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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

9

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2020.00265
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2020.00265&domain=pdf&date_stamp=2020-08-27
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:alessandro.pegoretti@unitn.it
https://doi.org/10.3389/fmats.2020.00265
https://www.frontiersin.org/articles/10.3389/fmats.2020.00265/full
https://www.frontiersin.org/research-topics/9337/biodegradable-matrices-and-composites
https://doi.org/10.3389/fmats.2019.00151


Pegoretti et al. Editorial: Biodegradable Matrices and Composites

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-Nα-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.
Iozzino 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(ε-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.
Nevoralová 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/TiO2 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, TiO2 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 TiO2 influence the ATB, which remains
active in both TBS/ATB and TPS/TiO2/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 TiO2-based nanoparticles (i.e., isometric TiO2

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 TiO2 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.

AUTHOR CONTRIBUTIONS

YD prepared the initial editorial draft while AP andMS provided
further comments and feedback. YD, AP, andMS jointly finalized
the editorial work. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENTS

We would like to thank all the authors, reviewers and handling
editors to make every success in this Research Topic. We are
also indebted to the editorial team of Frontiers in Materials
including Mina Roussenova, Paola Morelli, Alexander Stephens,
and Michelle Cook to assist in every step from Research Topic
proposal, article review and production to final publications.

Conflict of Interest: 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 © 2020 Pegoretti, Dong and Slouf. 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 3 August 2020 | Volume 7 | Article 26511

https://doi.org/10.3389/fmats.2020.00003
https://doi.org/10.3389/fmats.2020.00009
https://doi.org/10.3389/fmats.2019.00177
https://doi.org/10.3389/fmats.2019.00034
https://doi.org/10.3389/fmats.2019.00058
https://doi.org/10.3389/fmats.2019.00284
https://doi.org/10.3389/fmats.2019.00235
https://doi.org/10.3389/fmats.2020.00025
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


ORIGINAL RESEARCH
published: 28 June 2019

doi: 10.3389/fmats.2019.00151

Frontiers in Materials | www.frontiersin.org 1 June 2019 | Volume 6 | Article 151

Edited by:

Alessandro Pegoretti,

University of Trento, Italy

Reviewed by:

Ralf Schledjewski,

University of Leoben, Austria

Veronique Michaud,

École Polytechnique Fédérale de

Lausanne, Switzerland

*Correspondence:

Francesco P. La Mantia

francescopaolo.lamantia@unipa.it

Specialty section:

This article was submitted to

Polymeric and Composite Materials,

a section of the journal

Frontiers in Materials

Received: 27 March 2019

Accepted: 13 June 2019

Published: 28 June 2019

Citation:

Mistretta MC, La Mantia FP, Titone V,

Megna B, Botta L and Morreale M

(2019) Durability of Biodegradable

Polymers for the Conservation of

Cultural Heritage. Front. Mater. 6:151.

doi: 10.3389/fmats.2019.00151

Durability of Biodegradable Polymers
for the Conservation of Cultural
Heritage

Maria C. Mistretta 1, Francesco P. La Mantia 1*, Vincenzo Titone 1, Bartolomeo Megna 1,

Luigi Botta 1 and Marco Morreale 2

1Department of Engineering, University of Palermo, Palermo, Italy, 2 Faculty of Engineering and Architecture,

Kore University of Enna, Enna, Italy

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: biodegradable polymers, durability, cultural heritage, conservation, mechanical properties,

permeability

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).

FIGURE 1 | Dimensionless MFI of the three system (pristine and photooxidized for 128 h).

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 SO2. 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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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 aMFI equal to 7 g/10min (at 210◦C and 2.16 kg), a density
of 1.24 g/cm3 and a melting point between 155 and 170◦C; a
PBAT sample, commercially known as Ecoflex (BASF, Germany)
with a MFI between 2.7 and 4.9 g/10min; a sample of PBAT/PLA
blend, commercially known as Ecovio (BASF, 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 300µm) 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
et al., 2013) at 70◦C.

Mechanical (tensile) tests were carried out according to
ASTM D638 both on weathered and unweathered specimens
(90 × 10 × 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−1 resolution. Measurements were obtained
from the average of triplicate samples. Particular attention was
focused on the carbonyl peak centered at 1,720 cm−1, 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 1H(PLA), J/g 1H(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 4.28 ± 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 4.5 cm) 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 (Iizuka et al., 2016;
Hendrickx et al., 2017).

FIGURE 2 | ATR spectra of pristine and photooxidized PLA.

FIGURE 3 | ATR spectra of pristine and photooxidized PBAT.
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RESULTS AND DISCUSSION

In Figure 1, the dimensionless MFI values are reported, as a
function of the irradiation time.

The gel fraction values of the three pristine (unirradiated)
samples were obviously zero; after 128 h irradiation they were

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.

The photooxidation of PLA, therefore, gives rise to a decrease
of the molecular weight—increase of the MFI value—and no
presence of cross-linking was detected. These results indicate that
the photooxidation proceeds to breakage of the macromolecules

FIGURE 4 | ATR spectra of pristine and photooxidized blend.

FIGURE 5 | Dimensionless peak area of the three investigated systems in the 1,860–1,600 cm−1 region (continuous lines) and peak area of PBAT in the

900–1,100 cm−1 region (dotted line), as a function of the irradiation time.
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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

FIGURE 6 | Dimensionless elastic modulus as a function of the irradiation time.

FIGURE 7 | Dimensionless tensile strength as a function of the irradiation time.
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decrease of theMFI, and this is evenmore 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−1 (-CH- bending), 1,453 (-CH3 bending), 1,745 cm−1

(C=O axial deformation vibration), 1,087, 1,129, and 1,184 cm−1

(stretching of the –CO- bond).
In the case of PBAT, the main peaks are: 729 cm−1 (-CH2-

stretching), 1,104, 1,120, and 1,165 cm−1 (-CO- stretching), and
1,730 cm−1 (C=O 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−1.
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−1, thus indicating a reduction of the
esters, but at the same time the overall carbonyl peak area
does not change significantly, thus suggesting chain scission
degradation, in agreement with the hypotheses derived from the
previously discussed data. With regard to PBAT, a somewhat
similar decrease and a widening of the carbonyl peak was

observed, but in this case also two shoulders at 1,790 and 1,750
cm−1 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−1 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−1 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.

E, MPa TS, MPa EB, %

PLA 1585 ± 63 42 ± 1.7 4 ± 0.2

PBAT 48 ± 3.4 20 ± 1.4 820 ± 41

PLA/PBAT 111 ± 7.8 9.3 ± 0.5 327 ± 20

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−1, 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 64 h, since

FIGURE 9 | UV spectra of the pristine samples.

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

FIGURE 11 | UV spectra of pristine and 128 h-irradiated PBAT.

FIGURE 12 | UV spectra of pristine and 128h-irradiated PBAT/PLA blend.
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FIGURE 13 | Dimensionless contact angles measured for the investigated systems.

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 490–780 nm 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

applications, and that the next advisable steps should consist in
experimenting the addition of suitable antioxidants in order to
improve the overall performance.
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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-Nα-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 0 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 theminimum

concentration guaranteeing total inhibition without significantly altering the functionalities

of the developed systems.

Keywords: antimicrobial packaging, ethyl-Nα-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-León 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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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-Rodríguez 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-Nα-
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 themajor 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
of coating technology. The multilayer films were realized by
spreading an amorphous PLA coating layer (C), incorporated at
different concentrations of LAE, on a Bi-oriented PET substrate
(S). PET was selected as web layer thanks to its excellent
functional properties, as oxygen and water vapor barrier, high
tensile strength, and thanks to its complete recyclability (Di Maio
et al., 2017). Amorphous PLA coating already demonstrated to
provide sealant layer to polyester films (Barbaro et al., 2015), in

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 23µm 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-Nα-
dodecanoyl-L-arginate (LAE) was provided by Vedeqsa Grupo
LAMIRSA (Terrassa, Barcelona, Spain). All the solvents used
were analytical grade.

Preparation of the Active Systems
Antimicrobial coated films were realized according to themethod
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 0.64mm, 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.

Sample

film

LAE

concentration

(wt %)

Thickness of

the coating

layer (µm)

Total

thickness

(µm)

S 0 0 23

SC 0 7 ± 0.5 30 ± 0.5

SC5 5 7 ± 0.9 30 ± 0.9

SC10 10 8 ± 1.0 31 ± 1.0

SC20 20 10 ± 1.2 34 ± 1.2
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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−1, with a resolution of 4 cm−1 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 160 s, 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 ASTMF88-00 andASTM2029.
In particular, the coated films were cut in strips of 200 × 25
mm2 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 48 h 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/25mm). 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 µL). Each reported value of
the θ angle is the average of at least 10 replicate measurements.
The dispersion (γds ) and polar (γ

p
s ) 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: γ = 72.1, γd = 19.9,
γ
p
= 52.2, and for ethylene glycol are: γ = 48, γd = 29, γp = 19

(here γ is the total SE, and γ
d and γ

p 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 inNutrient 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. 1.2 g of LAE was
diluted in 100mL of Milli-Q water to obtain a concentration of
12,000 ppm, and then serial dilutions between 80 and 4µg/mL
were made up in sterile TSBYE to studyMIC andMBC. Hundred
microliter of ∼104 CFU/mL of microorganism in exponential
phase was inoculated in each test tube. The tubes were incubated
at 37◦C overnight, then, 100 µL 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 vitromicrobial tests on the films were performed by cutting
2.5 × 2.5 cm2 of multilayer film samples at different LAE
concentration (0, 5, 10, and 20%), sterilizing them byUV lamp on
both sides, and placing them in a sterile tube containing 5ml of
TSBYEmedium. Aliquots containing 100µL of∼104 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 20mL 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 ASTMF 1249. Films were tested at
23◦C and 50% R.H., and the results, performed in triplicate, were
expressed as PWV (g m/(m2 Pa s)), calculated as the following
equation (Li et al., 2015):

PWV =

WVTR× L

1P
(1)

where WVTR is the water vapor transmission rate (g/m2s)
measured through the film, L is the average film thickness (m),
and 1P 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−1 corresponds
mainly to the ν(N-H) stretching vibration of hydrogen bonded
N-H functionalities. The double peaks at 2,927 and 2,850 cm−1

can be assigned to antisymmetric and symmetric stretching
vibrations of CH3 and CH2 functionalities, νas(CH3/CH2) and
νs(CH3/CH2), respectively. The small peak around 1,740 cm−1

suggest the presence of carbonyl groups, the one at 1,560
cm−1 corresponds to the δ(N-H) bending vibrations (amide-
II) combined with ν(C–N) stretching, the peak at 1,655 cm−1

is due to the ν(C=O) stretching vibration (amide-I), while the
band situated around 1,027 cm−1 can be assigned to a ν(C–O)
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 (C10 and C20, respectively),
the absorption bands at 2,927, 2,850, 1,655, and 1,027
cm−1 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 SC10 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 themethods 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/25mm, 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 (γ
p
s ) and dispersion (γds ) components of

the surface energy were calculated fromwater 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 γ

p
s and γ

d
s 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 γ

p
s and γ

d
s

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, theMIC and theMBC for LAEwere 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 0, 5, 10, and 20% LAE, respectively (B–D).

and with exposed surface area equal to 6.25 cm2, according to the
conditions described in the experimental section.

The results are reported in Table 3, and are expressed as
logarithm of colony forming units (Log(CFU)) and log reduction

value (LRV). Data regarding the control sample are also reported
as reference. For further comprehension, Figure 3 shows the
pictures of the tested tubes after incubation at 37◦C overnight,
in comparison with the control sample.
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FIGURE 2 | Cross-sectional SEM micrographs of: (A) SC and (B) SC10 films.

TABLE 2 | Bonding strenght (N/25mm), static water (CAw), and ethylene glycol

(CAEG) contact angles, and dispersion (γds ) and polar (γ
p
s ) components of the

surface energy for the neat PET substrate film (S) and for the SC coated films at 0,

5, 10, and 20% LAE concentration.

Sample

film

Bonding

strenght

(N/25mm)

CAw (◦) CAEG (◦) γ
d
s γ

p
s

S Not sealable 65.3 ± 2.8 39.5 ± 0.9 18.8 19.3

SC 3.20 ± 0.4 65.8 ± 1.0 54.3 ± 1.3 7.4 28.6

SC5 3.12 ± 0.3 55.9 ± 1.1 43.1 ± 1.2 7.9 36.5

SC10 3.10 ± 0.8 54.2 ± 1.3 41.3 ± 1.1 7.9 38.1

SC20 2.56 ± 0.3 46.4 ± 2.2 40.5 ± 1.3 4.2 51.4

TABLE 3 | Minimum inhibitory concentration (MIC) and minimum bactericidal

concentration (MBC) of LAE against E. Coli, and antimicrobial activity for the SC

coated films 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

(ppm)

MBC

(ppm)

Log(CFU) LRV

LAE 51 63 – –

Control – – 10.96 ± 0.69 –

SC – – 10.88 ± 1.22 0

SC5 – – 5.79 ± 0.60 5.17

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 Table 4. 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; Halász 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 (PWV ) and UV-Vis transmittance at 550 nm

(T550%) for the neat PET substrate film (S) and for the SC coated films at 0, 5, 10,

and 20% LAE concentration.

Sample film PWV * 1012 (g m/(m2 Pa s) T550 (%)

S 0.74 ± 0.01 84.3

SC 1.11 ± 0.04 84.3

SC5 1.12 ± 0.02 73.2

SC10 1.14 ± 0.02 69.1

SC20 1.25 ± 0.12 60.1

food products until they reach the consumer, as well as to get
an attractive transparent package. To evaluate the transparency
of samples, UV-Vis measurements were carried out. PET and
PLA are known to have excellent optical properties, in this sense
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
evaluatedmeasuring the transmission at 550 nm (T550%), and the
values for the investigated samples are reported in Table 4.

As observable from the comparison among the S and SC
samples, the PLA coating did not affect the transparency of the

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.

PET substrate, which remains the highest, with a T550% value
equal to 84.3% in both films. The further LAE addition to the
polymer matrix determines a slight decrease in the transmittance
at 550 nm, which becomes more significant at LAE concentration
equal to 20% (T550% of SC20 equal to 60.1%). In this latter case,
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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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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
microinjectionmolding of PLA composites or blends (Zhao et al.,
2018; Zhou et al., 2018).

To enhance PLA properties, many efforts are undertaken via
different techniques andmodifications, adding additives (Iozzino
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 andMw 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
8 h 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 ×

4mm with a thickness of 0.25mm. Micromolding was carried
out at a melt temperature of 220◦C, injection pressure of 150 bar,
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FIGURE 1 | Schematic of the steps for the parts production.

FIGURE 2 | Assembly for penetration test and scheme of the test.

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 themolten
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 15 s (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 3 h 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 tomonitor 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:

• Heating at 10◦C/min from−10◦C to 200◦C (first heating);
• Isothermal step for 5min at 200◦C;
• Cooling step at 10◦C/min from 200◦C to−10◦C (cooling);
• 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 0.45µm 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
150µm. For each experiments, the maximum value of force was
equal to 7N 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

FIGURE 6 | DSC analysis of micro-injected biphasic PLA sample (amorphous

tip, crystalline gate), first scan.

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
10 s 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. Tg and Tm, 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% (Table 1). 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

FIGURE 8 | DSC curves of amorphous zone of biphasic samples at different

time of degradation.

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

FIGURE 10 | Evolution of degree of crystallinity during hydrolysis of

micro-injected biphasic PLA sample (amorphous gate, crystalline tip).

FIGURE 11 | Evolution of number average molecular weight (Mn) during

hydrolysis of micro-injected biphasic PLA sample (amorphous gate,

crystalline tip).
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FIGURE 12 | Example of evolution of the force vs. displacement in the two zones (amorphous and crystalline) of the same hydrolyzed sample for which the break is

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 (Mn) as the hydrolysis of micro-injected biphasic PLA
samples proceeds. No differences in the evolution of Mn as the
hydrolysis proceeds: after 35 days we can see that Mn for the
crystalline zone is a slightly higher than for the amorphous
zone. The analysis of the evolution in time of Mn, and the
molecular weight of the repeating unit permitted evaluating
the kinetic constant of the hydrolysis process, k’= k×ρ/M,
where ρ is the density of the polymeric part (about 1.21
Kg/m3), 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:

k
′

=−

d ln (Mn- M)

dt

The kinetic constants calculated by the evolution of the average
molecular weight in each region gave a value of 0.086 days−1 for
the amorphous and a value of 0.081 days−1 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.

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 0.25mm. Half bar, after
the injection, was kept at 105◦C for 500 s 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, Xc increases as the hydrolysis
proceeds. The value of Xc of the crystalline phase, increases more
slowly than the Xc 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

observe a slightly slower reduction of Mn with time for the
crystalline regions with respect to the amorphous ones as the
hydrolysis proceeds. On analyzing the mechanical tests the
amorphous zone showed higher frangibility than the crystalline
revealing that the crystalline regions present a slightly better
resistance to the hydrolysis.
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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 1µm), while the blends with high-crystallinity PLA matrix (above ca 30%) exhibit

the highest toughness for smaller PCL particles (weight average diameter below 0.5µm).

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 (Patrício 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(ε-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 PLA’s are semicrystalline with melting
temperature, Tm, 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 Tg

of PLA. At room temperature, the differences between themoduli
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,
dw, in the range 0.2–0.4µm) are efficient when shear yielding
dominates the toughening mechanism, e.g., for ductile matrices
of polypropylene or polyamide, whereas larger particles (dw
between 2 and 3µm) 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

Frontiers in Materials | www.frontiersin.org 2 August 2019 | Volume 6 | Article 20644

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


Fortelny et al. Phase Structure and Toughness of PLA/PCL Blends

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 thematerial with requiredmechanical 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, aBl/aPLA, and elongation at break, εBl//εPLA, of
PLA/PCL blends to neat PLA together with crystallinity of PLA,
wPLA
c , 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. López-Rodríguez 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 Ikada (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, aBl/aPLA, and ratio of elongation at break,

εBl/εPLA, of PLA/PCL blends and neat PLA as a function of diameter of PCL

particles, d, and crystallinity of PLA matrix, wPLA
c .

PLA/PCL wPLA
c [%] d [µm] aBl/aPLA εBl/εPLA References

80/20a – – – 2.6 López-

Rodríguez et al.,

2006

70/30 low 2.0b – ∼1 Gardella et al.,

2014; Monticelli

et al., 2014

75/25 <5 2–5c ∼2d 1.5 Simoes et al.,

2009

80/20a 66 >1c 1.5e Vilay et al., 2009

80/20 – 0.8f – 5 Finotti et al.,

2016

85/15a ∼25 2c 1.5g – Todo et al., 2007

80/20 17 – – ∼20 Yeh et al., 2009

77.5/22.5 17 1–3c <1d 3.5 Ferri et al., 2016

80/20 <10 ∼0.8h 7i – Bai et al., 2012,

2013

80/20 ∼50 ∼0.4h 11i – Bai et al., 2012,

2013

80/20 ∼5 <0.5c 2.5i ∼60 Urquijo et al.,

2015

80/20 ∼10 0.6f; 1.3j 16k – Ostafinska et al.,

2015

80/20 9 0.6f; 2.2j 16.6k;

21.0g
– Ostafinska et al.,

2017

80/20 12 0.8f; 2.4j 16.1k;

7.1g
– Ostafinska et al.,

2017

80/20 16 0.9f; 3.6j 2.8k; 3.2g – Ostafinska et al.,

2017

80/20l 36 ≥0.6f;

≥2.2j
∼10k – –

aPLLA matrix; bMaximum of graphical diameter distribution; cEstimated from the figure;
dUnnotched Charpy impact strength; eFracture energy from tensile testing; fNumber
average of d; g Instrumented impact testing; hWeight average of d; iNotch Izod impact
strength; jVolume average of d; kNotched Charpy impact strength; lOur 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,
andmechanical 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 Pukánszky, 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.

Bai et al. (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 themold. 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, dw, 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 dw between 0.7 and 1.1µm.
For the blends with the high PLA crystallinity (46–48%), the
maximum of the impact strength was found for dw between
0.3 and 0.5µm. This was is in quite good agreement with the
value of dw between 0.2 and 0.4µm 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 aBl/aPLA and εBl/εPLA 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

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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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

continuous morphology of PCL phase.

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

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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FIGURE 4 | SEM micrographs (A–C) and corresponding particle size distributions (D–F) of PLA/PCL (80/20) blends prepared from three different PLAs with

decreasing viscosity [η(PLA1) > η(PLA2) > η(PLA3)]. The abbreviations 2dN% and 2dV% denote number and volume distributions, respectively. Reprinted with

permission from Ostafinska et al. (2017). Copyright 2017, Elsevier.

FIGURE 5 | The values of (A) non-instrumented and (B) instrumented Charpy notched impact strength for PLA/PCL(80/20) blends with decreasing viscosity of the

matrix, whose morphology is shown in Figure 4. Adapted with permission from Ostafinska et al. (2017).

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

Frontiers in Materials | www.frontiersin.org 6 August 2019 | Volume 6 | Article 20648

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


Fortelny et al. Phase Structure and Toughness of PLA/PCL Blends

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. Ael, Apl, 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, dw = 0.8µm obtained for the maximum impact
strength in Bai et al. (2013) corresponded quite well to the
diameter number average, dn = 0.6µm, and diameter volume
average, dV = 1.3µm, 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 dw somewhat below
0.5µm is optimal for PCL particles in PLA/PCL (80/20)
blends with a high crystallinity of PLA. PCL particles with
dw somewhat above 1µm 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, dn, from 0.6 to
0.9µm and of volume average diameter, dV, from 2.2 to 3.6µm
for PLA/PCL (80/20) blends led to the decrease in the Charpy
notch impact strength from 38 to 6 kJ/m2 and to the change in the
character of the blend fracture from ductile to brittle (Ostafinska
et al., 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 dw below about
0.5µm) 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; dV 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; Marić 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
act as 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 (ε) for both compatibilized and
non-compatibilized (neat) blends, acomp/aneat, and, εcomp/εneat,
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,

εcomp/εneat, of compatibilized and neat blends for various compatibilizers.

PLA/PCL Compatibilizer acomp/aneat εcomp/εneat References

70/30a 2wt. % of

PEO-PPO-PEOb
∼3.5c – Vilay et al., 2010

80/20 5 phr of

PEG-PPG-PEGd
– ∼18 Wachirahuttapong

et al., 2016

80/20e 10 wt. %

PCL-PEGf
– ∼9 Na et al., 2002

95/5 5 wt. % of

PCL-PBDg or

PCL-PCh

– ∼18 Finotti et al., 2016

80/20 5 wt. % of

PCL-PBDg
– 1.8 Finotti et al., 2016

80/20 5 wt. % of

PCL-PCh
– 1.2 Finotti et al., 2016

70/30 10% of PLA

substituted with

PLA-g-MAi

– 7.5 Gardella et al., 2014

85/15j 1 wt. % of LTIk 1.8l – Takayama et al., 2011

85/15m 1 wt. % of LTIk 16l – Takayama et al., 2011

80/20 0.5 phr of LTIk 8.6n 12 Harada et al., 2008

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

70/30 0.3 phr of DCPq 2.5–3.8r,s 5–7p Semba et al., 2007

70/30 2 wt. % of

POSS-PCL-

PLAt

– 2.5 Monticelli et al., 2014

70/30 1 wt. % of

HSAGu
– 3.7 Forouharshad et al.,

2015

aPLLA matrix; bPolyethylene oxide-b-polypropylene oxide-b-polyethylene oxide;
cFracture energy from tensile testing; dPoly(ethylene glycol)-b-poly(propylene glycol)-
b-poly(ethylene glycol); ePDLLA matrix; fPolycaprolactone-b-poly(ethylene glycol);
gPolycaprolactone–b-polybutanediol; hPolycaprolactone-b-polycarbonate; iPolylactic
acid grafted with maleic anhydride; jQuenched sample; kLysine triisocyanate; lFracture
energy; mAnnealed sample; nNotched Charpy impact strength; ◦Glycidyl methacrylate;
pUnnotched Izod impact strength; qDicumyl peroxide; rDepend on mixing conditions;
sNotched Izod impact strength; tPolyhedral 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
εcomp/εneat 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 ε-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 ε-caprolactone-
tetrahydrofuran-ε-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
et al. (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 (LTI)
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/LTI blend 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
εcomp/εneat ≈ 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 injectionmolding. 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 modifiedmontmorillonite
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

Frontiers in Materials | www.frontiersin.org 10 August 2019 | Volume 6 | Article 20652

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


Fortelny et al. Phase Structure and Toughness of PLA/PCL Blends

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 PLAmatrix (up to∼10%) confirmed that previous
authors prepared blends containing PCL droplets with various
sizes, which ranged from quite small (diameters below 0.5µm)
to fairly large (diameters above 3µm). 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 Tg 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 Tg softens and PCL minority phase
above its Tm 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

information about the crystallization of PLA during various

temperature regimes is necessary for the optimization of the
blend preparation method. The compatibilization of PLA/PCL
blends with a high crystallinity of PLA seems to be more
important than in the case of the blends with a low crystallinity
of PLA.

The structure and the properties of the matrix are decisive
for the optimal size distribution of soft (elastomer) dispersed
particles serving for the improvement of the matrix toughness
(Bucknall, 2000; Horak et al., 2005). Therefore, the dependences
of the toughness of blends of PLA with other elastomeric
biopolymers on the size of elastomeric droplets are expected to
be similar to those for PLA/PCL blends.

CONCLUSIONS

PLA and PCL are immiscible polymers but their interfacial
tension is quite low. Therefore, PLA/PCL blends having good
mechanical properties, namely the high impact strength, can be
prepared without the addition of a compatibilizer.

The toughness of the PLA/PCL blends is highly sensitive to
the size of PCL particles. The optimum size of PCL particles
decreases with the crystallinity of PLA matrix.

The compatibilization of the PLA/PCL blends can stabilize
their phase structure during the processing and help with the
optimization of the PCL particle size. This holds especially in
the case of the unfavorable rheological properties of the PLA
and PCL components and/or the unfavorable methods of the
PLA/PCL preparation.

The determination of the optimum size of PCL particles as
a function of PLA crystallinity and establishing the efficient
methods for reproducible preparation of the stable PLA/PCL
blends with the required size of PCL particles are challenges for
future research.
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The present paper focuses on the effects of blending poly (ε-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 andmechanical behavior

of the blends, was determined.

Keywords: poly (ε-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 (ε-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 Pukánszky, 2013; Rudnik, 2013), but some of
its characteristics, e.g., lowmelting temperature (Tm ∼ 60◦C) (Funabashi et al., 2009; Düskünkorur,
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
(Wang et al., 2003; Parulekar andMohanty, 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 (Ostafińska 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 (Horák et al., 2005; Imre and Pukánszky, 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; Nevoralová et al., 2019). Due to immiscibility
of PCL and starch (Shaw, 1985), PCL/TPS blends exhibit
heterogeneous phase structure (Imre and Pukánszky, 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
(Fortelný 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 Pukánszky, 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; Düskünkorur, 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). Sánchez et al. mentioned that
thermophilic composting is one of the promising technologies
for transforming biodegradable plastics into fertilizers (Sanchez
et al., 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;
Düskünkorur, 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 (Mw) 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(ε-caprolactone) Capa 6800 (PCL) supplied by Perstorp
Group (Sweden) in granular form with an average molecular
weight of Mw 80,000 g·mol−1 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
(HCl) 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 (Ostafińska 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 30min at laboratory
temperature and then the mixture was kept in conditions of
continuous agitation for another 15min 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
8min. Finally, the TPS-material was compression-molded in a
Fontijne Grotnes (Netherlands) hydraulic press at 130◦C (2min
at 50 kN and then 1min at 100 kN) into rectangular specimens
with a thickness of 2mm and 4mm, 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 12 h) 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 cm3 min−1). The instrument was calibrated using
indium as a standard. Samples of ∼10mg 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−1. The crystallinity degree (Xc) of
samples was calculated by the following equation (1):

Xc =
Hm

W ×H0
m

× 100 (1)

where Hm is the experimental fusion enthalpy [Jg−1], H0
m is the

fusion enthalpy of 100% crystalline PCL, which is, according to
Nagata and Yamamoto (2009), equal to 135 Jg−1, 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 6N HCl solution for 10min. 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 dynamicmode. Tominimize 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 25mm. Frequency sweep experiments were performed in the
frequency range from 10−1 to 102 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 2min 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◦Cwith the heating
rate of 3◦C min−1 at constant frequency of 1Hz 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
>100µm, 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 (HIT), indentation modulus (EIT), indentation creep
(CIT), and the elastic part of the indentation work (ηIT).
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 CIT and ηIT 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 Dřímal et al. (2007) with some modifications.
Biodegradation tests were performed in 500ml biometric flasks
equipped with septa mounted on stoppers. Three components
were weighed into the flasks: polymer film samples cut into 2mm
pieces (100mg), mature compost (2.5 g of dry weight) and perlite
(5 g). 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 CO2. From the CO2 concentration found, the
percentage of mineralization relative to the carbon content of the
sample was calculated. The endogenous production of the CO2

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 500mL flasks with septa mounted on the stoppers.
The flasks contained polymer samples (50mg), topsoil [15 g,
perlite (5.0 g) and mineral medium (10.8mL)]. 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 CO2. 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 (Xc) 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

Tc [◦C] 30.8 30.2 28.2 26.7

1Hm [J·g−1] 66.9 73.5 67.3 59.5

Xc [%] 49.6 54.5 49.9 44.1

in Tm 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 Tm 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
Xc 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 Tc 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 Figure 1 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, i.e., 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 HCl 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 δ=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 6N HCl 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 starchmaterials
(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 Tg 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 Tg2 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 δ = 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 δ,

and (B) complex viscosity |η*| on the angular frequency ω of PCL/TPS-blends

and their neat components (T = 120◦C and strain amplitude of 0.05%) (the

dashed line shows tan δ = 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.

FIGURE 3 | Temperature dependence of damping factor tan δ of PCL/TPS

blends and their pure components (the dashed line shows tan δ = 1).

TABLE 2 | Glass transition temperatures (Tg1 and Tg2) 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

Tg2 −6.0 −2.9 0.4 6.6

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 1Hz, 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 =

∑

i

viPi (2)
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where vi and Pi 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 (Ostafińska 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 (EIT, HIT, CIT, and ηIT–Figures 5A–D), but the
negative deviations from additivity law were rather small, which
indicated sufficient interfacial adhesion between the components
(Šlouf 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).

Code of sample HIT [MPa] EIT [GPa] CIT [%] ηIT [%]

PCL 51.6 ± 1.6 0.68 ± 0.02 10.6 ± 0.3 43.4 ± 0.3

PCL/TPS 70/30 31.3 ± 1.2 0.50 ± 0.02 16.6 ± 0.5 33.8 ± 0.9

PCL/TPS 50/50 20.2 ± 0.9 0.42 ± 0.03 25.4 ± 0.9 25.3 ± 1.0

PCL/TPS 30/70 11.3 ± 0.6 0.37 ± 0.03 40.2 ± 1.1 14.7 ± 0.8

TPS 5.9 ± 0.5 0.24 ± 0.05 65.6 ± 3.2 10.1 ± 1.1

by the behavior of EIT, HIT, CIT, and ηIT, 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 Kolařík, 1995, 1996), which could be applied to EIT and HIT

(but not for CIT and ηIT, which are beyond the EBM scope).
Consequently, we could compare EIT and HIT experimental data
with the theoretical EBM predictions:

Eb = E1v1p + E2v2p +
v2s

[(

v1s
E1

)

+

(

v2s
E2

)] (3)

Hb = H1v1p +H2v2p + AH1vs (4)

The details of the EBM model and the meaning of all its
parameters were described elsewhere (Kolařík, 1996; Ostafińska
et al., 2017a,b). Briefly, Eb and Hb represent the indentation
modulus and hardness of the blend, Ei and Hi stand for the
elastic modulus and the hardness of the individual components,
and vij represents volume fractions of the components (the first
subscript identifies the components and the second subscript

FIGURE 5 | Comparison of experimentally determined micromechanical properties (E IT, HIT, CIT, and ηIT ) 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 E IT (A) and HIT (B).

In case of HIT, (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 vij) can be determined experimentally or estimated
from percolation theory that predicts that continuity of the
minority component starts at critical volume fraction vcr =

0.156. Although the default, percolation theory-based value of
the critical volume fraction (vcr = 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 (Kolařík, 1996; Vacková et al., 2012;
Ostafinska et al., 2015; Ostafińska et al., 2017a,b). In order
to understand vcr 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 vij (i.e., v1p, v2p, v1s, and v2s in Equations
3 and 4) as described elsewhere (Kolařík, 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 (Kolařík, 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 vcr = 0.156) for both EIT and HIT (Figure 5, dashed
lines). Moreover, for HIT, 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 EIT were higher than
the EBM predictions (Figure 5A) indicated good compatibility
and strong interface between PCL and TPS (Kolařík, 2000;
Vacková et al., 2012; Ostafinska et al., 2018). The good PCL/TPS
compatibility was confirmed also by the experimental values
of HIT (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
HIT ≈ Y would have shown a local minimum as documented
elsewhere (Kolařík, 1995; Šlouf 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 Figure 4 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; Ostafińska et al., 2017a,b; Ostafinska et al., 2018). We
conclude that all micromechanical properties (EIT, HIT, CIT

FIGURE 6 | Biodegradation rate of PCL/TPS blends and their pure

components under the composting conditions.

FIGURE 7 | Biodegradation rate of PCL/TPS blends and their pure

components in soil conditions (T = 25◦C).

and ηIT) were close to the linear model predictions and two
micromechanical properties (EIT and HIT) 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
microbial biomass. In the later phase of the biodegradation the
materials with higher PCL contents, even pure PCL, aligned with
the other materials and reached the total biodegradation almost
simultaneously. Thus, all the PCL based blend materials were
well compatible with the composting as an eventual projected
end-of-life solution. The biodegradation of several samples over
100% is not unusual especially in compost environment, which
contains a large amount of organic carbon. The part of this
carbon can bemobilized by themicroorganisms induced with the
sample addition.

Biodegradation in Soil Conditions
Very fast biodegradation of the neat TPS reached about 70%
mineralization at the end of the experiment (see Figure 7). It
is not unusual that a fast degrading material does not reach a
higher level of mineralization because an important part of the
carbon is bound in the biomass and subsequently released on
a much slower rate. ISO 17556 (2012) expects validity of the
test at a minimal 60% mineralization of an easily degradable
reference material. Biodegradation in soil was governed by the
PCL content in the materials. As mentioned in the introduction,
soil biodegradation of the different PCL grades can differ

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.

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 initiallymineralized
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 (Figure 9). 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

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)

PCL/TPS 50/50, (D) PCL/TPS 30/70 after 20 days of biodegradation in soil.
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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, CO2 and/or CH4, 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 Tg,
polyesters such as PLA are not likely to degrade, whereas they
significantly age at temperatures close to their Tg (Agarwal et al.,
1998; Itävaara 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; Díaz 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; Husárová et al., 2014). Moreover, degradability
decreases when increasing hydrophobicity (Höglund 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 (Husárová 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
(Radošević 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, Tg, 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, 1H 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 Mn (g mol−1) Melting temperature Tm (◦C) Structural formula

PBS Poly(butylene succinate) 50 kDa 113

PLA Poly(lactic acid) 34 kDa 170

DES Choline chloride/glycerol 231.72 –

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 12 h.
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 3min.
PBS/PLA (60:40 wt ratio) and PBS/PLA/DES (60:40:1 wt ratio)
were extruded. Extruded coupons were injected in a 10-cm3

mold at 30◦C to obtain 2-mm thick and 4-mm wide dumbbell-
shaped specimens. Thin films (0.2mm) 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. dn
dc

used was 0.06 ml/g for PBS and
0.0237 for PLA (Malmgren et al., 2006).

1H NMR
One-dimensional 1H 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-mmmultinuclear 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

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

associated 1H NMR spectra, showing end groups peaks.

(a) of PBS (CH2) at 2.6 ppm were considered to calculate the
weight content of PBS:

f(PBS) =

Ia(PBS)
4

Ia(PBS)
4 + Ia(PLA)

wt%(PBS) =

f(PBS) ×MPBS

f(PBS) ×MPBS +
[

1− f(PBS)
]

×MPLA
× 100

with f(PBS) the molar fraction of PBS and wt%(PBS) 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

Frontiers in Materials | www.frontiersin.org 3 February 2020 | Volume 7 | Article 772

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


Delamarche et al. Anticipating End-of-Life of Polymer Materials

of hydroxyl end group (CH2-OH) of PBS, appearing at 3.7 ppm
(Labruyère et al., 2014), was integrated as well as CH2 (a) one
in the monomer repeating unit at 2.6 ppm. Mn was determined
as follows:

Mn =

Ia

4
×

2

ICH2−OH
×MPBS

with MPBS = 172.2 g/mol, Ia the integral of resonance peak
CH2 in the polymer repeating unit, and ICH2−OH the integral of
resonance peak of hydroxyl end group (CH2-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 CDCl3. Mn was determined
as follows:

Mn =

Ia

1
×

1

ICH−OH
×MPLA

with MPLA = 72.1 g/mol, Ia the CH peak integral in the
polymer repeat unit, ICH−OH 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 10K min−1, from−70
to 200◦C and from 200 to−70◦C.

Crystallinity yields were calculated according to the
following equation:

χc,p =
1Hm

wtp × 1H0,p
× 100

wherewtp is the weight fraction of the polymer (PBS or PLA), and
H0,p is the enthlapy of 100% crystalline polymer (Marten et al.,
2003; Shi et al., 2012).

1H0,PBS = 110.3 J/g

1H0,PLA = 93 J/g

Thermogravimetric analyses were carried out using a TA
Instrument equipment. Samples were subjected to a heating
rate of 20K min−1 under nitrogen atmosphere from 25 to
600◦C. Temperatures at which 1% of the initial weight was lost
T1%deg (

◦C) and degradation temperatures TdegPLA and TdegPBS

(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−1

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 (δ) was considered to determine the alpha-
relaxation temperatures, Tα , related to Tg of PBS and PLA. Tα

was considered as the difference between T
α(PBS) and T

α(PLA).

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 12 h and kept
in a closed desiccator. Weight losses were calculated as follows
(W0 being the weight before degradation experiment andWt the
weight after degradation experiment):

Weight loss (%) =

W0 −Wt

W0
× 100

Abiotic Hydrolysis
Abiotic hydrolysis was conducted at 58◦C in deionized water and
in alkaline solution (NaOH 0.01M). Films (1.25 × 1.5 × 0.02
cm3) were disposed in 10ml 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 × 1.5 × 0.02 cm3) 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 × 1.5 × 0.02 cm3) 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 × 1.5 × 0.02 cm) 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 (Figure 2) 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 µm2). 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 Young’s 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; 50mm min−1 ) and

(B) dynamic mechanical analysis of PBS/PLA blends without and with deep

eutectic solvent (DES) (1 wt phr) at 1Hz, 3 K/min.

(A)

Material Young’s

modulus (MPa)

Strain at break

(%)

Maximum strain at

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 Tα ,PBS (◦C) Tα ,PLA (◦C) 1Tα (◦C)

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 Table 2B. The observation of two distinct α-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, Mn, weight average molar
weight, Mw, and dispersity, Mw/Mn, determined with SEC, are
reported in Figures 3a–c. As PLA and PBS are not distinguishable
on SEC chromatograms, Mn of distinct PBS and PLA phases are
determined by end group titration using 1H NMR spectroscopy
as well (Figure 3d). Average molar masses calculated using
1H NMR titration (Figure 3d) 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 3 | Mn, Mw, and dispersity of poly(butylene succinate) (PBS), poly(lactic acid) (PLA), and PBS/PLA (60:40) wt phr blends determined by size exclusion

chromatography (SEC) in CHCl3 (a–c), and calculated using 1H NMR (d).

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 1H
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: 20K min−1; nitrogen atmosphere).

Material T1% deg. (
◦C) Tdeg PLA (◦C) Tdeg,PBS (◦C)

PBS 304 – 409

PLA 319 379 –

PBS/PLA 324 365 405

PBS/PLA/DES 228 298 401

Degradation temperatures TdegPLA and TdegPBS 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 (Tc) 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 (whichmeans 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, i.e., 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 T1%deg. 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.

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 0.01M 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
residence times. Moreover, the lower thermal stability in the
presence of DES should not reduce the applications profile.
Considering the fact that the molar masses of the polyesters in

the presence of DES are lower than for unmodified PBS/PLA
blends, PBS/PLA/DES blends are susceptible to lose integrity
faster. Furthermore, it is known that PLA degrades well at 58◦C
(Agarwal et al., 1998; Itävaara et al., 2002; Yagi et al., 2009). It can
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FIGURE 7 | Mn, Mw, and dispersity of poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) blends measured with CHCl3-deep eutectic solvents (DES), after

degradation under composting conditions, in water, and in NaOH solution at 58◦C (A), and under soil burial conditions and in humid atmosphere at room

temperature (B).
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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 (Radošević
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 resultingMn were used to evidence the trends,
as these ones are semiquantitative values.

Mn of PBS phases only was determined by chain end titration
using 1H NMR spectroscopy (Table 5). As said earlier, molar
masses determined using 1HNMR 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 Mn reaches a limit of ∼10,000 g
mol−1. 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 10K min−1 under

nitrogen atmosphere) before exposure.

Material Tg,PBS

(◦C)

Tg,PLA

(◦C)

Tm,PBS

(◦C)

Tm,PLA

(◦C)

Tc

(◦C)

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. Themolarmass 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 CDCl3
using 1H 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

FIGURE 8 | Weight proportions of poly(butylene succinate) (PBS) and

poly(lactic acid) (PLA) in PBS/PLA blends determined by 1H NMR titration in

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

TABLE 5 | Mn of poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) and PBS/PLA/deep eutectic solvents (DES) blends determined using size exclusion

chromatography (SEC) and 1H NMR (PBS end group titration) after 3 months degradation.

Mn · (kgmol−1) Initial state Compost Water NaOH Soil

SEC 1H NMR SEC 1H NMR SEC 1H NMR SEC 1H NMR SEC 1H NMR

PBS/PLA 54.0 ± 3.4 27.9 ± 1.6 6.1 ± 2.0 3.5 ± 0.2 13.9 ± 2.8 6.6 ± 0.4 7.4 ± 1.8 6.0 ± 0.3 45.2 ± 3.3 24.9 ± 1.7

PBS/PLA/DES 29.0 ± 4.0 12.4 ± 1.0 13.6 ± 2.7 5.8 ± 0.3** 8.2 ± 2.3 5.7 ± 0.3 6.9 ± 3.1 3.4 ± 0.2 21.0 ± 2.2 14.5 ± 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.

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−1 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(butylene 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; Itävaara et al., 2002; Yagi et al.,
2009). At room temperature, it is difficult to identify which
polymer, if any, constitutes a weak component as no significant
change is observed using DSC. 1H NMR does not evidence large
changes in PBS/PLA contents, even though PBS/PLA/DES blend
exhibits an important weight loss under soil burial conditions.
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
conditions at room temperature, showing that biotic degradation
probably occurs at the surface of the exposed coupons. This
phenomenon can be due to the choline chloride/glycerol
nature, which has a hydrophilic character and displays a
low toxicity.

This study shows that eutectic solvents can be used to
tune mechanical properties of polymer blends as well as their
biodegradability in the environment. Furthermore, degradation
products must be identified and their eco-toxicity should be
studied. Affinity withmicroorganisms of the DES is being studied
and will be reported later.
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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,
CO2, 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 CO2 (by over 90%) within 180 days under specific conditions
of temperature, humidity, and oxygen level.” (Künkel 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;
Sedničková 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/cm3)1/2 and PBAT ∼
22.95 (cal/cm3)1/2] 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:

• 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/cm3]. 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.
• 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/cm3].
• POE-g-GMA: trade name SOG2, purchased from

Fine-blend Compatibilizer Jiangsu Co., Ltd. [MFI: 2–
5 g/10 min (190◦C, 2.16 kg), nominal average molar mass:
220,000 g/mol, density of 0.88 g/cm3, and grafted ratio
of 0.8–1.2 wt%].
• 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].
• 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/cm3, molecular weight:
305 g/eq].

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 5 0 0 0

90-10 90 10 0 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 9 10 10

TABLE 2 | Injection molding conditions.

Binary and
ternary blends

Plasticized
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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HaakeTM 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):

1V
V0
= (1+ ε1)(1+ ε2)

2
− 1 (1)

where 1V is the change in volume, V0 the original volume, ε1 the
longitudinal (or axial) strain, and ε2 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 (JIlim) 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× 10× 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 Jlim 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 Ssb curve (Equation 2) represents the variation of load
separation parameter and it is defined as:

Ssb =
Ps

Pb
|upl (2)

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

upl = u− P · C0 (3)

where u is the total displacement and C0 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 Jlim can be
evaluated by Equation 4:

Jlim =
2 · Ulim

b · (w− a0)
(4)

where Ulim is the elastic behavior limit point, b is the sample
thickness, w is the sample width and a0 is the initial crack length.

FT-IR Characterization
ATR spectra were recorded on rectangular Charpy specimens,
at room temperature in the 400–4000 cm−1 range, by means of
a Nicolet 380 FT-IR spectrometer equipped with a smart iTX
ATR accessory. The 1700–1800 cm−1 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 (Tm) and the cold crystallization
temperature (Tcc) 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 (1Hm) and cold
crystallization (1Hcc) were determined from the corresponding
peak areas in the second heating thermograms. The crystallinity
percentage (Xcc) of PLA and its blends was calculated as follows:

Xcc(PLA) =
1Hm(PLA) −1Hcc(PLA)

1H◦m(PLA)wt·PLA
· 100 (5)

where 1Hm(PLA) is the melting enthalpy of PLA, 1Hcc(PLA) is
the cold crystallization enthalpy of PLA, and 1H◦m(PLA) is the
melting enthalpy of 100% crystalline PLA that is 93 J/g (Wang
et al., 2018), wt(PLA) 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
(GPa)

Stress at break
(MPa)

Elongation at
break (%)

Yield stress
(MPa)

Elongation at
yield (%)

Charpy impact
resistance (kJ/m2)

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 24.5 ± 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 2.1 ± 0.23 27.7 ± 0.19 4.5 ± 0.19 / / 6.9 ± 0.92

(90-10)+10POE 2.1 ± 0.17 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 15.5 ± 0.70 13.8 ± 0.70 21.7 ± 0.91 4.5 ± 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 4.3 ± 0.79 9.1 ± 0.81

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 (λBC of the B-phase on the C-phase)
defined as (Hemmati et al., 2001):

λBC = γAC − γAB − γBC (6)

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

λCB = γAB − γAC − γBC (7)

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

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 λBC and
λCB 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
(Su et al., 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).

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 γ

(180◦C)
γp

(180◦C) (mN/m)
γd

(180◦C) (mN/m)
γAB

(180◦C) (mN/m)
γAC

(180◦C) (mN/m)
γBC

(180◦C) (mN/m)
λCB

(mN/m)
λBC

(mN/m)

A (PLA) 43 11.5 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 22.1

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/m2), 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)+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 Tg (◦C) Tcc (◦C) Tm,peak1 (◦C) Tm,peak2 (◦C) 1Hm,peak1 (J/g) 1Hcc (J/g) Xcc (%)

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.

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/m2), 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 JIlim value (energy absorbed at the moment of the crack

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 JIlim value was
obtained. This value, is very high if compared to the “brittle”
G value of PLA found in literature [2.97 kJ/m2 (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/m2

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 JIlim value (13.6 kJ/m2) 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 (1 mm/min) to impact test (4.08 m/s) even if not

FIGURE 7 | JIlim values for plasticized ternary blends.

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

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)+10ATBC; (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 Tg can be observed for
the plasticized ternary blends. This phenomenon influenced the
injection molding conditions in fact the mold temperature, set in
proximity of Tg , 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

FIGURE 10 | (A) ATR spectra of binary and ternary blends and (B) detail of the 1700–1800 cm-1 range.
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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−1) as a consequence of
introduction of POE with respect to pure PLA (1743 cm−1) 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−1 (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

also by SEM analysis. Very good impact properties were achieved
for these ternary systems, however, the elongation at break
under uniaxial tensile test was not adequate. As a consequence,
to the best ternary blend (81 wt.% PLA, 9 wt.% PBAT, and
10 wt.% POE-g-GMA) the effect of plasticizer addition in small
amount (10 wt.%) was investigated. Two types of plasticizers
were selected: one reactive (EJ-400) and one not reactive (ATBC).
Dilatometric tests and the elasto-plastic fracture mechanics were
analyzed to clarify the toughening mechanism and also to
correlate it with the blends morphology.

It has been demonstrated that the reactive plasticizer EJ-400,
improving the compatibility of the rubber domains into the PLA
matrix, is a more effective plasticizer. A good balance of tensile
results and impact resistance was achieved and confirmed by
the JIlim value and volume strain curves. The best formulation,
with the addition of EJ-400, guarantees a useful compromise in
terms of mechanical properties providing the highest value of
Charpy impact resistance (9.1 kJ/m2), a good value of elongation
at break (around 8%) and an acceptable decrement of the Elastic
Modulus with respect to pure PLA and binary blends, making
this formulation functional for injection molded PLA based
objects and issues that need biodegradability approval, acceptable
thermal properties, wide processability window, a good stiffness
and, above all, high impact properties (given by a small amount of
POE-g-GMA) without losing in terms of elongational flexibility,
typical of PBAT.
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A., et al. (2018). Changes of physical properties of PLA-based blends during
early stage of biodegradation in compost. Int. J. Biol. Macromol. 113, 434–442.
doi: 10.1016/j.ijbiomac.2018.02.078

Sharobeam, M. H., and Landes, J. D. (1991). The load separation criterion and
methodology in ductile fracture mechanics. Int. J. Fract. 47, 81–104. doi: 10.
1007/BF00032571

Signori, F., Coltelli, M. B., and Bronco, S. (2009). Thermal degradation of
poly(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT)
and their blends upon melt processing. Polym. Degrad. Stab. 94, 74–82. doi:
10.1016/j.polymdegradstab.2008.10.004

Su, Z., Li, Q., Liu, Y., Hu, G. H., and Wu, C. (2009). Compatibility and phase
structure of binary blends of poly(lactic acid) and glycidyl methacrylate grafted

poly(ethylene octane). Eur. Polym. J. 45, 2428–2433. doi: 10.1016/j.eurpolymj.
2009.04.028

Sun, S., Zhang, M., Zhang, H., and Zhang, X. (2011). Polylactide toughening with
epoxy-functionalized grafted acrylonitrile–butadiene–styrene particles. J. Appl.
Polym. Sci. 122, 2992–2999.

Svoboda, P., Theravalappil, R., Svoboda, D., Mokrejs, P., Kolomaznik, K., Mori,
K., et al. (2010). Elastic properties of polypropylen/ethylene-octene copolymer
blends. Polym. Test. 29, 742–748. doi: 10.1016/j.polymertesting.2010.05.014

Todo, M., and Takayam, T. (2012). “Fracture mechanisms of biodegradable PLA
and PLA/PCL blends,” in Biomaterials-Physics and Chemistry, ed. R. Pignatello
(London: IntechOpen), doi: 10.5772/24199

Utracki, L. A., and Shi, Z. H. (1992). Development of polymer blend morphology
during compounding in a twin-screw extruder. Part I: droplet dispersion
and coalescence—a review. Polym. Eng. Sci. 32, 1824–1833. doi: 10.1002/pen.
760322405

Wang, X., Mi, J., Wang, J., Zhou, H., and Wang, X. (2018). Multiple actions of
poly(ethylene octene) grafted with glycidyl methacrylate on the performance of
poly(lactic acid). RSC Adv. 8, 34418–34427. doi: 10.1039/C8RA07510G

Wu, S. (1985). Phase structure and adhesion in polymer blends: a criterion
for rubber toughening. Polymer 26, 1855–1863. doi: 10.1016/0032-3861(85)
90015-1

Xue, B., He, H., Zhu, Z., Li, J., Huang, Z., Wang, G., et al. (2018). A Facile
fabrication of high toughness poly(lactic acid) via reactive extrusion with
poly(butylene succinate) and ethylene-methyl acrylate-glycidyl methacrylate.
Polymers 10, 1–15. doi: 10.3390/polym10121401

Yeh, J., Tsou, C., Huang, C., Chen, K., and Wu, C. (2009). Compatible and
Crystallization Properties of Poly (lactic acid)/ Poly (butylene adipate- co
-terephthalate) Blends. J. Appl. Polym. Sci. 116, 680–687. doi: 10.1002/app

Yokoyama, Y., and Ricco, T. (1998). Toughening of polypropylene by different
elastomeric systems. Polymer 39, 3675–3681. doi: 10.1016/S0032-3861(97)
10358-5

Zhang, K., Nagarajan, V., Misra, M., and Mohanty, A. K. (2014). Supertoughened
renewable PLA reactive multiphase blends system: phase morphology and
performance. ACS Appl. Mater. Interfaces 6, 12436–12448. doi: 10.1021/
am502337u

Zhang, N., Wang, Q., Ren, J., and Wang, L. (2009). Preparation and properties of
biodegradable poly(lactic acid)/poly(butylene adipate-co-terephthalate) blend
with glycidyl methacrylate as reactive processing agent. J. Mater. Sci. 44,
250–256. doi: 10.1007/s10853-008-3049-4

Zhao, Y., Lang, X., Pan, H., Wang, Y., Yang, H., Zhang, H., et al. (2015). Effect
of mixing poly(lactic acid) with glycidyl methacrylate grafted poly(ethylene
octene) on optical and mechanical properties of the blown films. Polym. Eng.
Sci. 55, 2801–2813. doi: 10.1002/pen.24171

Conflict of Interest: 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 © 2020 Aliotta, Gigante, Acucella, Signori and Lazzeri. 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 14 May 2020 | Volume 7 | Article 13096

https://doi.org/10.1515/polyeng-2015-0140
https://doi.org/10.3390/ma11010148
https://doi.org/10.1179/146580101101541516
https://doi.org/10.1179/146580101101541516
https://doi.org/10.1016/j.addr.2016.04.003
https://doi.org/10.1002/pen.24566
https://doi.org/10.1007/s10924-010-02295
https://doi.org/10.1122/1.4905714
https://doi.org/10.1122/1.4905714
https://doi.org/10.1016/j.polymer.2014.06.070
https://doi.org/10.1016/S0266-3538(03)00100-3
https://doi.org/10.1002/macp.201100437
https://doi.org/10.1002/macp.201100437
https://doi.org/10.1016/j.carbpol.2009.01.024
https://doi.org/10.1016/j.polymer.2007.11.029
https://doi.org/10.1016/j.ijbiomac.2018.02.078
https://doi.org/10.1007/BF00032571
https://doi.org/10.1007/BF00032571
https://doi.org/10.1016/j.polymdegradstab.2008.10.004
https://doi.org/10.1016/j.polymdegradstab.2008.10.004
https://doi.org/10.1016/j.eurpolymj.2009.04.028
https://doi.org/10.1016/j.eurpolymj.2009.04.028
https://doi.org/10.1016/j.polymertesting.2010.05.014
https://doi.org/10.5772/24199
https://doi.org/10.1002/pen.760322405
https://doi.org/10.1002/pen.760322405
https://doi.org/10.1039/C8RA07510G
https://doi.org/10.1016/0032-3861(85)90015-1
https://doi.org/10.1016/0032-3861(85)90015-1
https://doi.org/10.3390/polym10121401
https://doi.org/10.1002/app
https://doi.org/10.1016/S0032-3861(97)10358-5
https://doi.org/10.1016/S0032-3861(97)10358-5
https://doi.org/10.1021/am502337u
https://doi.org/10.1021/am502337u
https://doi.org/10.1007/s10853-008-3049-4
https://doi.org/10.1002/pen.24171
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


ORIGINAL RESEARCH
published: 18 February 2020

doi: 10.3389/fmats.2020.00031

Frontiers in Materials | www.frontiersin.org 1 February 2020 | Volume 7 | Article 31

Edited by:

Alfonso Maffezzoli,

University of Salento, Italy

Reviewed by:

Debora Puglia,

University of Perugia, Italy

Mauro Zammarano,

National Institute of Standards and

Technology (NIST), United States

*Correspondence:

Daniele Rigotti

daniele.rigotti-1@unitn.it

Alessandro Pegoretti

alessandro.pegoretti@unitn.it

Specialty section:

This article was submitted to

Polymeric and Composite Materials,

a section of the journal

Frontiers in Materials

Received: 24 October 2019

Accepted: 30 January 2020

Published: 18 February 2020

Citation:

Rigotti D, Dorigato A and Pegoretti A

(2020) Thermo-Mechanical Behavior

and Hydrolytic Degradation of

Linear Low Density

Polyethylene/Poly(3-hydroxybutyrate)

Blends. Front. Mater. 7:31.

doi: 10.3389/fmats.2020.00031

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(3HB) 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 ultimatemechanical 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 rawmaterials 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 Iacovidou, 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
α-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
et al., 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-Flórez
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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 (Mw = 3.7 ± 0.2 ·

105 Da, density = 1.18 g/cm3). 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=O, -OCH-, -CH2-, 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 R© CL10
(density of 0.918 g/cm3, melting temperature of 120◦C, melt flow
index (MFI) at 190◦C and 2.16 kg of 2.6 g/10min), 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 R© 600
melt compounder at 190◦C. After some preliminary trials, a
rotor speed of 60 rpm and a compounding time of 10min were

selected, in order to provide a good homogenization of the
blends. The resultingmaterials were then hot pressed at 190◦C for
10min in a Carver hot plate press, applying a pressure of 2.5MPa,
to obtain square sheets with a length of 20 cm and a thickness
of about 1mm. 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, i.e., 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 2.16 kg
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−1.

DSCmeasurements 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 (Tm) and crystallization
temperature (Tc) 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, i.e., 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 DMAQ800. 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 × 5 × 1 mm3 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 30mm. 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 (σy), stress
at break (σb), and strain at break (εb) 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
80ml 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 90 h, 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/10min 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/10min (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 4µm (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.

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,
i.e., 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−1) stretching vibrations
of CH of saturated hydrocarbons and to the bending of the CH
at 1,463 cm−1 (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=O at 1,720
cm−1 (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 (Tm), crystallization temperature (Tc), and
the degree of crystallinity (Xc) 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 Xc 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 (tanδ) 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 tanδ values.

Differently from DSC thermograms, in DMA curves of the
neat P(3HB) sample it is possible to detect the presence of the
Tg, located at around 30◦C (see tanδ 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 Tg 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) Xc LLDPE (%) Xc P(3HB) (%) Tc LLDPE (◦C) Tc 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_20 121.8 173.5 43.3 56.9 103.1 –

LLDPE _70_PHB_30 120.7 173.4 41.5 60.2 102.7 –

LLDPE _50_PHB_50 121.3 174.4 40.5 60.4 103.9 77.1

LLDPE _0_PHB_100 – 176.0 – 67.1 – 85.2

Tm, melting temperature (first heating scan); Xc, crystallinity degree (first heating scan); Tc, crystallization temperature (cooling scan).

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
tensile properties of neat P(3HB), because it was too brittle.
According to DMA analysis, the progressive introduction of a
stiff polymer like P(3HB) leads to a remarkable increase of the
elastic modulus (E). For instance, with a P(3HB) amount of
30 wt.% it is possible to double the original stiffness of the

LLDPE matrix, and raising the P(3HB) concentration to 50 wt.%
the elastic modulus is even four times higher. As a drawback,
ultimate elongation values (εb) are strongly reduced. Even if
until a P(3HB) concentration of 20 wt.% the observed εb drop
is not dramatic, a harsher decrease can be seen at elevated
P(3HB) loadings. Similar results regarding the elastic modulus
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FIGURE 6 | Dynamical mechanical analysis of neat LLDPE, neat P(3HB) and relative LLDPE/P(3HB) blends (frequency = 1Hz). (A) Storage modulus and (B) loss

tangent curves.

FIGURE 7 | Representative stress-strain curves from quasi-static tensile tests

of neat LLDPE and relative LLDPE/P(3HB) blends.

TABLE 2 | Results of quasi-static tensile tests on neat LLDPE and relative

LLDPE/P(3HB) blends.

Sample Elastic

modulus

(MPa)

Yield

strength

(MPa)

Tensile

strength

(MPa)

Strain at

break

(mm/mm)

LLDPE_100_PHB_0 195 ± 18 9.1 ± 0.1 16.6 ± 2.1 4.8 ± 0.8

LLDPE _90_PHB_10 208 ± 21 8.0 ± 0.2 13.4 ± 0.8 4.1 ± 0.2

LLDPE _80_PHB_20 311 ± 43 7.6 ± 0.1 10.0 ± 0.8 3.0 ± 0.4

LLDPE _70_PHB_30 377 ± 27 7.4 ± 0.1 6.9 ± 0.4 1.6 ± 0.4

LLDPE _50_PHB_50 794 ± 133 6.6 ± 0.8 3.8 ± 0.9 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 (σb). It is also interesting to notice that
also the yield strength values (σy) 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 σy

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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FIGURE 8 | Results of hydrolytic degradation tests on neat LLDPE and relative LLDPE/P(3HB) blends. (A) Weight variation, (B) relative crystallinity degree of LLDPE,

(C) relative elastic modulus, (D) relative yield stress. Error bars represent the standard deviation.

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 σy values is practically negligible
until a P(3HB) concentration of 20 wt.%, while increasing the
P(3HB) amount up to 50 wt.% a σy 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

of a material with suitable processability requirements and
good mechanical properties, even after a prolonged hydrolytic
degradation treatment.
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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
et al., 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 µm in microfiltration
(MF) for the removal of particles such as bacteria and
protozoa, and between 0.01 and 0.1 µm 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, NF, 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
MF, UF, and even NF, 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 MF, 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
3.0) license.

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) (Díez et al., 2018). Goetz et al. (2018)
at Luleå 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 µm)
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 TA
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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 offers
an opportunity for filtration applications, including MF, UF,
NF, 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

sizes. Besides the PVA, CA, and chitosan, other bio-based
polymers can be investigated for the fabrication of the
electrospun nanofibrous layers with specific applications. From
the economic point of view, it is required to exploit other
cost-efficient nanofiber fabrication approaches, particularly in
preparing tailored nanofibers, such as solution blowing, co-axial
electrospinning, and centrifugal spinning. This will consequently
address the concerns of the various industries regarding
the development of low-cost, non-toxic, and environmentally
friendly nanofibrous membranes. Finally, it would be necessary
to comprehensively explore the filtration performance of such
electrospun membranes and address the global concerns on
widespread air polluting sources.

AUTHOR CONTRIBUTIONS

RN, ME, AK-B, and OD summarized the literature and wrote a
major part of the manuscript. OD and SR conducted the deep
review, editing, guidance, and supervision. All authors have read
and approved the article for publication.

REFERENCES
Araga, R., and Sharma, C. S. (2019). Amine functionalized electrospun cellulose

nanofibers for fluoride adsorption from drinking water. J. Polym. Environ. 27,
816–826. doi: 10.1007/s10924-019-01394-2

Barhate, R. S., and Ramakrishna, S. (2007). Nanofibrous filtering media: filtration
problems and solutions from tiny materials. J. Membr. Sci. 296, 1–8. doi:
10.1016/j.memsci.2007.03.038

Bassyouni, M., Abdel-Aziz, M. H., Zoromba, M. S., Abdel-Hamid, S. M. S., and
Drioli, E. (2019). A review of polymeric nanocomposite membranes for water
purification. J. Ind. Eng. Chem. 73, 19–46. doi: 10.1016/j.jiec.2019.01.045

Charcosset, C. (2012). “1 - Principles on membrane and membrane processes,”
in Membrane Processes in Biotechnology and Pharmaceutics, ed. C. Charcosset
(Amsterdam: Elsevier), 1–41. doi: 10.1016/b978-0-444-56334-7.00001-0

Díez, B., Amariei, G., and Rosal, R. (2018). Electrospun composite membranes
for fouling and biofouling control. Ind. Eng. Chem. Res. 57, 14561–14570.
doi: 10.1021/acs.iecr.8b04011

Enayati, M. S., Neisiany, R. E., Sajkiewicz, P., Behzad, T., Denis, P., and Pierini, F.
(2019). Effect of nanofiller incorporation on thermomechanical and toughness
of poly (vinyl alcohol)-based electrospun nanofibrous bionanocomposites.
Theor. Appl. Fract. Mech. 99, 44–50. doi: 10.1016/j.tafmec.2018.11.006

Esmaeely Neisiany, R., Enayati, M. S., Sajkiewicz, P., Pahlevanneshan, Z., and
Ramakrishna, S. (2020). Insight into the current directions in functionalized
nanocomposite hydrogels. Front. Mater. 7:25. doi: 10.3389/fmats.2020.00025

Fu, Q., Duan, C., Yan, Z., Si, Y., Liu, L., Yu, J., et al. (2018). Electrospun nanofibrous
composite materials: a versatile platform for high efficiency protein adsorption
and separation. Compos. Commun. 8, 92–100. doi: 10.1016/j.coco.2017.11.007

Gandavadi, D., Sundarrajan, S., and Ramakrishna, S. (2019). Bio-based nanofibers
involved in wastewater treatment. Macromol. Mater. Eng. 304:1900345. doi:
10.1002/mame.201900345

Goetz, L. A., Naseri, N., Nair, S. S., Karim, Z., and Mathew, A. P. (2018).
All cellulose electrospun water purification membranes nanotextured using
cellulose nanocrystals. Cellulose 25, 3011–3023. doi: 10.1007/s10570-018-
1751-1

Hadi, P., Yang, M., Ma, H., Huang, X., Walker, H., and Hsiao, B. S. (2019).
Biofouling-resistant nanocellulose layer in hierarchical polymeric membranes:
synthesis, characterization and performance. J. Membr. Sci. 579, 162–171. doi:
10.1016/j.memsci.2019.02.059

Huang, Z.-M., Zhang, Y. Z., Kotaki, M., and Ramakrishna, S. (2003). A
review on polymer nanofibers by electrospinning and their applications in

nanocomposites. Compos. Sci. Technol. 63, 2223–2253. doi: 10.1016/s0266-
3538(03)00178-7

Karim, Z., Hakalahti, M., Tammelin, T., and Mathew, A. P. (2017). In situ TEMPO
surface functionalization of nanocellulose membranes for enhanced adsorption
of metal ions from aqueous medium. RSC Adv. 7, 5232–5241. doi: 10.1039/
c6ra25707k

Kouhi, M., Jayarama Reddy, V., Fathi, M., Shamanian, M., Valipouri,
A., and Ramakrishna, S. (2019). Poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)/fibrinogen/bredigite nanofibrous membranes and their
integration with osteoblasts for guided bone regeneration. J. Biomed. Mater.
Res. A 107, 1154–1165. doi: 10.1002/jbm.a.36607

Kumar, M., Hietala, M., and Oksman, K. (2019). Lignin-based electrospun carbon
nanofibers. Front. Mater. 6:62. doi: 10.3389/fmats.2019.00062

Lee, J. K. Y., Chen, N., Peng, S., Li, L., Tian, L., Thakor, N., et al. (2018). Polymer-
based composites by electrospinning: preparation & functionalization with
nanocarbons. Prog. Polym. Sci. 86, 40–84. doi: 10.1016/j.progpolymsci.2018.
07.002

Liu, X., Ma, H., and Hsiao, B. S. (2019). Interpenetrating nanofibrous composite
membranes for water purification. ACS Appl. Nano Mater. 2, 3606–3614. doi:
10.1021/acsanm.9b00565

Liu, Y., Wang, R., Ma, H., Hsiao, B. S., and Chu, B. (2013). High-flux microfiltration
filters based on electrospun polyvinylalcohol nanofibrous membranes. Polymer
54, 548–556. doi: 10.1016/j.polymer.2012.11.064

Liu, Z., Ma, W., Zhang, M., Zhang, Q., Xiong, R., and Huang, C. (2019).
Fabrication of superhydrophobic electrospun polyimide nanofibers modified
with polydopamine and polytetrafluoroethylene nanoparticles for oil–water
separation. J. Appl. Polym. Sci. 136:47638. doi: 10.1002/app.47638

Lv, D., Wang, R., Tang, G., Mou, Z., Lei, J., Han, J., et al. (2019). Ecofriendly
electrospun membranes loaded with visible-light-responding nanoparticles
for multifunctional usages: highly efficient air filtration, dye scavenging, and
bactericidal activity.ACSAppl. Mater. Interfaces 11, 12880–12889. doi: 10.1021/
acsami.9b01508

Lv, D., Zhu, M., Jiang, Z., Jiang, S., Zhang, Q., Xiong, R., et al. (2018). Green
electrospun nanofibers and their application in air filtration. Macromol. Mater.
Eng. 303:1800336.

Ma, H., Burger, C., Hsiao, B. S., and Chu, B. (2011a). Ultra-fine cellulose nanofibers:
new nano-scale materials for water purification. J. Mater. Chem. 21, 7507–7510.

Ma, H., Burger, C., Hsiao, B. S., and Chu, B. (2011b). Ultrafine polysaccharide
nanofibrous membranes for water purification. Biomacromolecules 12, 970–976.
doi: 10.1021/bm1013316

Frontiers in Materials | www.frontiersin.org 5 April 2020 | Volume 7 | Article 67112

https://doi.org/10.1007/s10924-019-01394-2
https://doi.org/10.1016/j.memsci.2007.03.038
https://doi.org/10.1016/j.memsci.2007.03.038
https://doi.org/10.1016/j.jiec.2019.01.045
https://doi.org/10.1016/b978-0-444-56334-7.00001-0
https://doi.org/10.1021/acs.iecr.8b04011
https://doi.org/10.1016/j.tafmec.2018.11.006
https://doi.org/10.3389/fmats.2020.00025
https://doi.org/10.1016/j.coco.2017.11.007
https://doi.org/10.1002/mame.201900345
https://doi.org/10.1002/mame.201900345
https://doi.org/10.1007/s10570-018-1751-1
https://doi.org/10.1007/s10570-018-1751-1
https://doi.org/10.1016/j.memsci.2019.02.059
https://doi.org/10.1016/j.memsci.2019.02.059
https://doi.org/10.1016/s0266-3538(03)00178-7
https://doi.org/10.1016/s0266-3538(03)00178-7
https://doi.org/10.1039/c6ra25707k
https://doi.org/10.1039/c6ra25707k
https://doi.org/10.1002/jbm.a.36607
https://doi.org/10.3389/fmats.2019.00062
https://doi.org/10.1016/j.progpolymsci.2018.07.002
https://doi.org/10.1016/j.progpolymsci.2018.07.002
https://doi.org/10.1021/acsanm.9b00565
https://doi.org/10.1021/acsanm.9b00565
https://doi.org/10.1016/j.polymer.2012.11.064
https://doi.org/10.1002/app.47638
https://doi.org/10.1021/acsami.9b01508
https://doi.org/10.1021/acsami.9b01508
https://doi.org/10.1021/bm1013316
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


fmats-07-00067 April 6, 2020 Time: 18:15 # 6

Neisiany et al. Multilayered Bio-Based Electrospun Membranes

Ma, W., Ding, Y., Zhang, M., Gao, S., Li, Y., Huang, C., et al. (2019a). Nature-
inspired chemistry toward hierarchical superhydrophobic, antibacterial and
biocompatible nanofibrous membranes for effective UV-shielding, self-cleaning
and oil-water separation. J. Hazardous Mater. 384:121476. doi: 10.1016/j.
jhazmat.2019.121476

Ma, W., Zhang, M., Liu, Z., Kang, M., Huang, C., and Fu, G. (2019b). Fabrication
of highly durable and robust superhydrophobic-superoleophilic nanofibrous
membranes based on a fluorine-free system for efficient oil/water separation.
J. Membr. Sci. 570-571, 303–313. doi: 10.1016/j.memsci.2018.10.035

Ma, Z., Masaya, K., and Ramakrishna, S. (2006). Immobilization of Cibacron blue
F3GA on electrospun polysulphone ultra-fine fiber surfaces towards developing
an affinity membrane for albumin adsorption. J. Membr. Sci. 282, 237–244.
doi: 10.1016/j.memsci.2006.05.027

Mi, X., Vijayaragavan, K. S., and Heldt, C. L. (2014). Virus adsorption of water-
stable quaternized chitosan nanofibers. Carbohyd. Res. 387, 24–29. doi: 10.1016/
j.carres.2014.01.017

Mohammadzadehmoghadam, S., and Dong, Y. (2019). Fabrication and
characterization of electrospun silk fibroin/gelatin scaffolds crosslinked
with glutaraldehyde vapor. Front. Mater. 6:91. doi: 10.3389/fmats.2019.00091

Nabeela Nasreen, A. S., Sundarrajan, S., Syed Nizar, A. S., and Ramakrishna, S.
(2019). Nanomaterials: solutions to water-concomitant challenges. Membranes
9:40. doi: 10.3390/membranes9030040

Nair, S. S., and Mathew, A. P. (2017). Porous composite membranes based
on cellulose acetate and cellulose nanocrystals via electrospinning and
electrospraying. Carbohyd. Polym. 175, 149–157. doi: 10.1016/j.carbpol.2017.
07.048

Naseri, N., Mathew, A. P., Girandon, L., Fröhlich, M., and Oksman, K.
(2015). Porous electrospun nanocomposite mats based on chitosan–
cellulose nanocrystals for wound dressing: effect of surface characteristics
of nanocrystals. Cellulose 22, 521–534.

Neisiany, R. E., Lee, J. K. Y., Khorasani, S. N., and Ramakrishna, S. (2017). Towards
the development of self-healing carbon/epoxy composites with improved
potential provided by efficient encapsulation of healing agents in core-shell
nanofibers. Polym. Test. 62, 79–87.

Ng, I. S., Song, C. P., Ooi, C. W., Tey, B. T., Lee, Y.-H., and Chang, Y.-K. (2019).
Purification of lysozyme from chicken egg white using nanofiber membrane
immobilized with Reactive Orange 4 dye. Int. J. Biol. Macromol. 134, 458–468.
doi: 10.1016/j.ijbiomac.2019.05.054

Park, K., Ju, Y. M., Son, J. S., Ahn, K.-D., and Han, D. K. (2007). Surface
modification of biodegradable electrospun nanofiber scaffolds and their
interaction with fibroblasts. J. Biomater. Sci. Polym. Ed. 18, 369–382.

Qin, X.-H., and Wang, S.-Y. (2008). Electrospun nanofibers from crosslinked
poly(vinyl alcohol) and its filtration efficiency. J. Appl. Polym. Sci. 109, 951–956.

Ranjbar-Mohammadi, M., Zamani, M., Prabhakaran, M. P., Bahrami, S. H., and
Ramakrishna, S. (2016). Electrospinning of PLGA/gum tragacanth nanofibers
containing tetracycline hydrochloride for periodontal regeneration. Mater. Sci.
Eng. C 58, 521–531. doi: 10.1016/j.msec.2015.08.066

Rezvani Ghomi, E., Khalili, S., Nouri Khorasani, S., Esmaeely Neisiany, R.,
and Ramakrishna, S. (2019). Wound dressings: current advances and future
directions. J. Appl. Polym. Sci. 136:47738.

Sencadas, V., Correia, D. M., Ribeiro, C., Moreira, S., Botelho, G., Gómez
Ribelles, J. L., et al. (2012). Physical-chemical properties of cross-linked chitosan
electrospun fiber mats. Polym. Test. 31, 1062–1069.

Suja, P. S., Reshmi, C. R., Sagitha, P., and Sujith, A. (2017). Electrospun nanofibrous
membranes for water purification. Polym. Rev. 57, 467–504.

Tang, Z., Wei, J., Yung, L., Ji, B., Ma, H., Qiu, C., et al. (2009). UV-cured poly(vinyl
alcohol) ultrafiltration nanofibrous membrane based on electrospun nanofiber
scaffolds. J. Membr. Sci. 328, 1–5.

Vijay Kumar, V., Ramakrishna, S., Kong Yoong, J. L., Esmaeely Neisiany, R.,
Surendran, S., and Balaganesan, G. (2019). Electrospun nanofiber interleaving
in fiber reinforced composites—Recent trends. Mater. Des. Process. Commun.
1:e24.

Wang, X., Yeh, T.-M., Wang, Z., Yang, R., Wang, R., Ma, H.,
et al. (2014). Nanofiltration membranes prepared by interfacial
polymerization on thin-film nanofibrous composite scaffold. Polymer 55,
1358–1366.

Wang, Z., Ma, H., Chu, B., and Hsiao, B. S. (2017). Fabrication of cellulose
nanofiber-based ultrafiltration membranes by spray coating approach. J. Appl.
Polym. Sci. 134:44583.

Wei, Z., Zhao, H., Zhang, J., Deng, L., Wu, S., He, J., et al. (2014). Poly(vinyl
alcohol) electrospun nanofibrous membrane modified with spirolactam–
rhodamine derivatives for visible detection and removal of metal ions. RSC Adv.
4, 51381–51388.

Yang, R., Aubrecht, K. B., Ma, H., Wang, R., Grubbs, R. B., Hsiao, B. S., et al. (2014).
Thiol-modified cellulose nanofibrous composite membranes for chromium
(VI) and lead (II) adsorption. Polymer 55, 1167–1176.

Yao, J., Bastiaansen, W. M. C., and Peijs, T. (2014). High strength and high modulus
electrospun nanofibers. Fibers 2, 158–186.

Zhao, X., Liu, Y., Shuai, Z., and Wang, C. (2019). Preparation and
performance of three-layered structure composite membrane for
heavy metal ions and hazardous dyes rejection. Polym. Eng. Sci. 59,
E322–E329.

Zhu, M., Han, J., Wang, F., Shao, W., Xiong, R., Zhang, Q., et al. (2017).
Electrospun nanofibers membranes for effective air filtration. Macromol. Mater.
Eng. 302:1600353.

Zhu, M., Xiong, R., and Huang, C. (2019). Bio-based and photocrosslinked
electrospun antibacterial nanofibrous membranes for air filtration. Carbohyd.
Polym. 205, 55–62. doi: 10.1016/j.carbpol.2018.09.075

Conflict of Interest: 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 © 2020 Neisiany, Enayati, Kazemi-Beydokhti, Das and Ramakrishna.
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 6 April 2020 | Volume 7 | Article 67113

https://doi.org/10.1016/j.jhazmat.2019.121476
https://doi.org/10.1016/j.jhazmat.2019.121476
https://doi.org/10.1016/j.memsci.2018.10.035
https://doi.org/10.1016/j.memsci.2006.05.027
https://doi.org/10.1016/j.carres.2014.01.017
https://doi.org/10.1016/j.carres.2014.01.017
https://doi.org/10.3389/fmats.2019.00091
https://doi.org/10.3390/membranes9030040
https://doi.org/10.1016/j.carbpol.2017.07.048
https://doi.org/10.1016/j.carbpol.2017.07.048
https://doi.org/10.1016/j.ijbiomac.2019.05.054
https://doi.org/10.1016/j.msec.2015.08.066
https://doi.org/10.1016/j.carbpol.2018.09.075
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


ORIGINAL RESEARCH
published: 14 May 2019

doi: 10.3389/fmats.2019.00091

Frontiers in Materials | www.frontiersin.org 1 May 2019 | Volume 6 | Article 91

Edited by:

Luca Valentini,

University of Perugia, Italy

Reviewed by:

Xiangfa Wu,

North Dakota State University,

United States

Avinash Baji,

La Trobe University, Australia

*Correspondence:

Yu Dong

Y.Dong@curtin.edu.au

Specialty section:

This article was submitted to

Polymeric and Composite Materials,

a section of the journal

Frontiers in Materials

Received: 13 February 2019

Accepted: 11 April 2019

Published: 14 May 2019

Citation:

Mohammadzadehmoghadam S and

Dong Y (2019) Fabrication and

Characterization of Electrospun Silk

Fibroin/Gelatin Scaffolds Crosslinked

With Glutaraldehyde Vapor.

Front. Mater. 6:91.

doi: 10.3389/fmats.2019.00091

Fabrication and Characterization of
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. GTAwas shown to induce the conformational transition

of SFs from random coils to β 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.
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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
β-sheet crystallites and contribute greatly to the rigidity and
tensile strength of SFs. The β-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 α-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 β 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 β-sheet structures. Besides,
it was noted that the β-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 H2O), hydrochloric acid (HCl), sodium carbonate (Na2CO3),
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
0.02MNa2CO3 for 30min, and then were rinsed thoroughly with
distilled water. Degummed SFs were then dissolved in 9.3M LiBr
solutions at 60◦C for 4 h and dialyzed in deionized water for 48 h
using a dialysis membrane (12,400 MWCO, Sigma Aldrich). The
dialysate was passed through a filter with the pore size of 0.22µm
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 2 h with a KA R©-RCT basic
magnetic stirrer. Afterwards, a desired amount of gelatin was
added and the mixture was further stirred for 1 h 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: 0.6mm). 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 6 h. After crosslinking, samples were immersed in 0.1M
glycine aqueous solution for 30min 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−1 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 ImageJ
R©
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−1 at the spectral range of 4,000–400 cm−1

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 Kα radiation source (wavelength λ =

0.1541 nm) at 40 kV and 40mA using a LynxEye detector. All
XRD samples were scanned from diffraction angles 2θ = 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, 3mL solution
with 6M HCl was added and further heated at 60◦C for
90min. 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:

Degree of crosslinking (%) =

(

A0 − AC

A0

)

× 100% (1)

Where A0 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 weremeasured using a CAM101 goniometer
(KSV Instruments Ltd, Finland). A droplet of water (volume: 5
µl) 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 ×
1 cm with three replicates from each mat were dried in vacuum
to obtain the initial sample mass (w0). 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:

Water uptake (%) =

(

W − W0

W0

)

× 100% (2)

Porosity
The porosity of SF/gelatin nanofiber mats were determined using
their apparent density (ρapparent) and bulk density (ρbulk) as
shown in Equation (3). In between, ρapparent in the unit of
g/cm3 was estimated on the basis of scaffold mass mscaffold (g),

scaffold thickness t (cm), and scaffold area A (cm2) according
to Equation (4). The samples were cut into A = 2 cm2 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 ρbulk, bulk densities of SFs and
gelatin (i.e., ρSF and ρgelatin) were referred to as 1.25 and 1.35

g/cm3, respectively (Andiappan et al., 2013; Zhan et al., 2016b).
Corresponding bulk density of SF/gelatin nanofiber mats ρbulk

was calculated in Equation (5) in which wgelatin and wSF 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−

[

ρapparent

ρbulk

])

× 100% (3)

ρapparent =

mscaffold

t × A
(4)

1

ρbulk
=

wgelatin

ρgelatin
+

wSF

ρSF
(5)

Tensile Testing
Strip-like tensile testing samples were cut from SF/gelatin
nanofiber mats in dimensions of 10 × 30mm 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: 30mm). 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 µm.

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), 10mM HEPES,
1mM sodium pyruvate, and 2mM glutamine (all from Gibco)
in a humidified 37◦C incubator, which was maintained at 5%
CO2. 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: 12mm) 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 × 103 per scaffold, and were further allowed
to adhere at 37◦C for 30min. After the seeding duration for
30min, each culture well was topped up with 2ml culture media.
Cell growth was analyzed by transferring scaffolds into the 96-
well plate and adding 20 µl 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% CO2 for 4 h, 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−1 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

Frontiers in Materials | www.frontiersin.org 4 May 2019 | Volume 6 | Article 91117

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

FIGURE 1 | Viscosity measurement of SF/gelatin solution at a constant shear

rate of 100 s−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 Figures 3A–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
426.4 nm, 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−1 for amide A (N–H stretching
vibration), 1,640 cm−1 for amide I (C = O stretch), 1,539 cm−1

for amide II (C–N stretching and N–H bending), and 1,240
cm−1 for amide III (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−1 in Figure 4A are assigned to amide I
and amide II, respectively, which are a typical characteristic for β-
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 β-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 2θ angle of 18.2◦ corresponding to α-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 β-sheet structures (Tao et al., 2007;
Malay et al., 2008; DeMoraes et al., 2010). In SF/gelatin nanofiber
mats, diffraction patterns are almost the same as those of SF
counterparts, suggesting that β-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
GTA crosslinked proteins through their aldehyde groups’
reaction with free amino groups of lysine and hydroxylysine

amino acid residues of polypeptide chains, form the bonds
similar to those of Schiff bases (Cheung and Nimni, 1982; Olde
Damink et al., 1995). Since gelatin had more free –NH2 groups
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FIGURE 4 | FTIR spectra of GTA crosslinked nanofiber 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.

FIGURE 5 | XRD patterns of GTA crosslinked nanofiber 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

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 Young’s 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

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 Young’s 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

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.

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

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 10 May 2019 | Volume 6 | Article 91123

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 ǫ-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-Fiqi, 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(ε-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 andmechanical 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. I. (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, Ö., Yalçin, D., Batigün, 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, I. 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., andMigliaresi, 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 andmechanical 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 11 May 2019 | Volume 6 | Article 91124

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/j.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. J., Wang, Y. J., 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, I. S., Oh, J. 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 12 May 2019 | Volume 6 | Article 91125

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


ORIGINAL RESEARCH
published: 07 November 2019

doi: 10.3389/fmats.2019.00275

Frontiers in Materials | www.frontiersin.org 1 November 2019 | Volume 6 | Article 275

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

Soil Biodegradation of Unidirectional
Polyhydroxybutyrate-Co-Valerate
(PHBV) Biocomposites Toughened
With Polybutylene-Adipate-Co-
Terephthalate (PBAT) and Epoxidized
Natural Rubber (ENR)

Zain Zaidi*, Damia Mawad and Alan Crosky

School of Materials Science and Engineering, University of New South Wales, Sydney, NSW, Australia

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 [3mol.% 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 (3mol.%
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 (9.8mol.% 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 ∼10µm) 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 R© 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 R©

C1200 F) was obtained from BASF, 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 R© from Industrial Organics,
Australia. It has a density of 1.02 g/cm2 (Mohamad et al., 2006).
Quasi-unidirectional flax (trade name FlaxPly R© 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/cm3

(Vanleeuw et al., 2015).
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Composite Preparation
Unidirectional composite laminates were fabricated in 200 ×

200mm steel picture frame molds with fitting lids using a 50-
ton water cooled hot press built by DSTO Australia. 4 ply
laminates∼1.5mm thick were fabricated by placing pre-cut plies
of unidirectional flax cloth having dimensions of 200 × 200mm
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 50mm wide soft brush to obtain a
uniform distribution.

For the toughened composites, the PBAT and ENR50 were
first cryoground into powder using a Spex R© Freezer Mill and
then mixed with the PHBVmatrix powder. The precool time was
10min, with the grinding then being conducted at 10Hz for 3
cycles, each consisting of 2min grinding followed by 2min cool
down. Due to the self-healing nature of ENR50 (Rahman et al.,
2013), 0.1 g 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 24 h at 80◦C to remove
moisture. Drying at temperatures of ∼80◦C for at least 24 h,
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
12min. 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 1mm thick were cut from the outer plastic
casing of a commercial printer that had reached its end of life.

Square specimens measuring 10 × 10mm 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/cm3 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

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

10 cm 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 × 300 × 200mm was dug at the
selected location and the samples were laid laterally across the
trench with a spacing of 50mm. 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 4months.
Three replicate samples were used for each time period for each
of the five materials.

Measurements
Biodegradation was evaluated through mass loss and
surface characterization.
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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 WI 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 massWf was recorded. The mass loss, 1W
was determined according to:

1W (%) =

(

WI −Wf

WI

)

× 100 (1)

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
PHBV, 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 10mm or more
with a fall of 60mm 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 wasmore 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.

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.

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 Figure 9. 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 ∼50µm wide, together with some

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

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 <1µm 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
∼5µm 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 Figure 13. 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.

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
et al., 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.

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

FIGURE 11 | SEM images of fine filaments developing from the flax fibers after

28 days at (a) 420X; (b) 1500X magnification.

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).

Some workers have reported fragmentation (Teramoto et al.,
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
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
PHBV 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

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.

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

burial

Medium Grade Reference

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 11mol.% HV Teramoto et al., 2004

40 90 Soil Biophane A-1000 (from same supplier as Teramoto

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

Shibata et al., 2004

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 maximummass loss of 0.5% over the 112 days exposure period.
The rate of degradation was, however, substantial for all the
composites andwas 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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Lignin has potential as a reinforcing filler and to become an alternative to carbon black

in the rubber industry. This is because it is formed from cheaper materials with abundant

annually renewable sources and has low weight, high biological efficiency, and wide

ecological adaptability. The utilization of bio-filler in the rubber industry has garnered

increasing attention from researchers due to increasing environmental concerns over

the toxic effects of carbon black on health and the environment. This article is intended

to summarize current efforts in the development of a green and sustainable rubber

product. Instead of focusing on silica and alternative rubber matrix-like guayule and

Russian dandelion, it looks at lignin, which also has potential as a reinforcing filler and

can enable the development of competitive green rubber composites. Lignin has several

special characteristics such as good mechanical, physico-chemical, biodegradability,

and antioxidant properties and excellent thermal stability. However, the incorporation

of lignin in a rubber matrix is not straightforward, and this needs to be overcome with

certain suitable solutions because of the polarity of lignin molecules, which contributes

to strong self-interactions. Consequently, chemical modification of lignin is often used to

improve the dispersion of lignin in elastomers, or a compatibilizer is added to enhance

interfacial adhesion between lignin and the rubber matrix. This review attempts to

compile relevant knowledge about the performance of lignin-filled rubber composite

using different approaches such as mixing method, surface modification, hybrid fillers,

etc. This study is expected to gain significant interest from researchers globally on the

subject of lignin-based rubber composites and the advancement of development in green

rubber products.

Keywords: lignin, alternative carbon black, chemical modification, mixing technique, rubber-lignin properties

INTRODUCTION

Given the many applications of rubber in industrial parts such as hoses, tires, seals, cushions,
etc., it should be acknowledged that many aspects need to be considered and understood. To
obtain excellent performance from rubber compounds, a reinforcing filler is needed to provide
reinforcement. Specifically, in the tire technology area, reinforcement is known as the incorporation
of finely divided (mineral) particles into vulcanized compounds that improve abrasion, tearing,
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cutting, and rupture resistance due to their stiffness and hardness
(Medalia and Kraus, 1994). Tires are the most prominent rubber
items, both in terms of importance and in terms of the volume
of production. Most of the natural rubber, synthetic rubber,
and 90% of the worldwide production of carbon black are used
in the tire industry. This is due to the ability of rubber to
enhance the strength of the tire. In spite of the functionalities of
carbon black as the reinforcing filler, it is petrochemical and non-
degradable material, and a large amount of energy is consumed in
its production. Moreover, the hazardous effect of the utilization
of carbon black has polluted the environment, starting from
the production process, which emits carbon dioxide into the
atmosphere (Attharangsan et al., 2012). It further contributes to
the critical environmental situation when tires run on roads. The
high rolling resistance of tires adds friction and causes engines
to burn extra fuel, which leads in turn to more greenhouse
gas emissions.

Indeed, the stock reduction of oil-based material and
environmental issues so as the global warming phenomenon
have inspired researchers to focus on the development of
a green tire formulated from renewable resources (Thakur
and Singha, 2010; Langan et al., 2011; Thakur et al., 2011).
Recent trends in technology innovation for green tires
incorporate a bio-filler to substitute carbon black. Several
potential green fillers from new resources have attracted a
great amount of attention from researchers, such as lignins,
which are renewable, bio-degradable, inexpensive, light-
weight, and abundant (Setua et al., 2000; Košíková and
Gregorová, 2005; Bogoeva-Gaceva et al., 2007; Eichhorn et al.,
2010; Mishra et al., 2012; Bajpai et al., 2013; Hussin et al.,
2014).

Lignin is the second most abundant natural resource
(Gosselink et al., 2004; Faruk et al., 2012; Kakroodi et al., 2013;
Kazemi et al., 2013). It is an aromatic polymer (Lora and Glasser,
2002; Fitigau et al., 2013) that acts as a glue to hold cellulose
and hemicellulose together in plants, to strengthen cell walls, and
to protect plants against parasites and disease (Erdocia et al.,
2014; Kakroodi et al., 2014; Lang et al., 2018). The complex
structure of amorphous lignin is interestingly formed by the
attachment of different functional groups such as methoxyl,
phenolic, hydroxyl, and carbonyl groups. A huge amount of
lignin by-product is produced by the paper and pulp industries,
and about ∼98% of that is usually burned to generate energy
or just disposed of in landfill, hence posing a major disposal
problem (Mohan and Karthikeyan, 1997; Zhang and Chuang,
2001; Kumar et al., 2009; Doherty et al., 2011; Saake and
Lehnen, 2012; Laurichesse and Avérous, 2014; Lang et al., 2018).
Therefore, the development of new technologies is crucial to
explore the functionality of this precious by-product further,
not only for use in low- and medium-value applications but in
high-value applications as well (Hämäläinen et al., 2018). Many
applications that have been explored by researchers, for example,
as adhesive (Gosselink et al., 2004), stabilizing agents (De Paoli
and Furlan, 1985), reinforcing agents (Kumaran and De, 1978;
Setua et al., 2000; Benko et al., 2014), superabsorbent hydrogels,
and phenolic resin (Suhas et al., 2007; Kumar et al., 2009; Hu
et al., 2011).

The main goal of this review is to focus on lignin-derived
compounds as bio-renewable filler as well as the performance and
properties of lignin-reinforced rubber composites. The overall
characteristics of lignin-filled rubber composites with different
methods of modification andmixing techniques of the lignin into
rubber compound, which influences the properties of the lignin-
filled rubber compound, are also discussed. Lastly, upcoming
trends in lignin-reinforced rubber composites will be presented
as the review’s conclusion.

CONVENTIONAL CARBON BLACK IN
RUBBER COMPOSITE

Rubber Composite
A wide variety of rubber compositions are used in the
tire industry. The base elastomers that are commonly used
consist of blends of natural rubber (NR), butadiene rubber
(BR), styrene-butadiene rubber (SBR), ethylene-propylene-
diene rubber (EPDM), and epoxidized natural rubber (ENR).
Apparently, the utilization of rubber without filler does not
provide good properties for any application. Therefore, filler
is used to impart better properties to rubber products, with
carbon black or silica used commercially. Other ingredients
with different functionalities are also incorporated into rubber
compounds depending on the application, i.e., softeners,
vulcanizing agents, accelerators, activators, retarders, and anti-
degradants. As is widely known, accelerators are used to increase
the rate and density of cross-linking and are activated by an
activator, while retarders are used to prevent rubber scorching
and to delay the vulcanization process. Furthermore, anti-
degradants are important for applications like tire production
to prevent degradation by oxygen, ozone, heat, or other factors
(Ignatz-Hoover et al., 2003; Datta et al., 2007).

Rubber Matrix
NR is the most common raw material used as the main
component in tire manufacturing and possesses impressive
characteristics such as green strength and tensile strength due
to its spontaneous crystallization when exposed to strain. It
is a unique biopolymer and is the best raw material for
manufacturing tires for cars, trucks, and aircraft. Besides, NR
is a unique material that has valuable properties that synthetic
rubber lacks. Due to the rapid development of economies such
as in those of China and India, the demand for NR is continuing
to increase, and prices have become increasingly volatile (Beilen
and Poirier, 2007; Soratana et al., 2017). Furthermore, with the
spread of fungal disease harming rubber trees and the tendency
of farmers to plant more profitable palm oil rather than rubber
(Jawjit et al., 2010), the chances of natural rubber prices shooting
up are high.

BR is the second-largest volume of synthetic rubber produced
after SBR. This is commonly blended with NR in the sidewall
and treads of tires. It has been found that its low glass transition
temperature, Tg, results in exceptional abrasion resistance and
low rolling resistance. Thus, a blend of NR/BR is the focus
for tire applications incorporating ingredients such as carbon
black, curatives, and a high concentration of anti-degradants
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to provide weather resistance (Waddell, 1998; Hamed, 2012).
The addition of SBR lowers the price and imparts good wear
and bonding properties, as well as good heat aging properties
and abrasion resistance. It also possesses a non-crystalline and
non-polar character with a low gum tensile strength of about
∼2 MPa (Chakraborty et al., 2009). Atashi and Shiva (2010)
focused on optimizing the failure properties of passenger car tire
tread compounds with combinations of NR, SBR, and BR. They
modified the curing conditions and the behavior of the rubber
matrixes. Hao et al. (2001) also found that the Mooney viscosity
and scorch time of hybrid rubber SBR/NR composites showed
improvement when they modified the curing conditions.

Besides, the dynamic conditions of a tire, especially the
sidewall, which is easily attacked by ozone, give rise to a demand
for life-extension by improving ozone and thermo-oxidative
resistance. Blending EPDM with NR and BR has shown good
potential for ozone resistance (Sahakaro et al., 2007). This is
because the EPDM phase dispersed in rubber blends provides an
internal anti-ozonant to highly unsaturated rubbers since it is an
ozone-resistant polymer. The modification of NR with a random
distribution of epoxy groups together with a polymer backbone
forms ENR (Pire et al., 2011). The existence of these epoxy groups
imparts ENR with miscibility with other polymers (Narathichat
et al., 2012) or active fillers (Sengloyluan et al., 2014) through
reactive compatibilization as they are reacted with nucleophilic
reagents (Chang et al., 2007; Nguyen et al., 2012; Zhang et al.,
2012).

Carbon Black as a Common Reinforcing Filler
Carbon black is ultrafine powder manufactured by the burning
of hydrocarbons in a limited supply of air (Drogin, 1968;
Huang, 2002). Aggregate size and shape and the number of
particles per aggregate play important roles in the determination
of the structure of carbon black. Carbon black with high
branching contains many prime particles that are referred to
as high-structure black, with stronger attractive forces between
aggregates. This means that more energy is required in the
process of dispersion to break the chain. High-structure black
has the tendency to produce larger aggregate grains in contact,
with smaller distances between aggregate grains. This attribute
is important in achieving high electrical conductivity (Huang,
2002).

For tire manufacturing, carbon black is used extensively
as the reinforcing filler. Several mechanical properties of tires
are reinforced such as its modulus, tear strength, and wear
characteristics (Khalil et al., 2007; Yu et al., 2016a). The usage
of carbon black as a reinforcing filler, which started in the
twentieth century, has produced a ten-fold increase in the service
life of tires. This phenomenon is due to the strong interaction
formed between the surface of carbon black and the rubber
matrix (Brennan et al., 1964; Leblanc, 2002; Fukahori, 2003;
Hoshikawa et al., 2016). The incorporation of carbon black has
an important effect not only on the mechanical properties but
also on the dynamic properties of the tires (Schaefer et al., 2000;
ten Brinke, 2002; Hilonga et al., 2012). Aside from solely focusing
on the strength of a tire, improvements of the tire’s dimensional
stability, conductive filler, ultraviolet light stabilizer, colorant,
and antioxidant to extend the service lifetime of rubber are also

important (Huang, 2002). Since then, carbon black has continued
to be used significantly in tires and also other rubber products as a
reinforcingmaterial, and up to 30% of rubber compounds involve
the incorporation of carbon black (Sudin and Swamy, 2006; Siti
Suhaily et al., 2013).

Eco-Toxicological Effect
Carbon black is an oil-based rubber reinforcing filler. Several
types of carbon blacks are available with different characteristic
properties. Incomplete combustion or thermal degradation
through pyrolysis produce furnace and thermal blacks (Huang,
2002), which are mainly used in sectors such as rubber and
polymer composites. The production process by the pyrolysis
method using liquid or gas hydrocarbons emits carbon dioxide
gas. Moreover, carbon black is harmful not only to the
environment but also to humans, as it is proven to cause
pulmonary inflammation through repeated inhalation in animal
models (Morfeld et al., 2006). Furthermore, the millimeter size
of carbon black in pellet form in industry is transformed into
powder form once it is introduced into the mixer (Huang,
2002; Wang et al., 2003). The pellet form is only used for ease
of transportation and handling of carbon black in the rubber
industry. But then, reversion into the aggregated state may occur
due to the shear forces that are applied during themixing process,
which breaks apart the agglomerates and produces particles
ranging from 70 to 500 nm, potentially increasing the risk of
exposure for workers (Basfar et al., 2002).

Currently, there are major issues associated with fossil fuel,
such as global warming, increases in price, depletion, and the
large dependence of carbon blacks on oil supplies, so that the
world faces critical issues to ensure that it has enough energy
and natural resources. With increasing prices and the demand to
ensure a safe environment and healthy population, the carbon
black utilized in tire manufacturing must be substituted with
other eco-friendly and naturally based fillers (Ehrburger-Dolle
et al., 1994; Snowdon et al., 2014). Therefore, the research
community is continuing in its efforts to find the best solution to
give better properties for a “green” composite. Many researchers
are making efforts to develop an alternative material to substitute
carbon black (Zafarmehrabian et al., 2012; Jiang et al., 2013).

GREEN TIRE TECHNOLOGY

The term “green tire” refers to entirely new types of tire that
are built completely from sustainable material. It is also known
as an “eco-friendly” tire, which does not pose a threat to the
environment. As people are giving their attention and focus
toward environmental protection, the utilization of various
natural biomasses is being examined to replace carbon black
as a filler in NR polymer matrix to produce greener tires.
Three features are considered: fuel efficiency, wet grip, and
noise. These green tires employ a special type of tightly bonded
rubber in the tread blocks that enhances the physical and
mechanical properties in terms of abrasion resistance and more
energy being retained during driving. This means that a lower
rolling resistance is established, and thus less engine power is
needed for rotating the tires, which results in fuel efficiency
in the automobile industry. Many researchers have explored
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a sustainable material substitute for oil-based carbon black as
the reinforcing filler to produce green tire composites (Guy
et al., 2009; Hilonga et al., 2012; Hirayama and Saron, 2012;
Zafarmehrabian et al., 2012; Siti Suhaily et al., 2013; Sarkawi et al.,
2015).

In the early 1990s, Michelin introduced the “Green Tire”
technology in the tire industry, which involved a full substitute
of carbon black by silica as the reinforcing filler in passenger tire
treads (Zafarmehrabian et al., 2012). However, the manufacturer
faced major difficulties in the construction of the green tire due
to the polar nature of silica, which is incompatible with the
non-polar rubber matrix. Some researchers then discovered that
organosilanes acted as an outstanding bonding material between
silica and the rubber matrix (Park and Cho, 2003; Atashi and
Shiva, 2010; Kaewsakul et al., 2014). Thus, silica/organosilane
technology was developed to ensure that excellent performance
was obtained from the green tire. This technology contributed to
savings in automotive fuel, since it reduced rolling resistance by
approximately 20% compared to a tire reinforced by carbon black
(Hall andMoreland, 2001; Niedermeier et al., 2002; Hilonga et al.,
2012; Sarkawi et al., 2015).

Other than Michelin, Goodyear and Bridgestone play a
major role in tire manufacturing, as they are also investing
in green technologies, specifically tire technology, and are
expanding their market share in the tire industry. Based on a
report published by Mathews (2018) from Tech Sci Research
recently, they anticipated that domestic production of tires in
the United States will be boosted by fuel-efficient tire technology,
thus inducing a need to find alternative raw materials for use in
tire manufacturing. Other than silica filler, another option has
also been studied for replacing traditional rubber and chemical
usage in the tire industry. In 2015, the company Evonik reported
the development of a liquid polybutadiene that makes the
silica/silane system more compatible with the rubber matrix of
tires (Braum and Jacobi, 2017).

Alternative Renewable Rubber Matrix
Rubber trees (Hevea brasiliensis) are largely composed of poly
(cis-1,4–isoprene) and mainly grow in vulnerable areas such
as South East Asia and a small part of Africa. The demand
for tires and the consumption of natural rubber are expected
to increase in line with the increase in the global population
and the expansion of the automobile industry. Hence, the
carbon footprint is expected to become greater, contributing
to global warming. Resource depletion is also a major issue.
Even though the source for the synthesis of natural rubber
is more than 2,000 plant species, only H. brasiliensis is used
for commercial production (Mooibroek and Cornish, 2000;
Cornish, 2017). Thus, alternative crops for natural rubber
are important to sustain the natural rubber supply, its long-
term productivity improvement, and best-in-class technology
availability for natural rubber production (Cornish, 2017). A few
species such as dandelions (e.g., Taraxacum brevicorniculatum)
and guayule (Parthenium argentatum) are possible alternative
rubber sources (Mooibroek and Cornish, 2000; Beilen and
Poirier, 2007; Schmidt et al., 2010; Venkatachalam et al., 2013).

Russian Dandelion
The prospects of plants such as dandelion as an alternative
natural rubber source look brighter because of its inherent
natural rubber potential and its metabolic processes, which affect
the rubber synthesis and became the focus of study with the aim
of enhancing its annual productivity (Laibach et al., 2015). In
the 1930s−1950s, Russian dandelion was cultivated as a domestic
source of rubber in the Soviet Union. After World War II, it
was cultivated to overcome a shortage of rubber in Europe. It
is scientifically known as T. brevicorniculatum and is a member
of the Asteraceae family. The plant has bright yellow flowers
made of many tiny florets. Its roots contain 15 percent latex
of a quality similar to that of the rubber tree, making it a
viable alternative (Cheng, 1963). The latex containing the rubber
and producing proteins contributes to the formation of long
polyisoprene chains, which generates high elasticity, high tensile
strength, and low-temperature flexibility, making it an ideal raw
material for tire manufacturing (Venkatachalam et al., 2013).
Dandelion also has the advantage of growing annually, unlike
Hevea, which usually takes from seven to 10 years to produce
latex, and this certainly helps to reduce the dependence on
Hevea for rubber and makes dandelion cost-competitive as a
natural rubber source. Continental have produced the first tires
where the tread uses 100 percent dandelion natural rubber as
a polymer. The biggest plans to manufacture consumer road
tires made from dandelion-derived rubber will be realized in 5–
10 years. It has been proven that durable tires produced from
dandelion rubber can replace tires produced from Hevea, as its
quality is comparable to that of traditional natural rubber. In
some applications, dandelion rubber performs even better than
traditional natural rubber; specifically, it provides good grip on
wet surfaces.

Guayule
Guayule is an evergreen plant that can be found in the dry area
of the south-west USA to the north of Mexico and, therefore,
can be grown in environments different from natural rubber (H.
brasiliensis) trees. Moreover, the rubber constituent it contains
is very similar to that in natural rubber (H. brasiliensis) trees
and it is able to produce a sufficient quantity of natural rubber
for commercial rubber application (Benedict et al., 2008; Laibach
et al., 2015). This is thus expected to become a valuable new
source for tire-grade rubber in commercial applications. The
cultivation of the guayule takes a shorter time than that of natural
rubber trees; it takes about 3 years before the trees are ready for
harvesting and processing to obtain natural rubber (Ray et al.,
2005; Beilen and Poirier, 2007).

A part of Bridgestone’s plan in its research is to optimize
the natural rubber content in the guayule plant and evaluate
its application in a broader range of tire types and rubber
compounds (Ray et al., 2005; Soratana et al., 2017). In 2015, the
Bridgestone group took an impressive step toward the expansion
and diversification of renewable resources by producing the
first tire made 100% from guayule-derived natural rubber. In
order to reduce its environmental footprint, the company built
similar passenger tires that use guayule natural rubber instead
of natural rubber from Hevea in all of the tire’s major natural
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FIGURE 1 | Major phenylpropanoid units of lignin (A) p-caumaryl alcohol (p-hydroxylphenyl), (B) coniferyl alcohol (guaiacyl), and (C) sinapyl alcohol (syringyl) (this is

reproduced with permission from Budapest University of Technology and Economics, Faculty of Mechanical Engineering, Department of Polymer Engineering; Jiang

et al., 2013).

rubber components, including the tread, sidewall, and bead filler
(Rasutis et al., 2015; Cornish, 2017).

LIGNIN AS AN ALTERNATIVE FILLER FOR
RUBBER COMPOUNDS

Chemistry and Properties of Lignin
Lignin is the second most abundant renewable natural resource
next to cellulose. It consists of three-dimensionally amorphous
polymer chains, which play an important mechanical support
role in the plant. This structure acts as a glue that holds
the fibers together and a stiffening agent within the fibers
(Thakur and Thakur, 2015). It imparts rigidity and impact
strength to the cell walls in plants (Feldman, 2016) and
protects them from harsh environmental conditions such as
water, etc. (Teaca et al., 2013; Thakur and Thakur, 2015). Even
though lignin is thermally stable as compared to cellulose and
hemicellulose, by contrast, it is responsible for the ultraviolet
(UV) biodegradation of the materials (Singha et al., 2009).
The bonds between lignin and carbohydrate are covalent
in nature and are composed of benzyl esters and phenyl
glycol-sides (Doherty et al., 2011).

Lignin possesses a phenylpropanoid backbone along with
phenolic and benzylic hydroxyl, methoxyl, and carbonyl
substitutions (Gosselink et al., 2004; Jiang et al., 2013; Bahl
et al., 2014a). The basic structural units of lignin are p-coumaryl
alcohol (p-hydroxyphenyl, H), coniferyl alcohol (guaiacyl, G),
and sinapyl alcohol (syringyl, S) (Figure 1). Lignin is generally
available as a major byproduct from a number of industries such
as in papermaking, ethanol production from biomass, etc., and
is generally burned to recover energy-pulping chemicals or used
in enzymatic or acid hydrolysis processes (Setua et al., 2000).
Considerable efforts are now being made to effectively utilize
waste lignin as one of the components of polymer matrices for
high-performance composite applications (Watkins et al., 2014).

Furthermore, the abundant functional groups on its surface is
one of the reasons why it is widely studied as a reinforcing filler of
plastics and rubber. In this context, the functional groups provide
the possibility for chemical modification to ensure compatibility
with an appropriate matrix polymer (Frigerio, 2014). The
common linkage to form a three-dimensional network structure
is β-O-4, α-O-4, β-5, 5-5, 4-O-5, β-1, and β-β bonds, which link
the basic structural units of lignin (Vainio et al., 2004). Typical
softwood lignin is based generally on coniferyl alcohol units and
is also called G lignin (Capanema et al., 2005; Dashtban et al.,
2010). It is isolated through different types of delignification
processes with different sources, but their structure is very similar
and highly polydisperse. Moreover, another class is hardwood
lignin, which contains a mixture of G and S units. The third
type of monomeric unit, based on G, S, and H units, is found
in other plants such as cereals, greases, and other non-woods
(Suhas et al., 2007). The p-hydroxylphenyl type aromatic rings
increase the reactivity due to the free positions at three and five,
and thus, a large fraction of these groups is essential for the use
of lignin in foam applications. Generally, lignin isolated from
different resources has been reported to have molecular masses
in the range of 1,000–20,000 g/mol (Doherty et al., 2011; Thakur
et al., 2014).

The chemical structure and properties of lignin vary with
the plant from which it is derived, either extracted as a
byproduct or extracted directly from lignocellulosic materials
(Thakur et al., 2014), as well as extraction method used (Watkins
et al., 2014). Lignin offers great advantages such as high
abundance, light weight, cost-competitiveness, biodegradability,
and environmental friendliness. In view of it being insoluble
in water (hydrophobic) and stable in nature, achieving
efficient transportation of water and nutrition in the cells of
plant (Nordstrom et al., 2013), and having an antioxidant,
antimicrobial, and biodegradable nature, along with its CO2

neutrality and reinforcing capability (Pouteau et al., 2003; Boeriu
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et al., 2004; Doherty et al., 2011; Bertini et al., 2012) it is an
excellent alternative for the development of innovative polymer
composite materials (Frigerio, 2014; Watkins et al., 2014).

Lignin as a Natural Alternative Source
Due to their contribution to addressing economic and
environmental challenges, there has been a noticeable increasing
trend in the rigorous study of bio-based composites by
researchers from industry and also academia. The study includes
the production of rubber composites containing lignin. Lignin
is included in rubber products to enhance their properties and
also lower their prices (Kumaran and De, 1978; Botros et al.,
2006; Feldman, 2016). However, previous studies of lignin-filled
rubbers revealed the incompatibility of polar lignin and non-
polar rubber (Setua et al., 2000; Kosikova et al., 2007; Barana
et al., 2016). This has generated further study of the incorporation
of lignin into the rubber matrix by using various mixing methods
and modifications to achieve better performance.

The published literature on lignin in the rubber industry is
highlighted in Table 1. The hydrophilicity behavior of lignin
causes difficulties in terms of the dispersion of lignin in the
rubber matrix as well as in the properties of the end rubber
product. A lot of approaches have been taken by researchers
to improve the process of rubber compound preparation and
enhance the flexibility of the final composites (Vieira et al., 2011).
One approach to utilize lignin for rubber application is by using
simple blending with a rubber matrix (Shukla et al., 1998; Setua
et al., 2000; Botros et al., 2006; Barana et al., 2016). However,
such rubber compounds suffered from low compatibility and
poor disperse-ability. Therefore, further research applied high-
temperature dynamic heat treatment (HTDHT) to improve
the dispersion of lignin and enhance the properties of the
composite (Jiang et al., 2015). Based on various reports, the
latex co-precipitation method has achieved excellent outcomes
(Ouyang et al., 2009; Asrul et al., 2013; John et al., 2014; Yu
et al., 2015, 2016a,b). The process is quite complicated but is a
positive approach to enhance the distribution of lignin in the
rubber matrix, which results in rubber composites with better
mechanical properties. In addition, surface modification using a
coupling agent and compatibilizer also has a large impact on the
properties of the lignin-filled rubber composite.

Mixing Technique of Lignin Into Rubber
Composites
The mixing method is one of the factors that determine the
properties of a rubber compound. It may produce poor quality
if an unsuitable method is chosen, as this may affect not only the
rheological characteristics but also the mechanical and physical
properties. This is because, with an unsuitablemethod, the rubber
material does not blend evenly or the reinforcing process may
not even be initiated. The main reasons for the incorporation
of lignin into rubber compounds as a substitute for an oil-
based filler are economical and environmental concerns. In
addition, the improvement of properties including compatibility,
stabilization, reinforcement, and cost-effectiveness (Botros et al.,
2006; Feldman, 2016) is also important. Several mixing methods
have been explored to develop the best product properties in

terms of mechanical and rheological characteristics. However,
the addition of the dry powder form of lignin usually leads
to severe coalescence of lignin particles and poor properties in
the blends.

Conventional Milling
The used of a conventional two roll mill machine has been
common in the rubber industry, especially for tire compounds,
and is frequently adopted because of its availability. The
properties of the compound depend highly on the skill of the
operator and also the ingredients involved. Unfortunately, direct
mixing of dry powder lignin into the rubber matrix shows little
or almost no reinforcing effect, and the filler is considered to
behave as inert (Barana et al., 2016). The reinforcing ability of
lignin for rubber depends on two factors: the particle size of
the lignin and the interfacial interactions between the lignin
and the rubber matrix (Shukla et al., 1998; Botros et al., 2006;
Jiang et al., 2015) due to the high content of hydroxyl groups
in the lignin surface. The incompatibility obtained was due
to a cavity forming around lignin agglomerates, resulting in
poor interfacial adhesion and poor compatibility between lignin
and rubber.

As an alternative, Jiang et al. (2015) prepared a rubber
compound using a laboratory two roll mill in which the lignin
was incorporated into ENR. Then, before the mixing process
was initiated with other ingredients on the two roll mill, the
rubber compounds went through a high-temperature dynamic
heat treatment (HTDHT) procedure (180◦C) using an internal
mixer. The impact of using this method was that lignin was
well-dispersed and exhibited great compatibility with ENR,
forming a reactive compound. Thus, it is possible to maximize
the reinforcing efficiency of lignin by this in situ dispersion
and compatibilization strategy when a conventional sulfur-
vulcanized system is applied. The success of this method was
proven by FESEM photos, as shown in Figure 2, which clarifies
the perfect lignin distribution.

Latex Co-precipitation
Forming a lignin-rubber compound via latex co-precipitation
is a common method used besides other conventional mixing
methods to incorporate lignin into rubber latex and form
a rubber masterbatch. This method enhanced reinforcement
ability and improved the properties of the compound (Košíková
and Gregorová, 2005; Asrul et al., 2013; Yu et al., 2015).
Previous studies have illustrated that lignin can reach the
reinforcement level of carbon black or silica by the co-
precipitation of rubber latex and alkaline solutions of lignin
(Jiang et al., 2013, 2015). Košíková and Gregorová (2005)
reported that the lignin samples act as an active filler
in rubber compounds. This is because a positive value
of the coefficient of activity, αF, of 0.6631 was obtained
and increased the reinforcing characteristic. Furthermore,
latex co-precipitation method exhibited a good result, with
homogenous distribution in the rubber compound and a
finer particle size of lignin formed (Košíková and Gregorová,
2005; Jiang et al., 2013). This was proven by SEM photos,
as shown in Figure 3. Furthermore, the flocculation and
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TABLE 1 | Applications of lignin in the rubber industry.

Type of lignin Rubber

type

Mixing method Application Finding References

1 Lignin NBR Conventional mixing Reinforcing filler;

modified with hexamine

Better thermal stability of NBR

compound than phenolic resin or

carbon black

Shukla et al., 1998

2 Lignin NBR Conventional mixing Reinforcing filler; addition

of benzoyl peroxide

Other mechanical properties better than

phenolic resin but inferior to carbon

black. In contrast, showed better

thermal stability than carbon black

Setua et al., 2000

3 Sulfur-free lignin NR (SMR20) Internal mixer at 70◦C Antioxidant filler Possibility to replace commercial

antioxidant at concentrations of 4–8 phr

based on antioxidant activity

Hybrid of lignin/IPPD exhibited highest

antioxidant efficiency

Gregorová et al.,

2006

4 Thiolignin and

soda lignin

NR Conventional mixing Filler—impact on thermal

stability toward NR

compound

Improved thermal stability; optimum

thiolignin loading was 15–20 phr

Botros et al., 2006

5 Sulfur-free lignin NR Internal mixer at 70◦C Reinforcing filler Lignin used as filler increased the

resistance of NR vulcanizates to

thermooxidative degradation in air

Kosikova et al.,

2007

6 Alkali lignin NR latex Latex co-coagulating Reinforcing filler Improved oil resistance of rubber latex

film and enhanced strength at loading

between 10 and 12 wt.%

Asrul et al., 2013

7 Sulfate lignin NR latex Latex co-coagulating Reinforcing filler—fabricate

colloidal lignin-poly

(diallyldimethylammonium

chloride) (PDADMAC)

complexes (LPCs) to form

NR/lignin nanocomposites

LPCs homogenously distributed in NR

matrix and improved mechanical

properties, thermal, and

thermo-oxidative stability of

NR compound

Jiang et al., 2013

8 Sulfate lignin SBR Latex co-coagulating Cationic lignin

montmorillonite (CLM) as

nanofiller

Higher co-coagulating rate of CLM as

compared to unmodified lignin.

Improved performance of composite

with 10 phr of CLM

Yu et al., 2015

9 Lignin from

Caryota fiber

NR latex Latex co-coagulating Reinforcing filler—extract

with simple method and

cheaper source

Improved main mechanical properties

and abrasion resistance, with optimum

loading 20–25 phr

John et al., 2014

10 Sulfate lignin ENR Conventional mixing and

high-temperature

dynamic heat

treatment (HTDHT)

Reinforcing filler—using

in-situ mixing method in

rubber matrix

Lignin aggregated and immiscible with

ENR matrix and improved performance

of composite

Jiang et al., 2015

11 Sulfate lignin SBR Latex Co-coagulating latex Reinforcing filler—form

lignin-novalac epoxy resin

Good reinforcement properties and

improved initial thermal stability of

rubber composite

Yu et al., 2015

12 Alkali lignin

[from

bagasse resource]

NR Latex co-coagulating—

prepare lignin/NR

compound; two roll

mill—added lignin/NR

compound with

other ingredient

Reinforcing filler—hybrid

filler of silica/lignin

Weaken the Payne effect and improve

process-ability, anti-aging resistance,

and anti-flex cracking

Exhibited optimal overall mechanical

properties at 20 phr of lignin and 30 phr

of silica

Yu et al., 2016a

13 Industrial

sulfate lignin

NBR Latex coagulating

compounding

(NBR/lignin) and other

ingredients mixed by

two roll mill method

Reinforce the rubber by

lignin-epoxy resin

networks

Lignin-epoxy resin improved oil

resistance ability and mechanical

performance, crosslinking density, and

thermal stability of rubber composites

Yu et al., 2016b

14 Kraft pipe lignin NR Convective mixing; open

two roll mill

Reinforcing filler with

addition of glycerolysate

as plasticizer

Superior tensile properties; highest

hardness and abrasiveness for NR

compound with 5 phr of lignin

SEM images proved a positive

interaction between rubber chain and

lignin particle

Datta et al., 2017

(Continued)
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TABLE 1 | Continued

Type of lignin Rubber

type

Mixing method Application Finding References

15 Sulfur-free lignin

[steam

explosion process]

NR

[STR 20] and

SBR 1500

Mixed using

Haake mixer

Reinforcing filler as partial

replacements for carbon

black

Low performance due to high amount

of impurities [ash and polysaccharide]

and polarized hydroxyl groups, which

interfered with lignin–rubber interactions

Modification of lignin by

hexamethylenetetramine treatment

slightly improved the properties

Frigerio et al., 2014

16 Kraft lignin and

calcium

lignosulphonate

SBR Two-step mixing using

brabender (1st step) and

two roll mill (2nd step)

Hybrid reinforcing filler:

carbon black/lignin

Both lignins capable of forming coating

layers on CB particles that maintain the

fractal nature of CB particles

This made hybrid filler particles stiffer

and contributed to a reduction of loss

tangent values by 10%

Bahl et al., 2014a

17 Kraft lignin SBR Two-step mixing using

brabender (91st step)

and two roll mill

(2nd step)

Hybrid filler/coupling

agent (polybutadiene-g-

pentafluorostyrene:

Pb-g-PPFS) to replace

KL/CB hybrid fillers

Presence of KL/Pb-g-PPFS increased

the stiffness, reduced energy

dissipation, and improved failure

properties due to enhanced coupling

between rubber and filler

Tensile strength improved 10% as

compared to KL/CB hybrid filler, but

stiffness not much different

Bahl et al., 2014b

18 Soda grass

lignin;

softwood Kraft

lignin;

purified lignin;

bio-ethanol

wheat straw

lignin;

rice husk lignin

by

NaOH extraction

NR latex Two approaches;

co-precipitation

and

dry mixing by

internal mixer

As antioxidant in rubber

composite

Co-precipitation approaches gave

effective homogenous distribution

compared to dry mixing and improved

the mechanical properties of NR

compounds before aging

Difference in phenolic content for 5

types of lignin observed: soda lignin

showed higher OIT and good

correlation between phenolics

concentration, antioxidant activity, and

molecular weight

Barana et al., 2016

19 Sodium sulfate Nitrile rubber Conventional two roll mill As a plasticizer—replacing

DOP partially and

completely by lignin

Increased the viscosity with good

tackiness and improved the curing

characteristics and physical properties

before and after aging at 10 phr of lignin

Jagadale et al.,

2016

20 Alkali lignin EPDM Conventional two roll mill Coupling agent Presence of lignin in EPDM rubber

improved adhesion—improved the

mechanical properties and

thermal stability

Xu et al., 2015

21 Kraft lignin NBR Conventional mixing

using open two roll mill

Reinforcing

agent—compared with

CB and phenolic resin

NBR composites with three types of

fillers showed good biodegradability

Lignin filler gave better thermal stability

in NBR composites, superior oil and

fuel resistance of nitrile rubber, and

higher modulus at 100% elongation,

elongation at break, and tear strength

than with neat NBR

Agarwal et al., 2014

22 Alkali lignin NBR Banbury mixer As reinforcing filler

substitute CB

Lignin/CB/NBR composites showed

better performance than CB-filled

rubber composite—presence of lignin

resulted in high strength and modulus

but maintained elasticity

Thermal stability and high-temperature

oil resistance of rubber composites

also improved

Wang et al., 2018

filtration of lignin/rubber co-precipitates were extremely slow.
This also seriously limits the development of lignin-based
rubber composites.

Modification and Lignin-Based Application
The modification method is known as a method to increase
the interfacial bonding strength between lignin and the rubber
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FIGURE 2 | FESEM photos of (A) lignin powder, (B) directly mixed, and (C) heat-treated lignin/ENR composites (this is reproduced with permission from John Wiley

and Sons; Jiang et al., 2015).

FIGURE 3 | SEM photo of SBR compound containing 50 phr of lignin as a

reinforcing filler at a magnification of x5,000 (this is reproduced with permission

from John Wiley and Sons; Košíková and Gregorová, 2005).

matrix. This is because the reinforcement effect of lignin is not as
good as that of carbon black due to the poor dispersion ability of
lignin in rubber and the poor interfacial adhesion between lignin
and the rubber matrix. Chemical modification in rubber-based
applications is generally carried out either through (1) chemical
modification of the lignin surface, (2) the use of substitute
chemicals or additives during mixing that contain functional
groups that are capable of forming a bridge between lignin and
rubber matrix, or (3) the rubber matrix being modified to achieve
better compatibility and end-product properties. Researchers
have tried many approaches to improve the reinforcement effect
of lignin and rubber (Bahl et al., 2014a,b; Bova et al., 2016; Tran
et al., 2016; Ikeda et al., 2017; Miao and Hamad, 2017) and have
achieved various levels of success in enhancing the adhesion and
dispersion of lignin in the rubber matrix, as has been reported in

previous studies (Laurichesse and Avérous, 2014; Thakur et al.,
2014).

Techniques using coupling agents and adhesion agents for
improving interfacial bonding have also been reported (Bahl
et al., 2014b; Wang et al., 2018). These approaches produced
covalent bonds between the lignin and the rubber matrix, thus
enhancing the interfacial bonding. Furthermore, the chemical
modification aims to improve the compatibility between lignin
filler and non-polar rubber matrices by surface modification of
lignins such as with hexamethylenetetramine (Setua et al., 2000;
Frigerio et al., 2014; Thakur et al., 2014; Jiang et al., 2015) and
cyclohexylamine (Bahl and Jana, 2014). This treatment basically
involves the reaction of lignin and formaldehyde and is reported
to provide excellent abrasion resistance and enhancement of
tire properties.

A recent new approach to enhancing the dispersion and
compatibility of lignin in the rubber matrix was to introduce the
construction of a dual crosslinking network. A dual crosslinking
network consists of the covalent bonds formed between sulfur
and carbon atoms in rubber and sacrificial non-covalent bonds
formed among lignins and Zn2+ ions. The development of
high-performance lignin-filled rubber was explored by adding
Zn-based coordination bonds (Wang et al., 2018) and forming
networks consisting of sulfur covalent bonds and the dynamic
coordination of sacrificial bonds, as shown in Figure 4. The
mechanism of sacrificial bonding provided the outstanding
properties of a strong and tough rubber compound (Sun et al.,
2012; Schmitt et al., 2015; Zhang et al., 2016; Wang et al., 2018).

In addition, fabricating nano-lignin and performing
nano-scale distribution using colloidal lignin-
Poly(diallyldimethylammonium chloride) (PDADMAC)
complexes (LPCs) showed an enhancement of the reinforcement
ability (Jiang et al., 2013) in NR/lignin nanocomposites,
as shown in Figure 5. Lignin was viewed as an anionic
polyelectrolyte (colloidal) when phenolic hydroxyl and
carboxylic groups were ionized. As a result, LPCs were
homogeneously distributed in the NR matrix, which resulted
in improved mechanical properties and thermal and thermo-
oxidative stability for the NR/LPC composites. Pillai and
Renneckar (2009) and Yang et al. (2005) showed, through
FTIR spectra, there was interaction between lignin units and
PDADMAC chains.
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FIGURE 4 | Schematic representation of a dual crosslinking network for lignin/carbon black/NBR composites [this is reproduced with permission from MDPI (Basels);

Wang et al., 2018].

Another method suggested is to graft polymers onto lignin
using controlled radical polymerization, and this method has
shown advantages (Wang et al., 2011) over modified lignin. This
approach improved the surface reactivity by converting phenolic
or aliphatic hydroxyl group into new functionalized groups
like ketone or aldehyde, hence enhancing the reinforcement
characteristic compared to the crude version (Shukla et al.,
1998). However, the grafting method also has high potential
for modification, since it achieves comparable results to the
co-precipitation mixing method but has a shorter process time.

Furthermore, chemical modification such as acetylation of
hydroxyl groups has also been reported to achieve the same
improvement in terms of compatibility and dispersion in
the rubber matrix (Bertini et al., 2012; Barana et al., 2016).
However, the reliability of phenolic hydroxyl groups must be
safeguarded, as their modification results in the inhibition of
antioxidant properties (Sadeghifar and Argyropoulos, 2015).
Surfacemodifications have provided the external surface of lignin
agglomerates with a better affinity toward the rubber matrix. In
addition, the interaction of sodium lignosulfonates (SLS) with
carbon nanotubes was studied by Liu et al. (2007). A similar study
looked at the surface functionalization of MWNTs using Kraft
lignin and its use in energy storage applications (Milczarek and
Nowicki, 2013).

Moreover, researchers are also paying a lot of attention to
hybrid technologies with carbon black (Bahl et al., 2014a), silica
(Strzemiecka et al., 2016; Yu et al., 2016a), montmorillonite (Cao
et al., 2013; Jiang et al., 2014), and layered double hydroxides

(LDHs) (Xiao et al., 2013). This technique mostly provides
good reinforcing ability to the rubber compound. According to
Bahl et al. (2014a), a hybrid filler between lignin and carbon
black could lower the viscoelastic loss. Meanwhile, a lignin-
montmorillonite hybrid filler was prepared by direct dehydration
of the mixture of black liquor and montmorillonite and was
used to reinforce acrylonitrile butadiene rubber (NBR) (Cao
et al., 2013). However, this method is time-consuming and is
not suitable for large-scale manufacturing. Furthermore, the
modification of lignin in a rubber compound by using a hybrid
method is unsatisfactory in terms of lignin dispersion and lignin–
rubber interaction.

Reinforcement Studies of Lignin-Rubber
Composites
The addition of reinforcing agents often changes the properties
of a rubber composite. It not only improves the mechanical
properties, such as toughness, but also influences the thermal
properties. Many researchers have focused on different
approaches, and some of them have used different accelerator
systems (Kumaran and De, 1978) and different types of crosslink
agents (Nando and De, 1980) to study the network structure
involved in lignin-filled rubber composites in detail, hence
evaluating the properties obtained.

Cure Properties
The effect of the substitution of carbon black with natural
lignin has been studied in great depth by researchers. Gradual

Frontiers in Materials | www.frontiersin.org 10 January 2020 | Volume 6 | Article 329147

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


Mohamad Aini et al. Lignin as Green Filler

FIGURE 5 | Schematic representation of the fabrication of nanolignin for the preparation of natural rubber (NR)/lignin nanocomposite (this is reproduced with

permission from Budapest University of Technology and Economics, Faculty of Mechanical Engineering, Department of Polymer Engineering; Jiang et al., 2013).

TABLE 2 | Comparison of mechanical properties with different formulations.

No. Preparation method Formulation Tensile

strength

[MPa]

Elongation at

break

[%]

M300

[MPa]

Hardness

[Shore A]

References

1 Nano-lignin and NR prepared by latex

co-precipitation

Lignin-Poly(diallyldimethylammonium

chloride) complexes (LPCs) fabricated

via self-assembly technology

L-0 25.24 654 2.00 38 Jiang et al., 2013

L-3 23.91 701 1.96 37

LPCs-3 27.51 715 2.25 40

2 Softwood Kraft Lignin (SWK) mixed into

NR by two different methods, namely

co-precipitation, and dry mixing

NR (neat) 15.02 586 3.25 – Barana et al., 2016

NR/SWK 23.76 578 4.55 –

NR/SWK

(dry mixing)

14.39 521 3.23 –

3 Lignin/novolac epoxy resin (F51)

incorporated in SBR by a combination

of latex compounding and melt mixing

SBR/L-0/F51-0 2.2 339.7 1.9 40 Yu et al., 2015

SBR/L-0/F51-10 3.0 382.3 2.7 37.9

SBR/L-50/F51-0 16.4 787.4 3.6 64

SBR/L-50/F51-

10

23.2 681.6 6.7 70

replacement of carbon black with lignin has increased the scorch
and optimum cure time, tS2 and t90, respectively, and reduced the
curing rate index (CRI) and the crosslink density of the lignin-
filled rubber composite. The inclusion of lignin into the rubber
matrix delayed the vulcanization of rubber due to the effect of

radical scavenging by hindered phenol groups in lignin (Liu et al.,
2013; Wang et al., 2018). Torque values were decreased by the
presence of lignin, indicating worse interfacial adhesion between
unmodified lignin and rubber matrix segments compared to
solely carbon black (Wang et al., 2018). However, researchers
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FIGURE 6 | Tensile strength of SBR vulcanizates filled with 30 phr filler (this is

reproduced with permission from Elsevier; Bahl et al., 2014a).

reported that lignin was dispersed well in natural rubber and
made the compound more scorch-resistant and improved the
optimum cure time (Nando and De, 1980).

Curing behavior is also dependent on the curing system
used. The distribution of different types of crosslinks is affected
by the reversion time, and the inclusion of lignin showed
that it actually takes part during the vulcanization process
and that the mechanism is due to the thermal stability itself.
Besides, the conventional vulcanization (CV) system delayed the
optimum cure time, but the semi-efficient (semi-EV) and efficient
vulcanization (EV) systems increased the cure rate (Nando
and De, 1980; Shukla et al., 1998; Kakroodi and Sain, 2016).
Nevertheless, some studies reported that the presence of lignin
decreased the crosslink density and the number of polysulphidic
crosslinks while maintaining the number of disulfidic and
monosulfidic crosslinks (Kumaran and De, 1978; Kakroodi and
Sain, 2016). They suggested that the incorporation of lignin in
the rubber matrix masked some of the cross-linking sites on the
rubber molecules. Normally, acidic functional groups in lignin
particles should interrelate with the basic rubber components.

Mechanical Properties
In practice, the interaction of filler particles with one another
does not constantly yield the expected and desired effects.
Theoretically, the mechanical properties shown differently
depend on the modification and formulation used, as
summarized in Table 2. The properties show significant
improvement compared to control samples. Hybrid fillers
were reported by Wang et al. (2002) as the best way to gain
the optimum balance of tire properties, particularly rolling
resistance, wet traction, and wear resistance. The combination of
lignin with montmorillonite (Cao et al., 2013; Jiang et al., 2014),
layered double hydroxides (Xiao et al., 2013), and carbon black
(Košíková and Gregorová, 2005; Xiao et al., 2013; Bahl et al.,
2014a) as hybrid fillers in rubber composites resulted in higher
tensile strength, thermal stability, and low rolling resistance. This
was because the components of the hybrid filler worked together,
with the lignin suppressing the formation of a filler network and,
in return, the other fillers assisting in the dispersion of lignin in
the rubber matrix. Despite this, time consumption is an issue in

TABLE 3 | Comparison of the thermal and thermo-oxidative decomposition for

NR without lignin, NR/lignin, and NR/LPCs composites (this is reproduced with

permission from Budapest University of Technology and Economics, Faculty of

Mechanical Engineering, Department of Polymer Engineering; Jiang et al., 2013).

Sample Code Thermal decomposition Thermo-oxidative

decomposition

T5% [◦C] T50% [◦C] Tmax [◦C] T5% [◦C] T50% [◦C] Tmax [◦C]

Lignin-0 phr 283.5 375.1 370.0 289.2 372.8 358.8

Lignin-3 phr 310.7 385.4 381.0 294.3 379.6 368.6

LPCs-3 phr 312.0 390.7 386.5 288.6 373.9 372.5

the preparation of these lignin-based hybrid fillers. Moreover, the
organic solvent used in this process is unfavorable for industrial
production (Jiang et al., 2015).

The incorporation of lignin into the rubbermatrix can prevent
the loss of mechanical properties that arises due to oxidative
degradation. Setua et al. (2000) reported that unmodified lignin
showed poor tensile strength compared to DCP-modified lignin.
The tensile strength at failure of vulcanized rubber reflected the
true reinforcement behavior of the hybrid filler, as the tensile
strength and elongation at break were the failure properties. The
result obtained by Bahl et al. (2014a) for the tensile strength of the
SBR-30/LS/CB compound with an LS:CB ratio by weight of 10:90
(30 phr) was closed to that of the compound of SBR-30/CB (30
phr). However, the tensile strength dropped dramatically for the
hybrid filler compound with a 20:80 LS:CB weight ratio, as shown
in Figure 6. This was due to strong interaction between lignin
and carbon black, which resisted the breakage of the networks
and prevented dispersion by shear forces during compounding.
Furthermore, the incorporation of lignin improved the Young’s
modulus of the rubber compounds in the whole range of
deformations without compromising elongation at break (Barana
et al., 2016). This was due to the protection given by lignin
against degradation processes in the rubbermatrix duringmixing
with high mechanical and thermo-oxidative stresses. However,
flex crack resistance could sometimes be improved even at lower
cross-link density of the rubber, and there was also an increase in
crack growth resistance due to the higher percentage of disulfidic
crosslinks (Kakroodi and Sain, 2016).

Thermal Properties
The thermal stability of rubber composites was investigated
through thermal decomposition, as displayed in Table 3 (Jiang
et al., 2013). Environmental stresses such as oxygen and heat
led to undesirable chemical changes in polymers, such as loss of
ductility, loss of surface quality, and changes in their molecular
weights and structures (Kakroodi and Rodrigue, 2013; Kakroodi
and Sain, 2016). The changes to rubber molecular weights
were due to chain scission followed by cross-linking of the
produced macro-radicals with unsaturated C=C double bonds.
Furthermore, the formation and accumulation of small molecules
such as H2, carbon monoxide, carbon dioxide, and monomers
can cause cracks and crazes in the rubber. Nevertheless, the
inclusion of lignin into the natural rubber compound enhanced
the thermal stability. The strong interaction among lignin and
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FIGURE 7 | Influence of the concentration of phenolic hydroxyls of different types of lignin (A) and SWK lignin concentration (B) on the protection time (OIT) (this

reprinted with permission from Barana et al., 2016; Copyright (2016) American Chemical Society).

NR molecular chains provided various effects like branching,
surface, and size effects (Peng et al., 2007; Jiang et al., 2013).

Furthermore, the hindered complex phenolic hydroxyls of
lignin acted to improve and stabilize the reaction during thermal
testing, which was initiated by oxygen and its radical types
(Pouteau et al., 2003; Barana et al., 2016) as shown in Figure 7.
Different types of lignin have different concentrations of phenolic
hydroxyls that contribute to the stability of the polymer.
Sometimes, the modification of lignin showed lower thermal
stability as compared to unmodified lignin (Jiang et al., 2013).
This might be due to the interaction within phenolic radical
cations, as this would weaken the ability of phenolic hydroxyls
to scavenge free radicals in lignin. Besides, lignin has been used
to improve thermal properties, since it acts as a flame retardant
and has good thermal insulating properties (Xing et al., 2013). In
addition, the lignin gives protection to the rubber matrix against
degradation processes during mixing at high mechanical and
thermo-oxidative stresses.

Dynamic Mechanical Properties (DMA)
The dynamic mechanical behavior of a rubber compound is
generally characterized using DMA testing and analysis. The
storage modulus (E’) and loss tangent (tan δ) against temperature
have been analyzed to observe the influence of Kraft lignin on
the thermomechanical properties of natural rubber composites.
The storage modulus showed a positive correlation with the
elastic modulus of rubber composites and was proportionate
to the crosslink density (Geethamma et al., 2005; Cao et al.,
2013; Yu et al., 2015). Meanwhile, the loss tangent is related to
the energy dissipation as heat (Jiang et al., 2015). According to
Datta and Parcheta (2017), the incorporation of Kraft lignin in
natural rubber composites leads to a decrease in the stiffness
and an increase in the damping capacity of the natural rubber
matrix. The value of the storage modulus strongly decreased
in the temperature range between −60 and −20◦C, which is

related to the glass transition temperature, Tg, of the natural
rubber matrix; this can be observed from the midpoint of the
decreasing part of the curve approaching Tg. This is closely
associated with the relaxation of the natural rubber chains. The
cooperative motion of macromolecules induces the dissipation
of energy at a temperature of the maximum tan δ. After −25◦C,
the curve characteristics are related to the remaining crystalline
regions melting in the macromolecule chains from the natural
rubber matrix.

However, Robertson and Rackaitis (2011) mentioned that
the increment in storage modulus implied the characteristic
of materials with higher stiffness, which should be associated
with the addition of rigid lignin particles, enhancement of
filler–rubber interactions, and the reinforcing nature of lignin
on rubber materials. Increasing the lignin content in rubber
composites shifted its tan δ peaks to higher temperatures and
continually increased the Tg taken at the maximum value of
tan δ peaks. This phenomenon can be clearly seen in case of
the utilization of lignin in ENR rubber, in which the molecules
of ENR are covalently bonded to lignin particles during the
mixing process in the presence of high temperature. The bonds
strongly restrict the mobility of the chain segments of ENR.
Besides, the tan δ peak height significantly decreases with
increasing lignin content. As reported earlier, the increase in
the Tg of nanoparticle-filled polymer composite was generally
<10◦C, which indicates the uniform dispersion of lignin and
changes in the network structure of lignin/ENR composites
(Jiang et al., 2015).

Oil/Solvent Resistance Properties
Less attention has been given to the topic of oil resistance
characteristics. However, the hydrophilic properties of lignin
will give advantages to the rubber compound, improving its
oil resistance characteristics (Asrul et al., 2013), and will have
a good influence on the natural rubber compound, as it has
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FIGURE 8 | Effect of lignin loadings on the (A) crosslink density and elastic constant, C2, and (B) percentage mass change (this is reproduced with permission from

Asrul et al., 2013).

low oil and solvent resistance. The degree of absorption also
depends on the type of oil used. The presence of lignin, even
in a small amount, in the rubber significantly reduced the
adsorption level of a rubber compound, as reported by Asrul
et al. (2013). This indicated the formation of chain entanglement
from secondary bonding between lignin and rubber molecules
(Figure 8), affecting the mass changes of the lignin-filled rubber
sample. These characteristics impacted the properties of the
rubber compound, which reduced the stiffness and strength of
the compound as well as giving it poor chemical resistance and
low dimensional stability. However, the opposite effect has been
seen with a modified lignin-filled rubber compound, which had
better swelling resistance, even higher than carbon black-filled
rubber. This was highlighted by Setua et al. (2000), who showed
that surface treatment increased the polarity of the lignin.

FUTURE PERSPECTIVES

Lignin has unique properties and has attracted many researchers
to explore and determine its potential applications in a variety
of industries. The delignification processes of lignin are well-
documented, and many of its main properties have been
reported. However, more studies are required on product
commercialization and manufacturing processes for composites
based on lignin. The main reason for this paper is to cause
scientists and researchers to look at the potential of lignin as
a reinforcing filler in the rubber industry as a substitute for
carbon black due to the depletion of oil stock and the harm the
latter brings to the environment. Many studies in recent years
have focused on the utilization of lignin in synthetic rubber and
less so in natural rubber. Incorporating a lignin particle into an
unsaturated chain rubber matrix may have a toughening effect.
Numerous experiments have been performed since the 1940s

to determine which mixing methods contribute good composite
properties. Until now, simple and efficient ways to formulate
lignin/rubber composites with excellent interfacial interaction
and dispersion quality are yet to be found. However, we have
here compiled and compared the best modification and mixing
methods for lignin as a reinforcing filler or an additive to
rubber compounds; this can now be used for future studies. The
appropriate method will play an important role in providing
optimized properties, especially for green tire applications.
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The increase in awareness of the damage caused by synthetic materials on the

environment has led to the development of eco-friendly materials. The researchers have

shown a lot of interest in developing such materials which can replace the synthetic

materials. As a result, there is an increase in demand for commercial use of the natural

fiber-based composites in recent years for various industrial sectors. Natural fibers

are sustainable materials which are easily available in nature and have advantages

like low-cost, lightweight, renewability, biodegradability, and high specific properties.

The sustainability of the natural fiber-based composite materials has led to upsurge

its applications in various manufacturing sectors. In this paper, we have reviewed the

different sources of natural fibers, their properties, modification of natural fibers, the effect

of treatments on natural fibers, etc. We also summarize the major applications of natural

fibers and their effective use as reinforcement for polymer composite materials.

Keywords: natural fiber, sustainable and renewable resource, eco-friendly composites, applications of natural

fibers, reinforcement for composites materials, treatments on natural fibers

INTRODUCTION

Material selection in design andmanufacturing of a sustainable product plays a vital role in the field
of engineering design. The materials are used to explore their physical properties along with their
mechanical properties to make the product better one and reach its customer satisfaction levels.
The polymer composite materials are one of such materials which provide the ease of processing,
productivity, and cost reduction (Faruk et al., 2012; Al-Oqla and Sapuan, 2014; Sanjay and Suchart,
2019). The composites are tailor-made materials which have a unique quality where the properties
can be altered by varying the different reinforcement and matrix phase (Bledzki and Gassan, 1999;
Yogesha, 2017). Compared with the synthetic fibers, the natural fibers have many advantages due to
their abundance, availability, and low cost (Arpitha et al., 2017; Madhu et al., 2019b). The natural
fibers are introduced instead of synthetic fibers to make the composites lighter. The density of
natural fibers (1.2–1.6 g/cm3) is lower than glass fiber (2.4 g/cm3), which leads to the making of
the light-weight composites. As a result, there is an increase in the demand for the commercial
use of natural fiber-based composites in various industrial sectors. Therefore, natural fibers such as
hemp, jute, sisal, banana, coir, and kenaf are extensively used in the production of the lightweight
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FIGURE 1 | Constituents of plant fibers (Faruk et al., 2014).

composites (Sreekala and Thomas, 2003; Thakur et al., 2014;
Oksman et al., 2016). The natural fiber-based composites have
been used in automotive interior linings (roof, rear wall, side
panel lining), furniture, construction, packaging, and shipping
pallets, etc. (Oksman, 2001; Lau et al., 2018; Sood and Dwivedi,
2018; Santhosh Kumar and Hiremath, 2019). Natural fibers are
extracted from different plants and animals (chicken feather,
hair, etc.) (Aziz and Ansell, 2004; Huda et al., 2006; Kicinska-
Jakubowska et al., 2012). The plant fibers are made up of
constituents like cellulose, lignin, hemicellulose, pectin, waxes,
and water-soluble substances, which is represented in Figure 1.
The presence of cellulose which is hydrophilic in nature affects
the interfacial bonding between the polymermatrix and the fibers
because the matrix is hydrophobic. Chemical treatment of the
natural fibers is one of the ways to optimize the interaction
between the fibers and polymer matrix. As it reduces the
OH functional groups present on the fiber surface and also
it increases the surface roughness and hence enhances the
interfacial interaction between the matrix and the fibers (Liu
et al., 2005; Mahjoub et al., 2014; Manimaran et al., 2017; Athith
et al., 2018; Sanjay et al., 2019a). The study of natural fibers is very
essential to develop eco-friendly composites.

SOURCE, PROPERTIES, AND
APPLICATIONS OF NATURAL FIBERS

Kenaf (Hibiscus cannabinus)
The kenaf fibers are one of the important fibers belongs to
bast fibers and it is mainly used for paper and rope production
(Hamidon et al., 2019; Omar et al., 2019). Kenaf is a fibrous
plant. They are stiff, strong, and tough and have high resistance to
insecticides. These plants are cultivated 4,000 years ago in Africa,
Asia, America, and some parts of Europe (Saba et al., 2015; Zamri

et al., 2016; Shahinur and Hasan, 2019b). The fibers are extracted
from flowers, outer fiber, and inner core. The outer fiber is known
as bast which makes 40% of the stalks dry weight and the inner
core comprises of 60% of stalks dry weight. The kenaf plants upon
harvesting are processed by using a mechanical fiber separator
and the whole stalk is used in pulping. The extracted fibers must
be treated chemically or bacterially to separate it from the non-
fibrous substances like wax, pectin, and other substances (Suharty
et al., 2016; Arjmandi et al., 2017). These fibers can be converted
into fine woven fabrics. Kenaf fibers are environmentally friendly
as they are completely biodegradable. In the olden days, these
fibers were used for textiles, cords, ropes, storage bags, and
Egyptians used it for making boats. Nowadays these fibers are
made as composites along with other materials and are used
in automotive, construction, packaging, furniture, textiles, mats,
paper pulp, etc. (Nishino et al., 2003; Anuar and Zuraida, 2011;
Atiqah et al., 2014; Kipriotis et al., 2015).

Hemp (Cannabis sativa)
The Hemp is one of the kinds of plants species grown mainly in
Europe and Asia. It grows up to 1.2–4.5m and 2 cm in diameter
(Bhoopathi et al., 2014; Réquilé et al., 2018). The inner girth is
surrounded by core, and the outer layer is the bast fiber and it is
attached to the inner layer by glue-like substance or pectin. These
fibers are used in rope, textiles, garden mulch, the assortment of
building material and animal beddings. In recent developments,
it is used to fabricate different composites (Li et al., 2006; Martin
et al., 2013; Väisänen et al., 2018). The hemp plants are harvested,
and the woody core from bast fibers is separated by a sequence
of mechanical process. The woody core is cleaned to obtain the
required core content and sometimes they are cut to the desired
size. While the separated bast fibers are further processed to form
yarn or bundles (Clarke, 2010; Duval et al., 2011; Fang et al., 2013;
Raman Bharath et al., 2015; Sam-Brew and Smith, 2015).

Jute (Corchorus capsularis)
The jute an important natural fiber grown in parts of Asia
including India, Bangladesh, China, and Myanmar (Khan and
Khan, 2014; Das, 2017; Shahinur and Hasan, 2019a). The jute
plant grows up to 15–20 cm in 4 months, and the fibers
are extracted after harvesting which is about 4 months from
cultivation. The retting process is done either with the help of
chemicals (N2H8C2O4, Na2SO3, etc.) or biologically (Rahman,
2010). In biological retting, the stalks which are harvested are
arranged in bundles and allowed to soak in water for about 20
days (Banik et al., 2003; Behera et al., 2012). This removes the
pectin between the bast and the wood core which helps in the
separation of the fibers. Then these fibers are allowed to dry.

Flax (Linum usitatissimum)
The flax fibers are produced from the prehistoric period.
These fibers are separated from the stems of the plant Linum
usitatissimum is mainly used to produce linen (Ruan et al.,
2015; De Prez et al., 2018; Bourmaud et al., 2019). These are
cellulosic plants but they are more in crystalline form. These
fibers measure up to 90 cm length and diameter of 12–16µm.
Netherlands, Belgium, and France are the leading manufacturers
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of these fibers. These fibers are used in furniturematerials, textiles
bed sheets, linen, interior decoration accessories, etc. (Van de
Weyenberg et al., 2003; Charlet et al., 2010; Angelini and Tavarini,
2013; Ramesh, 2019). The fiber extraction involves the retting,
and scorching both this process will make some alterations in
the properties of the fibers. The retting involves the enzymes
which degrade the pectin around the flax fibers which results
in separation of fibers. Canada is the largest flax producer and
exporter in the world, produced about 872,000 tons (Bos et al.,
2006; Zafeiropoulos and Baillie, 2007; Martin et al., 2013; Zhu
et al., 2013).

Ramie (Boehmeria nivea)
Ramie is one of the herbaceous perennial plants cultivated
extensively in the region native to China, Japan, and Malaysia
where it has been used for over a century as one of the textile
fabrics (Nam and Netravali, 2006; Rehman et al., 2019; Yang
et al., 2019). Ramie is a non-branching, fast-growing plant which
grows up to 1–2m height. The fibers extracted from the stem
are the strongest and longest of the natural bast fibers. They
are used to make sweaters in combination with cotton, also it is
used in upholstery, gas mantle, fishing nets, andmarine packings,
etc. (Cengiz and Babalik, 2009; Marsyahyo et al., 2009; Sen and
Jagannatha Reddy, 2011b). In addition to this attempt has been
made for developing bio-based products by utilizing them in the
field of automotive, furniture, construction, etc. The ramie fibers
are extensively used for the production of a wide range of textiles,
pulp, and paper, agrochemicals, composites, etc. The processing
of the ramie fibers is similar to linen from flax (Angelini and
Tavarini, 2013; Bunsell, 2018).

Nettle (Urtica dioica)
Nettle is the commonly grown herbaceous plant consists of 35–
40 different species generally grown in Europe, Asia, Northern
Africa, and North America (Bacci et al., 2009; Akgül, 2013;
Lanzilao et al., 2016). The plant usually grows up to 2m in
length, the leaves are soft and green which are 3–15 cm long. The
leaves and stems are generally hairy and have stinging hairs on
them (Cummings and Olsen, 2011; Fang et al., 2013; Bourgeois
et al., 2016). The fiber extraction is done by harvesting the plants
during the flowering period. The fiber is extracted either by
retting the stalks or by decorticating. The typical applications of
nettle fibers are in the textile industry, bioenergy, animal housing,
etc. Nowadays attempts have beenmade to use the nettle fibers on
an industrial scale (Bacci et al., 2009;Mortazavi andMoghaddam,
2010).

Pineapple Leaf (Ananas comosus)
The pineapple plant is one of the abundantly cultivated plants
which is easily available. The pineapple leaf fiber is crop
waste after pineapple cultivation. It is a short tropical plant
grows up to 1–2m and the leaves are in cluster form consists
of 20–30 leaves of about 6 cm wide. Approximately, 90–
100 tons of pineapple leaves are grown per hectare. Among
the different natural fibers, pineapple leaf fibers show good
mechanical properties. Pineapple leaf fibers are multicellular
and lingo-cellulosic. The fibers were extracted by hand using

the scrapers (Kengkhetkit and Amornsakchai, 2012; Laftah and
Abdul Rahaman, 2015; Todkar and Patil, 2019). The various
applications are in automobiles, textile, mats, construction, etc.
The treated and surface-modified fibers are used for making
conveyor belt cord, air-bag, advanced composites, etc. (Paridah
et al., 2004; Jawaid and Abdul Khalil, 2011; Reddy and Yang, 2015;
Al-Maharma and Al-Huniti, 2019).

Sisal (Agave sisalana)
The sisal is one of the most used natural fibers and Brazil is
one of the largest producers of this fiber. It is a species native to
southMexico consists of the rosette of leaves grows up to 1.5–2m
tall (Naveen et al., 2018; Sanjay et al., 2018; Senthilkumar et al.,
2018; Devaraju and Harikumar, 2019). The sisal produces about
200–250 commercially usable leaves in the life span of 6–7 years.
The sisal fibers are having good range of mechanical properties
and are used in the automotive industry, shipping industry (for
mooring small craft and handling cargo), civil constructions,
used as fiber core of the steel wire cables of elevators, agricultural
twine or baler twine, etc. (Mihai, 2013; Ramesh et al., 2013;
Nirmal et al., 2015; Aslan et al., 2018).

Date Palm (Phoenix dactylifera)
The date palm is known as palm extensively grown for its fruit.
The biodiversity of the date palm is all over the world comprising
around 19 species with more than 5,000 cultivators all around the
world (Wales and Blackman, 2017; Alotaibi et al., 2019; Rivera
et al., 2019). The date palm trees (Phoenix dactylifera L.) are
the tallest among the Phoenix species and can grow up to 23m
height (Al-Oqla and Sapuan, 2014; Gheith et al., 2018;Masri et al.,
2018). The date palm rachis and leaves are accumulated in large
quantity after the harvesting of the date farm fruits every year in
the farming lands of different countries. These fibers can be used
as the potential cellulosic fiber sources. These fibers from leaves
and rachis can be used as the reinforcement for thermoplastic
and thermosetting polymers. Some researchers have found ways
to use the date palm fibers in the automotive application (Alawar
et al., 2009; Arunachalam, 2012; Liu et al., 2018).

Cotton (Gossypium)
Cotton belongs to the sub-tribe Hibisceae and family of
Malvaceae is an important agricultural crop (Elmogahzy and
Farag, 2018). It is the commonly used natural fiber for the
production of cloths. The cotton is grown in tropical and
subtropical regions, and China is the largest producer of cotton
followed by India and the United States (Mwaikambo et al., 2000;
Colomban and Jauzein, 2018). Among the various species of
cotton, upland cotton (Gossypium hirsutum) and pima cotton
(Gossypium barbadense) are the most popular (Zou et al., 2011;
Al-Oqla et al., 2015; Sharma et al., 2017). The leaves of the cotton
are removed and are collected and compressed into truckload-
sized “modules.” Later the modules are transported to processing
plant known as the cotton gin. The gin separates the seeds,
sticks, burrs, etc. from the cotton fibers. The cotton fiber is
used extensively in textile industries, and recently attempts have
been made to develop the composites for industrial applications
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(Cheung et al., 2009; Gupta and Srivastava, 2016; Balaji and
Senthil Vadivu, 2017).

Coconut Fiber (Cocos nucifera)
The coconut fiber is obtained from the husk of the coconut
fruit. Among the different natural fibers, coconut fiber is the
thickest. Coconut trees are mainly grown in tropical regions
(Nair, 2010; Arulandoo et al., 2016; Danso, 2017). The major
share of the commercially produced coconut fiber comes from
India, Sri Lanka, Indonesia, Philippines, and Malaysia (Pham,
2016). Coir fiber, in particular, is a light and strong fiber that
has been attracted scientific and commercial importance due to
their specific characteristics and availability (Sen and Jagannatha
Reddy, 2011a). Compared to other typical natural fibers, coconut
fiber has higher lignin and lower cellulose and hemicellulose,
together with its high microfibrillar angle, offers various valuable
properties, such as resilience, strength, and damping, wear,
resistance to weathering, and high elongation at break. The coir
fiber is used for making ropes, mats, mattresses, brushes, in the
upholstery industry, agriculture, construction, etc. (Al-Oqla and
Sapuan, 2014; Verma and Gope, 2014; Sengupta and Basu, 2016;
dos Santos et al., 2018).

Kapok (Ceiba pentandra)
Kapok belongs to the Bombacaceae family. It grows in tropical
regions (Arumugam, 2014; Zheng et al., 2015). Kapok fiber is
silk cotton and the color of the fiber is yellowish or light brown.
The fibers enclose the kapok seeds. Kapok fibers are cellulosic
fibers, light-weight, and hydrophobic (Prachayawarakorn et al.,
2013; Wang et al., 2019). Conventionally, kapok fiber is used
as buoyancy material, oil-absorbing material, reinforcement
material, adsorption material, biofuel, etc. (Tye et al., 2012; Dong
et al., 2015; Zheng et al., 2015).

Bamboo (Bambusoideae)
Bamboo fiber is also known as natural glass fiber due to the
alignment of fibers in the longitudinal directions (Zakikhani
et al., 2014; Wang and Chen, 2016). It is one of the extensively
available trees in the dense forests especially in China, about 40
families, and 400 species are found (Fan and Weclawski, 2016;
Van Dam et al., 2018). Bamboo fiber is used as reinforcement
in polymeric materials due to its light-weight, low cost, high
strength, and stiffness. Bamboo has been traditionally used
for making houses, bridges, traditional boats, etc. The fibers
extracted from bamboo are used as reinforcement for making
advanced composites in various industries (Deshpande et al.,
2000; Osorio et al., 2011; Zakikhani et al., 2014).

Silk (Bombyx mori)
Silk fibers are extracted from silkworms for the clothing purpose
since ancient times. Silk is produced largely in China, South
Asia, and Europe (Das and Natarajan, 2019; Shera et al., 2019).
Fibers are extracted from the Cocoons which are the larvae of the
insects undergoing complete metamorphosis. Silk fibers possess
good mechanical properties such as high strength, extensibility,
and compressibility (Yuan et al., 2010; Murugesh Babu, 2016;
Castrillón Martínez et al., 2017; McGregor, 2018).

POSSIBILITIES TO ENHANCE THE
PROPERTIES OF NATURAL FIBERS

The disadvantage of natural fiber composites includes poor fiber-
matrix interfacial bonding, poor wettability, water absorption,
and moisture absorption. The hydrophilic nature of the natural
fibers caused poor interfacial interaction between the polymer
matrix and the fiber. Hence, it is required to optimize the fibers by
chemical treatments and surface treatments (Gassan and Bledzki,
1999; George et al., 2001; Li et al., 2007; Manimaran et al., 2018;
Rangappa and Siengchin, 2018; Sanjay et al., 2018; Yashas Gowda
et al., 2018).

Chemical Treatments
The recent trends in the development of the newer materials
have led in replacing materials like glass and carbon reinforced
composites with the natural fibers reinforced composites,
for example in automobile interior, pedestrian bridge,
shipping pallets, composite roof tiles, furniture, toys, etc.
(Senthamaraikannan et al., 2016; Senthamaraikannan and
Kathiresan, 2018; Madhu et al., 2019a; Sanjay et al., 2019b).
However, the main drawback of natural fibers as reinforcement
is that they are incompatible with thermoplastics due to
their hydrophilic nature which results in the poor interfacial
interaction between the fibers and matrix. This result in the
poor mechanical properties of the composites. Therefore, the
modification of natural fibers is required to make them less
hydrophilic. Here an attempt is made to brief about various
chemical treatments on natural fibers (Sepe et al., 2018).

Alkaline Treatment
The natural fiber consists of lignin, pectin, waxy materials, and
natural oils which covers the outside layer of the fiber cell wall
(Liu et al., 2004; Edeerozey et al., 2007; Hamidon et al., 2019). The
chemical treatment alters the structure of the natural fibers, and
sodium hydroxide (NaOH) is one of the chemical reagent used
for this process (Rong et al., 2001; Baiardo et al., 2002; Sgriccia
et al., 2008). The alkaline reagent is used to alter the structure
of the cellulose in the plant fibers by cleaning the surface and
the process called alkalization. Mwaikambo and Ansell treated
hemp, jute, sisal, and kapok fibers with the NaOH at 20◦C for
about 48 h and washed using distilled water and acetic acid to
neutralize the excess of NaOH. The thermal properties, surface
morphology, and crystallinity index of the treated and untreated
fibers were studied. The studies revealed that the chemically
treated fibers showed the better fiber-resin adhesion lead to an
increase in interfacial energy and thus enhancing the thermal
and mechanical properties of the composites (Mwaikambo and
Ansell, 2002). Kenaf fiber mats were treated with the NaOH
solution for 24 h at a temperature of 45◦C. The mats were
washed with tap water after the chemical treatment and were
immersed in the distilled water containing 1% acetic acid to
neutralize the excess of NaOH and the mats were dried for
12 h at 45◦C in an oven. The mats were then treated with 5%
aminopropyl triethoxysilane diluted with an aqueous solution
of methanol. The authors observed a significant increase in
mechanical properties for the treated kenaf fiber modified PP

Frontiers in Materials | www.frontiersin.org 4 September 2019 | Volume 6 | Article 226159

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


Thyavihalli Girijappa et al. Natural Fibers for Eco-Friendly Composites

composites (Asumani et al., 2012). In an interesting work, the
retting process was used to extract the fibers from Napier grass
and the aqueous sodium hydroxide solution, about 2–5% is used
to treat the Napier grass fibers at room temperature for about
30min to remove the hemicelluloses and to clean the fibers. The
fibers then washed with distilled water repeatedly and dried at
100◦C. The alkalization has reduced the amount of hemicellulose
in fiber, thus resulting in better mechanical property than that
of untreated fiber (Reddy et al., 2012). The Carica papaya fibers
were treated with the 5% concentration of NaOH by varying the
soaking time from 15 to 90min at the room temperature. The
excess of NaOH from the surface was washed repeatedly using
distilled water and was dried for about 56 h. The fibers treated
at 60min with 5% alkaline solution showed the optimum results
which showed that complete elimination of hemicelluloses and
lignin (Saravanakumaar et al., 2018).

Silane Treatment
The sugar palm fibers are treated with 2% saline and 6% NaOH
for 3 h. The authors observed an improved interfacial interaction
between the fiber and thermoplastic polyurethane after the
treatment (Atiqah et al., 2018). Kabir et al. reviewed the treatment
of silane on the surface of natural fibers. They stated that the
silane groups act as a coupling agent between the fiber and the
matrix and hence improvement’s in mechanical properties are
observed (Kabir et al., 2012). In an interesting work, Bodur et al.
studied the changes in tensile strength and Young’s modulus
of composites treated with silane for different soaking times.
The results were compared with untreated fiber composites.
The authors observed significant improvement in strength when
compared with untreated fibers. The improvement in strength
is due to the formation of silanol (Si-OH) groups that form
strong bonds with the –OH groups of the fibers. The remaining
Si-OH undergo condensation with adjacent Si-OH groups. The
hydrophobic polymerized silane thus formed can attach to the
polymer matrix via van der Waals forces. As a result, silane
groups form an interface between the fiber and polymer and
provides a good interfacial interaction. The high tensile strength
of the low-density polyethylene composites is due to good
interfacial interaction between the fiber and polymer matrix
(Bodur et al., 2016).

Acetylation Treatment
Acetylation of the natural fibers is the process of introducing an
acetyl group on the surface of the fibers. This process was used to
reduce the hydrophilic nature of fibers providing stability to the
composites. The acetylation increases the fiber-matrix adhesion
properties, hence the strong bond provides good properties
to the natural fiber-based composites (Hill et al., 1998; Rong
et al., 2001; Sreekala and Thomas, 2003). The OH groups of
the fibers react with the acetyl groups thus making the fibers
more hydrophobic. Generally, lignin and hemicellulose which
contain the hydroxyl group react with acetyl groups to become
hydrophobic. Normally, before treatment with glacial acetic acid,
the natural fiber is alkali-treated. The alkali-treated fibers were
soaked in glacial acetic acid for 1 h and later soaked for 2–5min
in acetic anhydride containing two drops of concentrated H2SO4.

The fibers were then washed and dried at 80◦C using an oven for
6 h (Paul et al., 1997; Manikandan Nair et al., 2001; Mishra et al.,
2003).

Peroxide Treatment
The impact of peroxide treatment on the mechanical properties
of the cellulose fibers reinforced polymer composites has been
studied by various researchers. The peroxides decomposed to
form free radicals. The generated free radicals react with the
hydrogen group of the cellulose fibers and polymer matrix.
The peroxide treatment of natural fibers is carried out after
alkalization. The alkaline treated fibers were immersed in ca.
6% concentration of benzoyl peroxide or dicumyl peroxide in
acetone for about 30min (Sreekala et al., 2000, 2002; Li et al.,
2007).

Benzoylation Treatment
Benzoylation is used to decrease the hydrophilic nature of the
fibers (Ali et al., 2016). The fiber-matrix bonding is improved
by this treatment which increases the strength of the composites.
For benzoylation, the fibers are first treated with NaOH followed
by benzoyl chloride (C6H5COCl) treatment for 15min. Later
the fibers were isolated and treated with ethanol for 1min and
finally washed with distilled water and dried in an oven at 80◦C
for 24 h (Manikandan Nair et al., 2001; Zhang et al., 2005). The
thermal stability of the treated fibers was higher than that of the
untreated fibers.

Potassium Permanganate (KMnO4) Treatment
The potassium permanganate is used as the chemical reagent to
modify the interfacial interaction between the fiber and matrix.
Different treatment methodologies are introduced. In one of the
studies, the alkaline treated fibers were treated with potassium
permanganate for different concentration (0.005–0.205 %) for
1min and dried using the oven (Khan et al., 2006). Zaman
et al. treated the jute fabrics with KMnO4 along with acetone for
different concentration (0.02, 0.03, 0.05, and 0.5%) and soaking
times (1, 2, 3, and 5min) and was dried in the oven (Zaman et al.,
2010).

Stearic Acid Treatment
The non-woven jute fibers were immersed in different
concentration of stearic acid in anhydrous ethanol from
1min to up to 4 h and dried at 100◦C for 1 h (Dolez et al.,
2017). The 1% stearic acid mixed in ethyl alcohol and poured
to a steel vessel containing alkali-treated short Sansevieria fibers
along with stirring. Then the fibers were dried in woven at 80◦C
for 45min (Sreenivasan et al., 2012). Table 1 summarizes the
different chemical treatments used for natural fibers.

EFFECT OF TREATMENTS ON NATURAL
FIBERS

The chemical treatments of the natural fibers mainly enhance the
properties of the fiber by modifying their microstructure along
with improvement in wettability, surface morphology, chemical
groups and tensile strength of the fibers (Saba et al., 2014; Dolez
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TABLE 1 | Chemical treatments for different natural fibers.

Name of the

fiber

Chemical reagents used References

Pineapple leaf c-aminopropyl

trimethoxy silane (Z-6011) and

c-methacrylate propyl trimethoxy

silane (Z-6030)

Threepopnatkul et al.,

2009

Green coconut NaOCl, NaOCl/NaOH, or H2O2 Threepopnatkul et al.,

2009

Alfa NaOH Rokbi et al., 2011, p.

2092–2097

Carica Papaya NaOH Saravanakumaar et al.,

2018

Kenaf NaOH Asumani et al., 2012

Hemp (3-glycidyloxypropyl)trimethoxysilane Sepe et al., 2018

Ramie NaOH, NaOH-Saline, Silane Debeli et al., 2018

Pineapple leaf NaOH and KOH Senthilkumar et al.,

2019

Prosopis juliflora Potassium permanganate (KMnO4) Saravanakumar et al.,

2014

Sisal Stearic acid Paul et al., 1997

Okra bast NaClO2 Arifuzzaman Khan

et al., 2009

Flax Methyl methacrylate

(MMA)

Kaith and Kalia, 2007

et al., 2017; Preet Singh et al., 2017; Halip et al., 2018; Yu
et al., 2019). The chemical treatment of the fiber improved the
interfacial adhesion between the fiber surface and polymermatrix
thereby the thermomechanical properties of the composites. The
chemical treatment on ramie fibers has shown that the treatment
of fibers with alkaline or saline or the combined treatment
results in the improvement of the tensile strength (Gassan and
Bledzki, 1997; Thakur and Thakur, 2014; Varghese and Mittal,
2017; Debeli et al., 2018; Sanjay et al., 2019a). The chemical
treatment is one of the important techniques used to reduce
the hydrophilic nature of the natural fibers also it improves
the adhesion with the matrix. The structural and morphological
changes can be observed with the treatment of the fibers, and this
is mainly due to the removal of non-cellulosic substances from
the natural fibers. The significant improvements of the properties
of the composites are reported after different chemical treatments
along with the increase in the thermal stability of the composites
reinforced with natural fibers (Singh et al., 1996; Xie et al., 2010;
Xu et al., 2013; Chen et al., 2018).

NATURAL FIBERS AS REINFORCEMENT
FOR COMPOSITES MATERIALS

Over the past few decades, attempts have been made in
developing the materials which replace the existing materials to
have better mechanical and tribological properties for various
applications (Arpitha and Yogesha, 2017; Abdellaoui et al., 2019).
In view of this the monolithic materials are replaced by the
fibers and materials such as carbon, glass, aramid fibers which

are extensively used in aerospace, automotive, construction, and
sporting industries, etc. (Balakrishnan et al., 2016; Pickering
et al., 2016; Asim et al., 2018). However, these materials have
some disadvantages like non-biodegradability, non-renewability,
high-energy requirement for production, and also harmful to
the environment as the production of these materials releases
enormous amounts of carbon dioxide into the atmosphere.
Therefore, to overcome all these drawbacks researchers has made
an attempt to study on the different natural fiber-reinforced
composites which have better properties so that they can replace
synthetic fibers in various applications (Wambua et al., 2003; Li
et al., 2007; Sanjay et al., 2015; Mochane et al., 2019). As the
demand for the newer materials which have better properties
than the existing ones upsurges, the researchers have tried
different types of natural materials with different natural fibers
obtained from fruits, seeds, leaves, stem, animals, etc. (Sanjay
et al., 2019a). The properties of a few important natural fibers are
presented in Table 2. As discussed above, the natural fibers are
modified by using different chemical treatments thus modifying
the properties and increasing the properties of natural fiber
composites. Also, the polymers and other synthetic materials
have been used along with the natural fibers to enhance the
properties of the natural fibers and these ideas have led to
the development of several hybrid composites reinforced with
natural fibers, and filler materials (Sawpan et al., 2011; Boopalan
et al., 2013; Pickering et al., 2016; Sanjay et al., 2016; Madhu et al.,
2018).

PROPERTIES OF NATURAL FIBER
COMPOSITES

Environmental awareness has attracted researchers to make
new composites with more than one reinforcement of
natural resources by hybridization. Hybridization involves
a combination of fillers and natural fiber that results in increased
mechanical properties of the composites (Khan et al., 2005;
Borba et al., 2013). Many numbers of literature are available
which shows the mechanical properties of the natural fiber
composites. The mechanical performance of fiber-reinforced
composites can be affected by many factors including the volume
or weight fraction of the reinforcement, the orientation of
the fibers, the fiber aspect ratio, fiber-matrix adhesion, fiber
alignment, distribution, use of additives, and chemical treatment
of fibers. It is important to add that the moisture absorption
of the composites also affects the mechanical behavior of the
composites which leads to the poor interfacial bonding between
fiber and hydrophobic matrix polymer (Zakikhani et al., 2014;
Biswas et al., 2015; Kinloch et al., 2015; Pickering et al., 2016;
Dixit et al., 2017).

In the automotive industry, asbestos-based brake pads and
lining couplings, etc., are not preferred due to its carcinogenic
nature. The replacements to asbestos fiber include ceramic fiber,
steel fiber, alumina fiber, glass fiber, carbon fiber, aramid fiber,
and their combinations. However, the production cost of these
fibers is very high and are not environmentally friendly. Xin
et al. studied the friction and wear properties of treated sisal
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TABLE 2 | Properties of natural fibers (Pandey et al., 2010; Ku et al., 2011; Komuraiah et al., 2014; Gurunathan et al., 2015).

Fiber Density (g/cm3) Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%)

Jute 1.23 325–770 37.5–55 2.5

Flax 1.38 700–1,000 60–70 2.3

Hemp 1.35 530–1,110 45 3

Ramie 1.44 915 23 3.7

Banana 1.35 721.5–910 29 2

Bagasse 1.2 290 17 1.1

Henequen 1.4 500 13.2 4.8

Pineapple 1.5 1,020–1,600 71 0.8

Kenaf 1.2 745–930 41 1.6

Coir 1.2 140.5–175 6 27.5

Sisal 1.2 460–855 15.5 8

Abaca 1.5 410–810 41 3.4

Cotton 1.21 250–500 6–10 7

Nettle 1.51 650 38 1.7

fiber reinforced composites as a substitute for asbestos-based
brake pads. The treated sisal fiber reinforced composite exhibits
properties equivalent to the commercial friction composite. The
authors recommend treated sisal is an ideal substitute of asbestos
for brake pads (Xin et al., 2007).

The thermal stability is vital and at present is recognized to
be one of the most important elements in the use of fibers as
reinforcement for the composite. The chemical treatment of the
natural fibers will improve the interfacial bonding between the
matrix and fibers leads to improvement in thermal property of
the composites (Panaitescu et al., 2016; Balan et al., 2017; Zegaoui
et al., 2018).

Joseph et al. studied the thermal stability and crystallization
behavior of sisal/polypropylene composites. The sisal fibers
were treated with a urethane derivative of polypropylene glycol
(PPG/TDI), maleic anhydride-modified polypropylene (MAPP)
and KMnO. The thermal properties of the composites were
measured using thermogravimetric analysis and differential
scanning calorimetry. The authors observed superior thermal
properties for the treated fiber reinforced composites (Joseph
et al., 2003). The crystallinity also influences the thermal stability
of the natural fiber composites. As the crystallinity of the material
increased the thermal degradation temperature also increased
(Nasser et al., 2016). The thermogravimetry analysis of date
palm trunk (DPTRF), leaf stalk (DPLST), sheath or leaf sheath
(DPLSH), and fruit bunch stalk (DPFBS) fibers was carried out
and analysis revealed that DPFBS and DPLST fibers have good
thermal stability and might be applied in industrial manufacture
of composites, which require high thermal resistance (Alotaibi
et al., 2019).

The pineapple reinforced polyethylene composites were
studied for the electrical properties and found that due to
the increased interfacial polarization and orientation with
an increase in the number of fibers in composites the
dielectric property increases (Jayamol et al., 1997). Similarly, the
composites prepared with using the sisal fiber showed electric
anisotropic behavior (Chand and Jain, 2005). It is observed

that the chemical treatments like alkali, stearic acid, peroxide,
acetylation, and permanganate decrease the dielectric property
of composites due to the decrease in hydrophilicity of the
composite (Li et al., 2000). The electrical properties of phenol
formaldehyde composites modified with banana fiber have been
studied. The dielectric constant decreased with fiber loading
and fiber treatment. For hybrid composites with glass fiber,
the dielectric constant decreased with increasing glass fiber
concentration (Joseph and Thomas, 2008).

APPLICATIONS

Automotive and aircraft industries have been actively
manufacturing different kinds of natural fibers parts for
their interior components (Sanjay et al., 2016; Puttegowda et al.,
2018). Insulation materials are also made from natural fibers for
different application areas, such as blowing insulation, pouring
insulation, impact sound insulation materials and ceiling panels
for thermal insulation, and acoustic soundproofing (Akin, 2010).
Natural fibers show a sustainable future in architecture, with a
vast variety of building materials, shapes, and even improving
current commonly used materials. The use of synthetic fibers in
the field of architecture could be substituted with natural fibers. It
is used as material for sunscreens, cladding, walling, and flooring
(Steffens et al., 2017). The natural fibers such as flax, hemp,
sisal, and wool are now used in Mercedes-Benz components
(Holbery and Houston, 2006). The coir/polyester-reinforced
composites were used in the mirror casing, paperweights, voltage
stabilizer cover, projector cover, helmet, and roof (Khondker
et al., 2005). The flax fibers were used in GreenBente24 boat
(Ticoalu et al., 2010). Rice husk fiber, cotton, ramie, jute fiber,
kenaf are used in various applications like building materials,
furniture industry, clothing, ropes, sewing thread, fishing nets,
packing materials, and paper manufacture (Sen and Jagannatha
Reddy, 2011b). Lots of efforts have been made to increase the
use of natural fiber composites in the automotive industry,
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particularly in car interiors. Besides the use for car interior parts,
it also used for manufacturing exterior auto body components
(Shuit et al., 2009; Monteiro et al., 2010; Shinoj et al., 2011;
Mohammed et al., 2015).

DEGRADATION OF THE NATURAL FIBERS
REINFORCED POLYMERS

In the present scenario, there is an increase in awareness
regarding the environmental pollutions due to industrial waste
which has led to replacing the harmful synthetic materials with
more eco-friendly materials. The use of plastics is increased
especially for household and commercial use. The use of
plastic products leads to the accumulation of non-biodegradable
wastes and are a threat to the ecological system. Therefore,
extensive research has been carried out over the last decade
on the biodegradation of plastics. Natural fibers along with
the synthetic biodegradable materials can be used to develop
biocomposites which have benefits toward the environment like
biodegradability, renewability of base material, and reduction
in emission of greenhouse gasses. Degradation offers a lot of
advantages such as the reduction of plastic waste and reduction
in the cost of waste management (Fakhrul and Islam, 2013; Gunti
et al., 2018).

Degradation of the composite occurs with the breakdown
of the composite materials, as well as with the loss of
mechanical properties. In the outdoor environment, the
degradation of natural fiber reinforced composites is influenced
by atmospheric moisture, temperature, ultraviolet light and
activities of microscopic organisms. The degradation occurs
by the breakdown of hemicelluloses, lignin, and cellulose of
the fiber. This can cause damage to the bonding between
fibers and polymer matrix. Thus, leads to the lowering of the
mechanical properties of the composites (de Melo et al., 2017).
The kenaf/POM composites were subjected to weathering by
exposing to moisture, water spray, and UV light in an accelerated
weathering chamber and the materials showed lower tensile
strength and this result was attributed to the degradation of the
cellulose, hemicelluloses, and lignin of kenaf fibers (Abdullah
et al., 2013). The effect of weathering on the degradation of
jute/phenolic composites was investigated by Azwa et al. (2013).
It shows that 2 years of UV exposure on jute/phenolic composites
has decreased the tensile strength by about 50%. The authors
observed resin cracking, bulging, fibrillation, and black spots
after exposure to weathering.

It is necessary to promote the use of natural fibers as
reinforcement in the polymer so that the materials become
biodegradable to some extent. Proper degradation of the plastics
must be a better way to avoid the harmful effects on the
environment. Therefore, one must always look for the plastics

which are compostable or degradable. However, this cannot be

implemented for every material but can be reduced with the use
of biopolymers to some extent (Chauhan and Chauhan, 2015;
Thiagamani et al., 2019).

FUTURE MARKET TRENDS

In current market trends, natural fibers reinforced polymers
are experiencing comprehensive growth with good prospects
in automotive and construction industries. Bast fiber such as
hemp, kenaf, flax, etc., are preferred for automotive applications.
On the other hand, wood plastic composite is the material of
choice for construction industries. Looking at the developments
of the current trends Europe is predicted to remain as the
largest market for natural fiber-reinforced composites due to
the high acceptance level of environmentally friendly composite
materials by automotive industries, government agencies, and
growth in small scale environmentally friendly industries. The
improvement in materials performance will drive the growth
of natural fiber reinforced polymer composites in new potential
areas. Natural fiber composites are new in electrical, electronics
and sporting segments, however, it has the potential to capture a
good market share in the future.

CONCLUSIONS

Increased environmental awareness has resulted in the utilization
of natural fiber as an effective reinforcement material in polymer
matrix composites. Natural fibers are proficient materials which
can replace the existing synthetic fibers. The fibers are usually
extracted from plants and animals often offer poor resistance
to moisture and incompatible nature of fibers become the main
disadvantage. Therefore, modification of material properties
has done through chemical treatments of natural fibers which
improve the adhesion between the fibers and matrix and enhance
the mechanical properties of the composites. In the near future,
the natural fiber will become one of the sustainable and renewable
resources in the composite field which can replace synthetic fibers
in many applications.
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Non-woven kenaf fiber (KF) mat reinforced acrylic-based polyester resin composites

were prepared by an impregnation process followed by compression molding. They were

exposed to durability test of accelerated weathering and water absorption. Accelerated

weathering test through UV irradiation caused modification in chemical, mechanical,

surface appearance, and color change of the composites. Two competing reactions

occurred throughout the exposure period, i.e., post-crosslinking and photo-oxidation

process. FTIR analysis revealed that the former occurred at the early stage of exposure

while the latter toward the end of the exposure, exhibited by an accentuated increase in

carbonyl and vinyl index. The post-crosslinking process contributes to the improvement

in flexural properties and thermal stability of the composites, whereas the oxidation

process does not. SEM observation showed that the degradation by photo-oxidation

resulted in the formation of voids and blisters on composite’s sample. Water uptake of

all composites was found to follow Fickian behavior. Good recoveries (exceeding 79%)

of flexural properties were obtained upon re-drying. However, a significant reduction in

flexural strength and modulus was obtained in the wet state condition. SEM observation

revealed that full recovery was not possible because of the impairment of the—matrix

interfacial region. Relatively higher flexural properties were exhibited by alkali-treated

KF composites even after the durability test due to the improved strength and—matrix

adhesion following the treatment.

Keywords: natural fiber reinforced composites, acceleratedweathering degradation, water absorption, kenaf fiber

mat, Acrodur resins

INTRODUCTION

The increase in environmental awareness is the vital factor that motivates many researchers to
explore and develop new alternatives capable of replacing traditional polymer composite materials.
The new alternatives (called “green composites”) should have a lower negative environmental
impact than the traditional polymer composite materials. Green composites can be defined as
materials composed of, in part or wholly, constituents which come ultimately from a renewable
resource (Baillie and Jayasinghe, 2004). This definition applies to the matrix and reinforcement
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phase. Thus, by definition, natural fiber that reinforces polymer
composites (NFPC) can be called green composites because the
reinforcing fibers come from renewable sources. These fibers
usually originated from some abundant plants, which make them
inexpensive. Compared to inorganic-mineral like glass fiber,
natural fibers are less abrasive toward processing machinery and
tooling, less dangerous to the production employees in case of
inhalation, and easy to be incinerated. They also lead to final
composites with lower specific weight per strength, as well as,
exhibiting thermal and acoustic insulation properties (Herrera-
Franco and Valadez-González, 2004).

Current environmental concerns have stimulated interest in
the recycling. Recyclability of NFPC is depending on the polymer
matrices component either thermoplastic or thermosetting.
Thermoplastics are easily recyclable as compared to thermosets
because the polymer chain does not degrade when melted
down, allowing this material to be reprocessed. On the
other hand, thermoset matrix recycling is unfeasible because
of the thoroughly cross-linked nature. Nevertheless, recent
technologies are now being deployed in recycling thermoset
composites. Recently, recycling thermoset composites could
be carried out through mechanical recycling by grinding the
thermoset composites into smaller particles/powder in order
to be used as filler in other composites system or by thermal
recycling for energy recovery (Pickering, 2006).

The industries are exploiting NFPC because of their
lightweight characteristic and are cost-effective. These attributes
make them as potential alternative materials to the expensive
aramid, carbon, or glass fibers. Improved technology in
manufacturing techniques in NFPC allows the automotive
industry to use these composites for interior trimmings (Koronis
et al., 2013). The first carmaker to use natural fibers as
reinforcement in composites was Mercedes-Benz in the 90’s, by
manufacturing door panels from epoxy reinforced jute fibers
composites (Rohit and Dixit, 2016). This trend was soon adopted
by other major carmakers to fabricate various interior trimmings
including roof upholstery, headrests, parcel shelves, and spare
wheel cover using NFPC. Depending on the applications, it
is sometimes necessary to improve the mechanical properties
through the fiber pre-treatment, and the treated fibers are then
used in several ways to obtain mats, non-woven structures,
rowing etc. Among various types of natural fiber, kenaf fibers (KF;
Hibiscus cannabinus) are largely grown in Malaysia because of
climate suitability. The mechanical properties of KF are more or
less identical to jute but are considered stronger, whiter and more
lustrous (Umoru et al., 2014). The tensile strength and modulus
are comparable to flax fiber, widely used in automotive parts of
European cars (Karus and Kaup, 2002). Realizing the potential
of KF for the manufacturing industry, the Malaysia government
believe that this crop plant could be the third commodity plant
of the nation after rubber and palm oil (Salim et al., 2019).
The National Kenaf and Tobacco Board (NKTB) of Malaysia are
playing a prominent role in promoting the usage of KF in various
industries, including the automotive industry, in Malaysia.

Based on the polymer matrices point of view, the automotive
industry demands a crucial characteristic and high selective
polymer material in fulfilling the requirement of high

thermal stability and short processing time. Several works
on conventional thermoset resins, such as polyester and vinyl
ester, reported that these resins could reinforce natural fibers
(Ariawan et al., 2017; Navaneethakrishnan and Athijayamani,
2017). However, the major drawback of these resins is the
emission of styrene that occurs not only during processing,
but also from the finished products. This limits the usage
of these resins in the automotive industry, especially in the
manufacturing interior trimmings for passenger cars (Islam
and Miao, 2013). The introduction of environmentally friendly
acrylic-based polyester resin by the trade name of Acrodur R©

resin by BASF has emerged as a new verdict in polymer binder
technology. Dissimilar with traditional reactive resins, organic
substances, for example, phenol or formaldehyde, are not
released during the cross-linking process. Only water is the
by-product during the cross-linking process (Karbstein et al.,
2013). Below the crosslinking temperature, the resin exhibits
thermoplastic properties allowing the resin to be processed
using thermoplastic processing means. After the curing process,
the material has thermoset properties with good chemical
resistance, heat resistance and high structural integrity. The
combination of ease processing, good mechanical properties, and
environmentally friendly gives Acrodur R© resin the enormous
potential to be used as an alternative material in the automotive
industry besides polyolefin thermoplastic. A prototype of natural
fiber Acrodur R© composites for the door trim of BMW 7 series
has been developed recently by Dräxlmaier Group, Germany
(Malnati, 2010).

In any application, the durability of materials is a serious
concern. Environmental exposure, including sunlight exposure
and moisture uptake during actual service, tends to degrade
the natural fiber, especially at the exposed region. Besides,
it degrades the polymer matrices that might deteriorate the
mechanical properties of NFPC or even worse contribute to the
parts failure during service. Durability in terms of environmental
exposure is measured through the changes in mechanical
performance, thermal, chemical, and the material appearances
after experiencing a certain period of weathering test. Some
commonest damaging effects in the composites are color fading,
surface erosion, mechanical properties and weight losses which
might shorten the service life of the product (Lopez et al., 2006).
Water absorption property is another major factor that should
be considered when dealing with NFPC. The characteristics of
water absorption in NFPC are influenced by several factors:
fiber content, fiber orientation, temperature, exposed surface
area, fiber permeability, void content, and the hydrophilicity of
individual components (Dhakal et al., 2007). The degradation
of the fiber-matrix interface region due to the water absorption
contributes to the reduction of stress transfer proficiencies;
therefore, the mechanical properties of NFPC (Yang et al., 2011).

The properties of NFPC composites are determined by
the constituent properties i.e., fiber and matrix as well as
the properties of the fiber-matrix interface (Pothan et al.,
2003). Excellent fiber-matrix interaction leads to an effective
distribution of stress and load between fiber and matrix thus
improving the mechanical strength of composites (Akil et al.,
2011). The surface of the natural fibers can bemodified physically
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or chemically. However, the fundamental principle still remain
the same i.e., removing the surface contamination and providing
an intimate contact between the surfaces on a molecular scale
(Mukhopadhyay and Fangueiro, 2009). The effective method is
to roughen the surface of natural fiber to increase the contact
area and facilitate mechanical interlocking (Edeerozey et al.,
2007). Such surface modification would not only enhance the
wettability of fibers toward polymer matrix that might improve
the composite’s strength, but would concurrently decrease the
moisture absorption of the composites.

Alkali treatment or mercerization is one of the common
chemical treatments that are proven to enhance the mechanical
properties of the reinforced composites in several studies
(Krishnan et al., 2018; Sepe et al., 2018). This treatment is
by far the most efficient chemical treatment to improve the
wettability of fibers toward resin and enhancing the fiber
strength. It is interesting to discover that some studies reported
a dramatically improve of natural fiber’s tensile strength after
elevated alkali treatment (Rong et al., 2001; Saha et al.,
2010). Van de Weyenberg et al. (2006) pointed out that the
enhancement of flexural and tensile properties of alkali treated
flax fiber reinforced epoxy composites that they obtained were
combination of better mechanical interlocking by the rougher
topography, larger number of individual fibrils, and better
chemical bonding owing to more hydroxyl groups on the
fiber surface enable to form hydrogen bonds with the matrix
resin. Besides improving the mechanical properties of NFPC,
Sreekumar et al. (2009) also reported that alkali treated sisal
fiber reinforced polyester composites absorbed less water at all
water temperatures during hygrothermal test compared to the
untreated one due to the removal of hydrophilic hemicellulose
during alkalization. Heat treatment can be considered as an
alternative ecological treatment as it does not required any
usage of hazardous chemical. Several researchers found that
this treatment has great influence in changing the mechanical
properties, biological properties, color, hardness, and chemical
properties of wood as lignocellulosic materials (Gündüz et al.,
2008; Ates et al., 2009). In composite applications, previous
research by Sreekumar et al. (2009) revealed that heat treatment
of sisal fibers at 100◦C for 4 h increased crystallinity and removed
moisture in sisal fibers. This treatment resulted in the increase of
tensile and flexural properties of sisal fiber composites, without
significantly reducing the impact strength of composites like the
alkali treatment, benzoylated, and permanganate treatment. In
terms of durability toward natural weathering exposure, Ariawan
et al. (2018) reported that alkali treated KF composite shows
better durability compared to the heat treated KF composite
particularly for the first 6 months exposure. However, they found
that prolonged natural weathering exposure diminishes the effect
of fiber treatment in enhancing mechanical properties.

To date, there have been several works done on the usage of
Acrodur R© resin in NFPC (Islam andMiao, 2013; Khalfallah et al.,
2014; Salim et al., 2017). However, to the best of our knowledge,
studies concerning weathering exposure to Acrodur R© reinforced
natural fiber composites have not been done. Previous study
by the author has focused on the effect of fiber treatments
toward the wettability and mechanical properties of Acrodur R©

reinforced KF composites (Salim et al., 2019). Pursuant to
that work, the current study aims to investigate the effect of
fiber surface treatments i.e., alkali treatment, alkali treatment at
elevated temperature and heat treatment toward the durability
properties of the composites under an accelerated weathering
exposure. This could be crucial in order to seek the viability of
the composites to be used in automotive industry. Furthermore,
excellent fiber to matrix adhesion following these treatments
also might decrease the rate amount of water absorbed by
the composites. Thus, the effect of surface treatment on water
absorption properties of KF reinforced Acrodur R© composites
will also be reported in the current study.

MATERIALS AND METHODS

Materials
Untreated kenaf fiber (UTKF) was supplied by the National
Kenaf and Tobacco Board (NKTB), Malaysia. These fibers then
underwent a needle punching process to form a non-woven KF
mat with an areal density of 1,350 g/m2. The preparation of the
mats was given elsewhere (Salim et al., 2011). Acrodur R© resin
950 L used in this study was obtained from BASF. This resin is an
aqueous acrylic resin based onmodified polycarboxylic acid and a
polyalcohol (crosslinking agent) that create a polyester thermoset
material upon curing by crosslinking reaction at a temperature
above 130◦C (Figure 1).

Fiber Pre-treatment
Alkali treatment of KF in the form of non-woven mats was
done by soaking the mats for 3 h in 6% NaOH solution. Post-
treatment, the KF mats were rinsed with 1% acetic acid solution
to neutralize the excess of NaOH followed by washing with
distilled water before drying process in an oven for 24 h at 60◦C.
For elevated alkali treatment, similar procedure was applied
except the treatment was executed in hot alkali solution at 60◦C.
The treatment was done in a water bath to ensure uniform heat
application during the treatment. Heat treatment of NWKF was
conducted by heating the non-woven KF mat at 140◦C for 10 h
inside air circulation oven based on optimum heat treatment of
KF suggested by Ariawan et al. (2014).

Composite Preparation
Non-woven KF reinforced Acrodur R© composites were prepared
by resin impregnation process as reported elsewhere (Ahmad
Rasyid et al., 2019). Post-impregnation, the semi-finished
material (prepreg) was dried inside a vacuum oven at 60◦C
until the residual moisture was 15%. The prepregs were
then compression molded using GOTECH model GT7014-H
hydraulic hot press machine at 210◦C with a pressure of 10
bar to produce the composite laminate. These parameters was
selected based on the previous work by Salim et al. (2017). The
composite samples were prepared with a fixed volume fraction of
45% Vf. Untreated KF composites, alkali- treated KF composites,
alkali-treated KF composites at elevated temperature (60◦C) and
heat- treated KF composites are referred to as the UTKC, ATKC,
AHTKC, and HTKC, respectively.
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FIGURE 1 | Crosslinking reaction of Acrodur® resin (Islam and Miao, 2013).

TABLE 1 | Accelerated weathering parameters based on SAE J2412.

Parameter Dark cycle Light cycle

Black panel temperature 38 ± 3◦C 70 ± 3◦C

Relative Humidity (RH) 95% 50%

Cycle duration 1 h ± 6min 3.8 h ± 6 min

Accelerated Weathering Test
The composite samples were subjected to accelerated weathering
test using Q-SUN Xe-3 xenon arc chamber from Q-Lab (USA)
according to SAE J2412 standard, i.e., accelerated exposure
of automotive interior trim components using a controlled
irradiance xenon-arc apparatus. The samples were fixed on
the chamber tray and were subjected to accelerated weathering
through dark and light cycle alternately with parameters as
tabulated in Table 1 until 1,500 h of total exposure time. Such
exposure time was selected based on SEM analysis where
significant changes appeared on the composites surfaces. The
average UV irradiance was set to 0.55 W/m2 at 340 nm
wavelength and window filter was used to simulate the actual
condition inside a passenger car. The samples were collected
after 500 h interval of exposure time to determine the degree
of degradation. Before the mechanical test, the samples were
cleaned using a dry cloth and re-conditioned for 24 h at room
temperature inside a desiccator.

Water Absorption
The water absorption study was conducted following ASTM
D 570. Flexural samples were used to measure weight changes
during the water absorption test. Initially, the samples were dried
at 60◦C for 24 h followed by their cooling to room temperature
inside a desiccator. Then the samples were submerged into
distilled water at room temperature. The weight changes
overtime were taken periodically until equilibrium was achieved,
meaning, no further increment to the sample’s weight was
observed. The water uptake percentage of the specimens was
calculated at different time intervals by using Equation (1):

M (%) =

[

Mt − Mo

Mo

]

× 100 (1)

where, M (%) is the water uptake, Mt is the weight of the wet
sample at a given time, and Mo is the initial weight of the
sample. Diffusion coefficient (D) was evaluated from the slope of
moisture content vs. the square root of the time by Equation (2):

D =

(

h

4Mm

)2 (

M2 − M1
√

t2 −
√

t1

)2

(2)

where, M1 and M2 are the water content (percentage weight) at
times t1 and t2, respectively, Mm is the maximum weight gain
(%), and h is the thickness of composites (mm). Flexural test was
then conducted on the wet and re-dried samples to evaluate the
residual and recovery properties of the composites, respectively.

Physical Test
The color change of all samples was determined before and
after UV irradiation at every 500 h intervals using a portable
spectrophotometer Konica Minolta Chroma Meter model CR-
400 (Japan) equipped with a CIELAB system. The CIELAB
system measurement consists of three parameters, namely L∗,
a∗, and b∗, where L∗ represents lightness, which varies from 100
(white) to 0 (black), and a∗ and b∗ are the chromaticity indices,
with +a∗ representing the red direction, –a∗ as green, +b∗ as
yellow, and –b∗ as blue. The changes in a∗, and b∗, L∗ were
calculated based on Equations (3)–(5), respectively.

1a∗ = a2 − a1 (3)

1b∗ = b2 − b1 (4)

1L∗ = L2 − L1 (5)

where 1L∗, 1a∗, and 1b∗ are the differences in the initial and
final values of a∗, b∗, and L∗, respectively, a1, b1, and L1 are
the initial color parameters; and a2, b2, and L2 are the color
parameters after UV irradiation exposure. The total change in
color (1E∗) was calculated based on ASTM D2244 using the
Euclidean formula as shown in Equation (6). Lower 1E∗ value
corresponds to a smaller color difference and indicates strong
resistance to UV radiation. The measurement was done at five
locations on each sample, and the average values were calculated.

1E∗ =

√

(1L∗)2 + (1a∗)2 + (1b∗)2 (6)
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The chemical changes of the composites due to the accelerated
weathering exposure were determined using a Fourier Transform
Infrared Spectroscopy (FT-IR, Perkin-Elmer Spectrum One,
USA), using potassium bromide (KBr) pellet method. Prior to
the characterization, the discolored area of the exposed region
(composite surface) was scraped off using scraping knife and
thoroughly mixed with KBr. This mixture was compressed into
pellets before FT-IR analysis. The transmittance spectra were
recorded within the range of 400–4,000 cm−1 wavelength with a
spectral resolution and number of scans of 1 cm−1 and 32 scans,
respectively. The carbonyl and vinyl indexes were then calculated
using the following Equations (7) and (8), respectively (Satoto
et al., 1997).

Carbonyl Index (%) =

I1720

I2920
× 100 (7)

Vinyl Index (%) =

I914

I2920
× 100 (8)

where I1,720 and I914 are the intensity peak of carbonyl and
vinyl, respectively. These peaks were normalized to I2,920 peak,
attributed to the alkane stretching vibration of the methylene
group (-C-H-) that was chosen as the reference peak.

Meanwhile surface appearance of composites after accelerated
weathering and water absorption test were observed using
FESEM model FEI Verios 460L. Fracture surface observation by
FESEM also was conducted to investigate fiber-matrix adhesion
and KF structure within the composites after water absorption
test. All samples characterized by SEM were mounted on
aluminum stubs and sputter-coated with gold before observation
at a pressure of 2 mbar for 1 min.

Mechanical Testing
Flexural strength and modulus of the composites before and
after the durability tests were determined using the three-point
bending test method with sample geometry of 130 × 13 × 3mm
following the ASTM D790 standard and maintaining a span
to depth ratio of 16:1. The test was conducted using Instron
5969 universal testing machine (USA) with a crosshead speed
of 2 mm/min at room temperature and 50% relative humidity.
The strength and modulus values given are the means from five
individual samples.

Thermal Testing
The changes in thermal properties before and after the durability
test were analyzed using Thermogravimetric analysis (TGA). The

FIGURE 2 | FT-IR spectra of composites during weathering exposure (A) UTKC, (B) ATKC, (C) AHTKC, and (D) HTKC.

Frontiers in Materials | www.frontiersin.org 5 February 2020 | Volume 7 | Article 26174

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


Salim et al. Weathering and Water Absorption of Kenaf/Polyester Composites

analysis was conducted using a Perkin Elmer Pyris Diamond
TGA analyzer at a heating rate of 10◦C/min at the room
temperature range to 600◦C. An average sample weight of
15mg of each composite specimen was analyzed under an inert
atmosphere of nitrogen gas.

RESULTS AND DISCUSSIONS

Accelerated Weathering Exposure
In this study, a Q-SUN Xe-3 weathering chamber using a
xenon arc lamp was used to simulate sunlight irradiation. The
xenon arc lamps produced the most realistic reproduction of
full-spectrum sunlight, including ultraviolet (UV), visible light
(VL), and infrared (IR) radiation. Regarding UV radiation, the
spectrum can be subdivided into several ranges defined most
broadly as a 10–400 nm wavelength. On the other hand, the bond
dissociation energy of most polymeric matrices is within the
range of 290–400 nm (Feldman, 2002; Gu, 2008). This wavelength
lies in the same region of the UV-A and UV-B wavelengths,
which is between 320 and 400 nm and between 280 and 320 nm,
respectively. Therefore, several chemical reactions might occur,
mainly on the exposed surface of composites as a result of these
UV irradiations that might influence the mechanical properties
of the composites.

FT-IR Analysis
Figures 2A–D exhibits the FT-IR spectra of composites before
and after accelerated weathering exposure for 500, 1,000, and
1,500 h. Similar major absorbance peaks for the spectrums
before and after exposure could be observed but with different
intensities, indicating the same characteristic of chemical
constituents within the composites. However, the presence of
some additional peaks particularly after accelerating weathering
test suggests some modifications did occur due to the exposure.
Table 2 summarizes the characteristics of the absorption peak of
the spectrums.

The FT-IR spectra of the weathered samples of all composites
revealed some changes, especially at the peak 1,720 cm−1

corresponding to the C=O stretching vibration of carbonyl
groups. The carbonyl index (CI) was calculated based on
Equation (7) to gain a better insight into these changes.
According to Table 3, all composites did not exhibit an
accentuated increase in the carbonyl index at the first 1,000 h
exposure. This result could be related to the competition between
the oxidation and crosslinking processes (Gulmine et al., 2003).

TABLE 2 | Characteristic FT-IR absorption peaks of composites.

Wavenumber

(cm−1)

Corresponding functional group References

2,920 CH2 asymmetric C–H stretching vibration Jia et al., 2010

2,852 CH2 symmetric C–H stretching vibration Lambert, 1987

1,720 Aromatic ester C=O stretching vibration Jia et al., 2010

945 CH2 out of plane wagging vibration Thirmizir et al., 2011

914 CH2 out of plane wagging vibration Thirmizir et al., 2011

It seems to indicate that composite samples exposed to an
accelerating weathering test below 1,000 h were favorable to
undergo crosslinking process. The presence of chromophoric
carbonyl groups within the polymer chain absorbs solar UV
radiation and producing free radicals. These polymer radicals are
then terminated via bimolecular recombination or crosslinking
based on Norrish type I mechanism.

However, the CI of all composites was found to increase
after 1,500 h exposure. This is due to the presence of oxidation
products such as a mixture of carboxylic acid and ketone
species as a result of photo-oxidative degradation of polyester
(Ariawan et al., 2018). The FT-IR spectra of all composites
exposed at a period of 1,500 h also showed the presence of
the peaks at 945 and 914 cm−1, which represent the vinyl
groups. The formation of these groups can be verified by
the increased vinyl index (VI) of the composites especially
after 1,500 h exposure (see Table 3). This can be attributed
to carbonyl degradation as consequences of polymer chain
scission in both matrix and natural fiber via the Norrish
type II mechanism (Azwa et al., 2013). The generation of
carbonyl and vinyl groups through polymer chain scission
resulted in the reduction in molecular weight and thereby
might decrease the strength, toughness and fracture strain
of polymers (Noriman and Ismail, 2011). The changes in
mechanical properties of the composites after accelerated
weathering exposure are reported in the following section
Flexural Properties.

Changes in Surface Color
The UV radiation during the weathering test promotes photo-
oxidative, thermo-oxidative, and photolytic reactions that impair
the polymer properties (Pillay et al., 2009). The extent of
degradation ranges from minor surface discoloration affecting
the aesthetic appeal in indoor applications to extensive loss of
mechanical properties (Müller et al., 2003). Even though there
is no precise correlation between accelerated weathering and
natural weathering test, Chang and Chang (2001) reported that
discoloration in the accelerated light fastness test is 250 times
more severe than that in the actual indoor exposure test. The
characterization of the color changes concerning the exposure
time of the indoor accelerated weathering test in this study was
conducted based on CIELAB color.

Figure 3 exhibits the changes in the surface color index as
exposure time increases. It can be seen that the accelerated

TABLE 3 | Carbonyl index and vinyl index of composites samples during

accelerated weathering test.

Indexes Carbonyl index, CI Vinyl index, VI

Exposure time (h) 0 500 1,000 1,500 0 500 1,000 1,500

UTKC 1.017 1.014 1.038 1.380 0.691 0.702 0.743 0.874

ATKC 1.033 1.033 1.068 1.379 0.669 0.650 0.714 0.756

AHTKC 1.045 1.051 1.068 1.483 0.661 0.737 0.714 0.774

HTKC 1.053 1.098 1.126 1.344 0.728 0.734 0.747 0.755
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FIGURE 3 | Effect of accelerated weathering exposure on (A) the relationship between green and red color, (B) the relationship between blue and yellow color, (C) the

brightness relationship between light and dark, and (D) total color change.

weathering exposure to the composites induced color alteration
as shown by the changes in the color index components 1L, 1a,
1b, and therefore resulting in the total color changes 1E. As the
exposure time increases, the composites only suffered minimal
changes in 1a. On the contrary, all composites sustained a
significant increment in1L and1b which meant that the surface
color became lighter and shifted toward yellow as the exposure
time increases. This result is consistent with the work reported
by Muasher and Sain (2006). They found that significant color
fading (increased 1L) and yellowing (increased 1b) of HDPE
filled composites started to occur after exposure to a natural
weathering test.

Lignin is the most sensitive constituent to light in
lignocellulosic material, including natural fiber that is
responsible for photochemical reactions. The oxidation of
lignin initiated by the absorbed UV radiation leads to the
formation of a paraquinone chromophoric structure, having α-
carbonyl, biphenyl, and ring-conjugated double bond structures

(Butylina et al., 2012). These substances are the leading cause
of discoloration, mainly giving the yellow characteristic of
the exposed samples (Azwa et al., 2013). It is interesting to
note that a more significant increase in 1L for all composites
occurred within the range of 1,000–1,500 h exposure time. This
is attributed to the further degradation of chromophores that
leads to color fading by a photobleaching process and generation
of free radicals that may cause substantial degradation of lignin
and photo-oxidation of cellulose and hemicellulose.

Regarding the polymeric matrix, the photochemical
conversion is dependent on the spectral irradiance of the
applied polychromatic light source, especially in the case
of yellowing when it is the result of photodegradation
and subsequent photobleaching of the chromophores
causing yellowing. In general, the maximum sensitivity
of polyesters (various formulations) to light spectrum
is approximately at a 325 nm wavelength which lies in
the region of UV-A (Rabek, 2012). Therefore, it can be
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FIGURE 4 | Flexural properties of the composites with respect to the

accelerated weathering exposure time (A) flexural strength and (B)

flexural modulus.

presumed that the increase in the 1L and 1b values was also
contributed by the chromophores photodegradation within the
polyester matrix.

Besides, high humidity applied during weathering exposure
(90% RH during the light cycle) induces moisture absorption of
hydrophilic cellulose and consequently promotes an oxidation
reaction which facilitates the penetration of light, thereby,
accelerating the photo-degradation effect in composites (Stark,
2006). The increase in total color change, 1E of all the
composites, as exposure time increases, was significantly
contributed by the increase in the 1L and 1b values.

Flexural Properties
Since the aging of polymers results from the competition between
continuous crosslinking and chain scission, such competition
could lead to the alteration of mechanical properties as the
exposure time increases. Figures 4A,B depicts the changes in
flexural strength and modulus of the composites concerning the
accelerated weathering exposure. Prior to accelerated weathering
test (0 h), flexural strength and modulus of AHTKC were
the highest followed by ATKC, HTKC, and UTKC. This
shows that fiber surface treatment could impart better flexural

FIGURE 5 | SEM images of surface appearance before and after weathering

test for (a) UTKC, (b) ATKC, (c) AHTKC, and (d) HTKC.

properties to Acrodur R© composites by improving fiber to matrix
adhesion. Detailed explanations of the effect of surface treatment
on wettability and mechanical properties of KF reinforced
Acrodur R© composites could be found in the author’s previous
work (Salim et al., 2019). In regard to accelerated weathering
exposure, a general pattern was acquired where the flexural
strength and modulus of all composites were found to increase
slightly as the exposure time increases. Temperature and UV
radiation can either impose scission of the chemical bonds of the
matrix (i.e., main C–C chain scission), leading to photo/thermo-
oxidation and crazing of the material (Segovia et al., 2000) or
leading to polymer post-curing (Boinard et al., 2000).
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Asmentioned earlier, there were competing reactions between
photo-oxidation and crosslinking process of the polymer
matrices in which crosslinking was more dominant to occur
during the initial stage of exposure. This occurrence might
very well-describe the improvement in flexural properties and
thermal stability of the composites exposed to weathering test
up to 1,000 h. A similar observation was described by Woo
et al. (2008). They found that the tensile strength of epoxy-
organoclay nanocomposites increased after UV exposure for
1,000 h. According to them, the composites tensile strength
increased because of the association to the favorable chain
crosslinking process that is to occur.

Additionally, previous work by the authors found that the
developed Acrodur R© composites did not achieve a fully cured
state, and the degree of crosslinking was reported to be around
84% (Salim et al., 2018). Combination of high temperature
applied, and heat emitted by the UV light might also initiate
further post-curing process of the pre-polymer to form rigid
polyester. This condition might also contribute to the increment
of the flexural properties.

On the contrary, the notable increase in the yellowing effect,
and the significant increment in CI of the composite samples
exposed for 1,500 h signify the onset of degradation by photo-
oxidation occurring within the polymer matrices as well as KF.
This was explained by the deterioration of thermal stability and a
slight reduction of flexural properties of most composites after
1,500 h exposure. The decrease in these properties was due to
the scissoring of polymer macromolecules (Bagherpour et al.,
2009). TheUV radiation that was absorbed by the polymermatrix
resulted in the formation of free radicals. Once free radicals have
been produced, reaction with oxygen generates hydroperoxides

that can dissociate further to produce a series of decompositions.
Therefore, further degradation of the composites was expected to
occur if the exposure period exceeded 1,500 h.

Figure 5 exhibits the SEM images of the composites before
and after the accelerated weathering exposure for 1,500 h. The
observation that was made, based on the color changes and SEM
images, suggests that the composites endured yellowing but not
cracking. However, the formation of blister and sink marks were
observed on the composite’s surface. According to Kaczmarek
(1996), during UV irradiation of polymers, volatile degradation
products are removed from the specimen surface, leaving behind
pit or pore-type structures. In this current study, the formation of
this structure could also be because of water evaporation during
the post-curing process. Furthermore, during the light cycle,
application of high temperature (70◦C) and heat radiation from
UV evaporated uncured substances leaving voids on the surface
of the composite. The presence of blisters and sink marks could
accelerate further degradation by providing pathways for oxygen
diffusion into the specimen bulk for the photo-oxidation process
to occur (Signor et al., 2003).

The flexural properties of the composites, however, were
barely affected from 1,000 to 1,500 h of exposure time (see
Figures 4A,B) even in the presence of blisters and voids. It should
be noted that the defects mainly occur on the composite’s surface.
For that reason, the reinforcing ability of treated KF could still
impart better flexural properties to the composites. As can be seen
in Figure 4, AHTKC still exhibits the highest flexural strength
and modulus followed by ATKC, HTKC, and UTKC throughout
exposure time. The effectiveness of the surface treatment in
improving the flexural properties of the composites was found
to sustain after the weathering test.

FIGURE 6 | TGA and DTG curves of composites after accelerated weathering exposure (A) UTKC, (B) ATKC, (C) AHTKC, and (D) HTKC.
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Since the indoor condition of the accelerated weathering
test was applied in the current study, no water spray cycle
was conducted to simulate rain. This might result in a slower
degradation rate. Zhao et al. (2010) reported a more severe
degradation of polyester under accelerated weathering for an
outdoor application using a similar xenon arc lamp that involved
water spray for 12min followed by 108min dry condition with
the RH value of 65%. The formation of crack was recorded
as early as 400 h exposure. The presence of water might also
accelerate the degradation mechanism (Bagherpour et al., 2009).

Thermal Properties
Thermogravimetric analysis (TGA) and the rate of derivative
thermogravimetric analysis (DTG) curves for unexposed samples
and weathered samples are shown in Figures 6A–D, while
Table 4 summarizes the thermal properties of the corresponding
samples. Surprisingly, the accelerated weathering exposure was
found to impart slight improvement in the thermal stability of
the composite at least for the initial stage of exposure. This
can be seen by the gradual increment of onset degradation
temperature (Tonset) as well as the temperature at which 10%
degradation occurs (T10) of the composites for the first 1,000 h.
This occurrence could be related to the polymer matrices post-
curing as well as crosslinking process initiated by UV radiation
that are more favored to occur over oxidation, especially during
the first 1,000 h. The obtained result is in parallel with the
previous FT-IR analysis that suggests the degradation by photo-
oxidation was presumed to occur dominantly only after 1,000 h.
This can be shown by the significantly increased CI of the
composites samples that were exposed for 1,500 h as presented
earlier in Table 3. In the literature, Ding and Liu (2006) also
reported an increase in thermal stability of polyurethane sealant
after exposure to UV-A radiation. They also found that the
post-curing that occurred increased the tensile and hardness
properties of the sealant.

The DTG curves of the unexposed and exposed composite
samples generally exhibited similar decomposition stages with
some noticeable changes after exposure. The first stage of weight
losses for the composites occurs at 80◦C and above due to the
moisture evaporation from the composites constituent of KF and
Acrodur R© resin. Within the temperature 180–280◦C, the weight
losses of the composites were due to the decomposition of lower
boiling point components of polyester as well as some portion

TABLE 4 | Thermal properties of composites with respect to exposure time of

accelerated weathering test.

Weight

loss (%)

Onset temperature, Tonset

(◦C)

Tempt. at 10% weight

loss, (T10)

(◦C)

Exposure

time (h)

0 500 1,000 1,500 0 500 1,000 1,500

UTKC 190 220 226 215 231 237 242 238

ATKC 208 222 228 218 234 240 243 235

AHTKC 231 234 242 232 237 240 246 237

HTKC 202 225 230 215 233 236 243 236

of hemicellulose, pectin and wax (Shebani et al., 2008). Since the
degradation range of hemicellulose is between 220 and 320◦C
(Azwa et al., 2013), further decomposition of hemicellulose
residual could also be detected by a small weight loss between 280
and 320◦C for the unexposed sample of UTKC (see Figure 6A)
and HTKC (see Figure 6D). This stage was not visible in alkali-
treated KF composites of ATKC and AHTKC because of the
absence of hemicellulose content in the KF and the elimination
of this constituent during alkalization. It is interesting to note
that this decomposition stage was also found to disappear for
UTKC and HTKC samples that were exposed for 1,000 and
1,500 h. This indicates that the degradation of hemicellulose
could occur during accelerated weathering by UV radiation
via photo-oxidation.

The last stage of the decomposition of the composites is
related to the degradation of the cross-linked acrylic polymer
of the matrix resin that occurs at temperature between 280 and
525◦C. The degradation stage at a temperature between 380 and
520◦C was attributed to the decomposition of the cross-linked
acrylic polymer (Akpan et al., 2017). The degradation rate at
this stage could give a probable insight into the crosslinking
formation that might occur by the post-curing and crosslinking
process during weathering exposure. As it can be seen, the
degradation peak of the composites exposed at 500 h and
1,000 exhibit higher intensity in the DTG curve compared to
the unexposed samples and exposed samples at 1,500 h. This
occurrence is generally applied to composites, which signifies
that the post-curing and crosslinking process are most likely
to occur at the initial stage of exposure while photo-oxidation
that occurs at the final stage of exposure causes degradation
of polyester.

WATER ABSORPTION PROPERTIES

Kinetic of Water Absorption
Figure 7 shows the water absorption curves for the composites.
All samples exhibited a typical Fickian behavior, i.e., rapid water

FIGURE 7 | Water absorption behavior of KF/Acrodur® composites.
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uptake at the initial stage, and later a saturation level was attained
without any further increase in water absorption. Generally, the
maximum water uptake for KF reinforced composite (UTKC) in
this current study was found to be significantly lower by almost
50% compared to KF/hemp reinforced Acrodur R© composite
reported by Medina and Schledjewski (2009).

However, the water uptake is higher, compared to other
types of thermosetting resin and thermoplastic resin composites.
Several studies have reported that the maximum water uptake of
unsaturated polyester/KF composite of comparable fiber loading
is in the range of 10–25% (Nosbi et al., 2010; Mazuki et al., 2011).
Meanwhile, the water uptake for PP/kenaf fiber composites
is within the range of 10–18% (Law and Ishak, 2011). This
difference is because of the water-based property of Acrodur R©

resin. Before curing, the resin is hydrophilic and water-soluble.
After thermally cured, besides providing rigidity and strength
to the resin, the formation of crosslinking upon curing imparts
hydrophobicity properties. During the composites’ fabrication
process, it is not applicable to obtain a complete curing reaction
as it requires exposing the fiber at a high temperature (210◦C)
over a more extended period which might degrade the natural
fiber. Indeed, Khalfallah et al. (2014) reported that the optimum
degree of curing of Acrodur R©/flax tape composite that is suitable
in the automotive industry is 72%. Based on this, higher water
uptake to Acrodur R© KF composites can be expected as the
uncured resin tends to be dissolved during water immersion,
creating more voids to be filled up with water molecules.

Table 5 summarizes the maximum water uptake (Mm) and
diffusion coefficient (D) of Acrodur R© composites. It is interesting
to note that fiber surface treatment could provide some

TABLE 5 | Water absorption properties of composites.

Composites Maximum water

uptake, Mm

(%)

Diffusion

coefficient, D

(×10−11 m/s2)

UTKC 54.27 1.42

ATKC 40.41 1.35

AHTKC 38.87 1.25

HTKC 49.80 1.34

improvement in reducing the water absorption properties of the
composites. ATKC and AHTKC exhibit a significant reduction
in Mm by 25 and 30% and a slight decrease in D by 5 and 12%
compared to UTKC, respectively. This may be attributed to the
removal of hemicellulose and lignin during alkalization in which
the removal was more effective by the application of heat as in
the case of AHTKC composites. Hemicellulose is considered to be
mainly responsible for water uptake, even though non-crystalline
cellulose and lignin might also play an essential role in the water
absorption process.

Furthermore, during alkalization, the amorphous waxy cuticle
layer of the fibers, which holds the water molecules is removed,
thereby limiting water containment in the composites (Sreekala
et al., 2002). As a result, the maximum water uptake, Mm of
the alkali treated KF composites was relatively lower compared
to UTKC composite. Sreekala et al. (2002) explained that the
water absorption is not only dependent on the fiber and matrix
structures, but also the fiber–matrix interface. Alkali treatment
to KF promotes the activation of hydroxyl groups of the cellulose
unit by breaking the hydrogen bond, leading to good fiber/matrix
interaction. Excellent interaction between the fibers and matrix
might reduce the void along the interface, which consequently
inhibits water penetration and reducing the D and Mm values
of the alkali-treated KF composites. It is worth noting that
HTKC exhibited a considerably lower D value with 1.34 × 10–
11 m/s2. This could be due to the swelling, and cell shrinking
that contributed to less water absorption by cell walls (Ates
et al., 2009). Despite that, the Mm value of HTKC was relatively
higher than ATKC and AHTKC. Therefore, this signifies high
total water uptake at the saturation level is contributed by water
containment at the interfacial region because of poor fiber-
matrix wettability.

Flexural Properties
Table 6 shows the flexural properties of the composites in wet and
re-dried states. Water absorption causes a dramatic reduction
in the flexural strength and flexural modulus of all composites.
The significant reduction in flexural strength of composites
could be associated with fiber swelling that compromises fiber-
matrix interfacial bonding (Dhakal et al., 2007). Also, the

TABLE 6 | Flexural properties of composites before and after subjected to water absorption.

Sample Control Wet Re-dried

Strength

(MPa)

Modulus

(GPa)

Strength

(MPa)

Modulus

(GPa)

Strength

(MPa)

Modulus

(GPa)

UTKF 49.50 ± 2.56 4.32 ± 0.35 20.66 ± 1.53

(−58.26 ± 3.09)

1.90 ± 0.12

(−56.02 ± 2.78)

42.02 ± 2.31

[84.89 ± 4.67]

3.62 ± 0.11

[83.80 ± 2.55]

ATKC 56.40 ± 2.07 5.22 ± 0.16 27.76 ± 0.86

(−50.78 ± 1.52)

2.45 ± 0.10

(−53.07 ± 1.92)

45.73 ± 1.57

[81.08 ± 2.78]

4.18 ± 0.13

[80.00 ± 2.50]

AHTKC 58.35 ± 0.73 5.67 ± 0.09 32.95 ± 1.48

(−43.53 ± 2.54)

2.72 ± 0.05

(−52.03 ± 0.88)

48.01 ± 1.68

[82.27± 2.88]

4.60 ± 0.14

[81.13 ± 2.50]

HTKC 51.05 ± 0.64 5.24 ± 0.18 22.55 ± 0.96

(−55.82 ± 1.88)

2.20 ± 0.08

(−58.01 ± 1.52)

43.55 ± 2.05

[85.30 ± 4.01]

4.22 ± 0.14

[80.53 ± 2.67]

( )% change of wet sample toward control properties.
[ ]% recovery of re-dried sample toward control properties.
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FIGURE 8 | SEM images of composites surfaces after water absorption test (A) UTKC, (B) ATKC, (C) AHTKC, and (D) HTKC.

FIGURE 9 | SEM images of flexural fracture surfaces after water absorption test (A) UTKC, (B) ATKC, (C) AHTKC, and (D) HTKC.
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water molecules act as plasticisers that reduce the rigidity
of the cellulose structure and thus, the flexural modulus of
the reinforced composites (Akil et al., 2009). Notwithstanding,
slightly better retention strength in ATKC and AHTKC as
compared to UTKC and HTKC were observed. This could
be attributed to the improved fiber–matrix bonding which
minimizes the adverse effect of the interfacial region by the water
molecules penetration.

The flexural properties of all the composites exhibit good
recovery (exceeding 79%) upon re-drying, suggesting that the
role of water as plasticiser has been removed or has a reversible
physical process. As stated by Bera et al. (2007) the re-
drying process reduces the plasticization effect in composite
constituents. However, full recovery of the flexural properties
could not be achieved. This might be due to the defects or flaws
imposed by water penetration and during the re-drying process.

Figures 8A–D exhibits the SEM images of composites
surfaces while Figures 9A–D shows the fracture surfaces of the
composites after being subjected to the water absorption test,
followed by the re-drying step. The formation of micro-cracks
and micro-voids observed on the surfaces of the composites
might explain the reduction in flexural properties following
the test. Notably, UTKC and HTKC exhibit a slightly better
recovery percentage of flexural strength and flexural modulus
upon re-drying compared to ATKC and AHTKC. The result
suggests that water penetration, followed by re-dying, might
reduce or diminish the treatment effect in enhancing fiber to
matrix adhesion in ATKC and AHTKC. As stated by Dhakal
et al. (2007) water absorption by hydrophilic KF could lead to
interfacial de-bonding in the composites. This could be proven
by the occurrence of a crack at an interfacial region that occurs
in all composites regardless of the treatment applied, shown in
Figure 9. However, AHTKC still exhibits the highest flexural
strength and modulus compared to all composites. As observed
in the SEM image of AHTKC fracture surfaces (see Figure 9C),
there was still matrix resin that remained intact or adhered to
KF. This could provide some reinforcing effect of the KF to
the composites.

CONCLUSIONS

The current study analyses the effects of accelerated weathering
and water absorption test of KF reinforced Acrylic-based

polyester resin with the trade name of Acrodur R©. The
post-crosslinking process that occurs during the accelerated
weathering test is found to improve the flexural and thermal
properties of the composites at the early stage of exposure.
Toward the final stage (total exposure of 1,500 h), slight decrease
in flexural properties are recorded due to the photochemical
degradation. This is confirmed by the FT-IR analysis, color
change measurement, and reduction in thermal stability of
the composites. All composites exhibit Fickian behavior in
water absorption test conducted at room temperature. The
flexural properties of various composites dramatically reduce
after the test. However, upon re-drying, good recovery in
flexural properties could be observed in all composites exceeding
80%. Full recovery is not possible because of the formation
of crack at the fiber-matrix interfacial region. The efficiency
of fiber surface treatment in improving flexural properties
of composite could be seen at every condition even after
the accelerated weathering and water absorption tests. KF
reinforced Acrodur R© composites exhibit excellent durability
toward solar ray radiation, but the usage of these composites in
the automotive industry is limited to the interior components,
because of the permanent damage to the composite induced by
water absorption.
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Hygrothermal aging of neat poly(lactic acid) (PLA), PLA/microcrystalline cellulose (MCC),

and PLA/cellulose nanowhiskers (CNW) fibers prepared by melt-spinning process

was investigated at 95% relative humidity (RH) and two temperatures, i.e., 45 and

60◦C. PLA bionanocomposite fibers were melt compounded at filler content of 1

wt% in the presence of PLA-grafted-maleic anhydride (PLA-g-MA) (7 wt%) used as

compatibilizer. The influence of the type of cellulosic filler and the temperature on the

hydrolytic degradation kinetics was evaluated through changes in molecular structure

and physico-mechanical properties of the samples. The study showed, that all exposed

fibers to hygrothermal aging, were subjected to chain scission mechanism responsible

for the decrease in average molecular weight, thermal stability and tensile properties,

however, more pronounced after 14 days at 60◦C. Furthermore, an increase in crystallinity

with a fast crystallization process was noticed for all exposed fibers. The study revealed

that the hydrolysis rate increased by 5, 6, and 7 times after 14 days at 60◦C compared

to 25 days at 45◦C for neat PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1

fibers, respectively. This has been ascribed to the catalytic behavior of the cellulosic

fillers which promotes water diffusion into the PLA matrix. Finally, the study concludes

to the capacity of PLA fibers to better withdraw to hydrothermal aging in comparison

to PLA/cellulose bionanocomposites. The durability of PLA fibers to hygrothermal

degradation is established in the following order: PLA > PLA/PLA-g-MA/MCC1

> PLA/PLA-g-MA/CNW1.

Keywords: polylactide, cellulose, bionanocomposites, hygrothermal aging, hydrolysis

INTRODUCTION

The development of biodegradable and renewable polymericmaterials as natural fiber composites is
increasing significantly regarding their economic and ecological advantages (Vilaplana et al., 2010).
The interest shown in biodegradable polymers meets the concerns of preserving the environment
byminimizing the use of generally polluting petrochemical synthetic polymers and also by avoiding
dependence on non-renewable resources. In this context, PLA, which belongs to the family of
aliphatic polyesters, is one of the main representatives of the biodegradable polymers (Hajba et al.,
2015). Moreover, PLA has good mechanical and optical properties, which are comparable to the
conventional synthetic polymers, like polyolefin and PET. It is therefore widely used in many

185

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00323
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00323&domain=pdf&date_stamp=2019-12-17
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kacimu@yahoo.fr
https://doi.org/10.3389/fmats.2019.00323
https://www.frontiersin.org/articles/10.3389/fmats.2019.00323/full
http://loop.frontiersin.org/people/657856/overview
http://loop.frontiersin.org/people/654286/overview


Aouat et al. PLA Bionanocomposite Fibers in Hygrothermal Aging

applications involving food packaging, automotive parts,
disposable tableware, sutures and drug delivery device (Chow
et al., 2014). However, expanding the utilization of PLA to other
industrial fields is rather limited due to its slow crystallization
speed and brittleness to some extent (Sun et al., 2017). To
overcome these issues, many studies have shown that adding
natural fibers or cellulose nanomaterials is an effective, useful
method to reinforce PLA (Mokhena et al., 2018). Cellulose due
to its abundant availability, renewability, biodegradability, high
strength and stiffness, could replace advantageously layered
silicates, carbon nanomaterials and other metallic oxide fillers.
According to the literature (Rahman et al., 2014), the theoretical
modulus of the native cellulose is estimated at 167.5 GPa,
which is one of the strongest and stiffest natural fibers available.
Cellulose materials as cellulose nanofibers (CNF), cellulose
nanowhiskers (CNW), and microcrystalline cellulose (MCC)
have a high potential to act as reinforcing agents in biopolymers.
However, the highly hydrophilic surface of cellulose makes it
difficult to prevent fiber aggregation in hydrophobic polymers,
such as PLA (Wang and Drzal, 2012). There are three main
approaches available to improve the dispersion and the interface
bonding of the cellulosic filler with the polymer matrix, through
either polymer or filler modification, or the addition of a third
component, i.e., a coupling agent, such as maleic anhydride
grafted polymers (Hassaini et al., 2017; Hamad et al., 2018). In
the current paper, which is a continuation of a previous work
(Aouat et al., 2018), PLA-g-MA was used as the compatibilizer
for the PLA/cellulose bionanocomposites to improve the
matrix-filler affinity.

Furthermore, the sensitivity to moisture uptake is a well-
known weakness, which limits the performance of biocomposite
materials, due to the hydrophilic nature of the biopolymer
matrix and/or the natural reinforcement (Vilaplana et al., 2010).
Moisture uptake can induce swelling of the biocomposite which
may impair interfacial strength and subsequently generate cracks
in the matrix (Bayart et al., 2017). Swelling phenomenon is
attributed to the interaction of the fiber cell-wall components
(containing –OH, –COOH, and other polar groups) with water
molecules via hydrogen bond formation (Islam et al., 2010).
These are serious issues for long-term applications where the
biocomposites may be exposed to the combined effect of
high humidity and temperature conditions. Although, a recent
publication (Mangin et al., 2018) has shown that incorporating
miscible PMMA to flame-retarded PLA improves its resistance
to hydrothermal aging, further studies are however necessary
to better understanding the behavior of such materials in a
high humid atmosphere or in water. This is a prerequisite for
any outdoor application. Despite the technological importance
of this research theme, few studies are unfortunately available
in literature on degradation of PLA/cellulose biocomposite
materials in hygrothermal conditions, and even less onmelt-spun
PLA fibers (Xian et al., 2018).

Therefore, the objective of this paper was to investigate
the influence of combined humid atmosphere and temperature
on the morphology, the chemical structure and the physical
properties of neat PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-
g-MA/CNW1 bionanocomposite fibers. The hygrothermal aging

was conducted in a climatic chamber at 95% RH and at two
temperatures: 45 and 60◦C. The filler size effect on the rate of
hydrolysis of PLA fibers was also investigated. The choice of
45 and 60◦C as the hygrothermal degradation temperatures was
not arbitrary, it was justified by the fact that PLA fibers are in
glassy state at 45◦C and rubbery state at 60◦C, considering that
the transition temperature of PLA is around 60◦C. Furthermore,
60◦C is often the temperature which is used in clearing treatment
of textile fibers in the industry.

EXPERIMENTAL

Materials Used
PLA was fiber-grade resin 6202D and supplied by Nature
Works LLC. According to the manufacturer, the main physical
characteristics of the polymer are as follows: density = 1.24
g/cm3, glass transition temperature (Tg) = 60◦C, and melting
point (Tm)∼160–170◦C.

Microcrystalline cellulose (MCC) was supplied by Sigma-
Aldrich under the trade name Avicel PH 101. MCC was also
used as the raw material for extracting cellulose nanowhiskers
(CNW) by using sulfuric acid hydrolysis in aqueous media
(Aouat et al., 2018). Sulfuric acid 95–97% was purchased from
Sigma-Aldrich. PLA-g-MA (∼3 wt.% of maleic anhydride) used
as the compatibilizer for the cellulosic PLA fibers, was prepared
in the laboratory Materia Nova (Mons, Belgium) by reactive
extrusion using a Leistritz twin-screw extruder (L/D= 50).

Preparation of PLA/Cellulose
Bionanocomposites
PLA and PLA bionanocomposite fibers were manufactured
by two-step process. The first one consisted of preparing
pellets by a Thermo-Haake co-rotating intermeshing twin-screw
extruder (L/D = 25) according to the compositions reported
in Table 1. In the second step, the pellets were used to obtain
the multifilament fibers using a melt-spinning machine, Model
Spinboy I, manufactured by Busschaert Engineering. Elaboration
of PLA fibers has been detailed in a recent paper (Aouat et al.,
2018).

TABLE 1 | Values of water uptake at saturation, water diffusion coefficient and

activation energy of PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1

fibers recorded at 45 and 60◦C in hygrothermal conditions.

Fibers Water uptake at

saturation

(%)

Water diffusion

coefficient

(m2/s)

Activation

energy

(kcal/mol)

45◦C 60◦C 45◦C 60◦C

PLA (100

wt%)

0.51 1.17 2.36 × 10−16 4.99 × 10−16 10.5

PLA/PLA-g-
MA/MCC1

(92/7/1 wt%)

1.7 1.94 4.13 × 10−16 6.36 × 10−16 6.08

PLA/PLA-g-
MA/CNW1

(92/7/1 wt%)

1.3 1.55 3.38 × 10−16 5.76 × 10−16 7.48
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Hygrothermal Aging
Both PLA and PLA bionanocomposite fibers in form of coils
were subjected to hygrothermal aging in a climatic chamber
of Model Excal 2221-HA at 95% RH and two temperatures,
i.e., 45 and 60◦C. The fibers were placed on metal grid in the
center of the enclosure having the following dimensions: 50
× 50 × 75 cm. The climatic chamber used is equipped with
the Spirale R© software, which allows the aging parameters to be
controlled. Fiber samples were removed periodically with time
for characterization tests.

Technical Characterization
Water Uptake
The moisture uptake of PLA fibers was estimated by weighing.
The samples removed from the climatic chamber, were
immediately weighed (m2) to avoid any moisture loss and
weighed again after sampling before being replaced in the
chamber. Percent moisture uptake (%H) is determined by
Equation (1):

%H = %H1 +
m2 −m1

m2
. 100 (1)

Where, %H is the percent moisture uptake, %H1 is the percent
moisture uptake at previous removing; m1 is the sample mass at
previous removing, while m2 is the sample mass currently noted.

In addition, the water uptake capacity of the exposed PLA and
PLA bionanocomposite fibers in the climatic chamber was also
expressed in terms of diffusion coefficient. Assuming that the
PLA fibers have a cylindrical shape, the water diffusivity in the
matrix is expressed by Equation (2) (Hossain et al., 2014):

D =

πd2

16W2
s

×

(W2 −W1)
2

(√

t2 −
√

t1
)2

(2)

Where, D is the water diffusion coefficient in (m2.s−1), d is the
average diameter of the fiber in (m), Ws is the water uptake at

saturation in (%) and (W2−W1)
2

(
√

t2−
√

t1)
2 is the square slope of the linear

portion of the curve of water uptake vs. root of time.
The activation energy of water diffusion (ED) in (kcal/mol)

was determined by linear regression through (ln D) vs. (1/T)
according to Arrhenius equation, i.e., Equation (3) (Fayolle and
Verdu, 2005):

lnD = a−
ED

RT
(3)

Where, T is temperature in (K) and R, the ideal gas constant
(8.32 kJ·mol−1

·K−1).

Viscosimetric Measurements
Viscosimetric measurements were carried out in an Ubbelhode
viscometer at 30◦C with chloroform as solvent. Assuming the
kinetic energy and shear corrections negligible, the Huggins
equation was applied to estimate the intrinsic viscosity [η]. The
latter is related to the viscosity average molecular weight (Mv), by
the Mark-Houwink-Sakurada equation: [η] = K.M

a
v(where, K

and a, are empirical constants). For the PLA/chloroform system

at 30◦C, K= 1.31× 10−4 dl/g and a= 0.759 (Persson andMikael,
2013). The extent of hydrolytic degradation of PLA fibers and
its bionanocomposites is determined from the number of main-
chain scission index (SI). SI is defined according to the following
Equation (4) (Remili et al., 2009).

SI = [Mv0/Mv]− 1 (4)

Where Mv0 and Mv are the viscosity-average molecular weight
before and after hygrothermal exposure of the fibers. In addition,
the hydrolysis rate was also followed by the hydrolysis rate
constant (k) determined by the linear regression method.

Tensile Measurements
The tensile measurements were conducted on twisted fibers (80
monofilaments). Amechanical tester systemMTS associated with
a force sensor of 1 kN was used. In order to adjust the clamp load
and to grip the sample with the least amount of stress, a special
design for testing yarns was used (capstan grips). Capstan roller
in addition to vise action allows the sample to be both clamped
at the desired level and to be wound around the capstan to
distribute the remaining stress via friction. The tensile properties
were measured according to ISO 2062 standard test method. A
loading speed of 200 mm/min and a distance of 200mm between
grips were applied. All mechanical tests were carried out by using
specimens previously stored for at least 48 h at 20 ± 2◦C at 50 ±
3% RH. The values were averaged out over five measurements for
each sample.

Because of the variation in the fibers fineness, the tensile
strength is expressed as tenacity (cN/tex), a specific value related
to fineness (force per unit fineness). Fineness in tex (g/km), was
determined by dividing the mass of fibers by their known length
(Milanovic et al., 2012).

Differential Scanning Calorimetry (DSC)
DSC thermograms of PLA fibers were performed using a 2920
Modulated DSC (TA Instruments) before and after exposure to
hygrothermal aging. The dried samples of an average weight of
about 10mg were placed in hermetically closed DSC capsules in
nitrogen atmosphere at 50 ml/min. The heating and cooling steps
were carried out at a rate of 10◦C/min from 20 to 200◦C and from
200 to 20◦C, respectively. Glass transition temperature (Tg), cold
crystallization temperature (Tcc) and melting temperature (Tm)
were determined from the second heating cycle of the PLA fibers.
The crystalline index (Xc) was calculated according to Equation
(5) (Dadbin and Kheirkhah, 2014):

Xc(%) =
∆Hm − ∆Hcc

W · 1Hm0
· 100 (5)

Where, 1Hm is the melting enthalpy of the sample, 1Hm0 is
the melting enthalpy of 100% crystalline PLA, taken as 93 J/g
(Fortunati et al., 2012). 1Hcc is the crystallization enthalpy and
W is the weight fraction of PLA in the bionanocomposite fibers.

Wide Angle X-Ray Scattering (WAXS)
WAXS measurements were carried out on a Philips PW1050
diffractometer. The X-ray patterns were recorded in a range of
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2–40◦ with a step of 0.02◦ and step time of 2 s. The wavelength
of the Cu/Kα rod surface was λ = 0,154 nm and the spectra were
obtained at 20mA with an accelerating voltage of 40 eV.

Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was performed on a Perkin
Elmer Pyris-1 TGA thermo-balance (PerkinElmer, Waltham,
MA, USA) operating under N2 atmosphere in alumina crucibles
containing around 10mg of material and ranging from 30 to
900◦C at a heating rate of 10◦C/min.

Scanning Electron Microscopy (SEM)
SEM images of the fibers were recorded using a QUANTA
200 FEG (FEI Company) environmental scanning electron
microscope at an acceleration voltage of 7–10 keV. Prior to any
observation in scanning mode (SEM), the transversal surfaces
of the fibers were sputter coated with carbon using a Carbon
Evaporator Device CED030 (Balzers), to ensure good surface
conductivity and to avoid any degradation.

Transmission Electron Microscopy (TEM)
TEM observations were carried out on a JEOL 1200EX TEM
scanning electron microscope operating at an accelerating

voltage of 100 kV. The samples were embedded in a LR white
resin and ultrathin-sectioned at 70 nm using a Leica EM UC7
ultra-microtome with a diamond knife Ultra 45 (Nissei Sangyo).
The sections were transferred to carbon-coated Cu grids of
300 meshes.

RESULTS AND DISCUSSION

Water Uptake (WU)
Belonging to the family of aliphatic polyesters, PLA and its
bionanocomposites absorb moisture when they are immersed
in water or exposed to a humid atmosphere. Moisture uptake
phenomenon leads to property changes and degrades also the
materials through hydrolysis (Elsawy et al., 2017). In this regard,
water uptake (WU) kinetics of PLA, PLA/PLA-g-MA/MCC1, and
PLA/PLA-g-MA/CNW1 fibers were determined at 45 and 60◦C.
The relative plots are shown in Figures 1A–D. Furthermore, the
values of WU at saturation, diffusion coefficient, and activation
energy are also provided in Table 1.

Figures 1A,B displays the curves of WU as a function of
exposure time for PLA and PLA bionanocomposite fibers at 45
and 60◦C, respectively. As expected, WU capacity of PLA matrix
is lower compared to that of its bionanocomposites. Nevertheless,

FIGURE 1 | Water uptake curves of PLA, PLA-g-MA/MCC1, and PLA-g-MA/CNW1 fibers vs. exposure time (A): 45◦C and (B): 60◦C and root of time (C) 45◦C and

(D): 60◦C, respectively in hygrothermal conditions.
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an increase in WU is observed for all fibers with increasing
both exposure time and temperature, being less pronounced
for PLA. It is also observed that for PLA bionanocomposite
fibers filled with MCC1, WU % is much higher than those filled
with CNW1, whatever the temperature. This may be due to
higher level of crystallinity in PLA/PLA-g-MA/CNW1. Indeed,
the downward trend in WU of highly crystalline polymers has
already been reported bymany authors (Zhou andXanthos, 2008;
Balakrishnan et al., 2011; Hossain et al., 2014; Mitchell and Hirt,
2015), which is attributed on one hand, to the barrier effect of
impermeable crystallites, and on the other hand, to the tortuosity
of water diffusion into the polymeric matrix. In addition, the filler
specific surface is another parameter, which has to be considered,
since the larger the filler specific surface, the higher the amount
of water trapped.

Figures 1C,D show that WU of all fibers increases almost
linearly with the root of time at 60◦C compared to 45◦C before
reaching saturation. This suggests that water diffusion in PLA
fibers is governed by Fick’s law, which is in agreement with the
data reported in the literature (Yew et al., 2005; Balakrishnan
et al., 2011; Ndazi and Karlsson, 2011; Chow et al., 2014; Gil-
Castell et al., 2014; Hossain et al., 2014; Yu et al., 2018). The
increase of WU of PLA and its bionanocomposites with time
may also result from the formation of strong polar groups during
hydrolysis process, mainly hydrophilic acid functions and also
from the increase of the free volume in PLA matrix (Mortaigne,
2005; Zhou and Xanthos, 2008). Indeed, Gupta et al. (2012)
reported a decrease in contact angle of PLA with time and
subsequently, an increase of its polarity in the course of the
hydrolysis process.

Table 1 shows that the activation energy value of PLA fiber
is much higher than that of PLA bionanocomposites with 38
and 72% increases compared to that of PLA/PLA-g-MA/CNW1,
and PLA/PLA-g-MA/MCC1, respectively. The lower WU value
of PLA results from its higher relative hydrophobic character
compared to that of the bionanocomposites. This is consistent
with the literature data (Yew et al., 2005; Zhou and Xanthos,
2008; Balakrishnan et al., 2011; Yu et al., 2018) reporting
WU values of PLA ranging from 0.5 to 1.0%. In addition,
the significant mass gain of PLA bionanocomposites over PLA
mainly could be ascribed to the cellulosic fillers, which are
highly hydrophilic materials. The presence of hydroxyl groups
(OH) in MCC and CNW is favorable for the occurrence of
hydrogen bonding with moisture (Elsawy et al., 2017). This is
in a good agreement with many authors who reported that the
incorporation of natural hydrophilic fillers to PLA increases its
WU capacity. These include cellulose nanowhiskers (Hossain
et al., 2012), sisal fibers (Gil-Castell et al., 2014, 2016), ramie
fibers (Yu et al., 2018), coconut fibers (Wu, 2009), and wood pulp
(Azwar et al., 2012).

Scission Index Evolution
The hydrolytic degradation kinetics of PLA fibers and its
bionanocomposite were investigated by determining the scission
index (SI) with exposure time. The plots are shown in
Figures 2A,B for PLA and the bionanocomposite fibers at 45

FIGURE 2 | Scission index (SI) vs. exposure time for PLA, PLA-g-MA/MCC1

and PLA-g-MA/CNW1 fibers recorded at 45◦C (A) and 60◦C (B) in

hygrothermal conditions.

and 60◦C, respectively. Furthermore, Table 2 summarizes the k
values, which give the hydrolysis rate of the exposed fibers.

In Figures 2A,B, there is an increasing evolution of SI curves
with time for all PLA fibers whatever the temperature meaning
that the degradation mechanism predominantly occurring in
the matrix is chain scission (Gajjar and King, 2014; Gil-Castell
et al., 2014). Indeed, the literature (Elsawy et al., 2017) reported
that under humid conditions, hydrolysis reactions occur between
PLA ester groups and water molecules resulting in chain scission
forming chain segments with low molecular weight (Girdthep
et al., 2016; Lins et al., 2016; Lorenzo et al., 2016; Mohammad
et al., 2016; Pinese et al., 2016; Stloukal et al., 2016; Yang
et al., 2016). Moreover, the hydrolysis of PLA bionanocomposites
is strongly dependent on the intrinsic characteristics of PLA
matrix, the nature of fillers, their dispersion in the polymer
and the environment conditions (humidity and temperature)
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TABLE 2 | Hydrolysis parameters (hydrolysis rate constant k, coefficient of

correlation R2, timescale for diffusion and timescale of reaction) of PLA,

PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1 fibers at 45 and 60◦C in

hygrothermal conditions.

Fibers k (J−1) r2/De (J) 1/k (J)

45◦C 60◦C (R2) 45◦C 60◦C 45◦C 60◦C

PLA 0.0102

R2
= 0.85

0.0568

R2
= 0.87

37 × 105 17 × 105 98 18

PLA/PLA-g-
MA/MCC1

0.0122

R2
= 0.82

0.087

R2
= 0.95

25 × 105 15 × 105 81 11

PLA/PLA-g-
MA/CNW1

0.0125

R2
= 0.83

0.1025

R2
= 0.90

26 × 105 16 × 105 80 10

(Zhou and Xanthos, 2008; Maharana et al., 2009). In this regard,
an increase in temperature from 45 to 60◦C, results in a fast
hydrolysis process of PLA. Thus, the k values given in Table 3,
indicate that all PLA fibers are more sensitive to hydrolysis
at 60◦C than 45◦C. Indeed, the k values of PLA, PLA/PLA-
g-MA/MCC1 and PLA/PLA-g-MA/CNW1 fibers recorded after
14 days at 60◦C are 5, 7, and 8 times higher than after 25
days at 45◦C, respectively. At 60◦C, which is the Tg of PLA,
the chain mobility increases significantly, thus promoting water
diffusion in the amorphous phase of PLA and subsequently a
faster hydrolysis (Zhou and Xanthos, 2008; Balakrishnan et al.,
2011; Castro-Aguirre et al., 2016). This is consistent with the
data published by Copinet et al. (2004) and Zhou and Xanthos
(2008) who reported a faster degradation of PLA at 60◦C than
at 45 and 50◦C. From Table 3, the catalytic role of cellulosic
fillers on PLA hydrolysis is highlighted, especially at 60◦C.
An increase in the k value by almost 53 and 80% is recorded
for PLA/PLA-g-MA/MCC1 and PLA/PLA-g-MA/CNW1,
respectively compared to that of neat PLA. This result is
attributed to filler hydration, which is one of the key parameters
responsible for accelerating the polymer hydrolytic degradation
(Loo et al., 2005; Zhou and Xanthos, 2008). Accordingly,
hydration phenomenon is explained by the easier accessibility
to water of PLA in the presence of cellulosic fillers, which
is in line with the water diffusion coefficient values shown
in Table 1. Furthermore, the data provided in Table 2 show
clearly the effect of the specific surface of the cellulosic filler on
the hydrolysis of PLA. Although, the accessibility to water of
PLA/PLA-g-MA/MCC1 is easier than that filled with CNW1 as
shown in Table 1, it is however observed that the latter is more
vulnerable to hygrothermal degradation. Indeed, Figure 2B

shows the presence of a short induction period of about 5 days
for PLA/PLA-g-MA/MCC1 fibers at 60◦C up to 14 days, whereas
the chain scission mechanism starts up on exposure for both PLA
and PLA/PLA-g-MA/CNW1 fibers. This behavior is explained
as a result of the high capacity of MCC to store the absorbed
water, therefore reducing the wettability of PLA matrix. Unlike,
CNW leads to better and homogeneous hydration of PLA
matrix, thus promoting hydrolysis. Similarly, Kummerer et al.
(2011) reported that cellulose nanocrystals are more sensitive
to degradation than MCC in an aqueous environment. Table 2 T
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reports also the values of timescale for diffusion (r2/De) for all
fibers, which are much higher than those of timescale of reaction
(1/k) at both 45 and 60◦C. This indicates that the process of
hydrolysis occurs mainly through a series of reactions rather
than by a water diffusion process (Mitchell and Hirt, 2015).

Morphological Characterization
Figures 3–5 shows SEM images of both external and cross-
sectional surfaces of PLA and PLA bionanocomposite fibers
before exposure and after 25 days at 45◦C and 14 days at 60◦C.
Figure 3a displays the external surface fiber of neat PLA before
exposure. The surface is smooth and regular. After 25 days at
45◦C, no noticeable change was observed on the surface of neat
PLA as shown in Figure 3b. However, after 14 days at 60◦C,
some cracks were formed which were preferentially localized
on the fiber sides (Figure 3c). Similar morphology has been
observed by Yuan et al. (2002) on hygrothermal degradation of
PLA fibers. In Figure 3d, the cross sectional surface fiber exhibits
a homogeneous morphology, which seems intact without any
damage. This result indicates that the hygrothermal aging of
PLA occurs on the fiber surface rather than in the bulk. This is
explained by the weak polarity of PLA which prevents the water
diffusion from the surface to the bulk of material (Gupta et al.,

2012) in concordance with the WU data reported in Table 1.
Figure 4a shows the SEM micrograph of the external surface
of PLA/PLA-g-MA/MCC1 fiber before exposure. Although the
surface appears smooth, its diameter is variable. Indeed, the
diameter varies along the fiber passing from 65 to 100µm, which
is probably due to the presence of MCC aggregates of various
sizes in PLA matrix. Figure 4b displays the external surface
of PLA fiber filled with MCC1 after 25 days of exposure at
45◦C. The surface seems also smooth, however a decohesion
between MCC and PLA matrix was observed. This phenomenon
became more pronounced after 14 days at 60◦C as shown in
Figure 4c since many cracks were formed randomly at the fiber
surface, playing a role of degradation precursors. Conversely
to PLA fiber, it can be seen in Figure 4d that the hydrolytic
degradation of PLA/PLA-g-MA/MCC1 occurs not only on the
fiber surface, but also in the bulk as clearly demonstrated by
the formation of internal crack starting from the surface to the
filler aggregate. Figure 5a shows regular PLA/PLA-g-MA/CNW1
fibers with a diameter very close to that of neat PLA. The
surface morphology of the fibers remained almost unchanged
after 25 days of exposure at 45◦C (Figure 5b). However, after 14
days at 60◦C, the bionanocomposite fiber was severely damaged
with the appearance of a surface erosion phenomenon as shown

FIGURE 3 | SEM micrographs of external surface of a PLA fiber. (a) Before exposure, (b) after 25 days at 45◦C, (c) after 14 days at 60◦C, and (d) SEM micrograph of

cross-sectional surface of a PLA fiber after 14 days at 60◦C.
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FIGURE 4 | SEM micrographs of external surface of a PLA/PLA-g-MA/MCC1 fiber. (a) Before exposure, (b) after 25 days at 45◦C, (c) after 14 days at 60◦C, and

(d) SEM micrograph of cross-sectional surface of a PLA fiber after 14 days at 60◦C.

in Figure 5c. Further, cracks of almost 10µm long, regularly
distributed on the surface and perpendicularly oriented to the
fiber direction were observed. The cracks are probably formed
due to the migration of various species including monomers
and oligomers resulting from hydrolysis. In addition, the effect
of hygrothermal aging on the morphological structure of neat
PLA and PLA bionanocomposite fibers was also investigated
by TEM. The corresponding TEM images are shown in
Figures 6 and 7. Figure 6a shows the surface morphology of
neat PLA before exposure. The sample exhibits a regular and
homogenous morphology with no surface defects. After 25 days
of exposure at 45◦C, some microvoids were observed on the
fiber surface (Figure 6b), whose number and size seemed to
increase with increasing the temperature to 60◦C as illustrated
in Figure 6c. In Figure 7a, which corresponds to PLA/PLA-
g-MA/CNW1 recorded before exposure, CNW particles are
clearly distinguished from the PLA matrix by their whiteness
and also by their typical rod shape. Figure 7b shows the
presence of defects on the surface observed after 25 days at
45◦C. The morphology of the bionanocomposite fiber exhibits

essentially microvoids similarly to neat PLA. However, after
14 days at 60◦C, the CNW particles appeared as black spots
of higher density as clearly shown in Figure 7c. This means
that CNW were completely disintegrated during hydrolysis at
60◦C. According to the literature (Pan et al., 2010; Ruiz et al.,
2013), the aging of cellulosic fillers due to moisture uptake may
lead to several structural and properties changes involving their
depolymerization. At this stage, CNW showed a remarkable
change in color from white to black (Dong et al., 1998; Jewena
et al., 2016).

Tensile Measurements
Tensile properties, which are one of the main functional
properties of polymers, are generally used as aging criteria to
evaluate the durability of polymers in hygrothermal conditions
(Chow et al., 2014). In this regard, tensile properties of PLA
and PLA bionanocomposite fibers were investigated at 45 and
60◦C and the data are summarized in Table 3. In addition,
the kinetics curves of tenacity of PLA fibers plotted at 45 and
60◦C are shown in Figure 8. According to Table 3, elongation
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FIGURE 5 | SEM micrographs of external surface of a PLA/PLA-g-MA/CNW1 fiber. (a) Before exposure, (b) after 25 days at 45◦C, (c) after 14 days at 60◦C, and

(d) SEM micrograph of cross-sectional surface of a PLA fiber after 14 days at 60◦C.

at maximum deformation, Young’s modulus and tenacity of the
whole PLA fibers were reduced from hygrothermal exposure.
Thus, at 45◦C and after 25 days, the value of Young’s modulus
decreased by ∼8, 10, and 15% from the initial one for the
neat PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1,
respectively. The decrease in Young’s modulus may be attributed
to the molecular weight decrease of PLA due to chain scission
(Yu et al., 2018). Moreover, Table 3 shows also that the loss in
tensile properties of the exposed PLA fibers is logically more
pronounced at 60◦C than 45◦C. Hence, after 7 days at 60◦C,
the PLA fibers were no longer stretchable, while at 45◦C, the
relative tenacity was almost stable up to 14 days. After this, a
slight decrease in Young’s modulus and elongation at maximum
deformation was noted up to 25 days. It can be seen that the
kinetics curves of relative tenacity and SI show similar trend.
Whatever the filler specific surface, its incorporation in PLA
matrix even at a very low content ratio, resulted in a decrease
in the mechanical properties of the bionanocomposite fibers,
especially at 60◦C. As a matter of fact, more than 92% decrease
in the initial relative toughness of PLA/PLA-g-MA/CNW1 fibers
were observed after 7 days at 60◦C, compared to 69% loss for

the neat PLA. Water diffusion at filler-matrix interface, could
cause a differential swelling due to the difference in absorption
capacity between the cellulosic filler and PLA resulting in the
bionanocomposite degradation (Le Duigou et al., 2009; Yu et al.,
2018). This corroborates the TEM analysis on the morphology
of PLA/PLA-g-MA/CNW1 fibers, which clearly shows the
complete disintegration of CNW particles causing structural
defects, which are responsible for the deterioration of the
tensile properties.

Thermal Properties
The effect of hygrothermal aging on thermal properties of neat
PLA and PLA bionanocomposite fibers was investigated by DSC
at 45 and 60◦C. The detailed data recorded at the second heating
cycle, are presented in Table 4. From the data in Table 4, Tg,
Tcc, Tm, and Xc remained almost unchanged for all fibers at
45◦C until 14 days of exposure. After this, Tg and Tcc slightly
decreased by 1 and 2◦C, respectively, while Xc of neat PLA,
PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1 increased
by 2.2, 1.2, and 1.5 times, respectively compared to their initial
values. However, at 60◦C, the thermal characteristics of PLA
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FIGURE 6 | TEM images of a PLA fiber. (a) Before exposure, (b) after 25 days at 45◦C, and (c) 14 days at 60◦C.

fibers, especially Xc, were significantly affected after 14 days of
exposure. The hydrolytic splitting-chains of PLA, which proceeds
preferentially in the amorphous regions, led to the formation of
short chain segments (Yuan et al., 2002; Zhou and Xanthos, 2008)
having enough energy to rearrange themselves and subsequently
to crystallize (Loo et al., 2005; Zhang et al., 2008). This is in
a good agreement with the data reported by Mitchell and Hirt
(2015) who indicated an increase in Xc of PLA fibers from
11 to 41% after only 24 h at 60◦C and 100%RH. Moreover,
the cold crystallization temperature (Tcc) decreased considerably
with exposure time at 60◦C. This is consistent with the decrease
in the activation energy, which promotes the chain mobility
and subsequently, the crystallization process of PLA (Zhou
and Xanthos, 2008; Chen et al., 2012; Santonja-Blasco et al.,
2013). Furthermore, the incorporation of MCC and CNW into
PLA matrix, even at a very low content, significantly reduced
the thermal properties of the biocomposite material. Table 4
indicates also a slight decrease in melting temperature (Tm) for
the bionanocomposite fibers with exposure time. This is often
attributed to the formation of less perfect crystallites or less

thermally stable ones which melt at low temperature (Zhang
et al., 2008; Chen et al., 2012; Mitchell and Hirt, 2015). The
presence of a double melting point in the DSC thermograms
(not shown) for both PLA and PLA/PLA-g-MA/MCC1 fibers
may result from complex phenomena involving polymorphism,
melting-recrystallization-melting or short chains reorganization
phenomena during heating (Ling and Spruiell, 2006; Shieh and
Liu, 2007; Murariu et al., 2012; Santonja-Blasco et al., 2013).
The lower melting peaks correspond to the imperfect crystallites,
while the higher ones correspond to the perfect ones (Ma and
Zhou, 2015).

Crystallinity Measurement by WAXS
The crystallinity structure of PLA and PLA bionanocomposite

fibers was also investigated by WAXS at 45 and 60◦C. The
relative patterns are shown in Figure 9. It can be seen that all
PLA fibers display a typical amorphous pattern before exposure.
However, the semicristalline structure of PLA clearly appears
on the WAXS spectra at 45◦C, even more at 60◦C. Thus, two
peaks are observed; the most intense one is localized at 2θ =
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FIGURE 7 | TEM images of a PLA/PLA-g-MA/CNW1 fiber. (a) Before exposure, (b) after 25 days at 45◦C, and (c) 14 days at 60◦C.

FIGURE 8 | Relative tenacity as a function of exposure time for PLA,

PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1 fibers recorded at 45 and

60◦C in hygrothermal conditions.

16.7◦ corresponding to the crystallographic planes (110, 200) of
PLA crystallites (Sullivan et al., 2015), while a second peak of
less intensity is centered at 2θ = 18.9◦, which is relative to the

(203) plane (Chen et al., 2012). The remarkable increase in peak
intensity at 2θ = 16.7 and 18.9◦ in PLA fibers at 60◦C up to
14 days is attributed to the increase in crystallinity of PLA and
its bionanocomposites, however much higher for PLA/PLA-g-
MA/CNW1. This result is consistent with the scission index (SI)
and DSC data.

Thermal Stability
The effect of hygrothermal exposure on the thermal stability of
PLA and its bionanocomposite fibers was investigated by TGA.
Table 5 summarizes the values of degradation temperature at 5
wt% loss (T5%) and 50 wt% loss (T50%) with exposure time. It is
observed that T5% of PLA fibers decreased significantly at 60◦C,
while T50% was almost unchanged, particularly at 45◦C. This
is in a good agreement with the data published by Gil-Castell
et al. (2016) who reported that the temperature at maximum
degradation rate of PLA and PLA/sisal biocomposites remains
constant after hydrolysis in water at 85◦C, while the onset
degradation temperature decreases significantly. Table 5 shows
also that after 14 days at 60◦C, T5% decreased considerably
by 22, 52, and 56◦C for neat PLA, PLA/PLA-g-MA/MCC1,
and PLA/PLA-g-MA/CNW1, respectively. This is attributed to
the catalytic role of cellulosic fillers in PLA, which accelerates

Frontiers in Materials | www.frontiersin.org 11 December 2019 | Volume 6 | Article 323195

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


Aouat et al. PLA Bionanocomposite Fibers in Hygrothermal Aging

TABLE 4 | Thermal characteristics (Tg, Tcc, Tm, and Xc) of PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1 fibers recorded at 45 and 60◦C in

hygrothermal conditions.

Fibers Exposure time

(days)

Tg (◦C) Tcc (◦C) Tm (◦C) Xc (%)

45◦C 60◦C 45◦C 60◦C 45◦C 60◦C 45◦C 60◦C

Tm1 Tm2 Tm1 Tm2

PLA 0 59.6 59.6 117.9 117.9 151.3 – 151.3 – 0.5 0.5

2 59.2 59.6 117.2 116.6 151.1 – 151.3 156.2 0.6 0.7

7 59.2 58.6 117.4 113.8 151.4 – 151.5 157.6 0.7 1.6

9 59.4 57.9 117.1 108.7 151.1 – 151.5 158.4 0.7 3.2

14 59.8 56.3 117.2 106.6 151.3 155.0 152.1 159.7 0.8 5.3

16 58.9 – 116.9 – 151.3 155.3 – – 0.8 –

21 58.6 – 116.5 – 151.3 156.2 – – 1.0 –

25 58.1 – 115.2 – 151.4 156.3 – – 1.1 –

PLA/PLA-g-MA/MCC1 0 58.8 58.8 128.2 128.2 154.8 – 154.8 – 1.8 1.8

2 58.3 58.8 127.5 125.5 154.7 – 154.7 – 1.8 1.8

7 58.9 58.0 127.9 123.3 155.8 – 154.0 158.9 1.8 2.2

9 58.4 56.9 129.0 121.3 154.6 – 152.4 158.6 1.7 3.5

14 58.6 54.1 128.5 111.3 155.6 – 151.4 158.1 1.8 7.5

16 57.7 – 127.7 – 154.1 – – – 1.9 –

21 57.6 53 – 127.0 – 154.0 – – – 2.1 –

25 57.2 – 126.6 – 153.7 – – – 2.2 –

PLA/PLA-g-MA/CNW1 0 61.5 61.5 111.8 111.8 158.4 165.8 158.4 165.8 5.3 5.3

2 61.3 60.4 111.3 109.0 158.8 165.8 158.3 165.6 5.4 7.5

7 61.6 58.6 111.7 104.5 158.7 165.6 – 166.0 5.3 15.9

9 61.0 58.5 111.0 101.7 158.2 165.8 – 164.5 5.8 17.3

14 61.5 54.3 111.3 95.1 158.3 165.8 – 161.9 5.8 22.2

16 60.7 – 110.9 – 157.8 165.0 – – 6.1 –

21 59.9 – 110,0 – 157.2 164.6 – – 7.8 –

25 59.7 – 108.9 – 157.1 164.1 – – 8.1 –

FIGURE 9 | WAXS patterns of PLA, PLA/PLA-g-MA/MCC1, and

PLA/PLA-g-MA/CNW1 fibers recorded before exposure and after 25 days at

45 and 14 days at 60◦C in hygrothermal conditions.

the hydrolysis process and consequently increases the fraction
of short-length fragments, which can degrade at relatively low
temperature (Gupta et al., 2012).

CONCLUSION

From this study, it can be concluded that under hygrothermal
conditions (45/60◦C and 95%RH), both PLA fibers and those
based on PLA/PLA-g-MA/MCC1 and PLA/PLA-g-MA/CNW1
bionanocomposites undergo hydrolytic degradation, which
proceeds mainly by chain scission mechanism. Consequently,
an increase in SI and a decrease in T5% and tensile properties
(tenacity, modulus and elongation at maximum deformation) are
observed for all samples, however more pronounced for the PLA
bionanocomposite fibers. The decrease in properties depends on
filler specific surface and temperature. After 14 days at 60◦C, the
hydrolysis rate constant is estimated to 5, 7, and 8 times faster
for PLA, PLA/PLA-g-MA/MCC1, and PLAPLA-g-MA/CNW1,
respectively compared to that recorded after 25 days at 45◦C.
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TABLE 5 | TGA data (T5% and T50%) of PLA, PLA/PLA-g-MA/MCC1, and PLA/PLA-g-MA/CNW1 fibers recorded at 45 and 60◦C in hygrothermal conditions.

Fibers T5% (◦C) T50% (◦C)

PLA PLA/

PLA-g-MA/

MCC1

PLA/

PLA-g-MA/

CNW1

PLA PLA/

PLA-g-MA/

MCC1

PLA/

PLA-g-MA/

CNW1

Days
T (◦C) 45 60 45 60 45 60 45 60 45 60 45 60

0 316 316 327 327 332 332 360 360 362 362 363 363

2 317 308 328 322 329 325 361 360 360 362 362 362

7 317 304 325 314 328 311 360 360 361 361 360 360

9 316 298 326 299 328 297 360 359 360 360 360 359

14 315 294 324 275 324 276 361 360 360 357 360 356

16 310 – 323 – 322 – 359 – 362 – 361 –

21 302 – 318 – 316 – 361 – 359 – 363 –

25 309 – 314 – 309 – 359 – 360 – 361 –

Moreover, crystallinity and crystallization rate of PLA fibers show
a substantial increase during their exposure to hygrothermal
aging. SEM observations show damaged topographies for all
exposed fibers after 14 days at 60◦C compared to those recorded
after 25 days at 45◦C due probably to the molecular mobility
in the vicinity of the glass transition temperature of PLA
(60◦C). On the basis of all the results obtained, the durability
of PLA fibers to hygrothermal degradation is established in the
following order: PLA > PLA/PLA-g-MA/MCC1 > PLA/PLA-g-
MA/CNW1.
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Biodegradable microfibrillar composites PCL/PLA/C15, where PCL is

poly(ε-caprolactone), PLA is poly(lactic acid), and C15 is organophilic montmorillonite,

have been prepared. Microindentation hardness testing was employed in monitoring the

gradual improvement of PCL stiffness due to PLA addition, C15 addition, flow-induced

orientation, and changing crystallinity throughout the whole preparation process. Neat

PCL after extrusion and injection molding was quite soft, but the stiffness of the material

increased after melt-blending with 20 wt.% of PLA, after the addition of 2 wt.% of C15,

and after the preparation of the final microfibrillar composite. The indentation modulus

and indentation hardness of all intermediate products and the final PCL/PLA/C15

microfibrillar composite were associated not only with the composition and morphology

but also with the crystallinity of both components. The modulus of the final PCL/PLA/C15

composite was almost two times higher in comparison with the original PCL matrix.

Keywords: biodegradable microfibrillar composites, polycaprolactone, poly(lactic acid), micromechanical

properties, microindentation

INTRODUCTION

Poly(ε-caprolactone) (PCL) is a biodegradable semicrystalline polyester with the broad range of
applications in medicine, packaging, microelectronics or adhesives (Labet and Thielemans, 2009).
PCL exhibits low glass transition temperature and relatively soft crystalline phase, which results
in its low stiffness and high ductility. The low stiffness of PCL is frequently enhanced by blending
with stiffer polymers, such as biodegradable poly(lactic acid), PLA (Ostafinska et al., 2015, 2017;
Navarro-Baena et al., 2016). An alternative way of increasing PCL stiffness is the preparation of
composites with PLA-based fibers (Ju et al., 2013; Chen et al., 2014; Kelnar et al., 2016a), natural
fibers (Chen et al., 2005; Cocca et al., 2015), and various nanofillers such as layered silicates (Chen
and Evans, 2006; Chrissafis et al., 2007, Labidi et al., 2010; Neppalli et al., 2011), isometric silica
nanoparticles (Chrissafis et al., 2007), TiO2-based particles and nanotubes (Vackova et al., 2017), or
carbon and halloysite nanotubes (Chrissafis et al., 2007; Lee and Chang, 2013).

As for polymer blending in general, PCL has the rare property of being miscible with
numerous polymers such as poly(vinyl chloride) (PVC), acrylonitrile butadiene styrene (ABS), or
polycarbonates (PC) (Labet and Thielemans, 2009). Some other polymers (such as functionalized
polyolefins or natural rubber) exhibit reasonable mechanical compatibility with PCL, but the
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blending with PLA was mostly reported to result in
immiscible and non-compatible blends (Na et al., 2002;
Tuba et al., 2011). Nevertheless, recently we have shown
that under precisely optimized processing conditions,
composition and viscosity ratios of the components, the
compatible PLA/PCL systems with high stiffness (due to
PLA matrix) and toughness (due to PCL particles acting
as impact modifier) could be prepared (Ostafinska et al.,
2015, 2017); similar results were achieved in parallel studies
of Bai et al. (2012, 2013).

As for the reinforcing of PCL with PLA fibers, two great
potential advantages emerge: (i) both polymers are biodegradable
and the blend biodegradability can be controlled by composition,
morphology and/or chemical modifications, and (ii) the blend
properties can be optimized in a broad range starting from
very stiff, brittle PLA to very tough, ductile PCL. As pointed
out by Kelnar et al. (2016a), PCL/PLA blends (i.e., the blends
with PCL matrix) have not been studied as broadly as PLA/PCL
blends (i.e., the blends with PLA matrix, where PCL usually
acts as impact modifier; Fortelny et al., 2019). Just a few
papers have dealt with PCL/PLA blends or with PCL/PLA-
based composites and most of them focused on different topics
than reinforcing of PCL with PLA fibers: Jain et al. (2010)
investigated PCL/PLA/talc composites from the point of view
of morphology, crystallinity, and barrier properties, Wu et al.
(2011) dealt with the selective localization of two different
nanofillers (organoclay and carbon nanorubes) in PCL/PLA
systems, Laredo et al. (2010) focused their attention on the
conductivity of PCL/PLA blend filled with multiwall carbon
nanotubes, Patricio and Bartolo (2013) described morphology
and thermal stability of solvent casted PCL/PLA blends and their
scaffolds, Haq et al. (2017) characterized mechanical properties
of isotropic PCL/PLA blends, and Kelnar et al. (2017a) studied
effect of blend ratio and graphite nanoplatelets localization on
structure and properties of PCL/PLA systems. Navarro-Baena
et al. (2016) prepared PCL/PLA blends with both PCL and
PLA matrix and described their morphology, rheology, shape
memory behavior and in vitro biodegradation rate. The few
remaining studies dealing with PCL/PLA systems (Ju et al.,
2013; Chen et al., 2014; Kelnar et al., 2016a,b,c, 2017b) were
focused on the same subject like this contribution—on ehancing
of PCL mechanical performance by means of PLA fibers,
especially in combination with a suitable nanofiller. Kelnar
et al. prepared melt-drawn microfibrillar composites (MFC)
of PCL/PLA (80/20) containing organophilic montmorillonite
(Kelnar et al., 2016a,b), halloysite (Kelnar et al., 2016c), or
graphite nanoplatelets (Kelnar et al., 2017a) and achieved
2–3× higher tensile modulus of the final composites in
comparison with pure PCL; the increase in modulus was
accompanied by a moderate increase in the yield strength
and a decrease in the toughness of the system. Analogous
results were achieved by Ju et al. (2013), who melt-mixed PCL
with commercial PLA fibers at 90◦C (i.e., below the melting
point of the polylactide fibers), although the overall increase
in modulus was lower, ∼2× in comparison with the original
PCL, depending on final PLA concentration which ranged from
5 to 40 wt.%. Chen et al. (2014) prepared multi-layered PCL

composites reinforced by electrospun PLA/PCL blend, reported
that modulus increased almost twice in comparison to the neat
PCL and concluded that PLA continuous fibers could act as the
PCL reinforcement.

The comparison of the above-listed results suggests that one
of the most promising methods of PCL reinforcing with PLA
is the MFC concept, which maintains the biodegradability of
the final product and which was used in the studies of Kelnar
et al. (2016a,b,c); Kelnar et al. (2017a,b). The detailed description
of the MFC method can be found, for example, in the recent
work of Kakroodi et al. (2017). Briefly, the preparation of the
MFC composite requires two polymers with different melting
temperatures (Tm): melting temperature of dispersed/fibrillary
phase (Tm1) needs to be at least 40◦C higher than that of the
matrix (Tm2). In the first step, the microfibers of the dispersed
phase are formed during melt-blending in an extruder, followed
by hot- or cold-stretching of the extrudate, which results in the
thin bristle containing fibers of the dispersed phase, i.e., in the
material with the MFC morphology. In the second step, the
MFC bristle is processed to the final shape at a temperature
between Tm1 and Tm2, which keeps the microfibers from the
first step. It is worth noting that MFC method was successfully
employed in recent preparation of various other blends such as
PP/PA6 (Huang et al., 2017), PLA/PA6 (Kakroodi et al., 2017),
polyolefin elastomer/poly(trimethylene terephthalate) (Wei et al.,
2016), PP/PC (Xia et al., 2016), HDPE/PA6 (Kelnar et al.,
2015), or olefinic block compolymer/PP (Li et al., 2016).
In some cases the authors added nanoparticles in order
to improve rheological properties during MFC preparation
and/or to improve mechanical properties of the final MFC
composite (Kelnar et al., 2016a,b,c; Li et al., 2016). This has
to be done also in our case of PCL/PLA composites, where
organo-modified clay was added in order to improve the
stability and reproducibility of the hot-stretching process, as
discussed below.

In this work, we characterized the biodegradable PCL/PLA
microfibrillar composite analogous to that previously studied
(Ju et al., 2013; Chen et al., 2014; Kelnar et al., 2016a,b,c).
We focused our attention on the detailed explanation, what
was the real reason for the observed changes in PCL/PLA
mechanical performance and why the improvement in
mechanical performance could not be even higher. In order
to achieve this objective, we tracked the changes of the
PCL/PLA morphology, crystallinity, and local mechanical
properties during the whole process of MFC preparation.
The local properties of the small samples from the first
step (thin extrudates and bristles) could not be assessed by
traditional methods requiring large specimens. Instead, we
have employed instrumented microindentation hardness
testing (Balta-Calleja and Fakirov, 2000; Ostafinska et al.,
2015, 2017), which could be performed on both intermediate
products and final specimens for the tensile experiments.
For the final products, the standard tensile properties
and the microindentation properties of the composites
were compared with predictive models and with each
other to verify the reliability and reproducibility of the
micromechanical characterization.
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THEORETICAL BACKGROUND

This work is based on detailed evaluation of micromechanical
properties of PCL/PLA/C15 systems and their comparison
with morphology, crystallinity, macromechanical properties
and several predictive models. The key relations employed
throughout the rest of this work are summarized below.

Micromechanical Properties
It has been demonstrated (Balta-Calleja and Fakirov, 2000) that
microhardness of numerous polymer systems obeys additive law
(also known as rule of mixtures or linear model):

H =

∑

i

viHi (1)

where vi and Hi are the volume fraction and microhardness of
i-th component of the system. The additivity law can be applied
also on semicrystalline polymers:

H = vaHa + vcHc = (1− vc)Ha + vcHc

= Ha + vc(Hc −Ha) (2)

where the subscripts a and c denote amorphous and crystalline
phase, respectively. Equation 2 shows that microhardness of
semicrystalline polymers grows linearly with their crystallinity,
vc. The direct proportionality given by Equation 2 holds also
for weight fraction of crystalline phase, wc, due to the linear
relation between the two quantities (vc = wc × ρ/ρc; where ρ

and ρc are density of the polymer and density of the crystalline
phase, respectively). Tabor (1951) derived a formula relating
microhardness (a micromechanical property) and yield stress (Y ;
a macromechanical property):

H ≈ 3Y (3)

where the approximate sign indicates that the Tabor’s relation
was derived for ideally plastic solids, while for the elasto-
visco-plastic materials, such as polymers systems, it is just a
first approximation. Struik (1991) found another approximate
formula, which was shown to hold for amorphous and
semicrystalline polymers, relating their elastic modulus
(E) with yield stress (E ≈ 30Y). Combination of Struik’s
relation, Tabor’s relation (Equation 3) and additivity law
(Equation 2) gives us the final formula that connects
microhardness, yield stress, elastic modulus, and crystallinity of
semicrystalline polymers:

E ≈ 30Y ≈ 10H ∝ vc (4)

Due to the approximate nature of Tabor’s and Struik’s relations,
the numerical constants in Equation 4 can vary in relatively
broad range. However, the direct proportionality among the
four quantities (E ∝ Y ∝ H ∝ vc) holds usually very well
for given semicrystalline polymer as evidenced in numerous
previous studies (Martinez-Salazar et al., 1988; Balta-Calleja and
Fakirov, 2000; Flores et al., 2009, 2011; Slouf et al., 2015, 2018).

It is also worth mentioning that Equation 4 holds not only
for macroscale tensile modulus (E), but also for microscale
indentation modulus (EIT), which is given by the fact that the
two moduli are proportional (E ≈ EIT) as evidenced elsewhere
(Hardiman et al., 2016, Lesan-Khosh et al., 2011).

Predictive Models for Polymer Blends and
Composites
The simplest model for the prediction of properties of polymer
blends and composites is linear model (LIN). It has no initial
assumptions and can be applied to any property (P) of a system,
for which we know the properties of individual components (Pi)
and their volume fractions (vi):

P =

∑

i

viPi (5)

Despite its simplicity, the LIN model holds very well for several
combinations of polymer systems and properties. Firstly,
the LIN model holds for some properties of systems with
very strong interfacial adhesion. An example is the above-
discussed microhardness of semicrystalline polymers [we
note that Equation 1 is a special case of Equation 5 (Balta-
Calleja and Fakirov, 2000)], where the interfacial adhesion
between amorphous and crystalline phase is extremely strong
as they are interconnected by polymer chains. Secondly, the
LIN model holds for some properties of systems where the
interfacial adhesion does not play an important role. A well-
known example is the elastic modulus of composites with
long oriented long fibers (Nielsen and Landel, 1994), where
the interfacial adhesion between fibers and polymer matrix
is unimportant. For most other systems and mechanical
properties, LIN model represents the upper achievable
theoretical limit, whereas the real mechanical performance
is lower.

A more realistic model, applicable to isotropic binary polymer
blends, was developed by Kolarik (1996) and called equivalent
box model (EBM). The EBM model can predict elastic modulus
and yield stress of polymer blends:

E = E1v1p + E2v2p + v2s /[(v1s/E1) + (v2s/E2)] (6)

Y = Y1v1p + Y2v2p + AY1vs (7)

where Ei and Y i represent the modulus and yield stress of the
individual components, the volume fractions vij stand for the
volume fractions [the first subscript i identifies the component
(1 or 2) and the second subscript j determines the presence
of the component in the parallel or serial branch of the EBM
model (p or s) as explained elsewhere (Kolarik, 1996)], and
coefficient A describes interfacial adhesion (A takes the values
from 0 to 1, which correspond to zero and perfect adhesion,
respectively). The volume fractions in parallel and serial branch
of the model (vij) are connected with the particulate and
continuous morphology of the components. The vij values can
be either determined experimentally or estimated theoretically
from percolation theory (Kolarik, 1996). In this work we used
theoretical estimation, which had been demonstrated to be
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quite good approximation for polymer blends (Kolarik, 1996;
Ostafinska et al., 2015, Ostafinska et al., 2017). In conclusion,
the EBMmodel takes into consideration basic morphology of the
system (by means of volume fractions vij in Equation 6, 7) and
interfacial adhesion (by means of parameter A in Equation 7).

In order to predict properties of final anisotropicmicrofibrillar
composites (we note that the above described EBM model was
developed for isotropic blends) and the influence of the platelets
of organophilic montmorillonite, we employed also Halpin-
Tsai equations (HT), which can predict elastic modulus of soft
polymer matrices with hard fillers (Nielsen and Landel, 1994):

E = Em
1+ ABvf

1− Bvf
(8)

where Em = modulus of the matrix, vf = volume fraction of
the filler and A, B are constants depending on filler geometry.
It is worth mentioning that for very long fibers (AR → ∞),
the HT equation simplifies to the above discussed LIN model
in the form: E = vmEm + vfEf. To predict the influence of
PLA fibers (short oriented PLA fibers in PCL matrix) we used
Equation 8 with constant A = 2·AR (AR = aspect ratio = fiber
length/fiber diameter) and constant B = [(Ef/Em)−1]/[(Ef/Em)–
A]. To predict the influence of exfoliated montmorillonite
(unoriented organophilic montmorillonite in PCL/PLA matrix)
we had to combine and average the calculations based on
Equation 8 for parallel and perpendicular orientation of
platelets as described elsewhere (Fornes and Paul, 2003).
Finally, to predict the influence of non-exfoliated montmorillonite
(isometric agglomerates of montmorillonite in PCL/PLA matrix)
we employed simple Einstein equation (Maiti and Mahapatro,
1991):

E = Em(1+ 2.5vf) (9)

All predictive models (LIN model, EBM model, HT equations,
and Einstein equation) were developed for macroscopic
properties (elastic modulus and/or yield stress). Nevertheless,
they could be applied also to corresponding micromechanical
properties (indentation modulus and/or hardness). The
applicability of the models to micromechanical properties
has been justified theoretically by the approximate linear
relationships between the macroscale and microscale properties
(Equation 3 and 4) and verified experimentally in our previous
studies (Ostafinska et al., 2015, 2017, 2018).

EXPERIMENTAL

Materials
Poly(lactic acid) (PLA) Ingeo 2002D (D-isomer content of 4.3
%; Mw = 2.53 × 105 g/mol; Tm = 150◦C; melt flow index
6 g/10min at 190◦C and 2.16 kg; density 1.24 g.cm−3) was
a product of NatureWorks (www.natureworksllc.com). Poly(ε-
caprolactone) (PCL) CAPA 6800 (Mw = 8×104 g/mol; Tm

= 60◦C; density 1.145 g.cm−3) was a product of Perstorp
(www.perstorp.com). The organo-modified clay Cloisite 15A
(C15) was based on natural montmorillonite modified with

dialkyldimethylammonium chloride (95-meq/100-g), produced
by Southern Clay Products, Inc. (TX, USA).

Preparation of Composites
Prior to melt-blending, PCL, PLA, and clay were dried at 45, 85,
and 70◦C, respectively, in a vacuum oven for 12 h. The mixing
of all systems, with the exception of pure PLA, was carried out
in a co-rotating segmented twin-screw extruder Brabender TSE
20, L/D 40, rotation speed 400 rpm, and temperatures of the
respective zones (from feeding to die) of 170, 170, 170, 170, 175,
and 180◦C (for pure PLA the conditions were the same, but
the temperature of all zones was set to 190◦C due to the higher
optimal processing temperature of PLA). The extruded bristle
with the PCL/PLA 80/20 w/w composition was melt-drawn using
an adjustable take-up device. The draw ratio (DR) was the ratio
between the velocity of the take-up rolls and the initial velocity of
the extruded bristle; DR= 5 was used in this study. Die diameter
was 3mm, the diameter of undrawn bristles was slightly above
3mm (due to die-swell effect), and the diameter of drawn bristles
was below 1mm. Dog-bone specimens for tensile testing (gauge
length 40mm) were prepared in a laboratory micro-injection
molding machine (DSM). The barrel and the mold temperatures
were 137 and 30◦C, respectively. The prepared samples are
summarized in Table 1.

Characterization of Composites
Electron Microscopy
The phase morphology of all prepared samples (Table 1) was
visualized using scanning electronmicroscopy (SEM;microscope
Quanta 200 FEG; FEI, Czech Republic) and transmission electron
microscopy (TEM; microscope Tecnai G2 Spirit Twin; FEI,
Czech Republic).

SEM microscopy showed the overall morphology of the
blends. All SEM micrographs were taken at accelerating voltage
10 kV using secondary electrons detector. The samples were
broken under liquid nitrogen both parallel and perpendicular
to the extrusion or injection molding direction. For selected
specimens, the PLA phase was etched off using 20 % NaOH at
room temperature for 30min; this etching protocol was based on
the faster hydrolysis of PLA in comparison with PCL. It is worth
noting that the PLA fibrils could not be completely extracted
from PCL matrix due to chemical similarity of both polyesters,
which exhibit very similar solubility in most common solvents
(Kelnar et al., 2016a, 2017b).

TEMmicroscopy was employed in visualization of the oMMT
distribution in PCL/PLA blends. The ultrathin sections for
TEM (thickness 60 nm) were prepared with an ultramicrotome
(Ultracut UCT; Leica Austria) at cryo-conditions (sample and
diamond knife temperature were −80 and −50◦C, respectively).
The ultrathin sections were transferred to a carbon-coated Cu
grid and observed at 120 kV.

Differential Scanning Calorimetry
The differential scanning calorimetry (DSC) analysis was carried
out using a Perkin-Elmer 8500 DSC apparatus. Samples of
5–10mg were heated from 50 to 250◦C at the heating rate
of 10◦C/min. Each specimen was measured two times and
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TABLE 1 | List of investigated samples.

Sample Composition Preparation

PLA-EI 0/100 Injection molding from undrawn extrudatea

PCL-EI 100/0 Injection molding from undrawn extrudateb

PCL/PLA-E 80/20 Twin-screw extruder, undrawn extrudate

PCL/PLA-EI 80/20 Injection molding from undrawn extrudate

PCL/PLA/C15-E 80/20 + 2% of clay Twin-screw extruder, undrawn extrudate

PCL/PLA/C15-EI 80/20 + 2% of clay Injection molding from undrawn extrudate

PCL/PLA/C15-ED 80/20 + 2% of clay Twin-screw extruder, melt-drawn bristle (DR = 5)c

PCL/PLA/C15-EDI 80/20 + 2% of clay Inject. molding from melt-drawn bristle (DR = 5)c

aExtrusion of PLA at temperature of all zones set to 190◦C; bExtrusion of PCL and all PCL/PLA systems at temperature of zones 170–180◦C; cDR = draw ratio. The letters E, D, and I

at the end of sample names mean that the samples were extruded, drawn and/or injection molded, respectively.

the results were averaged (standard deviations from just two
measurements were not calculated, but experience shows that the
standard deviations of final DSC crystallinities of semicrystalline
polymers are usually around 2 %). The melting temperatures Tm

of both polymers were identified as themaximumof theirmelting
endotherms. The cold crystallization temperature Tcc of PLA
was identified as themaximum of cold-crystallization exothermic
peak. The crystallinity of PCL and PLAwere calculated according
to Equations 10, 11, respectively:

wPCL
c =

1Hm(PCL)

1H0
m (PCL) · w(PCL)

× 100% (10)

wPLA
c =

|1Hm (PLA)| −

∣

∣

1Hcc(PLA)
∣

∣

1H0
m (PLA) · w(PLA)

× 100% (11)

where 1Hm and 1Hcc are the enthalpy of melting and cold
crystallization, respectively. In contrast to PCL crystallinity
calculation (Equation 10), the PLA crystallinity calculation
(Equation 11) has to take cold crystallization into account
(Ostafinska et al., 2017). The crystalline fractions of PCL and
PLA are related to pure polymers, i.e., the melting enthalpies
were divided by weight fractions of PCL (w(PCL) in Equation
10) and PLA (w(PLA) in Equation 11), respectively. The same
approach, which facilitates comparison of the crystallinities
of the individual components in the systems with various
compositions, was used in our previous studies (Ostafinska
et al., 2015, 2017; Kelnar et al., 2016b). The values 1H0

m

denote the enthalpy of melting 100%-crystalline polymers (139.5
and 93.1 J/g for PCL and PLA, respectively). The enthalpy
value for PLA (1H0

m = 93.1 J/g), which was used also in
our previous studies, was based on recent study of Lim et al.
(2008), while some older studies reported slightly different value
(1H0

m = 93.6 J/g; Fischer et al., 1973).

Macromechanical Properties: Tensile Testing
Tensile tests were carried out using an Instron 5800
apparatus at 22◦C and crosshead speed of 20 mm/min.
At least eight specimens were tested for each sample
according to EN ISO 527. Young’s modulus (E), yield
stress (Y), and elongation at break (εb) were evaluated;
the corresponding standard deviations did not exceed 10,

5, and 20%, respectively. For pure PLA polymer, which
exhibited brittle behavior, the yield stress was approximated
by the stress at break value (Y ≈ σb). The tensile testing
was carried out with injection molded specimens, which
means that all properties were measured along the injection
molding direction.

Micromechanical Properties: Microindentation

Hardness Testing
Micromechanical properties were characterized by instrumented
microindentation hardness tester (Micro-Combi Tester;
CSM Instruments, Switzerland). Smooth cut surfaces for the
microindentation experiments were prepared with a rotary
microtome (RM 2155; Leica, Austria) using a freshly broken
glass knife (Knifemaker 7800; LKB Bromma, Sweden). All
microindentation results in this manuscript come from the cut
surfaces perpendicular to extrusion, drawing and/or injection
molding direction; this means that the loading force was parallel
with the extrusion, drawing and/or injection molding direction.
Therefore, the loading force in macro- and micromechanical
measurements was applied along the same direction. For
each specimen, at least three independent smooth surfaces
were prepared, and at least 10 indentations were carried out
per surface, i.e., each sample was measured >30× and the
results were averaged. All indentations were performed with
a Vickers indenter (diamond square pyramid, angle between
two non-adjacent faces 136 deg). Details about experiment
geometry have been described elsewhere (Balta-Calleja and
Fakirov, 2000; Slouf et al., 2015, 2017). The indenter was
forced against the polymer surface using loading force 50 gf
(0.4905N), loading time 6 s, and linear loading/unloading
rate 25 N/min. For all prepared blends or composites and
given experimental setup, the size of the indents on the
polymer surface was >110µm, i.e., well above the coarseness
of the phase structure. Consequently, the microindentation
experiments yielded averaged information about the properties
of investigated systems, which could be compared with
macroscopic measurements. The experimental F-h curves
(Figure 1) were used to calculate indentation hardness (HIT) and
indentation modulus (EIT) according to the theory of Oliver and
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FIGURE 1 | Principle of microindentation hardness testing, during which we

measure time (t) loading force (F ), and penetration depth of the indenter (h).

The resulting F-h curves are employed in determination of indentation modulus

(E IT ) from stiffness (S) and indentation hardness (HIT ) from corrected final

penetration depth (hc < h2) according to Oliver & Pharr theory. The figure also

documents clear difference between F-h curves of two samples studied in this

work: PCL/PLA/C15-EDI and PCL/PLA/C15-ED (see Table 1 for description

of the samples).

Pharr (1992):

HIT =

Fmax

Ap

(

hc
) (12)

EIT ∝ Er =
1

2
∗

√

pi
√

Ap(hc)
∗

dF

dh
(13)

In Equations 12–13 above, Fmax is maximum loading force,
Ap(hc) is the projected area of the indentation (which is a
function of the contact depth (hc) as described elsewhere
(Oliver and Pharr, 1992; Slouf et al., 2018), and S = dF/dh
denotes stiffness defined as the slope at the beginning of the
unloading curve (see Figure 1). The indentation modulus (EIT)
was calculated from reduced modulus (Er) using relation 1/Er =
(1-ν2i )/Ei + (1-ν2s )/EIT, where Ei is modulus of the indenter (for
diamond: Ei = 1,141GPa), νi is Poisson’s ratio of the indenter (for
diamond: νi = 0.07), and νs is the Poisson’s ration of the sample
(in this work we calculated with approximate value νs = 0.4).

Statistical Evaluation
Pre-processing of experimental data and basic statistical
calculations were performed in a spreadsheet program (MS
Excel). More advanced statistical processing and calculations
was carried out by means of the freeware Python programming
language and its modules for data analysis (McKinney, 2018).
The data were transferred from MS Excel to Python using
Pandas module, linear regressions, correlation coefficients and p-
values were calculated by SciPy module, common figures were
prepared by means of NumPy and Matplotlib modules, and
the special statistical scatterplot matrix graphs were prepared
by means of Seaborn module. Two statistical coefficients were

calculated in this work in order to quantify linear correlations:
Pearson’s correlation coefficients (r) and p-values (p). Detailed
definitions of the coefficients can be found in statistical textbooks
(Urdan, 2017). Briefly, Pearson’s coefficients can take values
from +1 (total positive linear correlation) through 0 (no linear
correlation) to −1 (total negative linear correlation). The p-
values, in our case, yield a probability that we would observe that
strong (or stronger) linear correlation just by coincidence; the
correlation is regarded as statistically significant if the calculated
p-value is below the conventional value of 0.05 (i.e., if the
probability is below 5 %).

RESULTS AND DISCUSSION

Processing-Induced Changes of
Morphology
All prepared PCL/PLA/C15 systems are summarized in
Table 1 and their typical morphologies are shown in
Figures 2, 3. All undrawn systems (PCL/PLA blends, and
undrawn PCL/PLA/C15 composites) showed almost isotropic
structure (Figures 2A,B). In the undrawn PCL/PLA blends,
the PCL matrix contained nearly isometric PLA particles
with diameter up to 1µm (Figure 2A). Average particle
size was ∼0.4µm according to measurement of >100
particles in SEM micrographs. The particles were just
slightly elongated in the extrusion direction (Figure 2B).
In the undrawn PCL/PLA/C15 composites, the addition of
C15 did not influence the PLA particle size significantly
(micrographs not shown for the sake of brevity), but the main
benefit of C15 was the improved stability of the extrusion
process as discussed in the next paragraph. The undrawn
systems after injection molding (samples PCL/PLA-EI and
PCL/PLA/C15-EI) represent control samples with isometric
PLA particles. Therefore, the comparison of these samples with
the final drawn system (sample PCL/PLA-EDI, i.e., the final
microfibrillar composite with PLA fibers, which is described
in the next paragraph) can reveal the reinforcing effect of
PLA fibers.

Melt-blending and extrusion of PCL/PLA blends without
addition of C15 lead to a bristle with low melt strength:
the extrusion was unstable, the extruded bristle exhibited
variable thickness and its drawing was impossible. This was
probably caused by an unfavorable combination of rheological
parameters (Yi et al., 2010; Kelnar et al., 2016a). Addition
of 2 wt.% of C15 resulted in much more stable bristle with
uniform thickness, which lead to successful melt drawing up
to draw ratio 5. In the drawn systems, the PLA particles
formed short oriented fibers (Figures 2C,D). The fiber thickness
decreased to ∼0.2µm and their average aspect ratio (AR =

L/d = fiber length / fiber thickness) increased to ∼4, as
estimated from SEM micrographs. A comparison of volume
of spherical particles in undrawn systems (Figures 2A,B; d =

0.4µm ⇒ V = 1/6·π·d3 = 0.034 µm3) with the volume
of elongated fibers in drawn systems (Figures 2C,D; d =

0.2µm, AR = L/d = 4 ⇒ V = 1/4· π·d2·L = π·d3 =

0.025 µm3) suggested that some particle breakup had occurred

Frontiers in Materials | www.frontiersin.org 6 June 2020 | Volume 7 | Article 188205

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


Slouf et al. Morphology and Properties of PLA/PCL Microfibrillar Composites

FIGURE 2 | SEM micrographs showing phase morphology of (A,B) PCL/PLA-EI blend from undrawn extrudate and (C,D) PCL/PLA/C15-EDI composite; the

micrographs show fracture surfaces parallel with melt flow before (A,C) and after (B,D) etching; sample names are explained in Table 1.

FIGURE 3 | TEM micrographs showing filler dispersion in PCL/PLA/C15-EDI composite: (A) perpendicular to the melt flow and (B) parallel with the melt flow. Black

arrows show that the C15 agglomerates tended to envelope PLA particles, which were somewhat elongated in the direction of melt flow.

during the drawing process, but its extent had not been
critical. It is worth noting that the value of AR ∼ 4 from
the SEM micrographs of injection molded samples could be
underestimated due to non-perfect fiber orientation and tangling.
On the other hand, the experimentally determined average

value was in good agreement with the predictive models, as
discussed below.

The filler in PCL/PLA/C15 composites was just partially
exfoliated, but both the agglomerates and single sheets were quite
homogeneously distributed within the system as evidenced by
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TABLE 2 | DSC results: melting points and crystallinities of PCL and PLA in all prepared samples.

Sample TPCL
m (◦C) 1HPCL

m (J/g) wPCL
c (%) TPLA

cc (◦C) 1HPLA
cc (J/g) TPLA

m (◦C) 1HPLA
m (J/g) wPLA

c (%)

PLA-EI x x x 120.3 −0.8 151.1 9.0 8.8

PCL-EI 63.2 73.2 52.5 x x x x x

PCL/PLA-E 69.0 61.3 54.9 109.6 −3.7 149.5 4.8 6.1

PCL/PLA-EI 61.7 54.2 48.6 104.3 −2.3 151.5 5.5 17.3

PCL/PLA/C15-E 66.6 63.8 57.2 102.7 −3.4 150.6 4.2 4.1

PCL/PLA/C15-EI 62.7 59.9 53.7 96.6 −1.5 151.1 4.8 18.0

PCL/PLA/C15-ED 58.7 47.3 42.4 122.6 −2.2 150.1 2.4 1.3

PCL/PLA/C15-EDI 62.8 62.0 55.6 93.9 −1.0 152.1 5.0 21.7

Tm = melting peak or melting point, Tcc = cold crystallization peak, 1Hm = melting enthalpy, 1Hcc = cold crystallization enthalpy, and wc = crystallinity calculated according to the

description in Experimental section.

TEM micrographs (Figure 3). Although the insufficient contrast
between the two polymer phases prevented us from precise
localization of C15, the overall homogeneous dispersion of the
filler (Figure 3) and theoretical considerations based on similar
interfacial energies and wetting coefficients of the two polymers
with respect to C15 (Kelnar et al., 2016a) indicated that the clay
was present in both phases. Moreover, comparison of sections
perpendicular (Figure 3A) and parallel (Figure 3B) to the melt
flow showed some slight orientation of the clay agglomerates
and nanoplatelets and suggested that they tended to partially
envelop PLA fibers in the drawn sample PCL/PLA/C15-EDI—the
diameter of numerous spherical structures in the perpendicular
sections (Figure 3A; black arrows) and elongated structures
in parallel sections (Figure 3B; black arrows) corresponded
quite well to PLA fiber diameter as determined from SEM
(Figures 2C,D; d ∼ 0.2 µm).

Processing-Induced Changes of
Crystallinity and Micromechanical
Properties
The two-step MFC preparation, i.e., the drawing at higher
temperature followed by the injection molding at lower
temperature, influenced the crystalline structure of both
polymers (Table 2). Consequently, the crystallinity changes
influenced the micromechanical properties (Figure 4). The
correlation between crystallinity of the components and
mechanical performance was linear (in agreement with theory,
see Equation 4) and statistically significant (Figure 5).

The DSC experiments yielded two quantities: (i) overall
crystallinities, wc, and (ii) melting points, Tm. The values of
Tm correlate with average lamellar thickness, lc, according to
Thompson-Gibbs equation (Gedde, 1995; Slouf et al., 2016).
For PCL, both wc and Tm were similar for all samples with
the exception of drawn bristle before injection molding (sample
PCL/PLA/C15-ED), where both parameters showed a notable
decrease. For PLA, whose crystallinity is very sensitive to thermal
history due to its cold crystallization (Ostafinska et al., 2015,
2017), the changes were more pronounced: the crystallinities of
all injection molded specimens (PCL/PLA-EI, PCL/PLA/C15-
EI, and PCL/PLA/C15-EDI) were systematically higher than

the crystallinities of extrudates before the injection molding
step (PCL/PLA-E, PCL/PLA/C15-E, and PCL/PLA/C15-ED); the
remarkable decrease in crystallinity was observed for drawn
bristle (PCL/PLA/C15-ED). The PLA melting points followed
similar trends like crystallinities, but their variations were not
so strong.

Figure 4 documents the close relationship between
micromechanical properties (HIT and EIT) and crystallinities of
all studied systems (more precisely, the sum of crystallinities of
both components, wPCL

c +wPLA
c ). The strong correlations among

the three parameters (HIT, EIT and the sum of crystallinities)
could be confirmed statistically in the form of scatterplot
matrix graph (Figure 5), which shows also Pearson’s correlation
coefficients (r) and p-values (p) for all pairs of correlated
quantities. All correlations in Figure 5 were strong, positive,
and linear (r coefficients from 0.86 to 0.97, i.e., quite close to
+1) and all were statistically significant (p-values from 0.003 to
0.014, i.e., well below 0.05). In conclusion, Figures 4, 5 indicate
that the decisive parameter for final mechanical performance
is not only the morphology of the blends, but also crystallinity
of both components, which changes during the two-step
preparation process.

A general theoretical justification of the observed linear
correlations between HIT, EIT and crystallinity of is based on
Equation 4, which combines key results of several previous
studies (Tabor, 1951; Struik, 1991; Balta-Calleja and Fakirov,
2000) as explained in section Theoretical Background. The
specific justification why in our case the HIT (and thus also
EIT) is proportional to the sum of crystallinities of both blend
components is given below. We start with the general formula
for additivity law (Equation 1). It is worth reminding that
the additivity law works very well for specific cases, such
as microhardness semicrystalline polymers (Balta-Calleja and
Fakirov, 2000) and elastic modulus of composites with infinitely
long oriented fibers (Nielsen and Landel, 1994), while for
mechanical properties of polymer blends it is just the first
approximation (Ostafinska et al., 2017, Ostafinska et al., 2018).
In spite of its approximate nature, the additivity law has
been employed successfully for prediction of microhardness
of polymer blends and/or composites as proved by many
classical studies of Balta-Calleja and co-workers (Balta-Calleja
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FIGURE 4 | Correlation between sum of crystallinities of PCL matrix and PLA particles (wPCL
c +wPLA

c ), indentation hardness (HIT ) and indentation modulus (E IT ).

and Fakirov, 2000; Flores et al., 2009). In this work, we employ
the additivity law to explain the basic observed trends, namely the
fact that the elastic modulus, yield stress and hardness are roughly
proportional to the sum of crystallinities of the components. The
additivity law applied to microhardness of our PCL/PLA/C15
system reads:

H =

∑

i

viHi = vPCLHPCL
+ vPLAHPLA

+ vC15HC15 (14)

In Equation 14, we neglect the last member (vC15HC15)
because it was demonstrated that isometric nanofillers at low
concentrations (up to ca 6 %) do not influence microhardness
(Flores et al., 2009; Vackova et al., 2017). Then we apply additivity
law also to the blend components, which consist of amorphous
(subscript a) and crystalline (subscript c) phase:

H = vPCL
(

vPCLa HPCL
a + vPCLc HPCL

c

)

+vPLA(vPLAa HPLA
a + vPLAc HPLA

c ) (15a)

H = vPCLvPCLa HPCL
a + vPCLv

PCL
c HPCL

c

+vPLAvPLAa HPLA
a + vPLAv

PLA
c HPLA

c (15b)

In Equation 15b, we neglect the first member (vPCLvPCLa HPCL
a )

because the microhardness of the amorphous phase of
semicrystalline polymers above their glass transition temperature
is very low (HPCL

a ≈ 0) as shown by Balta-Calleja (Balta-Calleja
and Fakirov, 2000). Then we slightly modify the equation
(using a simple formula relating volume fractions of PLA;
vPLAa + vPLAc = 1):

H =vPCLv
PCL
c HPCL

c +vPLAvPLAa HPLA
a +vPLAv

PLA
c HPLA

c (16a)

H = vPCLv
PCL
c HPCL

c + vPLAHPLA
a

+vPLAv
PLA
c (HPLA

c −HPLA
a ) (16b)

Equation 16b can be re-arranged to separate the crystallinities
(i.e., the volume fractions of the crystalline phases, vPCLc and vPLAc ,

which change during the preparation) from the other constant
values (considering that all studied systems have constant ratio
of PCL/PLA = 80/20 and that the hardness values of amorphous
and crystalline phase for given polymer are constant):

H = vPCLc

[

vPCLHPCL
c

]

+ vPLAc

[

vPLA
(

HPLA
c −HPLA

a

)]

+[vPLAHPLA
a ] (17a)

H = vPCLc C1 + vPLAc C2 + C3 (17b)

where the constants C1, C2, and C3 in Equation 17b substitute
the corresponding constant expressions in square brackets in
Equation 17a. In the final simplification of Equation 17b, we
omit constant C3 (as the constant does not influence the linear
relationship we want to justify), we setC1 ≈C2 (this is very rough
empirical simplification based on the fact that the influence of
both components on the final hardness values is approximately
the same—as confirmed by the results in Figures 4, 5), and
we exchange volume fractions of crystalline phases (vPCLc and
vPLAc ) for weight fractions (wPCL

c and wPLA
c ), which is possible

because the relation between volume and weight fractions is also
linear (vc = wc × ρ/ρc, where ρ is the density of the polymer
and ρc is the density of its crystalline phase). Considering all
simplifications above, we get the final approximate relation
claiming that hardness in our specific case of PCL/PLA/C15
systems should be roughly proportional to the sum
of crystallinities:

H ∝ wPCL
c + wPLA

c (18)

During the justification of Equation 18, we used numerous rough
approximations such as (i) the assumption that the properties
of PCL/PLA/C15 systems are described by simple additivity
law (this is neither entirely precise nor completely wrong
as shown in section: Influence of Composition, Morphology
and Filler on Properties of Final MFC Composite), (ii) the
neglection of the influence of the average lamellar thickness
(this should not be critical as the contribution of lamellar
thickness to final hardness value is relatively small (Flores
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FIGURE 5 | Scatterplot matrix graph showing correlations among indentation hardness (HIT ), indentation modulus (E IT ) and sum of crystallinities of PCL and PLA

(wPCL
c +wPLA

c ). Diagonal elements of the graph display distribution of each quantity, while off-diagonal elements show correlations between each pair of quantities.

Off-diagonal elements display also Pearson’s correlation coefficients (r) and p-values (p). The scatterplot matrix graph, correlation coefficients and p-values were

calculated with Python modules as described in Experimental section.

et al., 2009) and, moreover, in our case the values of lamellar
thickness followed the same trends as crystallinities as discussed
in section: Processing-Induced Changes of Crystallinity and
Micromechanical Properties), and namely (iii) the assumption
that the impact of both components on the microhardness value
is approximately the same (this is not more than an intentional
simplification based on the experimental results). Despite all
approximations, the final relation represented by Equation 18
yields a theoretical explanation of the observed correlation and
corresponds very well to the experimental results, as documented
by the statistically significant linear correlations in Figure 5.

Comparison of Macro- and
Micromechanical Properties for Injection
Molded Specimens
Figures 6, 7 show the mechanical properties of injection molded
samples. The advantage of the injection molded specimens
consisted in the fact that their mechanical performance
could be characterized both in macroscale (tensile testing)

and microscale (microindentation). This enabled us to verify
the correlation between macro- and microscale properties,
which was expected due to the theoretical considerations
summarized in section Theoretical Background. Complete
results of macro- and micromechanical measurements are
summarized in Table 3.

Figure 6A documents that macroscale tensile modulus (E)
and microscale indentation modulus (EIT) followed the same
trend. For injection molded samples, which had similar

crystallinities of both components, the stiffness of PCL matrix
gradually increased after blending with PLA, after the addition

of C15, and, finally, after drawing. Figure 6B confirmed the

linear correlation between E and EIT, which was consistent

with linear correlations given by Equation 4. The fact that

the values of EIT were slightly higher than the values of E
is quite common (Trachida et al., 2007; Kranenburg et al.,
2009; Lesan-Khosh et al., 2011) and could be attributed to
specific features of micro- and nanoindentation experiments
(Hardiman et al., 2016).
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TABLE 3 | Macro- and micromechanical properties.

Sample Tensile testing Microindentation hardness testing

E (GPa) Y (MPa) EIT (GPa) e.s.d (EIT) HIT (MPa) e.s.d (HIT)

PLA-EI 3.16 74.0 4.69 0.13 262.6 6.3

PCL-EI 0.34 17.0 0.61 0.02 50.9 2.1

PCL/PLA-E x x 0.96 0.05 56.3 6.1

PCL/PLA-EI 0.76 20.2 1.02 0.04 66.8 3.6

PCL/PLA/C15-E x x 0.94 0.01 54.2 1.6

PCL/PLA/C15-EI 0.79 20.1 1.11 0.03 65.2 1.9

PCL/PLA/C15-ED x x 0.60 0.03 26.9 1.2

PCL/PLA/C15-EDI 0.93 22.4 1.21 0.04 68.3 2.0

Relative standard deviations of E and Y were lower than 10 and 20%, respectively.

Figure 7A illustrates that also macroscale tensile yield
stress (Y) and microscale indentation hardness (HIT) showed
good correlation and followed a similar trend as macro-
and microscale elastic moduli (compare Figures 6A, 7A).
The linear relation between Y and HIT (Figure 7B) was in
agreement with Tabor’s relation (Equation 3) and the value
of the proportionality constant (C = 3.15 ± 0.07) was in
quite good agreement with theory (C ≈ 3). In conclusion,
the comparison of macro- and micromechanical properties,
which were measured for bulk specimens, confirmed the
validity of the theoretically predicted linear correlations
among the measured quantities (E, EIT, Y, and HIT).
Moreover, the good correlations between macro- and
micromechanical properties evidenced the accuracy and
precision of microindentation measurements, which were
applied not only to bulk specimens (as shown in this section),
but also to the thin extrudates and bristles (as discussed in the
next section).

Figures 6, 7 indicate that the addition of PLA caused
the main improvement of the stiffness of PCL/PLA
systems (compare sample PCL with sample PCL/PLA-EI),
while the effect of filler addition and drawing was minor
(compare sample PCL/PLA-EI with samples PCL/PLA/C15-
EI and PCL/PLA/C15-EDI). Despite the fact that the
difference between isotropic blend (PCL/PLA-EI) and
the final microfibrillar composite (PCL/PLA/C15-EDI) is
relatively small, the positive effect of drawing is evident.
The main reason why the effect of drawing was not
higher in our specific case of PCL/PLA microfibrillar
composites consisted in the relatively low aspect ratio of
PLA fibers and other effects, which are discussed in the
following section.

Influence of Composition, Morphology, and
Filler on Properties of Final MFC
Composite
Figure 8 shows the comparison of the experimentally determined
mechanical properties (EIT and HIT) of all prepared PCL/PLA
blends and composites with the predictive models. The models
are described above in section Predictive Models for Polymer
Blends and Composites; we just briefly summarize that the

LIN model is a simple rule of mixing, representing the upper
achievable limit for mechanical properties of polymer blends, the
EBM model is a more realistic prediction for isotropic polymer
blends, and the HT model considers also possible anisotropy
of the blend. The system with the lowest crystallinities of the
components (PCL/PLA/C15-ED) showed the worst properties
regardless of the fact that it was the semi-final product, in
which the PCL matrix had already been reinforced by PLA
fibers and by the addition of C15. This re-confirmed the key
role of crystallinity for the improvement of final properties.
In contrast, the final injection-molded microfibrillar composite
(PCL/PLA/C15-EDI), which had all improvements like the
above-discussed PCL/PLA/C15 and the highest crystallinities,
showed the best properties. At first, the indentation modulus
of PCL/PLA/C15-EDI exceeded the HT prediction calculated
for short oriented fibers with aspect estimated from SEM
(Equation 8, AR = 4). At second, the indentation hardness of
PCL/PLA/C15-EDI surpassed the EBM prediction calculated for
PCL/PLA blend with maximum interfacial adhesion (Equation 7;
A = 1). This indicated good compatibility between the polymer
components and some small additional positive effects of the
crystallinity and filler on the final mechanical performance.
Before we discuss these small improvements (subject of the next
paragraph), we note that the rest of the samples always exhibited
better mechanical performance after injection molding (samples
PCL/PLA/C15-EI and PCL/PLA-EI) and worse mechanical
performance without injectionmolding (samples PCL/PLA/C15-
E and PCL/PLA-E). This was again connected with the increase
in overall crystallinity, because the injection molding supported
cold crystallization of PLA, while the PCL crystallinity in all
samples with the exception of PCL/PLA-ED was similar, as
evidenced by DSC (Figure 4).

Figure 9 focuses on the final microfibrillar composite

PCL/PLA/C15-EDI and compares its experimentally determined
indentation modulus (Figure 9, dotted line) with more detailed

theoretical predictions. The final predictions were based on

HT equations (Equation 8) because the SEM micrographs
evidenced that the final composite PCL/PLA/C15-EDI was

anisotropic, containing short oriented fibers (Figures 2C,D).
As explained above in section Theoretical background, HT

equations (Equation 8) were developed for such anisotropic
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FIGURE 6 | Elastic modulus of the injection molded specimens: (A) comparison of macroscopic tensile modulus (E) with microscopic indentation modulus (E IT ) and

(B) correlation E-E IT.

FIGURE 7 | Yield stress and microhardness of the injection molded specimens: (A) comparison of macroscopic yield stress (Y ) with microscopic indentation hardness

(HIT ) and (B) correlation Y-HIT.

systems, whereas LIN model (Equation 5) is just general rule of
mixing, EBM model (Equations 6, 7) does not take anisotropy
into account, and Einstein equation (Equation 9) assumes
isotropic systems. Therefore, the calculations were performed for
short oriented fibers according to HT equations (Equation 8) as
a function of the aspect ratio of the PLA fibers. Additionally,
we assumed that the orientation of crystalline lamellae within
the PLA fibers was not changed significantly, because the cold
crystallization was expected to change mostly the thickness,
but not the orientation of the crystalline lamellae (which did
not melt in the second processing step). This assumption
is supported by our previous studies on analogous systems,
which showed no signs of PLA isotropization at nanoscale level
during preparation of microfibrillar composites (Kelnar et al.,
2016a,b, 2017b). Finally, we assumed that the real AR was ∼4

(Figure 9, dash-and-dot line), which was the value estimated
from the analysis of SEM micrographs (Figure 2). The first
model (Figure 9, Model 1) shows elastic modulus of the pure
PCL/PLA microfibrillar composite (Equation 8, AR = 4, no
filler). The second model (Figure 9, Model 2) shows the same
system like Model 1 after addition of 2 wt. % of C15, supposing
that the montmorillonite is not exfoliated and forms isometric
agglomerates (the improvement of the PCL/PLA modulus due to
isometric aggregates of C15 is calculated by means of Equation
9). The third model (Figure 9, Model 3) shows the same system
like Model 2 after the increase of modulus of PLA fibers due
to cold crystallization; we assumed increase of 10%, which is
probably the maximum due to high Tg of PLA, resulting in high
stiffness of the amorphous phase and relatively modest increase
in stiffness due to higher crystallinity (Perego et al., 1996). The
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FIGURE 8 | Comparison of experimental values of (A) indentation modulus and (B) indentation hardness with theoretical predictions based on linear model (LIN;

dotted line), Halpin-Tsai model for short oriented fibers with aspect ratio = 4 (HT; dashed line), and equivalent box model calculated with default parameters (EBM; full

line); the smaller graphs on the right show enlarged areas with experimental points from all PCL/PLA/C15 systems (see Table 1 for explanation of sample names).

increase in the PLA crystallinity might have been enhanced by
orientation of PLA chains (Fambri et al., 2006). The increase in
the PCL crystallinity was not included in Model 3 as it was not
changed much with respect to the original PCL (as discussed
above and documented in Figure 4). The fourth model (Figure 9,
Model 4) is the same like Model 3, but it assumes that the
montmorillonite consists of fully dispersed, randomly oriented
platelets (calculation according to Equation 8) with AR ≈ 20 as
estimated from TEM micrographs (Figure 3). The prediction of

EIT based on Model 4 was clearly too high, which confirmed
that most of the montmorillonite platelets was not exfoliated as
observed in the TEMmicrographs (Figure 3).

Comparison of all models with the experimental value of
EIT of PCL/PLA/C15-EDI in Figure 9 showed that the best was
the third model (i.e., Figure 9, Model 3: PCL/PLA-hCR/C15-
n, PCL with oriented PLA fibers, increased crystallinity of PLA
fibers and not-fully-exfoliated montmorillonite). According to
this model, the properties of the final microfibrillar composite
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FIGURE 9 | Comparison of experimental elastic modulus of the final MFC

composite, PCL/PLA/C15-EDI (dotted line), with theoretical predictions (full

lines). Aspect ratio of PLA fibers (AR = 4) was estimated from SEM

micrographs (dash-and-dot line). The first model (Model1: PCL/PLA) assumes

just short oriented PLA fibers in PCL matrix. The second model (Model2:

PCL/PLA/C15-n) adds correction for non-dispersed/isometric filler C15. The

third model (Model3: PCL/PLA-hCR/C15-n) adds correction for increased

modulus of PLA fibers due to their higher crystallinity. The fourth model

(Model4: PCL/PLA-hCR/C15-e) is like Model3, but assumes fully dispersed

C15 nanoplatelets with random orientation.

were improved not only due to the formation of the oriented
PLA fibers in the PCL matrix, but also due to the increased
crystallinity of the PLA fibers, and due to the presence of
filler. The additional improvement in final stiffness due to the
processing-induced increase in PLA crystallinity was in perfect
agreement with all microindentation measurements. The final
increase in modulus due to the presence of C15 filler (even if
the montmorillonite was not fully exfoliated) was quite logical,
being in agreement with theory, represented here by Equation
9. Last but not the least, the modeling in Figure 9 suggests the
possible ways and limitations of further improvement ofmodulus
in PCL/PLA/C15 microfibrillar composites—it seems that the
best performance would be achieved by better exfoliation of the
montmorillonite filler.

CONCLUSIONS

Morphology and micromechanical properties of the
PCL/PLA/C15 microfibrillar composites were monitored
during the whole preparation process in order to elucidate the
real reasons of the improvement of the mechanical properties.
The microscopic and micromechanical measurements were
compared with the final macroscopic properties. Both
macro- and micromechanical properties were measured
parallel with the direction of extrusion, drawing and/or
injection molding. The main results could be summarized
as follows:

At first, it has been confirmed that the two-step preparation of
PCL/PLA microfibrillar composites is a complex process,
during which both components change not only their

morphology, but also their crystallinity. This additional
complexity was connected with the high sensitivity of
PLA to thermal treatment, which was associated with the
cold crystallization of the polymer. Moreover, the addition
of the filler (organophilic montmorillonite, C15) was
found necessary for given PCL/PLA system in order to
stabilize the extrusion, to make the drawing of the bristles
possible, and to obtain the reproducible final PCL/PLA/C15
microfibrillar composite.

At second, it has been demonstrated that the aspect ratio
of PLA fibrils (estimated from SEM micrographs) was just
one of the factors influencing the final stiffness (macroscopic
tensile modulus and microindentation modulus) and yield
(macroscopic yield stress and microindentation hardness).
The second important factor was the overall crystallinity of
both components (which changed significantly throughout
the preparation process, as evidenced by DSC). The third
factor was the addition of the filler, which might not
be fully exfoliated (as documented by TEM analysis and
confirmed by comparison of final properties with predictive
models), but it improved both stability of the composites
during drawing and the final mechanical performance. The
combination of the above mentioned three factors resulted
in the twofold increase of the elastic modulus of the final
PCL/PLA/C15 composite in comparison with the original
PCL polymer. Although the increase in elastic modulus after
formation of PLA fibrils was relatively low in comparison
with isotropic PCL/PLA systems (due to relatively low aspect
ratio of PLA fibrils), the observed effects were in quite
good agreement with theoretical predictive schemes (linear
model, equivalent box model and Halpin-Tsai model), and
even slightly exceeded the most relevant theoretical prediction
based on the Halpin-Tsai model for systems with short
oriented fibers.

Finally, it has been verified that the microindentation
hardness testing is a suitable and reliable tool for the monitoring
of the mechanical properties of polymer systems at various stages
of their preparation, especially in the case of small specimens
like in this study where we characterized the mechanical
properties of thin extruded and drawn bristles. Moreover,
the micromechanical measurements yielded very good and
reproducible results also for the final dog-bone specimens, which
could be subjected to standard macroscopic tensile testing. The
correlation between the final macroscopic tensile testing and the
microindentation measurements was very good. The reliability
and reproducibility of our microindentation measurements
were based on careful specimen preparation (perfectly
smooth surfaces for indentation prepared by microtomy)
and high number of experiments per sample (even for small
specimens, we performed at least 30 indentations and averaged
the results).
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With over 1 billion tons of food waste generated annually, there is potential for the

waste to be re-purposed. The generation of products from food-industry waste not only

reduces the environmental burden of the materials but gives a new value to waste. A

common waste material from the food industry is chicken feathers (ChF), a by-product

of the chicken meat processing industry. In this work, ChF were subjected to slow

pyrolysis at varying temperatures. A complete analysis was completed to determine

the yield, ash, chemical composition and morphology of the samples. X-ray diffraction

analysis indicated that lower temperature samples were more amorphous, whereas

higher temperature samples exhibited more graphitic content. After characterization,

the biocarbon was combined with poly(lactic acid) (PLA) to generate sustainable 100%

biobased composites. Both composites had moduli that were more than 115% greater

than that of the neat polymer. The success of the composites demonstrated that ChF

biocarbon can be used as a sustainable and cost effective filler. The use of this material

gives new purpose to a waste product and contributes to the goal of sustainable

product development.

Keywords: biocarbon, biocomposite, sustainability, biodegradable, interface, chicken feathers

INTRODUCTION

According to the UN Food and Agriculture Organization has reported that nearly one third of
food globally is lost or wasted, equating to nearly 1.3 billion tons of waste (Food Agriculture
Organization of the United Nations, 2019). Food industry waste may be generated from food or
beverage processing which may consist of such things as fruit/vegetable pomace, meat processing
by-products or even nut shells. The majority of meats that are mass processed globally are
pork, beef and chicken. Chicken alone is estimated to have 98.4 million tons processed in 2019
(United States Department of Agriculture, 2019). This is a large amount of waste which may carry
an environmental burden. It is estimated that feathers constitute 5–7 wt.% of the chicken (Onifade
et al., 1998), suggesting more than 4.7 million tons will be produced in 2019 alone.

Chicken feathers (ChFs) are an abundantly available food industry waste in need of valorization.
With billions of kilograms generated from commercial meat processing of ChFs (Acda, 2010), there
has been particular interest in the removal of these materials in an economical and environmentally
considerate manner (Tesfaye et al., 2017). Although this waste can be incinerated, some of it may
end up in landfill where it can produce methane gas. The production of methane gas possesses a
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greater concern for global greenhouse gas production
and atmospheric damage. As an alternative to landfill or
incineration, some research has been conducted to look into the
biodegradation of ChF through bacterial fermentation (Zaghloul
et al., 2011). In some cases, the high protein content of feathers
has suggested their use as animal feed stock, but some nutritional
value is lost during processing and there could be concerns with
digestibility (Papadopoulos, 1985).

An alternative to landfill, animal feed or incineration is to
generate value added products from the waste. To do so, the
complete composition is required to determine what can be
extracted, whether the material is thermally stable and other
key features. According to literature, ChFs contain about 82%
crude protein, 2% crude fiber, 0.8% crude lipid, and 1.5% ash
(Tesfaye et al., 2017). Of the protein content, 90% is made of
keratin (Zaghloul et al., 2011) which has suggested it use in
animal feed after proper treatment (Tesfaye et al., 2017). Based
on the chemical composition and surplus of ChFs available,
research has shifted its focus to the use of these materials in
value-added applications.

The use of ChF to generate value-added composites has been
studied by Cheng et al. In their work, ChF fibers were combine
in a poly(lactic acid) (PLA) matrix to generate green composites.
The ChF fibers were combined at weight concentrations of
2, 5, 8, and 10%. The authors determined that the addition
of ChF fibers resulted in increasing the elastic modulus by
116%. Overall, the addition of ChF fibers to the PLA matrix
resulted in successful development of composites that could
be used in non-load bearing applications (Cheng et al., 2009).
Other works also combined ChF with PLA and found similar
results with increased stiffness (Özmen and Baba, 2017). To
further improve the performance of ChF composites, Reddy
et al. combined powdered ChFs and glycerol as a matrix with
jute fiber reinforcement for compression molding applications
(Reddy et al., 2014). From those works, ChF have proven to be a
material capable of generating sustainable composites. However,
there are other uses for waste ChF.

In addition to the use of ChF directly, there have been many
efforts to carbonize the material through pyrolysis. Pyrolysis is
a thermochemical conversion of biological waste. As a result of
heating samples to high temperature in an inert atmosphere,
the biomass is converted to syn-gas, bio-oil, and biocarbon
(Mohanty et al., 2018). Currently, research has looked into the
use of ChF biocarbon as a hydrogen storage material (Senoz
and Wool, 2011), the development of microspheres (Gao et al.,
2014), as well as supercapacitors (Zhao et al., 2015). There are
many other potential uses for this ChF biocarbon in electronics
and composites.

Composites containing biocarbon have been under substantial
investigation. Biocarbon from other waste materials such as
lignin (Demir et al., 2015) and miscanthus (Behazin et al.,
2016) have been studied. The use of ChF biocarbon may have
potential for unique composites. There are some limitations
with biocarbon composites. The mechanical performance of the
biocomposites is largely dependent on the size (Nagarajan et al.,
2016), pyrolysis temperature and structure of the biocarbon. Like
biocomposites made with other natural fibers, compatibilizers

can be used to improve performance (Codou et al., 2018).
The combination of ideal biocarbon, matrix materials and
compatibilizers can improve the biocomposites’ performance and
generate successful products for a number of applications.

The use of food processing industry waste to generate value-
added products provides societal, economic and environmental
benefits. The use of ChF diverts waste from landfill which may
produce harmful gases such as methane and generates cost
effective materials. This paper intends to provide a physical
and chemical analysis of ChF biocarbon generated at two
pyrolysis temperatures. The ChF biocarbon was combined with
PLA matrix to generate sustainable composites. The thermal,
mechanical properties and composition of the samples were
analyzed. The valorization of ChF through the generation of
sustainable natural filler for composites applications offers a safe
and suitable alternative use for this material.

MATERIALS AND METHODS

Materials
Maple Leaf Foods Inc. (Canada) sterilized the chicken
feathers (ChFs) in an autoclave steam sterilization system
and then supplied the ChFs to the University of Guelph. For
the preparation of polymer composites, Ingeo PLA 3251D
(NatureWorks LLC, USA) was used as the polymer matrix.

Chicken Feather Preparation
The only pre-treatment to these materials were the sterilization
upon receiving samples. ChFs were dried in an oven at 85◦C
in order to remove moisture. There were two samples of ChF
analyzed in this work which included: (1) pulverized (powder)
and (2) as received feathers. The pulverized samples were ground
for 5–7 s in a cryogenic grinder (Lab made, modified by CCR
Technologies, Canada) at 3,600 rpm. The ChF powder was dried
in a vacuum oven at 85◦C for 24 h before pyrolysis.

Pyrolysis
To produce biocarbon in greater quantities, ChFs and ChF
powder were directly pyrolyzed in a large-scale tube furnace. A
stainless steel reactor was manufactured in situ in substitution
of the ceramic reactor. The pyrolyzer was supplied with a
thermocouple to accurately measure the internal temperature,
and an externally suppled nitrogen source which was used during
the process. The samples were then pyrolyzed at temperatures of
300 and 600◦C with a residence time of 30min. After pyrolysis,
the furnace was cooled to room temperature. Samples collected
after pyrolysis were ball milled for 1 h using a Retsch ball
mill machine at 300 rpm. Ball milled samples were further
characterized. The yield content was obtained by calculating the
difference in mass of the original ChF in comparison resulting
biocarbon left after pyrolysis.

Biocomposite Preparation
Biocomposites were made by combining PLA and ChF
produced at two different biocarbon pyrolysis temperatures
(300 and 600◦C). Processing was conducted in a 15mL
micro-compounder, DSM Xplore, with a twin screw extruder
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(Netherlands). The processing temperature was 190◦C and the
screw speed was 100 rpm. The retention time was 2min before
injection molding at 30◦C in a DSM Xplore microinjection
molding machine. ChF biocarbon content was set at 20 wt.% in
this composite.

Maleic-anhydride grafted (MA-g) PLA composites were
fabricated under the same conditions.

Characterization of Biocarbon

Ash content
Two methods were used to measure the ash content of ChF
powder and ChF biocarbon: gravimetric and thermogravimetric.
The gravimetric method was based on ASTM D1762-84
(reapproved 2013). Samples were loaded into a crucible, heated to
750◦C for 6h and then cooled. Final weights were obtained as per
the ASTM standard. The thermogravimetric method, based on
ASTM E1131-08, was completed by thermogravimetric analysis
(TGA, Q500, TA Instruments, USA). ChF powder and ChF
biocarbon were heated from room temperature to 110◦C at a rate
of 10◦C/min and held for 5min in a nitrogen atmosphere. Then,
the samples were continued to be heated to 900◦C at a rate of
10◦C/min and kept for 15min. After that, the atmosphere was
switched to air and the samples kept at 900◦C for another 10 min.

Fourier transform infrared spectroscopy (FTIR)
Spectra were obtained from a Thermo Scientific Nicolet
6700 FTIR spectrometer (Waltham, Massachusetts, USA). The
attenuated total reflectance (ATR)mode was used and the spectra
were obtained by 64 scans at a resolution of 4 cm−1. The
background samples of the surrounding atmosphere were taken
prior to samples collection. The spectra were obtained between
wave numbers of 500 and 4,000 cm−1 in transmittance mode.

TGA-FITR analysis
A TGA Q5500 (TA Instruments, USA) was used in combination
with a FTIR machine of the same make as mentioned above.
The experiment analyzed about 6mg over a ramped heating
(20◦C/minute) of 25 to 650◦C in an inert atmosphere. A total of
8 scans were taken per minute and combined. A Gram-Schmidt
curve was made for further analysis to determine the relative
absorbance of each volatile gas released during the pyrolysis
study. A future study could be completed in further works as a
comparison of this process to traditional petroleum-based fillers
as well as the overall environmental impact.

Scanning electron microscopy/energy dispersive spectroscopy

(SEM-EDS)
The elemental and morphology analyzes of ChF powder
and ChF biocarbon were examined by a ProX scanning
electron microscope (SEM) (Phenom-World BV, Eindhoven,
The Netherlands) with energy-dispersive spectroscopy (EDS)
integrated into the setup. SEM images were recorded at 10
kV accelerating voltage. The elemental determinations by EDS
spectra were obtained at 10 kV under a 90 s collection time. In
this process the samples were analyzed uncoated.

For PLA/ChF composite, the fractured surfaces of impact
samples were sputtered with a thin layer of gold for 10 s. Then,

SEM images of PLA/ChF composites were taken at 10 kV
accelerating voltage.

X-ray diffraction spectroscopy
X-ray diffraction spectroscopy (XRD) of biocarbon was
completed using a X-Ray Diffractometer (MultiFlex Rigaku,
Rigaku, Japan) with a 2 kW CuKα source. A horizontal sample
mount was also implemented in combination with a diffracted
beam monochromator. Diffraction patterns were obtained
between 5◦ and 50◦ with a scan speed of 1.2◦ per minute.

Raman spectroscopy
Raman spectroscopy was conducted on a DXR2 Raman
Spectroscope (Thermo Scientific, USA). Raman analysis was used
to determine the relative amounts of graphitic vs. disordered
carbon in the samples. The machine was operated at 10 times
zoom through a 50 µm slit.

Characterization of Composites

Thermal behavior
Thermogravimetric analysis (TGA) (TA instrument, Q500,
USA) was used to characterize the thermal stability of the
polymer composites. All samples experienced heating from
room temperature to 600◦C at a rate of 10

◦

C/min in a
nitrogen atmosphere. Differential scanning calorimetry (DSC)
(TA instrument, Q200, USA) was used to study the melting
temperature, glass transition temperature and crystallization
temperature. Samples were placed in a nitrogen atmosphere and
heated from 0 to 200◦C at a rate of 10◦C/min, held for 3min and
cooled to 0◦C at a rate of 10◦C/min.

Mechanical properties
An Instron 3382 Universal Testing Machine was used for the
measurement of mechanical properties of PLA/ChF composites.
ASTM D638 was used as a standard for the tensile test at room
temperature with a rate of 5 mm/min. Flexural properties of
PLA/ChF composites were characterized based on ASTM D790
with a testing rate of 1.4 mm/min and a span of 52mm. Five test
pieces of each sample were tested for tensile and flexural tests to
take the average value, and all tensile and flexural properties were
analyzed with Bluehill software.

RESULTS AND DISCUSSION

Chicken Feather Biocarbon
Yield
It is important to evaluate the pyrolysis yield to determine
if the material is feasible for large scale applications, such as
automotive parts. For this work, the yield of biocarbon for
chicken feathers (ChFs) and powder at 300◦C was 55% (Table 1).
Comparatively, this is a high yield. However, at higher pyrolysis
temperatures, the yield decreased to 25 and 16% for powder and
feathers, respectively. The decrease in yield as the temperature
increased has been reported by others (Budai et al., 2014;
Arnold et al., 2016). There is often a decrease in yield at higher
temperature because more constituents are decomposed, such
as higher molecular weight molecules. This means that the
oxygen and hydrogen groups in the material are removed at
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TABLE 1 | Yield content of ChF biocarbon.

Sample Yield (wt.%) Sample Yield (wt.%)

ChF biocarbon 300◦C

(powder)

55.8 ChF biocarbon 600◦C

(powder)

25.3

ChF biocarbon 300◦C

(feather)

55.5 ChF biocarbon 600◦C

(feather)

16.1

TABLE 2 | Ash content of ChF and ChF biocarbon determined via gravimetric and

TGA analyzes.

Sample Ash content (%)

Gravimeter

Ash content (%)

TGA

ChF 1.5 1.5

ChF biocarbon 300◦C powder 2.4 2.6

ChF biocarbon 300◦C feather 2.4 2.7

ChF biocarbon 600◦C powder 5.4 8.9

ChF biocarbon 600◦C feather 8.0 7.6

higher temperatures. This was confirmed later through elemental
analysis of the samples.

Ash Content
Ash content of biocarbon varies greatly depending on the
feedstock material (Ronsse et al., 2013), and is mainly comprised
of a combination of hydrogen, nitrogen, oxygen and sulfur
(Tesfaye et al., 2017). The two methods to generate ash content
are described above in the methods section. The ash content
for the ChFs was found to be 1.5% regardless of the method
(Table 2), which is consistent with literature (Wool, 2005). In
fact, Wool (2005) suggested that the extremely low ash would
make this waste material useful for fuel generation.

However, biocarbon samples experienced different values for
the ash content dependent on the methods used. It is probable
that the ChF samples did not experience the same trend as
their maximal degradation temperature is substantially lower
than that of the biocarbon and is not affected by the final
operating temperature.

For the biocarbon samples, the maximal operating
temperature for the gravimetric method, based on ASTM
D1762-84 (reapproved 2013), was 750◦C. By comparison, the
TGA method, based on the ASTM E1131-08, reached a final
operating temperature of 900◦C. For example, the ash content of
600◦C ChF biocarbon measured by the gravimetric method was
5.4%, but was 8.9% by the TGA method.

In addition to ash content, the TGA method also provided
valuable information as to the content of highly volatile matter,
volatile matter, and combustible material. An example of the
analysis is displayed in Figure 1. A summary of all remaining
materials can be found in Table 3. The volatile matter remaining
in the 300◦C sample was greater than that of the 600◦C sample.
This was a result of a lower pyrolysis temperature since less
matter is removed during the process. Likewise, there is more
combustible material for the higher temperature BC samples.

FIGURE 1 | Ash content measured by TGA method.

The combination of highly volatile and volatile material
from chicken feathers was 77.4% which is very similar to other
works with ChFs (Tesfaye et al., 2017; Table 3). The volatile
materials are a combination of hydrocarbons, methane and
carbon monoxide as well as some nitrogen gas and carbon
dioxide (Tesfaye et al., 2017). When comparing the biocarbon
sources, the lower pyrolysis temperature produced a larger
percentage of volatile matter. This corresponds with literature
where biomass sources with lower ignition temperatures often
possess greater volatile matter content. This is a result of volatile
content being directly correlated with heating rate and final
temperature (Basu, 2010).

FTIR Analysis
FTIR spectra of the ChF powder and ChF biocarbon samples
are shown in Figure 2. The ChFs show a distinctive peak at
3,279 cm−1 which can be attributed to the O-H stretching
(Mothé et al., 2018). Another absorption band at 2,922 cm−1

corresponds to the aliphatic C-H stretching vibrations (Mothé
et al., 2018). The peak at 1,482 cm−1 that is noted in ChFs
and lower temperature biocarbon samples is associated with
C-H stretching of alkanes (Azargohar et al., 2014). The peak
at 1,660 cm−1 is assigned to C=O stretching vibrations, and
the peaks at 1,513 and 1,445 cm−1 correspond to the amine
groups N-H2 and N-H, respectively (Mothé et al., 2018). In
fact, Mothé et al. attributed these peaks to the keratin structures
within the ChFs (Mothé et al., 2018). As determined in the
elemental analysis below, there is approximately 3 wt.% of
sulfur in the ChF samples, suggesting that the bands near
1,230 cm−1 may be related to the presence of thiol groups
(Mothé et al., 2018). Lastly, the peak at 1,523 cm−1 is associated
with the C=C bonds contained in the samples (Azargohar
et al., 2014). The presence of this bond is later confirmed by
Raman analysis.

The FTIR spectra for the biocarbon samples displayed a
decrease in peak intensity from ChF where the 600◦C samples
show no peaks. The diminishing peaks are a result of removing
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TABLE 3 | Volatile and combustible materials for ChF biocarbon as determined by TGA analysis.

Sample Type of sample Pyrolysis temperature Highly volatile matter (%) Volatile matter (%) Combustible materials (%)

ChF – 3.3 74.1 21.1

ChF biocarbon Powder 300◦C 2.6 58.4 36.4

ChF biocarbon Feather 300◦C 1.9 60.6 34.8

ChF biocarbon Powder 600◦C 3.0 25.2 62.9

ChF biocarbon Feather 600◦C 6.0 15.4 71.0

FIGURE 2 | FTIR spectra of ChF powder and ChF biocarbon.

the functional groups with higher pyrolysis temperatures having
the greatest impact. This has also been found in works
by Snowdon et al. with carbonized lignin (Snowdon et al.,
2014). The largest peak in the 300◦C biocarbon, around 1,640
cm−1, is probably produced from C=O conjugated bonds
(Snowdon et al., 2014).

TGA-FTIR Analysis
For most biomass sources, the commonly produced gases
during pyrolysis include: carbon dioxide, methane, carbon
monoxide and hydrogen gas (Domínguez et al., 2007). The
volatile matter generated during the pyrolysis process is depicted
in Figure 3A. This work obtained resulted similar to that
of pyrolyzed turkey feathers. The gaseous products of turkey
feather subject to pyrolysis in air were examined to determine
the major gaseous materials. For the 600◦C turkey feathers:
hydrogen gas < methane < carbon dioxide < carbon monoxide
(Domínguez et al., 2007). For this work, effluent containing
carbonyl groups was in the greatest concentration followed by
carbon dioxide. All volatile materials were identified from the
Gram Schmidt curve in Figure 3B. Most of the volatiles were
identified as similar to other FTIR-TGA analysis in literature
(Singh et al., 2011; Ma et al., 2014). However, unique to
ChFs, there is substantially more nitrogen content which is
evolved as NH4 from the samples. The production of NH4

was much greater than the amount produced through pyrolysis
of other types of biomasses (e.g., woody or grass-based). This
was most likely attributed to the increased nitrogen content
in the sample as confirmed in EDS and elemental analysis
discussions below.

SEM-EDS
Morphological characteristics of ChF powder and ChF biocarbon
samples at differing pyrolysis temperatures are shown in
Figure 4. The ChF powder was cryogenically ground for only
5∼7 s, resulting in variation of particle size and structure. The
two most distinguishable structures in the ChF samples are
fibrous tubes and large platelets (Figure 4A). The fibrous tubes
may be from the barbs on the feathers whereas the platelets may
be from the quill (calamus) and rachis (Belarmino et al., 2012).
The ChF biocarbon samples pyrolyzed at 600◦C displayed larger
sizes than lower temperature samples. This was also found by
Quosai et al. where the higher temperature samples had a greater
surface area (Quosai et al., 2018). The larger surface area of the
600◦C biocarbon may have fostered an increased opportunity
for interactions with the polymer matrix and resulted in
improved mechanical performance over 300◦C samples, as
noted below.

The elemental composition including carbon, nitrogen,
oxygen, and sulfur was obtained via EDS for ChF and is displayed
in Table 4. The ChF samples were found to have relatively similar
amounts of C, N, and O around ∼30 wt.% and S content
about 3.3 wt.%. Based on literature, there is a large variation of
elemental composition of samples. The variation in experimental
vs. literature is a result of different analysis methods as well
as a difference in the quills vs. barbs content of the samples
(Gao et al., 2014).

The elemental composition of ChF biocarbon was also
obtained via EDS and is recorded in Table 4. It was found
that the carbon content was similar for all samples, regardless
of the pyrolysis temperature or original ChF structure (i.e.
powder or feathers). Similar results were reported for nitrogen.
The sulfur content of the BC samples decreased substantially
as a result of disulfide bond cleavage at higher pyrolysis
temperatures (Zhao et al., 2015). Essentially, the amounts
of carbon, nitrogen and oxygen were similar as show via
EDS. This was a unique finding for this work since other
works have shown that increasing the pyrolysis temperature
substantially increases carbon content. For example, green
waste and wood biocarbon from 300 to 600◦C pyrolysis
temperature experienced more than 60% increase in carbon
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FIGURE 3 | TGA-FTIR analysis of chicken feathers with (A) maximal evolved volatiles and (B) Gram-Schmidt spectra.

FIGURE 4 | SEM images of (A) ChF powder, (B) ChF biocarbon 300◦C (powder), (C) ChF biocarbon 300◦C (feathers), (D) ChF biocarbon 600◦C (powder), and (E)

ChF biocarbon 600◦C (feathers).

content (Ronsse et al., 2013). This is most likely due to the
higher nitrogen content in the samples as compared to other
woody biomasses.

XRD Analysis
The XRD results of ChF powder and biocarbon samples
pyrolyzed at different temperatures are shown in Figure 5. There

were two distinguishable peaks at 2θ = 9
◦

and 19
◦

for ChF.
The peak at 9

◦

is associated with the α-helix configuration
of keratin, whereas the 19

◦

is actually a combination of two
indistinguishable peaks for the β-sheet structure of keratin for
ChF samples (Ma et al., 2016). The structures for the 300◦C
biocarbon, regardless of whether the starting material was
feathers or powder, resulted in a broad peak with its maximum
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TABLE 4 | EDS data for ChF and ChF biocarbon samples.

Sample C N O S Other

As-received chicken feathers

ChF 34.29 ± 4.21 32.73 ± 3.58 29.52 ± 1.74 3.36 ± 1.05 –

ChF (Gao et al., 2014) 47.40 15.12 7.16 – 30.32

ChF (Tesfaye et al., 2017) 59.14 14.21 24.34 2.17 –

Chicken feather biocarbon

ChF 300◦C powder 45.97 ± 5.48 34.41 ± 4.14 18.61 ± 0.22 1.03 ± 0.71 –

ChF 300◦C feathers 42.98 ± 4.72 36.17 ± 4.43 23.60 ± 3.79 0.66 ± 0.59 –

ChF 600◦C powder 46.64 ± 2.49 33.12 ± 6.08 20.14 ± 5.71 0.10 ± 0.05 –

ChF 600◦C feathers 48.57 ± 4.09 35.76 ± 2.77 15.27 ± 1.85 0.19 ± 0.26 –

FIGURE 5 | XRD patterns of ChF powder and ChF biocarbon (BioC) at 300◦C

and 600◦C.

at 2θ = 20◦. In literature, this peak was associated with the
amorphous carbon (Yu et al., 2018). However, the peak for the
600◦C biocarbon reaches it maximal value at 2θ = 26◦. This
peak is more likely associated with graphitic carbon (Major et al.,
2018), or more specifically the (002) plane (Yu et al., 2018). In
literature, higher pyrolysis temperatures are associated with a
reduction in interplanar d-spacing of the graphitic sheets such
that the spacing between the planes decreases. This may explain
the shift in peaks between the 300 and 600◦C samples (Arnold
et al., 2016).

Raman Spectroscopy
The Raman spectra for ChF biocarbon are displayed in Figure 6.
The spectra were analyzed from 800 to 2,000 cm−1 to determine
the graphitic content in the samples. A total of five peaks were
used to fit the data, as used in literature (Anstey et al., 2016). The
spectra for the feather and powder samples were similar, so only
the powders are discussed in this section. The peak intensity is
much greater for lower temperature ChF biocarbon. This was also
found in samples which were derived from Miscanthus (Major
et al., 2018). The peak maximums at 1,350 and 1,550 cm−1 for

the D and G bands, correspondingly and were found in both
samples. This aligns with literature for other biocarbon samples
(Anstey et al., 2016). In literature, the D band corresponds with
the sp2 orbital and represents the disordered content in the
samples; whereas the G band is associated with the sp2 orbitals
of the graphitic content in the sample. The ID/IG ratios for the
300 and 600◦C were 1.06 and 1.07, respectively, which describe
the graphitization of the samples (Major et al., 2018). Biocarbon
samples from other waste biomass that were pyrolyzed at 475◦C
(between the pyrolysis temperatures of this work) found similar
ratios for ID/IG at 1.10 and 1.11 for wheat straw and poultry
litter, respectfully (Azargohar et al., 2014). The Raman spectra
are aligned with other results. The ID band is associated with
C-C bonds contained in aromatic rings (Li et al., 2006). The
relative strength of this peak can be correlated with the large
carbon content in the samples, as proven by elemental analysis.
Furthermore, the IG peak has been documented in literature to
correspond to C=C, also found in aromatic structures (Li et al.,
2006). The C=C bonds were confirmed in FTIR analysis.

Composites
Mechanical Performance
Biocomposites were made with combining 20 wt.% ChF
(pulverized powder) biocarbon and 80 wt.% PLA. Tensile
and flexural properties of neat PLA and ChF biocarbon
composites are shown in Figure 7. The tensile strength,
elongation at break and flexural strength decreased with
increasing biocarbon content. The decrease in both tensile
and flexural strength is common for samples with higher
filler content. In fact, Chang et al. noted that biocarbon
content >15 wt.% leads to agglomeration of the particles
and reduced stress transfer (Chang et al., 2019). This was
further confirmed by the reduction in impact strength
compared to the neat polymer. However, the tensile and
flexural moduli increased with the addition of filler. In fact,
the highest composite values obtained were 16 and 26%
greater than neat polymer for tensile and flexural modulus,
respectfully. This finding is common for biocarbon composites
since the biocarbon restricts the mobility of the matrix
polymer chains, thereby increasing the stiffness of the samples
(Ogunsona et al., 2018).
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FIGURE 6 | Raman spectroscopy for ChF biocarbon at (A) 300◦C and (B) 600◦C.

FIGURE 7 | ChF biocarbon composites (A) tensile strength and modulus, (B) flexural strength and modulus. Sample labels in the x axis are as follows: (I) Neat PLA, (II)

80/20 PLA/ biocarbon (300◦C), (III) 80/20 PLA/biocarbon (600◦C), (IV) 77/20/3 PLA/biocarbon/MA-g-PLA (600◦C).

A compatibilizer, maleic-anhydride-grafted-PLA (MA-g-
PLA), was combined at 3 wt.% with the 600◦C biocarbon
samples. The MA content of 3 wt.% was chosen based upon
success in literature with natural fillers and PLA (Yu et al., 2014)
as well as PBS (Gowman et al., 2018; Picard et al., 2019). To
increase the adhesion between filler and matrix, compatibilizing
agents have been studied with biocarbon (Codou et al., 2018).
The 600◦C biocarbon composite was chosen to be compatibilized
based on its superior performance to the 300◦C samples where
the tensile strength and flexural strength increased by 31
and 53% from 300 to 600◦C biocomposites, respectfully. The
improvement in mechanical performance of samples containing
MA-g-PLA was further confirmed via SEM (Figure 8C). The
reduction of gaps between the biocarbon and matrix suggested
improved interfacial adhesion between these constituents
(Behazin et al., 2017a), resulting in improved stress transfer
between the filler and compatibilized matrix (Picard et al., 2019).

The impact strength for the neat polymer was 22.9 J/m.
However, the uncompatibilized sample experienced a reduction
in impact strength as compared to the neat to 14.32 J/m for 300◦C

ChF BC samples and 17.23 J/m for 600◦C ChF BC samples.
This was attributed to poor surface adhesion between the filler
and matrix. Similar results have been reported in literature with
other natural fillers as well (Picard et al., 2019). The addition of
MA-g-PLA improved the impact strength to 19.53 J/m for the
77//20/3 (PLA/ChF biocarbon/Ma-g-PLA) samples. Similarly,
increased impact strength from the addition of a compatibilizer
has been found in literature with compatibilized biopolymer and
miscanthus grass as the natural filler (Muthuraj et al., 2017).
Further properties analysis showed that the addition of 20 wt.%
ChF BC had no significant change on density with both samples
exhibiting a density of 1.25 g/cm−3.

The losses in mechanical performance of the ChF biocarbon
at 20 wt.% in this work were comparable to that of ChF in
PLA composites at weight percentages of 0–10. In fact, in this
work the tensile modulus was 4 GPa or greater were as 5
wt.% ChF PLA composites experienced a max tensile modulus
near 4 GPa but the other concentrations of ChFs resulted in
inferior tensile moduli (Cheng et al., 2009). Although there were
some challenges with mechanical performance it is important

Frontiers in Materials | www.frontiersin.org 8 February 2020 | Volume 7 | Article 3223

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


Li et al. Chicken Feather Biocarbon Composites

FIGURE 8 | SEM images of (A) neat PLA, (B) ChF biocarbon/PLA, and (C) compatibilized composites.

TABLE 5 | Thermal results obtained from digital scanning calorimetry for neat

polymer and composites.

Sample Pyrolysis temp. Tg (◦C) Tm (◦C) Tc (◦C)

PLA N/A 60.9 167.9 94.8

80/20 PLA/BC 300◦C 59.0 166.5 96.9

80/20 PLA/BC 600◦C 58.9 167.9 96.5

77/20/3 PLA/BC/MA-g-PLA 600◦C 57.8 167.2 95.7

to note that ChF biocarbon could also be combined with other
higher strength materials such as engineering thermoplastics.
In this case, the ChF biocarbon would offer superior thermal
stability as well as little to no odor during the extrusion
process as compared to ChFs. The volatile matter was already
expelled from ChF biocarbon, as seen in the TGA-FTIR analysis
and would not interfere with the extrusion process. Based
on the TGA analyses, ChFs would degrade during the higher
processing temperatures.

Differential Scanning Calorimetry
The glass transition temperature (Tg), melting temperature (Tm),
and crystallization temperature (Tc) are displayed in Table 5. The
Tg decreases with the addition of biocarbon. This is also noted in
works with PLA and biocarbon (Salak et al., 2014). In this work,
there was no notable change in the melt temperature that was
taken from the second heating cycle. The melting temperature
form the second heating had the thermal history removed and
is, therefore, a more accurate measure. The Tc value slightly
increased with the addition of biocarbon suggesting that the
biocarbon may act as a nucleating agent for the PLA (Behazin
et al., 2017b). Similar results were found with biocarbon and PP
composites (Behazin et al., 2017b).

Thermogravimetric Analysis
The maximum degradation temperature and 5% weight loss are
displayed in Table 6. The weight loss was around 5% at the
end of the first heating plateau. The addition of biocarbon to

TABLE 6 | TGA results for PLA and biocarbon composites in nitrogen

environment.

PLA/ ChF biocarbon Pyrolysis temperature T5% (◦C) Tmax (◦C)

100/0 N/A 307.5 359.0

80/20 300◦C 284.5 333.2

80/20 600◦C 272.3 318.6

the polymer increased the degradation rate, as noted from the
lower temperature. This has often been found in literature with
biocarbon in a polyamidematrix (Ogunsona et al., 2018). Overall,
the polymer was found to be stable over the entire processing
window. However, the addition of biocarbon slightly reduced
the thermal stability of the samples. Other biocomposites also
experience this decrease in thermal stability with addition of
natural filler; for example natural filler composites made with
apple pomace in BioPBS (Picard et al., 2019), biocarbon in
polyamide (Ogunsona et al., 2018), and wood flour in PLA (Liu
et al., 2010).

Surface Morphology
SEM images of the impact surfaces of neat polymer and
composites are displayed in Figure 8. Figure 8A shows the
typical fracture surface of PLA which is smooth as a result of the
brittle, semi-crystalline nature of the polymer (Ferrarezi et al.,
2013). The brittle nature of the polymer is confirmed by the
relatively high tensile strength, as noted in Figure 7A. Figure 8B
shows gaps between the ChF biocarbon and matrix material. As
discussed earlier, this is noted as a decrease in interfacial adhesion
and is the reason for reduced mechanical performance (Picard
et al., 2019). From Figure 8, it was noted that thematrix remained
relatively smooth with improved adhesion to the biocarbon.
The SEM confirms that there was less de-cohesion between
the filler and the biocarbon, resulting in less pull-out. Similar
results were found in literature with compatibilized biocarbon
composites (Codou et al., 2018) and confirmed by improved
impact strength.
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FEASIBILITY AND SUSTAINABILITY

The use biocarbon as a filler offers greater thermal stability over
natural fillers from food/ beverage industry waste. For example
apple pomace and grape pomace are wastes from the wine
and cider or juice industries begin degradation at substantially
lower temperatures. For example, 5% weight loss of the sample
occurs at approximately 120◦C (Picard et al., 2019) and 175◦C
(Gowman et al., 2018), respectfully. Neat chicken feather (ChF)
fibers have been found to begin to lose 5 wt.% at just over
100◦C (Özmen and Baba, 2017). Conversely, ChF biocarbon 300
and 600◦C did not experience 5% weight loss until about 220
and 400◦C, respectfully. This suggests that ChF biocarbon offers
the added benefit of thermal stability and could function with
high temperature engineering thermoplastics. Works comparing
ChF to pyrolyzed ChF biocomposites have confirmed improved
thermal stability (Senoz et al., 2013).

Moreover, ChF feather biocarbon is a food industry waste
product and can be obtained at no cost. This is one advantage
over petroleum produced carbon black. The production of
biocarbon compared to petroleum products requires less
energy during the heating process since carbon black requires
conversion temperatures of 1,320–1,540◦C (United States
Environmental Protection Agency, 1983). In this work the
maximal pyrolysis temperature was 600◦C which is nearly half
of carbon black. Also, ChF biocarbon is black in color and could
replace carbon black where it is used as a coloring agent. Other
works have investigate the viability of biocarbon and determined
that it can be used as a feasible alternative as well as functional in
non-electrical applications (Snowdon et al., 2014).

The use of ChF biocarbon as mentioned previous is also
beneficial to that of plain ChF due to lesser concerns for odor.
The evolved gases, displayed in TGA-FTIR analysis, would not
be present during the extrusion process as compared to that of
ChF alone. In addition to the previously discussed benefits of ChF
biocarbon, the use of biocarbonmaterials has also been suggested
to replace traditional in organic fillers such as mineral fillers
(Myllytie et al., 2016). There is also a reduction in the density
of biocarbon as compared to traditional inorganic fillers such as
glass fiber and talc; to 1.3 g/cm3 for biocarbon from 2.7 g/cm3

for talc and glass fiber (Chang et al., 2019). This leads to light-
weight composites and the corresponding benefits of reduced
fuel consumption when implemented in the automotive industry.
There are many benefits that have been discussed in relation to
the implementation of ChF biocarbon in composite applications.
The use of biologically based materials helps to improve the
sustainability, cost, and adds value to newly made products.

CONCLUSIONS

Chicken feathers (ChF), a byproduct of the meat processing
industry, are abundantly available and in need of new uses
to avoid end of life in landfill or incineration. This work
features the thermochemical conversion of ChFs to biocarbon

for value-added applications. ChFs were pyrolyzed at 300 and
600◦C to generate sustainable natural filler for biocomposites.
The biocarbon produced at 300◦C resulted in a surprising
yield of 55% and both biocarbon samples possessed exceptional
thermal stability at much greater temperatures than that of many
traditional natural fillers. With this in mind, ChF biocarbon was
combined with PLA, a biodegradable and biobased plastic. The
biocomposites were analyzed for their mechanical performance.
Despite a decrease in tensile strength, the tensile modulus
for each composite blend was greater than that of the neat
polymer. SEM images determined the biocarbon was well-
distributed throughout the matrix such that it could act as a
reinforcing agent. The composites contained 20 wt.% of the
600◦C ChF biocarbon, and a biobased biodegradable polymer
also displayed improved flexural and tensile modulus over
that of the neat polymer. ChF biocarbon has the added
benefits of reduced odor during processing as compared to
ChFs, as well the ChF biocarbon could function well as
a replacement to traditional petroleum-based colorants like
carbon black as well as mineral fillers like talc. The successful
combination of natural filler and biobased, biodegradable
polymer suggests the use of these biocomposites for sustainable
packaging applications.
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Biodegradable composites of thermoplastic starch (TPS), titanium dioxide particles (TiO2;

average size 0.2µm), and/or antibiotic (ATB; vancomycin) were prepared. Light and

electron microscopy demonstrated that our recently developed, two-step preparation

procedure yielded highly homogeneous TPS matrix with well-dispersed TiO2 particles

even for high filler concentrations (up to 20%). Oscillatory shear rheometry showed an

increase in viscosity of TPS after addition of TiO2 and ATB (from ca 2 × 105 Pa·s to

ca 1 × 106 Pa·s at 1 rad/s and 120◦C). However, the high viscosity of TPS/TiO2/ATB

composites did not prevent reproducible preparation of the composites by melt-mixing.

Dynamic mechanical analysis proved a significant increase in shear moduli (storage,

loss and complex modulus) of TPS after addition of TiO2 and ATB (storage modulus

increased from ca 25 MPa to more than 600 MPa at 1.33 rad/s at room temperature).

Both rheological and mechanical properties indicated strong interactions among TPS

matrix, filler, and antibiotics. The final TPS composites were soft enough to be cut with a

sharp blade at room temperature, the TPS matrix was fully biodegradable, the TiO2 filler

was biocompatible, and the ATB could be released locally during the matrix degradation.

Selected samples were tested for bacterial susceptibility using standard tube dilution

test and disk diffusion test. The results proved that the ATB retained its bacteriostatic

properties after the thermal processing of the composites. Therefore, the prepared

TPS/TiO2/ATB composites represent a promising material for biomedical applications

related to the local release of antibiotics.
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INTRODUCTION

Starch-based materials are attractive due to their biodegradability
and wide range of applications, such as packaging, coating,
agriculture, medicine, pharmacy, or even optoelectronics (Sarka
et al., 2011, 2012; Saiah et al., 2012; Xie et al., 2013; Ghavimi
et al., 2015; Oleyaei et al., 2016a; Campos-Requena et al.,
2017; Dufresne and Castano, 2017; Javanbakht and Namazi,
2017; Kuswandi, 2017; Liu G. et al., 2017; Liu S. et al., 2017;
Sarka and Dvoracek, 2017, Ilyas et al., 2018, Ilyas et al.,
2019). However, the melting temperature of native starch is
higher than its degradation temperature. Consequently, for
most applications, it is necessary to transform the granular
starch into an amorphous and homogenous thermoplastic matrix
(Biliaderis, 2009; Bertolini, 2010; Visakh et al., 2012; Abral et al.,
2019). Starch plasticization has been intensively investigated by
many authors (Aichholzer and Fritz, 1998; Huang et al., 2005; Dai
et al., 2008; Li et al., 2008; Pushpadass et al., 2008; Xie et al., 2012;
Ostafinska et al., 2017). The results of these investigations showed
that the preparation of thermoplastic starch (TPS) depended on
many factors, such as the starch source (e.g., wheat, corn, and
potato; Ao and Jane, 2007; Bertolini, 2010), plasticizer type (Dai
et al., 2008; Pushpadass et al., 2008), and processing method
(Altskar et al., 2008). The majority of starch-based composites
have been prepared by single-step solution casting (SC; Campos
et al., 2017; Dufresne and Castano, 2017; Guz et al., 2017;
Javanbakht and Namazi, 2017; Liu S. et al., 2017; Pelissari et al.,
2017; Ali et al., 2018; Abral et al., 2019) or single-step melt
mixing (MM; Campos-Requena et al., 2017; Olivato et al., 2017).
The TPS materials prepared by the above-mentioned single-step
procedures were found to be homogeneous at the macroscopic
level but showed various inhomogeneities, such as non-fully
plasticized starch granules, at the microscopic level. Nevertheless,
our recent work (Ostafinska et al., 2017) has demonstrated that
a two-step procedure based on solution casting and subsequent
melt mixing resulted in a highly homogeneous TPS matrix with
very homogeneous dispersion of TiO2 particles.

Significant attention has been devoted in the recent literature
to the TPS-based composites with different kinds of fillers (Xie

et al., 2013). This work is focused on TPS composites with

titanium dioxide, with high content of filler (>10 wt.%), which
have not been studied so far according to available literature, as

summarized below. Common fillers employed in TPS composites
comprise clays (Carvahlo et al., 2001; Dai et al., 2012; Kelnar
et al., 2013; Oleyaei et al., 2016a; Campos-Requena et al., 2017;
Olivato et al., 2017), graphene (Javanbakht and Namazi, 2017),
carbon nanotubes (CNT) (Liu S. et al., 2017), natural fibers
(Svagan et al., 2009; Campos et al., 2017; Kargarzadeh et al., 2017;
Pelissari et al., 2017; Ilyas et al., 2018, 2019), polysaccharide-
based crystals (Dufresne and Castano, 2017; Ali et al., 2018),
and metal oxides and chalcogenides (Oleyaei et al., 2016b; Guz
et al., 2017; Liu et al., 2018). Titanium dioxide (TiO2) represents
attractive filler in materials for biomedical applications due to
its biocompatibility with bone cells and tissues (Webster et al.,
1999, 2000; Sengottuvelan et al., 2017). This material has been
widely studied in biodegradable composites, such as PLA/TiO2

(Boccaccini et al., 2005), PLA/TiO2-Bioglass (Boccaccini and

Blaker, 2006), PLA/PCL/TiO2 (Mofokeng and Luyt, 2015a,b;
Ostafinska et al., 2015), and PCL/TiO2 (Tamjid et al., 2011;
Gupta et al., 2012; Vackova et al., 2017). Nevertheless, just
little information is currently available regarding the effects
of TiO2 on the properties of thermoplastic starch. Yun et al.
(2012) investigated starch/polyvinyl alcohol/TiO2 (5–15 wt.%)
nanocomposites that show photocatalytic activity under UV and
visible light irradiation. Fei et al. (2013) studied the influence
of TiO2 (0–8 wt.%) on the structure of TPS/polycaprolactone
(PCL) blends. Razali et al. (2016) prepared TPS/TiO2 (1 wt.%)
composites reinforced with Donax grandis hypodermal fiber
(DGHF) by solution casting followed by compression molding.
These researchers reported that the addition of DGHF to TPS
led to structural changes and increased the crystallinity of
the composites. Furthermore, the addition of TiO2 enhanced
the crystallinity and resulted in a coarse fiber surface. Oleyaei
et al. (2016a,b) studied TPS-based nanocomposites (prepared
by solution casting) with the addition of TiO2 (0.5–2 wt.%),
and the same composites with the addition of both TiO2 and
sodium montmorillonite (MMT). They found that maximum
improvement in mechanical properties for the TPS/TiO2

composite was achieved for 1% of the filler, whereas for
TPS/TiO2/MMT the best results were obtained for 2 wt.% of TiO2

and 3 wt.% of MMT. Furthermore, our recent study (Ostafinska
et al., 2017) reported on the addition of low amounts of TiO2

(0–3 wt.%) to TPS. It was demonstrated that the TiO2 particles
changed the crystallinity and rheological properties slightly due
to the partial degradation of the TPS matrix during melt mixing.

In this work, we focused our attention on TPS/TiO2

composites with higher filler content (up to 20%) that have not
been reported in the literature to date. We wanted to verify
that the previously described two-step preparation protocol of
TPS composites, which yielded highly homogeneous TPS/TiO2

systems for up to 3% of the filler (Ostafinska et al., 2017) will
also be effective for the preparation of highly loaded TPS/TiO2

composites. Moreover, we investigated whether the combination
of a high-viscosity TPS matrix and a high filler concentration
will result in a material with good thermomechanical properties
that can be prepared using standard solution casting and
melt mixing procedures. Finally, we prepared TPS/ATB and
TPS/TiO2/ATB composites in order to verify that thermally
resistant antibiotics, such as vancomycin, can survive our two-
step plasticization process and filler addition without losing their
antibacterial activity.

EXPERIMENTAL

Materials
Wheat A-starch (S) was supplied by Amylon a.s., Czech Republic
(type Soltex NP1; amylose content ∼25%; particle size 5–25µm;
total solids: 88.5%—CSN EN ISO 1666; SEM micrograph of
the source starch shown in Figure S1). Anhydrous glycerol
(G; min. 99%), hydrochloric acid (HCl; 35%) and sodium
bromide (reagent grade; min. 99%) were obtained from Lach-
Ner, Czech Republic. Commercial titanium dioxide (TiO2;
anatase, particles size 50–200 nm) was provided by Sigma-
Aldrich, USA. The commercially available vancomycin antibiotic
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TABLE 1 | List of the prepared TPS-based composites.

Sample S (wt.%) G (wt.%) TiX (wt.%) ATB (wt.%)

TPS 70 30 – –

TPS/TiO2 (10%) 63.2 26.8 10 –

TPS/TiO2 (20%) 56.2 23.8 20 –

TPS/ATB 63.2 26.8 – 10

TPS/TiO2/ATB 56.2 23.8 10 10

All samples contain residual water after processing by solution casting and melt

mixing (∼5%).

(ATB; Vancomycin Mylan, obtained from Biologici Italia, Italy)
was used in ATB-loaded composites.

Preparation of TPS/TiO2/ATB Composites
All of the samples (Table 1) were prepared by the two-step
method consisting of solution casting (SC) followed by melt
mixing (MM) as described in more detail in our previous report
(Ostafinska et al., 2017). All of the chemicals used for the sample
preparation (see previous section) were stored in a refrigerator in
order to minimize their possible degradation (which might be a
problem especially for the biodegradable starch powder). Briefly,
the samples were made by SC using a starch/glycerol ratio of
70/30 (wt.%) and starch/water ratio of 1/6. At first, starch powder,
TiO2 and/or ATB were dispersed in water using an ultrasonic
bath for 1min, and then the glycerol was added for 2min.
The prepared water suspension (starch with glycerol and all
additives, which was premixed for 30min at room temperature)
wasmixed at an elevated temperature until the viscosity increased
significantly (at least 10min at a temperature above 65◦C), and
the mixture became visually homogeneous. Then the solution
was cast onto thin foils and dried at the ambient temperature
for 2–3 days followed by storage for 4 days in a desiccator
with a supersaturated NaBr solution (relative humidity = RH
= 57%). The dried SC samples were melt mixed (5min, 110◦C,
100 rpm) in a microextruder (µ-processing DSM, Netherlands)
and compression molded (SC + MM samples) at 110◦C (4 min
at 50 kN + 2 min at 150 kN) in a special frame by a hydraulic
press (Fontijne Grotnes, Netherlands). Since the properties of the
TPS samples are very sensitive to humidity, all of the samples
were stored in a desiccator with a supersaturated NaBr solution
immediately after the preparation and between all experiments.
The aging of samples was performed at the same conditions, i.e.,
the samples were kept 6 months at ambient temperature, closed
in a desiccator with supersaturated NaBr solution.

Characterization of TPS/TiO2/ATB
Composites
Light Microscopy
The overall homogeneity of the filler dispersion at lower
magnifications was checked using a light microscope (Nikon
Eclipse 80i; Nikon, Japan). Thin sections (∼40µm) were cut
with a rotary microtome (RM 2155; Leica, Germany), placed in
oil between the support and cover glasses and observed with
transmitted light using bright field imaging.

Scanning Electron Microscopy
Morphology of the TPS matrix and composites at higher
magnifications was visualized with a high resolution field-
emission gun scanning electron microscope (SEM) (Quanta
200 FEG; FEI, Czech Republic) using secondary electron
imaging (SEM/SE) and backscattered electron imaging
(SEM/BSE) at 5–30 kV. The samples were broken in liquid
nitrogen (below the glass transition temperature of TPS),
fixed on a metallic support using silver paste (Leitsilber
G302, Christine Groepl, Austria), and the fracture surfaces
were covered with a thin Pt layer (∼8 nm; vacuum sputter
coater, SCD 050, Balzers, Liechtenstein). The SEM/SE and
SEM/BSE micrographs showed mostly topographic and material
contrast, respectively.

Attenuated Total Reflectance Infrared Spectroscopy
Infrared spectra of TiO2, TPS, and composites (after preparation
and after 6 months) were acquired with a Golden Gate single
reflection attenuated total reflectance cell (ATR; Specac,
Ltd., Orpington, Kent, UK) using a Fourier transform
infrared spectrometer (FTIR; Thermo Nicolet Nexus 870;
Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA)
purged with dry air. The spectrometer was equipped with a
liquid nitrogen cooled mercury cadmium telluride (MCT)
detector, and the ATR cell employed a diamond internal
reflection element. The ATR FTIR spectra were recorded
with a resolution of 4 cm−1, and 256 scans were averaged
per spectrum. After subtraction of the spectrum of the
atmosphere, the baselines were corrected (linear baseline
correction) and an advanced ATR correction was applied (the
correction is defined and recommended within the control FTIR
software OMNIC).

Wide-Angle X-Ray Scattering (WAXS)
Diffraction patterns were obtained using an Explorer high-
resolution diffractometer (GNR Analytical Instruments, Italy).
This instrument was equipped with a one-dimensional silicon
strip detector Mythen 1K (Dectris, Switzerland). Samples were
measured in a reflection mode. CuKα radiation (wavelength λ

= 1.54 Å) monochromatized with a Ni foil (β filter) was used
for diffraction experiments. The measurements were performed
in the 2θ range of 3 to 50◦ with a step of 0.1◦. The exposure
time at each step was 10 s. The peak deconvolution procedure
was carried out using the Fityk software (Wojdyr, 2010).
The peak positions were employed to obtain the periodicities
according to Bragg’s law, d = λ/2sinθ, where λ was the X-
ray wavelength and θ was the scattering angle. Crystallinities
were estimated using the integral intensities of the diffraction
signals of the crystalline (Ic) and amorphous (Ia) phases CR =

Ic/(I c + I a).

Rheometry
Rheological properties were studied in oscillatory shear flow
using a Physica MCR 501 rheometer (Anton Paar GmbH,
Austria). Special anti-slipping parallel-plate geometry of
25mm diameter plates was used. The sample thickness
was ∼1mm. The experiments were performed at 120◦C
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in the linear viscoelastic range (LVE range), confirmed
by a strain sweep test at the frequency of 1Hz. Dynamic
frequency sweeps tests were carried out for the frequency
range of 10−1–102 rad/s at a strain of 0.05%. Each
sample was measured at least three times and the results
were averaged.

Dynamic Mechanical Analysis
Mechanical properties were evaluated by dynamic-mechanical
analysis (DMA). The linear viscoelastic characteristics—the
absolute value of complex modulus |G∗|, storageG′, loss modulus
G′′ and loss factor tan(δ)—were measured in the rectangular
torsion mode using a Physica MCR 501 rheometer (Anton Paar
GmbH, Austria). First, the strain amplitude sweep tests were
conducted at the frequency 1Hz in order to determine the linear
viscoelastic range of the TPS matrix and all of the TPS/TiO2/ATB
composites. Then, two types of experiments were performed:
frequency sweeps and temperature sweeps. The frequency sweep
measurements were carried out at room temperature (23◦C) in
the frequency range of 10−1 to 102 rad/s, the strain was set
to 0.1%, and the results of at least two specimens with the
dimensions of 20× 10× 1.5mmwere averaged. The temperature
sweep measurements were carried out in the temperature range
of −90 to 100◦C (with a heating rate of 5◦C/min), at a
strain of 0.05%, and angular frequency of 6.28 rad/s. Each
sample was measured at least three times and the results
were averaged.

Antimicrobial Susceptibility Testing of
TPS/TiO2/ATB Composites
The classical microbiological tube dilution test and disk diffusion
test were used to evaluate the antimicrobial susceptibility
(activity) as described elsewhere (Jorgensen and Ferraro, 2009).
Both TPS/ATB and TPS/TiO2/ATB composites were used for
these experiments. In the tube dilution test, the samples
were dispersed into tubes containing 5ml of Mueller Hinton
broth (Oxoid; Czech Republic). The resulting concentration
of vancomycin in the polymer was 32 mg/L. The injectable
vancomycin was diluted in the same medium to achieve the
concentration of 32 mg/L as well. All of the tested tubes including
the control sample without the antibiotics were inoculated
with a standardized bacterial suspension of the CCM 4223
Staphylococcus aureus reference strain (density according to
McFarland = 1). In disk diffusion method, the samples were
slightly pushed into Mueller Hinton (Oxoid; Czech Republic)
agar surface inoculated with suspension of the reference strain
CCM 4223 Staphylococcus aureus in saline (density according to
McFarland= 0.5) and the inhibitory zone was observed. Each test
was performed two times in order to verify the reproducibility.

RESULTS AND DISCUSSION

Morphology of TPS Composites
TPS/TiO2 and TPS/TiO2/ATB composites after solution casting
(SC) and melt mixing (SC + MM) (Table 1) were observed by

FIGURE 1 | LM micrographs showing the structure of the TPS/TiO2 composites with (A,C) 10% and (B,D) 20% of the filler: (A,B) after solution casting and (C,D)

after solution casting and melt mixing.
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FIGURE 2 | SEM/SE micrographs showing TPS/TiO2 composites with (A,C) 10% and (B,D) 20% of the filler: (A,B) after solution casting and (C,D) after solution

casting and melt mixing.

LM (Figure 1) and SEM (Figure 2). The lower magnification LM
micrographs proved that the large agglomerates of TiO2 particles,
which were formed after SC (Figures 1A,B) were destroyed
after SC + MM (Figures 1C,D). The higher magnification SEM
micrographs showed that the TiO2 particles tended to envelop
the plasticized but not-fully merged starch granules after SC
(Figures 2A,B), while the subsequent MM step resulted in the
complete merging of starch granules and a highly homogeneous
distribution of the TiO2 nanoparticles (Figures 2C,D).

Both LM and SEM micrographs confirmed that the two-step
preparation (SC+MM) was necessary to obtain fully plasticized
starch with a homogeneously dispersed filler (up to 20 wt.%).
SC led to non-fully merged starch granules, while MM alone
resulted in non-plasticized granules and/or their agglomerates in
the TPS matrix (Figure S2). This finding was in agreement with
the results of our previous work (Ostafinska et al., 2017) on the
TPS/TiO2 composites with lower filler amounts (up to 3%). The
morphological study also proved that the addition of ATB (up
to 10 wt.%) had no effect on the morphology of the TPS matrix
and on the dispersion of TiO2 particles (Figure S3). Further
morphological results suggested that even higher concentrations
of TiO2 (up to 25%) could be dispersed in the TPS matrix
using our two-step SC + MM method (Figure S4) but the
particles began to agglomerate and the viscosity of the composites
increased too much, preventing their reproducible preparation
and reliable rheological characterization.

IR and WAXS Characterization of TPS
Composites
The changes in the structure between the native starch and the
thermoplastic starch (after SC and after SC+MM) were studied
in detail in our previous work (Ostafinska et al., 2017). In the
present work, we characterized the structure of the TPS/TiO2

composites prepared by SC+MMand their changes during aging.
Figure 3 shows ATR FTIR spectra of the composites together
with the spectrum of the starch powder. The figure displays
the bands in the 1,100–900 cm−1 region (C–O, C–C stretching,
and C–O–H bending), which were shown to be sensitive to
the changes in the crystalline structure of the starch (Capron
et al., 2007): the intensity of the band at 1,022 cm−1 appeared
to increase in more amorphous samples, while the bands at
1,000 and 1,047 cm−1 became more defined in more crystalline
samples. In a recent study (Warren et al., 2016), it was shown
that the relationship between the infrared spectra of the starches
with different degrees of order is more complex than it had
been previously appreciated; nevertheless, it was also confirmed
that the main difference between the starches with high and low
degrees of order is a shift of the band at 1,020 cm−1 to higher
wavenumbers (Warren et al., 2016). As presented in Figure 3,
our results showed that compared to the starch powder with the
band at 1,020 cm−1, the FTIR spectra of the composites exhibited
a shift of that band to 1,027 cm−1, while the relative intensities
of the bands at 1,047 and 998 cm−1 decreased. This is explained
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FIGURE 3 | IR spectra of TPS and TPS/TiO2 composites after preparation

and after 6 months of aging; the peaks at 998, 1020, and 1047 cm−1 are

connected with the changes of crystalline structure of the TPS matrix.

by the decrease in the crystallinity (short range ordering) of the
starch in the composites, in agreement with our previous report
(Ostafinska et al., 2017). Upon aging of the composites, small
changes of the TPS crystalline structure could be observed: The
central band in the FTIR spectra was shifted back in the direction
of lower wavenumbers to 1,025 cm−1 and the intensities of the
bands at 1,047 and 998 cm−1 increased, indicating an increase
in ordering and recrystallization. Furthermore, the IR/ATR data
suggested that the addition of TiO2 and ATB did not influence
the TPS matrix structure (Figure S5).

WAXS patterns are summarized in Figure 4. The
diffractograms were normalized approximately to the same
noise and then to the intensity of characteristic triplet of
diffraction of TiO2 anatase form (the three diffractions around
2θ = 38◦). The diffraction peak positions of neat TPS were in
reasonable agreement with the results of previous studies (Soest
et al., 1996; Ostafinska et al., 2017). All TPS/TiO2 composites
showed sharp peaks corresponding TiO2. The TPS crystalline
structure did not change with time significantly as evidenced
by the fact that most of the TPS diffraction peaks retained their
positions and intensities. The moderate changes of crystalline
structure were in agreement with FTIR results (Figure 3).
One notable change was associated with the neat TPS sample,
where the peak at 2θ = 16.9◦ became much more pronounced
after 6 months of aging. This corresponded to the starch
crystallization into VH type crystals (retrogradation; Zobel et al.,
1967; Rappenecker and Zugenmaier, 1981; Soest et al., 1996; Ilyas
et al., 2018). Interestingly, this change was not observed in the
TPS/TiO2 composites, suggesting that the higher concentration
of TiO2 particles prevented standard TPS retrogradation and
resulted in the formation of different crystalline structures that
were not stable with time, as discussed below. A few lower-
intensity TPS diffractions (mostly at 2θ > 25◦) were observed

FIGURE 4 | X-ray diffraction patterns of TPS and TPS/TiO2 composites after

preparation and after 6 months of aging. The diffraction pattern at the bottom

is theoretically calculated diffractogram of anatase modification of titanium

dioxide. The peaks of TPS are marked with their 2θ values.

for TPS/TiO2 composites in comparison with neat TPS, which
confirmed that TiO2 nanoparticles somewhat influenced the
crystalline structure of TPS matrix. The overall TPS crystallinity
increased with the addition of TiO2 and then it slightly decreased
after 6 months of aging. After the preparation, the neat TPS
exhibited the crystallinity of 6.5%, whereas TPS/TiO2 (10%)
and TPS/TiO2 (20%) showed the crystallinity of 9.8 and 24.8%,
respectively. After 6 months of aging, the crystallinity of the
neat TPS increased slightly (although the change from 6.5 to
6.8% was within experimental and/or fitting procedure error),
while the crystallinities of the TPS/TiO2 (10%) and TPS/TiO2

(20%) composites somewhat decreased to 7.7 and 18.9%,
respectively. Our tentative explanation consists in that TiO2

particles promoted the ordering and crystallization of the starch
during the plasticization process, but the TiO2-induced crystalline
structures were metastable and during the aging process were
slowly destroyed by the plasticizer molecules. The concentration
of plasticizer in TPS was almost constant as demonstrated by
an independent TGA analysis (Figure S6). This explanation
is supported by the fact that the observed changes (i.e., both
TiO2-induced increase in crystallization and the subsequent
decrease in the crystallization during aging) were more intense
for higher TiO2 particle concentrations. In TPS composites with
lower filler concentrations (and in the neat TPS observed in this
work), the crystallinity tends to increase with time (Mina et al.,
2012; Wang et al., 2015). However, in the TPS/TiO2 composites
with higher filler concentrations the crystallinity showed a
reversed trend, as unambiguously proved by WAXS.

For neat TPS, both ATR FTIR and WAXS methods were
in agreement that crystallinity slightly increased with aging
due to retrogradation. For TPS/TiO2 composites the situation
was different: ATR FTIR results indicated a slight increase in
the crystallinity and ordering with time, while WAXS results
proved a measurable decrease in the TiO2-induced crystallinity
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FIGURE 5 | Frequency sweep from oscillatory shear rheometry: absolute

values of complex viscosities of the TPS/TiO2/ATB composites at 120◦C and

strain of 0.05%, including comparison of the experimental points and their

fitting with a power-law model (description of model in Ostafinska et al., 2017).

with time. This could be explained by the core-shell structure
of the prepared samples. ATR FTIR collects signal from the
thin shell, i.e., from the very surface layer at the top of the
sample, where the concentration of the plasticizers during aging
decreases. Consequently, the above-proposed destruction of
metastable crystalline structure due to plasticizers was limited
and the dominating effect was a crystallinity increase due to
retrogradation. WAXS collects signal from the bulk, because the
X-rays penetrate inside the specimen, where concentration of
the plasticizers is high. According our tentative explanation from
the previous paragraph, the high concentration of plasticizers
destroys the proposed metastable, TiO2-induced TPS crystalline
structures. Therefore, the dominating effect was the small
crystallinity decrease. The formation of metastable crystalline
structures due to high concentration of filler was rather
surprising and not observed for lower concentration of fillers in
previous studies, but we should note that TPS matrices with such
high filler concentration have not been characterized by WAXS
in the literature so far.

Rheological Properties
The rheological properties of TPS/TiO2/ATB composites
measured in the oscillatory shear at 120◦C are shown in
Figures 5, 6. The logarithmic dependence of the TPS complex
viscosity (|η∗|) on the angular frequency (ω) showed a linear
decrease almost in the entire 0.1–100 rad/s range. A slight
curvature down appeared only for the lowest frequencies. The

storage modulus (G′) was larger than the loss modulus (G
′′

) in
the entire range of ω. G′ grew linearly with frequency for ω

above 0.4 rad/s in the logarithmic plot and curved down faintly
with decreasing frequency for ω below 0.4 rad/s. This behavior
corresponded to the slightly crosslinked polymers, physical gels
or uncrosslinked polymers with high molecular weights, for
which the Newtonian plateau in the viscosity and the crossing
point of G′ and G′′ are shifted to a low ω (Mezger, 2014).

The complex viscosity (|η∗|) values of TPS/TiO2 composites
were very high in the entire range of frequencies (Figure 5), in
agreement with previous studies (Della Valle et al., 1998; Deme
et al., 2014; Ostafinska et al., 2017). The complex viscosities of
TPS/TiO2 exceeded the complex viscosity value for the pure
TPS matrix. The storage and loss moduli of TPS/TiO2 were
higher than those of neat TPS in the entire frequency range.
The enhancement of the rheological properties of TPS/TiO2 with
respect to neat TPS increased with the amount of TiO2 in the
composite. The shapes of the dependences of |η∗|, G′ and G′′ on
ω for TPS/TiO2 were essentially the same as those for neat TPS.
There was no indication that TiO2 formed a continuous physical
network in TPS.

The previously studied composites with TiO2 concentrations
of up to 3% (Ostafinska et al., 2017) had the values of storage,
loss, and complex modulus slightly lower than the corresponding
values for pure TPS, which was attributed to the chain scissions
of the TPS molecules at elevated temperatures. In this work,
the moduli of the TPS/TiO2 (10%) composites were already
higher than those for TPS. This indicated that for a higher
filler content, the reinforcing properties of the filler were already
more dominant than the chain scissions of the TPS molecules at
elevated temperature, resulting in the significantly higher moduli
of the TPS/TiO2 composites in comparison with the pure TPS
matrix (Figures 6A,B).

The effect of the ATB addition on the rheological properties of
TPS was more complex. Higher values of |η∗|, G′ and G′′ were
found at ω above 1 rad/s for TPS/ATB (90/10) in comparison
with TPS/TiO2 (90/10); the same trend applied to TPS/TiO2/ATB
(80/10/10) in comparison with TPS/TiO2 (80/20). In contrast to
the TPS/TiO2 composites, the shapes of the logarithmic plots of
the rheological properties vs. ω for composites containing ATB
differed remarkably from those for neat TPS. The decrease of
|η∗| with ω in the linear region of the logarithmic plot (above ω

= 1 rad/s) was slower and the related increase in G′ was steeper
for the composites containing ATB than for neat TPS or for the
TPS/TiO2 composites. A decrease in the values of |η∗| and G′

for low frequencies with respect to the related values obtained
by extrapolation from the linear regions of the logarithmic
plots started at higher ω and was substantially higher for the
composites with ATB than for neat TPS and TPS/TiO2. This
indicated that ATB enhanced the contribution of the elements
with short relaxation times and suppressed the contribution of
the elements with long relaxation times to the viscosity and
elasticity of the composites. This was apparently a consequence
of the complex, hydrogen-bond based interactions among starch,
glycerol, and ATB.

Mechanical Properties
The dynamic moduli of TPS/TiO2/ATB composites at room
temperature (ω = 1.33 rad/s, deformation = 0.1%) are
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FIGURE 6 | Frequency sweeps from oscillatory shear rheometry: (A) Storage modulus G′ and (B) loss modulus G
′′

(B) of the TPS/TiO2/ATB composites at 120◦C

and strain of 0.05%.

summarized in Figure 7. The storage moduli (G′) and
complex moduli (|G∗|) of all composites were higher than
the corresponding moduli of the pure TPS matrix. With the
addition of TiO2 the storage moduli increased by 1.3 and 3
times for 10 and 20% of the filler, respectively. The modulus
of the TPS/ATB samples was 20 times higher than that of TPS,
confirming the strong interaction between ATB and TPS matrix.
A further increase in the modulus of 1.4 times with respect to
TPS/ATB (90/10) was obtained for the TPS/TiO2/ATB (80/10/10)
samples. This suggested that the influence of the filler content on
the elastic modulus was approximately the same for both TPS
(1.3× increase) and TPS/ATB (1.4× increase). Somewhat higher
estimated standard deviations for the TPS/TiO2 composites in
comparison with the pure (and homogenous) matrix can be
attributed to the fact that the mechanical properties are very
sensitive to the homogeneity of material and also to the fact that
TPS materials are sensitive to moisture content and aging (Della
Valle et al., 1998).

Dynamic mechanical thermal analysis (DMTA) of the
TPS/TiO2/ATB composites was carried out in order to
supplement room temperaturemeasurements and to characterize
the influence of TiO2 and ATB on the phase changes in the TPS
systems (Figure 8). Neat TPS systems after two-step preparation
by SC + MM contained 30% of glycerol and 5% of residual
water as evidenced by TGA (Figure S6). Their G′-curves
(Figure 8A) showed behavior typical of gels with a low degree
of crosslinking: above Tg, the elastic modulus curve clearly

goes down, and G′ is higher than G′′ in the entire temperature

range (Figures 8A,B) (Mezger, 2014, p. 195). These gel-like
DMTA results can be attributed to the high-molecular weight

branched amylopectin molecules. The loss modulus (G′′) and the
damping factor (tan(δ)) curves (Figures 8B,C) showed two local

maxima corresponding to the two glass transition temperatures
(Tg) typical of TPS with higher concentration of plasticizers
(Mezger, 2014, p. 192). Generally, the addition of plasticizers to a
polymer system decreases the Tg. A higher content of plasticizers
may result in two glass transitions, indicating the presence of
two separate phases with different plasticizer concentrations
(Mezger, 2014, p. 196). In the specific case of TPS plasticized

FIGURE 7 | Shear moduli (storage modulus G′, loss modulus G
′′

, and

complex modulus |G*|) from DMTA analysis of the TPS/TiO2/ATB composites,

determined at room temperature, angular frequency 1.33 rad/s and strain of

0.1%; error bars represent standard deviations.

with glycerol in combination with water, the two observed
maxima were assigned to the “glycerol-rich phase” (below 0◦C)
and the “starch-rich phase” (also “amylopectin-rich phase” or
“glycerol-poor phase”; above 0◦C); their exact location and
intensity depends on the preparation protocol (Viguie et al.,
2007; Bertolini, 2010; Saiah et al., 2012; Balakrishnan et al., 2017;
Sessini et al., 2018). It is worth noting that DMTA analysis turned
out to be a more sensitive tool for Tg detection than the DSC
method, which was used in our previous work (Ostafinska et al.,
2017) on analogous systems, where DSC was able to detect the
“glycerol-rich phase” glass transition but not the “starch-rich
phase” glass transition.

The influence of the additives on the DMTA properties of
the TPS/TiO2/ATB systems illustrated in Figure 8 corresponded
quite well to the expected trends. The addition of the filler
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FIGURE 8 | Dynamic mechanical thermal analysis of the TPS/TiO2/ATB composites at the angular frequency of 6.28 rad/s and strain of 0.05%: (A) Storage modulus

G′, (B) loss modulus G
′′

, and (C) damping factor tan(δ).

can strongly influence the overall stiffness of the composite
(related to G′) and the glass transition temperature of the matrix
[related to the peaks of G′′ and tan(δ)]. Typically, increasing filler
concentration results in the shift of the G′-curve to higher values
that is accompanied by the decreasing intensity and broadening
of the G′′ and tan(δ) peaks.

The stiffness of TPS (represented by absolute values of
G′ in the entire temperature range) increased both after the
addition of the TiO2 particles and ATB (Figure 8A). The only
small exception were the lowest temperatures (at approximately
−90◦C), where the storage moduli of TPS and TPS/TiO2

composites were approximately the same, while the ATB-
containing systems exhibited higher G′ at all temperatures. The
increase in G′ due to high-modulus inorganic TiO2 particles was
logical while the further G′ increase after addition of organic
ATB molecules appeared to arise from complex, and not-entirely
understood interactions among thematrix, the TiO2 particles and
ATB, as discussed in the previous section dealing with rheology.
Both the neat TPS matrix and all of the composites had storage

moduli values higher than those of the loss moduli (G′
> G

′′

)
in the entire temperature range (cf. Figures 8A,B), confirming
the gel-like structure and physical stability of all systems (Ross-
Murphy, 1995).

The two glass transition temperatures of the TPS composites
(related to theG′′ and tan(δ)curve peaks) showed similar changes
(Figures 8B,C). The peaks corresponding to Tg of the “glycerol-
rich phase” of all composites were slightly shifted toward higher
temperatures (from −63◦C for TPS to −55◦C for the ATB
composites and to −52◦C for the TiO2 composites; Figure 8C).
Additionally, the peaks corresponding to the Tg values of the
“starch-rich phase” were shifted toward higher temperatures for
all of the composites (from 5◦C for TPS to 35◦C for the ATB
composites and to 39◦C for the TiO2 composites) and the filler
effect was even stronger. Therefore, the addition of both TiO2

and ATB slightly hindered the mobility of the glycerol-rich phase
(TiO2 more than ATB) and strongly decreased the mobility of

the “starch-rich phase” (both additives showed approximately the
same effect). This effect was described in similar systems (Viguie

et al., 2007; Sessini et al., 2018) and it was attributed to attractive
interactions, such as hydrogen bonding between the additives

and the TPS matrix, in the cases where all of the components (in
our case: starch, glycerol, ATB vancomycin, and surfaces of the
TiO2 particles) contain –OH groups. Moreover, it was suggested
that the Tg shift of the “starch-rich phase” was due to the lower
molecular mobility of amylopectin chains in TPS (Viguie et al.,
2007; Sessini et al., 2018).

Antibacterial Activity
TPS composites, such as TPS/ATB and TPS/TiO2/ATB represent
promising materials for the treatment of strong local infections.
TPS is fully biocompatible and biodegradable and can be blended
with other suitable biodegradable polymers (typically PCL) in
order to adjust biodegradability rate and/or ATB release rate
for given application. Inorganic particles, such as TiO2 can
be used to fine-tune the thermo-mechanical performance, as
demonstrated in the previous sections above. However, it still
must be determined whether the selected ATB (in our case:
vancomycin) can survive the two-step sample preparation and
retain its role as the active antimicrobial agent. In order to answer
this question, two standard and well-established antimicrobial
susceptibility tests were performed: tube dilution test and disk
diffusion test (Jorgensen and Ferraro, 2009).

The tube test results are shown in Figures 9A,B. The test
tubes were filled with water and loaded with a small piece of
the TPS/ATB and TPS/TiO2/ATB samples from which 32 mg/L
of ATB was expected to be released within 24 h (Slouf et al.,
2017). The concentration of 32 mg/L was selected as the maximal
acceptable limit for most biomedical applications. The ATB-
containing tubes were inoculated with a standardized bacterial
suspension of Staphylococcus aureus. Following overnight
incubation (ca. 18 h), the tubes were examined for visible
bacterial growth as evidenced by turbidity. The bacterial broth
culture remained clear in both tubes containing the systems
with antibiotics (TPS/ATB and TPS/TiO2/ATB; Figure 9A),
proving that the released ATB could inhibit the bacterial growth.
The control sample (pure TPS; Figure 9B) exhibited turbidity,
evidencing the microbial growth.

The modified disk diffusion test (Figures 9C–E) confirmed
the results obtained in the tube dilution test. The same fresh
samples (similar to those used in the tube dilution tests)
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FIGURE 9 | Photographs showing the main results of antibacterial activity tests: (A,B) tube tests and (C–E) disk diffusion tests. Pictures of tubes (A,B) were made

after 18 h of incubation: (A) shows translucent solutions of TPS/ATB (right) and TPS/TiO2/ATB (left), while (B) shows turbid solution of control neat TPS sample.

Pictures of disks (C–E) display clear inhibitory zones around small white rectangular samples of TPS/ATB (C) and TPS/ATB/TiO2 (D), while the control neat TPS

sample exhibits no inhibitory zone (E).

were pushed slightly into the agar plates inoculated with the
Staphylococcus aureus reference strain (0.5 McFarland in saline).
The plates were incubated for 18 h prior to the evaluation of
the results. For TPS/ATB and TPS/TiO2/ATB, typical inhibitory
zones formed in the vicinity of the carrier indicated the release
of the active ATB onto the agar medium (Figures 9C,D). This
means that the antibiotics must have survived our SC +

MM sample preparation and kept is antibacterial activity. Both
inhibitory zones were similar, indicating that TiO2 particles did
not influence the ATB release. The control sample (pure TPS,
Figure 9E) showed no inhibitory zone.

Both the tube test and the disk diffusion test demonstrated
that a suitable ATB (such as vancomycin) that is resistant to
elevated temperatures during solution casting (up to ca +80◦C)
and melt mixing (up to ca +120◦C) can survive in the TPS in its
active form. Moreover, the tests provided additional information
regarding the different release rates of the TiO2 particles and
ATB molecules from TPS. The TiO2 particles were not released
from TPS to the solution and/or agar, as can be deduced from
the fact that both solutions did not show visible white turbidity
(Figures 9A,B). The particles must have been bonded well to the
starch molecules by hydrogen bonds, because both components
have an abundance of –OH groups. On the other hand, the
ATB molecules can be released from the TPS structure even
though ATB also contains –OH groups and interacts with TPS,
as clearly evidenced by the rheological and thermomechanical
measurements (Figures 5–8). However, for ATB, the osmotic
pressure was evidently stronger than the effect of the hydrogen
bonds that keep the ATB inside the thermoplastic starch.

Limitations of Current Study
TPS composites prepared in this work were characterized
thoroughly regarding their morphology, rheology, and
thermomechanical properties. The reproducibility of the
preparation, the ideal homogeneity, and the full biodegradability
make the prepared TPS composites suitable for biomedical
applications for fast release of antibiotics during strong local
infections. In potential applications, a temporary biodegradable
TPS implant would release the ATB and then it would be safely
degraded. However, the present work was focused on material

characterization, whereas the antimicrobial susceptibility
testing was somewhat simplified. In future work, two issues
should be taken into consideration: the real biocompatibility of
TiO2 particles and the bactericidal effect of ATB (not only the
bacteriostatic effect like in this work).

For the biocompatibility of the TiO2 particles, the situation
is not entirely clear. Numerous authors have reported that
TiO2 micro- and/or nanoparticles are a fully biocompatible
material (Webster et al., 1999, 2000; Sengottuvelan et al., 2017),
which is also broadly used as a food additive (Dudefoi et al.,
2017). However, quite recently other researchers started to raise
concerns about the potential toxicity of TiO2 micro- and/or
nanoparticles, particularly at the higher particle concentrations.
On the one hand, Dudefoi et al. concluded that food grade TiO2

particles did not significantly alter the human gut microbiota
(Dudefoi et al., 2017) and Cervantes et al. found that TiO2 thin
films did not affect the mitochondrial function and proliferation
of CHO-K1 cells (Cervantes et al., 2016). On the other hand,
Fu et al. (2014) studied the generation of the reactive oxygen
species (ROS) by various nanomaterials, which is an important
nanotoxicity mechanism. They pointed out that the toxicity of
the nanomaterials (related to generation of ROS) depends on
many factors, such as the size, shape, particle surface, surface
positive charges, surface-containing groups, particle dissolution,
metal ion release from nanometals and nanometal oxides, UV
light activation, aggregation, mode of interaction with the cells,
inflammation, and the pH of the medium (Fu et al., 2014).
Furthermore, Yu et al. (2017) studied the toxicity of nano-
TiO2 (both anatase and rutile with similar particle sizes) for
mammalian cells. They found that the anatase nano-TiO2 had a
high affinity to proteins, whereas the rutile nano-TiO2 had a high
affinity to phospholipids. They proved that crystal phase-related
surface affinity plays an important role for the nanotoxicity of
different biomolecules (Yu et al., 2017). Therefore, the TPS/ATB
composites are expected to be fully biocompatible, while the
TPS/TiO2/ATB composites should be further tested for the
potential toxicity of the contained particles that would be released
into the organism during the biodegradation.

For the antimicrobial activity, the current study
unambiguously proved the bacteriostatic effect of the TPS/ATB
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and TPS/TiO2/ATB composites, but we did not attempt
to determine the minimal inhibitory concentration (MIC)
and the final bactericidal effect of the released ATB. More
detailed tests, such as those described elsewhere (Schwalbe
et al., 2007; Sedlarik, 2013), were beyond the scope of
the present work. These tests will be carried out in our
future study, in which we will employ the experience from
this contribution and prepare TPS samples with various
ATB concentrations.

CONCLUSIONS

In this work, we have demonstrated that our two-step
preparation of thermoplastic starch (TPS; Ostafinska et al.,
2017), which consists of solution casting followed by melt
mixing, is suitable for reproducible preparation of TPS/TiO2

composites with homogeneous dispersion of the filler, even
at high filler concentrations (up to 20 wt.%). Moreover, the
preparation procedure is suitable also for the preparation of
TPS systems containing homogeneously dispersed antibiotics
(ATB; here: vancomycin at 10 wt.%). The addition of both TiO2

and ATB increased the viscosity of the TPS matrix ∼5×, as
evidenced by rheological measurements. The interactions among
TPS, TiO2 particles, and ATB molecules resulted in the shifts
of the glass transition temperatures to higher values and in the
overall stiffening of the material (ca 25× increase in storage
modulus of TPS/TiO2/ATB with respect to neat TPS). Finally,
standard antimicrobial susceptibility tests proved that neither
thermal processing nor addition of TiO2 influence the ATB,
which remains active in both TPS/ATB and TPS/TiO2/ATB
composites. Therefore, we conclude that the prepared
fully biodegradable TPS composites are a very promising
material for biomedical applications involving local release
of antibiotics.
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This work is aimed to the development of new green composite materials by the

incorporation of natural additives into poly(vinyl) alcohol (PVA). Two additives, shredded

walnut shells and organic fraction of municipal solid waste (MW), were used to improve

the mechanical properties of PVA. Both additives, derived from food industry wastes,

were added in a PVA/water solution, which allowed to produce samples by the use

of a pressure free process. Rheological analysis was performed in order to study the

evolution of the material viscosity during thermal treatment, aimed at water removal.

Samples obtained were characterized by means of differential scanning calorimetry

(DSC), showing an improvement of the glass transition temperature brought by the

addition of walnut shells. Finally, flexural tests were carried out on samples obtained after

the incorporation of the different additives in PVA and compared with the mechanical

properties of the neat matrix. Results obtained indicate the potential improvement

brought by the addition of walnut shells, which allows increasing the flexural modulus of

about 50%, at the expenses of a flexural strength reduction of about 30%. Also, at least

for low amount of added water, the addition of MW was shown to provide an increase of

the strain at break equal to 100%.

Keywords: poly(vinyl) alcohol, mechanical properties, water content, organic waste, rheological properties

INTRODUCTION

Poly(vinyl) alcohol (PVA) is a non-toxic, water soluble thermoplastic polymer obtained from the
hydrolysis in ethanol of poly(vinyl) acetate. Unlike other polymers, which were produced starting
by their monomer, PVA is obtained by the ester interchange with methanol of acetate groups in
presence of anhydrous sodiummethylate or aqueous sodium hydroxide (Saxena, 2004). Because of
its non-toxic nature, PVA is employed since the first years of twentieth century for food packaging
and medical disposals (DeMerlis and Schoneker, 2003). Also, due to its high biodegradability, PVA
is often mixed with other biopolymers for the production of hydrophilic films, or in order to
improve the mechanical response of the material (Limpan et al., 2012). As reported in PVAMSDS,
the product is not classified as environmentally hazardous, and is characterized by very low eco
toxicity toward different micro-organisms.

Because of its high solubility, PVA can be easily processed at low temperatures, through
the addition of water, which brings a liquid solution, at relatively high concentrations of PVA,
characterized by very low viscosity (Gaaz et al., 2015). In addition, PVA is characterized by very
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low cost and low gas permeability toward oxygen and carbon
anhydride. Moreover, PVA can be added to fiber reinforced
composites in order to improve the fiber- matrix interfacial
properties, through the development of strong bonds between its
hydroxyl groups and the functionalized fillers (Mallakpour et al.,
2014; Shang et al., 2015).

Despite its good behavior in terms of easy processing, low cost
and high permeability, PVA lacks adequatemechanical properties
in different lading conditions (Stammen et al., 2001): therefore,
many studies were carried out on PVA in order to improve its
mechanical properties, through the addition of different fillers.
As an example, Abdullah and Dong (2019) showed that water
absorption capacity and water solubility of nanocomposite films
were decreased remarkably by 44.24 and 48.05%, respectively,
with increasing the halloysite nanotube (HNT) content from 0
to 5 wt% when compared with those of biopolymer matrices.
However, they did not performed mechanical charcaterizations
of the PVA based composiets. On the other hand, Cadek et al.
(2002) added multiwall carbon nanotubes in different amounts
to PVA, increasing stiffness and hardness of the polymer. In
details, it was found that, by adding various concentrations of
nanotubes, both Young’s modulus and hardness increased by
factors of 1.8 and 1.6 at 1 wt% in PVA and 2.8 and 2.0 at 8
wt% in PVA (Cadek et al., 2002). Other studies were focused
on the addition of fully exfoliated graphene oxide (GO) sheets
and multi-walled carbon nanotubes (CNTs), thus obtaining a
significant improvement in mechanical properties if compared to
neat PVA films. In particular, it was shown that the yield strength
and Young’s modulus of GO–CNT/PVA composite films with
1 wt% GO and 0.5 wt% CNT have increased by 48 and 31%,
respectively if compared to neat PVA (Li et al., 2011).

Alternatively, the production of bio-composites requires the
addition of natural fillers or fibers, thus avoiding problems related
to safety and toxicological impact, still preserving the excellent
water solubility and biodegradability of PVA. Therefore, several
studies were performed on the addition of naturally-derived
reinforcements to PVA matrix.

TABLE 1 | Compositions of all the produced formulations.

Formulation Water

(%)

PVA

(%)

Walnut

shells (WS)

(%)

Organic fraction of

municipal solid

waste (MW) (%)

W50_PVA50 50 50 0 0

W56_PVA44 56 44 0 0

W60_PVA40 60 40 0 0

W66_PVA34 66 34 0 0

W50_PVA25_WS25 50 25 25 0

W56_PVA22_WS22 56 22 22 0

W60_PVA20_WS20 60 20 20 0

W66_PVA17_WS17 66 17 17 0

W50_PVA25_MW25 50 25 0 25

W56_PVA22_MW22 56 22 0 22

W60_PVA20_MW20 60 20 0 20

W66_PVA17_MW17 66 17 0 17

Biodegradable cornstarch/PVA blends were prepared and
characterized by many authors. The produced blends are
characterized by a high hydrophilicity and poor mechanical
properties, which, however, can be significantly improved by the
methylation of cornstarch, as reported by Guohua et al. (2006).

Addition of methylcellulose (MC) was shown to improve the
tensile strength of about 20% (Park et al., 2001). Furthermore,
PVA nanocomposites were produced by adding Bamboo
Charcoal (BC) nanoparticles via solution casting. Authors found
an increase of lamellar size of PVA by the incorporation of BC,
which in turns allowed for significant improvement in tensile
strength and elastic modulus (Mohanad and Dong, 2018). In
details, the incorporation of BC nanoparticles enhanced the
elastic moduli of both crystalline and amorphous phases of PVA
by∼51 and∼100%, respectively (Mohanad and Dong, 2018).

On the other hand, the possibility to reinforce PVA by
means of food wastes was not yet fully investigated. The
food waste recycling for this application assumes a primary
importance, since it allows both the reinforcement of a matrix
and the increase of the efficiency of waste management with
the reduction of its negative effects on the environment
and on population. This work was therefore aimed to the
improvement of PVA mechanical properties by the addition

FIGURE 1 | (A) Steady rate sweep tests on PVA samples with different water

contents and (B) consistency index η0 as a function of water content.
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of natural fillers derived from selected food waste of from
the organic fraction of municipal solid waste (MW). The
PVA blends obtained, characterized by a very high loading
of natural fillers, where analyzed in terms of mechanical and
thermal properties.

MATERIALS AND METHODS

The PVA used in this work is Kuraray Poval 3–85, a
partially saponified grade of poly(vinyl) alcohol, supplied as fine
powder/granules with a bulk density of 0.4–0.6 gcm−3, a degree
of hydrolysis of 84.2–86.2 mol% and a viscosity in a 4% aqueous
solution of 3.4–4.0 mPa∗s at 20◦C. Walnut shells (WS) and
organic fraction of municipal solid waste (MW) were obtained
by the recycling of food industry. In order to accurately control
the amount of water of the blends, all the fillers were completely
dried before being mixed with water and PVA.

Afterwards, mixtures of PVA and different additives (Table 1)
were produced by varying the water content between 50 and 65%
in weight, keeping a constant ratio 1:1 (in weight) between PVA
and the fillers (Table 1).

After mechanical mixing for 10min at 60 rpm in a Haake
Rheocord mixer at room temperature, all the mixtures were
degassed and then poured in siliconmolds and then kept in oven
at 70◦C. Samples were extracted from the oven after complete
evaporation of the water, which was taken as the time necessary
for two successive weighting in time intervals of 24 h differ

TABLE 2 | Fitting parameters of Equation (1) applied to the experimental curves of

Figure 1A at different water content.

% of water η0 (Pa*s) n−1 n

50 2725 −0.83 0.17

56 2196 −0.95 0.05

60 1873 −0.66 0.34

66 1554 −0.80 0.20

FIGURE 2 | Rheological analyses on neat PVA and PVA mixed with walnut

shells and municipal solid waste.

<0.1%. For comparison, mixtures with only PVA and water were
also produced.

DSC analysis was performed on a Mettler Toledo 822 (Mettler
Toledo, Greifensee, Switzerland) instrument under a nitrogen
flux of 60mL min−1, applying an heating scan from 20 to 180◦C,
with a heating rate of 10◦C/min. All the tested samples had a
sample mass of 5 mg.

Rheological analyses were carried out on a Rheometrics Ares
rheometer. Steady rate tests were carried out at 70◦C varying
the shear rate from 0.05 to 1 s−1 for viscosity measurement at
different amounts of water. Also, dynamic temperature ramp
tests were performed on PVA samples, in order to analyze the
water evaporation during a heating scan from 25 to 70◦C at
3◦C/min on a parallel plate geometry, with a gap of 0.3mm,
constant oscillatory amplitude (1%) and frequency (1 Hz).

Flexural tests were performed on 100 × 10 × 3mm samples,
obtained after water evaporation, using a Lloyd LR5K and a
crosshead speed of 1.5 mm/min, following the standard ASTM
D790-00. Six samples for every composition were tested. Before

FIGURE 3 | DSC analyses on neat PVA and PVA_WS.

FIGURE 4 | Void fraction for PVA samples (vv) with different amounts of water.
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testing, samples were kept for 24 h at 70◦C in order to allow
complete water evaporation. Finally, an optical microscope Zeiss
AXIO-LINKAMwas used for themorphological characterization
of the materials. The size of the pores was obtained as an average
of 50 measurements.

EXPERIMENTAL RESULTS

Initially, rheological analyses were performed on neat PVA
samples with different amount of water, ranging between 50 and
65◦C, as reported in Figure 1A.

All the samples show a pseudo-plastic behavior, characterized
by a viscosity decrease with increasing shear rate. Therefore, by
considering a power law correlation between the viscosity and the
shear rate:

η = η0γ̇
n−1 (1)

the consistency index η0 was calculated by fitting the curves
in Figure 1B. L’origine riferimento non è stata trovata. (A).
All the samples showed a similar qualitative behavior, with
consistency index increasing by decreasing the water amount.

FIGURE 5 | ANOVA results for the void fraction as function of (A) type of additive and (B) water amount.

FIGURE 6 | Stress strain curves of PVA mixtures with (A) different water content, (B) different fillers. The characteristic values of the flexural modulus, strength and

strain at break as a function of water content are reported in Figures 8A–C, respectively.

FIGURE 7 | ANOVA analysis results: average flexural modulus as a function of: (A) type of additive and (B) water amount.
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Fitting parameters found for curves at different water content are
shown in Table 2.

Results reported in Errore. L’origine riferimento non è stata
trovata. (B) show an exponential decrease of η0 by increasing
water content according to Equation (2):

η = A1exp
−

wc
t1 + η0 (2)

where, η0 is the offset (1252.53 Pa
∗s), A1 indicates the amplitude

(215684.81), wc is the water content and t1 is the decay
constant (10.14).

However, the viscosity evolution during heating was found
to be significantly different for the different samples; results
reported in Figure 2 show that, at room temperature, the
viscosity of PVA_WS is much higher than that of the two
other systems, neat PVA and PVA_MW. This is attributed to
the water absorption by neat PVA and PVA_MW, in contrast
to PVA_WS, which absorbs much lower amounts of water.
In turn, this latter result was attributed to the much higher
water amounts absorbed by both PVA and MW, compared
to WS.

Moreover, as reported in Figure 2, PVA shows a marked
decrease of viscosity with increasing temperature; such decrease
is mainly due to the viscosity decrease of water during
heating. At higher temperatures (not shown in Figure 2) water
evaporation causes a significant increase of the viscosity of
PVA sample.

For PVA_MW, the slope of the viscosity curve is reduced,
indicating that the effect of water viscosity decrease
is counterbalanced by viscosity increase due to water
evaporation. For PVA_WS, a further decrease of the slope
of the curve indicates that in this sample water evaporation
occurs at much lower temperatures compared to the other
two samples.

The results of Figure 2 can be correlated to the affinity
between the material and water; for neat PVA, which is water
soluble, a complete water adsorption causes a better retention
of water during heating. Therefore, water evaporation occurs
at much higher temperatures. Upon addition of MW, which
is not completely water soluble, but absorbs some water, water
release occurs, quite slowly, during heating. For WS, which does
not absorb water, water release occurs much faster during the
heating stage.

DSC analyses were carried out on neat PVA and PVA_WS
samples, in order to evaluate the glass transition temperature (Tg)
of the mixture. The DSC curves are reported in Figure 3.

As shown in Figure 3, an increase in Tg from about
49◦C to about 61◦C was obtained with the addition of
walnut shells to PVA. In contrast, no significant change in
the glass transition was observed upon addition of MW
to PVA.

On the other hand, the development of a pressure-free process
for the production of such components poses severe issues related
to the void amount in the produced samples. To this purpose,
density measurements were performed by using a pycnometer, in
order to evaluate the density ρ of the component; afterwards, the

theoretical density ρT of eachmixture was calculated by using the
following equation:

ρT= ρPVAvPVA + ρf vf (3)

where:

• ρf and ρPVA are the density of the filler (measured to be

0.99 g/cm3 for the solid waste and 1.50 g/cm3 for the walnut
shells) and PVA (1.19 g/cm3 from the materials technical data
sheet), respectively;

• vPVA and vf are the volume fraction of PVA and
fillers, respectively.

Once the theoretical density was calculated, the adimensional
void fraction vv was estimated as:

vv = 1−
ρ

ρT
(4)

Where ρ is the measured density of the different samples,
obtained as the average of 10 measurements. The void fraction
for the produced PVA samples obtained by the use of Equation
(4) is reported in Figure 4.

Also in view of the error bars reported in Figure 4, two-
ways analysis of variance (ANOVA) was performed on the void
fraction, considering both the type of additive and the amount
of water as the sources of variation. ANOVA results are shown
in Figure 5.

The p-value calculated for the type of additive is 1.56∗10−25,
much lower than the confidence value p = 0.05, indicating
the relevant effect of the type of additive on the void fraction
of the materials. In particular, referring to the average value
estimated over the 4 levels of water amount, and reported in
Figure 5A, the void fraction of PVA is reduced upon addition
of MW, and more relevantly, upon addition of WS. Referring
to the results of Figure 2, the void fraction is strictly correlated
to the rate of water release during heating; in facts, for neat
PVA, water release is very fast, and occurs during the isothermal
step at 70◦C; this results in the formation of a highly porous
structure, as observed in Figure 5A. For PVA_MW, showing an
intermediate evaporation rate, occurring at lower temperatures,
the resulting void fraction is lower than that of neat PVA.
Finally, for PVA_WS, showing a slow rate of evaporation
at lower temperatures, the lowest void fraction is observed
in Figure 5.

The average value of void fraction estimated over the 3
levels of type of additive at each level of water amount
is reported in Figure 5B, showing a void fraction increase

TABLE 3 | ANOVA analysis results on experimental data of Figures 8A–C.

Source DOF SS MS F p

Type of additive 2 5.2*106 2.6*106 9.75*101 1.23*10−17

Water amount 3 2.0*106 6.7*105 2.51*101 6.71*10−10

Error 48 1.3*106 2.7*104

Total 59 8.8*106
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FIGURE 8 | Flexural modulus (A), flexural strength (B), and strain at break (C), for PVA samples with different amounts of water and a constant 1:1 ratio between PVA

and filler.

FIGURE 9 | Flexural modulus as a function of void fraction.

with increasing water amount; also in this case, the behavior
can be explained by considering that, with increasing water
amount, an higher rate of steam is released during heating,
which, being partially entrapped in the sample, causes a higher
void fraction.

Flexural tests were carried out on samples with different
amounts of water, with and without filler addition, as reported
in Figures 6A,B, respectively.

Initially, data obtained for the flexural modulus were
analyzed by means of two-ways ANOVA, considering
the type of additive and water amount as the sources of
variation (factors).

The significance of each factor was tested by calculating
the F value, as the ratio of the variance between the means
to the variance of the experimental error. The F value was
then used in order to calculate the corresponding p-value,
which was then compared with the confidence level, α =

0.05. According to ANOVA, p > α, corresponds to the
null hypothesis (equivalence of the means), whereas p < α

indicates that the population means are significantly different
(Montgomery, 2009).

Being A and B the number of levels of Factor 1
and Factor 2, respectively, the effect of each factor

FIGURE 10 | Flexural strength as a function of void fraction.

was reported by estimating the Main Effects Averages
(MEA) as:







yi =

∑B
j=1

∑N
n=1 yijn

NB i = 1 . . . ..A

yj =
∑A

i=1

∑N
n=1 yijn

NA j = 1 . . . ..B

(5)

Being yijn the n-th replicate obtained at factor level i and j.
The results reported in Table 3 for the p-values, in each case

much lower than α = 0.05, indicate the statistically relevant
effect of both type of additive and water amount on the
flexural modulus.

In particular, for each constant value of water amount, the
addition ofWS filler involves, an increase of the flexural modulus
compared to neat PVA. In contrast, addition of MW results in
a modulus decrease. This is highlighted in the ANOVA results
reported in Figure 7A. Increasing the amount of water involves
a decrease of the flexural modulus, as highlighted in Figure 7B.
However, in this case, the water content has a different effect on
the blends obtained with neat PVA, PVA_WS, and PVA_MW.
In facts, for neat PVA, as reported in Figure 7A, the modulus
decreases as the water amount is increased between 50 and 55%,
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after which it reaches a plateau value, and a further increase
of water amount has no significant influence on the modulus.
For the PVA_WS and PVA_MW systems, a continuous decrease
of the modulus is observed as the water amount is increased
between 50 and 65%.

Also, the results for flexural strength were analyzed by means
of ANOVA. In this case, the p-value estimated by considering
the type of additive as the source of variation is p = 1.7∗10−14,
which indicates the statistically relevant effect of the type
of additive. Referring to the results of Figure 8B for each
water amount, addition of WS or MW involves a decrease of
flexural strength compared to net PVA. The p-value obtained
by considering the water amount as the source of variation
provides p = 4.07∗10−8, also indicating, according to the
results of Figure 8B, a decrease of the strength as the water
amount increases. However, the results for flexural strength,
reported in Figure 8B, show that, as previously observed for
the modulus, the strength of neat PVA decreases as the water
amount is increased from 50 to 56%, but above this value
further water amount increase does not involve any significant
change in flexural strength. In contrast, for PVA_WS and
PVA_MW, the strength continuously decreases as the water
amount increases.

ANOVA performed on the strain at break, considering the
type of additive as the source of variation, provides p =

2.27∗10−7, which confirms, according to the results of Figure 8C,
that the strain at break of PVA_WS is statistically lower than that
of PVA and PVA_MW. On the other hand, when considering the
water amount of the source of variation, p= 0.6 indicates that the
effect of the water amount is not statistically significant.

In view of the results reported in Figures 4, 8, the
flexural modulus was plotted as a function of the void
fraction, and the results are reported in Figure 9. Here, the
strong correlation between modulus and void fraction can
be observed.

Based on the correlation between flexural modulus and void
fraction reported in Figure 9, the evolution of the flexural
modulus or strength as a function of the void fraction can be
expressed, by considering that the latter is a function of the type
of additive and water amount:

P = P (vV (AD,W)) (6)

Therefore, a variation in the materials properties as a function
of void fraction can be explained by considering the differential
form of Equation (5):

dP

dvV
=

∂P

∂W

dW

dvV
+

∂P

∂AD

dAD

dvV
(7)

According to Equation (6), the evolution of a property as a
function of the void fraction can be explained by considering
the dependence of the property on the amount of water ( ∂P

∂W )

or on the type of additive ( ∂P
∂AD ). This is because, in any case, as

previously discussed in Figure 4, dW
dvV

and dAD
dvV

are both different

from 0.
According to the results of Figure 9, linear fit shows that

the data of PVA and PVA_WS fall on a single master curve.
According to Equation (5), this indicates that the term ∂P

∂AD is
null. Therefore, there is no direct dependence of the flexural
modulus on the type of additive; instead the type of additive
influences the void fraction, which in turn has a significant effect
on the flexural modulus. This means, according to the results of
Figure 9, that, for the same value of the void fraction, there is
no significant difference between the samples PVA and PVA_WS.
The situation when considering the PVA_MW is different; in this
case, the data do not fall on a single master curve, and therefore
the evolution of the flexural modulus can only be explained by
considering also the term ∂P

∂AD , indicating that, for the same void
fraction, the modulus of PVA_MW is lower than that of PVA
and PVA_WS.

The situation is quite different when considering the curves
for flexural strength vs. void fraction, reported in Figure 10. In
this case, the data for PVA_WS and PVA_MW fall on a single
master curve. This indicates that the effect of adding WS of MW
has no direct influence on the flexural strength; instead, different
additives have a different effect on the void fraction, which in

TABLE 4 | Average pore diameter of PVA samples.

Neat PVA PVA_WS PVA_MW

Average pore diameter (mm) 0.44 ± 0.08 0.20 ± 0.07 1.95 ± 0.7

FIGURE 11 | 50x magnification on PVA samples: (A) without additives, (B) with walnut shells, and (C) with mixed waste.
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turn involves a change in the flexural strength. Therefore, for the
same value of the void fraction, the flexural strength of samples
PVA_WS and PVA_MW is not significantly different. In this
case, the data of neat PVA do not fall on the same master curve,
which again can be explained by considering the term ∂P

∂AD being
different from zero. In this case, for the same void fraction,
the flexural strength of PVA is higher than that of PVA_WS
and PVA_MW.

Figure 11 shows the microscopic images of neat PVA
samples (Figure 11A), PVA with walnut shells (Figure 11B)
and organic fraction of municipal solid waste (Figure 11C),
obtained with a 50X magnification. As reported in Table 4,
the average dimension of the pores decreases with the
addition of walnut shells on PVA. On the other hand,
the addition of MW involved a strong increase in the
pore dimension.

CONCLUSIONS

This work was focused on the reinforcement of PVA by the
addition of natural fillers, derived from food industry wastes. In
particular, the effect of a selected waste (walnut shells) and the
organic fraction of municipal solid waste on PVA properties was
explored. PVA samples, with and without filler addition, were
produced by the use of a pressure free process, taking advantage
of the water solubility of PVA.

The evolution of viscosity was then studied by rheological
analysis. Although a decrease in viscosity with the increase in
water content was found for all the samples, higher viscosities
were achieved with PVA with walnut shells, due to its lower
absorption of water. This in turn caused water release during
the heating stage to occur at much lower temperatures. The
release rate of water was found to deeply affect the porosity of

the sample. In facts, a lower adsorption of water, causing water
evaporation at lower temperatures, was found to have a beneficial
effect on the reduction of porosity. Therefore, addition of food
wastes caused a decrease of void fraction compared to neat
PVA; however, the effect was more relevant for WS compared
to MW.

The presence of voids significantly affected the mechanical
response of the material. A decrease in modulus and flexural
strength was detected by increasing water content, regardless of
the additive addition. Furthermore, due to the lower amount
of voids, PVA_WS showed an increase in stiffness compared
to neat PVA. In contrast, addition of MW caused a stiffness
decrease compared to neat PVA. However, this was balanced,
at least for low amounts of water, by an increase of the
ductility brought by the addition of MW. On the other hand,
both additives caused a significant decrease of flexural strength
compared to neat PVA. The experimental results obtained
for PVA_WS show the potential of the developed approach
for the production of PVA samples characterized by higher
stiffness compared to neat PVA, as well a cost reduction
and increase of the efficiency of waste management, with
the reduction of its negative effects on the environment and
on population.
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The present work reports a study aimed at investigating the recovery and the upgrade

of tomato processing residues through the preparation of innovative green composites

based on tomato peels (TPs) and natural halloysite nanotubes (HNTs) loaded with

carvacrol, as a natural antibacterial agent. The loading of carvacrol into HNTs was

successfully achieved through a simple procedure that does not involve any chemical

modifications of HNTs. Composite films with different amount of HNTs (i.e., 2.5, 5,

10, 20%wt) were prepared using mechanical milling in presence of water, followed by

solvent casting method. The structural organization and the main physical properties of

the obtained bio-based active composites have been deeply investigated. In particular,

thermal and mechanical properties along with the films’ interaction with water vapor

were assessed and then correlated to the filler loading. Results show that the thermal

behaviour of bio-composites improves with the filler loading. Conversely, the mechanical

properties get worse, especially at higher loading, due to the poor interaction between

HNTs and matrix. The presence of hydrophilic HNTs was found to not dramatically

increase the degree of hydrophilicity of the of the materials, most likely due to the

presence of hydrophobic carvacrol that acts as an hydrophobic coating for HNTs. The

release of carvacrol was also analyzed. Results show that the obtained composites

exhibit a long-term release of the antimicrobial agent, which suggests them to be

promising candidate materials for food packaging application.

Keywords: tomato peels, halloysite, green composites, carvacrol, packaging

INTRODUCTION

The concern of the society about environmental issues and sustainability has increased greatly
over the last decades. The replacement of fossil fuels with renewable biomass and bio-wastes as
raw feedstocks, for the production of bio-chemicals and bio-materials, is an interesting option to
respond to these concerns (Brachi et al., 2014).

Food packaging is currently one of the major source of plastic wastes (Kirwan and Strawbridge,
2003). The largest fraction of the materials used in the packaging industry comes from fossil fuels
and is non-degradable, thus representing a serious environmental issue worldwide. The demand
for the more eco-friendly and sustainable films and/or coatings for effective food packaging has,
therefore, generated considerable interest in recent years. In particular, the development of new
bio-materials from largely available and cheap residual biomass resources, such as agro-industrial
residues, to produce green/edible packaging manufactures that meet aesthetic, mechanical and
barrier requirements for food applications is one of the major challenges currently facing scientists
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and technologists from different areas of expertise (Zhiguo
et al., 2015; Eghbal and Choudhary, 2018; Kam et al., 2018).
Edible packaging materials are, in fact, not just biodegradable in
nature, thus avoiding the environmental damage and concerns
about their disposal (Giosafatto et al., 2014a,b), but also have
the characteristic of being eaten along with the food they
contain, thereby offering greater opportunities for commercial
application. For example, green films based on proteins and/or
polysaccharides can be filled with a wide range of functional
additives, thus acting as carriers for antioxidants, antimicrobials,
flavoring agents, colorants and vitamins in more specific
applications (Gorrasi et al., 2012; Gorrasi and Bugatti, 2016; Saha
et al., 2016; Silva et al., 2016).

Tomato (Lycopersicon esculentum) represents the secondmost
diffused vegetable crop worldwide, next to potato (Brachi et al.,
2016a,b). Each year about 150 million tons are produced and
consumed, and 40 million are processed products (i.e., peeled or
unpeeled, tomato paste, whole or un-whole tomatoes) (Tomato
News, 2014). The tomato processing typically generates two
residual fractions, which compose 3–5 wt% of the whole tomato:
(i) tomato peels, that is the byproduct of the peeling of tomatoes
used for canning and (ii) tomato pomace that is a mixture
crushed seeds, tomato peels and a small residue of pulp remaining
after the processing for soup, juice or ketchup (Al Khraisat,
2015). Such wastes, due to the high organic content molecules
(carbohydrates, proteins, fats, oils, etc.), if not opportunely
managed, not only represent increasing disposal and potentially
severe pollution problems, but they can also be a considerable loss
of potentially valuable biomass and nutrients. In this context, the
use of cheap and largely available wastes from tomato processing
industry as a major component of edible films has been proposed
in this work since it may offer a more sustainable and eco-
friendly option to produce novel prototypes for food packaging
application. In more detail, it may contribute to effectively
reduce the environmental impact from both packaging and food
industries simultaneously.

Despite aforementioned advantages, green/edible packaging
manufactures have only experienced a limited development
and use so far (Trends et al., 2013). Regarding bio-based
food packaging, the main challenge is related to their inherent
characteristics such as the poor barrier and mechanical
properties. In addition, the difficulty in introducing and retaining
for long periods any bacteriostatic or bacteriolitic substances able
to preserve the food quality, because of the fast release from the
material’s bulk, has also hampered their diffusion (Gorrasi, 2015).
In this regard, the possibility to encapsulate such substances
within natural, biocompatible and non-toxic nano-containers,
which allow for their sustained release, could offer a viable
option to overcome the above drawback. Halloysite nanotubes
(HNTs) are aluminumsilicate nanoparticles, having a hollow
tubular shape, high aspect ratio and high strength, which make
them suitable nanocarriers for biologically active molecules.
Moreover, they can be effectively dispersed in polymeric matrices
(biocompatible). Because of these properties, HNTs have proved
to be very effective in the production of high-performance
polymeric nanocomposites, specifically for the controlled release
of active agents (Lvov et al., 2008; Cavallaro et al., 2011, 2013;

Gorrasi and Vertuccio, 2016; Scarfato et al., 2016; Bugatti et al.,
2017; Gorrasi et al., 2017). In particular, their non-toxic nature
(Vergaro et al., 2010; Fakhrullina et al., 2015), and effective
encapsulation capacity make HNTs ideal nano-containers for
antibacterial agents. In addition, Halloysites has been proven
to be a biocompatible material in several recent reports on cell
cultures (Lvov et al., 2016), and invertebrate models (Fakhrullina
et al., 2015). In particular, studies by Lvov et al. (2016), where the
toxicity of HNTwas tested after 48 h of incubation with fibroblast
and human breast cells, showed that it is much less harmful than
ordinary sodium chloride salt (Massaro et al., 2017).

The preparation of bio-based nano-composites via the
traditional melt mixing techniques is not a viable option
since their melting temperatures are typically too close to the
temperatures at which the thermal degradation of the natural
matrices takes place. Mechanical milling (MM), as a solid state
mixing, has turned out to be an economic and ecological
alternative for achieving an efficient dispersion of nanofillers into
bio-based and biodegradable matrices (Gorrasi and Sorrentino,
2015), as well as in oil derived polymers (Delogu et al., 2017). In
addition to this, the advantage of working in dry conditions and
with almost any type of polymer matrix at ambient temperature,
opened new and unexpected routes for the preparation of
advanced functional composites (Gorrasi et al., 2007). The
use of mechanical energy contains several inherent advantages
including the control of degradation processes associated with
high temperatures, the strong reduction of environmental impact
and the possibility of compatibilizing (recycle) immiscible
blends derived from end used materials. The simultaneous
dispersion of nanoparticles, the promotion of mechano-chemical
reactions and the proper manipulation of thermo-sensitive active
molecules (i.e., antimicrobials, oxygen scavengers and drugs,
represent further fundamental advantages of this process in the
framework of the formulation and preparation of novel polymer
nanocomposites with functional properties.

In this context, mechanical milling was selected in this work
for the preparation of novel green/edible composites consisting
of tomato peels (TPs) as a bio-based matrix and carvacrol
encapsulated into HNTs as a natural antibacterial agent. The
structural organization and the main physical properties of
the obtained active bio-based composites were investigated; in
particular, thermal and mechanical properties along with the
films’ interaction with water vapor were assessed and then
correlated to the filler loading. The sustained release of carvacrol
was also analyzed. Finally, the study was complemented with
in-depth characterization of tomato peels residues (i.e., ultimate
and proximate analyses, calorific values measures, and cellulose,
hemicellulose and lignin content determination), which may be
useful to identify further suitable application routes.

EXPERIMENTAL SECTION

Raw Materials Sampling and
Characterization
Tomato peels (TPs) used in this work were collected from a
tomato processing industry located in Salerno (40◦47′24.5′′N,
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14◦46′15.8′′E), Campania region (IT). Prior to use, the raw
feedstock was subjected to some pretreatments. In particular, it
was first placed in a ventilated fume hood for approximately
48 h of exposure to fresh air, which reduced its moisture content
from about 80%wt to about 6%wt. Then, it was processed to
reduce its particles size by using a batch knife mill (Grindomix
GM 300 by Retsch) for 20 s at a speed as high as 3,200 rpm for
three times. The milled sample was finally manually sieved and
the size fraction smaller than 500µm was kept for the following
utilization. Halloysite nanoclay powders (CAS 1332-58-7) and
carvacrol (CAS 499-75-2) were supplied from Sigma Aldrich
(Italy) and were used as received.

The determination of volatile matter, moisture, ash content
and fixed carbon in raw tomato peels was performed by using
a TGA 701 LECO thermogravimetric analyzer by following the
ASTM D5142. Elemental analysis was carried out according to
ASTM D 5291-92 by using a CHN 2000 LECO analyzer for
carbon, hydrogen and nitrogen. The oxygen content was finally
calculated by subtracting the ash content andCHN from the total.
All these analyses were performed in triplicate at least and the
average values are reported in Table 1. The higher heating value
(HHV, MJ/kg on a dry basis) of the dried samples was measured
using an oxygen bomb calorimeter (Parr 6200 Calorimeter). The
measurements were repeated twice and the average value was
used for subsequent calculation of the low calorific value (LHV)
according to the Equation (1):

LHVdry = HHVdry− 2.442 · (8.936 ·Hdry/100) (1)

TABLE 1 | Raw tomato peels properties.

Present

work

(Mangut

et al., 2016)

(Toscano

et al., 2015)

(Rossini

et al., 2013)

Moisture (wt%, as

received)

80.50 n.a. n.a. n.a.

PROXIMATE ANALYSIS (WT%, DRY BASIS)

Volatile matter 86.52 84.51 n.a. n.a

Fixed carbon 11.67 11.59 n.a n.a

Ash 1.81 3.90 2.2 3.8

ULTIMATE ANALYSIS (WT%, DRY BASIS)

C 58.38 55.81 60.08 56.8

H 7.72 7.88 8.51 8.1

N 1.49 1.51 1.76 2.4

O (by diff.) 30.60 30.88 26.34 28.8

CALORIFIC VALUE ANALYSIS (MJ/KG, DRY BASIS)

HHV 25.82 22.06 n.a. 23.6

LHV 24.14 n.a. 26.02* 21.9

POLYMERIC COMPOSITION (WT%, DRY BASIS)

Extractives 5.21 n.a. n.a. n.a.

Hemicellulose +

pectins

52.40 n.a. 4.8 n.a.

α-cellulose 17.50 n.a. 22.5 n.a.

Lignin (by difference) 24.89 n.a. 46.9 n.a.

*Dry ash free basis.

where Hdry represents the weight percent of hydrogen resulting
from elemental analysis, and LHV and HHV are given in
MJ/kg. The results are also presented in Table 1. The contents
of extractives, hemicellulose, cellulose and lignin in raw tomato
peels were also determined according to a previously reported
procedure (Brachi et al., 2016a,b). Briefly, about 10 g of air-
dried TPs passing through a 40 mesh screen were first
submitted to Soxhlet extraction with an ethanol/toluene (1:2,
v:v) solution in order to remove the extractives (i.e., fats, resin,
wax, phenol, pigments, oils, and other organic compounds),
which could affect the subsequent fiber analysis. In more
details, the extraction was conducted for 24 h at the rate of
about 8 siphon cycles per hour. Then, the resulting oven-
dried, extractive-free solid sample (about 3 g) was submitted
to a delignification process by treating it with sodium chlorite
(NaClO2, technical grade, 80%) and acetic acid (reagent grade)
for about 6 h in a water bath at 70◦C. The extractive-
and lignin-free white holocellulose sample was subsequently
treated with two sodium hydroxide solutions (17.5 and 8.3
wt%, respectively) and acetic acid (10 wt%) to isolate the α-
cellulose fraction. The soluble fraction remaining after this
treatment represents hemicellulose and pectins. Finally the lignin

TABLE 2 | Content of chemical elements in raw tomato peels by ICP-MS analysis

(left hand column), and EDX relative to SEM micrograph in Figure 1C (right hand

column).

Element Concentration (g/kg, db) Weight fraction (%)

Aluminum 9.36

Arsenic 0.11

Barium 3.14

Beryllium 0.03

Bismuth 0.07

Cadmium 0.13

Calcium 945.00 0.55

Chromium 0.26

Copper 3.29 0.27

Gallium 0.18

Iron 26.92 0.31

Magnesium 659.40 0.56

Manganese 10.98

Mercury 0.02

Molybdenum 0.75

Nickel 1.02 0.18

Phosphorus 1111.00

Potassium 8606.00 4.72

Silicon 63.97 0.33

Sodium 151.50

Strontium 5.02

Titanium 3.18

Zinc 7.71

Carbon 67.58

Oxygen 24.86

Chlorine 0.64
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FIGURE 1 | Scanning electron microscopy (SEM) micrographs of tomato peels at 100× (A), 300× (B), 1,600× (C), and 6,000× (D) magnification.

content was calculated by difference. The organic polymeric
composition of TPs obtained through the above procedures, is
shown in Table 1. The content of inorganic elements in raw
tomato peels was determined by inductively coupled plasma-
mass spectrometry (ICP-MS) by using an Agilent 7500 CE
instrument. The results obtained from these analyses are shown
in Table 2.

Preparation of HNTs-Carvacrol
Nano-Hybrid
0.5 g of HNTs and 10mL of carvacrol were firstly mixed and
ultrasonicated by using an ultrasonicator UP200S for 30min in
an ice bath. The HNT-carvacrol mixture was then transferred
into a vacuum jar connected to a vacuum pump; 1 mbar pressure
was applied into the jar for 30min to remove air inside HNTs,
followed by the application of atmospheric pressure for 10min to
allow carvacrol molecules enter evacuated HNTs. The cycle was
repeated three times to increase loading efficiency. The content
of carvacrol (%wt) in the HNT-carvacrol hybrid was evaluated
by the thermogravimetric analysis (Figure 2A) according to the
following Equation (2):

X =

Rmix − RH

Rs − RH
× 100 (2)

whereX is the loaded carvacrol, Rmix is the weight loss percentage
of the mixture, RH and Rs are the weight loss percentages of
halloysite and carvacrol, respectively. This equation assumes that
the total weight loss of the single component is not affected by
the other components present in mixture. The carvacrol amount
detected with this method was∼=76%.

Preparation of Composites
TPs/HNTs-Carvacrol
Composites TPs/HNTs-carvacrol were prepared by the following
procedure. One gram of tomato peels was dissolved in 20mL of
distilled water and 2mL of glycerol, as plasticizer. The obtained
solution was stirred for 3 h at 70◦C. The nano-hybrid was added
to the tomato peels/glycerol/water solution in different amounts,
in order to obtain nano-hybrid concentrations equal to 2.5, 5,
10, and 20 wt%. To allow the best intimate mixing between the
different phases, after stirring the composite solution for 30min,
each composition was submitted to high energy ball milling at
ambient temperature for 60min. The apparatus used was a Retsh
(Germany) planetary ball milling (PM 100), with a cylindrical
steel jar of 50 cm3 containing 5 tungsten carbide balls of 10mm
of diameter. The rotation speed was 640 rpm. The mixtures
obtained were poured into Petri dishes and dried in an oven at
70◦C for 7 days. Films of pure tomato peels were obtained using
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the same experimental conditions. All films, having the thickness
of about 600µm, were then characterized. Composite samples
will be coded as follows: TPsxHNTs-Carvy where x is the tomato
peel amount and y is the HNTs-carvacrol load.

Methods of Investigation
SEM/EDX measurements were performed by a Fei Inspect
Microscope. X-ray diffraction (XRD) patterns were taken, in
reflection, with an automatic Bruker diffractometer (equipped
with a continuous scan attachment and a proportional counter),
using nickel-filtered Cu Kα radiation (Kα = 1.54050 Å) and
operating at 40 kV and 40mA, step scan 0.05◦ of 2Ï’ and 3 s of
counting time.

Thermogravimetric analyses (TGA) were carried out from 30
to 600◦C (heating rate of 10◦C/min) under air flow, using a
Mettler TC-10 thermo-balance.

The mechanical properties of the samples were evaluated from
stress-strain curves obtained using a dynamometric apparatus
INSTRON 4301. The experiments were conducted at room
temperature with the deformation rate of 5 mm/min. The initial

FIGURE 2 | Weight (%) (TG) (A) and derivative weight (%/◦C) DTG (B) on the

HNTs ( ), carvacrol ( ), and the nano-hybrid HNTs-carvacrol ( ).

length of the samples was about 10mm. Elastic moduli were
derived from the linear part of the stress-strain curves, giving
to the sample a deformation of 0.1%. Data were averaged on
five samples.

Sorption of water, in controlled atmosphere and humidity
on both TPs films and film composites (approximately 600µm
thickness), was investigated through the determination of
moisture uptake of samples exposed at the same conditions
of temperature and relative humidity (HR). The conventional
static desiccator technique (Bellur et al., 2009; Vasquez and
Coronella, 2009), which employs a glass desiccator containing
a supersaturated salt water solution as a humidity control
chamber, was employed. Specifically, three different salts, i.e.,
KBr, Mg(NO3)2, and CH3COOK, were used in this work, which
allow exposing samples to 80 ± 2, 53 ± 2 and 23 ± 2% of
RH, respectively, at room temperature (i.e., 25 ± 2◦C). In order
to minimize temperature changes, the desiccator was partially
submerged in a water bath. Approximately 100mg of oven-dried
samples were put into an open weighing bottle and then placed
into the desiccator for testing. The humidity and temperature
in the glass desiccator were checked using a digital thermo-
hygrometer (30.5005 TFA Dostmann). Equilibrium moisture
content (ECM) of each sample up to an exposure time of 60 days
was measured by using a Kern DBS Halogen Moisture analyzer.

The release kinetics of carvacrol were performed by ultraviolet
spectrometric measurement at ambient temperature, using a
Spectrometer UV-2401 PC Shimadzu (Japan). The tests were
performed using rectangular specimens of 4 cm2 and same
thickness (600µm), placed into 25mL of ethanol and stirred
at 100 rpm in an orbital shaker (VDRL MOD. 711+, Asal
S.r.l.). The medium release was withdrawn at fixed time intervals
and replenished with fresh medium. The considered band
was at 275 nm.

RESULTS AND DISCUSSION

Experimental results regarding composition (proximate analysis,
fiber composition and ultimate) and calorific content of fresh
TPs, as well as their comparison with the values found in the
literature, are shown in Table 1. Comparing the obtained data
with literature references (Rossini et al., 2013; Toscano et al.,
2015; Mangut et al., 2016) some inconsistence emerge regarding
the fiber composition of tomato peel, which conversely are not
observed among the data from the proximate, the ultimate and
the calorific-content analyses. In this regard, it is worth noting
that a different analytical approach (van Soest method) has
been used by Toscano et al. (2015), to quantify the individual
components in tomato peels with respect that used in this
research, following the Laboratory Analytical Procedures (LAP)
established by National Renewable Energy Laboratory (NREL).
It is well-known that methods that utilize different chemical
means to separate and quantify the biomass components can give
different compositional results for the same substrate (Templeton
et al., 2014). Accordingly, the comparison of the analyzed
values in this paper with the literature references confirms the
consistency of the data shown here.
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FIGURE 3 | XRD analysis evaluated on films of TPs100HNTs-carv0 (a), TPs97.5HNTs-carv2.5 (b), TPs95HNTs-carv5 (c), TPs90HNTs-carv10 (d), TPs80HNTs-carv20

(e); Inset: XRD of HNTs.

Figures 1A–D show the SEM micrographs of tomato peel
samples obtained at different magnifications. It results that
tomato peels are very thin, having a thickness of approximately
50µm (Figure 1C) and exhibit a well-organized 3D honeycomb-
like structure with large cavities, which provides a larger specific
surface area (C-D). The Energy Dispersive X-ray (EDX) analysis
of the tomato peel surface relative to the SEM micrograph in
Figure 1C confirms that TPs contain a large amount of carbon
(C), oxygen (O), and potassium (K) (Table 2), in agreement
with data obtained by ultimate (Table 1) and ICP-MS analyses
(Table 2). The presence of chlorine (Cl) in tomato peels is in
accordance with the literature (Rossini et al., 2013), where it is
reported that chlorine present in the tomato processing residues
is mainly concentrated in the peel fraction.

Properties of Pure and Composite
TP-Based Films
Carvacrol molecules inside and/or outsideHNTs are very difficult
to be accurately determined. The evaluation of the degradation
temperatures of the HNTs, carvacrol and HNTs-carvacrol,
through TGA analysis, can be used to give an indication about
the molecules’ intercalation, as elsewhere demonstrated (Gorrasi,
2015; Biddeci et al., 2016; Hendessi et al., 2016). Figure 2 reports

the weight (%) (TG) (A) and derivative weight (DTG) (B) analysis
performed on the HNTs, carvacrol and the nano-hybrid HNTs-
carvacrol. Data show that halloysite exhibits a degradation step
at about 500◦C, which can be attributed to the dehydroxylation
of its matrix (Horvath et al., 2003). The thermal degradation
of carvacrol occurs in one step centered at 170◦C. A shift
toward higher values for the carvacrol degradation temperature,
centered at 195◦C, is clearly evident for the nano-hybrid. The
observed delay in the thermo-oxydative degradation of carvacrol
molecules could be attributed to two different phenomena,
namely: (i) a reduced oxygen permeability due to the barrier
effect produced by fillers building a tortuous path (Monsiváis-
Barrón et al., 2014), or (ii) the fact that large part of carvacrol was
successfully entrapped into the nanotubes, and the degradation of
the active molecule probably occurs at higher temperature, with
respect to the free molecules only after a spillage from the tubes.

Figure 3 shows the XRD of composites’ films and unfilled
film based on TPs. Data reveal the presence of an amorphous
structure in all of the sample, as evidenced by the presence of
a broad halo centered at 2θ ∼

= 21◦. The amorphous structure of
the matrix is retained in all the composites obtained at different
filler load. The inset of Figure 3 shows the XRD spectrum of
dehydrated HNTs, with the typical d-spacing at 7.3 Å, that
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FIGURE 4 | (A) TGA and (B) DTG analysis evaluated on TPs100HNTs-carv0

( ), TPs97.5HNTs-carv2.5 ( ), TPs95HNTs-carv5 ( ), TPs90HNTs-carv10

( ), TPs80HNTs-carv20 ( ).

represents the first order (001) basal reflection (Hillier et al.,
2016). Such peak is not visible in the composites. It may
be possible that during the milling process, in the reported
experimental conditions, a part of the first order basal reflection
of HNTs is partially de-structured, or such peak may be hidden
under the main peak of the TPs’ matrix.

Figure 4A shows the TGA and DTG (Figure 4B) analysis
evaluated on composites films. Unfilled film made of tomato
peels was analyzed for comparison. It is suggested that the
pyrolysis of the investigated tomato processing residue is a
rather complex process occurring in several stages as it is clearly
reflected by the presence of several DTG peaks (Figure 4B),
which are also reflected in less noticeable changes in the slope
of the TG curves. The complicated thermal behavior exhibited
by tomato peels is a likely consequence of its very complex
chemical composition, which is characterized by the presence
of several macro-components (i.e., cellulose, hemicelluloses, and
lignin, see Table 1) and minor constituents (e.g., lipids, waxes,

FIGURE 5 | Mechanical parameters for unfilled TPs film and composites.

proteins, oil, etc.) in different percentages (Lazos and Kalathenos,
1988; Knoblich et al., 2005). The negligible weight loss (i.e.,
approximately 7 wt%) observed at a temperature lower than
200◦C can be attributed to the removal of moisture and to
the start of polysaccharides hydrolysis, whereas, the second and
third decomposition stage can be most likely ascribed to the
thermal degradation of hemicelluloses and cellulose. However,
a clear attribution of all the decomposition events or peaks to a
specific chemical species appeared to be hardly achieved when
analyzing the DTG profiles only, because mass losses of several
minor chemical components probably occurred during each step
at the same time. It is evident that all degradation temperatures
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FIGURE 6 | Sorption of water vapor, as Ceq (wt%), as function of the filler

loading at relative moistures 23% ( ), 55% ( ), and 80% ( ).

TABLE 3 | Ceq (wt%) of water vapor sorbed at different moisture for unfilled TPs

film and composites.

Filler loading (wt%) Ceq (wt%) at

23% of moisture

Ceq (wt%) at

55% of moisture

Ceq (wt%) at

80% of moisture

TPs100HNTs-carv0 4.41 ± 1.2 13.23 + 1.6 30.43 + 2.1

TPs97.5HNTs-carv2.5 5.35 + 1.8 14.47 + 2.1 36.70 + 3.4

TPs95HNTs-carv5 6.75 + 2.4 14.78 + 1.5 36.04 + 2.7

TPs90HNTs-carv10 6.55 + 2.6 16.84 + 1.9 36.36 + 3.5

TPs80HNTs-carv20 6.35 + 1.7 16.58 + 2.6 38.36 + 3.3

decrease with the filler loading. As already found in the case
of pectins/HNTs-essential oil (Gorrasi, 2015), we hypothesize
that the decomposition of volatile products due to oxidation
phenomena, can have a synergistic effect in determining the
thermal decomposition of the materials.

The stress-strain curves of tomato peels film and composites,
which were not reported, allowed for evaluation of the
mechanical parameters of the samples. In particular, the elastic
modulus, E (MPa), the stress at break point, σbreak (MPa), and
the elongation at break, εbreak (mm/mm%) were evaluated. The
mechanical parameters are reported in Figure 5. The elastic
modulus (MPa) tends to decrease with the filler content, and
also the stress at break (MPa). HNTs filler, having an inorganic
nature, is incompatible with the organic matrix. It is worth
to note that they were dispersed into the organic matrix with
no chemical treatment on the surface. The lowering of the
mechanical properties is mainly due to this difference in nature
of both components. A “disconnection” between the two phases
is then evidenced from the mechanical response. Experimental
results evidenced that the higher is the filler loading, the higher
the degree of separation appears between the two phases.

The values of elongation at break point (mm/mm%) is
not significantly modified with the filler loading, also at high

FIGURE 7 | Release fraction of carvacrol (wt%), as function of contact time (h)

for TPs97.5HNTs-carv2.5 ( ), TPs95HNTs-carv5 ( ), TPs90HNTs-carv10

( ), TPs80HNTs-carv20 ( ).

percentages (i.e., 10 and 20 wt%). This can be due to a
plasticizing effect of the carvacrol oil with respect to the matrix,
which helps to prevent the loss of mechanical consistence of
the samples.

Figure 6 reports the sorption of water vapor, as Ceq (wt%), as
a function of the filler loading for all the obtained composites and
the unfilled sample at relative moistures 24, 55, and 80%. Data are
reported in Table 3. As expected, the sorption of water increases
with the moisture increasing. The presence of hydrophilic HNTs,
even at a high percentage, does not dramatically increase the
hydrophilicity of the materials, as found for other biodegradable
materials filled with HNTs (Gorrasi, 2015; Bugatti et al., 2017).
Thismay be due to the presence of hydrophobic carvacrol around
the HNTs that can act as hydrophobic coating.

To study the ability of the considered composites to release
carvacrol, measurements of controlled release in ethanol were
conducted. In particular, Figure 7 reports the release fraction of
carvacrol (wt%), as function of contact time (h). It is evident
that, in all cases, after 1 month no complete release occurred
for any sample. A faster release occurs within the first hour,
probably due to the release of carvacrol on the surface of the films,
then the release rate decreases over time. The carvacrol release
fraction (wt%) decreases with filler loading. This result can be
interpreted in terms of lowered counter-diffusion of the carvacrol
molecules from inside the matrix to the release medium. The
dispersed HNTs increases to a large extent the tortuosity of the
system, leading to a decrease in the rate of diffusion of carvacrol
molecules. This result demonstrates that HNTs loaded carvacrol,
embedded into the considered bio-based matrix, act as nano-
containers that allow the sustained release of the active molecule.
This could result in a longer-lasting antibacterial effect.
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CONCLUDING REMARKS

This paper demonstrated how mechanical milling is a valuable
technology to obtain green nanocomposites based on a
largely available waste material, like tomato peels (TPs), and
halloysite nanotubes (HNTs) filled with a natural antimicrobial,
like carvacrol.

• XRD analysis on the composites showed that the TPs matrix
presents an amorphous structure, which is retained in the
composites at any filler loading. The basal peak of dehydrated
HNTs tends to disappear and/or to be expanded after the
intercalation of carvacrol, and the ball milling treatment with
TPs in presence of water.

• TG-DTG analysis enabled us to hypothesize that the carvacrol
molecules inside HNTs delay the thermo-oxydation, either for
a barrier effect to oxygen inducted from the HNTs, or because
some molecules were successfully loaded into the nanotubes.
The degradation of the TPs matrix into the composites
decreases with the filler loading. It was hypothesized that
the decomposition of volatile products, due to oxidation
phenomena, can have a synergistic effect in determining the
thermal decomposition of the materials.

• Mechanical properties showed a decrease, or at least a
maintenance, of all the mechanical parameters. It worth to
note that natural HNTs were incorporated into the TPs matrix
with no chemical treatment.

• The sorption of water vapor was evaluated at relativemoistures
24, 55, and 80%. Data show that it increases with increasing
the moisture. The presence of highly hydrophilic HNTs,
even at high percentage, does not dramatically increase the
hydrophilicity of the materials. This may be due to the

presence of hydrophobic carvacrol around the HNTs that can
act like an hydrophobic coating.

• The sustained release of carvacrol, in vitro, was studied
as function of time. The carvacrol release fraction (wt%)
decreases with filler loading and after 1 month no complete
release is evident for any composite. The presence of the
dispersed HNTs increasing the tortuosity of the system,
led to a large decrease in the rate of counter-diffusion
of carvacrol molecules from the TPs matrix. This result
allows us to hypothesize the application of such materials
in food packaging field, where it is needed longer-lasting
antibacterial effect.
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As a novel biodegradable material, poly (vinyl) alcohol (PVA)/starch (ST)/ glycerol (GL)/

halloysite nanotube (HNT) nanocomposite films were prepared by solution casting at

the HNT contents of 0.25, 0.5, 1, 3, and 5 wt%. Water absorption capacity and water

solubility of nanocomposite films were decreased remarkably by 44.24 and 48.05%,

respectively, with increasing the HNT content from 0 to 5 wt% when compared with

those of biopolymer matrices. Moreover, the water contact angle of nanocomposite films

increased by 21.36◦ with the incorporation of HNTs. The presence of HNTs appeared

to reduce the overall migration rates for PVA/ST/GL/HNT nanocomposite films when

interacting with either hydrophilic or lipophilic food simulants. However, the migration

rates of HNTs alone were enhanced with increasing the HNT content in hydrophilic,

lipophilic, and acidic food simulants. On the other hand, the biodegradation rate and

light transmittance of nanocomposite films were reduced linearly by 18.56 and 26.90%

with increasing the HNT content from 0 to 5 wt%. Overall, novel PVA/ST/GL/HNT

nanocomposite films in this study offer highly competitive materials with excellent water

resistance, good biodegradability, and acceptable transparency to be potentially used

for sustainable food packaging particularly targeting lipophilic and acidic foodstuffs.

Keywords: polymer blends, nanocomposites, water resistance, migration rate, biodegradability

INTRODUCTION

Petro-based polymers generally possess good mechanical, thermal and barrier properties with
easy processability and relatively low cost, which makes them widely used in different industrial
sectors such as construction and building, appliances, and material packaging (Siracusa et al.,
2008; Sam et al., 2016; Abdullah et al., 2017). Nevertheless, it is evident that plastic wastes
in ∼6,300 million metric tons were generated worldwide in 2015, and if this production
rate continues without effective control it will be increased up to 12,000 million metric
tons of plastic wastes by 2050 (Geyer et al., 2017). Non-degradable plastic wastes can be
eliminated by recycling, landfilling, and incineration resulting in high processing cost and
increasing global warming (Ray and Bousmina, 2005; Shah et al., 2008). Consequently, the
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replacement of petro-based polymers with biopolymers becomes
a suitable solution to tackle more severe environmental
issues. Unfortunately, biopolymers have typical material
demerits including high water/gas permeability, brittleness,
and poor stability during processing as well as low
heat resistance, so blending with other polymers and/or
reinforcing with nanofillers can overcome these limitations
(Sorrentino et al., 2007; Aslam et al., 2018).

Polyvinyl alcohol (PVA) is a synthetic water-soluble
biopolymer, which possesses good mechanical and thermal
properties as well as good transparency and resistance to oxygen
permeation. Nonetheless, it has low degradation rates in some
environments such as in soil along with relatively high cost and
poor water resistance owing to the presence of hydroxyl groups
in repeating units of PVA (Gupta et al., 2013; Gaaz et al., 2015;
Lim et al., 2015; Aslam et al., 2018). Blending PVA with starch
(ST) gives rise to the high improvement of biodegradability
and cost reduction (Abdullah et al., 2017). ST is a completely
biodegradable polymer in soil and compost, which is abundant
as a spare storage in plants with non-toxic and relatively low-cost
features. However, it is hard to process due to the high brittleness
and limited flexibility (Avella et al., 2005; Tang et al., 2008; Jolanta
et al., 2018). It is a semicrystalline polymer consisting of amylose
and amylopectin at different ratios depending on plant sources.
Amylose is a linear polymer in which glucopyranosyl repeating
units are linked by α(1-4) linkages while the amylopectin is
the branched counterpart with α(1-4) linked backbone and
α(1-6) linked branches (Avella et al., 2005, Sam et al., 2016).
Plasticized PVA/ST blends have been well-utilized since 1980s
(Liu et al., 1999; Tang and Alavi, 2011). Such blends belong to
a widespread material system used in numerous applications
such as biomedical engineering and material packaging (Tang
and Alavi, 2011; Luo et al., 2012; Tanase et al., 2015; Wang
et al., 2015; Zanela et al., 2015). Glycerol (GL) is one of the
most popular plasticisers mixed with PVA/ST blends due to
their close solubility parameters, which are 22.50, 23.40, and
21.10 MPa1/2 for PVA, ST, and GL, respectively (Rahman et al.,
2010). Many hydroxyl groups in Plasticized PVA/ST blends
yield weak water resistance. To overcome this drawback, it is
essential to reinforce such blends with applicable nanofillers to
improve not only mechanical and thermal properties but also
their barrier properties (Mensitieri et al., 2011; Wang et al.,
2015). For instance, Tian et al. (2017) found the water absorption
capacity (Wa) of plasticized PVA/ST blend films was reduced
by about 20% with the inclusion of 25 wt% montmorillonite
(MMT) nanoclays. Similarly, Noshirvani et al. (2016) showed
that the water solubility (Ws) and water vapor permeability
(WVP) of plasticized PVA/ST/Cloisite-Na+ MMT dropped by
50.81 and 16.46%, respectively, with increasing the nanofiller
content from 0 to 7 wt% due to tortuous paths generated within
nanocomposite films. Metal oxides can be employed to reinforce
plasticized PVA/ST blends as well. For instance, nano-silicon
dioxide (SiO2) was used by Tang et al. (2008) to improve
mechanical properties and water resistance of plasticized
PVA/ST blend films. Moreover, Akhavan et al. (2017) reported
that the Wa of plasticized PVA/ST blend films was reduced
by 62% with the incorporation of 0.50 wt% nano-zinc oxide

(ZnO). In addition, cellulose nanocrystals (CNCs) were also
used by Noshirvani et al. (2016) to reinforce plasticized PVA/ST
blend films. Water resistance results demonstrated that the Ws

and WVP of nanocomposites diminished by 25.19 and 4.85%,
respectively, with increasing the CNC content from 0 to 7 wt%.
Similarly, (Guimarães et al., 2015) found that the Wa and WVP
of plasticized PVA/ST/bamboo nanofibril nanocomposite films
were decreased by 30 and 20%, respectively, at the nanofiller
content of 6.50 wt% when compared with those of plasticized
PVA/ST blend films alone.

Halloysite nanotubes (HNTs) are a good nanofiller candidate
to reinforce biopolymer blends because of their inherently good
mechanical and thermal properties (Gaaz et al., 2017; Makaremi
et al., 2017). To our best knowledge, HNTs as typical nanofillers
have rarely been used to reinforce PVA/ST/GL blends despite
their implementation in other bionanocomposite systems such
as ST/HNT nanocomposites (Xie et al., 2011; He et al., 2012;
Schmitt et al., 2015; Ren et al., 2018), PVA/HNT nanocomposites
(Liu et al., 2007; Zhou et al., 2010; Qiu and Netravali, 2013;
Fujii et al., 2014; Swapna et al., 2015), PVA/chitosan/HNT
nanocomposites (Ali, 2016), soluble soybean polysaccharide
(SSPS)/HNT nanocomposites (Alipoormazandarani et al., 2015),
Pectin/HNT nanocomposites (Makaremi et al., 2017) and
polylactic acid (PLA)/HNT nanocomposites (Dong et al., 2015;
Castro-Aguirre et al., 2018; Chow et al., 2018). HNTs are
naturally formed tubular nanoclays with a chemical formula
Al2(OH)4Si2O5·nH2O. Such a hollow tubular structure for
HNTs is derived from warping octahedral and tetrahedral
sheets in 1:1-layer clays (also called 1:1 phyllosilicate) with a
lower number of hydroxyl groups on their outer surfaces to
improve the HNT dispersion within polymer matrices (Gaaz
et al., 2015). As compared with other tubular morphological
structures of nanofillers like carbon nanotubes (CNTs), HNTs
are cheap, widely available, and easily dispersed (Tully et al.,
2015; Zhang et al., 2016). Moreover, it is considered as a
non-toxic material mainly used for drug delivery in medical
applications (Khoo et al., 2011; Rawtani and Agrewal, 2012;
Salam et al., 2015; Yuan et al., 2015), and further for food
packaging applications (Biddecia et al., 2016; Makaremi et al.,
2017; Lee et al., 2018). Consequently, HNTs were used in this
study as natural reinforcements for sustainable PVA/ST/GL/HNT
nanocomposite films to improve their water resistance such
as Wa, Ws and water contact angle as their mechanical
and thermal properties were improved previously (Abdullah
and Dong, 2017) when compared with those of PVA/ST/GL
blend matrices.

When using nanocomposite materials for food packaging
applications, the migration rate of nanocomposite constituents
like nanofillers to foodstuffs should be seriously considered
due to the food safety issue (Simon et al., 2008; Gressler
et al., 2018). The overall migration rate and migration rate of
nanofillers are studied widely for packaging materials based on
petro-based nanocomposites such as low density polyethylene
(LDPE) nanocomposites with different types of nanofillers like
nanosilver (Hannon et al., 2016), nanocarbon black (Bott et al.,
2014b), nanoclays (Echegoyen et al., 2016), and nanotitanium
nitride (Bott et al., 2014a). PLA nanocomposites are also of a
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particular concern in migration studies of bionanocomposite
systems reinforced with different nanofillers such as sliver-based
modifiedMMTnanoclays (Busolo et al., 2010), Cloisite nanoclays
(Schmidt et al., 2009), CNCs (Fortunati et al., 2012), multi-
walled CNTs (Velichkova et al., 2017). But very limited migration
studies have been investigated based on other biopolymers
like PVA and ST for potential material packaging applications.
Avella et al. (2005) evaluated the migration rate of MMT
nanoclays from ST/ 4 wt% MMT nanocomposite films in
contact with lettuce and spinach. In a similar manner, Mauricio-
Iglesias et al. (2010) found different quantities of aluminum
ions (Al+) and silicon ions (Si+) in food simulants owing
to the migration of MMT nanoclays from wheat-gluten/MMT
nanocomposite films. Whereas, Cano et al. (2015b) concluded
that the overall migration rate of PVA/ST/CNC nanocomposite
films was increased by 26.08% with increasing the CNC content
from 0 to 5 wt% in 10% ethanol simulant. Nonetheless, the overall
migration rate was decreased by 66.67% in the isooctane simulant
with increasing the CNC content from 0 to 5 wt%.

According to the Sustainable Packaging Coalition (2011) and
Magnier and Crié (2015), the sustainable packaging should
meet the following criteria: (i) useful, safe and healthy for
individuals and communities throughout its life cycle, (ii)
gathering market requirements for performance and cost, (iii)
using renewable energy for manufacturing, transporting, and
recycling, (iv) using renewable or recycled source materials,
(v) using clean production technologies, (vi) made from
materials healthy throughout their life cycle, (vii) designed to
improve materials and energy, and (viii) effectively recovered
and utilized in industrial/biological closed loop cycles. In
this study, PVA, ST, and HNTs were selected as renewable
materials for manufacturing nanocomposite films using solution
casting as a clean production technology to meet the stringent
criteria for sustainable packaging. Moreover, PVA/ST/GL/HNT
nanocomposite films were characterized to investigate the
effect of HNT contents on water resistance, transparency
and biodegradability to study their material performance. The
overall migration rates and HNT migration rates were explicitly
investigated as well for PVA/ST/GL/HNT nanocomposite films
with different food simulants mimicking hydrophilic, lipophilic,
and acidic foodstuff conditions to evaluate their impact on critical
food safety.

EXPERIMENTAL WORK

Materials
PVA (molecular weight: 89,000–98,000 g/mol and hydrolysis
degree: 99%), soluble ST from potatoes (100% concentration),
GL solution (molecular weight: 92.09 g/mol and 60–100%
concentration), and nitric acid with 70% concentration were
purchased from Sigma-Aldrich Pty. Ltd, Australia. Furthermore,
HNTs were donated by Imerys Tableware Asia Ltd, New Zealand
in form of as-received ultrafine particles with a relative density
of 2.53 g/cm3. Glacial acetic acid with 96% concentration
was supplied by Merck Pty. Ltd, Australia. Ethanol with
100% concentration was provided by Rowe Scientific Pty. Ltd,
Australia. Aluminum standard solution with the concentration

of 1,000 mg/L in nitric acid was provided by ThermoFisher
Scientific Pty. Ltd, Australia. Silicon standard solution also with
the same concentration in nitric acid was purchased from High-
Purity Standards, Inc. All materials were used as received without
further modifications.

Fabrication of Films
Solution casting method was employed to fabricate neat
PVA, PVA blends (i.e., PVA/GL, PVA/ST, PVA/ST/GL), and
PVA/ST/GL/HNT nanocomposite films. An aqueous solution of
5 wt%/v PVA was obtained by dissolving 10 g PVA powders
in 190ml deionised water at 35◦C to prepare neat PVA films.
The solution was gradually heated up to 85◦C with continuous
stirring via an IKA R©- RCT basic magnetic stirrer at 500 rpm
for 3 h. Equal amounts of clear PVA solutions were poured
into petri dishes (dish diameter: 15 cm) to produce thin films
with uniform thickness of 0.110–0.125mm. Then these films
were subsequently dried at 50◦C for 24 h. PVA/GL blends were
also fabricated using the same procedure with the addition
of 30 wt% GL as a plasticizer during the last 30min in the
fabrication process. PVA/ST aqueous solution at the blend
ratio of 80/20 was prepared by mixing 8 g PVA and 2 g ST
at room temperature in powder form, which was followed by
dissolving them in 190ml deionised water according to the
same procedure mentioned earlier. PVA/ST blends were also
plasticized with 30 wt% GL to fabricate PVA/ST/GL blends as
final biopolymer matrices for corresponding nanocomposites.
HNTs at different nanofiller contents of 0.25, 0.50, 1, 3, and 5
wt% were mechanically mixed using an IKA R©- RW20 stirrer
with 100ml deionised water at 50◦C and 500 rpm for 2 h to
prepare the HNT aqueous suspension. Subsequently, the HNT
suspension was sonicated using an ultrasonicating bath ELMA
Ti-H-5 model at 50◦C for 1 h with the frequency of 25 kHz and
power intensity of 90%. The HNTs suspension was added in a
dropwise manner to 100ml PVA/ST/GL blend solution at 50◦C
and 500 rpm with the aid of mechanical stirring for 30min.
Finally, the prepared mixture solution was further homogenized
via a magnetic stirrer at 50◦C and 350 rpm for 30min. The
sonication process continued for extra 30min in the same
conditions to remove any entrapped air bubbles. Neat PVA, PVA
blends, and PVA/ST/GL/HNT nanocomposite films were stored
in a desiccator to dry all materials for at least 1 week prior to the
following experimental characterization.

CHARACTERIZATION METHODS

Water Absorption Capacity (Wa)
Water absorption capacity (or water uptake) tests were carried
out according to ASTM standard D570-98 with the customized
modification in term of sample size and water amount. Square
samples of all materials in size of 2 × 2 cm2 were pre-dried
in a vacuum oven at 50◦C for 24 h, and then cooled to room
temperature in a desiccator prior to weighing them as initial dry
weight (Wo). These samples were immersed in 100ml distilled
water at room temperature until they reached an equilibrium
condition after 24 h. Further they were removed from water and
their surfaces were gently dried with paper tissues. Afterwards,
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such samples were weighed again to measure their wet weight
after the immersion (Wt). Three samples for each batch have been
tested along with reported average data and associated standard
deviations. Water absorption capacity (Wa) could be calculated
according to the following equation:

Wa (%) =
Wt − Wo

Wo
× 100% (1)

Water Solubility (Ws)
All swollen samples from water absorption tests were used to
calculate the water solubility of materials according to ASTM
standard D570-98. Samples were dried again in a vacuum oven at
60◦C for 24 h, then they were cooled down to room temperature
in a desiccator for about 30min. The samples were weighed to
acquire the dry weight after immersion (Wd). The water solubility
(Ws) was then determined by using the formula below:

Ws (%) =
Wo −Wd

Wo
× 100% (2)

Water Contact Angle
Water contact angles of neat PVA, PVA blends and
PVA/ST/GL/HNT nanocomposite films were determined
by using a Tensiometer KSV-CAM 101 (KSV Instruments Ltd.,
Finland). The surface hydrophilicity of films was evaluated
by dropping 2 µL deionised water on their flat surfaces using
a Sessile Drop Half-AngleTM Tangent line method (Sadegh-
Hassani and Nafchi, 2014; Alipoormazandarani et al., 2015). At
least five droplets at random places of different samples for each
material batch were reported for test reliability.

Uv-Vis Spectra
The light transmittance of all materials was measured in a range
of 200–800 nm on an ultraviolet-visible (UV-vis) spectrometer
(Jasco-V670) with a blank glass plate being used as a reference.
Light transmittance (T%) of film samples, three samples per
material batch, was determined with a scan rate of 200 nm/min.

Migration Tests
The migration rates of nanocomposite films were investigated
according to (European Union Commission Regulation (EU)
No. 10, 2011). In this study, three different food simulants,
namely 10% (v/v) ethanol solution (simulant A), 50% (v/v)
ethanol solution (simulant D1), and 3% (w/v) acetic solution
(simulant B) were employed to mimic hydrophilic, lipophilic and
acidic foodstuff conditions, respectively. Approximately 1 dm2

PVA/ST/GL blend films and their corresponding nanocomposite
films with different HNT contents were immersed in individual
glass bottles filled with 100ml food simulant solutions, as
recommended by The European Standard EN. (2002). Glass
bottles were tightened and then kept in the oven at 40◦C for 10
days. Six samples were selected for each food simulant, in which
initial three samples were used to calculate overall migration
rates and the other three samples were particularly employed
for migration rates of nanofillers. After 10 days, the bottles
were removed from the oven, and then cooled down to room
temperature before opening to reduce the evaporation of food

simulants. All samples were removed from food simulants gently.
The food simulants of initial three samples were evaporated,
and the residues were dried overnight at 105◦C, which were
then weighed after cooling down to room temperature with an
analytical balance (±0.0001 g precision) to calculate the overall
migration rates in mg/kg. Associated results were well compared
with overall migration limit (OML) of 60 mg/kg (European
Union Commission Regulation (EU) No 10/2011).

Inductivity coupled plasma-optical emission spectroscopy
(ICP-OES) (PerkinElmer-Optima 8300) was implemented to
evaluate the migration rates of Al+ and Si+ as a clear indication
for the HNT migration from nanocomposite films. As a result,
the residues for the other three samples were digested after
being dried by using 15ml HNO3 (solution concentration: 3%)
at 95◦C for 2.5 h. The digestion process was used to convert
the residues of elements to an ionic state, and meanwhile to
diminish the effect of matrices and reduce the contamination
of equipment with dust. The operation parameters of ICP-
OES were listed in Table 1. For ICP-OES calibration, two blank
solutions (i.e., distilled water and 3% nitric acid) and three
standard solutions were used. Each standard solution contained
an equal concentration of both Al+ and Si+. They were prepared
by a serial dilution of stock standard solutions with the same
concentration of 1,000 mg/L for both Al+ and Si+, which were
further diluted to 1, 5, and 10 mg/L for Al+ and Si+.

Soil Burial Degradation
The biodegradability of neat PVA, PVA blends, and
PVA/ST/GL/HNT nanocomposites with different HNT contents
was evaluated by a soil burial method according to the studies
carried out by Thakore et al. (2001). Plastic containers with the
2 L capacity were filled with sieved agricultural soil obtained
from local plant nursery. The square samples (3 × 3 cm2) were
weighed first to record their initial weight (Wo), and then were
buried at the under-surface depth of 5 cm. Such degradation
tests were conducted at room temperature with 40–50% relative
humidity (RH). In order to keep the identical conditions, the
humidity level was controlled with a humidity meter and plastic
containers were sprinkled with water to maintain the humidity at
a constant level throughout the tests. The total testing period was
monitored for 6 months (i.e., 24 weeks), in which these samples
were removed from soil on a weekly basis in the initial 3 months,
and then extended to every 3 weeks for the rest of months.
Distilled water was utilized to wash samples and remove any soil
from their surfaces. After these samples were dried in a vacuum

TABLE 1 | ICP-OES operating parameters for nanofiller migration tests.

Parameter Value

Plasma viewing mode Radial and Axial

Plasma gas flow rate 15 L/min

Auxiliary gas flow rate 0.50 L/min

Nebuliser gas flow rate 0.60 L/min

Pump flow rate 1.50 mL/min

Radiofrequency 1,400 Watts
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oven at 70◦C for 24 h, they were weighed to record a dried weight
(Wd). As a result, biodegradation rate was calculated from the
weight difference based on the given equation below:

Biodegredation rate (%) =

Wo −Wd

Wo
× 100% (3)

Three samples for each batch were used for test reproducibility.

Scanning Electron Microscopy (SEM)
The surface morphology of neat PVA, PVA blends and
PVA/ST/GL/HNT nanocomposite films were examined before,
during, and after soil burial degradation tests by using a NEON-
40EsB field emission scanning electron microscope (FE-SEM)
at an accelerating voltage of 2 kV. All samples were fixed on
aluminum stubs and coated with platinum layer (layer thickness:
3 nm) to improve the contrast of material constituents.

RESULTS AND DISCUSSION

Water Absorption Capacity
Since most biopolymers have the high sensitivity to water, the
study of Wa parameter is essential particularly in relation to
food packaging applications (Sadegh-Hassani and Nafchi, 2014;
Aloui et al., 2016). The addition of 30 wt% GL tended to
moderately decrease the Wa from 127.61% for PVA alone to
114.58% for PVA/GL blends, which could be associated with
the strong interaction between PVA and GL resulting in the
consumption of free hydroxyl groups of PVA in good agreement
with Follain et al. (2005). On the other hand, as illustrated in
Figure 1, one could see that PVA/ST blends had the highest Wa,
which was ascribed to partial constituent miscibility with many
free sites being occupied by water molecules. As expected, high
hydrophilicity of starch with good water absorption inevitably
yielded the increase in Wa for PVA/ST blends (Ali, 2016), which
was believed to be associated with typical hygroscopic nature of
starch (Azahari et al., 2011; Ismail and Zaaba, 2011; Salleh et al.,
2017). It was implied that the equilibrium with the environment
could be reached by water gain and loss. Nonetheless, the GL
plasticization effect in PVA/ST/GL blends gave rise tomuch lower
Wa, whichmay benefit from its improvement of phase miscibility
and constituent interactions, as evidenced by Zou et al. (2008)
to conclude that the presence of GL improved the compatibility
between PVA and ST and reduced theWa.

The incorporation of HNTs in PVA/ST/GL/HNT
nanocomposites further reduced the Wa when compared
with that of PVA/ST/GL blends, which could be explained
by a typical reduction for water diffusion in the presence of
HNTs within their morphological structures (Sadegh-Hassani
and Nafchi, 2014). A drastic decrease in Wa from 128.23
to 74.23% was attributed to the fact that embedded HNTs
generated tortuous paths to hinder the water diffusion when
the HNT content was increased from 0 to 1 wt%. Similar effect
of HNTs was reported on chitosan/HNT nanocomposites and
chitosan/clove essential oil (CEO)/HNT nanocomposites by Lee
et al. (2018). Their results showed that the Wa of chitosan/HNT
nanocomposites and chitosan/CEO/HNT nanocomposites was
reduced by 42.17 and 43.31%, respectively, at the HNT content

FIGURE 1 | Water absorption capacity (Wa) and water solubility (Ws) of neat

PVA, PVA blends, and PVA/ST/GL/HNT nanocomposites at

different HNT contents.

of 30 wt% as opposed to those of corresponding matrices due to
the incorporation of nanofillers to affect the water absorption
of matrices. Moreover, Abbasi (2012) stated that the Wa of
plasticized PVA/ST blend films significantly diminished by
50% with increasing the nano-SiO2 content from 1 to 5 wt%
owing to highly active physical interaction between nanofillers
and blend matrices to lower the number of hydroxyl groups in
nanocomposite films. However, as illustrated in Figure 1, theWa

appeared to show a minor reduction up to 3.69% beyond 1 wt%
HNTs. This phenomenon arose from the HNT agglomeration
mentioned in our previous work (Abdullah and Dong, 2017).
The above-mentioned findings obtained in this study were also
consistent with relevant results in plasticized PVA/ST/MMT
nanocomposite films (Taghizdeh et al., 2012; Tian et al.,
2017) as well as plasticized PVA/ST/nano-SiO2 nanocomposite
films (Tang et al., 2008). Overall, the reduction of Wa in
nanocomposite films could be determined based upon nanofiller
content and nanofiller dispersion within polymer matrices.

Water Solubility
The Ws values of neat PVA, PVA blends and PVA/ST/GL/HNT
nanocomposites were also demonstrated in Figure 1. In general,
when material films have high Wa, they tend to easily dissolve
in water as well because water molecules are absorbed onto
hydroxyl groups particularly with hydrogen bonding to make
the films easier to dissolve (Azahari et al., 2011). As such, Wa

and Ws of all film materials possessed a very similar overall
trend despite different magnitudes of parameters, as observed
in Figure 1. The high values of Ws were accepted because all
the constituents had hydrophilic nature including PVA, ST, and
GL, which was consistent with other studies (Cano et al., 2015a;
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Zanela et al., 2015). The Wsof neat PVA was decreased by 8.21%
when blended with GL to decrease the number of free hydroxyl
groups interacting with water molecules. PVA/ST blends yielded
the highest Ws among all film materials resulting from the high
water affinity of constituents according to the studies carried out
by Negim et al. (2014). On the other hand, theWsof PVA/ST/GL
blends was found to be reduced by 14.89% due to the presence
of GL as a plasticizer to increase the miscibility between PVA
and ST with better interfacial bonding (Zanela et al., 2015;
Cano et al., 2015a).

The incorporation of HNTs to PVA/ST/GL blend films
appeared to reduce theWs in a monotonically decreasingmanner
from 40.45 to 21.10% with increasing the HNT content from 0
to 5 wt% accordingly. This finding may be associated with the
hydrophobic nature of HNTs resulting from a low number of
hydroxyl groups on HNT surfaces (Liu et al., 2014). Moreover,
SiO2 groups in HNTs had the ability to form strong hydrogen
bonds by consuming free hydroxyl groups of polymer matrices
and reduce the number of interaction sites with water molecules
(Sadegh-Hassani and Nafchi, 2014). TheWs reduction was more
pronounced when the HNT content was in range of 0.25–1
wt% as shown in Figure 1, because of good HNT dispersion
within blend matrices in nanocomposite films. Whereas, such
a decrease tendency became insignificant in range from 22.64
to 21.10% when increasing the HNT content from 1 to 5 wt%
owing to the same HNT agglomeration issue mentioned in
previous Wa results. Our finding was in good accordance with
those in plasticized PVA/ST/nano-SiO2 nanocomposites (Tang
et al., 2008) and plasticized PVA/ST/CaCO3 nanocomposites
(Kisku et al., 2014).

Water Contact Angle
Water contact angle of neat PVA, PVA blends, and
PVA/ST/GL/HNT nanocomposites were measured in order
to evaluate the hydrophilic nature of all material surfaces. It
is well-known that low water contact angles <90◦ is referred
to as the high material wettability whilst high contact angles
>90◦ correspond to low wettability instead (Yuan and Lee,
2013). In other words, low water contact angles could signify
higher hydrophilic nature of material surfaces and vice versa
(Sadegh-Hassani and Nafchi, 2014, Alipoormazandarani et al.,
2015). Apparently, neat PVA, which is considered as a popular
water-soluble polymer, had a very low water contact angle of
28.35◦ in good agreement with the previous result (Lim et al.,
2015). The addition of GL to PVA only slightly increased the
water contact angle for PVA/GL blend films by 0.33◦C, which
could be interpreted by their insignificant reductions in Wa and
Ws. Moreover, with the incorporation of ST, the hydrophilic level
of PVA/ST blend films was further improved, as evidenced by
a decrease in water contact angle by 9.70◦ compared with that
of neat PVA counterpart, as illustrated in Figure 2. Moreover,
an angle reduction of 2.78◦C was reported for PVA/ST/GL
blend films as opposed to that of neat PVA counterpart. The
remarkable hydrophilic improvement for PVA blends, when
compared with that of neat PVA, could be associated with more
hydroxyl groups existing in PVA blends with the addition of ST.

FIGURE 2 | Water contact angles of neat PVA, PVA blends, and

PVA/ST/GL/HNT nanocomposite films at different HNT contents.

Such a finding further coincided with the increases in Wa and
Ws of PVA blend films as compared to those of neat PVA.

On the other hand, a significant increase in water contact
angles of nanocomposite films was pronounced from 25.57 to
46.93◦C with increasing the HNT content from 0 to 5 wt%. This
was attributed to relatively hydrophobic nature of HNTs with a
low number of hydroxyl groups leading to a decrease in water
absorption capacity so that nanocomposite surfaces tended to
be less hydrophilic (Liu et al., 2014, Sadegh-Hassani and Nafchi,
2014, Alipoormazandarani et al., 2015). Moreover, well-dispersed
HNTs within blendmatrices could use some free hydroxyl groups
to build hydrogen bonding between them. It is well-known that
the presence of nanofillers can lead to increasing the surface
roughness of polymer matrices in nanocomposites (Grunlan
et al., 2003).Therefore, the surface roughness of nanocomposite
films was enhanced in the presence of HNTs resulting in the
further increase in water contact angle based on Wenzel’s
theory (Wenzel, 1949). According to this theory, the surface
hydrophobicity would be improved with increasing the surface
roughness as follows (Kubiak et al., 2011):

cos θm = r cosθ (4)

Where θm and θ are the measured and ideal contact angles,
respectively, which can be calculated from perfect smooth surface
like mirror, and r is the roughness ratio where r = 1 for
smooth surfaces and r>1 for rough surfaces (Kubiak et al., 2011).
Similarly, Biddecia et al. (2016) found the water contact angle of
pectin/modifiedHNTnanocomposite film surfaces was increased
by 6◦C as compared with that of neat pectin matrices due to
increasing the surface roughness of nanocomposite films with the
addition of HNTs.
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PVA/ST/GL/HNT nanocomposite films were still within the
hydrophilic-material range though their water contact angle was
increased up to 21.57◦C compared with that of PVA/ST/GL
blends. The increased water contact angles for nanocomposite
films were correlated well with corresponding reductions in their
Wa andWs, with increasing the HNT contents.

UV-Vis Spectra
One of important features in food packaging for consideration
is the film transparency in terms of light transmittance (T%).
Typical light transmittance curves for neat PVA, PVA blends and
PVA/ST/GL/HNT nanocomposites as well as respective digital

images of Curtin University logo observed through each of film
batches were displayed in Figures 3A,B, respectively.

Neat PVA in possession of high crystallinity led to relatively
high T% in range of 99–100.0%, which was close to previously
determined results elsewhere (Gupta et al., 2013). Depending on

the phase miscibility, PVA/ST/GL had a slightly reduced T% of

95.76–98.72%, which was believed to be induced by the incident
light loss from the light transmission, scattering, absorption,
reflection and refraction when striking an interface while such a
loss was increased especially at interfacial areas (Cai et al., 2016).
Regardless of different wavelengths used, nanocomposite films
yielded a significant decrease in T% when the HNT content was
increased from 0 to 5 wt%, which was mostly pronounced at

FIGURE 3 | (A) UV-vis spectra curves, and (B) digital images for the film transparency of neat PVA, PVA blends, and PVA/ST/GL/HNT nanocomposites at different

HNT contents.
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the higher content level of 5 wt%. Apparently, nanocomposite
films with higher HNT contents inevitably led to higher surface
roughness due to the inclusion of highly agglomerated nanofillers
resulting in increased light scattering sites (Grunlan et al.,
2003), as also confirmed by other studies in plasticized PVA/ST
nanocomposite films (Tang et al., 2008, Akhavan et al., 2017).
On the other hand, Lee et al. (2018) considered this reduction
of T% as an advantage for food packaging applications since
the UV-barrier properties of chitosan/CEO/HNT nanocomposite
films could be improved leading to better protection of foodstuffs
against nutrient loss, decolonization and lipid oxidation.

Overall Migration Rate
The overall migration rates in three different food simulants,
namely 10% ethanol (simulant A), 50% ethanol (simulant D1),
and 3% acetic acid (simulant B) were presented in Figure 4,
which represented typical hydrophilic, lipophilic and acidic
foodstuffs. It was evident that overall migration rates seemed to
be much higher in PVA/ST/GL blends especially when contacting
with simulant A as opposed to those of nanocomposite films,
which stemmed from water soluble characteristic of PVA, ST
and GL constituents in their blends (Mauricio-Iglesias et al.,
2010). The overall migration rate of PVA/ST/GL blend and
their nanocomposite films exceeded the OML of 60 mg/kg
in food simulant A except those nanocomposites at HNT
contents of 1 and 3 wt%, which could be applicable to safe
food packaging. The hydrophilic nature of PVA/ST/GL blends
and their nanocomposite films could improve their solubility
in any hydrophilic solution like food simulant A. It was easily
understood that with the addition of HNTs as hydrophobic
nanofillers, the solubility of PVA/ST/GL blend matrices could

FIGURE 4 | Overall migration rates of PVA/ST/GL blends and

PVA/ST/GL/HNT nanocomposites in three different food simulants.

diminish as earlier mentioned. On the other hand, strong
interfacial bonding between HNTs and blend matrices was
another plausible reason to reduce the mass transfer while in
contact with food simulants. Therefore, it was clearly indicated
that optimal HNT contents of 1 and 3 wt% had significant
impact on the remarkable reductions of overall migration rates
by 47.41 and 45.85% in food simulant A, respectively, as opposed
to that of PVA/ST/GL blends. Notwithstanding that the overall
migration rate of nanocomposite films with the inclusion of 5
wt% HNTs was increased again by 30.97% possibly due to the
HNT agglomeration, it was still lower than those of PVA/ST/GL
blends and nanocomposites at the HNT contents of 0.25 and
0.50 wt%. Such a finding was further proven by Cano et al.
(2015b), when dealing with PVA/ST/CNC nanocomposite films.
With respect to simulant D1, overall migration rates of both
PVA/ST/GL blends and nanocomposites were unanimously well
below the OML of 60 mg/kg. The overall migration rates of
nanocomposites were decreased at HNT contents of 0.25–3
wt% relative to that of PVA/ST/GL matrices and the maximum
reduction by 19.93% was recorded at the lowest HNT content
of 0.25 wt%. Finally, the lowest overall migration rates were
recorded in food simulant B to mimic acidic foodstuffs at the
pH level below 4.50. There was a clear modestly increasing trend
for overall migration rates of nanocomposites from 1.29 to 9.13
mg/kg when increasing the HNT content from 0 to 5 wt%.
The overall migration rates of PVA/ST/GL/HNT nanocomposites
were highly influenced by the selection of food simulants
in which they possessed a higher sensitivity to hydrophilic
foodstuffs, followed by lipophilic foodstuffs and then acidic
foodstuffs with the least impact. In view of safe food packaging,
all polymer blend and nanocomposite films were satisfied with
the OML criterion to be used for lipophilic and acidic foodstuff
packaging while only nanocomposite films at the HNT contents
of 1–3 wt% were suitable for hydrophilic foodstuffs.

Migration of HNTs
The HNT migration was evaluated by detecting the presence
of Al+ and Si+ in migrated materials. There were no traces of
Al+ and Si+ detected in migrated materials from PVA/ST/GL
blend films. In other words, the overall migration rate of such
polymer blend films clearly reflected the quantities of migrated
polymeric molecules to different food simulants. On the other
hand, different quantities of Al+ and Si+ were found in all
migrated materials based on nanocomposite films, as shown
in Figures 5A,B, respectively. The migration rates of both Al+

and Si+ were in good agreement with the overall migration
rates in different food simulants. That means higher quantities
of Al+ and Si+ were detected in food simulant A, which
was followed by food simulant D1 along with their lowest
quantities in food simulant B. Such a finding could be due to
the hydrophilic nature of food simulant A, which worked as
solvent-like water on nanocomposite films resulting in increasing
the chain mobility of polymeric molecules and improving the
release of nanofillers from nanocomposite films. Lee et al.
(2018) discussed similar results based on the migration of CEO
in chitosan/CEO films and chitosan/CEO/HNT nanocomposite
films by migrating simulant molecules from external surfaces

Frontiers in Materials | www.frontiersin.org 8 April 2019 | Volume 6 | Article 58267

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


Abdullah and Dong PVA/ST/GL/HNT Nanocomposite Films

FIGURE 5 | Migration rates of (A) Al+ and (B) Si+ obtained from PVA/ST/GL

blends and PVA/ST/GL/HNT nanocomposites in three different food simulants.

of the films to internal film structures, which resulted in
weak and lost bonding networks between film constituents. As
such, active agents trapped by continuous polymer matrices
could be easily released, particularly when polymeric molecules
were soluble in simulants. The amounts of migrated Al+

and Si+ in food simulant A were increased by 766.67 and
424.82% with increasing the HNT content from 0.25 to 5
wt%, respectively, which was followed by 381.82 and 202.87%
in simulant D1 as well as 162.79 and 290.38% in simulant
B accordingly. Once again, food simulant B had the weakest
interaction with nanocomposite films especially for migrated Al+

related to the inert nature of Al element to acidic foodstuffs,
and this finding was consistent with the overall migration

rate results mentioned earlier. Such phenomenal results may
be interpreted by two different mechanisms of diffusion for
the penetration of food simulants in nanocomposite films,
and embedding to represent intermolecular forces between
penetrated molecules and film materials according to the
dual sorption theory (Huang et al., 2011; Farhoodi et al.,
2014). Since the diffusion process could be much faster than
embedding counterpart, the diffusion of hydrophilic molecules
in PVA/ST/GL/HNT nanocomposite films further enlarged
interconnecting spaces between polymeric chains to better
facilitate the HNT release from nanocomposite films. As
such, fast diffusion in film materials played a leading role in
controlling migration rates, which tended to be much higher
in hydrophilic foodstuffs as opposed to those in lipophilic and
acidic counterparts.

According to European Union Commission Regulation (EU)
No. 10 (2011), there was no specific migration limits for Al+

and Si+ that could be followed for comparison. However,
HNTs were classified as a natural, biocompatible, non-toxic
and EPA 4A listed material (Kamble et al., 2012; Kryuchkova
et al., 2016; Lvov et al., 2016). Consequently, HNTs were widely
used for medical applications such as drug delivery particularly
for non-injectable drug formula, bone cement, dentist resin,
tissue scaffolds, cosmetics, and antiseptic treatment of hospitals
(Kamble et al., 2012; Lvov et al., 2016; Fizir et al., 2018).
Numerous studies were carried out on the toxicity of HNTs by the
in-vitro and in-vivo experiments. Their results showed that HNTs
did not possess the toxicity up to a concentration of 75µg/mL
and about 90% of tested cells were still viable (Vergaro et al.,
2010; Fizir et al., 2018; Santos et al., 2018). Whereas, other studies
further extended such a concentration to 100µg/mL (Lvov et al.,
2016), and 200µg/mL (Guo et al., 2012). As such, the migrated
amounts of HNTs from PVA/ST/GL/HNT nanocomposite films
were well within the safe limits (based on the part per million
(ppm) as a scale for comparison) without any toxic effect on the
nanoparticle intake by human bodies. Overall, no great difference
was shown between the quantities of Al+ and Si+ migrated in
each food simulant as a result of similar element contents of
Al (20.90%) and Si (21.76%) detected in the HNT composition
(Abdullah et al., 2017). It was expected that increasing the HNT
content from 0.25 to 5 wt% inevitably enhanced the quantities
of Al+ and Si+ despite various increasing levels depending on
the use of three different food simulants. The consistently highest
quantities of migrated Al+ and Si+ with the inclusion of 5
wt% HNTs in nanocomposite films might also be described by
the detrimental effect of nanofiller agglomeration at high HNT
content levels to induce their poor interfacial bonding with
blend matrices (Abdullah and Dong, 2017) when compared with
well-dispersed HNTs at the low contents, as shown in Figure 6.
Consequently, the release of highly agglomerated HNTs to food
simulants appeared to be much easier than those well-dispersed
HNTs embedded in matrices in nanocomposite films.

Soil Burial Degradation
The biodegradability of most biopolymers was highly related
to the Wa and Ws since their degradation was initiated with
the water absorption on their surfaces, and then followed
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FIGURE 6 | Schematic diagram of released HNTs from PVA/ST/GL/HNT nanocomposite films in a typical food simulant based on (A) well-dispersed HNTs at low

nanofiller contents and (B) agglomerated HNTs at high nanofiller contents.

by the growth of microorganism like bacteria and fungi. On
the other hand, high material solubility also accelerated the
biodegradability, which was particularly the case in soil (Guohua
et al., 2006; Zanela et al., 2015). The digital images of films
before and after 24-week biodegradation tests clearly indicated
that PVA/ST, PVA/ST/GL blends and PVA/ST/GL/HNT
nanocomposite films diminished in size and intended to become
more fragile and wrinkling films, as depicted in Figure 7A.
Neat PVA and PVA/GL blend films possessed relatively good
transparency after biodegradation tests. Whereas, PVA/ST,
PVA/ST/GL blends and PVA/ST/GL/HNT nanocomposite films
tended to undergo a great color change and become more
yellowish after biodegradation tests. This phenomenon could
be associated with the presence of potato-based soluble ST
prone to the strong attack by microorganism when compared
with the former PVA and PVA/GL blends (Hejri et al.,
2013).

Biodegradation rates of neat PVA, PVA blends and
PVA/ST/GL/HNT nanocomposites were evaluated as a function
of time over 24-week periods, as shown in Figure 7B, which
could be clearly divided into an “active-state period” in the
initial 3 weeks where most materials degraded in very rapid
pace as well as “steady-state period” for the rest of time at
a relatively slow rate until the end of tests, as confirmed by
other studies (Guohua et al., 2006; Hejri et al., 2013; Singha
and Kapoor, 2014). Azahari et al. (2011) stated that such a
phenomenon could take place in soil and compost degradation
due to the composting process including active composting and
curing stages. In the active stage, a strong microbial activity
happened due to rising temperatures resulting from oxygen
availability. In comparison, as the temperature decreased in
the curing stage, the degradation process continued with
a relatively slow rate. Neat PVA films possessed the lowest
biodegradation rate of 5.87% among all materials after 24 weeks
in this study, which suggested that PVA had high resistance to
biodegradation in soil, and this slight weight loss was associated
with its typical characteristic of hydrolysability (Imam et al.,
2005; Guohua et al., 2006; Kopcilova et al., 2013). Normally,
carbon backbone polymers like PVA are not susceptive to

biodegradation (Kale et al., 2007). However, polymeric chains
of PVA were cleaved, decreased in molecular weight and
finally consumed by microorganisms due to the enzymatic
oxidation of hydroxyl and carbonyl groups, which was then
followed by the hydrolysis of these groups (Kale et al., 2007).
Nonetheless, blending GL with PVA in film materials was found
to increase their biodegradation rate up to 23.33% because it
increased the chain mobility of PVA molecules with the further
improvement of water diffusion through their morphological
structures. Moreover, the addition of ST, when considered as a
fully biodegradable polymer (Guohua et al., 2006; Azahari et al.,
2011), inevitably further increased the biodegradation rate up
to 39.54%, which was attributed to easier microorganism attack
to ST material structures than those of neat PVA (Hejri et al.,
2013, Kale et al., 2007). It was well reported that increasing
the ST content could improve the biodegradation rate of
PVA/ST blends in a linear manner (Jayasekara et al., 2003;
Azahari et al., 2011; Tanase et al., 2015). With respect to the
biodegradability of nanocomposite films, it was manifested
that their biodegradation rate dropped linearly from 56.94 to
41.28% with increasing the HNT content from 0 to 1 wt%,
which directly benefited from the formation of hydrogen bonds
between well-dispersed HNTs and blend matrices so that water
diffusion, mass transfer and infiltration speed of microorganisms
were restricted (Tang et al., 2008). At the HNT contents of 3
and 5 wt%, the biodegradation rates were modestly increased
to 45 and 45.80%, respectively, due to the agglomeration
of HNTs, which were still more significant when compared
with that of neat PVA, in good agreement with other results
(Imam et al., 2005; Tang et al., 2008; Heidarian et al., 2017).

SEM Analysis
Neat PVA, PVA blends and PVA/ST/GL/HNT nanocomposites
were also examined via SEM analysis to understand structural
damage due to soil burial degradation over different time
periods, namely at initial week (0W), during the active-state
periods after 1 week (1W) and 3 weeks (3W) as well as at
the end of the degradation tests (i.e., after 24W), as shown in
Figures 8, 9. Only morphological structures of nanocomposite
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FIGURE 7 | (A) Digital images before and after biodegradation tests, and (B) biodegradation rates of neat PVA, PVA blend and PVA/ST/GL/HNT nanocomposite films.

films reinforced with 0.25 and 5 wt% were demonstrated as
two typical cases for low and high HNT contents. As seen in
Figure 8, neat PVA and PVA/GL blend films revealed similar
smooth surface morphology as reported elsewhere (Cano et al.,
2015b,c), which was completely different from a multitude
of globular structures with much higher surface roughness

for PVA/ST blends. The latter observation was related to the
incompatibility between PVA and ST as two separate constituents
in blend films with the absence of plasticizers such as GL,
which was in good agreement with Cano et al. (2015c).
Such partial phase miscibility effect in PVA/ST blends in this
study was believed to cause their higher Wa and Ws. It was
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also interesting to note that smooth surface morphology took
place in PVA/ST/GL blend films instead mainly because better
compatibility between PVA and ST could be obtained in the
presence of GL with their resulting slight reductions of Wa

and Ws when compared with those of PVA/ST blend films.
The addition of HNTs also increased the surface roughness of
nanocomposite films particularly with the inclusion of 5 wt%
HNTs in comparison with that of PVA/ST/GL blend films, as
depicted in Figure 9.

In particular, neat PVA films did not show clear surface
changes during the testing periods, as confirmed with the
film appearance in Figure 8. “Branched traces” could be found
slightly on the surfaces of PVA/GL blend films, but more
clearly observed on the surfaces of PVA/ST blend films and
PVA/ST/GL blend films, which are known as “fungal hyphae.”
According to Qiu and Netravali (2015) these fungal hyphae
could be commonly generated during the biodegradation process
at a suitable temperature level. The number and extension
of these fungal hyphae increased with time by crossing each
other to form grooves, as indicated elsewhere (Sang et al.,
2002). The presence of fungal hyphae could be associated
with high degradation rates during the first weeks of active-
state periods. Nanocomposite films had rough surfaces after
1 week, but the HNTs prevented the formation of these
fungal hyphae because the presence of nanofillers reduced the
infiltration speed of microorganisms in good accordance with
Tang et al. (2008).

Neat PVA films possessed much rougher surfaces after 3
weeks while PVA/GL blend films demonstrated considerable
changes such as the formation of pores with average pore
diameters in range of 0.12–1.64µm. The presence of GL assisted
in the chain-mobility improvement of polymeric molecules
(Talja et al., 2007; Ismail and Zaaba, 2011), further increased
the infiltration speed of microorganisms within blend films,
and in turn enhanced the biodegradation rate when compared
with that of neat PVA counterparts. The degradation process
induced by fungal hyphae was much faster in PVA/ST blend
films and PVA/ST/GL blend films than that in neat PVA
films along with the existence of many small open pores
in some surface areas (Negim et al., 2014). Nanocomposite
films revealed a relatively small number of pores as compared
with PVA/ST/GL blend films despite their bigger average pore
diameters in range of 0.21–3.05µm. After 24 weeks, fine porous
structures were manifested for the surface morphology of neat
PVA films with average pore diameters in range of 0.06–
0.72µm, which were more or less uniformly distributed around
PVA film surfaces with low degradation rates. Nonetheless,
surface morphological structures of PVA/ST and PVA/ST/GL
blends as well as PVA/ST/GL/HNT nanocomposites were
observed to deteriorate progressively from film external surfaces
to their internal layers. Finally, the presence of ST had
remarkable effect on morphological structures of PVA/ST,
PVA/ST/GL, and nanocomposite films as opposed to those of
neat PVA films.

CONCLUSIONS

Biopolymers were widely used to reduce plastic wastes for
environmental sustainability. PVA has been considered as one
of attractive synthetic biopolymers over a few decades. PVA was
blended with ST and GL to improve its biodegradability and
compatibility whilst reducematerial cost. PVA/ST/GL blend films
had poor water resistance because all the components belonged
to hydrophilic materials.

The incorporation of HNTs improved the water resistance
of PVA/ST/GL/HNT nanocomposite films by reducing the Wa

and Ws by 44.24 and 48.05%, respectively, with increasing
HNT contents from 0 to 5 wt%. The relatively hydrophobic
nature of HNTs in addition to the generation of hydrogen
bonds between polymeric matrices and nanofillers could restrict
the diffusion of water molecules through polymer matrices.
These findings were evidenced by decreasing the hydrophilic
nature of nanocomposite films with the incorporation of HNTs,
which was reflected by increasing the water contact angle of
nanocomposite films by 21.36◦C when compared with that of
PVA/ST/GL blend films. Small HNT contents between 0.25
and 1 wt% had higher influence on the improvement of water
resistance due to good HNT dispersion compared with typical
HNT agglomeration at high nanofiller content levels beyond
1 wt%, thus resulting in the reduction of tortuous effect for
water diffusivity. The use of PVA/ST/GL/HNT nanocomposite
films still demonstrated the good transparency at an acceptable
level despite its reduction from 96.23 to 70.48% when the HNT
content was increased from 0 to 5 wt% at the wavelength of
550 nm. The similar trend was also observed with respect to
the biodegradation rate of such nanocomposite films decreasing
from 56.94 to 41.28% with increasing the HNT contents from
0 to 1 wt% where HNTs were well-dispersed. This result is in
contrast with a further increase up to 45.80% with the inclusion
of 5 wt% highly agglomerated HNTs despite being still higher
than that of PVA/ST blend films. HNTs had significant effect on
decreasing the overall migration rates of nanocomposite films
in 10% ethanol food simulant as opposed to PVA/ST/GL blend
films. Furthermore, the overall migration rates of nanocomposite
films in 50% ethanol and 3% acidic food simulants were lower
than the OML to meet stringent food safety requirements
along with very low risk of nanoparticle migration of HNTs.
Consequently, PVA/ST/GL/HNT nanocomposite films could be
potentially used as versatile thin-film materials with high water
resistance, good biodegradability, acceptable transparency and
overall migration rates to target sustainable food packaging
particularly for lipophilic and acidic foodstuffs.
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Biodegradable thermoplastic starch (TPS) composites with isometric titanium

dioxide nanoparticles (TiO2; diameter ∼100 nm) and elongated titanate nanotubes

(TiNT; diameter ∼20 nm and aspect ratio >50) were prepared from wheat and tapioca

starch. The preparation was based on our recently developed two-step procedure

consisting of the solution casting (SC) followed by the melt mixing (MM), which had

been shown to yield highly homogeneous TPS in our previous study. In this work

we demonstrated that the type of the TPS matrix and the type of the filler had

significant impact on the morphology and the properties of the final composites. Multiple

microscopic techniques (LM, SEM, and TEM) evidenced that the TPS/TiO2 composites

exhibited a very homogeneous dispersion of the filler, while the TPS/TiNT composites

contained micrometer-size agglomerates of TiNT. Moreover, all composites with the

wheat starchmatrix [TPS(w)] showed a higher filler agglomeration than the corresponding

composites with the tapioca starch matrix [TPS(t)]. Rheological experiments showed

that the TiO2 and TiNT fillers had quite small impact on the viscosity of the TPS(w)

matrix, probably due to slightly higher agglomeration, poorer dispersion, and weaker

matrix-particle interactions. On the other hand, the TPS(t) matrix was influenced by both

fillers significantly: the TiO2 nanoparticles with almost ideal dispersion formed a physical

network in the TPS(t) matrix, which significantly increased the viscosity of the composite,

whereas the TiNT nanotubes seemed to destruct the TPS(t) matrix partially, resulting

in decreased viscosity of the composite. DMTA results confirmed the rheological

measurements: Storage moduli (G’) showed that TPS(t) and its composites with TiO2

were stiffer than the corresponding TPS(w) samples, while the TPS(t)/TiNT composites

were less stiff than TPS(w)/TiNT. Also loss moduli (G“) confirmed the difference between

tapioca starch and wheat starch composites, which differed by their glass transition

temperatures [Tg of TPS(w) < Tg of TPS(t)]. The rheological and DMTA results were

supplemented and supported by IR, XRD, and TGA measurements.

Keywords: wheat thermoplastic starch, tapioca thermoplastic starch, TiO2, TiNT, morphology, thermomechanical

properties, rheological properties
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INTRODUCTION

Starch is one of the cheapest and the most abundant natural
polymers. On this account, starch-based materials are employed
in many applications, for example, in household, agriculture,
textile, pharmacy, or medicine (Bertolini, 2010; Sarka et al.,
2011, 2012; Saiah et al., 2012; Xie et al., 2013; Ghavimi et al.,
2015; Campos-Requena et al., 2017; Javanbakht and Namazi,
2017; Kuswandi, 2017; Liu et al., 2017a,b). However, the
biggest drawback of native granular starch is processing. The
semicrystalline granular starch itself decomposes before melting
when processed in classic devices (Biliaderis, 2009). In most
applications, the semicrystalline granular starch is transformed
into an almost amorphous thermoplastic starch (TPS) matrix
by addition of low molecular weight compounds such as water,
glycerol, citric acid etc. (Biliaderis, 2009; Bertolini, 2010; Visakh
et al., 2012). The starch plasticization is influenced by many
factors, mostly: the starch source (wheat, tapioca, corn etc.; Ao
and Jane, 2007; Biliaderis, 2009; Bertolini, 2010; Liu et al., 2010),
the plasticizer type and amount (Dai et al., 2008; Pushpadass
et al., 2008), and the plasticization method and conditions
(Altskar et al., 2008; Liu et al., 2013; Xie et al., 2013).

The botanic origin of starch determines the size and shape of
starch granules as well as the range of the amylose/amylopectin
content (Ao and Jane, 2007; Jane, 2009; Perez et al., 2009;
Bertolini, 2010; Liu et al., 2010). In this work we selected two
widely used types of starch: wheat starch from the grains of
triticum aestivum (common wheat) and tapioca starch from the
roots of manihot esculenta (aka cassava, manioc). Wheat starch
has two types of the granules with the sizes ranging from 1 to 45
µm: A-granules (a lenticular shape, large: mean diameter 15µm)
and B-granules (a spherical shape, small: mean diameter 4µm),
and it is normally composed of 75% of amylopectin and 25% of
amylose (Maningat et al., 2009). It tends to form an opaque and
non-cohesive paste, with a medium resistance to shear and a high
retrogradation (Biliaderis, 2009; Bertolini, 2010). Tapioca starch
has the granules from 4 to 35µmwhich are smooth and irregular
spheres, and it is composed of amylopectin containing 17–20%
amylose with a highermolecular weight than other types of starch
(Breuninger et al., 2009). It forms a transparent and cohesive
gel, with a low resistance to shear and a lower retrogradation
(Biliaderis, 2009; Bertolini, 2010; Zhu, 2015). As just described,
the wheat and tapioca starches vary not only in the size and the
shape of their granules, but also in the chemical composition (the
amylose/amylopectin ratio; the molecular weight of amylose),
which results in the different behavior and properties of final
thermoplastic starches.

Many researchers recently studied the properties of wheat
thermoplastic starch (Sarka et al., 2011; Kelnar et al., 2013;
Mahieu et al., 2015; Schmitt et al., 2015; Song et al., 2018) as well
as tapioca thermoplastic starch (Chang et al., 2006; Garcia et al.,
2009; Teixeira et al., 2009, 2012; Ajiya et al., 2017; Bergel et al.,
2017; Campos et al., 2017, 2018; Gonzalez-Seligra et al., 2017; Guz
et al., 2017; Kargarzadeh et al., 2017; Lopez-Cordoba et al., 2017;
Genovese et al., 2018; Liu et al., 2018; Valencia-Sullca et al., 2018).
It is worth noting that the greatest amount of the thermoplastic
starches has been prepared exclusively by a melt mixing (Teixeira

et al., 2009, 2012; Sarka et al., 2011; Mahieu et al., 2015; Schmitt
et al., 2015; Gonzalez-Seligra et al., 2017; Campos et al., 2018;
Genovese et al., 2018; Liu et al., 2018; Song et al., 2018) or
exclusively by a solution casting (Chang et al., 2006; Garcia et al.,
2009; Kelnar et al., 2013; Ajiya et al., 2017; Bergel et al., 2017;
Campos et al., 2017; Guz et al., 2017; Kargarzadeh et al., 2017;
Lopez-Cordoba et al., 2017; Valencia-Sullca et al., 2018). Even
though the TPS materials prepared by the mentioned single-
method procedures were homogeneous at macroscopic level,
they still contained non-fully plasticized starch granules and/or
inhomogeneities at microscopic level. For example, Teixeira et al.
(2012) found some partially destroyed starch granules in cassava
TPS prepared by extrusion and Schmitt et al. (2015) found starch
granules in continuous phase of wheat TPS prepared by extrusion
as well. Gonzalez-Seligra et al. (2017) found that some of cassava
TPS’s prepared by an extrusion (processed at three different
screw speeds) contained broken starch granules. They obtained
one TPS with a homogenous surface and two TPS’s with the
presence of starch granules. Therefore, in our previous paper
(Ostafinska et al., 2017) we developed a two-step method of the
starch plasticization, consisting of a solution casting (SC), which
was followed by a melt-mixing (MM). The two-step SC + MM
procedure was shown to be reliable and reproducible method
for preparation of homogeneous wheat TPS matrix with well-
dispersed TiO2. Surprisingly, there are not so many studies
dealing with TPS/TiO2 composites. Oleyaei et al. (2016a,b) and
Razali et al. (2016) studied similar TPS/TiO2 systems, but with
different types of starches and different plasticization procedures.
Moreover, just a few of the publications compared the properties
of thermoplastic obtained from different starch sources. For
example, Omotoso et al. (2015) studied cassava, corn, potato,
and yam TPS prepared by solution casting. Bergel et al. (2017)
prepared TPS foams from potato, cassava, and corn starches
by solution casting followed by compression molding. Genovese
et al. (2018) prepared TPS from wheat, potato, and corn starches
by melt-mixing. Song et al. (2018) and Zuo et al. (2017) studied
TPS prepared by the solution casting of wheat and corn starch
mixture. To the best of authors’ knowledge, there are no papers
concerning wheat and tapioca thermoplastic starches prepared in
the same way, which would compare the properties of both types
of TPS that seems to differ significantly.

Due to the above, we focused our attention on the comparison
of the systems prepared by our two-step procedure (SC + MM),
using two types of starches (wheat and tapioca) and two types
of TiO2-based particles (isometric TiO2 nanoparticles and high
aspect ratio TiNT nanotubes). Titanium-based particles were
chosen for our research because they were expected to modify
the properties of TPS, while maintaining or even increasing
the biocompatibility of the final composites. The TiX-particles
were shown to be compatible with both soft tissues and bone
cells (Webster et al., 2000; Sengottuvelan et al., 2017). The
TPS/TiX composites with tunable properties could be suitable
for broader range of medical applications. The morphology,
structure, rheology, and thermomechanical properties of wheat
and tapioca TPS/TiX composites were studied in order to: (i)
verify if SC + MM is the universal method of TPS starch
preparation, which yields homogeneous dispersion of filler
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regardless of source starch type; (ii) to find possible differences
among TPS composites prepared by SC + MM method from
different starch types; and (iii) to assess if SC + MM method
yields homogeneous dispersion of the filler also at increased
concentrations (up to 6 wt.%).

MATERIALS AND METHODS

Materials
Wheat (w; A-granules) and tapioca (t) starches were supplied by
Škrobárny Pelhrimov, a.s., Czech Republic. Glycerol anhydrous
(G; min. 99%) and sodium bromide (reagent grade) were
obtained from Lachner, Czech Republic. Commercial titanium
dioxide (TiO2; anatase, particle size 50–200 nm) was delivered
by Sigma-Aldrich, USA. Titanate nanotubes (TiNT) with the low
diameter (∼20 nm) and the high aspect ratio (AR= length of the
nanotube/diameter of the nanotube >50) were prepared by the
hydrothermal synthesis from TiO2 as described in our previous
work (Kralova et al., 2010).

Preparation of TPS/TiX Composites
All samples (Table 1) were prepared by our recently developed
two-step method: the solution casting (SC) followed by the
melt mixing (MM), according to the recipe described in our
previous paper (Ostafinska et al., 2017). Briefly, we used SC
with a ratio of starch/glycerol = 70/30 (wt.%) and a ratio
of starch/water = 1/6 (wt.%) for all samples. In the first
step, the TiX particles (TiX = either TiO2 particles or TiNT
nanotubes described above in Section Materials) were dispersed
in water using ultrasonic bath for 1min and then glycerol
was added and sonicated for 2min. The pre-mixed water
suspension (starch/glycerol/TiX: 30min, room temperature) was
mixed at the elevated temperature until the viscosity significantly
increased (at least 10min at temperature above 65◦C) and
then until the mixture became visually homogenous (when
temperature increased to 60–70◦C for at least 10min, the starch
gelatinized, which resulted in the disruption of the insoluble
granules, loss of the molecular organization and an increase
in its viscosity Bertolini, 2010). The solution was casted onto
thin foils and dried at ambient temperature for 2–3 days,
followed by 4 days in a desiccator with saturated solution of
sodium bromide (relative humidity = RH = 57%). The dried
SC samples were processed by MM as follows: they were melt-
mixed (8min, 110◦C, 100 rpm) in micro-extruder (µ-processing
DSM; Netherlands) and then compression molded (SC + MM
samples) at 120◦C (4min, 50 kN + 2min, 150 kN) by hydraulic
press (Fontijne Grotnes, Netherlands). As the properties of TPS
samples are very sensitive to the humidity, all samples were stored
in a desiccator with saturated solution of sodium bromide (RH=

57%); the samples were closed in the desiccator immediately after
the preparation and kept there in between all experiments.

Characterization of TPS /TiX Composites
Light Microscopy
The overall homogeneity of the filler dispersion at lower
magnifications was checked with a light microscope Nikon
Eclipse 80i (Nikon, Japan) equipped with a digital camera

TABLE 1 | List of prepared TPS-based composites.

Sample S G TiO2 TiNT

[wt.%] [wt.%] [wt.%] [wt.%]

TPS(w) 70.0 30.0 – –

TPS (w)/TiO2

(3%)

68.0 29.0 3 –

TPS(w)/TiO2

(6%)

65.8 28.2 6 –

TPS(w)/TiNT

(3%)

68.0 29.0 – 3

TPS(t) 70.0 30.0 – –

TPS(t)/TiO2 (3%) 68.0 29.0 3 –

TPS(t)/TiO2 (6%) 65.8 28.2 6 –

TPS(t)/TiNT (3%) 68.0 29.0 – 3

(w), wheat starch; (t), tapioca starch.

All samples contained residual water after processing by solution casting and melt mixing

(ca 5%).

ProgRes CT3 (Jenoptik, Germany). Thin sections (∼40µm)were
cut with a rotary microtome RM 2155 (Leica, Germany), put
in oil between the support and cover glasses and observed with
transmitted light using the bright field imaging.

Scanning Electron Microscopy
The morphology of the TPS matrix and the TPS/TiX composites
at higher magnifications was visualized with a high resolution
field-emission gun scanning electron microscope (SEM;
microscope MAIA3, Tescan, Czech Republic) using a secondary
electron imaging (SEM/SE) and a backscattered electron imaging
(SEM/BSE) at 10 kV. The homogeneity of the TPS matrix was
visualized as follows: the samples were broken in liquid nitrogen
(below the glass transition temperature of TPS), the specimens
were fixed on a metallic support using silver paste (Leitsilber
G302, Christine Groepl, Austria), the fracture surfaces were
covered with a thin Pt layer (∼8 nm; vacuum sputter coater, SCD
050, Balzers, Liechtenstein) and observed with a SE detector,
which yielded mostly topographic contrast. The dispersion
of TiX fillers in composites was observed using BSE detector
that yielded mostly material contrast. The samples for BSE
imaging were covered just by thin carbon layer (∼5 nm; vacuum
evaporation device JEE-4C; JEOL, Japan) in order to maintain
high compositional contrast between the TiX filler and the
TPS matrix.

Transmission Electron Microscopy
The dispersion of the individual TiO2 nanoparticles in the
TPS matrix at the highest magnifications was visualized
with a transmission electron microscope (TEM; microscope
Tecnai G2 Spirit, FEI, Czech Republic). The ultrathin sections
were prepared by a dry cryo-ultramicrotomy (ultramicrotome
Ultracut EM UC7; Leica, Austria; cutting conditions: knife
temperature = −50◦C, sample temperature = −80◦C, and dry
cutting = sections collected directly from the knife face, without
using water trough, onto a standard carbon-coated TEM grids).
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The dried samples were observed in the TEM microscope at 120
kV using bright field imaging.

Wide-Angle X-Ray Diffraction (WAXD)
Diffraction patterns were obtained using a high resolution
diffractometer Explorer (GNR Analytical Instruments, Italy).
The instrument is equipped with a one-dimensional silicon
strip detector Mythen 1K (Dectris, Switzerland). Samples were
measured in a reflection mode. The radiation CuKα (wavelength
λ = 1.54 Å) monochromatized with Ni foil (β filter) was used
for diffraction. The measurement was done in range 22 =

10–40◦ with step 0.1◦. The exposure time at each step was
10 s. The peak deconvolution procedure was made using Fityk
software (Wojdyr, 2010).

Attenuated Total Reflectance Infrared Spectroscopy
The infrared spectra of TPS and TPS/TiX composites were
acquired using a Golden Gate single reflection attenuated
total reflectance cell (ATR; Specac, Ltd., Orpington, Kent, UK)
using a Fourier-transform infrared spectrometer (FTIR) Thermo
Nicolet Nexus 870 (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) purged with dry air. The spectrometer was
equipped with a liquid nitrogen cooled MCT (mercury cadmium
telluride) detector, and the ATR cell employed a diamond internal
reflection element. ATR FTIR spectra were recorded with a
resolution of 4 cm−1; 256 scans were averaged per spectrum.
After the subtraction of the spectrum of the ambient atmosphere,
the baselines were corrected (linear base-line correction) and an
advanced ATR correction was applied (the correction is defined
and recommended within the control FTIR software OMNIC).

Rheometry
The rheological properties of the TPS matrices and the TPS/TiX
composites were studied in oscillatory shear flow using a
Physica MCR 501 rheometer (Anton Paar GmbH, Austria). A
special anti-slipping parallel-plate geometry of 25mm diameter
plates was used. The sample thickness was around 1mm. The
experiments were performed at 120◦C in the linear viscoelastic
range (LVE range), confirmed from a strain sweep tests at the
frequency of 1Hz. Dynamic frequency sweeps test were carried
out over the frequency range of 10−1-102 rad/s at a strain
of 0.02%.

Dynamic Mechanical Analysis
The mechanical properties of the TPS/TiX composites were
tested by a dynamic-mechanical analysis (DMA). The linear
viscoelastic characteristics—the absolute value of complex
modulus |G∗|, storage modulus G’, loss modulus G”, and loss
factor tan(δ)—were measured in the rectangular torsion using
a Physica MCR 501 rheometer (Anton Paar GmbH, Austria).
The strain amplitude sweep tests (at −90◦C and + 120◦C) were
conducted at the frequency 1Hz in order to determine the linear
viscoelastic range of all TPS/TiX composites. The temperature
sweep measurements were carried out in the temperature range
−90◦C to 120◦C (with heating rate 3◦C /min), at a strain of 0.05%
(in the linear viscoelastic range), and frequency 1 Hz.

Thermal Gravimetric Analysis
The thermal gravimetric analysis (TGA) of TPS/TiX samples
(4–7mg) was performed on a Perkin Elmer Pyris 1 TGA in the
temperature range from 30 to 600◦C at a rate of 10◦C/min. The
nitrogen purge gas flow rate was fixed at 25 ml/min of nitrogen.

RESULTS AND DISCUSSION

Morphology of TPS Composites
All TPS/TiO2 and TPS/TiNT composites (Table 1) after the
solution casting (SC) and its combination with the melt
mixing (SC + MM) were visualized by LM (Figure 1). Lower
magnification LM micrographs evidenced that the agglomerates
of TiO2 particles formed after SC (Figures 1A–F) were destroyed
after SC + MM (Figures 1G–L). The LM micrographs also
proved that the TPS(t)/TiX composites (Figures 1D–F, J–L)
had a better TiX particles dispersion than the TPS(w)/TiX
composites (Figures 1A–C,G–I), both after SC and after
SC + MM. Both wheat and tapioca TPS/TiNT composites
contained large agglomerates of TiNT after SC and also
after SC+MM, but TPS(t)/TiNT composites exhibited less
coarse morphology with slightly smaller agglomerates. The
large agglomerates of TiNT dominated the morphology of
all TPS/TiNT composites, being clearly visible even at low-
magnification LM micrographs. Therefore, a morphological
study of TPS/TiNT composites at higher magnifications was
not necessary. In contrast, the fine morphology of TPS/TiO2

composites was studied in more detail using SEM and TEM.
Higher magnification SEM (Figure 2) micrographs showed that
the TiO2 particles tended to envelope plasticized, but not-
fully-merged starch granules after SC (Figures 2A,C), while
the following MM step resulted in complete merging of
starch granules and very homogeneous distribution of TiO2

nanoparticles (Figures 2B,D). The highest magnification TEM
micrographs confirmed that tapioca TPS/TiO2 composites had
better dispersion of the fillers in nanoscale (Figure 3), which
was not evident from SEM micrographs due to their limited
resolution (higher magnification in SEM was impossible due to
electron beam damage of the specimens). All three microscopic
methods indicated that: (i) the two-step preparation (SC+MM)
was necessary to get fully plasticized starch with homogeneous
filler dispersion, which was in agreement with our previous study
(Ostafinska et al., 2017) and that (ii) the two-step SC + MM
method was quite universal, applicable not only to one particular
wheat starch matrix, but also to different starch types.

XRD and IR Characterization
The structural changes of native wheat starch during its
plasticization by our two-step preparation method (SC + MM)
were studied in detail in our previous paper (Ostafinska et al.,
2017). The paper dealt with wheat starch composites with
low filler concentrations (up to 3%). In this paper we added
characterization of the composites with different TPS matrices
(tapioca starch and wheat starch from a different supplier) and
the higher concentration of the fillers (up to 6 wt.%).

The XRD patterns of the samples containing wheat starch are
present on Figure 4A and the tapioca-based samples are shown
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FIGURE 1 | LM micrographs showing the dispersion of filler in TPS/TiX composites: (A–C) wheat starch composites after solution casting, (D–F) tapioca starch

composites after solution casting, (G–I) wheat starch composites after solution casting and melt-mixing, and (J–L) tapioca starch composites after solution casting

and melt mixing.

on Figure 4B. Almost identical diffraction peaks were observed
in native wheat and native tapioca starches. Those characteristic
diffraction peaks of native starches (Zeng et al., 2011) disappeared
in the plasticized samples, which proved the destruction of
the original crystalline structure. Evidently, a retrogradation
was taking place similarly to what was shown by Ostafinska
et al. (2017). Two strong peaks at 2Θ = 12.9◦ and 19.8◦ were
visible in the case of wheat starch [TPS(w)], indicating molecule
rearrangement into VH crystal lattice (van Soest et al., 1996). For
the plasticized tapioca starch [TPS(t)] both peaks were present
as well, but their intensity was lower. We have not observed
presence of the other two known processing-induced crystal
structures of TPS (VA and EH), which were described elsewhere
(van Soest et al., 1996). For the samples with TiO2, intense sharp
peak at 2Θ = 25.3◦ corresponded to (101) diffraction of the
TiO2 anatase phase. The peak height was proportional to the

content of TiO2. For the samples with TiNT, no specific peaks
corresponding to titanate nanotubes were detected, probably due
to their low intensity; this was in agreement with analogous
systems studied in our previous work (Ostafinska et al., 2017).
Nevertheless, both composites with titanate nanotubes exhibited
low-intensity broad residual crystallinity shoulder at 17.6◦.

The ATR FTIR spectra of pure plasticized wheat starch
[TPS(w)] and tapioca starch [TPS(t)] were not significantly
different. Similarly, the spectra of the composites with TiX did
not show significant changes compared to the original pure
starch. The only region indicating some structural changes of
TPS matrix is shown in Figure 5. In order to emphasize the
subtle changes in the spectra of the composites, we subtracted
the spectrum of pure plasticized starch from the spectrum
of the composite with such a subtraction factor that no
counter-peaks appeared in the resulting difference spectrum

Frontiers in Materials | www.frontiersin.org 5 November 2019 | Volume 6 | Article 284281

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


Ujcic et al. Biodegradable TPS/TiO2 Composites

FIGURE 2 | SEM/BSE micrographs showing TPS/TiO2(6%) composites: (A,B) wheat starch composite TPS(w)/TiO2 (6%) and (C,D) tapioca starch composite

TPS(t)/TiO2 (6%); left column (A,C) shows composites after solution casting and right column (B,D) shows composites after solution casting and melt mixing.

FIGURE 3 | TEM micrographs showing selected TPS/TiO2 (6%) composites after solution casting and melt mixing: (A) wheat starch composite TPS(w)/TiO2 (6%) and

(B) tapioca starch composite TPS(t)/TiO2 (6%).

(Figure 5). Relevant changes were detected in the region 1,100–
950 cm−1 with bands corresponding to C-O, C-C stretching,
and C-O-H bending vibrations. The bands at 1,045 and 1,000
cm−1 are assigned to crystalline and the band at 1,025 cm−1

to amorphous phase of starch. In the spectra of tapioca
[TPS(t)/TiO2] composites, the decrease in band intensity at
1,045 cm−1 indicated a decrease in crystallinity and a shift of
the amorphous band from 1,025 cm−1 to higher wavenumbers
suggested a strong interaction of the TiO2 particles with the

amorphous part of TPS(t) matrix. It can be seen in the spectra
that the addition of TiNT resulted in a much stronger interaction
and matrix destruction which is supported by a new band at
1,057 cm−1 and a decrease of the band around 1,080 cm−1

(C-O-H bending). On the other hand, in wheat composites
[TPS(w)/TiX], the interactions between TiX fillers and the matrix
were negligible. The addition of TiO2 seemed to increase the
crystallinity of the composites, while TiNT had no clear effect on
the composites.
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FIGURE 4 | X-ray diffraction patterns of wheat (A) and tapioca (B) TPS/TiX composites.

FIGURE 5 | IR spectra of plasticized tapioca and wheat starch and difference

spectra of the TPS/TiX composites. From the spectra of all TPS/TiX

composites, the spectra of the corresponding pure plasticized starches [TPS(t)

or TPS(w)] were partially subtracted in order to emphasize difference peaks, as

described in section XRD and IR characterization.

Rheological Properties
The rheological properties of the TPS/TiX composites in the
oscillatory shear at 120◦C are shown in Figures 6, 7. The
logarithmic dependence of the complex viscosity (|η∗|) on
angular frequency (ω) for the wheat composites [TPS(w)/TiX]
showed a linear decrease almost in the whole range 0.1–100 rad/s,
whereas for the tapioca composites [TPS(t)/TiX] it showed the
significant curvature down for the lowest ω (region ω = 0.1–
0.4 rad/s; Figure 6). The values of the complex viscosity (|η∗|)
of the TPS(t)/TiO2 composites were higher in the whole range of
frequencies than that of all TPS(w)/TiX composites. Influence of
3 wt.% TiX particles on the complex viscosity of wheat TPS was
low, which accorded with our previous work (Ostafinska et al.,
2017). The TPS(t)/TiX composites showed different rheological

behavior. Firstly, the addition of TiO2 to the TPS(t) matrix
increased the complex viscosity with a slight further increase for
the composites with 3 and 6 wt.% of TiO2 particles. Secondly,
the addition of TiNT to the TPS(t) matrix decreased the complex
viscosity. This was in agreement with the LM, SEM, TEM, and IR
results described above: (i) all microscopic methods confirmed
the finer dispersion of the TiO2 particles in TPS(t) composites in
comparison with the TPS(w) composites (Figures 1–3) and (ii)
the IR spectroscopy results suggested the stronger interactions
of the TiO2 particles with the TPS(t) matrix in comparison
with the TPS(w) matrix (Figure 5 and its discussion in the
previous section). Therefore, the very homogeneously dispersed
TiO2 particles, which strongly interacted with the TPS(t) matrix,
formed a relatively strong physical network and increased the
|η∗| values of the TPS(t)/TiO2 composites. Moreover, the IR
spectra suggested that TiNT partially destroyed the internal
structure of the TPS(t) matrix, which decreased the |η∗| values
of TPS(t)/TiNT composites. Finally, the IR spectra of TPS(w)
composites indicated negligible interactions of all TiX fillers with
the TPS(w) matrix, which resulted in just a small increase in the
viscosity of TPS(w)/TiX composites, corresponding to the fact
that we added a small amount of the hard inorganic filler into
the soft polymer matrix.

The storage modulus (G’) was larger than the loss modulus
(G“) in the whole range of angular frequencies for both wheat
and tapioca TPS/TiX composites (Figure 7), which is typical of
crosslinked and high-molecular weight polymers. In the case
of TPS(w) and TPS(w)/TiX composites, G’ increased almost
linearly for ω > 0.4 rad/s in logarithmic plot. In the case of the
TPS(t) and TPS(t)/TiX composites, the almost-linear growth of
G’ started at higher frequencies [for TPS(t) at ω > 30 rad/s, for
TPS(t)/TiNT at ω > 40 rad/s, and for TPS(t)/TiO2 at ω > 15
rad/s]. The curving down of the G’ value with the decreasing ω is
typical of non-crosslinked polymers (Mezger, 2014). Surprisingly
enough, this effect was observed for the higher-viscosity TPS(t)
composites and not for the lower-viscosity TPS(w) composites.
The higher values of G’, G”, and |G∗| for TPS(t)/TiO2 composites
in comparison with the TPS(t) matrix (Figures 7, 8) confirmed
our assumption that the TiO2 nanoparticles in TPS(t) matrix
formed a physical network due to their almost ideal dispersion.
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FIGURE 6 | The absolute values of complex viscosities of wheat (A) and tapioca (B) TPS/TiX composites at 120◦C and strain 0.02%: the comparison of the

frequency sweeps and their fitting with power-law model (dotted lines; description of the model in Ostafinska et al. (2017).

FIGURE 7 | The values of storage modulus (G′) (A,C) and loss modulus (G′ ′) (B,D) of wheat (A,B) and tapioca (C,D) TPS/TiX composites at 120◦C and strain 0.02%.
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FIGURE 8 | The absolute values of complex modulus (|G*|) of wheat (A) and tapioca (B) TPS/TiX composites at 120◦C and strain 0.02%.

FIGURE 9 | Dynamic mechanical thermal analysis of wheat (w) and tapioca (t) TPS/TiX composites at angular frequency 1Hz and strain 0.05%: (A) storage modulus

(G′), (B) loss modulus (G′ ′), and (C) damping factor [tan (δ)].
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The lower values G’, G“, and |G∗| for TPS(t)/TiNT composites in
comparison with neat TPS(t) can be explained as follows: Basic
features of TPS in flow are typical of thermoplastic materials
but the structure of TPS is more complex in comparison with
simple polymer melts. We even detected two glass transition
temperatures (see section Thermomechanical Properties below)
related to the two-phase structure of TPS. Moreover, all phases
of TPS have their own complex supramolecular structures due to
multiple hydrogen bond-based interactions. The supramolecular
structures obviously affect rheological properties (rheological
response of ordered structures is similar to temporary crosslinks).
The assumption that TiNT partially destroyed the original
structure of TPS(t) matrix is the most probable explanation of
observed decrease in viscosity and modulus. Further changes
of supramolecular structure could occur due to possible TiNT-
induced scissions of amylose and amylopectin chains. For all
prepared composites, the G’ and G” were more-or-less parallel
lines and the absolute value of complex moduli |G∗| (Figure 8)
were almost as high as G’, which was in agreement with solid-
like, crosslinked structure of TPS-basedmaterials (Mezger, 2014).
It should be mentioned that the solid-like behavior of TPS and
its composites is not a consequence of chemical networks but of
long-living entanglements between extremely long starch chains
and/or aggregates kept by non-covalent interactions. Similar
behavior of TPS matrix was observed in our previous study
dealing with TPS(w)/TiX composites with lower concentration
of fillers (Ostafinska et al., 2017). Complex rheological behavior
of TPS matrices, including two glass transition temperatures, was
observed by other research groups (Viguie et al., 2007; Sessini
et al., 2017, 2018); this is discussed also in the following section
dealing with DMTA results. Strong hydrogen bond interactions
between TPS matrix and TiO2 nanoparticles were observed also
in the recent study of (Xiong et al., 2019).

Thermomechanical Properties
The dynamic mechanical thermal analysis (DMTA) of wheat
and tapioca TPS/TiX composites was carried out in order to
characterize the difference between the two starch types and
the influence of the TiX particles on the phase changes of
the TPS-based composites (Figure 9). The TPS(t) matrix and
TPS(t)/TiO2 composites were stiffer than the corresponding
TPS(w) samples [G’ of TPS(t) samples > G’ of TPS(w)
samples]. As expected, the G’-curves of all systems decreased
with the increasing temperature (Figure 9A). G’ was higher
than G“ for most studied systems in the whole range of
temperatures, which confirmed the gel-like structure and the
physical stability of all systems (Ross-Murphy, 1995). In the case
of TPS(t)/TiO2 composites, the G’ became equal to G” at 90◦C
and then G“ became slightly higher than G’. This indicated a
dominating viscous behavior of TPS(t) composites at elevated
temperatures. The TPS(t)/TiNT composite showed low G’ in
the whole range of temperatures. Moreover, the TPS(t)/TiNT
composites exhibited G’ = G” at 73◦C. These facts supported
our assumption from IR and rheological measurements (sections
XRD and IR Characterization and Rheological Properties) that
the original structure TPS(t) was partially destroyed due to the

addition of TiNT. The loss modulus (G
′′

) and the damping

FIGURE 10 | TGA curves of TPS/TiX composites.

TABLE 2 | TGA Results: Weight losses and weight residue (wt.%) of starch

samples during thermal degradation under nitrogen atmosphere and heating rate

10◦C/min.

Weight loss

between 30 and

120◦C (%)

Weight loss

between 120 and

400◦C (%)

Weight residue

at 500◦C (%)

TPS (t) 2.5 83 12

TPS (t)/TiO2 (3%) 2.0 73 15

TPS (t)/TiNT (3%) 3.0 78 16

TPS (w) 2.5 83 12

TPS (w)/TiO2 (3%) 2.5 81 14

TPS (w)/TiNT (3%) 2.5 70 24

(w), wheat starch; (t), tapioca starch.

factor [tan(δ)] curves (Figures 9B,C) showed two local maxima
which corresponded to the two glass transition temperatures
(Tg) of TPS matrices: “glycerol-rich phase” (below 0◦C) and
“amylopectin-rich phase” (above 0◦C) as described elsewhere
(Viguie et al., 2007; Sessini et al., 2017, 2018). Figures 9B,C show
that the Tg value of the “glycerol-rich phase” was the same for
both tapioca and wheat TPS and their composites, whereas the
Tg values of “amylopectin-rich phase” differed [Tg of TPS(w) <

Tg of TPS(t)]. This was attributed to different chain domains of
the high-molecular weight branched amylopectin molecules in
particular starches. Namely, this indicated a decreased mobility
of “starch-rich phase” in TPS(t) systems in comparison to TPS(w)
(Viguie et al., 2007; Sessini et al., 2018).

Thermal Stability
Figure 10 shows the thermal stability of the TPS(t) and TPS(w)
composites. Table 2 summarizes selected TGA parameters. The
first step of thermal degradation between 30 and 120◦C was
connected with the release of absorbed water. The TGA curves
suggested that all systems contained similar amount of water
and that they were quite stable until ∼250◦C. The important
exception was the TPS(t)/TiNT composite, which started to

Frontiers in Materials | www.frontiersin.org 10 November 2019 | Volume 6 | Article 284286

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


Ujcic et al. Biodegradable TPS/TiO2 Composites

degrade around 200◦C. Also the TPS(w)/TiNT composite
exhibited slightly lower thermal stability in comparison with the
other samples. The second stage of thermal degradation was
pyrolysis of starch and glycerol. The lower thermal stability of the
TPS(t)/TiNT and TPS(w)/TiNT composites during the second
stage of thermal degradation might indicate partial destruction
of the TPS matrix structure. At temperatures above 400◦C under
nitrogen atmosphere, carbon black started to form. This was
the reason of quite high weight residue at 500◦C, which was
approximately the same for all samples.

CONCLUSIONS

This paper was focused on the comparison of wheat and
tapioca thermoplastic starches (TPS) and their composites with
TiO2-based nanoparticles (isometric TiO2 nanoparticles and
high aspect ratio TiNT nanotubes). The TPS composites were
prepared by our recently developed two-step method that
combines a solution casting and melt-mixing (SC+MM).

Main conclusions of our study can be summarized as
follows: (i) The SC + MM procedure can be considered as the
universal method for preparation of TPS composites with very
homogeneous dispersion of the filler, regardless of the starch
source and type. (ii) The type of TPS matrix (wheat or tapioca)
has a significant impact on the properties of the final composite.
(iii) The isometric TiO2 nanoparticles exhibited very good filler
dispersion in both TPS(w) and TPS(t) matrices, while TiNT
nanotubes tended to form micrometer-sized agglomerates.

For all studied systems, the tapioca TPS [TPS(t)] composites
showed somewhat better dispersion of the filler (as proved
by three independent microscopic techniques—LM, SEM, and
TEM), stronger interactions of the filler with the matrix
(as indicated by IR) and, consequently, a higher impact
of the filler on the final properties (as documented by
the rheological and thermomechanical measurements). In the
TPS(t)/TiO2 composites, the dominating effect was the formation

of the physical network of the well-dispersed filler particles,

resulting in a significant increase in the final value of the
complex viscosity, |η∗|. In the TPS(t)/TiNT composites, the
dominating effect was the partial destruction of the TPS
matrix, resulting in a decrease in |η∗|. In wheat TPS [TPS(w)]
composites, all matrix-filler interactions were weak and so all
TPS(w)/TiO2 and TPS(w)/TiNT composites exhibited just a
slight increase in |η∗| due to the fact that we added a stiff
inorganic filler into a soft polymer matrix. The above-described
complex viscosity changes correlated with other rheological and
thermomechanical properties.
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Transparent cellulose nanowhisker (CNW)/graphene nanoplatelet (GN) composite films

were produced via sonication mixing and solution casting methods. Such composite

films exhibited improved thermal, electrical and mechanical properties. The material

morphologies and microstructures were examined using scanning electronic microscopy

(SEM), X-ray diffraction (XRD) analysis and Raman spectroscopy. Strong interaction was

detected when CNWs were randomly attached onto graphene sheets, as evidenced

by SEM images obtained in this study. In particular, the addition of GNs into CNWs had

significant effect on the thermal behavior of composite films. Themelting temperature (Tm)

and initial thermal decomposition temperature (Tid) of CNW films were both increased by

23.2, 29.3, 26.3◦C, and 70.2, 88.4, 87.8◦C with the inclusions of 0.1, 0.25, and 0.5

wt% GNs, respectively. The electrical conductivity of composite films was enhanced in

a monotonically increasing manner with the maximum level of 4.0 × 10−5 S/m detected

at the GN content of 0.5 wt%. Their tensile strength was also improved by maximum

33.7% when increasing the GN content up to 0.25 wt% as opposed to that of CNW

films. Such CNW/GN composite films can be potentially used in green anti-static and

electronic packaging applications.

Keywords: cellulose nanowhiskers (CNWs), graphene nanoplatelets (GNs), electrical conductivity, thermal

stability, mechanical strength

INTRODUCTION

Cellulose is one of the most widely used polymers in nature with the annual production of
approximately 5 × 1011 tons on earth (Yuan et al., 2015). Cellulose nanowhiskers (CNWs)
are generally extracted from natural cellulose-based materials including plants, bacteria, and sea
creatures by using hydrolysis methods. It is sized by several nanometers to a few tens of nanometers
in diameter and several 100 nm in length. CNWs possess high elastic modulus, large aspect ratios
and surface areas, and are generally deemed as ideal reinforcing fillers in polymer composites. Being
a natural nanosized polymer, CNWs can be manufactured into different multifunctional composite
materials. In view of the wide applications of CNWs, it has been demonstrated that CNWs are
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considered as one of the most important material components in
waste water treatment (Carpenter et al., 2015; Karim et al., 2016),
drug delivery (Jackson et al., 2011), electronic devices (Li and Lee,
2017), energy storage (Xing et al., 2019), food packaging (Li F.
et al., 2015), etc. Jiang et al. (2015) reported that the UV-blocking
ratios of nanocellulose/6wt% ZnO transparent composite films
reached 97.8% and 99.1% at the wavelengths of 300 and
225 nm, respectively. Zhan et al. (2018) successfully prepared
UV-induced and self-cleanable nanocellulose/TiO2 composite
membranes in possession of effective separation for various
surfactant-stabilized emulsions with high oil rejection over
99.5%. Sadasivuni et al. (2016) demonstrated ultra-flexibility and
high-level NO2 sensitivity of iron oxide @ cellulose nanocrystal
(CNC) composites. On the other hand, Meulendijks et al. (2017)
and Drogat et al. (2011) proved that CNW/Ag composites had
good electrical conductivity and antibacterial feature. As far as
green materials and environmental sustainability are concerned,
CNWs are gradually gaining more popularity in the development
of functional nanomaterials.

Cellulose films are well known as a potential substrate/matrix
for conductive materials due to its renewability, biodegradability
and flexibility (Du et al., 2017; Agate et al., 2018). Because CNWs
have excellent film formability and affinity with conductive
polymers, they are widely used as CNW-based conductive
ink (Latonen et al., 2017), sensors (Mahadeva et al., 2011;
Esmaeili et al., 2015) and capacitors (Liew et al., 2013; Jose
et al., 2019) when incorporated into conductive polymers
(He et al., 2019). Carbon-based nanomaterials are functional
nanofillers such as carbon nanotubes (CNTs) and graphene,
which can be used for cellulosic materials when considering
their extraordinary material properties including but not limited
to electrical conductivity, mechanical strength and modulus,
electromagnetic-shielding effectiveness and capacity. Yamakawa
et al. (2017) reported a high electrical conductivity of 1.05
S/m, good mechanical properties such as high Young’s modulus
of 10.1 GPa and tensile strength of 173.4 MPa, as well as a
low coefficient of thermal expansion (CTE) at 7 ppm/K. Pang
et al. (2015) fabricated multifunctional cellulose/CNT composite
papers using a filtration method. At the CNT contents of 10–
71 wt% in the frequency range of 175–1,600 MHz, it was
detected that such papers yielded an electrical conductivity of
9.9–216.3 S/m along with good electromagnetic interference
(EMI) shielding effectiveness (SE) at 15–45 dB. In addition, these
composite papers with the inclusion of 50 wt% CNTs possessed
the capacitance of 46 F/g at a scan rate of 5 mV/s, reversible
discharge capacity of 474.0 mAh/g when they were taken as an
anode current collector for lithium ion battery (Pang et al., 2015).
Dichiara et al. (2017) indicated that the addition of hydroxyl-
functionalized CNTs with pre-absorbed alkali lignin gave rise
to the improvement of dry and wet strengths of cellulose fibers
along with good sensitivity of humidity. On the other hand,
Ko et al. (2019) utilized a solution casting method to fabricate
methyl cellulose/50 wt% CNT composite papers with a much
higher electrical conductivity of 15.9 S/cm and better bending
durability as opposed to those of graphene and indium tin
oxide (ITO). Gnanaseelan et al. (2018) suggested cellulose/single-
walled CNT (SWCNT) composite films should be considered
as a promising thermoelectric material owing to their relatively

high power factors when compared with those of other insulating
polymer/CNT composites. In comparison with fiber-like CNTs,
2D graphene sheets could be a better nanofiller alternative, as
evidenced by greatly improved tensile strength by 93% and
significantly enhanced electrical conductivity by 10 folds in
bacterial cellulose/graphene composite papers (Luo et al., 2019).
More recently, Zhan et al. (2019) produced highly conductive
cellulose nanofibrils/20 wt% exfoliated graphene composite films
with a remarkable electrical conductivity of 568 S/m along with
excellent mechanical properties including tensile strength of 389
MPa, elastic modulus of 8.0 GPa and elongation at break of
approximately 20%. The associated multifunctional properties of
cellulose composites are summarized in Table 1 accordingly.

Nanocellulose/graphene composites are deemed as ideal
electrode materials for flexible supercapacitors (Xing et al., 2019).
The potential use of cellulose-based nanomaterials sheds light on
widespread applications in material conductivity, energy storage
and electronic devices, etc. The excellent material properties of
cellulose and CNTs or graphene rely on their linkages by non-
covalent interactions with well-maintained intrinsic properties
of both nanomaterials. CNWs have been proven to be an
effective aqueous-based dispersant for 2D nanosheet materials
due to their unique characteristics of nanoscale size, surface
charge and molecular chain structures (Li F. et al., 2015; Ma
et al., 2017). Polyurethane sponges with superhydrophobicity
and superamphiphilicity were produced by a simple dip-
coating method, which was derived from the close interaction
between CNWs and graphene (Zhang et al., 2017, 2018).
Such an interaction can be confirmed not only from material
morphologies, structural changes, but also from the characteristic
peaks on thermal analysis. The thermal behavior can indicate the
interaction between polymeric molecular chains and reinforcing
fillers. In general, glass transition temperature (Tg), melting
temperature (Tm), initial decomposition temperature (Tid) can
be altered significantly with their strong interaction.

Nanocellulose/GN composites have been extensively studied
for their mechanical and electrical properties. Nonetheless,
thermal properties of CNW films and their composites may
not be well investigated. Our initial work (Ma et al., 2017;
Zhang et al., 2017, 2018) focused on the interaction between
CNWs and GNs, and found that a small addition of GNs
could greatly increase melting temperature and decomposition
temperature of CNW films, which was ascribed to morphological
absorption and enhanced physical parameters upon heating.
The research objective and novelty of this study lie in the
successful development and holistic evaluation of CNW/GN
composite films in relation to the GN role as rigid fillers as
well as filler-matrix interactions to simultaneously enhance their
thermal, electrical and mechanical properties, which may be
hard to achieve in conventional nanocomposite materials so that
CNW/GN composite films are expected to be potentially effective
multifunctional materials for electronic packaging applications.

EXPERIMENTAL WORK

Materials
Industrial flax linens as raw materials were purchased from Xuyi
Textile Material Co. Ltd (Ningbo, China) for CNW extraction.
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TABLE 1 | Multifunctional properties of cellulose composites.

Filler/Content Method Properties References

6 wt% ZnO Pressure extrusion

Vacuum-oven drying

UV blocking ratios of 97.79% and 99.13% for wavelengths of 300

and 225 nm

Jiang et al., 2015

TiO2 Filtration

Vacuum-oven drying

Self-cleanable, high oil rejection over 99.5% Zhan et al., 2018

Fe2O3 In situ synthesis NO2 sensitivity: ppm level Sadasivuni et al., 2016

Ag In situ synthesis Minimum inhibitory concentration:

E. coli strain:2.7µg/mL; S. Aureus strain: 5.4µg/mL

Drogat et al., 2011

5 wt% multi-walled

CNTs (MWCNTs)

Filtration Electrical conductivity: 1.05 S/cm

Young’s modulus: 10.1 GPa

Tensile strength: 173.4 MPa

CTE: 7 ppm/K

Yamakawa et al., 2017

10–71 wt% CNTs Filtration Electrical conductivity: 9.9–216.3 S/m

EMI SE: 15–45 dB

Capacitance: 46 F/g @ 50 wt% CNTs

Pang et al., 2015

20 wt% GNs Oven drying Electrical conductivity: 568 S/cm Zhan et al., 2019

Graphene nanoplatelets (GNs) were supplied in powder form by
Sichuan Jinlu Group Co., Ltd, Deyang, China. GNs consist of 5–8
layers based on single graphene sheet. Their lateral size is around
10–20µm, and the atomic ratio between C and O elements is 80–
100. All other used chemicals including uranyl acetate, sodium
hydroxide, concentrated sulfuric acid, glacial acetic acid, toluene,
ethanol and hydrogen peroxide were obtained from Shenyang
Dongbao Company (Shenyang, China) without modification.

Preparation of CNWs
CNWs were isolated from bleached flax yarns by using a sulfuric
acid method, as previously reported (Liu et al., 2010). The yarns
were heated in 60 wt% sulfuric acid for 1 h at 55◦C, which
was followed by consecutive dilution and washing processes
repeatedly in a centrifuge tube until the supernatant is neutral.
The aqueous suspension of CNWs was stored in a fridge for the
further experimental use.

Preparation of CNW/GN Composite Films
GNs were added in suspension of 0.5 wt% CNWs at the GN
contents of 0.1, 0.25, and 0.5 wt%. The homogeneous aqueous
dispersion of GN/CNWmixture was obtained by ultrasonicating
(KH-1600TDE, Kunshan, China) graphene powders and CNWs
in deionized water at a frequency of 80 kHz and an electrical
power of 1,600W until the uniform dispersion was obtained.
The GN aggregates were broken up into GN sheets and became
stabilized in CNW suspensions. CNW/GN composite films were
successfully prepared by casting the mixture onto a plastic
petri dish, which was followed by water evaporation at ambient
temperature. Final composite films were peeled off from the
petri dish after being dried under the ambient condition,
which were denoted as “CNWs/0.1 GNs,” “CNWs/0.25GNs,” and
“CNWs/0.5GNs” at the GN contents of 0.1, 0.25, and 0.5 wt%,
respectively in the following result section.

Characterization Methods
The morphology of CNWs was characterized using a
transmission electron microscope (TEM, Philips CM 12,

Holland) with an acceleration voltage of 100 kV. The
aqueous CNW suspension was diluted to be 0.1g/L. A
droplet of such suspension was dropped onto a copper grid
covered with a carbon film. The samples were then stained
with 2.0 wt% solution of uranyl acetate for 1min prior to
TEM observation.

The morphologies of CNW/GN composite films were
observed on a field emission scanning electron microscope
(JSM-6301F) at the accelerating voltage of 10 kV. The
samples were sputter coated with gold about 10–20 nm in
thickness prior to SEM observation. On the other hand, the
photographs of CNW/GN composite films were recorded with
a digital camera.

The electrical conductivity was measured by using a
Keithley electrometer model 2000 (USA). Two round copper
disks were used as the electrodes and their surfaces were
polished and spread with silver paste in order to warrant
good contact with the testing films. Volume resistance
(R) was measured and the resistivity ρ was calculated
as follows:

ρ = RS/t (1)

σ = 1/ρ (2)

where t is the film thickness in cm, S is the circular area of the film
in cm2, and subsequently corresponding electrical conductivity σ

in S/m was calculated according to Equation (2).
Thermal behavior of films was studied using

thermogravimetric analysis (TGA Q500, TA instruments,
USA) and TA differential scanning calorimetry (DSC Q20,
TA instruments, USA). Each sample weighing approximately
5mg was heated from 50 to 800◦C at a heating rate of
20

◦

C/min for TGA while heated from 50 to 400
◦

C at a
heating rate of 10

◦

C/min for DSC. Both thermal analyses
were conducted under nitrogen atmosphere to prevent any
thermoxidative degradation.
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Wide-angle X-ray diffraction measurements were performed
using a Rigaku D/max 2500PC diffractometer equipped with Cu
Kα radiation (wave length λ = 1.54 Å) at 50 kV and 300mA in
the 2θ range of 5–50◦ with a step interval of 0.02◦ to study the
influence of GNs on the crystalline structures of CNWs.

Raman spectroscopic measurement (JY Labram HR 800
spectrometer) was carried out to characterize the characteristic
peaks of GNs at the wavelength of 632.8 nm under a laser power
of 2.5 mW with 6 accumulations.

RESULTS AND DISCUSSION

Morphological Structures
Morphology of CNWs
CNWs used in this study were hydrolyzed with sulfuric acid.
Figure 1 demonstrates the TEM image of CNWs along with
their aqueous suspensions at the CNW concentrations of 0.2
g/L (left) and 2 g/L (right). It is clearly seen that CNWs
can be categorized as a nanosized polymer in rod shape with
their diameter and length of approximately 30 and 500 nm,
respectively. At the low CNW concentration about 0.2 g/L, their

aqueous suspensions appear to be transparent similar to water.
Whereas, with increasing the CNW concentration, milky colored
suspensions gradually become evident. CNW dispersion in water
is very stable because of their hydrophilicity and negatively
charged surfaces with sulfate groups. As such, CNWs can be
potentially used as the dispersant for other nanomaterials. The
surface charges can be evaluated by Zeta potential, which means
that the higher the potential, the more stable the dispersion is. It
is one of the most vital factors for dispersing graphene aggregates
(Ma et al., 2017). The CNW films display high transparency, as
evidenced by letters to form “CNWs film” underneath such films
to be clearly seen in Figure 1. In fact, Yamakawa et al. (2017)
confirmed that transparent CNW films could be regarded as the
green matrix for electrodes.

Morphology of CNW /GN Composites
The cross sectional images of CNW/GN composites after surface
fracture were observed under a scanning electron microscope, as
depicted in Figure 2. Such composite films are densely packed
in the film thickness direction, and there are no obvious gaps
detected on fracture surfaces despite no applied pressure in the
preparation process of films. Apparently, all composite films

FIGURE 1 | TEM images of dispersed CNWs at the concentration of 0.2 g/L (inset: aqueous CNW suspensions at the CNW concentrations of 0.2 and 2 g/L on the

top left and right, respectively, and transparent film on the bottom right).
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FIGURE 2 | Cross sectional SEM images of CNW/GN composite films at different GN contents: (A) 0.1 wt%, (B) 0.25 wt%, (C) 0.5 wt%, and (D) 0.5 wt% (indicating

the thin GN sheets attached onto cross sectional surfaces).

appear to mainly comprise randomly oriented CNWs that are
closely packed together due to the hydrogen bonding to generate
typical layered structures. Many bright dots on SEM images
are visible, and can be considered as the tips of individual
CNWs. Meanwhile, some shell sheet-like structures become
quite evident, indicating good bonding taking place among
CNWs alone.

It is not easy to identify GNs particularly in CNW/GN
composites at the GN contents of 0.1 and 0.25 wt% shown
in Figures 2A,B, respectively, which may be ascribed to very
uniform GN dispersion in CNW matrices with good interfacial
adhesion. When the GN content increases up to 0.5 wt%,
GN aggregates in CNW/GN composites appear to be more
visible, as marked by red dash frames in Figures 2C,D. The
lateral size of dispersed GNs is estimated to be 2–5µm, which
is relatively small when compared to that of as-received GN

powders, possibly arising from the disintegration effect during
the ultrasonication treatment in material preparation. It is worth
noting that thin graphene sheets that are marked with read
dashed triangular and rectangular frames in Figure 2D may fall
off on the cross sectional surfaces of composites during the
surface fracture process.

The transparent feature of neat CNW films shown in
Figure 1 can be associated with smaller sizes of nanowhiskers
than visible wavelength. With increasing the GN content, the
color of composite films becomes much darker as expected
despite still having good transparency even for composite films
reinforced with 0.5 wt% GNs. The transparency of GNs depends
primarily on their layered structures. According to Zhu et al.
(2014), monolayer graphene grown by chemical vapor deposition
(CVD) can achieve very high light transmittance of 97.4% at
the normal incidence when the light wavelength of 550 nm

Frontiers in Materials | www.frontiersin.org 5 September 2019 | Volume 6 | Article 235294

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


Liu et al. CNW/GN Composite Films

is used. Furthermore, the more number of layers, the lower
transmittance is obtained (Zhu et al., 2014). This work clearly
proves that the addition of small amounts of GNs can improve
the material properties of CNWs without undermining their
film transparency.

Thermal Properties
CNWs are well known as a semi-crystalline polymer with a
degree of crystallinity in range of 54–88% (Moon et al., 2011).
DSC curves in relation to CNW films and CNW/GN composite
films are demonstrated in Figure 3A. The melting region of
CNWs is quite narrow and sharp, which infers their perfect
crystalline structures and a narrow range of molecular weight.
The Tm of CNWs has been determined to be 209.6◦C, which
appears to be much lower than that of microcrystalline cellulose
(MCC) at 358◦C elsewhere (Trache et al., 2014). Such a far lower
melting point of CNWs is attributed to their small size and
the reduction in molecular weight resulting from the hydrolysis
process. As illustrated in Figure 3A, when increasing the GN
content from 0.1 to 0.25 wt%, the Tm values of composite films
are enhanced from 232.8 to 238.9◦C despite a slight decline
to 235.9◦C at the further increasing GN content of 0.5 wt%,
which is still higher than that of neat CNW films at 209.6◦C.

The significant increase in Tm by more than 20◦C has been
rarely reported in other polymer/graphene composites with only
a minor increase in Tm (O’Neil et al., 2014). Such a greatly
enhanced Tm level may benefit directly from strong interaction
between CNWs and well dispersed rigid GNs that can restrict the
molecular chain mobility of CNWs.

In addition to the remarkable increase in Tm, typical
degradation temperature of CNWs can also be enhanced
with the addition of GNs when characterized by the thermal
stability generally applied to assorted polymers in practical
applications. Extracted CNWs using sulfuric acid generally
exhibit low initial decomposition temperature (Tid) when
incorporated with sulfate groups (Roman and Winter, 2004).
As seen in Figures 3B,C, CNWs possesses the Tid of only
148.3◦C, which is much lower than that of mechanically
disintegrated cellulose nanofibers in range of 270–295◦C
(Okahisa et al., 2018). In comparison, with increasing the
GN contents from 0.1, 0.25 to 0.5 wt%, the Tid values of
CNW/GN composites are increased substantially by 66.4, 78.6,
and 87.4◦C, respectively. This phenomenon results from the
typical retardant effect of GNs on the cleavage of glycosidic
linkages of cellulose. It also confirms the existing strong
interactions between CNWs and GNs, which has not yet

FIGURE 3 | Thermograms of CNW films and CNW/GN composite films: (A) DSC curves, (B) TGA curves, (C) enlarged TGA curve portion within the dash-line block in

(B), and (D) DTG curves.
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been identified in other polymer/graphene composites. More
surprisingly, the residual weight of CNWs exceeds those of
all CNW/GN composites at 800◦C, which can be ascribed
to a large number of free end chains during the acid-
hydrolysis process (Sofla et al., 2016). Such end chains have
been proven to decompose at a lower temperature (Staggs,
2006) leading to an increase in the char yield of CNCs
(Piskorz et al., 1989). Moreover, sulfate groups on CNW surfaces
in the acid-hydrolysis process may work as flame retardants
(Roman and Winter, 2004). Furthermore, Shimizu et al.
(2019) also reported the thermal decomposition temperature of
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidized cellulose nanofiber films decreased from 220◦C to 182–
202◦C with increasing the alkyl chain length of quaternary alkyl
ammonium (QAs).

Maximumweight loss rateWrmax as a function of temperature
can be determined in differential thermogravimetry (DTG)
curves of CNW/GN composite films, (Figure 3D). There are
three typical characteristic DTG peaks detected in composite
films. Apparently, the temperature for maximum weight
loss rate Tr shifts to higher temperature levels from 162.5
to 273.4◦C when increasing the GN contents from 0 to
0.5 wt%. The other two Tr of composite films can be
positioned in temperature ranges of 220–270◦C and 330–
370◦C, which presents a similar temperature-increasing
tendency with increasing the GN content. Nonetheless,
Wrmax values of composite films are in range of 0.8–1.0%/◦C,
which exceed that of neat CNW films at 0.56%/◦C, thus
leading to lower weight residues at the finish temperature
of 800◦C.

The relatively low Wrmax identified in neat CNW films
is associated with their higher char yield in this case
(Piskorz et al., 1989). Such results have good agreement with
the TGA measurements accordingly. Overall, typical thermal
parameters determined in this study are listed in Table 2.
The existence of sulfate on side chains seems to greatly
affect thermal behaviors of CNWs, as evidenced by Ma
et al. (2017) suggesting that CNWs under sulfation treatment
had Tm and Tid values increased by more than 46 and
48◦C, respectively.

There is a significant increase in thermal parameters
of CNW/GN composites at very low GN contents of 0.1,
0.25, and 0.5 wt%, arising from strong interactions between
GN fillers and CNW matrices, which is supported by
other studies on 2D materials such as boron nitride (BN)
and graphene nanosheets (Li Y. et al., 2015). Under the
SEM observation displayed in Figure 4, one can clearly
see the absorption of CNWs on GN sheets in CNW/GN
composites at the GN content of 0.5 wt%. Since cellulose
is an amphiphilic polymer, the presence of polar group –
OH enables to induce the hydrophilicity while the exposure
of –CH moieties gives rise to its hydrophobicity instead.
As such, CNWs may interact closely with GNs with dual
hydrophobic-hydrophobic effect (Li F. et al., 2015). It
has also been suggested that the bonding between CNTs
and carboxymethyl cellulose could be due to the π-π
interactions (Son and Park, 2018).

TABLE 2 | Thermal parameters, tensile strain at break (ε), tensile strength (σt), and

electrical conductivity (σ) of CNW films and CNW/GN composite films.

GN (wt%) Tm (◦C) Tid (◦C) ε (%) σt (MPa) σ (S/m)

0 209.6 143.3 1.4 96.8 –

0.1 232.8 213.5 1.1 105.1 2.5 × 10−8

0.25 238.9 231.7 1.0 129.4 1.7 × 10−7

0.5 235.9 231.1 0.8 98.2 4.0 × 10−5

Electrical Conductivity and Tensile

Properties
Transparent and flexible CNWfilms show low thermal expansion
coefficient, which makes them potentially used as packaging
films or as substrates for flexible electronics (Yamakawa et al.,
2017). The addition of GNs into CNW films increases the
electrical conductivity and tensile strength, as shown in Figure 5.
Neat CNW films as insulating materials undergoes measurement
difficulty in electrical conductivity using our equipment, thus
its value has not been reported in this study. The electrical
conductivity of TEMPO-oxidized cellulose nanofibril (TOCN)
reported by Zhan et al. (2019) was 4.8 × 10−12 S/m, indicating
typical insulating nature of cellulose films. However, electrical
conductivity has been found to increase in range from 2.5 ×

10−8 to 4.0 × 10−5 S/m with increasing the GN content from
0.1 to 0.5 wt% shown in Figure 5A, which is satisfied with the
requirement of anti-static property (Steinert and Dean, 2009).
Anti-static property is generally characterized by conductive
material surfaces to reduce the static charge induced by internal
insulating structures of materials. Our results are close to
that of bacterial cellulose (BC)/reduced graphene oxide (RGO)
composites at the electrical conductivity level of approximately
1.1 × 10−4 S/m when the RGO content reaches 1.0 wt%,
which is two-order higher than that of cellulose nanofiber/1.0
wt% MWCNT composite membranes at 10−6 S/m (Feng et al.,
2012; Zhang et al., 2019). Luong et al. (2011) reported an even
higher conductivity value of 4.8 × 10−4 S/m for amine-modified
nanofibrillated cellulose/0.3 wt% RGO nanocomposite papers.
All these results reveal the effective improvement in electrical
conductivities of cellulose nanocomposites.

Tensile strengths of composite films are enhanced up to
105.1 and 129.4 MPa at the low GN contents of 0.1 and 0.25
wt%, respectively when compared with 96.8 MPa for neat CNW
films, as depicted in Figure 5B. Conversely, tensile strength of
composites declines to 98.2 MPa when incorporated with 0.5
wt% GNs as a result of the inhomogeneity of GN dispersion
and typical GN aggregation at relatively high filler content levels.
The tensile strain at break for CNW films was determined to
be very low at 1.4%. With increasing the GN content up to
0.5 wt%, the corresponding strains for their composites could
be reduced modestly to 0.8% in a monotonic manner due to
their more brittle nature with the inclusion of GNs as rigid
fillers. The relevant data with respect to tensile strength, tensile
strain at break and electrical conductivity of composite films
are also summarized in Table 2. The reinforcing effect of GO
and RGO can be more manifested owing to their abundant
functional groups (Phiri et al., 2018). Very high tensile strength
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FIGURE 4 | SEM images of CNW adsorption on GN sheets in CNW/GN composite films at the GN content of 0.5 wt%: (A) at low magnification of 20,000× and (B) at

high magnification of 60,000×.

FIGURE 5 | Effect of GN content on (A) electrical conductivity and (B) tensile strength and tensile strain at break of CNW/GN composite films.

FIGURE 6 | Structural analysis of CNW films and CNW/GN composite films: (A) XRD patterns and (B) Raman spectra.
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of nanofibrillated cellulose (NFC)/1.25 wt% graphene composites
was obtained at 351 MPa by means of in-situ exfoliation of
graphite into graphene sheets in the NFC solutions via the
filtration methods (Malho et al., 2012).

Structural Analysis
The crystalline structures of CNW films and CNW/GN
composite films are characterized by XRD and Raman
spectroscopy, as illustrated in Figure 6. High crystalline
characteristic of CNWs is evident since their amorphous
components are broken down by concentration acid during
the hydrolysis process. The characteristic diffraction peaks
of composite films positioned at approximately 22.6◦

corresponding to the reflection of crystal plane (200), are
quite broad due to smaller crystalline sizes of CNWs. There is no
obvious diffraction of graphene seen in Figure 6A in CNW/GN
composite films at GN contents of 0.1 and 0.25 wt%, which
is believed to be associated with a small amount of uniformly
dispersed GNs embedded in CNW matrices (Son and Park,
2018). A tiny peak positioned at 26.8◦ can be observed on the
XRD pattern of CNW/GN composites at the GN content of
0.5 wt%, corresponding to an interlayer distance of 0.34 nm
in relation to crystal plane (002). This shows a clear sign of
GN aggregation in CNW matrices in good accordance with
morphological structures observed earlier. With respect to
Raman spectra, the characteristic peak of cellulose is located at
1,095 cm−1, which is consistent with Bulota et al. (2012). The
characteristic peaks of GNs can be easily detected in Raman
spectra with mainly three bands, namely G band at 1,578
cm−1, D band at 1,334 cm−1 and 2D band at 2,679 cm−1, as
shown in Figure 6B. The vibration of sp2 carbon atoms yields
the appearance of G band as the primary characteristic band
of graphene. The disordered vibrational peak of graphene is
generally considered as the existence of D band, which is used for
characterizing structural defects in graphene samples with rather
low intensity in the spectra of GNs. It is clearly indicated that
GNs are less defective in this study. Similar to the XRD results,
typical GN peak is also not visible until the GN content reaches
0.5 wt% again due to the inclusion of very small amounts of GNs
between 0.1 and 0.25 wt%.

CONCLUSIONS

CNW/GN composite films at the small GN contents of 0.1,
0.25, and 0.5 wt% were successfully prepared using solution
casting, resulting in their high transparency, enhanced thermal,
electrical and mechanical properties. Uniform GN dispersion
in CNW matrices in composite films has been found at
lower GN contents of 0.1 and 0.25 wt% as opposed to
typical GN aggregation at the higher content level of 0.5
wt% along with the resulting decreased tensile strength of
composites. The former case leads to the enhancement of
tensile strengths of composite films from 96.8 to 129.4 MPa
when increasing the GN content from 0 to 0.25 wt% owing
to uniform GN dispersion mentioned earlier. GNs as rigid
fillers can strongly restrict the molecular chain mobility of
CNWs, thus improving the thermal properties of CNW/GN
composite films, as evidenced by significantly enhanced Tm

and Tid. More remarkably, electrical conductivities of composite
films are increased by three orders with increasing the GN
content from 0.1 to 0.5 wt%. In particular, at the GN content
of 0.5 wt%, their electrical conductivity reaches 4.0 × 10−5

S/m with unique anti-static property. Such CNW/GN composite
films with good transparency, high mechanical strength and
flexibility, excellent thermal and electrical properties can be
promising multifunctional materials when particularly targeting
electronic applications.
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Since the introduction of tissue engineering as an encouraging method for the repair

and regeneration of injured tissue, there have been many attempts by researchers to

construct bio-mimetic scaffolds which mimic the native extracellular matrix, with the

aim of promoting cell growth, cell proliferation, and restoration of the tissue’s native

functionality. Among the different materials and methods of scaffold fabrication, one

particularly promising class of materials, hydrogels, has been extensively studied, with

the inclusion of nano-scaled materials into hydrogels leading to the creation of an exciting

new generation of nanocomposites, known as nanocomposite hydrogels. To closely

mimic the native tissue behavior, scientists have recently focused on the functionalization

of incorporated nanomaterials via chiral biomolecules, with reported results showing

great potential. The current article aims to introduce a perspective of nano-scaled

cellulose as a promising nanomaterial which can bemulti-functionalized for the fabrication

of nanocomposite hydrogels with applications in tissue engineering and drug delivery

systems. This article also briefly reviews the recently reported literature on nanocomposite

hydrogels incorporated with chiral functionalized nanomaterials. Such knowledge paves

the path for the development of tailored hydrogels toward practical applications.

Keywords: scaffold, nanocomposite hydrogels, biodegradable hydrogels, chiral biomolecules, self-healing

INTRODUCTION

Tissue engineering using polymeric biomaterials has emerged as a promising and novel
medical alternative to current transplantation therapies in the treatment of various diseases
(Nezhad-Mokhtari et al., 2019). Transplantation poses several shortcomings such as the risk
of immune rejection, infection, stress shielding, limitation in availability of proper tissues,
long-lasting, and high-cost surgeries, disease-transmitting possibility, contaminations by bacteria,
and incompatibility. The aforementioned limitations can potentially be overcome with tissue
engineering techniques, with recent advances showing its great potential for repairing and
regeneration of injured tissues (Xu et al., 2015).

At its core, tissue engineering is an approach involving the design of tissue constructs with the
capability of mimicking native tissue in vitro. These constructs are subsequently implanted in vivo
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to regenerate damaged tissue functionality and to help millions
of people who suffer from diseases, or impaired organs (Kock
et al., 2012). This method combines scaffolds, cells, and growth
factors in which the cells are cultured on the scaffold and grown.
Subsequently, this tissue construct is implanted at the site of
injury without the need for multiple surgeries, thereby reducing
the costs, risks, and recovery time associated with conventional
treatments (Mohammadzadehmoghadam and Dong, 2019). In
general, extracellular matrix (ECM) as a hierarchical hybrid
nanostructure, plays a pivotal role in cellular activities such as
cell promotion and regulating the conditions under which cells
can grow, migrate, proliferate, differentiate, and communicate
with each other (Zagris, 2001). The adhesion of cells to the
ECM is controlled by specific sites on glycoproteins including
fibronectin, laminin, and collagen (Gullberg and Ekblom, 1995).
Nanocomposite (NC) hydrogels incorporating functionalized
nanomaterials (NMs) are therefore of tremendous research
interest precisely because they can mimic and simulate the
organization and characteristics of native ECM, such as having a
nanoporous morphology and functionality for cellular activities
(Schexnailder and Schmidt, 2009).

TAILORED HYDROGELS FOR TISSUE

ENGINEERING

Understanding tissue organization from the molecular to the
macroscopic level helps in the process of designing scaffolds
(Zhang et al., 2005). Among the diverse techniques for producing
tissue engineering scaffolds, the design and fabrication of
hydrogels have shown attractive features and gained popularity
among researchers. Hydrogels, with a three-dimensional (3D)
structure, present the capability to absorb and retain large
amounts of water molecules (Bakaic et al., 2015). Hydrogels can
also be injected directly into the site of injury, circumventing
the need for complex surgeries. There is also a further benefit of
seamlessly integrating the engineered implant into the existing
tissue, thereby preventing stress shielding and damaging the
healthy surrounding tissue (Hu et al., 2019).

The essential requirements for tissue engineering scaffolds
are biocompatibility, biodegradability, having an interconnected
porous structure, adequate mechanical properties, and
appropriate surface chemistry. Since hydrogels have the
potential to maintain a large water content, they are highly
biocompatible (Thürmer et al., 2014). In addition, due to
the hydrogel’s inherent flexible and soft structure, they cause
minimal harm when exposed to body tissue. Furthermore, their
highly permeable nature makes hydrogels an ideal scaffold
to provide the required nutrient permeability to sustain cell
growth. Such features make hydrogels an exceptional choice for
bio-therapeutic applications.

The hydrogel degradation within the body can proceed
via hydrolytical or enzymatical mechanisms in which the
erosion of the scaffold occurs in bulk or at the surface
of the hydrogel (Curvello et al., 2019). Bulk erosion is the
predominant mechanism of hydrogel biodegradation which is
attributable to the permeability and large water content present

in hydrogels. The erosion type and degradation rate depend
on the in vivo hydrogel characteristics and can be tuned for
different applications. In general, the best in vivo performance of
hydrogels can be achieved through optimizing the degradation
rate via control over the polymer characteristics such as surface
properties and degree of cross-linking (Tan and Marra, 2010; Bae
et al., 2013; Tanan et al., 2019).

Although the biodegradability of the employed hydrogel
for tissue engineering is a significant parameter, the scaffold’s
mechanical durability is considered the critical characteristic
of scaffold materials with the target of long-term applications.
The integrity of the implanted hydrogels may deteriorate when
they are subjected to constant load due to wearing effects from
repetitive body movements, leading to a reduction in their
performance and a higher risk of infection. The created cavities
or cracks provide locations for the intrusion of the bacteria and
microorganisms, leading to acceleration in the scaffold failure
It should be noted that a wide range of mechanical properties
could be tailored through the changes in the concentration of
the constituents, composition, and cross-linking density of the
3D network; however, manipulation of these could compromise
the particular composition or chemistry of the hydrogels and
reduce its targeted therapeutic effect. It follows then that these
approaches have also shown some pitfalls, especially considering
the difficulty in manipulating the mechanical properties in vivo,
which also does not guarantee stable mechanical properties
during the implant’s lifetime. The missing link that could allow
NC hydrogels approach to reach functional integrity could,
therefore, lie in the preparation of the hydrogels with self-
healing ability (Wang et al., 2018). Similar to other self-healing
polymers, the self-healing hydrogels were developed based on
two strategies—intrinsic and extrinsic, where the former has
garnered more attention. The extrinsic strategy is applied by
incorporation of the modified nanoparticles (Rao et al., 2019)
and nanocellulose (Bai et al., 2019) or via the release of healing
agents from ruptured micro/nanoscale capsules and fibers (Fang
et al., 2013). The intrinsic self-healing ability of hydrogels is
mostly induced through the physical non-covalent interactions
and reversible chemical covalent bonds. The physical non-
covalent interactions could include hydrogen bonding, metal-
ligand coordination, hydrophobic interaction, and π-π stacking.
This is in contrast with reversible chemical covalent bonds
which provide hydrogels with the self-healing properties via Diel-
Alder (DA) “click chemistry,” imine bonds, boronate-catechol
complexation, and other dynamic reshuffling radical reactions
(Hao et al., 2019; Jing et al., 2019; Tu et al., 2019). Figure 1A
schematically illustrates the strategies for the preparation of self-
healing hydrogels using intrinsic approaches (Tu et al., 2019).

Some advantageous features such as 3D porous structure,
biocompatibility, and hydrophilicity, make hydrogels a suitable
analog of natural tissue. However, due to their mechanical
weakness upon dehydration, they possess only limited potential
in bioapplications (Billiet et al., 2012). This shortcoming
has been successfully addressed by developing NC hydrogels
(Sanka et al., 2019) where certain organic/inorganic NMs
are used to physically/chemically cross-link a water-soluble
polymer and serve to enhance the mechanical strength of the
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FIGURE 1 | (A) Intrinsic strategies for the preparation of self-healing hydrogels (Tu et al., 2019), adapted with permission from Elsevier. (B) Regulation of stem cell

function and fate in a 3D hydrogel network with chiral motifs (Zheng et al., 2018), reprinted with permission from American Chemical Society (ACS). (C) Effect of l- and

d-cysteine on single neuronal growth (Baranes et al., 2014), adapted with permission from American Chemical Society (ACS). (D) Nanocomposite alginate hydrogels

incorporated with Dye-loaded periodic mesoporous organosilica particles functionalized with bioactive molecules (Kehr et al., 2013), adapted with permission from

John Wiley & Sons. (E) Chemically functionalized periodic mesoporous organosilica particles/alginate 3D hydrogels as simultaneous ECM-model and drug delivery

system (Kehr, 2016), adapted with permission from American Chemical Society (ACS).

polymeric matrix. In addition, inorganic NMs can boost the
optical, magnetic, or biological properties of the 3D hybrid
hydrogel (Gaharwar et al., 2014). The right selection, proper
functionalization, and careful design of polymer/nanomaterial
play crucial roles in developing a novel and advanced NC
hydrogel for tissue engineering applications. From another
perspective, due to the large surface area, NMs can effectively
increase biological functionality, hence NC hydrogels have been
shown to more closely mimic native tissues compared with
free-NM hydrogels (Kehr et al., 2015). In the case of some
specific applications, e.g., regeneration of the central nervous
system, the addition of nanofibers to a hydrogel matrix can be
morphologically beneficial because the elongated shape of the
scaffold is favored by neural cells (Niemczyk et al., 2018).

NC HYDROGELS

NC hydrogels have been categorized based on their stimulus-
sensitivity which includes thermo-responsive, light-responsive,
electro-responsive, and magnetic-responsive hydrogels. In
addition, they have been classified based on their applications,
such as in sensors, catalysts, drug delivery systems, wound
dressings, and tissue engineering (Song et al., 2015; Vashist
et al., 2018). They are also classified according to the type of
incorporated nanomaterials, which is the more common type of
classification (Sharma et al., 2018; Vashist et al., 2018; Rafieian
et al., 2019). Frequently reported nanofillers in NC hydrogels
are silica such as nano-clay (Jin et al., 2018) and fumed silica
(Kehr et al., 2013), carbon in the form of carbon nanotubes,

graphene (Servant et al., 2014) and graphene oxide (GO)
(Rasoulzadeh and Namazi, 2017; Tarashi et al., 2019), metal
and metal oxide nanoparticles (Tan et al., 2019) such as gold,
silver, iron oxide, titanium oxide (TiO2), nanohydroxyapatite,
alumina and zirconia, and polymeric nanoparticles such as
nano-scaled cellulose (NSC) (Dutta et al., 2019), including
cellulose nanofibers, nanocrystals, and nanowhiskers. In general,
depending on the surface chemistry of the nanomaterials, they
can act as physical or chemical crosslinkers in NC hydrogels.
Nanoparticles such as carbon, silica, and NSC, owing to the
presence of hydroxyl groups on their surfaces, possess active
surfaces for physical crosslinking such as hydrogen bonding.
They could also serve as chemical crosslinkers in polymeric
hydrogels containing reactive functional groups on their
backbone, which would either require reaction initiators or
coupling agents such as silanes. Some NMs without active
surface chemistry, such as metals and metal oxides, need surface
treatment or modification to act as a crosslinker within the NC
hydrogel. In the following section, some recent advances on NC
hydrogels are reviewed.

As a bone tissue engineering platform, injectable NC
hydrogels from methacrylated glycol chitosan-montmorillonite
were studied by Cui et al. (2019). In this work, the direct
stem cell differentiation in a 3D micro-porous structure was
addressed. The photocrosslinked chitosan/silicates NC hydrogels
showed a six-fold Young’s modulus increase. In addition, in vitro
mesenchymal stem cell studies proved the NC hydrogel’s efficacy
in cell proliferation, promotion, and differentiation induction
(Cui et al., 2019). In one contribution, Rasoulzadeh and
Namazi developed bio-NC hydrogels based on carboxymethyl
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cellulose and GO with anticancer drug delivery potential
(Rasoulzadeh and Namazi, 2017). The physically crosslinked
(with FeCl3.6H2O) NC hydrogels were loaded with Doxorubicin
as the anticancer drug to be delivered. In comparison with the
neat carboxymethyl cellulose hydrogel, the incorporation of GO
led to NC hydrogels with enhanced loading capacity and a lasting
release of the loaded therapeutic drug. Most recently, the stimuli-
responsive load-bearing double network NC hydrogels, based
on κ-carrageenan (κ-Car)/polyacrylamide (PAm) crosslinked
and reinforced with GO nanosheets, were fabricated (Tarashi
et al., 2019). Compared to the non-loaded GO hydrogel, at
3 wt. % of GO nanosheets, optimum mechanical properties
i.e., 21.7 MPa compression strength, 0.64 MPa ultimate tensile
strength, 2,398% elongation at break, and 5.7 MJ/m3 fracture
energy were obtained. These improvements, as well as the
self-healing performance of NC hydrogels, were attributed to
the synergistic influence of the reversible interactions due to
bonding of the GO nanosheets between the κ-Car and PAm
networks. In a novel and interesting piece of research, Toledo
et al. explored the additional effect of low contents (<1.0
wt.%) of both non-functionalized, and functionalized TiO2

nanoparticles into poly (2-hydroxyethylmethacrylate) based
physical NC hydrogels (Toledo et al., 2018). While pristine TiO2

resulted in higher swelling capacity and greater solvent diffusion
coefficient, functionalized TiO2-filled NC hydrogels behaved
contrarily. In addition, functionalized NC hydrogels exhibited
improved ability in retaining aggregates of skeletal muscle cells
(C2C12). Hydroxyapatite nanorods were also employed in the
fabrication of chitosan NC hydrogels as potential scaffolds in
cartilage regeneration (Kumar et al., 2019). In this contribution,
Kumar et al. reported essential improvement in the mechanical
properties of developed NC hydrogels at the optimum level
(1.5 wt.%) of nanohydroxyapatite. Antimicrobial tests against
three different microbes (Escherichia coli, Staphylococcus
aureus bacteria, and Candida albicans fungi) demonstrated
significant enhancement in the antimicrobial activity of the
NC hydrogel. L929 fibroblast cell cultures (after 72 h) also
confirmed 90% cell viability. In another novel work, Lee et al.
(2018) investigated the application of functionalized gold
nanoparticles (GNPs) in developing NC hydrogels for bone
tissue engineering. The GNPs were modified with N-acetyl
cysteine (G-NAC) and then incorporated into tryamine-gelatin
(Gel-Ty) hydrogel. The fabricated NC hydrogel (Gel-Ty/G-NAC)
supported human adipose-derived stem cell growth. Moreover,
G-NAC had a crucial role in promoting osteo-differentiation
and stimulating bone regeneration. This group suggested
Gel-Ty/G-NAC hydrogels as a biodegradable platform in
bone-related applications such as bone treatment, drug delivery,
and cell delivery. In another effort, methoxy (polyethylene
glycol)-polyalanine (mPA), as a di-block copolymer
based thermo-responsive hydrogel, was incorporated by
superparamagnetic Fe3O4 (osteoinductive) and hydroxyapatite
(osteoconductive) nanoparticles in various contents (Huang and
Chu, 2019). Modulation of bone differentiation bio-markers,
as well as bone mineralization enhancement, was the result
of the inclusion of such nanoparticle combinations into the
polypeptide hydrogel. Recently, a fully physically crosslinked

NC hydrogel based on polyacrylamide/cellulose nanofibers
(PAM/CNF) was introduced (Niu et al., 2018). Initially, NC
hydrogels were produced via radical polymerization and
then further strengthened by ferric ions (from FeCl3) via ionic
interactions between the ferric ions and carboxyl groups on CNF.
Hydrogen bonding and ionic interactions induced dual physical
crosslinks in NC hydrogels, which in turn led to structures
with enhanced stiffness and toughness, rapid recovery, and
self-healing abilities.

CHIRALITY FUNCTIONALIZED NC

HYDROGELS

In recent years, the fabrication of NC hydrogels, including
functionalized NMs has been a hot button research topic
(Kehr, 2016; Zhao et al., 2017; Motealleh et al., 2018; Zheng
et al., 2018). The aim of NM functionalization can be, for
example, the improvement of cell-scaffold interactions, the
creation of crosslinking between organic polymer and NM,
drug delivery, or the development of the self-healing ability.
Meanwhile, using chiral biomolecules to functionalize NMs has
gained significant attention due to the various impacts on cell
behaviors. Table 1 summarizes the research activities carried out
on chirality functionalized systems i.e., NC hydrogels, hydrogels,
and nanoparticles. In biological systems, the majority of the
biologically significant molecules are chiral. For instance, natural
proteins composed of laevorotatory (l-) amino acids. It is not yet
known the reason why naturally-occurring proteins prefer only
one of the chiral positions and under what criteria hemochorial
molecules prefer selective interactions (Zheng et al., 2018).

In an attempt by Wang et al. to explore chiral effects on
cell behavior, three chiral species including, l(d)-alanine, l(d)-
valine, and l(d)-leucine were grafted onto silicon substrates
(Wang et al., 2012). Fabricated chiral polymer brush films
proved that chirality is effective for triggering cell differentiation
and regulating multifold cell behaviors. In addition, l-films
exhibited higher cytocompatibility. Zheng et al. reported the
impact of chirality on function and fate of stem cells in fibrous
hydrogels including self-assembled l-and d-form Fmoc-Phe-Phe-
Cys networks which were photocrosslinked with poly (ethylene
glycol) (l- and d-gel), respectively. Encapsulating human bone
marrow-derived mesenchymal stem cells in hydrogels, it was
found that cells tended to spread and grow in the l-gel
(Figure 1B; Zheng et al., 2018). Using simultaneous opposite
enantiomers in so-called Janus NC hydrogels was explored
by Motealleh et al. (2018) to observe the reaction of healthy
and cancer cells to a single biomaterial under the same
condition. They used enantiomers of biodegradable poly-d (l)-
lysine (PDL and PLL) to the functionalized external surface of
zeolites and periodic mesoporous organosilicas (PMOs). Their
findings showed higher affinity and migration of cells to the
portion of the Janus NC hydrogel including the biopolymer
enantiomer that the cells opt. In another contribution, Shefi et al.
coated chiral d (l)-cysteine onto gold self-assembled monolayers
and explored chirality influence on neuronal structure and
adhesion (Figure 1C) (Baranes et al., 2014). Kehr et al. (2013)
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TABLE 1 | List of works dealing with chirality functionalized systems.

System Bioactive molecule The objective of the research References

Chiral brush polymer films (three amino acids

with different hydrophobic side groups grafted

into silicon substrate)

l(d)-alanine, l(d)-valine, and

l(d)-leucine

Interaction of chiral units with cells and other

biological entities

Wang et al., 2012

The ultra-short peptide, photocrosslinked by

poly(ethylene glycol) dimethacrylate

cystatin-ended Fmoc-FF (l- and

d-Fmoc-FFC)

Effect of chirality on function and fate of stem cells Zheng et al., 2018

Surface functionalized Zeolites and Periodic

mesoporous organosilicas in Janus NC hydrogel

poly-d (l)-lysine The reaction of healthy and cancer cells to a single

biomaterial

Motealleh et al., 2018

Gold self-assembled monolayers d (l)-cysteine Chirality effect on the neuronal morphology and

adhesion

Baranes et al., 2014

Periodic mesoporous organosilica particles

(PMO)/Alginate

tripeptide Arg-Gly-Asp (RGD) Developing NC hydrogels with enhanced

mechanical and biological properties

Kehr et al., 2013

Alginate/periodic mesoporous organosilica (PMO) aminoacid

d(l)-penicillamine/carbohydrate

mannose derivative d(l)-

ECM-model (for cell adhesion and cell enrichment)

and drug delivery system

Kehr, 2016

Plasmonic chiral Au nanoparticle l(d)- penicillamine (PEN) Facilitating the cell culture in biomedical application Zhao et al., 2017

Zeolite l nanocrystals Fluorescent dye molecules Controlling the movement of pathogenic

bacteria/Removing the bacteria from a solution

Kehr et al., 2014

Alginate d(l)-penicillamine (PEN) Developing novel 3D scaffolds for cell adhesion

investigations

Benson et al., 2014

prepared PMOs/ biodegradable alginate-based NC hydrogels in
which POMs were functionalized with cell adhesive bioactive
tripeptide Arg-Gly-Asp (RGD) molecules (Kehr et al., 2013).
The incorporation of PMOs only improved the mechanical
properties of the alginate-based NC hydrogel marginally,
however, the inclusion of biomolecule functionalized PMOs
significantly increased the quantity of live cells which adhered
to the NC hydrogel scaffold (Figure 1D). In another study,
Kehr reported the development of multifunctional 3D NC
hydrogels composed of enantiomerically functionalized PMOs
[with amino acid d(l)-penicillamine (PEN) and carbohydrate
mannose derivative d(l)-MAN)] and biodegradable alginate
as ECM-model (for cell adhesion and cell enrichment) and
drug delivery system (Figure 1E; Kehr, 2016). In another
contribution, Au l(d)-penicillamine (Pen) was employed to
modify plasmonic chiral nanoparticle films (PEN-NP films)
by Zhao et al. (2017). It was found that l-PEN-NP films
accelerated cell proliferation, while d-PEN-NP films behaved
in the opposite manner. The preparation of functionalized
zeolites and its effect on cell adhesion was also studied by
Kehr et al. (2014).

NANO-SCALED CELLULOSE: A ROBUST

NANOMATERIAL

Till date, a variety of NMs based on silica, carbon, gold,
iron oxide, calcium phosphate, cellulose nanocrystals, and
chitin whiskers have been used to develop mechanically strong
biodegradable NC hydrogels with enhanced cell activities, and/or
for drug release applications (Motealleh and Kehr, 2017).
Among the various NMs, NSC has attracted great attention
within recent years (Enayati et al., 2019). Since 2000 to the
present, publications show significant growth in developing
cellulose-based hydrogels for tissue engineering (Trache et al.,

2017; Dutta et al., 2019). Besides the good biocompatibility
and biodegradability, NSCs, derived from abundant and
renewable resources, have high elastic moduli (110–220 GPa)
and tensile strength (7.5–7.7 GPa), low density, high aspect
ratio and surface area. These characteristics dramatically
enhance their possible applications in the biomedical and
tissue engineering fields. Usov et al. (2015) also studied
structurally the rod-like cellulose nanoparticles and proved
their right-handed chirality. Furthermore, due to the high
concentration of hydroxyl groups on cellulose chains, the
NSC’s surface can be modified in myriad ways, i.e., oxidation,
esterification, etherification, silylation, or polymer grafting—
consequently, it can play multifunctional roles such as bioactive
molecule container, reinforcing agent, and cross-linker. From
another point of view, chemical isolation via sulfuric acid
hydrolysis inserts negatively charged sulfate ester groups
on the NSC’s surface. This is a positive characteristic for
NSC-functionalized NC hydrogels as they resemble native
ECM sulfated glycosaminoglycans which stimulate and tune
microscale cell functionalities (Domingues et al., 2015). In recent
years, some notable research has been carried out on cellulose-
based composite hydrogels. In the following paragraph, the
most recent literature on research conducted on NSC-based NC
hydrogels is highlighted.

Pereira et al. (2018) studied gellan-gum hydrogels reinforced
by nanocellulose for the regeneration of annulus fibrous (AF)
tissue. Upon nanocellulose incorporation, the compressive
modulus of NC hydrogels approximated natural AF tissue. In
vitro cell studies also demonstrated cell viability promotion.
In another contribution, Phogat and Bandyopadhyay-Ghosh
developed injectable bio-NC hydrogels of ultrafine fluorcanasite
glass-ceramic particles incorporated into nanocellulose with
enhanced stiffness, injectability, swelling behavior, and structural
integrity (Phogat and Bandyopadhyay-Ghosh, 2018). Recently,
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Cheng et al. exploited chitosan-cellulose nanofiber self-
healing hydrogels for neural regeneration. Improved neural
differentiation and oxygen metabolism were observed upon
embedding neural stem cells (Cheng et al., 2019). In other
study by Li et al. (2018) polyacrylamide grafted cellulose
nanocrystals (CNC-g-PAM), as physical crosslinkers and
interfacial compatible nanofillers, were incorporated into
poly(acrylic acid) to develop NC hydrogels. NC hydrogels
showed significant improvement in tensile properties and
self-recovery ability compared to the pure poly(acrylic acid)
hydrogel. In a new effort to develop self-healing cellulose
NC hydrogels, Xiao et al. (2019) exploited acylhydrazine-
terminated polyethylene glycol to crosslink dialdehyde cellulose
nanocrystals. Apart from an increase in the tensile and
compressive strength of the hydrogel, self-healing efficiency,
and biocompatibility of the hydrogel improved by 90 and 100%,
respectively. Three-dimensional bioprinted constructs composed
of either alginate/cellulose nanocrystals or alginate/cellulose
nanocrystals containing fibroblast and hepatoma cells, namely
bioinks, were introduced by Wu et al. as liver-mimetic platforms
(Wu et al., 2018). The bioprinted constructs were crosslinked
by CaCl2. It was reported that prepared hydrogels had shear
storage moduli of 8–300 Pa and cell viability higher than 67%.
The NC hydrogels of polyurethane/cellulose nanofibers were
also fabricated by Chen et al., through the bioprinting process
(Chen et al., 2019). The 3D-printed NC hydrogels exhibited a
compression storage modulus of ∼1.57 MPa and demonstrated
excellent mouse and human fibroblast cell proliferation. In
addition, taking into account the noteworthy features of NSCs,
recently, self-healing hydrogels have been developed by the
incorporation of cellulose nanocrystals within the poly(acrylic
acid) mediated hydrogels. It was shown that incorporation of
surface-modified CNC resulted in self-healing properties with
up to∼90% self-healing efficiency (Bai et al., 2019).

CONCLUSION AND PERSPECTIVES

This article reviews the progress in the development of
biodegradable nanocomposite (NC) hydrogels with an emphasis
on the chiral functionalized nanomaterials to provide a
perspective for future research in the field. Due to the outstanding
features of nano-scaled cellulose (NSC), one promising future
direction of chiral functionalized NC hydrogels can be the
application of this renewable, cheap, biocompatible, and
biodegradable nanomaterial in developing the next generation
of biotherapeutic materials. There is also much potential in the
development of multi-functionalized NSC. On the one hand,
it can function as a physical and chemical crosslinker in the
fabrication of NC hydrogels and act as a reinforcing agent due
to its significant mechanical strength. On the other hand, its
surface modification with chiral biomolecules will allow the
fabrication of novel biodegradable NC hydrogels as an advanced
model implant for both tissue engineering and drug delivery
systems. Furthermore, with some chemical modifications on the
NSC, it would be possible to induce self-healing ability in the

prepared hydrogels for autonomous self-healing and minimum
invasive implantation.
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