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Editorial on the Research Topic
Biodegradable Matrices and Composites

Biodegradable and ecofriendly materials attract an increasingly high attention from polymer and
composite researchers and manufactures as they can contribute to a more sustainable global
development policy, to significantly reduce non-recyclable plastic wastes and limit the impact on
the environment. A thorough understanding of both advantages and limitations of biodegradable
matrices and composite materials is the key to their reasonable, precisely targeted and effective
applications in order to benefit wide communities. The attention in the field of real applications
is focused mostly on packaging materials, but automotive, construction, and agriculture are also
important fields. As for medical applications, biodegradable matrices and composites are used
mostly due to their tunable biodegradability, which is often combined with controlled and localized
drug release. The term of biodegradable composites comprises a wide range of at least two-phase
hybrid materials in which either fillers or matrix or both must be chosen from biodegradable
sources. Hence, those matrices based on biodegradable polymers are also well-recognized as
biodegradable matrices. On the other hand, fillers being the minority phase act as a reinforcement
in most biodegradable composites. However, with respect to polymer blends, the minority phase
often plays a different role as an impact modifier, a plasticizer or a compatibilizer, as opposed
to its drug carrier status in medical applications. Particular cautions should always be taken
in the case of composites containing synthetic polymers as matrices, whose biodegradability,
biocompatibility, and/or environmental impact may be rather questionable. On the other hand,
composites containing bio-based biodegradable polymers as matrices can be fine-tuned to exhibit
good tensile, impact and creep properties in spite of lower resistance to moisture, leading to poor
mechanical performance at high humidity or aqueous conditions.

The Research Topic on Biodegradable Matrices and Composites is focused on recent
advances in preparation and characterization of biodegradable polymeric matrices and their
composites with the main objective to understand their processing-structure-property relationship
at nano-, micro-,and macroscale. Both conventional biodegradable polymers and related
biodegradable composites and more recent biodegradable nanocomposites reinforced with
nanoparticles and nanofillers are covered to address various aspects, including but not limited to
their mechanical, thermal and barrier properties, biodegradability, environmental sustainability,
renewability and recyclability, limitations and applications in building constructions, automobiles,
medical devices, and material packaging.

The edited book for this Research Topic comprises a special issue collection of 24 contributions
represented by 1 mini review, 3 full review, 1 perspective, and 19 original research articles,
which are classified into Part A: Biodegradable Polymers, Blends, and Matrices and Part B:
Biodegradable Composite Materials. In Part A, Mistretta et al. investigated mechanical, structural
and optical properties of polylactic acid (PLA), polybutylene adipate terephthalate (PBAT), and
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PBAT/PLA blends, as well as their surface properties and
water vapor permeability before and after the exposure to
UV irradiation in order to evaluate their durability and
suitability for the conservation of culture heritage. Apicella
et al. developed a sustainable food-packaging solution with
antimicrobial effectiveness and high functional performance by
spreading PLA/ Ethyl-Na-dodecanoyl-L-arginate (LAE) coating
solution on a recyclable polyethylene-terephthalate (PET)
substrate. E. coli CECT 434 strain as a pathogenic agent was
employed to test antimicrobial activity of such multilayer films
in liquid culture media. Ten percentage of LAE was found to be
the minimum concentration to warrant total inhibition without
significantly altering the functionalities of the developed systems.
Tozzino et al. prepared biphasic samples (half amorphous and
the other half crystalline) of PLA using micro-injection molding.
Hydrolysis tests were carried out to monitor their degradability,
which indicated that crystalline regions exhibited slightly
better resistance to the hydrolysis as opposed to amorphous
phase. Fortelny et al. reported a comprehensive review on
morphology, compatibility, and mechanical properties of PLA/
poly(e-caprolactone) (PCL) blends in order to control blend
toughness and crystallinity so that the blending of PLA and PCL
can result in desirable materials with well-tailored mechanical
properties. Among other things, the review showed how to
prepare super-tough PLA/PCL blends without compatibilization.
Nevoralova et al. evaluated the effect of blending PCL with
thermoplastic starch (TPS) on the final biodegradation rate
of such blends in both compost and soil environments. Very
fast biodegradation with the initial similar rate to that of
pure TPS in both environments was clearly identified for the
blends containing 70% TPS with a co-continuous morphology.
Whereas, 30% TPS blends demonstrated the particle morphology
of starch phase in PCL matrix, indicating a dominant effect
of the matrix on the biodegradation course. Delamarche et al.
investigated the relationships between physical properties and
tailored biodegradability for poly(butylene succinate) (PBS)/PLA
blends using a deep eutectic solvent (DES). It was shown that
molar masses, crystallinity, yield, morphologies, and surface
properties were crucial to control the biodegradability of blend
materials. Aliotta et al. studied a multiphase ternary system
comprising two different elastomers of PBAT and polyolefin
elastomer grafted with glycidyl methacrylate (POE-g-GMA)
being added into PLA matrix, as compared with PLA and
PLA/PBAT binary blends with maximum 10 wt% PBAT. It
was found that the best compromise between impact, tensile
properties and biodegradability content could be achieved by
using a reactive plasticizer EJ-400. Rigotti et al. evaluated the
effect of blending poly(3-hydroxybutyrate) [P(3HB)] to linear
low density polyethylene (LLDPE) at the P(3HB) concentrations
in the range of 10-50 wt% on hydrolytic degradation, water
absorption, thermal and mechanical properties as a function
of hydrolysis time. It was demonstrated that the use of
biodegradable plastic P(3HB) at a relative amount of 20 wt%
to substitute for LLDPE could successfully develop a desirable
material in order to meet processability requirements with better
tailored mechanical properties even after prolonged hydrolytic
degradation treatment. Neisiany, Enayati, Kazemi-Beydokhti
et al. provided a mini review on current state-of-art development

of multilayered biodegradable electrospun membranes along
with new insights into the future of tailored membranes toward
practical applications. Mohammadzadehmoghadam and Dong
investigated the impact of gelatin content on material properties
and structures of silk fibroin (SF) nanofibers crosslinked
with glutaraldehyde vapor (GTA) to understand the potential
application of such biodegradable material matrices in tissue
scaffolding. The detailed characterization was performed by
scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), mechanical testing, degree of crosslinking
test, water uptake test, water contact angle measurements, X-ray
diffraction (XRD) analysis, as well as biocompatibility assessment
using fibroblast cells. Adverse effect of GTA crosslinking was
detected to reduce the capacity of supporting the cell activity
despite improved mechanical properties of nanofiber mats. GTA
optimization became essential to further modulate physico-
chemical properties of SF/gelatin nanofiber mats in order to
achieve stable materials with favorable bioactive properties
and more active cellular response in tissue engineering.
Zaidi et al. reported the incorporation of epoxidized natural
rubber (ENR) as a biodegradable toughening agent, which
could enhance toughness properties of polyhydroxybutyrate-co-
valerate (PHBV) biodegradable composites and also improve
their biodegradability in a more substantial manner, when
compared with the addition of commonly used toughening
agent PBAT.

In Part B, Aini et al. presented the detailed review with
respect to the performance of lignin-filled rubber composites
using different approaches including mixing methods, surface
modification hybrid fillers and so on in order to gain
the insights to the advances in the development of green
rubber products. Girijappa et al. thoroughly reviewed different
sources of natural fibers, their properties as well as the effect
of modification and treatments on natural fibers, etc. with
major applications targeting the reinforcements for polymer
composites. Salim et al. investigated the effect of fiber
surface treatments (i.e., alkali treatment, alkali treatment at
elevated temperature, and hear treatment) on the durability
of kenaf fiber reinforced acrylic based polyester composites
under accelerated weathering exposure for potential applications
in automotive industry. Moreover, the excellent fiber-matrix
adhesion associated with these treatments may also decrease
the water absorption rate by such composite materials. Aouat
et al. assessed the influence of combined humid atmosphere
and temperature on the morphology, chemical structures,
and physical properties of neat PLA, PLA/PLA-grafted-maleic
anhydride (PLA-g-MA)/microcrystalline cellulose (MCC) and
PLA/PLA-g-MA/cellulose nanowhisker (CNW) biodegradable
composite fibers. It has been found that the durability of PLA
fibers to hygrothermal degradation can be established in the
following order: PLA > PLA/PLA-g-MA/MCC > PLA/PLA-
g-MA/CNW where the MCC and CNW concentrations are 1
wt% and PLA-g-MA content is 7 wt%. Slouf et al. successfully
prepared biodegradable microfibrillar PCL/PLA/organophilic
montmorillonite composites. It was reported that the macro-
and micromechanical properties of all intermediate products
and final microfibrillar composites were related not only to the
composition and morphology, but also to the crystallinity of
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both components. In particular, the modulus of such composites
reached almost twice higher value in comparison with the
original PCL matrix. Li et al. provided a physical and chemical
analysis of chicken feather (ChF) biocarbon generated at different
pyrolysis temperatures, which were further combined with PLA
matrix to generate 100% sustainable composites. The authors
analyzed their thermal properties, mechanical properties, and
composition. The valorized ChF as sustainable natural fillers can
be a safe and suitable alternative used for composite applications
in order to reduce their waste disposal. Ujcic, Krejcikova et al.
demonstrated a two-step preparation of TPS using both solution
casting and melt mixing to prepare TPS/TiO, composites with
homogeneous filler dispersion even at high filler concentrations
up to 20 wt%. The same approach was also employed to
uniformly disperse antibiotic (ATB) vancomycin at 10 wt%
in TPS systems. The interactions among TPS, TiO, particles,
and ATB molecules gave rise to the shift of glass transition
temperatures to higher values along with stiffening effect on
corresponding composites. It has been proven through standard
antimicrobial susceptibility tests that neither thermal processing
nor the addition of TiO, influence the ATB, which remains
active in both TBS/ATB and TPS/TiO,/ATB composites. Fully
biodegradable TPS composites are believed to be very promising
materials for biomedical applications with respect to local release
of antibiotics. Ferrari et al. developed new green composite
material with the incorporation of natural additives such as
shredded walnut shells and organic fraction of municipal solid
waste (MW) into poly(vinyl) alcohol (PVA) for the improvement
of mechanical properties of composites. The addition of walnut
shells indicated the increases in glass transition temperature and
flexural modulus reached about 50% along with the reduction
in flexural strength by ~30%. Furthermore, when added with
a low amount of water, the inclusion of MW resulted in
increasing strain at break by 100%. Bugatti et al. evaluated
the recovery and upgrade of tomato processing residues to
be used for the manufacture of innovative green composites
based on tomato peels (TPs) and natural halloysite nanotubes
(HNTs) loaded with carvacrol as a natural antibacterial agent.
Thermal properties of such biodegradable composites were
improved with increasing the filler loading as opposed to worse
mechanical properties, which especially took place at higher
loading levels associated with the poor interaction between HNTs
and matrix. No dramatic increase was detected in the degree of
hydrophilicity of biodegradable composites. This phenomenon
might be attributed to the role of hydrophobic carvacrol acting as
hydrophobic coating for HNTs. Finally prepared biodegradable
composites exhibited a long-term release of antimicrobial agents,
greatly benefiting their wide applications in food packaging.
Abdullah and Dong mentioned the comprehensive material
development of PVA/starch (ST)/HNT biodegradable composite
films for sustainable packaging. Such films possessed high
water resistance, good biodegradability, acceptable transparency,
as well as overall migration rates to target sustainable food
packaging particularly for lipophilic and acidic foodstuffs. Ujcic,
Nevoralova et al. compared wheat and tapioca TPS and their
composites with TiO,-based nanoparticles (i.e., isometric TiO;
nanoparticles and high-aspect-ratio titanate nanotubes) where

TPS composites were prepared by a combined technique using
solution casting and melt mixing. Such a combined technique
was proven to be effective to the manufacture of TPS composites
with homogeneous filler dispersion regardless of starch sources
and types. The type of TPS matrix (i.e., wheat or tapioca)
was shown to have significant impact on the properties of
resulting composites in which isometric TiO, nanoparticles
yielded very good filler dispersion while TiNT nanotubes tended
to form microsized aggregates within both TPS matrices. Liu
et al. successfully developed CNW/graphene nanoplatelet (GN)
composite films with respect to the GN role as rigid fillers,
and further evaluated filler-matrix interactions to concurrently
improve their thermal, electrical, and mechanical properties,
which were difficult to achieve in conventional nanocomposite
materials. Such CNW/GN composite films are anticipated to
be potentially effective multifunctional materials in the field
of electronic packaging. Finally, Neisiany, Enayati, Sajkiewicz
et al. briefly reviewed recently reported work on nanocomposite
hydrogels based on chiral functionalized nanomaterials. This
work can pave the way for the development of biodegradable
hydrogels toward real practical applications.

In summary, this edited book offers a diverse range of
biodegradable polymers, their blends and biodegradable
composite  materials, focusing on their fabrication,
characterization and widespread applications. It can be deemed
as a good overview for materials engineers and scientists,
experienced researchers and postgraduate students, as well as
industrial staff working in research & development sectors to
rapidly move forward to innovative and ecofriendly materials
for significantly reducing conventional petroleum-based plastic
wastes at disposal.
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The use of polymers for conservation of cultural heritage is related to the possibility
to slow down or stop natural deterioration which, in many cases, corresponds to
stopping the entrance of liquid water and to favor spontaneous water vapor removal.
Unfortunately, hydrophobicity is generally favored by surface roughness and thus
competitive with transparency. It is therefore important to find an optimal balance
hydrophobicity, transparency and durability (especially to photooxidation). However,
polymers typically used for applications in this field come from non-renewable resources
and are not biodegradable. In this work, the mechanical, structural, and optical properties
of PLA, PBAT, and a PBAT/PLA blends, as well as surface properties and water vapor
permeability, were investigated before and after exposure to UV irradiation, in order to
evaluate their durability and suitability for conservation of cultural heritage.

Keywords: durability, cultural

permeability

biodegradable polymers, heritage, conservation, mechanical properties,

INTRODUCTION

The most important characteristics of polymers for conservation of cultural heritage are related to
the capability to slow down, or possibly stopping, the ongoing deterioration; however, since one
mostly causes of deterioration are related to the presence of water, the most important goal is to
stop the entrance of liquid water and to facilitate spontaneous water vapor removal. Therefore,
hydrophobicity is particularly important. However, one of the surface properties most affecting
the actual hydrophobicity is the roughness: typically, hydrophobicity increases on increasing the
surface roughness. Since the latter is competitive with transparency (which typically decreases
on increasing the roughness), a further challenge is to tailor the polymer coating thickness in
order to find the best compromise in terms of hydrophobicity, transparency, and durability.
Furthermore, a good durability requires a suitable resistance to photooxidation and a good water
vapor permeability after treatment.

The first category of polymeric materials to be actually investigated for application in this field
was represented by acrylic polymers (Feller, 1978, 1994; Favaro et al., 2006). Their actual resistance
to water and photooxidation was evaluated (Melo et al., 1999; Borgia et al., 2001; Chiantore
and Lazzari, 2001) finding an unsatisfactory stability under UV irradiation, as well as inadequate
water barrier properties over time. Thus, fluorinated polymers were taken into account as possible
alternatives, showing some encouraging results, but also questionable surface adhesion properties
(Frediani et al., 1982; Torrisi, 2008; Licchelli et al., 2013). Therefore, further efforts were focused
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on copolymers or blends from both acrylic and fluorinated
polymers (Mazzola et al., 2003; Malshe and Sangaj, 2009).
Furthermore, silanes and siloxanes (Tsakalof et al., 2007;
Vacchiano et al., 2008; Ershad-Langroudi et al., 2017) also showed
interesting properties in terms of impermeability and protection
against color loss, although these were strongly dependent on the
specific substrate. Polymers from cellulose have been extensively
used and studied for application on cultural heritage, finding that
both cellulose ethers (Feller and Wilt, 1990) and nitrate (Selwitz,
1988) have some stability issues. Finally, PEG was recently
proposed in order to consolidate collapsible soil, highlighting
interesting properties (Zimbardo et al., 2019).

However, all of the above discussed solutions are based
on traditional polymers, coming from non-renewable resources
and not biodegradable, with the well-known related issues
of environmental impacts: the increasing demand for better
use of natural resources and reduction of the environmental
impacts related to the use of plastics currently require the
search for alternative and more environment-friendly solutions
(Bastioli, 2005; Song et al., 2009; Lo Re et al., 2013; Morreale
et al., 2015). Furthermore, one of the main problems related
to the use for conservation of cultural heritage (especially, for
stone conservation) is related to reversibility (Andreotti et al.,
2018). In fact, any protective coating should be removable
in the future if needed, or at least retreatable. Unfortunately,
traditional organic coatings have been found to be hardly
removable (even using solvents) after some years of exposure
to outdoor conditions, and go on aging and progressively
losing their properties. This suggests, therefore, the use of
biodegradable materials in replacement for non-biodegradable
one; in particular, biodegradable polymers should spontaneously
disappear from the underlying stone, after their properties
(namely, water barrier and repellence properties) are lost
(Andreotti et al., 2018).

With regard to the actual suitability of biodegradable polymers
for cultural heritage conservation, the Literature does not report
a high amount of data in this context.

Ocak et al. (2009) studied the behavior of some biodegradable
polymers such as zein, chitosan, polyhydroxybutyrate (PHB), and
poly-lactic acid (PLA) in terms of protection capability of marble
surfaces under SO,. They found that the latter two were less
suitable to protect against sulphatation.

Giuntoli et al. (2012) prepared some PLA samples,
functionalized through fluorinated alcohols as co-initiators
of polymerization, finding that the polymers coming from the
L-lactide showed higher water protection in comparison to those
coming from a racemic mixture of L- and D-lactide.

Ocak et al. (2015) investigated the behavior of a PLA-
montmorillonite nanocomposite in terms of protection of marble
surfaces against air pollution. The presence of the nanofiller
evidenced an increased hydrophobicity, and therefore higher
impermeability to environment waters and, at the same time,
reduced water vapor permeability.

Sacchi et al. (2012) performed several investigations on
different systems such as a lactic acid omopolymer and two
lactic acid copolymers (copolymerized with a commercial low
molecular weight perfluoropolyether). Their suitability to protect
marble against aging (simulated by thermohygrometric cycles
and UV irradiation) was studied, finding an enhancement of
the water-repellent behavior in comparison to non-fluorinated
PLA; this was kept even after thermohygrometric aging, while
UV aging led, in some cases, to a detachment between the
polymer layer and the marble substrate, depending on the kind
of marble examined.

Andreotti et al. (2018) studied the behavior of PHA for stone
protection, finding interesting results in terms of effectiveness
and compatibility, while further improvements of durability and
applicability still seem necessary.
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FIGURE 1 | Dimensionless MFI of the three system (pristine and photooxidized for 128 h).
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Xing et al. (2017) prepared PBAT/lignin UV-blocking films.
More in details, they grafted bio-based 10-undecenoic and
oleic acids on soda lignin via solvent methods and then
blended the lignin, as well as the lignin ester derivatives, with
PBAT. They found good lignin dispersion, thermal stability
and retaining of tensile properties up to 10-20 wt% filler
loading, and very good UV-barrier properties even after 50 h
of irradiation.

It can be deduced from this brief literature report, that the
suitability of a polymer system as protective layer on stone is
dependent on its durability, which in its turn is related to the
loss of hydrophobicity. The latter can depend on photooxidation
(photooxidation, in fact, leads to the increase of polar groups
on the surface, and therefore to an increase of hydrophilicity).
Furthermore, most of the available information regards PLA,
while less information is available about other polymers, such as
for instance PBAT.

The photooxidation behaviors of PLA and PBAT have been
reported in the literature (Ikada, 1997; Tsuji et al., 2006; Janorkar
et al., 2007; Nakayama and Hayashi, 2007; Kijchavengkul et al.,
2010; Zaidi et al, 2010; Gardette et al.,, 2011; Stloukal et al.,
2012). With regard to PLA, the mechanisms involved are
a photolytic mechanism leading to the breaking of the C-
O bond in the macromolecular chain and a photooxidative
mechanism leading to the formation of hydroperoxides and, in
turn, of carboxylic acids and ketones (Janorkar et al., 2007);
moreover, also the Norrish II mechanism can be involved
(Tsuji et al., 2006; Nakayama and Hayashi, 2007), although
under UV irradiation at wavelengths higher than 300 nm,
different chain scission mechanisms were found (Gardette et al.,
2011). With concern to the PBAT, degradation can occur
via Norrish I and II chain scission, and can also lead to
significant crosslinking phenomena due to the free radicals
generated during the Norrish I path (Kijchavengkul et al., 2010;
Stloukal et al., 2012).

In this work, therefore, we focused on the investigation on
the mechanical and optical properties of PLA, PBAT, and a
PBAT/PLA blend, with particular concern on the behavior after
exposure to UV irradiation. The main objective was to evaluate
the suitability and durability of these materials for conservation
of cultural heritage.

EXPERIMENTAL

The materials used in this work were: a PLA sample,
commercially known as Ingeo 4032D (NatureWorks, USA),
having a MFI equal to 7 g/10 min (at 210°C and 2.16 kg), a density
of 1.24 g/cm® and a melting point between 155 and 170°C; a
PBAT sample, commercially known as Ecoflex (BASE, Germany)
with a MFI between 2.7 and 4.9 g/10 min; a sample of PBAT/PLA
blend, commercially known as Ecovio (BASE, Germany) with a
MFI between 5 and 11 g/10min. The neat, non-aged systems
were compared also to a reference commercial fluoropolymer
sample, Fluoline HY (CTS, Italy), that is a high molecular
weight fluorinated elastomer, typically used as protective layer for
porous stone substrates.

Sheets of all the samples (previously conditioned in a vacuum
oven at 70°C for 4 h) were prepared by compression molding at
T = 170°C (except for the PLA which was molded at 190°C) in a
Carver (USA) laboratory press.

The obtained specimens (thickness of about 300 wm) were
exposed to accelerated weathering in a “Q-UV” chamber (Q-
Labs Corp., USA) containing eight “UVB-313” lamps up to about
128 h, according to the procedures described elsewhere (Morreale
etal., 2013) at 70°C.

Mechanical (tensile) tests were carried out according to
ASTM D638 both on weathered and unweathered specimens
(90 x 10 x 0.3-0.5mm) using an Instron (USA) mod. 3365
universal testing machine. The elastic modulus was measured
at 1 mm/min deformation speed. When the deformation
reached 10%, the crosshead speed was increased to 100
mm/min until final breaking. The values of the elastic
modulus, E, tensile strength, TS, and elongation at break,
EB, were calculated as average of 10 tests, with an adequate
reproducibility (£7%).

FTIR spectra in ATR mode were obtained by using a Perkin-
Elmer (USA) Spectrum One spectrometer, using the embedded
SpectrumOne software. The spectra were obtained through 16
scans with a 4 cm™! resolution. Measurements were obtained
from the average of triplicate samples. Particular attention was
focused on the carbonyl peak centered at 1,720 cm ™!, which was
used to measure the dimensionless carbonyl index (ratio between
the carbonyl peak area of the sample at a given photooxidation
time and carbonyl peak area of the unirradiated sample) in order
monitoring the photooxidation.

UV-Vis spectra were obtained on triplicates using a Specord
252 (Analytik Jena, Germany) spectrometer in the 190-1,100
nm range.

Melt Flow index (MFI) values were measured using a CEAST
(Italy) equipment at 170°C under a 2.16 kg load, as the average of
four measurements (data reproducibility: £5%).

The cross-linked fraction was evaluated by measuring the
residual gel fraction obtained after Soxhlet extraction using
boiling tetrahydrofuran (THF) on triplicates.

Enthalpy of fusion of the samples was measured by
differential scanning calorimetry (DSC), using a Shimadzu
(Japan) DSC-60 apparatus, with 5°C/min heating rate from
40 to 200°C, as the average of four measurements (data
reproducibility: +6%).

TABLE 1 | Enthalpy of fusion of pristine (unirradiated) and photooxidized (128 h)
samples.

Exposure time, h AH(PLA), J/g AH(PBAT), J/g
PLA 0 1.59 + 0.06 -
PLA 128 48.41 £1.9 -
PBAT 0 — 5.45 + 0.27
PBAT 128 — 5.57 +0.28
PLA/PBAT 0 1.22 £ 0.07 428 +0.26
PLA/PBAT 128 1.62 £ 0.1 0.56 + 0.03

For the blend sample, the enthalpies of fusion of the two phases are reported.
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Contact angle measurements (in order evaluating
wettability of the investigated materials) were performed
using a First Ten Angstrom (USA) FTA1000C system,
with  demineralized water (on four samples, data
reproducibility: +4%).

Water vapor permeability measurements were performed on
samples (diameter 4.5cm) coming from the above mentioned

compression-molded sheets, at 25°C and 50% relative humidity,
using a BYK-Gardner (Germany) permeability cup. Permeability
constant was calculated as the average of four measurements by
normalizing the measured weight loss of each sample against
the sample thickness (data reproducibility: £7%), according
to the procedures described elsewhere (lizuka et al, 2016;
Hendrickx et al., 2017).
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RESULTS AND DISCUSSION found to be still zero in the PLA sample, while they increased to
6.8 in the PBAT, and 22.6 in the PLA/PBAT.

In Figure 1, the dimensionless MFI values are reported, as a The photooxidation of PLA, therefore, gives rise to a decrease

function of the irradiation time. of the molecular weight—increase of the MFI value—and no

The gel fraction values of the three pristine (unirradiated)  presence of cross-linking was detected. These results indicate that
samples were obviously zero; after 128 h irradiation they were  the photooxidation proceeds to breakage of the macromolecules
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and oxidation of the carbon atoms. PBAT and the PBAT/PLA
blend show similar behaviors, with a decrease of molecular
weight but, on the contrary, a formation of cross-linking
structures is observed in both of the systems. According to the
reported results, it is evident that the cross-linking occurs only
in the PBAT phase and that the increase of the crosslinking

in the blend, in comparison to neat PBAT, suggests that PLA
degradation (which follows a chain scission path) and the related
degradation products promote PBAT degradation (which, on the
other hand, mainly follows a crosslinking path). The observation
of Figure 1 further indicates that the PBAT undergoes significant
crosslinking phenomena (in particular, after 32 h) resulting in a
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FIGURE 6 | Dimensionless elastic modulus as a function of the irradiation time.
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decrease of the MFI, and this is even more important in the blend,
where the crosslinking of the PBAT fraction is able to lead to a
decrease of the MFI even though the greater part of the blend
is composed by PLA. On the other hand, the role of the chain-
scission degradation of PLA gains importance on increasing the
photooxidation time, leading to a gradual reversal of the trend.

The enthalpies of fusion of the three samples, virgin and
photooxidized, are reported in Table 1.

It can be observed that, in substantial agreement with
the crosslinking (gel fraction) data, the crystallinity generally
decreases on increasing the crosslinking rate.

Figures 2-4 report the ATR spectra of virgin and
photooxidized PLA, PBAT, and PLA/PBAT blend, respectively.

As regards the PLA, the main peaks to be observed are:
871 cm™! (-CH- bending), 1,453 (-CH3 bending), 1,745 cm™!
(C=0 axial deformation vibration), 1,087, 1,129, and 1,184 cm ™!
(stretching of the ~-CO- bond).

In the case of PBAT, the main peaks are: 729 cm™! (-CH2-
stretching), 1,104, 1,120, and 1,165 cm~! (-CO- stretching), and
1,730 cm~! (C=0 axial deformation vibration). The blend shows
the typical peaks from both of the two components, in particular
at 1,745, 1,730, 1,453, 1,087-1,104-1,165, 871, and 729 cm™.
The reported peaks are in agreement with literature data (Dias
Fernandes et al., 2017).

The ATR spectra of the PLA show a decrease of the peak
located at 1,745 ¢cm~!, thus indicating a reduction of the
esters, but at the same time the overall carbonyl peak area

observed, but in this case also two shoulders at 1,790 and 1,750
cm~! appear, related to the formation of free carbonyls and
low molecular weight esters, respectively. These two findings
suggest that Norrish-I type chain scission reactions occurred
(Gardette et al., 2011).

Furthermore, a broadened peak around 1,000 cm~! was
observed, indicating the formation of C=C bonds, thus
suggesting that also Norrish-II type chain scission reactions
occurred (Gardette et al., 2011).

With regard to the blend, the peak modifications substantially
mirror those of the individual components. However, such peak
modifications are significantly sharper.

In order to deepen the analysis, the dimensionless carbonyl
peak area (calculated as the ratio between the peak from 1,600 to
1,860 cm™! at a given photooxidation time and the same before
photooxidation) as a function of irradiation time is reported
in Figure 5.

As previously discussed, a reduction of the carbonyl peak
upon increasing the UV exposure time should happen, mainly
attributable to chain scission reactions (especially Norrish I type).
However, as the oxidation goes on, it gives rise to different
oxidation species such as free carbonyls and low molecular

TABLE 2 | Elastic modulus, tensile strength and elongation at break of the three
unirradiated samples.

sam ; peak a E, MPa TS, MPa EB, %
does not change significantly, thus suggesting chain scission
degradation, in agreement with the hypotheses derived from the  pLA 1585 + 63 42 +£1.7 4+02
previously discussed data. With regard to PBAT, a somewhat  pgaT 48 + 3.4 20 + 1.4 820 + 41
similar decrease and a widening of the carbonyl peak was  pLapPBAT 111 +£ 7.8 93+05 327 + 20
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FIGURE 8 | Dimensionless elongation at break as a function of the irradiation time.
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weight esters, which allow the overall carbonyl peak area to not
decrease much, or to keep practically constant; in the case of
PBAT, C=C bonds are formed, reasonably due to Norrish II
type chain scission reactions, which slightly increase the related
peak area (between 900 and 1,100 cm™!, see dotted line in the
same Figure 5).

The degradation has a deep effect on the mechanical
properties that can strongly change during the photooxidation.
In Figures 6-8, the dimensionless values of the elastic
modulus, E, tensile strength, TS, and elongation at break,
EB, are drawn as a function of the irradiation time for the
three materials (PLA values reported only up to 64h, since
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FIGURE 9 | UV spectra of the pristine samples.
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FIGURE 10 | UV spectra of pristine and 128 h-irradiated PLA.
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the samples became excessively brittle after that exposure
time). The dimensionless values have been calculated by
dividing the values at each irradiation time by those of the
same virgin (unirradiated) polymer, which are reported
in Table 2.

As expected, the blend has intermediate properties in terms of
rigidity and deformability, while the tensile strength experiences
antagonistic effects.

It can be observed that the photooxidation had significantly
detrimental effects on the ductility (EB) of the materials, in
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FIGURE 11 | UV spectra of pristine and 128 h-irradiated PBAT.
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FIGURE 12 | UV spectra of pristine and 128h-irradiated PBAT/PLA blend.
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agreement with the previous discussions on the reduction of
molecular weight and crosslinking phenomena. With regard to
the tensile resistance (TS), all of the three materials undergo
(as expectable on the basis of the above consideration) a
reduction, but with remarkable differences: while the PLA
undergoes limited worsening of the TS, the PBAT undergoes
a drop. This may be due to the different embrittlement
kinetics of the two materials (see Figure 8), which lead to
premature breaking of PBAT. On the other hand, the blend
shows a different behavior, with significantly lower reduction
of the TS in comparison to the PBAT, in apparent contrast
with the deductions that could be drawn on the basis of
the embrittlement. This is explainable, however, considering
that the blend experienced increased crosslinking phenomena,
which mitigate the loss of tensile resistance. At the same
time, there is some increase or no change of the modulus,
due to the above discussed phenomena of crosslinking and
chain scission.

Due to its use for covering cultural heritage, the optical
properties play a very important role.

Figure 9 shows the UV spectra of virgin fluoropolymer, PLA,
PBAT, and PBAT/PLA blend, while Figures 10-12 report the
comparison to the spectra obtained after 128 h photooxidation
of the same samples. The transmittance (and thus transparency)
in the visible range (380-740 nm) of the reference fluoropolymer
is, on average, slightly higher, however the values of the
biodegradable polymers appear to be comparable. On increasing
the photooxidation time, it slightly decreases in the PBAT,
while the reduction is higher in the PLA; however, in the
case of the blend, in the 490-780nm range, the values are
almost unchanged. This suggests that the investigated polymer

blend should be suitable for cultural heritage applications, in
terms of maintaining the main optical properties over time,
although the use of suitable antioxidants would obviously
improve the behavior.

Contact angle measurements at different photooxidation
times were measured, and are shown in Figure 13.

It was not possible to measure the values of the PLA samples
irradiated more than 64 h since the specimens were significantly
damaged due to the photooxidation. It is observed that the
contact angle decreases on increasing the photooxidation time,
due to the increasing amount of polar groups formed during
the degradation (as discussed previously) and the increasing
rugosity of the surfaces. This is a further confirmation of the
interpretations provide with regard to the results coming from
spectral analysis.

Finally, the measured values of specific water vapor
permeability were found to be 1.35 £ 0.07 g/mm in the
reference fluorinated elastomer; with regard to the biodegradable
systems, it was found to change from 5.41 %+ 0.32 to 2.95 +
0.37 g/mm in the case of PBAT, and from 6.79 £ 0.47 to 2.88
=+ 0.2 g/mm in the case of the PBAT/PLA blend. Therefore, the
biodegradable systems are in the same order of magnitude and
thus comparable to the reference fluoropolymer. Also in this
case, it was not possible to measure the values of the PLA samples
irradiated more than 64 h since the specimens were significantly
damaged due to the photooxidation It is thus observed that, after
the UV aging treatment, the specific permeability significantly
decreases in comparison to the neat unirradiated systems. This is
in agreement with the previously discussed results, since it can
be explained on the basis of the increased crosslinked fraction
and the variations of crystallinity degree.
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CONCLUSIONS

In this work, the mechanical, structural and optical properties of
PLA, PBAT, and a PBAT/PLA blends, as well as surface properties
and water vapor permeability, were investigated before and after
exposure to UV irradiation. The main objective was to evaluate
the suitability and durability of these materials for conservation
of cultural heritage.

Photooxidation followed a complex path, involving mainly
chain scission in the PLA and crosslinking in the PBAT, while
synergistic effects were found in the blend.

The mechanical properties of the blend were intermediate
between those of the neat PLA and PBAT; however, the UV
exposure led to different worsening of the three systems, pointing
out that the blend undergoes more limited decay of the main
mechanical properties, in comparison to the neat PBAT.

Water vapor permeability was found to decrease on increasing
the exposure time; the UV transmittance in the visible range
slightly decreased in the PBAT, while the reduction was higher
in the PLA; in the case of the blend, the values in the 490-780 nm
range were almost unchanged, although the overall transmittance
was lower.

The obtained results suggest that the PBAT/PLA blend
investigated in this work could be suitable for cultural heritage
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The realization of antimicrobial films through the incorporation of active agents into a
polymer matrix is a promising alternative to the direct addition of antimicrobials into
the food matrix. To this aim, the goal of this work was to develop a sustainable, food
packaging solution with antimicrobial effectiveness and high functional performance,
based on Ethyl-Na-dodecanoyl-L-arginate (LAE). Active biodegradable coatings, easy
soluble to be removed, were realized by spreading a Polylactic acid/LAE coating
solution, at different antimicrobial concentration (from O to 20%), on a recyclable
Polyethylene-terephthalate substrate. The antimicrobial activity of the multilayer films
was tested in vitro against E.Coli CECT 434 strain as pathogenic agent in liquid culture
media. Moreover, the LAE chemical interaction with the PLA matrix was investigated,
as well as its effect on the adhesion, wetting, optical and barrier properties of the
films. The results pointed out that that the minimum LAE concentration incorporated
already guarantees an antimicrobial activity comparable to commercial antimicrobial
packaging solutions, and that, among the systems investigated, 10% LAE is the minimum
concentration guaranteeing total inhibition without significantly altering the functionalities
of the developed systems.

Keywords: antimicrobial packaging, ethyl-No-dodecanoyl-L-arginate (LAE), polylactic acid (PLA), PET, coating,
biodegradable film

INTRODUCTION

Active packaging solutions have gained increasing attention in the last years from the food
industry, since microbial contamination after processing is one of the major causes of foodborne
diseases, representing both a public concern and an economic issue (Higueras et al., 2013;
Coronel-Leodn et al., 2016). At the same time, consumers demand is increasingly addressed toward
the consumption of fresh-like, safe food products, with high organoleptic quality, prolonged
shelf-life, and with fewer chemicals addition (Apicella et al., 2019).

The realization of antimicrobial packaging films, through the incorporation of active molecules
into the bulk matrix, represents an innovative approach capable to avoid the direct addition, by
dipping or spraying, of large antimicrobial amounts onto the food surface, where a large portion
of spoilage and contamination occurs. As a matter of fact, the rapid diffusion of the antimicrobial
into the food matrix results in an immediate reduction of bacterial populations, but does not allow
controlling the metabolism growth of surviving biomass after depletion of antimicrobial residues
(Chi-Zhang et al., 2004; Landi et al., 2014). The use of polymers as carriers, instead, allows the
gradual delivery of the active agent during the storage and distribution of food packaging, with less
antimicrobial concentration, tunable release and tailor-made applications (Lagaron, 2011).
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Antimicrobial Bio-Coatings on PET Films

The main challenges in this field are related to the production
of effective packaging systems, with good functional properties,
realized through easy-scalable, conventional technologies in use
in food packaging industry and, last but not least, with high
eco-sustainability (Scarfato et al., 2015a; Apicella et al., 2018a).
In fact, the recent concerns toward waste-management issues
and shortage of resources, have increasingly shifted the research
focus to the development of eco-compatible and sustainable
packaging solutions, by means of biomass-derived biodegradable
or completely recyclable polymers, or a combination of both
(Scarfato et al., 2015b; Zainab and Dong, 2019).

At the same time, the selection of the proper antimicrobial,
as well as the choice of its optimal loading, is an important and
not an easy task in the design and application of antimicrobial
packaging (Becerril et al., 2013; Wicochea-Rodriguez et al., 2019).
Some of these substances can modify the organoleptic profile
of the packaged foodstuff, or can be used only for a small
variety of foods, or can affect the functional properties (i.e.,
gas permeability, tensile strength, transparency, thermal stability,
etc.) of the packaging material, or can have migration limits
(European Commission, 2009; Aznar et al., 2013; Muriel-Galet
et al,, 2014; Paciello et al., 2015; Bugatti et al., 2019).

One of the most innovative and powerful antimicrobial
compounds, not showing much of these drawbacks, is Ethyl-Na-
dodecanoyl-L-arginate (LAE). LAE is a derivative of lauric acid,
L-arginine and ethanol, which showed an extensive spectrum of
antimicrobial activity against Gram positive and Gram-negative
bacteria, as well as yeasts and molds (Infante et al., 1997; Bakal
and Diaz, 2005; Pezo et al., 2012). It interacts, as a cationic
surfactant, on the cytoplasmic membrane of microorganisms
increasing the cell permeability without causing lysis (Nerin et al.,
2016). Among the major positive features, LAE has been classified
as Generally Recognized as Safe (GRAS) and food preservative
by the Food and Drug Administration (FDA), is chemically
stable, has low cost, and does not provide any taste or odor, in
compliance with European Regulation on active food packaging
materials (Otero et al., 2014).

Previous published researches already addressed the
realization of packaging films incorporated with LAE, realized
by solvent casting technique (Muriel-Galet et al., 2012; Rubilar
et al, 2016; Moreno et al, 2017; Haghighi et al., 2019).
However, to the best of our knowledge, limited information is
available concerning the development of sustainable packaging
solutions based on PET films, functionalized with LAE-activated
bio-coatings, and produced with conventional techniques
easy-scalable at industrial level.

On the basis of the aforementioned considerations, the goal
of this study was to develop antimicrobial, multifunctional,
and sustainable food packaging films, based on LAE, by means

addition to its good optical properties, good processability, and
environmental benefits (Scarfato et al., 2017). In addition, the
biodegradable layer is easy to be removed by non-toxic solvents,
ensuring the complete recovery of the recyclable substrate
(Bugnicourt et al., 2013), and the coating technology ensures to
avoid thermal stresses to heat sensitive active compounds.

The antimicrobial effectiveness of the active films was assessed
by means of microbiological tests, using E. Coli CECT 434
strain as pathogenic agent. Moreover, the produced systems were
characterized in order to ascertain the effect of the active phase
on the chemical, morphological, and functional properties of the
polymeric films.

MATERIALS AND METHODS

Materials

Commercial biaxially oriented poly(ethylene terephthalate)
(BOPET) film (Nuroll S.p.a, Italy), with 23 um thickness and
corona treated surface, was used as substrate (S). PLA4060
(Natureworks, Minnetonka, USA), characterized by a D-lactide
content of 12 wt%, was used for the coating layer (C). Ethyl-Na-
dodecanoyl-L-arginate (LAE) was provided by Vedegsa Grupo
LAMIRSA (Terrassa, Barcelona, Spain). All the solvents used
were analytical grade.

Preparation of the Active Systems
Antimicrobial coated films were realized according to the method
explained by Barbaro et al. (2015), with some modifications. The
PLA coating solution was prepared by dissolving the polymer
in acetone (mass ratio 20:80) and subsequently adding LAE
at different percentages (0, 5, 10, and 20% w/wt). The casting
mixture was spread on the BOPET substrate by means of a
K Hand Coater (RK, Printocoat Instruments Ltd., Litlington,
UK), equipped with stainless steel closed wound rod, with
wire diameter equal to 0.64 mm, yielding final coatings with an
average thickness of the coating layer comprised between 7 and
10 microns.

Table 1 resumes the list of the prepared films (named SC,
SC5, SC10, and SC20). The PET substrate (S) was also used
as comparison.

Characterization Methods

ATR-FTIR Analyses

Fourier Transform Infrared spectra of the films were collected
by a Thermo Scientific Nicolet 600 FT-IR, equipped with a

TABLE 1 | List of the prepared systems, at different percentages of active phase.

of coating technology. The multilayer films were realized by fsi:;nple con cl;?\ItErati on I::'::;j:‘;f thizirelss
spreading an amorphous PLA coating layer (C), incorporated at (Wt %) layer (wm) (wm)
different concentrations of LAE, on a Bi-oriented PET substrate

(S). PET was selected as web layer thanks to its excellent S 0 0 23
functional properties, as oxygen and water vapor barrier, high ~ SC 7+05 30+£05
tensile strength, and thanks to its complete recyclability (Di Maio ~ SC5 7409 30+0.9
et al,, 2017). Amorphous PLA coating already demonstrated to ~ SC10 10 8+1.0 31+1.0
provide sealant layer to polyester films (Barbaro et al,, 2015),in ~ SC20 20 10+£1.2 34+12
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Smart Performer accessory for attenuated total-reflection (ATR)
measurement using a ZnSe crystal. The operating spectral range
was set at 650-4,000 cm~!, with a resolution of 4 cm~! and
64 scans per sample. Normalization and peak integration was
performed using Omnic software.

Field Emission Scanning Electron Microscopy
(FESEM) Analyses

Field Emission Scanning Electron Microscopy (SEM)
analyses were conducted on the film sections, which were
cut cryofracturing them in liquid nitrogen normally to the
extrusion direction, sputter coated with gold (Agar Auto Sputter
Coater mod. 108A, Stansted, UK) at 30mA for 160s, and
analyzed using a field emission scanning electron microscope
(mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany).

Delamination Tests

In order to evaluate the adhesion strength of the PLA coatings,
delamination tests were carried out by SANS dynamometer
(mod. CMT 4000 by MTS, China), equipped with a 10N load
cell, according with the standards ASTM F88-00 and ASTM 2029.
In particular, the coated films were cut in strips of 200 x 25
mm? area, sealed with a Brugger HSG-C (Germany) heat sealing
machine at 120°C for 1s, by applying a force of 690N, and
stored for 48h in environmental condition prior to analysis.
Then, the bonding strength was evaluated in tensile mode at 250
mm/min until delamination failure of the seal. The maximum
load reported is considered as the maximum bond strength of the
coating on a specific substrate (expressed as N/25 mm). For each
sample type, at least 10 measurements were performed to assess
the reproducibility of the results.

Static Water Contact Angle and Surface Tension
Characterization

Static contact angle measurements were performed with a First
Ten Angstrom Analyzer System 32.0 mod. FTA 1000 (First
Ten Angstroms, Inc., Portsmouth, VA, USA), according to the
standard test method ASTM D5946. The drop volume was taken
within the range where the contact angle did not change with
the variation of the volume (2 £ 0.5 pL). Each reported value of
the 6 angle is the average of at least 10 replicate measurements.
The dispersion (yf) and polar (yf) components of the surface
energy (SE) for all the samples were calculated according to the
Owens-Wendt geometric mean equation (Owens and Wendt,
1969), using distilled water and ethylene glycol as testing liquids.
The SE components (mN/m) for water are: y = 72.1, y4 = 19.9,
yP = 52.2, and for ethylene glycol are: y = 48, y4 =29, yP = 19
(here y is the total SE, and y9 and yP are the dispersion and polar
components, respectively) (Zonder et al., 2014).

Antimicrobial Activity Assays

The antimicrobial effectiveness of the films was tested against
the Gram-negative bacteria E. Coli CECT 434 (ATCC 25922),
selected because of its relevance in food industry. Stock culture
was stored at —18°C in Nutrient Broth (Sigma-Aldrich, Missouri,
USA) with 40% Glycerol. Subcultures were grown overnight in

Tryptic Soy Broth (TSB, Sigma-Aldrich) plus 0.6% Yeast Extract
(YE, Sigma-Aldrich) at 37°C prior to each experiment.

The minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC) of LAE against the
selected strain was determined in TSBYE. 1.2g of LAE was
diluted in 100 mL of Milli-Q water to obtain a concentration of
12,000 ppm, and then serial dilutions between 80 and 4 pg/mL
were made up in sterile TSBYE to study MIC and MBC. Hundred
microliter of ~10* CFU/mL of microorganism in exponential
phase was inoculated in each test tube. The tubes were incubated
at 37°C overnight, then, 100 pL from each tube was plated
and incubated at 37°C overnight (M100-S18, 2008). MIC was
reported as the lowest antimicrobial concentration that inhibited
the growth of the pathogen microorganism, while the MBC
was defined as the lowest concentration at which no colonies
growth was observed in the medium (TSBYE), and they were
not culturable after plating onto Tryptic Soy Agar (TSA, Sigma-
Aldrich) (Muriel-Galet et al., 2012; Higueras et al., 2013).

In vitro microbial tests on the films were performed by cutting
2.5 x 2.5 cm? of multilayer film samples at different LAE
concentration (0, 5, 10, and 20%), sterilizing them by UV lamp on
both sides, and placing them in a sterile tube containing 5 ml of
TSBYE medium. Aliquots containing 100 L of ~10* CFU/mL of
microorganism in exponential phase were inoculated in each test
tube, and incubated at 37°C and 300 rpm overnight. Depending
on the turbidity of the tubes, serial dilutions with physiological
saline were made and plated in Petri dishes with 20 mL TSA
culture medium. Colonies visible to naked eye were counted after
incubation at 37°C overnight (Paciello et al., 2013). The negative
controls (i.e., films in liquid medium without E. Coli) were also
prepared. Counts were performed in triplicate.

Water Vapor Permeability Tests

Water vapor permeability was measured by M7002 Water Vapor
Permeation Analyzer (Systech Instruments Ltd, Oxfordshire,
UK) according to the standard ASTM F 1249. Films were tested at
23°Cand 50% R.H., and the results, performed in triplicate, were
expressed as PWV (g m/ (m? Pas)), calculated as the following
equation (Li et al., 2015):

WVTIR x L

AP )

Pyy =

where WVTR is the water vapor transmission rate (g/m?s)
measured through the film, L is the average film thickness (m),
and AP is the partial water vapor pressure difference (Pa) across
the two sides of the film.

Optical Analyses

The optical properties of the films were evaluated by measuring
the UV-Visible transmittance of the films from 200 to 800 nm
with Perkin Elmer UV-Visible Spectrophotometer Lambda 800.
The transparency of the films was evaluated by measuring the
Transmittance % of visible light at 550 nm, according to the
ASTM D1746-03.
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RESULTS AND DISCUSSION
ATR-FTIR Analyses

Possible changes in intra- and intermolecular interactions due
LAE addition into the PLA matrix were explored by Fourier
transform infrared spectroscopy (FT-IR), which is sensitive to
the structural conformation and local molecular motions. Due
to the limited penetration depth of infrared radiation into the
sample in the ATR-FT-IR measurement geometry, the spectra
were collected on the thin PLA coating layers (namely C,
C5, C10, and C20), at different percentages of antimicrobial,
and compared to the spectrum of LAE, which is shown in
Figure 1A. The absorption band at 3,320 cm~! corresponds
mainly to the v(N-H) stretching vibration of hydrogen bonded
N-H functionalities. The double peaks at 2,927 and 2,850 cm ™!
can be assigned to antisymmetric and symmetric stretching
vibrations of CH3; and CH, functionalities, v,;(CH3/CH,) and
vs(CH3/CHy), respectively. The small peak around 1,740 cm~!
suggest the presence of carbonyl groups, the one at 1,560
cm™! corresponds to the §(N-H) bending vibrations (amide-
II) combined with v(C-N) stretching, the peak at 1,655 cm™!
is due to the v(C=O0) stretching vibration (amide-I), while the
band situated around 1,027 cm™! can be assigned to a v(C-0O)
stretching vibration. Similar outcomes shown by other authors
(Haghighi et al., 2019).

As it is possible to observe from Figures 1B-D, the
PLA characteristic absorption peaks remains essentially
unaltered, and the LAE characteristic absorption peaks
are observable only by increasing the antimicrobial
content in the coating layers. In particular, for the
samples at 10 and 20% LAE (Cl10 and C20, respectively),
the absorption bands at 2,927, 2,850, 1,655, and 1,027
cm™! are detectable. The absence of changes in the
intensities and positions of the major PLA and LAE

bands suggests the realization of a physical mixture,
with no chemical interaction between the two phases.
Similar results were also reported by other authors

(Rubilar et al., 2016; Gaikwad et al., 2017).

FESEM Analyses

As it is known, the microstructural properties of composite films
depend on the compatibility between all the film components,
affecting the final physical, mechanical, barrier, and optical
properties (Attaran et al., 2015). To this aim, the distribution
of the active phase inside the PLA matrix and the quality
of the interlayer adhesion were investigated through SEM
analyses. Figures 2A,B show the cross-section micrographs of
SC and SCI10 films, respectively, taken as an example. Images
analyses display the PLA coating layer, in which few small
voids are recognizable due to solvent evaporation, over the
BOPET substrate, characterized by an oriented morphology. The
absence of visible LAE powder domains inside the coating layer
highlights the good dispersion and homogeneous distribution
of the antimicrobial into the polymer matrix. Moreover, the
absence of voids in the cross sectional area of the investigated
films pointed out the good adhesion of the coating layers on
the substrate.

Evaluation of Adhesion Strength and
Surface Wettability

To determine the adhesion strength, delamination tests were
performed as described in the methods section. The delamination
occurred by separating the coating, thermally sealed at the
defined temperature, by means of a dynamometer. The bonding
strength, reported in Table 2, represents the force required to
delaminate the PLA coating from the web.

The results show that the adhesion strength of the PLA coating
layers was not significantly affected by the antimicrobial addition
up to LAE concentrations equal to 10% (SC10 sample), whereas a
decrease in the bonding strength for the SC20 film, equal to 2.56
=+ 0.35 N/25 mm, was observed.

The adhesion strength strictly depends on the amount of polar
and dispersion bonds between the substrate film and the coating
(Lindner et al., 2017).

To this aim, the polar (vF) and dispersion (yf) components of
the surface energy were calculated from water and ethylene glycol
static contact angle measurements, as described in Par. 2.3.4, and
displayed in Table 2.

The reported surface energy values show that the adhesion
force is optimal when the Y} and yf values are of the same order
of magnitude, and maximum when their ratio is close to unity.
On the other hand, when the difference between the y¥ and ysd
values is more pronounced, as in the case of SC20 sample, where
it is of one order of magnitude, a significant drop in bonding
strength is observable, which however remains acceptable for the
film application in food packaging.

Antimicrobial Activity of the Active
Bio-Coated Films With LAE

The antimicrobial activity of the multilayer films against E. Coli
growth was then determined by the liquid medium method
described in the experimental section.

A preliminary study, previously carried out on only the
PLA coating layers, showed the antimicrobial effectiveness of
the coatings in releasing the active agent and inhibiting the
proliferation of microorganisms, with a total inhibition at the
LAE concentration of 20% (Apicella et al., 2018b).

However, in the real packaging applications, the release does
not occur symmetrically on both sides of the coating, and the
different layout of systems can determine differences in the mass
transport of the active agent. Therefore, it is necessary to study in
depth the antimicrobial efficacy of the active multilayer films in
real geometry and application conditions.

In first analysis, the MIC and the MBC for LAE were evaluated
in the test conditions described in the methods section. The
corresponding values are reported in Table 3, and are equal
to 51 and 63 ppm, respectively. These values, different from
previous results reported in the literature, highlight the influence
of medium composition, of the method used (in terms of
incubation time, inoculum concentration, and temperature), as
well as of the strain used, in the quantification of the activity of
the antimicrobial agent (Muriel-Galet et al., 2012).

Afterwards, the microbiological tests were conducted on the
SC samples, at different LAE concentrations (0, 5, 10, and 20%)
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FIGURE 1 | ATR-FTIR spectra of LAE (A) and of the thin PLA coating layers C, C5, C10, and C20, loaded at O, 5, 10, and 20% LAE, respectively (B-D).

and with exposed surface area equal to 6.25 cm?, according to the  value (LRV). Data regarding the control sample are also reported

conditions described in the experimental section.

as reference. For further comprehension, Figure 3 shows the

The results are reported in Table 3, and are expressed as  pictures of the tested tubes after incubation at 37°C overnight,

logarithm of colony forming units (Log(CFU)) and log reduction  in comparison with the control sample.
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A

FIGURE 2 | Cross-sectional SEM micrographs of: (A) SC and (B) SC10 films.

TABLE 2 | Bonding strenght (N/25 mm), static water (CAw), and ethylene glycol
(CAgg) contact angles, and dispersion (yg) and polar (yg) components of the
surface energy for the neat PET substrate film (S) and for the SC coated films at O,
5, 10, and 20% LAE concentration.

Sample Bonding CAwW (°) CAgg (°) yd ye
film strenght

(N/25 mm)
S Not sealable 65.3+2.8 39.5+0.9 18.8 19.3
SC 3.20+0.4 65.8+1.0 543+13 7.4 28.6
SC5 3.12+0.3 559+ 1.1 431 +1.2 7.9 36.5
SC10 3.10+0.8 542 +1.3 413 +1.1 7.9 38.1
SC20 2.56+0.3 46.4 £ 2.2 405 +1.3 4.2 51.4

TABLE 3 | Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of LAE against £. Coli, and antimicrobial activity for the SC
coated fims at 0, 5, 10, and 20% LAE concentration., expressed as logarithm of
colony forming units (Log(CFU)) and log reduction value (LRV).

Sample Escherichia Coli CECT 434

MIC MBC Log(CFU) LRV

(ppm) (ppm)

LAE 51 63 - -
Control - - 10.96 + 0.69 -
SC - - 10.88 + 1.22 0
SC5 - - 5.79 + 0.60 517
SC10 - - Total inhibition
SC20 - - Total inhibition

As expected, the unloaded SC sample was not effective in
inhibiting the microbial growth, with an LRV value equal to
0 and a consistent turbidity in all the tubes containing the
film samples (Figure 3A). On the other hand, the LAE addition
caused a consistent (>5 log) reduction of the microorganism
viable counts even at the lowest percentage analyzed. In fact,
the multilayer film loaded at 5% LAE (SC5) caused a growth

reduction of 5.17 log against E. Coli, while LAE concentration
equal to 10%, or higher, produced total inhibition against the
microorganism tested. What is more, the pictures comparison in
Figures 3B-D showed a progressive increase in the optical clarity
when compared to the control sample, and the disappearance
of the bottom cellular deposit at LAE 10 and 20% (SC10 and
SC20, respectively). It is worth to point out that the LRV value
obtained even at the lowest concentration of LAE, indicates
at least a partial deliver of the agent sufficient to achieve an
antimicrobial effect comparable with or higher than currently
commercially available antimicrobial films and coatings for foods
and pharmaceuticals (Molling et al., 2014), while the 10% LAE
concentration is the minimum guaranteeing total inhibition of
microbial growth among the investigated systems.

These promising results highlight that the developed
packaging solutions are efficient even at the minimum
concentration of active agent investigated, and pave the
way to more in depth studies on the release kinetics, aimed at
optimizing the films in terms of antimicrobial concentration and
coating thickness.

Water Vapor Permeability (WVP)

Measurements

In order to better investigate the effects of the systems
composition on the barrier performance of the samples, water
vapor permeability tests were carried out, and outcomes are
reported in Table4. All the coated films (SC), with respect
to the PET substrate (S), show an increase in the water
vapor permeability values. However, this is mainly due to the
normalization over the total thickness of the films, in which
the amorphous PLA layer does not offer any resistance to the
transport of water molecules (Robertson, 2013; Haldsz et al,
2015). A slight further increase in the water vapor permeability
is observable at the highest LAE content, i.e., in the SC20 sample.

Optical Analyses
In packaging applications, the transmission of visible and
ultraviolet light are important parameters to preserve and protect
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FIGURE 3 | Images of the tested safe-lock tubes inoculated with E. Coli and containing the SC coated films produced at different concentration of active agent: 0%
LAE (A), 5% LAE (B), 10% LAE (C), and 20% LAE (D), after incubation at 37°C overnight, in comparison with the control sample.

TABLE 4 | Water vapor permeability (Pyy) and UV-Vis transmittance at 550 nm
(Ts50%) for the neat PET substrate film (S) and for the SC coated films at O, 5, 10, 100

and 20% LAE concentration. 9 [
Sample film Pwy * 1012 (g m/(m2 Pa s) Tss0 (%) ° 80
5
o 70
S 0.74 + 0.01 84.3 £ 60 f
[
sc 1.11 4+ 0.04 84.3 £ sof
SC5 1.12 4+ 0.02 73.2 E 40 f
c
SC10 1.14 4+ 0.02 69.1 § 30f
SC20 1.26+0.12 60.1 = 20
3 \
10 '
food products until they reach the consumer, as well as to get 0

200 300 400 500 600 700 800

an attractive transparent package. To evaluate the transparency Wavelenght [nm]

of samples, UV-Vis measurements were carried out. PET and
PLA are known to have excellent optical properties, in this sense —S —sc ——scs ——sc10 sc2o
the LAE effect on transparency was investigated. In UV-Vis
spectra reported in Figure 4, the transmittance percentage T% is
reported as a function of wavelength for the neat substrate (S)
the coated SC films at different content of the active phase. The
transparency of the multilayer films, defined as the transparency
of visible light in short range of 540-560 nm, was therefore ~ PET substrate, which remains the highest, with a T550% value
evaluated measuring the transmission at 550 nm (T550%), and the  equal to 84.3% in both films. The further LAE addition to the
values for the investigated samples are reported in Table 4. polymer matrix determines a slight decrease in the transmittance

As observable from the comparison among the S and SC  at 550 nm, which becomes more significant at LAE concentration
samples, the PLA coating did not affect the transparency of the  equal to 20% (T's50% of SC20 equal to 60.1%). In this latter case,

FIGURE 4 | UV-Vis transmission spectra of the neat PET substrate film (S) and
for the SC coated films at 0, 5, 10 and 20% LAE concentration.
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FIGURE 5 | Pictures of the SC coated films at different concentration of active agent: 0% LAE (A), 5% LAE (B), 10% LAE (C), and 20% LAE (D).

the increase in film cloudiness, with respect to the SC, SC5 and
SC10 samples, is also visible in Figure 5.

CONCLUSIONS

In this work, innovative multifunctional and eco-sustainable
antimicrobial packaging solutions have been successfully
developed, through a conventional technique commonly
applied in packaging industry. The produced films combine the
structural and barrier performance of PET with the PLA sealing
capacity and the LAE antimicrobial activity.

The chemical, physical and functional analyses carried out
on the active multilayer films showed the good dispersion and
homogeneous distribution of LAE into the polymer matrix, as
well as the good adhesion of the coating layer on the substrate.
Moreover, LAE addition did not modify the macromolecular
structure of PLA.

Microbiological tests pointed out the effectiveness of the
produced systems in releasing the antimicrobial agent and
inhibiting microbial growth. In particular, the inhibition
of microbial strain was found proportional to the LAE
concentration into the PLA matrix, with 5.17 log decrease of
viable counts at 5% LAE and total inhibition measured for
coating formulations at higher LAE content.

In particular, it was pointed out that, by increasing the LAE
concentration up to 10%, the functional performance of the films,

in terms of adhesion, water vapor barrier and optical properties,
were not significantly affected. On the other hand, increasing
LAE content at 20%, a worsening of the PET film functionalities
was observed. On the basis of these results, it comes out that the
10% LAE configuration allowed to obtain the best performance
in terms of total microbial inhibition and functional properties.
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Micromolded Polylactid Acid With
Selective Degradation Rate

Valentina lozzino, Annarita De Meo* and Roberto Pantani

Department of Industrial Engineering, University of Salerno, Fisciano, Italy

Poly(Lactic Acid), PLA represents a very interesting polymer for industrial applications
because of its good processability, the possibility of being obtained from renewable
sources, good physical properties, biocompatibility, and biodegradability. The major
depolymerization mechanism and the step that controls the rate of PLA biodegradation
in compost is represented by the hydrolysis. The characteristic of being degradable is not
per se an advantage: the inclination to degrade in the presence of water represents a limit
for specific industrial applications, especially for durable components that are designed
for long-period utilization such as in the automotive, electronic, and agricultural sectors,
as well as in medical applications. Being able to control the degradation rate would be
a real advantage: a product should preserve its characteristics during processing and
for a time comparable to its application but should be nevertheless fully biodegradable
at longer times. Furthermore, a gradient of properties could allow producing samples
in which some portions degrade at a faster rate and some others at a slower one.
Different methods can be used to influence the degradation rate of PLA, some examples
are blending, copolymerization and surface modification. However, these change the
physical properties of the material. Any factor influencing the rate of hydrolysis can
affect the biodegradation process. The objective of this work is verifying the possibility
to modulate the rate of degradation in the same part, in time and at different rates.
The method is represented by a technique that influences locally the morphology of the
samples. Biphasic samples (half amorphous and the other half crystalline) were obtained
by micro-injection molding and the degradation process was monitored by means of
hydrolysis tests. The analysis confirmed the crystalline regions show a slightly better
resistance to the hydrolysis compared to the amorphous.

Keywords: PLA, micromolding, crystallinity, hydrolysis, mechanical properties

INTRODUCTION

In the last decades, environmental and economic challenges led scientists and producers to
replace, in part, oil-based polymers with biodegradable. Poly(l,l-lactide) acid, hereafter called PLA,
represents a good candidate. PLA is a thermoplastic characterized by a high value of strength and
a high modulus. The resources that are used to produce PLA, like rice, corn or wheat, are annually
renewable. Moreover, it is compostable and can be recycled (Drumright et al., 2000; Sawyer, 2003),
producing this polymer consumes carbon dioxide (Dorgan et al., 2001). Another advantage of the
PLA is its biocompatibility, especially for biomedical applications, in fact, it is not toxic for local
tissues (Farah et al., 2016). Furthermore, the degradation products do not affect tissue healing. The
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use of PLA, that was limited for medical and dental applications
in the past, is turning into common applications like packaging
and single-use products.

Being interested in the use of PLA in engineering areas and
in applications for higher added value, currently, many scientists
focused their attention in the production of new biodegradable
polymers that have better processability, mechanical properties,
and thermal resistance, as well as long durability and stability
(Murariu and Dubois, 2016). In the last years, the market is
turning to more “durable” biomaterials like engineering parts
for electronics and automotive industry (Drumright et al., 2000;
Auras et al.,, 2004; Guptaa et al., 2007; Jamshidian et al., 2010;
Nampoothiri et al., 2010; Babu et al., 2013; Raquez et al., 2013;
Murariu et al., 2014; Wertz et al., 2014). The concern for the use
of this polymer to satisfy the market needs of bioplastics with
a long duration, in sectors such as electronics and automotive
components and obtain a processability similar to that of the
existing polymers, is causing a rapid growth in PLA production.

The PLA products can be obtained by using the common
processing techniques like extrusion, injection molding and
compression molding (Garlotta, 2001; McKeen, 2014). Ghosh
et al. (2008) verified that the technique for shear controlled
orientation in injection molding, called SCORIM, can have an
effect on the final energy at break as well as the maximum stress.
However, due to its high viscosity, and a relatively narrower
processing windows with respect to other resins, only under
particular conditions, PLA can be processed by microinjection
molding and most of the literature research focused on the
microinjection molding of PLA composites or blends (Zhao et al.,
2018; Zhou et al., 2018).

To enhance PLA properties, many efforts are undertaken via
different techniques and modifications, adding additives (lozzino
et al, 2018) or by realizing physical treatments (Harris and
Lee, 2008; De Santis et al., 2017). Some workers proved that by
increasing the crystallinity of PLA products the chemical and
thermal resistances improve (Gamez-Perez et al., 2011). For this
reason, the study of the crystallization kinetics of PLA was of
relevant importance (Pantani et al., 2010).

The degradation of biopolymers is the result of two
mechanisms: the chemical hydrolysis and the water and oligomer
diffusion. In order to estimate the effects of one of the two
mechanisms, the hydrolytic degradation kinetics in the chemical
regime, the study can be performed in solution (Zhang et al.,
1994; De Jong et al, 2001). Different authors suggest an
Arrhenius-dependent kinetics (Tsuji, 2003; Weir et al., 2004;
Speranza et al,, 2014). Many papers concerned the hydrolysis
of PLA, studying the elements that can affect the mechanism
of chain scission like the molecular weight, the temperature
and the chain stereo-configuration (Lostocco and Huang, 1998;
Drumright et al., 2000; Gorrasi and Pantani, 2017). Some workers
verified that the carboxyl end groups accelerate the hydrolysis
of PLA (Li et al., 1990; Hocking et al., 1995), and the kinetics
solution is determined by the pH of the degrading medium (De
Jong et al., 2001). The mechanism of hydrolysis is still under
investigation, in fact, some authors verified that the scission of
the chains occurs randomly also in acid (Shih, 1995) or in basic
conditions (Belbella et al., 1996). The process of chain scission

compared to the end scission determines a substantial reduction
of the physical properties (Gleadall et al., 2014). Although, the
influence of the stereochemical composition is still not clear
(Gorrasi and Pantani, 2013).

The control of the biodegradation rate is interesting for
the application in many sectors (Ha and Xanthos, 2010).
There are several techniques that can be used to modify the
rate of biodegradation. Examples are developments of blends,
copolymers and use of particular fillers (Arias et al., 2014; Stloukal
et al., 2015; Iozzino et al., 2018).

Literature research reveals that the morphology itself of the
PLA can affect its degradation. Since the possibility for the
water molecules to enter inside the rigid crystalline regions is
extremely limited, the crystalline portion of PLA parts show
higher resistance to the hydrolysis respect to amorphous regions.
When different crystallinity levels are present in the part, the
hydrolysis proceeds breaking the chains in the amorphous
regions, therefore, removing the oligomers and monomers that
are soluble in water, only intact crystalline regions remain (Tsuji,
2010). Others (Pantani and Sorrentino, 2013) demonstrated, also,
that the initial morphology of PLA parts has a high influence
on the degradation, in particular on the swelling and flake
off processes. Completely amorphous PLA showed a higher
degradation than semicrystalline PLA in presence of the same
conditions of hydrolytic process (Fukushima et al., 2013). The
amount of hydrolysis found for amorphous PLA parts was
considerably high. In crystalline polymers the hydrolytic attack
of ester bonds can be favorite.

The aim of this work is the production of parts with different
morphologies, investigate the effect of the hydrolysis on the
degradation of the poly-lactid acid parts and therefore observe
the establishment of a profile of the properties inside each
sample. In particular, thin PLA bars characterized by different
crystallinity along the length were produced by microinjection
molding adopting a novel technique that permits the local control
of the temperature during and after the process thus affecting the
crystallization in a selected region of the sample (De Santis and
Pantani, 2016). The crystallinity, the evolution of the molecular
weight and the mechanical properties of biphasic samples with
different times of hydrolysis were investigated.

MATERIALS AND METHODS

Material

The material used in this work is a commercial PLA, the
4032D, supplied by Natureworks. Its D-enantiomer content is
approximately equal to 2%. The molecular weight distribution
detected by chromatography: Mn 119,000 g/mol and Mw 207,000
g/mol. In order to prevent viscosity degradation, each test was
preceded by a drying procedure for the material that was kept for
8h at 60°C under vacuum.

Samples Preparation

PLA bars were produced by injection molding with a Haake
MiniJet Machine and a mold with a cavity geometry of 10 x
4mm with a thickness of 0.25 mm. Micromolding was carried
out at a melt temperature of 220°C, injection pressure of 150 bar,
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FIGURE 3 | Temperature measurements during the process.

post injection pressure of 140 bar. The whole process was carried
out under a nitrogen atmosphere. The cavity was inserted in a
special mold equipped with a control system for the temperature

of the cavity surfaces. This system adopted resistances to heat
the surfaces of the cavity by Joule effect and thermocouples that
allowed controlling the temperature by switching the current to
the heaters. As showed in Figure 1, the process involved different
steps: after the cavity surfaces were heated up to 160°C the molten
PLA was injected into the thin the cavity (injection step), the
material was cooled by switching off the resistances from about
160°C to about 50°C in 15s (cooling step). Then only one zone
of the solid injected sample was kept at 105°C for 500 s (annealing
step). Since the PLA has very slow crystallization kinetics, the
region of the injection-molded parts that did not experience the
annealing step resulted to be fully amorphous. The region that
was kept at 105°C (De Meo et al., 2018) resulted crystalline. Two
protocols were used to produce the samples for the degradation
study. In protocol “a;” after the filling and cooling steps, the
region under annealing is the one after the gate. In the protocol
“b;” the region under annealing is the tip of the sample (Figure 1).

Hydrolysis

The degradation of the PLA parts was investigated by means of
hydrolysis tests. Each sample was immersed into distilled water.
In line with the ASTM and ISO standards, the biodegradation
experiments were carried out at 58°C. The samples have been
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put individually in containers with distillated water where the
quantity of water [ml] was 800 times the quantity of the dried
sample [g]. A thermostatic bath equipped with a lid was adopted
to mantain the temperature constant and equal to 58°C during
the hydrolysis experiments. After every 24 h of hydrolysis, the
water of each sample was analyzed by using a Crison pH-
meter at 25°C. The water used in this work has a pH value
of about 6.5. The water of each sample was replaced by the
same amount of fresh distilled water to assure that the pH
value of the hydrolysis medium remains constant. This operation
was carried out by using a syringe which needle diameter
is 0.2mm. In order to carry out the necessary analysis, the
samples were collected and dried in vacuum conditions at

FIGURE 4 | Not hydrolyzed biphasic samples, on the top the one produced
by Protocol “a” and bottom by Protocol “b”.

60°C for about 3h and then weighed. The samples, for the
whole hydrolysis test, remain in their vessels, to avoid losses
of the hydrolyzed material. All tests were carried out on at
least three samples. The results reported refer to the average
upon all the tests. The hydrolysis of all samples was carried
out for about 60 days. After 60 days, since the samples became
fragments with a very small mass an accurate analysis was not
possible anymore.

Calorimetry

Calorimetric analysis were carried out to monitor the crystallinity
with the time of hydrolysis. A Mettler DSC822 in flowing
nitrogen atmosphere was used for this purpose. To obtain reliable
measurements, the indium, which is a standard material, was
used to calibrate the heat flow and the temperature Thermograms
were obtained by considering a mass of about 5mg for each
sample and the following thermal program:

e Heating at 10°C/min from —10°C to 200°C (first heating);

e Isothermal step for 5 min at 200°C;

e Cooling step at 10°C/min from 200°C to—10°C (cooling);

e Heating at 10°C/min from —10°C to 200°C (second heating).

Gel Permeation Chromatography (GPC)

As hydrolysis proceeds, the evolution of molecular weight of
the microparts was monitored by performing GPC analyses. A
HPLC Waters (Milford, MA, USA) fitted out with an auto-
sampler. After dissolving the parts in thetrahydrofuran (THF),
considering a ratio between the sample mass and the quantity
of solvent at 50°C equal to 1 [g/mol], a 0.45 pm filter Chromafil
PTFE was used for the investigation.

Mechanical Tests
The breaking force was evaluated by means of penetration
mechanical tests. The dynamic mechanical measurements were

FIGURE 5 | Images of hydrolyzed samples of micro-injected biphasic PLA sample (amorphous gate, crystalline tip).
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performed by using the Perkin Elmer DMA 8000 (Waltham, MA,
USA). The machine is equipped with a tip that has a diameter of
150 wm. For each experiments, the maximum value of force was
equal to 7 N and the load rate was 0.2 N/min. A schematic of the
device used is shown in Figure 2. The sample was placed under
the tip with an increasing force up to the maximum allowed value
of 7N (the instrumental limit). DMA returned the values of the
force and the displacement of the tip.

RESULTS AND DISCUSSION

Micromolding

PLA bars were obtained by microinjection molding. To
permit the filling in the microcavity and prevent a premature
solidification, a value of temperature between the glass transition
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FIGURE 6 | DSC analysis of micro-injected biphasic PLA sample (@amorphous
tip, crystalline gate), first scan.
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FIGURE 7 | DSC analysis of micro-injected biphasic PLA sample (amorphous
gate, crystalline tip), first scan.

temperature and the melting temperature was applied at the
surface of the cavity without changing the temperature of the
rest of mold. The special system, as showed in Figure 3, is able
to increase the temperature of the cavity surfaces from 60°C,
temperature of the mold, to 150°C. That value was set just
before the filling, manually activated at the machine, and was
kept until the injection step ended. After that, by switching
off the heaters the rapid cooling led the surfaces in less than
10s to 60°C. Without extracting the sample from the mold the
preparation of each sample included a second step in which an
isothermal step (crystallization step) involved only an area of
the injected samples. A temperature of 105°C was applied for
500 s. In these conditions, a low crystallization time is expected
(De Meo et al., 2018).

Hydrolysis

The hydrolysis mechanism represents the main cause is the
main of depolymerization in fact, it controls the biodegradation
in compost. The hydrolysis rate, therefore, indicates the rate
of degradation during composting. The samples were put in
distilled water and at the set time were taken out and dried
for the needed investigations: optical, calorimetric, GPC and
mechanical analysis.

Optical Observations

All the samples were observed and photographed under polarized
light. As showed in the Figure 4 there was a clear difference
between the two regions of the sample: the amorphous region
was transparent whereas the crystalline one appeared opaque.
Analyzing the images of the samples under hydrolysis it is evident
that the crystalline zone of the sample remained unchanged for
a time of 12 days (Figure 5). The appearance of the amorphous
zone changed after the second day turning from transparent
to opaque. The same phenomenon was already observed in
the PLA (Pantani and Sorrentino, 2013). This could be due
to the micro-fractures due to the water moving away from
the sample during the drying phase. Obviously, the crystalline
zone had a lower water permeability at least for the first 25
days of hydrolysis. From 30 days there were no differences
between the two different morphologies. The degradation tests
confirmed that crystalline regions had a slightly better resistance
to hydrolysis.

Calorimetric Analysis

From the results of the DSC analysis, before the hydrolysis
(samples 0 days) reported in Figures 6, 7, it is evident that there
was a difference between the phases: there were crystallization

TABLE 1 | Crystalline degree of the biphasic samples before the hydrolysis.

Protocol Region detected Xc [%]

a Gate 30

a Tip Negligible
b Gate Negligible
b Tip 35
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and melting peaks for the amorphous phase and there was only
a melting peak for the crystalline phase. The Glass Transition
Temperature and the Melting Temperature exhibited the same
values for both phases. Ty and Ty, also, are very similar to those
observed in the pellet indicating no degradation had occurred
in the manufacturing process, neither in the crystallization step.
The degree of crystallization calculated from the analysis of the
thermograms is negligible for the amorphous region in all the
samples, whereas for the crystalline phase, in the case of both
protocols adopted, “a” and “b,” the values were between 30 and
35% (Table1). In all the biphasic samples, the crystallization
degree reached in the annealing step was then close to the
maximum achievable for this grade of PLA when crystallized
from the molten state.

During hydrolysis a small piece from each region of the
sample was analyzed by calorimetry with the same protocol used
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FIGURE 8 | DSC curves of amorphous zone of biphasic samples at different
time of degradation.
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FIGURE 9 | DSC curves of crystalline zone of biphasic samples at different
time of degradation.

for the sample 0 days. Figures 8, 9 show the DSC curves obtained
from the amorphous zone and the crystalline one respectively. In
both cases, the Tg is clear only in the case of the sample 0 days
whereas it is not detectable from hydrolyzed samples. Before the
hydrolysis, the melting temperature is 169.3°C for the crystalline
zone and 167.3°C for the amorphous zone. After 40 days of
hydrolysis in both regions it is 156.8°C.

The evolution of the crystallinity degree with the time of
hydrolysis is reported in Figure 10. As expected, an increase
in the crystallinity degree was observed. This result could
be due to the erosion of the amorphous regions and the
crystallization of the amorphous ones. As the hydrolysis proceeds
the crystallization is more fast in the amorphous region than in
the crystalline one. The difference in crystallization rate probably
indicates a slower degradation of the crystalline zone with respect

3
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FIGURE 10 | Evolution of degree of crystallinity during hydrolysis of
micro-injected biphasic PLA sample (@morphous gate, crystalline tip).
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FIGURE 11 | Evolution of number average molecular weight (M) during
hydrolysis of micro-injected biphasic PLA sample (amorphous gate,
crystalline tip).
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observed.

to the amorphous one. After 25 days of hydrolysis, however, no
significant difference can be observed between the values of the
Xc of the two morphologies.

Molecular Weight

Figure 11 shows the evolution of the number average molecular
weight (My) as the hydrolysis of micro-injected biphasic PLA
samples proceeds. No differences in the evolution of M;, as the
hydrolysis proceeds: after 35 days we can see that My, for the
crystalline zone is a slightly higher than for the amorphous
zone. The analysis of the evolution in time of M;, and the
molecular weight of the repeating unit permitted evaluating
the kinetic constant of the hydrolysis process, K= kxp/M,
where p is the density of the polymeric part (about 1.21
Kg/m®), M is the molecular weight of the repeating unit
(72 g/mol for the PLA 4032D) (Gorrasi and Pantani, 2013).
The value K represents the kinetic constant of the process
of hydrolysis:

, dIn(M,-M)
K=— 22
dt

The kinetic constants calculated by the evolution of the average
molecular weight in each region gave a value of 0.086 days~! for
the amorphous and a value of 0.081 days~! for the crystalline
zone showing a small difference between the two regions.
This could be ascribed to the process used to produce the
samples: the high shear imposed by the micro-injection molding
could have generated precursors of crystallites that easily grew
once the hydrolysis began. Dimensions and arrangement of
the crystalline structure as well as a different orientation from
the gate to the tip of the sample probably have an effect on
the process highlighting the need for future investigations on
the phenomenon.
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FIGURE 13 | Evolution of force at break during hydrolysis of micro-injected
biphasic PLA sample (amorphous tip, crystalline gate).

Mechanical Tests

The resistance to the penetration was evaluated with the
time of the hydrolysis. In each region of the sample, the
mechanical test gave the force applied and the corresponding
displacements (Figure 12). The maximum force applied was
7N. Observing the Figure 13, it is evident that up to 12 days,
no fracture was detected in either phase. After 19 days, the
sample did not withstand the force applied and broke. As
the hydrolysis proceeds a decreasing mechanical stresses was
needed to break the sample. For the crystalline phase the
force at break is slightly higher than the one noticed in the
amorphous phase.
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CONCLUSIONS

In this work, biphasic samples of PLA were obtained by micro-
injection molding. For this purpose a new dynamic mold
temperature control system for rapid heating and cooling of
the mold was used. The system allowed filling a microcavity
and produce bars with a thickness of 0.25 mm. Half bar, after
the injection, was kept at 105°C for 500s to permit a rapid
crystallization. The biphasic samples were then hydrolyzed.
The hydrolysis process was monitored by considering: the
evolution of the degree of crystallinity of the samples by means
of the differential scanning calorimetry technique (DSC), the
evolution of the molecular weights by means of gel permeation
chromatography (GPC), changes in mechanical behavior. For all
the sample, in both morphologies, X increases as the hydrolysis
proceeds. The value of X, of the crystalline phase, increases more
slowly than the X. of the amorphous phase as the hydrolysis
proceeds: this probably indicates a slower degradation of the
crystalline zone than of the amorphous zone. The molecular
weights decrease for both zones of the two samples. We could
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Phase Structure, Compatibility, and
Toughness of PLA/PCL Blends:
A Review

Ivan Fortelny’, Aleksandra Ujcic', Luca Fambri? and Miroslav Slouf™

" Institute of Macromolecular Chemistry, Czech Academy of Sciences, Prague, Czechia, ? Department of Industrial
Engineering, University of Trento, Trento, ltaly

Results of the studies dealing with the toughness of polylactic acid/polycaprolactone
(PLA/PCL) blends are analyzed with respect to the PCL particle size, PLA matrix
crystallinity, and presence of a compatibilizer. It is shown that a high toughness or even
“super-toughness” of PLA/PCL blends without a compatibilizer can be achieved for
blends with the proper size of PCL particles. Nevertheless, the window for obtaining
the super-tough PLA/PCL blends is quite narrow, as the final impact strength is very
sensitive to multiple parameters: namely the blend composition, PLA matrix crystallinity,
and PCL particle size. Available literature data suggest that the optimal composition
for PLA/PCL blends is around 80/20 (w/w). The PLA/PCL(80/20) blends keep high
stiffness of PLA matrix and the concentration of PCL particles is sufficient to achieve
high toughness. The PLA/PCL(80/20) blends with low-crystallinity PLA matrix (below ca
10%) exhibit the highest toughness for bigger PCL particles (weight average diameter
above 1 m), while the blends with high-crystallinity PLA matrix (above ca 30%) exhibit
the highest toughness for smaller PCL particles (weight average diameter below 0.5 um).
The addition of a compatibilizer may improve the toughness only on condition that it
helps to achieve a suitable particle size. The toughness of both non-compatibilized and
compatibilized PLA/PCL blends with optimized morphology can be more than 15 times
higher in comparison with neat PLA.

Keywords: biopolymer blends, poly(lactic acid), polycaprolactone, impact strength, crystallinity, particle size
distribution

INTRODUCTION

Poly(lactic acid) (PLA) is frequently reported as one of the most promising biodegradable polymers
synthesized from natural resources as it can be used in many technical applications, especially in
packaging (Lunt, 1998; Garlotta, 2002; Auras et al., 2004; Averous and Pollet, 2012). At the same
time medical grade PLA continues to be a favorable material for many medical applications such
as the tissue engineering (Patricio et al., 2013) and bone fixation devices (Todo et al., 2007) due
to its well documented biocompatibility, full biodegradability, and high stiffness resulting from the
relatively high glass transition temperature (Tg) (Fambri and Migliaresi, 2010). Preparation from
natural resources and biodegradability suggest PLA as substitution of some plastics made from
fossil fuels in a broad range of applications. However, brittleness is a strong drawback for practical
applications of neat PLA. Various methods of PLA toughening were summarized by Krishnan et al.
(2016). Generally, most efficient method for an improvement of toughness of a brittle polymer is
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its blending with soft, ductile polymers (Bucknall, 2000;
Horak et al, 2005). Poly(e-caprolactone) (PCL) is soft,
biocompatible and biodegradable semicrystalline polyester
(Pitt, 1990; Krishnan et al, 2016) with a rubbery amorphous
phase at room temperature as its Tg is around —60°C and its
melting temperature is in the range of 55-70°C. Therefore,
PLA/PCL blends should keep favorable biocompatibility and
biodegradability and should show enhanced impact strength
with respect to neat PLA. The main objective of the preparation
of PLA/PCL blends, where PLA is a major component, is the
substantial enhancement of PLA toughness with minimum
reduction of its stiffness.

Further problem for many technical applications of PLA and
PLA/PCL blends is their mechanical performance at elevated
temperature. Commercial grades of PLA are mixtures of L-
isomer and a small amount of D-isomer (Standau et al., 2019).
Therefore, commercial PLAs are semicrystalline with melting
temperature, Tr, between 140 and 180°C in dependence on
the enantiomeric purity (Fambri and Migliaresi, 2010) and glass
transition temperature, Tg, which usually ranges from 55 to
65°C (Auras et al., 2004; Krishnan et al., 2016). However, the
rate of the PLA crystallization is slow (Auras et al., 2004; Liu
et al., 2014; Murariu et al., 2015; Zhang et al., 2018), frequently
slower than the cooling rate used in common polymer processing
devices (Zhang et al, 2018). Consequently, the crystallinity
of PLA in its blends processed by common procedures tends
to be very low, typically lower than 10% (Bai et al, 2012,
2013; Ostafinska et al., 2015, 2017). Therefore, the softening
temperature of products prepared from neat PLA and PLA/PCL
blends at common processing conditions is controlled by the T,
of PLA. At room temperature, the differences between the moduli
of PLA with a low (below 10%) and high crystallinity (above
30%) are not critical. The same is true for PLA/PCL blends.
It follows from the literature data (Perego et al., 1996; Kelnar
et al., 2016) that the ratio of moduli of materials containing
PLA with a high and with a low crystallinity does not exceed
1.25. At elevated temperatures, however, the moduli of low-
and high-crystallinity PLA may differ significantly: Bai et al.
(2013) found that the modulus of PLA/PCL (80/20) blends
with a high-crystallinity PLA matrix was 20 times higher than
the modulus of an analogous blend with a low-crystallinity of
PLA matrix at the temperature of 80°C. Our measurements
at the same temperature led to even higher moduli ratio of
100 for neat PLA and the ratio of 75 for PLA/PCL (80/20)
blend. These results discriminate PLA and PLA/PCL blends
with a low crystallinity of PLA for many technical applications
where good mechanical properties of the material at elevated
temperatures are required. Crystallinity of PLA can be enhanced
by the annealing during processing and/or by the addition of a
convenient nucleation agent.

This review is focused mostly on the toughening of the most
common, commercially available PLA polymers, which consist
of L-isomer with a small amount of D-isomer, as described
above. Other PLA polymers include poly(L-lactic acid) with
100% enantiomeric purity (PLLA), which is polymerized from
the pure L-isomer, poly(D-lactic acid) (PDLA), prepared from
pure D-isomer, and poly(D,L-lactide) (PDLLA), which derives

from a mixture of the L- and D-isomers. Pure PLLA and PDLA
can achieve a higher crystallinity than common commercial PLA
(Nakajima et al., 2017) but their rate of crystallization is still quite
low. PDLLA cannot crystalize. PLLA and PDLLA are commonly
used in biomedical applications. We use the above abbreviations
in the relation to samples described in the literature. However, it
should be mentioned that some authors describe PLA containing
small fracture of D-isomer as PLLA.

The impact strength of polymer blends depends on the size
distribution of the dispersed particles of the soft polymer in
the matrix of the brittle one (Bucknall and Paul, 2009, 2013).
Generally, super-tough polymer blends can be obtained only
for a certain range, often quite narrow, of sizes of soft polymer
particles. The theory of impact behavior of polymer blends is
quite complex (Bucknall and Paul, 2013). The lower bound
of the suitable particle sizes is given by the minimal size of
soft particles needed for their efficient cavitation. The upper
bound for a certain blend composition is given by inter-droplet
distance which should be shorter than a critical distance for
development of cracks or shear bands in the polymer matrix.
The optimum particle size depends on dominating mechanism
of energy dissipation in the matrix (multiple crazing or shear
yielding). Small elastomer particles (weight-average diameter,
dy, in the range 0.2-0.4 um) are efficient when shear yielding
dominates the toughening mechanism, e.g., for ductile matrices
of polypropylene or polyamide, whereas larger particles (dy
between 2 and 3 wm) are more effective when multiple crazing
dominates, e.g., for brittle matrices of polystyrene or poly(methyl
methacrylate) (Bucknall and Paul, 2009). Thus, the optimum
particle size distribution depends on the structure of the matrix,
especially on its crystallinity.

In order to achieve optimal particle size distribution for
toughening, it is necessary to understand the relation among
the processing conditions of PLA/PCL blends, the rheological
properties of the components and the resulting morphology
of the blends. Polymer blends are mostly prepared by melt
mixing in extruders or batch mixers. They are further processed
by injection molding, extrusion, blow molding or compression
molding. The phase structure of polymer blends is formed and
developed during their compounding and processing. Evolution
of the phase structure in flowing molten polymer blends has been
studied intensively experimentally (mostly for blends of synthetic
polymers) and theoretically during last 40 years (Horak et al.,
2005; Huang, 2011; Fortelny and Juza, 2019). Evolution of the
droplets-in-matrix morphology (which is typical of PLA/PCL
blends discussed in this contribution) during simple shear or
elongational flow is qualitatively well understood. However,
quantitative prediction of particle size distribution in real systems
is extremely challenging due to complexity of the flow fields
in mixing and processing devices and complex rheological
behavior of molten polymers. The results of previous studies
can be briefly summarized as follows: (i) The particle sizes
in the blends containing the same components and prepared
at the same conditions increase with the concentration of the
minor component. (ii) The smallest particle size is usually
obtained when viscosities of the dispersed phase and matrix
are comparable. (iii) The particle size increases with interfacial
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tension between the blend components. (iv) The particle size
in molten blends increases in quiescent state and in slow flow,
which means that an increase in the particle size appears during
compression molding. (v) Addition of a compatibilizer decreases
the size of the dispersed particles during mixing and stabilizes the
blend morphology at processing; this effect is stronger for blends
with a higher content of the dispersed phase.

This review aims at the evaluation of the results of studies
of the morphology, compatibility and mechanical properties
of PLA/PCL blends with respect to the control of the blend
toughness and crystallinity. The conclusions of this contribution
should answer the question if and how the blending of PLA with
PCL can lead to the material with required mechanical properties.

TOUGHNESS OF PLA/PCL BLENDS
WITHOUT COMPATIBILIZERS

Many papers have been focused on the morphology and
mechanical properties of PLA/PCL blends. As for the stiffness, all
studies are in agreement that the modulus and yield strength of
PLA/PCL blends decreases with the PCL content. This behavior
is typical of the blends combining stiff and soft polymers (Horak
et al,, 2005) and thus the stiffness is not discussed in the
following text. However, the results related to the toughening of
PLA by means of blending with PCL seem to be contradictory
at first sight. These results are discussed below. The ratios
of toughness, agj/apLa, and elongation at break, epj//epLa, of
PLA/PCL blends to neat PLA together with crystallinity of PLA,
wELA and average diameter of PCL particles, d, are summarized
in Table 1.

Studies Reporting Low Toughness of
PLA/PCL Blends

None or weak enhancement in the toughness of PLA by its
blending with PCL has been found in a major part of previous
studies. Lopez-Rodriguez et al. (2006) found very small increase
in strain at break (to 1.3%) together with strong decrease in
strength at yield and strength at break for PLLA/PCL (80/20)
blends in comparison with neat PLLA. Carmona et al. (2015)
found only a small increase in elongation at break for an
extrusion prepared PLA/PCL (50/50) blend with respect to PLA
but strong decrease with respect to PCL. Gardella et al. (2014)
and Monticelli et al. (2014) obtained the same elongation at
break for PLA/PCL (70/30) blend prepared in a batch mixer as
for neat PLA. The blend contained remarkable amount of large
PCL particles.

Tsuji and Tkada (1996) studied the morphology and the
properties of the blends of poly(D,L-lactide) containing 50% of
D-isomer (PDLLA) with PCL, which were prepared by solution
casting. They found that the dependence of the elongation at
break on the PDLLA/PCL composition is non-monotonic with
a minimum around 50/50 composition. Similar dependence
of the elongation at break on the composition of the blends
prepared from 100% L-isomer of PLA (PLLA) with PCL was
obtained by Tsuji et al. (2003). Simoes et al. (2009) found
negligible increase in elongation at break and about twice

TABLE 1 | Ratio of toughness, agj/ap a, and ratio of elongation at break,

ep)/epLa, of PLA/PCL blends and neat PLA as a function of diameter of PCL

particles, d, and crystallinity of PLA matrix, wE-A,

PLA/PCL  wR"™A [%] d [am] ap|/apLa eg//ep.pn References

80/202 - - - 2.6 Lopez-
Rodriguez et al.,
2006

70/30 low 2.0P - ~1 Gardella et al.,
2014; Monticelli
etal., 2014

75/25 <5 2-5¢ ~od 15 Simoes et al.,
2009

80/202 66 >1¢ 1.5 Vilay et al., 2009

80/20 - 0.8f - 5 Finotti et al.,
2016

85/152 ~25 20 1.59 - Todo et al., 2007

80/20 17 - - ~20  Yehetal, 2009

77.5/22.5 17 1-3¢ <1d 35 Ferri et al., 2016

80/20 <10 ~o0sg" 7l - Bai et al., 2012,
2013

80/20 ~50  ~0.4h 11 - Baietal., 2012,
2013

80/20 ~5 <0.5¢ 2.5 ~60 Urquijo et al.,
2015

80/20 ~10 0613 16k - Ostafinska et al.,
2015

80/20 9 0622 166K - Ostafinska et al.,

21.09 2017
80/20 12 o8h 24 161K - Ostafinska et al.,
7.19 2017

80/20 16 09,36 2.8k 329 - Ostafinska et al.,
2017

80/20/ 36 >0.6; ~10K - -

>0

ap| | A matrix; ®Maximum of graphical diameter distribution; °Estimated from the figure;
9Unnotched Charpy impact strength; ©Fracture energy from tensile testing; 'Number
average of d; 9Instrumented impact testing; "Weight average of d; 'Notch Izod impact
strength; /Volume average of d; KNotched Charpy impact strength; 'Our unpublished
result, blend containing 1% of talc.

larger Charpy impact strength for PLA/PCL (75/25) blends in
comparison with neat PLA. Mittal et al. (2015) found only a
small increase in the value of elongation at break of the PLA/PCL
(50/50) blends with respect to neat PLA, deeply below the
additive value.

Vilay et al. (2009) studied the morphology, thermal behavior,
and mechanical properties of PLLA/PCL blends. They found only
weak increase in the elongation at break with the increasing
content of PCL in the PLLA/PCL blends. Similar result for
elongation at break was obtained also by Finotti et al. (2016) for
PLA/PCL blends with commercial PLA. Only very small increase
in the impact strength was found for PLLA/PCL (85/15) blends
having crystallinity of PLLA matrix about 25% by Todo et al.
(2007). Authors of the above studies and authors of a review
considering these results (Imre and Pukanszky, 2013) concluded
that PLA and PCL are incompatible polymers, i.e., that their large
interfacial tension results in coarse morphologies and inferior
mechanical performance. Therefore, the compatibilization was
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regarded as necessary for the preparation of PLA/PCL blends
with high toughness.

Recently, Kassos et al. (2019) studied the effect of
concentration of PCL on mechanical properties of samples
of PLA/PCL blends prepared by the mixing in a twin screw
extruder, followed by an injection molding. They found that
the notched Izod impact strength increased with increasing
content of PCL. However, this increase was quite weak: The
impact strength of PLA/PCL (70/30) was about twice of that
for neat PLA. Moreover, they observed strange dependence of
elongation at break on PCL concentration: After strong increase
for PLA/PCL (95/5) blend, the elongation at break decreased for
higher amounts of PCL (compositions 80/20 and 70/30) to the
values comparable with neat PLA.

Studies Reporting High Toughness of
PLA/PCL Blends

Surprisingly enough, the results of a few other studies are in a
partial or full contradiction with the conclusions in the previous
section. Takayama et al. (2011) studied the character of the
fracture in PLA/PCL blends without and with a compatibilizer.
They found ductile character of the fracture in the quenched
PLA/PCL blends. On the other hand, brittle fracture was
detected for PLA/PCL blends annealed with the aim to enhance
crystallinity of PLA. Yeh et al. (2009) found a steep increase in the
strain at break with the content of PCL above 10% for PLA/PCL
blends. Similar dependence of the strain at break on the content
of PCL in PLA/PCL blends was found also Zhao and Zhao (2016)
for injection molded samples.

Ferri et al. (2016) studied elongation at break and unnotched
Charpy impact strength of PLA/PCL blends containing up to
30% of PCL. The blends were prepared by extrusion followed by
injection molding. The authors found substantial increase in the
elongation at break but no enhancement of the impact strength of
the blends with respect to neat PLA. Quiles-Carrillo et al. (2018)
studied the toughness of PLA blends containing 40% of a mixture
of PCL with thermoplastic starch (TPS). They found substantial
increase in the elongation at break for the blends having content
of TPS up to 20%. On the other hand, the notched Charpy impact
strength of PLA/PCL (60/40) blend was only about 3 times higher
than that of the neat PLA.

Baietal. (2012) studied the effect of the crystallinity of the PLA
matrix on the impact strength of PLA/PCL blends. The samples
of these blends were prepared by the extrusion followed by the
injection molding using a HAAKE MiniJet. The crystallinity of
PLA was controlled by the concentration of a nucleation agent
[N,N’,N” tricyclohexyl-1,3,5-benzene-tricarboxylamide (TMC)]
and by the temperature of the mold. It was found that the notched
Izod impact strength of neat PLA was almost independent of its
crystallinity. On the other hand, the impact strength of PLA/PCL
blends grew with the crystallinity of PLA. The rate of this growth
increased with the increasing content of PCL in the blends.
The PLA/PCL (80/20) blend with the PLA crystallinity about
50% showed the impact strength more than 13 times higher in
comparison with neat PLA.

In their further paper, Bai et al. (2013) studied the dependence
of the impact strength on the size of PCL particles in PLA/PCL
(80/20) blends with a low and high crystallinity of the PLA
matrix. The blends were prepared by the same technology as
in the preceding paper (Bai et al., 2012). The PCL particle size
distribution and the PLA crystallization were controlled by the
addition of TMC and the variation of the extruder screw rotation
speed, by the mold temperature and by the annealing time in the
mold. The dependence of the notched Izod impact strength on
the weight average of the PCL droplet diameter, dy, differed for
the blends with low- and high-crystallinity PLA matrix. For the
blends with the low PLA crystallinity (6.5-9.5%), the maximum
impact strength was achieved for d,, between 0.7 and 1.1 pm.
For the blends with the high PLA crystallinity (46-48%), the
maximum of the impact strength was found for d,, between
0.3 and 0.5 um. This was is in quite good agreement with the
value of dy between 0.2 and 0.4 um referred for blends with
semicrystalline matrixes elsewhere (Bucknall and Paul, 2009).
These dependences are reproduced in Figure 1. It should be
mentioned that the maximum value of the impact strength
achieved for the blends with the high PLA crystallinity was
almost two times higher than that of the blends with a low
PLA crystallinity.

Urquijo et al. (2015) studied the dependence of morphology
and mechanical properties on the PCL content in PLA/PCL
blends prepared by extrusion followed by injection molding.
They detected a fine morphology of the PLA/PCL blends and a
good adhesion between the PLA and PCL phases. The elongation
at break was strongly enhanced by the addition of 10% of PCL
and did not change with further increase in the PCL amount till
40%. The notched Izod impact strength increased monotonically
with the increasing content of PCL in the blends. The values of
the ratios apj/apLa and epj/eppa for PLA/PCL (80/20) blends can
be found in Table 1. However, the ratio of the impact strength of
the PLA/PCL (80/20) blend to that of neat PLA was substantially
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FIGURE 1 | Comparison of dependences of the impact strength on the size of
PCL particles in PLA/PCL(80/20) blends with almost amorphous and with
highly crystalline PLA matrices. Reprinted with permission from Bai et al.
(2013). Copyright 2013, Elsevier.
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continuous morphology of PCL phase.

FIGURE 2 | SEM micrographs showing morphology of compression molded PLA/PCL blends with composition (wt.%/wt%): (A) 90/10, (B) 80/20, (C) 70/30, and
(D) 60/40. The samples were smoothed and PCL was etched off as described in Ostafinska et al. (2015). Note the scale change in the last micrograph with coarse

lower (almost 3 times) than the maximum ratio observed by Bai
et al. (2013) for PLA/PCL blends with a low-crystallinity PLA
matrix. This could be attributed to the fact that the PCL particle
size in the study of Urquijo et al. (2015) was below the optimum
size reported by Bai et al. (2013) for the blends with the similar
PLA crystallinity.

Ostafinska et al. (2015) studied the dependence of the
morphology and mechanical properties of the PLA/PCL blends
(with almost the same viscosities of the PLA and PCL
components) on the content of PCL for the blends prepared by
the melt-mixing in a batch mixer followed by the compression
molding. The crystallinity of PLA in these blends was between 6.4
and 9.7%. It was found that PLA/PCL blends with PCL content
till 30% formed typical droplets-in-matrix morphology, where
the size of PCL particles increased with the PCL concentration,
while the PCL content above 40% resulted in coarse co-
continuous morphology, as evidenced Figure 2. Charpy notched
impact strength of PLA/PCL blends steeply increased with the
content of PCL up to 20%. Further increase in the amount of PCL
led to a decrease in the impact strength of the PLA/PCL blends.
The impact strength of PLA/PCL (80/20) blend was more than
16 times higher in comparison with neat PLA (Figure 3). This
was even higher than the maximum ratio achieved by Bai et al.
(2013) for the blends with the high crystallinity of PLA (Table 1).
The decrease in the impact strength with the increasing content
of PCL for the blends with the PCL content above 20% appeared
simultaneously with the steep increase in the average particle size,
which was accompanied by the increasing width of the particle
size distribution.

Further paper of Ostafinska et al. (2017) was focused on the
effect of melt viscosity of the PLA matrix on the morphology
and toughness of PLA/PCL (80/20) blends, prepared by same
procedure as in their preceding paper (Ostafinska et al., 2015).
It was found that the number and volume averages of diameters
of the PCL droplets increased with the decreasing viscosity, i.e.,
molecular weight, of the PLA matrix (Figure 4). Neat samples of
PLA had similar impact strength and their viscosity decreased
in in the following order: PLA1 > PLA2 > PLA3, where PLA1
was identical with PLA used in the preceding study (Ostafinska
et al., 2015) and had almost the same viscosity as PCL. The

45
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FIGURE 3 | Charpy notched impact strength of PLA/PCL blends as a function
of their composition; error bars represent standard deviations. Adapted with
permission from Ostafinska et al. (2015).

toughness of the blends was characterized not only by the Charpy
notched impact strength, but also by the instrumented impact
testing. Both Charpy notched impact strength (determined from
non-instrumented impact testing) and total fracture energy
(determined from instrumented impact testing) decreased with
the increasing size of PCL particles (Figure 5). PLA1/PCL blend
showed super-tough behavior (i.e., the blend toughness was
higher than the toughness of either of its two components)
but PLA3/PCL blend showed toughness only slightly enhanced
in comparison with neat PLA3. The toughness of PLA2/PCL
blend was in between the values found for the PLA1/PCL and
PLA/PCL blends. Detailed analysis of load-deflection diagrams
from instrumented impact testing (Figure 6) revealed that the
particle morphology influenced not only final total values of
fracture energy, but also the entire character of fracture. The
fracture mechanism changed from elastic-plastic with stable
crack propagation (Figure 6A; blend PLA1/PCL), to elastic-plastic
stable followed by unstable crack propagation (Figure 6B; blend
PLA2/PCL), and finally to linear elastic or brittle (Figure 6C;
blend PLA3/PCL).
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Recently, we tried to obtain PLA/PCL (80/20) blends with
a sufficient toughness and an enhanced crystallinity by the
addition of talc as a nucleation agent and/or by the modification
of thermal treatment during the compression molding, using
sample preparation procedure analogous to that described in
Ostafinska et al. (2015) and Ostafinska et al. (2017). We found
that the annealing time necessary for enhancement of PLA
crystallinity above 40% in blends without talc is detrimental for
the impact strength of PLA/PCL (80/20) blends. On the other
hand, after addition of 1% of talc, the crystallinity of about 36%
and Charpy notched impact strength almost 10 times higher

in comparison with neat PLA were obtained (Table 1, the last
row). This impact strength was substantially lower than that for
PLA/PCL (80/20) blends having PLA crystallinity below 10%
(compare Table 1 and Figure 3) but it could be sufficient for a
number of applications.

The Reasons of Variable Results in

the Literature
The explanation of different results of previous studies is
somewhat complicated by the fact that the authors used various
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FIGURE 6 | Load-deflection curves (F-f diagrams) of PLA/PCL(80/20) blends
from the instrumented Charpy notched-impact test. The blends were prepared
from the three different types of PLA with decreasing viscosity as described in
Ostafinska et al. (2017): (A) the highest viscosity of PLA, (B) a medium
viscosity of PLA, and (C) the lowest viscosity of PLA. Morphology of the
blends and their integral impact strength are shown in Figures 4, 5,
respectively. Ag|, Ap), and Ar represent elastic, plastic and residual part of total
fracture energy, respectively. Fg and fg are the characteristic load and
deflection values at yield, corresponding to the transition from elastic to
elastic-plastic behavior, respectively; Fm and fm are the characteristic load
and deflection values corresponding to the onset of crack propagation,
respectively. Adapted with permission from Ostafinska et al. (2017).

grades of PLA and various methods of the PLA/PCL blends
preparation, such as direct continuous or discontinuous melt
blending, or solution mixing. On the other hand, neither the
small differences in the content of D-isomer in PLA, nor
differences in molecular weights of PLA and/or PCL should
have a decisive effect to the interfacial tension and adhesion
between PLA and PCL. Therefore, the PLA/PCL blends cannot
be considered as incompatible in the sense that they cannot
exhibit good mechanical performance. However, differences in
the molecular weights have strong impact to the rheological
properties of polymers, which together with compounding
and processing conditions control the size of PCL particles.
As mentioned in the introduction, it is well known that the
toughness of polymer blends depends critically on the size of the
dispersed particles of a blend soft component (Bucknall, 2000;
Horak et al., 2005; Bucknall and Paul, 2009, 2013). The optimum
particle size for the maximization of the impact strength at a
certain volume fraction of the dispersed phase is a function of
the dominating toughening mechanism which depends on the

crystallinity of the matrix. An analysis of the above results lead
us to the conclusion that different toughening mechanisms are
dominating in PLA/PCL blends with a low crystallinity PLA
(till about 10%) and with a high crystallinity PLA (above 30%).
Therefore, the optimum size of PCL particles is substantially
different for the blends with a low and with a high crystallinity
of PLA.

For example, we believe that the discrepancy between the
strong enhancement of elongation at break and rather small
enhancement of impact strength, observed by Urquijo et al
(2015) for PLA/PCL blends with a low crystallinity of PLA,
results from unfavorable size of PCL particles and not from the
incompatibility of PLA and PCL grades used in given study.
According to results of Bai et al. (2013), the PCL particles in
the study of Urquijo et al. (2015) seem to be too small for
efficient improvement of the impact strength. However, their
concentration and fine dispersion are sufficient to improve
maximum elongation of the blend. We conclude that a too
rough phase structure of PLA/PCL blends leads to insufficient
improvement both impact strength and elongation at break.
On the other hand, a very fine phase structure (such as that
observed by Urquijo et al.,, 2015) can lead to the insufficient
impact strength (especially for the blends with a low crystallinity
of PLA), but the extensibility can be quite large.

The dependence of the impact strength of PLA/PCL (80/20)
blends on the size of PCL particles was well documented by
Bai et al. (2013). Moreover, the results of Bai et al. (2013) were
confirmed by later studies of Ostafinska et al. (2015, 2017):
The average size of the PCL droplets in super-tough PLA/PCL
(80/20) blends with low crystallinity PLA matrix detected in
Ostafinska et al. (2015, 2017) was in a good agreement with
results in Bai et al. (2013). The weight average of the particle
diameter, dy = 0.8 um obtained for the maximum impact
strength in Bai et al. (2013) corresponded quite well to the
diameter number average, d, = 0.6 um, and diameter volume
average, dy = 1.3 um, determined in Ostafinska et al. (2015).
It should be mentioned that zones with different particle size
appear in PLA/PCL blends prepared by the methods, which
are supposed to yield the samples with uniform phase structure
(Fortelny et al., 2015; Ostafinska et al., 2015, 2017). Therefore,
the droplet size distribution in references (Ostafinska et al,
2015, 2017) was evaluated by MDISTR program package (Slouf
et al, 2015), which takes this nonuniformity into account.
The non-uniformity of the phase structure negatively affects
the reliability of conventional methods of determination of the
average droplet size based on evaluation of several hundreds
of particles (Fortelny et al., 2008). Further complication for
determination of optimum size of PCL particles is obvious
non-uniformity in the morphology of samples prepared by
injection molding. Morphology of these samples changes from
shell to core and depends on the sample shape and dimensions.
Therefore, it can be only estimated that d,, somewhat below
0.5pm is optimal for PCL particles in PLA/PCL (80/20)
blends with a high crystallinity of PLA. PCL particles with
dy somewhat above 1pum seems to be most efficient for
toughening of PLA/PCL (80/20) blends with a low crystallinity
of PLA.
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Nevertheless, it is apparent that the relatively low impact
strength of the PLA/PCL blends in Urquijo et al. (2015) could be
explained as a consequence of smaller size of PCL droplets than
was optimal for the blends with a low PLA crystallinity. On the
other hand, the brittle behavior of the PLA/PCL (70/30) blends
obtained in Gardella et al. (2014) and Monticelli et al. (2014)
and the decrease of toughness in the blends with content of PCL
above 20% detected in Ostafinska et al. (2015) were apparently
caused by too large size of the PCL droplets and by their broad
size distribution.

Summary: Compatibility of PLA and

PCL Polymers

It can be concluded that PLA and PCL are not incompatible
because their blends can exhibit good mechanical properties. It
means that the value of the interfacial tension between PLA and
PCL does not prevent the preparation of PLA/PCL blends with a
fine phase structure and a sufficient adhesion at the interface. On
the other hand, the toughness of the PLA/PCL blends is extremely
sensitive to the size of PCL particles. This was confirmed by the
fact that an increase of number average diameter, d,, from 0.6 to
0.9 pm and of volume average diameter, dy, from 2.2 to 3.6 um
for PLA/PCL (80/20) blends led to the decrease in the Charpy
notch impact strength from 38 to 6 kJ/m? and to the change in the
character of the blend fracture from ductile to brittle (Ostafinska
etal., 2017). Therefore, the size of PCL particles must be carefully
controlled during the processing of PLA/PCL blends that should
exhibit high toughness. It is not an easy task, especially for the
blends where enhanced crystallinity of PLA is required. These
blends should contain small PCL particles (with d,, below about
0.5 m) and simultaneously their preparation requires elevated
temperature and longer time in a hot press or a mold even if
a nucleation agent is added (Bai et al., 2013). Unfortunately, an
increase in the PCL particle size during melt annealing is quite
rapid; dy increased about twice during compression molding of
PLA/PCL (80/20) blend and even stronger increase in the size of
PCL particles was detected for blends with a higher content of
PCL (Fortelny et al., 2015).

TOUGHNESS OF PLA/PCL BLENDS
CONTAINING A COMPATIBILIZER

Most of the studies dealing with the effect of a compatibilizer
on the structure and properties of PCL/PLA blends have been
inspired by the assumption that the addition of a compatibilizer is
necessary for the preparation of the blends with high toughness.
Nevertheless, as explained and evidenced in the previous section,
a compatibilization is not necessary for the tough PLA/PCL
blends. On the other hand, compatibilizers can help with a
preparation of the polymer blends with a fine phase structure for
broader range of rheological properties of the components and
for broader range of mixing conditions. It is also very important
that compatibilizer can efficiently suppress changes in the phase
structure during polymer blends processing (Macosko et al.,
1996; Mari¢ and Macosko, 2002; Horak et al., 2005).

There are three methods of compatibilization of immiscible
polymer blends (Huang, 2011). At physical (or additive)
compatibilization (Horak et al, 2005; Huang, 2011), block
or graft copolymers with blocks identical, miscible or similar
with the blend components are added to the blend during a
compounding. At reactive compatibilization (Horak et al., 2005;
Huang, 2011), copolymers (mostly grafted) are formed during the
blend melt-mixing due to chemical reactions between functional
groups on the blend components; the newly-formed copolymers
actas compatibilizers. Addition of an admixture of functionalized
components and/or initiation by reactive low-molecular-weight
agents is frequently applied at reactive compatibilization. More
recently it was found that also some nanofillers can serve as
efficient compatibilizers for polymer blends besides of block and
graft copolymers (Ray et al., 2004; Huang, 2011; de Luna and
Filippone, 2016). The effects of various types of compatibilizers
are discussed below. The ratios of values of the impact strength
(a) and of the elongation at break () for both compatibilized and
non-compatibilized (neat) blends, acomp/@neat> and, €comp/Eneat>
respectively, are summarized in Table 2.

Additive Compatibilization of PLA/PCL
Blends

Several papers were focused on compatibilization of PLA/PCL
blends with various premade PLA-PCL block copolymers,
and those detailing the effects on mechanical properties are
summarized in Table 2. Dell’Erba et al. (2001) showed that
the addition of PLLA-b-PCL-b-PLLA triblock copolymer to
PLLA/PCL blends substantially reduced the size of PCL
particles. Mechanical properties of PLLA/PCL/PLLA-b-PCL-b-
PLLA blends were not studied in this paper. Wu et al. (2010)
studied the effect of diblock PCL-b-PLA and triblock PLA-b-
PCL-b-PLA copolymers on the morphology and the viscoelastic
properties of PLA/PCL (30/70) blends. They found that the both
copolymers improved the interfacial properties and substantially
reduced the size of PCL particles. The compatibilization of
PLA/PCL blends by PCL-b-PLA block copolymer was studied
also by Kim et al. (2000). However, the study was focused
on the crystallinity of the blend components and did not
provide the mechanical properties of the compatibilized blends.
Recently, Xiang et al. (2019) studied compatibilization efficiency
of PLLA-b-PCL block copolymers having various compositions
and molecular weights for PLLA/PCL (80/20) blends prepared
in a batch mixer. Addition of 5% of these copolymers caused
reduction of the PCL particle size and substantially enhanced
elongation at break. PLLA-b-PCL copolymers with similar
contents of PLLA and PCL and with large molecular weights
showed the largest effects. Impact strength of the blends was not
determined in this study.

Further studies dealt with compatibilization of PLA/PCL
by premade block copolymers having blocks miscible with the
blend components. Maglio et al. (2004) studied the effect of
PLLA-b-PCL-b-PLLA and diblock copolymer of PLLA with
poly(ethylene oxide) (PEO) on the size of PCL droplets in
PLLA/PCL (70/30) blends. They found that the addition of 2%
of PLLA-b-PCL-b-PLLA or PLLA-b-PEO substantially reduced
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TABLE 2 | Ratios of toughness, acomp/aneat. and elongation at break,
ecomp/€neat, Of compatibilized and neat blends for various compatibilizers.

PLA/PCL  Compatibilizer acomp/aneat €comp/eneat References

70/302 2wt. % of ~3.5¢ - Vilay et al., 2010
PEO-PPO-PEQP

80/20 5 phr of - ~18 Wachirahuttapong
PEG-PPG-PEGY etal., 2016

80/20° 10 wt. % - ~9 Na et al., 2002
PCL-PEG

95/5 5 wt. % of - ~18 Finotti et al., 2016
PCL-PBDY or
PCL-PCP

80/20 5 wt. % of - 1.8 Finotti et al., 2016
PCL-PBDY

80/20 5 wt. % of - 1.2 Finotti et al., 2016
PCL-PCP

70/30 10% of PLA - 7.5 Gardella et al., 2014
substituted_ with
PLA-g-MAI

85/15) 1 wt. % of LTIK 1.8 - Takayama et al., 2011

85/15M 1 wt. % of LTIK 16! - Takayama et al., 2011

80/20 0.5 phr of LTI 8.6" 12 Harada et al., 2008

85/15 3 wt. % of GMA® 1.9P 16 Chee et al., 2013

70/30 0.3 phr of DCPY  2.5-3.8"S 5-7P Semba et al., 2007

70/30 2 wt. % of - 2.5 Monticelli et al., 2014
POSS-PCL-
PLA!

70/30 1 wt. % of - 3.7 Forouharshad et al.,
HSAGY 2015

apLLA matrix; PPolyethylene oxide-b-polypropylene oxide-b-polyethylene  oxide;
CFracture energy from tensile testing; ?Poly(ethylene glycol)-b-poly(propylene glycol)-
b-poly(ethylene glycol); ©PDLLA matrix; 'Polycaprolactone-b-poly(ethylene glycol);
9Polycaprolactone-b-polybutanediol:  "Polycaprolactone-b-polycarbonate; 'Polylactic
acid grafted with maleic anhyadride; 'Quenched sample; *Lysine triisocyanate; 'Fracture
energy; MAnnealed sample; "Notched Charpy impact strength; °Glycidyl methacrylate;
PUnnotched Izod impact strength; 9Dicumyl peroxide; "Depend on mixing conditions;
SNotched Izod impact strength; 'Polyhedral oligomeric silsesquioxane grafted with
polylactic acid-b-polycaprolactone block copolymer; UHigh surface area graphite.

the size of PCL particles; PLLA-b-PEO was more efficient
than PLLA-b-PCL-b-PLLA copolymer. Mechanical properties of
the compatibilized blends were not characterized. Vilay et al.
(2010) studied the compatibilization efficiency of a copolymer
of PEO and poly(propylene oxide) (PPO) (triblock copolymer
PEO-b-PPO-b-PEO) for PLLA/PCL (70/30) blends. They found
that the addition of the copolymer reduced the size of PCL
particles and enhanced interfacial adhesion. Fracture energy
of PLLA/PCL/PEO-b-PPO-b-PEO blends steeply increased with
the content of PEO-b-PPO-b-PEO. Wachirahuttapong et al.
(2016) studied the effect of triblock copolymer poly(ethylene
glycol)-poly(propylene glycol)-poly(ethylene glycol) (PEG-b-
PPG-b-PEG) on the morphology and mechanical properties
of PLA/PCL blends. They assumed that PEG-b-PPG-b-PEG
copolymer behaved as plasticizer in PLA/PCL blends and,
therefore, reduced size of PCL particles in blends with low PCL
contents. The elongation at break increased with the amount of
added PEG-b-PPG-b-PEG. Na et al. (2002) studied the structure,

the thermodynamic properties, and the mechanical properties
of PLLA/PCL and PDLLA/PCL blends compatibilized with
PCL-b-PEG. They showed that PCL-b-PEG copolymers can be
an efficient compatibilizer for PLA/PCL but detected only a
moderate improvement in the elongation at break. The largest
€comp/Eneat Was achieved for PDLLA/PCL (80/20) compatibilized
with 10% of PCL-b-PEG.

Finotti et al. (2016) studied the compatibilization of
PLA/PCL blends by low-molecular-weight block copolymers
of e-caprolactone with tetra-methylene ether glycol or
aliphatic polycarbonate. The addition of 5% of the copolymers
substantially reduced the size of PCL droplets in the PLA/PCL
(80/20) blends. The elongation at break of PLA/PCL was
relatively low but it increased with the PCL content. Surprisingly,
the compatibilized PLA/PCL (95/5) blends showed a high
elongation at break, which was much larger than that for
the compatibilized PLA/PCL (80/20) blends. Dias and
Chinelatto  (2019) compatibilized PLA/PCL (75/25) with
low-molecular-weight  triblock copolymer e-caprolactone-
tetrahydrofuran-e-caprolactone. Addition of the copolymer
did not lead to the reduction of the size of PCL particles and
had negligible effect on the Izod impact strength of the blend.
On the other hand, strain at break increased substantially with
copolymer content in the blend. Song et al. (2018) found a
decrease in the size of PCL particles and substantial increase in
elongation at break for PLA/PCL (80/20) and (70/30) blends after
addition of a small amount of polyoxymethylene (POM). They
explained compatibilization effect of POM as a consequence of
hydrogen bonds formation between POM and PLA and PCL
chains. The authors did not study the effect of POM on the
impact strength of PLA/PCL blends.

Reactive Compatibilization of PLA/PCL

Blends

The reactive compatibilization of PLA/PCL blends was studied
quite intensively by various authors for composition with PCL
in the range 15-30% by wt., as summarized in Table 2. Gardella
etal. (2014) studied the effect of the substitution of a part of PLA
by maleic-anhydride-grafted polylactide (PLA-g-MA) on the
morphology and toughness of PLA/PCL (70/30) blends. It was
found that the average size and the width of the size distribution
of PCL particles decreased with the amount of PLA substituted
with PLA-g-MA. Also the melting enthalpy of PLA increased
with the amount of PLA-g-MA. However, the highest increase in
the elongation at break with respect to the neat PLA/PCL (70/30)
was observed when just 10% of PLA was substituted with PLA-
g-MA, whereas higher contents of PLA-g-MA led to surprising
decrease in the elongation at break.

Takayama et al. (2011) added 1% of lysine triisocyanate (LTT)
to PLA/PCL (85/15) blends. They found that PLA/PCL/LTI
contained smaller PCL particles and had a higher fracture
energy than the original PLA/PCL blend. Annealing of the
compatibilized PLA/PCL/LTIblend lead to an increase in the PLA
crystallinity and caused an increase in the fracture energy. On
the other hand, annealing of the non-compatibilized PLA/PCL
blend was followed by a pronounced decrease in its fracture
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energy. Harada et al. (2008) compared efficiency of 4 isocyanates
at reactive compatibilization of PLA/PCL blends. They found
that LTI is the most efficient compatibilizer. Addition of LTI
during compounding led to a remarkable reduction of the
size of PCL particles and to a strong increase in the notched
and unnotched Charpy impact strengths and in the elongation
at break.

Chee et al. (2013) studied the reactive compatibilization of a
PLA/PCL blend by the addition of glycidyl methacrylate (GMA)
at blending. They found that the elongation at break and the
unnotched Izod impact strength of PLA/PCL (85/15) blend
increased with the amount of added GMA until 3%. For more
than 3% of GMA, the blend impact strength and the elongation
at break decreased with the amount of GMA. Shin and Han
(2013) studied the effects of the addition of GMA and of the
following irradiation of PLA/PCL/GMA blends. They found that
the addition of GMA without the following irradiation led to
a decrease in the size of the PCL droplets and to an increase
in the elongation at break of the PLA/PCL blends. The ratio
comp/€neat ~ 6 was achieved for PLA/PCL/GMA blends without
irradiation. The stiffness of PLA/PCL/GMA blends increased and
their elongation at break decreased with the applied irradiation
dose due to induced crosslinking.

Semba et al. (2007) studied the effect of dicumyl peroxide
(DCP) and the split of feeding on the mechanical properties of
PLA/PCL (70/30) blends prepared by a compounding in a twin
screw extruder followed by an injection molding. They found that
the elongation at break of the PLA/PCL blend was substantially
large than that of the neat PLA. It was further enhanced by
the addition of DCP. Only slight dependence of the elongation
at break on the feeding procedure was detected. Notched Izod
impact strength of PLA/PCL blend was less than twice of that for
neat PLA. Addition of DCP enhanced notch Izod impact strength
to the value about three times larger than that for neat PLA. The
differences among the final properties for the samples prepared
by various feeding procedures were lower than those caused by
the DCP addition.

Compatibilization of PLA/PCL Blends by

Means of Nanofillers
Various nanofillers were added to PLA/PCL blends with the
aim to improve their toughness. Monticelli et al. (2014)
compatibilized PLA/PCL (70/30) blends with functionalized
polyhedral oligomeric silsequioxane (POSS) molecules. POSS’s
having different functional groups and POSS’s grafted with PCL-
b-PLA block copolymers were employed. It was found that the
POSS’s containing a hydroxyl group and especially the POSS’s
grafted with PCL-b-PLA reduced the size of the PCL particles and
improved the adhesion between PLA and PCL. Only the addition
of POSS-g-PCL-b-PLA led to remarkable improvement in the
elongation at break but still to insufficient value (only to 2.5 times
of neat PLA as shown in Table 2). Impact strength of these blends
was not measured.

Urquijo et al. (2016) studied the effect of organically modified
montmorillonite (OMMT) on the structure and the mechanical
properties of PLA/PCL (80/20) blends. They found that the

stiffness of PLA/PCL/OMMT nanocomposites increased, while
the elongation at break and notched Izod impact strength
decreased with the increasing content of OMMT. The decrease
in the elongation at break was from 140% for PLA/PCL (80/20)
to 15% for PLA/PCL/OMMT (80/20/6). The notched Izod impact
strength decreased from about 30 J/m for neat blend to about 15
J/m for composite containing almost 6% of OMMT. Sabet and
Katbab (2009) showed that addition of modified montmorillonite
reduced size of the PCL particles in PLA/PCL (80/20) blends. The
effect was strengthened by further addition of maleic anhydride
grafted polypropylene. The toughness of PLA/PCL blends was
not determined in this paper.

Forouharshad et al. (2015) studied the effect of the addition
of high surface area graphite (HSAG) on the morphology and the
properties of PLA/PCL. They found a decrease in the PCL particle
size and a rather small increase in elongation at break of the
blends as a consequence of the addition of HSAG. This increase
was insufficient for practical applications because the achieved
elongation at break for PLA/PCL (70/30) blend was equal to neat
PLA only.

Summary: Compatibilization and
Toughness of PLA/PCL Blends

Analysis of the above-mentioned results leads us to the
conclusion that the improvement of the toughness of PLA/PCL
blends by the addition of a compatibilizer is caused mostly by the
fact that the compatibilizer influences the average size of the PCL
particles. In numerous compatibilized PLA/PCL blends studied
previously, the toughness had not been improved significantly
after the addition of a compatibilizer (Table 2). It seems that the
optimum size of the PCL droplets with respect to the crystallinity
of PLA (for pure PLLA and PLA with a low content of D-isomer)
is decisive also for toughness of PLA/PCL blends regardless of
the compatibilization. However, the compatibilization can help
to obtain tough PLA/PCL blends with inconvenient rheological
properties of their molten components, when the PCL particles
are too big to achieve the high toughness. This is especially
important for the blends with a high crystallinity of PLA
matrix, where small PCL particles are needed for achievement
of high impact strength of PLA/PCL blends. Moreover, a proper
compatibilizer can stabilize the size of the PCL particles in the
PLA/PCL blends during their further processing.

OUTLOOK TO PREPARATION OF TOUGH
PLA/PCL BLENDS

The analysis of literature suggests that the size distribution
of PCL particles is decisive for the toughness of PLA/PCL
blends independently of the presence of a compatibilizer. The
optimum size of the PCL particles depends on the degree of
crystallinity of PLA. The impact strength of the PLA/PCL blends
with a certain composition is extremely sensitive to the size of
PCL particles (Ostafinska et al., 2017). Therefore, the optimum
PCL particle size for the blends with a certain composition
and given crystallinity of the PLA matrix should be known in
order to prepare the PLA/PCL blend with the maximum impact
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strength. This requirement is of unusually high importance
for PLA/PCL blends in comparison with common blends of
synthetic polymers, such as polypropylene/ethylenepropylene
rubber blends (Pitt, 1990), due to a quite narrow window of the
size of PCL particles for which sufficiently high impact strength
of PLA/PCL blends can be achieved. The determination of the
optimum size of the PCL particles is not a trivial task. The
droplet size in samples prepared by some processing methods,
e.g., by injection molding, obviously varies and depends on
specific locations of the specimen. Moreover, the PLA/PCL
blends showed non-uniform phase structure (with different
zones containing smaller or bigger particles) even in samples
prepared by compression molding, which was expected to show
a weak dependence of droplet size on the specific location within
the final specimen (Ostafinska et al., 2015, 2017).

Our analysis of the results for PLA/PCL blends with a low
crystallinity of PLA matrix (up to ~10%) confirmed that previous
authors prepared blends containing PCL droplets with various
sizes, which ranged from quite small (diameters below 0.5 m)
to fairly large (diameters above 3 pum). The size of the PCL
particles depended on the choice of the rheological properties of
the blend components (through their molecular weights) and on
the methods of the blend mixing and processing. The application
of an efficient compatibilization method could reduce the size of
PCL particles and stabilize the morphology of PLA/PCL blends
during further processing.

The preparation of the PLA/PCL blends with a high
crystallinity of PLA matrix (for high stiffness at elevated
temperatures) and the optimum size of PCL particles (for
high toughness) seems to be even more difficult task. The
optimum size of the PCL particles in the PLA/PCL blends
with high-crystallinity matrix is lower in comparison to the
blends with a low-crystallinity matrix. For the blends without a
compatibilizer, the small PCL particles can be obtained only by
intensive mixing followed by fast injection molding. It should be
mentioned that not all commercial grades of PLA are designed
for injection molding. There is a certain necessary time of
annealing in the temperature range above T;; of PLA needed
for its crystallization even for the blends containing efficient
nucleation agents (Bai et al., 2012, 2013). Moreover, even short
annealing of the PLA/PCL blends usually leads to an increase
in the size of PCL particles because PLA matrix at higher
temperatures above its T, softens and PCL minority phase
above its T melts, which results in the reorganization of PCL
particles. Therefore, choice of efficient method of preparation
of PLA/PCL blends with enhanced crystallinity of PLA and
optimum size of PCL particles is very challenging. Detailed
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The present paper focuses on the effects of blending poly (e-caprolactone) (PCL)
with thermoplastic starch (TPS) on the final biodegradation rate of PCL/TPS blends,
emphasizing the type of environment in which biodegradation takes place. The blends
were prepared by melt-mixing the components before a two-step processing procedure,
which strongly affects the degree of plasticization and therefore the final material
morphology, as was detailed in the previous work, was used for the thermoplastic
starch. The concentration row of pure PCL over PCL/TPS blends to pure TPS was
analyzed for biodegradation in two different environments (compost and soil), as well
as from a morphological, thermomechanical, rheological, and mechanical point of view.
The morphology of all the samples was studied before and after biodegradation. The
biodegradation rate of the materials was expressed as the percentage of carbon
mineralization, and significant changes, especially after exposure in soil, were recorded.
The crystallinity of the measured samples indicated that the addition of thermoplastic
starch has a negligible effect on PCL-crystallization. The blend with 70% of TPS and a
co-continuous morphology demonstrated very fast biodegradation, with the initial rate
almost identical to pure TPS in both environments while the 30% TPS blend exhibited
particle morphology of the starch phase in the PCL matrix, which probably resulted in a
dominant effect of the matrix on the biodegradation course. Moreover, some molecular
interaction between PCL and TPS, as well as differences in flow and mechanical behavior
of the blends, was determined.

Keywords: poly (s-caprolactone), thermoplastic starch, biodegradation rate, soil, morphology

INTRODUCTION

The biodegradation rate of polymeric materials is a crucial issue becoming more important due
to increasing environmental concerns (Swain et al., 2004; Jayasekara et al., 2005; Rochman et al,,
2013; Narancic et al,, 2018). One of the solutions to the problem is the development and usage
of materials made of biodegradable polymers like poly (e-caprolactone) (PCL) (Funabashi et al.,
2009), starch, and others. PCL is a hydrophobic and partially crystalline aliphatic polyester with
excellent deformability (Singh et al., 2003; Imre and Pukanszky, 2013; Rudnik, 2013), but some of
its characteristics, e.g., low melting temperature (Ty, ~ 60°C) (Funabashi et al., 2009; Diiskiinkorur,
2012) or relatively low strength, prevent a broader application of this polymer, which is at present
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very popular, e.g., for biomedical or tissue applications (Singh
et al., 2003; Leja and Lewandowicz, 2010; Chang et al., 2017).
The use of PCL materials in the food-packaging industry and
agriculture is very advantageous due to their resistance to water
and oil, non-toxicity, and biodegradability (Funabashi et al,
2009; Rudnik, 2013). Therefore, many attempts have been made
to combine PCL with other polymers to modify its properties and
degradation in the environment (Bastioli, 1998; Averous et al.,
2000; Wang et al., 2003; Campos et al., 2012; Mittal et al., 2015;
Ostafinska et al., 2015).

A parallel interest in the field of developing new and especially
inexpensive and biodegradable materials has led to a substantive
amount of research in polymer blends containing starch (Wang
et al., 1995; Averous et al., 2000; Avérous, 2004). Starch is a
mixture of amylose and amylopectin (Sessini et al.,, 2018). In
order to obtain a homogeneous thermoplastic material, native
starch must be plasticized to disrupt the starch grains and reduce
the amount of intramolecular and intermolecular hydrogen
bonds. Thermoplastic starch (TPS) is generally prepared by
gelatinization of native starch (Avérous, 2004) in the presence of
an appropriate plasticizer under the influence of heat and shear
(Wangetal., 2003; Parulekar and Mohanty, 2007). Thermoplastic
materials based on starches can be prepared by solution casting,
melt mixing, or the combination of both methods, which was
described in detail in our previous work (Ostafinska et al.,
2017a). Unfortunately, the application of materials based on
thermoplastic starches is still limited because of their poor water
resistance and low mechanical strength (Wang et al., 2003).

For the reasons mentioned above, PCL/TPS blends seem to
be interesting and promising low-cost biodegradable materials
with tailored properties, and have thus recently been extensively
investigated (Avérous, 2004; Rudnik, 2013; Villar et al., 2017).
The final properties of immiscible polymer blends depend
directly on their morphology, which is affected particularly
by blend composition and interfacial tension, but also by
rheological properties of blend components and processing
conditions (Horak et al,, 2005; Imre and Pukdnszky, 2013).
Depending on the origin of native starch, and thus on the
amylose and amylopectin content, the viscosity and elasticity
of the plasticized materials can vary substantially (Huneault
and Li, 2012; Nevoralova et al,, 2019). Due to immiscibility
of PCL and starch (Shaw, 1985), PCL/TPS blends exhibit
heterogeneous phase structure (Imre and Pukanszky, 2013).
Therefore, it is obvious that the optimization of the rheological
properties of any immiscible polymer blend including PCL/TPS
and the resulting morphologies is essential to obtain materials
with balanced end-use properties tailored to specific application
(Fortelny et al., 2008). Nevertheless, to the best of our knowledge,
both the rheological behavior and the morphology of starch-
based biodegradable polymer blends have not been discussed
in detail.

Depending on the morphology and surrounding conditions,
each polymer degrades at least to some extent. Generally,
polymers can be described as degradable when degradation
leads to a reduction in molecular weight by chain scission
of the main chain on a certain time scale depending on
environmental conditions and on whether the final products

are of low molecular weight. In biodegradable polymers, the
cleavage of the chain is often caused by enzymatic processes
that are usually accompanied and supported by physicochemical
phenomena leading to a complete degradation of the polymer
(Imre and Pukdnszky, 2013). According to several authors
(Wang et al, 2003; Khatiwala et al., 2008; Mudhoo et al.,
2011), PCL, as a member of the aliphatic polyesters group,
is a material susceptible to microbial degradation. According
to Bastioli, a product can be claimed as biodegradable even
though the PCL homopolymer biodegradation rate is very low
(Bastioli, 1998). The biodegradation of PCL involves a simple
hydrolysis of ester bonds and/or an enzymatic attack (Albertsson
and Varma, 2002; Rutkowska et al., 2002; Diiskiinkorur, 2012).
The biodegradability of PCL was observed in the presence of
microorganisms in diverse environments, including river and
lake waters, sewage sludge, farm soil, paddy soil, creek sediment,
roadside sediment, pond sediment, and compost (Rutkowska
et al, 2002; Khatiwala et al., 2008; Leja and Lewandowicz,
2010). During the degradation process in a biotic environment,
the amorphous fraction of PCL degrades before the crystalline
fraction (Leja and Lewandowicz, 2010).

According to literature, PCL can be biodegraded within a
period ranging from a few months to several years depending
on its molecular weight, degree of crystallinity, morphology,
porosity, sample thickness, and the surrounding environment
(Labet and Thielemans, 2009; Leja and Lewandowicz, 2010). It
is assumed that the low melting point of PCL should be favorable
for composting as a means of disposal, because the temperature
obtained during composting is usually around or above PCL
melting temperature (60°C). Sanchez et al. mentioned that
thermophilic composting is one of the promising technologies
for transforming biodegradable plastics into fertilizers (Sanchez
etal., 2000). Jayasekara and co-workers reported that molar mass
and crystallinity are the main factors affecting biodegradability
(Jayasekara et al., 2005). Furthermore, it has been reported
that the presence of polysaccharides in the case of mixtures
enhances the biodegradation rate of PCL (Vroman et al., 2009;
Diiskiinkorur, 2012). Many authors have also pointed out that
the degradation of the more readily biodegradable component
controls the rate of degradation of polymer blends (Jayasekara
et al.,, 2005; Leja and Lewandowicz, 2010).

From the biodegradation environment point of view there
are a lot of studies with inconsistent conclusions. On the one
hand, PCL appears to be readily biodegradable under industrial
composting conditions defined by ISO 14855. On the other
hand, reports on PCL biodegradability in soil reveal a surprising
variability of results from fast degradation characterized by a PCL
mass loss of 95% in 1 year (Potts et al., 1973) or even about 90%
in 5 months (Narancic et al., 2018) to very slow biodegradation
of the same material expressed by a mass loss of only 32%
after 2 years (Innocenti, 2005). Such an extreme inconsistency
is hard to explain, especially since some important details of
the material parameters or the soil environment used were
not always comprehensively stated in all the studies (Innocenti,
2005). Generally, the molecular weight (My) of the polymer
appears to play an important role in the PCL biodegradation
(Cesur, 2018).
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Blends of PCL and starch are assumed to be completely
biodegradable because each component of the blends is readily
biodegradable (Iwamoto and Tokiwa, 1994; Vikman et al., 1999;
Wang et al., 2003; Jayasekara et al., 2005). The rate of degradation
of polymer blends is initially controlled by the degradation of the
more readily biodegradable component. The initial degradation
process interferes with the structural integrity of the polymer
and considerably increases the surface area for enzyme attack.
The exposure of the remaining polymer to microbes and secreted
degradative enzymes is then enhanced (Jayasekara et al., 2005).
Increasing the hydrophilicity of the polymers should increase
their susceptibility to enzymatic attack, so this should also
be seen on the rate of biodegradation of PCL/TPS mixtures
depending on the ratio of these components (Jayasekara et al.,
2005). Vikman et al. analyzed PCL/TPS samples prepared in
the piece form and in the milled form (Vikman et al., 1999).
The authors reported that the surface area of the samples was a
very important parameter for biodegradation and that the PCL
layer on the surface of the blend slowed the biodegradation
process. In addition, the degradation of this blend was more
rapid at higher blending temperatures, a fact that the authors
associated with a coarser phase structure of the blend. Generally,
it is often very difficult to compare published results because of
different starch types used, as this significantly affects the course
of biodegradation experiments, too. Although the topic of PCL
blends with TPS has been the center of attention for several years,
the effect of their morphology on the rate of biodegradation has
not been systematically studied enough.

The aim of this paper is to contribute to a better understanding
of the relationships between the composition and the PCL/TPS
blend’s morphology and following from that their biodegradation
rate in two different environments—compost and soil.

EXPERIMENTAL

Materials

The polymers used in this study were commercial polyester—
poly(e-caprolactone) Capa 6800 (PCL) supplied by Perstorp
Group (Sweden) in granular form with an average molecular
weight of My, 80,000 g-mol~! and the melting point of 58°C, and
wheat starch A “Soltex NP1,” provided by Amylon a.s. (Czech
Republic). Anhydrous glycerol from Lachner (Czech Republic)
with purity > 99% was used as a plasticizer. Hydrochloric acid
(HCI) was purchased from Lachner (Czech Republic). Aqueous
solutions were prepared using distilled water.

Preparation of Blend Samples

The PCL/TPS-blends and their neat polymer samples were
prepared by melt-mixing procedure in micro-extruder
DSM (Netherlands).

Thermoplastic starch component of blends was prepared by a
two-step process, which was described in detail in our previous
work (Ostafinska et al., 2017a). During this procedure, the starch,
glycerol (30 wt. %) and distilled water (water/starch = 6/1)
were premixed with a magnetic stirrer for 30 min at laboratory
temperature and then the mixture was kept in conditions of
continuous agitation for another 15 min at elevated temperature

(above 65°C) until the viscosity increased significantly. Then the
mixture was cast in a Petri dish into a form of about 2-mm-thick
film and dried at laboratory temperature (at relative humidity RH
= 50-55%) for 2-3 days, followed by 4 days in a desiccator with
saturated solution of sodium bromide (RH = 57%) (Ostafinska
et al,, 2018). In the following step, the thermoplastic starch film
was cut into small pieces and after that homogenized by melt-
mixing at screw speed of 160 rpm and temperature of 130°C for
8 min. Finally, the TPS-material was compression-molded in a
Fontijne Grotnes (Netherlands) hydraulic press at 130°C (2 min
at 50 kN and then 1 min at 100 kN) into rectangular specimens
with a thickness of 2mm and 4 mm, which were subsequently
cooled down to laboratory temperature for 15 min.

The blends were prepared by the melt-mixing of PCL (dried
in vacuum oven at 40°C for 12h) together with homogenized
TPS at the same conditions as those of homogenization TPS-
procedure in the respective weight ratio of the individual blend’s
components (PCL/TPS 70/30, 50/50, and 30/70). Due to a relative
low melting point of PCL, the blending temperature of neat PCL
was set to 120°C.

Methods of Characterization

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was carried
out in a TA Instruments Q2000 calorimeter with nitrogen as
purge gas (50 cm?® min~!). The instrument was calibrated using
indium as a standard. Samples of ~10 mg were encapsulated
into aluminum hermetic pans. The analysis was performed in a
heating-cooling-heating from —90 to 150°C cycle at a constant
heating rate of 10°C-min~!. The crystallinity degree (X.) of
samples was calculated by the following equation (1):

Hp,
—— x 100
W x H°

m

X, = (1)

where H,, is the experimental fusion enthalpy []g_l], H?n is the
fusion enthalpy of 100% crystalline PCL, which is, according to
Nagata and Yamamoto (2009), equal to 135 Jg~!, and W is the
weight fraction of PCL in the sample. The values presented in the
paper are average values from two independent measurements.
Therefore, no standard deviations were evaluated. Generally, the
reproducibility of these measurements was very good, and the
values did not differ by more than 5%.

Scanning Electron Microscopy

The phase structure morphology of the PCL/TPS blends and
homogeneity of their pure components were observed with a
scanning electron microscope (SEM) Quanta 200 FEG (FEI,
Czech Republic) using secondary electron imaging at 10 kV.
Before the observation in the SEM, the samples were fractured in
liquid nitrogen, then the fractured surface was smoothed, and the
TPS-phase of cryo-fractured surface of all blends was etched out
in 6 N HCl solution for 10 min. The prepared samples were fixed
on a metallic support with a conductive silver paste (Leitsilber
G302; Christine Groepl, Austria) and finally sputtered with ~4-
nm-thin platinum layer by means of a vacuum sputter coater
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SCD 050 (Balzers, Liechtenstein) in order to prevent charging
and minimize sample damage due to the electron beam.

Rheological Characterization

Rheological behavior of the investigated materials was studied
using a rotational rheometer Physica MCR 501 (Anton Paar
GmbH, Austria) equipped with a convection temperature device
(CTD 450) in dynamic mode. To minimize the water evaporation
effect before the measurement, all the samples were stored in
a desiccator. The basic rheological characteristics of PCL/TPS
blends and their neat components were examined in oscillatory
shear flow using parallel-plate geometry with a plate diameter
of 25 mm. Frequency sweep experiments were performed in the
frequency range from 107! to 10% rad/s at strain amplitude of
0.05% and constant temperature of 120°C. Linear viscoelasticity
region was determined by dependence of the storage modulus
on strain amplitude of deformation at constant frequency of
1Hz. The thermal stability of the materials during rheological
measurements was confirmed by time sweeps experiments at
120°C. To ensure uniform temperature field all samples were
equilibrated for 2 min prior to the measurements start.

Thermo-Mechanical Characterization

The thermo-mechanical characterization of investigated
PCL/TPS blends and neat components was tested by dynamic
mechanical thermal analysis (DMTA) in rectangular torsion
geometry using the same rheometer used for their basic
rheological characterization. Temperature sweeps were carried
out in the temperature range from —80 to 150°C with the heating
rate of 3°C min~! at constant frequency of 1 Hz and strain of
0.05% set on the base of an amplitude sweep. The results of the
three specimens of each material were averaged.

Micro-Indentation Hardness Testing

Micromechanical properties of the samples were characterized
by means of instrumented micro-indentation hardness testing
(Micro-Combi Tester, CSM Instruments, Switzerland). Smooth
surfaces for micro-indentation testing were prepared from
compression molded plates (thickness 2mm), which were
also used for the above-described rheological and DMA
measurements. The plates were cut perpendicularly with a rotary
microtome (RM 2255; Leica, Austria) using a freshly broken
glass knife (Glass Knife Maker EM KMR3; Leica, Austria). For
each sample, at least two independent cut surfaces were prepared
and at least 15 indentations were performed on each surface.
Therefore, each micromechanical property represents an average
of at least 30 independent measurements. The indentations
were performed with a diamond square pyramid with geometry
according to Vickers (angle between two non-adjacent phases
136°). The indenter was forced against the polymer surface with
the following parameters: maximum load F = 50 gf (490.5 mN),
dwell time (time of maximal load) t = 60's, and fast linear loading
and unloading rate 24,000 mN/min (400 mN/s). For given
experimental conditions, the average size of the imprints was
>100 pm, which was higher than the average size phase domains
in all studied systems. Consequently, the micro-indentation
results represented the whole system and could be compared

with macroscopic properties. Final F-h curves (where F is the
loading force and h is the penetration depth) were employed in
the calculation of four micromechanical properties: indentation
hardness (Hyr), indentation modulus (Err), indentation creep
(Cr1), and the elastic part of the indentation work (nr).
All calculations were performed within the original software
coming with the indenter (Indentation 5.18, CSM Instruments,
Switzerland), according to the theory of Oliver and Pharr (1992);
the details about the calculation of Cyr and nyp were described
elsewhere (Herrman, 2011; Slouf et al., 2018).

Biodegradation Tests

Biodegradation Under Composting Conditions

The method utilized was based on a previously published
protocol by Diimal et al. (2007) with some modifications.
Biodegradation tests were performed in 500 ml biometric flasks
equipped with septa mounted on stoppers. Three components
were weighed into the flasks: polymer film samples cut into 2 mm
pieces (100 mg), mature compost (2.5 g of dry weight) and perlite
(5g). Sample flasks were incubated at 58°C. Head space gas
was sampled at appropriate intervals through the septum with a
gas-tight needle and conducted through a capillary into the gas
analyzer (UAG, Stanford Instruments, USA) to determine the
concentration of CO,. From the CO; concentration found, the
percentage of mineralization relative to the carbon content of the
sample was calculated. The endogenous production of the CO,
by compost in blank incubations was always subtracted to obtain
values representing net sample mineralization.

Biodegradation in Soil Condition

The laboratory procedure used was based on ISO 17556 but
was miniaturized and adapted for small laboratory samples
of materials. Biodegradation tests (Stloukal et al., 2016) were
realized in 500 mL flasks with septa mounted on the stoppers.
The flasks contained polymer samples (50 mg), topsoil [15g,
perlite (5.0 g) and mineral medium (10.8 mL)]. The flasks were
incubated at 25°C. Head space gas was sampled at appropriate
intervals through the septum with a gas-tight needle and
conducted through a capillary into the gas analyzer (UAG,
Stanford Instruments, USA) to determine the concentration
of CO;. The percentage of net mineralization with respect to
the carbon content of the initial samples was calculated. Three
parallel flasks were run for each sample, along with four blanks.

RESULTS AND DISCUSSION

Characterization of the Prepared Materials
Differential Scanning Calorimetry
Differential scanning calorimetry measurements of all samples
reveal structure changes of PCL/TPS blends induced by blending
with different TPS amounts (Table 1). The crystallinity (X.) of
the samples was calculated from the DSC curves recorded at the
second heating ensuring the same thermal history of the samples.
The DSC curves can be found in a Supplementary File.

With increasing amount of starch in the PCL/TPS blends
Tm of PCL slightly decreased, which is in agreement with
measurements of Averous et al. (2000). Rather negligible changes
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TABLE 1 | Differential scanning calorimetry results for the PCL/TPS samples.

Physical PCL PCL/TPS PCL/TPS PCL/TPS
quantities 70/30 50/50 30/70
Tm [°C] 57.3 56.7 56.7 55.8
T [°C] 30.8 30.2 28.2 26.7
AHn [J-g71] 66.9 73.5 67.3 59.5
Xe [%] 49.6 54.5 49.9 441

in Ty, partially within the experimental error of the measurement
do not allow any conclusions regarding the PCL melting
behavior changes induced by blending with TPS. No effect of
the TPS on the PCL melting indicates immiscibility of PCL
and thermoplastic starch. Contrary to this finding, Mittal et al.
(2015) observed a significant decrease in Ty, with increasing
the TPS amount in the PCL/TPS blends, from which a partial
miscibility or strong interactions between the components was
deduced. A possible explanation of these contradictory findings
in the literature can be seen in properties of thermoplastic
starches used, which can differ significantly in composition
(amylose/amylopectin ratio) and/or plasticizing system (type and
amount of plasticizer). The proportion of PCL crystalline phase
X, increased after addition of 30% of TPS. This increase in
matrix crystallinity in the presence of particles of minority phase
is attributed to an enhanced nucleation at the interface (Sakai
et al,, 2009; Zhang et al., 2011). The enhanced nucleation by the
interface can be further inferred from a decrease of T, of PCL
in PCL/TPS 50/50 and 30/70 blends. Although the crystallinity
of the blend with 30 weight percent of TPS in comparison with
the pure PCL slightly increased, the further increase in TPS
content in the blends already led to the crystallinity decrease
(PCL/TPS 50/50 and 30/70). In contrast to PCL/TPS (70/30)
in the blend with 70% of TPS, the crystallinity is lower in
comparison with the neat PCL. This blend has a co-continuous
structure as it is shown in the following chapter with partially
fine PCL domains. In such case geometrical constraints can
suppress mobility of polymer chains and their crystallization.
Since the DSC method is not sensitive enough for determination
of glass transition in the case of semicrystalline polymers [often
used for glass transition and crystallization temperature detection
(Qiu et al., 2003)], the influence of adding different amount of
TPS on changes of the glass transition of the final materials
was not convincing. Therefore, these transitions were also
analyzed by more sensitive DMTA method (see below Figure 3
and Table 2).

Morphology Before Biodegradation

The micrographs in Figurel display a representative
morphology of the investigated samples before their composting
or soil exposure. Figures 1A,E show a typical pure component
morphology of the blend, ie., PCL and wheat thermoplastic
starch, respectively. Due to the plasticization procedure used,
the TPS structure was almost homogeneous, in agreement
with our previous work (Ostafinska et al., 2018). The other
three micrographs, Figures 1B-D, demonstrate appropriate

heterogeneous structure of the PCL/TPS blends. Polymer blend
structure depends on many factors (processing conditions, ratio
of blend components, etc.) and, thus, resulting morphology
can vary. PCL/TPS 70/30 blend exhibits particle morphology
of starch phase in PCL matrix (see Figure 1B). The size of TPS
particles is typically in the range of few microns. Such a rather
fine structure is in agreement with other studies on PCL/TPS
blends found in the literature (Li and Favis, 2010; Huneault
and Li, 2012) and suggests good compatibility between PCL
and TPS. As pointed out by Huneault and Li (2012) and Koh
et al. (2018), the compatibility in the TPS blends is influenced
by the type and amount of plasticizing system, which affects
both the viscosity of the TPS and the interactions between
the blend components. A blend with 50 and 75% of TPS (see
Figures 1C,D) shows morphology with irregular TPS domains.
However, these starch domains are pronouncedly finer in a 50/50
blend (Figure 1C) than in the case of the PCL/TPS 30/70 blend
(see Figure 1D). Although exact analysis of phase continuity
was not performed, the structures observed are considered
co-continuous, because by selective etching of both components,
i.e., TPS by HCI and PCL by tetrahydrofuran (not shown) the
specimens did not lose mechanical integrity. Formation of
co-continuous structure in this blend is supported by distinctly
lower viscosity of PCL in comparison with starch phase (see
Figure 2B). Therefore, PCL, albeit a minority component, tends
to form a continuous phase. Furthermore, Li and Favis (2010)
proposed that a broad range of co-continuity in TPS blends
can be explained by the high elasticity of the TPS component
displaying gel-like behavior in the molten state (cf. Figure 2A
and the discussion in the following section). On the one hand,
a high elasticity prevents the deformation of molten particles
in the flow; but on the other hand, once the particles are
deformed, the elasticity hinders coalescence and/or retraction of
irregular domains in the spherical shape and thus stabilizes the
phase structure.

Rheological Characterization

The obtained rheological results clearly show relationship
between specific concentration ratio of the blend components
and the resulting rheological properties. Frequency sweeps of
all analyzed samples at the temperature of 120°C are shown in
Figure 2.

The frequency dependence of the storage modulus
(Figure 2A) of the blends and the neat PCL and TPS plasticized
by a two-step process exhibited a relatively large increase in the
modulus of elasticity of more than 4 orders of magnitude with
increasing TPS ratio in blend at an angular frequency of 0.1 rad/s.
The blends containing 50% of TPS and more, which exhibit
co-continuous phase structure (cf. Figures 1C,D), demonstrated
gel-like behavior with nearly the same slope of the storage
modulus curves. Since both the storage and loss modules ran in
parallel, the corresponding damping factors (tan 8 = G /G ) were
almost constant in the whole frequency range measured, except
for the first point at the lowest angular frequency. Moreover,
the damping factor of these blends is smaller than one, i.e.,
solid-like behavior dominates. On the contrary, the PCL/TPS
70/30 sample, i.e., the system with the smallest amount of starch
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FIGURE 1 | SEM micrographs of smoothed pure components (A) PCL, (E) TPS and of smoothed etched surfaces of polymer blends, (B) PCL/TPS (70/30), (C)
PCL/TPS (50/50), and (D) PCL/TPS (30/70) before biodegradation. Holes in the images correspond to TPS component of the blends etched off with 6 N HCI solution.

phase, showed a higher loss modulus than storage modulus
values, meaning that the blend displayed behavior closer to pure
PCL. PCL also demonstrated the lowest viscosity as expected
(Figure 2B). Based on the recorded frequency dependencies of
the complex viscosities of all melts (Figure 2B), the values have
been increasing with increasing amount of TPS.

Dynamic Thermo-Mechanical Characterization

The thermo-mechanical behavior of the PCL/TPS blends, which
was analyzed by dynamic mechanical thermal analysis, is
shown in Figure 3. The thermodynamic results have provided
information about the differences in flow behavior of the
studied materials considering the weight ratio of blend
components from the region below glass transition temperatures
to their processing temperature. Thermal transitions, i.e., glass
transitions of PCL- and TPS-phase of prepared materials, were
determined from the maxima of the damping factor dependence
on temperature.

The TPS displayed two glass transition temperatures
corresponding to the glycerol-rich and starch-rich phases at —63
and 6.6°C, which is a typical feature of plasticized starch materials
(Averous et al., 2000; Taguet et al., 2009; Li and Favis, 2010).
The discussion of the thermal behavior of the PCL/TPS blends
is complicated by the fact that the peaks of the glass transitions
of the PCL and glycerol-rich TPS phases are overlapping (Tg
of PCL was —58.1°C and Ty of glycerol-rich phase of TPS was
—63°C). The PCL/TPS blends in this region 1 glass transition

Tg1 gradually decreasing with TPS content (Table 2). Therefore,
it is hard to draw any strict conclusion about the miscibility of
PCL and TPS from this shift. The glass transition temperature of
the starch-rich phase Ty, in all the blends has been shifted from
6.6°C for neat TPS toward lower temperatures with increasing
PCL content to —6.0°C for the PCL/TPS 70/30 blend (Table 2).
In accordance with literature (Zhang et al., 2011), from this
finding, strong molecular interactions based on hydrogen bonds
between the carbonyl groups of PCL and hydroxyl groups of
thermoplastic starch could be inferred (Matzinos et al., 2002;
Rodriguez-Gonzalez et al., 2004). In the specific case of PCL and
TPS, the situation is even more complicated, because PCL is
soluble in glycerol, used as a plasticizer for TPS, at the processing
temperature of 120°C. Moreover, phase separation in the TPS
phase after blending leading to formation of a glycerol-rich layer
at the interface is reported in the literature (Taguet et al., 2009;
Koh et al., 2018). Thus, redistribution of glycerol between the
PCL and TPS phases during melt mixing and subsequent cooling
cannot be excluded.

All the blends demonstrated viscoelastic solid behavior in the
whole temperature range, except for the blend with 30 wt. % of
TPS, which changed to viscoelastic liquid at about 80°C. This
change is characterized by the intersection of the G’ and G”
curves (tan § = 1). Based on this result and in agreement with
the frequency sweeps data (Figure 2), it could be concluded that
in the PCL/TPS 70/30 blend, the PCL-phase has a dominant effect
on the final rheological properties. Among all sample types, this
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FIGURE 2 | Dependence of (A) storage modulus G" and damping factor tan 8,
and (B) complex viscosity |n*| on the angular frequency o of PCL/TPS-blends
and their neat components (T = 120°C and strain amplitude of 0.05%) (the
dashed line shows tan § = 1).

blend and neat PCL showed behavior advantageous for example
from the processing point of view.

For an evaluation of the compatibility of polymer blend
components from rheological data logarithmic additivity rule
is commonly used. This approach was adopted for complex
modulus values at 25°C extracted from dynamic thermo-
mechanical measurements. Fully immiscible blends usually show
negative deviations from the additivity rule. As can be seen
from Figure 4, the complex modulus follows the logarithmic
additivity rule with a high accuracy. This agreement implies
that the interfacial adhesion is high enough to ensure the
stress transfer between phases and that PCL and TPS can be
considered compatible.

Micro-Indentation Hardness Testing
Another tool for characterizing blend compatibility is
the micro-indentation technique. The complete results
of micro-indentation hardness testing measurements are
summarized in Table 3.

The comparison of the micro-indentation results with
predictive models is given in Figure 5.

10'
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FIGURE 3 | Temperature dependence of damping factor tan § of PCL/TPS
blends and their pure components (the dashed line shows tan § = 1).

TABLE 2 | Glass transition temperatures (Tg¢ and Tgz) of the samples.

Temperature [°C] PCL PCL/TPS PCL/TPS PCL/TPS TPS
70/30 50/50 30/70
Tg1 —58.1 —58.2 —59.6 —62.2 —63.0
Tgo -6.0 -2.9 0.4 6.6
L
‘T
< 1001 - )
= ' Linear fit (R"= 0.99)
(2]
=
= §
el
§ "
x
o
o
£ .
O
10 T T T T T T
0.0 0.2 04 0.6 0.8 1.0
Volume ratio of TPS [-]
FIGURE 4 | Dependence and linear fit (red line) of the complex modulus
absolute value |G*|of PCL/TPS blends and their neat components on blend
composition at frequency of 1 Hz, strain of 0.05% and temperature of 25°C.

To the first approximation, all the properties can be compared
with the linear model (additivity law; dotted lines in Figure 5).
The additivity law predicts that any final property of the
system (P) is a linear combination of the properties of
individual components:

P= Z v,-P,- (2)
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where v; and P; are volume fractions and given properties of
the individual components, respectively. The additivity law holds
very well for polymer composites with infinitely long oriented
fibers or for semicrystalline polymers (containing amorphous
and crystalline phases). For most other polymer systems,
however, the additivity law represents the upper achievable
limit unless synergistic effects are observed (Ostafinska et al,
2017a; Ostafinska et al., 2018). In most cases, real mechanical
properties are below the additivity law predictions due to
the interface, which usually represents the weakest point.
This was observed for all micromechanical properties in
this work (Err, Hyr, Crr, and nr-Figures 5A-D), but the
negative deviations from additivity law were rather small, which
indicated sufficient interfacial adhesion between the components
(Slouf et al., 2007). The strong interfacial adhesion, suggested

TABLE 3 | Results of micro-indentation hardness testing (the values present
arithmetic mean and standard deviation from 30 independent measurements).

by the behavior of Err, Hir, Cir, and mrr, was consistent
with other results in this study: (i) the non-etched fracture
surfaces displayed no clear interface between the two phases,
Figure 1, and (ii) dynamic thermo-mechanical measurements
(Figure 4).

Moreover, the strong interfacial adhesion and good
compatibility between TPS and PCL could be confirmed by
the application of the equivalent box model (EBM; described
in Kolarik, 1995, 1996), which could be applied to Err and Hir
(but not for Crr and nrr, which are beyond the EBM scope).
Consequently, we could compare Err and Hyt experimental data
with the theoretical EBM predictions:

V2

Ey=Ewvipy+Evy+ ———F—= (3)

[(2) + (%))

Hy = Hivip + Hyvap + AHyvs (4)

Code of sample  Hir [MPa]  Eif [GPa] Crr [%] i [%] The details of the EBM model and the meaning of all its
parameters were described elsewhere (Kolarik, 1996; Ostafinska
PCL 51.6+16  068+£002 106+03  434+03 et al, 2017a,b). Briefly, E;, and Hy, represent the indentation
PCL/TPS 70/30 81.3+£12 0504002 166+£05 338+09  modulus and hardness of the blend, E; and H; stand for the
PCL/TPS 50/50 202+£09 042+£0038 2564+09 253+10  elastic modulus and the hardness of the individual components,
PCL/TPS 30/70 11.3£06 087+£003 402411 147+08  and vy represents volume fractions of the components (the first
TPS 59+05  024+005 656+32 101+11  subscript identifies the components and the second subscript
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FIGURE 5 | Comparison of experimentally determined micromechanical properties (Err, Hyr, Crr, and nyr) with predictive models (dotted line = linear model/additive
law, and dashed lines = EBM model). The linear model is applicable to all properties (A-D); EBM theory has been developed and verified only for £t (A) and Hir (B).
In case of Hr, (B) the EBM prediction was calculated for both perfect interfacial adhesion (Equation 4 with A = 1; short dashed line) and for zero interfacial adhesion
(according to Equation 4 with A = 0; long dashed line).
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determines the volume of the component in parallel and
serial branch of the EBM model, which correspond to the
volume fractions with continuous and particulate morphology,
respectively). The continuity of the components (i.e., the volume
fractions vj) can be determined experimentally or estimated
from percolation theory that predicts that continuity of the
minority component starts at critical volume fraction v, =
0.156. Although the default, percolation theory-based value of
the critical volume fraction (v = 0.156) may seem rather
low, many previous studies documented that EBM predictions
calculated with this default value were in very good agreement
with experimental results (Kolarik, 1996; Vackovd et al., 2012;
Ostafinska et al., 2015; Ostafinska et al., 2017a,b). In order
to understand v parameter properly, it is also important to
realize that it represents the composition at which a small
fraction of minority phase may start to be continuous according
to percolation theory, while most of this phase still exhibits
particulate structure. This is more evident if we calculate all
volume fractions vj (i.e., vip, vap, Vis, and vys in Equations
3 and 4) as described elsewhere (Kolarik, 1996; Ostafinska
et al., 2018). Therefore, default value of critical volume fraction
may be regarded as a parameter, which (i) represents the
theoretically predicted composition at which the first signs of
co-continuity may appear and which (ii) corresponds reasonably
well with experimental results if more detailed analysis of
morphology for given system is not available (Kolafik, 1995,
1996, 2000). The last parameter A describes interfacial adhesion
(the values A = 0 and 1 mean negligible and perfect adhesion,
respectively). We performed the EBM calculations (based on
default v, = 0.156) for both Er and Hyr (Figure 5, dashed
lines). Moreover, for Hir, the calculation was made for both
minimal interfacial adhesion (A = 0; short dashed line) and
maximal interfacial adhesion (A = 1; long dashed line). The
fact that the experimental values of Ejr were higher than
the EBM predictions (Figure 5A) indicated good compatibility
and strong interface between PCL and TPS (Kolatik, 2000;
Vackova et al., 2012; Ostafinska et al., 2018). The good PCL/TPS
compatibility was confirmed also by the experimental values
of Hir (Figure 5B) which corresponded better to the EBM
prediction based on maximal interfacial adhesion (Figure 5B,
short dashed line corresponding to Equation 4 with A = 1) than
to the EBM prediction based on minimal interfacial adhesion
(Figure 5B, long dashed line corresponding to Equation 4 with
A = 0). If the blends had been incompatible (i.e., if the interfacial
adhesion was negligible and A = 0), the experimental values of
Hir ~ Y would have shown a local minimum as documented
elsewhere (Kolatik, 1995; Slouf et al., 2007). Furthermore,
the good interfacial adhesion in our PCL/TPS systems was
indicated not only by the micro-indentation experiments
described in this section, but also by rheological measurements
described in the previous section (see Figure4 and its
discussion above).

The applicability of the EBM model to micromechanical
properties has been justified theoretically and verified
experimentally in our previous studies (Ostafinska et al,
2015; Ostafinska et al., 2017a,b; Ostafinska et al., 2018). We
conclude that all micromechanical properties (Err, Hir, Cir
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FIGURE 6 | Biodegradation rate of PCL/TPS blends and their pure
components under the composting conditions.
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FIGURE 7 | Biodegradation rate of PCL/TPS blends and their pure
components in soil conditions (T = 25°C).

and nyr) were close to the linear model predictions and two
micromechanical properties (Err and Hyr) were higher than the
EBM model predictions, which could be attributed to the very
good compatibility and strong interfacial adhesion between the
blend components.

Biodegradation

Biodegradation Under Composting Conditions

The conditions of industrial composting are characterized by the
temperature of 58°C, which is already in the melting temperature
region of PCL. Consequently, the crystalline parts of PCL do not
represent an obstacle for enzymes and the biodegradation of all
the materials was relatively rapid (see Figure 6). However, still
the initial rate of biodegradation reflected the content of the easily
biodegradable starch. In PCL/TPS 30/70, the curve even followed
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the initial fast phase, which probably witnesses the build-up of the ~ Biodegradation in Soil Conditions

microbial biomass. In the later phase of the biodegradation the =~ Very fast biodegradation of the neat TPS reached about 70%
materials with higher PCL contents, even pure PCL, aligned with ~ mineralization at the end of the experiment (see Figure 7). It
the other materials and reached the total biodegradation almost  is not unusual that a fast degrading material does not reach a
simultaneously. Thus, all the PCL based blend materials were  higher level of mineralization because an important part of the
well compatible with the composting as an eventual projected  carbon is bound in the biomass and subsequently released on
end-of-life solution. The biodegradation of several samples over ~ a much slower rate. ISO 17556 (2012) expects validity of the
100% is not unusual especially in compost environment, which  test at a minimal 60% mineralization of an easily degradable
contains a large amount of organic carbon. The part of this  reference material. Biodegradation in soil was governed by the
carbon can be mobilized by the microorganisms induced with the ~ PCL content in the materials. As mentioned in the introduction,
sample addition. soil biodegradation of the different PCL grades can differ

(A)

Fungal filaments,
~ (hyphae)

FIGURE 8 | SEM micrographs of sample surface: (A) PCL, (B) PCL/TPS 70/30, (C) PCL/TPS 50/50, (D) PCL/TPS 30/70 before biodegradation and (E) PCL, (F)
PCL/TPS 70/30, (G) PCL/TPS 50/50, (H) PCL/TPS 30/70 after 20 days of biodegradation in soil.

Fungal filaments
(hyphae)

FIGURE 9 | SEM micrographs of fracture surfaces: (A) PCL, (B) PCL/TPS 70/30, (C) PCL/TPS 50/50, (D) PCL/TPS 30/70 before biodegradation and (E) PCL, (F)
PCL/TPS 70/30, (G) PCL/TPS 50/50, (H) PCL/TPS 30/70 after 20 days of biodegradation in soil.
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considerably, depending mainly on the molecular weight of the
polymer and the crystallinity of the resulting material. Here,
relatively high molecular weight PCL was used, so it could be
expected that the biodegradation of PCL and the PCL phase in the
blends could be retarded. The initial rate of the biodegradation
clearly reflected the morphology of the materials. The PCL/TPS
30/70, in which the starch forms a continuous phase, decomposed
at the initial rate almost identical to the neat TPS. In contrast, the
PCL/TPS 50/50 and the PCL/TPS 70/30 were initially mineralized
at much slower rate, probably because the continuous PCL
phase restricted to some extent the availability of TPS to the
enzymes. It was not clearly evident whether the TPS content
was able to accelerate the biodegradation of the PCL phase,
on the other hand, the PCL content was successfully used to
retard the biodegradation of the TPS phase, which could be
useful in certain applications where the material comes into
contact with microorganisms and must retain its properties for
a given time.

Morphology Characterization After
Biodegradation

Morphological changes in the materials during the
biodegradation process in soil and the microbial colonization
of samples were observed by SEM. SEM micrographs of the
samples surfaces before and after 20 days of incubation in soil

at 25°C are shown in Figure 8. The initial samples showed a
smooth surface in the case of the neat PCL (Figure 8A) and
morphological structures of the PCL/TPS samples reflecting the
pattern of domains of PCL and TPS (Figures 8B-D). The surface
of the PCL/TPS 50/50 sample (Figure 8C) seems to be smoother
than the surfaces of blends with majority phases of PCL and
TPS, respectively (Figures 8B,D). After the indicated period
of biodegradation, neat PCL exhibited surface cracks but only
scarcely present microorganisms (Figure 8E). On the contrary
TPS containing samples are covered with biofilm consisting
mainly of fungal hyphae and fungal spores (Figures 8F-H). It
could be estimated that the density of the biofilm is increasing
with the TPS content in samples.

The similar situation could be seen on the pictures showing
the fracture surfaces of the samples (Figure9). From the
micrographs of blends before biodegradation (Figures 9A-D)
it is hard to distinguish individual phases, probably because
the fracture path does not follow the interface preferentially.
This can be taken as another hint of good interfacial adhesion
between PCL and TPS together with findings from rheological
and mechanical measurements discussed before. Initial sample
morphologies again reflected the blending of the components
whereas this time the PCL/TPS 30/70, the PCL/TPS 70/30, and
the PCL/TPS 30/70 (Figures 9B,D) were different with much
higher apparent inhomogeneity in the PCL/TPS 30/70 sample
(Figure 9D). After the biodegradation, the structural degradation

PCL/TPS 50/50, (D) PCL/TPS 30/70 after 20 days of biodegradation in soil.

FIGURE 10 | SEM micrographs of fracture surfaces with lower magnification showing the whole profile of the sample films: (A) PCL, (B) PCL/TPS 70/30, (C)
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of the sample was clearly a function of the TPS content, where
the voids in the structure most probably were a consequence
of the starch degradation and disappearance. These voids were
colonized with microorganisms. These were not apparent in
the PCL and PCL/TPS 70/30 samples (Figure 9F) but could be
seen as thin bacterial filaments, probably actinomycetes, in the
PCL/TPS 50/50 sample (Figure 9G), and also as much thicker
fungal filaments and conidia in the PCL/TPS 30/70 sample
(Figure 9H).

The pictures of the fractured specimens made at a lower
magnification (Figure 10) showing the whole thickness of the
samples clearly illustrate the biodegradation progress from the
specimen surface to its center. The PCL and PCL/TPS 70/30
samples are eroded in the thin surface layer only, while the
PCL/TPS 50/50 sample (Figure 10C) exhibited deep erosion
and penetration of the fungal hyphae and only a central layer
comprising about one third of the material thickness stayed
relatively unaffected. The PCL/TPS 30/70 sample (Figure 10D)
was then completely eroded in the whole its thickness.

The pattern of morphological changes during biodegradation
suggests the importance of organization of the blend phases.
Whereas, the easily biodegradable TPS phase inclusions are
surrounded and isolated by the continuous PCL phase in the
PCL/TPS 70/30 material (Figure 1) in the PCL/TPS 50/50 and
PCL/TPS 30/70 materials, TPS creates a continuous phase of
interconnected domains, which greatly facilitate the penetration
of enzymes and microorganisms and as a consequence the
erosion and biodegradation of the material.

CONCLUSION

The present article has demonstrated that the morphology of
the PCL/TPS blends and their resulting properties, particularly
their biodegradability, can be controlled by the composition of
their components.

The PCL/TPS blends investigated were characterized in
detail by rheological, thermomechanical, and micromechanical
measurements. The results of these examinations showed
that there are interactions between PCL and TPS and that
these polymers form compatible polymer blends with good
interfacial adhesion.

The measurements showed that the addition of thermoplastic
starch has a negligible effect on the final crystallization of PCL in
the blends. Thus, our results indicate that the PCL crystallinity is
not a dominant parameter determining the biodegradation rate,
as has often been declared in the literature.

From our findings, a correlation between the biodegradation
course of the samples and the size of the interfacial area can be
inferred. It significantly changes due to the ratio of PCL/TPS
blend components. Nevertheless, according to our results and in
agreement with the literature, the interactions and the structure
formation are rather complex in these blends, because the TPS
plasticizer is miscible with PCL at processing temperatures and,
thus, the interpretation of the findings and predictions regarding
the final properties are difficult.

The composting conditions were characterized by the
temperature, which is already in the melting temperature region

of PCL. Thus, the crystalline parts of PCL did not represent
an obstacle for enzymes and the biodegradation of all the
materials was relatively rapid. Biodegradation in soil brought
out more remarkable differences between blends with different
TPS content. Biodegradation evaluation of the PCL/TPS samples
in the soil environment revealed that firstly, voids in the
samples appeared due to faster TPS biodegradation and were
then colonized by microorganisms. These were not apparent in
the neat PCL and PCL/TPS 70/30 blend but could be clearly
distinguished in the PCL/TPS 50/50 as thin bacterial filaments
and as much thicker fungal filaments and conidia in the case
of PCL blended with 70 wt. % of plasticized starch. The initial
rate of biodegradation increased with the content of easily
biodegradable starch in the sample. The materials with higher
PCL contents were initially mineralized at much slower rate
because the continuous PCL phase successfully restricted the
availability of TPS for enzymes. The key role of the phase
structure for the biodegradation course was further confirmed by
morphological analysis of the samples after biodegradation.

The findings obtained from the study presented in this paper
show that controlling phase structure by blends composition
enables one to tailor the biodegradation rate of the PCL/TPS
blends. Following from that, the results are applicable in
production of environmental-friendly materials.
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Biodegradable polymers concern an important topic for innovation in materials, as they
are supposed to contribute to the reduction in the amount of waste materials, which lead
to microplastics with similar properties as conventional polymer materials. Poly(butylene
succinate) and poly(lactic acid) blends are polymers with interesting properties offering
possible alternatives to some conventional petrochemical-sourced polymers. Some of
the physical properties of such blends can be tailored from the addition of small amounts
of deep eutectic solvents (DESs) that can act as compatibilizers, i.e., interfacial agents
between poly(butylene succinate) (PBS) and poly(lactic acid) (PLA). In our study, materials
formulated with a DES having a coarse morphology according to the dispersed particle
sizes display thermal and mechanical properties rather close to the non-compatibilized
PBS/PLA blends but a higher ability to biodegrade. In comparison with PBS/PLA blend,
biodegradation experiments show that PBS/PLA/DES blend exhibits higher weight
losses and faster fragmentation under conventional conditions. A significant decrease
in PLA melting temperature under composting conditions, i.e., at 58°C, is observed
indicating that PLA phase is the component mainly concerned. As a conclusion, this work
demonstrates that morphologies as well as the biodegradability process can be tailored
by adding a small amount of a DES in such biosourced polymer blends. Indeed, designing
polymer materials, for which degradation processes are targeted in the dispersed phase,
i.e., in multiple locations of the material, can be an efficient route to “predegrade” phases
in a polymer matrix to accelerate macroscopic biodegradation.

Keywords: polymer, polyester, deep eutectic solvent, biodegradation, composting

INTRODUCTION

Plastics are everywhere in our everyday life and, unfortunately, in our natural environment, where
their chemical stability can be considered as a main drawback. As a consequence, combination
of life properties, i.e., properties required for their use and controlled end-of-life, is a major
scientific challenge offered to polymer scientists. In this perspective, bio-based polymers such as
poly(butylene succinate) (PBS) and PLA can offer a good balance between mechanical and thermal
properties and ability to biodegrade as they are dispersed in air, soil, or water media.
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PBS, produced by polycondensation of fossil or bio-based
succinic acid and 1,4 butanediol, can substitute low-density
polyethylene or even poly(butylene-adipate-co-terephtalate)
(PBAT) in many applications. PBS and its copolymers are also of
interest as they are able to biodegrade in various environments
(Xu and Guo, 2010; Zeng et al., 2016). Their biodegradation
rate can be tuned via synthesis conditions, i.e., copolymerization
or from their formulation. For mechanical reinforcement, PBS
can be blended with PLA, with which it is partially miscible, to
associate the properties of both polymers (Shibata et al., 2006;
Bhatia et al., 2007; Deng and Thomas, 2015). PBS/PLA material
that are at least partially bio-sourced and biodegradable can
be used as agricultural mulching films, stretch films, bags, and
kitchenware, for example (Livi et al., 2018).

Morphologies, thermal, and mechanical properties can be
tuned from a relevant choice of the formulation compositions
(Livi et al., 2015). The capacity for hydrolysis is often correlated
with material properties as well as natural conditions.

Biodegradation corresponds to the degradation of organic
matter into water, CO, and/or CHy, and biomass, by the action
of microorganisms. At first, fragmentation increases the surface
area, enabling microorganisms to attach. Physical means such
as grinding and/or chemical degradation (such as hydrolysis),
leading to lower molecular weight polymer, which are more
easily assimilated by microorganisms (Witt et al., 1996), are
responsible for fragmentation. Then, microorganisms mineralize
fragments and oligomers into simple molecules and biomass
(Witt et al., 1996; Castelan, 2010). Concerning the environment,
higher temperatures, if they do not kill microorganisms, often
lead to faster degradation, and a degradation temperature close
or higher than the glass transition temperature (Tg) favors the
biodegradation process. Indeed, at temperatures above the Tg of
a polymer, increased chain mobility facilitates access to enzymes
(Weinberger et al., 2017), as well as water absorption (Siparsky
et al., 1997). This explains that, at temperatures under their T,
polyesters such as PLA are not likely to degrade, whereas they
significantly age at temperatures close to their Ty (Agarwal et al,,
1998; Itdvaara et al., 2002; Yagi et al., 2009; Karamanlioglu and
Robson, 2013). Humidity fosters the degradation by increasing
the hydrolysis rate and by favoring microorganisms activity and
transport (Gu et al., 1994). pH influences the degradation, and
PLA chains degrade more rapidly in alkaline conditions than in
neutral or acidic conditions (Makino et al., 1986; Schliecker et al.,
2003).

Material properties are also key parameters influencing
biodegradation. Synthetic polymers can be manufactured with
different properties such as crystallinity, glass transition, and
melting temperatures, and their ability for versatility can be
considered as an advantage over natural polymers like chitosan,
gelatin, starch, etc. (Vieira et al., 2013; Diaz et al., 2014; Pellis et al.,
2016).

Polymers, with hydrolysable bonds, such as polyesters, are
likely to degrade in presence of enzymes naturally present in the
environment. In addition to lower volumes of discarded plastic
materials, degradation in natural environment can contribute to
soil fertility.

Parameters such as morphology, crystallinity, hydrophilicity,
and molar masses can significantly influence biodegradation
in natural media. Husarova et al. observed that, under
composting conditions, PLA having a high specific surface
area degrade faster in biotic media. Rudnik observed the same
tendency under soil burial conditions with PLA (Rudnik and
Briassoulis, 2011; Husdrova et al., 2014). Moreover, degradability
decreases when increasing hydrophobicity (Hoglund et al.,
2010). Morphologies with multiphase materials can also favor
bacteria and enzyme activities from the creation of pathways
made after the disappearance of the easiest phase to be
biodegraded (Delamarche et al., 2020).

The degradation rate is smaller for polymers with high degrees
of crystallinity, as crystallites are less accessible to enzymes and
to water. Thus, amorphous PLA degrades faster than semi-
crystalline PLA both in abiotic medium and in aerobic condition
under composting conditions (Zhou and Xanthos, 2008; Pantani
and Sorrentino, 2013).

Hydrophilic character is preferred for improving affinity
with bacteria and enzymes that can catalyze hydrolysis of
the polyester chains. Lower molecular weight are in favor of
faster degradation and Husarova et al. showed that, under
composting conditions and in abiotic aqueous conditions, low
molecular weight PLA degrades faster than high molecular
weight PLA (Husérova et al., 2014).

The first part of this work considers the design and
characterization of PBS/PLA blends with and without a small
amount of a deep eutectic solvent (DES). DESs prepared by
mixing two components display a melting temperature lower
than the ones of the individual components. DESs exhibit similar
properties to few ionic liquids and are widely studied, as they
are considered to contribute to environment-friendly solutions.
For such a route, choline chloride/glycerol DES exhibits a low
toxicity and can be considered relevant for “green” applications
(Radosevic¢ et al., 2015). In the present work, this DES is expected
to act as an interfacial agent in PBS/PLA blends. Considering
a similar way, PBAT/PLA or PP/PA blends were studied with
considering phosphonium-based ionic liquids (Yousfi et al., 2014;
Lins et al., 2015). For thermoplasticization of starch, Decaen
et al. showed that choline chloride permits a good compromise
between limited chain scission and thermomechanical properties
(Decaen et al., 2017).

The present study aims to investigate the relationships
between physical properties and biodegradation for these
polymer blends and to investigate the role of the addition of
a DES. Material data such as molar masses, crystallinity yield,
morphologies, and surface properties are reported, as these ones
are known to control biodegradability (Delamarche et al., 2020).

To assess biodegradability, 3-month degradation essays were
conducted, i.e., under composting conditions at 58°C (higher
than PBS glass transition temperature, Ty, and close to the
one of PLA) in deionized water and NaOH solution, under
soil burial conditions, as well as in humid atmosphere at
room temperature. Weight loss data, !H NMR, and differential
scanning calorimetry (DSC) measurements were considered to
follow the biodegradation of PLA.
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TABLE 1 | Formula of studied polymers and deep eutectic solvent.

Abbreviation Full name M, (g mol~")

Melting temperature T, (°C) Structural formula

PBS Poly(butylene succinate) 50 kDa

PLA Poly(lactic acid) 34 kDa

DES Choline chloride/glycerol 231.72

113

' --»”/\io/\/\/o L
(@)

n

170

cr
OH

HO\)\/OH

\N+/\/OH

MATERIALS AND METHODS

Materials

The various polymers used in this study are listed in Table 1. PBS
and PLA were supplied as pellets by Natureplast (denoted PBE
003 and PLA 005 grades, respectively). L-Lactic acid/D-lactic acid
contents for the considered PLA is 94:6 mol-% (Dorigato et al.,
2012). Choline chloride/glycerol (1:2 mole ratio), a hydrophilic
DES, was supplied by Scionix Co.

Processing of PBS/PLA Blends

Polymer pellets were dried in an oven at 70°C for 12h.
Pellets and additives were extruded using a 15-g capacity DSM
microextruder (Midi 2000 Heerlen, NL) with corotating screws
(L/D ratio equal to 18) at 190°C with a 100-rpm speed for 3 min.
PBS/PLA (60:40 wt ratio) and PBS/PLA/DES (60:40:1 wt ratio)
were extruded. Extruded coupons were injected in a 10-cm?
mold at 30°C to obtain 2-mm thick and 4-mm wide dumbbell-
shaped specimens. Thin films (0.2 mm) were processed under
compression at 210°C and considered for aging experiments.

Characterization Experimental Techniques
Molar Masses

Molar masses were determined using a size exclusion
chromatography (SEC) equipment, comprising Agilent
Technologies columns, a light scattering detector, and a
Shimadzu RID-10A detector. Three milligram samples were cut
and dissolved in chloroform (1 mg/ml). Analysis took place at
30°C under a 1-ml/min flow. % used was 0.06 ml/g for PBS and
0.0237 for PLA (Malmgren et al., 2006).

H NMR

One-dimensional 'H NMR spectroscopy was used to determine
the PBS and PLA contents of the blends (see formula, Figure 1).
Samples, cut from films, were dissolved in CDCl3 and analyzed
at 25°C using a Bruker Advance III spectrometer (400 MHz),
equipped with a 5-mm multinuclear broadband probe (BBFO+).
To evaluate the weight percentage of PBS and PLA in the blends,
peak resonance (a) of PLA (CH) at 5.1 ppm and resonance peak

a’ (PBS

| b’ (PBS) c’ (PBS)

)\

FIGURE 1 | Poly(butylene succinate) (PBS) and poly(lactic acid) (PLA) and

~
5

T T T T T
4 2

associated "H NMR spectra, showing end groups peaks.

(a) of PBS (CH,) at 2.6 ppm were considered to calculate the
weight content of PBS:

Ly(ps)
fopy) = T ——
SO+ Tapra)
fi x M
Wt%pps) = (bBS) = TPBS % 100

fipps) x Mpgs + [1 — fpps)| x Mpra

with fpps) the molar fraction of PBS and wt%pps) the weight
content of PBS.

End group analysis was carried out to calculate mean molar
masses of PBS. It was assumed that each polyester chain exhibits
one hydroxyl and one carboxylic end groups. Resonance peak
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of hydroxyl end group (CH,-OH) of PBS, appearing at 3.7 ppm
(Labruyere et al., 2014), was integrated as well as CH, (a) one
in the monomer repeating unit at 2.6 ppm. M, was determined
as follows:

—

M,

a

=— X
4

— X Mpps
IcH,-on

with Mpgs 172.2 g/mol, I, the integral of resonance peak
CH; in the polymer repeating unit, and Icy,—on the integral of
resonance peak of hydroxyl end group (CH,-OH).

To evaluate the molar mass of PLA phase after processing, the
hydroxyl end group of PLA (CH-OH) signed at 4.34 ppm and
CH (a) of the monomer at 5.1 ppm were analyzed to calculate
the molar mass. However, this peak is close to peak (b) of PBS.
Hence, PLA end-chain titration was carried out after extracting
PLA from the PBS/PLA blend with the following protocol. First,
samples were dissolved in CHCl3. Then, tetrahydrofuran was
added to induce precipitation of PBS. After filtration and solvent
evaporation, the remaining PLA and PBS oligomers (soluble in
THF) were analyzed by NMR in CDCl;. M,, was determined
as follows:

X MpLa
1 Icu-on

with Mpya 72.1 g/mol, I, the CH peak integral in the
polymer repeat unit, Icy—op the integral of peak of hydroxyl end
group (CH-OH). Spectra of pristine PBS and PLA are displayed

in Figure 1.

Thermal Properties
DSC analyses were carried out using a TA Instruments
equipment. Samples were subjected twice to a thermal cycle
considering heating and cooling ramps of 10 K min~!, from —70
to 200°C and from 200 to —70°C.

Crystallinity yields were calculated according to the
following equation:

AH,,

—F x 100
wip X AHO’p

Xep =

where wt, is the weight fraction of the polymer (PBS or PLA), and
Hp, is the enthlapy of 100% crystalline polymer (Marten et al.,
2003; Shi et al., 2012).

AHy,pgs
AHopLA

1103 /g
93]/g

Thermogravimetric analyses were carried out using a TA
Instrument equipment. Samples were subjected to a heating
rate of 20K min~! under nitrogen atmosphere from 25 to
600°C. Temperatures at which 1% of the initial weight was lost
T19%deg (°C) and degradation temperatures Tgegpra and Tdegpps
(obtained from the maxima of the derivative curves of the weight
loss as a function of temperature) were determined.

Morphologies

Transmission electron microscopy was carried out at the
Technical Center of Microstructures of Lyon using a Philips CM
120 microscope with an accelerating voltage of 80 kV. Samples
(80-100 nm thick) were cut using an ultramicrotome equipped
with a diamond knife and set on copper grids.

Dynamic Mechanical Spectroscopy

Dynamic mechanical measurements were carried out using
an ARES G2 rheometer. The heating rate was 3K min~!
from —60 to 90°C at a frequency of 1Hz. The change in
shear storage modulus, G', and shear loss modulus, G”, were
determined. tan (§) was considered to determine the alpha-
relaxation temperatures, Ty, related to Ty of PBS and PLA. Ty,
was considered as the difference between Ty (ppsy and Ty (pr4)-

Mechanical Properties

Uniaxial tensile tests were conducted using an INSTRON
33R4469 tensile machine at 25°C. Dumbbell specimens were
tested for a 50-mm/min elongation speed. Young’s modulus and
maximum and average strain at break were determined.

Degradation Experiments

Degradation experiments for 3 months were performed
considering films exposed to various environments. Every
month, two samples of each formulation were recovered, washed
with deionized water, and gently dried on absorbent paper. Then,
they were dried in a vacuum oven at 30°C for 12h and kept
in a closed desiccator. Weight losses were calculated as follows
(Wy being the weight before degradation experiment and W; the
weight after degradation experiment):

Wo — Wy

Weight loss (%) = W
0

x 100

Abiotic Hydrolysis

Abiotic hydrolysis was conducted at 58°C in deionized water and
in alkaline solution (NaOH 0.01 M). Films (1.25 x 1.5 x 0.02
cm?) were disposed in 10 ml of aqueous solution in individual
closed flasks.

Composting

Composting was conducted at 58°C in open containers. Compost
was from composting facility of Racine—Ecopole la Rize
(Décines-Charpieu, France). Organic matter percentage was
obtained by calcination of dry samples and was found to be
58.2 & 0.3 wt-%. The water content and ability to retain water
were analyzed. Polymer samples (2.5 x 1.5 x 0.02 cm®) were
buried 15 cm beneath the surface. Moisture content was regularly
adjusted to be 90% of the maximum capacity of water retention.

Soil Burial

Soil burial experiment was conducted at room temperature in
open containers. Soil was from LyonTech Campus La Doua,
Villeurbanne, France. Organic matter percentage was obtained
by calcination of dry samples and was found to be 21 + 3 wt-
%. Water composition and ability to retain water of the soil were
analyzed as well. Polymer samples (2.5 x 1.5 x 0.02 cm®) were
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FIGURE 2 | TEM images of (a) poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) (60:40) wt phr, (b,c) PBS/PLA/deep eutectic solvent (DES) (60:40:1) wt phr.

buried 10 cm beneath the surface. Moisture content was regularly
adjusted to 90% of the maximum capacity of water retention.

Humid Atmosphere

Polymer samples (2.5 x 1.5 x 0.02cm) were disposed in
a closed transparent chamber with humidity-saturated air at
room temperature.

RESULTS AND DISCUSSION

DES as Interfacial Agents in PBS/PLA

Blends

TEM images (Figure2) confirm that PBS matrix and PLA
(appearing as white domains of the dispersed phase) are not
miscible (Bhatia et al., 2007). PLA in PBS/PLA blends are
irregularly dispersed (Figure 2a). Adding DES (Figure 2b) leads
to the formation of a PBS-rich continuous phase and the presence
of larger PLA domains (up to 45 pum?). In addition, inclusions of
PBS are observed in PLA-dispersed domains, indicating the start
of phase inversion (Figure 2c). In fact, Wu et al. reported that,
as the weight fraction of PBS is up to 60 wt-%, PBS becomes the
continuous phase and the inversion content is close to 50 wt-%
(Wu et al., 2012). At molecular scale, eutectic solvent is observed
at the interface.

The fact that the addition of DES, which is made of an
ionic liquid and a solvent, induces larger PLA domains was
not expected regarding our earlier studies. Indeed, Lins et al.
added 1% of phosphonium-based ionic liquids in PBAT/PLA
blends and observed smaller PLA droplets as well as a rather
homogeneous size distribution. This phenomenon suggests that
IL locates in the interfacial zones due to strong interactions with
the ester groups leading to a decrease in the interfacial tension
(Lins et al.,, 2015). Furthermore, Leroy et al. studied the addition
of choline chloride/glycerol in PBS-zein blends and showed
that DES behaves as a compatibilizing agent leading to a finer
dispersion of zein in the PBS matrix (Leroy et al., 2012).

Tensile properties analyses of PBS/PLA blends reported in
Table 2A show that the PLA phase, having a higher modulus
compared to PBS, acts as a reinforcing component leading to
higher Youngs modulus (Qiu et al., 2016). The strain at break
is slightly improved with the addition of DES, which can be
explained by better adhesion between PBS and PLA, provided by
DES acting as an interfacial agent.

TABLE 2 | (A) Mechanical properties of neat poly(butylene succinate) (PBS) and
poly(lactic acid) (PLA) and PBS/PLA blends (uniaxial tension; 50 mm min~") and
(B) dynamic mechanical analysis of PBS/PLA blends without and with deep
eutectic solvent (DES) (1 wt phr) at 1 Hz, 3 K/min.

(A)
Material Young’s Strain at break Maximum strain at
modulus (MPa) (%) break (%)
PBS 320 + 27 310+ 90 385
PLA 3,500* 5* -
PBS/PLA 603 + 57 391 + 84 418
PBS/PLA/DES 619 £ 17 424 + 66 490
(B)
Material Tm,sz ("C) Ta,PLA (oc) ATa (oc)
PBS/PLA —25.6 61.1 86.7
PBS/PLA/DES —24.3 59.7 84.0

*Data provided in product datasheet.

Data from dynamic mechanical analyses are summarized
in Table2B. The observation of two distinct «-relaxation
temperatures related to PBS and PLA phases confirm that PBS
and PLA are not fully miscible (Deng and Thomas, 2015).

Number average molar mass, M,, weight average molar
weight, M,,, and dispersity, M,,/M,,, determined with SEC, are
reported in Figures 3a-c. As PLA and PBS are not distinguishable
on SEC chromatograms, M,, of distinct PBS and PLA phases are
determined by end group titration using 'H NMR spectroscopy
as well (Figure 3d). Average molar masses calculated using
'"H NMR titration (Figure3d) are significantly lower than
molar masses measured using SEC (Figure 3a). Since it is
assumed that polymers are not branched, end-group titration
may underestimate real values. Hence, instead of discussing
absolute average molar masses, only trends are studied in
this work.

PBS/PLA blends with DES exhibit significantly lower molar
masses of involved polymer components. This suggests that
the DES leads to chain scissions, as observed by Park and
Xanthos for neat PLA (Park and Xanthos, 2009). This could
be due to transesterification reactions leading to random chain
scissions first (Lins et al., 2015). It was observed by Freyermouth
that no or few transesterification reactions can take place
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FIGURE 4 | Thermogravimetric analyses (TGA) traces of poly(butylene
succinate) (PBS)/poly(lactic acid) (PLA) blends (60:40) wt phr. Dashed curves
are derivative curves.

between PBS and PLA in PBS/PLA blends after 105min at
180°C (Freyermouth, 2014); however, the addition of DES
could lead to different results, given the important degradation
phenomenon taking place during processing. Nevertheless, no
additional resonance peak, which is a signature of a possible
transesterification phenomenon, could be evidenced using 'H
NMR spectroscopy.

Hence, although transesterification is not observable, it is clear
that DES causes thermal degradation during material processing,
leading to lower molar masses. This seems to favor miscibility
between PBS and PLA, as evidenced by the merging of alpha
relaxation peaks in DMA spectra (Table 2B). These conclusions
are in agreement with the ones issued from thermogravimetric
analyses (Figure 4, Table 3), which show that PBS/PLA/DES
blends degrade at lower temperature than PLA/PBS blend. They

TABLE 3 | Degradation temperatures of poly(butylene succinate) (PBS) and
poly(lactic acid) (PLA) phases and degradation temperature for 1% wt loss from
thermogravimetric analyses (TGA) (heating rate: 20 K min~"; nitrogen atmosphere).

Material T1% deg. (°C) TaegpLa (°C) Tdeg,pBs (°C)
PBS 304 - 409
PLA 319 379 -
PBS/PLA 324 365 405
PBS/PLA/DES 228 208 401

Degradation temperatures Tgegria and Tgegras were obtained from the maxima of the
derivative curves of the weight loss as a function of temperature.

are also in agreement with DSC results (Table 4), which show
a lower crystallization temperature (T'.) when DES is present in
the blends.

Degradation Mechanisms Observed at

Microscale
Fragmentation process to small fragments of samples is reported
in Figure 5.

PBS/PLA/DES blends exhibit fringes after degradation in
alkaline environment (Figure 5B). TEM images showed that PLA
domains are elongated in PBS/PLA/DES materials (Figure 2b).
Assuming that the microstructure is similar whatever the
processing conditions, this phenomenon can be explained by
a faster degradation of PLA phase compared to the PBS
one. Weight loss data (Figure 6) also supports the proposed
mechanism. In fact, in alkaline medium at 58°C, PBS/PLA/DES
blend exhibits a higher weight loss during the first month of
exposure, i.e., up to 20 wt-% loss compared to non-modified
PBS/PLA blend. After 3 months exposure, data cannot be
provided for PBS/PLA/DES blends as not all fragments could be
recovered (which means leading to very efficient biodegradation).
In deionized water, PBS/PLA blend containing DES shows a
higher weight loss compared to neat PBS/PLA blend. In a similar
way, under composting conditions at 58°C, PBS/PLA/DES
blend undergoes a rather high weight loss, ie., 18% after 2
months exposure.

As a conclusion, PBS/PLA blends modified with a DES
degrade faster than neat PBS/PLA blends, but it is expected
that Toqgeg at 228°C does not significantly disturb extrusion
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FIGURE 5 | (A) Fragmentation observed during aging experiments after various exposure times: 1, 2, and 3 months. (B) Photographies of poly(butylene succinate)
(PBS)/poly(lactic acid) (PLA) blend (60:40) wt phr after 1 (b1) and 3 (b2) months of exposure and PBS/PLA/deep eutectic solvents (DES) (60:40:1) wt phr (b3) after 3
months of exposure in NaOH solution at 58°C.
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FIGURE 6 | Weight loss (%) of poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) (60:40) wt phr (black) and PBS/PLA/deep eutectic solvents (DES) (60:40:1) wt phr
(orange) in deionized water at 58°C (A), in 0.01 M NaOH solution at 58°C (B), under composting conditions at 58°C (C), and under soil burial conditions at room
temperature (D). Results are given with standard deviation. If not shown, only one sample could be recovered and weighted.

(at 190°C) and compression molding (at 210°C) with short  the presence of DES are lower than for unmodified PBS/PLA
residence times. Moreover, the lower thermal stability in the  blends, PBS/PLA/DES blends are susceptible to lose integrity
presence of DES should not reduce the applications profile.  faster. Furthermore, it is known that PLA degrades well at 58°C
Considering the fact that the molar masses of the polyesters in  (Agarwal et al., 1998; Itdvaara et al., 2002; Yagi et al., 2009). It can
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FIGURE 7 | M,,, M,,, and dispersity of poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) blends measured with CHCIl3-deep eutectic solvents (DES), after
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be supposed that PLA chains are the weakest component in the
materials at such temperature.

At room temperature under soil burial conditions,
PBS/PLA/DES blends show a larger weight loss, but this
phenomenon cannot be reproduced after 3 months exposure.
For choline chloride/glycerol, having a low toxicity (Radosevi¢
et al., 2015) and being hydrophilic, it might improve surface
affinity with microorganisms, whereas it might not be the case
for PBS/PLA blend. Nevertheless, heterogeneities of composition
could occur in the biodegradation medium regarding the
populations of microorganisms, i.e., depending on the location
in the container. Specimens left under humid atmosphere did
not exhibit any weight loss after 3 months exposure.

Molar Masses Changes During Biodegradation

Molar masses determined using SEC are reported in Figure 7. As
PLA and PBS are not distinguishable on SEC chromatograms, the
variation of refractive index vs. concentration, dn/dc, of neat PBS
(0.06) was used to calculate the average molar masses polymer in
blends. Hence, the resulting M,, were used to evidence the trends,
as these ones are semiquantitative values.

M, of PBS phases only was determined by chain end titration
using 'H NMR spectroscopy (Table 5). As said earlier, molar
masses determined using 'H NMR titration might underestimate
real values since it was assumed that polymer chains are
not branched.

Under composting conditions and in deionized water at 58°C
(Figure 7A), molar masses decrease is significant above 1 month
of exposure and does not change afterwards for PBS/PLA blends
including DES, suggesting that M,, reaches a limit of ~10,000 g
mol~!. From this limit, polymer chains might diffuse into the
biodegradation medium. Dispersity decreases with degradation

TABLE 4 | Glass transition, melting, and crystallization temperatures of
poly(butylene succinate) (PBS), poly(lactic acid) (PLA), PBS/PLA (60:40 wt phr),
PBS/PLA/deep eutectic solvents (DES) (60:40:1 wt phr) films determined using
differential scanning calorimetry (DSC) (heating/cooling rate of 10 K min~" under
nitrogen atmosphere) before exposure.

Material Tg,sz Tg,PLA Tm‘pgs Tm,PLA T,

c
C) (C) (C) Q) Q)
PBS -29 - 116 - 92
PLA - 60 - 177 95
PBS/PLA -29 62 115 176 91
PBS/PLA/DES -28 63 114 171 88-104

time. The molar mass loss under composting conditions is similar
to its loss after exposure in deionized water, suggesting that the
main degradation mechanism under composting conditions is
abiotic hydrolysis. If biotic degradation occurs, it does not induce
a significant loss of molecular weight at the core of the samples,
but may be responsible for surface etching.

At room temperature, under humid atmosphere and soil
burial conditions (Figure 7B), PBS/PLA blends modified with
DES exhibit a molar mass loss after the first month of exposure.
After 3 months of exposure, all the blends exhibit a loss of
molar mass. The molecular weight loss after exposure under
soil burial conditions is similar to that after exposure under
humid atmosphere conditions, suggesting again that the main
degradation mechanism, causing a loss of molar mass under soil
burial conditions, is abiotic hydrolysis.

Molecular Scale Analysis of the Degradation
Mechanisms
After 3 months of exposure, materials were analyzed in CDCl;3
using 'H NMR spectroscopy, to observe the changes in PBS
and PLA contents (Figure 8). PLA and PBS weight contents in
PBS/PLA/DES blends were found to be 68:32 after 3 months of
exposure under alkaline conditions, 72:28 after exposure under
composting conditions, and remained unchanged otherwise.
This result is in agreement with the fact that PLA phase degrades
faster than PBS and then diffuses out of the material at 58°C.
Melting and crystallization of PBS and PLA in the blends were
studied using DSC (Figures 9, 10). Owing to the occurrence of
the cold crystallization exothermal peak of PLA overlapping the

Bl nitial state
B NaOH solution
B Water

7] Compost
B soil

Weight percentage (%)

PBS/PLA

PBS/PLA/DES

FIGURE 8 | Weight proportions of poly(butylene succinate) (PBS) and
poly(lactic acid) (PLA) in PBS/PLA blends determined by "H NMR titration in

CDCl3. Plain columns: PBS wt-%, hatched columns: PLA wt-%.

TABLE 5 | M, of poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) and PBS/PLA/deep eutectic solvents (DES) blends determined using size exclusion
chromatography (SEC) and "H NMR (PBS end group titration) after 3 months degradation.

M, - (kgmol 1) Initial state Compost Water NaOH Soil

SEC H NMR SEC TH NMR SEC TH NMR SEC H NMR SEC TH NMR
PBS/PLA 54.0 + 34 27.9+16 6.1 +20 35+0.2 1839+28 6.6 £0.4 74+18 6.0+ 0.3 452+ 3.3 249 +1.7
PBS/PLA/DES ~ 29.0 + 4.0 124+£1.0 1836+27 58+03" 82+23 57 +0.3 6.9 £ 3.1 34+02 21.0+22 145+1.0
*“*Determined at the second month.
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FIGURE 9 | Melting temperatures of polybutylene succinate (PBS) (B) and polylactic acid (PLA) (A) in PBS/PLA blends after 3 months degradation determined using
differential scanning calorimetry (DSC) (first heating ramp). Hatched columns represent values determined at month 2.
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endothermal melting peak of PBS, the changes in enthalpy were
difficult to assess. Hence, the data are not reported in this article.

For PBS/PLA/DES blends, the melting temperature of PLA
(Figure 9A) slightly decreases after exposure in deionized water,
but significantly lower values were measured after degradation
in NaOH solution and compost. This decrease in melting
temperature of PLA during degradation has been observed by
Pantani and Sorrentino and was attributed to the presence of
low molar mass chains (Pantani and Sorrentino, 2013). The
melting temperature attributed to PBS phases does not change
significantly after degradation experiments (Figure 9B). These
observations are in agreement with the fact, as said earlier, that
PLA domains are significantly degraded in PBS/PLA blends
containing DES during exposure at 58°C.

The crystallization phenomena in the PBS/PLA blends
was studied with considering a 10K min~! cooling ramp
from molten state (Figures 10C,D). PBS/PLA blends without
DES show no change in their crystallization behavior after
degradation at room temperature (under soil burial conditions
and humid atmosphere). The crystallization temperature remains
unchanged, i.e., ~94°C. However, after degradation at 58°C, a
separation of the two peaks can be observed. A first peak, close to
103°C could be attributed to the PLA crystallization and a second
one at lower temperatures to PBS crystallization. This second
peak reaches its maximum at ~71°C after degradation in NaOH
solution and under composting conditions, while it was at ~84°C
after degradation in deionized water.

PBS/PLA/DES exhibits two distinct crystallization peaks
before degradation experiments. No significant change is
observed after degradation at room temperature. However,
after exposure at 58°C, the small peak, attributed to PLA
crystallization, broadens and its intensity diminishes, which is
in agreement with the fact that PLA chains degraded and the
shorter ones diffused out of the matrix during degradation.
The crystallization peak of PBS is slightly shifted to lower
temperatures after degradation exposure. PLA melting peak
(Figures 10A,B) appears to be broad. After degradation at
58°C, this melting phenomenon is hardly observable. As seen
earlier, this observation could be associated with the PLA

degradation with diffusion out of the PBS continuous phase.
Furthermore, enthalpy of crystallization increases significantly
after degradation in NaOH solution.

CONCLUSION

In this study, PBS/PLA blends were processed with addition
of a DES, i.e., choline chloride/glycerol, which could act as a
compatibilizer (interfacial agent). It was observed that the PLA
dispersed phase in the PBS matrix exists as larger domains
when DES is added to the PBS/PLA blends compared to the
neat PBS/PLA blend. DES addition leads PBS/PLA/DES blend to
display some decrease in molar mass values, similar mechanical
properties, and decrease in thermal stability. Degradation
tests under different conditions show improved degradation
of PBS/PLA blends in the presence of DES, which enhances
chain scissions (Decaen et al., 2017). Nevertheless, from molar
masses measurements, it can be concluded that DES induces a
significant decrease in PLA molar masses and consequently a
lower thermal stability.

It is assumed that the good stability of PBS and degradation of
mainly PLA during processing is associated with maintenance of
mechanical properties and higher ability to biodegrade.

Biodegradation experiments performed at 58°C show that the
PBS/PLA blends degrade faster. It is also observed that PLA
phase undergoes the most important degradation phenomenon
during exposure In fact, this phenomenon is evidenced by the
slight decrease in PLA melting temperature as well as of the
PLA weight content. Therefore, at macroscale, a significant
weight loss and fragmentation process are demonstrated. Thus,
it can easily be assumed that the PLA phase is the weakest
component in such blends, leading to a fast loss of integrity. This
shows that designing polymer materials, for which degradation
processes are targeted in the dispersed phase, i.e., in multiple
locations of the material, can be an efficient route to accelerate
macroscopic biodegradation.

However, PLA dispersed phase is not affected to the same
extent after exposure at room temperature. In fact, it is well-
known that PLA does not easily degrade under mesophilic
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FIGURE 10 | Crystallization and melting curves of poly(outylene succinate) (PBS)/poly(lactic acid) (PLA) blends during cooling and heating ramps at 10°C/min, before
and after degradation. (A,C) PBS/PLA, (B,D) PBS/PLA/deep eutectic solvents (DES). Dashed curves were acquired after 2 months because samples could not be
studied in third month.

conditions (Agarwal et al., 1998; Itdvaara et al., 2002; Yagi et al., This study shows that eutectic solvents can be used to
2009). At room temperature, it is difficult to identify which  tune mechanical properties of polymer blends as well as their
polymer, if any, constitutes a weak component as no significant ~ biodegradability in the environment. Furthermore, degradation
change is observed using DSC. 'H NMR does not evidence large ~ products must be identified and their eco-toxicity should be
changes in PBS/PLA contents, even though PBS/PLA/DES blend  studied. Affinity with microorganisms of the DES is being studied
exhibits an important weight loss under soil burial conditions.  and will be reported later.
Nevertheless, under soil burial conditions, blend containing DES
shows a larger weight loss than the neat PBS/PLA blend.
Regarding molar masses analyses, it is observed that the molar
mass decrease remains very similar under abiotic and biotic
conditions at a same temperature. This suggests that hydrolysis
remains the main degradation mechanism for polyester-based
blends. However, blends including DES exhibit surprisingly
higher weight loss than without additive under soil burial AUTHOR CONTRIBUTIONS
conditions at room temperature, showing that biotic degradation
probably occurs at the surface of the exposed coupons. This  SL, VM, and J-FG: conceptualization. SL, AM, ED, VM, and
phenomenon can be due to the choline chloride/glycerol  RB: methodology. AM, ED, VM, and SL: formal analysis and
nature, which has a hydrophilic character and displays a  investigation. ED, AM, and VM: visualization. ED, VM, and
low toxicity. SL: writing—original draft preparation. SL, J-FG, RB, and VM:
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In order to toughen Poly(lactic) acid and binary blends with low PBAT content
while maintaining a high biodegradability of the final material, poly(lactic) acid
(PLA)/poly(butylene-adipate-co-terephthalate) (PBAT)/ polyolefin elastomer grafted with
glycidyl methacrylate (POE-g-GMA) extruded ternary blends have been investigated in
this work from a thermal, mechanical, and rheological point of view. The two elastomers
have been added in different amounts as dispersed phases into the PLA matrix, paying
attention to the final objective: the design of a 90% biodegradable formulation according
to EN 13432. These ternary blends exhibited improved impact properties but still low
elongation at break. Consequently, to the ternary composition with the best compromise
of PLA quantity, biodegradability and thermo-mechanical properties (81 wt.% PLA,
9 wt.% PBAT, and 10 wt.% POE-g-GMA) a small quantity (10 wt.%) of a biobased
plasticizer was added in order to further increase the impact properties in parallel with
the tensile flexibility. Two types of plasticizers were investigated, one not reactive [Acetyl
Tributyl Citrate (ATBC)], and one reactive [Glycidyl ether (EJ-400)]. A micromechanical
study, in order to investigate the toughening mechanism of these systems, was carried
out on the final formulations. They were also examined by dilatometric tests and elasto-
plastic fracture mechanics correlating the data obtained to the morphology and to the
rheological properties. In conclusion, the best compromise between impact, tensile
properties and biodegradability content was achieved using the reactive plasticizer
(EJ-400) whose interaction with the matrix is confirmed by the FT-IR analysis.

Keywords: rubber toughening, poly(lactic) acid, biodegradable polymers, ternary blends, mechanical properties

INTRODUCTION

Several and important qualities for everyday life, associated to low processing costs, make plastics
fundamental in different sectors. About 150 million tons of plastics are used everywhere and its
consumption is expected to grow up in the next years (La Mantia et al., 2017; Cinelli et al., 2019).
Nevertheless, the society is acquiring a new awareness to adapt the third millennium consumerist
and technological needs to the respect of the environment and of the human health. At this purpose,
investigation on biodegradable polymers is of fundamental importance. The resistance of polymeric
materials to chemical, physical and biological degradation has become a crucial problem and wastes
are not acceptable. A possible alternative to classical polymers can be biodegradable polymers
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(biobased and not) that fulfill the conditions of biodegradability,
biocompatibility and release of low or null toxicity. Nowadays,
these biodegradable polymers can be the solution to overcome
the effect of plastic wastes on the environment caused by the
limited disposal methods. Differently to bio-based polymers,
derived partially or completely from renewable resources,
biodegradable polymers are not determined by the origin of
the raw material. According to the biodegradability definition:
“a given substance can be completely converted into water,
CO3, and biomass through the action of microorganisms such
as fungi and bacteria® (Platt, 2006). This property does not
depend on the origin of the raw materials, but it depends just
from the chemical composition. Biodegradability is a certified
characteristic (European Committee for Standardisation, 1999).
In according to EN 13432 norm: “the polymer must be converted
to CO; (by over 90%) within 180 days under specific conditions
of temperature, humidity, and oxygen level.” (Kiinkel et al.,
2016). In many fields, biodegradability gives to a product an
additional value.

Among of all biodegradable polymers, poly(lactic acid)
(PLA), that is fully biobased, shows very good mechanical
properties, complete renewability and low production cost
if compared to other biodegradable polymers (Gross and
Kalra, 2002). Nevertheless, processing drawbacks, brittleness,
slow crystallization rate, poor toughness and limited thermal
resistance (due to its glass transition temperature around 60°C)
limit the use of PLA in several markets (Barletta and Puopolo,
2019). Physical performance of PLA can be improved through
numerous methods including copolymerization (Anderson et al.,
2008; Phuong et al., 2014), plasticization (Baiardo et al., 2003;
Coltelli et al., 2008), rubber toughening (Su et al., 2009; Gigante
et al., 2019), rigid filler toughening (Murariu and Dubois, 2016;
Aliotta et al., 2019), and physical blending (Zhang et al., 2014;
Sednickovi et al., 2018).

However, PLA brittleness is the main drawback, in order
to improve PLA toughness and flexibility, binary blends of
PLA with other ductile polymers have been widely reported;
remarkably, less literature is present about multiphase blends,
in particular ternary plasticized blends. Some interesting
results have been reported for PLA-based multicomponent
blends having significant improvement in mechanical properties
(Anderson and Hillmyer, 2004; Grande and Carvalho, 2011;
Kunthadong et al., 2015; Nagarajan et al., 2018). Sarazin et al.
(2008) evaluated ternary blends with PLA, polycaprolactone
(PCL), and termoplastic starch (TPS) (Sarazin et al., 2008).
They showed that adding PCL to PLA/TPS binary blends,
the tensile ductility increases; consequently to reach brilliant
combined performances, blending PLA/TPS with another flexible
polymer could be an useful method. Ren et al. (2009)
instead, stated that biodegradable ternary blends of TPS, PLA
and Poly(butylene adipate-co-terephthalate) (PBAT) give good
impact resistance when a low content of compatibilizer (an
anhydride functionalized polyester) is added.

On the basis of these evidences, in this work, the impact
resistance of PLA was improved using a ternary blend approach
without compromising the end of life biodegradability (following
the EN 13432 standard). Small amounts of PBAT and a polyolefin

elastomer grafted with Glycidyl Methacrylate (POE-g-GMA)
were added as dispersed phase into PLA matrix.

The idea adopted in this work was to use PBAT, coupled with
POE-g-GMA, to reach a good compromise between an acceptable
increment of impact resistance (thanks to POE-g-GMA) and, at
the same time, a noteworthy improvement in tensile flexibility
(thanks to PBAT).

It is known that PLA/PBAT binary blends (from until
20 wt.% of PBAT content), processed via melt blending in a
twin screw extruder, lead to a well dispersed systems of PBAT
particles into the PLA matrix (Jiang et al.,, 2006; Hamad et al.,
2018). This morphology is attributable to the high immiscibility
between the two polymers, that depends to their different
solubility parameters [PLA ~ 10.1 (cal/cm®)!/? and PBAT ~
22.95 (cal/cm®)Y/2] and it causes a weak interfacial adhesion
between the two phases (Kumar et al., 2010). Furthermore, the
addition of PBAT changes the melt rheology increasing the melt
processability window (Gu et al., 2008). From a mechanical
point of view, PBAT improves the ductility of PLA without
compromising, in an evident way, its strength. Until the 2.5 wt.%
PBAT content, the ductile fracture of PLA/PBAT binary blends
form a compatible system (Yeh et al., 2009).

Glycidyl methacrylate (GMA) grafted polyolefin elastomers
(POE) are often used in polyester blends (Hu et al, 1996;
Forghani et al., 2018). Consequently, as PLA shows a good
chemical functionality (Sun et al., 2011) it can be combined
with POE-g-GMA. It has been stated that epoxy groups react
with carboxyl or hydroxyl groups of polyesters, the end hydroxyl
and/or carboxyl groups of PLA react with epoxy groups of
POE-g-GMA via nucleophilic substitution under appropriate
extrusion conditions. For this reason, with PLA/POE-g-GMA
blends, a large toughening effect can be expected if a in-situ
copolymer at the interfaces could form during extrusion enabling
a good particle matrix adhesion, a good dispersion and a small
particles size of the rubbery phase (Su et al., 2009). Therefore,
it will be expected that POE-g-GMA could have a significant
toughening effect on PLA thanks to the possible reaction that can
occur between the epoxy groups of POE-g-GMA and carboxyl
end-groups of PLA.

To use the potentiality of these two already elastomers
described (PBAT and POE-g-GMA), a compromise has to be
found as far as concern concentration, morphology and resulting
properties. First of all, it is necessary to conduct a first screening
step to set the suitable composition; then an optimization of the
best formulation can be made adding a plasticizer that improves
the processability, the elongation at break and impact properties
at room temperature (Plackett et al., 2003; Quero et al., 2012;
Mallegni et al., 2018).

In this work, a detailed study has been conducted, in
fact a rheological, thermal, mechanichal and morphological
characterization has been carried out on semi-industrial
extruded ternary blends of PLA/PBAT/POE-g-GMA. At the
best composition, small amounts of two different biodegradable
plasticizers [Acetyl Tributyl Citrate (ATBC) (not reactive)
and Glycidyl ether (EJ-400, reactive)] were added. A study
of the micromechanical deformation processes was carried
out on the best ternary blends where the parallel growth
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of the impact strength and of the tensile ductility could be
observed. In particular, the effect of the plasticizer addition
was deeply investigated also through the FT-IR analysis of
the chemical bonds formed as a result of mutual interaction.
Thanks to the use of a videoextensometer capable to register
both axial and trasversal elongation it was possible to register
the volume variation and correlate the volume increment to
the micormechanichal deformation processes (debonding,
cavitation, voids growth. . .). Also the capability of the plasticized
ternary blends to absorb energy at slow rate was investigated by
the elasto-plastic fracture mechanics approach based on the ESIS
load separation criterion.

MATERIALS AND METHODS

Materials (Chemicals)
The materials used for this work (data taken from technical
datasheets) were:

e PLA2003D purchased from NatureWorks (thermoforming
and extrusion grade), [melt flow index (MFI): 6 g/10 min
(210°C, 2.16 kg), nominal average molar mass:
200,000 g/mol, density: 1.24 g/cm®]. It contains about
4% of D-lactic acid units to lower the melting point and
the crystallization tendency improving the processability
during the melting extrusion.

e PBAT: Ecoflex C1200 purchased from BASF. It is a
biodegradable, random aliphatic-aromatic copolyester
based on the monomers 1.4-butanediol, adipic acid and
terephthalic acid, [MFI: 2.7-5 g/10 min (190°C, 2.16 kg),
nominal average molar mass: 126,000 g/mol, density
1.26 g/cm?].

e POE-g-GMA: trade name SOG2, purchased from
Fine-blend Compatibilizer Jiangsu Co., Ltd. [MFL 2-
5 g/10 min (190°C, 2.16 kg), nominal average molar mass:
220,000 g/mol, density of 0.88 g/cm®, and grafted ratio
of 0.8-1.2 wt%].

e ATBC from Tecnosintesi S.p.A. was used as not reactive
plasticizer. ATBC is prepared by the acetylation of
tributylcitrate and it appears as a colorless liquid largely
used with PLA (Maiza et al., 2016) [density: 1.05 g/cm3,
molecular weight: 402.5 g/mol].

e Glyether Resin (EJ-400) from Jsi Co., Ltd., was used as
reactive plasticizer that it would act both as plasticizer
and compatibilizer [density 1.21 g/cm?, molecular weight:
305 gleq].

Blends and Specimens’ Preparation

Binary and ternary blends with different compositions (Table 1),
containing as dispersed phases in PLA matrix different amounts
of PBAT alone or PBAT and POE-g-GMA, were extruded with
a semi-industrial COMAC EBC 25HT twin screw extruder
(L/D = 44) to achieve granules of about 2 mm diameter.
After the evaluation of the ternary blends containing the
best compromise between PLA quantity, biodegradability and
mechanical properties, comparing them with pure PLA and

binary blends PLA/PBAT, the effect of the addition of two
different plasticizers (ATBC and EJ-400) was evaluated. Before
the extrusion, all solid materials were dried in a ventilated
oven for at least 24 h. PLA and PBAT were introduced into
the main extruder feeder. POE-g-GMA, was fed, separately,
from a specific feeder which allows, fixed the weight percentage
to be added, a constant concentration in the melt during
the extrusion. The plasticizers were introduced by the use
of a peristaltic pump (Verderflex-Vantage 3000) suitably
calibrated to guarantee a constant flow rate maintaining
the fixed plasticizing concentration. During the extrusion,
the temperature profile in the zones from 1 to 11 was:
150/180/180/180/185/185/185/185/170/165/150°C, with the die
zone at 150°C. The screw rate was 260 rpm. The extruded
filaments were cooled in a water bath at room temperature and
reduced in pellets by an automatic cutter. All pellets were finally
dried in a Piovan DP 604-615 dryer at 60°C.

After the extrusion, pelletized binary and ternary blends were
molded using a Megatech H10/18 injection molding machine
to obtain dog-bone (Haake Type 3) and parallelepiped Charpy
specimens (ISO179). The operative conditions of injection
molding process are reported in Table 2.

Torque Characterization

An indirect measurement of the viscosity during the extrusion
can be obtained through torque measurements. These measures
were performed on 6 g of melt pellets by using a MiniLab II

TABLE 1 | Blends name and compositions.

Mass composition (%)

Blend name PLA PBAT POE-g-GMA ATBC EJ
PLA 100 0 0 0 0
95-5 95 0 0
90-10 90 10 0 0
(95-5)+10POE 85.5 4.5 10 0 0
(95-5)+15POE 80.75 4.25 15 0 0
(95-5)+20POE 76 4 20 0 0
(90-10)-+10POE 81 9 10 0 0
(90-10)+15POE 76.5 8.5 15 0 0
(90-10)+20POE 72 8 20 0 0
(90-10-10)+10ATBC 72.9 8.1 9 10 10
(90-10-10)+10EJ 72.9 8.1 10 10
TABLE 2 | Injection molding conditions.
Binary and Plasticized

ternary blends ternary blends

Temperature profile from feeder 175/180/185 170/165/160

to the injection zone (°C)

Mold Temperature (°C) 50 40
Injection Holding Time (s) 10 15
Cooling Time (s) 10-15 15
Injection Pressure (bar) 100 90
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Haake™ twin-screw microcompounder, equipped with conical
screws, at 180°C and 100 rpm. The extrusion was monitored
for 1 min and every 10 s an assessment of the torque value was
recorded. The measurements were carried out three times and
the average value was reported.

Mechanical Characterization

For tensile and dilatometry tests Haake Type 3 dog-bone tensile
bars (width: 5 mm, length: 25 mm, thickness 1.5 mm) were
used. Tensile tests were carried out, at room temperature, at a
crosshead speed of 10 mm/min on an MTS Criterion model 43
universal tensile testing machine equipped with a 10 kN load
cell and interfaced with a computer running MTS Elite Software.
Tests were conducted not before 24 h from specimen injection
molding. At least ten specimens were tested for each blend and
the average values were reported.

Tensile dilatometry tests were also carried out with MTS
universal tensile testing machine at a crosshead speed of
10 mm/min. Given the large quantity of blends prepared,
dilatometry tests were carried out only for the best compositions.
At least five samples for each selected material were tested at
room temperature. Transversal and axial specimen elongations
were recorded, during tensile test, using a video extensometer
(GenieHM1024 Teledyne DALSA camera) interfaced with
a computer running ProVis software (Fundamental Video
Extensometer); the data in real-time were then transferred to
MTS Elite software in order to measure not only the axial and
transversal strains but also the load value. The two lateral strain
components were assumed to be equal and the volume strain
was calculated using the following equation (Lazzeri et al., 2004;
Aliotta et al., 2019):

S T (1)
Vo
where AV is the change in volume, Vj the original volume, ¢; the
longitudinal (or axial) strain, and ¢, the lateral strain.

Impact tests were performed on V-notched specimens
(width:10 mm, length:80 mm, thickness: 4 mm, V-notch 2 mm
at 45°) using a 15 J Charpy pendulum of an Instron CEAST 9050.
The standard method ISO179:2000 was followed. For each blend,
at least ten specimens, at room temperature, were tested.

Three-point bending tests were carried out, on the best blends,
to evaluate the energy accumulated by the sample before the
fracture with the already cited MTS universal testing machine.
The methodology used to calculate fracture energy at the starting
point of crack propagation (Jyy) follows the ESIS TC4 load
separation protocol (Bernal et al., 1996; Baldi et al, 2013).
According to this protocol, the tests must to be carried out at
1 mm/min crosshead speed on 80 x 10 x 4 mm SENB specimens
cut in two different ways: “sharp” (half notched samples) and
“blunt” (drilled in the center with a 2 mm diameter hole and then
cut for half width). The sharp notch (5 mm) was achieved using
compressed air during the cutting process to limit the “notch
closing” material phenomenon due to overheating caused by the
cutter. A manual cutter, used as a broaching machine through
the rapid entry and exit of the blade from the specimen, was
manipulated obtaining a notch without plastic deformation or

heating due to the passage of the blade. A “sacrificial specimen”
placed under the “good one” was used to guarantee a correct
notch of the sample without closure (qualitatively evaluated with
a “passing” paper) and avoiding plastic deformation around to it.
At least five specimens were tested for each selected blends.

The Jj, value has been calculated following the Load
Separation Criterion (Sharobeam and Landes, 1991). This
procedure (Baldi et al., 2010, 2013; Agnelli et al., 2012; Blackman
et al., 2015) is based on the construction of the load separation
parameter curve, obtained from the load P vs. displacement u in
the three-point bending tests. The curves were recorded for the
two types of specimens (sharp and blunt). In the sharp specimens
the fracture propagation occurs, whereas in the blunt the crack
growth does not occur (only plastic deformation occurs).

The Sy, curve (Equation 2) represents the variation of load
separation parameter and it is defined as:

P
Ssp = Fb|”pl (2)

where s and b indicate the sharp and the blunt notched specimens,
respectively. The plastic displacement u,, instead, is expressed as:

upl=u—P-Co (3)

where u is the total displacement and Cy is the initial elastic
specimen compliance. Baldi et al. (Baldi et al., 2013; Agnelli
et al., 2018) noticed that fracture initiation can be a complex
progressive process for ductile polymers, characterized by the
slow development of the crack front across the thickness of
fracture transition. This limit point represents a pseudo-initiation
of fracture. Defined the limit point, the corresponding Jj;,,, can be
evaluated by Equation 4:

2 Ulim
L Tam 4
]llm b (W—ao) ( )
where Uj;,, is the elastic behavior limit point, b is the sample
thickness, w is the sample width and ay is the initial crack length.

FT-IR Characterization

ATR spectra were recorded on rectangular Charpy specimens,
at room temperature in the 400-4000 cm ™! range, by means of
a Nicolet 380 FT-IR spectrometer equipped with a smart iTX
ATR accessory. The 1700-1800 cm™! range was investigated in
details, to evaluate whether a shift of the ester carbonyl stretching
absorption peak occurred as a consequence of the addition of
POE-g-GMA on 90/10 PLA/PBAT blends and as a consequence
of the addition of ATBC and EJ-400 on ternary blends. This
behavior would indicate the presence of physical interactions
among PLA matrix and the additives.

Thermal Characterization

Thermal properties were investigated by calorimetric analysis
using a Q200 TA-Instrument differential scanning calorimeter
(DSC) equipped with a RSC cooling system. Nitrogen, set
at 50 mL/min, was used as purge gas for all measurements.
Indium was adopted as a standard for temperature and enthalpy
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calibration of DSC. The materials used for DSC analysis were cut
from the dog-bone injection molding specimens. The sampling
was carried out exactly in the same region of the injection molded
specimens to avoid differences ascribable to different cooling
rates in the specimen thickness. Aluminum pans with samples
were sealed before measurement and the mass of the samples
used varied between 10 and 15 mg. The samples were heated
from room temperature at 10°C/min to 200°C under a nitrogen
atmosphere and held for 5 min to remove the previous thermal
history. Then, the samples were cooled at 10°C/min to —50°C
and held for 5 min then they were heated again at 10°C/min to
200°C to record the crystallization and melting behaviors.
Melting temperature (T,,) and the cold crystallization
temperature (T,.) of the blends were recorded at the maximum of
the melting peak and at the minimum of the cold crystallization
peak, respectively. The enthalpies of melting (AH,,) and cold
crystallization (AH,.) were determined from the corresponding
peak areas in the second heating thermograms. The crystallinity
percentage (X..) of PLA and its blends was calculated as follows:

AHppra) — AHec(pLa)

2 100 5)
AHy, (ppayWEPLA

Xee(PLa) =

where AHppra) is the melting enthalpy of PLA, AH(pra) is
the cold crystallization enthalpy of PLA, and AH®,pra) is the
melting enthalpy of 100% crystalline PLA that is 93 J/g (Wang
etal,, 2018), wt(pr4) is the weight fraction of PLA in the blends.

Morphological Characterization

In order to investigate the morphology of the best ternary
systems, the cryogenic fractured cross-sections of the Charpy
samples were analyzed, after gold sputtering, by a FEI Quanta 450
FEG scanning electron microscope (SEM) (magnifications 4000x
for Figure 3 and 500x for Figure 9) equipped with a Large Field
Detector for low kV imaging simultaneous secondary electron
(SE).

The fracture surface of specimens broken during tensile
test offers the best reliable information about the deformation
mechanism. Consequently, to study and to better clarify
the micromechanics deformation, after the tensile test some
specimens have been cold fractured along the tensile direction.
The specimens were coated, by using a sputter coater Edward
S150B, with a thin layer of gold prior to microscopy to avoid
charge build up.

RESULTS AND DISCUSSION

First Screening on Binary and Ternary
Blends

The first methods used to evaluate the feasibility of ternary blends
composition were the uniaxial static tensile test and the Charpy
impact test. A comparison between ternary PLA/PBAT/POE-
g-GMA ternary blends and pure PLA and PLA/PBAT binary
blends was carried out. The basis from which this work started
(a binary blend with 5 and 10% of PBAT dispersed into the PLA
matrix) was substantiated by a double reason: not increase the

petro-quantity, although biodegradable, of the entire formulation
and to evaluate the processes of toughening and increase of
ductility with the addition of the two elastomers but always
within a continuous PLA matrix. The addition of POE-g-GMA
was of 10, 15, and 20 wt.% on the two starting binary blends
(readjusting the formulations in such a way that the mass
composition can be 100%).

For the ternary blends, the results of tensile tests (Table 3 and
Figure 1) showed a decrement of Young’s modulus increasing the
rubber content. Despite of the elastomer addition, the elongation
at break increases only slightly, and the ternary blends did not
show a yielding point (as the pure PLA and the binary blends
did). It is clear that 10 wt.%. of PBAT guarantees a substantial
improvement in the elongation at break, which is lost with the
addition of the third phase. However, the effect of POE-g-GMA
is evident analyzing the Figure 1D in which 10 wt.% of polyolefin
elastomer addition guarantees a Charpy impact strength value
almost tripled compared to pure PLA and binary blends. This
improvement in the Charpy Impact Resistance is remarkable if
compared also to other binary PLA-PBAT systems reported in
literature (Zhang et al., 2009).

The mechanical results indicate that these ternary blends show
dissimilar deformation mechanisms when the loading conditions
change (for example in tensile and impact tests). Tensile tests,
indeed, are carried at slow rate while impact tests at higher rate
(Zhang et al., 2014).

The torque trends of the pure materials (PLA, PBAT, and POE-
g-GMA) and of the ternary blends are showed in Figure 2, in
order to assess and study the melt strength during the extrusion.
It can be observed that PLA showed a melt strength double
respect to that of the materials used as dispersed phase. PBAT
and POE-g-GMA were characterized by comparable torques,
and consequently their processability was similar. For the (95-
5) based ternary blends not significant torque changes were
encountered increasing the POE-g-GMA content. On the other
hand, for the (90-10) based ternary blends, viscosity decreases
increasing the POE-g-GMA content, as previously reported for
similar cases (Signori et al., 2009).

Figure 3A reports a SEM image of the (90-10)+10POE
blend in which irregular platelets of POE-g-GMA and spherical
particles of PBAT are dispersed separately into the PLA matrix.
For ternary systems, in which there are two dispersed phases in
a continuous matrix, like the systems studied in this work, two
distinct types of phase morphology can be encountered. Dekkers
et al. (1991) stated that one situation can be characterized
by two dispersed phases in which one is encapsulated in the
other (core-shell morphology). Alternatively, the two phases
are dispersed separately into the matrix (Dekkers et al., 1991).
The mechanical properties and the rheology of ternary blends
are significantly affected by their morphology (Luzinov et al,
1999; Xue et al., 2018). Furthermore, it is important to underline
which factors affect the phase structure of multicomponent
blends. Viscosity of components [in linear proportionality with
the torque (Gupta and Srinivasan, 1993)], composition and
interfacial interaction between phases are the main factors
that influence the morphology of ternary polymer blends
(Utracki and Shi, 1992).
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TABLE 3 | Mechanical results of tensile tests with experimental deviation.

Blend name Elastic modulus Stress at break Elongation at Yield stress Elongation at Charpy impact
(GPa) (MPa) break (%) (MPa) yield (%) resistance (kJ/m?2)
PLA 3.2 +0.09 55.0 £ 1.00 2.5+ 0.30 / / 3.0+ 0.31
95-5 3.1+0.22 20.1 £1.22 6.4 +0.71 58.6 +£2.10 4.6+0.25 3.3+0.23
90-10 2.7 +£0.05 245+ 0.75 12.4 £ 2.60 54.1 +£1.80 4.8+ 0.18 3.4 +£0.10
(95-5)+10POE 2.8+ 0.07 37.4 +2.09 4.4 +0.21 / / 6.7 +£1.01
(95-5)+15POE 2.5+ 0.05 32.4 +£0.87 3.9+ 0.08 / / 6.8 + 0.61
(95-5)+-20POE 21+0.23 27.7 £0.19 4.5+0.19 / / 6.9 +0.92
(90-10)+10POE 21+017 34.6 +1.03 4.4 +0.11 / / 7.2 +0.93
(90-10)+15POE 2.1 £0.03 31.2+1.69 4.4+0.19 / / 7.2+0.94
(90-10)+20POE 1.6+0.14 27.0 +£0.13 4.4 +£0.13 / / 7.3+0.44
(90-10-10)+10ATBC 1.2+£0.10 16.5 £ 0.70 13.8 £ 0.70 21.7 £ 0.91 45+ 0.21 7.5+0.15
(90-10-10)+10EJ 1.5+0.22 18.9 £ 1.85 8.0 +0.90 22.8 +£0.79 43+0.79 9.1 +0.81
A . B .
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FIGURE 1 | Mechanical properties for PLA, binary blends and ternary blends: (A) Elastic Modulus; (B) Stress at break; (C) Elongation at break (%); (D) Charpy
Impact Resistance.

The effect of interfacial tension between phases on the
morphology for a ternary system (in which A is the continuous
phase and B and C are the dispersed phases) can be evaluated
by the spreading coefficient (hpc of the B-phase on the C-phase)
defined as (Hemmati et al., 2001):

(6)

where yy are the interfacial tension for each component pair.
If Apc is positive, the B-phase will encapsulate the C-phase.
Similarly, for Acp the equation will be:

NBC = YAC — YAB — YBC

™)

A core-shell morphology is characterized by a positive value of
hcp; the C-phase will encapsulate the B-phase. On the other

NCB = YAB — YAC — YBC

hand, both negative lambda values will return a dispersed system
where the B and C phases are separated in the matrix. Table 4
reports the lambda results for the ternary systems analyzed. The
values of interfacial tensions were taken from literature (Wu,
1985; Nofar et al., 2015). It can be observed that both hpc and
hcp are negative. This result means that PBAT and POE-g-
GMA form two distinct dispersed phases in the PLA matrix. This
morphology was indeed verified by SEM analysis (Figure 3).
Differential scanning calorimeter heating curves of PLA,
PBAT, POE-g-GMA and ternary blends after crystallizing from
melt are shown in Figure 4. The thermal properties of PLA
and PBAT correspond to what is reported in literature (Cao
et al.,, 2003; Al-Itry et al., 2012). PLA shows a glass transition
temperature around 60°C, a cold crystallization temperature
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FIGURE 2 | Torque trends for pure polymers and differences with ternary
blends.

around 110°C and melting temperature around 150°C. The
crystallization rate of PLA due to the presence of D-units is
very low and, consequently, also the crystallinity content that it
is around 3%. Concerning neat PBAT, its second heating scan
showed a glass transition centered at around —35°C and a broad
melting peak around 120°C consistent to what can be found in
literature (Kumar et al., 2010).

In the thermogram of POE-g-GMA the glass transition
temperature is not visible, according to datasheet and literature
(Suetal., 2009) it must occur around —40°C. Two melting peaks
are present in the POE-g-GMA thermogram. One melting peak
at around 60°C degree that it is related to grafted polyethylene
octane and another melting peak in correspondence of 160°C that
it is typical of polypropylene. This melting behavior is typical of
polyethylene octane rubber in which also traces of polypropylene
are present (Svoboda et al., 2010).

4000x | 104 ym | 7.0 mm | 1.62e-3 Pa

S5.00kV | 3 ETD SE

FIGURE 3 | SEM micrographs of plasticized ternary blends in comparison
with (90-10)+10POE: (A) (90-10)+10POE; (B) (90-10-10)+10ATBC; (C)
(90-10-10)+10EJ.

Analyzing the ternary blends, it can be observed that
increasing the content of POE-g-GMA, it does not affect either
the glass transition or the melting peak. The cold crystallization
temperature and the melting temperature of PLA decrease with
the addition of PBAT and POE-g-GMA. It can be observed
that in all ternary blends there is a large cold crystallization
exothermal peak, the area of which is similar to that of the
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TABLE 4 | Spreading coefficient and interfacial interaction for the PLA / PBAT/ POE-g-GMA system.

Material name y Yo Yd YAB Yac YsC AcB MBC
(180°C)  (180°C) (mN/m) (180°C) (mN/m) (180°C) (mN/m) (180°C) (mN/m) (180°C) (mN/m) (mN/m)  (mN/m)
A (PLA) 43 1.5 31.5 0.4 6.9 8.7 —15.26 —2.16
B (PBAT) 46 10 36
C (POE-g-GMA) 30.7 8.6 221
A —PLA —POE-g-GMA —PBAT B
8 —PLA ——(95-5)+10POE ——(95-5)+15POE (95-5)+20POE
/\
- R ////
-50 0 50 100 150 200 | O 50 100 150 200
Temperature (°C) Temperature (°C)
C D
—PLA —(90-10)+10POE —(90-10)+15POE —(90-10)+20POE | __(90-10)+10POE —(90-10)+10POE + ATBC - (90-10)+10POE + EJ
N J/_’—\_/‘\“’,
/’ \\ e / \
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FIGURE 4 | DSC thermograms for: (A) pure materials; (B) (95-5) based ternary blends; (C) (90-10) based ternary blends; (D) plasticized ternary blends.

melting endotherm peak; this suggests that the PLA is almost
in the amorphous state (Ishida et al., 2009) as confirmed by
the PLA crystallinity content percentage reported in Table 5.
However, the addition of PBAT and POE-g-GMA enables the
crystallization ability of PLA encouraging the mobility of PLA
molecular chains; as a consequence a slightly increase in the PLA
crystallinity content is registered (Jiang et al., 2006; Arruda et al.,
2015; Wang et al., 2018).

A second melting peak due to the presence of the
polypropylene in POE-g-GMA is observed for all ternary blends;
increasing the POE-g-GMA content this secondary peak is
more pronounced.

Effect of Plasticizers on Ternary Blends

On the basis of the mechanical and thermal results showed
in the previous section, it emerged that the ternary blend
(90-10)+10POE can be chosen as starting point for the final

formulation. The choice is justified because it has a high impact
resistance value (around 7.2 kJ/m?), not losing significantly
in stiffness and strength at break. In addition, the starting
composition (81% wt. PLA, 9% wt. PBAT, 10% wt. POE-g-
GMA) allows to remain within the definition of biodegradable
material, an important feature for the possible exploitation
of this formulation in different sectors. More specifically, this
formulation contains a not so high quantity of not biodegradable
POE-g-GMA, and the EN 13432 standard is respected.

Nevertheless, in order to further increase the polymers
mobility, connected to the improvement of elongation at break
without losing the achieved impact resistance, two different types
of plasticizers were added (at 10 wt.%) to the (90-10)4+10POE
formulation. The chosen quantity (10 wt.%) of plasticizer would
provide a good balance of the final mechanical properties (good
elongation at break and at the same time would likely improve
Charpy impact resistance) (Baiardo et al., 2003).
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TABLE 5 | Main thermal properties taken from DSC second run for samples heated at 10°C/min.

Blend Name Ty (°C) Tec (°C) Tm,peakt (°C) Tim,peakz2 (°C) AHp peak1 (J/9) AHcc (J/9) Xec (%)
PLA 62 118 151 / 23.1 19.9 3.4
PBAT —-36 / 124 / 12.9 / /
POE-g-GMA / / 61 164 27.1 / /
(95-5)+10POE 61 113 147 / 18.2 12.5 7.2
(95-5)+15POE 61 114 147 164 16.7 10.6 8.2
(95-5)+20POE 61 114 147 165 16.7 10.6 8.6
(90-10)+10POE 61 116 148 166 17.0 13.2 5.1
(90-10)+15POE 61 117 148 166 15.5 10.8 6.7
(90-10)+20POE 61 117 148 166 15.5 9.9 8.4
(90-10-10)+10ATBC 43 98 142 165 17.7 14.7 4.6
(90-10-10)+10EJ 45 99 142 167 17.0 13.7 5.1

When a liquid plasticizer is added, a torque decrement
is recorded due to the decrease of melt viscosity (Coltelli
et al., 2008). This behavior was confirmed for the plasticized
ternary blends for which a torque decrement (below the torque
value of the pure rubbers) was registered (Figure 5). These
results are related to the lubricating effect and enhanced
chain mobility that the addition of plasticizers does (Alias and
Ismail, 2019). This viscosity decrement was also reflected in
the processing conditions: the extrusion temperature profile was
decreased of 5°C and also the injection temperature profile was
decreased (Table 2).

The mechanical tests of the plasticized ternary blend showed
very interesting results (Figure 6 and Table 3). In addition to
the expected increase in elongation at break, a further increment
of Charpy Impact Strength was achieved with the addition of
plasticizers. Furthermore, in the tensile tests, a more ductile
stress-strain curve was recorded and the materials showed a
yielding behavior that was not present in the previous ternary
blends. On the other hand, as it can be expected, the plasticizer
addition reduces the Elastic Modulus of the final material.
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——(90-10-10)+10EJ

PBAT
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FIGURE 5 | Torque trend for plasticized ternary blends.

The mechanical results showed that EJ-400 reached the best
compromise in terms of mechanical properties providing the
highest value of Charpy impact resistance (9.1 kJ/m?), a good
value of elongation at break (around 8%) and an acceptable
decrement of the Elastic Modulus, thus making this formulation
functional for injection molded objects having a good stiffness
without losing the flexibility.

To evaluate and deeply understand the effective toughness
enhancement of the plasticized ternary blends, the elasto-plastic
fracture mechanics approach has been applied to evaluate
the Jyim value (energy absorbed at the moment of the crack

A 0
4 Elastic modulus (GPa)
3
2 '3
1 m B
0
(90-10)+10POE (90-10-10)+10ATBC  (90-10-10)+10EJ
B Elongation at break (%)
15
10
L[] .
0
(90-10)+10POE (90-10-10)+10ATBC  (90-10-10)+10EJ
c C.LS. (kJ/m?)
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I
I
5 l .
0
(90-10)+10POE  (90-10-10)+10ATBC  (90-10-10)+10EJ
FIGURE 6 | Mechanical properties for plasticized ternary blends: (A) Elastic
Modulus; (B) Elongation at break; (C) Charpy Impact Resistance.
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propagation during a slow-rate test) and the results are reported
in Figure 7. For all ternary systems a good Jpy, value was
obtained. This value, is very high if compared to the “brittle”
G value of PLA found in literature [2.97 kJ/m? (Nascimento
et al, 2010; Todo and Takayam, 2012)] and also if compared
to PLA/PBAT binary blends with 10 wt.% of PBAT (6.5 kJ/m?
Gigante et al, 2019). The fracture energy released at the
beginning of the crack propagation is very impressive both for
the plasticized blends and the (90-10)+10POE blend. However,
the best Jyi, value (13.6 kJ/m?) was registered for the blend
containing EJ-400 in accordance with the results obtained from
quasi-static tensile tests. The improvement in toughness seems to
be correlated to the presence of the reactive plasticized system
(EJ-400) that would compatibilise the rubber domains within
the PLA matrix. This behavior can be explained stating that
the epoxy groups of this reactive plasticizer, going to bind
with the hydroxyl groups of the PLA, developing a structure
that allows the improvement of the ductility of the final blend.
The decreasing of energy absorbed from slow rate three-point
bending test (I mm/min) to impact test (4.08 m/s) even if not

Jim (kJ/m2)
16 -
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10

(90-10-10)+10ATBC (90-10-10)+EJ (90-10)+10POE

FIGURE 7 | Jim, values for plasticized ternary blends.
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FIGURE 8 | Volume strain vs. longitudinal strain for plasticized ternary.

so evident, is well known in literature (Bucknall et al., 2000;
Inberg et al., 2002).

In order to correlate the toughening mechanism to
morphology, mechanical results and micromechanical
deformation mechanism, dilatometric tests were carried out
on these blends. Data of volume change (calculated according

— 11—

ym  11.0 mm | 7.69%-4 Pa

FIGURE 9 | SEM micrographs at the surface of the tensile specimen
cryo-fractured along the draw direction for: (A) (90-10)+10POE; (B)
(90-10-10)+10ATBGC; (C) (90-10-10)+10EJ.
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to Equation 1) during tensile tests are shown in Figure 8 as a
function of axial elongation percentage. For the unplasticized
(90-10)+10POE ternary system it was not possible to collect
data for axial elongation higher than 3% due to the breakage
of the specimens.

For the three systems analyzed, different extents of volume
increase with increasing of the specimen elongation can be
observed. The blend containing EJ-400 exhibits the highest
volume increase that it is maintained over the whole range of
elongation explored. The blend with ATBC show a similar trend
but with a minor volume increment with the axial elongation.
These results indicate that the presence of plasticizers in the
blend favored dilatation processes that can be related to different
micromechanical mechanisms (matrix crazing, debonding of
secondary phase particles and cavitation of rubber particles)
(Yokoyama and Ricco, 1998). Three different steps are involved
during the deformation of rubber-toughened polymers: elastic
deformation, plastic strain softening, and strain hardening in
yielding zone. Due to stress concentrations around rubber
particles, they started to deform and induce cavitation (Alias
and Ismail, 2019). The dominant mechanism of micromechanical
deformation varies and it is influenced by the chemical structure
deformation, the composition of the matrix material, and also by
the test temperature, the strain rate and the morphology (shape
and size of the rubber particles) (Michler and Bucknall, 2001;
Li and Shimizu, 2009).

The point in which the slope change occurs in the volume
strain curves (Figure 8), detects the longitudinal elongation value
for which the cavitation takes place. It can be deduced that
the cavitation mechanism starts before the yield point (that for
both plasticized ternary blend it is registered around 4% of axial
elongation), this behavior was found in literature for other rubber
toughened systems (Borggreve and Gaymans, 1988; Lazzeri and
Bucknall, 1993, 1995; Yokoyama and Ricco, 1998). At low rates,
the volume strain-behavior of the ternary systems analyzed
appears to be not so different. The greater difference between
the ternary system can be observed at higher rates for which the
accelerated voiding process is evident for the plasticized ternary
systems. In particular, the ternary blend containing EJ-400 seems

to have a more accelerated voiding process. To better understand
the data obtained, SEM micrographs at the surface of the
specimens, after the uniaxial tensile test, cryo-fractured along
the tensile direction were carried out (Figure 9). First of all, it
can be observed that, differently from the unplasticized ternary
blends, many big voids, elongated along the tensile direction,
are present. A greater and more extensive voids quantity can
be seen for the ternary blend containing EJ-400. This result is
in accordance with the dilatometric results for which is higher
the slope of the volume strain curve. Also the mechanical
results are in accordance. In fact, the Charpy impact resistance
is higher for the EJ-400 blend but the elongation at break
is lower than the ATBC blend. This is due to the fact that
an excessive quantity of void reduces the load bearing section
of the sample during the tensile test, triggering a premature
specimen breakage.

It has been demonstrated in literature, that EJ-400 is an
efficient plasticizer for PLA/rubber systems able to improve
the blend compatibility (Mallegni et al., 2018). From the SEM
micrographs of (90-10)+10POE ternary blends (Figure 3), it can
be observed that a more homogeneous dispersed distribution of
rubber domains inside the PLA matrix occurred. On the other
hand, weak adhesion between the rubber domains and the PLA
matrix can be observed for the unplasticized ternary blend.

The thermograms of plasticized ternary blends (shown in
Figure 4D) exhibits also in this case three main transitions: glass
transition, cold crystallization exotherm and melting endotherm.
The measured value with relative enthalpies are summarized
in Table 5. The effect of the plasticizer addition seems not
depend from the type of plasticizer used. It is well-known that
the plasticizers lower the glass transition temperature (Baiardo
et al, 2003). A marked decrement of Ty can be observed for
the plasticized ternary blends. This phenomenon influenced the
injection molding conditions in fact the mold temperature, set in
proximity of T,, passed from 50°C to 40°C. The incorporation
of plasticizers also decreased the cold crystallization temperature
by approximately 20°C. However, the addition of POE-g-GMA
and also of plasticizers restricts the crystalline ability of PLA
as it can be observed from the crystallinity percentage value
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of plasticized ternary compared to the unplasticized one. This
behavior was found in literature for a similar system (Zhao et al.,
2015). A multiple melting behavior, typical of PLA (Di Lorenzo,
2006; AAliotta et al., 2017) appears for the plasticized blends. This
behavior was induced by the presence of plasticizer during the
melting process when the unperfected crystals had sufficient time
to melt and reorganize into perfect crystals and re-melt at higher
temperature (Zhao et al., 2015).

FT-IR spectra of PLA and PBAT were compared to those of the
90/10 blends, containing POE and ATBC or EJ400 (Figure 10A).
Among other, a strong absorbance peak was detected in the 1700-
1800 wavenumber range, attributable to the carbonyl ester C=O
stretching of polyesters, both in main chain (PLA and PBAT)
as well as in side chains (POE). Noteworthy, the detail of the
1700-1800 wavenumber range (Figure 10B) showed a slight shift
toward higher wavenumber (1747 cm™!) as a consequence of
introduction of POE with respect to pure PLA (1743 cm™!) in
90/10 blends. Remarkably, the introduction of ATBC or EJ400 in
90/10/10 blends further shifted the carbonyl stretching shift to
1751 cm~! (Figure 10B). These behaviors suggest that slightly
different average dipole distribution around the carbonyl ester
groups in PLA occurred as a consequences of the introduction
of POE and ATBC or POE and EJ400, confirming the interaction
of the PLA matrix with the additives.

CONCLUSIONS

In this study a multiphase ternary system, with two different
types of elastomers (PBAT and POE-g-GMA) added in different
amounts into a PLA matrix, was investigated and compared
with PLA and PLA/PBAT binary blends with maximum 10%
wt. of PBAT. The purpose of the present work was to find a
compromise in the use of both elastomers (PBAT and POE-
g-GMA) as dispersed phases into a PLA matrix to improve
impact resistance of PLA using a ternary blend approach without
compromising the end of life biodegradability (following the EN
13432 standard). This idea was developed studying many papers
in which PBAT caused an improvement in tensile flexibility via
direct melt blending with PLA, while POE-g-GMA can increase
impact properties.

The work was characterized by a first step in which PLA/PBAT
and POE-g-GMA ternary blends were extruded and compared,
from the mechanical and thermal point of view, with PLA and
binary blends PLA-PBAT. Thanks to an analytical study based
on interfacial tensions and morphological considerations, in this
screening phase it was found that the two rubber phases stay
separated and dispersed in the PLA matrix, evidence confirmed
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Thermo-Mechanical Behavior

and Hydrolytic Degradation of

Linear Low Density
Polyethylene/Poly(3-hydroxybutyrate)
Blends

Daniele Rigotti*, Andrea Dorigato and Alessandro Pegoretti*

Department of Industrial Engineering and INSTM Research Unit, University of Trento, Trento, Italy

In this work, a commercial linear low density polyethylene (LLDPE) utilized for packaging
applications was melt compounded with different amounts (from 10 up to 50 wt. %)
of poly(3-hydroxybutyrate) [P(3HB)], with the aim to evaluate the possibility to partially
replace LLDPE with a biodegradable matrix obtained from renewable resources. The
processability, microstructural, and thermo-mechanical behavior of the resulting blends
was investigated. Melt flow index (MFI) values of the LLDPE matrix were not much
affected until a P(3HB) content of 20 wt.%, while for higher P(3HB) concentrations
an evident decrease of the viscosity was detected. Scanning electron microscope
(SEM) observations on the blends highlighted that at limited P(3HB) concentrations the
secondary phase was homogeneously dispersed in form of isolated domains, while at
a P(BHB) content of 50 wt.% a continuous layered morphology could be detected.
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and Fourier
transform infrared spectroscopy (FT-IR) did not evidence any chemical or physical
interaction between the two polymer phases. Quasi-static tensile tests and dynamical
mechanical analysis showed that the introduction of P(3HB) led to a pronounced
stiffening effect, while the progressive drop of the yield and ultimate mechanical properties
could be attributed to the weak interfacial adhesion and poor compatibility between the
two matrices. The resistance to hydrolytic degradation of the LLDPE/P(3HB) blends was
evaluated over a period of 100 days of immersion in water at 50°C. It was observed
that the weight variation and the decrease of the tensile properties due to the hydrolytic
process on the biodegradable phase were evident only for a P3HB content of 50 wt.%.
In conclusion, this work showed that the partial replacement of LLDPE with a biobased
P(3HB) could lead to the development of an innovative blend with good processability
and mechanical properties, until a P(3HB) amount of 20 wt.%.

Keywords: polyethylene, polyhydroxyalkanoates, blends, mechanical properties, degradation
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INTRODUCTION

In the last few decades global climate change and ecosystems
deterioration have been the main driving forces for a progressive
switch from a take-make-dispose economy based on continuous
growth and increasing resource throughput to a circular
economy in which resource input, waste, emission, and energy
leakage are minimized by slowing, closing, and narrowing
material and energy loops (Geissdoerfer et al., 2017). Circular
Economy is receiving increasing attention as an effective way to
prevent and/or reduce industrial waste and increase the efficiency
of the production processes, reaching thus a better equilibrium
and harmony between economy, environment, and society.
This can be achieved through a better manufacturing strategy
that focuses on long-lasting design, maintenance, repair, reuse,
remanufacturing, refurbishing, and recycling (Ghisellini et al.,
2016; Kalmykova et al., 2018). Accumulation of non-degradable
plastics is one of the main problems for the environment
and human health, because of the generation of secondary
microplastics and nanoplastics, release of hazardous chemicals
during manufacturing, use and the following landfilling,
incineration, or improper disposal (Soroudi and Jakubowicz,
2013; Laycock et al,, 2017). Thanks to their limited weight,
flexibility and durability, plastics production has reached 380
million tons in 2015, and about 40% of this amount is applied
in packaging field (Groh et al., 2019). For as concerns the
management of the packaging waste, its reuse and recycling
could reduce their environmental impact, delivering thus both
economic and environmental benefits (Dilkes-Hoffman et al.,
2018; Geueke et al., 2018). However, recycling would be neither
practical nor economical for certain applications such as bags,
agricultural mulch films, and food packaging (Pedroso and Rosa,
2005). Due to safety issues, it is particularly challenging to fully
recycle food packaging waste to produce new food package,
because of the presence of contaminants and/or chemicals that
can directly migrate from the packaging into the food or beverage
(Groh et al., 2019).

Considering the difficulties in recycling plastics for packaging
applications, it is thus clear that biopolymers could represent a
valuable solution to reduce the environmental burden associated
to the life cycle of industrial packages. In fact, packaging is the
largest market for biopolymers, accounting for about 58% of the
total volume share. Despite this, biopolymers market represents
today only a limited percentage of the total plastics production
(Niaounakis, 2019). Processing biodegradable plastics under
composting conditions at the end of their life could be preferred
over recycling for these kinds of applications (Geueke et al,
2018). However, the end of life of biopolymers is a debatable
issue. Even if recycling of biodegradable polymers does not
exploit their biodegradability, the disposal of biopolymer articles
through biodegradation has the disadvantage of discarding
valuable raw materials and could lead to environmental problems
such as the emission of methane. To reduce the consumption
of renewable resources used for the synthesis of biopolymers is
important to be able to recycle them. In this way, biopolymers
waste may become a valuable alternative feedstock for monomers
and intermediates (Hahladakis and Tacovidou, 2018).

Most of the traditional thermoplastic used as packaging
materials are polyolefins, such as high-density polyethylene
(HDPE), low-density polyethylene (LDPE), and polypropylene
(PP). Polyethylene is a general-purpose thermoplastic polymer
with good processing and mechanical properties as well as
relative low price. In particular, linear low-density polyethylene
(LLDPE), thanks to its elevated tear and impact strength, is
generally applied in film production for the packaging. LLDPE
is constituted by a linear hydrocarbon backbone with short
chain branching, formed by a copolymer of ethylene and an
a-olefin or diene (i.e., butene, hexane, or octene) (Dorigato
et al., 2010a,b, 2011, 2013; Dorigato and Pegoretti, 2012, 2013).
It finds large application in grocery bags, heavy duty shipping
sacks, agricultural films, pipes, liners for consumers, landfills, and
waste ponds (Hancox, 1992). An important issue for economic
and environmental reasons is the problem of post-consumer
recycling of this material, since the use of these plastics is
continuously increasing (Hole and Hole, 2019).

Polyhydroxyalkanoates (PHAs) are generally considered a
promising group of biopolymers from renewable resources
and bacteria and they possess a high potential as bio-based
and biodegradable plastic packaging materials in the transition
toward a circular economy (Ragaert et al, 2019). Among
all the PHAs, poly(3-hydroxybutyrate) [P(3HB)] is one of
the most innovative thermoplastic. P(3HB) is synthesized by
microorganism as an intracellular storage product under suitable
growth conditions (abundant carbon source, limited sources of
oxygen, phosphorous, or nitrogen). The carbon is assimilated
and converted into hydroxyalkanoate monomers, polymerized,
and stored in the cell cytoplasm. The resulting polymer is a
biocompatible high molecular weight crystalline polyester that
can be used to produce films and foils for the packaging industry
and tissue engineering (Chen and Hajnal, 2015; Valentini et al.,
2019). Moreover, P(3HB) can be degraded by microorganisms
(i.e., bacteria, fungi, and algae) under different environmental
conditions (Wang et al., 2014; Emadian et al., 2017; Pakalapati
etal., 2018).

Nowadays, the major challenge in the biopolymers research
is to partially/totally replace conventional petroleum-based
polymers with the biodegradable ones, in view of a more
sustainable development. Therefore, blending biodegradable
polymers with traditional plastics, such as polyethylene,
has recently received considerable attention, in order to
simultaneously improve/tailor the physical properties of the
resulting materials and lower their environmental burden. A
key point to be investigated in these systems is whether the
biodegradable component could be effectively biodegraded by
the microorganisms under certain conditions, and whether
the remaining polyolefinic phase could be even degraded
(Chandra and Rustgi, 1998). Several research efforts were thus
made in this direction, through the development of different
LDPE/biopolymer blends, such as LDPE/wax (Krupa and Luyt,
2000, 2001), LDPE/starch (Nguyen et al, 2016; Datta and
Halder, 2019) and LDPE/PLA (Bhasney et al., 2019) systems. It
was demonstrated that the degradation of polyethylene can be
accelerated by environmental factors such as temperature, UV
irradiation or the action of microorganisms (Restrepo-Florez
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et al., 2014). For instance, Veethahavya et al. (2016) investigated
the possibility to accelerate the biodegradation through
microorganisms digestion of LDPE upon blending with natural
polymers, finding that in liquid cultures the degradation rate of
LDPE increased with the starch concentrations. Only a limited
number of papers addressing the thermo-mechanical properties
and the degradative behavior of LLDPE/P(3HB) blends are
available in the open scientific literature. In these work, the
attention was mainly focused on the morphology, highlighting
that the blend components are thermodynamically incompatible
and a clearly distinguishable interface is formed between the
disperse phase (PHB) and the continuous matrix LDPE (Ol'khov
et al., 2000; Pankova et al., 2010). With packaging application
in mind, this immiscibility was exploited to regulate the
resistance to hydrolysis and biodegradation through the control
of water permeability studying the interaction between the two
polymer phases against water according to Flory-Huggins theory
(Pankova et al., 2010). Biodegradability of LDPE/PHB blends was
extensively studied and also improved when natural additives
such as castor oil or guar gum were inserted (Burlein and Rocha,
2014; Rocha and Moraes, 2015). Pro-oxidant additives, such
as oxidized polyethylene wax, represent a promising solution
to the problem of the environment contamination and could
reduce the phase separation of LDPE with PHB and increased
the biodegradation during aging in soil (Rosa et al., 2007).

Therefore, the present work aims to investigate the effect of
blending P(3HB) to LLDPE at different concentrations (from
10 to 50 wt.%). A systematic investigation of the processability,
of the microstructural and of the thermo-mechanical properties
of the resulting blends was performed. Particular attention
was devoted to the hydrolytic degradation of these systems,
analyzing the water absorption, and the change of the thermal
and mechanical performances of the samples as a function of the
hydrolysis time.

EXPERIMENTAL PART

Materials

Poly(3-hydroxybutyrate) was provided by Biomer (Schwalbach,
Germany) in form of white powder (M, = 3.7 £ 0.2 -
10° Da, density = 1.18 g/cm?®). Preliminary NMR studies
on the obtained powder (not reported for sake of brevity)
showed the characteristic signals of poly-3-hydroxybutyrate
[P(3HB)] (i.e., C=0, -OCH-, -CH;-, and -CH3), excluding
thus the presence of poly-hydroxyvalerate (PHV) or of poly-
4-hydroxybutyrate [P(4HB)] in the purchased material. Linear
low-density polyethylene used in this work was Flexirene® CL10
(density of 0.918 g/cm?, melting temperature of 120°C, melt flow
index (MFI) at 190°C and 2.16 kg of 2.6 g/10 min), provided by
Versalis Spa (San Donato Milanese, Italy) in form of granules.

Sample Preparation

Prior compounding, both LLDPE and P(3HB) were dried in an
oven at 80°C for 24 h. The two polymers were mixed at different
relative concentrations with a Thermo Haake Rheomix® 600
melt compounder at 190°C. After some preliminary trials, a
rotor speed of 60 rpm and a compounding time of 10 min were

selected, in order to provide a good homogenization of the
blends. The resulting materials were then hot pressed at 190°C for
10 min in a Carver hot plate press, applying a pressure of 2.5 MPa,
to obtain square sheets with a length of 20 cm and a thickness
of about 1 mm. In this way, neat LLDPE, neat P(3HB) and
LLDPE/P(3HB) blends with different P(3HB) concentrations,
ranging from 10 up to 50 wt.%, were prepared. Samples were
designated indicating the relative content of LLDPE and P(3HB)
phases, ie.,, LLDPE_x_PHB_y, where x and y are the weight
percentage of LLDPE and P(3HB), respectively.

Experimental Techniques

In order to evaluate the processability of the resulting blends,
melt flow index (MFI) measurements were performed according
to ASTM D1238-04 standard, by using a Kyeness 4003DE
plastomer at a temperature of 180°C under a load of 2.16kg
investigating about 10 g of material for each sample. This testing
parameters were selected in order to evaluate the MFI under the
same conditions for all the samples.

Morphological properties of the cryo-fractured surface of
the LLDPE/PHB blends were determined by using a Zeiss
Supra 40 high resolution field emission scanning electron
microscope (FESEM), operating at an acceleration voltage of
4 kV. Prior to be observed, samples were covered with a
conductive platinum/palladium coating deposited through a
sputter coater.

FT-IR spectroscopy was conducted with a Perkin Elmer
Spectrum One machine, in order to analyze the vibrational
transitions inside molecules of the different samples. This
analysis was performed in a wavenumber range between 650 and
4,000 cm™"

DSC measurements were performed on one specimen for each
sample in order to get information about the glass transition,
crystallization, and melting temperature of the material. DSC
tests were carried out with a Mettler DSC30 calorimeter under
a nitrogen flow of 10 ml/min. A heating run from —100 to
200°C was followed by a cooling stage to —100°C and by a
second heating run up to 200°C. All the scans were performed
at a heating or cooling rate of 10°C/min. In this way, it
was possible to determine the melting (T,) and crystallization
temperature (T¢) of LLDPE and P(3HB). The crystallinity degree
(Xc) was computed as the ratio between the melting enthalpy
of the samples and the reference value of the fully crystalline
polymers, ie., 293 J/g for LLDPE and 146 J/g for P(3HB)
(Barham et al., 1984).

Knowing the critical issues of P(3HB) regarding its thermal
degradation, it is extremely important to determine the thermal
degradation of the blends. For this purpose, thermogravimetric
analysis (TGA) was performed on one specimen for each
sample through a TA Instruments TGAQ500 thermobalance,
operating under a nitrogen flow of 10 ml/min in a temperature
interval between 30 and 700°C, setting a heating rate
of 10°C/min.

Viscoelastic behavior of the blends as a function of the
temperature was investigated through dynamical mechanical
analysis (DMA) with a TA Instrument DMA Q800. The tests were
carried out in tensile mode on a rectangular specimen for each
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FIGURE 1 | MFI values of neat LLDPE and LLDPE/P3HB blends (T = 180°C, load = 2.16 kg). Error bars represent the standard deviation.

sample with dimension of 30 x 5 x 1 mm? in a temperature

range between —100 and 100°C, at a heating rate of 3°C/min and
a testing frequency of 1 Hz.

Quasi-static tensile properties of the different polymer blends
were evaluated at ambient temperature with an Instron 5969
electromechanical testing machine, testing ISO 527 1BA dogbone
specimens, having a gage length of 30 mm. Elastic modulus
(E) was evaluated at 0.25 mm/min with an extensometer with
a gage length of 12.5mm, setting a maximum deformation of
1%. E was computed as secant modulus between deformation
levels of 0.05% and 0.25%. Tensile stress at yield (oy), stress
at break (op), and strain at break (g,) were determined
without the use of an extensometer, setting a crosshead
speed of 1 mm/min. At least five specimens were tested for
each sample.

In order to evaluate the resistance to hydrolysis, the blends
were subjected to hydrolytic degradation tests, simulating
a low run-off condition. The analysis was conducted in a
thermostatically controlled bath at a constant temperature of
50°C. ISO 527 1BA dumbbell specimens were immersed in
80 ml of distilled water and the run-off condition was simulated
by performing a periodically change of water every week,
for a total duration of the tests of 100 days. Some samples
were periodically extracted and dried in a vacuum oven at
a temperature of 60° C for 90h, in order to eliminate the
absorbed water. The evaluation of hydrolytic degradation on
the dried samples was performed by calculating the relative
variation in weight of the specimens. Moreover, DSC tests
were carried out on the same samples to monitor the trend
of the crystallinity degree of LLDPE with the hydrolysis time,
and also quasi-static tensile tests were performed to evaluate
their elastic modulus and yield strength. For these tests, the
same testing conditions applied for non-hydrolyzed samples
were adopted.

RESULTS AND DISCUSSIONS

One of the main issues in the production of polyethylene-
based film for packaging applications is the processability of the
resulting materials. Therefore, the evaluation of the viscosity of
the produced blends in the molten state is of utmost importance.
Figure 1 summarizes the MFI values of neat LLDPE and relative
blends at different P(3HB) concentrations.

It is interesting to observe how the MFI increases with the
P(3HB) amount, thus indicating a progressive lowering of the
viscosity of the blends in the molten state. For instance, at a
P(3HB) loading of 50 wt.%, a MFI value of 37 g/10 min was
reached. While the observed MFI increase is rather limited up
to a biopolymer concentration of 20 wt.%, a more rapid increase
can be detected at higher P(3HB) amounts. Considering that the
selected LLDPE grade is generally used for the production of
extruded film for food packaging, it is clear that the retention
of the original MFI is a fundamental processability requirement
for this process (Van Krevelen and Te Nijenhuis, 2009). MFI
suggested for polyethylene in this manufacturing process is
between 1 and 20 g/10 min (Patel, 2016) so it can be concluded
that a P(3HB) content of 50 wt.% is probably not suitable for the
production of extruded packaging films.

SEM analysis was then carried out, in order to appreciate
the most important morphological features of the blends.
In Figures 2A-D some representative micrographs of the
cryofracture surfaces of LLDPE and of the relative blends are
reported. As expected, the fracture profile of neat LLDPE is rather
smooth (Figure 2A), while in the blends at low P(3HB) content
the secondary phase is present in round domains homogenously
distributed within the LLDPE matrix, with a mean size ranging
from 2 to 4um (see Figures 2B,C). In these micrographs, the
presence of the P(3HB) phase can be often detected by the
holes produced during the cryofracturing operations. In any case,
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FIGURE 2 | SEM micrographs of the cryofractured surface of (A) neat LLDPE, (B) LLDPE _90_PHB_10, (C) LLDPE _80_PHB_20, (D) LLDPE _50_PHB_50.
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a rather limited interfacial adhesion between the two polymer
phases, with an evident debonding, can be clearly seen. This
is a first indication of the limited miscibility between the two
constituents. At a P(3HB) amount of 50 wt.% a co-continuous
morphology with a clear separation of the two phases can
be seen (Figure 2D). The obtained microstructure depends on
polymer molecular structure, composition, the method of blend
preparation and also by the surface free energy (Venugopal
and Krause, 1992; Walheim et al., 1997). LLDPE could have an
average molecular weight higher than that of P(3HB) according
to MFI, it is reasonable to consider that higher molecular weight
polymers experiences a larger entropy penalty at the surface in
respect of the lower molecular weight ones so the blend surface
is expected to be depleted in LLDPE and enriched in P(3HB) as
results of reduced conformational entropy (Wattenbarger et al.,
1990; Bower, 2002). Moreover, the amplitude of entropically
driven surface segregation is found to be proportional to the
backbone density of substitute and small differences in this value
could lead to strong surface segregation (Wu and Fredrickson,

1996). Therefore, the linear polymer, i.e., LDPE, concentration is
expected to increase moving from the surface to the bulk respect
to the concentration of the thicker “microbranched” polymer,
ie., P(3HB).

FT-IR spectra of neat matrices [i.e., LLDPE and P(3HB)] and
of their relative blends are reported in Figure 3. Neat LLDPE
sample shows characteristic peaks related to the antisymmetric
(2,916 cm™1) and symmetric (2,848 cm™Y) stretching vibrations
of CH of saturated hydrocarbons and to the bending of the CH
at 1,463 cm™! (Gulmine et al., 2002). Increasing the amount
of P(3HB) it is possible to observe the characteristic peak of
this polyester, i.e., the stretching vibration of the C=0 at 1,720
ecm~! (Padermshoke et al.,, 2005). From the FT-IR spectra of
the blended samples it is not possible to detect any reflection
different from those typical of the neat constituents, meaning that
the two polymers are not miscible and that no physical and/or
chemical interaction is present between the two polymer phases.
Quite interestingly, the spectra of the LLDPE_50_PHB_50 is
very similar to that of the neat PHB. According to the SEM
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FIGURE 3 | FT-IR spectra of neat LLDPE, neat P(3HB), and relative
LLDPE/P(3HB) blends.

images (see Figure 2D) and the previous considerations, it can
be assumed that at elevated P(3HB) concentrations a superficial
film of P(3HB) is formed on the samples, thus hiding the IR signal
of the polyolefin phase.

Thermal properties of the neat matrices and of the blended
samples were investigated by using differential scanning
calorimetry (DSC). In Figures 4A,B, representative DSC
thermograms for the first heating and the cooling cycle are
shown, while in Table 1 the most important results in terms
melting temperature (Ty,), crystallization temperature (T), and
the degree of crystallinity (X.) are summarized.

Melting peaks of LLDPE and P(3HB) are clearly
distinguishable in DSC thermograms collected during the
first heating scan, and the intensity of these peaks is proportional
to the relative amounts of the constituents within the blends.
In the cooling scan, the crystallization peak of P(3HB) can be
detected only for PHB contents higher than 50%, while for
lower P(3HB) amounts it is hidden by the crystallization peak
of the LLDPE constituent. From the results reported in Table 1
it can be concluded that the melting and the crystallization
temperature of both the LLDPE and the PHB phases seem to
be substantially unaffected by the relative composition of the
blends. The same can be said for the crystallinity content of
the LLDPE. Quite interestingly, the presence of the LLDPE in
the blends seems to hinder the crystallization process of the
PHB phase, lowering thus the X, values, especially at elevated

LLDPE contents. Further studies will be required to have a
better comprehension of this aspect. However, also from DSC
thermograms it can be concluded that the interaction between
the two polymer constituents in the blends is rather limited, and
immiscible blends are formed all the tested compositions.

Thermogravimetric analysis (TGA) was then performed, in
order to evaluate the thermal stability of the LLDPE/P(3HB)
blends. This is a very important point, due to the well-known
processability limits of P(3HB) (Yeo et al, 2017). The curves
of the weight loss as a function of the temperature and their
corresponding derivative curves are presented in Figures 5A,B.

The curves show two distinct degradation steps, relative
to P(3HB) and LLDPE phases, respectively. LLDPE starts to
degrade at temperatures higher than 400°C, while P(3HB) starts
to thermally decompose at temperatures higher than 240°C.
Considering that the melting temperature of P(3HB) from DSC
tests resulted to be at 176°C (see Table 1), it can be concluded
that the processability window of these blends, even if rather
restricted, is still suitable for the production of extruded films
for packaging applications. The degradation temperature of the
LLDPE and P(3HB) phases within the blends, associated to the
maximum mass loss rate, is respectively located at around 440
and 270°C, and is not substantially influenced by the relative
concentration of the constituents in the blends. This confirms
again the limited interaction between the two polymer phases.
It is also interesting to notice that the residual mass at 700°C
is very near to zero for all the tested compositions, meaning
that both the neat samples and the blended specimens are
completely decomposed into gaseous products even under an
inert atmosphere. Due to the narrow processability window of
P(3HB), the compounding temperature was set at 190°C, in order
to guarantee the complete melting of the P(3HB) and minimize
the risk of its thermal degradation.

DMA tests were performed to evaluate the viscoelastic
properties of the blends and their thermal transitions. DMA
curves showing the trends of the storage modulus (E’) and of the
loss tangent (tand) are shown in Figures 6A,B. At a general level,
it can be seen that the progressive introduction of the P(3HB)
within the blends leads to an important stiffening effect, with an
increase of the storage modulus and a corresponding lowering of
the tand values.

Differently from DSC thermograms, in DMA curves of the
neat P(3HB) sample it is possible to detect the presence of the
Ty, located at around 30°C (see tand peak in Figure 6B). This
signal is still visible in the LLDPE_50_PHB_50 blends, while
for lower PHB contents it practically disappears. Therefore, the
introduction of a relatively stiff polymer like P(3HB) can increase
the dimensional stability of the blends at ambient temperature,
but for temperatures above 30°C (i.e., higher than the T4 of PHB)
a strong decrease of the dimensional stability of the material can
occur in the blends at elevated PHB amounts. This issue must be
taken in serious consideration for the intended application of the
blends as food packaging films.

Representative stress-strain curves of neat LLDPE and of
the relative blends at different PHB amounts are reported in
Figure 7, while in Table 2 the results of the most important
tensile properties are summarized.
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FIGURE 4 | DSC thermograms of neat LLDPE, neat P(3HB), and relative LLDPE/P(3HB) blends. (A) First heating and (B) cooling scan.

TABLE 1 | Results of DSC tests neat LLDPE and relative LLDPE/P(3HB) blends (first heating scan).

Sample Tm LLDPE (°C) Tm P(3HB) (°C) X; LLDPE (%) X; P(3HB) (%) T LLDPE (°C) T. P(3HB) (°C)
LLDPE_100_PHB_0 122.7 - 43.9 - 102.3 -
LLDPE _90_PHB_10 122.0 174.0 44.0 53.1 101.0 -
LLDPE _80_PHB_20 121.8 1735 433 56.9 103.1 -
LLDPE _70_PHB_30 120.7 173.4 415 60.2 102.7 -
LLDPE _50_PHB_50 121.3 174.4 405 60.4 103.9 771
LLDPE _0_PHB_100 - 176.0 - 67.1 - 85.2

Tm, melting temperature (first heating scan); X, crystallinity degree (first heating scan); Tc, crystallization temperature (cooling scan).
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FIGURE 5 | Thermogravimetric analysis on neat LLDPE, neat P(3HB) and relative LLDPE/P(3HB) blends. (A) Residual mass and (B) derivative of the mass loss curves.

In these tests, it was not possible to obtain the values of the =~ LLDPE matrix, and raising the P(3HB) concentration to 50 wt.%
tensile properties of neat P(3HB), because it was too brittle.  the elastic modulus is even four times higher. As a drawback,
According to DMA analysis, the progressive introduction of a  ultimate elongation values (e,) are strongly reduced. Even if
stiff polymer like P(3HB) leads to a remarkable increase of the  until a P(3HB) concentration of 20 wt.% the observed &, drop
elastic modulus (E). For instance, with a P(3HB) amount of is not dramatic, a harsher decrease can be seen at elevated
30 wt.% it is possible to double the original stiffness of the = P(3HB) loadings. Similar results regarding the elastic modulus
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FIGURE 7 | Representative stress-strain curves from quasi-static tensile tests
of neat LLDPE and relative LLDPE/P(BHB) blends.

TABLE 2 | Results of quasi-static tensile tests on neat LLDPE and relative
LLDPE/P(3HB) blends.

Sample Elastic Yield Tensile Strain at
modulus strength strength break
(MPa) (MPa) (MPa) (mm/mm)
LLDPE_100_PHB_0O 195 +£ 18 9.1+0.1 16.6 £ 2.1 48+0.8
LLDPE _90_PHB_10 208 + 21 8.0+0.2 13.4+£0.8 41+02
LLDPE _80_PHB_20 311 £ 43 7.6+0.1 10.0+£0.8 3.0+04
LLDPE _70_PHB_30 377 £ 27 7.4 +0.1 6.9+04 1.6+04
LLDPE _50_PHB_50 794 + 133 6.6 £0.8 3.8+09 0.1 £0.1

and the elongation at break were found by Burlein and Rocha,
the stiffness of LDPE has been doubled with an addition of 30%
of P(3HB) and a drop in the elongation at break from 100 to 16%

have been reported increasing the concentration from 20 to 30%
(Burlein and Rocha, 2014). The same considerations are valid also
for the tensile strength (oy,). It is also interesting to notice that
also the yield strength values (oy) are progressively reduced upon
the PHB addition. According to the indication reported in our
previous works of polyolefin based nanocomposites (Dorigato
et al., 2012), an enhancement of the yield strength is generally
related to a rather strong filler-matrix interaction, otherwise oy
would decrease. In fact, in polyolefins filled with traditional
microfillers (talk, mica, calcium carbonate) the increase in the
stiffness of the material is generally accompanied to an heavy
drop of the yield stress, because these fillers do not bear the
load in the direction of deformation (Ahmed and Jones, 1990;
Nielsen and Landel, 1994; Galeski, 2003). Thus, the low degree of
miscibility and the rather limited interfacial interaction between
the two polymeric constituents of these blends detected in
microstructural and thermal analysis seems to be supported
by the observed drop of the yield (and also of the failure)
tensile properties.

Hydrolytic degradation tests were finally performed, in order
to evaluate the influence of the PHB introduction on the
thermo-mechanical behavior of the blends at different hydrolysis
treatment times. In these tests, the characterization activity was
focused on the evaluation of the variation of the weight, of the
crystallinity degree and of the quasi-static tensile performances
(normalized with respect to the mechanical properties before
the treatment). The trends of these properties for the different
blends formulations as a function of the treatment time is
graphically represented in Figures 8A-D. From weight variation
curves (see Figure 8A) it is possible to notice that the weight
gain is more intense in the first 10 days of hydrolytic treatment,
while a stabilization occurs for longer times. It can be generally
concluded that the weight gain is rather limited for all the
tested compositions, and only with a P(3HB) content of 50
wt.% a maximum weight variation of 0.25% can be registered.
For as concerns the thermal properties, it can be seen from
Figure 8B that the variation of the LLDPE crystallinity degree
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is completely absent or rather limited at all the PHB contents,
without any clear correlation with the treatment duration and/or
the P(3HB) concentration.

More interesting information can be obtained from the
analysis of the mechanical properties. From the trends of the
relative elastic modulus reported in Figure 8C, it can be seen
that the introduction of P(3HB) determines a fast lowering of the
stiffness of the material in the first 10 days of hydrolysis, while
for longer times the observed decrease is less intense. The drop
of the stiffness of the material seems to be proportional to the
P(3HB) amount. For instance, the relative variation of the elastic
modulus after 100 days with a P(3HB) content of 20 wt.% is about
30%, while increasing the P(3HB) concentration up to 50 wt.%
the relative drop is as high as 80%. This means that after 100
days of hydrolytic treatment the pristine dimensional stability of
this blend is completely compromised. A similar trend can be
detected considering the stress at yield values (see Figure 8D),
even if in this case the observed drop is more limited.

The relative variation of the oy values is practically negligible
until a P(3HB) concentration of 20 wt.%, while increasing the
P(3HB) amount up to 50 wt.% a oy drop of about 30% can be

seen after 100 days. The observed decrease of the mechanical
properties at a P(3HB) content of 50 wt.% could be directly
correlated to the morphological features of this blend. In fact,
SEM micrographs highlighted that at this blend composition a
change in the morphology can be observed, with a formation of a
continuous P(3HB) phase with layered structure (see Figure 2D).
In these conditions, it can be hypothesized that the hydrolytic
degradation process can freely take place in the P(3HB) phase,
that is not entrapped anymore in the LLDPE matrix. It can be
therefore concluded that the prepared blends demonstrate a good
hydrolytic degradation resistance until a P(3HB) concentration
of 20 wt.%, with a good retention of the original thermo-
mechanical properties even after a prolonged treatment.

CONCLUSIONS

Different amounts of Poly(3-hydroxybutyrate) P(3HB) were melt
compounded with a Linear Low Density Polyethylene (LLDPE)
matrix, and the resulting materials were characterized from a
microstructural and thermo-mechanical point of view, with the
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aim to evaluate the possibility to partially replace LLDPE with a
novel biobased plastic.

MFI measurements evidenced that the pristine processability
of the LLDPE matrix was not substantially affected until a
P(3HB) content of 20 wt.%, while for higher P(3HB) amounts
an evident drop of the viscosity was observed. SEM micrographs
highlighted that the two polymer constituents have a limited
miscibility and a scarce interfacial interaction degree, while
at a P(3HB) content of 50 wt.% a co-continuous phase can
be detected. Also DSC, TGA, and FT-IR measurements did
not highlight any chemical or physical interaction between
the two polymer phases. A pronounced increase of the
stiffness of the blends with the P(3HB) amount was detected
through DMA and quasi-static tensile tests, while the low
compatibility between the constituents determined a heavy
drop of both the yield and the failure tensile properties.
Hydrolytic degradation tests, performed over a timeframe of
100 days, showed that the decrease of the mechanical properties
in the treated blends was evident only for P(3HB) contents
higher than 20 wt.%. It was therefore demonstrated that the
substitution of LLDPE with a biobased plastic like P(3HB)
at a relative amount of 20 wt.% leads to the development
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Among the different polymeric membranes, electrospun membranes have shown
promising performance for filtration applications through the facile and controlled
preparation method leading to tailored material structure. Furthermore, multilayered bio-
based electrospun membranes exhibited superior filtration performance, considering
they are eco-friendly with superior mechanical properties and better adsorption
efficiency compared to the single-layered electrospun membranes. The aim of this
mini-review is to reveal the current state-of-art development of multilayered bio-
based electrospun membranes and to provide new insights into the future of tailored
membranes toward practical applications.

Keywords: electrospinning, nanofibers, tailored membrane, bio-based multilayered membranes, filtration

INTRODUCTION

The rapid development of industries has led to particulate matter pollution that poses serious
threats to the global environment, resources, and public health. Polymeric membranes are
attracting attention for their efficient filtration of pollutants and microorganisms from many
resources such as water, air, food, and microbiological fluids because of their high mechanical
strength, their chemical, thermal, and corrosion resistance, and their minimal production of
harmful by-products (Gandavadi et al., 2019; Lv et al., 2019; Ma et al., 2019a). Among the different
polymeric membranes, bio-based polymers, i.e., cellulose nanofibers (CNFs), cellulose nanocrystals
(CNCs), chitosan, and protein-based nanofibers, all gleaned from renewable resources, have shown
superior performance during the filtration of water and microbiological fluids (Charcosset, 2012; Lv
et al., 2018). Bio-based membranes have been developed and adopted to overcome the drawbacks
of conventional polymeric materials. Additionally, they offer better production rates, more efficient
adsorption, and greater potential in filtration performance. Several bio-based polymers have been
employed and investigated for filtration purposes in pristine nature or after some modification, such
as grafting, blending, and using custom-tailored copolymers in order to enhance the membrane
performance. Bio-based polymers, such as poly(vinyl alcohol) (PVA), cellulose acetate (CA),
polylactic acid (PLA), poly(glycolic acid), and chitosan, have been studied, since these polymers are
eco-friendly, biocompatible and biodegradable, and have higher hydrophilicity and consequently
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lower membrane fouling features (Ma et al., 2011a; Sencadas
etal, 2012; Mi et al., 2014; Wei et al., 2014).

Various methods such as casting technologies, interfacial
polymerization, phase inversion, controlled stretching of thin
polymeric films, and electrospinning are used to produce
both dense and porous membranes. The porous membranes
are normally categorized based on their average pore size.
The pore size ranges from 0.1 to 5 pm in microfiltration
(MF) for the removal of particles such as bacteria and
protozoa, and between 0.01 and 0.1 pm in ultrafiltration
(UF) membranes for the eradication of proteins, viruses,
colloids, and emulsified oils. Furthermore, nanofiltration (NF)
and reverse osmosis (RO) membranes are used for the
removal of particles in the range of 1-10 nm and 0.1-1 nm,
respectively (Suja et al., 2017). Figure 1A schematically shows
the pore size ranges of MF, UF, NE and RO processes.
Among the methods for fabrication of porous polymeric
membranes, electrospinning is one of the easiest and most
cost-efficient techniques to produce fibrous membranes with
a wide range of fiber diameter and porosity for the filtration
of polluted water, air, considering the ability for bactericidal
activity and dye scavenging (Lv et al, 2018; Ma et al,
2019b). Although the electrospun fibrous membranes offer a
highly porous non-woven structure, making them suitable for
ME, UE and even NEF they usually exhibit poor mechanical
strength due to weak fiber-fiber connections via physical
entanglements. Furthermore, the biofouling issues are another
drawback of electrospun membranes. Several approaches such
as nanomaterial incorporation (Vijay Kumar et al, 2019), as
well as surface chemistry manipulation or using bio-based
polymers (Liu Z. et al, 2019; Lv et al, 2019; Zhu et al,
2019), have been investigated to address the aforementioned
shortcomings. Multilayered electrospun membranes have been
proposed to facilitate the combination of electrospun nanofibers
with bio-based nanoparticles and nanowhiskers to overcome
such obstacles (Qin and Wang, 2008).

Multilayered fibrous membranes are usually composed of
various layers, where each layer is separately fabricated to
designed pore size and desired surface characteristics. The first
layer is usually prepared in a way to perform pre-filtration and
provide high mechanical strength during the high flux filtration.
On the other hand, the pore size and adsorption selectivity
of the next layers are designed based on the application (Liu
X. et al., 2019). Furthermore, deposition of the functionalized
nanomaterials, on the mid or top layer, provides efficient
adsorption performance to eliminate contaminants such as
bacteria, viruses, heavy metal ions, dyes, and toxins (Karim et al.,
2017; Araga and Sharma, 2019). The past few decades attempted
to industrialize the electrospinning technique as the most
versatile method for the production of nanofibrous networks.
However, the goal still remains to be achieved. Taking into
account the practical applications, weak mechanical performance
is a serious obstacle that is yet to be overcome. In general, as a
result of the incomplete orientation of polymeric chains along the
fiber axis, tensile strength and Young’s modulus of non-woven
electrospun mats do not exceed 300 MPa and 3 GPa, respectively
(Yao et al,, 2014). Due to insufficient strength, there is a high

risk for the users in the case of filter splitting. Filter split would
also lead to the shortening of the functionality of the membrane,
which would be economically detrimental (Zhu et al., 2017).

An ISI Web of Science literature search revealed that several
review articles have been published on the development of
single-layered electrospun membranes for filtration applications
(Suja et al, 2017; Zhu et al, 2017; Nabeela Nasreen et al,
2019). However, these studies neither focus on state-of-
art multilayered membranes nor on bio-based electrospun
membranes. Therefore, the current mini-review is directed
toward tailored pore size and size distribution in the electrospun
membranes and the recent developments in the two- and three-
layer bio-based nanofibrous membranes.

TAILORED MEMBRANE STRUCTURE
FOR FILTRATION APPLICATION

Electrospun nanofibers have attracted substantial attention in
numerous applications such as filtration (Bassyouni et al., 2019),
tissue engineering (Kouhi et al., 2019), wound dressing (Rezvani
Ghomi et al., 2019), encapsulation for drug delivery operation
(Ranjbar-Mohammadi et al., 2016), and self-healing (Neisiany
et al., 2017), because of their facile and cost-efficient fabrication
method and special features (Mohammadzadehmoghadam and
Dong, 2019). Electrospinning offers versatile production of
fibers with diameters in the order of 10 nanometers to several
micrometers from a variety of raw materials (Kumar et al., 2019).
Moreover, electrospun membranes have several advantages for
filtration application due to their high amount of porosity
(approximately 80%), including both open and interconnected
pore structures and high specific surface area. The classic
electrospinning setup involves a high voltage power source,
a syringe pump to precisely feed the polymer solution, a
grounded collector, an electrically conductive spinneret, and a
polymer solution to be electrospun. While the process looks
simple, the electro-hydrodynamic and rheological interactions
make it complicated (Lee et al, 2018). The processing
parameters (such as the applied voltage, feed rate, and
air gap) as well as polymer solution parameters (such as
concentration, conductivity, and viscosity of solution, molecular
weight of the polymer, and solvent evaporation characteristics),
and environmental parameters (temperature and humidity)
deterministically dictate the spinnability and the prepared fiber
characteristics (Huang et al., 2003).

In the case of ME, UF, and NF, the pore size of the membrane
controls the filtration performance. Ma et al. (2011a) showed
that for a randomly oriented electrospun nanofiber mat, when
the membrane porosity was constantly kept at ca. 80 vol%, the
pore size of the nanofibrous membrane had a precise correlation
with the diameter of the electrospun fibers. The authors reported
the average pore size of the nanofibrous membranes to be
ca. 3 = 1 times the nanofiber average diameter. Furthermore,
the maximum pore size of the nanofibrous membrane was ca.
10 £ 2 times the nanofiber average diameter (Ma et al,, 2011a).
Therefore, with simple alteration of the electrospinning effective
parameters (e.g., solution and operation parameters), a wide
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FIGURE 1 | (A) The pore sizes of MF, UF, NF, and RO processes. (B) Schematic illustration of the three-layered fibrous membrane, and (C) its filtration performance
(Ma et al., 2011b), reproduced with permission from the American Chemical Society. (D) The SEM image of the electrospun CA nanofibers coated by CNCs, and (E)
its filtration performance as a function of CNC content during the time (Goetz et al., 2018), reproduced under the terms of the Creative Commons Attribution (CC BY
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range of average nanofiber diameter and consequently pore size
can be designed and obtained.

Additionally, specific molecule or ligand immobilization
onto the membrane surfaces leads to affinity membranes with
selectively captured targeted molecules for use in technologically
advanced processes such as membrane filtration and fixed-bed
liquid chromatography (Park et al., 2007; Esmaeely Neisiany
et al., 2020). This immobilization allows for the purification of
molecules according to the differences in biological functions
or physical/chemical properties rather than molecular size (Ma
et al, 2006). Several ligands, proteins, and enzymes were
immobilized on a broad range of biodegradable electrospun
polymers (such as PVA, PGA, and PLA) depending on
the requirement. An affinity membrane that simultaneously
combines size-based filtration and high selectivity is now an
attractive approach for purifying and filtering biological fluids
(Fu et al., 2018; Ng et al., 2019).

LAYERED ELECTROSPUN
NANOFIBROUS MEMBRANES

As discussed in the section “Tailored Membrane Structure
for Filtration Application,” electrospun membranes have some
limitations, including low mechanical properties and thermal
and chemical stability (Barhate and Ramakrishna, 2007).
To overcome these drawbacks, the addition of different

nanomaterials into the spinning solution has been widely tested
(Enayati et al., 2019). However, the addition of a high volume
of reinforcing fibers creates difficulties in the electrospinning
process and significantly decreases the properties of the
prepared nanofibers (Naseri et al., 2015). Therefore, multilayered
electrospun membranes were proposed as a potential alternative
for the easier combination of electrospun nanofibers with bio-
based nanoparticles and nanowhiskers to address the above-
mentioned shortcomings, i.e., low mechanical strength and
fouling. Figure 1B schematically presents a three-layered fibrous
membrane (including a supporting layer), which usually consists
of conventional microfibers, an electrospun mid-layer, and a top
barrier layer. Figure 1C presents the filtration performance of
this membrane, which is composed of microfibers, electrospun
nanofibers, and CNFs as a top barrier layer (Ma et al., 2011b).
Comprehensive research on the development of multilayered
electrospun membranes has been carried out by Hadi et al.
(2019) at Stony Brook University in the United States. Most
of the researches have employed non-biodegradable polymers
such as polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF),
and polysulfone (PSU) (Diez et al., 2018). Goetz et al. (2018)
at Luled University of Technology in Sweden, and Zhao et al.
(2019) in China investigated the development of fully bio-based
multilayered electrospun membranes, which were subsequently
reviewed. However, most of the research on multilayered
electrospun membranes has been based on the combination of
synthesized and bio-based polymers. These types of membranes
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for air filtration were comprehensively reviewed by the Huang
group (Zhu et al, 2017; Lv et al., 2018). Table 1 summarizes
the details of the reported multilayered membranes composed of
synthesized, poly (ethylene terephthalate) (PET) and PAN, and
bio-based polymers.

Goetz et al. (2018) infused chitin nanocrystals onto the
electrospun CA mesofibers. The prepared hierarchical structure
showed a wide range of pore sizes due to the combination
of electrospun CA mesofibers (fiber diameter of 0.5-3.3 pum)
and chitin nanocrystals (diameter of 10-30 nm). This led to
the development of multilayered biodegradable membranes with
10 nm pore sizes. The incorporation of the chitin nanocrystals
at the junction points of the electrospun CA mesofibers
increased the mechanical strength and modulus of the two-
layered membranes by 131 and 340%, respectively, compared
to single-layered CA electrospun mesofibers. Furthermore,
the hydrophobic nature of the CA mats changed to super
hydrophilic upon incorporation of the chitin nanocrystals.
This consequently decreased biofilm formation and abiotic
fouling significantly. The prepared multilayered biodegradable
membrane showed potential in MF of biological and organic
contaminants from the water.

Recently, Nair and Mathew (2017) reported a combination
of electrospinning and electrospraying techniques to fabricate
a bilayer composite membrane based on the electrospun CA
membrane coated by CNCs for cationic dye adsorption. The
authors showed that the combination of electrospinning and
electrospraying improved the availability of the CNCs on
the surfaces of the electrospun CA nanofibers compared to
the embedding of CNCs into the electrospun solution. This
consequently enabled efficient dye adsorption due to higher
surface area. Elsewhere, Goetz et al. (2018) developed a layered
membrane structure wherein electrospun CA nanofibers were
impregnated with several concentrations of CNCs. Figure 1D
displays the SEM micrograph of the CA nanofibers coated by
CNCs. It can be observed that a wide range of porosities was
induced after the coating of the electrospun CA nanofibrous
membrane by a very fine CNC layer (diameter of 5-
10 nm). The hierarchical structure considerably enhanced
the mechanical properties, surface area, hydrophilicity, and
filtration performance of the membrane, compared to the
neat CA electrospun nanofibrous membrane. The filtration
performance of the membrane substantially increased by the
incorporation of CNC and increasing the CNC content, as
well (Figure 1E).

Zhao et al. (2019) created a fully bio-based three-layered
electrospun membrane via electrospinning of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and CA,
followed by the casting of chitosan. PHBV was selected as
a fibrous substrate due to its good biodegradability and
spinnability. Since PHBV fibers were not fine enough to provide
the filtration demand, they were covered by electrospun CA
nanofibers as a mid-fibrous supporting layer. The prepared
two-layered electrospun membranes, with different fiber
diameters, introduced a high porosity and interconnected
pores, while the chitosan top barrier layer, prepared via the
phase inversion technique, and improved the rejection ratio of

TABLE 1 | Multilayered membranes composed of synthesis and bio-based polymers.

References

Application

Porosity (%)

Pore size (nm)

Third layer

Second layer

First layer

Tang et al., 2009
Liuetal., 2013

71 Qil in water UF

200
210-300

6.6-10.6

N/A
N/A
N/A
N/A
N/A

PVA
PVA
CNC
CNC
PAN

Non-woven PET microfibers

MF for water purification

N/A
N/A

69-83

Non-woven PET microfibers

CA

Nair and Mathew, 2017

Goetz et al., 2018

Dye adsorption

Water purification

N/A
172-1,027

CA

Liu X. et al., 2019
Ma et al., 2011b

Heavy metal adsorption

85

PVA

Water purification and virus adsorption

Cellulose and chitin nanofibers 20 N/A

PAN

Non-woven PET microfibers

Tk oo
o5 o= 5§
o o
N8 YR«
S F 8 3@
(1)"5@5*&;
D 5 O 2 o
c S 5 3
T 5 8 & &
= S = IN
o

I+

<@

o]

o

I

z 5
3 IS
g s
o IS
£ )
o °O < =
C"’aO o
S = S
Z c ®© =1
8 o £ 2
D B ® o
E £ 2 o @
o 9 £ T
2855 ¢
O = »
§ S £ 9 ¢
LELQQ
5 8 £ %5 3
L L O uw 2
Z = > =
@
< ¥ <gg
Z o Z zZ
N~

o
o

S o
ro}
© 9L Y <
bg2g?z
N T

(2]

9]

©

f==
s D
[
OC

> 3
el
[

5 =

[}
2 0

2 3
® © N £
o S 5 @
o o & o
= ¢ £ &=
S &6 = ©
c 35 0o <
g =2 I5]
c 3T & c
o © 8 o c
2 5 3 2 3
S 9o = 2 9
3 & 932
& 23 c
o 6 £ O O
22228
a a o
w u u o
L NN h
O O O O
2 2 2 Q9
= E E =
° 0 9 9
L L0 9 9
E & E E
o
WowoWwow
o oo o
c C C C
S & O O
= = = >
2 © © 0o
2 2 2 2 >
T T T 3
c c ¢ ¢ @
S 6 6 6 T
ZzZ Z2 Z Z 0

Frontiers in Materials | www.frontiersin.org

April 2020 | Volume 7 | Article 67


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Neisiany et al.

Multilayered Bio-Based Electrospun Membranes

the membrane. Furthermore, the chitosan functional groups
improved the membrane efficiency by adsorbing metal ions or
other contaminants from water.

CONCLUSION AND FUTURE INSIGHTS

The development of multilayered electrospun membranes oftfers
an opportunity for filtration applications, including MF, UE
NE RO, and FO, as well as adsorption of heavy metal ions.
The high porosity of the electrospun layer (approximately
80%) offers higher flux, reducing the energy consumption,
in comparison with conventional membranes. On the other
hand, incorporation of nanosized biomaterials such as cellulose,
with an average diameter of 5-10 nm, yields a wide pore
size distribution for capturing very fine particles, even with
30 nm diameters. In addition, the hydrophilic nature of
cellulose considerably decreases the fouling of the membrane
and makes it more biocompatible and biodegradable. However,
more research is required to develop a fully biodegradable
multilayer electrospun membrane with a wide range of pore
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Electrospun Silk Fibroin/Gelatin
Scaffolds Crosslinked With
Glutaraldehyde Vapor

Soheila Mohammadzadehmoghadam and Yu Dong*

School of Civil and Mechanical Engineering, Curtin University, Perth, WA, Australia

Bombyx mori silk fibroin (SF) /gelatin nanofiber mats with different blend ratios of 100/0,
90/10, and 70/30 were prepared by electrospinning and crosslinked with glutaraldehyde
(GTA) vapor at room temperature. GTA was shown to induce the conformational transition
of SFs from random coils to B sheets along with increasing nanofiber diameters with
the addition of gelatin into SFs. It was found that by increasing the gelatin content,
crosslinking degree was enhanced from 34% for pure SF nanofiber mats to 43% for
SF/gelatin counterparts at the blend ratio of 70/30, which directly affected mechanical
properties, porosity, and water uptake capacity (WUC) of prepared nanofiber mats. The
addition of 10 and 30 wt% gelatin into SFs improved tensile strengths of SF/gelatin
nanofiber mats by 10 and 27% along with moderate increases in Young’s modulus by
12 and 27%, respectively, as opposed to plain SF counterparts. However, both porosity
and WUC were found to decrease from 62 to 405% for pristine SF nanofiber mats to
47 and 232% for SF/gelatin counterparts at the blend ratio of 70/30 accordingly. To
further evaluate the combined effect of GTA crosslinking and gelatin content on biological
response of SF/gelatin scaffolds, the proliferation assay using 3T3 mouse fibroblast was
conducted. In comparison with pure SFs, cell proliferation rate was lower for SF/gelatin
constructs, which declined when the gelatin content increased. These results indicated
that the adverse effect of GTA crosslinking on cell response may be ascribed to imposed
changes in morphology and physiochemical properties of SF/gelatin nanofiber mats.
Although crosslinking could be used to improve mechanical properties of nanofiber mats,
it reduced their capacity to support the cell activity. GTA optimization is required to further
modulate the physico-chemical properties of SF/gelatin nanofiber mats in order to obtain
stable materials with favorable bioactive properties and promote cellular responses for
tissue engineering applications.

Keywords: silk fibroin (SF), gelatin, glutaraldehyde, nanofibers, electrospinning, tissue engineering
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Electrospun Silk Fibroin/Gelatin Scaffolds

INTRODUCTION

Tissue engineering is a cutting-edge technology for the
reconstruction of damaged or lost tissues and organs with
the aid of engineered tissue scaffolds in order to produce an
active microenvironment to restore functions in the regeneration
process, which is generally followed by the integration with
host tissues. Extracellular matrix (ECM) plays a pivotal role in
cell survival, migration and differentiation in addition to the
presentation and storage of growth factors and signal detection
(Thein-Han et al., 2009; Kim et al., 2012; Lai et al., 2014).
Hence, one of main targets is to design tissue scaffolds with the
recapitulation of ECM architectures by using various approaches
such as phase separation (Akbarzadeh and Yousefi, 2014), self-
assembly (Hartgerink et al., 2001), electrospinning (Ibrahim
et al., 2017), solvent casting and particulate leaching (Sin et al.,
2010). In between, electrospun nanofibers have gained enormous
attention due to their intriguing characteristics including large
surface area, high porosity with interconnected pores. In this
process, a high electrical voltage is often applied to a polymer
solution in a finite distance between a capillary and a collecting
substrate. As a result, a polymer jet is ejected from the charged
capillary along with the solvent evaporation to allow for the
production of continuous polymeric microfibers or nanofibers
received on the collecting substrate (Agarwal et al, 2008;
Bhardwaj and Kundu, 2010; Ingavle and Leach, 2014).

Native ECM is a complex of polyprotein and polysaccharide
with nanofibrous structures. Accordingly, it has been well-
documented that using protein and polysaccharides for
biomaterials not only mimics ECM structures but also
remarkably improves cell attachment, proliferation, and
differentiation for tissue regeneration (Li et al., 2005; Allori
et al.,, 2008; Khadka and Haynie, 2012; Wang et al,, 2016). In
this context, SFs extracted from Bombyx mori are considered
as a promising fibrous biomaterial consisting of heavy chains
(350 kDa) and light chains (25 kDa) linked together by a
disulfide bond. The high molar-mass chains primarily contain
Gly-Ala-Gly-Ala-Gly-Ser, which can form stable anti-parallel
p-sheet crystallites and contribute greatly to the rigidity and
tensile strength of SFs. The P-sheet crystalline structures of
fibroins (silk-II conformation) can take up to 70% entire protein
structures. Crystalline domains are surrounded by hydrophilic
and non-repetitive amorphous regions (silk I conformation)
with typical silk resilience (Zafar et al, 2015; Qi et al., 2017).
SFs offer distinctive features including good biocompatibility,
oxygen and water vapor permeability, biodegradability, low
inflammatory responses, non-blood clotting effects, and good
mechanical properties (Kundu et al., 2013; Li et al, 2013;
Bhattacharjee et al., 2017). Hence it has attracted significant
attention in the development of new advanced materials for
tissue engineering applications. Furthermore, the properties
of SFs may not completely meet the requirements for tissue
engineering applications since it is very difficult to regulate
cell proliferation and differentiation when SF nanofibers are
used alone. For instance, due to the lack of bioactive peptides,
SFs do not support cell biological activities as satisfactorily as
other proteins like collagen and gelatin (Buitrago et al., 2018).

As a result, it appears to be more efficient to produce SFs with
optimum properties when blended with other proteins (Morgan
et al., 2008; Yin et al., 2009).

Gelatin is an inexpensive natural polymer derived from a
partial hydrolysis of collagen, which is considered to be non-
immunogenic, biodegradable, easy to process and biocompatible
for clinic use (Aldana and Abraham, 2017; Babitha et al., 2017).
Such a protein also has the natural cell binding motifs like
arginine-glycine-aspartic acid (RGD) that is favorable for cell
activities. However, gelatin is rarely used alone owing to its high
brittleness, and thus needs to be modified with several methods
including crosslinking, grafting and blending (Hersel et al., 2003;
Zhang et al.,, 2006; Wongputtaraksa et al., 2012; Taddei et al.,
2013; Poursamar et al., 2016).

Notwithstanding above-mentioned properties possessed by
SFs and gelatin, their applications in tissue engineering alone
are quite limited arising from poor mechanical properties and
unstable structures under physiological conditions (Taddei et al.,
2013; Yao et al., 2016). To overcome this demerit, crosslinking
methods based on natural or synthetic reagents are employed,
among which glutaraldehyde (GTA) is the most common
crosslinker due to its high efficiency in stabilizing collagenous
materials. Despite the lower cytotoxicity of other crosslinkers,
they still cannot match GTA in collagen stabilization and its
risk of cytotoxicity can be reduced by the treatment prior to
the usage or decreasing the GTA concentration (Cheung and
Nimni, 1982; Bigi et al., 2001). Zhang et al. (2006) found that GTA
vapor promoted the content of a-helix structures for electrospun
gelatin fibers, further leading to the improvements of both their
thermal stability and mechanical properties. Wang et al. (2014)
reported that GTA induced the conformational transition of SF
films from random coils to p sheets, and had the effect on the
interaction between peptide chains of SFs, resulting in great
changes in mechanical and dissolution properties.

Electrospun SF/gelatin nanofiber mats have already been
developed and evaluated, as evidenced by Yin et al. (2009) to
treat such mats with methanol and confirm their conformational
changes from random coils to P-sheet structures. Besides,
it was noted that the P-sheet structures increased with
addition of gelatin, resulting in the improvement of their
mechanical properties. Okhawilai et al. (2010) employed
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) solutions to crosslink electrospun Thai SF/gelatin fiber
mats, which resulted in their controllable biodegradation. Shan
et al. (2015) reported that wound dressings were prepared based
on electrospun SF/gelatin fiber mats loaded with astragaloside IV
without using any crosslinking agents despite a time-consuming
electrospinning process for 30 h. Such prepared dressings were
found to enhance the cell adhesion and proliferation with
good in vitro biocompatibility. The recent study carried out
by Dadras Chomachayi et al. (2018) revealed that SF/gelatin
fiber mats containing antibacterial agents could be crosslinked
by GTA, subsequently subjected to methanol treatment. It was
demonstrated that bulk hydrophilicity and mass loss of SF mats
were enhanced with the addition of gelatin.

Nonetheless, to our best knowledge, crosslinking electrospun
SF/gelatin nanofibers with GTA has been rarely addressed
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particularly with very limited biological applications. The aim
of this study lies in the evaluation for the effect of gelatin
content on material properties and structures of SF nanofibers
crosslinked with GTA in order to understand the potential use
of such biomaterial matrices as scaffolds for tissue engineering
by means of scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), mechanical testing,
degree of crosslinking tests, water uptake tests, water contact
angle measurements, X-ray diffraction (XRD) analysis and
biocompatibility assessment based on fibroblast cells.

MATERIALS AND METHODS

Materials

Cocoons of Bombyx mori silkworms were supplied by The Yarn
Tree Co. (A quality, Greenville, SC, USA). Gelatin from porcine
skin (type A, 300 bloom), glutaraldehyde (GTA) (grade I, 25%
in H,0), hydrochloric acid (HCI), sodium carbonate (Na,CO3),
lithium bromide (LiBr), sodium bicarbonate (NaHCO3), 2,4,6-
trinitro-benzene-sulfonic acid (TNBS), methanol and formic acid
were purchased from Sigma Aldrich Pty Ltd (NSW, Australia).
All chemicals were used without modification as material-
processing grades.

SF Preparation

Bombyx mori cocoons were boiled in an aqueous solution of
0.02M Na, CO3 for 30 min, and then were rinsed thoroughly with
distilled water. Degummed SFs were then dissolved in 9.3 M LiBr
solutions at 60°C for 4 h and dialyzed in deionized water for 48 h
using a dialysis membrane (12,400 MW CO, Sigma Aldrich). The
dialysate was passed through a filter with the pore size of 0.22 pm
to remove insoluble debris and freeze-dried in order to obtain
finally prepared SFs.

Electrospinning
To prepare electrospinning solutions, SFs were dissolved in
99% formic acid and stirred for 2h with a KA® -RCT basic
magnetic stirrer. Afterwards, a desired amount of gelatin was
added and the mixture was further stirred for 1h to prepare
a homogeneous solution. SF/gelatin solutions with different
weight ratios (i.e., 100/0, 90/10, 70/30) were prepared at the
final solution concentration of 13 wt%/v. Gelatin solution with
13 wt% concentration in formic acid was also prepared as a
control sample. For electrospinning setup, SF/gelatin solution
was loaded in a 10ml syringe with a blunt needle (inner
diameter: 0.6 mm). Solution flow rate was fixed at 0.3 ml/h
and a high voltage of 16 kV was applied to the droplets of
injected solutions. Resulting nanofibers were collected on a
plate collector with a distance of 13 cm from syringe tip. The
collected nanofiber mats were dried overnight in a fume hood at
room temperature. The electrospinning process was conducted
on a NaBond NEU commercial nanofiber electrospinning unit
(NaBond Technologies Co., Ltd., Shenzhen, China) at the
ambient condition.

To enhance the structural stability of SF/gelatin fibrous
scaffolds, the crosslinking process was carried out by exposing
nanofibers to the vapor of 20% (v/v) GTA at room temperature

for 6h. After crosslinking, samples were immersed in 0.1 M
glycine aqueous solution for 30 min to block the residues of
aldehyde groups.

EXPERIMENTAL CHARACTERIZATION

Viscosity Measurement

Prepared solution viscosities used for electrospinning were
measured via a Modular Advanced Rheometer System (Haake
MARS, Thermo Electron Corp., Germany) and data were
extracted via HAAKE RheoWin Data Manager Software. The
shear rate was linearly increased from 10 to 100 s~! with the
temperature being maintained at 25°C.

Scanning Electron Microscopy (SEM)

Fiber morphology was observed by Zeiss EVO 40XVP SEM
at an accelerating voltage of 15 kV. Samples were fixed on
SEM stubs and sputter coated with platinum prior to the SEM
observation. The average fiber diameter was determined by
randomly measuring 100 fibers (fiber number N = 100) from
each SEM image using Image]® software and expressed as “mean
=+ standard deviation”.

Fourier Transform Infrared (FTIR)

Spectroscopy

The conformational characterization of fibrous scaffolds was
carried out by 100FT-IR Spectrometer-Perkin (Japan) with the
resolution of 4 cm™! at the spectral range of 4,000-400 cm ™!
using an attenuated total reflectance (ATR) method.

X-Ray Diffraction (XRD) Analysis

The crystalline structures of SF/gelatin nanofiber mats were
determined by X-ray diffractometer D8 Advance (Bruker AXS,
Germany), with a Cu Ka radiation source (wavelength X =
0.1541 nm) at 40 kV and 40 mA using a LynxEye detector. All
XRD samples were scanned from diffraction angles 26 = 5-30°
at a scan rate of 0.015/s.

Degree of Crosslinking

The degree of crosslinking of samples were determined using
TNBS assay, as described by Bubnis and Ofner (1992). Briefly,
1-3mg scaffolds were immersed in 1ml solution with 4%
(w/v) NaHCO3 and 1ml freshly prepared solution containing
0.5% (w/v) TNBS. After 2 h incubation at 40°C, 3 mL solution
with 6 M HCI was added and further heated at 60°C for
90 min. After cooling down to room temperature, the resulting
solution was diluted with 5ml deionized water, and the
absorbance was measured at 345 nm with a UV/vis spectrometer
(BioPhotometer plus, Eppendorf, Hamburg, Germany). The
degree of crosslinking was calculated as follows:

Ay— A
Degree of crosslinking (%) = (OTC> x 100% (1)
0

Where Ay and Ac are the absorbances of SF/gelatin nanofiber
mats before and after crosslinking, respectively. The relevant tests
were performed three times under the same condition to report
average data and standard deviations.
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Contact Angle and Water Uptake

Measurements

To evaluate the hydrophilicity of SF/gelatin nanofiber mats,
water contact angles were measured usinga CAM101 goniometer
(KSV Instruments Ltd, Finland). A droplet of water (volume: 5
pl) was deposited onto the scaffold surface and droplet images
were automatically captured as a function of time. The droplet
volume was controlled using a threaded plunger syringe (81341
Lauer tip syringe, Hamilton). The contact angle was calculated
by CASTTM2.0 software based on these captured images. The
average data were obtained from the measurements of 5 samples
in each batch for test reproducibility.

In order to measure water uptake capacity (WUC) of SF and
SF/gelatin nanofiber mats, corresponding samples in size of 1 x
1 cm with three replicates from each mat were dried in vacuum
to obtain the initial sample mass (wp). Subsequently, they were
soaked in distilled water at room temperature for 24 h. The excess
water on the surface was removed with filter paper, which was
followed by measuring the mass of wet sample w. The WUC was
then calculated as follows:

W — Wy
Water uptake (%) = (T) x 100% )
0

Porosity

The porosity of SF/gelatin nanofiber mats were determined using
their apparent density (ogpparens) and bulk density (ppui) as
shown in Equation (3). In between, papparent in the unit of
g/cm3 was estimated on the basis of scaffold mass Mscaffold (8)>
scaffold thickness ¢ (cm), and scaffold area A (cm?) according
to Equation (4). The samples were cut into A = 2 cm? and the
thickness of scaffolds was measured by using a micrometer at
four different positions of nanofiber mats in order to obtain the
average measurements.

As for the parameter of pp,;, bulk densities of SFs and
gelatin (i.e., psp and pgelqrin) Were referred to as 1.25 and 1.35
g/cm?, respectively (Andiappan et al., 2013; Zhan et al., 2016b).
Corresponding bulk density of SF/gelatin nanofiber mats ppyx
was calculated in Equation (5) in which wgeja, and wgr denoted
the mass fractions of gelatin and SFs, respectively. Five samples
for each material batch were used with finally reported average
data and standard deviations.

Porosity = (1 — [M:D x 100% 3)
Pbulk
Mscaffold
= 4
Papparent f < A (4)
1 _ Weelatin n WsF (5)
Pbulk Pgelatin PSF

Tensile Testing

Strip-like tensile testing samples were cut from SF/gelatin
nanofiber mats in dimensions of 10 x 30 mm and glued onto
a cardboard frame according to an explicit sample preparation
procedure mentioned by Huang et al. (2004). Afterwards, the
frame edges of cardboard were cut and mechanical testing was
conducted on a Lloyds EZ50 universal testing machine at the

crosshead speed of 10 mm/min with ambient temperature of
25°C and humidity of 65% (gauge length: 30 mm). Sample
thickness was measured using a micrometer at five different
positions on nanofiber mats to record the average data in range
from 200 to 530 pm.

Cell Culture

Mouse fibroblast cells line 3T3 (European Collection of Cell
Cultures, Porton Down, UK) were cultured in RPMI-1640
(Gibco, Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS, Serana Europe GmBH), 10 mM HEPES,
1 mM sodium pyruvate, and 2 mM glutamine (all from Gibco)
in a humidified 37°C incubator, which was maintained at 5%
CO;. Cells were subcultured before reaching 70% confluence (i.e.,
every 2 days).

Proliferation Assay

To study the cell viability on scaffolds, fibrous scaffolds were
cut into disc-like samples (diameter: 12 mm) and placed into
petri dishes for 40-min UV sterilization. Thereafter, SF/gelatin
nanofiber mats were soaked in Dulbecco modified eagle medium
(DMEM, Gibco) for 1 h prior to cell seeding in order to facilitate
the cell attachment onto nanofiber surfaces. The 3T3 cells were
detached by 0.05% trypsin-EDTA (Life Technologies) from the
culture flask and seeded on scaffolds in 12-well plates with a
cell density of 2 x 103 per scaffold, and were further allowed
to adhere at 37°C for 30 min. After the seeding duration for
30 min, each culture well was topped up with 2 ml culture media.
Cell growth was analyzed by transferring scaffolds into the 96-
well plate and adding 20 pl CellTiter-Blue reagent (Promega) at
different time periods, namely day 1 and day 3 for measurements.
The plates were incubated in a humidified incubator at 37°C
subjected to the equilibration with 5% CO; for 4h, and the
fluorescence intensity was measured on an EnSpire Multimode
plate reader (Perkin Elmer, Waltham, MA).

RESULTS AND DISCUSSION

Solution Viscosity

One of key factors in determining the fiber morphology is
solution viscosity, which is directly correlated with solution
concentration and molecular weight of polymers (Amariei
et al., 2017). Since the concentration of SF/gelatin solution is
maintained at 13 wt%, the blend ratio of SF/gelatin can be
the only parameter to affect the solution viscosity. The shear
viscosity at a fixed shear rate of 100 s~! was measured and is
presented in Figure 1. It was found that solution viscosity was
gradually enhanced with increasing the gelatin content, which
could affect their electrospinnability and fiber morphology. A
similar trend was reported by Bao et al. (2008) in which blending
gelatin with SFs improved both the viscosity and spinnability of
prepared solutions.

Fiber Morphology

Figures 2A-C show SEM images of GTA crosslinked SF/gelatin
nanofiber mats at different blend ratios. Evidently, all
scaffolds demonstrated homogeneous, bead-free nanofibrous
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FIGURE 1 | Viscosity measurement of SF/gelatin solution at a constant shear
rate of 1005~ 1.

structures. Besides, nanofibers appeared to be rubbery
with fusion at fiber junctions (cross-links), which was
ascribed to partial dissolution of fiber segments as a result
of the exposure to moisture-rich glutaraldehyde vapor.
Furthermore, the slight shrinkage of nanofiber mats was
manifested relative to their original sizes, which was
associated with the decreasing size of inter-fibrous pores
(Jeong and Park, 2014).

As seen from Figures3A-C, average fiber diameters
for SFs and SF/gelatin nanofiber mats at blend ratios of
90/10 and 70/30 were determined to be 403.5, 422.7, and
426.4nm, respectively. With increasing the gelatin content, it
was evident that larger nanofibers with a narrow diameter
distribution took place, which was in good agreement
with those obtained by Dadras Chomachayi et al. (2018)
for similar fiber materials. Large fiber diameters could be
associated with an increase in solution viscosity with the
addition of gelatin, as confirmed from our aforementioned
viscosity data to induce higher jet resistance for the
generation of thicker fibers. Additionally, more uniform
fiber distribution implied the improvement of electrospinnability
of SF/gelatin solution when the gelatin content increased
(Okhawilai et al., 2010).

FTIR Analysis
The FTIR spectra of GTA modified nanofiber mats are depicted
in Figure 4. The spectrum of gelatin sample shows characteristic
peaks at around 3,304 cm~! for amide A (N-H stretching
vibration), 1,640 cm ™! for amide I (C = O stretch), 1,539 cm™!
for amide II (C-N stretching and N-H bending), and 1,240
cm™~! for amide ITT (N-H in phase bending and C-N stretching
vibration) (Ki et al., 2005; Gomes et al., 2013; Amadori et al.,
2015; Lee et al., 2017).

With respect to plain SF nanofiber mats, FTIR peaks centered
at 1,627 and 1,522 cm~! in Figure 4A are assigned to amide I
and amide II, respectively, which are a typical characteristic for -
sheet structures. FTIR spectra of SF/gelatin nanofiber mats at the
blend ratios of 90/10 and 70/30 depict characteristic peaks similar

FIGURE 2 | SEM micrographs of GTA crosslinked nanofiber mats: (A) SF, (B)
SF/gelatin at the blend ratio of 90/10, and (C) SF/gelatin at the blend ratio of
70/30.

to SFs, implying that the presence of gelatin does not hinder the
GTA induced transformation of SF from random-coil to B-sheet
conformation (Gil et al., 2006; Silva et al., 2008; Zhou et al., 2010).

XRD Analysis

Figure 5 shows the X-ray diffraction patterns of crosslinked SF,
gelatin and SF/gelatin nanofiber mats. Gelatin shows a reflection
at 20 angle of 18.2° corresponding to a-helical structures (Zhan
et al., 2016a). The XRD pattern of SF demonstrates diffraction
peaks at 14.51 and 17.29°, as well as a less intense peak at 20.74°
to confirm the existence of B-sheet structures (Tao et al., 2007;
Malay et al., 2008; De Moraes et al., 2010). In SF/gelatin nanofiber
mats, diffraction patterns are almost the same as those of SF
counterparts, suggesting that f-sheet conformation remains in
SF within SF/gelatin nanofiber mats in good accordance with our
obtained FTIR data.
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FIGURE 3 | Fiber diameter distribution diagrams of GTA crosslinked nanofiber mats based on (A) SF, (B) SF/gelatin 90/10, (C) SF/gelatin 70/30. “Std. Dev”
represents the standard deviation of data.

Degree of Crosslinking amino acid residues of polypeptide chains, form the bonds
GTA crosslinked proteins through their aldehyde groups  similar to those of Schiff bases (Cheung and Nimni, 1982; Olde
reaction with free amino groups of lysine and hydroxylysine = Damink et al., 1995). Since gelatin had more free -NH, groups
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SF/gelatin at the blend ratio of 90/10, (C) SF/gelatin at the blend ratio of
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—a: SF crosslinked
——b: SF/G 90/10 crosslinked
——c: SF/G 70/30 crosslinked
——d: Gelatin crosslinked
— D
£ \
e
3
°
L
Z
G
5 C
=
[}
2
]
T
& B
A
5 10 15 20 25 30

20 (degree)

FIGURE 5 | XRD patterns of GTA crosslinked nanofioer mats: (A) SF, (B)
SF/gelatin at the blend ratio of 90/10 (C) SF/gelatin at the blend ratio of 70/30,
and (D) gelatin. “SF/G” represents silk fibroin/gelatin.

available for the crosslinking effect, the degree of crosslinking
appeared to be relatively low for pure SFs. Whereas, the addition
of gelatin enhanced the degree of crosslinking (Ratanavaraporn
et al., 2014). Therefore, as shown in Figure 6A, SF/gelatin
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FIGURE 6 | (A) Degree of crosslinking and (B) porosity of GTA crosslinked SF
nanofiber mats and SF/gelatin nanofiber mats.

nanofiber mats prepared at the blend ratio of 70/30 had the
highest crosslinking degree up to 43% as opposed to the lowest
value of 34% for SFs.

Porosity Measurement

It is essential to have tissue scaffolds possess a certain level
of porosity in order to achieve homogeneous cell distribution
and interconnection for engineered tissues. In particular, higher
porosity can regulate the nutrient uptake and facilitate the
oxygen diffusion (Annabi et al., 2010). As observed in Figure 6B,
with respect to GTA modified nanofiber mats, increasing the
gelatin content appeared to decrease the porosity of SF/gelatin
nanofiber mats. The porosities of SF/gelatin nanofiber mats at the
blend ratios of 90/10 and 70/30 were determined to be 59 and
47%, respectively as opposed to 62% for neat SF counterparts.
According to our degree of crosslinking data, the addition of
gelatin to SFs gave rise to a higher degree of crosslinking,
which in turn yielded more fiber twining and adhesive features
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FIGURE 7 | Water uptake capacity for GTA crosslinked SF nanofiber mats and
SF/gelatin nanofiber mats after 24 h and corresponding contact angles.

with the reduction of mat porosity. The SEM images exhibit
in Figures 2A-C validated these results, indicating compressed
and contracted structures for crosslinked scaffolds with higher
gelatin contents.

Contact Angle and Water Uptake Capacity
To investigate the effect of gelatin on hydrophilic properties of
SF/gelatin nanofiber mats, water contact angles and water uptake
capacity of crosslinked mats were measured with associated
results being presented in Figure 7. The contact angles of all
nanofiber mats were <90°, which was indicative of a typical
hydrophilic feature. The addition of gelatin was shown to cause
a slight decrease in contact angle of nanofiber mats from 75.31
+ 7.5° for SF nanofiber mats to 69.94 + 7.68° for SF/gelatin
counterparts at the blend ratio of 70/30, which was expected
to be associated with the hydrophilic nature of gelatin (Kim
et al., 2009). On the other hand, the WUC of SFs was much
higher with the value of 405% as opposed to 350 and 232%
for SF/gelatin nanofiber mats at the blend ratios of 90/10 and
70/30, respectively, as illustrated in Figure 7. Such a finding
was ascribed to the incorporation of gelatin into SF matrices
with GTA crosslinking effect, resulting in denser structures
and increasing the compaction degree among molecules so
that it was difficult for the entry of water molecules (Zhou
et al., 2013). Besides, higher gelatin contents led to lower fiber
porosity, thereby limiting the water diffusion into fiber mats.
Xiao et al. (2012) reported a similar behavior for SF/gelatin
hydrogels crosslinked with genipin, which suggested that the
wettability of fiber mats could be modulated by adjusting
SF/gelatin blend ratios.

Mechanical Properties
Figures 8A,B show tensile tested samples before and after
failure along with typical stress-strain curves of nanofiber

mats, respectively. It is quite evident that there are different
mechanical performances between SF/gelatin nanofiber mats at
various SF/gelatin blend ratios. Both tensile strength and Young’s
modulus increased monotonically with increasing the gelatin
content in SF/gelatin nanofiber mats when compared with those
of SF nanofiber mats Figures 9A,B. The incorporation of 10
and 30 wt % gelatin into SFs led to 10 and 27% increases
in tensile strength, as well as the moderate improvements
by 12 and 27% in Youngs modulus, respectively when
compared with those of neat SF nanofiber mats. In contrast,
elongation at break decreased from 20 for SFs to 16% for
SF/gelatin nanofiber mats at the blend ratio of 70/30, which
signified that increasing the gelatin content tended to cause
more brittle material nature with less flexibility shown in
Figure 9C. Based on crosslinking degree data in Figure 6A,
the crosslinking density became higher with increasing the
gelatin content, thereby molecular chains of proteins were
restrained by crosslinking points, and thus led to stiffer and
more robust nanofiber mats. Besides, it should be noted
that the formation of intermolecular interaction between SFs
and gelatin rendered the structural integrity of nanofiber
mats and yielded the increase in mechanical properties (Zhu
et al, 2015; Du et al, 2016; Selvaraj and Fathima, 2017).
Moreover, according to morphological changes, higher gelatin
content appeared to give rise to higher crosslinking density
with resulting fiber fusion, thereby decreasing the porosity
and increasing fiber entanglement leading to the strength
enhancement (Simonet et al., 2014; Yin et al., 2017).

Proliferation Assay

The cell viability and proliferation as a function of time
on scaffolds is indicative of cellular compatibility and
appropriateness for tissue engineering applications. To acquire
an insight into cytocompatibility of SF/gelatin nanofiber mats,
3T3 cells were seeded onto GTA modified SF/gelatin scaffolds.
Their growth was quantified using the proliferation assay
with associated results being displayed in Figure 10. After
1 day, no significant difference in proliferation took place
between SF nanofiber mats and SF/gelatin nanofiber mats with
different SF/gelatin blend ratios. However, after 3 days, cell
proliferation was significantly increased in all samples. The
analysis of cell proliferation profiles suggested that the rate of
proliferation was higher in SFs as compared to the proliferation
in SF/gelatin nanofiber mats at blend ratios of both 90/10
and 70/30. It was generally expected that biological responses
would be improved with increasing the gelatin content, which
was interpreted by the presence of more available integrin
binding sites (Telemeco et al., 2005; Ghasemi-Mobarakeh
et al., 2008; Wu et al,, 2011). Surprisingly, an opposite trend
occurred, in which higher SF/gelatin blend ratio decreased the
cell proliferation. One plausible reason was that crosslinking
consumed the glutamate and aspartate residues in Arg-Gly-Asp
(RGD) in gelatin, and thereby reduced the cell reactivity of
scaffolds (Grover et al, 2012). Moreover, the alteration in
morphology, porosity and WUC of scaffolds with the addition of
gelatin, as mentioned earlier, could be likely responsible for this
behavior. For example, the previous study by Yeo et al. (2008)
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FIGURE 8 | (A) A representative testing sample before and after tensile failure,
(B) Typical stress-strain curves of GTA crosslinked SF nanofiber mats and
SF/gelatin nanofiber mats.

showed the reduction in cellular responses of keratinocytes
for GTA crosslinked SF/collagen nanofiber mats as compared
to neat SF counterparts, which was ascribed to the different
conformation formation of blended SF/collagen nanofiber mats
due to the interaction between collagen and SFs. Yao et al.
(2016) reported that higher gelatin content in PCL/gelatin
fiber mats did not necessarily result in better cell response
and underlined the role of physical microenvironment such
as mechanical properties in the dictation of cellular responses.
In addition, Grover et al. (2012) demonstrated the detrimental
effect of gelatin crosslinking on cell response as a consequence
of changes in physical properties such as roughness and stiffness
of gelatin films as well as a reduction in the number of available
cell binding sites. However, in our system, the reduction in
both porosity and WUC with increasing the gelatin content
could be responsible for lower cell proliferation. It was well-
documented that highly porous structures with interconnected
pores facilitated the cell migration and provided the nutrients
and gas exchange for cell proliferation (Soliman et al., 2011;
Stachewicz et al, 2017). Besides, higher WUC assisted the
biofluid transport, cell migration, which also assisted in the
growth of new cells. Moreover, the water storage helped to
store growth factors and offered compressive characteristics of
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FIGURE 9 | Mechanical properties of GTA crosslinked SF nanofiber mats and
SF/gelatin nanofiber mats: (A) Young’s modulus, (B) tensile strength, and
(C) elongation at break.

regrown tissues (Singh et al., 2016). Therefore, superior porosity
and WUC of pristine SFs facilitated the nutrient transport and
diffusion of signaling molecules when compared with SF/gelatin
nanofiber scaffolds. Accordingly, more spaces could be provided
for cell proliferation and migration, thereby yielding higher
proliferation rates. Overall, it was suggested that GTA vapor
could successfully stabilize SF/gelatin nanofiber mats, change
their morphology and improve their mechanical properties as
well. However, further studies for GTA optimization is required
to modulate the physico-chemical properties of SF/gelatin
nanofiber mats in order to obtain stable materials with favorable
bioactive properties and promote cellular responses for tissue
engineering applications.
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FIGURE 10 | Proliferation of 3T3 fibroblasts seeded on GTA crosslinked SF
nanofiber mats and SF/gelatin nanofiber mats after the first and third days of
cell culture.

CONCLUSIONS

SF/gelatin nanofiber mats with different SF/gelatin blend ratios
were successfully prepared by electrospinning and stabilized
with GTA. The prepared mats possessed different porosities,
WUC and tensile properties depending on the gelatin content.
The incorporation of 10 and 30 wt% gelatin into SFs resulted
in 10 and 27% increases in tensile strength and moderate
improvements of Youngs modulus for SF/gelatin nanofiber
mats by 12 and 27%, respectively, as opposed to those
of SF counterparts. However, increasing the gelatin content
decreased the porosity and WUC of SF/gelatin nanofiber mats
accordingly. In particular, it was surprising that SF/gelatin

REFERENCES

Agarwal, S., Wendorff, J. H., and Greiner, A. (2008). Use of electrospinning
technique for biomedical applications. Polymer 49, 5603-5621.
doi: 10.1016/j.polymer.2008.09.014

Akbarzadeh, R, and Yousefi, A. M. (2014). Effects of processing parameters
in thermally induced phase separation technique on porous architecture of
scaffolds for bone tissue engineering. J. Biomed. Mater. Res. 102, 1304-1315.
doi: 10.1002/jbm.b.33101

Aldana, A. A., and Abraham, G. A. (2017). Current advances in electrospun
gelatin-based scaffolds for tissue engineering applications. Int. J. Pharm. 523,
441-453. doi: 10.1016/j.ijpharm.2016.09.044

Allori, A. C,, Sailon, A. M., and Warren, S. M. (2008). Biological basis of bone
formation, remodeling, and repair—Part II: extracellular matrix. Tissue Eng. 14,
275-283. doi: 10.1089/ten.teb.2008.0083

Amadori, S., Torricelli, P., Rubini, K., Fini, M., Panzavolta, S., and Bigi, A. (2015).
Effect of sterilization and crosslinking on gelatin films. J. Mater. Sci. 26:69.
doi: 10.1007/s10856-015-5396-4

Amariei, N., Manea, L. R., Bertea, A. P., Bertea, A., and Popa, A. (2017).
The influence of polymer solution on the properties of electrospun
3D nanostructures. IOP Conf. Ser.. Mater. Sci. Eng 209:012092.
doi: 10.1088/1757-899X/209/1/012092

nanofiber mats at the blend ratio of 70/30 demonstrated the
lowest 3T3 fibroblast cell responses for proliferation rates. Such
a finding might be partly associated with the fact that GTA
crosslinking tended to induce changes in physical characteristics
of microenvironments by ways of WUC and porosity at higher
gelatin content levels, which clearly played an important role
in the regulation of cellular functions. Overall, our initial
results suggested the superiority of SF nanofiber mats to those
SF/gelatin counterparts. Nonetheless, further studies are required
to be conducted for the optimization of GTA crosslinking for
SF/gelatin scaffolds, in which favorable bioactive properties of
gelatin may be achieved when blended with SFs for tissue
scaffolding applications.

DATA AVAILABILITY

The datasets for this article are not publicly available because SM
has not finally submitted her PhD thesis that this article is based
upon for data confidentiality. Requests to access the datasets
should be directed to Y.Dong@curtin.edu.au.

AUTHOR CONTRIBUTIONS

SM did the experimental work in relation to preparation,
characterization, and property measurements of
material samples. SM and YD analyzed the data and jointly
prepared the research manuscript.

ACKNOWLEDGMENTS

SM is grateful for 2015 Department of Mechanical
Engineering Scholarship awarded by Curtin University.
The authors would also like to thank Professor Deirdre Coombe
from School of Pharmacy and Biomedical Sciences at Curtin
University for her continuous technical supports of cell culture
and proliferation assay tests.

Andiappan, M., Sundaramoorthy, S., Panda, N., Meiyazhaban, G., Winfred, S. B.,
Venkataraman, G., et al. (2013). Electrospun eri silk fibroin scaffold coated with
hydroxyapatite for bone tissue engineering applications. Prog. Biomater. 2:6.
doi: 10.1186/2194-0517-2-6

Annabi, N., Nichol, J. W., Zhong, X., Ji, C., Koshy, S., Khademhosseini, A.,
et al. (2010). Controlling the porosity and microarchitecture of hydrogels for
tissue engineering. Tissue Eng. Part B Rev. 16, 371-383. doi: 10.1089/ten.teb.
2009.0639

Babitha, S., Rachita, L., Karthikeyan, K., Shoba, E., Janani, I., Poornima, B., et al.
(2017). Electrospun protein nanofibers in healthcare: a review. Int. J. Pharm.
523, 52-90. doi: 10.1016/j.ijpharm.2017.03.013

Bao, W., Zhang, Y., Yin, G., and Wu, J. (2008). The structure and property of
the electrospinning silk fibroin/gelatin blend nanofibers. e-Polymers 8:098.
doi: 10.1515/epoly.2008.8.1.1131

Bhardwaj, N., and Kundu, S. C. (2010). Electrospinning: a fascinating
fiber  fabrication  technique.  Biotechnol. — Adv. 28,  325-347.
doi: 10.1016/j.biotechadv.2010.01.004

Bhattacharjee, P., Kundu, B., Naskar, D., Kim, H. W., Maiti, T. K., Bhattacharya,
D., et al. (2017). Silk scaffolds in bone tissue engineering: an overview. Acta
Biomater. 63, 1-17. doi: 10.1016/j.actbio.2017.09.027

Bigi, A., Cojazzi, G., Panzavolta, S., Rubini, K., and Roveri, N. (2001). Mechanical
and thermal properties of gelatin films at different degrees of glutaraldehyde

Frontiers in Materials | www.frontiersin.org

May 2019 | Volume 6 | Article 91


https://doi.org/10.1016/j.polymer.2008.09.014
https://doi.org/10.1002/jbm.b.33101
https://doi.org/10.1016/j.ijpharm.2016.09.044
https://doi.org/10.1089/ten.teb.2008.0083
https://doi.org/10.1007/s10856-015-5396-4
https://doi.org/10.1088/1757-899X/209/1/012092
https://doi.org/10.1186/2194-0517-2-6
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1016/j.ijpharm.2017.03.013
https://doi.org/10.1515/epoly.2008.8.1.1131
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1016/j.actbio.2017.09.027
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Mohammadzadehmoghadam and Dong

Electrospun Silk Fibroin/Gelatin Scaffolds

crosslinking.  Biomaterials 22, 763-768. doi: 10.1016/S0142-9612(00)
00236-2

Bubnis, W. A., and Ofner, C. M. (1992). The determination of e-amino groups
in soluble and poorly soluble proteinaceous materials by a spectrophotometrie
method using trinitrobenzenesulfonic acid. Anal. Biochem. 207, 129-133.
doi: 10.1016/0003-2697(92)90513-7

Buitrago, J. O., Patel, K. D., El-Figi, A., Lee, J.-H., Kundu, B., Lee, H.-H,,
et al. (2018). Silk fibroin/collagen protein hybrid cell-encapsulating hydrogels
with tunable gelation and improved physical and biological properties. Acta
Biomater. 69, 218-233. doi: 10.1016/j.actbio.2017.12.026

Cheung, D. T., and Nimni, M. E. (1982). Mechanism of crosslinking of proteins by
glutaraldehyde II. Reaction with monomeric and polymeric collagen. Connect.
Tissue Res. 10, 201-216. doi: 10.3109/03008208209034419

Dadras Chomachayi, M., Solouk, A., Akbari, S., Sadeghi, D., Mirahmadi,
F., and Mirzadeh, H. (2018). Electrospun nanofibers comprising of silk
fibroin/gelatin for drug delivery applications: thyme essential oil and
doxycycline monohydrate release study. J. Biomed. Mater. Res. Part A 106,
1092-1103. doi: 10.1002/jbm.a.36303

De Moraes, M. A., Nogueira, G. M., Weska, R. F., and Beppu, M. M. (2010).
Preparation and characterization of insoluble silk fibroin/chitosan blend films.
Polymers 2, 719-727. doi: 10.3390/polym2040719

Du, Y., Gao, X. Q, Wang, Z. Y., Jin, D, Tong, S., and Wang, X. K. (2016).
Construction and characterization of three-dimensional silk fibroin-gelatin
scaffolds. J. Hard Tissue Biol. 25, 269-276. doi: 10.2485/jhtb.25.269

Ghasemi-Mobarakeh, L., Prabhakaran, M. P., Morshed, M., Nasr-Esfahani, M.-
H., and Ramakrishna, S. (2008). Electrospun poly(e-caprolactone)/gelatin
nanofibrous scaffolds for nerve tissue engineering. Biomaterials 29, 4532-4539.
doi: 10.1016/j.biomaterials.2008.08.007

Gil, E. S., Frankowski, D. J., Bowman, M. K., Gozen, A. O., Hudson, S. M., and
Spontak, R. J. (2006). Mixed protein blends composed of gelatin and Bombyx
mori silk fibroin: effects of solvent-induded crystallization and composition.
Biomacromolecules 7, 728-735. doi: 10.1021/bm050622i

Gomes, S. R., Rodrigues, G., Martins, G. G., Henriques, C. M. R,, and Silva, J.
C. (2013). In vitro evaluation of crosslinked electrospun fish gelatin scaffolds.
Mater. Sci. Eng. C 33,1219-1227. doi: 10.1016/j.msec.2012.12.014

Grover, C. N., Gwynne, J. H., Pugh, N., Hamaia, S., Farndale, R. W, Best, S. M.,
et al. (2012). Crosslinking and composition influence the surface properties,
mechanical stiffness and cell reactivity of collagen-based films. Acta Biomater.
8, 3080-3090. doi: 10.1016/j.actbio.2012.05.006

Hartgerink, J. D., Beniash, E., and Stupp, S. I. (2001). Self-assembly and
mineralization of peptide-amphiphile nanofibers. Science 294, 1684-1688.
doi: 10.1126/science.1063187

Hersel, U., Dahmen, C., and Kessler, H. (2003). RGD modified polymers:
biomaterials for stimulated cell adhesion and beyond. Biomaterials 24,
4385-4415. doi: 10.1016/S0142-9612(03)00343-0

Huang, Z.-M., Zhang, Y. Z. Ramakrishna, S., and Lim, C. T. (2004).
Electrospinning and mechanical characterization of gelatin nanofibers. Polymer
45, 5361-5368. doi: 10.1016/j.polymer.2004.04.005

Ibrahim, D. M., Kakarougkas, A., and Allam, N. K. (2017). Recent advances
on electrospun scaffolds as matrices for tissue-engineered heart valves.
Mater.Today Chem. 5, 11-23. doi: 10.1016/j.mtchem.2017.05.001

Ingavle, G. C., and Leach, J. K. (2014). Advancements in electrospinning of
polymeric nanofibrous scaffolds for tissue engineering. Tissue Eng. Part B Rev.
20, 277-293. doi: 10.1089/ten.teb.2013.0276

Jeong, L., and Park, W. H. (2014). Preparation and characterization of gelatin
nanofibers containing silver nanoparticles. Int. J. Mol. Sci. 15, 6857-6879.
doi: 10.3390/ijms15046857

Khadka, D. B., and Haynie, D. T. (2012). Protein—and peptide-based electrospun
nanofibers in medical biomaterials. Nanomed. Nanotechnol. Biol. Med. 8,
1242-1262. doi: 10.1016/j.nano.2012.02.013

Ki, C. S., Baek, D. H,, Gang, K. D, Lee, K. H,, Um, I. C,, and Park, Y. H.
(2005). Characterization of gelatin nanofiber prepared from gelatin-formic
acid solution. Polymer 46, 5094-5102. doi: 10.1016/j.polymer.2005.04.040

Kim, S. E, Heo, D. N,, Lee, J. B, Kim, J. R, Park, S. H., Jeon, S.
H., et al. (2009). Electrospun gelatin/polyurethane blended nanofibers
for wound healing. Biomed. Mater. 4:044106. doi: 10.1088/1748-6041/4/4/
044106

Kim, T. G., Shin, H., and Lim, D. W. (2012). Biomimetic scaffolds for tissue
engineering. Adv. Funct. Mater. 22, 2446-2468. doi: 10.1002/adfm.201103083

Kundu, B., Rajkhowa, R., Kundu, S. C., and Wang, X. (2013). Silk fibroin
biomaterials for tissue regenerations. Adv. Drug Deliv. Rev. 65, 457-470.
doi: 10.1016/j.addr.2012.09.043

Lai, G.-J., Shalumon, K. T., Chen, S.-H., and Chen, J.-P. (2014). Composite
chitosan/silk fibroin nanofibers for modulation of osteogenic differentiation
and proliferation of human mesenchymal stem cells. Carbohydr. Polym. 111,
288-297. doi: 10.1016/j.carbpol.2014.04.094

Lee, J. B,, Ko, Y. G., Cho, D., Park, W. H., and Kwon, O. H. (2017). Modification
and optimization of electrospun gelatin sheets by electronbeam irradiation for
soft tissue engineering. Biomater. Res. 21:14. doi: 10.1186/s40824-017-0100-z

Li, M., Mondrinos, M. J., Gandhi, M. R., Ko, F. K., Weiss, A. S., and Lelkes,
P. L. (2005). Electrospun protein fibers as matrices for tissue engineering.
Biomaterials 26, 5999-6008. doi: 10.1016/j.biomaterials.2005.03.030

Li, Z. H, Ji, S. C,, Wang, Y. Z, Shen, X. C, and Liang, H. (2013). Silk
fibroin-based scaffolds for tissue engineering. Front. Mater. Sci. 7, 237-247.
doi: 10.1007/s11706-013-0214-8

Malay, O., Yalgin, D., Batigiin, A. and Bayraktar, O. (2008). SF.258
Characterization of silk fibroin/hyaluronic acid polyelectrolyte complex (PEC)
films. J. Therm. Anal. Calorim. 94, 749-755. doi: 10.1007/s10973-008-9368-5

Morgan, A. W., Roskov, K. E., Lin-Gibson, S., Kaplan, D. L., Becker, M. L., and
Simon, C. G. (2008). Characterization and optimization of RGD-containing
silk blends to support osteoblastic differentiation. Biomaterials 29, 2556-2563.
doi: 10.1016/j.biomaterials.2008.02.007

Okhawilai, M., Rangkupan, R., Kanokpanont, S., and Damrongsakkul, S.
(2010). Preparation of Thai silk fibroin/gelatin electrospun fiber mats
for controlled release applications. Int. J. Biol. Macromol. 46, 544-550.
doi: 10.1016/j.ijbiomac.2010.02.008

Olde Damink, L. H. H.,, Dijkstra, P. J., Van Luyn, M. J. A., Van Wachem, P.
B., Nieuwenhuis, P., and Feijen, J. (1995). Glutaraldehyde as a crosslinking
agent for collagen-based biomaterials. J. Mater. Sci. Mater. Med. 6, 460-472.
doi: 10.1007/BF00123371

Poursamar, S. A., Lehner, A. N, Azami, M., Ebrahimi-Barough, S,
Samadikuchaksaraei, A., and Antunes, A. P. M. (2016). The effects of
crosslinkers on physical, mechanical, and cytotoxic properties of gelatin
sponge prepared via in-situ gas foaming method as a tissue engineering
scaffold. Mater. Sci. Eng. C 63, 1-9. doi: 10.1016/j.msec.2016.02.034

Qi, Y., Wang, H., Wei, K, Yang, Y., Zheng, R.-Y., Kim, L. S,, et al. (2017). A review
of structure construction of silk fibroin biomaterials from single structures to
multi-level structures. Int. J. Mol. Sci. 18:237. doi: 10.3390/ijms18030237

Ratanavaraporn, J., Kanokpanont, S., and Damrongsakkul, S. (2014). The
development of injectable gelatin/silk fibroin microspheres for the dual
delivery of curcumin and piperine. J. Mater. Sci. Mater. Med. 25, 401-410.
doi: 10.1007/s10856-013-5082-3

Selvaraj, S., and Fathima, N. N. (2017). Fenugreek incorporated silk fibroin
nanofibers—a potential antioxidant scaffold for enhanced wound healing. ACS
Appl. Mater. Interfaces 9, 5916-5926. doi: 10.1021/acsami.6b16306

Shan, Y.-H., Peng, L.-H., Liu, X., Chen, X., Xiong, J., and Gao, J.-Q. (2015).
Silk fibroin/gelatin electrospun nanofibrous dressing functionalized with
astragaloside IV induces healing and anti-scar effects on burn wound. Int. J.
Pharm. 479, 291-301. doi: 10.1016/j.ijpharm.2014.12.067

Silva, S. S., Maniglio, D., Motta, A., Mano, J. F., Reis, R. L., and Migliaresi, C. (2008).
Genipin-modified silk-fibroin nanometric nets. Macromol. Biosci. 8, 766-774.
doi: 10.1002/mabi.200700300

Simonet, M., Stingelin, N., Wismans, J. G. F., Oomens, C. W. J., Driessen-Mol, A.,
and Baaijens, F. P. T. (2014). Tailoring the void space and mechanical properties
in electrospun scaffolds towards physiological ranges. J. Mater. Chem. B 2,
305-313. doi: 10.1039/C3TB20995D

Sin, D., Miao, X., Liu, G., Wei, F., Chadwick, G., Yan, C., et al. (2010).
Polyurethane (PU) scaffolds prepared by solvent casting/particulate leaching
(SCPL) combined with centrifugation. Mater. Sci. Eng. C 30, 78-85.
doi: 10.1016/j.msec.2009.09.002

Singh, B. N., Panda, N. N, Mund, R., and Pramanik, K. (2016). Carboxymethyl
cellulose enables silk fibroin nanofibrous scaffold with enhanced biomimetic
potential for bone tissue engineering application. Carbohydr. Polym. 151,
335-347. doi: 10.1016/j.carbpol.2016.05.088

Frontiers in Materials | www.frontiersin.org

May 2019 | Volume 6 | Article 91


https://doi.org/10.1016/S0142-9612(00)00236-2
https://doi.org/10.1016/0003-2697(92)90513-7
https://doi.org/10.1016/j.actbio.2017.12.026
https://doi.org/10.3109/03008208209034419
https://doi.org/10.1002/jbm.a.36303
https://doi.org/10.3390/polym2040719
https://doi.org/10.2485/jhtb.25.269
https://doi.org/10.1016/j.biomaterials.2008.08.007
https://doi.org/10.1021/bm050622i
https://doi.org/10.1016/j.msec.2012.12.014
https://doi.org/10.1016/j.actbio.2012.05.006
https://doi.org/10.1126/science.1063187
https://doi.org/10.1016/S0142-9612(03)00343-0
https://doi.org/10.1016/j.polymer.2004.04.005
https://doi.org/10.1016/j.mtchem.2017.05.001
https://doi.org/10.1089/ten.teb.2013.0276
https://doi.org/10.3390/ijms15046857
https://doi.org/10.1016/j.nano.2012.02.013
https://doi.org/10.1016/j.polymer.2005.04.040
https://doi.org/10.1088/1748-6041/4/4/044106
https://doi.org/10.1002/adfm.201103083
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.carbpol.2014.04.094
https://doi.org/10.1186/s40824-017-0100-z
https://doi.org/10.1016/j.biomaterials.2005.03.030
https://doi.org/10.1007/s11706-013-0214-8
https://doi.org/10.1007/s10973-008-9368-5
https://doi.org/10.1016/j.biomaterials.2008.02.007
https://doi.org/10.1016/j.ijbiomac.2010.02.008
https://doi.org/10.1007/BF00123371
https://doi.org/10.1016/j.msec.2016.02.034
https://doi.org/10.3390/ijms18030237
https://doi.org/10.1007/s10856-013-5082-3
https://doi.org/10.1021/acsami.6b16306
https://doi.org/10.1016/j.ijpharm.2014.12.067
https://doi.org/10.1002/mabi.200700300
https://doi.org/10.1039/C3TB20995D
https://doi.org/10.1016/j.msec.2009.09.002
https://doi.org/10.1016/j.carbpol.2016.05.088
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Mohammadzadehmoghadam and Dong

Electrospun Silk Fibroin/Gelatin Scaffolds

Soliman, S., Sant, S., Nichol, J. W., Khabiry, M., Traversa, E., and Khademhosseini,
A. (2011). Controlling the porosity of fibrous scaffolds by modulating the fiber
diameter and packing density. J. Biomed. Mater. Res. Part A 96, 566-574.
doi: 10.1002/jbm.a.33010

Stachewicz, U., Szewczyk, P. K., Kruk, A. Barber, A. H., and Czyrska-
Filemonowicz, A. (2017). Pore shape and size dependence on cell growth
into electrospun fiber scaffolds for tissue engineering: 2D and 3D analyses
using SEM and FIB-SEM tomography. Mater. Sci. Eng. C. 95, 397-408.
doi: 10.1016/j.msec.2017.08.076

Taddei, P., Chiono, V., Anghileri, A., Vozzi, G., Freddi, G., and Ciardelli,
G. (2013). Silk fibroin/gelatin blend films crosslinked with enzymes for
biomedical applications. Macromol. Biosci. 13, 1492-1510. doi: 10.1002/mabi.
201300156

Tao, W., Li, M., and Zhao, C. (2007). Structure and properties of regenerated
Antheraea pernyi silk fibroin in aqueous solution. Int. J. Biol. Macromol. 40,
472-478. doi: 10.1016/].ijbiomac.2006.11.006

Telemeco, T. A., Ayres, C., Bowlin, G. L., Wnek, G. E., Boland, E. D., Cohen, N.,
et al. (2005). Regulation of cellular infiltration into tissue engineering scaffolds
composed of submicron diameter fibrils produced by electrospinning. Acta
Biomater. 1, 377-385. doi: 10.1016/j.actbio.2005.04.006

Thein-Han, W. W., Saikhun, J., Pholpramoo, C., Misra, R. D., and Kitiyanant,
Y. (2009). Chitosan-gelatin scaffolds for tissue engineering: physico-chemical
properties and biological response of buffalo embryonic stem cells and
transfectant of GFP-buffalo embryonic stem cells. Acta Biomater. 5, 3453-3466.
doi: 10.1016/j.actbio.2009.05.012

Wang, Y., Wang, X, Shi, J., Zhu, R., Zhang, J., Zhang, Z., et al. (2016). A biomimetic
silk fibroin/sodium alginate composite scaffold for soft tissue engineering. Sci.
Rep. 6:39477. doi: 10.1038/srep39477

Wang, Y. X,, Qin, Y. P., Kong, Z.]., Wang, Y. ]., and Ma, L. (2014). Glutaraldehyde
cross-linked silk fibroin films for controlled release. Adv. Mater. Res. 887-888,
541-546. doi: 10.4028/www.scientific.net/ AMR.887-888.541

Wongputtaraksa, T., Ratanavaraporn, J., Pichyangkura, R., and Damrongsakkul,
S. (2012). Surface modification of Thai silk fibroin scaffolds with gelatin and
chitooligosaccharide for enhanced osteogenic differentiation of bone marrow-
derived mesenchymal stem cells. J. Biomed. Mater. Res. Part B Appl. Biomater.
100, 2307-2315. doi: 10.1002/jbm.b.32802

Wu, S. C, Chang, W. H., Dong, G. C., Chen, K. Y, Chen, Y. S,
and Yao, C. H. (2011). Cell adhesion and proliferation enhancement
by gelatin nanofiber scaffolds. J. Bioact. Compat. Polym. 26, 565-577.
doi: 10.1177/0883911511423563

Xiao, W, Liu, W, Sun, J., Dan, X., Wei, D., and Fan, H. (2012). Ultrasonication and
genipin cross-linking to prepare novel silk fibroin-gelatin composite hydrogel.
J. Bioact. Compat. Polym. 27, 327-341. doi: 10.1177/0883911512448692

Yao, R, He, J., Meng, G., Jiang, B., and Wu, F. (2016). Electrospun PCL/Gelatin
composite fibrous scaffolds: mechanical properties and cellular responses.
J. Biomater. Sci. Polym. Ed. 27, 824-838. doi: 10.1080/09205063.2016.
1160560

Yeo,1.S.,0h,]. E, Jeong, L., Lee, T. S., Lee, S. J., Park, W. H., et al. (2008). Collagen-
based biomimetic nanofibrous scaffolds: preparation and characterization of
collagen/silk fibroin bicomponent nanofibrous structures. Biomacromolecules
9,1106-1116. doi: 10.1021/bm700875a

Yin, G., Zhang, Y., Bao, W., Wu, J,, Shi, D, Dong, Z., et al. (2009).
Study on the properties of the electrospun silk fibroin/gelatin blend
nanofibers for scaffolds. J. Appl. Polym. Sci. 111, 1471-1477. doi: 10.1002/app.
28963

Yin, Y., Pu, D, and Xiong, J. (2017). Analysis of the comprehensive
tensile relationship in electrospun silk fibroin/polycaprolactone nanofiber
membranes. Membranes 7:E67. doi: 10.3390/membranes7040067

Zafar, M. S., Belton, D. J., Hanby, B., Kaplan, D. L., and Perry, C. C. (2015).
Functional material features of Bombyx mori silk light versus heavy chain
proteins. Biomacromolecules 16, 606-614. doi: 10.1021/bm501667j

Zhan, J., Morsi, Y., Ei-Hamshary, H., Al-Deyab, S. S., and Mo, X. (2016a). In vitro
evaluation of electrospun gelatin-glutaraldehyde nanofibers. Front. Mater. Sci.
10, 90-100. doi: 10.1007/s11706-016-0329-9

Zhan, J., Morsi, Y., Ei-Hamshary, H., Al-Deyab, S. S., and Mo, X. (2016b).
Preparation and characterization of electrospun in-situ cross-linked gelatin-
graphite oxide nanofibers. J. Biomater. Sci. Polym. Ed. 27, 385-402.
doi: 10.1080/09205063.2015.1133156

Zhang, Y. Z., Venugopal, J., Huang, Z. M., Lim, C. T., and Ramakrishna, S. (2006).
Crosslinking of the electrospun gelatin nanofibers. Polymer 47, 2911-2917.
doi: 10.1016/j.polymer.2006.02.046

Zhou, J., Cao, C., Ma, X,, and Lin, J. (2010). Electrospinning of silk fibroin and
collagen for vascular tissue engineering. Int. J. Biol. Macromol. 47, 514-519.
doi: 10.1016/j.ijbiomac.2010.07.010

Zhou, Z., Yang, Z., Huang, T., Liu, L, Liu, Q., Zhao, Y., et al. (2013).
Effect of chemical cross-linking on properties of gelatin/hyaluronic
acid composite hydrogels. Polym. Plastics Technol. Eng. 52, 45-50.
doi: 10.1080/03602559.2012.718400

Zhu, J., Yang, F., He, F.,, Tian, X,, Tang, S., and Chen, X. (2015). A tubular
gelatin scaffold capable of the time-dependent controlled release of epidermal
growth factor and mitomycin C. Colloids Surf. B Biointerf. 135, 416-424.
doi: 10.1016/j.colsurfb.2015.06.049

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Mohammadzadehmoghadam and Dong. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Materials | www.frontiersin.org

125

May 2019 | Volume 6 | Article 91


https://doi.org/10.1002/jbm.a.33010
https://doi.org/10.1016/j.msec.2017.08.076
https://doi.org/10.1002/mabi.201300156
https://doi.org/10.1016/j.ijbiomac.2006.11.006
https://doi.org/10.1016/j.actbio.2005.04.006
https://doi.org/10.1016/j.actbio.2009.05.012
https://doi.org/10.1038/srep39477
https://doi.org/10.4028/www.scientific.net/AMR.887-888.541
https://doi.org/10.1002/jbm.b.32802
https://doi.org/10.1177/0883911511423563
https://doi.org/10.1177/0883911512448692
https://doi.org/10.1080/09205063.2016.1160560
https://doi.org/10.1021/bm700875a
https://doi.org/10.1002/app.28963
https://doi.org/10.3390/membranes7040067
https://doi.org/10.1021/bm501667j
https://doi.org/10.1007/s11706-016-0329-9
https://doi.org/10.1080/09205063.2015.1133156
https://doi.org/10.1016/j.polymer.2006.02.046
https://doi.org/10.1016/j.ijbiomac.2010.07.010
https://doi.org/10.1080/03602559.2012.718400
https://doi.org/10.1016/j.colsurfb.2015.06.049
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

',\' frontiers
in Materials

ORIGINAL RESEARCH
published: 07 November 2019
doi: 10.3389/fmats.2019.00275

OPEN ACCESS

Edited by:
Yu Dong,
Curtin University, Australia

Reviewed by:

Philippe Boisse,

Institut National des Sciences
Appliquées de Lyon (INSA

Lyon), France

Fabrizio Sarasini,

Sapienza University of Rome, Italy

*Correspondence:
Zain Zaidi
s.z.zaidi.29@gmail.com

Specialty section:

This article was submitted to
Polymeric and Composite Materials,
a section of the journal

Frontiers in Materials

Received: 09 August 2019
Accepted: 18 October 2019
Published: 07 November 2019

Citation:

Zaidi Z, Mawad D and Crosky A (2019)
Soil Biodegradation of Unidirectional
Polyhydroxybutyrate-Co-Valerate
(PHBV) Biocomposites Toughened
With Polybutylene-Adipate-Co-
Terephthalate (PBAT) and Epoxidized
Natural Rubber (ENR).

Front. Mater. 6:275.

doi: 10.3389/fmats.2019.00275

Check for
updates

Soil Biodegradation of Unidirectional
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The detrimental impact of discarded plastics on the environment has become of
increasing concern and this has led to the development of environmentally friendly
“green” polymers. PHBV is one such green polymer that offers biodegradability
and renewability, however its mechanical performance is quite limited. This can be
improved by reinforcement with natural fibers to form green composites, which offer
better mechanical properties while retaining biodegradability. There are, however, few
studies examining the biodegradation of toughened PHBV composites. In this work,
the biodegradation properties of PHBV/30 vol.% unidirectional flax composites both
untoughened and toughened with PBAT and ENR, were studied. Composites were
prepared by compression molding PHBV powder interleaved with unidirectional flax
fabric. The toughening agents were cryoground and mixed with the PHBV powder
prior to molding. Biodegradation was conducted in a natural outdoor soil environment
and biodegradability was evaluated through weight loss analysis, optical microscopy
and electron microscopy. The biodegradability of neat PHBV was minimal but was
increased markedly by addition of flax fibers. The toughened composites showed a
faster degradation rate than untoughened PHBV/flax, with PHBV/ENR/flax composites
having the highest rate likely due to a specific strain of bacteria found worldwide in
soil that attacks natural rubber. The biodegradation properties of the composites were
superior to those of conventional plastics used in applications such as computer and
mobile phone casings, which indicates potential suitability of this class of materials for
these applications.

Keywords: biodegradation, PHBV, unidirectional, ENR, PBAT, soil

INTRODUCTION

Disposed plastics have increasingly gained attention of the globe in the past 5 years due to their
harmful effects on the environment and this has driven the development of environmentally
benign “green” polymers (La Mantia and Morreale, 2011). These polymers biodegrade rather
than persist in the environment. Although biodegradability can provide a commercial advantage,
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mechanical performance is still paramount for fulfilling the
load carrying requirements in engineering applications and
biopolymers are yet to compete with synthetic polymers in
this area. The mechanical performance of “green” plastics can,
however, be improved through fiber reinforcement. Natural
plant fibers are attractive as the reinforcement since they are
renewable and biodegradable. Incorporation of these fibers into
biopolymers provides a fully “green composite.” One application
which has become of particular concern in recent years is
electronic waste, often referred to as e-waste (Ball, 2003).
In the e-waste stream, the casings of items such as mobile
phones, computers, and printers are of particular interest since
these items have only short lives but are made from materials
which degrade only slowly. This is an area that could benefit
considerably from the use of green materials.

The naturally occurring bacterial polyester,
poly(hydroxybutyrate-co-valerate) (PHBV), is a green polymer
with a hydrolysable carbon backbone, which allows it to be
degraded by bacteria and enzymes and thus limit landfill
saturation (Modi et al., 2016). PHBV has been reinforced by a
variety of types of natural fibers previously—abaca (Shibata et al.,
2002; Bledzki and Jaszkiewicz, 2010; Adam et al., 2013), hemp
(Keller, 2003; Hermida and Mega, 2007; Michel and Billington,
2014), kenaf (Avella et al., 2007; Buzarovska et al., 2007; Persico
et al., 2011; Russo et al., 2013), jute (Bledzki and Jaszkiewicz,
2010; Adam et al., 2013), coir (Javadi et al., 2010c), and flax
(Bledzki and Jaszkiewicz, 2010; Adam et al., 2013). The majority
of the work to date has involved short fibers, particulates and
nanofibers, with very little work having been conducted on
continuous long natural fibers.

Two major studies have investigated continuous fiber
reinforcement of PHBV previously. Luo and Netravali (1999)
prepared PHBV [3 mol.% hydroxyvalerate (HV)]/unidirectional
(UD) pineapple leaf fiber composites, containing 0-28 vol.%
fiber, using the film stacking/hot pressing route and reported
at least 3-fold increases in tensile modulus and strength at
28 vol.%. Bourban et al. (1997) prepared PHBV (3 mol.%
HV)/regenerated cellulose fiber composites with 9.9 and
26.5 vol% fiber by filament winding and hot pressing.
The authors reported at least 10-fold increases in tensile
modulus and strength at 26.5 vol.%. In comparison, most
short-fiber additions to PHBV have resulted in increases in
mechanical properties of a maximum of 2-fold, at volume
fractions of 30%. Unfortunately, the large increases due to
continuous fibers were accompanied by up to 85% reductions
in elongation to break, indicating a heavily embrittling effect of
the fibers.

Composites are normally toughened by a variety of agents
to counter the embrittling effect of fiber addition. Polybutylene
adipate-co-terephthalate (PBAT) and epoxidized natural rubber
(ENR) have been added as toughening agents to PHBV/natural
fiber composites in many studies but these have all been short-
fiber reinforced composites (Javadi et al., 2010a,b,c; Nagarajan
et al, 2013a,b; Zhang et al, 2014a,b). There are no studies
where unidirectional fibers and toughening agents have been
added simultaneously to PHBV to produce a well-rounded high
performing green composite.

Although the mechanical properties can be improved through
fiber reinforcement and toughening, it is pertinent that the
final product be biodegradable. Biodegradation studies have
been conducted on untoughened PHBV/natural fiber composites
but there is little to no literature on the biodegradation
properties of toughened PHBV composites. The biodegradability
of PHBV has been shown by numerous studies to become
enhanced after fiber addition. Batista et al. (2010) examined
the biodegradation of their PHBV (9.8 mol.% HV)/peach palm
particle (PPp) composites, in a soil mix containing equal parts
of fertile soil (with low clay content), horse manure, and beach
sand. The authors reported, from SEM observations, that their
neat PHBV showed cavities after 2 months, which became
more pronounced after 5 months. They found that addition
of PPp increased the biodegradation rate progressively with
increased PPp content, which they attributed to the presence
of a gap between the particles and matrix which increased
(from ~2.5 to ~10 wm) with particle content. The gap allowed
moisture and microorganisms progressively better access to
internal PHBV surfaces. After 5 months, the particles showed
significant detachment from the matrix and began showing
degradation themselves, as evidenced by the presence of cavities
within the particles. Similar observations of fibers enhancing the
biodegradation of PHBV have been reported for PHBV/lyocell
(Shibata et al., 2004), PHBV/flax (Barkoula et al., 2010), and
PHBV/abaca (Shibata et al., 2002).

In this work, PHBV was simultaneously reinforced with
unidirectional flax and toughened with PBAT or ENR50.
The mechanical, thermal, and morphological properties of the
resulting composites have been reported previously in Zaidi
and Crosky (2019). This study focuses on the biodegradation
properties of those composites and elucidates the effect of PBAT
and ENR on the biodegradation of PHBV/flax composites.

EXPERIMENTAL

Materials

PHBV (ENMAT® Y1000) was obtained from Tianan Biologic
Material Co., China. This commercial grade of PHBV contains
3mol.% HV (Srithep et al., 2013) and has a melt flow index
(MFI) of 2.5 g/10min at 170°C (Michel and Billington, 2014)
and a density of 1.25 g/cm2 (Srubar et al., 2012). PBAT (Ecoflex®
C1200F) was obtained from BASE, Germany. This commercial
grade of PBAT has an MFI of 3.5 g/10min and a density of
1.26 g/cm3 (Savadekar et al., 2015). Epoxidized natural rubber
with 50% epoxidation (ENR50) was used here and was obtained
under the trade name Epoxyrene-50® from Industrial Organics,
Australia. Tt has a density of 1.02 g/cm? (Mohamad et al., 2006).
Quasi-unidirectional flax (trade name FlaxPly® UD 180) was
obtained from LINEO, Belgium. The fabric was supplied with
an epoxy-based sizing that constituted 16 wt.% of the fabric to
improve resin impregnation properties. The fabric consisted of
thick longitudinal warp yarns interconnected with thin twisted
weft yarns at a spacing of 3mm using a 4 over/4 under
repeating interlacing pattern. The fabric had an areal weight of
180 grams per square meter. The density of flax is 1.4 g/cm?
(Vanleeuw et al., 2015).
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Composite Preparation

Unidirectional composite laminates were fabricated in 200 x
200 mm steel picture frame molds with fitting lids using a 50-
ton water cooled hot press built by DSTO Australia. 4 ply
laminates ~1.5 mm thick were fabricated by placing pre-cut plies
of unidirectional flax cloth having dimensions of 200 x 200 mm
in the picture frame mold. The composites were fabricated from
matrix material in the powder form, with the powder being
carefully spread using a flat 50 mm wide soft brush to obtain a
uniform distribution.

For the toughened composites, the PBAT and ENR50 were
first cryoground into powder using a Spex® Freezer Mill and
then mixed with the PHBV matrix powder. The precool time was
10 min, with the grinding then being conducted at 10 Hz for 3
cycles, each consisting of 2 min grinding followed by 2 min cool
down. Due to the self-healing nature of ENR50 (Rahman et al,,
2013), 0.1g PHBV powder per gram of ENR50 was added for
cryogrinding of ENR50 as the PHBV powder prevented ENR50
powder from coalescing back into a solid mass.

Prior to hot pressing the laminates, the layup was dried
(in the mold) in a vacuum oven for 24h at 80°C to remove
moisture. Drying at temperatures of ~80°C for at least 24h,
with or without vacuum, is common practice for PHBV and
natural fibers (Rossa et al., 2013; Russo et al., 2013; Srithep et al.,
2013; Zhang et al., 2014b; Berthet et al., 2015). The mold was
then immediately transferred to the preheated hot press and
the laminates compression molded at 180°C and 3.5 MPa for
12 min. A target fiber volume fraction of 0.30 was selected for the
study since similar volume fractions have been used widely in the
literature. The volume fraction of ENR or PBAT in the toughened
composites was 30 vol.%.

Biodegradability Test Setup

Sample Preparation

Neat PHBV samples were cut from the molded plates. The
PHBV/flax, PHBV/PBAT/flax, and PHBV/ENR/flax composite
samples were cut from the 4 ply laminates.

High-impact polystyrene (HIPS) was used as a control
material. Specimens 1 mm thick were cut from the outer plastic
casing of a commercial printer that had reached its end of life.

Square specimens measuring 10 x 10 mm were guillotine-cut
from the plates and a 1-mm hole was drilled through the center.

Soil Burial

Based on preliminary trials, a location within Centennial
Parklands, Sydney was selected for burial of samples for the
test. The underlying soil at Centennial Parklands is known as
Botany Sand, which is a well-sorted medium sand containing
<1% clay. It is subrounded and has high sphericity, a density
of 2.65 g/cm® and its composition has been reported via x-ray
diffraction (XRD) to be quartz dominant, with the clay fraction
containing kaolinite and illite (Kelly, 1994).

For each material, a 0.8-mm aluminum wire was threaded
through each of the three replicates and arranged in a radial
pattern as shown in Figure 1. A 300-mm white plastic cable tie
was then attached to the center. Colored cable ties of different
colors were then attached to the top of the white cable tie to

Al < >

/ 30cm
7 %

= L

FIGURE 1 | Schematic of radial attachment of a sample triplicate. Triplicates
are located 20 cm below the surface with a color-coded cable tie located
10cm above the surface to indicate sample position and identification.

FIGURE 2 | Placement of all samples in the soil burial location within
Centennial Parklands, Sydney.

identify the different materials. The colored cable ties were cut
to different lengths (L) such that the length corresponded to the
duration of the burial period.

A trench measuring 600 x 300 x 200 mm was dug at the
selected location and the samples were laid laterally across the
trench with a spacing of 50 mm. The soil taken from the trench
was used to backfill the trench to the surface. The layout of
the samples is shown in Figure 2. The moisture content was
governed by natural rainfall.

The soil biodegradation test was conducted on the samples for
a maximum burial duration of 112 days, with samples removed
for measurement at 28, 56, 84, and 112 days from burial. The
samples were buried from the 28th April 2017 for up to 4 months.
Three replicate samples were used for each time period for each
of the five materials.

Measurements
Biodegradation was
surface characterization.

evaluated through mass loss and
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Daily rainfall data was obtained for the May to August
period from the Bureau of Meteorology website, weather station
066062 - Sydney (Observatory Hill). The rainfall data was
then superimposed with the mass loss data to examine possible
correlations between the rainfall pattern and mass loss.

Mass Loss

Before burial, samples were dried in an oven at 80°C for 24 h and
the initial mass W was recorded. After retrieval from the burial
site, the samples were washed with distilled water, dried at 80°C
for 24 h, and the final mass Wy was recorded. The mass loss, AW
was determined according to:

o= (M=) o

Surface Characterization

After weighing the retrieved samples, their surface features were
examined using an ECLIPSE low power optical microscope fitted
with a Nikon 600 camera at 5X magnification.

After examination by optical microscopy, the samples were
sputter coated with gold using an EMITECH K550x gold coating
unit and examined using a HITACHI S-3400N scanning electron
microscope (SEM) operating at 10 kV.

RESULTS

Mass Loss
The mass loss obtained after each period of time for the neat
PHBYV, PHBV/flax, PHBV/PBAT/flax, PHBV/ENR/flax, and the
HIPS control samples is shown graphically in Figure 3 along with
rainfall data.

The HIPS control and neat PHBV samples showed negligible
mass losses of 0.4 and 0.5%, respectively, with no appreciable
change during the test period.

In contrast the three composites all showed substantial mass
losses which increased progressively with time, but at different
rates. The highest mass loss was recorded for PHBV/ENR/flax
with the lowest being recorded for PHBV/flax. The mass losses
after 112 days were 6% for PHBV flax, 9% for PHBV/PBAT/flax
and 17% for PHBV/ENR flax.

The rainfall was quite intermittent over the course of the
testing. There were several periods of rainfall of 10 mm or more
with a fall of 60 mm being received over just a few days in
one case, Figure 3. However, there appeared to be no distinct
correlation between the biodegradation results and the rainfall
pattern for the time intervals used in the study.

Surface Characterization

Optical Microscopy

Micrographs of the surface of the HIPS control sample before
testing and after the different time intervals are shown in
Figure 4. The surface of the sample before testing had a textured
appearance associated with its former use as a printer casing. No
change in the surface was observed throughout the test period,
consistent with the absence of any appreciable mass change.

The surface of neat PHBV samples is shown for the various
time intervals in Figure 5. For these samples, color fading was
observed with time, as well as coverage of the surface by light
colored regions which increased progressively with time and
covered most of the surface by 112 days.

Micrographs of the surface of the PHBV/flax samples are
shown in Figure 6. Color fading was again observed with time
and was more pronounced than in the neat PHBV. With the color
fading, the flax fibers became more visible under the surface after
28 days (red arrows), and microcracks began to appear after 56
days (red arrows). Small purple areas of discoloration were also
observed at the longest time (red arrows).

Figure 7 shows micrographs of the surface of the
PHBV/PBAT/flax samples for the various time intervals.

30.00% r 701
—o— HIPS A
i - 60.1
25.00% ©  NeatPHBV '
—e— PHBV/flax
r 50.1
20.00% —e— PHBV/PBAT/flax
—o— PHBV/ENR/flax -
------ Rainfall [ 401 E
T 15.00% =
é r 301 K]
<~
20 10.00%
2 L 201
5.00% L 101
0.00% ¢ 0.1
120
Time since burial (days)
FIGURE 3 | Mass loss curves of HIPS control, neat PHBV, PHBV/flax, PHBV/PBAT/flax, PHBV/ENR/flax, and rainfall data for May to August 2017 period. Error bars
represent standard deviation for n = 3 samples.
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FIGURE 4 | Optical micrographs of HIPS at 0, 28, 84, and 112 days.

0 days

FIGURE 5 | Optical micrographs of neat PHBV at 0, 28, 84, and 112 days.

Progressive fading and discoloration occurred with increasing
burial time. Microcracks and purplish regions were
again observed.

Micrographs of the PHBV/ENR/flax samples for the various
time intervals are shown in Figure 8. Progressive fading and
discoloration were again observed, but this was less pronounced
than for PHBV/flax and PHBV/PBAT/flax samples. Microcracks
were again observed and purplish and yellow regions were
observed at the longer times.

SEM

Initial surfaces

The initial surfaces are shown for all samples in Figure9. All
samples showed smooth, featureless surfaces before soil burial,
except for the HIPS sample which, as mentioned earlier, showed
a degree of roughness.

After 28 days

The five different materials are shown after 28 days burial
in Figure 10. The HIPS sample showed no detectable change
as a result of burial. The neat PHBV sample showed faint
craze-like markings and some coarse pits. The PHBV/flax,
PHBV/PBAT/flax, and PHBV/ENR/flax composite samples all
began to exhibit microcracks ~50 pm wide, together with some

coarse pits. Light colored patches were also evident across the
surface but were more prevalent in the PHBV/PBAT/flax and
PHBV/ENR/flax samples than in the PHBV/flax composite.

A region in one of the composites where fibers have
become exposed at the surface is shown in Figure 11. The
elementary fibers have begun to separate from the fiber
bundles while filaments <1 pm in diameter have developed
from the fibers.

After 56 days

The five different materials are shown after 56 days burial
in Figure 12. No change was again observed for the HIPS
samples. For the neat PHBV samples, the craze markings seen
after 28 days burial had become wider and more pronounced,
while the surface had begun to become patchy and rougher.
The PHBV/flax, PHBV/PBAT/flax, and PHBV/ENR/flax
composite samples all showed an increasing level of cracking
with the cracks being wider, frequently revealing the flax
fibers beneath the surface. The filamentous structures
on the flax fibers seen after 28 days in the PHBV/flax,
PHBV/PBAT/flax, and PHBV/ENR/flax samples had also
become larger and elementary fiber separation was more
pronounced. Filamentous structures had begun to develop on
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FIGURE 6 | Optical micrographs of PHBV/flax at 0, 28, 84, and 112 days.

the surface of the PHBV/ENR/flax composite and these appeared
to be associated with ENR particles. Peanut shaped features
~5um long had also begun to appear on the PHBV/ENR/
flax sample.

After 84 days

The five different materials are shown after 84 days burial
in Figure13. The HIPS sample remained unchanged.
Neat PHBV became more pitted with pits being much
deeper. Cracking in composite samples continued to
grow and reveal fibers underneath the surface. The
filamentous  structures became more extensive on
PHBV/PBAT/flax and PHBV/ENR/flax. Some filaments
began growing out of the surface, having a hollow and
cylindrical appearance.

After 112 days

Changes in the samples after 112 days burial are shown
in Figure 14. The HIPS control sample remained essentially
unchanged. For all other samples, the pitting had become
essentially continuous across the surface but otherwise there was
minimal further change.

56 days

FIGURE 7 | Optical micrographs of PHBV/PBAT/flax at 0, 28, 84, and
112 days.

DISCUSSION

Mass Loss

The control HIPS sample underwent negligible loss in mass
during burial, as is expected for a non-biodegradable polymer
(Ebadi-Dehaghani et al., 2016). A negligible degradation rate
(0.47% in 112 days) was also observed for neat PHBV. This is
contrary to the reported degradation rates for PHBV, given in
Table 1, which are more substantial. However, the data given in
Table 1 is for PHBV grades with higher HV contents (5-13%)
than the grade used in the present study (3% HV) and this may
be responsible for the difference. Differences in soil may also have
had an effect.

It is noted that the PHBV samples were buried in close
proximity to the composite samples raising the possibility of
interference from the latter. However, similarly low rates of
degradation were obtained for the neat PHBV samples in
preliminary trials in which the PHBV samples were tested
separately from the composites. It is concluded therefore that any
interference from the composites on the degradation rate of neat
PHBV would have been minimal.
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FIGURE 8 | Optical micrographs of PHBV/ENR/flax at 0, 28, 84, and
112 days.

While the mass loss was negligible for the PHBV samples, the
SEM micrographs did show evidence of some biodegradation at
the exposed surface.

Unlike the neat PHBV, the composites showed substantial
degradation rates, with the mass losses after 112 days being
7-17%. The increased mass loss due to natural fiber addition
is a common observation in the literature, as flax fibers are
highly biodegradable. Alimuzzaman et al. (2014) reported a
mass loss of 90% for flax after 60 days of burial in compost,
attributed to all the components of flax—cellulose, lignin, and
pectin—being biodegradable. The authors had also reinforced
polylactic acid (PLA) with flax and reported that flax addition
increased the biodegradability of PLA, as the water-absorbent
nature of flax allowed water and microorganisms to be absorbed
into the interior of the sample through the cut edges of the
composite. Batista et al. (2010) have also reported higher rates
of biodegradation in PHBV/peach palm particle composites
than in neat PHBV. Their findings were based on visual
and SEM examination since excessive disintegration of the
composite samples precluded accurate mass loss measurement.
They attributed the higher rate of degradation in the composites
to gaps between the fiber particles and the matrix providing

channels for microorganisms to reach the inner bulk of the
composite, thus allowing degradation from the interior as well
as from the surface.

The composites examined by Batista et al. (2010) would be
expected to have fibers exposed at the surface but fibers were
generally not exposed on the molded surfaces of the composites
examined in the present study. However, fibers would be exposed
at the cut edges of the samples and ingress of microorganisms
might have been possible along the fiber matrix interfaces
and through the lumens. The microcracks which developed in
the composites during soil burial would also have facilitated
microorganism ingress.

The degradation rate was faster in both the toughened
composites than in the untoughened composite, with the mass
loss after 112 days being ~50% higher for PHBV/PBAT/flax and
more than double for the PHBV/ENR/flax. Kumagai and Doi
(1992) observed that blends of PHB degraded faster than the
pure polymer, which was attributed to phase separation during
the blending process. This suggests that the interfaces between
the toughening agents and the PHBV matrix may have provided
paths for microorganism ingress.

The higher rate of degradation observed for the ENR
toughened composite than its PBAT toughened counterpart is
attributed to natural rubber being a common target of a bacterial
order commonly found in soil known as the actinomycetes (Ali
Shah et al, 2013). In contrast, biodegradation of PBAT has
been reported to be minimal (Tsutsumi et al., 2003; Trinh Tan
et al.,, 2008; Ali Shah et al.,, 2013). It is noted, however, that
the ENR particles were much coarser than the PBAT particles
(Zaidi and Crosky, 2019) and this may also have affected the
degradation rate.

Pantani and Sorrentino (2013) conducted biodegradation
studies on PLA and reported that crystallinity is a factor that
affects the biodegradation rate of PLA, with the rate being faster
for amorphous samples compared to crystalline samples. The
authors attributed this to crystallinity affecting the diffusion of
water into the sample and presenting difficulty in access to the
polymer chains for enzymatic attack by the microorganisms.
Differences in time of saturation for PHBV/flax and the
toughened composites might therefore be due to differences in
crystallinity between the two types of samples, as the toughened
composites would have had a much lesser crystallinity as a result
of addition of amorphous PBAT and ENR, as discussed in Zaidi
and Crosky (2019).

Surface Degradation
One feature observed for the neat PHBV samples as well as the
composites was color fading. Color fading has also been observed
for PHBV/abaca (Teramoto et al., 2004), PHBV/peach palm
particles (PPp) (Batista et al., 2010), and PHBV/lyocell (Shibata
etal., 2004) composites. This is attributed to micro-pitting of the
surface, as was observed in the SEM images shown earlier. This
increases the surface roughness of the samples, and the rougher
surface would subsequently scatter light to a greater extent.

With increased burial time, the level of pitting increased,
initially being localized but eventually becoming more uniformly
spread. The pitted regions are considered to most likely be areas
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FIGURE 9 | SEM images of initial surfaces of all materials.

PHBV/flax PEAT/fax 4 PHBV/ENR/flax

' X100, 500 um

FIGURE 10 | SEM images of surfaces of all materials after 28 days.

of reduced molecular weight resulting from hydrolysis of the
polymer chains, which is reported to be one of the causes of the
onset of degradation.

The localized pitted regions, which were seen as light-
colored regions when viewed using SEM, were more pronounced
on the PHBV/ENR/flax and PHBV/PBAT/flax samples than
on the PHBV/flax composite. This is attributed to lower
crystallinity caused by the addition of the toughening agents
(Zaidi and Crosky, 2019), since amorphous regions are known to
degrade preferentially to crystalline regions (Abe and Doi, 1999;

Woolnough et al., 2010).
e : Some workers have reported fragmentation (Teramoto et al.,
X420;100 pm . N X15( - 4| 2004; Batista et al, 2010) during biodegradation but this was

only observed in the present study where the fibers were close
to the surface, Figure 11. In these cases, it appeared that the

FIGURE 11 | SEM images of fine filaments developing from the flax fibers after . . . o
28 days at (a) 420X: (b) 1500X magnification. microorganisms had exploited the fiber matrix interfaces, as

proposed by Batista et al. (2010).
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FIGURE 12 | SEM images of key changes in samples after 56 days. (a) HIPS
remains unchanged; (b) craze markings on neat PHBV; (c) elementary fiber
separation in composite samples; (d) filamentous structures growing on ENR
particles; (e) peanut-shaped objects observed on ENR particles.

As noted above the composites developed surface cracking
during soil burial but this was not observed for the neat
PHBV. This difference is attributed to the higher level of
PHBYV crystallinity in the composites induced by nucleation at
the fibers, as discussed in earlier work by Zaidi and Crosky
(2019).The increased level of crystallinity would result in
increased brittleness.

Submicron-sized filamentous structures were observed on flax
fibers which had been exposed at the surface, Figure 11. These
are likely to be fungi, which have been reported to be the primary
cause of lignin-degradation (Kirk and Farrell, 1987; Avella et al.,
2000). This is consistent with the observation of elementary
fiber separation since lignin binds the elementary fibers together
(Yan et al., 2014) and the observed separation into elementaries
indicates that the lignin has been degraded.

Filamentous structures, together with peanut shaped features,
were observed on the surfaces of the toughened composites.
These are considered likely to be fungal hyphae, which are
cylindrical cells that grow from one end and start branching

* X100, 500 pm

at

X2700, 20 um

FIGURE 13 | SEM images of key changes after 84 days. (a) HIPS remains
unchanged; (b) pits deepening in neat PHBV; (c) surface cracking in
composite samples, revealing fiber underneath; (d) filament proliferation on
PHBV/PBAT/flax and PHBV/ENR/flax; (e) filaments maturing and growing out
of surface, having hollow and cylindrical appearance.

X100,500 pum

FIGURE 14 | SEM images of key changes in samples after 112 days. (a) HIPS
remains unchanged; (b) pitting becomes continuous for all other samples.

to form a system of hyphae known as mycelium. The peanut
shaped features are likely to be spores that initiate the hyphae
structure. This is consistent with the reduction in the number of
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TABLE 1 | Mass loss data for neat PHBV reported in various studies.

Mass loss At # of days from Medium Grade Reference

% burial

10-11 84 Garden soil Zeneca PHBV 5mol.% HV Avella et al., 2000
20-23 168 Zeneca PHBV 5mol.% HV "

20 224 Soil Biopol unspecified HV Barkoula et al., 2010
32 150 Soil Biofan A-1000 11 mol.% HV Teramoto et al., 2004
40 90 Soil Biophane A-1000 (from same supplier as Teramoto Shibata et al., 2004

et al. so presumably also 11 mol.%HV)

peanut shaped features observed with increased development of
the filamentous structures. The spores lie dormant, get dispersed
through the air and, after landing on a suitable substrate,
germinate under favorable conditions (Carlile, 1995). It would be
expected that the spores would infiltrate into the soil, especially
during periods of rain, thus allowing them to contact the
buried samples.

Passos et al. (2015) observed spores and fungal hyphae
on PHBV film after 1 month of degradation by a fungal
solution containing the fungus Paecilomyces variotii which is
an ascomycete commonly found in soil. The peanut-shaped
objects in the present study resemble the spores observed
by these authors. Similar structures were observed by Stieven
Montagna et al. (2017) when PHBV/graphite nanosheet (GNS)
nanocomposites were subject to biodegradation by the fungus
Penicillium funiculosum commonly found in soil.

While filamentous structures were observed on both
toughened composites, they were more prevalent and
more complex on the ENR toughened samples than on
the PBAT toughened samples. It is probable that some of
the filamentous structures seen on the ENR toughened
samples were due to an order of actinobacteria known as the
actinomycetes, which are known to be primary attackers of
natural rubber (Ali Shah et al., 2013). This order contains
one of the largest bacterial genera, Streptomyces, which is
found worldwide in soil (Faghri Zonooz and Salouti, 2011).
The Streptomyces genera forms a filamentous structure
which is similar to fungal mycelium. The actinomycete order
are the only bacteria which form a filamentous structure
(Castillo et al., 2005).

In view of the above it is considered that actinomycete bacteria
and fungal mycelium were both active in the biodegradation of
the ENR toughened composite samples, but only the latter were
active in the PBAT toughened samples. This is considered to be
the principal cause of the higher degradation rate seen for the
PHBV/ENR/flax composites.

CONCLUSIONS

Negligible biodegradation occurred in the PHBV which showed
a maximum mass loss of 0.5% over the 112 days exposure period.
The rate of degradation was, however, substantial for all the
composites and was higher in the two toughened composites than
in the untoughened PHBV/flax composite. Of the toughened

composites PHBV/ENR flax showed the highest degradation rate
with a mass loss of 17% being recorded after 112 days, compared
with 9% PHBV/PBAT/flax and 6% for PHBV/flax. Filamentous
structures were seen on flax fibers which had been exposed at
the surface. These are considered to have been fungi which have
been reported to be the primary cause of lignin-degradation,
consistent with the observation of elementary fiber separation.

Other filamentous structures, together with peanut shaped
features, were observed on the surfaces of the toughened
composites. Filamentous structures were more prevalent and
more complex on the ENR toughened samples than on the PBAT
toughened samples. It is probable that some of the filamentous
structures seen on the ENR toughened samples were due to an
order of actinobacteria known as the actinomycetes, which are
known to be primary attackers of natural rubber. The presence of
these microorganisms is considered to be the primary reason for
the faster degradation of the PHBV/ENR/flax composites.

These results indicate that the incorporation of ENR as a bio-
based toughening agent for PHBV/natural fiber composites not
only enhances the toughness properties of the biocomposites
but enhances their biodegradability substantially more than is
achieved by addition of the commonly used toughening agent
PBAT. These properties can broaden the scope of application for
PHBV-based toughened and untoughened biocomposites.
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