface of PCL/PLA sample without thermoplastic starch
(Fig. 11a) was smooth, which suggested good interfacial
adhesion between the components, as the fracture propa-
gated directly through the whole sample and not along the
interface between the two phases. This morphology is typi-
cal of compatible polymer blends (Slouf et al. 2004). The
material looked quite compact, without voids and inhomoge-
neities. The small white structures in the middle of the sam-
ples were microplastic deformations, which developed due
to local overheating during the fracture (Slouf et al. 2004;
Fox and Fuller 1971). The fracture surface of the PCL/PLA
sample after biodegradation (Fig. 11b) looked less compact
and could be attributed to biodegradation-induced changes
of both components. The fracture surface of the PCL/PLA
system with TPS before biodegradation (Fig. 11c) contained
occasional non-plasticized starch granules, whose presence

Fig. 10 SEM micrographs showing the top surface of the PCL/TPS sample a before and b after biodegradation
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Fig. 11 SEM micrographs showing the fracture surface of blends: a PCL70/PLA30 before biodegradation, b PCL70/PLA30 after biodegrada-
tion, ¢ PCL70/PLA30/TPS before biodegradation and d PCL70/PLA30/TPS after biodegradation

was detected also on the top surfaces of starch-containing
samples (Fig. 10, Fig. S2 in Supplementary material). The
interfacial adhesion between starch and the matrix was
poorer than the interfacial adhesion between PCL and PLA
themselves, as the fracture propagated along the interface of
non-plasticized starch granules; the propagation of fracture
along the interface of the particles is typical of non-com-
patible blends (Fortelny et al. 2006). The fracture surface of
PCL/PLA blends with TPS after biodegradation exhibited
a much higher extent of damage than the blends without
starch (compare Fig. 11b and d): firstly, the TPS inclusions
were completely degraded; secondly, the PCL/PLA matrix
was less compact and showed microscale voids and cracks.

In conclusion, the SEM micrographs clearly evidenced
that thermoplastic starch-containing samples degrade faster
than analogous samples without thermoplastic starch.

Infrared spectroscopy

The observed differences between the ATR FTIR spectra
of the samples measured before and after biodegradation
indicate significant changes in the molecular composition
(Fig. 12). Relevant changes in the spectra were observed
mainly in three regions: intensity decrease of the bands at

1800—1700 cm™! (C=0 stretching bands of PCL and PLA)
were compensated by the increase of the bands in the region
34003200 cm™! (OH stretching) and by several new bands
in the region 1700-1500 cm™~!. The degree of biodegrada-
tion could be estimated from the intensity decrease of the
C=O0 stretching bands assigned to PLA (1758 cm™!) and to
PCL (1736 and 1722 cm™! assigned to the amorphous and
crystalline phase, respectively). In general, the TPS con-
taining systems degraded faster than corresponding systems
without TPS, although we observed some variations due to
the local character of ATR measurement. Typical spectra for
selected samples are summarized in Fig. 12. In pure PCL
(Fig. 12a) only negligible biodegradation was observed,
but the degraded sample displayed much higher degree of
crystallinity. As expected, a higher degree of biodegrada-
tion was observed in PCL/TPS (Fig. 12b). Biodegradation
was observed also in the PCL50/PLASO blends (Fig. 12c)
and in PCL50/PLASO/TPS (Fig. 12d), where the overall
extent of biodegradation looked similar (this could be attrib-
uted to local fluctuations on the sample surfaces), but the
changes were clearly detectable (increase in OH stretching
bands around 3300 cm™!, changes of the C=0 stretching
band around 1740 cm™!, and increase in the region below
1700 cm™!, which are discussed below).
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denote sample before and after biodegradation, respectively

The molecular mechanism of the biodegradation is char-
acterized in the FTIR spectra by the presence of strong bands
assigned to OH groups and by the new bands observed at
1700-1500 cm™', which can be assigned to the amide I and
amide II vibrations of the amide groups. Detection of the
OH and amide groups in the biodegradation products is in
agreement with the biodegradation reactions proposed by
Plichta et al. 2014.

Conclusion

In this study, binary and ternary blends of PLA, PCL and
TPS in different compositions were generated by the melt
mixing method and studied for their thermal, morphologi-
cal and barrier properties. In binary PCL/PLA blends, PCL
had a reduction in its crystallinity, while PLA become more
crystalline. The same effect occurred on adding thermo-
plastic starch, indicating that both TPS and PLA hindered

@ Springer

the mobility of the PCL chain, resulting in a reduction in
PCL crystallinity. For the barrier properties of the blend
films, water vapor permeability decreased with the addition
of PCL. Finally, the biodegradability of binary and ternary
blends was confirmed with weight loss measurements with
exposure time in composting process. Accordingly, the
water vapor permeability of aliphatic polyesters/TPS blends
increases with the addition of TPS due to degradation of
the starch of the molecule through moisture and the hydro-
philic nature of starch. TPS accelerates the biodegradabil-
ity of the blends, since starch is attractive and accessible to
microorganisms.

This research emphasized the importance of biodegrad-
able materials based on thermoplastic starch as a new gen-
eration of materials with low cost and improved biodegrada-
bility. It is important to note that the use of PCL/PLA/TPS
blends is extremely important in reducing the environmen-
tal impact caused by the indiscriminate use of conventional
plastic in packaging, since they are easily integrated into
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the composting cycle. However, there are still many dis-
advantages of such blends and further studies are needed
before using such blends as an active packaging for real food
products.
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