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Lucia Gonzalez, Angel Agüero, Luis Quiles-Carrillo, Diego Lascano and Nestor Montanes

Optimization of the Loading of an Environmentally Friendly Compatibilizer Derived from
Linseed Oil in Poly(Lactic Acid)/Diatomaceous Earth Composites
Reprinted from: Materials 2019, 12, 1627, doi:10.3390/ma12101627 . . . . . . . . . . . . . . . . . . 193

Patricia Liminana, Luis Quiles-Carrillo, Teodomiro Boronat, Rafael Balart and Nestor

Montanes

The Effect of Varying Almond Shell Flour (ASF) Loading in Composites with Poly(Butylene
Succinate (PBS) Matrix Compatibilized with Maleinized Linseed Oil (MLO)
Reprinted from: Materials 2018, 11, 2179, doi:10.3390/ma11112179 . . . . . . . . . . . . . . . . . . 209

Patricia Liminana, David Garcia-Sanoguera, Luis Quiles-Carrillo, Rafael Balart 
and Nestor Montanes

Optimization of Maleinized Linseed Oil Loading as a Biobased Compatibilizer in Poly(Butylene 
Succinate) Composites with Almond Shell Flour
Reprinted from: Materials 2019, 12, 685, doi:10.3390/ma12050685 . . . . . . . . . . . . . . . . . . . 227

Mirna Nunes Ara ́ujo, Leila Lea Yuan Visconte, Daniel Weingart Barreto, 
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Preface to ”Environmentally Friendly Polymers and

Polymer Composites”

In the last few years, environmental concerns about the disposal and accumulation of plastic 
wastes have increased. Conventional plastics are produced from fossil fuels and, in general, these 
materials are not biodegradable in nature or even disintegrable in controlled compost soil. As a result, 
our society is becoming increasingly sensitive to pollution derived from plastic materials and aware 
of these environmental issues. Thus, relatively new topics related to petroleum depletion, climate 
change, sustainable development, Circular Economy, and waste management have recently arisen.

Within this context, important research has been conducted in the field of environmentally 
friendly polymers and polymer composites in the last decade. These investigations include a wide 
range of biopolymers that show improved environmental efficiency at different stages of their life 
cycle, spanning from polymers that are obtained from renewable resources—for example, bio-based 
polyethylenes (bio-PEs), bio-based polyethylene terephthalate (bio-PET), or bio-based polyamides 
(bio-PAs)—to biodegradable petroleum derived polymers such as poly(ε-caprolactone) (PCL), 
polyvinyl alcohol (PVA), polyglycolide (PGA), polybutylene succinate (PBS), and the poly(butylene 
adipate-co-terephthalate) (PBAT) and poly(butylene succinate-co-adipate) (PBSA) copolymers. 
In addition, novel research is being conducted on bio-based and biodegradable polymers, which 
include polysaccharide derived polymers (e.g., starch, cellulose, pectin, chitin, and its derivative 
chitosan), natural proteins (e.g., gluten, casein, ovalbumin, and collagen), and biopolyesters of 
more industrial significance, for instance, polylactide (PLA) and microbial polyhydroxyalkanoates 
(PHAs), such as poly(3-hydroxybutyrate) (PHB) or poly(3-hydroxybutyrate-co-3-valerate) (PHBV). 
Original research is being performed in the field of green composites, in which the matrix and the 
reinforcement phase are both obtained from renewable resources such as natural fiber reinforced 
plastics (NFRPs) and wood plastic composites (WPCs). These novel polymer composites can 
reduce the overall current cost of biopolyesters, improve their physical properties, and be used 
to develop products with a wood-like aspect. These environmentally friendly materials can be 
combined with vegetable oils, waste derived liquids (1), and essential oils to yield more sustainable 
and high-performance polymer-based materials.

The book is divided into 16 chapters that compile novel research works dealing with sustainable 
polymers and polymer composites to advance sustainable development. The first three chapters 
cover the potential use of different types of carbohydrates, which are promising in food packaging 
as active systems and in pharmaceutical and biomedical applications. This part of the book includes 
a review on pectin and two original research articles focused on chitin and chitosan. The next four 
chapters discuss strategies to improve the thermal resistance and mechanical ductility of naturally 
occurring polymers such as bacterial cellulose (BC), which habitually shows strong hydrophilicity, 
and PLA and PHB biopolyesters. The book continues with three more chapters demonstrating that 
biopolymers are excellent candidates for manufacturing WPCs and NFRPs in combination with 
plant fibers or for developing advanced composites using mineral and organic nanoparticles. Four 
subsequent chapters display the potential of multi-functionalized vegetable oils as novel renewable 
additives for the plasticization and compatibilization of biopolymer blends and green composites. 
All these research articles describe the improvements attained in thermal stability and mechanical 
strength due to the formation of ester bonds between the multiple reactive groups present in the 
oils and the terminal hydroxyl groups of the biopolyester matrices. The book ends with two more

ix



chapters discussing the application of renewable and waste derived liquids (2) for green 
composite formulations. This section is composed of two novel research articles dealing with 
the use of a by-product of the cashew agricultural industry and an essential oil as plasticizer 
and fungicidal alternatives to conventional chemical additives.

This book will serve to guide a diverse audience of material scientists since it provides an update 
of the state-of-the-art knowledge on environmentally friendly polymers and polymer composites. 
The book provides a valuable reference for chemical engineers to transfer new materials for industrial 
purposes, particularly in the food packaging sector due to the high volume of plastic waste generated 
by this industry.

Rafael Balart, Nestor Montanes, Franco Dominici, Sergio Torres-Giner, Teodomiro Boronat

Editors
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Abstract: In the last decade, continuous research advances have been observed in the field of
environmentally friendly polymers and polymer composites due to the dependence of polymers
on fossil fuels and the sustainability issues related to plastic wastes. This research activity has
become much more intense in the food packaging industry due to the high volume of waste it
generates. Biopolymers are nowadays considered as among the most promising materials to solve
these environmental problems. However, they still show inferior performance regarding both
processability and end-use application. Blending currently represents a very cost-effective strategy to
increase the ductility and impact resistance of biopolymers. Furthermore, different lignocellulosic
materials are being explored to be used as reinforcing fillers in polymer matrices for improving
the overall properties, lower the environmental impact, and also reduce cost. Moreover, the use
of vegetable oils, waste derived liquids, and essential oils opens up novel opportunities as natural
plasticizers, reactive compatibilizers or even active additives for the development of new polymer
formulations with enhanced performance and improved sustainability profile.

Keywords: bio-based polymers; biodegradable polyesters; green composites; wood plastic composites;
natural additives and fillers; composites characterization; bioplastics manufacturing

The demand for plastics has remarkably increased in recent decades and pollution deriving
from these materials has become one of the most prominent environmental concerns of recent
years. Moreover, conventional polymers are obtained from fossil fuels and show high persistence
in the environment, which results in sustainability issues related to petroleum depletion and waste
management. Recent regulations on the recyclability of materials and environmental requirements
have compelled manufacturers and research institutions to develop environmentally friendly polymers
and polymer composites in the last years. This Special Issue compiles one review and fifteen articles
written by researchers and technologists that reflects the growing interest in the development of
sustainable materials that offer the possibility of rendering interesting applications in food packaging
as well as in other sectors such as pharmaceutics, agriculture or biomedicine.

In this context, the biopolymers obtained from renewable resources currently represent a
sustainable alternative to petroleum derived polymers and they can also contribute to decrease the
product carbon footprint. The next generation of biopolymers will be synthesized from non-edible and
highly available plants and also from agro-food and industrial wastes or by-products, which contribute

Materials 2020, 13, 4892; doi:10.3390/ma13214892 www.mdpi.com/journal/materials1
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to the progress of the Circular Bioeconomy. Furthermore, some biopolymers are also biodegradable
and their resultant articles can be disintegrable in controlled compost soil. These materials include
different types of carbohydrates, for example thermoplastic starch (TPS), cellulose and its derivatives,
alginates, pectin, chitin or chitosan, animal-based proteins, such as silk, gelatin or collagen, and
plant-based proteins as well as lipids. In this regard, the review performed by Mellinas et al. [1]
gathered the most recent studies regarding the sources, different types, structure, and potential uses of
pectin. This natural-based polysaccharide is currently extracted from plants and thereafter isolated as a
bioplastic material. However, by using innovative methods, pectin can also be obtained from different
kinds of waste biomass, ranging from the by-products of juice manufacturing to the peels and seeds of
orange, mango, banana, lime or pomegranate. Authors also showed that the final applications of pectin
can be very diverse due to the variability in its structure, being very promising in food packaging in
the development of active systems.

Chitin and chitosan are also relevant examples of polysaccharides showing a great deal of
potential in pharmaceutical and biomedical applications. Chitin is a β-(1,4)-N-acetyl-d-glucosamine
found in the shells of crabs, lobsters, and shrimps. Chitosan, which is obtained from the alkaline
N-deacetylation of chitin, is a cationic polysaccharide composed of a linear chain of d-glucosamine
and N-acetyl-d-glucosamine linked via a β-(1,4) bond. Both carbohydrates are largely present in
marine fishery by-products and are also known to exhibit several active and bioactive properties.
For instance, in the research article of Taokaew et al. [2], chitin was extracted from local snow crab
shell waste and used to produce microgels with sizes ranging from 5 to 200 μm using a batch process
of emulsification and gelation. Chitin microgels with narrow size distribution with an average size as
low as 7 μm and porous spherical morphology were successfully achieved at chitin contents of 3 wt %,
exhibiting pH-dependent swelling-shrinking behavior for pH values between 2 and 10. In another
study, Ahlawat et al. [3] reported the antioxidant effect on a human SH-SY5Y neuroblastoma cell line
of chitosan nanoparticles synthesized using an ionotropic gelation method with tripolyphosphate
(TPP) as the cross-linking agent. Chitosan particles with an average size of ~200 nm showed reduced
rotenone-initiated cytotoxicity and apoptotic cell death. According to the authors, these novel chitosan
nanoparticles might be a neuroprotective agent for the prevention of Parkinson’s disease.

The main drawbacks of most biopolymers are their inferior thermal resistance and poorer
mechanical properties when compared to conventional polymers such as polyolefins and styrene-based
polymers. In the case of naturally occurring polymers, they habitually show strong hydrophilic
character, being highly affected by water. All these characteristics limit the expansion of biopolymers
to food packaging and other commodity areas. Blending represents a very cost-effective solution
to overcome or, at least, minimize the low ductility and toughness of biopolymers. For instance,
bacterial cellulose (BC), which is mainly produced by the bacteria of genera Acetobacter, such as
Acetobacter xylinum, can result in strong and high-barrier films composed of interconnected networks
of cellulose nanofibers. Since it shows low-breaking elongation, Potivara and Phisalaphong [4]
achieved a ~4-fold improvement in the tensile strength and elongation at break of BC films by the
incorporation of natural rubber (NR). When BC pellicles were immersed in a diluted NR latex (NRL)
suspension at 2.5–5.0% dry rubber content (DRC) in the presence of ethanol aqueous solution at
50–60 ◦C, the resultant NR/BC films showed improved resistance to water and also high resistance
to non-polar solvents such as toluene, biodisintegrating completely in soil after 5–6 weeks. Among
biopolyesters, polylactide (PLA) is already well positioned in the bioplastics market due to its good
processability, balanced properties, relatively low price, and industrial compostability. Despite this,
PLA materials are very brittle and for this reason Lascano et al. [5] developed binary blends of PLA
with the petrochemical biodegradable copolyester poly(butylene succinate-co-adipate) (PBSA) and
an epoxy styrene-acrylic oligomer (ESAO) as a reactive compatibilizer. The compatibilized blend
containing 20 wt % of PBSA showed elongation-at-break values of approximately 121%, whereas the
addition of 30 wt % of PBSA also improved the impact strength in V-notched samples from 2.48 to
5.75 kJ/m2. Furthermore, the addition of 10 wt % PBSA slightly improved the shape memory recovery
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of PLA. With the same scope, ternary blends of PLA with 40 wt % of different poly(ε-caprolactone)
(PCL) and TPS combinations were reported by Quiles-Carrillo et al. [6]. Although all the biopolymer
blends were immiscible, the combination of PLA with 30 wt % of PCL and 10 wt % of TPS showed
an elongation at break as high as 196.7%, which was approximately 40 times higher than that of neat
PLA. The resultant improvement in toughness was ascribed to the “island-and-sea” morphology of the
PLA-based blends, where the rubber-like PCL phase was finely dispersed in the form of micro-sized
spherical domains favored by the co-presence of TPS.

Despite the high suitability of biopolymers as candidates for sustainable applications, they are
still not cost-effective. This is particularly true for polyhydroxyalkanoates (PHAs), a family of linear
polyesters produced in the nature by the action of bacteria during the fermentation of sugar or
lipids in famine conditions. The use of biomass derived from food processing by-products and
agro-food wastes does not only represent a possible strategy to reduce price but also allows to
achieve a more sustainable material concept since they valorize large amounts of residues. Moreover,
natural fillers offer several advantages such as improved biodegradability, low cost, low abrasion,
high specific strength, low density, etc. Furthermore, when a bio-based and biodegradable polymer
is combined with natural fillers, the resultant material was named “green composite”, meaning that
the whole material was obtained from renewable resources and is biodegradable. In this context,
Melendez-Rodriguez et al. [7] developed green composites based on different blends of commercial
poly(3-hydroxybutyrate) (PHB) and purified poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
which was produced by mixed microbial cultures (MMCs) using biomass derived from fruit pulp
waste, filled with 10 wt % rice husk flour (RHF). The green composites were prepared using triglycidyl
isocyanurate (TGIC) as a compatibilizer and dicumyl peroxide (DCP) as an initiator. The incorporation
of the biosustainably produced PHBV at contents of 5–10 wt % counteracted the stiffness and fragility
induced by RHF, yielding films with a balanced performance in terms of strength and ductility.
The resultant films also showed improved thermal stability, thus having a larger processing window,
and also a medium and high barrier to water vapor and aroma, respectively, being potential candidates
for rigid packaging applications.

Biopolymers are also excellent candidates for manufacturing wood plastic composites (WPCs)
and natural fiber-reinforced plastics (NFRPs) in combination with plant fibers, for instance flax, kenaf,
ramie, jute, hemp or sisal. The mechanical behavior of composite materials can be, however, influenced
by several environmental factors, for example temperature, humidity, radiation or chemical agents,
as well as the type, variation in time, loading speed, direction or duration of the mechanical stresses
to which they are subjected. As reported by Bolcu and Stănescu [8], an additional important aspect
concerning the mechanical properties of polymer composite materials is given by the non-uniformities
that appear in the technological process of fabrication. In the case of NFRPs, the main factor influencing
their mechanical behavior is the uneven distribution of the fibers in matrix. In this research study,
it was studied the influence of material irregularity on the mechanical behavior of hemp-reinforced
composite materials produced with natural Dammar, a gum resin obtained from trees of the family
Dipterocarpaceae, mixed with an epoxy resin. Authors concluded that the analyzed material was uniform
and, in the case of the composites, the analyzed material showed reinforcing material proportions,
resin specifically, different from those of the reference materials. According to this, when considering
the non-uniformity degree, the resin transfer, the structural reactions, and the interface effects are
phenomena that should be taken into account.

Inorganic fillers, such as nanoclays, or different types of nanoparticles, can also be used to
enhance the flame retardancy and thermal stability of biopolymers and their NFRPs. In this context,
Khalili et al. [9] developed natural fiber-reinforced PLA laminates by a conventional film stacking
method using biopolymer films and natural fabrics with different cross-ply layups followed by hot
compression. Natural fiber composites of PLA filled with varying concentrations of nanoparticles of
hydroxyapatite (nHA) were produced by the same manufacturing technique. The flame behavior of
the PLA/nHA composites was evaluated by the UL-94 test, demonstrating that only the composite
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containing the highest quantity of nHA, that is, 40 wt %, achieved an FH-1 rating and exhibited no
recorded burn rate, whereas other composites obtained only an FH-3. Moreover, upon the addition of
nHA, the thermal analysis indicated that the mass residue was improved by 279% whereas the thermal
decomposition and the mass loss rate was also enhanced slightly. In another study, Larraza et al. [10]
produced graphene oxide (GO), which was thereafter subjected to different levels of exfoliation by
sonication and centrifugation and finally used to reinforce sodium alginate (SA). The latter biopolymer is
a hydrophilic linear polysaccharide composed of (1→4)-β-D-mannuronic acid and (1→4)-α-l-guluronic
acid units that can be extracted from brown algae (Macrocystis pyrifera). Due to restrictions in SA chains
motion as a consequence of interactions with GO, the resistance to thermal degradation and mechanical
properties of the biopolymer nanocomposites were increased. In particular, the loading of 8 wt % of GO
led to an improvement of 65.3% and 83.3% for the tensile strength and Young’s modulus, respectively.
According to the authors, the resultant biopolymer nanocomposites show potential applications in
pharmaceutics, biomedicine, food industry, etc.

Natural oils and, in particular, vegetable oils, represent a new generation of renewable materials
that can positively contribute to progress in the preparation and commercialization of sustainable
plasticizers. These are polymer additives that act as internal lubricants, favoring polymer chain mobility
and enhancing processability and ductility. Some vegetable oils are also interesting from a chemical
point of view due to their triglyceride structure based on a glycerol basic structure that is bonded
through esters to fatty acids. They present a different number of unsaturations, which constitute the
base for a chemical modification to provide the desired multi-functionality. Thus, selectively modified
vegetable oils have been developed as novel renewable materials for the compatibilization of polymer
blends and green composites. On this topic, Dominici et al. [11] evaluated the use of maleinized (MLO)
and epoxidized (ELO) linseed oils in contents of up to 15 wt % as potential bio-based plasticizers for
improving the toughness of Arboform®, a lignin/natural fiber commercial composite. It was observed
that the addition of ELO at 2.5 wt % improved the impact-absorb energy from 5.4 to 11.1 kJ/m2, while a
similar improvement of 118% was obtained by the addition of 5 wt % of MLO. Furthermore, both MLO
and ELO improved the thermal stability and tensile strength due to the formation of ester bonds
between the multiple maleic and epoxy groups present in the oils and the hydroxyl groups of the
matrix. In another study, Gonzalez et al. [12] reported the efficiency of MLO as compatibilizer in
PLA/diatomaceous earth (DE) at a filler content of 10 wt %. Above five parts per hundred resin (phr)
of MLO, the ductile properties were remarkably improved and the impact strength increased to nearly
22 kJ/m2, which was almost double the value of the uncompatibilized PLA/DE composite. Similarly,
in a first study, Liminana et al. [13] prepared green composite pieces of poly(butylene succinate) (PBS),
a petrochemical biodegradable homopolyester, with varying loadings of almond shell flour (ASF) by
extrusion with MLO and subsequent injection molding. The MLO content was kept constant at 10:1.5
(wt/wt) in relation to ASF and the optimal formulation in terms of the mechanical properties and filler
content was attained for pieces filled with 30 wt % of ASF and containing 4.5 wt % of MLO. In a second
work, Liminana et al. [14] used the previous green composites to study the effect of varying the MLO
content for a constant ASF loading of 30 wt %. In the composition range from 2.5 to 10 wt %, MLO
successfully plasticized the green composites and also acted as a compatibilizer by the reaction of the
maleic anhydride pendant groups with the hydroxyl groups of both PBS end chains and cellulose and
hemicelluloses of ASF. This compatibilizing effect was observed by a reduction of the gap between
the ASF particles and the surrounding PBS matrix and also by the increase in the glass transition
temperature (Tg) of PBS from −28 to −12 ◦C after the addition of 10 wt % of MLO. According to the
authors, the developed green composites can reduce the overall current cost of biopolyesters by using
large amounts of waste coming from the almond industry, leading to WPCs with a wood-like color.

Other studies have also been focused on the use of renewable and waste derived liquids for
green composite formulations. For example, Araújo et al. [15] employed a by-product of the cashew
agricultural industry, termed cashew nut shell liquid (CNSL), as a third component to polypropylene
(PP) and high-impact polystyrene (HIPS) blends and studied its effect as a compatibilizer. Technical
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grade CNSL is indeed a natural lipid that consists of a mixture of phenols in which its major constituent
is cardanol. The addition of 2 and 5 phr of CNSL in PP/HIPS blends successfully led to a size reduction
of the HIPS domains, which ultimately facilitated the tension transfer from one phase to the other
as well as the stabilization of the blended morphology. As a result, the industrial use of CNSL can
be regarded as a cost-effective and sustainable compatibilizer in polymer blends since it is derived
from waste and is also abundant. Alternatively, essential oils are natural mixtures of compounds that,
being completely safe for both humans and the environment, show antimicrobial and antioxidant
properties. In the study of Thanh et al. [16], marjoram (Origanum majorana L.) essential oil was
incorporated into a polyamidoamine dendrimer generation 4.0 (PAMAM G4.0) for the development of
a novel and sustainable nanocide against the plant disease Phytophthora infestans. The resulting essential
oil-containing PAMAM G4.0 showed higher antifungal activity in comparison with PAMAM G4.0 and
marjoram volatile oil prepared using the same concentration. The enhanced antimicrobial activity was
due to the restricted evaporation of the essential oil in the encapsulating systems, which suggests that
the encapsulation of marjoram oil in PAMAM G4.0s can be useful in combating late blight in tomatoes
and the use of marjoram oil is very promising in the field of plant disease control as a fungicidal
alternative to chemical pesticides in agriculture.

In summary, the Special Issue Environmentally Friendly Polymers and Polymer Composites compiles
the most recent research works in biopolymers, their blends and composites, and the use of natural
additives, such as vegetable oils and other renewable and waste derived liquids, with a marked
environmental efficiency devoted to developing novel sustainable materials. The research studies
gathered in the present Special Issue can certainly help to reveal the real potential of these materials in
different applications. It is also highly expected that they will contribute and trigger the transfer of the
current knowledge to industry, particularly in the food packaging sector, which is currently requesting
the use of renewable and biodegradable materials to reduce the dependence of polymers on fossil fuels
and mitigate the effect of plastic wastes on the environment. However, further studies on biopolymers
and the optimization of their processes will be still needed to better control the development of the
resulting environmentally friendly materials.
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Abstract: Regardless of the considerable progress in properties and versatility of synthetic polymers,
their low biodegradability and lack of environmentally-friendly character remains a critical issue.
Pectin is a natural-based polysaccharide contained in the cell walls of many plants allowing their
growth and cell extension. This biopolymer can be extracted from plants and isolated as a bioplastic
material with different applications, including food packaging. This review aims to present the
latest research results regarding pectin, including the structure, different types, natural sources
and potential use in several sectors, particularly in food packaging materials. Many researchers
are currently working on a multitude of food and beverage industry applications related to
pectin as well as combinations with other biopolymers to improve some key properties, such
as antioxidant/antimicrobial performance and flexibility to obtain films. All these advances are
covered in this review.

Keywords: pectin; food packaging; active compounds; agro-waste residues; circular economy

1. Introduction

Biopolymers are gaining their market share in the plastics industry by their intrinsic biodegradable
character combined with interesting properties for specific applications. Biopolymers can be obtained/
extracted from natural sources, biosynthesized by living organisms or chemically synthesized from
biological materials [1]. In addition, their natural-based origin, i.e., from renewable sources represents
a great advantage over plastic commodities since their use decrease dependence from petroleum while
preserving and even improving important material properties. There has been an increasing interest
for the use of biopolymers in packaging, medicine, agriculture, and other sectors. Different types
of carbohydrates, such as starch and cellulose, as well as other polysaccharides, such as alginates
and pectin, as well as their combinations with animal-protein-based biopolymers, such as silk, wood,
gelatin, collagen, chitosan/chitin, gums, plant-based proteins and lipids offer the possibility of rendering
interesting applications for these advanced sectors. All these biopolymers offer interesting advantages
in their use, such as their renewable origin, biocompatibility, barrier properties to moisture and/or
gases, non-toxicity, non-polluting characteristics, mechanical integrity and relative low cost.

The increase in the use of biopolymers has caused that their global market is expected to reach
around 10 billion US Dollars by 2021, growing by almost 17% over the forecast period 2017–2021.
Western Europe covers the largest market segment, accounting for 41.5% of the global market while
other regions are rapidly increasing their market share [2].

In addition, another important possibility offered by the use of biopolymers is their potential to
be synthesized from the non-edible parts of plants or animals, avoiding the risk of depleting food
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from local communities, most of them in under-developed regions. Figure 1 shows the main types
of biopolymers that can be obtained from biomass waste as well as some examples of their sources.
They can be divided into three large groups: proteins, lipids and polysaccharides. The protein-based
biopolymers can be obtained from both animal and vegetable wastes. For example, slaughterhouse
wastes are a good source of proteins from animal origin, like gelatin. These wastes comprise the
inedible tissues/parts of the animals slaughtered for the production of meat [3]. Among the proteins
from plant origin, soy protein isolate is a good option to develop new materials due to its composition
and excellent processing ability by gelling, emulsifying ability and water and oil holding capacity [4].

 
Figure 1. Different types of biopolymers obtained from animal and vegetable wastes.

Lipid-based polymers have been used in the last few years in food packaging or 3D printing
materials. Their extraction from the natural sources is a necessary step to render isolated fatty acids to
be further used in esterification reactions. For example, cutin extracted from tomato by-products [5] and
lipids extracted from algae [6] have shown great potential to obtain specific fractions for the production
of films with high barrier to water due to the repulsion caused by their high hydrophobic behaviour.
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Polysaccharide-based polymers are the last group in Figure 1. These biopolymers are characterized
by their biodegradable, biocompostable, sustainable and non-toxic characteristics. Additionally,
polysaccharides are more thermally stable than other biopolymers, like lipids and proteins, since
they are not irreversibly denatured via heating. However, their main disadvantages are the high
sensitivity to moisture and low mechanical resistance [7]. In order to limit these problems, two
different approaches have been proposed: the incorporation of different reinforcing additives to the
polysaccharides matrices [8,9] and the combination with different polymers to obtain blends [10,11] or
multilayer films [12,13]. The improvement in polysaccharides properties have permitted the extension
of their use by the food industry in the last few years [14,15].

Pectin is one of the major structural polysaccharides present in many higher plant cells allowing
primary cell wall extension and plant growth. It could be extracted and applied as an anionic
biopolymer, soluble in water. A large number of recent articles have highlighted the advantages
of using pectin over conventional polymers. Therefore, pectin is increasingly important for a
multitude of food packaging applications, such as a thickening and gelling agent, colloidal stabilizer,
texturizer, and emulsifier [16–18], a coating on fresh and cut fruits or vegetables [19–21] and as
micro and nano-encapsulating agent for the controlled release of active principles with different
functionalities [22]. Rodsamran et al. [16] reported that bioactive pectin films can retard soybean
oil oxidation during 30 days of storage. Furthermore, Sucheta et al. [19] found that a pectin-corn
flour-based coating significantly reduced the weight loss and decay per cent of tomatoes, delaying
respiration with retention of biochemical quality of tomatoes. Additionally, polymeric blends of
hydrocolloids obtained from chia seeds and apple pectin where developed with the aim to obtain
antioxidant polymer blend films using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay to estimate
their antioxidant activity [10].

Pectin has been also extracted from waste biomass by using innovative methods, contributing
to waste management in agriculture and food processing industries. Different pectin sources can
be used, such as by-products of juice manufacturing as well as orange, mango, banana, lime and
pomegranate peels and seeds. Therefore, this review aims to present and discuss the potential of
pectin as a bio-based material in food packaging applications by its efficient extraction from waste
biomass, while addressing a solution to the important environmental problems caused by the disposal
of residues and by-products in the food sector.

2. Pectin

2.1. Pectin Structure

Pectin is a complex heteropolysaccharide and a major multifunctional component of the cell wall
in many terrestrial plants. It is usually found in association with other compounds like cellulose,
lignin or polyphenols present in the cell wall of plants [22]. Pectin is mainly composed of galacturonic
acid units (Figure 2). The carboxyl groups of uronic acid residues can be present in different forms in
the polymer structure, either free or as a salt form with sodium, calcium or other small counter-ions.
In some cases, they can be also present as naturally-esterified groups, particularly with methanol,
depending on the pectin source and/or the extraction method. Due to the presence of free carboxyl
groups, pectin solutions exhibit acidic pH values. Galacturonic acid comprises approximately 70% of
the pectin composition, depending on the plant species, and all the pectic polysaccharides contain
galacturonic acid linked at the O-1 and the O-4 positions [23]. Pectin has a linear anionic backbone
which regions showing no side chains known as “smooth regions” and regions with non-ionic side
chains known as “hairy regions” [24].

Different pectin structural domains may be distinguished (Figure 2), influencing their properties
depending on pectin proportions [23].
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Figure 2. Schematic pectin structure, adapted from [23].

Homogalacturonan (HG): HG is the major domain of pectin in cell walls of plants, representing
approximately 65% of the total pectin content. It is formed by galacturonic acid residues, linked by α

(1→4) bonds, and their carboxyl groups are partially methyl esterified at position 6. Additionally, this
domain may be acetylated at position 2 or 3 depending on the origin of the pectin. These domains are
the main constituents of the above-mentioned “smooth regions” [24].

Rhamnogalacturonan I (RG-I) contains about 20%–35% of the total pectin and shows a more
complex structure than HG. It contains repeated units of disaccharides consisting of L-rhamnose and
galacturonic acid that can be also acetylated in the positions 2 or 3. It could have up to 100 units of
(1,2)-α-L-Rha-(1,4)-α-D-GalA. In addition, large amount of L-rhamnose structures are substituted at
O-4 by different neutral sugars such as L-galactose and L-arabinose [23].

Rhamnogalacturonan II (RG-II) contains about 10% of the total pectin and it is the structurally
more complex component. Despite it is a relatively minor component in the pectin chain, RG-II plays a
central role in the structure of plant cell walls. Small structure modifications of RG-II lead to reductions
in the dimers formation and they can cause severe growth defects. So, dimerization of RG-II in the cell
wall may be crucial for the normal growth and development of plants. This domain is composed of an
HG backbone of (at least eight) 1,4-linked α-d-GalA residues decorated with side branches consisting
of different types of sugars (rhamnose, fucose, xylose, galactose, apiose or aceric acid) in over 20
different types of linkages [23,25,26].

It is generally believed that the pectic polysaccharides are covalently bonded with high crosslinking
densities since harsh chemical treatments or digestion by pectin-degrading enzymes are required to
isolate HG, RG-I, and RG-II from each other. In addition, it has been reported that other components,
such as xylogacturonan (XGA) and apiogalacturonan (AP), could replace the galacturonic acid units
in some parts of the pectin chain [23]. The complexity of the pectin structures increases since it can
be changed during the plant storage, extraction and processing, resulting in modifications of pectin
functionalities and hindering its structural elucidation. It has been reported that the variations in
chain lengths in each of the different domains are not the same, because HG and RGII have a highly
homogeneous structure while RGI exhibits a wide heterogeneity in its composition [26].

2.2. Type of Pectins

The degree of esterification (DE) is an important parameter for the definition of the pectin
applications and it is defined as the percentage of carboxyl groups esterified present in the structure
of pectin. DE is often used to classify the different types of pectins (Figure 3). Depending on the
DE different emulsifying, texturizing and gelling properties are observed. In general, when the DE
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increases, the water solubility decreases due to the hydrophobic nature of esters with long hydrocarbon
chains. In contrast, when the DE increases the gelation rate also improves resulting in rapid gelation
pectins [27]. Furthermore, the amount and composition of neutral sugars and the overall molecular
weight of pectins have a great influence in their rheological properties [28].

Figure 3. Structure of low and high methoxyl pectins.

High methoxyl pectin (HMP) shows DE higher than 50% and it is mainly used in the food industry
by its thickening and gelling properties. It has been reported that HMP requires high amount of
sugars for gelation and it is very sensitive to acidity [29]. HMP forms gels at low pH values and
high concentrations of soluble solids due to the presence of hydrogen bonding and hydrophobic
interactions between the pectin chains. Neutral sugars like sucrose play different roles in gelation
through regulation of the hydrophobic interaction or directly binding to the polymer chains of HMP.
Gels are formed when HG portions are cross-linked to form three dimensional crystalline networks in
which water and other solutes are trapped [30]. The mechanism of formation of HMP gels is complex
and it has been the subject of many investigations in the last decades. The glass transition theory
has been proposed to explain the formation of HMP gels. Due to the high viscosity of molecules an
arrest of the system kinetics occurs, giving as a result the formation of the gel due to the increased
concentration of co-solutes and decrease in the water content. The transition from sol to gel behaviour
is due to the combined effect of HMP and sucrose at pH 3, and occurs when excluded volume effects
and attractive interactions are capable to give rise to an incipient three-dimensional network [31].
In addition, the effect of monovalent cations has been evaluated under different alkaline conditions
(NaOH and KOH) at different pectin concentrations. It was suggested that HMP gel is formed through
different mechanisms, such as de-esterification, self-aggregation, and entanglement under alkaline
conditions. Na+ or K+ bind to dissociated carboxyl groups in HMP due to electronic attraction and
this behaviour enables HMP molecules to move closer to each other, thereby improving gel network
formation [32].

The emulsifying properties of HMP have been investigated by Jiang et al. in binary water-ethanol
systems. They suggested that ethanol reduces the electrostatic repulsion and promotes pectin
aggregation [33]. When HMP was mixed with the water-ethanol mixtures, the helix structure was
broken, and electrostatic repulsion decreased. The compact and hydrophobic conformation enables
pectin to adsorb better on the oil-water interface. The obtained emulsion showed good stability when
using 21% of ethanol in the mixture.

Low methoxyl pectin (LMP) shows DE lower than 50% and it is generally formed by the
de-esterification of HMP. Different agents can be used for the preparation of LMP from HMP, such
as alkalis like sodium hydroxide or ammonia, enzymes (pectin methyl esterase) and concentrated
acids [34].
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LMP is widely used by the food industry to form low sugar-content jams as it does not require
large amounts of sugar for gelation. It shows less sensitivity towards acidity and requires Ca2+ ions to
form gels. The gelation mechanism in LMP is mediated by the formation of calcium bonds between
two carboxyl groups from two chains in close contact [28]. Recently, Han et al. studied the effect of
the calcium concentration, pH, soluble solids, and pectin concentration on the gel strength of LMP
gels and they proposed different mechanisms of formation of pectin gels based on their rheological
properties [35]. They observed that pH values close to the isoelectric point (pH = 3.50) and high
calcium concentrations enhanced the storage modulus and gel strength by formation of calcium bridges
at dissociated carboxyl groups. In addition, the sucrose content improved the gel strength because
the neutral sugars provide hydroxyl groups to stabilize the gel and contribute to the formation of
hydrogen bonds to immobilize free water. On the other hand, the formation of LMP gels under alkaline
conditions was tested by Yang et al. [36]. They suggested that LMP can form relatively stable gels in
the pH range of 3.5–9.5 using NaOH as pH regulator. In addition, they evaluated the effect of calcium
concentration in the thermal and structural properties of the LMP gels and they concluded that the
presence of calcium ions not only reduced the thermal stability but also the crystalline degree of LMP.

3. Sources of Pectin

Due to the high potential of pectin-based polymers, the extraction of pectin from biomass waste
has been widely studied. Table 1 summarizes several published works based on the extraction of
pectin from agro-waste sources.

Table 1. Different raw materials and extraction methods to obtain natural pectin.

Raw Material
Extraction
Method

Conditions
Ref.

T (◦C) Time (min) LSR (mL/g) Other Variables

Eggplant peel waste HAE 90 30 40 - [37]
Orange peel waste HAE 80 60 17.1 pH: 1.5 [38]
Orange peel waste HAE 75 300 20 pH: 2.5 [39]
Orange peel waste HAE 95 120 6 pH: 1.6 [40]
Pomelo peel waste HAE 90 120 30 pH: 2 [41]

Pomegranate peel waste HAE 70 120 10 - [42]
Apple peel waste HAE 85 120 25 - [43]

Cashew apple pulp HAE 100 120 5.15 - [44]
Chamomile Waste HAE 90 60 20 pH: 1.2 [45]
Durian rind waste HAE 85 60 9 pH: 2.5 [46]

Hibiscus (sabdariffa L.) HAE 100 30 20 pH: 2.5 [47]
Banana peel waste HAE 86 360 50 pH: 2 [48]
Banana peel waste HAE 90 30 20 pH: 1.5, 6 [49]
Mango peel waste HAE 90 120 20 - [50]

Jackfruit peel waste HAE 138 9 17 - [51]
Jackfruit peel waste HAE 90 60 10 - [52]
Jackfruit peel waste HAE 90 60 20 - [53]
Passion fruit rind HAE 98 90 50 - [54]

Tomato husk waste HAE 100 15–25 30 - [28]
Orange peel waste HC 14.6–96 270 2.86 - [55]
Artichoke (Cynara

scolymus L.) EAE 50 2880 15.4 pH: 5, Enzyme: 10.1 Ug−1 [56]

Sisal Waste EAE 50 1200 15 Enzyme: 88 Ug−1, pH:5 [57]
Tobacco waste MAE - 4 20 550 W, pH: 1.8 [58]

Cocoa Pod Husk waste SWE 121 30 27.5 103.4 bar [59]
Custard apple peel waste UAE 63 18 21 pH: 3 [60]

Mango peel waste UAE 85 10 7.6 497.4 W/cm2, pH: 2 [61]
Sisal Waste UAE - 60 15 450W, pH: 4 [57]

Passion fruit rind UAE - 10 20 135W [62]
Jackfruit peel waste UAE-MAE 86 29 48 - [63]

HAE: Hydrothermal-assisted extraction; UAE: Ultrasound-assisted extraction; HC: Hydrodynamic cavitation; MAE:
Microwave-assisted extraction; SWE: Subcritical water extraction; EAE: Enzyme-assisted extraction.
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The peels of citrus fruits have been reported as the main source to obtain pectin at the industrial
scale due to their good properties and high extraction yield. Hydrothermal extraction is the most usual
method to obtain pectin from orange peels and it involves high temperatures (75–95 ◦C) and extraction
times (60–300 min). Additionally, in all cases, the hydrothermal extraction of pectin takes place under
acidic conditions using water as solvent. Pectin is very soluble in water and the acid medium decrease
the presence of other compounds like polyphenols increasing extraction yields and helping to maintain
the quality of the extracted pectin [38–41]. Other methods have been tested to reduce extraction times
in citrus by-products. For example, microwave-assisted extraction (MAE) has been used in lime [64]
and pomelo peels [65] reducing the extraction times to five and two minutes, respectively. However,
high microwave powers (700–1100 W) were required to achieve these results. The hydrodynamic
cavitation method was also used to obtain pectin derived from orange peel waste. Although a large
decrease in the amount of solvent (2.86 mL/g of dry waste) was observed, long extraction times were
also needed (270 min) [55].

The use of other sources to obtain pectin-based polymers in good grade and quality has been
proposed in the last few years, such as eggplant peel [37], chamomile waste [45], cocoa pod husk [59,66],
banana peel [49], mango peel [50,61,67] or tomato husk [28]. Tropical fruits have been also studied
in the last years to obtain HMP. For example, passion fruit rind [54,62], durian rind [46] or jackfruit
peels [51,52,63] have been proposed as interesting sources of pectins. Hydrothermal extraction is also
the most used method in these types of wastes. Ultrasound-assisted extraction (UAE) has been also
tested in passion fruit rind using 450 W and a water to dry sample ratio of 20 mL/g for 10 minutes.
Results showed that the obtained pectin was mainly formed by homogalacturonans. Furthermore,
their high degree of methylation indicated that the passion fruit pectin could be applied in gel forming
products [62].

The use of innovative and sustainable extraction techniques is heading towards the study of hybrid
techniques with the objective of combining their advantages, such as in the case of MAE and UAE.
Pectin has been obtained from sisal waste by the combination of enzymatic and ultrasonic processes as
an efficient strategy for the production of high-quality pectins since the enzymatic treatment disrupt
the links between cellulose and xyloglucans in the cell wall of sisal and then the ultrasonic treatment
produces mechanical destruction of the sisal structure to improve the release of pectin [57].

Finally, the introduction of new extraction techniques can be a great initial investment for
companies since they offer the possibilities to get specific extractions of high added value purified
compounds, although the costs of microwave or ultrasonic based equipment are higher than those
of conventional extraction equipment, but in the long term, these devices are more profitable since
the energy consumption, extraction time and the amount of expensive reagents used during pectin
extraction are reduced [68,69].

4. Pectin-Based Materials for Food Packaging Applications

Pectin is a versatile compound that can be used to develop different materials in many food
applications such as thickening and gelling agent, colloidal stabilizer, texturizer and emulsifier.
These important applications are not limited to food processing, but also to packaging, coatings on fresh
and cut fruits or vegetables and as microencapsulating agents (Table 2). Pectin is soluble in pure water
and insoluble in organic solvents. Moreover, when dry pectin is mixed with water it tends to hydrate
very rapidly, forming clumps. This behaviour is due to the formation of dry spheres of pectin contained
in a highly hydrated outer coating. In order to eliminate these clumps, a vigorous and long agitation
time is required [70]. In general terms, diluted pectin solutions present a Newtonian behaviour,
but at high concentrations they show non-Newtonian behaviour, corresponding to pseudo-plastic
characteristics. It was observed that the decrease in solubility and increase in viscosity contribute to
increase the gelation capacity, i.e., the pectin concentration has a positive effect in gelation capacity and
viscosity but a negative effect in solubility. Although it was stated that pectin properties are mainly
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dependent on structure, particularly DE [22,71], film forming, gelling and emulsifying properties
should be also considered.

Table 2. Different types of pectin-based materials used in food packaging applications.

Type Polymer Matrix Additive Application Ref.

Film LMP-bitter vetch protein Transglutaminase Drug delivery system [72]
Film LMP Ascorbic acid AO system [73]
Film HMP Clove EO AM system [74]
Film HMP Marjoram EO AO system [75]
Film HMP-Gluconaman Tea extract AO/AM system [76]
Film Pectin-Pullulan AgNPs AM system [77]
Film HM-Apple pectin Chia seed hydrocolloid AO system [10]

Film Chitosan-Starch-Pectin
Mint and rosemary oils AO/AM system [78]

Nisin

Film Fish gelatine-HMP Hydroxytyrosol,
dihydroxyphenylglycol Preservation of beef meat [79]

Film HMP Red cabbage extract pH indicator [80]
Film Chitosan-HMP Anthocyanin pH indicator [81]

Nanocomposite Pectin AgNPs, laponite
Coating polypropylene to

improve barrier/AM
properties

[82]

Nanocomposite Pectin Ag/AgCl-ZnONPs AM system [83]
Nanofiber HMP AgNPs Reinforcement, AM [84]

Nanofiber LMP
Polyethylene oxide - Reinforcement [85]

Aerogel Amidated pectin TiO2, NPs AM under dark and UV
illumination conditions [86]

Hydrogel LMP-Chitosan Garlic and holy basil EOs
Incorporate to cellulose

bag to improve AM
properties

[87]

Oleogel HMP Camelia oil
Tp-Palmitate Drug delivery system [88]

Emulsion HMP Clove EO Bream fillets coating [89]
Microemulsion Chitosan-HMP Cinnamaldehyde AM system [90]
Nanoemulsion Food-grade pectin Curcumin and garlic EOs Coating chicken fillets [91]

Nanoemulsion HMP Oregano, thyme, lemongrass,
mandarin EOs AM system [92]

Nanoemulsion HMP Lemongrass EO
Addition in Cassava starch

film to improve
biodegradation properties

[93]

Multilayer emulsion HMP-Chitosan Astaxanthin Release of hydrophobic
carotenoids [94]

EO: essential oil; AM: antimicrobial; AO: antioxidant.

4.1. Pectin-Based Films

Casting is the most used technique to obtain pectin-based films [10,73–75,79]. Pectin solutions
(around 2–3 wt%) are mixed with the appropriate amount of plasticizer, commonly glycerol [95].
Then, the film forming solution is dried under controlled conditions of temperature and humidity
forming a thin film. The incorporation of active agents, such as antimicrobial and/or antioxidant
compounds, is performed after the incorporation of the plasticizer to obtain good compatibility between
all components during the film processing [96–98]. Recently, Gouveira et al. [99] have reported the
successful production of pectin-based films by using thermo-compression moulding of raw pectin
with a natural deep eutectic solvent. The visual aspect of the obtained films was acceptable, since they
were yellowish, visually homogenous, semi-transparent and without apparent pores, also showing
high tensile strength and water resistance.

Pectin offers good compatibility with other biopolymers, such as proteins [73], lipids [100], other
natural polysaccharides [101] or even synthetic biopolymers [82]. All these combinations represent
alternatives when considering the final application of the obtained films. Both types of pectin (HMP
and LMP) can form thin films under specific conditions. For example, LMP has been used as an
appropriate matrix in new antioxidant systems with ascorbic acid as active additive by using casting
as the processing method [72]. LMP was heated to 90 ◦C and then, glycerol and ascorbic acid were
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incorporated to the solution. Finally calcium chloride was added as the crosslinking agent to permit the
formation of consistent and homogeneous pectin-based active films. In contrast, the addition of calcium
ions is not necessary to develop films based on HMP, but low pH values and high sugar concentrations
are needed to produce thin films. Nisar et al. [74] produced HMP films with antimicrobial properties
incorporating clove essential oil by the casting method. Film forming solutions (3% w/v) were prepared
by rehydrating pectin in sterile deionized water for 12 h at 20 ◦C. Glycerol was used as plasticizer at
30 wt % with magnetic stirring at 70 ◦C while pH was adjusted to 4.5. The clove essential oil with
an emulsifier to improve the oil dispersion in the film aqueous solution were incorporated into the
film forming solutions at different concentrations. A great integration of the clove essential oil into
the polymer matrix was observed with a positive significant influence on the physico-chemical and
functional properties, in particular barrier, mechanical, antioxidant and antimicrobial.

Marjoram, mint and rosemary essential oils are some of the active additives incorporated into the
pectin matrix to get functionalities to these biopolymer materials. Almasi et al. [75] evaluated the effect
on physico-chemical properties of marjoram essential oil in pectin films for food packaging applications.
In order to prevent the degradation of the highly volatile essential oil and to control its release into
food, it was incorporated using nanoemulsions and Pickering emulsions. Both types of emulsions
combined the use of the essential oil and a low molecular weight surfactant with whey protein isolate
or inulin as nanocarriers. Results obtained through X-ray diffraction (XRD), Fourier transformed
infrared spectroscopy (FTIR) and field emission scanning electronic microscopy (FESEM) confirmed the
high compatibility between pectin and both emulsions. The encapsulation of the essential oil through
Pickering emulsions provided significantly slower releasing rates through the films when compared to
nanoemulsions. For these reasons, authors concluded that the active pectin films containing Pickering
emulsions showed the best potential to be used in active food packaging due to the slow release of
the essential oil increasing food shelf-life. On the other hand, the synergic effect between mint and
rosemary essential oils and nisin was investigated by Akhter et al. [78] using chitosan, starch and pectin
blends. These authors concluded that the inclusion of rosemary essential oil and nisin improved the
water barrier properties, tensile strength and thermal stability of the active biocomposites. Additionally,
the combination of these compounds in a pectin matrix showed high antimicrobial action against some
pathogenic strains (Bacillus subtilis, Escherichia coli and Listeria monocytogenes).

Furthermore, extracts derived from plants have been proposed to improve the functional properties
of pectin. For example, tea extracts were incorporated into a HMP/Glucomannan blend. The influence
of the addition of tea extracts at different concentrations (from 1% to 5% wt % on a dry basis) on
the structural and physical properties of the blend, as well as on the antioxidant and antimicrobial
activities were evaluated [76]. The authors found that concentrations of tea extract lower than 2 wt %
improved all these properties but the effect was negative at high concentrations since some aggregation
in the biopolymer macromolecules was observed. Red cabbage extract has been proposed for the
development of a smart film based on HMP for meat and fish products. [80]. Red cabbage extract is
rich in anthocyanins, showing the ability to change the colour of the biopolymer matrix at different
pH values. It is known that the degradation of animal proteins produces an increase in pH due to
the liberation of nitrogen compounds that can be monitored using a colorimetric sensor based on
pectin and the red cabbage extract, offering innovative applications of pectin to the food industry [80].
These results showed the significant colour change in edible films when they are exposed to the
headspace of meat and fish products at 21 ◦C and 4 ◦C, respectively.

The physical and functional properties of pectin-based films can be also modified by the
combination of commercial pectin with corn flour and beetroot powder to minimize post-harvest
decay, reducing ripening and improving sensorial properties of tomatoes [19]. In this study, results
showed that pectin-based films protect from losses of polyphenols improving the antioxidant activity
of these materials. In addition, other properties are modified due the presence of the edible coating.
Pectin can modify the atmosphere around the fruit and/or vegetables, altering oxygen levels inside
the fruit, retarding production of ethylene and, thus, limiting their physiological decay. In this work,
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pectin-based films showed low hydrophobicity to get optimum gas and water vapour permeability;
reducing the ripening induced quality degradation in terms of texture and loss of bioactive compounds
during storage.

Finally, the incorporation of nanoparticles to improve the physical and functional properties of
pectin-based films has been evaluated. Biocomposites formed by a biopolymer matrix with metal
or metal oxide nanoparticles are gaining importance in active food packaging since they could play
a double role. On one hand, nanoparticles can act as nanofillers to enhance the mechanical and
barrier properties of the biopolymer matrix and, on the other hand, they can interact directly with
food due to their potential antimicrobial/antioxidant activity [102]. The effect of silver nanoparticles
(AgNPs) has been tested in pectin, pullulan (a polysaccharide produced by fermentation by the
Aureobasidium pullulans fungus), and pectin/pullulan blends [77]. Silver nanoparticles improved the
mechanical properties of pullulan/AgNPs and pullulan/AgNPs/pectin composites while also showing
high antimicrobial activity against foodborne pathogens, especially Salmonella Typhimurium, Escherichia
coli and Listeria monocytogenes. AgNPs have been also proposed to develop nanocomposites based on
pectin to be used as coatings for other polymer matrices with the aim to improve their barrier and
mechanical properties as well as providing antimicrobial/antioxidant properties. Nanocomposites
based on pectin with AgNPs and laponite have been evaluated to get a significant reduction in the
oxygen transmission rate and water vapour transmission rate respect to neat polypropylene films taken
as control [82]. The application of these new films showed antimicrobial activity against Gram-negative
and Gram-positive bacteria, Escherichia coli and Staphylococcus aureus, respectively.

Other types of nanoparticles have been tested in pectin as the polymer matrix. Titanium oxide
nanoparticles (TiO2NPs) were incorporated at low concentrations (0–2 wt %) into biodegradable
starch–pectin (3:1) films to improve their mechanical and barrier properties as well as their potential as
antioxidant systems for food packaging applications [103]. In addition, visible and UV radiation was
completely absorbed or scattered in these films by the addition of TiO2NPs to get starch-pectin films
with potential as UV screening packaging materials. On the other hand, the addition of halloysite
nanotubes (HNT) offers great advantages to develop advanced food packaging materials. The effect of
HNTs with salicylic acid [104], rosemary [97] and peppermint [105] essential oils in pectin films has been
reported. HNTs showed high compatibility with pectin films improving their mechanical, thermal and
moisture barrier properties [97,104]. The antimicrobial performance of these films was also improved
due to the increase in the release rate of active compounds [97]. In fact, the antimicrobial activity of
pectin-based films against Gram-negative Escherichia coli ATCC 25922, Salmonella Typhimurium ATCC
14028, Pseudomonas aeruginosa ATCC 10145, and Gram-positive Staphylococcus aureus ATCC 29213
was studied by the disk diffusion method, suggesting the effective antimicrobial properties of these
functionalized films [104].

4.2. Emulsions and Gels

Pectins are widely used in the food industry as emulsifier and gelling agents. The ability of pectins
to form gels under specific conditions has been used to obtain aerogels [86,106], hydrogels [87,107]
or oleogels [88,108]. In particular, hydrogels are the most popular gel compositions used in food
packaging, since they are able to absorb large amounts of water or other biological fluids inside
their structure. For example, Torpol et al. studied the encapsulation of two different antimicrobial
compounds: garlic and holy basil essential oils in chitosan-pectin hydrogel beads [87]. The entrapment
of essential oils in the matrix structure was successful and it showed antimicrobial capacity against
Bacillus cereus, Clostridium perfringens, Escherichia coli, Pseudomonas fluorescens, Listeria monocytogenes and
Staphylococcus aureus, but not against Lactobacillus plantarum and Salmonella Typhimurium. Hydrogel
coatings have been also proposed to reduce the deterioration of fresh fruit, meat or fish, as they can
provide a semi-permeable protection to gases and water vapour and some other environmental factors
that could damage food. By promoting food perspiration, these films also help to reduce enzymatic
browning and water loss. Furthermore, this protection may also be enhanced by the addition of other

16



Materials 2020, 13, 673

ingredients, such as minerals, antioxidants, nutrients, vitamins or probiotics [109]. On the other hand,
when the extraction of solvents at their supercritical state is produced in hydrogels or alcogels, the
resultant material is called aerogels. Due to their unique properties, such as high porosity, high specific
surface area, low relative density and thermal conductivity, these pectin-based biopolymers represent
an innovative approach as advanced materials for food packaging since they can be used as internal
layers, oxygen scavengers or drug delivery systems [110,111]. Recently, pectin-based aerogels have
been developed for the storage of temperature-sensitive food. In this regard, TiO2 nanoparticles were
incorporated into the pectin matrix to improve the mechanical, thermal and antimicrobial properties of
pectin when compared to control films [86].

As it has been mentioned above, pectin can be used as nanoemulsions, which are kinetically
stable, but thermodynamically unstable, systems whose production requires emulsifiers to stabilize
the dispersed phase [93]. Different types of essential oils have been encapsulated using nanoemulsions
to delay and control the release processes. Several authors have studied the use of nanoemulsions
in pectin matrices with different essential oils extracted from curcumin [91], lemongrass [92,93] and
oregano [92]. Although essential oils are especially interesting in food packaging applications due to
their antioxidant and/or antimicrobial properties, Mendes et al. [93] incorporated pectin nanoemulsions
with the lemongrass essential oil into cassava starch film to improve the biodegradation rate of these
formulations. Results obtained for the film with nanoemulsions showed a suitable degradation in
vegetal compost, ensuring their complete biodegradation in a short time increasing their potential
application in the food industry.

5. Conclusions

Researchers and scientists have achieved great success in the development of new systems based on
pectins, as a natural bio-based biopolymer that can be obtained from agro-waste products, contributing
to the implementation of the circular economy concept by improving waste management. This review
article has considered the latest results obtained by researchers on the extraction, functionalization
and potential applications in the food industry (including packaging), such as the production of films,
emulsions and gels. However, due to the variability in the pectin structure the final application of
pectin matrices is very diverse but very promising in many fields related to food packaging, particularly
when active formulations are searched. Further studies on pectin matrices and optimization of polymer
processes will be needed to better control the resulting pectin-based products.
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Abstract: Chitin was extracted from local snow crab shell waste and used as a raw material in
the fabrication of porous spherical microgels. The chitin microgels were obtained using a batch
process of emulsification and, afterward, gelation. The effects of chitin concentrations, oil and
water phase ratios (O:W), surfactants, and gelation on the size distribution and morphology
of the microgels were investigated. The extracted chitin possessed α-chitin with a degree of
acetylation of ~60% and crystallinity of 70%, as confirmed by Fourier Transform Infrared Spectroscopy
(FTIR) and X-Ray Powder Diffraction (XRD). In the reverse-micellar emulsification, different chitin
concentrations in NaOH solution were used as aqueous phases, and n-hexane media containing
Span 80-based surfactants were used as dispersion phases. Various HCl solutions were used as
gelling agents. Microgels with sizes ranging from ~5–200 μm were obtained relying on these studied
parameters. Under the condition of 3% w/w chitin solution using O:W of 15:1 at 5% w/w of Span 80
(hydrophilic-lipophilic balance; HLB of 4.3), the gelation in the emulsified reverse micelles was better
controlled and capable of forming spherical microgel particles with a size of 7.1 ± 0.3 μm, when
800 μL of 1 M HCl was added. The prepared chitin microgel exhibited macro-pore morphology and
swelling behavior sensitive to the acidic pH.

Keywords: crab shell; chitin; spherical microgels; reverse micelle; gelation

1. Introduction

Chitin (ß-(1,4)-N-acetyl-D-glucosamine) is a natural polysaccharide found in shells of marine
animals such as shrimp, lobster, and crabs. As a marine fishery product, about 30 thousand tons
of crabs were annually caught in Japan [1]. This means that large amounts of crab shells were
disposed in landfills without being recycled. It is known that crab shells are a good biomass source of
chitin [2]. Due to biocompatibility and non-allergenicity, chitin has been widely used in pharmaceutics
and bio-medical drugs. In addition, chitin extracted from crab shells has other characteristics such as
antibacterial properties and protein affinity that are useful for wound dressing and controlled-drug release
applications [3,4]. As a drug carrier, small spheres of gel forming chitin have been recognized as having
high drug loading capacity, efficient drug control at the target site, sustained drug release, and high
stability compared to micelles and lipid-based carriers [5,6]. Moreover, microgels can be applied as
adsorbents, chemical/biological sensors, enzyme immobilization, and gene delivery vehicles [5,7].

The applications of chitin and its derivatives as microgels/microparticles were reported as
biological filling [8] and drug delivery agents [6]. Chitin microparticles could regulate the depletion of
cholesterol by cellular macrophage activation [9]. A fragmented physical hydrogel suspension of chitin
derivatives was indicated to support reepithelization of spinal tissue and vasculature with minimal
fibrous glial scaring [8]. Moreover, the fragmented chitin microgels loaded with an anti-metabolite
drug for delivery in psoriasis treatment exhibited higher skin permeable efficacy than those of the
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control drug solution and the conventional drug gel. The drug-loaded fragmented chitin microgels
also exhibited greater swelling and drug release at acidic pH than in neutral and alkaline conditions [6].
However, the time window of the use of microgels with an unspecific-shape was difficult to determine
with high precision because the shape and the stimuli responsiveness influence the biodistribution,
the circulation dynamics, the drug release, and the intracellular uptake of the microgels [8,10].
Hence, the fabrication of microgels that have precise geometries and stimuli-responsiveness has
been significant in particle transportation and therapeutic agent delivery.

It has been reported that several microgel preparation methods including solid-phase organic
synthesis [11], microfluidics [12], and emulsification [13,14] were feasible. However, solid-phase
organic synthesis and microfluidics have numerous problems associated with the use of cross-linked
insoluble polymers, the fluctuation of reaction rates, and the longer time-consumption in such
processes [15,16]. In contrast, a reverse-micellar emulsification technique simplifies the process, making
it an effective tool to synthesize small particles with controllable size and shape. An emulsion-based
method is also energy-efficient, non-destructive, and attractive for large-scale production [13,14].
As compared to the other approaches, the reverse-micellar emulsification can enhance uniformity
and dispersity of the polymeric particles, can be operated at low temperature, and provide a stable
dispersion for a water in oil emulsion system [17]. Therefore, such a method is used to prompt
self-assembly of surfactant in organic media, whereby the oil region having a nonpolar nature faces the
outside surface of the micelle, and the polar region forms the core for polymeric microgels [18]. In such
a structure, the tiny aqueous droplets with varied sizes are encapsulated, and the different-sized
microgels are produced within the reverse micelle after gelation [13]. Accordingly, chitin microgels
with the same size prepared by the reverse-micellar emulsification method can be described.

The aim of the present study was to prepare chitin microgel by using a reverse micelle system
at various compositions of water in oil (W/O) emulsions. The chitin used in this study was extracted
from shell waste of red snow crabs, which was collected from the local area in Niigata prefecture, Japan.
The extracted chitin was then characterized and compared to commercial chitin and chitosan. The synthesis
of the microgel was performed using a batch process of W/O emulsion. The effects of chitin concentrations
(water phase) of 1–3% w/w and oil:water phase ratios of 3–15:1 were studied. It was known that
hydrophilic-lipophilic balance (HLB) values of surfactant ranging from 3.5 to 6 were more suitable
for a W/O emulsion system [19]. For Span 80, a nonionic-based surfactant, the HLB value of 4.3 was
adjusted to 5 and 6 in this study. Concentrations of Span 80 (3–7% w/w) containing n-hexane (oil phase),
and gelation using HCl were also investigated in terms of their size distribution and morphology.

2. Materials and Methods

2.1. Materials

Dried, cleaned snow crab shells, Chionoecetes opilio, were obtained from Teradomari port,
Teradomari, Niigata prefecture, Japan. Chemicals were purchased from Wako Pure Chemical Industries,
Ltd, Osaka, Japan. Distilled and ion-exchanged water was used in all the experiments.

2.2. Extraction of Chitin

The coarse flakes of crab shells (30 g) were hydrolyzed using 900 mL of 1.0 M HCl under stirring
at room temperature (20 ± 5 ◦C) for 24 h. The reaction was stopped by adding water and filtered
through a mesh sieve to remove small contaminants. Protein residuals were removed by heating the
hydrolyzed chitin at 90 ◦C in 900 mL of 1.0 M NaOH under stirring for 5 h. Pigments in chitin were
removed by stirring in 900 mL of ethanol for 5 h at 60 ◦C. The extracted chitin was dried in vacuum
oven at 60 ◦C for 24 h, and ground in a blender.
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2.3. Preparation of Microgels

The chitin powder was dissolved in 20% w/v NaOH at −20 ◦C under periodic stirring to obtain 1,
2, and 3 % w/w of chitin aqueous solution. Before emulsion formation, the oil layer solution consisted
of n-hexane and surfactants were used as a dispersion phase and prepared in a 50 mL amber vial.
According to the critical micelle concentration (CMC) of Span 80 in n-hexane, see Figure 1, below
the CMC in the presence of surfactant monomer, there was no peak throughout the spectrum, see
Figure 1a, but the peaks at 270 nm appeared at above the CMC. The CMC was approximately 0.25%
w/w, determined by the change of the trend in Figure 1b, which indicates the initial formation of
micelles. Above the CMC value (about 10 times), a number of surfactant molecules were able to gather
and form stable micelles in the bulk liquid [20]. Therefore, 3, 5, and 7 % w/w of Span 80 were adopted
for this study. A Span 80 (Sorbitan monooleate)-based surfactant was mixed with sodium cholate
(HLB 18) to obtain HLB values of 4.3, 5, and 6. The chitin solution was dropped into the dispersion
phase with vigorous stirring at 1500 rpm at room temperature (20 ± 5 ◦C) for 45 min. The W/O
emulsion was then heated to 65 ◦C. Aqueous HCl solution in the range of 0.01–0.1 M concentration
was used as counter-ions. In the gelation process of chitin microgel, 400–1200 μL of aqueous HCl
solution was periodically dropped into the emulsion under stirring at 150 rpm. The parameters tested
in the preparation of microgels are shown in Table 1. The chitin microgels were coagulated in the
liquid medium and precipitated. The microgel was purified to remove the surfactant and residual
n-hexane using dialysis (Molecular weight cut-off of 12 kDa, 0.5 nm, AS ONE corporation, Osaka
Japan) in 1L of distilled deionized water for 72 h.

μ

Figure 1. UV-Visible absorbance versus concentration profile of Span 80 in n-hexane at 20 ± 5 ◦C
(a), and absorbance at 270 nm of Span 80 at various concentrations (b). Span 80 was dissolved in
n-hexane at a concentration of 0.01–7% w/w. After thorough mixing, the solution was transferred to
a 1.0 cm quartz cell and the spectrum was recorded at wavelengths of 200–400 nm using UV-visible
near-infrared spectrophotometer (Jasco V570, Jasco Corporation, Tokyo, Japan). Blank n-hexane was
used as a reference. The vertical dashed line in (b) marks the critical micelle concentration.

2.4. Characterization

2.4.1. X-Ray Fluorescence Spectroscopy (XRF)

An elemental study of the extracted chitin was performed using an X-ray fluorescence
spectrometer (Rigaku ZSX Primus II, Tokyo, Japan) using ZSX software. This spectrometer contains
a 50 keV and 50 mA X-ray tube, providing the detection of diverse elements of the Periodic Table.
Prior to characterization, the sample pellets were prepared by using pressed powder method under a
pressure of 500 kgf/cm2.

2.4.2. X-Ray Powder Diffraction (XRD)

X-ray diffractograms were obtained using an X-ray diffractometer (Rigaku Smart Lab 3 kW, Tokyo,
Japan) under operation conditions of 40 kV and 30 mA with Cu Kα radiation. The relative intensity
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was recorded in steps of 0.1◦ and at a speed of 3.0 ◦/min. The crystallinity index (CrI) was determined
by integrated X-ray powder diffraction software (Rigaku PDXL2, Rigaku Corporation, Tokyo, Japan).
The quantitative analysis was performed based on the Rietveld refinement and an ab-initio crystal
structure determination using crystal structure information of α-chitin provided by the software. The
degree of acetylation (DA) of chitin [21] was calculated by:

DA (%) = 100 − (103.97 − CrI)
0.7529

(1)

Table 1. Parameters in preparation of chitin microgels.

Parameters
Concentration of
Chitin Solution

(% w/w)

O:W Volume
Ratio

HLB of
Surfactant

Concentration
of Span 80
(% w/w)

Concentration
of HCl

(M)

Volume of
HCl
(μL)

Experiment 1
1
2
3

15:1 4.3 5 1.0 800

Experiment 2 3
3:1
7:1

15:1
4.3 5 1.0 800

Experiment 3 3 15:1
4.3
5
6

5 1.0 800

Experiment 4 3 15:1 4.3
3
5
7

1.0 800

Experiment 5 3 15:1 4.3 5
0.05
0.1
1.0

800

Experiment 6 3 15:1 4.3 5 1.0
400
800

1200

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using a FTIR spectrometer (Jasco 4100, Jasco Corporation, Tokyo,
Japan). The sample pellets were prepared using the KBr method. The absorption bands were scanned
between 4000–400 cm−1. The degree of acetylation (DA) was calculated by:

DA (%) =
1

1.33

(
A1655

A3450

)
× 100 (2)

where A1625 and A3450 are values of absorbance measured at 1625 and 3450 cm−1, respectively [22].

2.4.4. Differential Scanning Calorimetry (DSC)

Thermograms were carried out using differential scanning calorimetry (DSC) (Rigaku, Thermo
Plus EVO DSC823, Tokyo, Japan) under an air atmosphere. Dried samples (3–5 mg) were placed in
hermetically sealed Al pans and immediately loaded in the DSC chamber. A sealed empty pan was
used as a reference. Samples were scanned at the heating rate of 5 ◦C/min through the temperature
range of 50–400 ◦C.

2.4.5. Dynamic Light Scattering (DLS)

The size distributions of the microgel samples subjected to the tested parameters and swelling
test at different pH values of 2, 4, 7, and 10 were analyzed by dynamic light scattering (DLS Shimadzu
SALD-7000, Tokyo, Japan). pH values in the swelling test were adjusted by using 0.1 M HCl and
0.1 M NaOH.
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2.4.6. Optical Microscopy, Scanning Electron Microscopy (SEM), and Transmission Electron
Microscopy (TEM)

The optical microscopic morphologies of the reverse micelles in the emulsion and the microgels
were visualized using an optical microscope (Olympus CKX41 Inverted Phase Contrast Microscope,
Tokyo, Japan) at the magnification of 20×. Morphologies of the freeze-dried microgels were studied
by scanning electron microscopy (Desktop SEM Hitachi TM3030 Plus, Tokyo, Japan) and transmission
electron microscopy (TEM Hitachi HT7700, Tokyo, Japan). The microgels were freeze-dried by
immersing in liquid N2 for 1 h before immediately loading the frozen samples into a chamber of
a freeze dryer (Eyela Freeze Dryer FDU-1200, Tokyo, Japan). The freeze-drying process was operated
at a condenser temperature of −40 ◦C under high vacuum. For SEM, the freeze-dried microgels
were coated with gold using a gold sputter (Quick cool coater SC-701MC, Tokyo, Japan) under a
high-vacuum condition. The surface morphology of the coated microgels was then observed at
a voltage of 15 kV using a back-scatter detector (BSE) mode at 2000×. For TEM, the freeze-dried
microgels were stained with Osmium tetroxide for 20 s before observing the sample morphology at
100 kV and 4000×.

2.4.7. Zeta-Potential

Zeta-potential of the microgels was determined using a zeta-potential analyzer equipped with
auto-titrator, stirrer, and inbuilt peristatic pump (Otsuka ELSZ, Tokyo, Japan). The zeta-potential
was recorded at the pH values ranging from 2 to 10 adjusted using 0.1 M HCl and 0.1 M NaOH.
All measurements were carried out at room temperature (20 ± 5 ◦C).

2.4.8. Brunauer-Emmett-Teller (BET)

N2 adsorption-desorption isotherms of freeze-dried chitin microgels were carried out using
a surface area and porosity analyzer (Micromeritics TriStar II, Norcross, GA, USA) at 77 K using
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses. Before analysis, samples
were degassed at 30 ◦C on a vacuum line for 24 h.

3. Results and Discussion

3.1. Properties of the Extracted Chitin

Chitin extraction, in this work, included acid-base hydrolysis and decoloration processes. The crab
shell waste was extracted for chitin having yield of 25 ± 8% dry weight.

From XRF analysis, see Table 2, the extracted chitin retained high contents of C and O of the
organic compound. The other sea contaminants in the extracted chitin were mainly removed from
the crab shells and the quality was similar to the commercial chitin. While the heavy metals in the
extracted chitin were not detected as compared to chitin from red shrimp shell [23].

Table 2. Elemental composition of crab shell, extracted chitin, commercial chitin, and commercial
chitosan analyzed by X-ray fluorescence spectroscopy (XRF).

Elements
Crab Shell
(mass%)

Extracted Chitin
(mass%)

Commercial Chitin
(mass%)

Commercial Chitosan
(mass%)

C 29.2 52.6 52.2 50.8
O 46.3 47.2 47.6 49.1

Na 0.968 trace trace trace
Mg 1.19 trace trace 0.0135
P 2.93 0.0293 0.0022 0.0074
S 0.344 0.0158 0.0123 0.0044
Cl 0.971 0.0167 0.112 trace
Ca 17.2 0.0782 0.0072 0.0457
Fe 0.016 0.0104 0.0053 0.0084
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Figure 2 shows XRD patterns of the extracted chitin obtained in the 2θ range of 5–40◦.
The diffraction peaks of the extracted chitin, see Figure 2a, and the commercial chitin, see Figure 2b,
at 9.4◦, 12.8◦, 19.4◦, 20.8◦, 23.5◦, and 26.4◦ were observed with indices of (020), (101), (110), (120), (130),
and (013). These parameters define the crystallographic planes of α-chitin. This indicated that chitin
has high molecular packing with inter- or intramolecular hydrogen bonds, imparting a high degree
of crystallinity [23–25]. The intensities of the (020) and (110) planes decreased and moved to higher
angles with a reduction in the degree of acetylation (DA) [21]. In this work, characteristic peaks of
chitosan indexed as (020) and (110) appear at 10.4 and 20.3◦, respectively, see Figure 2d. The extracted
chitin exhibited a crystallinity value of 70.3%, as shown in Table 3. The DA of the extracted chitin
obtained by XRD and confirmed by FTIR techniques were 55.3% and 60.9%, respectively, see Table 3.
This meant that the extracted chitin was partially deacetylated.

 

Figure 2. X-ray diffractograms of crab shell (a), extracted chitin (b), commercial chitin (c), and
commercial chitosan (d).

Table 3. Crystallinity index (%CrI), degree of acetylation (%DA), and peak temperature of extracted
chitin, commercial chitin, and commercial chitosan.

Samples %CrI %DA from XRD %DA from FTIR Peak Temperature (◦C)

Extracted chitin 70.3 55.3 60.9 330
Commercial chitin 74.7 61.1 62.6 340

Commercial chitosan 44.7 21.2 45.7 295

As seen in Figure 3, the FTIR spectrum of the extracted chitin had a broad peak at about 3450 cm−1

assigned to OH stretching. Amide I, II, and III appeared at the observed absorption bands around 1652,
1557, and 1310 cm−1, respectively. It was observed that the amide I band of the extracted chitin is split
into two 1652 and 1623 cm−1. The existence of these interchain bonds of carbonyl groups of amide I and
II are responsible for the high chemical stability of the α-chitin structure [23,26]. DSC thermograms of
the crab shell, extracted chitin, commercial chitin, and chitosan were compared, see Figure 4. The wide
and weak endothermic peak of the extracted chitin in Figure 4b was noticed at about 50–90 ◦C and
ascribed to the loss of bound water. The exothermic peak of the crab shell and extracted chitin was
observed at 330 ◦C due to the crystalline α-chitin structure. This indicated that the extraction process of
chitin retained the α-structure of the resulting product. The extracted chitin had a higher temperature
at which the exothermic peak appeared than the chitosan, see Figure 4d. The exothermic peak observed
for chitosan at 295 ◦C is the characteristic peak of amine (GlcN) unit decomposition [27].
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Figure 3. Fourier transform infrared (FTIR) spectra of crab shell (a), extracted chitin (b), commercial
chitin (c), and commercial chitosan (d).

 
Figure 4. Differential scanning calorimetry (DSC) thermogram of crab shell (a), extracted chitin (b),
commercial chitin (c), and commercial chitosan (d).

3.2. Reverse Micelle Emulsification for the Fabrication of Chitin Microgels

3.2.1. Effect of Water, Oil Phase, and Surfactant

In the reverse micelle emulsification, chitin in the alkali solution was prepared at 1, 2, and 3 %
w/w, and then added dropwise into the oil phase. The microgels produced from 1 and 2 % w/w of the
chitin solutions became small in size, but rather aggregated, see Figure 5a,b.

Increasing the chitin concentration to 3% provided more dispersed microgels with an average
size of 7.1 ± 0.3 μm, see Figure 5c,g. Nevertheless, microgels produced from 3% chitin appeared
as a weak gel with a less uniform size, as seen in Figure 5d,e. These differences are due to the low
ratios of oil and water phases (O:W) at 3:1 and 7:1. At O:W of 15:1, the microgel appeared to be more
dispersed, see Figure 5f. From the dynamic light scattering analysis, chitin microgels prepared from
1–3% w/w of chitin and O:W of 15:1 yielded a narrower size distribution (5–10 μm), see Figure 5g.
However, there were wider size distributions (10–100 μm) of microgels when O:W of 3:1 and 7:1 were
used (Figure 5h). Due to the low O:W of 3:1 and 7:1, the reverse micelles of chitin could not properly
disperse in the oil phase during agitation. This might be due to the bigger microgels yielded after
gelation, meaning that, low volume of the dispersion phase caused a high incidence of micelle breaking
collisions during agitation.
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Figure 5. Optical microscopic images of microgels prepared from chitin solution at the concentrations
of 1% w/w (a), 2% w/w (b), and 3% w/w (c), and O:W of 3:1 (d), 7:1 (e), and 15:1 (f) by controlling the
concentration of Span 80 (HLB 4.3) at 5% w/w in oil phase. Gelation was carried out using 800 μL of
1.0 M HCl. The representative size distributions of microgels prepared by different chitin concentrations
and O:W ratios are shown in (g) and (h), respectively.

It can be clearly observed in Figure 6a,g that HLB 4.3 was suitable for preparing chitin microgels
in this study as compared to mixed surfactants having HLB 5 and 6 due to the balance of the size and
strength of hydrophilic and lipophilic moieties of surfactant molecules. The bigger microgels with
wider size distribution were the result of using mixed surfactants at HLB of 5 and 6, see Figure 6b,c,g.
This was due to the higher hydrophilic portion in the surfactant that allowed the chitin aqueous
solution to form larger and stable cores inside the reverse micelles.

Span 80 concentrations (HLB 4.3) of 3, 5, and 7 % w/w were varied in the preparation of chitin
microgels. In this range of surfactant concentrations, the morphology of the resulting microgels
observed through the optical microscope were similar in size, see Figure 6d–f. The size distributions
were also comparable, when the Span 80 concentrations were in the range of 3–7% w/w, see Figure 6h.
However, as seen in Figure 6, the microgel prepared under the condition of 3% w/w surfactant likely
exhibited aggregation, in which slightly a larger portion of ~20 μm microgel was observed.
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Figure 6. Optical microscopic images of microgels prepared from hydrophilic-lipophilic balance (HLB)
values of surfactant at 4.3 (a), 5 (b), and 6 (c), and Span 80 at the concentrations of 3 % w/w (d),
5 % w/w (e), and 7 % w/w (f) by controlling the concentration of the chitin solution at 3 % w/w and
an O:W ratio at 15:1. Gelation was carried out using 800 μL of 1.0 M HCl. The representative size
distributions of microgels prepared by different HLB values and Span 80 concentrations are shown in
(g) and (h), respectively.

3.2.2. Effect of Gelation

The gelation was implemented while the alkali chitin solution inside the emulsified reverse
micelles was surrounded by an oil phase. When HCl solution was used as the gelling agent,
the alkali conditions of the chitin solution have a neutralizing acid-base reaction. From Figure 7a–c,g,
the concentration of HCl greatly affected the size distribution. When the HCl concentration was
changed to 0.05, 0.1, and 1 M, a size variation (~5, 20, and 40 μm) was observed as the diluted HCl
concentration was 0.05 M. It was seen that the size was less variant with increased HCl concentrations.
As seen in Figure 7g, concentrations of 0.1 M and 1.0 M provided 50 and 5 μm diameter microgel
spheres, respectively. This was related to the effect of the water phase on the microgel preparation,
in which the initial concentration of chitin solution and external water affected the size distribution of
the microgels. It was possibly owing to the involvement of a higher amount of water in the emulsion
system; Span 80 was able to hold/absorb water into the core of reverse micelles [14]. The effect of
a volume of 1.0 M HCl was further studied, see Figure 7d–f,h. It was found that only 400 μL was
sufficient to yield the narrow size distribution of ~5 μm microgels. However, increasing the volume to
800–1200 μL slightly increased the portion of ~5 μm microgels.
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Figure 7. Optical microscopic images of microgels prepared from gelation using HCl at the
concentrations of 0.05 M (a), 0.1 M (b), and 1.0 M (c), and 400 μL (d), 800 μL (e), and 1200 μL (f)
of 1.0 M HCl by controlling the concentration of chitin solution of 3% w/w at an O:W ratio of 15:1, and
concentration of Span 80 (HLB 4.3) at 5% w/w in the oil phase. The representative size distributions of
microgels prepared by different concentrations and volume of HCl are shown in (g) and (h), respectively.

3.3. Properties of Chitin Microgels Prepared by the Reverse Micellar Method

The appearance of chitin solution containing reverse micelles is shown in Figure 8a, corresponding
to microgels prepared with 3% w/w chitin solution, O:W of 15:1, 5% w/w Span 80 (HLB 4.3),
and gelation by 800 μL of 1 M HCl. As compared to the size of reverse micelles, no remarkable
change in size was observed after gelation of chitin microgels. Figure 8b showed no microgel breakage
induced by collision during stirring. Electron microscopic images of the freeze-dried samples revealed
a spherical chitin microgel with macropores on the surface, see Figure 8c, and an internal porous
structure, see Figure 8d. The formation mechanism of macropores on microspheres prepared by
an emulsion system when using Span 80 for the Poly(styrene-divinyl benzene) system has been
reported [14]. Similarly, macropores of the resultant chitin microgels are strongly related to the
absorption of water from the external aqueous phase into the reverse micelles. Since Span 80 with a
HLB of 4.3 was less hydrophobic, it has a stronger ability to absorb water.

34



Materials 2019, 12, 1160

Figure 8. Optical microscopic images of reverse micelles in emulsion (a) and microgels (b) prepared
under 3 % w/w chitin solution, O:W = 15:1, 5% w/w Span 80 (HLB 4.3), and gelation by 800 μL of 1.0 M
HCl. Morphologies of the freeze-dried microgels are shown at magnifications of 2000× by scanning
electron microscopy (SEM) (c) and 4000× by transmission electron microscopy (TEM) (d).

The porosity data of the chitin microgels was characterized by BET. The BET isotherms of the
microgels are shown in Figure 9. The chitin microgels showed a type II isotherm for a microporous
material according to the IUPAC classification [28]. The surface area and pore volume were 22.6 m2/g
and 0.03 cm3/g, respectively.

 
Figure 9. Brunauer-Emmett-Teller (BET) isotherm of freeze-dried microgels prepared under conditions
of 3 % w/w chitin solution, O:W = 15:1, 5% w/w Span 80 (HLB 4.3), and gelation by 800 μl of 1.0 M HCl.
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Under the optimal conditions of microgel preparation, the charge of partially deacetylated chitin
microgels was investigated by measuring the zeta potential according to various pHs. Figure 10
shows the zeta potential of the chitin microgels prepared at 3% w/w chitin solution, O:W of 15:1,
5% w/w Span 80 (HLB 4.3), and gelation by 800 μL of 1.0 M HCl. The positive zeta potential at pH
below 6 clearly indicated partially deacetylated chitin with different %DA due to the different number
of amine groups to be protonated, leading to the positive charges. The isoelectric point (IP), that
is the null zeta potential, increases to a higher pH value with lower %DA. Accordingly, IP values
of chitosan (DA < 50%) and chitin (DA > 50%) were detected at pH values of 8.2–8.8 and 7.3–7.6,
respectively [24,29]. In the present work, the IP value of the chitin microgels was observed at about
pH 7.6, see Figure 10. This confirms that the chitin microgels were not further deacetylated during the
preparation process of the chitin microgels.

Figure 10. Zeta potential of chitin microgels prepared under conditions of 3 % w/w chitin solution,
O:W = 15:1, 5% w/w Span 80 (HLB 4.3), and gelation by using 800 μL of 1.0 M HCl.

Since the microgels presented pH dependence, it showed different swelling of the microgels tested
over the entire range of pH from 10 to 2. From Figure 11a, the chitin microgels swelled at low pH
(pH < IP). Microgels that were approximately 6 μm in size increased to ~60 μm. However, the gradual
decrease was observed between pH 2 and pH 4 due to the similar zeta potential of approximately
+25 mV, as seen in Figure 10. This was possibly the impact of the degree of acetylation, which controls
the characteristics and activities of chitin [30]. In the extracted chitin with a moderate degree of
acetylation (~60%), a number of amino groups in the chitin polymer chains were protonated while
exposed to a specific pH. The protonation leads to the repulsion of polymer chains and allows more
water to enter into the microgel network; consequently, swelling occurs [31]. After adjusting the pH
backward, from 2 to 10, a reversible swelling-shrinking behavior was noticed. The chitin microgels
began to shrink to a smaller size as the pH increased (pH > IP), see Figure 11b. This was because the
deprotonation made the electrostatic interactions in the microgel network reconstruct [31].
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Figure 11. Reversible swelling-shrinking behavior of chitin microgels prepared under conditions of
3 % w/w chitin solution, O:W = 15:1, 5% w/w Span 80 (HLB 4.3), and gelation by using 800 μL of 1.0 M
HCl. Responsiveness to pH was tested from pH 10 towards pH 2 (a) and pH 2 towards pH 10 (b).

4. Conclusions

Chitin extracted from crab shell waste was used for microgel fabrication. Simple gelation inside
the emulsified reverse-micelles with low energy consumption was applied to prepare the chitin
microgels. The spherical size distribution and the morphology of the microgels were greatly affected
by the volume of the dispersion phase, hydrophilic-lipophilic balance of the used Span 80 surfactant,
and concentration of the gelation agent. As a result, the chitin microgel with narrow size distribution
(average size of 7.1 ± 0.3 μm) and porous spherical morphology was achieved under the condition of
3 % w/w chitin solution, O:W of 15:1, 5% w/w Span 80 (HLB 4.3), and gelation by 800 μL of 1.0 M HCl.
Moreover, the prepared chitin microgels exhibited pH-dependent swelling-shrinking behavior over a
wide range of pH values of between 2–10.
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Abstract: The aim of the present investigation was to study the anti-oxidant effect of chitosan
nanoparticles on a human SH-SY5Y neuroblastoma cell line using a rotenone model to generate
reactive oxygen species. Chitosan nanoparticles were synthesized using an ionotropic gelation
method. The obtained nanoparticles were characterized using various analytical techniques such as
Dynamic Light Scattering, Scanning Electron Microscopy, Transmission Electron Microscopy, Fourier
Transmission Infrared spectroscopy and Atomic Force Microscopy. Incubation of SH-SY5Y cells with
50 μM rotenone resulted in 35–50% cell death within 24 h of incubation time. Annexin V/Propidium
iodide dual staining verified that the majority of neuronal cell death occurred via the apoptotic
pathway. The incubation of cells with chitosan nanoparticles reduced rotenone-initiated cytotoxicity
and apoptotic cell death. Given that rotenone insult to cells causes oxidative stress, our results suggest
that Chitosan nanoparticles have antioxidant and anti-apoptotic properties. Chitosan can not only
serve as a novel therapeutic drug in the near future but also as a carrier for combo-therapy.

Keywords: chitosan (CS); anti-oxidant; anti-apoptotic activity; rotenone; Parkinson’s disease (PD)

1. Introduction

Parkinson’s disease (PD) is a multifocal progressive neurodegenerative disorder clinically defined
by the presence of akinesia, postural instability, muscular rigidity, and tremor [1]. It is the second
most common neurodegenerative disease and is prevalent in 0.1–0.3% population with an increased
frequency observed in patients ≥65 years [2]. Interestingly, PD patients often display non-motor signs
and symptoms such as sleep disturbances, mood deflection, anosmia, gastrointestinal dysfunction
(e.g., 80% of patients suffer from constipation), sexual-urinary dysfunction, thermoregulation changes,
neuropsychiatric problems, cardiovascular disturbances, and pain [1,3]. PD is characterized by the
selective loss of dopaminergic neurons in the substantia nigra pars compacta and arises due to the
deposition of insoluble polymers of α-synuclein in the neurons, forming spherical intracytoplasmic
inclusions known as Lewy bodies [1]. These lamellated cytoplasmic bodies eventually result in
neurodegeneration and the death of dopaminergic neurons [1]. This neuronal death is associated with
disruption in cellular hemostasis, resulting in disruption of the nuclear membrane integrity, signaling
α-synuclein aggregation which later propagates to other neurons by direct or indirect means [4].
Furthermore, studies have shown that α-synuclein aggregation impairs axonal transport and exerts
a detrimental effect on the health of neurons due to the activation of neighboring inflammatory
microglial cells [3].

Parkinson’s disease can be either inherited or sporadic in nature. Although, familial PD accounts
for around 10% of the cases, sporadic PD has been found to account for the remaining ones. Moreover,
the etiology of PD is not completely understood but sporadic PD is believed to originate from

Materials 2019, 12, 1176; doi:10.3390/ma12071176 www.mdpi.com/journal/materials41



Materials 2019, 12, 1176

interaction of individual genetic susceptibility and environmental exposure [5,6]. Probably, there
is not one single factor that is solely responsible for causing the disease. Rather, there exists several
factors acting simultaneously [7]. Previous studies have suggested that pesticides such as rotenone
are involved in the increased risk of Parkinson’s disease [5]. In addition to being a pesticide, it is a
potent, highly specific inhibitor of complex I of the mitochondrial electron transport chain (ETC) [6].
Unlike N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which causes defects in complex I of
ETC in catecholaminergic neurons, rotenone causes complex I inhibition, uniformly, across the brain [8].
Its hydrophobic structure allows easy penetration through the blood–brain barrier and cell membrane.
The selective toxicity of this lipophilic compound is relevant because of its wide usage as a herbicide
in gardens and as a delousing agent for animals and humans [7]. Furthermore, studies have shown
degradation of selective nigrostriatal dopaminergic neurons upon rotenone infusion, reproducing
pathological features of clinical Parkinson’s disease [6]. Moreover, a study by Niyanyu et al. showed
that rotenone can induce mitochondrial reactive oxygen species (ROS) production which is closely
related to rotenone-induced apoptosis [9].

Since no viable treatment exists for PD, there is an urgent and unmet need for the development of
novel therapeutic agents to either cease or reverse the symptoms or the progression of this progressive
age-related disorder [10]. Synthetic compounds are associated with various side-effects [11]. Therefore,
there is a need to find some natural neuroprotective agent that has the ability to scavenge ROS
and hence defer the progression of Parkinson’s disease [10]. Chitosan is a cationic polysaccharide,
composed of a linear chain of D-glucosamine and N-acetyl-D-glucosamine linked via a β (1,4)
bond, obtained from an alkaline N-deacetylation of chitin [12]. This marine shrimp-derived
carbohydrate possesses well-documented antioxidant properties with minimal or no side-effects
observed. Moreover, they also exhibit neuroprotective, anti-hemorrhagic, anti-tumor, anti-diabetic,
anti-viral, and antibacterial effects. Furthermore, it has mucoadhesive properties allowing easy
penetration of this carbohydrate through the well-organized epithelia [13]. In a study, in 2001,
Gilgun-Sherki et al. showed that elevated ROS production and an imbalance between pro-oxidant and
antioxidant activity (e.g., superoxide dismutase, catalase, and glutathione peroxidase enzyme) leads to
neuronal death and hence a diseased condition [14]. In a different study, Guo et al. in 2006 reported
that fucoidan (sulfated polysaccharide) could reverse changes such as superoxide dismutase activity
and alleviate the reactive oxygen species level in PC 12 cells when exposed to hydrogen peroxide [15].
Later, Gao et al. (2012) showed the antioxidant effect of fucoidan on hydrogen-peroxide-treated PC12
cells and the pathway associated with it [16]. In a different study, Xie et al. (2014) reported antioxidants
could alleviate the reactive oxygen species level [17]. Further, in 2016, Wang et al. reported fucoidan
pretreatment could rescue the cells from oxidative stress, protein carbonyl lipid peroxidation, and
mitochondrial dysfunction [18,19]. Related to this, Liu et al. (2016) showed the effect of sulfonated
chitosan on the differentiation of neuronal cells and exhibited immunomodulatory effects [20]. Recently,
Magnigandan et al. (2018) reported the anti-oxidant and ROS scavenging activity of low molecular
weight sulphonated chitosan, where they found that rotenone insult resulted in antioxidant depletion
and lipid oxidation causing cellular damage, oxidative stress, mitochondrial dysfunction, and hence, a
diseased state which were reversed by the action of low molecular weight sulfated chitosan [11].

However, there are no reports on the in vitro neuroprotective effects of bare chitosan nanoparticles.
Therefore, the goal of this study was to exploit the antioxidant and anti-apoptotic activity of the
prepared chitosan nanoparticles for evaluation in vitro, against a human SH-SY5Y neuroblastoma cell
line. Hence, rotenone was used as the causative agent for inducing PD in the SH-SY5Y cell line and
then, the therapeutic neuroprotective efficacy of the synthesized chitosan nanoparticles was evaluated.
Therefore, we propose that chitosan nanoparticles might be a potential candidate for the prevention
of PD.
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2. Materials and Methods

2.1. Materials

Chitosan (>75% deacetylated), and Sodium tripolyphosphate (Na-TPP) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Whereas, Dimethyl sulfoxide and acetic acid were ordered
from Fisher Chemical (Hampton, NH, USA).

2.2. Preparation of Chitosan Nanoparticles Using Ionotropic Gelation Method

Chitosan nanoparticles were synthesized using the Calvo et al. 1997 method [21]. In this, 0.175%
(w/v) chitosan powder was dissolved in 1% (v/v) acetic acid and kept on a magnetic stirrer for
overnight stirring at a temperature between 25–28 ◦C. Later, the pH of the solution was adjusted to
5.2 using 1M NaOH followed by addition of 0.1% (w/v) sodium tripolyphosphate in a dropwise
fashion. The chitosan solution was then stirred at 1000 rpm for 10 min. The solution was centrifuged at
20,000 rpm (Sorvall RC-5B refrigerated centrifuge, Fisher Scientific, Hampton, NH, USA) for 90 min at
a temperature of 4 ◦C to pelletize the chitosan nanoparticles. After centrifugation, the supernatant was
discarded and the pellet was washed with deionized water three times. Ultrasonication was performed
using a probe sonicator (Branson Sonifier 450, Emerson Electric Company, St. Louis, MO, USA) in an
ice bath for 10 min at an amplitude of 30%. The obtained suspension was then immediately freeze
dried using lyophilizer (Labconco, Kansas City, MO, USA). After freeze-drying, the samples were
stored at 4 ◦C to carry out further analysis.

2.3. Characterization of Nanoparticles

2.3.1. Determination of Average Size, Polydispersity Index, and Zeta Potential Using Dynamic
Light Scattering

The average size, polydispersity index, and surface charge of the nanoparticles was determined
using DLS (Dynamic light scattering) at 25 ◦C. A total of 1 mL CS NP solution was diluted ten times in
deionized water and the sample was analyzed using a Malvern Zetasizer ZS90 (Malvern Panalytical
Ltd., Malvern, UK).

2.3.2. Scanning Electron Microscopy (SEM)

The surface morphology of the prepared chitosan nanoparticles was analyzed using the S-3400N
Type II scanning electron microscope, Pleasanton, USA (Hitachi High-Technologies Corporation,
Tokyo, Japan). The liquid samples on a glass slide were dried overnight in a sterilized fume hood and
later, the glass slide was mounted on a stainless stub using double-sided carbon tape. The sample was
then coated with gold using a gold sputterer for 30 s to make the sample conductive. The images were
recorded at an accelerating voltage of 2 kV and probe current below 20 μA.

2.3.3. Transmission Electron Microscopy (TEM)

The morphology of the nanoparticles was studied using the H-7650 transmission electron
microscope, manufactured by Hitachi High-Technologies Corporation in Pleasanton, CA, USA.
A single drop of the CS Nanoparticle dispersion was placed on carbon 400 mesh copper grid (Ted
Pella, Redding, CA, USA). The copper grids were then dried overnight in a sterile fume hood and the
images were taken using the Quartz PCI version 8 software (Quartz Imaging Company, Vancouver,
BC, Canada) in TEM mode (200 kV).

2.3.4. Atomic Force Microscopy (AFM)

The surface roughness and morphology of the chitosan nanoparticles was further investigated
using AFM (NT-MDT NTEGRA) in non-contact mode using Ted Pella TAP 150AL-G tip (Redding, CA,
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USA) with a radius of <10 nm. After capturing the images, the data analysis was performed using
NOVA software (NOVA Company, ChongQing, China).

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra of the Chitosan nanoparticle sample was obtained using a Nicolet, Thermo
Scientific FTIR instrument (Waltham, MA USA). The sample was ground to fine powder along with
a KBr pellet. The scanning range was from 500–4000 cm−1. The data were analyzed using OMNIC
software (Fisher Scientific, Hampton, NH, USA).

2.4. Cellular Behavior of Human SH-SY5Y Neuroblastoma Cell Lines on Treatment with Samples

2.4.1. Cell Culture

Annexin V- FITC apoptosis kit (Beckman Coutler, Brea, CA, USA), Hoechst 33342 fluorescent satin
(Invitrogen, Carlsbad, CA, USA), propidium iodide (PI) (Invitrogen, Eugene, OR, USA), Fetal Bovine
Serum (FBS) (Atlanta Biologicals, Atlanta, GA, USA), and a human neuroblastoma cell line SH-SY5Y
(ATCC, Manassas, VA, USA) were purchased. SH-SY5Y cells were cultured in DMEM and Hans’s F12
media mixture (1:1) comprising of 10% FBS (v/v) supplemented with 1% (v/v) penicillin-streptomycin
and maintained at 37 ◦C in an incubator with 5% CO2 atmosphere. Cells were sub-cultured every 48 h
and Trypsin-EDTA 0.25% (1×) was used to detach cells from the culture surface when needed.

2.4.2. Differential Nuclear Staining Cytotoxicity Assay

The cytotoxicity of different concentrations of chitosan nanoparticles, chitosan powder, and
rotenone were evaluated. Cells were first cultured on 96-well plates and incubated for 24 h to
allow attachment to the culture surface. Later, cells were treated with a different concentration of
rotenone and chitosan nanoparticles to determine the possible cytotoxic effect of the added treatments.
Subsequently, untreated cells were taken as a negative control and hydrogen-peroxide-treated cells
were taken as a positive control. Moreover, to determine the cytotoxic effect of rotenone on the cells, the
cells were treated with chitosan nanoparticles (different concentrations) 6 h prior to rotenone exposure.
Subsequently, cells were further incubated for 24 h. Later, 1 μg/mL mixture of PI/Hoechst 33342 was
added to each well in the 96-well plates 1 h prior to the imaging process [22]. The images were captured
using a Bioimager system (BD Biosciences Rockville, Montgomery, MD, USA). Five images were taken
per well using a 10× objective lens. Subsequently, BD AttoVision v1.6.2 software (BD Biosciences
Rockville, Montgomery, MD, USA) was used to determine the percentage cell death per well.

2.4.3. Flow Cytometric Assay

The SH-SY5Y cell lines were seeded at a density of 20,000 cells per well in a 24-well plate and
incubated for 24 h to allow attachment of the cells to the culture surface. Cells were then incubated
with various concentrations of chitosan nanoparticles prior to rotenone exposure and subsequently,
cells were incubated for an additional 24 h. Cells from each well were then collected, washed, and
processed [23]. Briefly, cells were concurrently stained by suspending them in a solution containing
annexin V-FITC (PI) in 100 μL of binding buffer (Beckman Coulter, Brea, CA, USA). After incubation
for a time interval of 15 min on ice, in a sterilized Lab Safety Cabinet II in dark, 400 μL of ice-cold
binding buffer was added to the cells. The resulting suspension was then homogenized gently and
subsequently, analyzed using a Cytomics FC 500 Beckman Coulter Flow cytometer. For each sample,
approximately 10,000 events were captured and data analysis was performed using Beckman Coulter
CXP software.

2.4.4. Mitochondrial Membrane Potential (ΔΨm)

The loss of mitochondrial membrane potential is a hallmark for cellular apoptosis. Briefly,
SH-SY5Y cells were seeded onto a 96-well plate for 12 h. Subsequently, cells were treated with chitosan
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nanoparticles 6h prior to rotenone treatment. Later, after 24 h of incubation, the cells were incubated
with rhodamine 123 dye at 37 ◦C for 30 min. Finally, the mitochondrial membrane potential was
evaluated quantitatively using a Bioimager system (BD Biosciences Rockville, Montgomery, MD, USA)
and the fluorescence intensity was measured at 485/530 nm.

2.5. Statistical Significance

The experimental data were expressed as the mean ± standard deviation of one or more individual
experiments wherever applicable. The analysis of experimental data was performed with the students
t-test using Graph Pad Prism 6.0 (San Diego, CA, USA) and statistically significant values were
indicated as p < 0.05.

3. Results and Discussion

3.1. Dynamic Light Scattering

Particle size and surface charge are two important factors determining the size, stability, and
effective delivery of the drug to the target site [24]. Figure 1A depicts the average particle size
distribution of the synthesized CS Np using an ionotropic gelation method. As can be observed, the
bare nanoparticles have an average size of 197.8 ± 49.18 nm with a PDI 0.244.

 
Figure 1. Dynamic light scattering (DLS) images of (A) average particle size distribution of CS
Nanoparticle and (B) Zeta potential of synthesized CS Nanoparticle.

The zeta potential is a measure of the stability and surface charge on the particles. A high
zeta potential is indicative of high electric surface charge allowing strong repulsion between the
surrounding particles and hence preventing aggregation [24]. Figure 1B depicts the average zeta
potential value of CS Np which was observed to be +36.0 ± 4.68. A previous study on chitosan
nanoparticles showed that the blank nanoparticles in the ratio 5:1 CS/TPP had a particle size in the
range of 300 to 390 nm and a zeta potential of + 44 ± 5.2, which strongly supports our findings [25].

3.2. Morphological Characterization

Figure 2 displays the scanning electron micrograph images of chitosan powder, freshly prepared
nanoparticles, and lyophilized chitosan nanoparticles sample. It was observed that the nanoparticles
displayed spherically compact structures with an average diameter of 220 ± 40 nm, see Figure 2E,
which almost coincides with our dynamic light scattering study. Similar results were reported in
another study where the CS/TPP in a 5:1 ratio displayed an average size of 200 ± 24 nm [26,27].
The freshly prepared CS Np appeared as clusters. This can be attributed to the fusion of particles
through hydrogen bonding [24]. Moreover, the stability of chitosan nanoparticles was tested in buffer
solution (pH 7.4). The morphology of the nanoparticles was observed to be spherical with an average
diameter of 200 nm, see Supplementary Figure S1.
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Figure 2. Scanning Electron Microscopy images of (A) chitosan powder; (B) freshly prepared CS Np
and (C,D) lyophilized CS Np. Further, (E) depicts the average size distribution of the nanoparticles
obtained from scanning electron microscopy. Whereas, (F) depicts the transmission electron microscopic
image of chitosan nanoparticles.

Transmission electron microscopy is a technique which provides information on the morphology
and size of the particles. Figure 3 depicts a TEM micrograph of small and spherical chitosan
nanoparticles with a diameter of around 120 ± 30 nm. The size of the nanoparticles in the TEM
image, see Figure 2F, are smaller than that represented by SEM and DLS. This can be attributed to
the aggregation of nanoparticles due to their high surface area and energy which generates a larger
entity [28]. However, dimensions of freshly prepared single particles can be observed clearly in the
TEM image of the CS Np sample.

 
Figure 3. (A) 2D and (B) 3D atomic force micrograph of chitosan nanoparticles in a 2-micron ×
2-micron area.

3.3. AFM Analysis

Scanning electron microscopy and transmission electron microscopy provides a two-dimensional
projection or image of the nanoparticles. However, atomic force microscopy is a powerful technique
which enables a three-dimensional surface profile of the nanoparticles to be viewed. In addition, it
can also provide accurate heights of the nanoparticles. Figure 3 shows the atomic force micrograph
of chitosan nanoparticles. As can be observed, the nanoparticles appeared to be spherical in shape.
Furthermore, the size distribution histogram was performed for the nano-chitosan in a 2-micron ×
2-micron area. Analysis shows that the average particle size is around 200 nm as the histogram peaks
are at 0.2 microns, see Supplementary Figure S2, which coincides with our DLS, SEM, and TEM data.
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Similar results were observed in previous reports [29–31]. In addition, a small peak appeared at
600 nm which can be attributed to the fusion of particles through hydrogen bonding [24].

3.4. Spectroscopic Characterization

Fourier-transform infrared spectroscopy (FTIR) is a powerful spectroscopic technique to determine
the chemical composition and presence of a drug inside the nanoparticles. Figure 4 represents the FTIR
spectra of chitosan powder and chitosan nanoparticles. In the FTIR spectrum of chitosan nanoparticles,
a broad peak at 3436 cm−1 corresponds to the -NH and -OH stretching vibrations. The weak band at
2930 cm−1 corresponds to –CH stretching, whereas vibrational bands at 1640 cm−1, 1560 cm−1, and
1320 cm−1 may be attributed to the amide carbonyl stretch and -NH bend of the amine groups in
the chitosan nanoparticles [32]. The band at 1099 cm−1 represents C–O bond stretching. Moreover,
the vibrational band at 860 cm−1 corresponds to the CH2OH group in the pyranose ring of chitosan.
The only difference between the spectra of chitosan powder and chitosan nanoparticles occurred
at 1155 cm−1, which could be assigned to the linkage between phosphate groups of the sodium
tripolyphosphate and ammonium ions of the chitosan group. Furthermore, our results agree with
report of Gopalakrishnan et al. (2014) and Jafary et al. (2016) [24,32].

Figure 4. Fourier-transform infrared spectroscopy (FTIR) spectra of chitosan nanoparticles and
chitosan powder.

3.5. Effect of Chitosan Nanoparticles on Rotenone-Induced Cell Death

The cytotoxicity of chitosan nanoparticles and its protective function against rotenone insult
in SH-SY5Y cell line were checked using a high-throughput screening assay. Figure 5i shows cells
exposed to an increasing concentration (1–20 μM) of chitosan nanoparticles exhibited cytotoxicity
from 9% to 21%. A 10 μM concentration did not display much difference compared to the untreated
and vehicle controls. However, on addition of 50 μM rotenone, around 35–50% of the cell death was
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reported in the SH-SY5Y cell line after 24 h of incubation time, see Figure 5ii. In contrast, the addition
of a 10 μM chitosan nanoparticle solution prior to rotenone exposure resulted in 14–20% cell death
compared to 35–50% cell death upon rotenone administration. These data show that treatment of cells
with chitosan prior to rotenone exposure attenuated cell death by 25–30%. The morphology of cells
after rotenone treatment and cells treated with chitosan prior to rotenone exposure further displays the
protective aspect of chitosan nanoparticles against rotenone insult. Bright field microscopy images and
Hoechst 33342-propidium iodide staining pictures, see Figure 5iii, further support the protective aspect
of chitosan nanoparticles. The pretreatment of cells with a 10 μM chitosan nanoparticles solution for
6 h enabled the cells to retain their cellular morphology, as depicted by bright field microscopy images.
In contrast, cells treated with 50 μM rotenone showed a morphology similar to that of cells exposed
to 50 μM hydrogen peroxide, see Figure 5iv. Hydrogen peroxide was used as a positive control at a
concentration of 50 μM.

 

  

(i) 

(ii) 

Figure 5. Cont.
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Figure 5. (i) Cytotoxicity of chitosan nanoparticles at different concentrations after 24 h of
incubation; (ii) Protective effect of chitosan nanoparticles against rotenone insult in SH-SY5Y cells;
(iii) Hoechst-propidium iodide staining images of (a) untreated cells, (b) water + Tripoly phosphate;
(c) chitosan nanoparticles 10 μM concentration, (d) 50 μM rotenone, (e) CS Np + Rotenone and (f)
hydrogen-peroxide-treated cells after 24 h of treatment; (iv) Bright field microscopy images of (a)
untreated cells, (b) CS Np 10 μM, (c) CS Np + RT, & (d) 50 μM RT cells visualized using a compound
microscope after 24 h of treatment. Each experimental point was assessed in quintuplicate.

3.6. Flow Cytometry Analysis

The mechanism by which cell-death occurs (apoptotic pathway or necrotic pathway) was
examined. Figure 6i,ii shows cells pre-treated with 20 μM chitosan powder, 10 μM chitosan
nanoparticles, and 20 μM chitosan nanoparticles. A concentration of 50 μM hydrogen peroxide
was used as a positive control whereas untreated cells were used as a negative control. As can be
observed, cells treated with 50 μM rotenone showed a substantial increase in early and late apoptosis
(lower right and top right quadrants of the plot) 24 h after administration. A similar result was
observed when cells were treated with 50 μM hydrogen peroxide. However, prior treatment of cells
with 20 μM chitosan powder and 10 μM and 20 μM chitosan nanoparticles resulted in a notable rescue
of the cells from rotenone insult (apoptotic-cell death). A notable difference was observed when 50 μM
rotenone and CS Np 10 μM + rotenone treatments were compared. Thus, we can conclude that chitosan
nanoparticles exhibit anti-apoptotic activity.

Figure 6. Cont.
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Figure 6. (i) Flow cytometry matrix plots used to measure apoptosis/necrotic distribution for (A)
untreated, (B) 20 μM Chitosan powder + RT, (C) CS Np 20 μM, (D) CS Np+ RT, (E) 50 μM RT, and (F)
hydrogen peroxide after 24 h of treatment; (ii) quantification of apoptotic/necrotic assay under the
previously mentioned conditions. Each experimental point was assessed in triplicate.

3.7. Chitosan Np Prevents Rotenone-Induced Mitochondrial Dysfunction

The untreated cells, see Figure 7(iA), and cells treated with chitosan nanoparticles, see Figure 7(iB),
exhibited green fluorescence, indicating that a large fraction of mitochondria inside the cell were
in an energized state. However, cells upon treatment with rotenone, see Figure 7(iD), displayed
decreased mitochondrial energy transduction as observed by the disappearance of green fluorescence.
Further, cells treated with chitosan nanoparticles prior to rotenone treatment, see Figure 7(iC),
exhibited green fluorescence which can be attributed to the inhibition of the collapse of the membrane
potential via rescue of mitochondrial membrane depolarization by chitosan nanoparticles. Thus,
these results suggest that chitosan nanoparticles may inhibit rotenone-induced cellular apoptosis
through a mitochondria-involved pathway, as revealed by the considerable increase in green
fluorescence intensity.

Figure 7. Cont.
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Figure 7. The effect of CS Np on rotenone insult determined using rhodamine 123 dye. (i) Cells were
incubated with rhodamine 123 and the mitochondrial membrane potential was monitored using a
fluorescent microscope for (A) untreated, (B) CS Np 20 μM, (C) 20 μM Chitosan powder + RT, and (D)
50 μM RT; (ii) quantification of Mitochondrial membrane potential assay under previously described
conditions. Each experimental point was assessed in triplicate. The scale bar in the image is 50 μm.

4. Proposed mechanism

We henceforth propose a mechanistic model for the action of chitosan nanoparticles
(Figure 8). Firstly, chitosan nanoparticles are internalized by the cells through endocytosis via an
endosome–lysosome pathway. Later, these nanoparticles are released into the cytoplasm from the
lysosome due to the low pH environment and enzymatic activity. These nanoparticles then scavenge
the reactive oxygen species generated by the inhibition of complex I of the ETC of mitochondria by
the rotenone insult. Thus, the apoptotic stimuli exerted on mitochondria is reduced. Subsequently,
cytochrome c cannot be released through the permeability transition pore. Further, caspase 3 cannot be
activated by caspase 9, resulting in inhibition of Poly ADP ribose polymerase (PARP) cleavage and
hence, cell survival [22,23]. Therefore, chitosan nanoparticles protect the cell from rotenone insult due
to its anti-oxidant and anti-apoptotic activity.

Figure 8. Mechanistic model of the action of chitosan nanoparticles.

5. Conclusions

The literature is flooded with various number of reports suggesting that oxidative stress and
consequent cellular apoptosis are important factors in rotenone-induced cell death. Therefore,
pre-treatment of cells with antioxidants such as low molecular weight sulphonated chitosan,
fucoidan, quercetin, flavonoids, etc., likely reduces the adverse effects arising from rotenone insult.
Although pre-treatment of cells with the above mentioned anti-oxidants were observed to alleviate
reactive oxygen species production, the antioxidant effects of chitosan nanoparticulate system against
rotenone insult had not been studied previously. In this regard, our study demonstrates the synthesis of
chitosan nanoparticles by an ionic gelation method using TPP as the cross-linking agent. The optimized
ratio of CS/TPP was 5:1, which produced spherical nanoparticles with an average size of 200 nm as
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observed by SEM, TEM, DLS, and AFM. Further, the cytotoxicity of the chitosan nanoparticles and its
anti-oxidant and anti-apoptotic effects against rotenone-induced cell death were determined using
a differential nuclear staining cytotoxicity assay and flow cytometric analysis. Therefore, Chitosan
Nanoparticles could inhibit the rotenone-induced mitochondria involved apoptosis pathway, as
revealed by the considerable increase in the green fluorescence intensity in the MMP assay. These
findings suggest that chitosan nanoparticles might be a useful and promising neuroprotective agent
for the prevention of Parkinson’s disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/7/1176/
s1, Figure S1: SEM image of Chitosan nanoparticles in buffer solution, Figure S2: Size distribution analysis from
AFM measurement.
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Abstract: Films of bacterial cellulose (BC) reinforced by natural rubber (NR) with remarkably high
mechanical strength were developed by combining the prominent mechanical properties of multilayer
BC nanofibrous structural networks and the high elastic hydrocarbon polymer of NR. BC pellicle was
immersed in a diluted NR latex (NRL) suspension in the presence of ethanol aqueous solution. Effects
of NRL concentrations (0.5%–10% dry rubber content, DRC) and immersion temperatures (30–70 ◦C)
on the film characteristics were studied. It was revealed that the combination of nanocellulose fibrous
networks and NR polymer provided a synergistic effect on the mechanical properties of NR–BC films.
In comparison with BC films, the tensile strength and elongation at break of the NR–BC films were
considerably improved ~4-fold. The NR–BC films also exhibited improved water resistance over that
of BC films and possessed a high resistance to non-polar solvents such as toluene. NR–BC films were
biodegradable and could be degraded completely within 5–6 weeks in soil.

Keywords: bacterial cellulose; natural rubber; reinforcing; biodegradable polymers

1. Introduction

Pollution deriving from plastic materials is becoming one of the most prominent environmental
concerns of recent years. Accumulation of plastic products in the environment has harmful effects on
wildlife and their environment. Plastics dispersed in ocean ecosystems have become a major pollutant
that has led to the direct deaths of marine animals. Therefore, developing renewable and biodegradable
materials to replace conventional plastic materials is an increasingly important research area to reduce
the level of plastic waste.

Thailand is the largest producer and exporter of natural rubber (NR) globally. Global natural
rubber production in 2015 was 12.3 million tons, 92% of which was produced in the Asia-Pacific region.
Thailand produced around 4.5 million tons and exported about 3.7 million tons in 2015 [1]. According
to a recent release from the Association of Natural Rubber Producing Countries, global production of
natural rubber was up in 2017 to ~13.3 million metric tons, but global consumption of NR dropped to
~12.9 million tons [2]. Therefore, research and development to expand commercial utilization of NR is
required. NR latex (NRL) is a concentrated colloidal suspension produced by rubber trees. NRL is
mainly composed of polyisoprene (poly(2-methyl-1,3-butadiene)). NR is a natural polymer of isoprene
and is biodegradable. The most important property of NR is elasticity, which is the ability to return to
its original shape and size. However, there are properties of NR that need to be improved, for example,
hardness, Young’s modulus, and abrasion resistance [3]. Various natural fibers have been used as a
reinforcement material in NR matrices such as sisal/oil palm hybrid fibers [4], pineapple fibers [5],
coconut fibers [6], bamboo fibers [7], and grass fibers [8].

Bacterial cellulose (BC) is nanocellulose produced by bacteria, principally of genera Acetobacter,
such as Acetobacter xylinum, in the form of interconnected networks of cellulose nanofibers. BC possesses
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unique properties such as high purity (excluding hemicellulose and lignin), high crystallinity, excellent
mechanical strength (very high modulus and tensile strength), excellent biodegradability, high water
uptake capacity (up to 100 cc/g), and excellent biological affinity [9]. The unique morphological
alignment with Nano nonwoven structure of BC resulted in large surface area as compared
with plant cellulose fibers or electrospun cellulose nanofibers [10]. With numerous advantageous
characteristics, BC has found use across multiple industries. BC is adopted by the paper industry as an
emulsion-stabilizing compound. Furthermore, BC can be applied in the medical area as artificial skin
for patients with burns and ulcers [11], as artificial blood vessels [12], for drug delivery, and for tissue
engineering and wound healing [13].

Although BC possesses numerous useful properties, one disadvantage is the low-breaking
elongation. Conversely, NR is well-known for possessing excellent elastic properties. Reinforcements
of NR achieved using graphene, carbon nanotubes, or nanocellulose fibers, such as bacterial cellulose,
have been previously reported [14–17]. From our previous study, reinforcement of NR with BC was
performed via a latex aqueous micro dispersion process and the films of BC–NR by incorporation of
BC fibers into NR matrices demonstrated good water affinity and increased mechanical properties
when compared with pure NR matrices [17]. However, the composite film of NR incorporated into BC
matrices has not been reported so far. Herein, to obtain films with excellent mechanical properties
of BC, characterized by high tensile strength, and NR, characterized by high elasticity, NR–BC films
possessing a high degree of mechanical strength were developed by immersing BC pellicles into a
diluted NRL suspension. Operational parameters such as temperature and NR concentration were
studied to optimize the immersion process. NR–BC films were characterized for their chemical and
mechanical properties. To the best of our knowledge, this is the first report of such NR–BC films.

2. Materials and Methods

The Acetobacter xylinum (AGR60) was isolated from nata de coco. The stock culture was kindly
supplied by Pramote Tammarat, the Institute of Food Research and Product Development, Kasetsart
University, Bangkok, Thailand. Natural rubber latex (NRL) with 60% dry rubber content (DRC) was
purchased from the Rubber Research Institute of Thailand (RRIT, Bangkok, Thailand). Sucrose and
ammonium sulfate were purchased from Ajax Finechem Pty Ltd (New South Wales, Australia). Acetic
acid was purchased from Mallinckrodt Chemicals (Paris, KY, USA). Absolute ethanol was purchased
from QRec (Chonburi, Thailand).

2.1. Film Preparation

For BC biosynthesis, the medium for the inoculum was coconut-water supplemented with 5.0%
(w/v) sucrose, 0.5% (w/v) ammonium sulfate, and 1.0% (w/v) acetic acid. The medium was sterilized at
110 ◦C for 5 min. Precultures were prepared by a transfer of 50 mL stock culture to 1000 mL in 1500
mL bottle and incubated statically at 30 ◦C for 7 days. After the surface pellicle was removed, a 5%
(v/v) preculture broth was added to sterile medium and statically incubated at 30 ◦C for five days in a
Petri-dish. All sample BC pellicles were purified by washing with deionized water (DI) for 30 min and,
then treated with 1% NaOH (w/v) at room temperature to remove bacterial cells for 24 h, followed by a
rinse with water until the pH became 7.0. The BC pellicles were soaked in DI water and stored at 4 ◦C
until use.

The procedure for the preparation of BC reinforced with NR (NR–BC) films was developed as
follows. NRL was diluted with DI water to form NRL suspension with concentrations of 0.5%–10%
dry rubber content (DRC) (expressed as weight per volume). In order to reduce the viscosity of NRL
suspension, 6 mL of 50% (v/v) aqueous ethanol solution was slowly added into 300 mL NRL suspension.
BC pellicle was then immersed in NRL suspension with concentrations of 0.5%–10% DRC for 48 h
as the immersion temperature varied from 30–70 ◦C. Then, it was washed with DI water, air-dried
at 30 ◦C for 48 h, and stored in plastic film at room temperature. BC was defined as the unmodified
BC and NR–BC was defined as the modified BC by immersing in an NRL suspension. The xNR–BCy
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film was defined as the NR–BC film modified by immersing in an NRL suspension at x% DRC and
at an immersion temperature of y ◦C. For example, 0.5NR–BC50 was the NR–BC film modified by
immersing in an NRL suspension at 0.5% DRC and at a temperature of 50 ◦C.

2.2. Characterization

2.2.1. Field Emission Scanning Electron Microscopy (FESEM)

The examination of the surface morphology was performed by field emission scanning electron
microscopy (FESEM). Scanning electron micrographs were taken with JEOL JSM-7610F microscope
(Tokyo, Japan). The films were frozen in liquid nitrogen, immediately snapped, and vacuum-dried.
Then, the films were sputtered with gold and photographed. The coated specimens were kept in
dry place before the analysis. The FE-SEM was obtained at 10 kV, which was considered to be a
suitable condition for these samples. The average thickness of the dried BC films and NR–BC films
was measured using the ImageJ program.

2.2.2. Laser Particle Size Distribution (PSD)

The particle sizes of rubber in NRL and NRL added with ethanol were investigated by laser
diffraction technique. Particle size distribution curves were taken by Mastersizer 3000 (Malvern, UK).
The operating size classes were recorded in the range of 0.01–3000 μm at a stirrer speed of 2000 rpm.

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structures of the films were analyzed and recorded by FTIR with a Nicolet SX-170
FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the region of 4000–500 cm−1 at a
resolution of 4 cm−1.

2.2.4. Water Absorption Capacity (WAC)

Water absorption capacity (WAC) was determined by immersing the pre-weight of dry films of 20
mm × 20 mm in DI water at room temperature (30 ◦C) until equilibrium. Then, the films were removed
from water and blotted out with Kim wipes. The weights of the hydrate films were then measured,
and the procedure was repeated until there was no further weight change. WAC was calculated by the
following Equation (1):

WAC% =

[
Wh −Wd

Wd

]
× 100, (1)

where Wh and Wd denote the weights of hydrate and dry films, respectively.

2.2.5. Toluene Uptake (TU)

Specimens of BC and NR–BC films of 20 mm × 20 mm were weighed and immersed in toluene at
room temperature. After that, the specimens were weighed. The procedure was repeated until there
was no further weight change. The toluene uptake (TU) was calculated by the following Equation (2):

TU% =
[Wt −W0

Wo

]
× 100, (2)

where W0 and Wt denote the weights of films before and after the immersion in toluene, respectively.

2.2.6. X-Ray Diffraction (XRD)

The examination of the crystal structures of the films was performed by X-ray diffractometer
(model D8 Discover, Bruker AXS, Karlsruhe, Germany). The films were cut into strip-shaped specimens
of 4 cm in width and 5 cm in length. The operating voltage and current were 40 kV and 40 mA,
respectively. Samples were scanned from 5–40◦ 2θ using CuKa radiation.
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2.2.7. Differential Scanning Calorimetry (DSC)

DSC analysis was used to measure the thermal properties of the films, such as glass transition
temperature (Tg) and crystalline melting temperature (Tm). A sample of about 4 mg was sealed in
aluminum pan for DSC analysis under nitrogen gas. In addition, the curing behavior of the films was
determined using a NETZSCH DSC 204 F1 Phoenix (Selb, Germany). The scanning range was −100 to
200 ◦C with a heating rate of 5 ◦C/min.

2.2.8. Thermal Gravimetric Analysis (TGA)

The thermal weight changes of BC, NR, and the films were determined using TGA (Q50 V6.7 Build
203, Universal V4.5A TA Instruments, New Castle, DE, USA) in a nitrogen atmosphere. The scanning
range was 30 ◦C to 700 ◦C with a heating rate of 10 ◦C/min. The initial weight of each sample
was around 10 mg and percentage weight loss versus decomposition temperature by TGA analysis
was determined.

2.2.9. Mechanical Properties Testing

The tensile strength of the films was measured by Instron Testing Machine (ASD8-82A.TSX, NY,
USA). The test conditions followed ASTM D882. The determination of elongation at break, tensile
strength, and Young’s modulus was performed using films in strip-shaped specimens of 10 mm
in width and 10 cm in length. The mechanical properties of each sample were the average values
determined from five specimens.

2.2.10. Biodegradation in Soil

Biodegradation of BC and NR–BC films in soil for six weeks was evaluated. The samples were cut
into square pieces of 3 cm × 3 cm and were buried in 10 cm soil depth under uncontrolled temperature
(24–35 ◦C). Samples were taken out every week and washed with DI water. Then, the samples were
dried at 50 ◦C for 24 h and weighed. The specific biodegradation rates based on the mass loss of films
were determined by the following Equation (3):

Biodegradation% =

[
W1 −W2

W1

]
× 100, (3)

where W1 and W2 denote the initial dry weight of the samples (g) and the residue dry weight of films
after biodegradation in soil, respectively.

3. Results

3.1. NR Particle Size Distribution

The particle size distribution (PSD) of NR was analyzed by a laser diffraction particle size technique.
The rubber particle size from NRL suspension varied from 0.01–2 μm, as shown in Figure 1. A bimodal
PSD having two peaks at 0.08 μm and 0.7 μm was observed, with corresponding volume densities
of about 2.6% and 9.6%, respectively. A solution of 50% (v/v) ethanol was slowly added into NRL
suspension at 2.0% (v/v) to promote the penetration of NR into the BC nanofibrous network structure.
No significant change in particle size distribution of NR in NRL suspension with the addition of the
ethanol solution was observed.
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Figure 1. Particle size distribution of natural rubber (NR) in NR latex (NRL) suspension: in the absence
of ethanol aqueous solution (solid line) and with the addition of ethanol solution (dash line).

3.2. Effects of NRL Concentration and Temperature on Integration of NR into BC

Surface morphology of a never-dried BC film is shown in Figure 2a. Surface and cross section of
dried BC films are shown in Figure 2b,c, respectively. According to the observation from the FESEM
images, the surface of never-dried BC films comprises microporous structures of fibrous networks
with nanocellulose fiber diameters of ~50–100 nm. Never-dried BC films possess pore sizes ranging
between 0.1–2 μm located between the fibers. A similar pore structure of unmodified BC hydrogel
was previously reported [18]. After air drying at 30 ◦C, a dense nanocellulose layer structure was
obtained, as shown in Figure 2b. Water loss during drying could result in shrinkage and a compact
structure. The cross section of dried BC films in Figure 2c shows that the structures are composed
of multilayers of thin sheets, which is the characteristic feature of BC film previously reported [13].
During the immersion, NR diffused into and gradually filled the never-dried BC pores, and by doing
so, might coat the surface. FESEM images of the cross section of the dried NR–BC films by immersion
in NRL suspensions of 0.5%, 2.5%, 5%, and 10% DRC at 50 ◦C are shown in Figure 3. The NR–BC films
comprise dense nanocellulose layers incorporated with NR. The amount of integration of NR into BC
was in association with the increase in weight (Figure 4) and thickness of the dried films (Table 1).
The accumulated NR in the composite was estimated from the change of dried weight of the films
before and after the imersion in NRL suspension, as shown in Figure 4. The average weight of the
dried BC film was 0.0091 ± 0.0001 g, whereas the diameter and thickness were 14.01 ± 0.13 cm and
12.05 ± 0.26 μm, respectively. The diffusion and integration of NR into BC increased as a function of
NRL concentration up to around 2.5%–5% DRC. The high amount of NR accumulated in the composite
films was obtained by the immersion in NRL suspension at 2.5% DRC (at 50 ◦C), 5% DRC (at 50 ◦C),
2.5% DRC (at 60 ◦C), and 5% DRC (at 60 ◦C), where the estimated ratios of NR/BC in the composite
films were 53.9%, 42.9%, 73.6%, and 70.3%, respectively (the amounts of NR in the composite films
were 35.0%, 30.0%, 42.4%, and 41.3%, respectively). However, further increasing the NR concentration
in the suspension to 7.5% and 10% DRC resulted in a significant decrease of NR adsorption. Higher
weights and thicknesses of films were also observed as a function of increased immersion temperature
from 30 ◦C to 50–60 ◦C. The rate of diffusion of NR into nanocellulose fiber networks should generally
increase with temperature up to a certain point as a result of increased kinetic energy. Similar changes
to film thickness and surface area have previously been reported in relation to the modification of BC
by impregnation with aqueous alginate solutions at 1%–3% (w/v) at the immersion temperature of
30 ◦C to 50 ◦C [19].
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a b c 

Figure 2. Field emission scanning electron microscopy (FESEM) images of surface morphologies of
never dried films of bacterial cellulose (BC) (a) and dried BC films: surface (b) and cross section (c).

Figure 3. FESEM images of the cross section of dried films of 0.5NR–BC50 (a); 2.5NR–BC50 (b);
5NR–BC50 (c); 10NR–BC50 (d); and a closer look of the surface of dried NR–BC film (e).

 

Figure 4. Dry weight of NR–BC films modified by immersing in an NRL suspension at various
concentrations (0%–10% dry rubber content (DRC)) at immersion temperatures of 30 ◦C, 50 ◦C, 60 ◦C,
and 70 ◦C. Values were expressed as mean ±SD (n = 3); blue bar = the dry weights of BC before the
immersion and white bar = the estimated NR dry weights in the composites.
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Table 1. Thickness of natural rubber (NR)–bacterial cellulose (BC) films.

Samples Thickness (μm) Samples Thickness (μm)

0.5NR–BC30 12.74 ± 0.58 0.5NR–BC60 13.86 ± 0.13
2.5NR–BC30 19.08 ± 0.38 2.5NR–BC60 24.97 ± 0.90
5NR–BC30 15.85 ± 0.53 5NR–BC60 27.21 ± 0.39
10NR–BC30 14.66 ± 0.49 10NR–BC60 24.15 ± 1.62
0.5NR–BC50 14.84 ± 0.64 0.5NR–BC70 13.32 ± 0.58
2.5NR–BC50 20.61 ± 0.24 2.5NR–BC70 20.98 ± 0.69
5NR–BC50 21.99 ± 0.96 5NR–BC70 25.27 ± 0.29
10NR–BC50 18.54 ± 0.63 10NR–BC70 21.73 ± 0.35

Values are expressed as mean ±SD (n = 3).

3.3. Mechanical Properties

The mechanical properties of BC and NR–BC films were analyzed in terms of elongation at
break, tensile strength, and Young’s modulus, as shown in Figure 5. According to our previous
studies, the tensile strength, elongation at break, and Young’s modulus of unmodified BC films
could be varied around 70–300 MPa, 0.5%–5%, and 5–17 GPa, respectively, depending on many
factors, such as culture conditions, drying conditions, and bacteria strain [19–21]. In this study, the
unmodified BC film possessed an elongation at break, tensile strength, and Young’s modulus of 0.6%,
112.4 MPa, and 9.14 GPa, respectively; meanwhile, the corresponding values for the uncured NR film
developed from pure NRL were around 100%–111%, 0.8–1.2 MPa, and 1.6–2.4 MPa, respectively [17,22].
The NR–BC films have considerably higher elongation at break compared with the unmodified BC
films. The maximum values of elongation at break, at 3.0%–3.5%, were obtained when immersing
BC in NRL at a concentration range of 2.5%–5% DRC between 50 and 60 ◦C. The incorporation of
NR into the BC matrices resulted in the ability of the fibers to absorb more energy, and thus prevent
the nanocellulose fibers from breaking. Consequently, when compared with the BC films, the films
were demonstrated to elongate more prior to breaking. The NR–BC film tensile strengths are also
significantly higher when compared with those of the BC-only film (Figure 5b. The optimal conditions
to achieve maximum tensile strength of the NR-BC films are during the preparation of 2.5NR–BC50, in
which the tensile strength increased to 392.4 MPa (a ~3.5-fold increase over that of the unmodified
BC film). Additionally, the films treated with NRL suspension of 5% DRC and at the immersion
temperature of 50–60 ◦C exhibited considerably higher tensile strengths when compared with the
unmodified BC film. The tensile strengths of 2.5NR–BC50, 2.5NR–BC60, 5NR–BC50, and 5NR–BC60
showed a 3.5-, 1.7-, 2.3-, and 2.0-fold increase, respectively, over that of the unmodified BC film.
The Young’s modulus of pure BC and the films are shown in Figure 5c. The unmodified BC film
exhibits a Young’s modulus of 9.14 GPa, whereas the NR–BC films display higher Young’s modulus
values. Under the optimal preparation conditions, 2.5NR–BC50 displayed a Young’s modulus value
of 20.05 GPa or an ~2-fold increase over that of the BC film. As the maximum enhancement of the
mechanical properties was obtained by immersing at 50 ◦C, the results of the following studies were
performed on NR–BC films prepared by immersing in NRL suspensions at 50 ◦C.
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Figure 5. Elongation at break (a), tensile strength (b), and Young’s modulus (c) of the dried BC and
NR–BC films modified by the immersion in NRL of various concentrations (0%–10% DRC) at various
immersion temperatures.

3.4. FTIR Analysis

As shown in Figure 6, the FTIR spectrum of pure BC shows characteristic peaks at 3347 cm−1

attributed to O–H stretching vibrations from hydroxyl groups, and at 2900–2800 cm−1 corresponding
to C–H stretching, while a peak at 1650–1640 cm−1 corresponds to the vibration of the carbonyl group
(C=O). A peak at 1440 cm−1 is attributed to CH2 bending, and a peak located at 1165–1060 cm−1 is
attributed to C–O stretching [17,23,24]. The FTIR spectrum of NR reveals several characteristic peaks.
The peak at 2960 cm−1 is attributed to the vibration of C–H stretching, while the peak located at
2917 cm−1 corresponds to the symmetric stretching of methylene (−CH2). The asymmetric stretching
of the CH3 group is observed at 2847 cm−1. A peak located at 1637 cm−1 is assigned to the vibration of
C=C, while the peak located at 1465 cm−1 is attributed to the symmetric bending of CH2. The peak
at 1375–1450 cm−1 is attributed to the vibration of CH2 asymmetric bending and stretching [17,25].
The FT-IR spectra of the NR–BC films display characteristic peaks of both BC and NR. No occurrence
of new peaks was observed.
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Figure 6. Fourier transform infrared spectroscopy (FTIR) spectra of BC, NR, and NR–BC films treated
by the immersion in NRL of various concentrations at 50 ◦C.

3.5. X-Ray Diffraction (XRD) Analysis

The XRD patterns of BC and the NR–BC films are shown in Figure 7. The characteristic peaks
of BC comprise three main peaks at two theta angles of 14.5◦, 17.0◦, and 22.8◦, associated with the
typical profile of cellulose [26]. The diffraction patterns of the NR–BC films exhibit a higher degree of
order, as seen by the sharp peaks, whereas the diffraction pattern relating to the BC-only film displays
relatively broad peaks, indicating a less crystalline material. The NR film displays a typical diffraction
pattern of an amorphous polymer having a prominent broad hump located at a two-theta angle of 18◦.
The NR–BC films, prepared at various concentrations and immersion temperatures, display the same
characteristics of the BC-only film diffraction pattern, indicating the presence of the BC crystalline
structure. The peaks at two-theta ≈ 17◦ and 22.8◦ became slightly more intense with increasing NR,
which might imply that the integration of NR into fibrous structure of BC might have some effect on
the crystalline structure of BC. The amorphous broad hump associated with NR was not observed in
the XRD patterns, as there was a small proportion of NR in the BC matrices.

Figure 7. X-ray diffraction (XRD) patterns of BC, NR, and NR–BC films treated by the immersion in
NRL of various concentrations at 50 ◦C.
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3.6. Differential Scanning Calorimetry (DSC)

The DSC thermograms of dried BC, NR, and the NR–BC films are shown in Figure 8. The glass
transition temperature (Tg) of pure BC was barely detected because the highly crystalline structure of
nanocellulose exhibited flat heat flow curves, which are difficult to separate from the baseline. For the
thermal degration, the BC film displays two exothermic broad peaks. The first peak around 217 ◦C is
associated with the thermal degradation of proteinaceous matter in the BC film [19,26]. The second
peak at ~304 and 340 ◦C is ascribed to the partial pyrolysis of cellulose [27]. The DSC thermogram of
NR exhibited a Tg at −68.1 ◦C. The DSC thermograms of 5.0NR–BC50 and 10.0NR–BC50 exhibited a Tg
at around −67 ◦C, slightly higher than the Tg of NR. The endothermic peaks exhibited by the NR–BC
films between 30–150 ◦C are attributed to water loss or dehydration of the films [19,28]. NR loading
into the BC matrices (2.5NR–BC50, 5.0NR–BC50, and 10.0NR–BC50) resulted in a slight change to the
position of the exothermic peaks.

Figure 8. Differential scanning calorimetry (DSC) chromatograms of BC (a), NR (f), and NR–BC films
of 0.5 NR–BC50 (b), 2.5 NR–BC50 (c), 5.0 NR–BC50 (d), and 10.0 NR–BC50 (e).

3.7. Thermal Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

The TGA and DTA curves of BC, NR, and the NR–BC films are shown in Figure 9a,b, respectively.
The slight weight loss from 30–200 ◦C is associated with the vaporization of water. The percentage
weight loss of pure BC across a temperature range of 210–240 ◦C is ~6 wt.%, indicating the decomposition
of proteins [29]. The major pyrolysis of BC, resulting from the decomposition of cellulose [30], occurs at
~300–360 ◦C, and results in a residual char product (≈20 wt.%). Conversely, the pyrolysis temperature
of NR occurs at ~340–440 ◦C, at which about half of the mass loss is observed for pyrolysis at 380 ◦C.
The thermal decomposition of the NR–BC films is divided into three weight loss stages. At temperatures
<200 ◦C, the weight loss is associated with water loss. The second and third weight loss stages occur
across a temperature range of 300–400 ◦C. The maximum rate of weight loss of the films occur at
~320 ◦C and ~380 ◦C in accordance with the decomposition of BC and NR, respectively. Films of
5.0NR–BC50 and 10.0NR–BC50 presented slightly increased thermal stability when compared with the
BC film and other NR–BC films.
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Figure 9. Thermal gravimetric analysis (TGA) (a) and differential thermal analysis (DTA) (b) curves of
BC, NR, and NR–BC films.

3.8. Water Absorption Capacity (WAC)

Water absorption capacities of BC, NR, and NR–BC films treated by the immersion in NRL
of various concentrations at 50 ◦C are shown in Table 2 and Figure 10. Overall, all films showed
rapid adsorption of water in the first 20 min and then slow adsorption until concentrations reached
equilibrium at around 1 h. The BC film has highly water absorption capacity at 610.5% because of
the hydrophilic property of the hydroxyl group in its structure [31,32]. Because of the hydrophobic
structure of NR, the water absorption capacity of the NR film was very low (10.9%). As compared with
BC, NR–BC films had significantly higher resistance to water.

Table 2. Water absorption capacity (WAC%) and toluene uptake (TU%) of NR–BC50 films.

Solvent
Absorption (WAC%, TU%)

BC 0.5 NR–BC 1.5 NR–BC 2.5 NR–BC 5 NR–BC 7.5 NR–BC 10 NR–BC NR

Water 610.5 ± 2.6 213.9 ± 6.4 208.2 ± 2.4 88.4 ± 3.3 88.6 ± 1.8 115.9 ± 3.3 142.5 ± 1.2 10.9 ± 0.3
Toluene 8.7 ± 1.0 33.2 ± 6.8 34.2 ± 12.6 70.9 ± 24.0 68.6 ± 13.5 30.5 ± 11.7 47.3 ± 3.4 2,652.8 ± 300.0

Values are expressed as mean ±SD (n = 3).

Figure 10. Water absorption capacity (WAC %) with time of NR–BC50 films.
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3.9. Toluene Uptake (TU)

NR is a nonpolar material; therefore, it is soluble in non-polar solvents. Toluene is an aromatic
solvent that is mostly used in many rubber industries. Thus, the effect of toluene uptake on NR-BC
films was investigated (Table 2). At initial absorption, the toluene uptake of the NR film rapidly
increased and reached the maximum value at 2642% in 1 h. After that, the degradation of the NR film
by dissolving in toluene was observed [33]. Because of its hydrophilic nature, the BC film had high
resistance to non-polar solvents and exhibited very low toluene uptake at around 6.4%. The toluene
uptake of NR–BC films is higher than BC film, but so much less than NR (0.02–0.05 of NR film).

3.10. Biodegradation in Soil

Biodegradability is an essential property when considering environment issues, and is a critical
property for the application of green packaging materials. BC structures comprise crystalline
nanocellulose fibers and a minor amount of amorphous cellulose chains, which can be attacked
by multiple microorganisms in the soil through enzymatic degradation [34,35]. The conformation
of NR is relatively resistant to biodegradation through microorganisms when compared with many
other natural polymers [36]. However, there are known microorganisms in soil such as bacteria
and fungi that have the ability to degrade NR [36,37]. Natural latex rubber is biodegradable, as is
claimed by numerous products and manufacturers. Natural rubber latex gloves can be disposed of
by either landfill or incineration, which are not harmful to the environment. Recently, it was shown
that the mixed culture isolated from soil samples collected from rubber contaminated ground in
Songkhla province, Thailand had potential in degrading rubber, in which significant changes could
be detected within 30 days [38]. In this study, the biodegradability of BC and the NR–BC films in
soil is shown in Figures 11 and 12. The films underwent soil burial experiments and the average soil
temperature was 35.1 ± 2.0 ◦C. The BC film exhibited a higher weight loss percentage when compared
with the other films, and was completely decomposed within four weeks. The NR–BC films were
completely decomposed within 4–6 weeks. Overall, higher NR loadings were observed to slow the
decomposition rate of the films. Films of 2.5NR–BC50 and 5NR–BC50 demonstrated a higher resistance
to microorganism degradation when compared with 0.5NR–BC50 and 10NR–BC50. The films of
2.5NR–BC50 and 5NR–BC50 were completely decomposed within six and five weeks, respectively,
whereas 0.5NR–BC50 and 10NR–BC50 were completely decomposed within four weeks.

Figure 11. Biodegradability of films in soil after 0–6 weeks. (BC = ×; 0.5 NR–BC50 = white triangle;
2.5 NR–BC50 =white circle; 5 NR–BC50 = black circle; 10 NR–BC50 = black triangle).
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Figure 12. The images of degraded materials at the different weeks in the study of biodegradation
in soil.

4. Discussion

BC pellicle was immersed in diluted NR latex (NRL) suspensions with the supplement of ethanol
aqueous solution. The slow addition of a 50% (v/v) ethanol solution into the NRL suspension at 2.0%
(v/v) did not show a significant effect on NR particle size. However, it could result in a decrease
in viscosity of the NRL suspension as a result of the reduction of the gel content of rubbers from
NRL [39]. It was found that the addition of ethanol in NRL at a specific fraction could promote the
penetration of NR into the BC nanofibrous network structure. However, as ethanol is an organic polar
solvent, the addition at too high a fraction into the NRL suspension resulted in the coagulation of NR
molecules [40]. From our preliminary test, the addition of ethanol at concentration ≥70% v/v into NRL
for 2.0% (v/v) or the addition of 50% v/v ethanol into NRL for ≥3.0% v/v caused coagulation of NR.

After the modification by immersing BC films in diluted NRL suspensions, it was found that the
maximum dry weight of the NR–BC films was around 0.014–0.016 g, which was about 1.5–1.8 of that
of the BC film. The maximum thickness of the NR–BC films was 20–27 μm, or about 1.7–2.3 of that
of the BC film. The maximum amount of integration of NR into BC was obtained by immersing BC
in NRL suspensions of 2.5%–5.0% DRC at an immersion temperature of 50–60 ◦C. However, further
increasing the NRL concentration above 5.0% DRC led to the agglomeration of NR molecules, resulting
in a lower diffusion of NR molecules into the BC film. At higher concentrations, the close vicinity of
the NR molecules with respect to each other could result in increased interaction and agglomeration.
As the BC pellicle pore size was relatively small, the diffusion of agglomerated NR into the BC fibrous
network was hindered. Considering how diffusion is influenced by immersion temperature, at low
NRL concentrations (< 2.5% DRC), no significant increase of NR–BC film thickness was observed
when increasing the immersion temperature from 30 ◦C to 70 ◦C. At low NR concentrations, low
adhesion of NR to the BC matrices was observed. When BC was immersed in NRL suspensions at
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medium to high concentrations (2.5%–10% DRC), the NR–BC film thickness significantly increased
as a function of increased immersion temperature from 30 ◦C to 60 ◦C. Increased kinetic energy of
the NR molecules at high temperature was considered to promote the diffusion of NR into the BC
matrices. At high temperature, the agitated particles were subjected to stronger and more frequent
collisions. However, NR–BC film thickness and weight decreased as a function of elevated immersion
temperature from 60 ◦C to 70 ◦C, which implied less accumulation of NR in BC films. When subjected
to a high immersion temperature of 70 ◦C, the NR molecules, as a result of a high collision rate, could
form particle agglomeration. The coating of agglomerated NR on the BC surface and in the BC fibrous
networks was thought to prevent the diffusion of small NR particles into the BC pores. The low
degree of NR penetration resulted in a smaller NR–BC film thickness when the immersion temperature
increased from 60 ◦C to 70 ◦C.

BC films usually possess a high mechanical strength (high modulus and tensile strength), but low
elongation at break (or low fracture strain). Conversely, NR films show higher elongation at break,
but possess a relatively lower mechanical strength as compared with BC films. In this study, it was
shown that the mechanical properties of the BC films were considerably improved by the addition of
NR into BC matrices. The important factors that affect the diffusion of NR into BC matrices are the
concentration of NRL suspension and temperature. The concentration of NRL suspension at 2.5%–5.0%
DRC and the immersion temperature at 50–60 ◦C are the optimal conditions for high diffusion of NR
into BC matrices. The integration of NR into BC matrices resulted in improved mechanical properties
of the films. When subjected to a high immersion temperature of 70 ◦C, the NR molecules, as a result
of a high collision rate, could form particle agglomeration. The agglomerated NR particle could cover
some parts of the BC surface and filled in the pores of BC matrices. The large particles could prevent the
diffusion of small NR particles into the pores of the inner part. At high temperature, NR agglomeration
could be generated to a greater extent, especially in the condition with higher concentration of NRL
suspension. This agglomeration might cause a problem of poor distribution of NR inside the BC
matrices. As a result, at an immersion temperature of 70 ◦C, NR–BC films exhibited the largest Young’s
modulus in the 0.5% DRC group, but exhibited the smallest Young’s modulus in the 10% DRC group.
However, under the optimal condition, NR integrated into the BC films and was well distributed
in BC matrices. NR could bind the nanocellulose fibers together and, consequently, the mechanical
properties of the NR–BC films, with respect to their modulus and strength, were enhanced compared
with the BC film. NR possessed high structural regularity and typically crystallizes spontaneously
when stretched [41]. The NR bonds in the nanocellulose fibrous network restricted the movement of
the nanocellulose fibers and enhanced mechanical strength [42]. It was revealed that the presence
of NR on the BC matrices in the NR–BC films induced superior mechanical properties such as high
elongation at break and high tensile strength. Therefore, the combination of a nanocellulose fibrous
network and NR could result in a synergistic effect on the mechanical properties.

The FTIR and XRD results showed that there was no chemical interaction between NR and BC;
however, the integration of NR into fibrous structure of BC might improve crystalline structure of
BC. At high NR diffusion into BC fibers, NR–BC films exhibit relatively high structural and thermal
stability. It was shown that 5.0NR–BC50 and 10.0NR–BC50 presented relatively increased thermal
stability when compared with that of the BC film and the other NR–BC films. On the other hand,
it was shown that XRD peaks of 5.0NR–BC50 and 10.0NR–BC50 are also slightly sharper than the
others. Therefore, the integration of NR into BC matrices at a certain content (an optimal concentration
range) might have some positive effects on the crystalline structure of BC. The crystalline structure
could affect thermal properties of the composites. The result of TGA residual mass (Figure 9) showed
that the remaining mass by the higher order was BC > 0.5 NR–BC50 > 2.5 NR–BC 50 > 10NR–BC50 >
5.0 NR–BC 50 >NR. According to our previous study [17], the char yield of BC was higher than that of
NR, and the char yields increased along with the ratio of BC in NR composites. In this study, the ratio
of BC/NR by the higher order was 0.5NR–BC50 > 10 NR–BC50 > 5.0NR–BC50 > 2.5NR–BC50 (Figure 4).
Compared with the other composite films, the remaining mass of the composite film of 0.5 NR–BC50
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was the highest because the ratio of BC/NR of this composite film was higher than the others. For the
same reason, the residual of 10.0NR–BC50 was greater than that of 5.0NR–BC50. However, it is noticed
that the remaining mass of 2.5 NR–BC50, which has the highest ratio of NR (or the lowest ratio of BC) is
quite high when compared with the others. As a result, it was suggested that not only the composition,
but also the structure of the composites could also have an effect on the thermal properties.

BC has a hydrophilic structure and NR has a hydrophobic structure; therefore, the values of WAC%
decreased with the ratio of NR in the NR–BC composites. The films of 2.5NR–BC50 and 5NR–BC50
had the highest water resistance (the lowest WAC%). Because of NR binding into BC fibers, only small
amounts of water could diffuse or be adsorbed into NR–BC films. Consequently, the water resistance
of NR–BC films increased with NR concentration in the films. The toluene uptake (TU%) of NR–BC50
films was in range of 30%–70% and the increase in toluene uptake was related to the concentration of
NR in the films. However, the toluene uptake of NR–BC films was much lower than that of NR films
and, after the immersion of NR–BC films in toluene for 4 h, no significant change in overall outlook of
the NR–BC films was observed. The good resistance to toluene should be attributed to the hydrophilic
nature and high stability of nanocellulose network structure of BC in nonpolar solvents.

The evaluation of biodegradation capability of NR–BC50 films in comparison with BC films was
conducted in soil environment for six weeks. BC fiber is biodegradable by various bacteria and fungi in
soil. The microorganism first attacks the nanocellulose amorphous region and, thereafter, decomposes
all the crystalline regions. On the other hand, it has been previously reported for a slow process of
biodegradation of NR and related compounds by some microorganisms in soil [43]. In this study,
during the biodegradation test, the NR–BC films transitioned to a loose structure. The films were
lumpy and highly stretched as a result of the decomposition of nanocellulose by the microorganisms,
while the NR particles in the NR–BC films underwent a relatively slower rate of decomposition than the
nanocellulose of BC. However, all NR–BC films were biodegradable and could be degraded completely
in soil environment within 5–6 weeks.

5. Conclusions

Films of BC reinforced with NR, prepared by immersing BC into a diluted NRL suspension,
demonstrated superior mechanical properties when compared with BC-only films. The combination
of a nanocellulose fibrous network and NR polymer synergistically improves the film mechanical
properties. Films of 2.5NR-BC50 demonstrated considerably enhanced tensile strength and elongation
at break. The NR–BC films also exhibit high structural and thermal stability and are completely
degraded in soil within 5–6 weeks.
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Abstract: This study reports the effect of poly(butylene succinate-co-adipate) (PBSA) on the
mechanical performance and shape memory behavior of poly(lactic acid) (PLA) specimens that
were manufactured by injection molding and hot-press molding. The poor miscibility between
PLA and PBSA was minimized by the addition of an epoxy styrene-acrylic oligomer (ESAO), which
was commercially named Joncryl®. It was incorporated during the extrusion process. Tensile,
impact strength, and hardness tests were carried out following international standards. PLA/PBSA
blends with improved mechanical properties were obtained, which highlighted the sample that was
compatibilized with ESAO, leading to a remarkable enhancement in elongation at break, but showing
poor shape memory behaviour. Field Emission Scanning Electron Microscopy (FESEM) images
showed how the ductile properties were improved, while PBSA loading increased, thus leading
to minimizing the brittleness of neat PLA. The differential scanning calorimetry (DSC) analysis
revealed the low miscibility between these two polymers and the improving effect of PBSA in PLA
crystallization. The bending test carried out on the sheets of PLA/PBSA blends showed the direct
influence that the PBSA has on the reduction of the shape memory that is intrinsically offered by
neat PLA.

Keywords: poly (lactic acid) (PLA); poly(butylene succinate-co-adipate) (PBSA); binary blends; shape
memory behaviour

1. Introduction

The use of polymers and plastics in our daily life is almost mandatory due to their huge range
of properties. For this reason, the demand for these materials has remarkably increased in the
last decades. Unlike their production, the treatment of these materials after their end-of-life has
been neglected, resulting in the oversaturation of plastic wastes in the environment. Since most of
these plastics are synthetic, petroleum-derived materials, they have a high resistance to microbial
degradation, so their decomposition is complex and extremely slow [1]. The development of new
environmentally friendly polymeric materials has become a leading force in this industry because of
this. The environmentally friendly properties of a polymer could be related to their origin (bio-sourced)
or to their end-of-life (biodegradable or disintegrable in controlled compost soil). Taking into account
their origin, some of the polymers have been fully or partially obtained from renewable resources,
such as poly(ethylene) (PE) and poly(propylene) (PP) from sugarcane, poly(amides) (PAs) from castor
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oil, poly(carbonate) (PC) from corn, and so on [2–4]. These biobased polymers are identical to their
counterpart petroleum-derived polymers and despite that they are not biodegradable, they have a
positive effect on carbon footprint [3]. Another interesting group of environmentally friendly polymers
is that which includes some petroleum-derived poly(esters), but, due to the nature of the ester group,
they can disintegrate in controlled compost conditions. This groups includes poly(ε-caprolactone)
(PCL), poly(butylene succinate) (PBS), poly(butylene succinate-co-adipate) (PBSA), poly(glycolic acid)
(PGA), among others [1,5–7]. Finally, the most interesting group of environmentally friendly polymers
is that of biobased and biodegradable polymers. Polysaccharides (starch, cellulose, chitin, and so
on), protein based polymers (gluten, soybean protein, casein, collagen, among others), and bacterial
polymers, such as poly(3-hydroxybutyrate) (PHB) or poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) are included in this group. Although these polymers are very promising, their properties are
still quite far from those of commodities and engineering plastics [8–11].

Nowadays, poly(lactic acid) (PLA) is one of the most studied aliphatic polyesters thanks to its
good mechanical properties and it can be either obtained from petroleum or renewable resources.
Bio-sourced PLA is produced by anaerobic fermentation of sugars that are derived starch-rich
plants, such as corn, sugarcane, beet sugar, potato, and so on [12]. It can also be obtained through
the direct condensation of lactic acid and by ring opening polymerization of cyclic lactide dimer
(ROP) [6,13]. The excellent tensile strength that PLA presents is the reason why it is used as an
alternative to conventional plastics, such as high and low-density poly(ethylenes) (HDPE/LDPE),
poly(styrene) (PS), and poly(ethylene terephthalate) (PET) [6]. It can be manufactured in a wide range
of processing methods, such as conventional extrusion, injection molding, blow molding, film forming,
three-dimensional (3D)-printed, and so on [14–17]. All of these features make PLA exceptionally
useful in the packaging industry, food containers [12,18], and in biomedicine for controlled drug
delivery and tissue engineering [19]. Although PLA presents good balanced properties and remarkable
environmental benefits, its use has been limited due to its cost [13] and, in addition, it is a quite
brittle material. With the aim of improving the ductility and toughness of PLA [20], many research
approaches have been used. One is plasticization with conventional plasticizers, such as poly(ethylene
glycol) (PEG), poly(propylene glycol) (PPG), lactic acid oligomers (OLAs), modified vegetable oils
(MVOs), esters from citric acid or adipic acid, and so on [21–23]. All of these plasticizers contribute to
improving ductile properties due to a remarkable decrease in the glass transition temperature, Tg, but
the mechanical resistant properties are highly reduced. Another approach to overcome (or minimize)
the extremely high brittleness of PLA is by blending with other flexible polymers. Regarding blends,
compatibility/miscibility issues must be taken into account [24]. Bhatia et al. [25] have reported the
properties of binary blends of PLA with PBS. The addition of 30 wt % PBS to PLA resulted in a clear
increase in toughness, but over 50 wt % PBS addition, the clarity of the materials is reduced. As PLA
and PBS show restricted miscibility, Harada et al. [26] used an isocyanate as a reactive processing
aid to increase the impact strength of PLA/PBS binary blends. PCL is another flexible aliphatic
poly(ester) that can provide increased toughness to PLA, as reported by Matta et al. [6]. Poly(butylene
adipate-co-terephthalate) (PBAT) has great flexibility and it maintains excellent biodegradability
properties. As can be shown by Khatsee et al. [27], binary PLA/PBAT blends can be obtained by
electrospinning for controlled antibiotic release. Poly(propylene carbonate) (PPC) has been successfully
used in PLA blends with good shape memory polymers [28].

Taking advantage of the PLA structure and materials that are based on PLA, a new research field
has emerged, which is shape memory. Because of its particular structure, this field is promising for
PLA. PLA has crystalline domains that define the permanent shape and switching segments that fix
the temporary shape [29]. This particular structure allows for PLA to switch from a temporary shape to
its permanent shape. The switching segments are activated by an external stimulus that can be either
physical or chemical, but temperature is the most common stimulus leading to a thermal-responsive
memory shape by selecting the appropriate temperature cycle regarding the Tg [30–32]. Shape memory
behaviour has been used in electronics [29], and one of most recent applications include pieces that are
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made by 3D printing with PLA matrix filaments [33]. As these 3D-printed parts can change their shape
by heating/cooling above/below the Tg, this technology is known as four-dimensional (4D)-printing.
Taking advantage of the PLA biocompatibility with the human body, recent applications of PLA are
focused on tissue engineering by making scaffold systems of physical blends, with TPU for support
material in cartilage or bone repair [32,34]. The aim of this research is to enhance PLA toughness,
through physical blending with poly(butylene succinate-co-adipate) (PBSA) to obtain flexible shape
memory polymers with improved toughness. Despite that PBSA is based on fossil resources, it can
undergo disintegration in controlled compost [35,36]. PBSA could offer high flexibility and great
impact strength properties to PLA [37]. As these two poly(esters) show restricted miscibility, an epoxy
styrene-acrylic oligomer (ESAO) will be used.

2. Materials and Methods

2.1. Materials.

PLA was an IngeoTM Biopolymer 6201D that was obtained from NatureWorks (Minnetonka,
MN, USA). It is a thermoplastic resin derived from annually renewable resources. Its glass transition
temperature, Tg, is comprised between 55–60 ◦C and the melt peak temperature is located in the
155–170 ◦C range. Its density is 1.25 g cm−3 and it possesses a melt flow index, MFI of 15–30 g/10 min.
With regard to the flexible polymer for binary blends, an aliphatic poly(ester) copolymer, PBSA, was
used. A commercial Bionolle grade 3002 MD was obtained from Showa Denko Europe GmbH (Munich,
Germany). It shows good processability for extrusion and blow molding. The density reported is for
this PBSA grade is 1.23 g cm−3. Regarding its thermal properties, its Tg is close to −45 ◦C and the melt
peak temperature is 94 ◦C.

A multi-functional epoxy-based styrene-acrylic oligomer (ESAO) was used as a compatibilizer.
A commercial ESAO grade JONCRYL® ADR-4300 that was distributed by Basf (Barcelona, Spain) was
used. This compatibilizer has a glass temperature Tg of 56 ◦C and an epoxy equivalent weight of
445 g mol−1. Figure 1 shows the schematic representation of the structures of both PLA and PBS and
the ESAO generic structure.

Figure 1. Schematic representation of (a) poly(lactic acid) (PLA), (b) poly(butylene succinate-co-adipate)
(PBSA), and (c) epoxy styrene-acrylic oligomer (ESAO) (Joncryl® ADR-4300).
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2.2. Manufacturing of PLA/PBSA Binary Blends

Prior to processing, as both of the poly(esters) are highly sensitive to hydrolysis, PLA and PBSA
were dried at 50 ◦C for 48 h. Table 1 shows the labelling and the compositions of the developed
blends. According to the literature [38], PLA blends with 20 wt % of PBS have a good balance between
mechanical properties and shape memory behaviour. Thus, the addition of a compatibilizer to the
PLA80PBSA20 mixture was decided to determine whether it causes any effect in its properties. To obtain
homogeneous mixtures, all of the materials were subjected to a mechanical pre-mixing for 3 min in a
zipper bag. These mixtures were extruded using a co-rotating twin-screw extruder ZSK-18 MEGAlab
from Coperion (Stuttgart, Germany) that was equipped with a screw diameter of 18 mm with a length
to diameter ratio, L/D of 48. The dosage of each component was controlled by a side twin-screw feeder
ZS-B 18 from K-Tron (Pitman, NJ, USA). The screw speed was set to 180 rpm using a temperature
profile of 145–155–160–180–185–190–190 ◦C from the feeding to the die. The feed rate was set to
2 kg h−1. Once the different blends were extruded, they were cooled down to 15 ◦C in a water bath
and subsequently pelletized using an air knife unit.

The pelletized compounds were shaped into standard samples for characterization by injection
molding in a Meteor 270/75 from Mateu & Solé (Barcelona, Spain). The temperature profile was set at
175–180–185–190 ◦C for PLA-based blends, while PBSA was programmed with a lower temperature
profile of 105 ◦C for the different heating barrels. A clamping force of 75 tons was applied. The cooling
time was set to 10 s.

Table 1. Composition and labelling of PLA/PBSA binary blends.

Code PLA (wt %) PBSA (wt %) Joncryl® ADR (phr *)

PLA 100 - -
PLA90PBSA10 90 10 -
cPLA80PBSA20 80 20 0.5
PLA80PBSA20 80 20 -
PLA70PBSA30 70 30 -

PBSA - 100 -

* phr denotes the weight parts of Joncryl® per hundred parts by weight of PLA/PBSA blend.

2.3. Mechanical Properties

The tensile test was carried out following the recommendation of the ISO 527 standard while
using a mechanical universal testing machine ELIB 50 from S.A.E. Ibertest (Madrid, Spain). It was
equipped with a 5 kN load cell and the selected crosshead speed of 10 mm min-1 was used. The impact
strength test was performed on a Charpy pendulum from Metrotec (San Sebastián, Spain), following
the recommendations of ISO 179, using a 6 J pendulum on unnotched samples and a 1 J pendulum
on notched samples (“V” type, 2 mm depth and a radio of 0.5 mm). Hardness measurements were
obtained in a durometer 676-D from J. Bot Instruments (Barcelona, Spain) using Shore D scale following
ISO 868.

All of the tests were carried out at room temperature with at least five samples and the
corresponding properties were averaged.

2.4. Thermal Characterization

The main thermal transitions were analyzed by differential scanning calorimetry (DSC) in an 821
DSC calorimeter from Mettler-Toledo, Inc. (Schwerzenbach, Switzerland). The samples weight was
between 5–10 mg. The samples were placed into standard sealed aluminum pans (40 μL) and then
subjected to a thermal cycle consisting of three steps: initial heating from 30 ◦C to 200 ◦C, followed by
a cooling process to −60 ◦C and after that, a second heating process up to 350 ◦C. The heating/cooling
rate was set to 10 ◦C min−1. These tests were carried out under a dry atmosphere with a constant
nitrogen flow of 30 mL min−1. The glass temperature (Tg), cold crystallization temperature peak (Tcc),
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the melting temperature (Tm), and the melt enthalpy (ΔHm) were obtained from second heating step
in this analysis.

The thermal degradation (weight loss) and thermal stability were followed by thermogravimetric
analysis (TGA) in a TGA/SDTA 851 thermobalance from Mettler-Toledo (Schwerzenbach, Switzerland).
The average weight of the samples was between 5–10 mg. These samples were placed on standard
alumina crucibles with a total volume capacity of 70 μL and subsequently exposed to a heating
program from 30 ◦C up to 700 ◦C at a constant heating rate of 20 ◦C min−1 in an air atmosphere.

2.5. Morphology Characterization by Field Emission Scanning Electron Microscopy (FESEM)

To analyze the morphology of fractured surfaces from impact tests, field emission scanning
electron microscopy (FESEM) was used. A ZEISS ULTRA 55 FESEM microscope from Oxford
Instruments (Abingdon, UK) was used working at an accelerating voltage of 2 kV. Prior to the test,
the samples’ surfaces were coated by an ultrathin gold-palladium layer in a high vacuum sputter
coater EM MED20 from Leica Microsystem (Milton Keynes, UK).

2.6. Shape Memory Behaviour Characterization

The shape memory behaviour of the materials was evaluated using a conventional bending test
on sheets with dimensions of 65 × 10 × 1 mm3. These sheets were obtained by hot-press molding
at 140 ◦C in a hot press Hoytom M.N.1417 (Bilbao, Spain) from Robima S.A. The switch transition
temperature that leads the programming and the recovery cycle was set at 70 ◦C (PLA glass transition).
The cooling temperature was set to 22 ◦C and the stabilization time was 15 min. The temporary shape
was fixed to bending angles of 120◦ and 90◦.

3. Results

3.1. Mechanical Properties and Morphology of Binary PLA/PBSA Blends

The tensile behaviour of binary PLA/PBSA blends is shown in Table 2. The tensile modulus, ET of
neat PLA is relatively high, about 1165 MPa. Regarding its tensile strength (σT), PLA offers a relatively
high value of 64.0 MPa, as compared to other commodities. While intrinsic mechanical resistant
properties of neat PLA are high, its elongation (εb) at break is only of 9.23%, which is responsible for
high brittleness and the fragility of this material. Blending PLA with a flexible PBSA polymer has
noticeable effects on overall mechanical performance. So that, the addition of 10 wt % PBSA to PLA
leads to an expected decrease on mechanical resistant properties, such as ET and σT, down to values of
1012 MPa and 52.6 MPa, respectively. As the wt % PBSA increases, both tensile modulus and strength
decrease, which means that the brittle behaviour is diminished. At room temperature, PBSA is above
its corresponding Tg value −41 ◦C [36], which means a flexible behaviour, as observed in Table 2.
Above its Tg, the PBSA chains can move freely, as reported by Ojijo et al. [39], thus leading to high εb
value of 432.7%. This improved chain mobility can exert a positive effect on PLA toughness.

Table 2. Summary of mechanical properties of binary PLA/PBSA blends obtained from tensile tests.

Code Tensile Strength, σT (MPa) Elastic Modulus, ET (MPa) Elongation at Break, εb (%)

PLA 64.0 ± 1.2 1165 ± 44 9.2 ± 1.5
PLA90PBSA10 52.6 ± 0.8 1012 ± 21 12.2 ± 3.8
cPLA80PBSA20 41.2 ± 2.0 754 ± 47 121.2 ± 18.7
PLA80PBSA20 42.0 ± 3.6 849 ± 75 29.7 ± 6.3
PLA70PBSA30 37.7 ± 3.0 625 ± 72 56.5 ± 10.3

PBSA 18.3 ± 1.6 159 ± 61 432.7 ± 57.4

As expected, with PBSA addition, the elongation at break tends to increase. Only the addition of
10 wt % PBSA to PLA gives an increased εb value of 12.2% and this is still more evident for PLA/PBSA
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blends containing 20 wt % and 30 wt % PBSA with εb values of 29.7% and 56.5%, respectively, thus
leading to a clear increase in mechanical ductile properties.

Although good mechanical properties can be obtained by blending PLA with PBSA, the poor
miscibility between these two polymers does not allow good interface interactions, as reported by
Nofar et al. [40]. For this reason, a compatibilizer agent, namely Joncryl®, has been added to the binary
blend of 80 wt % PLA and 20 wt % PBSA. This compatibilizer agent has been extensively used as
chain extender in poly(esters) due to the reaction of epoxy groups with hydroxyl terminal groups in
poly(esters) [41,42]. This particular behaviour can be positive in binary blends of poly(esters), as this
compatibilizer can react either with the hydroxyl terminal groups of PLA and PBSA, thus leading to a
compatibilization effect. The relatively low compatibilizer loading (0.5 phr) allows for this, since higher
loadings could lead to branching, gel formation, and, even, some crosslinking [43,44]. As observed in
Table 2, the uncompatibilized blend containing 20 wt % PBSA gives an εb value of 29.7%, while the
compatibilized blend with the same composition offers an εb increase up to values of 121.2%, thus
giving clear evidences of chain extension/compatibilization, as reported by Eslami et al. [45]. A low
percentage of chain extender in blends leads to obtaining an improvement in the interface with both
materials, improving some properties. In this particular case, this blend takes advantages of PBSA,
improving the elongation at break. The increase in the ductile behaviour observed in PLA/PBSA
blends and, specifically in the compatibilized PLA/PBSA blend, suggest an increase in toughness.

Nevertheless, it is worthy to note that toughness is not uniquely linked to ductile properties
(i.e. elongation at break), but also to mechanical resistant properties (tensile strength). In this work,
toughness has been quantitatively measured through the determination of the impact-absorbed energy
in impact test (Charpy). Table 3 shows the impact strength values as a function of the composition of
the developed materials. In a very first attempt, a 6 J pendulum was used, it did not provide enough
energy to break some specimens, in order to have all the measurements in the same conditions, a
“V” notch was done in all samples and then tested with a 1 J pendulum. As one can see, PLA is a
brittle material with very low energy absorption (2.48 kJ m−2) when compared to PBSA (26.02 kJ m−2).
As expected, the impact strength increases with the PBSA loading on binary blends up to values of
5.75 kJ m−2 for the uncompatibilized PLA/PBSA blend containing 30 wt % PBSA. It is worthy to note
the good impact strength that was achieved with the blend with 20 wt % PBSA (3.28 kJ m−2) and
the clear positive effect of the compatibilizing effect provided by Joncryl®, since the same blend is
able to reach an impact strength of about 4.33 kJ m−2. Figure 2 presents the stress-strain curves of the
developed blends. As it was expected, the stress tends to decrease when PBSA is added. On the other
hand, the tensile strain or percentage elongation tends to increase, with the case of the compatibilized
blend (cPLA80PBSA20) being more noticeable, which shows strain values of about 120%. This results
in an increase in the area below the curve, together with the increasing tendency of the impact strength,
makes an improvement on toughness when PBSA is added. With regard to hardness, the tendency is
similar to other mechanical resistant properties. A clear decreasing tendency in the Shore D hardness
values can be observed when PBSA is added. Nevertheless, the standard deviation does not allow for
identifying a clear effect of the compatibilizer on Shore D values.

Table 3. Impact absorbed energy (Charpy test) and Shore D hardness of binary PLA/PBSA blends.

Code
Impact Strength (kJ m−2)

(“V” notched)
Impact Strength (kJ m−2)

(unnotched)
Shore D Hardness

PLA 2.48 ± 0.22 28.10 ± 2.40 78.80 ± 0.84
PLA90PBSA10 2.54 ± 0.34 23.03 ± 2.80 74.00 ± 2.74
cPLA80PBSA20 4.33 ± 0.02 28.90 ± 0.85 75.00 ± 1.00
PLA80PBSA20 3.28 ± 0.28 27.52 ± 2.13 73.00 ± 1.41
PLA70PBSA30 5.75 ± 0.60 N/B 72.20 ± 1.60

PBSA 26.02 ± 0.60 N/B 57.00 ± 0.71
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Figure 2. Strain–stress curves corresponding to binary PLA/PBSA blends.

This particular behaviour is directly related to the morphology of the developed materials
(Figure 3). Figure 3a shows the FESEM images of the fractured surfaces corresponding to unblended
PLA. As it can be seen, the surface is uniform and smooth typical of a brittle fracture, with
different crack growths [41]. This morphology is in total agreement with previous mechanical
results. A remarkable change in the fracture surface morphology can be observed in Figure 3e, which
corresponds to the binary PLA/PBSA blend with 30 wt % PBSA. The surface is not as smooth and it
shows increased roughness due to increased plastic deformation. Similar morphology can be observed
for uncompatibilized PLA/PBSA blends with different PBSA loading. The compatibilized blend with
20 wt % PBSA shows different fracture morphology due to its higher elongation at break, which allows
more deformation before fracture (Figure 3c). It can be seen in Figure 3c that the surface presents a
greater tear on it, which suggests increased PLA-PBSA interaction, because the compatibilizer works
as a bridge between these two polymers, as reported Eslami et al. [45]. Obviously, PBSA shows a
typical ductile fracture (Figure 3f), with a wavy surface topography that is representative for plastic
deformation (even in impact conditions).

Figure 3. Cont.
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Figure 3. Field emission scanning electron microscopy (FESEM) images at ×500 corresponding to
fractured surfaces from impact tests of (a) PLA, (b) PLA90PBSA10, (c) cPLA80PBSA20, (d) PLA80PBSA20,
(e) PLA70PBSA30, and (f) PBSA.

3.2. Thermal Behaviour of Binary PLA/PBSA Blends

Figure 4 shows the DSC thermograms corresponding to the second heating cycles of the developed
PLA/PBSA blends, while Table 4 gathers the main parameters that were obtained by DSC. The first
thermal transition that can be observed in Figure 4 is the glass transition temperature, Tg of the PLA-rich
phase. This is located between 60–70 ◦C. As the temperature rises above the Tg, an exothermal
peak appears between 95–110 ◦C, which corresponds to the cold crystallization process of PLA
chains. This cold crystallization process is related to a rearrangement of the PLA chains to an ordered
structure that is activated by temperature. At higher temperatures comprised in the 155–170 ◦C
range, an endothermic peak is observed, which is attributable to the melting process of the crystalline
domains in PLA [46]. Regarding neat PBSA, it shows a melting process comprised between 70–100
◦C that overlaps the cold crystallization process of PLA. Neat PLA shows a Tg of 63.4 ◦C and this is
slightly reduced to 61.1 ◦C in the blend with 10 wt % PBSA, which suggests slight miscibility between
these two poly(esters). Higher PBSA contents of 30 wt % only promote a slight decrease in Tg down to
values of 60.6 ◦C, which corroborates the restricted miscibility between PLA and PBSA. This slight
change in the Tg by the addition of PBSA to PLA is a clear indication of restricted miscibility of these
two biopolymers, as reported Lee et al. [5]. Another important finding that can be outlined from
DSC thermograms is the cold crystallization process. Although it overlaps with the melting process
of PBSA, one important change can be identified. In particular, the cold crystallization process is
moved toward lower temperatures, which means that the energy barrier for PLA crystallization is
reduced. This could be due to partial miscibility between PLA and PBSA, but the most important
mechanism that is responsible for this is the melting of the PBSA-rich phase that contributes to increase
chain motion, thus allowing PLA chains to arrange into a packed structure at lower temperatures,
due to the lubricant effect of the melted PBSA-rich phase, as reported by Lee et al. [5] in previous
researches. In particular, the cold crystallization peak temperature, Tcc is reduced below 100 ◦C, while
the typical Tcc for neat PLA is close to 109 ◦C. As expected, the compatibilization effect that Joncryl®

provides leads somewhat to a restriction in chain motion, thus leading to a slightly higher Tcc value,
as compared to all other blends. This similar behaviour has been reported in PLA-based materials by
L. Quiles-Carrillo et al. [47] in PLA/Almond shell flour composites that were compatibilized with
ESAO. The Tcc of PLA/ASF composites that were obtained were even higher than neat PLA. This shift
of the cold crystallization process indicates that crystallites of PLA can be formed at lower temperatures
due to the effect of PBSA, as suggested by Ojijo et al. [39]. With regard to the melt peak temperature
of PLA (Tm_PLA), the changes are negligible. Neat PLA shows a Tm of 170.9 ◦C and the melt peak
temperature of the PLA-rich phase in the binary PLA/PBSA blends decreases to 168 ◦C. Frenz et al. [48]
have reported an increase in the melt strength of PLA and other poly(esters) by the addition of chain
extenders, such as Joncryl®, but no remarkable changes in the peak temperature can be observed.
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Figure 4. Differential scanning calorimetry (DSC) scans (second heating cycle) corresponding to binary
PLA/PBSA blends.

Table 4. Main thermal parameters obtained by differential scanning calorimetry (DSC) and of binary
PLA/PBSA blends.

Code Tg_PLA (◦C) Tcc_PLA (◦C) Tm_PLA (◦C) Tm_PBSA (◦C)

PLA 63.4 ± 0.6 109.9 ± 1.1 170.9 ± 3.3 -
PLA90PBSA10 61.1 ± 1.2 94.5 ± 1.7 168.9 ± 2.2 -
cPLA80PBSA20 61.1 ± 0.9 98.7 ± 1.4 168.8 ± 2.7 -
PLA80PBSA20 61.7 ± 0.6 100.3 ± 1.2 169.4 ± 2.6 -
PLA70PBSA30 60.6 ± 1.2 97.9 ± 1.0 168.7 ± 2.9 -

PBSA - - - 95.2 ± 1.4

Regarding the thermal stability at high temperatures, Figure 5 gathers the comparative TGA
degradation curves corresponding to the neat PLA, neat PBSA, and PLA/PBSA blends. The TGA
thermograms indicate that neat PLA and PLA/PBSA blends degradation occurs in a single step process.
Regarding neat PBSA, its degradation process takes place in two stages. The first one occurs at about
400 ◦C, with an associated weight loss of around 90%, and it is in accordance with Renoux et al. [38].
The second stage is about 500 ◦C and only a 10% weight loss occurs.
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Figure 5. Thermogravimetric (TGA) degradation curves corresponding to binary PLA/PBSA blends,
(a) thermogravimetry (TG) mass loss and (b) differential thermogravimetry (DTG) first derivative.

Table 5 shows the thermal parameters that are related to the different materials, specifically the
characteristic temperatures at 5% weight loss (T5%) and the maximum degradation rate temperature
(Tmax). Even though a slight decrease in the thermal stability in T5% can be detected by the presence
of PBSA, in general, it does not cause a noticeable effect in the PLA matrix. In fact, the PLA/PBSA
blends show typical PLA behaviour. At high temperatures, a slight increase in thermal stability can be
observed, the influence of PBSA on the PLA/PBSA mixtures is evident, since they show a behavior
close to the PBSA at a temperature range that is close to its degradation, with neat PBSA being the most
thermally stable. The compatibilization effect that Joncryl® provides leads to gaining thermal stability
and it can be observed in Figure 5. The uncompatilized blend containing 20 wt % PBSA degrades at
earlier temperature when compared with its compatibilized counterpart, which corroborates what
Frenz et al. [48] reported.

Table 5. Main thermal parameters obtained by thermogravimetric analysis (TGA) of binary
PLA/PBSA blends.

Code
TGA

T5% (◦C) TMax (◦C) MassResidual (%)

PLA 328.7 ± 5.25 368.1 ± 6.3 0.05 ± 0.01
PLA90PBSA10 317.0 ± 4.4 362.5 ± 4.3 0.02 ± 0.02
cPLA80PBSA20 319.3 ± 3.5 365.4 ± 5.2 0.12 ± 0.02
PLA80PBSA20 312.3 ± 5.2 359.5 ± 5.4 1.37 ± 0.01
PLA70PBSA30 314.7 ± 4.7 355.8 ± 5.7 0.20 ± 0.01

PBSA 317.0 ± 5.7 405.3 ± 7.8 0.01 ± 0.01

3.3. Shape Memory Behaviour of Binary PLA/PBSA Blends

Several authors have proposed different techniques to characterize the shape memory behaviour
in biopolymers, such as tensile and DMA tests [49,50]. These are specifically used to determine
the recovery rate after subjecting the sample to a specific thermal cycle. Despite this, the use of a
conventional bending test is widely used because of its simplicity and the quality of the information
that it can provide. The measurement of the recovery angle is a qualitative/quantitative method
to visualize the shape memory behavior and it represents a way to understand the shape memory
behaviour of the blends and the effect of the PBSA addition. Table 6 shows the recovery percentage
of the neat PLA and PLA/PBSA blends after the programming and recovery cycle. As we expected,
the neat PLA presents high values of shape memory reaching a recovery of 70% and 58% corresponding
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to the 90◦ and 120◦ flexural deformation, respectively. Notice that PLA shape memory effect works
better for small deformations.

Table 6. Shape memory behaviour parameters corresponding to binary PLA/PBSA blends.

Code
Permanent
Shape (o)

Temporal
Shape (o)

Final
Shape (o)

Recovery
(%)

Temporal
Shape (o)

Final
Shape (o)

Recovery
(%)

PLA

180 90

153 70

120

155 58
PLA90PBSA10 155 72 158 63
cPLA80PBSA20 108 20 141 35
PLA80PBSA20 144 60 146 43
PLA70PBSA30 109 21 140 33

In fact, with the addition of PBSA, the PLA shape memory capability tends to decrease. It is worthy
to note the particular case of PLA90PBSA10 shown in Figure 6b,e, which presents the best recovery
behaviour of all of the developed materials, even better than the neat PLA. Tcharkhtchi et al. [38]
remarked that, to get an adequate shape memory effect, the PBS percentage must be of about 20%,
which gives consistency to the obtained results.

Figure 6. Images of the shape memory behaviour of binary PLA/PBSA blends in flexural conditions
with a permanent shape after deformation and shape recovery of (a) temporary shape (90◦), (b) shape
recovery of PLA90PBSA10 (90◦), (c) shape recovery of cPLA80PBSA20 (90◦), (d) temporary shape
(120◦), (e) shape recovery of PLA90PBSA10 (120◦), and (f) shape recovery of cPLA80PBSA20 (120◦).
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The clear negative effect that is provided by Joncryl® is noticeable, since almost all of the shape
memory capability of the mixtures is lost, reaching values 20% and 35%, corresponding to the 90◦ and
120◦ deformation, respectively, as can be seen in Figure 6c,f.

4. Conclusions

Injection molding and the hot-press molding process made binary PLA/PBSA blends. The
influence of PBSA has a noticeable effect on mechanical performance, decreasing the tensile modulus
and strength, which means that the brittle behaviour of the blends has diminished, thus leading to an
increase in mechanical ductile properties. The compatibilized blend shows elongation at break values
of 121%, remarking the evidence of the compatibilization of these two polymers, adding up to the high
values that were obtained in the impact test, suggesting the improvement on toughness.

The thermal analysis shows that the presence of PBSA induces a slightly decrease in PLA glass
transition temperature (Tg), which corroborates the low miscibility between PLA and PBSA. The PBSA
effect is noticeable in the PLA matrix, enhancing the PLA crystallization, and leading to a low cold
crystallization temperature (Tcc). Although the presence of PBSA induced a decrease in the shape
memory behavior on PLA, 10 wt % PBSA in a PLA/PBSA blends shows the best shape memory
recovery, reaching values that were even better than PLA.
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Abstract: The present study describes the preparation and characterization of binary and ternary
blends based on polylactide (PLA) with poly(ε-caprolactone) (PCL) and thermoplastic starch (TPS)
to develop fully compostable plastics with improved ductility and toughness. To this end, PLA
was first melt-mixed in a co-rotating twin-screw extruder with up to 40 wt % of different PCL and
TPS combinations and then shaped into pieces by injection molding. The mechanical, thermal, and
thermomechanical properties of the resultant binary and ternary blend pieces were analyzed and
related to their composition. Although the biopolymer blends were immiscible, the addition of
both PCL and TPS remarkably increased the flexibility and impact strength of PLA while it slightly
reduced its mechanical strength. The most balanced mechanical performance was achieved for
the ternary blend pieces that combined high PCL contents with low amounts of TPS, suggesting a
main phase change from PLA/TPS (comparatively rigid) to PLA/PCL (comparatively flexible). The
PLA-based blends presented an “island-and-sea” morphology in which the TPS phase contributed to
the fine dispersion of PCL as micro-sized spherical domains that acted as a rubber-like phase with the
capacity to improve toughness. In addition, the here-prepared ternary blend pieces presented slightly
higher thermal stability and lower thermomechanical stiffness than the neat PLA pieces. Finally,
all biopolymer pieces fully disintegrated in a controlled compost soil after 28 days. Therefore, the
inherently low ductility and toughness of PLA can be successfully improved by melt blending with
PCL and TPS, resulting in compostable plastic materials with a great potential in, for instance, rigid
packaging applications.

Keywords: PLA; PCL; TPS; biopolymer blends; mechanical properties; compostable plastics

1. Introduction

The extensive use of petroleum-derived polymers is responsible for the increasing concern about
the environmental impact of plastics due to both their origin and end-of-cycle, since most of them are
not biodegradable. Worldwide polymer production was estimated to be 260 million metric tons per year
in 2007 and it is considered that in 2020 each person will consume around 40 kg of plastic annually [1].
Bioplastics emerge as an alternative to conventional plastics, including both natural-sourced polymers
and also petroleum-based polyesters that undergo biodegradation. Among biopolymers, polylactide
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(PLA) is currently considered one of the most promising biopolyester at industrial scale due to its good
balance between physicochemical properties, low price, and sustainability [2]. PLA is obtained from
lactide derived from starch fermentation and it is fully biodegradable. The increasing use of PLA in
the last years is noticeable with a current worldwide production of about 140,000 tons/year [3]. The
main uses of PLA cover a wide variety of industrial sectors for instance automotive [4–6], biomedical
applications [7,8], packaging [9,10] or, lately, the growing industry of 3D printing [11,12]. Despite this,
PLA presents several intrinsic restrictions that are mainly related to its relatively high price, low heat
resistance, and high fragility [13]. As a result, PLA cannot fulfill the technical requirements of some
industries, limiting its expansion to commodity areas such as food packaging [14].

To overcome or, at least, minimize the low ductility and toughness of PLA, several approaches
have been considered with excellent results. The first approach is copolymerization. For instance,
the simultaneous polymerization of lactide acid (LA) with glycolic acid (GA) leads to the synthesis
of poly(lactic acid-co-glycolic acid) (PLGA). In general terms, PLGA copolymers exhibit improved
solubility as well as better ductile properties than both PLA and poly(glycolic acid) (PGA)
homopolymers [15,16]. Nevertheless, copolymers are frequently expensive and their use is not
yet generalized at industrial scale. A second strategy to increase PLA toughness is focused
on the use of plasticizers. Some of the widely used plasticizers for PLA include poly(ethylene
glycol) (PEG) [17], triethyl citrate (TEC) [18,19], and oligomers of lactic acid (OLAs) [20]. All
these plasticizers contribute positively to increasing ductility by providing a relevant decrease
in the glass transition temperature (Tg) of PLA but they can also reduce the heat resistance,
tensile strength, and stiffness. In addition to these plasticizers, in recent years, new vegetable
oil-derived plasticizers have been successfully developed for PLA formulations such as maleinized,
acrylated, hydroxylated, and epoxidized vegetable oils [21–24]. Although their efficiency as primary
plasticizers for PLA is lower than those indicated previously, the particular chemical structure
of these multi-functionalized modified vegetable oils delivers chain extension, branching and, in
some cases, cross-linking resulting in improved toughness without compromising the mechanical
strength in a great extent [23]. The third route is related to the manufacturing of PLA-based
blends. This represents a very cost-effective solution to reduce the intrinsic fragility of PLA
materials without significantly decreasing their tensile strength. A wide variety of binary blends
based on PLA has been extensively studied in the last years. For instance, it is worthy to note
the interest in binary blends of PLA with polyhydroxyalkanoates (PHAs) [25,26], polyamides
(PAs) [27,28], poly(butylene adipate-co-terephthalate) (PBAT) [29,30], thermoplastic starch (TPS) [31],
poly(ε-caprolactone) (PCL), poly(butylene succinate) (PBS), and poly(butylene succinate-co-adipate)
(PBSA) [32–34]. These previous studies are based on the fact that, to improve toughness, PLA is
blended with flexible polymers that perform as a rubber-like phase inside a rigid polymer matrix as,
for instance, polybutadiene rubbers (BRs) do in high-impact polystyrene (HIPS).

In addition to binary blends, a wide variety of ternary blends based on PLA have been proposed
to tailor the desired properties, particularly in terms of improved toughness [35–37]. On the one
hand, PCL is a well-known synthetic aliphatic biopolyester, characterized by a high crystallinity,
relatively fast biodegradability, and high ductility. However, PCL shows a low melting temperature
(Tm), of about 60 ◦C, which restricts its use in a wide range of applications [38]. PLA/PCL blends
are attracting some industrial uses since flexible PCL domains can be finely dispersed into the rigid
PLA matrix leading to improved toughness without compromising biodegradation [39]. In addition,
the resultant blends are fully resorbable, finding interesting applications as biomedical devices. On the
other hand, starch is a versatile and useful biopolymer. Starch has to be modified by means of
plasticizers (e.g., glycerol and water) [40] and/or chemical reaction (e.g., esterification) [41] in order
to be melt-processed, which then results in TPS. The role of plasticizers is to destructurize granular
starch by breaking hydrogen bonds between the starch macromolecules, accompanying with a partial
depolymerization of starch backbone. As a result, TPS leads to compostable plastic materials offering
interesting opportunities in the packaging field due to its low cost and tailor-made mechanical behavior
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by selecting the appropriate plasticizers [42]. Blending of PLA with TPS is, therefore, a good way to
balance the price and develop materials that has new performances.

The aim of this work was to prepare and characterize ternary blends of PLA with PCL and
TPS to overcome the intrinsic brittleness of PLA. To this end, different PCL and TPS contents
were blended by melt compounding with PLA to obtain PLA-based materials with tailor-made
properties. The resultant PLA/PCL/TPS ternary blends were, thereafter, injection-molded into pieces
and subjected to mechanical, morphological, thermal, and thermomechanical analysis while their
potential compostability was also ascertained.

2. Materials and Methods

2.1. Materials

Commercial PLA Ingeo™ biopolymer 6201D was purchased from NatureWorks (Minnetonka,
MN, USA). This PLA resin has a density of 1.24 g·cm−3, a met flow rate (MFR) of 15–30 g·10 min−1

(210 ◦C, 2.16 kg), a Tg value in the 55–60 ◦C range, and a Tm value in the 165–175 ◦C range. This MFR
allows the manufacturing of PLA articles by both extrusion and injection molding. PCL was a CapaTM

6800 commercial grade supplied by Perstorp UK Ltd. (Warrington, UK) with a density of 1.15 g·cm−3,
a Tg value of −60 ◦C, and a Tm value in the 58–62 ◦C range. The melt flow index (MFI) of PCL is
2–4 g·10 min−1 (160 ◦C, 2.16 kg). TPS Mater-Bi® NF 866 was obtained from Novamont SPA (Novara,
Italy), which is derived from maize starch. Its MFI is 3.5 g·10 min−1 (150 ◦C, 2.16 kg). This TPS resin
presents a density of 1.27 g·cm−3, a Tg value ranging from −35 ◦C to −40 ◦C, and a Tm value in the
110–120 ◦C range.

2.2. Manufacturing of Ternary PLA/PCL/TPS Blends

Prior to manufacturing, all the biopolymer pellets were dried at 45 ◦C for 48 h in a MDEO
dehumidifier from Industrial Marsé (Barcelona, Spain). All blends contained 60 wt % PLA while
PCL and TPS varied from 0 to 40 wt % to give a series of materials with different properties.
The corresponding amounts of each biopolymer is summarized and coded in Table 1.

Initially, the biopolymer pellets were weighed and manually mixed in a zipper bag. Then, the
different mixtures were melt-compounded in a co-rotating twin-screw extruder from Construcciones
Mecánicas Dupra S.L. (Alicante, Spain) at a rotating speed of 30 rpm. The screws had a diameter of
25 mm with a length-to-diameter ratio (L/D) of 24. The temperature profile, from the feeding hopper
to the extrusion die (circular), was set at 165 ◦C–170 ◦C–175 ◦C–180 ◦C. The extruded materials were
pelletized in an air-knife unit.

The compounded pellets were finally processed by injection molding in a Meteor 270/75 injection
machine from Mateu and Solé (Barcelona, Spain). The temperature profile during the injection molding
process was: 160 ◦C (hopper)–165 ◦C–170 ◦C–180 ◦C (injection nozzle). A clamping force of 75 tons
was applied while the cavity filling and cooling time were set at 1 and 10 s, respectively. Pieces with a
mean thickness of 4 mm were produced.

Table 1. Composition and coding of the polylactide (PLA), poly(ε-caprolactone) (PCL), and
thermoplastic starch (TPS) blends.

Sample PLA (wt %) PCL (wt %) TPS (wt %)

PLA 100 0 0
PLA60PCL40TPS0 60 40 0
PLA60PCL30TPS10 60 30 10
PLA60PCL20TPS20 60 20 20
PLA60PCL10TPS30 60 10 30
PLA60PCL0TPS40 60 0 40
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2.3. Mechanical Characterization

Tensile and flexural tests were performed on the injection-molded pieces of PLA and its blends
using a universal test machine ELIB 50 from S.A.E. Ibertest (Madrid, Spain). Tensile tests were carried
out following the guidelines of ISO 527-1:2012 using a cross-head speed rate of 10 mm·min−1. Similarly,
flexural tests were carried out according to ISO 178 and the speed rate was 5 mm·min−1. Both tests
were carried out at 25 ◦C and with a load cell of 5 kN. At least six samples of each material were tested.

Shore D hardness of the biopolymer pieces were obtained in a Shore durometer 676-D from J. Bot
Instruments (Barcelona, Spain), as recommended by ISO 868:2003. A type-D indenter with a load of
5 kg and an indentation time of 12–15 s was used to stabilize the measurement. The impact-absorbed
energy, which is directly related to toughness, was estimated by using the Charpy impact test with a
1-J pendulum from Metrotec S.A. (San Sebastian, Spain). The average energy per unit cross-section
area was obtained on V-notched samples with a radius of 0.25 mm, as recommended by ISO 179-1:2010.
Both mechanical tests were carried out at room temperature, that is, 25 ◦C, and five different samples
of each material were tested.

2.4. Morphological Characterization

The morphology of the fracture surfaces was studied on the broken samples after the impact
tests by field emission scanning electron microscopy (FESEM) in a ZEISS ULTRA 55 microscope from
Oxford Instruments (Abingdon, UK). Before placing the samples into the vacuum chamber, all surfaces
were covered with a thin metallic layer of gold-palladium by sputtering in an EMITECH mod. SC7620
from Quorum Technologies, Ltd. (East Sussex, UK). The acceleration voltage for the FESEM study
was 2 kV.

2.5. Solubility

The relative affinity of the biopolymers was estimated by measuring the solubility parameters
(δ) according to the Small’s method [43]. To consider the blend miscible, the δ values of the polymers
should be of the same order. This parameter was determined according to Equation (1):

δ =
ρ·ΣG
Mn

, (1)

where ρ is the density of the polymer, Mn is the molar mass of the repeating unit, and ΣG is the sum of
the group contributions to the cohesive energy density.

2.6. Thermal Characterization

The thermal transitions of PLA and its blends were obtained by differential scanning calorimetry
(DSC) in a Mettler-Toledo 821 calorimeter (Schwerzenbach, Switzerland). An average sample weight
comprised in the 5–7 mg range was used for all DSC tests. The thermal program consisted of a
first heating step from 25 ◦C to 190 ◦C, followed by a cooling step down to 25 ◦C, and a second
heating step up to 300 ◦C. All heating rates were set at 10 ◦C·min−1. A constant nitrogen flow-rate of
66 mL·min−1 was used to achieve inert atmosphere. Aluminum pans with a total volume capacity of
40 μL were used.

Thermal stability was determined by thermogravimetric analysis (TGA) in a Mettler-Toledo
TGA/SDTA 851 thermobalance (Schwerzenbach, Switzerland). Samples with an average size of
5–7 mg were placed into standard alumina crucibles with a total volume capacity of 70 μL and
subjected to a heating program from 30 ◦C to 650 ◦C at a heating rate of 20 ◦C·min−1 in air atmosphere.

2.7. Thermomechanical Characterization

The effect of temperature on the mechanical properties was followed by dynamic mechanical
thermal analysis (DMTA) in an oscillatory rheometer AR-G2 from TA Instruments (New Castle, DE,
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USA). This rheometer is equipped with a special clamp system to work with solid samples in a
combined torsion/shear mode. Injection-molded pieces with dimensions of 4 mm × 10 mm × 40 mm
were subjected to a temperature sweep from −80 ◦C to 120 ◦C at a constant heating rate of 2 ◦C·min−1.
The selected frequency was 1 Hz and the maximum shear deformation was set at 0.1% (% γ).

The thermomechanical behavior of the ternary blends was also assessed by obtaining the Vicat
softening temperature (VST) and the heat deflection temperature (HDT) in a Vicat/HDT station VHDT
20 from Metrotec S.A. (San Sebastián, Spain). VST was obtained following the procedure described in
ISO 306, using the B50 heating method and applying a total force of 50 N at a heating rate of 50 ◦C·h−1.
Regarding HDT, ISO 75-1 recommendations were followed. To this end, samples sizing 4 mm × 10 mm
× 80 mm were placed between two supports with a total span of 60 mm. After this, a load of 320 g
was applied in the center using a heating rate of 120 ◦C·h−1.

2.8. Disintegration Test

A disintegration test in controlled compost conditions was conducted following the guidelines
of ISO 20200 at a temperature of 58 ◦C and a relative humidity (RH) of 55%. For this, squared
thermo-compressed samples sizing 1 mm × 30 mm × 30 mm were placed in a carrier bag and buried
in a controlled soil with the following composition (in dry weight): sawdust (40 wt %), rabbit-feed
(30 wt %), ripe compost (10 wt %), corn starch (10 wt %), saccharose (5 wt %), corn seed oil (4 wt %),
and urea (1 wt %). To follow the disintegration process, samples were periodically unburied, washed
with distilled water, dried, and weighed in an analytic balance. In order to get a visual evolution
of this process, pictures of the disintegration process were also collected. The weight loss due to
disintegration in the controlled compost soil was calculated by means of Equation (2):

Weight loss(%) =

(
W0 − Wt

W0

)
·100, (2)

where Wt is the weight of the sample after a bury time t and W0 is the initial dry weight of the sample.
All tests were carried out in triplicate to ensure reliability.

2.9. Statistical Analysis

Ternary graphs were plotted using Origin Pro 2015 from OriginLab Corporation (Northampton,
MA, USA) with the Ternary Contour function using the average and standard deviation values.

3. Results

3.1. Mechanical Properties

The injection-molded pieces of PLA and of the binary and ternary blends of PLA with PCL
and TPS were tested in order to determine their mechanical properties. The tensile strength (σtensile)
and elongation at break (εb) were obtained under tensile conditions, while the flexural modulus
(Eflexural) and flexural strength (σflexural) were determined under flexural conditions. Figure 1 shows
the resultant stress–strain curves of the injection-molded PLA-based pieces obtained during the tensile
tests (Figure 1a) and flexural tests (Figure 1b).
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Figure 1. Stress–strain curves of the polylactide (PLA), poly(ε-caprolactone) (PCL), and thermoplastic
starch (TPS) blend pieces obtained from: (a) tensile test; and (b) flexural test.

Figure 2 summarizes in ternary graphs the evolution of the tensile properties, that is, εb and
σtensile, of the injection-molded PLA-based pieces with the addition of PCL and TPS. One can observe
in Figure 2a that the neat PLA piece was very fragile, presenting a εb value of 4.9%. This value, together
with a medium-to-high σtensile value of 63.4 MPa, was responsible for its high brittleness. As one
can see, the addition of both PCL and TPS provided a positive effect on the PLA’s ductility, but this
effect was much more pronounced with PCL due to its intrinsic higher flexibility compared to TPS.
In particular, the PLA60PCL30TPS10 and PLA60PCL20TPS20 blend pieces showed a remarkable increase
in εb with values of 196.7% and 134.3%, respectively, which were noticeably higher than that of the
neat PLA piece. It is also worthy to note that these two ternary blend pieces presented higher ductility
than the binary blend piece of PLA with PCL, that is, PLA60PCL40TPS0, which suggests a synergistic
effect of both PCL and TPS on the overall material’s ductility. With regard to the mechanical strength
of the PLA-based pieces, as shown in Figure 2b, one can observe that the pieces presented lower σtensile
values after the addition of PCL and TPS. In the case of the binary blend piece of PLA with PCL, that is,
PLA60PCL40TPS0, the value of σtensile was reduced to 39.1 MPa, which is remarkable lower than that
observed for the neat PLA piece. The binary blend piece of PLA with TPS, that is, PLA60PCL0TPS40,
resulted in even a lower σtensile value, that is, 33.6 MPa. All intermediate compositions showed
a proportional decrease depending on the PCL and TPS content. With regard to the blend pieces
containing 30 wt % and 40 wt % TPS, that is, PLA60PCL10TPS30 and PLA60PCL0TPS40, respectively,
the ductility was poor when compared to the ternary blend piece with the highest PCL content, that is,
PLA60PCL30TPS10. This suggests that both individual PCL and TPS biopolymers have a positive effect
on the ductile properties of PLA but the best results were obtained for the ternary blends that combined
a high PCL content with low amounts of TPS. The addition of 40 wt % TPS to PLA without PCL, that
is, PLA60PCL0TPS40, produced the piece with the poorest mechanical performance. Although this
piece doubled the ductility of the neat PLA piece, that is, εb increased to 8.8%, σtensile also decreased
to a value of 33.6 MPa. As previously indicated, the binary blend piece made of PLA with 40 wt %
PCL, that is, PLA60PCL40TPS0, also provided non-optimum results showing a value of εb of 114.3%.
However, interestingly, the ternary blend pieces containing 20–30 wt % PCL and 20–10 wt % TPS,
that is, PLA60PCL20TPS20 and PLA60PCL30TPS10, offered the best ductile properties with remarkable
high εb values.

The above-described observation suggests that a main phase change, from PLA/TPS
(comparatively rigid) to PLA/PCL (comparatively flexible), occurred in the ternary blends when
relative high contents of PCL and low contents of TPS are blended with PLA. In this sense, other authors
have reported that the ductility of PLA/TPS blends can be drastically increased by the incorporation
of high amounts of flexible polyesters. For instance, Zhen et al. [44] observed that the addition of
PBS led to a mechanical strength decrease and ductility increase in TPS/PLA blends. Whereas the
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σtensile values decreased from 28.54 MPa to 14.60 MPa with the increase of PBS content from 0% to
50 wt %, the values of εb of the ternary blends also increased from 1.82% to 45.17%. However, the most
significant mechanical changes were obtained for PBS contents above 20 wt %, which was ascribed
to the main phase change from TPS/PLA (comparatively rigid) to TPS/PBS (comparatively flexible).
Similar results were previously obtained by Ren et al. [45] for ternary TPS/PLA/PBAT blends, in
which the main phase changed from TPS/PLA (comparatively rigid) to TPS/PBAT (comparatively
flexible) when the PBAT reached contents between 20 and 30 wt %.

Figure 2. Ternary graphs showing the evolution of the mechanical properties of the polylactide (PLA),
poly(ε-caprolactone) (PCL), and thermoplastic starch (TPS) blend pieces in terms of: (a) elongation at
break (εb); and (b) tensile strength (σtensile).

Figure 3 shows a ternary graph with the evolution of flexural properties of the injection-molded
PLA-based pieces, that is, Eflexural and σflexural, when varying the composition of the blends.
With regard to Eflexural, in Figure 3a it can be seen that a clear reduction was observed after the
incorporation of PCL and/or TPS in comparison to the neat PLA piece. In fact, it was reduced from
3200 MPa, for the neat PLA piece, to 2100 MPa, for the binary blend piece of PLA with 40 wt %
PCL, that is, PLA60PCL40TPS0. The value of Eflexural followed the same tendency as reported by
Ferry et al. [46], decreasing as the TPS content increased in PLA/TPS blends. In particular, Eflexural
presented the lowest value, that is, 1780 MPa, for the binary blend piece of PLA with 40 wt % TPS,
that is, PLA60PCL0TPS40. As shown in Figure 3b, σflexural decreased from 103 MPa, for the neat PLA
piece, down to values of 65 MPa and 57 MPa for the binary blend pieces containing 40 wt % PCL,
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that is, PLA60PCL40TPS0, and 40 wt % TPS, that is, PLA60PCL0TPS40, respectively. Intermediate
compositions of the ternary blends showed a proportional decrease in the σflexural values as a function
of their composition. Similar results were reported by García-Campo et al. [47] where intermediate
compositions of the ternary PLA/PHB/PCL blends presented an intermediate mechanical behavior
between the binary PLA/PHB and PLA/PCL blends.

Figure 3. Ternary graphs showing the evolution of the mechanical properties of the polylactide (PLA),
poly(ε-caprolactone) (PCL), and thermoplastic starch (TPS) blend pieces in terms of: (a) flexural
modulus (Eflexural); and (b) flexural strength (σflexural).

As stated above, one of the main drawbacks of PLA is its low toughness. Table 2 summarizes
the main results obtained from the Charpy impact test as well as the Shore D hardness measurements.
As it can be observed, the typical energy absorption of the V-notched neat PLA piece was very low,
of about 2.14 kJ·m−2. With regard to the binary blend piece with 40 wt % PCL, that is, PLA60PCL40TPS0,
it resulted in an impact energy per unit cross-section of 6.52 kJ·m−2, which represents an increase of
more than three times compared to the neat PLA piece. Similar findings were reported for instance
by Chen et al. [48], showing a remarkable improvement in the PLA toughness by the addition of
PCL. The ternary blend pieces with 10–30 wt % PCL also showed relatively high values of impact
strength, thus, supporting the good effect of PCL on the overall PLA toughness. It is also important
to remark that the binary blend piece of PLA with 40 wt % TPS, that is, PLA60PCL0TPS40, provided
increased toughness with an impact strength value of 5.46 kJ·m−2. However, as observed above for
other mechanical properties, the effect of PCL was more intense than that of TPS. In relation to the
Shore D hardness, the hardness value of the neat PLA piece was 73.1. The Shore D hardness values
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decreased by approximately 10 units in all the developed blend pieces, thus, reaching a plateau at
values of 63–64.

Table 2. Impact strength and Shore D hardness of the polylactide (PLA), poly(ε-caprolactone) (PCL),
and thermoplastic starch (TPS) blend pieces.

Sample Impact Strength (kJ·m−2) Shore D Hardness

PLA 2.14 ± 0.28 73.1 ± 1.3
PLA60PCL40TPS0 6.52 ± 0.62 63.0 ± 1.0
PLA60PCL30TPS10 6.46 ± 0.39 63.6 ± 1.1
PLA60PCL20TPS20 6.51 ± 0.27 63.7 ± 1.2
PLA60PCL10TPS30 6.33 ± 0.24 64.3 ± 1.1
PLA60PCL0TPS40 5.46 ± 0.88 64.6 ± 1.1

3.2. Morphology

Figure 4 shows the FESEM images corresponding to fracture surfaces of the different
injection-molded PLA-based pieces obtained after the impact tests. Figure 4a, which corresponds to
the neat PLA piece, shows the typical fracture surface of a brittle material with low roughness, that
is, a smooth and relatively flat surface. Regarding the binary blend piece of PLA with 40 wt % PCL,
that is, PLA60PCL40TPS0, shown in Figure 4b, a clearly different fracture surface can be observed.
In particular, the surface roughness was higher and the flat surface changed to an “island-and-sea”
morphology that was based on finely dispersed PCL-rich domains, sizing 1–5 μm, into the PLA matrix.
Although PLA and PCL are thermodynamically immiscible [49], this particular structure positively
contributed to improving toughness as the enclosed microdroplets of PCL were able to absorb energy,
acting as a rubber-like phase dispersed in a brittle matrix [50]. Plastic deformation provided by PCL
can be also observed by the presence of some filaments along the PLA matrix. Addition of 10 wt %
TPS in the ternary blend piece, that is, PLA60PCL30TPS10, also produced a noticeable change in the
morphology, which can be observed in Figure 4c. In particular, one can observe that the TPS-rich
domains presented a higher size, in the 1–35 μm range. A similar morphology was previously reported
by Sarazin et al. [31]. In Figure 4d–f one can observe that, as the TPS content increased, the TPS-rich
domains increased both in number and size, which is an indication of their poor interfacial interaction
with the PLA-based matrix [51]. With regard to the blend pieces with the highest TPS contents, that is,
both PLA60PCL10TPS30 and PLA60PCL0TPS40, the domains changed from spherical to a ribbon-like
morphology due to stretching of the TPS phase during fracture. This morphological changes were
also observed by Carmona et al. [52] in TPS/PCL/PLA blends at high TPS contents, that is, 33.3 wt %
TPS. Ferri et al. [49] have previously related the formation of TPS flakes to the crystalline plane
growth or “crystalline lamellae” located at the amylopectin branches that fold up during fracture.
In particular, the mechanically-induced flakes structures form parallel-plane blocks and clusters,
resulting in granules separated by porous of amorphous areas in which amylose and plasticizers can
be allocated. Since PLA is a hydrophobic biopolymer whilst TPS is highly hydrophilic, indeed one
of the main drawbacks of TPS is related to its extremely high moisture sensitiveness, this results in
the lack (or very low) affinity between the two biopolymers that frequently leads to a strong phase
separation [53].
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Figure 4. Field emission scanning electron microscopy (FESEM) images of the fracture surfaces of the
polylactide (PLA), poly(ε-caprolactone) (PCL), and thermoplastic starch (TPS) blend pieces: (a) Neat
PLA; (b) PLA60PCL40TPS0; (c) PLA60PCL30TPS10; (d) PLA60PCL20TPS20; (e) PLA60PCL10TPS30; and
(f) PLA60PCL0TPS40. Images were taken at 5000× and scale markers are of 2 μm.

To further study the compatibility of the developed blends and also to ascertain their resultant
morphologies, the miscibility of the biopolymer formulations was evaluated using the Small’s method.
According to this, the closer the δ values, the higher the miscibility of the polymers in the blend.
Table 3 shows the chemical structure and the resultant δ values of the here-studied biopolymers.
One can observe that both PLA and PCL presented a relatively similar δ value while TPS presented a
considerably lower value, which support the above-described mechanical and morphological results.
This difference in the δ values can be mainly related to the higher density of oxygen atoms in the
chemical structure of TPS, mainly hydroxyl groups (–OH), which are certainly responsible for its high
hydrophilicity. However, it is also worthy to mention that the δ values obtained for TPS can also vary
considerably due to the thermoplastic carbohydrate is obtained by mixing with large quantities of
plasticizers. The here-reported δ values are in agreement with Samper et al. [54] who obtained values
for PLA and TPS of 19.1–20.1 and 8.4, respectively. Similarly, Bordes et al. [55] reported a δ value of
17 MPa1/2 for PCL.
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Table 3. Values of the solubility parameters (δ) obtained for polylactide (PLA), poly(ε-caprolactone)
(PCL), and thermoplastic starch (TPS).

Biopolymer Chemical Structure ΣG (cal/cc)1/2 [56] δ (MPa1/2)

PLA 587 20.8

PCL 1010 19.4

TPS 662 11.2

3.3. Thermal Properties

Figure 5 shows a comparison plot of the DSC curves obtained during the second heating cycle
performed on the injection-molded PLA-based pieces. One can observe that the neat PLA piece showed
a Tm value of 169.5 ◦C. In addition, PLA developed cold crystallization with a cold crystallization
temperature (TCC) located at approximately 103 ◦C and a value of Tg of around 63 ◦C. In the DSC
curve for the binary blend piece of PLA with 40 wt % PCL, that is, PLA60PCL40TPS0, it can be observed
that the melt peak intensity for PLA was lower due to the diluting effect of PCL. An additional melting
process with a peak located at ~59 ◦C appeared, which is attributable to the PCL’s Tm. This melting
process overlapped with the glass transition region of PLA so that it was not possible to separate both
processes by conventional DSC. Similar results were also obtained by, for instance, Navarro-Baena
et al. [57] for PLA/PCL blends using dynamic DSC measurements. In addition, the value of Tm for
PLA did not remarkably change in the blends. As the PCL content in the ternary blends decreased, the
corresponding peak intensity, that is, the melting enthalpy (ΔHm), also decreased. In the case of the
blend piece of PLA with 40 wt % TPS, that is, PLA60PCL0TPS40, it also showed a slight shift of the cold
crystallization region towards lower temperatures, which can be ascribed to a plasticizing effect of the
PLA matrix by TPS. In this sense, it is worthy to note that TPS contains high amounts of plasticizers,
such as glycerol, which can contribute to plasticizing PLA. The resultant plasticization is also evident
by observing the PLA’s Tg, which moved down to 61.2 ◦C. The glass transition regions of both PCL
and TPS were not registered using the present thermal program since these peaks are located below
room temperature, in particular from −50 ◦C to −65 ◦C for PCL [42] and from −75 ◦C to 10 ◦C for
TPS [58,59].
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Figure 5. Comparative plot of the differential scanning calorimetry (DSC) curves of the polylactide
(PLA), poly(ε-caprolactone) (PCL), and thermoplastic starch (TPS) blend pieces.

Figure 6 gathers the TGA thermograms (Figure 6a) and their corresponding first derivative
thermogravimetric (DTG) curves (Figure 6b) of the injection-molded PLA-based pieces. Additionally,
Table 4 summarizes the main thermal values obtained from these curves. It can be observed that the
PLA60PCL30TPS10 piece showed the lowest thermal stability, having the decomposition process in
two stages. Its typical thermal degradation parameters, that is, the onset degradation temperature
(T5%) and degradation temperature (Tdeg), were 303.5 ◦C and 348 ◦C, respectively. Regarding the
neat PLA piece, although it showed a high T5% value, that is, 322 ◦C, its degradation occurred in a
single step at a relatively low Tdeg value, that is, 360 ◦C. In contrast, the PLA60PCL30TPS10 piece and,
in particular, the PLA60PCL10TPS30 piece, improved the thermal stability by having lower mass losses
at high temperatures while their Tdeg values showed an increase of up to 15 ◦C with regard to the
neat PLA. Therefore, the addition of both PCL and TPS led to an increase of the thermal stability of
PLA at high temperatures. In addition, the binary and ternary pieces presented a thermal degradation
process in two steps. The first mass loss corresponds to the PLA degradation while the second, at
higher temperatures, can be attributed to the PCL and TPS decompositions. Additionally, the PLA
degradation onset was delayed by the presence of both PCL and TPS. In this sense, Patrício et al. [60]
reported that the addition of PCL can successfully enhance the thermal stability of PLA. In particular,
it was observed an increase in the Tdeg value from 325 ◦C, for the neat PLA, up to 334 ◦C, for binary
blends of PLA with PCL at different ratios. Mofokeng et al. [61] however suggested the lack of
miscibility between PLA and PCL, indicating completely independent degradation stages for each
biopolymer phase in the blend.

With regard to the residual mass, it can be observed that TPS contributed to generating a higher
amount of residue. Whereas the neat PLA piece resulted in a very low char content, of approximately
1.5%, this value increased up to 6.4% in the binary blend of PLA with 40 wt % TPS, that is,
PLA60PCL0TPS40. Thus, intermediate compositions led to intermediate char residues. This result can
be related to additives incorporated into the biopolymer by the manufacturer.
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Figure 6. Comparative plot of the polylactide (PLA), poly(ε-caprolactone) (PCL), and thermoplastic
starch (TPS) blend pieces in terms of: (a) Thermogravimetric analysis (TGA) curves; and (b) first
derivative thermogravimetric (DTG) curves.

Table 4. Thermal degradation properties in terms of the onset degradation temperature (T5%), degradation
temperature (Tdeg), and residual mass at 650 ◦C of the polylactide (PLA), poly(ε-caprolactone) (PCL),
and thermoplastic starch (TPS) blend pieces.

Sample T5% (◦C) Tdeg (◦C) Residual Mass (%)

PLA 322.67 ± 1.36 359.74 ± 1.58 1.5 ± 0.3
PLA60PCL40TPS0 325.03 ± 1.69 358.94 ± 2.14 0.4 ± 0.2
PLA60PCL30TPS10 303.50 ± 1.74 347.99 ± 2.36 3.2 ± 0.4
PLA60PCL20TPS20 315.33 ± 1.95 373.18 ± 1.74 1.2 ± 0.2
PLA60PCL10TPS30 332.06 ± 1.41 373.21 ± 1.95 5.7 ± 0.5
PLA60PCL0TPS40 320.34 ± 1.25 376.61 ± 1.78 6.4 ± 0.4

3.4. Thermomechanical Properties

DMTA allows estimating the effect of temperature on the mechanical performance. Additionally,
it is a more sensitive technique to evaluate potential changes in Tg that, in turn, can be directly related
to miscibility in polymer blends [62]. Figure 7 shows the evolution of the storage modulus (G’) and
the dynamic damping factor (tan δ) as a function of temperature in the injection-molded PLA-based
pieces. Figure 7a presents the G’ curves for the neat PLA piece and for the binary and ternary blend
pieces of PLA with PCL and TPS. G’ is directly related to the stored elastic energy and, consequently,
can be directly related to stiffness. Regarding the neat PLA piece, its G’ value was 1.69 GPa at −80 ◦C.
One can also observe that the G’ value increased from 5.6 MPa, at 80 ◦C, to 76 MPa, above 90 ◦C. This
stiffness increase is ascribed to the cold crystallization process of PLA due to the rearrangement of
the biopolyester chains to give a more packed structure [63]. Addition of 40 wt % TPS led to lower G’
values. For instance, the PLA60PCL0TPS40 piece presented a G’ value of 1.55 GPa at −80 ◦C and the
same trend that in the case of PLA was observed at higher temperatures. The highest decrease in G’
was obtained for the binary blend piece of PLA with 40 wt % PCL, that is, PLA60PCL40TPS0, with a
value of 1.30 GPa at −80 ◦C. Therefore, the addition of both PCL and TPS represents an interesting
strategy to obtain PLA-based toughened formulations. In relation to the intermediate compositions,
for instance the PLA60PCL20TPS20 piece, it is worthy to note the remarkable decrease in G’ observed at
about −60 ◦C, which corresponds to the glass transition of PCL. Another important decrease in G’ was
observed in the ternary blend pieces in the thermal region located from −20 ◦C to −30 ◦C, which is
attributable to the glass transition of TPS.

99



Materials 2018, 11, 2138

Figure 7. Comparative plot of the polylactide (PLA), poly(ε-caprolactone) (PCL), and thermoplastic
starch (TPS) blend pieces in terms of: (a) Storage modulus (G’) versus temperature; and (b) dynamic
damping factor (tan δ) versus temperature.

Figure 7b shows the evolution of tan δ that is, the ratio of G” to G’, versus temperature. The
alpha (α)-relaxation regions of each biopolymer can be clearly identified by the peaks of the tan δ

plots, which are related to their Tgs and molecular motions [64]. One can observe that the α-peak of
the PLA phase slightly changed in the pieces when it was melt blended with the other biopolymers.
In particular, it increased from 65.2 ◦C, for the neat PLA piece, to 68.4 ◦C, for the binary blend
piece containing 40 wt % PCL, that is, PLA60PCL40TPS0, while it was reduced to 64.0 ◦C, for the
binary blend piece containing 40 wt % TPS, that is, PLA60PCL0TPS40. In this sense, Martin et al. [65]
observed that the α-relaxation region of the PLA phase presented a gradual decrease with increasing
the amounts of TPS. In particular, the Tg of PLA decreased from 67 ◦C, for neat PLA, to about 55 ◦C,
for PLA blends containing 10 wt % TPS. Since it was observed that glycerol has a relatively low effect
on the glass transition of PLA, the shift of the α-relaxation to lower temperatures suggested some
interaction between TPS and PLA and, as a result, partial miscibility between the two biopolymers was
inferred. However, since this reduction was moderate, a small degree of miscibility between the blend
components was concluded. In relation PCL, Mittal et al. [66] showed that the α-relaxation region
of PLA occurred at higher temperatures as the amount of PCL in the binary blends was increased.
In particular, the α-peak of the neat PLA increased from approximately 55 ◦C to 61 ◦C. This effect
was ascribed by the authors to a better intermixing of the phases in the presence of PCL. Additionally,
one can also observe that the α-peak values for the PCL- and TPS-rich phases in the blend pieces were
located at approximately −55 ◦C and −30 ◦C, respectively.

Furthermore, one can observe in Table 5 that the addition of both PCL and TPS yielded lower
VST and HDT values than those observed for the neat PLA piece. These results are in agreement with
the above-described mechanical and thermomechanical results due to both PCL and TPS provided
increased ductility and, subsequently, the material’s ability to deform was remarkably increased.

Table 5. Thermomechanical properties in terms of the Vicat softening temperature (VST) and heat
deflection temperature (HDT) of the polylactide (PLA), poly(ε-caprolactone) (PCL), and thermoplastic
starch (TPS) blend pieces.

Sample VST (◦C) HDT (◦C)

PLA 53.2 ± 0.5 47.9 ± 0.5
PLA60PCL40TPS0 51.2 ± 0.6 43.2 ± 0.4
PLA60PCL30TPS10 50.2 ± 0.5 46.4 ± 0.5
PLA60PCL20TPS20 48.8 ± 0.3 46.6 ± 0.4
PLA60PCL10TPS30 47.1 ± 0.5 46.2 ± 0.4
PLA60PCL0TPS40 47.4 ± 0.4 46.8 ± 0.3
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3.5. Disintegration in Controlled Compost Soil

Figure 8 shows the percentage of weight loss as a function of the elapsed time during disintegration
in the controlled compost soil of the injection-molded PLA-based pieces. One can observe that all of
the here-prepared biopolymer pieces presented a significant loss of mass after only one week while
they were fully disintegrated at the end of the test, that is, after a period of 28 days. The sample with
the highest degradation rate was the neat PLA piece. In fact, after 21 days in the controlled compost
soil, this sample already lost 100% of its initial weight. The addition of both PCL and TPS slightly
reduced the biodegradation rate of PLA and this effect was more marked for the binary blend pieces,
that is, PLA60PCL40TPS0 and PLA60PCL0TPS40, than for the ternary blend pieces. For instance, after
21 days, whereas the ternary PLA60PCL20TPS20 piece showed a mass loss of 89.9%, this value was
only 57.3% for the binary PLA60PCL0TPS40 piece. This suggests that the biodegradation rate of PCL
and TPS was lower than that observed for PLA in the selected compost soil. Therefore, the use of
ternary blends improved the compostability profile of the binary blends made of PLA with PCL or
TPS since, as shown during the morphological analysis, the regions of the secondary phases in the
ternary blend pieces were smaller. Previous research studies have reported, however, that the PCL and
TPS degradation rates are faster than that of PLA [67,68]. These differences can be ascribed to the type
of culture present in the medium during disintegration. For instance, Thakore et al. [69] described that
the different compost soils from municipal yard waste sites, which generally contains various types
of microorganisms, can strongly affect the biodegradation profile of compostable biopolymer articles
in a different manner. In particular, it was observed that the TPS degradation pathway was mainly
produced due to two enzymes secreted by the microbes. In particular, esterase cleaves the ester bond,
releasing free phthalic acid and starch, while amylase acts on starch to produce reducing sugars.

Figure 8. Evolution plot of the percentage of weight loss as a function of the elapsed time during
disintegration in controlled compost soil of the polylactide (PLA), poly(ε-caprolactone) (PCL), and
thermoplastic starch (TPS) blend pieces.

Figure 9 finally shows the visual aspect of the injection-molded PLA-based pieces during
the disintegration test, giving some further information about their compostability profile. After
analyzing the samples appearance, one can conclude that all the PLA-based pieces were either
fully disintegrated or significantly fragmented after 21 days. Regarding neat PLA, one can observe
that its piece become opaque after only 3 days of incubation in the controlled compost soil due
to hydrolysis of the biopolyester [70]. Although a slight weight decrease was observed, no
significant alterations from a physical point of view (e.g., color changes, presence of micro-cracks,
etc.) were seen during the first week. Over the second week, however, the PLA-based pieces
revealed significant evidences of biodegradation. At this incubation time, the PLA piece as well
as the PLA60PCL20TPS20 and PLA60PCL10TPS30 ternary blend pieces were extensively biodegraded
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producing small fragments. Although the other blend pieces, that is, the PLA60PCL40TPS0,
PLA60PCL30TPS10, and PLA60PCL0TPS40, still remained into a single part, they visually presented
a clear weight loss and develop a dark brown color. After 21 days, the neat PLA piece was
fully biodegraded while the binary and ternary blend pieces were considerably disintegrated into
small fragments, with the exemption of the binary blend piece of PLA with 40 wt % TPS, that is,
PLA60PCL0TPS40. Therefore, as explained above, the addition of PCL and TPS slightly slowed
down the disintegration process of PLA. This delay was mostly visible in the PLA-based pieces with
high contents of either PCL or TPS, thought in the case of the plasticized carbohydrate it was even
more pronounced.

Figure 9. Visual aspect at selected disintegration times of the polylactide (PLA), poly(ε-caprolactone)
(PCL), and thermoplastic starch (TPS) blend pieces.

4. Discussion

Binary and ternary blend pieces based on PLA with different PCL and TPS contents are herein
presented as novel sustainable plastics with improved ductility and toughness. In the here-performed
tensile and flexural tests, it was observed that the addition of PCL and TPS provided a positive effect
on flexibility and impact strength but also a slight reduction in the mechanical strength properties.
Although both biopolymers individually produced a positive effect on the ductile properties of PLA,
the best results were obtained for the ternary blends that combined high PCL contents with low
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amounts of TPS. In particular, the ternary blend piece of PLA with 30 wt % PCL and 10 wt % TPS,
that is, PLA60PCL30TPS10, showed the highest flexibility with a εb value of 196.7%, approximately
40 times higher than that observed for the neat PLA piece. Similar findings were obtained in the
impact tests, in which the ternary blends containing the highest PCL contents provided toughness
increases of more than three times in comparison to the neat PLA piece. During the thermal analysis,
DSC confirmed that the here-prepared binary and ternary blends are immiscible while TGA revealed
that the ternary blend pieces present slightly higher thermal stability than the neat PLA piece and
the binary blend pieces. Thermomechanical analysis, performed by means of DMTA, as well as VST
and HDT measurements, also demonstrated that the blend pieces presented lower stiffness since both
PCL and TPS effectively softened PLA. Finally, during the disintegration test in a controlled compost
soil, it was observed that all PLA-based pieces presented a significant mass loss after only two weeks
while the blend pieces disintegrated into small fragments after a period of 21 days. At the end of the
test, that is, after 28 days, all pieces fully biodegraded. Although the addition of both PCL and TPS
slightly reduced the PLA disintegration rate, this impairment was more marked for the binary blend
pieces, that is, PLA60PCL40TPS0 and PLA60PCL0TPS40. Interestingly, the ternary blend pieces with
intermediate contents of PCL and TPS presented a biodegradation rate close to that observed for the
neat PLA piece.

5. Conclusions

The development of ternary blends based on PLA with relatively high contents of PCL and low
contents TPS can be successfully applied for the development of compostable plastic articles with
improved ductility and toughness. Potential uses of the here-described injection-molded pieces can be
found in the rigid packaging industry, where for instance sustainable trays, bottles, and caps with high
mechanical strength, but also sufficient ductility and impact strength, are currently required.
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Abstract: Novel green composites based on commercial poly(3-hydroxybutyrate) (PHB) filled with
10 wt % rice husk flour (RHF) were melt-compounded in a mini-mixer unit using triglycidyl
isocyanurate (TGIC) as compatibilizer and dicumyl peroxide (DCP) as initiator. Purified poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) produced by mixed bacterial cultures derived from
fruit pulp waste was then incorporated into the green composite in contents in the 5–50 wt % range.
Films for testing were obtained thereafter by thermo-compression and characterized. Results showed
that the incorporation of up to 20 wt % of biowaste derived PHBV yielded green composite films with
a high contact transparency, relatively low crystallinity, high thermal stability, improved mechanical
ductility, and medium barrier performance to water vapor and aroma. This study puts forth the
potential use of purified biosustainably produced PHBV as a cost-effective additive to develop more
affordable and waste valorized food packaging articles.

Keywords: PHB; PHBV; rice husk; green composites; biosustainability; waste valorization

1. Introduction

The current concern to reduce the use of petroleum-derived materials has led to the search
for natural and biodegradable polymers. Polyhydroxyalkanoates (PHAs) is a family of linear
polyesters produced in nature by the action of bacteria during fermentation of sugar or lipids
in famine conditions [1]. PHAs represent a good alternative to conventional polymers in the frame
of the circular economy since they are fully bio-based and biodegradable [2]. Among the different
commercially available PHAs, the most widely studied is poly(3-hydroxybutyrate) (PHB). This isotactic
homopolyester presents a relatively high melting temperature (Tm) and good stiffness and strength due
to its high crystallinity (>50%). As a result, PHB articles present similar performance or even greater
than some commodities plastics such as polypropylene (PP) and barrier properties close to those of
polyethylene terephthalate (PET) [3]. PHB undergoes rapid and complete disintegration within a
maximum period of 6 months through the action of enzymes and/or chemical deterioration associated
with living microorganisms. Moreover, PHB is biodegradable not only in composting conditions but
also in other environments such as marine water [4].

However, the use of PHB for packaging applications is limited due to its excessive brittleness
and narrow processing temperature window [5]. To overcome these limitations, its copolymer with
3-hydroxyvalerate (HV), that is, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), can result
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advantageous since it shows higher ductility as well as reduced crystallinity and lower Tm [6].
PHBV articles have been proposed to be applied in the areas of food and cosmetic packaging such as
shampoo bottles, plastic beverage bottles, milk cartons, cosmetic containers, among others, due to its
renewability, biodegradability, and high water vapor barrier [7,8]. However, obtaining PHAs habitually
requires large investments due to both the high cost of the carbon source and the lack of efficient
cultivation techniques [9]. Indeed, the current production cost of PHAs is estimated to be up to 15-fold
higher than conventional polyolefins [10]. Therefore, great efforts in their industrial production are
currently focused on reducing the manufacturing cost to make it more competitive [11]. In this sense,
biowaste derived PHAs are both economically and environmentally attractive, in particular, those that
use food waste as the raw material source. For instance, fermented cheese whey (CW), which is mostly
not fully valorized at present, can be used as the feeding solution for PHA production [12]. Nowadays,
most significant research efforts are targeted to optimize the extraction methods, especially in mixed
cultures, and also to reduce the amounts of chemicals used to make the process environmentally
friendly [13].

Despite of the extraordinary suitability of PHAs as candidates for sustainable food packaging
applications, they are still not cost-effective due to the fermentation and downstream processes during
bioreactor production [14]. In this context, a possible strategy to reduce price is the use of agro-food
waste derived fillers, which also allows a more sustainable packaging concept since they valorize
residues obtained from the agricultural and food industries, and thus reduce the overall impact of the
industrial production cycle [15]. The combination of a bio-based and biodegradable polymer with
natural fillers is habitually termed “green composite”, which means that the whole material is obtained
from renewable resources and it is also biodegradable [16]. Over the past few years, the use of natural
fillers to develop polymer composites has significantly increased because of their significant processing
advantages, biodegradability, low cost, non-abrasive, low relative density, high specific strength, and
renewable nature [17]. Moreover, these natural fillers represent an environmentally friendly solution
since they decrease polluting emissions and energy requirements for processing as well as enhance
energy recovery and end-of-life biodegradability [18–20]. In this context, different green composites
have been obtained using lignocellulosic fillers derived from food, agricultural, industrial, and marine
resources such as rice husk [21,22], almond husk [23–25], walnut shell [26], peanut shell [27], coconut
fibers [28], orange peel [29], recycled cotton [30], Posidonia oceanica seaweed [31], etc.

Rice (Oryza sativa L.) is an important crop cultivated mostly in China, India, and Indonesia [32].
The annual world rice production is approximately 600 million tons, of which 20% is currently wasted as
rice husk [33]. Most of this by-product is used as a bedding material for animals, burned, or landfilled,
causing several environmental and health problems. Rice husk is a relatively hard material since it is
typically composed of 20 wt % ash, 38 wt % cellulose, 22 wt % lignin, 18 wt % pentose, and 2 wt % of other
organic components [34]. Therefore, rice husk has been used to reinforce several thermoplastics such as
high-density polyethylene (HDPE) [35,36], PP [37], PP and HDPE [38], polylactide (PLA) [39], and also
recently PHB [40–43]. However, the inherently poor interfacial adhesion between the lignocellulosic
fillers and polymers generally yields a composite with low dispersion and a high content of particle
aggregates [44]. This effect is related to the low chemical affinity between lignocellulosic fillers with
most polymer and biopolymer matrices, which compromises the strength and also increases moisture
absorption of the green composites [45]. To improve the interfacial adhesion between both composite
components, compatibilizers or coupling agents are generally added or the filler surfaces are chemically
pretreated [46]. Moreover, in the case of reactive compatibilizers, chemical bonds between the fillers
and polymer matrix are formed and the overall performance of the composite can be remarkably
improved [47]. For instance, the maleic anhydride (MA) grafting of PHBV matrix prior to extrusion
has successfully increased the hydrophilicity of the biopolyester matrix making it more compatible
with lignocellulosic fillers [48].

In this context, triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP) can be effectively
combined to compatibilize polymer composites. On the one hand, TGIC is a three-functional
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epoxy compound that plays a hinge-like role between lignocellulosic fillers and polyester matrices.
The hydroxyl (–OH) groups of cellulose present on the fillers’ surface and the ones from the end groups
of the biopolyester molecular chains, namely hydroxyl or carboxyl, can readily react with the epoxy
groups of TGIC during melt blending [49]. Also, TGIC has been reported to provide a chain-extension
effect on the processability of PET, increasing its molecular weight (MW) and potentially avoiding chain
scission by hydrolysis [50]. On the other hand, DCP has been used as a free-radical grafting initiator
in different polymer systems. In this sense, peroxides can form covalent carbon–carbon cross-links
between the biopolymer chain segments, promoting the compatibilization of immiscible components
in binary polymer blends [51] and also in polymer composites [52]. In the latter case, the addition of
DCP to the composite mixture during melt mixing can give rise to both cross-linking of the polymer
chains and grafting of natural fillers onto the polymer chains. Interestingly, due to the presence of three
reactive –OH groups on each cellulose unit, the grafting of the cellulosic fillers onto the polymer chains
dominates over the cross-linking of polymers because of the higher free radical reactivity of the –OH
groups of cellulose [53]. Based on this phenomenon, different studies have for instance reported that
DCP improved the mechanical properties of low-density polyethylene (LDPE)/wood fiber composites
via peroxide-initiated cross-linking process [54–57].

The objective of this study is to develop highly sustainable materials with enhanced performance
based on commercial PHB and rice husk fillers containing different amounts of purified PHBV that
was produced by mixed bacterial cultures derived from wastes of the food industry. The green
composites were prepared by melt compounding in a laboratory melt-mixer and shaped into films
by thermo-compression. The resultant green composite films were characterized in terms of their
morphology and optical characteristics as well as thermal, mechanical, and barrier properties in order
to ascertain their potential in food packaging applications.

2. Materials and Methods

2.1. Materials

Commercial PHB homopolyester was supplied as P226F in the form of pellets by Biomer (Krailling,
Germany). According to the manufacturer, this biopolymer resin presents a density of 1.25 g/cm3 and a
melt flow index (MFI) of 10 g/10 min (5 kg, 180 ◦C). Biowaste derived PHBV copolyester was produced
at pilot-plant scale at Universidade NOVA (Lisbon, Portugal) using mixed microbial cultures fed with
fermented fruit pulps supplied by SumolCompal S.A. (Carnaxide, Portugal) as an industrial residue of
the juice industry. The molar fraction of HV in the copolymer was ~20 mol %. The PHBV was purified
with chloroform (Sigma-Aldrich S.A., Madrid, Spain) to produce a solid powder. Further details about
the biopolymer and its purification route can be found elsewhere [58].

Rice husk was kindly provided by Herba Ingredients (Valencia, Spain). It was delivered in the
form of flakes as a by-product of the rice industry. d-limonene, with 98% purity, TGIC (reference
379506), with a MW of 297.26 g/mol, and DCP (reference 329541), with a MW of 270.37 g/mol and 98%
assay, were all purchased from Sigma-Aldrich S.A. (Madrid, Spain).

2.2. Preparation of RHF

The procedure to obtain rice husk flour (RHF) consisted on a mechanical grinding following to
sieving to ensure a low particle size. For this, the native rice husk was ground in a mechanical knife
mill (Thermomix TM21, Vorwerk, Madrid, Spain) and then sieved in a 140-μm mesh (TED-0300, Filtra
Vibración S.L., Badalona, Spain). The resultant powder was dried at 100 ◦C in oven (T3060, Heraeus
Instruments, Hanau, Germany) for 24 h. Figure 1 shows the as-received flakes of rice husk (Figure 1a)
and the resultant RHF (Figure 1b).
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Figure 1. (a) As-received flakes of rice husk; (b) rice husk flour (RHF).

2.3. Melt Mixing

Prior to processing, both PHA resins were dried at 60 ◦C for 24 h in an oven (Digitheat, JP selecta
S.A., Barcelona, Spain) to remove any residual moisture. Then, different amounts of purified PHBV,
from 5 wt % to 50 wt %, were manually pre-mixed with commercial PHB in a zipper bag. A fixed
content of RHF was added at 10 wt % to the mixture whereas the reactive compatibilizers, that is,
TGIC and DCP, were incorporated at 1 part per hundred resin (phr) and 0.25 phr of PHB/PHBV/RHF
composite, respectively. A PHB/RHF composite without PHBV and a PHB/PHBV blend without RHF
were also prepared as control materials. Table 1 summarizes the different formulations prepared.

Table 1. Set of formulations prepared according to the weight content (wt %) of poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF) in which
triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP) were added as parts per hundred resin
(phr) of PHB/PHBV/RHF composite.

Sample PHB (wt %) PHBV (wt %) RHF (wt %) TGIC (phr) DCP (phr)

PHB/RHF 90 0 10 1 0.25
PHB/PHBV 90 10 0 1 0.25

PHB/PHBV5/RHF 85 5 10 1 0.25
PHB/PHBV10/RHF 80 10 10 1 0.25
PHB/PHBV20/RHF 70 20 10 1 0.25
PHB/PHBV30/RHF 60 30 10 1 0.25
PHB/PHBV50/RHF 40 50 10 1 0.25

To prepare the samples, a total amount of 12 g of material was melt-compounded in a 16 cm3

Brabender Plastograph Original E mini-mixer from Brabender GmbH & Co. KG (Duisburg, Germany).
First the biopolymers and, then, the RHF powder were fed to the internal mixing chamber at a rotating
speed of 60 rpm for 1 min. After this, TGIC and DCP were added and the whole composition was
melt-mixed at 100 rpm for another 3 min. The processing temperature was set at 180 ◦C. Once the
mixing process was completed, each batch was withdrawn from the mini-mixer and cooled in air to
room temperature. The resultant doughs were stored in dissectors containing silica gel at 0% relative
humidity (RH) and 25 ◦C for at least 48 h for conditioning.

The different doughs were, thereafter, thermo-compressed into films using a hot-plate hydraulic
press (Carver 4122, Wabash, IN, USA). The samples were first placed in the plates at 180 ◦C for 1 min,
without pressure, to remove any residual moisture and then hot-pressed at 4–5 bars for 3 min. Flat
films with a total thickness of ~100 μm were obtained and stored in a desiccator at 25 ◦C and 0% RH
for 15 days before characterization.
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2.4. Characterization

2.4.1. Morphology

The morphologies of the RHF particles and the film cross-sections were observed by scanning
electron microscopy (SEM) using an S-4800 device from Hitachi (Tokyo, Japan). For the cross-section
observations, the films were cryo-fractured by immersion in liquid nitrogen. The samples were
previously fixed to beveled holders using conductive double-sided adhesive tape and sputtered with a
mixture of gold-palladium under vacuum. An accelerating voltage of 10 kV and a working distance of
15 mm were selected during SEM analysis. The estimation of the dimensions was performed by means
of the ImageJ software v 1.41 (NIH, Bethesda, MD, USA) using a minimum of 20 SEM micrographs.

The particle size distribution was determined by dynamic light scattering (DLS) using a laser
diffraction analyzer Mastersizer 2000 from Malvern Panalytical Ltd. (Malvern, UK). According to the
manufacturer, the error for the equipment of median diameter (D50) is 3%. Measurements were taken
under stirring to avoid settling of large particles.

2.4.2. Transparency

The light transmission of the films was determined in specimens of 50 × 30 mm2 by quantifying
the absorption of light at wavelengths between 200 nm and 700 nm in an ultraviolet–visible (UV–vis)
spectrophotometer VIS3000 from Dinko Instruments (Barcelona, Spain). The transparency (T) and
opacity (O) were calculated using Equation (1) [59] and Equation (2) [60], respectively:

T =
A600

L
(1)

O = A500·L (2)

where A500 and A600 are the absorbance values at 500 nm and 600 nm, respectively, and L is the film
thickness (mm).

2.4.3. Color Measurements

The color of the films was determined using a chroma meter CR-400 (Konica Minolta, Tokyo,
Japan). The color difference (ΔE*) was calculated using the following Equation (3) [59], as defined by
the Commission Internationale de l’Eclairage (CIE):

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb∗)2]0.5 (3)

where ΔL*, Δa*, and Δb* correspond to the differences in terms of lightness from black to white, from
green to red, and from blue to yellow, respectively, between the film samples and the control film of
PHB/PHBV.

2.4.4. Thermal Analysis

Thermal transitions were studied by differential scanning calorimetry (DSC) on a DSC-7 analyzer
equipped with the cooling accessory Intracooler 2 from PerkinElmer, Inc. (Waltham, MA, USA).
A two-step program under nitrogen atmosphere and with a flow rate of 20 mL/min was applied: first
heating from −30 ◦C to 190 ◦C followed by cooling to −30 ◦C. The heating and cooling rates were both
set at 10 ◦C/min and the typical sample weight was ~3 mg. An empty aluminum pan was used as
reference whereas calibration was performed using an indium sample. The values of Tm and enthalpy
of melting (ΔHm) were obtained from the heating scan, while the crystallization temperature from
the melt (Tc) and enthalpy of crystallization (ΔHc) were determined from the cooling scan. All DSC
measurements were performed in triplicate.
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Thermogravimetric analysis (TGA) was performed in a TG-STDA model TGA/STDA851e/LF/1600
thermobalance from Mettler-Toledo, LLC (Columbus, OH, USA). The samples, with a weight of ~15 mg,
were heated from 50 ◦C to 800 ◦C at a heating rate of 10 ◦C/min under a flow rate of 50 mL/min of
nitrogen (N2). All TGA measurements were also done in triplicate.

2.4.5. Mechanical Tests

Tensile tests were performed on stamped dumbbell-shaped film samples sizing 115× 16 mm2 using
an Instron 4400 universal testing machine, equipped with a 1-kN load cell, from Instron (Norwood, MA,
USA) according to the ASTM standard method D638. The tests were done using a cross-head speed of
10 mm/min. Samples were conditioned for 24 h prior to analysis and the tests were performed at room
conditions, that is, 40% RH and 25 ◦C. A minimum of six specimens were tested for each sample.

2.4.6. Permeability Tests

The gravimetric method ASTM E96-95 was used to determinate the water vapor permeability
(WVP) of the films. To this end, Payne permeability cups (diameter of 3.5 cm) from Elcometer Sprl
(Hermallesous-Argenteau, Belgium) were filled with 5 mL of distilled water. The films were not
in direct contact with water but exposed to 100% RH on one side and secured with silicon rings.
They were placed within a desiccator and sealed with dried silica gel at 0% RH and 25 ◦C. The control
samples consisted of cups with aluminum films to estimate solvent loss through the sealing. The cups
were weighted periodically using an analytical balance (±0.0001 g). WVP was calculated from the
regression analysis of weight loss data vs. time, whereas the weight loss was calculated as the total
loss minus the loss through the sealing. The permeability was obtained by multiplying the permeance
by the film thickness. All WVP measurements were performed in triplicate.

The limonene permeability (LP), similar as described above for WVP, was measured placing
5 mL of d-limonene inside the Payne permeability cups. The cups containing the films were placed at
controlled room conditions of 40% RH and 25 ◦C. The limonene vapor permeation rate (LPRT) values
were estimated from the steady-state permeation slopes and the weight loss was calculated as the total
cell loss minus the loss through the sealing. LP was calculated taking into account the average film
thickness in each case. LP measurements were performed in triplicate.

2.4.7. Statistical Analysis

The optical, thermal, mechanical, and barrier properties were evaluated through analysis of
variance (ANOVA) using STATGRAPHICS Centurion XVI v 16.1.03 from StatPoint Technologies, Inc.
(Warrenton, VA, USA). Fisher’s least significant difference (LSD) was used at the 95% confidence level
(p < 0.05). Mean values and standard deviations were also reported.

3. Results

3.1. Morphology of RHF Particles

The morphology of the RHF powder was observed by SEM for determining the particle size
and shape. In the low-magnification SEM image, shown in Figure 2a, one can see that the particles
were not uniform in morphology and their dimension varied broadly. In particular, small particles
slightly below 10 μm, in the form of rod-like particles or rectangular junks, coexisted with short fibers,
having lengths above 100 μm. The magnified SEM image, included in Figure 2b, illustrates that the
outer surface of rice husk was relatively smooth but its inner part was densely covered with orderly
bulges. In this regard, it has been reported that the globular structure of rice husk is responsible for its
high absorption capacity [61], which can also positively contribute to favoring mechanical interactions
with the biopolymer matrix. Similar morphologies were reported for instance by Schneider et al. [62],
in which the RHF particles also presented a heterogeneous morphology, namely larger particles of
different textures, some smoother, others rough, with also grooves along the structure. The histogram
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of particle size of RHF is shown in Figure 2c, where one can see that the average fiber length was ~190
μm whereas the diameter corresponding to 90% cumulative (D90) was ~320 μm.

Figure 2. Scanning electron microscopy (SEM) images of rice husk flour (RHF) taken at (a) 50×with
scale marker of 100 μm and (b) 10,000× with scale marker of 5 μm; (c) particle size histogram of RHF.

3.2. Morphology of PHB/PHBV/RHF Films

The morphology of the film cross-sections was observed by SEM and the images are gathered in
Figure 3. One can observe that all films presented a smooth and featureless fracture surface without
much deformation, corresponding to a typical brittle fracture behavior. The presence of the RHF
particles can be observed in the cross-sections of all the composite film samples, that is, Figure 3a,c–g,
whereas the surface of the PHB/PHBV film in Figure 3b suggests that the matrix was monophasic.
Interestingly, the images taken at higher magnifications revealed that RHF fillers were tightly bonded
to the polymer as inferred from the absence of gap between the particles and the biopolymer matrix.
Moreover, no evidence of filler pull-out or void formation was noticed. At the same time, a rough
surface attributed to the matrix deformation can be observed in the fillers surrounding. Additionally,
RHF aggregates were not observed but individual particles appeared regularly distributed along the
biopolymer matrix indicating that an effective mixing was attained.
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Figure 3. Scanning electron microscopy (SEM) images of the cross-sections of the thermo-compressed
films made of poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
and rice husk flour (RHF): (a) PHB/RHF; (b) PHB/PHBV; (c) PHB/PHBV5/RHF; (d) PHB/PHBV10/RHF;
(e) PHB/PHBV20/RHF; (f) PHB/PHBV30/RHF; (g) PHB/PHBV50/RHF. Images were taken at 1000×with
scale markers of 50 μm (left column) and at 2500×with scale markers of 20 μm (right column).
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The above observation suggests that a high interfacial adhesion was achieved in the composites
due to the combined use of TGIC and DCP during melt processing. Similar morphologies were also
described, for instance, by Rosa et al. [63] for PP/RHF composites when MA-modified polypropylene
(MAPP) was added as coupling agent. The presence of MAPP successfully reduced the voids sizes and
turned the surface more homogeneous, confirming its effect on promoting adhesion in the interfacial
region. In relation to TGIC, Hao and Wu [49] recently showed that the addition during melt blending
of the isocyanurate additive improved the interfacial adhesion of PLA/sisal fibers (SF) composites.
The compatibilization achieved in the green composite was ascribed to the reaction of the –OH groups
present at end groups of the biopolyester molecular chains and on the cellulose surface with the
epoxy functional groups of TGIC. In the first reaction, ester bonds are known to be formed with the
PHA chains by glycidyl esterification of carboxylic acid end groups, which precedes hydroxyl end
group etherification [64]. The second reaction generates C–O–C bonds with subsequent hydroxyl
side-group formation on the cellulose surface [29]. This reactive compatibilization habitually leads
to green composites with enhanced performance properties [65]. For DCP, Wei et al. [52,66] recently
described the coupling mechanism of cellulose to PHB and PHBV. Briefly, when the peroxide is exposed
to heat during extrusion it decomposes into strong free radicals, which tend to abstract hydrogens
(H’) from the biopolymer and cellulose molecular chains and initiate the grafting process between
the two phases in the composites. The authors postulated that the grafted copolymers formed on the
interfaces of cellulose and PHA coupled the hydrophilic filler to the hydrophobic biopolymer matrix.
Therefore, grafting of RHF onto the PHB/PHBV matrix was successfully achieved by the formation
of low concentrations of DCP derived radicals at high temperature during extrusion that initiated
both the formation both H abstraction and triggered the reaction of the epoxy groups of TGIC with
the OH groups of both cellulose and the terminal groups of the biopolyester chains. In relation to
the addition of the biowaste derived PHBV, a good mixture between the two PHAs was attained
since it was not possible perceive the presence of two phases in the biopolymer matrix, even at the
highest PHBV content, that is, 50 wt %. In the film surfaces one can still observe the presence of some
remaining impurities, which may be ascribed to organic remnants of small amounts of cell debris or
fatty acids from the bioproduction process of PHBV. A similar morphology was recently reported
by Martinez-Abad et al. [67] for PHB/unpurified PHBV blends, who also observed a good degree of
interaction between the commercial homopolyester and the biosustainably produced copolyester.

3.3. Optical Properties of PHB/PHBV/RHF Films

The visual aspect of the films is displayed in Figure 4 to ascertain their optical properties. Simple
naked eye examination of the films indicates that all the samples were slightly opaque but also showed
high contact transparency. Additionally, the composite films developed a yellow-to-brown color due
to the intrinsic natural color of the RHF powder, which one can observe in previous Figure 1b.

Figure 4. Visual aspect of the thermo-compressed films made of poly(3-hydroxybutyrate) (PHB),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF): (a) PHB/RHF; (b)
PHB/PHBV; (c) PHB/PHBV5/RHF; (d) PHB/PHBV10/RHF; (e) PHB/PHBV20/RHF; (f) PHB/PHBV30/RHF;
(g) PHB/PHBV50/RHF.
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To quantify the color change resulted from the addition of PHBV in PHB/RHF, the color coordinates
(a*, b*, L*) and the values of ΔE*, T, and O were determined and reported in Table 2. One can observe
that the a* b* coordinates of the PHB/RHF film confirmed the above observed yellow-to-brown color
of the sample whereas the PHB/PHBV film presented a natural color. The incorporation of PHBV
into the green composite films resulted in a slightly increased the value of a* and, most notably, of b*,
confirming the development of a brown tonality. Moreover, the composite films became darker since
the L* values were also reduced. In any case, the color differences in the composite films containing
different amounts of PHBV were relatively low, that is, ΔE* values remained below 6. One can also
observe that the composite films also presented slightly lower transparency and higher opacity with
the increasing PHBV contents, having values of T and O around 10–15% and 5% higher, respectively.
This haze increase is typically observed in polymer blends due to differences in the refractive index
of light diffraction of each polymer [68]. Although the brownish color of the film samples may seem
a disadvantage for food packaging, it also offers the capacity to partially block the transmission of
ultraviolet and visible (UV–vis) light. This can be a desirable attribute since the films can provide more
protection to foodstuff from light, especially UV radiation, which can cause lipid oxidation in the food
products [60,69].

Table 2. Optical properties of the thermo-compressed films made of poly(3-hydroxybutyrate) (PHB),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF).

Film a* b* L* ΔE* T O

PHB/RHF −0.04 ± 0.01 a 11.82 ± 0.03 a 80.20 ± 0.02 a - 9.08 ± 0.07 a 0.107 ± 0.03 a

PHB/PHBV −0.25 ± 0.03 b 1.94 ± 0.02 b 86.40 ± 0.04 b - 8.48 ± 0.03 b 0.099 ± 0.02 a

PHB/PHBV5/RHF 0.44 ± 0.05 c 14.60 ± 0.02 c 78.05 ± 0.03 c 3.55 ± 0.05 a 9.06 ± 0.05 a 0.111 ± 0.03 a

PHB/PHBV10/RHF 0.52 ± 0.04 c 14.84 ± 0.07 c 77.62 ± 0.03 d 4.01 ± 0.06 b 9.91 ± 0.04 c 0.116 ± 0.05 a

PHB/PHBV20/RHF 0.56 ± 0.05 c 15.28 ± 0.06 d 77.56 ± 0.05 d 4.39 ± 0.04 c 10.05 ± 0.03 d 0.116 ± 0.02 a

PHB/PHBV30/RHF 0.70 ± 0.07 d 15.36 ± 0.05 d 77.29 ± 0.06 e 4.64 ± 0.03 d 10.18 ± 0.08 e 0.117 ± 0.04 a

PHB/PHBV50/RHF 1.12 ± 0.08 e 16.17 ± 0.03 e 76.36 ± 0.04 f 5.92 ± 0.06 e 10.17 ± 0.05 e 0.113 ± 0.04 a

a*: red/green coordinates (+a red, −a green); b*: yellow/blue coordinates (+b yellow, −b blue); L*: Luminosity (+L
luminous, −L dark); ΔE*: color differences; T: transparency; O: opacity. a–f Different letters in the same column
indicate a significant difference among the samples (p < 0.05).

3.4. Crystallinity of PHB/PHBV/RHF Films

Figure 5 displays the DSC thermograms of the film samples obtained during the heating (Figure 5a)
and cooling (Figure 5b) scans. Table 3 displays the main thermal transitions obtained from the DSC
curves. One can observe that melting in the PHB/RHF film took place in two peaks, which were noted
as Tm1 and Tm2, whereas the unfilled PHB/PHBV film melted in a single peak. The double-melting
peak phenomenon can be ascribed to the formation of crystalline structures with dissimilar lamellae
thicknesses or the presence of crystallite blocks with different degrees of perfection [30]. The first peak
originates from the melting of the PHB fraction that crystallized previously during the film formation,
while in the second peak contributes the melting of the recrystallized PHB fraction during heating.
In this context, other works have reported that melt-extruded films of neat PHB melt in 170–175 ◦C
range [70,71]. Then, one can consider that the presence of the RHF fillers restricted the chain-folding
process of PHB during crystallization.
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Table 3. Main thermal parameters of the thermo-compressed films made of poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF) in terms of:
crystallization temperature (Tc), normalized enthalpy of crystallization (ΔHc), melting temperature
(Tm), and normalized melting enthalpy (ΔHm).

Film Tc (◦C) ΔHc (J/g) Tm1 (◦C) Tm2 (◦C) ΔHm (J/g)

PHB/RHF 113.1 ± 0.6 a 70.2 ± 0.2 a 160.5 ± 0.8 a 167.2 ± 0.9 a 71.8 ± 2.3 a

PHB/PHBV 113.3 ± 0.3 a 73.3 ± 0.4 b 165.1 ± 0.3 b - 76.9 ± 1.4 b

PHB/PHBV5/RHF 118.9 ± 0.6 b 59.8 ± 1.8 c 171.9 ± 1.5 c - 63.7 ± 4.8 c

PHB/PHBV10/RHF 110.9 ± 0.2 c 60.1 ± 3.9 c 162.6 ± 1.1 d 168.3 ± 0.4 a 63.4 ± 1.6 c

PHB/PHBV20/RHF 115.4 ± 0.6 d 78.0 ± 4.1 d 166.0 ± 1.5 b 173.3 ± 0.3 b 61.4 ± 0.3 c

PHB/PHBV30/RHF 113.2 ± 0.6 a 72.7 ± 4.7 d 162.6 ± 0.7 d 173.9 ± 0.1 c 59.4 ± 2.2 c

PHB/PHBV50/RHF 107.7 ± 0.6 e 64.8 ± 0.8 c 158.4 ± 1.1 e 171.0 ± 0.8 d 53.8 ± 0.1 d

a–e Different letters in the same column indicate a significant difference among the samples (p < 0.05).

Interestingly, the incorporation into PHB/RHF of low contents of PHBV, that is, 5 wt %, yielded
the film sample with the highest melting peak, that is, ~172 ◦C, whereas it also suppressed the
double-melting peak behavior. This observation points out that the co-addition of 5 wt % PHBV
and 10 wt % RHF enhanced the crystallization of PHB molecules, which was further supported
by the shift of Tc from 113.1 ◦C, for the PHB/RHF film, to 118.9 ◦C, for the PHB/PHBV5/RHF film.
The addition of higher contents of PHBV, however, led to films with two melting peaks. The first
melting peak can be related to the PHBV-rich fraction, which was seen in the 158–166 ◦C range, whereas
the second one corresponds to PHB melting, observed in 168–174 ◦C range. This result points out
that fully miscibility was only attained in the composite blends containing low amounts of PHBV,
that is, 5–10 wt %. At higher PHBV contents, the composite films formed a two-phase system and
the Tm values were also reduced. Thus, the films produced with PHBV contents higher than 10 wt %
showed a two phase crystallization, having a liquid–liquid separation at temperatures higher than
165 ◦C. One assumes that in these samples, due to the fact that the HV content in PHBV was relatively
high, that is, 20 mol %, phase segregation preceded co-crystallization. One can also observe that
the melting enthalpy of the first peak decreased while that of the second peak increased with the
increase of the PHBV content in the blend. This observation indicates that crystallization occurred
mainly in the PHB-rich regions by which the HV units were partially included into the PHB lattice
and also induced some defects in the biopolymer crystals [72]. In this regards, different studies on the
crystallization behavior of PHB/PHBV blends have indicated that their degree of miscibility decreases
gradually as the HV in the copolyester increases. For instance, blends of PHB with PHBV were fully
miscible over up to approximately 60 wt % of copolyester with a HV content of 18.4 mol % [73]. On the
contrary, blends consisting of PHB and PHBV of high contents of HV, that is, 76 mol %, showed no
depression of the melting point of each PHA, indicating total immiscibility [74]. In another work,
Saito et al. [75] studied the competition between co-crystallization and phase segregation in blends of
PHB and PHBV with different HV contents. The authors observed almost perfect co-crystallization in
blends based on PHB and PHBV with 9 mol % HV, whereas HV contents >15 mol % induced phase
segregation, that is, increased the percentage of PHBV that segregates from the growth front of crystals
prior to co-crystallization.
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Figure 5. Differential scanning calorimetry (DSC) curves during (a) heating and (b) cooling of
the thermo-compressed films made of poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF).
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3.5. Thermal Stability of PHB/PHBV/RHF Films

TGA curves are plotted in Figure 6 and the most relevant properties obtained from the curves
are listed in Table 4. In relation to RHF, one can observe three main weight losses. The first one
occurred around 100 ◦C, showing a mass loss of ~2%, which corresponds to the moisture released from
the lignocellulosic filler. Following the TGA curve of RHF, the second and main degradation peak
started at approximately 180 ◦C and ended at 340 ◦C with an average mass loss of ~47%. This weight
loss includes the degradation of low-MW components, mainly hemicellulose, followed by cellulose
degradation. This zone represents the main devolatilization step of biomass pyrolysis and it is referred
as the “active pyrolysis zone” since mass loss rate is high [76]. After this, RHF gradually degraded
over a range of temperature from approximately 340 ◦C to 650 ◦C with a mass loss of ~16%, which
can be seen as a tailing in both TGA and DTG curves. This mass loss is related to the degradation
of lignin and it is called “passive pyrolysis zone” since the percentage of mass loss is smaller and
the mass loss rate is also much lower compared to that in the second zone [76]. Indeed, when the
temperature reached 650 ◦C, the degradation rates were no longer significant as most volatiles were
already pyrolyzed. The rest was converted into char and gases, resulting in a residual mass of nearly
33%, which can be related to the high silicate content in rice husk [47].

Table 4. Main thermal parameters of the thermo-compressed films made of poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF) in terms
of: onset temperature of degradation (T5%), degradation temperature (Tdeg), mass loss at Tdeg, and
residual mass at 800 ◦C.

Film T5% (◦C) Tdeg (◦C) Mass Loss (%) Residual Mass (%)

RHF 228.9 ± 1.5 a 335.2 ± 0.7 a 28.5 ± 0.8 a 33.1 ± 0.3 a

PHB/RHF 242.5 ± 1.2 b 270.0 ± 0.5 b 67.4 ± 0.7 b 3.1 ± 1.3 b

PHB/PHBV 252.6 ± 1.9 c 282.8 ± 0.4 c 69.4 ± 1.5 b 0.6 ± 0.1 c

PHB/PHBV5/RHF 242.5 ± 1.5 b 268.2 ± 0.5 d 65.4 ± 0.3 c 3.5 ± 0.2 b

PHB/PHBV10/RHF 247.1 ± 1.3 d 270.0 ± 0.5 b 63.9 ± 0.4 d 3.1 ± 0.8 b

PHB/PHBV20/RHF 247.5 ± 1.4 d 274.6 ± 0.6 e 69.8 ± 1.2 b 3.3 ± 0.9 b

PHB/PHBV30/RHF 253.5 ± 1.7 c 275.5 ± 0.6 e 61.7 ± 0.2 e 3.2 ± 0.2 b

PHB/PHBV50/RHF 257.2 ± 1.6 e 275.5 ± 0.6 e 61.5 ± 0.3 e 3.8 ± 0.4 b

a–e Different letters in the same column indicate a significant difference among the samples (p < 0.05).

Thermal degradation of the unfilled PHB/PHBV film occurred through a single and sharp
degradation step that ranged from about 250 ◦C to 290 ◦C. PHA degradation typically follows a
random chain scission model of the ester linkage that involves a cis-elimination reaction of β-CH and a
six-member ring transition to form crotonic acid and its oligomers [77]. The presence of RHF reduced
both the onset degradation temperature (T5%) and degradation temperature (Tdeg) by approximately
10 ◦C and 15 ◦C, respectively, and also generated a low-intensity second mass centered around 330 ◦C.
This reduction in thermal stability can be mainly ascribed to the lower degradation temperature of the
lignocellulosic particles as well as to the presence of some remaining water. One can also observe that
all composite films presented a similar thermal degradation profile though certain stability increase
was attained for the highest PHBV contents. For instance, the T5% value increased from 242.5 ◦C, for the
PHB/RHF film, to 257.2 ◦C, for the PHB/PHBV50/RHF film. Similarly, the values of Tdeg also increased
from 270 ◦C, for the PHB/RHF film, to 275.5 ◦C, for the PHB/PHBV50/RHF film. The improvement
achieved in the thermal stability can be ascribed to the high purity of the PHBV incorporated in the
blend, based on the previous selection of the optimal purification route [58], which has also been
reported to be more thermally stable than PHB [78]. Finally, the amount of residual mass was in the
3–4% range, being mainly ascribed to the formed char from RHF.
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Figure 6. (a) Thermogravimetric analysis (TGA) and (b) first derivative (DTG) curves of the
thermo-compressed films made of poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), and rice husk flour (RHF).

3.6. Mechanical Properties of PHB/PHBV/RHF Films

Figure 7 shows the tensile stress–strain curves, obtained at room temperature, for the
thermo-compressed films. The mechanical results, in terms of tensile modulus (E), tensile strength at
yield (σy), elongation at break (εb), and toughness are summarized in Table 5. One can see that all
the films were relatively stiff and also brittle due to the intrinsically high crystallinity of PHB, which
is derived from secondary crystallization that occurs post-processing with age [79]. This mechanical
brittleness habitually represents an obstacle to the practical applications of PHB, for instance in
packaging. The presence of RHF further promoted rigidity and brittleness of PHB, showing E and
εb values of 3025 MPa and 1.1%, respectively. One can also observe that the unfilled PHB/PHBV
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film showed the lowest E value, that is, 1785 MPa, and also the highest values of εb and toughness,
that is, 8.4% and 1.9 mJ/m3, respectively. Whereas the mechanical properties of the PHB/RHF and
PHB/PHBV5/RHF films were relatively similar, the incorporation of 10 wt % PHBV into PHB/RHF
successfully resulted in a film with very balanced performance in terms of mechanical strength and
ductility. In particular, the PHB/PHBV10/RHF film showed moderate values of E and σy, that is,
2508 MPa and 30.4 MPa, respectively, and a 3-fold increase in εb and remarkable higher toughness
in comparison to the PHB/RHF film. However, the films produced at higher PHBV contents, that is,
20–50 wt %, showed lower and relatively similar performance. These results indicate that PHBV can
successfully produce a toughening effect on the PHB matrix at low or intermediate contents, which
can be ascribed to the high solubility achieved in these films samples as described above during the
crystallinity analysis. The resultant lower stiffness and higher flexibility of these PHBV-containing
films can be attributed to the presence of dislocations, crystal strain, and smaller crystallites in the
PHB/PHBV soluble regions due to the insertion of the HV units into the PHB lattice, which acted as
defects in the HB crystals [80].

Figure 7. Tensile stress–strain curves of the thermo-compressed films made of poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF).

Table 5. Mechanical properties of the thermo-compressed films made of poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and rice husk flour (RHF) in terms of:
tensile modulus (E), tensile strength at yield (σy), elongation at break (εb), and toughness.

Film E (MPa) σy (MPa) εb (%)
Toughness

(mJ/m3)

PHB * ~2900 a ~37 a ~4 a -
PHB/RHF 3025 ± 101 b 26.7 ± 2.7 b 1.1 ± 0.1 b 0.1 ± 0.1 a

PHB/PHBV 1785 ± 129 c 38.9 ± 2.0 a 8.4 ± 1.1 c 1.9 ± 0.3 b

PHB/PHBV5/RHF 2985 ± 119 a,b 27.2 ± 1.1 b 1.4 ± 0.1 d 0.3 ± 0.1 a

PHB/PHBV10/RHF 2508 ± 207 d 30.4 ± 2.7 b 3.3 ± 1.3 a 0.8 ± 0.3 c

PHB/PHBV20/RHF 2830 ± 193 a,b,d 26.5 ± 2.5 b 1.2 ± 0.3 b,d 0.1 ± 0.1 a

PHB/PHBV30/RHF 2765 ± 201 a,b,d 23.9 ± 0.7 b 1.3 ± 0.2 b,d 0.2 ± 0.1 a

PHB/PHBV50/RHF 2649 ± 104 d 19.5 ± 3.0 c 1.3 ± 0.4 b,d 0.2 ± 0.1 a

* Average mechanical properties for compression-molded films of neat PHB [79]. a–d Different letters in the same
column indicate a significant difference among the samples (p < 0.05).
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3.7. Barrier Performance of PHB/PHBV/RHF Films

Table 6 finally gathers the WVP and LP values of the PHB-based films. The barrier performance
to water vapor is one of the main parameters of application interest in packaging, while d-limonene is
a commonly used standard compound to test mass transport of aromas. The PHB/RHF film showed
somewhat higher WVP values than compression-molded PHB films previously reported by our
group, that is, 1.7–1.75 × 10−15 kg·m/s·m2·Pa [81,82]. The lower water vapor barrier attained for the
here-prepared green composite films can be related to the high tendency of the lignocellulosic fillers
to adsorb water since transport of water vapor molecules is mainly a diffusivity-driven property
in PHAs due to their intrinsically low hydrophilic character [83]. The incorporation of biowaste
derived PHBV into PHB/RHF increased slightly the WVP values in the films. At low PHBV contents,
however, the barrier performance of the composite films was relatively similar since the samples
showed variations close to the detection limit of the technique, with deviations oscillating in the
6.0–7.5 × 10−16 kg·m/s·m2·Pa range. Only the films with the highest PHBV contents, that is, 30 wt %
and 50 wt %, displayed a significant decrease in the water barrier properties, which was still within the
same order of magnitude. The barrier drop observed can be attributed to the higher contribution of the
biomass derived PHBV, which results in an overall decrease in molecular order and crystallinity, the
presence of defects and discontinuities across the polymer morphology as well as certain plasticization
induced by the remaining biomass impurities of PHBV with consequent increase in free volume [67].

Table 6. Water vapor permeability (WVP) and d-limonene permeability (LP) of the thermo-compressed
films made of poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
and rice husk flour (RHF).

Film WVP × 1015 (kg·m/m2·Pa·s) LP × 1015 (kg·m/m2·Pa·s)

PHB * 1.75 a 1.95 a

PHB/RHF 4.52 ± 0.38 b 2.58 ± 1.35 a

PHB/PHBV 3.27 ± 0.15 c 2.04 ± 0.19 a

PHB/PHBV5/RHF 4.55 ± 0.75 b 2.16 ± 0.54 a

PHB/PHBV10/RHF 5.03 ± 0.64 b 3.10 ± 0.65 a

PHB/PHBV20/RHF 5.36 ± 0.69 b 3.38 ± 0.63 a

PHB/PHBV30/RHF 6.01 ± 0.60 b 3.72 ± 0.32 a

PHB/PHBV50/RHF 7.46 ± 0.90 b 5.04 ± 1.50 a

* Barrier data for compression-molded PHB films reported in literature [82]. a–c Different letters in the same column
indicate a significant difference among the samples (p < 0.05).

Similar to WVP, one can observe that the incorporation of PHBV tended to decrease the barrier
properties to d-limonene of the PHB/RHF composite films. This aroma compound, as opposed to
moisture, is a strong plasticizing component for PHAs, thus, solubility plays a more important role in
permeability than diffusion. The LP increase observed suggests that the presence of PHBV favored
an increased sorption of d-limonene in the film. Indeed, our previous studies dealing with PHA
materials have shown that the LP value of films made of PHBV with 12 mol % HV is two order
of magnitude higher, that is, 1.99 × 10−13 kg·m/s·m2·Pa [84], than that of neat PHB films, that is,
1.95 × 10−15 kg·m/s·m2·Pa [82]. In any case, the present results indicate that the incorporation of up to
20 wt % PHBV does not significantly affect the barrier properties of the PHB-based films against water or
aroma. In a more packaging oriented application context, the composite films containing low amounts
of PHBV present WVP values in the same order of magnitude than those films of petroleum-based
PET, that is, 2.30 × 10−15 kg·m/s·m2·Pa [85], which is typically used in medium-barrier applications.
In terms of d-limonene, the here-prepared PHB/PHBV/RHF films are two order of magnitude more
barrier than compression-molded PET films, that is, 1.17 × 10−13 kg·m/s·m2·Pa [81].
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4. Discussion

Results showed an optimum morphology with a regular distribution of RHF, tightly bonded and
with absence of gap along the PHB matrix due to the use of reactive compatibilizers. The biowaste
derived PHBV also showed a good miscibility with the PHB/RHF composite system, in particular at
the lowest contents, that is, 5–10 wt %. At higher concentrations, however, a two-phases system was
attained, indicating that crystallization occurred mainly in the PHB-rich regions. The incorporation
of PHBV also increased the thermal stability of PHB/RHF, increasing the processing window of the
films. With respect to the mechanical properties, contents in the 5–10 wt % range of PHBV yielded
films with a more balanced performance in terms of strength and ductility, counteracting the stiffness
and fragility induced by RHF. Finally, although the incorporation of PHBV increased the permeability
of the films, the water vapor barrier properties of the PHB/PHBV/RHF films still remained in values
close to those of PET films, whereas they still presented a high barrier to aroma.

5. Conclusions

The use of natural fillers and biopolymers obtained from agro-food waste currently represents
a sustainable alternative to petroleum-based materials. The green composite films prepared herein
are potential candidates to be used in rigid packaging for low and medium barrier applications,
being processable by current conventional machinery. The valorization of agro-food waste, as well as
the relative preservation of physicochemical properties, supports the use of purified biosustainably
produced PHBV in the food packaging industry to develop more cost-effective PHA-based articles.
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Abstract: As a result of manufacture, composite materials can appear to have variations to their
properties due to the existence of structural changes. In this paper, we studied the influence of
material irregularity on the mechanical behavior of two categories of bars for which we have used
hemp fabric as a reinforcing material. The common matrix is a hybrid resin based on Dammar
and epoxy resin. We molded two types of bars within each of the previously mentioned categories.
The first type, also called “ideal bar”, was made of layers in which the volume proportion and the
orientation of the reinforcing material was the same in each section. The ideal bar does not show
variations of mechanical properties along it. The second type of bar was molded to have one or two
layers where, between certain sections, the reinforcing material was interrupted in several segments.
We have determined some mechanical properties, the characteristic curves (strain-stress), the tensile
strength, and elongation at break for all the sample sets on trial. Moreover, we have studied the
influence of the non-uniformities on the mechanical behavior of the composites by entering certain
quality factors that have been calculated after experimental determinations.

Keywords: composite materials; hybrid resin; natural reinforcement; non-uniformities; mechanical
behavior

1. Introduction

Fiber-reinforced composites are widely used for their advantages over non-reinforced materials.
Their applications include construction (see [1]), aerospace (see [2]), medicine (see [3]), and dentistry
(see [4]) fields.

The mechanical behavior of composite materials is influenced by environmental factors (humidity,
temperature, radiation, chemical agents, see [5–8]), and the mechanical stresses to which they are
subjected (the stress type, the stress variation in time, the loading speed, the stress direction, the stress
duration, see for example [9,10]).

An important aspect concerning the mechanical properties of composite materials is given
by the non-uniformities that appear in the technological process of fabrication. In the case of
fiber-reinforced composites the uneven distribution of the matrix-fibers represents the main factor
influencing their mechanical behavior. The resin transfer, the structural reactions, and the interface
effects are phenomena that can be taken into account when considering the non-uniformity degree
(see [10,11]).

Due to the unevenness of the fiber distribution, experimental discrepancies often occur with
respect to the physical properties of the studied samples. References [11–13] investigate the influences
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of non-uniformities on composite material behavior; in these works, the elastic constants and density
are assumed to be functions of fiber volume proportion, while the distribution of the fiber volume
proportion is given by a polynomial function. Reference [14] studies non-uniformities occurring
in composite bars, reinforced with a glass fiber fabric, and introduces a coefficient that estimates
the non-uniformities of the composite bars with two areas with different volume proportions of the
reinforcement. References [15,16] study the non-uniformities occurring in composite bars reinforced
by carbon fabric, and by carbon and Kevlar fabric.

The non-uniformities and discontinuities can be used with a view to obtaining composite
materials with controlled properties. The traditional laminated composites, reinforced by fibers,
are made of multiple laminae in which the fiber-reinforcing direction is constant. Property control
is exercised only by modifying the layer sequence in the laminate. Reference [17] checks on the
properties of the composite materials by using so-called “mosaic” composites. Each layer in these
composites is made of several pieces, each piece with its own type of fiber orientation, length, and
distribution. References [18–20] showed that using this kind of element in regulated assemblies,
which are intertwined, led to obtaining composites with a tensile strength up to 90% compared to
the composites with continuous reinforcement, although the mere juxtaposition of such layers may
bring about a decrease in the tensile strength by 50%. They made composite materials that had
improved damage tolerance because there is a mechanism of slowing crack propagation fissure speed
by decreasing the cohesion between the adjacent elements. A theory that anticipates crack initiation
and propagation is studied in [21] and its effects on fiber-reinforced composites polymerized with
light materials are investigated in [22].

The use of hemp fibers as reinforcement for composite materials has risen in the past few years as
a result of an increasing demand for the development of biodegradable and recyclable materials. Much
attention has been paid in recent decades to composite materials, the components of which, be it matrix
or reinforcement, come from nature. The advantages of using green composites lie in both the fibers
and the bio-resins being abundantly made by nature, consequently having a low manufacture cost
compared to synthetic composites. Moreover, they have relatively good mechanical properties. Hemp
fibers can be found in the plant stem, which makes them tough and rigid, an essential requirement
for the reinforcement of composite materials. The mechanical properties of hemp fibers are close to
those of the glass fibers (see [23–27]). Nevertheless, the biggest disadvantage is the variability of these
properties depending on the weather conditions, the harvest area, or other natural factors. In [28],
the author explains why the hemp fibers from plants harvested at the beginning of flowering had a
stiffness and a tensile strength greater than the fibers of the hemp plant seeds harvested at maturity.
In [29] it is shown that the fibers of the middle section of the stock had higher mechanical properties
than the fibers of the upper and lower sections of the stem. Studies on the mechanical properties of the
hemp fibers are described in detail in [30]. Improvement of the mechanical behavior of hemp fibers, as
well as different types of treatments, is shown in [31,32].

Most composite materials studied so far have focused on natural fibers as reinforcing materials
in combination with thermoplastic matrices (polypropylene, polyethylene, and vinyl polychloride),
or thermo-rigid matrices (phenolic, epoxy, and polyester resins) [33]. The composites made of hemp
fibers with thermoplastic, heat resistant, and biodegradable matrices have shown good mechanical
properties. In addition, the surface treatments applied to the hemp fibers, with the purpose of
improving the bond on the interface between the fibers and the matrix, have led to considerable
improvements in mechanical properties. Some mechanical properties which characterize tensile
mechanical behavior, torsion, and bending the polypropylene matrix composite material and reinforced
with hemp are shown in [34–36].

The synthetic resins have the disadvantage of a processing limit due to high viscosity when
melted, a phenomenon that occurs during injection molding. Thus, the final product is hard to recycle.
This disadvantage can be eliminated by using thermo-rigid biological matrices, based on vegetable oil
resins, since the latter are biodegradable and there is no need for a polymerization process [37–39].
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The bio-resins are resins derived from a biological source, and in general they are biodegradable or
compostable; therefore, hypothetically, they can be decomposed after use. The natural resins may be
fossil (amber), vegetable (Sandarac, Copal, Dammar), or animal (Shellac). Natural resins are insoluble
in water but are slightly soluble in oil, alcohol, and, partially, petrol. They form, together with certain
organic solvents, solutions used as covering varnishes. Turpentine, rosin, and mastic are products
resulting from coniferous resin distillation. An analysis of the chemical composition and the properties
of these resins is made in [40] and the applications are presented in [41].

The analysis of these resins focused more on their chemical composition and chemical properties,
presented in [42,43], and less on their mechanical properties. For Dammar, which is a gum resin
obtained from trees of the family Dipterocarpaceae from India and East Asia, detailed studies on the
structure and chemical composition are made by [44].

Reference [45] presents a new silicon and Dammar-modified binder that reduces the use of
synthetic binder and that has improved and more ecological properties. The optimal composition for
this binder was determined, ensuring the best properties for impact stress, hardness, traction, and
adherence. Reference [46] studies how the Dammar addition contributed to improving the rigidity,
elasticity modulus, and hardness of a modified silicone.

There are quite a few analyses of the mechanical behavior of natural resins. Reference [47]
investigates the mechanical features (tensile strength, percentage elongation and Young’s modulus),
the water vapor transmission characteristics, and the characteristics of humidity absorption in Dammar
films that contain and that do not contain softening agents. The reaction to the compression stress of
the oil palm trunk treated with various amounts of Dammar resin was studied in [48]. Also, there are
few studies of composite materials with both the matrix and the reinforcement of natural materials.
References [49,50] examine the mechanical behavior of some composite materials with a matrix of
Dammar-based resin and the reinforcement of cotton, flax, silk, and hemp fabric.

Since natural lakes can form thick resin (see for example references [51,52]), we can conclude that
the bio-resins were studied before actual hybrid resins. A hybrid resin is a combination of several
constituents, of which at least one is organic and synthetic. It should be noted that most attempts to
obtain such resins have been varnishes (see [51–53]). Hybrid resins are alternative environment-friendly
compared with synthetic resins. Some practical and useful notes about this problem can be found in
the papers [54,55]. Larger investigations about hybridization (in fibers and/or matrices) are available
in [56,57].

2. Materials and Methods

2.1. Making the Samples

The first step consisted of casting hybrid resin plates where we used a Dammar volume proportion
of 60%. The difference up to 100% consisted of epoxy resin of Resoltech 1050 type together with its
associated hardener Resoltech 1055. The casting temperature was 21–23 ◦C. To realize the Resoltech
1050/Resoltech 1055 combination we respected the manufacturer’s instruction. We used a mixture
ratio of 7/3 after a given volume. We mixed the epoxy resin obtained with Dammar resin. All samples
based on hybrid resin were cut after 10 days.

The synthetic component (the epoxy resin and the reinforcing material) was necessary to generate
quick points of activation of the polymerization process. The thermo-mechanical properties of
Resoltech 1050 epoxy resin, together with its associated hardener Resoltech 1055, are given by the
producer (see [58]).
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Figure 1 shows a hybrid resin sample.

Figure 1. Hybrid resin sample.

The second step consisted of making Dammar-based composite materials by reinforcing them
with two types of hemp fabric. The first type of fabric, symbolized by “A” is shown in Figure 2a, the
fabric with the characteristic mass of 330 g/cm3. For this type of fabric, on a surface of 10 cm × 10 cm,
we had 50 strands oriented in the direction of the tensile test (longitudinal direction) and 33 strands
in transversal direction. The second type of fabric, symbolized by “B”, is presented in Figure 2b,
the characteristic mass of this fabric being 350 g/cm3. In this type of fabric, on a surface of
10 cm × 10 cm, we had 62 strands oriented in the direction of the tensile test (longitudinal direction)
and 28 strands in transversal direction. The plates obtained had five layers of fabric. In the plates
considered as ideal, all five layers are continuous, without interruption. To identify the studied
composite materials, we use symbols made of one letter and two digits. The letter may be “A” or
“B”, depending on the type of fabric used. The first digit is 0, 1, or 2 and represents the number of
interrupted layers. For instance, A24 stands for composite material with a reinforcement of the type
“A” fabric, with two interrupted layers and the interruption length of the layers of four centimeters.

Figure 2. Hemp fabric: (a) type “A”; (b) type “B”.

The hemp fiber properties are (see [37,50,59]): 1.4–1.5 g/cm3 density, 30–60 GPa modulus of
elasticity, 310–750 MPa breaking load, 2–4% elongation at break.

We produced sets of 10 samples that were 250 mm long and 25 mm wide. These sizes are
employed in the tensile tests performed according to ASTM D3039 (see [60]).

In Table 1 we present details about manufactured samples.

Table 1. Details about the manufactured samples.

Abbreviation The Total Number Number of Layers Length of Number of
Sample of Layers of Reinforcement Interrupted Interruption Samples Tested

[mm]

A00 5 0 0 10
A10 5 1 0 10
A12 5 1 20 10
A14 5 1 40 10
A20 5 2 0 10
A22 5 2 20 10
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Table 1. Cont.

Abbreviation The Total Number Number of Layers Length of Number of
Sample of Layers of Reinforcement Interrupted Interruption Samples Tested

[mm]

A24 5 2 40 10
B00 5 0 0 10
B10 5 1 0 10
B12 5 1 20 10
B14 5 1 40 10
B20 5 2 0 10
B22 5 2 20 10
B24 5 2 40 10

2.2. Theoretical Considerations

We have a straight bar, with the length l, square section, width b and thickness h, made of n layers
of composite materials of constant thickness. A reference system is attached to the bar, with the axis
Ox along the bar. The bar is submitted to a tensile test along the Ox axis. We accept that a plane and
normal section on the Ox axis before the stress stays plane and normal on this axis throughout the test.

In this hypothesis, the characteristic deformation along the bar depends only on the abscissa x,
thus ε = ε (x).

The normal tension in layer k in the section of the abscissa x is (see [14]):

σk (x) = Ek (x) · ε (x) , (1)

where Ek (x) is the elasticity modulus of the layer k in the section of the abscissa x.
The tension resultant in the section of the abscissa x is the traction force to which the bar

is submitted:

F =
∫∫
(S)

σ (x) dS = b
n

∑
k=1

hkEk (x) · ε (x) , (2)

where hk is the thickness of the layer k.
The average modulus of elasticity of the bar can be determined by the ratio:

Emed =
F · l

Δl · A
=

l

h
l∫

0

1
n
∑

k=1
hkEk(x)

dx

. (3)

If in a layer k, in the section of the abscissa x, its breaking load reaches σ
(k)
r (x), then it breaks

and a first bar damage occurs. After the break of the first layer, the efforts are taken over by the other
layers, causing a tension change in the layers. Thus, there are two scenarios for the break mechanism.
The first presupposes that the breaking load is reached in other layers too, hence their concatenation
and the bar break without any increase in the stress force. The second presupposes that after the
redistribution of the tensions in the layers the breaking load is not reached in any of the remaining
layers. In this case, the stress force may increase, leading to tension increase until the tensile strength
is reached in one of the remaining layers, repeating the break phenomenon. The breaking load of
the bar, marked by σr, is considered to be the average tension in the bar section at the moment when
the concatenated break and the bar destruction occur. Since Hooke’s law stipulates proportionality
between tensions and characteristic deformations, the highest tensions appear in the sections where
the characteristic deformations are maximal. These arise in the points where the bar section rigidity
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is minimal. In practice, the break can be considered to occur at the strands in the area where the bar
section rigidity is minimal.

We have two bar types. The first type, called ideal, is made of layers that do not show property
variations along the bar. In this type of bar, the volume proportion and the reinforcement orientation,
for each layer, is considered to be the same in any section of the bar. The second bar type is considered to
have layers where, between certain sections, the reinforcement is removed and the resin remains alone.

The second type of bars can be regarded as bars with different non-uniformities occurring because
of the defects that appear during the technological process of bar making. We define the following
factors characterizing quality:

- the elasticity factor

fE =
E

Eideal
, (4)

where E is the elasticity modulus of the analyzed sample and Eideal is the elasticity modulus of
the material considered to be ideal, without uniformities;

- the resistance factor
fσ =

σr

σr ideal
, (5)

where σr is the tensile strength of the analyzed sample material and σr ideal is the tensile strength
of the material considered as ideal, without non-uniformities;

- the uniformity factor

fu =
fσ

fE
. (6)

These three factors give information on the properties of the analyzed sample material, properties
that are compared to those of the reference material, which is considered ideal. The decrease in the
elasticity factor shows the decrease in the modulus of elasticity and the decrease of the resistance
factor shows the decrease in the tensile strength of the analyzed materials. The decrease in the
roughness factor shows the presence of some areas in the material with discontinuities of the
mechanical properties.

A particular case is that of the samples with length l, made of n layers, in which at (n − k) layers,
which are identical, the reinforcement has the same proportion and orientation along the whole length,
and at k layers, between two sections situated at a distance l0, the reinforcement is removed and
replaced by resin. In this case, the elasticity factor and the resistance factor are expressed by:

fE =

[
1 − l0

l
+

l0
l

1
1 − k

n + k
n

Er
Es

]−1

, (7)

fσ = 1 − k
n
+

k
n

Er

Es
, (8)

where Es is the elasticity modulus of a layer without discontinuities and Er is the elasticity modulus of
the resin replacing the removed reinforcement.

3. Experimental Determinations

The obtained samples were submitted to a tensile test, which was performed according to the
ASTM D3039 provisions (see [60]). We used the testing machine for mechanical trials LLOYD LRX
PLUS SERIES (the manufacturer’s data [61]) with the following features:

- force range: 5 kN;
- travel: 1 to 735 mm;
- crosshead speed: 0.1 to 1020 mm/min;
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- analysis software: NEXYGEN.

Figure 3 presents the installation for a hybrid resin sample tensile test.

Figure 3. The tensile test assemblage of a sample from the hybrid resin.

Figure 4 shows the characteristic curve of a Dammar-based resin sample. The experimental results
for the set of hybrid resin samples are:

- tensile strength: 21–22 MPa;
- elongation at break: 1.95–2.20%;
- modulus of elasticity: 1130–1220 MPa.

Figure 4. The characteristic curve of a Dammar-based resin sample.

The samples made of hemp-reinforced composite materials were also subject to tensile testing.
Figures 5–7 show the characteristic curves of the composite materials reinforced by type “A”

fabric.
Figure 5 presents the characteristic curve for a sample reinforced with hemp fabric of type “A”

without reinforcement-interrupted layers.

Figure 5. The characteristic curve for a sample A00.

Figure 6 presents the characteristic curves for samples reinforced with hemp fabric of type “A”
which have an interrupted layer of reinforcement.
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(a) A10 (b) A12 (c) A14

Figure 6. The characteristic curve for a sample: (a) A10; (b) A12; (c) A14.

Figure 7 presents the characteristic curves for samples reinforced with hemp fabric of type “A”
which have two interrupted layers of reinforcement.

(a) A20 (b) A22 (c) A24

Figure 7. The characteristic curve for a sample: (a) A20; (b) A22; (c) A24.

For every sample reinforced with type “A” hemp fabric, we give the below (Table 2) the lower
and upper values (arithmetical average value and deviation value) for the elasticity modulus, tensile
strength, and elongation at break. We have not made a statistical analysis for those values simply
because all the outcomes are strictly related to samples in the study. The mechanical properties of hemp
fibers come under many influences, so a statistical analysis in this case would have not been relevant.

Table 2. Type “A” hemp fabric reinforced samples: lower and upper values (arithmetical average value
and deviation value) for the elasticity modulus, tensile strength, and elongation at break.

Abbreviation Sample Modulus of Elasticity Tensile Strength Elongation at Break
E [MPa] Rm [MPa] A [%]

A00 4473–4622 (4547 ± 75) 55–57 (56 ± 1) 2.24–2.29 (2.27 ± 0.03)
A10 4440–4618 (4529 ± 89) 47–48 (47.5 ± 0.5) 1.89–1.95 (1.92 ± 0.03)
A12 4326–4445 (4386 ± 60) 47–48 (47.5 ± 0.5) 1.96–2.02 (1.99 ± 0.03)
A14 4090–4209 (4150 ± 60) 46–48 (47 ± 1) 2.08–2.16 (2.12 ± 0.04)
A20 4421–4573 (4497 ± 76) 40–41 (40.5 ± 0.5) 1.56–1.62 (1.59 ± 0.03)
A22 4062–4199 (4131 ± 68) 39–41 (40 ± 1) 1.71–1.77 (1.74 ± 0.03)
A24 3692–3790 (3741 ± 49) 38–40 (39 ± 1) 1.87–1.93 (1.90 ± 0.03)

Figures 8–10 present the characteristic curves of the composite materials reinforced by type
“B” fabric.

The Figure 8 shows the characteristic curve for a sample reinforced with hemp fabric of type “B”
without reinforcement-interrupted layers.
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Figure 8. The characteristic curve for a sample B00.

Figure 9 presents the characteristic curves for samples reinforced with hemp fabric of type “B”
which have an interrupted layer of reinforcement.

(a) B10 (b) B12 (c) B14

Figure 9. The characteristic curve for a sample: (a) B10; (b) B12; (c) B14.

Figure 10 presents the characteristic curves for samples reinforced with hemp fabric of type “B”
which have two interrupted layers of reinforcement.

(a) B20 (b) B22 (c) B24

Figure 10. The characteristic curve for a sample: (a) B20; (b) B22; (c) B24.

For every sample reinforced with type “B” hemp fabric, we give, in the below (Table 3), the lower
and upper values (arithmetical average value and deviation value) for the elasticity modulus, tensile
strength, and elongation at break.

Table 3. Type “B” hemp fabric reinforced samples: lower and upper values (arithmetical average value
and deviation value) for the elasticity modulus, tensile strength, and elongation at break.

Abbreviation Sample Modulus of Elasticity Tensile Strength Elongation at Break
E [MPa] Rm [MPa] A [%]

B00 6580–6654 (6617 ± 37) 74–76 (75 ± 1) 2.02–2.10 (2.06 ± 0.04)
B10 6528–6610 (6569 ± 41) 62–64 (63 ± 1) 1.60–1.66 (1.63 ± 0.03)
B12 6094–6226 (6160 ± 66) 62–64 (63 ± 1) 1.70–1.74 (1.72 ± 0.02)
B14 5872–5989 (5930 ± 58) 61–64 (62.5 ± 1.5) 1.86–1.92 (1.89 ± 0.03)
B20 6568–6640 (6604 ± 36) 51–53 (52 ± 1) 1.21–1.29 (1.25 ± 0.04)
B22 5770–5899 (5834 ± 64) 50–54 (52 ± 2) 1.44–1.48 (1.46 ± 0.02)
B24 5257–5363 (5310 ± 53) 50–53 (51.5 ± 1.5) 1.72–1.82 (1.77 ± 0.05)
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4. Conclusions

The presence of areas with low mechanical properties in composite materials can lead to
alteration in the overall properties of the composite materials. Meanwhile, industrial finished products
with variable mechanical properties can be obtained that have a mechanically controlled behavior.
Specifically, materials can be obtained that should yield to certain applications, and the breakage
should occur in areas particularly chosen from the design.

For all the specimens, which have one or two interrupted layers, both the modulus of elasticity
and the breaking resistance are proportional to the modulus of elasticity and the tensile strength
of the materials considered as ideal. Thus, the ratio of the average modulus of elasticity of the
A00-abbreviated specimens and the average modulus of elasticity of the B00-abbreviated specimens is
0.687. Similar values are obtained for the ratios between the modules of elasticity to the composite
materials reinforced with hemp weaving “A” and the modules of elasticity to the composite materials
reinforced with hemp weaving “B” (ratios are calculated between the modules of elasticity of the
specimens with the same number of interrupted layers and the same length of the discontinued area).
The ratio of the average breaking strength of the A00-abbreviated specimens and the average breaking
strength of the B00-abbreviated specimens is 0.747. Similar values are obtained for the ratios of the
tensile stress for composites reinforced with woven hemp type “A” and the tensile stress for composites
reinforced with woven hemp type “B” (ratios are calculated between the modules of elasticity of the
specimens with the same number of interrupted layers and the same length of the discontinued area).

It is noted that both the elastic modulus and the tensile stress decreased to increase the number of
discontinued layers. Tensile strength decreases to increase the number of interrupted layers regardless
of length of the interruption zone. The modules of elasticity for the specimens to the length of the
discontinued zone is zero (interrupted layers have the reinforced sectioned in place), and are close
to the modules of elasticity of the reference specimens that were considered ideal. For the test pieces
with interrupted zone length of 20 mm or 40 mm, the modulus of elasticity decreases to increase the
number of discontinued layers. In addition, the modulus of elasticity decreases to increase the length
of the interrupted area. A particular trend is found for the elongation at breaking. Both for composite
materials reinforced with hemp type “A” and those reinforced with hemp type “B” of the reference
specimens (indicated A00 and B00) present the highest breaking elongation. Increasing the number
of interrupted layers leads to a decrease of breaking elongation. However, for specimens with the
same number of interrupted layers, the breaking elongation increases to increase the length of the
discontinued area.

Therefore, the studied composite bars properties depend on:

- the properties of the component materials (modulus of elasticity Es and the tensile strength σ
(s)
r ,

of the reference material, respectively modulus of elasticity Er of the matrix);
- number of interrupted layers (the ratio k

n between the number of interrupted layers and the total
number of layers);

- the interruption length of the layers (the ratio l0
l between the interruption length and the

bar length).

We believe that the reference values of the elasticity modulus and tensile strength of the materials
considered as ideal are the average values of the limits between which these sizes vary in samples with
all their layers without discontinuities (see Tables 2 and 3). For type-A00 samples the reference value
of the elasticity modulus is 4547 MPa and the tensile strength is 56 MPa. For type-B00 samples the
reference value of the elasticity modulus is 6617 MPa and the tensile strength is 75 MPa. We notice that
both the elasticity modulus and the tensile strength of the composites reinforced by type “B” fabric
have significantly higher values than those of the composites reinforced by type “A” fabric. This can be
explained by the different number of strands oriented in the direction of the tensile test (50 for type “A”
fabric and 62 for type “B” fabric). The fact that the elasticity modulus of the samples in the reference
sets is in correlation with the elasticity modules of the fabrics used for reinforcing, and with the number

138



Materials 2019, 12, 1232

of fibers oriented in the direction of the stress, shows that the longitudinal modulus of elasticity of
the composite material is proportional to the modulus of elasticity of the reinforcing material and its
volume proportion, just as in classic mixture theory.

Calculating, in a similar way, the reference values of the elasticity modulus and tensile strength
for each of the analyzed sample sets, the presented quality factors can be determined.

Table 4 shows these quality factors for the sample sets reinforced by type “A” fabric and in Table 5
for type “B” fabric.

Table 4. Quality factors for composites reinforced by type “A” fabric.

Sample Type Elasticity Factor Resistance Factor Uniformity Factor
fE fσ fu

Theoretical Experimental Theoretical Experimental Theoretical Experimental

A10 1 0.991 0.853 0.848 0.853 0.855
A12 0.967 0.959 0.853 0.848 0.883 0.884
A14 0.936 0.908 0.853 0.839 0.912 0.924
A20 1 0.984 0.707 0.723 0.707 0.735
A22 0.923 0.903 0.707 0.714 0.765 0.790
A24 0.858 0.818 0.707 0.696 0.824 0.851

Table 5. Quality factors for composites reinforced by type “B” fabric.

Sample Type Elasticity Factor Resistance Factor Uniformity Factor
fE fσ fu

Theoretical Experimental Theoretical Experimental Theoretical Experimental

B10 1 0.993 0.836 0.840 0.836 0.846
B12 0.962 0.931 0.836 0.840 0.869 0.902
B14 0.927 0.896 0.836 0.833 0.902 0.929
B20 1 0.998 0.673 0.693 0.673 0.694
B22 0.911 0.882 0.673 0.693 0.738 0.785
B24 0.837 0.802 0.673 0.687 0.804 0.856

Analyzing Tables 4 and 5 leads us to the following conclusions:

- the elasticity factor decreases if the number of interrupted layers increases; this shows that if the
number of layers with interruptions increases, the elasticity modulus of the composite decreases;

- the elasticity factor decreases if the layer interruption length increases; this shows that if the
length of the area where resin replaces reinforcement increases, then the elasticity modulus of the
composite decreases;

- the resistance factor decreases if the number of interrupted layers increases; therefore, the tensile
strength decreases if the number of interrupted layers increases;

- the resistance factor is not influenced by the layer interruption length; this shows that breaking
can occur when the fibers in the area where the bar section rigidity minimal break up;

- the uniformity factor decreases if the number of interrupted layers increases;
- the uniformity factor increases if the layer interruption length increases.

5. Discussion

Three factors give information on the properties of the analyzed sample material, properties
that are compared to those of the reference material, which is considered to be ideal. Values close
to 1 for the three factors point out that the analyzed material has properties that are very close to
those of the reference material. A decrease in the values of the three factors indicates the presence of
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manufacture defects or that the analyzed material is different from the reference material. A value
of less than 1 of the resistance factor shows that there are areas in the material where the mechanical
properties are inferior to those of the reference material. In the case of composite materials, it indicates
that there are areas where either the reinforcement volume proportion is lower than necessary, or the
reinforcement orientation does not coincide with that of the reference material. A value less than
1 of the elasticity factor may give information on the dimensions of the area where the mechanical
properties are inferior to those of the reference material. The lower the elasticity factor, the larger the
faulty area dimensions. If the elasticity factor is 1 and the resistance factor is less than 1, there is a
concentrated defect in the analyzed material. The uniformity factor characterizes the uniformity of the
analyzed material. Decreased values of this factor point out the existence in the material of certain
areas where the mechanical properties differ very much. There might be a case when the resistance
factor and the elasticity factor have values less than 1, be very close, or a case in which the uniformity
factor is near to the value 1. This shows that the analyzed material is uniform and so different from the
reference material that it is actually a different material and not the faulty reference material. In the
case of composites, this situation may indicate that the analyzed material has reinforcing material
proportions, resin specifically, different from those of the reference material.
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Nomenclature

fE the elasticity factor
fσ the resistance factor
fu the uniformity factor
E the elasticity modulus of analyzed sample
Eideal the elasticity modulus of the material considered to be ideal, without non-uniformities
Es the elasticity modulus of a layer without discontinuities
Er the elasticity modulus of the resin
Ek(x) the elasticity modulus of the layer k in the section of the abscissa x
σr the tensile strength of the analyzed sample material

σ
(s)
r the tensile strength of the reference material

σk(x) the normal tension in layer k in the section of the abscissa x
σr ideal the tensile strength of the material considered as ideal, without non-uniformities
ε(x) the characteristic deformation in layer k in the section of the abscissa x
hk the thickness of the layer k
l the bar length
l0 the interruption length
b the bar width
h the bar thickness.
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Abstract: Natural fibre-reinforced poly(lactic acid) (PLA) laminates were prepared by a conventional
film stacking method from PLA films and natural fabrics with a cross ply layup of [0/90/0/90/0/90],
followed by hot compression. Natural fibre (NF) nano-hydroxyapatite (nHA) filled composites were
produced by the same manufacturing technique with matrix films that had varying concentrations
of nHA in the PLA. Their flammability, thermal, moisture absorption and mechanical properties
were analysed in terms of the amount of nHA. The flame behavior of neat PLA and composites
evaluated by the UL-94 test demonstrated that only the composite containing the highest quantity of
nHA (i.e., 40 wt% nHA in matrix) was found to achieve an FH-1 rating and exhibited no recorded
burn rate, whereas other composites obtained only an FH-3. The thermal degradation temperature
and mass residue were also observed, via thermogravimetric analysis, to increase when increasing
concentrations of nHA were added to the NF composite. The tensile strength, tensile modulus
and flexural modulus of the neat resin were found to increase significantly with the introduction
of flax fibre. Conversely, moisture absorption was found to increase and mechanical properties
to decrease with both the presence of NF and increasing concentrations of nHA, and subsequent
mechanical properties experienced an obvious reduction.

Keywords: poly(lactic acid) (PLA); natural fibre (NF); nano-hydroxyapatite (nHA); flammability;
mechanical properties

1. Introduction

Polymeric thermosets such as vinyl ester, unsaturated polyester and epoxy are chosen for most
composites due to their resistance to chemicals, hydrophobicity and suitable mechanical performances.
However, thermoplastic matrices have recently gained significant attention in production industries
such as construction, automotive and packaging. Bio-based polymers such as thermoplastic starch,
poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) can be substituted for polyethylene,
polystyrene or polypropylene. Petroleum based polymers can be replaced with some bio-based
counterparts to deal with disposal issues and problems of diminishing fossil fuel stocks. For many
applications where mechanical recycling is an issue, biodegradable polymers are of great interest,
as they can be made to be biodegradable and compostable [1]. PLA, amongst other bio-based polymers,
possesses relatively high crystallinity, melting point and stiffness, which demonstrates a greater
commercial potential [2,3]. However, for engineering applications, in order to obtain the required
mechanical performance, this type of polymer must be reinforced.
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Recent regulations on the recyclability of materials and environmental requirements compel
manufacturers and research institutions to develop composites from renewable sources. Plant fibres
(PF) i.e., flax, ramie, jute, hemp and sisal are biodegradable, renewable and economical to use, have high
specific modulus and strength, and have low density [4–6]. PFs possess approximately 40% lower
density than glass fibres, which leads to the manufacturing of lighter components than polymeric
parts reinforced with glass fibres [7,8]. This is crucial for applications related to transportation
resulting in reduced emissions and enhanced fuel efficiency [9]. Therefore, the eco-advantages
and the reduced mass of these materials make them competitive with synthetic fibre-reinforced
composites. However, biocomposites are considered flammable when compared with the traditional
fibre-reinforced plastics e.g., carbon and glass fibre composites. Therefore, bio-based composites are
more flammable than the traditional composites. This limits the usage of biocomposites in applications
where the fire regulations are stringent, for instance the aviation and railway industries [10].
The enhancement of fire and thermal resistivity of biocomposites (e.g., PLA-based biocomposites)
is required even for less stringent industries like automotive and packaging.

Inorganic fillers such as silica nanoparticles at high concentration were used to impart high
thermal stability to the cellulose-based composites, as obtained from thermogravimetric analysis
(TGA) [11]. Nano-clay was also used in a different study to improve the thermal stability and flame
retardancy of natural fibre polymer composites [12]. In another investigation, the incorporation
of halloysite nanotubes into natural fibre polymeric composites was reported [13]. The thermal
degradation temperature was observed to enhance with the incorporation of these nano-fillers.
Except for the nano-inorganic additives mentioned, the thermal properties and flame retardancy of
natural fibre-reinforced plastics has been improved by the inclusion of various flame-retardants (FRs)
into polymers. For instance, the introduction of 3–7 wt% of expandable graphite (EG) [10] and 5–15 wt%
ammonium polyphosphate (APP) [6] into 20 wt% natural fibre-reinforced polymer provided 0 s drip
flame time from a vertical Bunsen burner test, reduced gross heat of combustion as obtained from bomb
calorimeter and increased the mass residue from thermogravimetric analysis. However, the addition
of these fillers was observed to reduce the mechanical performance of the FR-filled composites. This is
because high concentrations of inorganic additive, especially compared to organic fillers, are necessary
to impart fire resistivity into composites [14]. The high concentrations lead to the embrittlement
and deterioration of the mechanical performance of composites.

Nano hydroxyapatite (nHA), Ca10(PO4)6(OH)2, is an inorganic bio-filler that has medical
applications and is the main calcium phosphate phase present in bone. nHA does not present high
strength, which makes it unfit for load-bearing applications [15]. Akindoyo et al. [15] showed that
addition of 10 wt% nHA into PLA enhanced the content of mass residue from 0.35% to 6.17% at 750 ◦C
from thermogravimetric analysis. This demonstrates higher thermal performance of nHA than
PLA as inclusion of nHA can result in enhanced char residue.

To the best of the authors’ knowledge, few literature studies have reported the improved thermal
performance of PLA with the addition of nHA [5,16], and no investigation has highlighted the enhanced
flame resistivity and char formation of natural fibre PLA laminates with the inclusion of nHA particles.
The water absorption and mechanical behavior of natural fibre-reinforced PLA composites containing
nHA additives have also not been reported thus far. The composites were made of fully green
materials i.e., bio-based polymer, natural fibre and bio-filler to produce an environmentally friendly
composite. In this research, 100% biodegradable composites were developed using various loadings of
nHA and these nano-composites were compared with neat PLA and flax fibre-reinforced laminate.
The aim of this study was to utilize the good thermal properties of nHA to develop flax fabric
PLA composites with improved flame retardancy and thermal resistivity. The formulations produced
were investigated based on flammability, thermal, mechanical and water absorption behaviors.
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2. Materials and Methods

2.1. Materials

Unidirectional flax fabrics were purchased from Easy Composites Ltd (Stoke-on-Trent UK)
and had the mass over area and density of 150 g/m2 and 1.5 g/m3, respectively. Nano-hydroxyapatite
(nHA), Ca10(PO4)6(OH)2 ≥ 99.5%, was supplied by Yunduan New Materials, Weifang, China.
The particle size was less than 40 nm, had the density of 3.16 g/cm3 and had pH of 7.41. The mass loss
after drying was 0.59% and mass loss after burning was 2.59%. The poly (lactic acid) (PLA, IngeoTM

bio-based polymer PLA3251D) was provided by NatureWorks LLC (Minnetonka, MN, USA) and had
the specific gravity of 1.24 g/cm3.

2.2. Processing

The nanocomposites were compounded using an internal mixer. The PLA along with nHA was
compounded at 190 ◦C for 20 min at a mixing speed of 200 rpm. The quantity of nHA was prepared
at 20 wt%, 30 wt% and 40 wt% in PLA matrix. The compounding materials (PLA/nHA) and pure
PLA were pressed using a hot press machine to produce films to be used as the matrix. The films with
a thickness of roughly 0.3 mm were produced using an XLB50 ( flat vulcanization press (YueQing TOPS
machinery CO., Ltd, Shanghai, China) at a pressure of 3 MPa for the period of 10 min at the temperature
of 190 ◦C. The PLA and PLA/nHA films were cold pressed for 2 min, immediately after removal from
the hot press. It is worth noting that the PLA, nHA and films were kept in a convectional laboratory
oven for 24 h at 50 ◦C before any stage of processing and the flax fabrics were kept in an oven at 80 ◦C
prior to the hot compression.

Composites were produced by a conventional film-stacking method, which is constructed by adding
alternating layers of matrix film and plant fabric. The cross-ply of [0/90/0/90/0/90] was utilized to
produce the laminates. The prepared films and flax fabric were hot pressed into 280 × 160 × 2 mm3

plates using the same hydraulic hot press set at a pressure of 5 bar for 10 min at 190 ◦C for consolidation,
and subsequently the composite plates were cold pressed to room temperature for 2 min. The prepared
composites were named CPLA (control), CN20, CN30 and CN40. CPLA was made of flax fabric and PLA,
and the number in front of CN20, CN30 and CN40 (nano-composites) denotes the amount of nHA in
the matrix. The CPLA and nano-composites contained 30% fibre volume fraction. Neat PLA was also
fabricated for comparison purposes.

2.3. Flammability Test

The flame behaviours of the PLA, control and composite laminates were examined using the UL-94
test in accordance with ISO 1210 [17]. The samples were placed horizontally and the burn rate of each
sample in the horizontal orientation was reported. The sample is classified as FH-1 if the combustion
front does not pass the 25 mm mark. It is categorized as FH-2 if the combustion front passes the 25 mm
mark, but does not pass the 100 mm mark. The burnt length is added to the classification designation.
It is classified as FH-3 if combustion front passes the 100 mm mark and the rate of burning does
not exceed 75 mm/min for samples measuring a thickness < 3 mm. If the rate of burning surpasses
the mentioned value, it is categorized as FH-4. If the flame does not continue after the initial mark,
which is 25 mm from the end of specimen, the burn rate is denoted “not applicable” (NA).

2.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted on a TA instrument (SDT Q600)
(New Castle, DE, USA, 2016) to investigate the thermal stability of the composites. The samples
of approximately 20 mg were placed in a platinum crucible and were heated from 30 ◦C to 600 ◦C
in a nitrogen environment. The flow rate and ramping rate were set to 50 mL/min and 20 ◦C/min,
respectively. The corresponding TGA and differential thermal gravimetry (DTG) were obtained
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2.5. Differential Scanning Calorimeter (DSC) Test

The differential scanning calorimeter (DSC) test was conducted on a TA machine. (SDT Q20)
(New Castle, DE, USA, 2016). Samples weighing 17–19 mg were heated from room temperature (25 ◦C)
to 200 ◦C at a ramping rate of 10 ◦C/min with a nitrogen flow rate of 50 mL/min. The same heating
rate and flow rate were used to cool down the samples to the room temperature. The crystallinity of
PLA based matrix was obtained using the Equation (1) [18] below:

XDSC% =
ΔHm − ΔHc

ΔH
◦
m

× 100
w

(1)

where ΔHm is the melting enthalpy, ΔHc is the enthalpy of cold crystallization, ΔH
◦
m is 93.7 J/g for

pure crystalline PLA and w is the mass fraction of the PLA-based matrix.

2.6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM, ZEISS Sigma/VP SEM) (ZEISS IGMA/VF, Jena, Germany, 2012)
was used to investigate the morphological structure of fractured surfaces of composites after tensile
experiments with an acceleration voltage of 5 kV. A Leica EM SCD 500 high vacuum Sputter Coater
(Lecia Microsystems, Prague, Czech Republic, 2012) was employed to gold coat the fracture surfaces
with the plasma exposition of 60 s prior to scanning.

2.7. Tensile Test

The tensile test was carried out on dog bone specimens prepared according to EN ISO 527-4 [19],
using an MTS EXCEED E45 universal tester (MTS Systems Corporation, Shanghai, China 2016).
The specimens were conditioned at 50% relative humidity and 23 ◦C prior to the testing at the crosshead
speed of 1 mm/min. The extensometers were used in the middle of gauge length. The average results
of five specimens were recorded for the tensile strength, tensile modulus and elongation at break.

2.8. Flexural Test

The bending test was conducted according to EN ISO 14125 [20] on an MTS ECCEED E42 universal
tester (MTS Systems Corporation, Shanghai, China) at a speed of 0.5 mm/min. The specimens
measured 60 mm × 15 mm × 2 mm with the span length of 40 mm and were preconditioned
the environmental method mentioned in the previous test. The flexural strength and modulus were
recorded as an average of the five specimens.

2.9. Water Absorption Test

The water absorption test was conducted for all the formulations in accordance with EN ISO
62:2008 [21]. Prior to the test, the samples were conditioned at room temperature with 50% relative
humidity after being dried in an oven for 72 h at 40 ◦C. The specimens were then soaked in two different
containers filled with distilled water at the temperatures of 25 ◦C and 60 ◦C. The amount of moisture
absorption was measured per 24 h for 14 days. m0 is the mass of test sample after initial drying
and before immersion, and m is the mass of test sample after immersion and final drying. The average
mass gain of three test samples for each formulation was calculated and reported. The mass gain (c) is
the percentage change in mass relative to the initial mass and is calculated using the Equation (2):

c =
m − m0

m0
× 100% (2)
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3. Results

3.1. Flammability of Poly(lactic Acid) (PLA), Control and Nano-Hydroxyapatite (nHA)-Filled Composites

The UL-94 results are displayed based on the rate of burning and rating in Table 1. The PLA sample
burned continuously until its burn length reached 31 mm and sample drips fell on the chamber bed.
For the Control, CN20 and CN30, the UL-94 rating was FH-3, indicating the complete combustion
of these composites. The burn rates were recorded 20, 19.6 and 17.7 mm/min, respectively, and no
dripping was observed. This demonstrates that increasing volumes of nHA enhanced the flame
retardancy. Further addition of nHA (CN40) improved the fire resistivity significantly by providing
self-extinguishing performance and no burn rate. This is due to the formation of a more thermally
stable char in the respective sample, thereby acting as an effective barrier, shielding the underlying
materials from the flame zone and heat. PLA undergoes thermal decomposition via a hydroxyl
end-initiated ester interchange process and chain hemolysis creating lactide, oligomers, carbon dioxide,
carbon monoxide and acetaldehyde [19], and fillers that can act as flame-retardants are capable of
transforming its decomposition pathway to produce char and decrease the formation of combustible
products [22,23].

Table 1. UL-94 results of poly(lactic acid) (PLA), Control and nano-hydroxyapatite (nHA) filled
composite laminates.

Sample Burn Rate (mm/min) UL 94 Rating

PLA NA FH-2-31 mm
CPLA 20 FH-3
CN20 19.6 FH-3
CN30 17.7 FH-3
CN40 NA FH-1

3.2. Thermal Studies

The thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA)
curves of the composite samples are shown in Figures 1 and 2. The degradation temperatures,
mass residue and mass loss rate of the samples were determined. The TGA curve displayed one
decomposition step for all formulations and that the main decomposition took place between 300 ◦C
and 400 ◦C. It is worth noting that bio-fibres consist of hemicellulose, lignin and cellulose, and their
pyrolysis takes place at different temperature ranges of approximately 160–900 ◦C, 220–315 ◦C
and 315–400 ◦C for lignin, hemicellulose and cellulose, respectively [24,25]. The temperatures at 5%
mass loss (T5%) of PLA, CPLA and nanocomposites were approximately 328 ◦C, 304 ◦C and 290 ◦C,
and the degradation temperatures (Td), obtained from the peak of DTGA curves, were about 373 ◦C,
361 ◦C and 372 ◦C, respectively. This demonstrates that the T5% and Td of CPLA and nHA filled
composites are lower than those of PLA, which can be explained by a higher destabilization of PLA in
the composites. Amongst the composites, the Td improved with the addition of nHA relative to that
of the Control and revealed nearly the same value as neat PLA. It was reported that electrostatic
attraction between the polymeric carboxylate group and CA2+ of nHA ions affect the interfacial
bonding in composites containing nHA [26]. The maximum rates of thermal degradation (Figure 2)
were measured 2.88, 1.94, 1.91, 1.7 and 1.67 %/◦C for PLA, CPLA, CN20, CN30 and CN40, respectively,
suggesting that both the natural fibre and nHA contributed to the reduction in the decomposition
rate. The mass residues at 600 ◦C (Figure 1) were 1.85%, 8.14%, 16.97%, 22.70% and 30.84% for PLA,
CPLA, CN20, CN30 and CN40, respectively. The inclusion of natural fibres was observed to improve
the mass reside by about 340 % relative to that of neat PLA, and introduction of 40 wt% nHA into
the matrix was found to increase the residue by 279% compared to that of CPLA. This enhancement in
the increased char residue is in accordance with flammability test, which resulted in the formation of
thermally resistive char on the surface of CN40 and subsequent protection of the bulk of the substrate.
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Figure 1. Thermogravimetric analysis (TGA) curves of PLA, control and nanocomposites.

Figure 2. Differential thermogravimetric analysis (DTGA) curves of PLA, control and nanocomposites.

3.3. Crystallization and Melting Properties

The DSC thermograms of CPLA, PLA and CN40 from the heating run are displayed in Figure 3.
The glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm),
crystallization enthalpy (ΔHc), melting enthalpy (ΔHm) and degree of crystallinity (XDSC) obtained are
shown in Table 2. The addition of natural fibres was observed to show an increase in Tg compared
to that of PLA. This observation displays that an increased Tg consequently indicates a change from
flexible and soft behaviors to tough and hard properties [27]. The inclusion of nHA slightly decreased
the Tg, indicating improved polymer chain mobility. The crystallinity and Tc of CPLA decreased
by 12 ◦C after incorporation of fibres, which implies that the natural fibres hinder the diffusion
and migration of molecular chains of PLA to the nucleus surface in CPLA. As expected, the addition of
nHA was observed to further reduce the Tc by approximately 13%, signifying a faster crystallization of
the nanocomposites. This can be ascribed to nHA acting as sites of nucleation, leading to heterogeneous
nucleation within the PLA [28]. A similar increase in Tg (by approximately. 2 ◦C) and reduction in Tc

(by about 14 ◦C) was obtained after the addition of talc fibre into the PLA [29]. For the last transition,
the formation of a smaller second peak is due to the presence of NFs in the PLA which influenced
the overall melting behavior of the composites. This suggests the presence of two different types of
crystal [30]. Inducing heterogeneous nucleation due to the introduction of nHA can also contribute
to the higher Tm. This is attributed to the creation of less perfect crystals, which would usually melt
at greater temperatures than more perfect crystals [15].
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Figure 3. Differential scanning calorimeter (DSC) thermograms of PLA, control (CPLA) and CN40.

Table 2. The Tg, Tc, Tm, ΔHc, ΔHm and XDSC obtained from DSC test.

Samples Tg (◦C) Tc (◦C) Tm (◦C) ΔHc (J/g) ΔHm (J/g) XDSC (%)

PLA 57 118 150 6.02 9.04 4.95
CPLA 59 106 148 17.47 18.41 1.54
CN40 56 92 151 13.83 15.04 1.98

3.4. Morphological Properties

The fracture surface of the control and composites containing nHA particles were scanned
after tensile tests were performed, as illustrated in Figure 4. As observed from Figure 4a, no fibre
pull-out or obvious evidence of poor interfacial bonding in the flax fibre-reinforced PLA can be seen.
The red and yellow arrows highlight the flax fibres and PLA matrix in the composite, respectively.
The impact of the inclusion of nHA fillers in the composite laminates (CN20, CN30 and CN40)
can be observed in their breaking behavior, as shown in Figure 4b–d. A smooth fracture surface
was observed in the matrix of CPLA, whereas a rough fracture surface was obtained in the matrix of
the nanocomposites. Incorporation of 20 wt% nHA into the matrix was detected to be sufficient to
provide even dispersion of particles in the PLA-based matrix, as depicted in the red circles Figure 4b.
However, some fibre pull-out and fibre debonding were observed, indicating poor fibre/matrix
interfacial adhesion. As the amount of filler increased in the matrix, clear agglomeration was found in
the composite laminates ((Figure 4c,d), which is displayed in yellow circles. The agglomerated spots
can be points where stress concentration occurs, which can cause premature failure of the composites.
It has been stated [28] that well-distributed nHA filler in the PLA matrix can result in improved
mechanical performances.
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Figure 4. Scanning electron microscope (SEM) micrographs of the fracture surface of tensile tested
samples at 500× magnification. (a) CPLA, (b) CN20, (c) CN30 and (d) CN40.

3.5. Tensile Properties

The tensile properties of the PLA, control and nHA loaded laminates were studied and the results
are illustrated in Figure 5. The Young’s moduli of the PLA and Control were 5.1 GPa and 12.6 GPa,
the tensile strengths, 45 MPa and 50.7 MPa, and the elongation at break 4.5% and 2%, respectively.
As expected, reinforcing the PLA with 6 layers of flax fabric enhanced the tensile strength and modulus
by 13% and 146% compared to neat PLA, respectively, which is a significant improvement. This is
because tensile performance is primarily fibre-dependent and flax fibre has greater tensile properties
than those of neat PLA. Moreover, the observed enhancements in mechanical performance are
affected by good interfacial adhesion between matrix and fibre, as demonstrated in Figure 4a, leading
to better load transfer between fibre and matrix, and thereby improved mechanical performance.
However, after the addition of fabrics, the elongation at break experienced a reduction. As compared
to the control, the tensile properties decreased with the inclusion of nHA due to fibre pull-out and fibre
debonding. The reduction was substantial upon the addition of 30 wt% and 40 wt% nHA in the matrix,
which can be attributed to the low strength of nHA as revealed previously [26,31]. Its low strength
can be associated with the elimination of organic compounds during synthesis [15]. Another reason
could be the agglomeration of nHA in the matrix, as revealed by the SEM micrographs (Figure 4c,d),
which triggers an early failure.
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Figure 5. Tensile properties of PLA, control and nHA filled composites.

3.6. Flexural Properties

The flexural performances of the PLA, control and nHA loaded laminates were investigated,
and the results are displayed in Figure 6. Neat PLA had a flexural strength and modulus of 57.5 MPa
and 2.9 GPa, respectively, whereas the control showed a slightly lower bending strength of 54 MPa
and a significantly higher modulus of 9.1 GPa than those of neat PLA, indicating 212% improvement
in flexural modulus. As observed in Figure 6, both the flexural strength and the modulus reduced
with the increased nHA as compared to those of the control. For instance, for the highest amount
of nHA (CN40), the reduction in strength and modulus was 67% and 35%, respectively, relative to
those of the control. As mentioned in Section 3.5, the drop can be related to the low strength of
nHA, which occurred during its synthesis because of elimination of organic components. The second
reason for these reductions is the issue of nHA dispersion in the PLA matrix. Poor dispersion
results in agglomeration (Figure 4c,d) which affects the flexural properties as they are matrix
dependent. Significant agglomeration can result in unwanted premature failure at the interface
of PLA and nHA as well as ineffective load transfer.

Figure 6. Flexural properties of PLA, control and nHA filled composites.

3.7. Water Absorption Behaviors

The mass gain as a function of the immersion time (day) at 25 ◦C and 60 ◦C for the produced
composites is displayed in Figures 7 and 8. For PLA at room temperature (Figure 7), the mass
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gain occurred for two consecutive days and reached approximately 0.6% at the saturation point.
The mass remained almost constant for the following days. With the addition of natural fabric into
the PLA (CPLA composite), the mass gain increased up to 12 days resulting in a higher saturation
value of 8.9%. This is attributed to the hydrophilic nature of flax fibre due to the polar groups
e.g., carboxyl and hydroxyl groups. The results obtained are in agreement with another report [32],
suggesting that hydrophobic PLA demonstrates a lower tendency to absorb water than lignocellulosic
fabrics [33]. For CN20 and CN30, the mass gain continued for 10 days and reached 16.3% and 16.7%,
respectively. The saturation time for CN40 was 6 days with the mass gain of 19.8%. This proves
that addition of nHA fillers into the matrix increased the water absorption of flax fibre composites,
indicating poor interfacial adhesion between the fibres and matrix due to the inclusion of nano fillers,
as detected in SEM images (Figure 4), and demonstrated in mechanical analysis. This is because
increasing the concentration of nano fillers reduces the amount of PLA in the composite. As a result,
less matrix is available to adhere to the natural fibre, thereby exposing the fibres to the environment.
Therefore, the natural fibres absorbed more water due to their lack of adhesion to the PLA/nHA matrix.
In addition, nHA is a polar (hydrophilic) filler, which further increases the water absorption tendency.

The water absorption behavior of composites immersed in water at 60 ◦C is displayed in
Figure 8. The PLA reached the peak of its mass gain with the value of ca. 0.8% and it became
saturated rapidly after about one day. This shows higher amount of mass gain and shorter saturation
time as compared to those of PLA at room temperature. For CPLA, the mass gain increased for
around 11 days and its value was recorded at 10.4%. These results also show a higher mass
gain and shorter saturation relative to those of CPLA soaked at room temperature. After 11 days,
the mass of the samples started reducing slightly, which was due to the separation of tiny PLA pieces
as a result of disintegration of the water-soluble materials [32]. The CN20, CN30 and CN40 samples
saturated rapidly, after 4, 2 and 2 days, when compared to the saturation time obtained at room
temperature, respectively. The mass gain was higher for the samples with greater concentration of
nHA. These composites experienced a continuous mass loss after the peak of mass gain due to peeling
and degradation of the nHA/PLA samples. This could be due to the poor interfacial adhesion between
the nHA/PLA matrix and the flax fibre, thereby creating a higher surface area for degradation of
the matrix material. It is worth highlighting that more cracks were visibly be observed on the surface of
composites reinforced with flax fibre than neat PLA, and the cracks were more obvious for composites
containing higher concentrations of nHA.

Figure 7. Water absorption behavior of PLA, CPLA and nanocomposites at 23 ◦C.
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Figure 8. Water absorption behavior of PLA, CPLA and nanocomposites at 60 ◦C.

4. Conclusions

This research studied environmentally friendly biocomposites which were prepared using
hot compression with the incorporation of fully bio-sourced constituents (i.e., bio-filler,
NF and bio-thermoplastic). The study demonstrates the flame resistivity and thermal improvement of
nHA as an additive by preventing flame development in the composite specimen (CN40) and reducing
the burn rate as obtained via the UL-94 test study. It should also be noted that the mass residue was
enhanced by 279%, thermal decomposition temperature was improved slightly, and the mass loss
rate was reduced by approximately 14% upon the addition of the nanofillers determined by the initial
TGA investigation. The efficiencies were more pronounced in terms of flame retardancy and thermal
resistivity at higher concentrations of nHA particles. From the DSC analysis, it was found that
the degree of crystallinity reduced in CPLA when compared to that of neat PLA, and with the presence
of nHA additives in the composite, XDSC experienced an increase as compared to its value of CPLA.
The nHA particles, while imparting good thermal resistivity to the composite laminates, induced lower
mechanical properties at higher concentrations. This reduction could be attributed to the agglomeration
of the nHA particles within the matrix, in particular at higher concentrations, as well as increased
fibre pull-out/debonding upon nHA inclusion, based on morphological observations. The water
absorption increased with the addition of NF as well as nHA particles at both room temperature
and 60 ◦C, which is ascribed to the poor adhesion at the interface between nHA/PLA matrix
and flax fibres, as validated in the SEM micrograph, thereby enabling easier moisture absorption
of NFs in the composites. This is because there is less matrix available to coat the natural fibres,
which results in easy exposure to the environment. Furthermore, water absorption tendency increases
in the presence of inorganic fillers such as nHA. At higher temperature, the saturation time was
shortened remarkably for all the composites. In addition, the matrixof composite specimens started
to disintegrate throughout the test due to the hydrolytic degradation. Therefore, there must be
a compromise between the flame retardancy/thermal resistivity and mechanical/moisture absorption
behavior for these types of biocomposites.
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Abstract: Sodium alginate, a biopolymer extracted from brown algae, has shown great potential for
many applications, mainly due to its remarkable biocompatibility and biodegradability. To broaden its
fields of applications and improve material characteristics, the use of nanoreinforcements to prepare
nanocomposites with enhanced properties, such as carbonaceous structures which could improve
thermal and mechanical behavior and confer new functionalities, is being studied. In this work,
graphene oxide was obtained from graphite by using modified Hummers’ method and exfoliation was
assisted by sonication and centrifugation, and it was later used to prepare sodium alginate/graphene
oxide nanocomposites. The effect that different variables, during preparation of graphene oxide, have
on the final properties has been studied. Longer oxidation times showed higher degrees of oxidation
and thus larger amount of oxygen-containing groups in the structure, whereas longer sonication
times and higher centrifugation rates showed more exfoliated graphene sheets with lower sizes.
The addition of graphene oxide to a biopolymeric matrix was also studied, considering the effect of
processing and content of reinforcement on the material. Materials with reinforcement size-dependent
properties were observed, showing nanocomposites with large flake sizes, better thermal stability,
and more enhanced mechanical properties, reaching an improvement of 65.3% and 83.3% for tensile
strength and Young’s modulus, respectively, for a composite containing 8 wt % of graphene oxide.

Keywords: graphene oxide; size selection; sodium alginate; mechanical properties; thermal stability

1. Introduction

In recent years, there is a growing interest in renewably sourced materials in the polymeric
materials field, due to the fluctuations in oil price and the increase in environmental concern.
Biopolymers, extracted from renewable sources, can be classified into three main groups: extracted
from biomass, such as polysaccharides and proteins; synthesized from bioderived monomers, such as
polylactic acid; and those produced by organisms or bacteria, such as bacterial cellulose [1,2]. Sodium
alginate is an algae-based anionic and hydrophilic linear polysaccharide, characterized by its excellent
biocompatibility, biodegradability, non-toxicity, and low cost [3,4]. Sodium alginate is a salt of alginic
acid and is composed of (1→4)-β-D-mannuronic acid (M) and (1→4)-α-L-guluronic acid (G) units in
the form of homopolymeric (MM or GG blocks) and heteropolymeric sequences (MG or GM blocks)
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depending on the source. It is extracted from brown algae (Macrocystis pyrifera) and can also be
synthesized from microorganisms [5,6]. Alginate M and G units contain lateral hydroxyl and carboxyl
groups that serve as reactive sites for several modifications [7]. Alginate is most commonly used in a
water-soluble sodium alginate powder form, allowing physical cross-linking usually by the addition of
divalent cations, such as Ca2+, Ba2+, and Zn2+ [7]. These divalent cations form a chelated structure,
according to the commonly called egg-box model, preferentially with the GG blocks, thereby creating
a stable three-dimensional network [8]. Alginate has potential in applications such as biomedicine,
pharmaceutics, food industry, textiles, and additive manufacturing [9].

When compared to commercial synthetic polymers, the main drawbacks of alginate and
biopolymers, in general, are their inferior thermal and mechanical properties [10], as well as their
strong hydrophilic character. Currently, much effort has been made to improve the performance of
alginates. In this sense, the addition of inorganic nanoreinforcements has been demonstrated to be
an effective strategy to overcome the disadvantages of alginate [11–13], as well as to provide new
functionalities. Gholizadeh et al. [14] incorporated different contents of hydroxyapatite nanoparticles to
alginate and obtained an improvement in physical and mechanical properties, as well as antimicrobial
activity, compared to alginate [14]. The addition of CuO nanoparticles to alginate improved the thermal
properties and also conferred antifungal activity, which is valuable in biomedical applications [15].
The incorporation of silicon dioxide to alginate further reduced the water vapor permeability and
swelling degree and significantly increased the mechanical properties, important parameters for
packaging industries [16].

Similarly, when carbonaceous structures, such as graphene and graphene derivatives, are
incorporated to alginate, not only do the mechanical and thermal behaviors improve and the
hydrophilicity decreases, but nanocomposites with electrical conductivity and antibacterial properties
are also achieved. Graphene is a 2D allotropic variety of carbon, constituted by a one-atom-thick layer
of sp2-hybridized carbon atoms. It has been reported that a single-layered graphene exhibits a Young’s
modulus of ∼1100 GPa, a tensile strength of 130 GPa, and electrical and thermal conductivities up
to 6000 S/cm−1 and 5000 W m−1 K−1, respectively [17,18]. Graphene has the disadvantage of often
being difficult to disperse in some biopolymeric matrices. Graphene derivatives, such as graphene
oxide (GO), are more compatible due to the presence of hydroxyl, carboxylic, and epoxy groups
on their surface and are consequently easier to disperse. GO is usually obtained by graphite oxide
exfoliation through strong sonication treatments. Graphite oxide has been commonly synthesized by
means of oxidative treatments and three main methods have been reported in the literature: Brodie’s
method [19], Staudenmaier’s method [20], and Hummers’ method [21]. Among all of them, Hummers’
method and its modified method, are the most used since they are less toxic. Moreover, due to the
hydrophilic character and to the presence of oxygenated groups at the surface of graphene oxide, it
can be easily exfoliated and dispersed in aqueous media, being it compatible with most of aqueous
soluble or dispersible polymers, this also has the benefit of being an environmentally. Liang et al.
added 0.7 wt % GO to a poly(vinyl alcohol) matrix and observed an improvement of 76% and 62%
in tensile strength and Young’s modulus, respectively [22]. Si et al. [23] biosynthesized a bacterial
cellulose/graphene oxide nanocomposite (BC/GO) by adding GO to a culture medium. The BC/GO
nanocomposite containing 0.48 wt % of GO showed an increase of 38% and 120% in tensile strength
and Young’s modulus, respectively [23]. GO has also been incorporated into chitosan to prepare
membranes for the removal of heavy metals and for evaluating their effect with respect to traditional
chitosan and toxic glutaraldehyde membranes. An improvement in heavy metal adsorption has been
observed with the addition of 5 wt % GO [24].

It has been observed that the properties of GO-containing nanocomposites are strongly dependent
on the physical-chemical properties and morphology of GO, which are mainly influenced by the
oxidation treatment and exfoliation degree. Long oxidation times lead to high contents of oxygenated
groups and to high exfoliation degrees, which result in GO flakes with small size (several hundred
nanometers) and thickness usually formed by a low number of layers (less than 2 nm) [25–27]. Thus, the
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interfacial interactions between GO and the matrix and hence, the final properties of the nanocomposite,
will be influenced by the characteristics of GO and therefore, its preparation method.

There are many papers in the literature on the effect of graphene-obtaining treatment on the
final properties of graphene, and quite a number of studies have assessed the effect of graphene
content on the final properties of nanocomposites; however, not many studies are known, in which
the effect of different types of graphene, with different characteristics depending on the treatment
used to obtain them, on the final properties of nanocomposites is studied, and even less in the case of
nanocomposites in which the matrix is a biopolymer. May et al. [28] concluded that the size of graphene
flakes plays an important role in reinforcing polymers. They observed that when using large flakes
and maintaining the thickness constant, the elastic modulus and tensile strength values of polyvinyl
alcohol-graphene nanocomposites were significantly higher than that obtained by using smaller
graphene flakes. Nawaz et al. [29] also observed that large flake sizes enhanced the elastic modulus
and tensile strength, while elongation at break values diminished in polyacrylonitrile-graphene
nanocomposites. Moreover, Szparaga et al. [30] observed a clear correlation between composite
mechanical behavior and altered crystallinity in the structure, where mechanical properties of calcium
alginate/GO composites improved with changes in crystallinity and average crystal area.

Therefore, this work focuses on obtaining graphene oxide with different characteristics for its
subsequent incorporation (with varying content) to an alginate polymer matrix. In this sense, an
extensive study of how oxidative treatment and graphene oxide isolation, assisted by centrifugation and
sonication, affect its physical-chemical characteristics and morphology has been carried out. The effect
of different sizes as well as thicknesses of graphene oxide flakes, determined by morphological studies,
on the mechanical properties of nanocomposites has been analyzed.

2. Experimental Section

2.1. Materials and Methods

Graphite flakes were purchased from Aldrich. Sulfuric acid (H2SO4, 96%), sodium nitrate (NaNO3,
99%), potassium permanganate (KMnO4, 99%), hydrogen peroxide (H2O2, 30% w/v) and hydrochloric
acid (HCl, 37%) were supplied by Panreac (Barcelona, Spain). Medium viscosity alginic acid sodium
salt from brown algae (SA powder, 4 Pa.s and Mν = 2.4 × 105 g mol−1, determined by viscosity
measurements) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.1.1. Oxidation of Graphite

The oxidation process of graphite was carried out according to modified Hummers’ method [21].
Graphite flakes (1 g) were mixed with 0.5 g NaNO3 and 23 mL H2SO4 in an iced cooled bath at 0 ◦C for
30 min under continuous magnetic agitation. Then, 3 g KMnO4 was added to obtain a green-colored
mixture. The mixture was kept at 0 ◦C for 2 h under magnetic agitation, until a purple color was
achieved. Straightaway, it was heated at 35 ◦C in an oil bath for 30 min. Then, 46 mL of deionized water
was slowly added. By this addition, the temperature of the mixture reached 98 ◦C. The mixture was kept
at 98 ◦C for different times, 15 min and 30 min, and the samples thus obtained were designated as GO15
and GO30, respectively. The bath heater was shut down and 10 mL of H2O2 was added. The mixture
was kept in the oil bath until the formation of bubbles stopped and it reached room temperature.
Once at room temperature, 150 mL of deionized water was added. The resulting supernatant was
discarded and a yellow-like mixture was obtained. The mixture was washed by centrifugation, using
HCl (5 wt %) at 4500 rpm for 20 min. This step was repeated 5 times. Then, the same centrifugation
procedure was repeated using deionized water until neutral pH was achieved. Finally, the mixture
was filtered through polyamide filters (0.2 μm pore size, Sartorius, Göttingen, Germany) and was
vacuum-dried at 50 ◦C for 48 h. Graphite oxide films, GO15 and GO30, were obtained.
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2.1.2. Exfoliation and Size Selection of Graphene Oxide

The obtained graphite oxide was exfoliated in water (0.5 mg mL−1), assisted by ultrasonication
(Vibracell 75043, Sonics & Materials, Newton, MA, USA 30% amplitude). Ultrasonication times of 3 h
and 4 h were applied for samples oxidized for 30 min, and these fractions were designated as GO30S
and GO30L, respectively. The graphene oxide flakes, thus obtained, were size selected by centrifugation.
Firstly, they were centrifuged at 4000 and/or 3000 rpm for 30 min and the supernatant fractions (ca. 80%)
were collected. The fractions were named according to the applied ultrasonication and centrifugation
treatments as GO30L-4000, GO30L-3000, and GO30S-4000. The remaining sediments of GO30L-4000
and GO30L-3000 fractions were collected and redispersed in water for 15 min using an ultrasonic bath.
Centrifugation and redispersion steps were repeated for 2000 and 1000 rpm centrifugation rates to
obtain size-selected graphene oxide flakes [31], denoted as GO30L-2000 and GO30L-1000, respectively.

The supernatant fractions were filtered through polyamide filters (Sartorius, 0.2 μm pore size)
and dried for 48 h at room temperature. The designation of GO fractions and the applied oxidation
and exfoliation procedures are summarized in Table 1.

Table 1. Designation of graphene oxide (GO) fractions.

Sample Oxidation Time (min) Ultrasonication Time (h) Centrifugation Rate (rpm)

GO15 15 - -
GO30 30 - -

GO30L 30 4 -
GO30S 30 3 -

GO30L-4000 30 4 4000
GO30L-3000 30 4 3000
GO30L-2000 30 4 2000
GO30L-1000 30 4 1000
GO30S-4000 30 3 4000

2.1.3. Preparation of Nanocomposites

First, dispersions of GO30L-4000 and GO30S-4000 fractions in water (5 mg mL−1) were prepared
by ultrasonication for 1 h. Afterwards, sodium alginate/GO films were obtained. For this, sodium
alginate in water at 2 wt % was used to incorporate different volumes of the GO dispersions previously
prepared, so that the amount of GO was 1, 4, 6, and 8 wt % in the nanocomposites. The films were
obtained by solvent casting and evaporating the water for 7 days at room temperature, and the samples
were designated as SA-GO30L-4000-x% and SA-GO30S-4000-x%, where x is the percentage of GO in
the nanocomposites. The samples were stored in a desiccator until their characterization.

2.2. Characterization Techniques

2.2.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to identify the characteristic functional
groups of graphite, graphite oxide, and nanocomposites. Measurements were performed with a
Nicolet Nexus FTIR spectrometer (Thermofisher Scientific, Waltham, MA, USA). For carbonaceous
nanostructure characterization, KBr pellets (0.0025 mg sample g−1 KBr) were employed for the analysis.
Single-beam spectra of the samples were obtained after averaging 32 scans in the range of 4000 to
400 cm−1, with a resolution of 2 cm−1. For composites, an MKII Golden Gate accessory (Specac) with a
diamond crystal at a nominal incidence angle of 45◦ and ZnSe lens were used. Spectra were recorded
in attenuated total reflection (ATR) mode between 4000 and 650 cm−1 with a resolution of 4 cm−1 and
32 scans.
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2.2.2. Ultraviolet-Visible Spectrophotometry

The absorbance of graphite and graphene oxide was measured by ultraviolet-visible
spectrophotometry (UV-Vis), using open-top quartz cells. For sample preparation, low concentration
dispersions were prepared (0.5 g sample mL-1 solvent) by using ethanol and deionized water for
graphite and graphene oxide, respectively. The spectra were obtained in a UV-3600 UV-VIS-NIR
spectrophotometer (Shidmazu, Kioto, Japan) in the wavelength range of 200 to 600 nm.

2.2.3. Raman Spectroscopy

Raman spectra of graphite and graphene oxide were obtained using a Reninshaw InVia (Renishaw,
Wotton-under-Edge, UK) spectrometer, coupled to a Leica DMLM microscope (50x), with a laser of
514 nm wavelength (ModuLaser) operating at 5% of nominal potency. Data were collected in the range
of 150 to 3200 cm−1. Values of exposure time and accumulations were set at 20 s and 5 respectively.

2.2.4. X-Ray Diffraction

X-Ray diffraction (XRD) analyses were performed in a Philips X’Per PRO (Malvern Panalytical,
Malvern, UK) automatic diffractometer, operating at 40 kV and 40 mA in theta-theta configuration.
A secondary monochromator with radiation Cu-Kα (λ = 0, 154 nm) and the solid state detector PIXCEL
(active length in 2θ: 3.347◦) were used. Data were collected in the 2θ range of 5◦ to 70◦ (step size: 0.026
and time between steps: 60 s) in continuous mode.

The interplanar distance in the different samples was analyzed according to Bragg’s law [32,33]:

nλ = 2d sinθ (1)

where n is a natural number between 1 and∞ (in this case, n = 1), λ is the wavelength of the X-rays
used in the analysis (in this case, λ = 0.154 nm), d is the interplanar distance in crystal structure, and θ

is the angle between the incident rays and the dispersion planes.

2.2.5. Atomic Force Microscopy

The morphology of graphene oxide flakes was analyzed by atomic force microscopy (AFM).
Height images were obtained in a Dimension Icon (Bruker, Billerica, MA, USA). scanning probe
microscope equipped with a Nanoscope V controller (Bruker). Tapping mode was employed in air,
using an integrated tip/cantilever (125 μm length with ca. 300 kHz resonant frequency).

For sample preparation, GO fractions were dispersed in water (0.1 mg mL−1) using an ultrasonic
tip for 1 h. A droplet of graphene oxide dispersion was put on a prewashed silicon wafer substrate
and water was eliminated by spin coating at 1200 rpm for 120 s. Prior to analysis, samples were kept at
room temperature for 48 h.

2.2.6. Thermogravimetric Analysis

Thermal degradation of graphene oxide flakes and nanocomposites was assessed by
thermogravimetric analysis (TGA) performed in a TGA/STDA 851 (Mettler Toledo, Columbus, OH,
USA) equipment. Samples of around 5 mg were heated from room temperature to 700 ◦C at a heating
rate of 10 ◦C min−1 under nitrogen atmosphere.

2.2.7. Mechanical Properties

Young modulus, tensile strength, and elongation at break of nanocomposites were analyzed in an
Instron 5697 equipment (Instron, Norwood, MA, USA) using a load cell of 500 N in tensile mode. Tests
were carried out at a crosshead speed of 2 mm min−1 and with an initial grip separation of 10 mm.
Rectangular samples of 70 mm × 5 mm × 0.05 mm (length × width × thickness) were used. Tensile
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modulus (E), stress at yield (σy), stress at break (σb), and elongation at break (εb) were determined
from stress-strain curves and averaged from five specimens.

3. Results and Discussion

3.1. Oxidation Process

In order to study the different types of functional groups formed in the oxidation process of
graphite as well as the effects of the different oxidation times, FTIR analysis was used. The FTIR spectra
of graphite and GO are shown in Figure 1.

Figure 1. Fourier transform infrared (FTIR) spectra of graphite, GO15, and GO30 samples (y-axis
of the curves were translated in order to avoid overlapping and to improve the visibility of the
characteristic bands).

The peak corresponding to the stretching vibration of C=C bonds was clearly observed at around
1590 cm−1 [34] for graphite, while this peak was not so clear and could be overlapped in the case of
oxidized graphite. Moreover, GO15 and GO30 samples showed additional peaks. The pronounced peak
at around 3400 cm−1 was assigned to the stretching vibration of OH groups, derived from hydroxide
and carboxylic acid groups, as well as from some moisture traces [35]. Moreover, a peak attributed to
O–H bending can be seen at 1630 cm−1. The peak at 1735 cm−1 was assigned to the stretching vibration
of C=O bonds in carboxylic acid [36]. Finally, a peak was also observed at 1050 cm−1 in graphite
oxide samples, which was related to the stretching vibration of C–O–C [25]. These results confirmed
the presence of oxygen-containing functional groups in graphite oxide, indicating that the oxidation
process was carried out satisfactorily. No significant differences were observed for different oxidation
grades of GO15 and GO30 samples.

The differences in oxidation grades of graphite oxide samples were analyzed by UV-Vis
spectroscopy. The obtained spectra are shown in Figure 2.

The graphite sample did not show remarkable peaks. The spectra of graphite oxide samples
showed two absorption maximums at around 230 nm and 300 nm. The peak around 230 nm was
attributed to the π–π* transitions of aromatic C–C bonds, while the peak at 300 nm corresponded to
the n–π* transitions of carbonyl (C=O) groups [25,37] and both can be bathochromically shifted by
conjugation [38]. Both peaks were characteristic of graphite oxide, indicating that the oxidative process
was effective, in good agreement with the FTIR analysis.
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Figure 2. Ultraviolet-visible (UV-Vis) spectra of graphite, GO15, and GO30 samples.

The absorption peak of π–π* (C–C) transitions was studied in more detail (Figure 2, inset). It was
observed that the peak appeared at 233 nm (wavenumber) in sample GO15, while it appeared at
231 nm in sample GO30. This shift in the wavenumber suggested that higher oxidation grades (GO30)
resulted in a higher disruption of the structure of sp2 domain, thereby reducing the concentration of π
electrons. As a consequence, more energy is needed for π–π* transitions [25,39].

Results of Raman spectroscopy analyses of graphite and graphite oxide are shown in Figure 3.
All spectra showed typical G, D, and 2D bands associated with carbon materials [39]. The G band is
assigned to the in-plane vibration mode due to the bond stretching of sp2 carbon pairs and the 2D
band is related to the second order of zone-boundary phonons [39,40]. The D band is associated with
flake edges since it needs a defect for activation [41,42]. In the case of graphite (Figure 3a), G, 2D, and
D bands were observed at 1570, 2700, and 1354 cm−1, respectively.

Figure 3. Raman spectra of (a) graphite, (b) GO15, and (c) GO30 samples.

In graphite oxide samples (Figure 3b), a shift to higher wavenumbers was observed for G
peak compared to graphite. The maximum of the peak was observed at 1596 cm−1 and 1600 cm−1

wavenumber values for GO15 and GO30 samples, respectively. This shift to higher wavenumbers
suggested a reduction of the in-plane sp2 domains as a result of the oxidation of graphite [43]. In the
same fashion, an increase in the wavenumber of D band was observed in the GO30 sample (1348 cm−1

and 1351 cm−1 for GO15 and GO30, respectively). This may indicate the presence of more defects and
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disorders caused by hetero-atoms, grain boundaries, aliphatic chains, etc. as a consequence of stronger
oxidation [35]. As shown in spectra b and c of Figure 3, beside the 2D band, a band located around
2920 cm−1, denoted as D + G band and related to defects, was also noted in the spectra of GO. For the
2D band, a slight decrease in intensity was observed in the GO30 sample, which can be explained by
the breaking of the stacking order of graphene sheets along the z-axis due to oxidation [44]. These
results confirmed stronger oxidation of the GO30 sample.

The relative intensity of D and G bands can be taken as indicative of crystallite size, according to
the equation proposed by Cancado et al. [45]:

La =
[(

2, 4 ∗ 10−10
)
(λ1)

4
]
/
[
I(D)/I(G)

]
(2)

where La is the average size of sp2 domain crystals, λ1 is the input laser energy, ID is the intensity of D
band, and IG is the intensity of G band.

The ID/IG ratios and La values obtained for graphite, GO15, and GO30 samples are shown in
Table 2. It was observed that, as the oxidation degree increased, the ID/IG ratio increased, while
La values decreased. This indicated that higher oxidation degrees resulted in smaller crystallites,
the formation of defects, sp3 hybridizations, and changes in crystallinity [35,46]. In general, Raman
results suggested that the structure of graphite was modified by oxidation. Variations due to different
oxidation degrees were also observed, in good agreement with the UV-Vis analysis.

Table 2. ID/IG ratios and La values for graphite, GO15, and GO30 samples.

Sample ID/IG Ratio La (nm)

Graphite 0.063 264.4
GO15 0.81 20.7
GO30 0.85 19.8

The effect of different oxidation times on the interplanar distance of graphite was analyzed by XRD
analysis. XRD patterns of graphite, GO15, and GO30 samples are shown in Figure 4. The XRD pattern
of graphite structure showed a pronounced peak at 2θ = 26.63◦, corresponding to the (002) plane of
graphite [46] and taken as indicative of pure graphite [37]. This peak, although with lower intensity, also
appeared in GO15 and GO30 samples, suggesting that total oxidation was not achieved. Furthermore,
in oxidized samples, a new peak was observed at 2θ = 10.63◦ for GO15 and at 2θ = 10.53◦ for
GO30, associated with a higher interlayer spacing, owing to the formation of more oxygen-containing
functional groups on GO.

  
Figure 4. XRD patterns obtained for (a) graphite and (b) GO15 and GO30 oxidized samples.

The distance between planes for the three systems was calculated using Equation (1) and the
values obtained from the diffractograms (θ = 13.315◦, θ = 5.315◦, and θ = 5.265◦ for graphite, GO15,
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and GO30, respectively). Results are shown in Table 3. An increase in the interplanar distance was
observed when comparing pure graphite with oxidized samples. These results suggested that the
interplanar distance increased as a consequence of the insertion of functional groups containing oxygen
and water molecules between the graphene oxide layers [34,37].

Table 3. Interplanar distance (d) values calculated for graphite, GO15, and GO30.

Sample 2θ (◦) d (nm)

Graphite 26.63 0.335
GO15 10.63 0.828
GO30 10.53 0.837

According to the results, it was concluded that the oxidation process was carried out satisfactorily
and that the GO30 sample presented a higher degree of oxidation. Graphite residues were observed in
the XRD patterns of GO15 and GO30 samples, indicating that a fraction of graphite was not oxidized.

In view of these results, the sample GO30 was subjected to an exfoliation and posterior
centrifugation process to eliminate the residual graphite fraction and obtain small-thickness graphene
oxide flakes, according to the previously described procedure. The GO30 sample was selected due
to the higher content of oxygen-containing hydrophilic groups that make graphite oxide easier to
exfoliate in a polar medium.

3.2. Exfoliation and Size Selection of Graphene Oxide

To analyze the effect of sonication times (L: 4 h and S: 3 h) and centrifugation rates (4000, 2000,
and 1000 rpm) on the characteristics of GO30 flakes, GO30L-4000, GO30L-2000, GO30L-1000, and
GO30S-4000 samples were analyzed by XRD analysis and AFM.

XRD spectra of GO30 samples are shown in Figure 5. It was observed that, as centrifugation
rate increased, the residual graphite content decreased. The intensity of the peak at 26.63◦ was the
highest for the sample centrifuged at 1000 rpm and almost disappeared in sample GO30L-4000. This
decrease in the intensity of the main peak corresponding to the plane (002) is related to a high level
of exfoliation and disorder between GO flakes [37]. The distance between graphene oxide flakes,
calculated according to Equation (2), increased with the centrifugation rate (Table 4). This indicated a
higher level of exfoliation of the fraction GO30L-4000 [35]. For the effect of sonication times, it was
observed that a shorter sonication time resulted in smaller distance between graphene oxide flakes,
together with a higher fraction of graphite, in good agreement with a shorter exfoliation time.

Figure 5. XRD analysis of (a) GO30L series and (b) GO30-4000 series.
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Table 4. Interplanar distance (d) values for GO30L-1000, GO30L-2000, GO30L-4000, and
GO30S-4000 samples.

Sample 2θ (◦) d (nm)

GO30L-1000 12.03 0.733
GO30L-2000 10.90 0.811
GO30L-4000 10.27 0.865
GO30S-4000 11.12 0.795

The morphology of the GO flakes was observed by AFM and the results are shown in Figure 6.
Concerning flake size, in GO30L-1000 and GO30L-2000 samples, irregular flakes of sizes between
300 and 500 nm were observed. In the GO30L-4000 sample, homogeneous flakes of size at around
250 nm were observed. A similar effect was observed in a previous work on centrifugation-based
size selection of graphene [47]. Flake thickness was analyzed by cross-sectional profiles, and the
GO30L-1000 and GO30L-2000 samples showed a heterogeneous distribution with values ranging from
4 to 10 nm. Flake thickness determined by AFM and the number of layers of graphene (N) can be
related by Equation (3) [47,48]:

N =
tAFM − 0.4

dspacing
(3)

where tAFM is the thickness measured by AFM, 0.4 is the factor that takes into account substrate–graphene
and graphene–tip interactions, and dspacing corresponds to interplane spacing in each sample. When this
equation was applied to graphene oxide, measured thickness values for GO30L-1000 and GO30L-2000
fractions corresponded to multilayer GO flakes. For fraction GO30L-4000, thickness values at around
2 nm were observed, which may be related to few-layer graphene oxide flakes.

Comparing the effect of ultrasonication time on flake morphology in GO30L-4000 and GO30S-4000
fractions (parts c and d of Figure 6, respectively), flakes of bigger size and similar thickness were
observed when decreasing the ultrasonication time. Specifically, thickness values of around 3 nm and
an average flake size of 450 nm were observed for GO30S-4000, whereas the thickness and size values
were around 2 nm and 250 nm, respectively, for GO30L-4000. This suggested that ultrasonication time
was related to the breaking of GO flakes, while thickness was more dependent on the centrifugation rate.

Figure 6. Cont.
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Figure 6. Atomic force microscopy (AFM) height images (left) and cross-sectional profiles (right) of
(a) GO30L-1000, (b) GO30L-2000, (c) GO30L-4000, and (d) GO30S-4000 GO fractions.

3.3. Nanocomposites

Considering the results obtained in graphene oxide characterization, sodium alginate-based
nanocomposites were prepared with GO30L-4000 and GO30S-4000 graphene oxide samples. The most
oxidized fraction (GO30) was chosen since the higher presence of oxygen-containing groups could favor
the dispersibility of graphene oxide in water, as well as the interaction with the matrix. A centrifugation
rate of 4000 rpm was chosen due to the presence of better exfoliated graphene flakes.

FTIR spectra of the nanocomposites and pure SA matrix are shown in Figure 7. Figure 7a shows
the spectra of SA-GO30L-4000-1% and SA-GO30L-4000-8%, as well as the SA matrix. No significant
differences were observed when comparing the nanocomposites and the matrix. With the incorporation
of graphene oxide, a slight broadening and a shift to lower wavenumbers were observed in the peak
corresponding to the stretching vibration of the O–H bond. These changes would be an evidence of
hydrogen-bonding interactions occurring between SA and GO. A similar behavior was observed when
comparing SA-GO30L-4000-8% and SA-GO30S-4000-8% samples with the SA matrix (Figure 7b). No
differences were observed with relation to different sonication times.

Thermogravimetric (TG) and derivative thermogravimetric (DTG) results for the SA matrix and
GO30L-4000, as well as SA-GO30L-4000-8% and SA-GO30S-4000-8% nanocomposites, are shown in
parts a and b of Figure 8, respectively. The TG curve of GO showed that the thermal degradation process
was carried out in three steps. In the first step, occurring between 25 ◦C and 100 ◦C, the mass loss was
associated with the evaporation of water trapped between GO flakes [36]. The second step occurred
between 230 ◦C and 260 ◦C and was related to the decomposition of the less stable oxygen-containing
functional groups [36]. Finally, the slow mass loss observed from 260 ◦C was related to the more stable
functional groups present in the graphene oxide, giving place to a high amount of residue [49]. The TG
curves of nanocomposites showed a two-step degradation process. The first step, occurring at around
100 ◦C, was associated with the evaporation of water absorbed by the nanocomposite films. The second
step, occurring between 200 ◦C and 300 ◦C, was related to the thermal decomposition of SA [26].
A higher amount of residue was observed for nanocomposites when compared with the matrix, which
could be attributed to the excellent thermal stability of GO [50]. The sample SA-GO30S-4000-8%
showed a higher amount of residue when compared with the SA-GO30L-4000-8% sample, suggesting
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that the bigger size of flakes obtained by shorter sonication times favored the thermal stability of
final nanocomposites.

Figure 7. FTIR spectra of (a) SA (sodium alginate) matrix, SA-GO30L-4000-1%, and SA-GO30L-4000-8%
nanocomposites and (b) SA matrix, SA-GO30L-4000-8%, and SA-GO30S-4000-8% nanocomposites
(y-axis of the curves was translated in order to avoid overlapping and to improve the visibility of the
characteristic bands).

Figure 8. (a) Thermogravimetric (TG) and (b) derivative thermogravimetric (DTG) curves of
GO30L-4000, SA matrix, GO30L-4000-8%, and GO30S-4000-8% nanocomposites.

Concerning DTG curves, shown in Figure 8b, it was observed that the temperature of maximum
degradation rate slightly increased for nanocomposites with respect to the pure SA matrix, suggesting
that the incorporation of GO enhanced the thermal stability and delayed the pyrolysis of nanocomposite
films [51]. This increase in thermal stability in the presence of GO could be a result of interactions
occurring between GO and SA. The presence of GO could hinder the mobility of SA molecular chains,
increasing the energy required for thermal decomposition of nanocomposite films.

The effect of GO content in the mechanical properties of nanocomposites was assessed by tensile
tests. Figure 9 shows the stress-strain curves of the SA matrix and SA-GO30L-4000 nanocomposite
series, and their Young’s modulus, tensile strength, and elongation at break values are shown in Table 5.
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Figure 9. Stress-strain curves of SA-GO30L-4000 nanocomposite series with different GO30L-4000
content and pure SA matrix.

Table 5. Tensile strength, Young’s modulus, and elongation at break of SA-GO30L-4000 nanocomposite
series and pure SA matrix.

Sample Tensile Strength (MPa) Young’s Modulus (GPa) Elongation at Break (%)

SA 101.4 ± 4.8 3.0 ± 0.1 12.8 ± 3.9
SA-GO30L-4000-1% 104.5 ± 9.1 3.3 ± 0.3 10.2 ± 0.9
SA-GO30L-4000-4% 111.9 ± 15.1 3.2 ± 0.5 14.6 ± 2.9
SA-GO30L-4000-6% 108.3 ± 8.9 3.6 ± 0.3 11.3 ± 1.6
SA-GO30L-4000-8% 119.1 ± 6.2 3.7 ± 0.3 9.0 ± 3.0

Young’s modulus values of nanocomposites showed a slight increase with respect to the SA matrix.
In general, an increase in tensile strength was observed with the incorporation of GO. Pure SA matrix
showed a tensile strength of 101.4 MPa, while the maximum value obtained was 119.1 MPa for the
nanocomposite with 8% of GO content. This resulted in an increase of 17.4% with respect to the matrix.
The rest of the nanocomposites also showed improved tensile strength with respect to pure SA matrix.
The improvement of mechanical properties was attributed to the uniform dispersion of GO in the SA
matrix, as well as to the effective interfacial interactions, resulting in a good transference of stress from
the SA matrix to rigid GO nanoreinforcements [26,50,51]. The elongation at break values obtained
for the nanocomposites were lower than values obtained for the matrix. These results suggested that
the addition of GO as a nanoreinforcement improved the strength and the stiffness of the films at the
expense of flexibility.

To analyze the effect of GO flake size on mechanical properties, SA-GO30L-4000 and
SA-GO30S-4000 nanocomposites series were compared, with a GO content of 6 wt % and 8 wt %.
In AFM analysis, GO30L-4000 fraction showed thickness and flake size values around of 2 nm and
250 nm, respectively, while the thickness and flake size values for the GO30S-4000 fraction were around
3 nm and 450 nm, respectively. The stress-strain curves obtained for these samples are shown in
Figure 10. Young’s modulus, tensile strength, and elongation at break values calculated from the
stress-strain curves are listed in Table 6.
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Figure 10. Stress-strain curves of SA-GO30L-4000 and SA-GO30S-4000 nanocomposites series as well
as pure SA matrix.

Table 6. Tensile strength, Young’s modulus, and elongation at break of SA-GO30L-4000 and
SA-GO30S-4000 nanocomposites series and pure SA matrix.

Sample Tensile Strength (MPa) Young’s Modulus (GPa) Elongation at Break (%)

SA 101.4 ± 4.8 3.0 ± 0.1 12.8 ± 3.9
SA-GO30L-4000-6% 108.3 ± 8.9 3.6 ± 0.3 11.3 ± 1.6
SA-GO30S-4000-6% 160.8 ± 17.2 5.1 ± 0.7 6.9 ± 1.2
SA-GO30L-4000-8% 119.1 ± 6.2 3.7 ± 0.3 9.0 ± 3.0
SA-GO30S-4000-8% 167.7 ± 17.4 5.5 ± 0.3 4.8 ± 0.8

A significant increase was observed in Young’s modulus and tensile strength when the GO30S-4000
fraction was used as a nanoreinforcement. Concerning tensile strength, an improvement of 65.3%
was observed for sample SA-GO30S-4000-8% when compared with the matrix (167.7 MPa vs.
101.4 MPa). For the SA-GO30S-4000-6% sample, an improvement of 58.8% was observed with
respect to the matrix (160.8 MPa vs. 101.4 MPa), while for the SA-GO30L-4000-6% sample, an
improvement of 6.7% was observed with respect to the SA matrix. Young’s modulus also increased
significantly when the GO30S-4000 fraction was used. The values obtained for SA-GO30S-4000-6%
and SA-GO30S-4000-8% nanocomposites were 5.1 GPa and 5.5 GPa, respectively, while for
SA-GO30L-4000-6% and SA-GO30L-4000-8% nanocomposites, values of 3.6 GPa and 3.7 GPa were
obtained, respectively. The elongation at break values diminished in the SA-GO30S-4000 series with
respect to the SA-GO30L-4000 series. These results suggested that the effect of flake size is an important
factor influencing the reinforcement effect when flakes of similar thickness are employed. Similar
results were reported with other matrices by other authors [28,29].

In order to assess the effect of the addition of GO and its size on the structure of alginate and,
thus, in final composite properties, X-ray analyses were carried out. The resulting diffractograms are
shown in Figure 11. The alginate diffractogram showed a very intense crystalline peak centered around
2θ = 13◦, attributed to the (110), and a peak at 2θ = 22◦, corresponding to the (200) plane. Regarding
the amorphous zones, a broad peak can be seen in the diffractogram centered around 2 = 40◦ [52].
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Figure 11. X-ray diffractograms for SA matrix, SA-GO30L-4000-8% and SA-GO30S-4000-8%, and
deconvoluted curves for SA.

For composites, a clear increase in the intensity of the crystalline zones took place. A new peak
centered around 2θ = 26◦ was also present, attributed to the (002) plane of the remaining graphitic
structure of the carbonaceous reinforcements. In order to further analyze the system structure and
crystallinity, numerical analyses were carried out to determine the crystalline phase content of each
system. For that, diffractograms were deconvoluted with originPro9 using Gauss function and
Equation (4) was used to calculate each value.

Xc(%) =
AC

AC + AA
x 100 (4)

where AC is the sum of areas under the crystalline peaks and AA is the area under the amorphous halo.
The crystallinity values for SA, SA-30GOL-4000-8%, and SA-30GOS-4000-8% were 74%, 78%, and

87%, respectively. The addition of GO resulted in more crystalline materials, which was greatly affected
by the size of the flakes. Larger flakes, produced by shorter sonication times, resulted in systems with
higher crystallinity degrees; this dependence on reinforcement shape has been previously reported by
Szparaga et al. [30].

The crystallinity values were in agreement with mechanical behaviors shown by the samples.
The higher crystallinity degree shown by reinforced composites, specially SA-30GO3-4000-8%, could
explain the lower elongation at break values shown by these systems. This higher crystallinity could
also add to the reinforcement supplied by the GO flakes in increasing the strength and Young’s modulus.

4. Conclusions

When graphite was subjected to the described oxidative process, it was observed that
oxygen-containing groups were satisfactorily introduced into the graphitic structure. As the time of
oxidative treatment increased (30 min vs. 15 min), a higher degree of oxidation, as well as a higher
disruption of the graphitic structure, was observed.

During the sonication and centrifugation processes to obtain graphene oxide, it was observed that
higher centrifugation rates resulted in a graphene oxide fraction with lower amount of residual graphite.
In the same fashion, graphene oxide flakes of lower size and thickness were isolated as centrifugation
rate increased. According to AFM results, it was observed that, when using a centrifugation rate of
4000 rpm, few-layer graphene oxide flakes were obtained. When sonication time was decreased from
4 h to 3 h and final centrifugation rate was maintained at 4000 rpm, an increase in flake size was
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observed, while flake thickness values remained unchanged. In view of these results, it was concluded
that ultrasonication time is related to the breaking of graphene oxide flakes, while flake thickness is
more dependent on the centrifugation rate.

The nanocomposites showed evidences of hydrogen-bonding interactions between the SA matrix
and graphene oxide, because of the oxygen-containing groups introduced during the oxidative process.
The incorporation of GO increased the resistance to thermal degradation of the nanocomposites,
probably due to the restrictions in SA chains motion as a consequence of interactions with graphene
oxide. Higher flake sizes resulted in an improvement in the resistance to thermal degradation.
In general, the incorporation of graphene oxide improved the tensile strength and Young’s modulus of
the SA matrix. It was observed that, at similar graphene oxide thickness values, the increase in flake
size significantly improved the mechanical properties.
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Abstract: The use of maleinized (MLO) and epoxidized (ELO) linseed oils as potential biobased
plasticizers for lignin/natural fiber composites formulations with improved toughness was evaluated.
Arboform®, a lignin/natural fiber commercial composite, was used as a reference matrix for the
formulations. The plasticizer content varied in the range 0–15 wt % and mechanical, thermal and
morphological characterizations were used to assess the potential of these environmentally friendly
modifiers. Results from impact tests show a general increase in the impact-absorbed energy for all
the samples modified with bio-oils. The addition of 2.5 wt % of ELO to Arboform (5.4 kJ/m2) was able
to double the quantity of absorbed energy (11.1 kJ/m2) and this value slightly decreased for samples
containing 5 and 10 wt %. A similar result was obtained with the addition of MLO at 5 wt %, with an
improvement of 118%. The results of tensile and flexural tests also show that ELO and MLO addition
increased the tensile strength as the percentage of both oils increased, even if higher values were
obtained with lower percentages of maleinized oil due to the possible presence of ester bonds formed
between multiple maleic groups present in MLO and the hydroxyl groups of the matrix. Thermal
characterization confirmed that the mobility of polymer chains was easier in the presence of ELO
molecules. On the other hand, MLO presence delayed the crystallization event, predominantly acting
as an anti-nucleating agent, interrupting the folding or packing process. Both chemically modified
vegetable oils also efficiently improved the thermal stability of the neat matrix.

Keywords: Arboform; epoxidized oil; maleinized linseed oil; toughness; thermal stability

1. Introduction

At the present time, the use of eco-sustainable materials is becoming a required condition of
worldwide interest. It is known that polymeric materials are derived from fossil fuels and these
limited resources can be preserved if, from a sustainable perspective, biobased materials containing the
maximum amount of renewable biomass derivatives will be considered. The main concern is related
to the possible substitution of materials and products traditionally made from petroleum resources
with biobased plastics and composites.

To antedate this need, the German Fraunhofer Institute for Chemical Technology together with
Tecnaro GmbH Company studied and developed a new material based on wood components that
can be processed as a thermoplastic polymeric material. Arboform® is composed of natural fibers,
lignin and additives and can be obtained by using different types of lignin, typically at 30% wt, natural
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fibers (60 wt %, flax, hemp, sisal, wood) and 10% natural additives (softeners, pigments, processing
agents, etc.) that make it a fully biodegradable bioplastic composite known as “liquid wood [1]”. The
material properties—biodegradability and recyclability up to ten times without modifications of its
features—recommended it to be the near future alternative to various traditional plastic materials [2].
Depending on the quantity of the mixed components, Arboform can be commercially found in three
different options: LV3 Nature, F45 Nature and LV5 Nature. These composite materials can be extruded
and injected by using the same technologies applied to engineer polymers based on lignin as a matrix
and reinforced with natural fibers [3–5].

The appearance of Arboform samples is typical of a woody-like material, while the mechanical
behavior properties are in the range of the engineering thermoplastics, such as polyamides. However,
even if it is characterized by high values for strength and elastic modulus, this composite material shows
a drawback in a modest toughness, which restricts its applications as an impact-resistant material [6,7].
The plasticization of a lignin biopolymer has been studied by Bouajila et al. [8], who clearly indicated
that mechanisms of lignin plasticization are totally altered in dry and in wet conditions. In detail,
they demonstrated that unsaturated lignin (dry lignin, plasticized by low amounts of plasticizers)
is better plasticized by molecules that can be involved in H bonds, while hydrated lignin is better
plasticized by aromatic molecules with a structure similar to that of monolignols (e.g., vanillin) and
by molecules with a solubility parameter similar to that of the matrix [9]. The plasticization of lignin
with organic plasticizers was originally reported in 1975 by Sakata and Senju [10], who studied the
thermal softening temperatures of lignin plasticized by a variety of plasticizers, including esters of
phthalic acid, phosphoric acid and aliphatic acids. Previous examples of combined use of vegetable
oils and lignin can be found in Antonsson et al. [11], where low-molecular-weight lignin was used
together with a vegetable oil to produce a new hydrophobic lignin derivative similar to suberin,
demonstrating the potential use in paper-coating applications (due to its capability to interact well
with wood fibers and make paper hydrophobic). However, to the best of the authors’ knowledge,
there are no examples of natural additives considered as toughening agents for lignin biopolymer. In
the present study, linseed oil was selected as a natural additive able to improve the properties of the
composite without compromising its biopolymeric nature. In order to improve compatibility with the
matrix, an epoxidized linseed oil (ELO) and a linseed oil with maleic anhydride modification (MLO)
were chosen.

2. Materials and Methods

A commercial composite material named Arboform® grade L (Tecnaro GmbH, Ilsfeld, Germany),
V3 Nature was supplied by Tecnaro GmbH (Ilsfeld, Germany). This thermoplastic material, obtained
by biorenewable resources, is characterized by a density of 1.29 g/cm3 and a melt volume rate (MVR)
(at 190 ◦C/2.16 Kg, 15 cm3/10 min). Epoxidized linseed oil (ELO), supplied by Traquisa S.A. (Barcelona,
Spain) with a molecular weight 1.037–1.039 and an epoxy equivalent weight (EEW) of 178 g equiv−1,
and maleinized linseed oil (MLO) supplied as Veomer Lin by Vandeputte (Mouscron, Belgium) with a
viscosity of 10 dPa s at 20 ◦C and an acid value of 105–130 mg KOH g−1 were used as plasticizers.

2.1. Processing of Plasticized Compounds

Formulations based on Arboform L, V3 added with ELO and MLO are reported in Table 1. Due to
the saturation limit of the matrix with epoxidized oil (miscibility problems between the matrix and this
quantity of epoxidized oil during the blending process), it was not possible to produce the formulation
with 15 wt % of ELO. Four formulations of Arboform L, 3V plasticized with a content of ELO between
1 wt % and 10 wt % and five using MLO at a percentage between 1 wt % and 15 wt % were produced
to compare their properties with the neat matrix.
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Table 1. Composition and labeling of the formulations with different modified oils

Reference Arboform L, V3, wt % ELO, wt % MLO, wt %

ARBOFORM 100 0 0
ARB_1ELO 99 1 0

ARB_2.5ELO 97.5 2.5 0
ARB_5ELO 95 5 0
ARB_10ELO 90 10 0
ARB_1MLO 99 0 1

ARB_2.5MLO 97.5 0 2.5
ARB_5MLO 95 0 5
ARB_10MLO 90 0 10
ARB_15MLO 85 0 15

After drying at 50 ◦C for 24 h, Arboform® L, V3 was mixed with the modified oils in a co-rotating
twin-screw extruder (D = 30 mm; L/D = 20:1) by DUPRA (Alicante, Spain) at a rotation speed of
25 rpm with a temperature profile of 165–170–173–175 ◦C. After cooling to room temperature, the
materials were pelletized and dried at 50 ◦C for 24 h. All 10 formulations were processed in a Meteor
270/75 injection molding machine (Mateu & Solé, Barcelona, Spain) with a temperature profile of
160–165–170–175 ◦C and an injection pressure Pinj = 60 MPa. Samples for tensile, flexural, impact,
heat deflection and dynamic mechanical thermal analysis (DTMA) tests have been manufactured.
Standard samples for tensile tests and rectangular samples sizing 80 × 10 × 4 mm3 were obtained for
the characterization.

2.2. Measurements of Mechanical Properties

The effects of ELO and MLO content on mechanical properties were studied by impact tests. All
specimens were conditioned, according to ISO 291 [12], at 23 ◦C and 50% RH before testing and tested
in the same conditions. Impact-absorbed energy was measured with a 6 J Charpy pendulum from
Metrotec S.A. (San Sebastián, Spain) on unnotched samples according to ISO 179 standard testing [13].
At least five samples for each material were tested.

Flexural and tensile tests were carried out by a universal test machine Ibertest Elib 30 (Ibertest
S.A.E., Madrid, Spain) at room temperature. A minimum of five different samples was tested using a
5 kN load cell. The crosshead speed for the tensile tests was set at 10 mm min−1 as recommended by
ISO 527 standard [14]. An axial extensometer by Ibertest was used to give accurate values of Young’s
modulus for each material. Flexural characterization was performed setting the crosshead speed to
5 mm min−1 for three points bending test, as suggested by ISO 178 standard [15].

2.3. Thermo-Mechanical Characterization

Thermo-mechanical behavior of the mixtures was studied by heat deflection temperature (HDT)
tests and by dynamic mechanical thermal analysis (DMTA). The HDT was determined by the A method
according to ISO 75 standard [16] that recommends a load of 1.8 MPa and a heating rate of 120 ◦C min
h−1. Tests were carried out in a VICAT/HDT station DEFLEX 687-A2 by Metrotec S.A. (San Sebastian,
Spain).

DMTA in torsion mode of Arboform L, V3 and its formulations, plasticized with ELO and MLO,
was carried out with an oscillatory rheometer AR G2 by TA Instruments (New Castle, DE, USA),
equipped with accessory clamps for solid samples. Rectangular samples sizing 40 × 10 × 4 mm3 were
subjected to a temperature ramp from 30 ◦C to 100 ◦C, setting the heating rate at 2 ◦C min−1. The
maximum deformation (γ) was at 0.1% and all samples were tested at a constant frequency of 1 Hz.
The curves of the storage moduli (G’), the loss moduli (G”) and their ratio G”/G’ as Tan Delta (tan(δ))
versus the temperature were determined.

Differential scanning calorimetry (DSC) tests were carried out with a TA Instruments Mod. Q200
(TA Instrument, New Castle, DE, USA) calorimeter to determine the effect of ELO and MLO content on
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the thermal properties of the blends based on Arboform L, V3. For DSC analysis, approximately 10 mg
of each sample was placed in a hermetically sealed sample pan after the calibration of the instrument
with indium standard. Tests were performed in a three-step cycle: heating, cooling and heating scans,
from 25 ◦C to 180 ◦C at 10 ◦C min–1. Glass transition temperature (Tg), crystallization and melting
phenomena of the blends were determined.

Thermal degradation behavior of the formulations was evaluated by thermogravimetric analysis
(TGA, Seiko Exstar 6300, Tokyo, Japan); around 5 mg samples were used to perform dynamic tests in a
nitrogen atmosphere (200 mL min–1) from 30 to 600 ◦C at 10 ◦C min–1. Thermal degradation curves for
the Arboform L, V3 and formulations with 5 wt % and 10 wt % modified with each oil were evaluated.

2.4. Morphological Characterization

The morphology and the microstructure of the blend samples were observed. Fractured surfaces
from impact tests were captured by field emission scanning electron microscopy (FESEM) in a Zeiss
Ultra microscope 55 (Oxford Instruments, Oxfordshire, UK) with an accelerating voltage of 2 kV.
Fractured surfaces were previously coated with a thin platinum layer in a sputter coater EM MED020
(Leica Microsystems, Wetzlar, Germania).

3. Results and Discussion

The study of the effect of the addition of linseed oils modified with epoxidation and maleinization
treatment to the commercial biopolymer Arboform grade L, V3 Nature was carried out by a wide
characterization of the formulated materials. Since modest ability to absorb shocks is a critical property
of Arboform L, V3, it was tried to increase its toughness by adding plasticizers.

The results of impact tests represent the combination of two effects: on the one hand, fracture
resistance associated with the mechanical strength; on the other hand, deformation capability that is
directly related to the ductile mechanical behavior. The impact-absorbed energy depends on several
factors, such as crack sizes and growth speed, presence of stress concentrators, phase separation, etc.
All these factors can modify the overall deformation capacity and, subsequently, the total energy
absorbed during deformation and fracture. Impact test results in Figure 1 show a general increase in
the impact-absorbed energy for all the samples modified with bio-oils. Absorbed energy values of neat
Arboform L, V3 (5.4 kJ/m2) increased to 11.1 kJ/m2 with an improvement of 105% with ARB_2.5MLO.
Formulations ARB_5MLO and ARB_10MLO show values of impact-adsorbed energy of 10.7 kJ/m2 and
10.8 kJ/m2, respectively, corresponding to a percentage increase of 98% and 100% with the addition of 5
and 10 wt % of MLO. The addition of 2.5% wt. of ELO to Arboform is enough to double the quantity
of absorbed energy and this value slightly decreased for samples containing 5 and 10 wt % of ELO.
A similar result is also obtained with the addition of MLO, but in this case, 1 wt % was enough to
appreciate an improvement of the toughness of the materials. In the case of MLO-modified samples,
the absorbed energy values result doubled respect to the matrix for all the formulations. The best
result of impact resistance is appreciated in the material with 5 wt % of MLO, with an improvement of
118%, after which a slight decrease is observed. Similar behavior was also reported by others [2,17,18].

It was found that the addition of synthetic compatibilizers, such as polymeric methylene diphenyl
diisocyanate (PMDI) at low concentrations (1 wt %), produces an increase of the absorbed energy up to
92% and then progressively decreases, increasing the PMDI content to 2 wt %. Similarly, to what was
established for PMDI, high quantities of modified oils can produce a phase separation that does not
contribute to the improvement of impact resistance [19,20].
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Figure 1. Impact-adsorbed energy for epoxidized (ELO)- and maleinized (MLO)-modified samples
based on Arboform L, V3 matrix.

The results of the flexural tests (Figure 2) show that the addition of ELO produces a progressive
increase in tensile strength as the percentage of oil increases; simultaneously, a reduction in the
flexural modulus is observed when the epoxidized oil content increases. The effectiveness of ELO
as a coupling agent, as well as a plasticizer, with biopolymers and lignin-based fillers, was already
demonstrated [21–23]. The progressive increase in strength with the ELO content is attributable to
the good compatibility between lignin and fibrous reinforcement contained in the Arboform. Above
2.5 wt % of ELO, the plasticizing effect of the epoxidized linseed oil molecules enables polymer chain
mobility so that the modulus decreases [24].

The addition of maleinized oil produces a significant improvement in flexural strength, which
exceeds the strength of the matrix for all formulations added with MLO. The ARB_2.5MLO formulation
shows a flexural strength of 65.2 MPa compared to 41.6 MPa of the Arboform, with an increase of
56.7% [19,25,26].

Formulations with an MLO content of 5 wt % and above show a slight decrease in the flexural
strength, essentially due to an anti-plasticizing effect. Some authors have described this anti-plasticizing
effect with a potential saturation of the plasticizer [20]. Gutierrez-Villareal et al. experimentally found
this phenomenon when citrate esters were used to plasticize poly (methyl methacrylate) (PMMA) [27]
with a low concentration of plasticizer. Vidotti et al. have guessed that the anti-plasticizing effect may
be due to a reduction in the free volume [28] so that when the free volume is filled by the plasticizer, the
phenomenon may appear. The increase in strength, associated with the anti-plasticization phenomenon,
can also be explicated by considering the trend in crystallinity as the plasticizer enhances chain mobility,
thus the crystallization tendency is favored. The anti-plasticizing effect depends on the molecular
weight, the concentration of the plasticizer and the characteristics of the polymer matrix, and it is specific
for each polymer–plasticizer system [29]. Elastic modulus increased for the formulations added with 1,
2.5 and 5 wt % of MLO. The drop of the flexural modulus for the formulations with higher percentages
of modified oils is essentially related to an excess of oil molecules, which does not bind directly to
the polymeric matrix. Plasticizer excess can have a negative effect on homogeneity by forming a
dispersed phase in the main matrix. A high plasticizer content produces intense plasticizer–plasticizer
interactions, leading to a phase separation [30]. Chieng et al. concluded that, due to the high plasticizer
content, only a small part is directly in contact between the interface area, while the excess is dispersed
in the polymer matrix [31,32].
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Figure 2. Comparative bar plot of flexural strength and flexural modulus for neat Arboform L, V3 and
its formulations with ELO and MLO.

The results of the tensile tests (Table 2) show a slight decrease in the values of the elastic modulus,
which progresses with the increase in the content of both modified oils. A general increase in tensile
strength is obtained for all the formulations produced: this increase is significant for the formulations
with the higher epoxidized oil contents (5, 10 wt % ELO), while the higher values of the tensile strength
are obtained with lower percentages of maleinized oil (1, 2.5, 5 wt % MLO).

Table 2. Result of the tensile test made on ELO- and MLO-modified materials.

Reference Tensile Modulus [MPa] Tensile Strength [MPa] Strain at Break [%]

ARBOFORM 5520 ± 270 23 ± 2 2.1 ± 0.3
ARB_1ELO 5260 ± 400 27 ± 2 2.4 ± 0.2

ARB_2.5ELO 5200 ± 370 28 ± 3 2.6 ± 0.3
ARB_5ELO 4860 ± 410 32 ± 2 2.9 ± 0.2
ARB_10ELO 4730 ± 310 31 ± 2 3.1 ± 0.3
ARB_1MLO 4900 ± 660 32 ± 4 3.0 ± 0.3

ARB_2.5MLO 4760 ± 220 32 ± 2 3.3 ± 0.4
ARB_5MLO 4660 ± 180 33 ± 1 4.2 ± 0.7
ARB_10MLO 4320 ± 310 30 ± 3 3.8 ± 0.5
ARB_15MLO 4500 ± 350 27 ± 1 3.6 ± 0.3

The effect of high ELO contents compared to low quantities of MLO is justified by the different
operating principles. Lignin is considered a potential substitute for bisphenol A in the synthesis
of epoxy resins due to the presence of hydroxyl groups (in particular of phenolic hydroxyl group)
in the lignin structure. However, structure and steric hindrance limit epoxidation reactions. The
reduced reactivity with the epoxy groups requires high quantities of epoxy oil for a binding effect to be
detected [33]. Furthermore, for high quantities of ELO, a self-polymerization phenomenon of linseed
oil cannot be excluded [34]. Essentially, the best results are obtained for formulations with higher
ELO content. It was observed that ester bonds can be potentially formed between multiple maleic
groups present in MLO and the hydroxyl groups of green composites, as in the case of Arboform.
This reaction could induce an effective stress transfer between lignin and fibrous components of the
composite material, improving their mechanical properties [25].

Moving the composition from 5 to 10 wt % of MLO, a reduction in both strength and modulus
was observed. This negative effect can be related to the phase separation caused by an excessive
concentration of MLO in the composite. Excess MLO molecules, which do not form direct bonds with
the composite molecules, are placed between the biopolymer chains and act as a lubricant with a
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greater influence on the mobility of the chain. This result, together with previous mechanical tests,
suggests that optimal and mechanically balanced performance is obtained for MLO contents of about
5 wt % The best results of tensile strength are obtained with the formulations containing 5 wt % of each
oil. The values of the strains at the break of the materials modified with epoxidized oil show modest
improvement, while a slight increase in strain values at the break was found for materials modified
with MLO. The formulations with the content of each oil between 5 wt % and 10 wt % show the best
performance in terms of tensile elongation at break.

HDT measurements: The bubble chart in Figure 3 represents the deflection temperature distributions
of the materials added with the modified linseed oils. The center of the bubble indicates the average
value of the HDT, and the diameter size is its standard deviation. The initial HDT value for the
Arboform composite is 52.2 ◦C, which shows that moderate temperatures lead to material softening.
The addition of 1% by weight of ELO produces a slight increase at 52.4 ◦C in HDT, which is negligible
when considering the standard deviation, compared to the Arboform L, V3 matrix. Higher percentages
of epoxidized oil cause a gradual decrease in characteristic deflection temperatures. In relation to the
evolution of HDT in terms of ELO wt %, the plasticization provided by ELO leads to softer and more
flexible materials, therefore the values of the deflection temperatures decrease with increasing ELO
content up to values of 51.3 ◦C, 50.0 ◦C and 49.5 ◦C for an ELO content of 2.5, 5 and 10% by weight,
respectively. Epoxidized linseed oil acts as a plasticizer, producing a visible softening effect, which is
more evident by the application of external loads low-temperature values. Mobility of polymer chains
is easier in the presence of ELO molecules, since these reduce the intermolecular attraction forces
between polymeric macromolecules [35]. The stability of HDT for the ARB_1ELO formulation can be
explained, in addition to the low oil content, by a slight increase of crystallinity with ELO content,
as the plasticizer allows more intense polymer chain motion. The presence of ELO plasticizer allows
chain mobility, and this has a positive effect on crystallinity because polymer chains can rearrange to
better ordered/packed structures. For ELO contents greater than 1%, the plasticizing effect prevails on
crystallization and the benefit on HDT becomes irrelevant [24].

Figure 3. Bubble chart of the Heat Deflection Temperature test.

The formulation containing 1 wt % of MLO shows only a slight increase in HDT with a narrow
dispersion of results. The use of maleinized oil produces an increase in the deflection temperature at
the percentages between 2.5 and 5 wt %, to 55.2 ◦C and 54.9 ◦C, respectively, while higher percentages
cause the drop of HDT to values close to the Arboform matrix deflection temperature. This behavior
can be explained by the compatibilizing effect of MLO, which, thanks to the presence of maleic groups,
binds easily to the hydroxyl groups of the lignin and the Arboform natural fiber reinforcements,
forming bonds that stabilize the composite; this effect, together with the anti-plasticizing effect, is
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effective for MLO contents up to 5 wt %. For higher quantities of maleinized oil (10–15 wt %), the
plasticizing effect becomes predominant by exerting a lubricating action by distancing the polymer
chains, as the MLO molecules are positioned between the molecules of the matrix weakening the
polymer–polymer interactions (hydrogen bonds, van der Waals or ionic forces), thus increasing the
mobility of the chains. This effect produces greater deformability, which results in a decrease of HDT
for high MLO contents [25,34,36].

DMTA analysis: Figure 4a shows the results of DMTA analysis for the Arboform material modified
with ELO. Curves of the storage modulus (G’) show a deflection between 50 ◦C and 60 ◦C at the glass
transition temperature of the reference matrix. In general, the trend for G’ is similar, except for the G’
curve of ARB_10ELO formulation, which shows slightly lower values (in accordance with the results
of the moduli obtained from the tensile tests). On the other hand, the higher value for G’ was found for
the of the ARB_1ELO formulation, confirming the results of the HDT tests. The crve of ARB_10ELO
loss modulus (G”) highlights a shift toward lower temperatures, while the G” curve of ARBOFORM
shows the best thermal stability of the set. Peak values of the tan curves (not reported here) show the
tendency to progressively decrease in intensity with increasing ELO content [37,38].

Figure 4. Curves of storage (G′) and loss (G”) moduli of (a) ELO-added and (b) MLO-added formulations.

In Figure 4b, the results of the DMTA analysis carried out for the materials with increasing
content of MLO show that all the formulations have comparable storage moduli in the temperature
range between 40 ◦C and 50 ◦C; above this range, the modified materials show improved G’ values
when compared to the reference matrix. The formulation ARB_5MLO shows the highest modulus
value of this material set. All the G” curves of the MLO-added materials show a shift toward higher
temperatures. The improvement of the thermal mechanical performance of the materials containing
MLO is also confirmed by the increase in Tg. The Tg values, calculated as the maximum peak of the tan
(δ) curves (Table 3), show an increase in the glass transition temperatures of all the compounds modified
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with MLO. The highest value is obtained for the formulation with 5 wt % of MLO, in accordance with
HDT tests.

Table 3. Values of glass transition temperature, calculated at the maximum of the tan(δ) curve.

Reference Tg (◦C)

ARBOFORM 59.1
ARB_1MLO 58.8

ARB_2.5MLO 58.4
ARB_5MLO 58.4
ARB_10MLO 57.5
ARB_1MLO 60.1

ARB_2.5MLO 60.4
ARB_5MLO 61.4
ARB_10MLO 61.0
ARB_15MLO 60.8

DSC analysis: Results of thermal characterization for Arboform formulations containing different
amounts of ELO- and MLO-modified oils are reported in Figure 5. Other than glass transition events,
two main peaks appeared on the DSC thermograms due to an exothermic cold crystallization and
an endothermic melting transformation [6,39]. Both of these phenomena can be attributed, in our
opinion, to a polylactic acid (PLA) fraction (probably added to improve the workability of liquid wood).
The presence of PLA is unequivocally confirmed by the melting peak observed in the neat sample of
Arboform, which falls in the melting range of pure PLA [40].

Figure 5. DSC curves (1st heating run (a) and 2nd heating run (b)) of ELO (left) and MLO (right)
added formulations.
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Table 4 shows the results of Tg, Tcc and Tm, for the studied materials. The literature reports that the
MLO has an effect on the reduction of the glass transition temperature for PLA based formulation [41]:
in our case, we noticed that Tg values remain constant and comparable to the reference material,
with no significant differences between MLO and ELO modified formulations. A double melt peak
was identified in the formulations (more evident in the second heating scan) due to the formation of
non-perfect small crystals that melt at lower temperatures, causing the formation of a small peak [42].
Regarding the cold crystallization temperature (Tcc), a clear effect was indeed found in every composite
containing the modified oils. As seen in Figure 5 and the values in Table 4, the addition of ELO
provides a decrease in Tcc of Arboform formulations. In particular, ELO favors crystallization due to
increased chain mobility, owing to a plasticization effect that allows crystallization to occur with lower
energy content. On the other hand, MLO presence delayed the crystallization event: it could be that
chain extension, branching or cross-linking of polylactic chains can be promoted, showing a moderate
increase in elongation at break in combination to a significant improvement of the mechanical resistant
properties (both tensile modulus and strength). This macromolecular change can be based on the fact
that the cold crystallization peak was broader (or even disappeared) as the MLO content increased and
the melting peak slightly shifted to lower temperatures. In particular, the Tcc of Arboform formulations
with 1 wt % and 2.5 wt % MLO moved up to 100.7 ◦C and 103.8 ◦C, respectively, while the neat matrix
showed a Tcc of 97.2 ◦C. A similar Tcc was observed for formulations with 5, 10 and 15 wt % MLO with
values of 102–103 ◦C [43]. This suggests a break of the crystalline structure in the polymeric phase, so
the shift in the cold crystallization process can be related to the network formation of PLA molecules of
higher molecular weight that inhibits chain motion during packing and rearrangement. While one
can consider that ELO acts as a plasticizer in the green composites, typically increasing volume and
reducing polymer–polymer interactions, MLO particles predominantly acted as an anti-nucleating
agent, interrupting the folding or packing process of the predominant PLA chains.

Table 4. Thermal parameters from DSC analysis of ELO- and MLO-modified Arboform formulations.

1st Heating Cooling 2nd Heating

Tg

[◦C]
Tcc

[◦C]
ΔHcc

[Jg−1]

Tm’

[◦C]
Tm”

[◦C]
ΔHm

[Jg−1]

Tg

[◦C]
Tg

[◦C]
Tcc

[◦C]
ΔHcc

[Jg−1]

Tm

[◦C]
Tm”

[◦C]
ΔHm

[Jg−1]

ARBOFORM 55.5 97.2 16.0 140.5 154.3 22.7 46.4 55.3 124.9 7.3 148.6 154.9 13.9
ARB_1ELO 55.1 97.3 18.7 141.1 154.7 27.3 47.8 54.7 130.1 3.7 150.4 155.4 9.4

ARB_2.5ELO 54.7 93.7 18.7 140.5 154.2 27.5 46.4 54.0 132.1 3.8 150.7 155.6 6.6
ARB_5ELO 54.4 96.7 18.5 140.2 154.4 28.1 46.4 54.0 130.0 4.0 151.4 154.9 6.8
ARB_10ELO 54.3 95.5 19.0 140.0 154.9 29.0 47.3 52.0 131.1 4.1 151.6 155.2 7.0
ARB_1MLO 57.7 100.7 18.5 140.7 153.6 25.2 47.3 55.5 126.6 12.6 151.4 155.4 14.0

ARB_2.5MLO 57.6 103.8 21.2 142.1 154.0 22.9 47.7 55.6 127.5 12.6 152.2 155.0 13.3
ARB_5MLO 57.2 102.6 21.8 142.8 154.3 24.8 48.4 55.8 127.1 11.6 152.4 155.5 14.1

ARB_10MLO 56.6 102.8 21.6 143.0 154.4 26.9 47.2 55.4 127.0 13.9 150.9 155.0 13.8
ARB_15MLO 56.2 103.2 22.8 142.0 153.4 30.5 46.5 55.3 127.2 15.2 148.6 155.0 14.2

Thermogravimetric analysis: Results of TGA analysis carried out on materials added with 5 wt %
and 10 wt % of the two modified oils (Figure 6) shows that the epoxidized oil confers good thermal
stability in the temperature range between 160 ◦C and 240 ◦C in comparison with a neat matrix.
An increase in thermal stability in materials modified with MLO above 260 ◦C is to be noted. The
derivative curves of thermogravimetric test show an increase in the temperatures of the main peaks of
the modified materials with respect to the reference matrix. The highest values for each oil are obtained
with 5% by weight: the peak of the matrix at 341 ◦C moves to 347 ◦C with the epoxidized oil and it
rises to 353 ◦C with the oil with maleic modification. This result indicates an effective bond of modified
oils with the matrix. It is well known that, owing to their high thermal stability, vegetable oils and
their chemically modified derivatives can be used as thermal stabilizers in polymers, i.e., poly (vinyl
chloride), in addition, it has been also recently reported that EVOs and other vegetable oil-derived
materials can efficiently thermally stabilize polylactic based formulations [44]. Linear chain extension,
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branching and/or, even more intensely, cross-linking effects of MLO are responsible for the achieved
thermal stabilization. This is related to the fact that these phenomena are considered to counteract
chain scission, potentially leading to a more branched structure.

Figure 6. TG (a), DTG (b), DSC curves of ELO- and MLO-modified Arboform formulations.

Morphological analysis: Scanning electron microscopy (SEM) micrographs of fractured surfaces
for the Arboform formulations are shown in Figure 7.

It can be observed that phase separation has already occurred at low oil contents, highlighting
surfaces with submicrometric sized cavities formed upon solidification of the matrix due to the presence
of micro-drops of oil. Arboform surface shows a brittle fracture with some radial cracks typical of
materials characterized by low deformation and poor toughness. The neat matrix surface appears
smooth and relatively flat surface with low roughness, while a considerable increase in the number of
round shape irregularities and/or microvoids on the surface fractures appeared in the case of modified
formulations [45]. The addition of increasing amounts of the different vegetable oils (VOs) provides
some differences: in particular, the Arboform blend compatibilized with 1 wt % ELO shows a smooth
fracture surface similar to that of the neat matrix, while Arboform compatibilized with 1 wt % of MLO
shows enhanced presence of cavities/voids.

Phase separation has been reported for vegetable oil-derived additives over 5 wt % as small
spherical domains due to excess plasticizer/compatibilizer [46]. The fractured surface of the ELO
compatibilized Arboform blend shows strong heterogeneity, which can be related to phase separation,
while the MLO compatibilized blends offer a more homogeneous fracture surface, which could be
responsible for the maximum achieved elongation at break (see Table 2). Improved miscibility for
MLO-modified Arboform formulations can be related to a similar solubility parameter between MLO
and the biopolyester contained in the Arboform matrix, thus allowing interactions between them. It
has been reported that chemically modified vegetable oils have solubility parameters close to PLA,
specifically epoxidized compounds derived from soybean oil achieved a solubility parameter of
16.70 MPa1/2 [47], while maleinized oil showed a value of 19 MPa1/2, quite similar to the solubility
parameter of PLA, which has been reported to be in the range 19.5-22.0 MPa1/2 [48,49].
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Figure 7. FESEM micrographs of fractured surfaces of ELO- and MLO-modified Arboform formulations.

4. Conclusions

The addition of environmentally friendly plasticizers derived from vegetable oils, epoxidized
(ELO) and maleinized linseed oil (MLO) at relatively low contents (0–15 wt %) led to a significant
increase in mechanical properties, such as impact-absorbed energy, tensile and flexural strength,
proving that these attractive additives can provide plasticization to brittle polymers and also improve
compatibility in immiscible or partially miscible polymer blends. In detail, ARB_5ELO and ARB_5MLO
showed an increase, respectively, of +98% and 118% of impact-absorbed energy, +39% and +43% of
tensile strength and +37% and +49% of flexural strength. The best results in terms of impact-absorbed
energy were obtained with ARB_5MLO (+118%), also tensile (+43%) and flexural strength (+49%),
which were resultantly positively affected. In addition, the natural origin of the vegetable oils represents
an environmentally effective solution to progress in the preparation and commercialization of industrial
formulations based on biopolymers and biopolymeric blends.
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Abstract: Maleinized linseed oil (MLO) has been successfully used as biobased compatibilizer in
polyester blends. Its efficiency as compatibilizer in polymer composites with organic and inorganic
fillers, compared to other traditional fillers, has also been proved. The goal of this work is to optimize
the amount of MLO on poly(lactic acid)/diatomaceous earth (PLA/DE) composites to open new
potential to these materials in the active packaging industry without compromising the environmental
efficiency of these composites. The amount of DE remains constant at 10 wt% and MLO varies
from 1 to 15 phr (weight parts of MLO per 100 g of PLA/DE composite). The effect of MLO on
mechanical, thermal, thermomechanical and morphological properties is described in this work.
The obtained results show a clear embrittlement of the uncompatibilized PLA/DE composites, which is
progressively reduced by the addition of MLO. MLO shows good miscibility at low concentrations
(lower than 5 phr) while above 5 phr, a clear phase separation phenomenon can be detected, with the
formation of rounded microvoids and shapes which have a positive effect on impact strength.

Keywords: maleinized linseed oil MLO; poly(lactic acid); diatomaceous earth; biocomposites;
active containers

1. Introduction

Natural oils and, in particular, vegetable oils, are currently being widely investigated as they could
be a source of a wide variety of new environmentally friendly materials from renewable resources
that could positively contribute to sustainable development. In addition, some of these natural
vegetable oils cannot be used in the food industry because of regulation restrictions due to their
composition and other components. For this reason, some of these vegetable oils are obtained as
by-products from other industries, and this contributes to their high worldwide availability, together
with their cost-effective price. Recently, selectively modified vegetable oils have been proposed as
interesting materials for compatibilization of polymer blends. Other applications of these modified
vegetable oils include partially biobased thermosetting resins as an alternative to petroleum-derived
resins such as epoxies, which can also be used as matrices in high environmental efficiency green
composites. In addition to this, modified vegetable oils are widely used as secondary plasticizers
in poly(vinyl chloride)—PVC—to provide increased thermal stability [1–8]. To tailor the desired
functionality of a vegetable oil, different chemical modifications have been proposed, including
epoxidation, maleinization, acrylation, and hydroxylation, among others.

Vegetable oils are interesting from a chemical point of view because of their triglyceride structure,
which consists of a glycerol basic structure which is chemically bonded to different fatty acids through
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ester bonds. Fatty acids can be saturated as stearic acid (C18:0, which means a chain length of 18 carbon
atoms without any unsaturation), palmitic acid (C16:0) or margaric acid (C17:0). These saturated fatty
acids are not interesting for chemical modification. Nevertheless, some fatty acids can contain one,
two or more unsaturations, thus leading to unsaturated fatty acids such as palmitoleic acid (C16:1),
oleic acid (C18:1), linoleic acid (C18:2) or linolenic acid (C18:3), and others. Figure 1 shows a schematic
representation of the chemical structure of an unsaturated vegetable oil.

 
Figure 1. Schematic representation of a triglyceride structure which is the base of vegetable oils,
showing different (saturated and unsaturated) fatty acids bonded to a glycerol basic structure through
ester bonds.

Unsaturations are highly reactive points, such that they represent the base for a chemical
modification to provide the desired functionality. Epoxidation is one of the most investigated
chemical modification of a vegetable oil. By a simple epoxidation process with peroxoacids derived
from, for example, hydrogen peroxide and acetic acid, unsaturations can be converted into oxirane
rings [5,9–11]. These oxirane rings allow crosslinking in a similar way to a petroleum-derived epoxy
resins with different hardener systems [12]. Moreover, oxirane rings increase the polarity of the
triglyceride, and this provides good plasticization properties to different polymers. In particular,
epoxidized soybean oil (ESBO) and epoxidized linseed oil (ELO) are commercially available as
secondary plasticizers for polyvinyl chloride (PVC) but their use has been extended to other polymers
such as poly(lactic acid), poly(hydroxybutyrate), and so on [13–18]. Other interesting chemical
modification of vegetable oils is acrylation, which is carried out on previously epoxidized vegetable
oils by reaction with acrylic monomers (acrylic acid, methyl methacrylate, and so on). These acrylic
monomers react with the oxirane rings thus leading to increased reactivity to give interesting plasticizer
materials or thermosetting resins with a similar behavior to vinyl-ester resins [12,15,19]. On the other
hand, vegetable oils can be subjected to a maleinization process, which increases reactivity as well as
the above-mentioned methods [20–23]. This modification is based on the reaction of maleic anhydride
with unsaturations, thus leading to anchorage of maleic anhydride in the triglyceride structure [21,24].
Some recent investigations have revealed the interesting plasticization effect of maleinized vegetable
oils in some polymers such as poly(lactic acid)—PLA—to increase chain mobility [1,25], but in general,
there are few research works on the potential of these biobased materials as additive in plastic
formulations. In addition to the plasticization effect of maleinized linseed oil (MLO) on PLA, it has
been corroborated the coupling/compatibilizing effect of MLO on PLA composites with diatomaceous
earth [26]. For this reason, MLO stands out as an alternative to traditional compatibilizers in the food
packaging industry and, in particular, in active packaging, as diatomaceous earth particles are highly
porous structures that can be loaded with antioxidants that can be released in a controlled way to
increase the shelf life of a product. This approach has given interesting results. For example, Tornuk et
al. and Brandelli et al. have reported the use of montmorillonite (MMT) and halloysite nanotubes
(HNTs) as carriers for different active principles for active packaging [27–32]. Diatomaceous earth (DE)
represent an interesting alternative to other clays/nanoclays. From a chemical point of view, DE is
composed of amorphous silica, SiO2·n H2O. From a morphological point of view, it consists hierarchical
micro/nanoporous structure. It is this hierarchical porosity that allows the use of DE as carriers for
active principles in active packaging. DE is composed of micro-shells of marine unicellular eukaryote
organisms in phytoplankton and formed a sediment millions of years ago. Diatom fossilization led
to formation of huge diatomaceous earth deposits; therefore, it is an abundant cost-effective product.
The main properties of DE have qualities of very low density, porous structure, abrasive, chemical
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inertness, biocompatible, high absorption capacity, low thermal conductivity, high resistance to acids,
and permeability, among others. Currently, diatomaceous earth is widely used as filtration media,
for absorption, as a natural insecticide, as functional additives, dental fillings, membranes, and chemical
sensors, among other things. When used as natural fillers, DE can provide two different effects: on the
one hand, they can provide some reinforcement effect, and on the other hand, they can act as carriers for
the controlled release of active principles [33–37]. In a previous work [26], we reported the exceptional
performance of maleinized linseed oil as a compatibilizer in PLA/DE composites, compared to other
conventional compatibilizers. In this work, the main goal is to optimize the DE/MLO ratio to obtain
the best balanced properties on poly(lactic acid)—PLA/diatomaceous earth—DE composites.

2. Experimental

2.1. Materials

The polymer matrix used in this study was a commercial grade of poly(lactic acid) manufactured
and distributed by Nature Works LLC (Minnetonka, MN, USA). This commercial grade was Ingeo
Biopolymer 6201D with a melt flow index in the 15–30 g/(10 min) range at 210 ◦C, which makes it
suitable for injection moulding and melt spinning of fibres as well. It is a lightweight material with
a typical density of 1.24 g cm−3. Regarding diatomaceous earth (DE), this was supplied by ECO-Tierra
de diatomeas (Granada, Spain). Table 1 summarizes the composition of this DE.

Table 1. Composition of diatomaceous earth used in PLA/DE composites.

Component Weight Percentage (wt%)

SiO2 89.00
Na2O + K2O 1.88

CaO 6.73
Al2O3 1.00
Fe2O3 0.46

This DE shows different particle sizes and shapes, but triangular shapes with rounded angles are
predominant, as can be seen in Figure 2. The average particle size is between 4 and 7 μm. It is worth
noting the highly porous structure of these DE particles.

  
(a) (b) 

4 μm 2 μm 

Figure 2. FESEM images of diatomaceous earth at different magnification (a) 2000× and (b) triangular
shape detail at 3500×.

The compatibilizer used in this study was maleinized linseed oil (MLO), which is obtained from
the reaction of maleic anhydride (MA) with the unsaturations contained in linseed oil (oleic acid-C18:1,
linoleic acid-C18:2 and linolenic-C18:3). This MLO was a commercial-grade VEOMER LIN supplied
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by Vandeputte (Mouscron, Belgium). Some of its features included a viscosity of 10 dPa s measured at
20 ◦C and an acid value in the 105–130 mg KOH g−1 range.

2.2. Manufacturing of PLA/DE Composites Compatibilized with MLO

Table 2 summarizes the compositions and coding of the developed formulations. Prior to any
processing, PLA and diatomaceous earth were dried at 60 ◦C for 18 h to remove the residual moisture.

Table 2. Composition and labelling of PLA/DE composites with different amounts of MLO compatibilizer.

Code PLA (wt%) DE (wt%) MLO (phr) *

PLA 100 0 0
PLA+DE 90 10 0

PLA+DE+1MLO 90 10 1
PLA+DE+2.5MLO 90 10 2.5
PLA+DE+5MLO 90 10 5

PLA+DE+10MLO 90 10 10
PLA+DE+15MLO 90 10 15

* phr represents the weight parts of MLO per 100 weight parts of PLA/DE composites.

The above-mentioned compositions were subjected to an initial compounding stage in a co-rotating
twin screw extruder from DUPRA S.L. (Alicante, Spain). Different temperatures were selected for the
extrusion process by taking into account that the melt peak temperature of PLA is close to 170 ◦C;
therefore, the initial heating stage close to the hopper was set to 165 ◦C and progressively increased
up to 180 ◦C in the extrusion die. A rotating speed of 20–25 rpm was used. After the compounding
stage in a co-rotating twin screw extruder a continuous filament (4 mm diameter) was obtained.
This filament was cooled down in air to room temperature (to avoid hydrolysis) and dropped into
a shredder manufactured by Mayper (Valencia, Spain) which gave an average pellet size 3 mm in
diameter and 2–2.5 mm in height. The pellet of the different composites obtained was then processed
by injection moulding process using a Meteor 270/75 from Mateu & Solé (Barcelona, Spain) injection
moulding machine. The temperature profile, from the feeding zone to the injection nozzle, was set to:
170–180–190–200 ◦C. The material was processed with a holding pressure of 75 bar, with an injection
time of 8 s in mold and 20 s as cooling time in the open mould.

2.3. Characterization and Testing

2.3.1. Thermal and Thermo-Mechanical Characterization

DE can affect thermal behaviour of PLA matrix. For this reason, the effects of DE addition
and MLO on thermal transitions of PLA/DE composites were obtained using differential scanning
calorimetry (DSC) using a Mettler Toledo 821 calorimeter (Schwerzenbach, Switzerland). A typical
procedure is based on the use of a sample weight of about 7–10 mg. Samples were accurately weighed
and placed into standard aluminium sealed pans (40 μL). The thermal program was divided into three
different stages. The first stage was programmed from 30 ◦C to 200 ◦C at a heating rate of 10 ◦C min−1.
This stage was applied to remove the previous thermal history which is particularly important in
semicrystalline polymers. After this, a cooling stage from 200 ◦C down to 0 ◦C at a constant cooling
rate of 10 ◦C min−1 was applied. With this stage, samples are subjected to a controlled cooling process
which allows further comparisons. Finally, a new heating cycle from 0 ◦C to 300 ◦C at a heating rate
of 10 ◦C min−1 was applied, and all thermal transitions were obtained in this second heating cycle.
To avoid undesired oxidations a nitrogen inert atmosphere (66 mL min−1) was used. An important
parameter in semicrystalline polymers is the degree of crystallinity (χc) which represents the ratio
between the crystalline areas contained in the polymer and the total volume. The degree of crystallinity
(χc) was calculated by using the following expression:
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χc =
ΔHm − ΔHcc

ΔH0
m·(1−w)

·100(%) (1)

In this equation, ΔHm and ΔHcc (J g−1) represent the melt and cold crystallization enthalpies,
respectively, while ΔH0

m corresponds to the theoretical melt enthalpy of a fully crystalline PLA, and was
taken as 93.0 J g−1, as reported in literature [38]. Finally, (1-w) stands for the weight fraction of PLA in
the sample without DE or MLO.

Complementary to the characterization of thermal transitions, the thermal stability was evaluated
by means of thermogravimetric analysis (TGA) using a TGA/SDTA 851 thermobalance from Mettler
Toledo Inc. thermobalance (Schwerzenbach, Switzerland). The selected thermal program was
a dynamic heating from 30 ◦C to 700 ◦C at a constant heating rate of 20 ◦C min−1 using air atmosphere
to simulate more aggressive conditions than using inert atmosphere. The sample weight mass varied in
the 8–10 mg range and all the samples had similar dimensions to obtain comparable and reproducible
results. Standard alumina crucibles (70 mL) were employed for TGA characterization.

Dynamic mechanical behaviour of PLA/DE composites with different MLO loadings was used to
follow the evolution of the storage modulus (G′) and the dynamic damping factor (tan δ) as a function
of increasing temperature. To this end, an AR-G2 oscillatory rheometer from TA Instruments (New
Castle, PA, USA), equipped with an environmental test chamber (ETC) and a special clamp device for
solid samples, was using in torsion/shear mode. Rectangular samples with dimensions of 40 × 10 mm2

and an average thickness of 4 mm were subjected to a temperature sweep from 30 ◦C up to 140 ◦C at
a heating rate of 2 ◦C min−1. This temperature range was selected because the main thermal transitions
of PLA in the solid state, i.e., the glass transition temperature (Tg) and the cold crystallization occur in
this range. Other characteristics of this experiment were defined by a maximum shear deformation
(%γ) of 0.1% and a frequency of 1 Hz.

2.3.2. Mechanical Characterization

Mechanical properties of PLA/DE composites with varying MLO loading were obtained from
tensile tests following ISO 527-1 in a universal test machine ELIB 30 from S.A.E. Ibertest (Madrid,
Spain). The selected conditions for these tests were: load cell of 5 kN, crosshead speed of 10 mm min−1.
Different tensile properties were obtained and averaged from five different tests for each sample, i.e.,
tensile strength (σt), tensile modulus (Et) and elongation at break (%εb).

Mechanical response of PLA/DE composites in impact conditions were obtained using a Charpy
pendulum with a total energy of 1 J from Metrotec S.A. (San Sebastián, Spain) following the guidelines
of ISO 179. Five unnotched samples were tested for each formulation, and the impact strength was
calculated in kJ m−2 by taking into account the cross section of samples.

In addition to the above-mentioned characterization techniques, Shore D hardness was obtained
in a durometer 673-D from J. Bot S.A. (Barcelona, Spain), as indicated in ISO 868. In a similar way,
hardness was measured in five different samples, and the average values were collected.

2.3.3. Microscopic Characterization

The internal morphology of PLA/DE composites was studied from fractured samples on impact
tests. A field emission scanning electron microscope (FESEM) from Oxford Instruments (Abingdon,
United Kingdom) working at an acceleration voltage of 2 kV was used. To provide conducting
properties to samples and avoid sample charge, all fractured samples were covered with an ultrathin
gold-palladium alloy in a Quorum Technologies Ltd. EMITECH model SC7620 sputter coater (East
Sussex, UK).
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3. Results and Discussion

3.1. Thermal Properties of PLA/DE Composites with Varying MLO Loading

A comparative plot of the DSC thermograms of neat PLA and PLA/DE composites with varying
MLO content is gathered in Figure 3. A first thermal transition can be seen at around 60 ◦C that
corresponds to the glass transition temperature (Tg) of PLA. As PLA is highly sensitive to the cooling
process, which affects the degree of crystallinity, a cold crystallization peak can be observed with
a peak maximum of 119 ◦C, while this characteristic peak moves down to lower values in PLA/DE
composites. The cold crystallization process occurs at lower temperatures with 10 wt% DE. In particular,
the peak maximum is displaced to 112 ◦C. This slight change in the cold crystallization characteristic
temperatures is directly related to the fact that DE particles can act as nucleants for crystallization,
thus favouring crystallite formation [39–42]. At higher temperatures, close to 170 ◦C, an endothermic
peak can be observed which is attributed to the melt process of the crystalline fraction in PLA. Table 3
shows the main thermal results obtained from DSC characterization.

Figure 3. DSC thermograms of neat PLA and PLA+DE composites with different MLO loading
(expressed in phr).

Table 3. Main thermal parameters of PLA and PLA+DE composites with different MLO loading
(expressed in phr) obtained by differential scanning calorimetry (DSC).

Sample Tg (◦C) Tcc (◦C) ΔHcc (J g−1) Tm (◦C) ΔHm (J g−1) χc (%)

PLA 63.0 119.5 27.5 169.9 36.5 9.7
PLA-DE 63.8 111.8 19.5 171.3 32.7 15.7

PLA-DE-1MLO 61.8 105.7 21.6 169.7 33.85 14.7
PLA-DE-2.5MLO 61.3 105.2 21.5 170.0 33.6 15.0
PLA-DE-5MLO 60.2 105.5 21.2 169.5 31.2 12.5
PLA-DE-10MLO 62.1 105.5 16.9 172.0 26.9 13.0
PLA-DE-15MLO 61.5 105.6 18.7 172.4 28.1 13.0

Addition of MLO provides a slight decrease in Tg of PLA/DE composites. In particular,
the maximum decrease is obtained for a MLO loading of 5 phr which gives a Tg value of 60.2 ◦C
(3.6 ◦C lower than PLA/DE composites). This slight decrease in Tg is representative for poor
plasticization effects, as observed in other polymer systems [1,43,44]. Nevertheless, with regard to the
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cold crystallization process, a clear decrease in the peak temperature (Tcc) can be seen from 112 ◦C
(PLA/DE composite) down to values of 105 ◦C for almost all composites, independently of the MLO
loading. MLO favors crystallization due to increased chain mobility. On the other hand, the melt
peak temperature of the obtained materials does not change in a remarkable way, with values of
about 170 ◦C, even with increasing MLO content. With regard to normalized enthalpies related to
the cold crystallization and melting processes, it is worth noting that they are very useful for making
an estimation of the degree of crystallinity (χ) of the PLA/DE composites with increasing MLO content.
Neat PLA shows a degree of crystallinity of 9.7%, while the addition of 10 wt% DE leads to increased
crystallinity up to values of 15.7% due to the nucleant effect of DE. This is also consistent with the
decrease in the cold crystallization peak temperature, as stable crystallites can be obtained at lower
temperatures. By adding low MLO loads in the 1–2 phr range, the degree of crystallinity remains
almost constant but high MLO loading in the 5–15 phr range, favour the stability of the amorphous
PLA domains which is detectable by a decrease in the degree of crystallinity to values of 13%.

With regard to the thermal stability of PLA/DE composites with varying MLO content, Figure 4
shows the thermogravimetric TGA degradation profiles of neat PLA, PLA/DE composite and
compatibilized PLA/DE composite with different MLO loadings. As can be observed in Figure 4, all the
developed materials in this study show a one-step degradation process. It is important to take into
account that the overall thermal stability is related to chemical and physical interactions between the
base polymer matrix, PLA, inorganic particles (DE) and MLO [45]. Table 4 shows the main thermal
results obtained from TGA analysis.

 
(a) 

(b) 

Figure 4. Comparative thermogravimetric (TGA) plots corresponding to PLA/DE composites with
varying MLO content: (a) TGA thermograms curves and (b) first derivative, DTG curves.
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Table 4. Main thermal parameters of the thermal degradation of PLA/DE composites with varying
MLO content obtained by thermogravimetric analysis, TGA.

Sample Tonset (◦C) Tmax (◦C) Residual Mass (wt. %)

PLA 264.1 366.3 0.16
PLA-DE 294.3 364.3 11.6

PLA-DE-1MLO 316.7 369.6 11.5
PLA-DE-2.5MLO 316.2 367.4 13.8
PLA-DE-5MLO 315.6 367.3 10.0
PLA-DE-10MLO 302.0 364.6 10.3
PLA-DE-15MLO 309.3 361.6 10.2

The simple addition of DE increases the thermal stability of neat PLA. In fact, the onset degradation
temperature of PLA (Tonset) changes from 264 ◦C for neat PLA to 294.3 ◦C for the PLA/DE composites
with 10 wt% DE. These results are in agreement with the work of Carrasco et al., which suggests
that addition of small amounts of inorganic materials into a polymer matrix provides increased
thermal stability [46]. Moreover, addition of MLO also provides increased thermal stability up to
onset degradation temperature values of 315–316 ◦C for MLO loading in the 1–5 phr range [1]. In fact,
the onset degradation temperature for composites with 1–5 phr MLO provides an increase of about 22 ◦C
with regard to the uncompatibilized PLA/DE composite [44]. This phenomenon could be somewhat
related to interactions between the PLA chains and the modified vegetable oil [45]. With regard to
the residual mass, PLA is almost fully decomposed, while all its composites with DE show residual
mass values close to 10% which is in total accordance with the amount of DE filler (10 wt%). DE is
composed of inorganic siliceous particles which do not undergo degradation in the temperature range
comprised between 30 and 700 ◦C.

3.2. Thermomechanical Properties of PLA/DE Composites with Varying MLO Loading

Figure 5 gathers dynamic mechanical thermal analysis (DMTA) curves corresponding to the
evolution of the storage modulus, G′ (Figure 5a) and dynamic damping factor, tan δ (Figure 5b) with
temperature. Regarding the storage modulus, below the glass transition temperature (Tg), all materials
show a typical elastic-glassy behaviour with high G′ values. The uncompatibilized PLA/DE composite
shows a G′ value of 1095 MPa at 40 ◦C. This G′ value is remarkably higher than that of the neat PLA
(565 MPa at the same temperature). Addition of MLO leads to a decrease in stiffness (lower G′ values).
Thus, the PLA/DE composite with 1 phr MLO shows a G′ value of 832 MPa at 40 ◦C. As the MLO
content increases, G′ values show a decreasing tendency as it can be seen in Table 5. This behaviour
indicates some plasticization effect of MLO. In fact, some recent research works have suggested that
modified triglyceride molecules are placed between polymer chains and, therefore, an increase in
chain mobility is achieved, leading to decreased G′ values. In addition to this internal lubrication
effect, MLO molecules increase the free volume this reducing the intermolecular attraction forces
between adjacent PLA chains, all this having a positive effect on overall chain mobility [25,47,48].
Above the Tg, a clear softening occurs, and G′ values decrease in a remarkable way. As can be seen in
Figure 5a, addition of MLO moves the corresponding curves to lower temperatures as MLO enables
chain mobility [49,50]. The cold crystallization process can be detected as an increase in G′ values
above the Tg. As certain temperature is reached, some amorphous areas of PLA tend to re-arrange to
form packed structures or crystallites and this increases the density, which is directly related to the
stiffness and, consequently, the G′ is increased [51,52].
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Table 5. Summary of some dynamic-mechanical thermal properties of PLA/DE with varying
MLO loading.

Sample Tg (◦C) * Storage Modulus, G′ (MPa) at 40 ◦C
PLA 68.1 564.9

PLA-DE 66.2 1095.5
PLA-DE-1MLO 65.9 831.9

PLA-DE-2.5MLO 65.8 624.3
PLA-DE-5MLO 64.5 588.8
PLA-DE-10MLO 64.2 518.4
PLA-DE-15MLO 63.2 545.9

* The Tg value has been obtained by using the peak maximum criterium for tan δ.

  
(a) (b) 

Figure 5. Comparative plot of dynamic mechanical thermal properties of PLA/DE with varying MLO
loading as a function of temperature: (a) Storage modulus, G′ and (b) dynamic damping factor (tan δ).

Figure 5b shows the damping factor, tan δ, for PLA/DE composites with increasing MLO loading.
As it can be seen the damping factor is slightly moved towards lower temperatures, compared to
neat PLA. Despite it being possible to evaluate the glass transition temperature by using different
criteria (G′, G”, tan δ), one of the most widely used is the peak maximum for tan δ. By using this
criterion, neat PLA shows a Tg of 68.1 ◦C and PLA/DE composite offers a Tg of 66.2 ◦C. As MLO
loading increases, a slight decrease in Tg can be observed which is in total accordance with previous
results obtained by DSC. These Tg values are summarized in Table 5.

3.3. Mechanical Properties of PLA/DE Composites with Varying MLO Loading

Table 6 summarizes the main mechanical properties of PLA/DE composites with MLO. The only
addition of DE (10 wt%) promotes an increase in tensile modulus from 900 MPa (neat PLA) up to
1344 MPa (PLA/DE composite with 10 wt% DE). Nevertheless, both the tensile strength (σt) and the
elongation at break (εb) decrease. The tensile strength changes from 65 MPa to 53 MPa with 10 wt% DE
and the elongation at break is decreased up to half the value of neat PLA. Dispersion of DE particles
leads to a clear embrittlement, as these embedded particles can exert a stress concentration effect,
with a subsequent decrease in elongation at break [31].

201



Materials 2019, 12, 1627

Table 6. Summary of mechanical properties of PLA/DE composites with varying MLO loading, obtained
from tensile, impact and hardness tests.

Sample
Tensile

Modulus, Et

(MPa)

Tensile
Strength, σb

(MPa)

Elongation at
break, εb (%)

Impact
Strength
(kJ m−2)

Hardness
Shore D

PLA 900 ± 75 65 ± 0.5 6.3 ± 0.9 28 ± 3.4 80.5 ± 3.5
PLA-DE 1344 ± 54 53 ± 2.0 3.5 ± 0.3 12.4 ± 2.1 82.3 ± 2.2

PLA-DE-1MLO 1329 ± 70 50 ± 0.5 4.7 ± 0.2 13.4 ± 2.3 82.3 ± 2.1
PLA-DE-2.5MLO 1322 ± 20 46 ± 2.2 4.9 ± 0.3 14.6 ± 2.9 81.9 ± 1.6
PLA-DE-5MLO 1275 ± 48 40 ± 0.6 5.6 ± 0.4 15.6 ± 1.6 82.0 ± 2.2
PLA-DE-10MLO 1161 ± 117 33 ± 0.6 19.5 ± 2 18.4 ± 3.8 81.7 ± 1.6
PLA-DE-15MLO 1075 ± 166 33 ± 0.9 22.8 ± 1.9 21.7 ± 3.6 79.8 ± 2.9

Addition of MLO on PLA/DE composites provides a decrease in rigidity, as expected. For low
MLO loadings in the 1–2 phr range, the tensile modulus is almost constant. Although the average value
is slightly lower, if we take into consideration the standard deviation, the change is not significant.
Nevertheless, over 5 phr MLO, a clear change in mechanical behaviour can be detected. In particular,
the tensile modulus is remarkably decreased. It is worth noting that PLA/DE composites with 15
phr MLO show a tensile modulus of 1075 MPa, which represents a 20% decrease regarding the
PLA/DE composite without MLO. The same tendency can be detected for tensile strength. Addition
of 5 phr produces a decrease of 10% in tensile strength while above 5 phr, the percentage decrease
in tensile strength is comprised between 25–38%. This pronounced change in mechanical resistant
properties is inversely related to elongation at break which increases with increasing MLO loading.
Uncompatibilized PLA/DE composite is extremely brittle, with an elongation at break of 3.5%. This is
slightly increased to values of 5% for low MLO loading but, as expected, above 10 phr MLO, it is
possible to obtain a noticeable increase in elongation at break, with values of close to 20% in this range.
Some previous works have demonstrated different effects of MLO on PLA and other polyesters. These
effects include plasticization, chain extension, branching and, in some cases, some crosslinking [43,47,53].
The plasticization effect has been corroborated by a slight decrease in the glass transition temperature.
MLO exerts a lubricant effect on PLA polymer chains and this is responsible for the observed increase
in ductility. Changes in stiffness are also related to the ability of the materials to absorb energy. It is
important to note that impact strength is related to both ductile and resistant properties. Neat PLA
is characterized by an impact strength of 28 kJ m−2; due to the stress concentration phenomenon of
DE, the PLA/DE composite with 10 wt% DE shows a remarkable decrease in impact strength down to
values of 12.4 kJ m−2. These results are in total agreement with the dramatic decrease in both tensile
strength and elongation at break. As the MLO loading increases, the impact strength improves, and it
is worth noting that PLA/DE composites containing 15 phr MLO reach an impact strength of about
22 kJ m−2. This is lower than neat PLA, but it is remarkably superior to the uncompatibilized PLA/DE
composite. Above 5 phr, MLO can counteract the negative effect of DE on impact strength. Finally,
with regard to Shore D hardness, it is worthy to note that although the average values show a slight
increase in hardness with DE addition and a decrease with MLO loading, the standard deviation of
these values shows that Shore D hardness values remain almost unchanged centred in 80.

3.4. Morphological Characterization of PLA/DE Composites with Varying MLO Loading

Figure 6 shows a FESEM image corresponding to the fractured surface from the impact test of
PLA/DE sample at 2500×. This morphology is characterized by a matrix phase consisting on PLA
and a dispersed phase constituted by embedded DE particles. The polymer matrix shows a uniform
topography with small steps and, subsequently, low roughness. These are clear evidence of a brittle
fracture (or a fracture with very short plastic deformation). In addition, it is possible to identify
individual DE particles and the surrounding of these particles show a small gab regarding the polymer
matrix. These features are in total agreement with the previous mechanical properties with a decrease
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in elongation at break and a decrease in tensile strength due to the stress concentration phenomenon
provided by uncompatibilized DE particles.

 
μ

Figure 6. FESEM image (2500×) of the surface of a PLA/DE sample obtained after impact test.

Figure 7 shows FESEM images corresponding to PLA/DE composites compatibilized with different
MLO loadings. From these images, the PLA matrix and the embedded DE particles (disperse phase)
are clearly distinguishable. For low MLO content (1–5 phr), the PLA matrix shows a homogeneous
topography, absolutely uniform and smooth. The only difference with the uncompatibilized PLA/DE
composite (Figure 6) is that the steps and roughness are rounded and less pronounced, as can be seen
in Figure 7a–c. Moreover, it is possible to observe formation of somewhat interphase between PLA
and DE particles. In this sense, MLO can act as a compatibilizer of PLA matrix and DE particles due
to the tendency of the maleic anhydride group to react with hydroxyl groups in both PLA (terminal
groups) and siliceous surface of DE particles. These improvements in the interface phenomena between
PLA and DE are responsible for an improvement in ductile properties and, subsequently, on the
impact strength, as previously indicated. With respect to PLA/DE composites with high MLO content
(10–15 phr), the obtained morphology is somewhat different. The polymeric matrix is less uniform,
with a high density of rounded microvoids. In addition, some phase separation can be observed.
This indicates that PLA is not completely miscible with MLO. This immiscibility is much more evident
with an excess of MLO (see white circles in Figure 7d,e). This restricted miscibility promotes formation
of microvoids (see white arrows in Figure 7d,e), as reported in previous works [12,20,25,49,50,54].
In addition to this, it is possible to observe some evidence of plastic deformation (filaments) of the PLA
matrix [1]. Therefore, it is possible to conclude that the increase in impact strength is directly related to
somewhat interaction between PLA matrix and DE particles.
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Figure 7. Cont.
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Figure 7. FESEM images (2500×) of the surface of a PLA/DE sample obtained after impact test,
with varying MLO loading (in phr): (a) 1, (b) 2.5, (c) 5, (d) 10 and (e) 15.

4. Conclusions

This work reports the efficiency of maleinized linseed oil as a biobased compatibilizer in poly(lactic
acid)—PLA—composites with diatomaceous earth (DE) at a constant loading of 10 wt%. In particular,
the work focuses on the optimization of MLO loading to obtain the most balanced properties on
PLA/DE composites. The obtained results show a clear embrittlement of PLA/DE composites without
any compatibilizer. The elongation at break is reduced to half the value of neat PLA. On the contrary,
the tensile modulus increases as expected. On the other hand, the impact strength of uncompatibilized
PLA/DE composites goes down to a value of 12.4 kJ m−2, which is remarkably lower than neat PLA
(28 kJ m−2). Two different levels of effect can be seen depending on the MLO loading. For MLO
loadings in the 1–5 phr range, a slight increase in ductile properties can be detected, with a slight
decrease in the glass transition temperature (Tg). Nevertheless, above 5 phr MLO, ductile properties are
remarkably improved, and the impact strength increases to values close to 22 kJ m−2 which is almost
double the value of uncompatibilized PLA/DE composite. The morphology of these composites shows
that MLO exerts a compatibilizing effect, bridging the PLA matrix and the DE particles. Therefore, it is
possible to conclude that MLO loading in the 10–15 phr range gives optimum and balanced properties
for PLA/DE composites without compromising the ecoefficiency of the developed composites.
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Abstract: In this work poly(butylene succinate) (PBS) composites with varying loads of almond
shell flour (ASF) in the 10–50 wt % were manufactured by extrusion and subsequent injection
molding thus showing the feasibility of these combined manufacturing processes for composites
up to 50 wt % ASF. A vegetable oil-derived compatibilizer, maleinized linseed oil (MLO), was
used in PBS/ASF composites with a constant ASF to MLO (wt/wt) ratio of 10.0:1.5. Mechanical
properties of PBS/ASF/MLO composites were obtained by standard tensile, hardness, and impact
tests. The morphology of these composites was studied by field emission scanning electron
microscopy—FESEM) and the main thermal properties were obtained by differential scanning
calorimetry (DSC), dynamical mechanical-thermal analysis (DMTA), thermomechanical analysis
(TMA), and thermogravimetry (TGA). As the ASF loading increased, a decrease in maximum tensile
strength could be detected due to the presence of ASF filler and a plasticization effect provided by
MLO which also provided a compatibilization effect due to the interaction of succinic anhydride
polar groups contained in MLO with hydroxyl groups in both PBS (hydroxyl terminal groups) and
ASF (hydroxyl groups in cellulose). FESEM study reveals a positive contribution of MLO to embed
ASF particles into the PBS matrix, thus leading to balanced mechanical properties. Varying ASF
loading on PBS composites represents an environmentally-friendly solution to broaden PBS uses at
the industrial level while the use of MLO contributes to overcome or minimize the lack of interaction
between the hydrophobic PBS matrix and the highly hydrophilic ASF filler.

Keywords: green composites; natural fillers; poly(butylene succinate) (PBS); almond shell flour (ASF)

1. Introduction

Over the last years, research on new polymer materials has attracted much research with
the aim of minimizing the environmental impact of petroleum-derived polymers. These new
polymers, also known as biopolymers, have demonstrated a clear contribution to decrease the carbon
footprint in comparison to conventional plastics [1,2]. High environmentally-friendly polymers can
be obtained from renewable resources and can potentially find interesting engineering applications.
These biobased polymers include polysaccharides (cellulose, starch, chitosan, and so on), protein
polymers (gluten, ovalbumin, soy protein, collagen, among others), and bacterial polymers such as
poly(3-hydroxybutyrate), PHB, and other polymers obtained from biomass fermentation by different
microorganisms [3–7]. Some polymers can be obtained from petroleum resources, but they show
high environmental efficiency at the end-of-life as they can undergo full disintegration under certain
conditions (compost). Aliphatic polyesters such as poly(butylene succinate) (PBS), poly(glycolic
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acid) (PGA), poly(ε-caprolactone) (PCL), poly(butylene succinate-co-adipate) (PBSA), and some
aliphatic-aromatic copolyesters, i.e., poly(butylene succinate-co-terephthalate) (PBAT), poly(butylene
succinate-co-terephthalate) (PBST), among others, belong to these petroleum-based, disintegrable
(biodegradable) polymers [8,9].

Among these polyesters PBS is gaining relevance due to its high flexibility which allows its
use in the packaging industry. Poly(butylene succinate) can be obtained from polycondensation of
succinic acid and 1,4-butanediol (BDO). Although the most common route to obtain PBS is from
petroleum-derived monomers (in fact, the first PBS commercial grades were petroleum-derived),
currently it is possible to obtain both starting monomers from renewable resources such as
starch, glucose or cellulose by bacterial fermentation [10,11], and this will open a new age in the
development of biopolyesters from renewable resources. Obviously, bio-derived PBS is a high
environmentally-friendly material, from both points of view: origin (bio-derived) and end-of-life
(disintegrable in controlled compost soil). Nevertheless, petroleum-derived PBS lacks the “bio” origin,
but it does not generate problematics at the end-of-life since, as other aliphatic polyesters, it can undergo
disintegration in controlled compost soil [12]. So, currently, petroleum-based PBS and derivatives are
interesting alternatives to other non-biodegradable plastics. Recently, Puchalski et al. have reported
the degradation of petroleum-derived PBS and PBSA subjected to different environmental conditions.
In addition they reported the change in physical and mechanical properties of PBS and PBSA during
the degradation processes [13].

Poly(butylene succinate) possesses comparable properties to those of some commodities such
as poly(ethylene) (PE) or poly(propylene) (PP) [14]. In addition, processing of PBS can be carried
out at moderate temperatures, with a pre-drying stage to remove moisture, which is responsible for
hydrolysis. Its main uses include film/sheet for the packaging and agricultural industries [15,16];
despite this, its use is increasing in the automotive industry and medical devices as well [17–19].
The main drawback of PBS is its high cost compared to commodity and some engineering plastics.

One way to partially overcome this drawback without compromising its biodegradability is by
blending it with less expensive biodegradable polymers such as poly(lactic acid) (PLA), PCL, among
others [20,21]. Another approach is by using lignocellulosic fillers to give the so-called natural polymer
composites (NPCs) with PBS matrix. Natural polymer composites can positively contribute to give
sustainable materials with balanced properties (mechanical, thermal, barrier, physical, and so on),
similar to commodities [22–24]. An interesting approach to these fillers is the use of industrial or
agroforestry by-products to act as reinforcing fillers in NPCs. It has been widely reported the potential
of industrial wastes from the food industry (fruit shells, stalks, fruit skins, seeds, among others) in
NPCs [18,25–27].

Poly(butylene succinate) has been successfully used as matrix with a wide variety of natural
fibers such as sisal [28], hemp [29], kenaf [30], and so on. Regarding PBS composites with agricultural
wastes, it is worthy to note the work by Tserki et al. [31], in which, lignocellulosic waste flours (spruce,
olive husk and paper) were used as fillers into PBS matrices. Yeng et al. [32] reported the use of
fillers from wheat bran into modified PBS matrices. They reported the positive effect of grafting
maleic anhydride into PBS chains to give poly(butylene succinate-g-maleic anhydride) which showed
increased interactions with the cellulosic components contained in the wheat bran.

Among the wide variety of potential lignocellulosic wastes, almond shell is an abundant waste in
countries such as Spain, which stands as the third major producer of almonds just after the USA and
Australia. Almond shell has been employed as lignocellulosic fillers in several NPCs. In particular,
it has been added to commodities such as PP [33,34], but moreover, several studies involving almond
shell wastes and some biopolymers, PLA [35,36] or PCL [37], have been reported in the last years.
In a previous work [38], our group reported the need of compatibilizer agents to provide increased
interactions between the highly hydrophobic PBS matrix and the highly hydrophilic almond shell
flour (ASF) filler as observed in other polymer/lignocellulosic filler composites [39,40]. Several
solutions to overcome the low polymer/filler interactions have been proposed such as silane treatments,
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acetylation, plasma treatments, and so on [41–43]. Excellent results have been obtained by using maleic
anhydride grafted copolymers in both polymer/lignocellulosic fillers and binary/ternary blends with
immiscible polymers [44,45]. Recently, vegetable oils have been proposed as environmentally-friendly
compatibilizers as an alternative to conventional petroleum-based ones [46,47]. Epoxidized vegetable
oils (EVOs), such as epoxidized soybean oil (ESBO), epoxidized linseed oil (ELO) [48,49], epoxidized
palm oil (EPO) [50], and so on, have been successfully used as compatibilizers in NPCs. Another
vegetable oil derivative, namely maleinized linseed oil (MLO) has been used as compatibilizers
in polymer/lignocellulosic composites [51,52]. Ferri et al. [53] reported a clear improvement on
processability, mechanical ductile properties and thermal stability on PLA composites with low MLO
loading content. In our previous work, focused on PBS/ASF composites with a constant ASF content
of 30 wt %, several compatibilizer families based on different reactive groups, i.e., epoxy, maleic
anhydride and acrylic were used. Maleinized linseed oil—MLO—gave the best results in terms of
balanced properties due to the reaction of the succinic anhydride group attached to the triglyceride
molecule, towards the hydroxyl groups contained in both PBS (end-chain groups) and ASF (cellulose
and hemicellulose) [38].

The aim of this work is to expand the potential of PBS/ASF composites by varying the ASF wt %
loading up to 50 wt % and using MLO as reactive compatibilizer.

2. Materials and Methods

2.1. Materials

Poly(butylene succinate)-based composites were manufactured with a PBS commercial grade
Bionolle 1020MD supplied by Showa Denko Europe GmbH (Munich, Germany). This PBS grade is
petroleum-derived but fully disintegrable in controlled compost soil. This PBS possesses a melt flow
index—MFI comprised between 20 and 34 g/10 min and a density of 1.26 g cm−3. The lignocellulosic
filler was almond shell supplied by JESOL Materias Primas (Valencia, Spain). The almond shell
was grinded and sieved in a CISA®RP09 sieve shaker (CISA Cedacería Industrial, Barecelona,
Spain) to an average particle size of 150 μm. The selected compatibilizer was maleinized linseed
oil—MLO, VEOMER LIN supplied by Vandeputte (Mouscron, Belgium). This modified vegetable oil
is characterized by a viscosity of 10 dPa s at 20 ◦C and an acid value comprised in the 105–130 mg
KOH g−1 range.

2.2. Manufacturing of PBS/ASF/MLO Composites

As polyesters are very sensitive to hydrolysis, PBS was previously dried at 50 ◦C for 24 h to
avoid degradation during processing. The ASF was also dried in the same conditions as PBS in a
dehumidifying dryer MDEO from Industrial Marsé (Barcelona, Spain). The MLO was heated at 40 ◦C
for 30 min to reduce its viscosity and enhance mixing with both PBS and ASF.

Table 1 shows the formulations developed in this study. The appropriate amounts of each
component were weighed and mechanically pre-mixed in a zipper bag for 5 min. Then, the mixtures
were compounded in a twin-screw co-rotating extruder from Construcciones Mecánicas DUPRA, S.L.
(Alicante, Spain). The rotation speed was set to 40 rpm and the temperature of the four heated barrels
was programmed to 120 ◦C (hopper), 125 ◦C, 130 ◦C, and 130 ◦C (dye). The screws had a diameter
of 25 mm and a length-L to diameter-D ratio of 24. After extrusion, the obtained compounds were
pelletized and dried again at 50 ◦C for 24 h before further processing in a Meteor 270/75 injection
moulding machine from Mateu&Sole (Barcelona, Spain). The temperature profile was set to (from the
hopper to the injection nozzle): 110 ◦C, 115 ◦C, 130 ◦C, and 125 ◦C.
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Table 1. Formulations and sample coding of poly(butylene succinate)/almond shell flour/ maleinized
linseed oil (PBS/ASF/MLO) composites.

Sample Code PBS (wt %) ASF (wt %) MLO (wt %)

PBS 100 0 0
PBS + 10 ASF + 1.5 MLO 88.5 10 1.5
PBS + 20 ASF + 3 MLO 77 20 3

PBS + 30 ASF + 4.5 MLO 65.5 30 4.5
PBS + 40 ASF + 6 MLO 54 40 6

PBS + 50 ASF + 7.5 MLO 42.5 50 7.5

2.3. Mechanical Characterization

PBS/ASF/MLO composites were characterized by standard tensile tests following ISO 527-1:2012
in a universal test machine ELIB 50 from S.A.E. Ibertest (Madrid, Spain). The load cell was 5 kN and
the crosshead speed was set to 10 mm min−1. In addition, Shore D hardness values of PBS/ASF/MLO
composites were obtained in a durometer model 676-D from J. Bot Instruments (Barcelona, Spain) as
indicated in ISO 868:2003. Finally, the impact strength was obtained using the Charpy pendulum (with
an energy of 1 J) on notched samples (“V” type notch with a radius of 0.25 mm), according to ISO
179-1:2010. At least five different samples were used in each mechanical test and the average values of
the corresponding parameters were obtained. In particular, the elongation at break—εb, maximum
tensile strength—σt and the tensile modulus—Et, were obtained from tensile tests. All the tests were
conducted at room temperature.

2.4. Thermal and Thermomechanical Characterization

Differential scanning calorimetry (DSC) was used to study the main thermal transitions of
PBS/ASF/MLO composites in a model DSC 821 calorimeter from Mettler-Toledo (Schwerzenbach,
Switzerland). The average sample weight was comprised between 5 and 7 mg and standard aluminium
crucibles with a volume of 40 μL were used. All the samples were subjected to a thermal program
consisting on three stages. The first stage consisted on a first heating cycle from 25 ◦C up to 200 ◦C.
Then, a cooling stage down to −50 ◦C was applied, and finally, a second heating stage from −50 ◦C up
to 300 ◦C was scheduled. The heating/cooling rate was 10 ◦C min−1 for all three stages and a constant
nitrogen flow of 66 mL min−1 was used. All DSC tests were run in triplicate to obtain reliable results.
The degree of crystallinity (χc) was calculated using the following equation:

%χc =

[
ΔHm

ΔH0
m·(1 − w)

]
·100 (1)

where ΔHm corresponds to the measured melt enthalpy of PBS. ΔH0
m (J g−1) stands for the theoretical

melt enthalpy of a fully crystalline PBS, which was taken as 110.3 J g−1 for PBS as previously
reported [54]. Regarding w, it represents the total weight percent of all components (ASF and MLO)
added to PBS matrix.

Thermal stability of PBS/ASF/MLO composites was studied by thermogravimetry in a
TGA/SDTA 851 thermobalance from Mettler-Toledo (Schwerzenbach, Switzerland). The average
sample weight for TGA characterization was in the 7–10 mg range and standard alumina crucibles
with a total volume of 70 μL were used. The scheduled thermal program was a dynamic heating from
30 ◦C up to 700 ◦C at a heating rate of 20 ◦C min−1 in air atmosphere.

Thermomechanical characterization was carried out by dynamic mechanical thermal analysis
(DMTA) in a Mettler-Tolledo DMA1 (Schwerzenbach, Switzerland). Samples were subjected to a
dynamic flexural test in single cantilever at a frequency of 1 Hz. The thermal program consisted on
a heating sweep from −50 ◦C up to 80 ◦C at a constant heating rate of 2 ◦C min−1. The maximum
flexural deformation was set to 10 μm. On the other hand, the thermal/dimensional stability was
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determined in a thermomechanical analyzer—TMA Q400 from TA Instruments (Delaware, USA).
Squared samples with parallel faces sizing 4 × 10 × 10 mm3 were subjected to a constant load of
0.02 N and subsequently subjected to a heating program from −50 ◦C to 80 ◦C at a heating rate of 2 ◦C
min−1. The coefficient of linear thermal expansion—CLTE was calculated below and over the glass
transition temperature, Tg.

2.5. Morphology Characterization

The morphology of PBS/ASF/MLO composites was studied by field emission scanning electron
microscopy (FESEM) in a FESEM model ZEISS ULTRA 55 from Oxford Instruments (Abingdon, UK).
Fractured samples from impact tests were subjected to a sputtering process with an aurum-palladium
alloy inside a sputter coater model EMITECH SC7620 from Quorum Technologies (East Sussex, UK).

3. Results and Discussion

3.1. Appearance and Mechanical Properties of PBS/ASF/MLO Composites.

As observed in Figure 1, neat PBS is white due to its semicrystalline nature [13,55]. As the ASF
loading increases, we can observe a slight change in color but in general, their appearance is like other
wood plastic composites.

Figure 1. (a) Powdered almond shell flour (ASF) and (b) injection moulded PBS/ASF/MLO composites
with varying ASF content in wt %.

As the ASF increases, the material becomes darker and this can be followed by the evolution of
the luminance (L*) of the samples as observed in Figure 2a. In addition, the colour coordinates a* and
b* offer the real changes in brownish colour. The a* coordinate changes from negative values (green) to
positive values (red) while the b* coordinate provides a measurement of the change in colour from blue
(negative values) to yellow (positive values). As it can be seen in Figure 2b, all samples are placed in
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the a* > 0 and b* > 0 quadrant. In particular, both the a* and b* coordinates decrease as the ASF loading
increases. Figure 2b also shows the colour coordinates (a*b*) of several commercial woods [56,57].
Poly(butylene succinate)/ASF/MLO composites with 10 wt % show similar colour coordinates to
those of eucalypt [58] and teak woods [59]. As the ASF content increases, the yellow content decreases
and the obtained materials are browner.

  
Figure 2. (a) Variation of the luminance (L*) and (b) colour coordinates (a*b*) of PBS/ASF/MLO
composites with varying ASF loading.

Typically, the addition of an uncompatibilized lignocellulosic filler into a polymer matrix, leads to a
decrease in mechanical properties due to the low polymer/particle interactions. This lack (or very poor)
interactions results in a decrease in material’s cohesion which gives decreased elongation at break—εb
and maximum tensile strength—σt as they are very sensitive to cohesion. In contrast, the material
usually becomes stiffer with increased modulus as this represents the stress to strain ratio in the
linear region [60]. Individual MLO additive into a thermoplastic polyester matrix, acts with several
overlapping effects. The first one is a typical plasticization effect which gives a slight decrease in Tg with
the subsequent decrease in all mechanical resistant properties (maximum tensile strength and modulus),
while the elongation at break is increased. A second effect of MLO is chain extension due to reactions
of the attached succinic anhydride group with hydroxyl groups located on polyester end-chains which
gives increased elongation at break [52,53]. In this work, addition of both ASF and MLO should lead
to overlapping all the above-mentioned phenomena in a complex way. Figure S1 in Supplementary
Information shows a plot comparison of the typical stress (σ)—strain (ε) curves for PBS/ASF/MLO
composites with different ASF and MLO loading. Table 2 summarizes the main mechanical properties
of PBS/ASF/MLO composites. As it can be seen, a progressive decrease in maximum tensile strength
from neat PBS (31.5 MPa) down to very low values of 7.1 MPa (50 wt % ASF + 7.5 MLO) are obtained.
This dramatic decrease in tensile strength is directly related to the large filler content (in fact, the PBS
polymer matrix only represents 42.5 wt % in composites with 50 wt % ASF). With regard to elongation at
break—εb, the behavior is quite interesting. PBS is a very flexible polymer with a εb of 215.6%. The only
addition of uncompatibilized 30 wt % ASF leads to a dramatic decrease in εb down to 6.3% as reported
in our previous work [38], and this value was remarkably improved up to 25.8% by compatibilization
with 4.5 wt % MLO. A decrease in εb is typical of uncompatibilized particle-filled polymers. The lack
(or poor) polymer-particle interactions are responsible for this high decrease. It is important to remark
that lignocellulosic fillers are high hydrophilic due to their cellulose and hemicellulose content while,
on the other hand, most polymers are hydrophobic. These extremely high difference in polarity is
responsible for poor polymer-particle interactions and this leads to poor material cohesion. As εb is
highly sensitive to cohesion, uncompatibilized composites with a polymer matrix and a lignocellulosic
filler, show a dramatic decrease in εb values. Despite some petroleum-derived compatibilizers (mainly
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copolymers) have been widely used to increase polymer-particle filler interactions, εb is not remarkably
improved but in this work, the use of a flexible molecule derived from a natural triglyceride, allows
overcoming or minimizing this poor polymer-particle interaction thus allowing a moderate increase in
εb, with regard to uncompatibilized PBS/ASF composites [61–64]. It seems evident that MLO addition
provides improved ductile properties to PBS/ASF composite with 30 wt % ASF. In fact, the εb is
higher than 16% for all composites, depending on the ASF and MLO content. For low ASF loading
(up to 30 wt %) an increasing tendency in εb can be observed. As indicated previously, the particle
filler provides a remarkable decrease in εb while individual MLO gives increased elongation due to
different phenomena. The positive compatibilizing effect of MLO is evident for these concentrations,
with increasing εb as MLO content increases from 1.5 up to 4.5 wt %. In fact, the compatibilized
composite with 30 wt % ASF and 4.5 wt % MLO gives the highest εb value. It seems that there is an
ASF threshold at 30 wt %. Below this threshold, MLO can effectively compatibilize PBS/ASF/MLO
composites in a complex process which involves several MLO mechanisms. Over 30 wt % ASF,
a decrease in εb down to 16% is obtained. This could mean that once the compatibilization threshold
has been overpassed, compatibilization does not occur in a correct way (maybe due to the high filler
content). As indicated previously, MLO could be responsible for some overlapping phenomena and,
moreover, as it is not fully miscible with polyesters, plasticizer saturation could occur as reported
previously with polymers and composites with modified vegetable oils [65]. The evolution of the tensile
modulus also suggests that there is an ASF threshold at about 30 wt % above which, compatibilization
does not occur in an appropriate way.

Table 2. Summary of the main mechanical properties of PBS/ASF/MLO composites obtained by
tensile, hardness and impact tests.

Sample Code
Maximum Tensile
Strength, σt (MPa)

Tensile
Modulus, Et

(MPa)

Elongation
at Break, εb

(%)

Shore D
Hardness

Impact
Strength
(J m−2)

PBS 31.5 ± 0.9 417 ± 21 215.6 ± 16.5 60.1 ± 0.5 16.5 ± 0.8
PBS + 30 ASF [38] 14.8 ± 0.5 790 ± 56 6.3 ± 0.9 71.2 ± 0.3 1.8 ± 0.3

PBS + 10 ASF + 1.5 MLO 24.6 ± 0.2 561 ± 29 17.0 ± 0.6 66.7 ± 0.7 5.4 ± 0.4
PBS + 20 ASF + 3 MLO 18.6 ± 0.4 601 ± 63 20.7 ± 1.3 66.9 ± 0.9 3.9 ± 0.9

PBS + 30 ASF + 4.5 MLO 13.8 ± 0.3 535 ± 51 25.8 ± 1.0 67.2 ± 0.2 3.8 ± 0.5
PBS + 40 ASF + 6 MLO 9.3 ± 0.4 465 ± 76 16.3 ± 0.7 65.3 ± 0.5 2.6 ± 0.2

PBS + 50 ASF + 7.5 MLO 7.1 ± 0.2 364 ± 47 16.4 ± 1.0 63.3 ± 0.5 2.6 ± 0.1

With regard to Shore D hardness values, addition of ASF offers the same tendency than that
observed for elongation at break but the changes are not significant. Regarding the impact strength,
PBS/ASF/MLO composites show interesting behavior. As reported in our previous work, the addition
of 30 wt % ASF to PBS without any compatibilizer gives an impact energy of 1.8 kJ m−2, which is
increased up to double by the addition of 4.5 wt % MLO (3.8 kJ m−2) [38]. It is important to remark that
the impact strength is directly related to mechanical resistant properties and ductile properties as well.
So that, both an increase in tensile strength and an increase in elongation at break are representative for
improved impact strength. So, by taking into account this fact, a decreasing tendency can be observed
for impact strength with values of 5.4 kJ m−2 for PBS/ASF/MLO composites with 10 wt % ASF down
to values of 2.6 kJ m−2 for the composite with the highest ASF content (50 wt %). It is worthy to
note that even for this high ASF content, the impact strength is remarkably higher than that of the
uncompatibilized composite consisting on PBS and 30 wt % ASF.

This particular mechanical response can be understood by evaluating the fracture surfaces from
impact tests. Figure 3 shows the typical shape of almond shell flour (ASF) microparticles. As one
can see, it is possible to find the typical spotted surface of almond shell on isolated micro-particles
(Figure 3a). These particles provide a porous structure that can be positive for polymer/particle
interactions. In addition to these shapes, it is possible to find rounded particles with smoothed surface
a lower porosity (Figure 3b).
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Figure 3. Field emission scanning electron microscopy (FESEM) images (500×) corresponding to
almond shell flour (ASF) particles, (a) with spotted surfaces and porous structure and (b) with a
smooth surface.

Figure 4 gathers the field emission scanning electron microscopy (FESEM) images for
PBS/ASF/MLO composites with increasing ASF content. Figure 4a shows the fractured surface
of neat PBS under impact conditions. Obviously, this surface appears to be rough due to deformation
during impact. As it has been previously described, a threshold at 30 wt % ASF can be detected. Below
30 wt % ASF, the compatibilizing effect of MLO seems to be clear, thus leading to a progressive increase
in mechanical ductile properties. Over 30 wt %, the MLO content is not enough to provide good
compatibilization and this suggested poor polymer/particle cohesion. This different behavior can be
explained by the following FESEM study. Figure 4b shows the fracture surface of the PBS/ASF/MLO
composite with 10 wt % ASF (and the corresponding MLO content, i.e., 1.5 wt %). Both the matrix
and the dispersed particles can be clearly identified. A typical spotted surface of an ASF particle is
surrounded by the PBS matrix. As it can be seen (with white ellipses), the gap between the particle
and the surrounding matrix is almost non-existent thus indicating the positive effect of MLO on
establishing polymer/particle interactions through the reaction of succinic anhydride pendant groups
with hydroxyl groups in both PBS (end-chains) and cellulose in ASF [66]. Another phenomenon
can be observed in this composite. The PBS matrix shows scattered spherical shapes (white arrows)
corresponding to MLO [67]. Similar situation can be found for PBS/ASF/MLO composites with
20 wt % (Figure 4c). In this case, a small gap (white ellipse) in the range of several hundred nanometers
can be found between the ASF particle and the surrounding matrix, which also shows some more
spherical shapes (white arrows) due to MLO with a typical diameter in the nanoscale range. Figure 4d
shows the fracture surface of the PBS/ASF/MLO composite with 30 wt % and 4.5 wt % MLO which
shows the best balanced mechanical properties (ductile and resistant). ASF are fully embedded inside
the PBS matrix and clear evidences of plastic deformation (filaments) can be seen. Some small ASF
particles can be seen with a small gap of 100–200 nm (white ellipse). Nevertheless, composites with
40 wt % ASF show a clear difference with regard to the previous composites with 30 wt % ASF or
less. If we observe Figure 4e, the gap between the ASF particle and the surrounding matrix (white
ellipse) is noticeably higher of 1–2 μm. This phenomenon indicates an excess ASF particles and
MLO is not enough to provide a homogeneous interface, thus leading to poor cohesion, which in
turn, is responsible for a decrease in ductile properties. This same behavior can be observed for
PBS/ASF/MLO composites with 50 wt % ASF (Figure 4f. It is worthy to note that the PBS content in
these composites is only 42.5 wt % so that it is evident the poor cohesion among the surface. The PBS
matrix also shows the spherical shapes corresponding to MLO. So that, the FESEM study is in total
agreement with the previous mechanical properties thus giving evidence of an ASF threshold which
determined if MLO compatibilization is effective or not. For 30 wt % ASF or less, MLOs can provide a
homogeneous interface and contribute to compatibilize ASF with the PBS matrix. Over 30 wt % ASF,
the amount of filler seems to be extremely high and MLO content is not enough to compatibilize ASF
with PBS thue leading to poor cohesion is detected.
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Figure 4. Field emission scanning electron microscopy (FESEM) images (2000×) of PBS/ASF/MLO
composites with varying ASF content: (a) neat PBS; (b) 10 wt % ASF, 1.5 wt % MLO; (c) 20 wt % ASF,
3.0 wt %; (d) 30 wt % ASF, 4.5 wt %; (e) 40 wt % ASF, 6.0 wt %, and (f) 50 wt % ASF, 7.5 wt %.

3.2. Thermal Properties of PBS/ASF/MLO Composites

Differential scanning calorimetry was used to obtain the main thermal transitions of
PBS/ASF/MLO composites. Figure S2 in Supplementary Materials shows a comparison of the
DSC thermograms of PBS/ASF/MLO composites with different ASF and MLO content. Table 3
gathers the main thermal parameters obtained through DSC characterization. As it can be observed,
a slight decrease in the melt peak temperature (Tm) from 119.1 ◦C down to 113–114 ◦C can be observed
thus indicating that ASF favours crystallization as the crystal structure of cellulose in ASF acts as
nucleant during crystallization [68]. Obviously, the normalized melt enthalpy (ΔHm) decreases with
the increasing ASF and MLO content. Nevertheless, taking into account the actual PBS mass in each
PBS/ASF/MLO composite, calculation of the degree of crystallinity (%χc) leads to slightly higher
values with increasing ASF content. So that, in addition to the nucleant effect of ASF, it allows
developing higher percentage of crystallinity in combination with MLO, which provides increased
chain mobility. For this reason, the %χc changes from 57.7% for neat PBS up to values of 62–66% with
different ASF content. Similar tendency has been found in some biopolyesters such as PLA and other
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semicrystalline polymers [34,48]. In particular, similar findings were reported by Calabia et al. for PBS
composites with varying cotton fiber loading in the 0–40 wt % range. They reported a clear increasing
tendency on crystallinity with increasing cotton fiber loading [68].

Table 3. Main thermal properties of PBS/ASF/MLO composites with varying ASF content, obtained
by differential scanning calorimetry (DSC) analysis.

Sample Code
Melt Enthalpy, ΔHm

(J g−1)
Melt Peak Temperature,

Tm (◦C)
χc (%)

PBS 65.1 ± 1.7 119.6 ± 0.9 57.7 ± 1.7
PBS + 10 ASF + 1.5 MLO 61.0 ± 2.4 113.8 ± 1.2 62.4 ± 2.5
PBS + 20 ASF + 3 MLO 52.5 ± 1.2 113.8 ± 2.1 61.8 ± 1.4

PBS + 30 ASF + 4.5 MLO 47.8 ± 2.8 113.9 ± 1.9 66.2 ± 3.9
PBS + 40 ASF + 6 MLO 37.2 ± 0.9 113.8 ± 0.9 62.5 ± 1.5

PBS + 50 ASF + 7.5 MLO 31.0 ± 1.6 114.1 ± 1.7 66.1 ± 3.4

With regard to thermal degradation at high temperatures, thermogravimetric analysis—TGA
gave the main degradation parameters, i.e., T5% and Tmax which correspond to the temperature
for a mass loss of 5% and the temperature for a maximum mass loss rate, respectively. Figure 5a
shows the TGA degradation curves of PBS/ASF/MLO composites with increasing ASF content
and Figure 5b shows the first derivative that allows identifying the temperature for the maximum
mass loss rate. Poly(butylene succinate) degrades in a single step process and its T5% is close to
338.1 ◦C, thus indicating high thermal stability. Almond shell flour, as other lignocellulosic fillers
degrades in a complex process with several overlapping stages. The first stage is residual moisture
removal at a temperature range of 80–100 ◦C. Over 250–270 ◦C, hemicellulose starts its degradation
reactions followed by the more thermally stable cellulose domains. Degradation of cellulose and
hemicellulose involves complex reactions comprised in the temperature range of 250–370 ◦C. Regarding
lignin, it is worthy to note that its degradation occurs in a wider temperature range from 250 ◦C
up to 450–500 ◦C [69,70]. In general, as ASF shows lower thermal stability than PBS matrix, the
typical TGA curves are moved towards lower temperatures with increasing the ASF content as
Figure 5a shows. As shown in Table 4, the T5% changes progressively from 338.1 ◦C for neat PBS
down to values of 256.3 ◦C for the PBS/ASF/MLO composite containing 50 wt % ASF. The same
tendency can be found for the temperature corresponding to the maximum mass loss rate (Tmax),
which is represented in Figure 5b as the peak minimum which is moved towards lower temperature
values as it can be quantified in Table 4. In particular, the Tmax changes from 414.7 ◦C for neat PBS
to values of 378.7 ◦C for the PBS/ASF/MLO composite with the highest ASF content (50 wt %).
All composites (even that with the highest ASF content of 50 wt %) are thermally stable up to 250 ◦C
which indicates processing can be carried out in a wide temperature window since the melt process
of PBS is comprised between 100–120 ◦C. Poly(butylene succinate) shows high thermal stability as
other polyesters but lignocellulosic particles degrade at lower temperatures. Nevertheless, as the melt
process of PBS is moderate, it is usually processed at temperatures in the 130–140 ◦C. As it has been
shown by TGA analysis, all composites show thermal stability up to 250 ◦C. So that, although ASF
addition leads to decreased thermal stability, it does not compromise processing and applications
of PBS/ASF composites which can find interesting applications in the automotive industry (interior
panels), construction and building (fencing, gates, panels, railings, and so on), outdoor furniture parts,
etc. [71–73].
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(a) (b) 

Figure 5. (a) thermogravimetric (TGA) degradation curves and (b) first derivative (DTG) of
PBS/ASF/MLO composites with varying ASF loading.

Table 4. Main thermal degradation parameters of PBS/ASF/MLO composites with varying ASF
content, obtained by thermogravimetric analysis (TGA).

Sample Code T5% (◦C) Tmax (◦C) Residual Weight (%)

PBS 338.1 414.7 0.39
PBS + 10 ASF + 1.5 MLO 338.0 414.9 1.14
PBS + 20 ASF + 3 MLO 305.3 414.2 1.58

PBS + 30 ASF + 4.5 MLO 295.8 407.6 0.68
PBS + 40 ASF + 6 MLO 272.7 395. 7 1.39

PBS + 50 ASF + 7.5 MLO 256.3 378.7 1.86

3.3. Thermomechanical Properties of PBS/ASF/MLO Composites.

Dynamic mechanical thermal characterization—DMTA was used to evaluate the influence of
temperature on mechanical behavior of PBS/ASF/MLO composites. Figure 6a shows the plot evolution
of the storage modulus (E’) as a function of temperature for PBS/ASF/MLO composites with increasing
ASF loading. At low temperatures of −50 ◦C, all composites show similar storage modulus and the
difference in behavior can be observed over the glass transition temperature, Tg (located in the
−40/−10 ◦C range). At room temperature the material with the lowest stiffness is neat PBS and, as the
ASF increases, the characteristic DMTA curve is moved to higher E’ values. This behavior is typical in
dynamic tests with other polymer/natural filler composites [74]. PBS is a viscoelastic polymer and
as the damping factor represents the ratio between the loss modulus (E”) to the storage modulus
(E’), it is possible to see in Figure 6b that over the glass transition process, the loss modulus increases
with increasing ASF due to internal friction between PBS polymer chains and ASF particles. For this
reason, above the glass transition process, the damping factor also increases with the ASF content.
Regarding the damping factor (tan δ), (Figure 6c), the maximum damping factor corresponds to PBS
and decreases as the ASF content increases. The peak maximum corresponding to the damping factor,
can be assigned to the glass transition temperature (Tg) of the PBS-rich phase. Neat PBS shows a Tg

value of about −23 ◦C and this is slightly moved to −20 ◦C by the addition of MLO to PBS/ASF/MLO
composites with up to 30 wt % PBS. This indicates somewhat interaction as observed by FESEM.
Nevertheless, the change in Tg is not remarkable.
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Figure 6. Plot evolution of (a) storage modulus (E’), (b) loss modulus (E”), and (c) damping factor
(tan δ) of PBS/ASF/MLO composites with varying ASF loading.

In addition to dynamic mechanical thermal characterization (DMTA), thermomechanical analysis
was used to study the thermal stability of PBS/ASF/MLO composites. Table 5 summarizes the values
of the coefficient of linear thermal expansion (CLTE) both below and above the Tg. Obviously, the CLTE
values are lower below the Tg since the material behaves as rigid and temperature does not affect
in a great extent to a change in dimension. On the other hand, the CLTE values measured above
the Tg, are remarkably higher as the material behaves as a softened/plastic material. In particular,
neat PBS possesses a CLTE of 84.4 μm m−1 ◦C−1 and 220.3 μm m−1 ◦C−1 below and above the Tg,
respectively. As it can be expected, the addition of a lignocellulosic filler leads to improved dimensional
stability. Thus, for CLTE values measured below the Tg, all PBS/ASF/MLO composites show lower
values compared to neat PBS. Nevertheless, the dimensional stabilization that ASF can provide to
PBS/ASF/MLO composites is much evidence by analysing the CLTE values measured above the Tg

that changes from 220.3 μm m−1 ◦C−1 (neat PBS) down to values of 149.8 μm m−1 ◦C−1 for composites
with 50 wt % ASF [75].
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Table 5. Variation of the coefficient of linear thermal expansion (CLTE) below and above the glass
transition temperature (Tg) of PBS/ASF/MLO composites with varying ASF loading.

Sample Code
CLTE (μm m−1 ◦C−1)

Obtained by TMA
Thermal Parameters
Obtained by DTMA

Below Tg Above Tg Tg (◦C) tan δ

PBS 84.4 222.3 −22.9 0.094
PBS + 10 ASF + 1.5 MLO 85.11 193.6 −22.8 0.090
PBS + 20 ASF + 3 MLO 81.8 166.9 −23.0 0.085

PBS + 30 ASF + 4.5 MLO 74.9 167.1 −21.6 0.077
PBS + 40 ASF + 6 MLO 83.5 168.0 −18.2 0.077

PBS + 50 ASF + 7.5 MLO 81.7 149.8 −17.9 0.081

4. Conclusions

In this work, high environmentally-friendly composites with a PBS matrix and a lignocellulosic
waste from almond shell, were successfully manufactured by extrusion/compounding followed by
injection moulding. Almond shell waste, in the form of powder (ASF), was added in the 0–50 wt %
range and, to improve polymer/particle interactions, a vegetable oil-derived compatibilizer, namely
maleinized linseed oil, was used with a constant ratio regarding the ASF content. These composites
offer a wood like color and can be used as wood plastic composites. Composites containing 30 wt %
ASF and 4.5 wt % MLO, offer the best balanced properties. In particular, it shows the maximum
impact strength with balanced modulus and elongation at break. The obtained results suggest an
ASF threshold of 30 wt %. Below this threshold MLO can provide improved PBS/ASF interactions as
confirmed by field emission scanning electron microscopy. Over 30 wt % ASF, composites are more
brittle and interface phenomena are less intense thus leading to poor material cohesion, therefore
indicating poor compatibilization of MLO due to high ASF content and MLO saturation. As PBS is a
very flexible material, the PBS/ASF/MLO composites obtained in this work, represent an interesting
technical solution to low-medium mechanical properties composites with potential uses as wood
plastic composites.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/11/2179/
s1, Figure S1: Comparative plot of the stress (σ)–strain (ε) curves of PBS/ASF/MLO composites with varying
ASF content., Figure S2: Comparative plot of the DSC thermograms of PBS/ASF/MLO composites with varying
ASF content.
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Abstract: Green composites of poly(butylene succinate) (PBS) were manufactured with almond
shell flour (ASF) by reactive compatibilization with maleinized linseed oil *MLO) by extrusion
and subsequent injection molding. ASF was kept constant at 30 wt %, while the effect of different
MLO loading on mechanical, thermal, thermomechanical, and morphology properties was studied.
Uncompatibilized PBS/ASF composites show a remarkable decrease in mechanical properties due
to the nonexistent polymer-filler interaction, as evidenced by field emission scanning electron
microscopy (FESEM). MLO provides a plasticization effect on PBS/ASF composites but, in addition,
acts as a compatibilizer agent since the maleic anhydride groups contained in MLO are likely to
react with hydroxyl groups in both PBS end chains and ASF particles. This compatibilizing effect is
observed by FESEM with a reduction of the gap between the filler particles and the surrounding PBS
matrix. In addition, the Tg of PBS increases from −28 ◦C to −12 ◦C with an MLO content of 10 wt %,
thus indicating compatibilization. MLO has been validated as an environmentally friendly additive
to PBS/ASF composites to give materials with high environmental efficiency.

Keywords: polymer-matrix composites (PMCs); mechanical properties; thermomechanical; electron
microscopy; compatibilizers

1. Introduction

Nowadays, there is growing interest in the development of biopolymers that could substitute for,
or at least compete with, conventional petroleum-based polymers. This need is much more pronounced
in the packaging industry due to the high volume of waste it generates. Among different alternatives
such as proteins, polysaccharides, bacterial polymers, and so on, biopolyesters (either from petroleum
origin or bio-derived) are gaining relevance as they are biodegradable (disintegrable in controlled
compost soil conditions). One of these polyesters is poly(butylene succinate) (PBS), which presents
interesting possibilities for manufacturing wood plastic composites (WPCs) or natural fiber-reinforced
plastics (NFRPs) [1]. In general, the biodegradable synthetic polymers are mainly aliphatic polyesters
produced by microbiological and chemical synthesis, natural polymer-based products, and their blends
such as poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL), poly(glycolic acid) (PGA), poly(butylene
succinate) (PBS), poly(butylene succinate-co-adipate), among others. PBS offers interesting possibilities
in the packaging industry due to an excellent combination of flexibility and biodegradability
(more correctly, disintegration in controlled compost soil). PBS is produced through the condensation
reaction of glycols such as 1,4-butanediol and succinic acid. Currently, PBS is obtained from the
petroleum-based route, which involves the use of both 1,4-butanediol and succinic acid from petroleum
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sources. Nevertheless, it has been proposed as a renewable resource. It is worth remarking that some
time ago the U.S. Department of Energy (DoE) classified succinic acid as one of the 12 most promising
biobased building blocks for a biorefinery concept. Succinic acid can be obtained from renewable
feedstocks such as glucose, sucrose, and glycerol. The main advantage is a lower carbon footprint.
New fermentation processes are being developed in order to obtain a cost-effective material [2–4].
With regard to 1,4-butanediol, it can be obtained from the fermentation of dextrose, for example, and
biobased BDO represents a valuable building block for a wide variety of engineering materials such as
polyurethanes and biobased polymers, with interesting applications in the automotive industry [5].
PBS owns similar properties to some commodities widely used in the food industry. That is why
PBS finds its main market in the food packaging industry [6–9]. Although it can fully disintegrate
in compost soil, it is still an expensive polymer. For this reason, some research works have focused
on manufacturing composite materials with natural fibers [10–12]. Thus, PBS has been used as a
matrix for composites with hemp fiber [13], which contributes to lowering the overall cost of the
developed material, making this a more environmentally friendly material. The use of wool waste in
PBS composites has also been reported [14].

Spain is the second worldwide producer of almonds, just behind the USA. This industry generates
a huge amount of waste, mainly shells. Although the use of almond shell waste to remove contaminants
by adsorption has been reported [15–17], and they can be a biomass source for energy and fuels [18–20],
one of the most attractive uses of almond shells is in the form of powder or flour (ASF), to be used in
combination with several polymer matrices to give wood-like composite materials. Some investigations
have focused on the partially biodegradable composites of poly(propylene) (PP) with almond shell
flour [21,22], and fully biodegradable composites with poly(lactic acid) (PLA) matrices [23].

Almond shells are composed of approximately 38 wt % hemicellulose, 31 wt % cellulose, 28 wt %
lignin, and 3 wt % other compounds [24]. This high content of cellulose, lignin, and hemicellulose
gives a marked hydrophilic nature to the waste, which is opposite to the typical hydrophobic nature
of most polymer matrices. This lack of (or very low) compatibility leads to stress concentration
phenomena that, in turn, are responsible for a decrease in overall properties [25–28]. In particular,
the mechanical properties of polymer-filled composites, which are directly related to material cohesion,
are highly affected by the presence of hydrophilic particles embedded in a hydrophobic matrix.
The elongation at break, as well as the impact strength are remarkably diminished [29,30]. To overcome
this drawback, or at least to minimize its effects, several technical approaches are widely used such
as the use of compatibilizers, surface treatment of particles that provide a more or less intense
interaction between the polymer matrix and the embedded particles [31–34]. Plasticizers could
act as internal lubricants, thus allowing chain mobility, which enhances processability and improves
thermal stability and ductility. In the last decade, a new family of vegetable-oil-derived plasticizers has
been proposed [35–37]. Among others, it is worth noting the increasing use of epoxidized oils such as
linseed oil (ELO) [31,38], soybean oil (ESBO) [39], palm oil (EPO) [40], epoxidized castor oil (ECO) [41],
epoxidized tung oil [42], and so on. Recently, the potential plasticization and compatibilization
effects of maleinized oils such as linseed oil (MLO) [23,43], soybean oil (MSBO) [44], cotton seed
(MCSO) [45,46], and hemp seed (MHSO) [47] have been reported.

Linseed oil (LO) is composed of about 9–11% saturated fatty acids (5–6% palmitic acid and
4–5% stearic acid) and around 75–90% unsaturated fatty acids (50–55% linolenic acid, 15–20% oleic
acid, and 10–15% linoleic acid) [48]. This high unsaturated content allows chemical modification
through different paths such as epoxidation, maleinization, hydroxylation, acrylation, etc. Maleinized
linseed oil (MLO) has been proven to be a good plasticizer in PLA-based formulations, as reported by
Ferri at al. [43]. In particular, they reported a dual effect of MLO on PLA blends with thermoplastic
starch (TPS); on the one hand, a plasticization effect allows easy processing, and on the other hand,
a compatibilizing effect through the reaction of maleic anhydride with hydroxyl groups in both PLA
end chains and starch provides enhanced mechanical properties and thermal stability. It has also been
proven to have its in poly(3-hydroxybutyrate) (PHB) formulations [36].
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In a previous work with PBS composites and almond shell flour (ASF), maleinized linseed oil
was revealed as the best compatibilizer compared to other families such as acrylates, anhydrides,
and epoxidized oils [1]. This work is focused on the study of the effect of MLO loading on the final
properties of PBS-ASF composites with the aim of improving interface phenomena between the PBS
matrix and the embedded ASF particles.

2. Materials and Methods

2.1. Materials

A commercial grade of poly(butylene succinate) (PBS, Bionolle 1020MD, supplied by Showa
Denko, Tokyo, Japan) was used as the base material for composites. This commercial grade possesses
a melt flow index (MFI) comprised between 20 and 34 g/(10 min) and a density of 1.26 g cm−3.

Almond shell powder/flour (ASF) was purchased from Jesol Materias Primas (Valencia, Spain).
The supplied powder was sieved in a vibrational sieve RP09 CISA®(Barcelona, Spain) to obtain a
homogeneous particle size of 150 μm.

Maleinized linseed oil (MLO) was supplied by Vandeputte (Mouscron, Belgium) under the trade
name of VEOMER LIN. It possesses a viscosity of 10 dPa, measured at 20 ◦C, and an acid value of
105–130 mg KOH g−1.

2.2. Manufacturing of PBS/ASF/MLO Composites

Initially, PBS and ASF were dried at 50 ◦C for 24 h to remove moisture since polyesters are highly
sensitive to hydrolysis at high temperatures. MLO was heated to 40 ◦C to reduce its viscosity and
enable good pre-mixing with PBS and ASF. Pre-mixing was carried out using ziploc bags with the
appropriate compositions of each component (see Table 1). After this pre-mixing stage, the mixtures
were compounded in a twin-screw co-rotating extruder from Dupra S.L. (Alicante, Spain) with a screw
diameter of 25 mm and a length (L) to diameter (D) ratio (L/D) of 24. The screw speed was set to
40 rpm and the temperature profile was as follows: 120 ◦C, 125 ◦C, 130 ◦C, and 130 ◦C from the hopper
to the die. After extrusion, the compounded materials were pelletized and dried at 50 ◦C for 24 h
before further processing by injection molding in a Meteor 270/75 injection machine from Mateu &
Solé (Barcelona, Spain). The temperature profile was set to 110 ◦C (hopper), 115 ◦C, 120 ◦C, and 125 ◦C
(injection nozzle).

Table 1. Composition and labelling of poly(butylene succinate) composites with almond shell flour
(ASF) and different maleinized linseed oil (MLO) compatibilizing load.

Reference PBS wt % ASF wt % MLO wt %

PBS 100.0 - -
PBS + ASF 70.0 30.0 -

PBS + ASF + 2.5MLO 67.5 30.0 2.5
PBS + ASF + 4.5MLO 65.5 30.0 4.5
PBS + ASF + 7.5MLO 62.5 30.0 7.5
PBS + ASF + 10MLO 60.0 30.0 10.0

2.3. Mechanical Characterization

Mechanical properties were obtained from standard tensile, hardness, and impact tests. Tensile
tests were carried out in a universal test machine ELIB 50 from S.A.E. Ibertest (Madrid, Spain) following
the guidelines of ISO 527-1:2012. A load cell of 5 kN was used and the crosshead speed was set to
10 mm min−1. Hardness was measured in a Shore D durometer model 676-D from J. Bot Instruments
(Barcelona, Spain), as indicated by ISO 868:2003. With regard to impact tests, a Charpy’s pendulum
with an energy of 1 J was used to obtain the impact energy on standard notched samples (“V” type
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notch with a radius of 0.25 mm), according to ISO 179-1:2010. At least five different samples were used
for each test to ensure reproducible results and average values were calculated for each property.

2.4. Morphological Characterization

Fractured samples from impact tests were observed by field emission scanning electron
microscopy (FESEM) in a ZEISS ULTRA 55 microscope from Oxford Instruments (Abingdon, UK).
All samples were previously subjected to a sputtering process with an Au-Pd alloy to enhance electrical
conductivity. The sputtering was carried out in a EMITECH SC7620 sputter coater from Quorum
Technologies (Lewes, UK).

2.5. Thermal Characterization

The main thermal transitions were obtained by differential scanning calorimetry (DSC) using a
Mettler-Toledo 821 calorimeter (Schwerzenbach, Switzerland). Samples with an average size of 5–7 mg
were subjected to a dynamic thermal program consisting on three stages, a first heating from 25 ◦C to
200 ◦C, then a controlled cooling from 200 ◦C to −50 ◦C and, finally, a second heating process from
−50 ◦C to 300 ◦C. The scanning rate was 10 ◦C min−1 for all three stages. All DSC runs were conducted
in triplicate under a nitrogen atmosphere with a flow rate of 66 mL min−1. Standard sealed aluminum
crucibles with a total volume of 40 μL were used. The degree of crystallinity was calculated by the
following equation:

XC =

[
ΔHm

ΔH0
m × (1 − w)

]
× 100, (1)

where ΔHm stands for the measured melt enthalpy. ΔH0
m (J g−1) represents the melt enthalpy of a

theoretically fully crystalline PBS polymer, with a value of 110.3 J g−1 for PBS [49]. With regard to w,
it represents the weight fraction of all added components (except for PBS), including both ASF and
MLO. The thermal stability at elevated temperatures was followed by thermogravimetry (TGA) in a
TGA/SDTA 851 from Mettler-Toledo. Standard alumina crucibles with a total volume of 70 mL were
charged with approx. 6 mg and subsequently subjected to a dynamic heating program from 30 ◦C to
700 ◦C at a constant heating rate of 20 ◦C min−1 in air atmosphere.

2.6. Thermomechanical Characterization

Dynamic mechanical thermal analysis (DMTA) was conducted on a DMA1 analyzer from
Mettler-Toledo. Single cantilever flexural tests were carried out at a frequency of 1 Hz at a heating
rate of 2 ◦C min−1 and a maximum deflection of 10 μm. Rectangular samples with dimensions of
10 × 7 × 1 mm3 were subjected to a dynamic heating program from −50 ◦C to 80 ◦C.

Thermal stability of the developed composite materials was studied by thermomechanical analysis
(TMA) in a Q400 TMA analyzer from TA Instruments (New Castle, DE, USA). A constant force of
0.02 N was applied to squared samples of 10 × 10 × 4 mm3 and subjected to a temperature sweep from
−50 ◦C up to 80 ◦C at a constant heating rate of 2 ◦C min−1. The coefficient of linear thermal expansion
(CLTE) was calculated both below and above the glass transition temperature (Tg). All thermal runs
were done in triplicate.

3. Results

3.1. Effect of MLO Loading on Mechanical Properties of PBS/ASF Composites

Table 2 summarizes the main parameters obtained from mechanical characterization as a function
of the MLO content.
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Table 2. Summary of mechanical properties of PBS/ASF composites with different MLO compatibilizer
loading: tensile properties (tensile modulus—Et, tensile strength—σt, and elongation at break—εb),
Shore D hardness and impact strength from Charpy test.

Reference Et (MPa) σt (MPa) εb (%)
Shore D

Hardness
Impact Strength

(kJ m−2)

PBS 417.4 ± 21.1 31.5 ± 0.9 215.6 ± 16.5 60.1 ± 0.5 16.5 ± 0.8
PBS + ASF 787.9 ± 55.8 14.8 ± 0.5 6.3 ± 0.9 71.2 ± 0.3 1.8 ± 0.3

PBS + ASF + 2.5MLO 779.8 ± 33.3 14.3 ± 0.5 17.4 ± 0.3 67.8 ± 0.9 2.5 ± 0.2
PBS + ASF + 4.5MLO 534.6 ± 51.3 13.8 ± 0.3 25.9 ± 1.0 67.2 ± 0.2 3.8 ± 0.5
PBS + ASF + 7.5MLO 423.4 ± 13.1 12.3 ± 0.1 26.1 ± 1.7 64.0 ± 0.4 3.9 ± 0.3
PBS + ASF + 10MLO 269.8 ± 30.7 11.7 ± 1.1 26.6 ± 1.2 62.0 ± 0.7 4.2 ± 0.2

As expected, the addition of ASF into the PBS matrix leads to an increase in stiffness together
with a clear decrease in ductility. PBS possesses a σt of about 31.5 MPa; this is dramatically reduced
by almost half (14.8 MPa) by filling the PBS matrix with 30 wt % ASF. As described previously,
the highly hydrophilic nature of ASF does not allow interaction with the highly hydrophobic PBS
matrix and this is responsible for poor load transfer from the filler to the matrix. In fact, the filler
offers the typical stress concentration phenomenon due to a lack of interaction with the polymeric
matrix. This lack of interaction contributes to poor material cohesion (small gaps between the particle
filler and the surrounding matrix) and, therefore, the mechanical properties are worse than neat PBS.
This stress concentration phenomenon is also evident when observing the extremely high decrease
in εb, which drops from 215.6% to 6.3% (a decrease of about 97%). In contrast, the material becomes
stiffer, as shown by the Et values. Neat PBS is a flexible polymer with a relatively low modulus of
417.4 MPa; this is almost doubled by the addition of 30 wt % ASF (787.9 MPa). This increase is evident
as the modulus represents the ratio of the applied stress (σ) and the obtained elongation (ε) in the
linear region. As has been shown in Table 2, the tensile strength decreases (by 50%) but the elongation
at break decreases by 97%. Therefore, the σ/ε ratio gives higher values as the decrease in ε is much
pronounced than that of σ.

MLO has a dual effect on PBS/ASF composites. As the MLO load increases, both the tensile
modulus and the tensile strength decrease due to a plasticizing effect, as reported by Ferri et al. [50]
for PLA formulations containing 10–13 wt % MLO. Tensile strength and tensile modulus decrease
in all formulations with increasing MLO content. In contrast, ductility is remarkably improved,
as can be seen from the elongation at break values, which change from 6.3% (uncompatibilized
PBS/ASF composite) to almost 26% for the PBS/ASF composite compatibilized with 4.5 wt % MLO.
The elongation at break is not remarkably improved with higher MLO content. Quiles-Carrillo et al. [23]
reported similar findings in PLA composites with ASF compatibilized with MLO. As an efficient
plasticizer, MLO remarkably improved the ductility of the PLA/ASF composites. Elongation at
break increased by 292% and 84% in relation to the uncompatibilized PLA/ASF and to the neat
PLA, respectively. Ferri et al. [50] also reported a remarkable increase in elongation at break in PLA
formulations with 10–13 wt % MLO. This increase in ductility is related to the lubricant effect of MLO,
which increases chain mobility. The plasticizer increases the free volume and, subsequently, chain
interactions decrease, leading to improved intermolecular mobility. Chieng et al. [35] also reported
similar findings in PLA biocomposites plasticized with epoxidized vegetable oils (EVOs).

Regarding Shore D hardness, its evolution is identical to the tensile modulus. Neat PBS shows a
Shore D value of 60.1. The addition of 30 wt % ASF leads to stiffer material with a Shore D value of
71.2. Then, as the MLO content increases, Shore D progressively decreased to values of 62.0 for the
PBS/ASF composite with 10 wt % MLO.

The second effect of MLO can be inferred by observing the impact strength values in Table 2.
Neat PBS is characterized by good energy absorption, which gives an impact strength of 16.5 kJ
m−2. The addition of 30 wt % ASF causes a dramatic decrease in impact strength down to 1.8 kJ m−2.
The impact strength is directly related to both ductility and resistance. As previously indicated, both the
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tensile strength and the elongation at break are remarkably reduced due to poor material cohesion,
which does not allow stress transfer and, hence, there is low deformation with low applied stresses.
Obviously, the ability to absorb energy is directly linked to the deformation capability, together with the
need for high stress to promote deformation. Therefore, ASF addition leads to extremely low impact
energy values. The addition of MLO provides a plasticizing effect, as indicated previously; in addition,
reactions between MLO and both PBS and ASF could be expected as the absorbed energy increases to
almost 4 kJ m−2 with 4.5 wt % MLO (which represents a percentage increase of more than 120% with
respect to the uncompatibilized PBS/ASF composite). In fact, the maleic anhydride pendant group can
react with hydroxyl groups in both PBS (end chains) and ASF particles (cellulose and hemicellulose).
This effect has been previously reported by Ernzen et al. with polyamides and maleinized soybean
oil [51], and Quiles-Carrillo et al. with polyesters [23,47] with maleinized linseed oil.

3.2. Effect of MLO Loading on Morphology of PBS/ASF Composites

Figure 1 gathers FESEM images corresponding to PBS/ASF composites (uncompatibilized and
MLO-compatibilized composites). As can be observed in Figure 1a, polymer-particle adhesion is very
poor. It is possible to find a small gap (1–3 μm) between the ASF particle and the surrounding PBS
matrix. In addition, this lack of interaction is evident upon a detailed observation of the PBS fracture
surface. PBS shows a porous pattern (1 μm) that is the reverse of that of ASF, which is identical to the
typical surface of an almond shell at the macroscale [52]. The addition of 2.5 wt % MLO (Figure 1b)
provides some interaction as the gap has been reduced. Nevertheless, some ASF particles have been
pulled out without any interaction. Once again, it is possible to observe a negative copy of the almond
shell microstructure on the PBS matrix in some areas. Compatibilization is more evident with higher
MLO loads, as can be seen in Figure 1c, 1d, and 1e with 4.5, 7.5, and 10 wt % MLO, respectively.
The typical PBS surface (negative copy of the ASF microstructure) after particle removal is not detected.
The gap is almost inexistent and no signs of particle removal can be observed. All these issues indicate
the good compatibilizing effect of MLO as it can react with both PBS and ASF.

3.3. Effect of MLO Loading on Thermal Properties of PBS/ASF Composites

Table 3 and Figure 2 show a summary of the main thermal parameters obtained by DSC
characterization of PBS/ASF composites. The melt peak temperature remains almost invariable after
the addition of ASF and MLO and changes in a very narrow range from 113 ◦C to 116 ◦C [53]. A slight
decrease in the melt peak temperature can be observed. This could be related to the nucleant effect a
lignocellulosic filler exerts on semicrystalline polymers. Accordingly, the overall degree of crystallinity
increases after the addition of ASF due to an interfacial phenomenon as the cellulose crystals act
as nucleant points for PBS [54,55]. On the other hand, the addition of MLO provides a decrease in
crystallinity down to values close to those of neat PBS. This effect is particularly noticeable for high
MLO contents in the 7.5–10.0 wt % range. The plasticizing effect of MLO at higher concentrations
provides increased chain mobility, which contributes to a slight decrease in the melt peak temperature
down to 113 ◦C. It is worth noting the role of the melt temperature and crystallinity in the overall
processing of polymers and their composites [56].

Table 3. Main thermal parameters of neat PBS and PBS/AHF composites with different percentage of
MLO obtained by differential canning calorimetry (DSC).

Code Melt Enthalpy (J g−1) Melt Peak Temperature, Tm (◦C) Xc (%)

PBS 68.9 ± 1.9 115.6 ± 2.3 60.9 ± 1.8
PBS/ASF 61.2 ± 1.7 115.1 ± 1.9 77.4 ± 1.6

PBS/ASF + 2.5MLO 58.6 ± 2.0 114.6 ± 1.7 79.6 ± 1.9
PBS/ASF + 4.5MLO 56.6 ± 2.1 115.2 ± 2.1 77.1 ± 2.0
PBS/ASF + 7.5MLO 47.3 ± 1.9 113.7 ± 1.7 66.9 ± 1.8
PBS/ASF + 10MLO 43.4 ± 1.5 113.9 ± 1.5 64.0 ± 1.4
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Figure 1. Field emission scanning electron microscopy (FESEM) images of the surface fracture of
PBS/ASF composites, uncompatibilized and MLO-compatibilized taken at 1000×: (a) PBS + ASF;
(b) PBS + ASF + 2.5MLO; (c) PBS + ASF + 4.5MLO; (d) PBS + ASF + 7.5MLO; and (e) PBS + ASF +
10MLO. Scale markers of 10 μm.

With regard to thermal degradation at elevated temperatures, Figure 3a shows the TGA
thermogram with the weight loss in function of increasing temperature. It has been reported that PBS
decomposes by the following mechanisms, which cover typical random chain scission of aliphatic
polyesters such as PLA [57], and specific chain scission. Shih et al. reported that the diffusion effect
becomes important at elevated temperatures during degradation of PBS [58].
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Figure 2. Differential scanning calorimetry (DSC) thermograms of neat PBS, uncompatibilized
PBS/ASF composite, and PBS/ASF composites compatibilized with different MLO loading.

Figure 3. (a) Thermogravimetric (TGA) thermograms corresponding to raw ASF, neat PBS and
PBS/ASF composites compatibilized with different MLO loading and (b) first derivative (DTG) curves.

Addition of 30 wt % ASF into the PBS matrix provides a slight change in the TGA curves as
the ASF degradation occurs in different stages. ASF shows the typical degradation profile of a
lignocellulosic filler. At about 90–100 ◦C it is possible to observe a first weight loss that corresponds
to the residual moisture contained in the ASF filler [59]. Over this temperature, ASF shows thermal
stability up to 210–220 ◦C. Degradation of cellulose and hemicelluloses starts at about 220 ◦C and
proceeds until 330–340 ◦C. Decomposition of cellulose and hemicellulose involves complex reactions
(dehydration, decarboxylation, etc.) and the breakage of C–H, C–O, and C–C bonds. Lignin is more
thermally stable and its degradation occurs in a broad temperature range starting at about 250 ◦C
and ending at 450 ◦C in a progressive weight loss process. This higher thermal stability of lignin
versus cellulose and hemicellulose is due to the presence of aromatic rings. Quiles-Carrillo et al. [60]
showed similar degradation behavior in PLA/ASF composites. As has been reported by many authors,
the degradation of lignocellulosic materials is a complex issue that mainly involves the degradation
of hemicelluloses, cellulose, and lignin [61]. The components that most readily degrade due to a
temperature rise are hemicelluloses, which decompose (depolymerize) in the temperature range
180–350 ◦C [62]. Crystalline areas of cellulose are more thermally stable and start to degrade at 275 ◦C;
the decomposition takes place up to temperatures of 350–370 ◦C [63]. With regard to lignin, it shows
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a broader degradation range that starts at about 200 ◦C and lasts up to 700 ◦C, showing a typical
shoulder at elevated temperatures in TGA thermograms [64]. The TGA curves corresponding to
PBS/ASF composites show a slight decrease at the onset degradation temperature since the ASF filler
is less thermally stable than PBS [11]. Sanchez-Jimenez at al. studied the thermal decomposition of
cellulose and the typical degradation temperature range they reported overlaps with that of PBS [65].
It has been reported that the reactive extrusion of aliphatic polyesters such as PLA with styrene-epoxy
acrylic oligomers can provide increased thermal stability due to the branching effect reactive extrusion
provides [66]. As has been suggested in this study, MLO provides two overlapping processes: on one
hand, a plasticizing effect and, on the other hand, a compatibilization effect due to the reaction of
maleic anhydride with hydroxyl groups in PBS and ASF filler. Despite this, the thermal stability
at moderate temperatures is not improved, as can be seen in Table 4, with a decreasing values of
T5% with increasing MLO. The same tendency can be observed for the maximum degradation rate
temperature (Tmax) from 415.64. Despite this, it seems that the typical degradation peak of lignin at
elevated temperatures is moved to higher temperatures with MLO addition, as can be observed in
Figure 3b, which gathers the first derivative TGA curves for all PBS/ASF composites as well as raw
ASF and neat PBS.

Table 4. Summary of the main thermal parameters of the degradation process of PBS/ASF with
different percentage of MLO.

Reference * T5% (◦C) ** Tmax (◦C) Residual Weight (%)

PBS 335.9 ± 1.8 415.64 ± 1.86 0.32 ± 0.12
PBS/ASF 329.6 ± 2.0 414.06 ± 1.98 1.23 ± 0.31

PBS/ASF + 2.5MLO 291.3 ± 2.1 407.18 ± 1.67 1.29 ± 0.32
PBS/ASF + 4.5MLO 288.7 ± 2.1 405.82 ± 2.08 0.68 ± 0.24
PBS/ASF + 7.5MLO 289.6 ± 1.4 400.47 ± 1.87 0.46 ± 0.32
PBS/ASF + 10MLO 289.3 ± 1.8 399.93 ± 1.57 0.42 ± 0.15

* T5% represents the characteristic temperature for a mass loss of 5%. ** Tmax represents the characteristic temperature
corresponding to the maximum degradation rate.

3.4. Effect of MLO Loading on Thermomechanical Properties of PBS/ASF Composites

Figure 4 shows the evolution of the loss modulus (G”) and the damping factor (tan ∂). The glass
transition temperature (Tg) can be estimated (among other methods) by the peak temperature
corresponding to the loss modulus (G”). It is important to remark that the Tg value could not be
observed by DSC due to the low signal it gives. Neat PBS shows a Tg value of about −29 ◦C, which is
in accordance with other Tg values reported in the literature [67]. The addition of 30 wt % ASF does not
promote any change in the Tg value, thus indicating no interaction. In contrast to the expected behavior
suggested by mechanical characterization, as the MLO increases the Tg also increases, in a slight way,
but detectable by DMTA characterization. The compatibilizing effect of MLO by reaction with both
PBS and ASF filler is evidenced by an increase in the Tg value since the reaction of MLO with both
polymer matrix and particle filler restricts chain mobility and, hence, the Tg is increased. As reported
by Quiles-Carrillo et al. [23] in a previous work, the effect of MLO is evident when comparing the FTIR
spectra of uncompatibilized and compatibilized PLA/ASF composites. Comparison of these FTIR
spectra indicate that new esters and carboxylic acids are obtained after reactive extrusion with PLA and
ASF. They propose the formation of a cellulose-g-PLA by the reaction of the multiple anhydride groups
in MLO with the hydroxyl groups in both PLA end chains and the lignocellulosic filler. Similar behavior
could be expected for this system with a more flexible polymer (PBS) and the same lignocellulosic filler
without previous ultraviolet (UV) surface treatment. PBS/ASF composites with 2.5 wt % MLO possess
a Tg of −27 ◦C, which means a slight increase of 2 ◦C with respect to the PBS (or uncompatibilized
PBS/ASF composite). As has been reported, MLO could potentially provide several overlapped
effects such as plasticization, chain extension, branching, and even crosslinking. All these phenomena
could overlap and, depending on the polymer, one mechanism could stand out over the others [50].
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In this system, some plasticization is evident, as suggested by mechanical characterization, but,
together with this phenomenon, compatibilization could occur, due to the reaction of maleic anhydride
with PBS end chains and the lignocellulosic filler that restricts the Brownian motion of long-chain
molecules [68]. On the other hand, it has also been reported that MLO could lead to some polymer
crosslinking that could contribute to a slight increase in the Tg. This increase in Tg is clear evidence of
the compatibilization effect [69]. As the MLO content increases, a slight increase in Tg is observed as
well. Therefore, for PBS/ASF composites compatibilized with 10 wt % MLO, the Tg reaches values of
about −23.5 ◦C.

(a) (b) 

Figure 4. Plot evolution of (a) loss modulus (E”) and (b) damping factor (tan ∂) of neat PBS and
PBS/ASF composites with different MLO compatibilizer content.

To obtain a complete characterization of the thermomechanical properties, the change in
dimensions as a function of temperature was obtained by thermomechanical analysis (TMA).
In particular, the coefficient of linear thermal expansion (CLTE) was calculated both below and
above the glass transition temperature, as shown in Table 5. As PBS is extremely flexible,
the comparison material has been the uncompatibilized PBS/ASF composite, which shows a CLTE of
59.3 μm m−1 ◦C−1. As previously indicated, the addition of MLO provides an increase in elongation
due to a combined effect of plasticization and compatibilization through reaction. This increase in
ductility is directly related to an increase in the CLTE. In fact, the CLTE shows a clear increasing trend
with the MLO content, up to values of 84.8 μm m−1 ◦C−1 below the Tg. This same tendency can be
observed for the CLTE measured above the Tg, as seen in Table 5.

Table 5. Variation of the coefficient of linear thermal expansion (CLTE) of neat PBS and PBS/ASF
composites with different MLO compatibilizer content.

Reference CLTE below Tg (μm m−1 ◦C−1) CLTE above Tg (μm m−1 ◦C−1)

PBS/ASF 59.3 ± 1.6 128.1 ± 1.8
PBS/ASF + 2.5MLO 65.6 ± 1.6 132.1 ± 2.1
PBS/ASF + 4.5MLO 74.2 ± 2.1 138.7 ± 2.9
PBS/ASF + 7.5MLO 78.9 ± 2.3 142.9 ± 1.7
PBS/ASF + 10MLO 84.8 ± 1.9 144.1 ± 2.4

4. Conclusions

Maleinized linseed oil (MLO) has been validated as a good compatibilizer in green composites
of PBS and ASF, with the additional feature of being environmentally friendly. Uncompatibilized
PBS/ASF composites show a dramatic decrease in both tensile strength and elongation at
break due to the lack of polymer-filler interaction. Accordingly, the impact strength of the
uncompatibilized PBS/ASF composite is also reduced. MLO provides a combination of plasticization
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and compatibilization through the reaction of maleic anhydride pendant groups in the triglyceride
structure with the hydroxyl groups contained in both PBS (end chains) and ASF (mainly cellulose
and hemicelluloses). This leads to a noticeable increase in elongation at break as well as in the
impact strength. MLO reaction with both PBS and ASF is also assessed by an increase in the Tg

from −28 ◦C (neat PBS) up to −12 ◦C (PBS/ASF composite compatibilized with 10 wt % MLO).
The compatibilization effect is also observed by scanning electron microscopy as the gap between
the filler and the surrounding matrix almost disappears. Therefore, the herein-developed composites
represent an interesting approach to reduce the overall cost of using PBS by using industrial
waste coming from the almond industry, thus leading to highly environmentally friendly materials.
These PBS/ASF composites can be successfully compatibilized with a vegetable-oil-derived additive,
which contributes to the high environmental efficiency of these materials.
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Abstract: Polypropylene (PP) and high impact polystyrene (HIPS) are two polymers that are frequently
found in disposable waste. Both of these polymers are restricted from being separated in several
ways. An easier way to reuse them in new applications, without the need for separation, would
require them to be less immiscible. In this work, cashew nut shell liquid (CNSL), a sub-product of
the cashew agroindustry, was added as a third component to PP-HIPS mixtures and its effect as
a compatibilizing agent was investigated. Morphological results showed that CNSL acted as an
emulsifier by promoting reduction in the domains of the dispersive phase, HIPS, thus stabilizing
the blends morphology. Differential scanning calorimetry (DSC) analysis suggests that CNSL is
preferably incorporated in the HIPS phase. Its plasticizing effect leads to more flexible materials, but
no significant effect could be detected on impact resistance or elongation at break.

Keywords: polymer mixtures; blends; cashew nut shell liquid (CNSL); polypropylene; high impact
polystyrene; compatibilization

1. Introduction

The practice of recycling through reprocessing can reduce the volume of waste in landfills,
simultaneously generating a new economic activity, saving energy and non-renewable resources [1,2].
The mechanical recycling is based on the conversion of such residues, as post-industrial or post
consumption plastic materials into pellets through extrusion reprocessing. This procedure allows the
subsequent use of the pellets in the production of various products such as garbage bags, soles, floors,
hoses, car components, non-food packaging, etc. [3].

A limitation to mechanical recycling is the heterogeneous composition of the residues, which
are formed by different types of plastic materials that are usually incompatible. When mixed, the
incompatible materials give rise to products of poor mechanical performance.

The wide consumption of disposable products, as dishes and cups, heavily contributes to the total
volume of discarded urban plastic, since they are rapidly discarded after a very short period of usage.
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These artifacts are very similar regarding their appearance; unlike polyethylene terephthalate (PET)
bottles, which are produced exclusively from PET, disposable dishes and cups can be manufactured
either from polypropylene (PP) or from high impact polystyrene (HIPS) [4]. Thus, as these two
polymers are incompatible, their mixtures give rise to phase separation and, as a consequence, to
materials with poor properties [5]. Thus to be recycled, the previous separation of each post-consumer
polymer should be carried out. So, despite the frequency with which they appear in urban garbage,
these products are not potentially interesting from technical and economic points of view.

On the other hand, a proposal of processing blends of HIPS and PP without having to proceed
to the separation step would allow a more favorable implementation of recycling for these artifacts.
However, to succeed in obtaining PP/HIPS mixtures with good properties, a third component must
be added in order to overcome the incompatibility between the two polymers. Thus, the use of an
appropriate and economically viable compatibilizing agent should be considered. This has been the
goal of a number of investigations.

Santana and Manrich [6] evaluated the efficiency of SEBS (styrene-ethylene-co-butylene-styrene
copolymer) as a compatibilizing agent in PP/HIPS mixtures of different contents. They found that
the incorporation of SEBS leads to more homogeneous morphologies, since the HIPS particles size
was reduced and better dispersed throughout the PP matrix. The efficiency of an analogous polymer,
SBS (styrene-butadiene-styrene tri-block copolymer) was also evaluated as compatibilizing agent
for PP/HIPS by Fernandes et al. [7]. The influence of HIPS on the photodegradation of reprocessed
PP was evaluated. It was observed that on increasing HIPS concentration from 10 to 30% w/w, the
degradation effect on PP decreased. Another report by Fernandes et al. [8] addressed the influence
of reprocessing on the degree of degradation by UV radiation. They observed that the resistance to
radiation was lowest for virgin PP and its blends, and better resistance was related to those mixtures
based on reprocessed PP.

The behavior of HIPS mixtures with low amounts of PP has also been studied. Parres et al. [9]
determined thermomechanical and morphological properties of HIPS/PP blends in which the amount
of PP varied from 2.5 to 10% w/w, in order to simulate the effect of occasional impurities on the
properties. The authors observed that on increasing the content of PP in the mixture, mechanical
properties were generally lower due to the increasing incompatibility between the polymers.

In this work, the use of cashew nut shell liquid (CNSL), a sub-product from the cashew nut
industry, was evaluated as a compatibilizing agent in PP/HIPS blends [10]. As most commercial
compatibilizing agents come from fossil resources, the industrial use of CNSL would represent an
economic as well as a sustainable alternative.

In the cashew nut industry, the main product is the nut. CNSL is extracted from the husk by
solvent extraction at high (180 to 200 ◦C) or low temperatures. At low temperatures the extraction
product is called natural CNSL. At high temperatures, anacardic acid undergoes decarboxilation, giving
rise to which is called technical CNSL. Thus, natural and technical CNSL have different compositions,
as seen in Table 1 [11].

Table 1. Components of natural and technical CNSL [11].

Component Natural CNSL (%) Technical CNSL (%)

Anacardic acid 71–82 0–1.8

Cardanol 1.6–9.2 63–95

Cardol 13.8–20.3 3.8–18.9

2-Methyl-cardol 1.6–3.9 1.2–5.2

Polymeric material - 0–21.63

Minor components 0–2.2 0–4
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Figure 1. Chemical structure of cardanol; n depends on the number of unsaturations [12].

Technical grade CNSL is a mixture of phenols that combine the aromatic character to a long
aliphatic, unsaturated chain. The major constituent is cardanol, which can be present in amounts
varying from 68% up to 95% [12]. Its chemical structure is shown in Figure 1. CNSL constituents can
be separated and purified, but the percentages obtained are relatively low and the cost of reagents
and solvents is relatively high. In addition, contaminations with cardol and polymeric materials may
prevent the large-scale production of cardanol [11].

CNSL is a biologically based lipid that is low cost, abundant and comes from a renewable resource.
Its peculiar structure gives CNSL the possibility of a wide range of applications, including acting as a
substitute for petroleum-based compounds [11,13,14]. The phenolic character allows CNSL to be a
non-toxic anti-oxidant and raw material for phenolic and epoxy resins and plasticizers. It is also used
as the basis for a number of industrial applications including adhesives, coatings and resins [15,16].

2. Materials and Methods

2.1. Materials

In this work, technical CNSL was provided by Irmãos Fontenele S.A.—Comércio, Indústria e
Agricultura, Fortaleza, Ceará, Brazil. Isotactic polypropylene H605 (thermoforming grade), Melting
Flow Index (MFI) = 2.1 g/10 min (230 ◦C, 2.16 kg) and density = 0.905 g/cm3, was provided by Braskem
(Triunfo, Brazil) S.A. High impact polystyrene R 870E (6.2% polybutadiene), MFI = 4g/10 min (200 ◦C,
5 kg) was provided by Innova S.A. The solvents for the selective extraction were chloroform P.A. from
Merck (Rio de Janeiro, Brazil) S.A and acetone P.A. from Sigma-Aldrich Brazil Ltd. (São Paulo, Brazil).

2.2. Preparation and Injection Molding of the Blends

An interpenetrating co-rotating twin screw extruder, model DCT-20 Teck Tril, screw diameter
20 mm and L/D = 36 was used. The temperature profile along the cylinder is seen in Table 2. The
screw profile consisted in five KB45 kneading elements at compression zone, assuring the complete
fusion of the polymer and leading to a good mixture between the blend components. The composition
of mixtures comprised of PP, HIPS and CNSL was varied according to Table 3. The filaments
coming out of the extruder passed through a Brabender pelletizer, under the conditions set by the
equipment manufacturer.

Table 2. Temperature profile used in the extrusion process.

Zone 1 2 3 4 5 6 7 8 9 Die

Temperature (◦C) 90 140 150 150 160 165 170 175 180 180
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Table 3. PP/HIPS compositions in the presence of different amounts of CNSL (0; 2.5; 5 phr).

PP/HIPS Ratio (%, w/w) CNSL (phr) Sample

1:0
0 1:0/0

2.5 1:0/2.5

5.0 1:0/5

4:1
0 1:0/0

2.5 1:0/2.5

5.0 1:0/5

3:2
0 4:1/0

2.5 4:1/2.5

5.0 4:1/5

2:3
0 3:2/0

2.5 3:2/2.5

5.0 3:2/5

1:4
0 2:3/0

2.5 2:3/2.5

5.0 2:3/5

0:1
0 1:4/0

2.5 1:4/2.5

5.0 0:1/5

The blends were injection molded in an Arburg Allrounder, model 270S-400-170, with 30 mm
diameter and L/D = 20, into specimens for the analyses. Temperature profile and pressure, shown in
Table 4, were selected as to preserve as much as possible the CNSL integrity. The operation procedure
followed the ASTM D3641 (2012) standard.

Table 4. Injection parameters used in the processing.

Parameter
Zone

Die
1 2 3 4

Temperature (◦C) 170 175 180 190 200

Injection pressure (bar) 1000

Back pressure (bar) 300

2.3. Scanning Electron Microscopy (SEM)

For this test, the samples were immersed in liquid nitrogen and then fractured. As neither PP nor
HIPS have any special chemical feature in the chains but just carbon and hydrogen, it was impossible to
apply X-ray Dispersive Energy Spectroscopy (EDS) to dye one of the phases. Due to this, the samples
related to the blends were immersed in chloroform for 4 h at 23 ◦C to promote the extraction of the HIPS
phase and CNSL and allow a better visualization of phase distribution in the polymer blends. The
samples surfaces were then metalized with gold and taken to the microscope (JEOL, model 1065-LV,
Tokyo, Japan). Images were obtained from a secondary electron detector with a voltage acceleration of
20 kV.
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2.4. Thermal Analysis by Differential Scanning Calorimetry (DSC)

DSC analyses were carried out on the unmixed resins, CNSL and the different mixes, under
nitrogen. The equipment was a NETZSCH, model 204 F1 Phoenix (Selb, Germany). Sample weights in
the range 7.5 to 8.5 mg were used, as suggested by ASTM E793. The first heating cycle was done at
20 ◦C/min, from room to 200 ◦C, kept at that temperature for 2 min, followed by cooling to 0 ◦C to rest
for 5 min. The second heating was performed from 0 ◦C to 200 ◦C at a rate of 10 ◦C/min. The values
used in the study were obtained after the second heating.

2.5. Mechanical Tests

The Izod impact resistance was measured following ASTM D256 (2010), in a CEAST Resil Impactor
Tester (Pianezza, Italy) at room temperature. To proceed to the test, the sample was fixed vertically
and submitted to a 2J hammer released from an angle of 150◦.

The flexural modulus was determined by EMIC DL-3000 Universal Machine (São José dos Campos,
Brazil), according to ASTM D790 (2015) with loading cell of 1000 kgf. The appropriate rate for the test
was set at 1.4 mm/min, according to the aforementioned standard ASTM.

2.6. Rheological Measurements

The dynamic melt rheological measurements were performed using an oscillatory rheometer (AR
2000. TA Instruments with a parallel-plate geometry D = 25 mm). All tests were conducted at 200 ◦C.
The linear viscoelastic zone was assessed by performing strain sweep tests from 0.1% to 100% at 1 Hz.
Frequency sweep tests from 0.01 to 600 rad/s were subsequently performed to determine the dynamic
properties of the materials at 5% strain under nitrogen atmosphere. The rheological behaviors of the
samples were evaluated based on their complex viscosity (η*) and storage modulus (G’) as a function
of frequency (ω).

3. Results

3.1. Morphology

Figure 2a–e shows SEM micrographs for neat PP and HIPS and the mixtures of each of these
polymers with 5 phr of CNSL. Figure 2e also shows the mixture PP-CNSL 5 phr after CNSL extraction
with chloroform. In Figure 2a,c for the neat polymers, PP seems to have a more homogeneous and
smoother surface than HIPS, which presents a rougher surface. Such an aspect results from the typical
“salami” type morphology of HIPS, since in the production of this material PS is obtained in the
presence of polybutadiene (PB). The presence of PB during styrene polymerization leads to grafting
and intercrossing of this rubber in such a way that PS domains are involved inside the tenacifier phase,
thus giving rise to the “salami” morphology [17].

In Figures 2b and 3d the effect of the addition of CNSL to either HIPS or PP, respectively, can be
seen. Cavities and spherical particles appeared in HIPS micrograph, Figure 2b, which can be related to
a localized concentration of CNSL. Figure 2d, on the other hand presented a more subtle difference.
However, it can be observed that the typically smooth surface started to present slight roughness after
the introduction of CNSL. To corroborate the hypotheses the sample was submitted to chloroform
extraction for 4h, for the extraction of CNLS.

The result of this extraction is shown in Figure 2e, from which the holes formed due to the
chloroform extraction of CNSL can be clearly observed. In the case of HIPS, as this polymer is soluble
in chloroform and also in other common solvents for CNSL, the same strategy could not be employed.

In Figure 3 the micrographs refer to PP/HIPS 4:1 without CNSL (Figure 3a) and with 5 phr of
CNSL (Figure 3b). Rough regions related to HIPS phase dispersed in the homogeneous PP matrix
can be observed. In addition, on comparing the two images, a reduction of HIPS domains brought
about by the addition of CNSL to the mixture is suggested. Nevertheless, the presence of CNSL is not
explicitly evidenced, except for the slightly rougher appearance of PP phase.
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Likewise, micrographs were taken for 1:4 blends without CNSL (Figure 3c) and with 5 phr
CNSL (Figure 3d), for comparison. In both cases, the images point to HIPS playing the role of the
matrix and PP being the disperse phase. However, there is an explicit dissimilarity between the two
morphologies due to the apparent increase in the roughness of the HIPS phase due to the emergence of
more prominent notches and recesses not observed in the image related to the blend without CNSL.

In addition, the shape of PP domains has also undergone visible modifications, since the dispersed
phase started to show a more circular appearance after CNSL insertion, indicating a more stable
morphology than the original one.

 

Figure 2. SEM micrographs of neat resins: (a) HIPS (without CNSL); (b) HIPS with 5 phr CNSL; (c) PP
(without CNSL); (d) PP with 5 phr CNSL; (e) PP with 5 phr of CNSL, after chloroform extraction; 5000×
amplification (5 μm scale).
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Figure 3. SEM micrographs for the blends PP/ HIPS: (a) 4:1 without CNSL; (b) 4:1 with 5 phr of CNSL;
(c) 1:4 without CNSL; (d) 1:4 with 5 phr of CNSL. Magnification 5000×.

This result suggests the possibility of forming a more favorable scenario, in which the oil would
position itself at the interface of the two phases, thus reducing the tension between them and improving
the properties of the blend. After that, all the 12 blends were immersed in chloroform for extraction of
the HIPS phase, as well as the CNSL.

Figure 4 shows micrographs for PP/HIPS 4:1 without CNSL, before extraction (Figure 4a), and
after extraction (Figure 4b), the samples with 2.5 phr CNSL, after extraction (Figure 4c), and two
different regions of sample with 5 phr CNSL, after extraction (Figure 4d,e).

Figure 4a shows that even with an amplification of 2000×, it is not possible to identify the two
phases for the blend 4:1/0. When the sample is submitted to chloroform extraction, regions previously
occupied by HIPS became observable, Figure 4b, characterized by cavity formation, deep and narrow,
throughout the surface. It can be seen from these micrographs that the domains of the dispersed phase
present a variety of dimensions, emphasizing the instability of the system. As for the stretched shape
of these domains, one can presume that they have arisen during the injection molding process. In the
process the melt material is injected under pressure into a cooled mold, which can provide the material
with a processing dependent morphology.

Figure 4c–e corresponds to the 4:1 blends with 2.5 and 5 phr of CNSL. The images show
morphological aspects which can be attributed to the presence of CNSL, since they do not appear in
sample without CNSL. Specifically, in Figure 4d (4:1 blend with 5 phr CNSL, after extraction) aside the
cavities coming from the extraction of HIPS, the appearance of concave and rounded depressions was
also clearly observed, with the formation of circles in PP matrix. This morphology, nevertheless, cannot
be attributed exclusively to the presence of CNSL since this pattern was not seen in the micrograph of
neat PP+CNSL, after extraction. Therefore, cavity formation would be a combined effect of both CNSL
and HIPS being present in the PP matrix.
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Figure 4. SEM micrographs for PP/HIPS 4:1 without CNSL, before extraction (a), and after extraction
(b–e): without CNSL (b), with 2.5 phr CNSL (c), and with 5 phr CNSL at different regions of the sample
(d,e). Amplification 2000× (10 μm scale).

However, the same blend 4:1/5, under the analysis of a different spot (Figure 4e), revealed a
peculiar morphology type that is different from that showed in Figure 4d. In Figure 4e, a perforated
film can be seen on the material surface that has not been observed before. The same pattern appears
on a smaller scale in Figure 4c (4:1/2.5), where round and stretched cavities are seen. Such an unusual
morphology motivated a deeper investigation that will be described later on.

Blends 3:2 were also evaluated after chloroform extraction of HIPS phase and their SEM images
are presented in Figure 5 at two magnifications. On the left side the images were taken at 500× and
on the right side, at 2000× magnification. Figure 5a,b shows micrographs of 3:2/0 blend where the
evident increase of the HIPS domains are seen, when compared with 4:1/0 blend (Figure 5b) due to the
doubled amount of this polymer in the mixture.
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Figure 5. SEM micrographs of 3:2 PP/HIPS blends, after chloroform extraction: (a,b) without CNSL;
(c,d) with 2.5 phr of CNSL; (e,f) with 5.0 phr of CNSL; images on left side, magnification of 500×;
images on right side magnification of 2000×.

Figure 5c,d, related to 3:2 PP/HIPS blends with 2.5 phr of CNSL, and Figure 5e,f corresponding
to the blends with 5phr of CNSL, present a clear reduction in domain size associated to the previous
localization of HIPS, in addition to a higher homogeneity of these sizes, suggesting a more stable
morphology, as compared with the blend with no CNSL.

Moreover, it was also possible to verify the occurrence of circles in the PP matrix, as seen before in
the micrograph of 4:1 blend containing CNSL (Figure 4d), thus corroborating the hypothesis that the
formation of these cavities is intrinsically associated to the insertion of CNSL in PP/HIPS mixtures.

Going further with SEM analysis, Figure 6 presents the micrographs for 2:3 blends. In Figure 6a,b,
as expected, the number of cavities related to HIPS domains tends to increase as the amount of this
polymer in the blends also increases. Nevertheless, in spite of HIPS accounting for 60% of the total
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mass, it is still possible to verify continuity in the remaining phase (PP). This tendency of PP to play the
role of the matrix when in blends with polystyrene (PS) has been widely studied by Omonov et al. [18].
The authors used selective dissolution experiments to quantitatively estimate the total continuity of
PS phase in PP/PS compositions. They found that it occurs between 70%/30% and 10%/90% (w/w),
depending on the viscosity ratio of the constituents.

  

  

  

Figure 6. SEM micrographs of 2:3 blends, after chloroform extraction: (a,b) without CNSL; (c,d) with
2.5 phr of CNSL; (e,f) with 5.0 phr of CNSL; images on left side with 500×magnification; images on
right side with 2000×magnification.

It is worth noting that the image seen in Figure 6a,b suggests that morphology is very close to a
co-continuous one. However, on the addition of CNSL to the mixtures, a reduction of HIPS domains
took place (Figure 6c–f), inhibiting the occurrence of a co-continuous system in these compositions.
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On the other hand, the reduction in the disperse domains as well as the better homogeneity in the
morphology provide better properties to the blends due to the stabilizing effect of CNSL.

Figure 7 shows the micrographs for the 1:4 PP/HIPS mixtures, before and after chloroform
extraction, at 2000× magnification. In Figure 7a, PP domains dispersed in the HIPS matrix can be
identified, suggesting that in the 1:4 blends without CNSL, a co-continuous morphology has been
achieved. If this is so, it can be said that for a PP/HIPS system, in the absence of CNSL and under the
imposed processing conditions, a co-continuous morphology can be formed when components ratios
vary between 2:3 and 1:4, that is, between 40%/60% and 20%/80% w/w.

 

Figure 7. SEM micrographs of 1:4 PP/HIPS blends; before chloroform extraction: (a) without CNSL;
after chloroform extraction: (b) no CNSL, (c) with 2.5 phr of CNSL, (d) and (e) different aspects of
blend with 5 phr of CNSL. Magnification of 2000×.

251



Materials 2019, 12, 1904

After selective extraction of HIPS (Figure 7b), the 1:4/0 blend presented cavities and deep cracks,
in addition to entire regions which have been extracted, an indicative of the effective occurrence
continuity of the HIPS phase. However, the remaining PP, also observed in the images, shows the
concomitant occurrence of continuity of this phase, most probably partial.

In Figure 7c,d more homogeneous morphologies than that for the blend without CNSL (Figure 7b)
are observed. Also, the images presented a visual aspect typical of co-continuous systems, which may
suggest a morphological stability much superior to that for the 1:4/0 blend.

Figure 7e shows another region of the 1:4/5 blend where a perforated film is again observed, as in
Figure 4e. With the purpose of clarifying the casual formation of this atypical morphology, another
selective extraction of the HIPS phase was carried out, this time with acetone instead of chloroform,
during the same period of time. Since acetone is not a solvent as good as chloroform for HIPS, the
extraction was only partial, leaving HIPS residues on the surface of the sample as seen in Figure 8.

 
Figure 8. SEM Micrographs of 4:1 PP/HIPS blend with 5 phr of CNSL after acetone extraction of HIPS
phase in two different regions of the same sample. Magnification 200×.

On comparing with the atypical morphologies observed after the extraction with chloroform, a
similarity in the pattern is found, thus suggesting that the perforated formation would be caused by
some remaining amounts of HIPS on the sample surface due to an incomplete HIPS dissolution by
chloroform. As this morphology was observed only in those blends with CNSL, one can infer that the
oil may have somehow interfered with the HIPS solubility in chloroform.

It is worth noting, as previously seen in Figure 4d which shows the 4:1 blend with 5 phr of CNSL,
that a different morphology of HIPS phase was found which suggests that the presence of CNSL in the
mixture could be the key for the formation of the peculiar aspect of a perforated film.

3.2. Thermal Behavior

From DSC curves polymer transition temperatures as well as heat flow and degree of crystallinity
were determined. Glass transition temperatures were taken from the inflection point and a deviation
of 2 ◦C was considered, as suggested by ASTM E1356 (2014). The same procedure was followed for the
determination of melting enthalpy according to ASTM E793 (2012).

The degree of crystallinity was determined from the endothermic peak relative to the enthalpy of
crystalline melting, calculated by Equation (1) [19].

Xc(%) =
ΔH f

ΔHo
f
× 100 (1)
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where, Xc is the degree of crystallinity of the sample; ΔH f is the variation in the melting enthalpy
of the sample, measured by the area of the melting peak in the curve obtained by DSC; ΔHo

f is the
variation in the enthalpy of melting for a 100% crystalline sample (determined by extrapolation).

As polystyrene is amorphous, the final crystallinity of the PP/HIPS blends can be attributed
exclusively by the semi-crystalline polypropylene. The theoretical value of melting enthalpy for a 100%
crystalline PP, used in the calculations was 207 J/g [20].

Concerning the samples with CNSL, a correction had to be made to compensate for the presence
of the added oil. Thus, as suggested by ASTM E793, a standard deviation of 7.8% was used to correct
the values of melting enthalpy, from now on referred to as ΔHc

f . To perform the analysis the protocol
described in the experimental part was used.

Figure 9 shows the thermograms related to HIPS with 0, 2.5 and 5.0 phr of CNSL. Looking at the
curves it can be seen that a reduction in the glass transition temperatures occurs from 104 ± 2 ◦C to
96 ◦C, and then to 89 ◦C as the addition of CNSL increases from 0 to 5 phr. This can be credited to the
role of CNSL as a plasticizer for the HIPS matrix, which contributes to chain mobility, allowing the
amorphous phase of the polymer to flow at lower temperatures.

Figure 9. DSC thermograms for HIPS with 0, 2.5 and 5 phr of CNSL.

The thermograms in Figure 10 correspond to the blends PP/HIPS 1:4, with 0, 2.5 and 5 phr of
CNSL. Again, the reduction in Tg is observed. However, the crystalline enthalpy of melting did not
show any change.

Figure 10. DSC thermograms for 1:4 PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.
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However, as the HIPs content decreases, Figures 11–13, the signal associated to Tg
HIPS becomes

less and less visible till its total disappearance, as seen in Figure 13 for 4:1 blends.

Figure 11. DSC thermograms for 2:3 PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.

Figure 12. DSC thermograms for 3:2 PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.

The thermograms in Figures 10–14 present the curves for all blends, 1:4, 2:3, 3:2, 4:1 and 1:0,
respectively. In general, the same tendency of Tg

HIPS decrease as the CNSL content increases is
observed. This behavior can be better visualized in Figure 15. In this figure, data for 4:1 blends
were dismissed for lack of resolution in Tg

HIPS determination. The decay in the values of Tg
HIPS

may suggests that the oil CNSL was not completely incorporated in PP phase and thus the following
possibilities can be raised: 1. CNSL could be distributed throughout the two phases; 2. It could be
incorporated only in HIPS phase; 3. It could be placed preferentially in the interface of the two phases.
In Figure 15, the 3:2 blends, which have the lowest amount of HIPS, one can see that Tg

HIPS decay
is more significant as compared with the other blends. This suggests that CNSL may have a higher
tendency to be incorporated into the HIPS phase, so that as the amount of HIPS in the blend is reduced,
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the relative concentration of CNSL increases in relation to the HIPS mass, thus indicating its effect on
Tg

HIPS reduction even more.

Figure 13. DSC thermograms for 4:1 PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.

Figure 14. DSC thermograms of PP with 0, 2.5 and 5 phr of CNSL.
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Figure 15. Tg values for HIPS and the 3:2, 2:3 and 1:4 PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.

Concerning Tm
PP, the values were determined from the temperature at which the maximum of

the crystalline melting peak occurs, as seen in Figures 10–14. Unlike Tg
HIPS, no relevant variation in

Tm
PP has been found considering all samples, thus suggesting that neither the blend with HIPS nor the

presence of CNSL had influence on the formation of a PP crystalline phase.
The values of melting enthalpy ΔH f for PP were obtained from the area under the melting peaks.

No significant changes in enthalpy were observed in any sample on the addition of CNSL, as seen in
Figures 10–14, only a gradual reduction of these values as the amount of PP was also reduced. This
can be better observed in Figure 16, which shows the calculated degree of crystallinity Xc for the
different blend compositions. An almost linear relationship between Xc and the contribution of PP to
the mixture was found, thus supporting the previous supposition that the presence of HIPS or CNSL
does not affect the crystal formation of the PP phase.

Figure 16. Degree of crystallinity Xc of PP and the PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.
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3.3. Mechanical Tests

3.3.1. Impact Strength Analysis

In general, impact strength is denoted as resilience, or the ability a material has to absorb
mechanical energy. The values of impact strength for the neat polymers as well as the blends, in the
presence or not of CNSL, are presented in Figure 17.

Figure 17. Impact strength results for PP, HIPS and PP/HIPS blends the PP/HIPS blends with 0, 2.5 and
5 phr of CNSL.

The neat polymers presented a visible effect on increasing CNSL addition but in opposite directions.
PP experienced a gradual enlargement in impact resistance with the incorporation of a higher amount
of CNSL, giving rise to an improvement of 80% in the property for the sample with 5 phr of CNSL,
as compared with the sample with no oil. This can be due to a plasticizing effect of CNSL on the
PP amorphous phase, thus increasing the efficiency of the sample in absorbing impact energy and
improving its toughness property.

The adverse effect of CNSL on HIPS can be the result of a disturbing effect this substance may
be imposing to HIPS morphology which would make the transfer of impact energy more difficult
throughout the polymer matrix. The morphology formed during HIPS synthesis is such as to maximize
the energy transfer. Any factor leading to modification in this morphology will cause, as consequence,
a reduction in the impact strength.

Figure 17 also shows the results of impact resistance for the blends. The values for these samples
are lower than for the neat PP, much lower than those for neat HIPS and very similar to each other,
except for the 1:4 PP/HIPS blends. For the three first sets of blends, the deleterious effects of both PP
phase and CNSL are well evidenced. Only the last set, with a larger amount of HIPS, could show a
small recovery of the impact strength. As for the effect of PP, Parres et al. [9] showed that low levels of
PP are sufficient to cause a drastic reduction of the impact resistance of HIPS, with losses as high as
40% by adding only 5% of PP.

The results can be corroborated by the effect of CNSL on the blends 1:4, previously seen in Figure 8.
In the figure the stabilizing effect of CNSL was observed as the morphology of the blends became more
homogeneous. Thus, the more uniform distribution of the domains of a phase throughout the other
gave rise to a better absorption of the impact energy.
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3.3.2. Flexural Analysis

The flexibility of a material can be inferred from the elastic modulus determined in the tensile test,
since it is directly related to rigidity. In spite of this, the flexural strength can be directly measured
by the flexural application test itself, from which it is possible to obtain more appropriate results for
the study of the flexibility of a material, that is, the capacity of the material to yield to a mechanical
bending stress.

The results of flexural modulus are presented in Figure 18. Most error bars did not present a
significant magnitude and some cannot be detected in the curves.

Figure 18. Flexural modulus for neat PP, HIPS and the PP/HIPS blends with 0, 2.5 and 5 phr of CNSL.

From these curves it is observed that increasing flexural modulus is directly related to the HIPS
content in the samples, meaning that the higher the ratio between PP and HIPS, the lower the tension
needed to promote a specific deformation under the bending stress.

On comparing the results related to the samples with and without CNSL, a reduction in the
moduli was found as the oil content increased leading, in all cases, to an increase in material flexibility.
This finding agrees with the idea that the CNSL molecules have been inserted in-between the polymer
molecules thus creating secondary links, so that these molecules became separated from one another.
This way, the cohesive forces among the macromolecules were reduced, thus promoting an increased
mobility in the system and improving the flexibility of these materials. This intermolecular effect is
characteristic of plasticizer additives [21,22], generally added to blends to increase flexibility, which
was observed in the case of CNSL addition.

3.3.3. Dynamic Melt Rheological Measurements

The variation of the complex shear viscosity as a function of the frequency of the neat PP, HIPS
and PP/HIPS blends with different CNSL content is shown in Figure 19.
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Figure 19. Cont.
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Figure 19. Complex viscosity versus frequency curves for: (a) PP; (b) HIPS and (c–f) 4:1, 3:2, 2:3 and 1:4
PP/HIPS blends, with 0, 2.5 and 5.0 phr CNSL content.

260



Materials 2019, 12, 1904

As seen in Figure 19, the neat PP and all the blends showed a shear-thinning behavior, with
an increase in viscosity in the low-frequency region. Figure 19b shows that neat HIPS presents the
lowest viscosity values in relation to neat PP and also a Newtonian plateau up to 0.1 rad·s−1 and then
shows a shear-thinning behavior. It can also be observed that the addition of CNSL oil had a more
pronounced effect on the flow behavior of HIPS in relation to PP. As HIPS is added to PP, an increase in
viscosity values tends to occur due to the presence of HIPS domains which hinder the PP molecule
flow. However, a different flow behavior occurred in 2:3/0 composition, that is, a decrease in viscosity
values is observed in relation to other compositions without CNSL. SEM micrographs suggested that a
co-continuous morphology occurred, which can explain the viscosity decrease in this blend. When
CNSL oil is added to PP/HIPS blends, again it is observed a plasticizer effect, resulting in a more
frequency-thinning behavior. As HIPS content increases in the blend composition, the oil tends to
present a more pronounced plasticizer effect. It indicates that oil molecules interact more strongly
with the HIPS phase, corroborating the SEM analysis. In 1:4/5 PP/HIPS/CNSL composition, the lowest
viscosity values are observed, indicating once again that HIPS molecules achieve more mobility in the
presence of the oil. This behavior corroborates the DSC results, which showed that the addition of
CNSL oil reduces the Tg values of HIPS phase.

The variation of dynamic modulus, G’ and G”, was evaluated. Table 5 shows the values of the
crossover point, at which G’ = G”, obtained from G’ and G” versus the frequency curves. The results
were evaluated by the displacement of the G’ x G” crossover point, which allows the flow behavior of
polymeric materials to be predicted [23].

Table 5. Dynamic modulus and frequency values at the G’/G” crossover point for neat PP, HIPS and
blends with 0, 2.5 and 5.0 phr CNSL contents.

PP/HIPS Ratio (%, w/w) CNSL (phr) Sample
Modulus at Crossover

Point G’ = G” (Pa)
Crossover Point

ωc (rad/s)

1:0

0 1:0/0 20,670 10

2.5 1:0/2.5 21,080 10

5.0 1:0/5 20,780 10

4:1

0 4:1/0 21,010 10

2.5 4:1/2.5 20,730 10

5.0 4:1/5 17,700 10

3:2

0 3:2/0 22,120 10

2.5 3:2/2.5 21,900 10

5.0 3:2/5 19,910 10

2:3

0 2:3/0 21,600 10

2.5 2:3/2.5 22,940 10

5.0 2:3/5 18,260 10

1:4

0 1:4/0 25,130 10

2.5 1:4/2.5 21,620 10

5.0 1:4/5 18,030 10

0:1

0 0:1/0 25,280 10

2.5 0:1/2.5 20,250 10

5.0 0:1/5 17,270 16

Table 5 shows that the addition of HIPS to PP increases the elastic behavior of the blend and the
addition of the CNSL oil tends to increase the viscous behavior, indicating its plasticizer effect in the
PP/HIPS blends. This effect is more pronounced as HIPS content increases. A different behavior is
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observed in the 2:3/0 composition, which presents a decrease in the elastic behavior. As mentioned
before, this blend showed a co-continuous morphology in SEM analysis. Once again, the rheological
data show that the plasticizer effect of the oil is more pronounced in the HIPS phase.

Viscoelastic behavior from rheological measurements can be shown in a different representation
called Cole-Cole plots. In this representation, the imaginary viscosity values (η” = G’/ω) is plotted
against dynamic viscosity values (η’ = G”/ω). The plot should be a perfect arc in the absence of higher
structures. In this case, the relaxation behavior of the melt will be described by a single relaxation time.
Flattening of the arc, the presence of a tail or an increasing correlation indicate the occurrence of a
broad relaxation time spectrum, while structural effects result in occurrence of a second arc [23,24].

Figure 20 shows the Cole-Cole plots of the neat PP, HIPS and PP/HIPS blends with different
CNSL content.

 
(a) 

(b) 
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Figure 20. Cont.
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Figure 20. Cont.
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Figure 20. Cole-Cole plots of PP/HIPS blends (a) 1:0; (b) 4:1; (c) 3:2; (d) 2:3; (e) 1:4 and (f) 0:1, with
different CNSL contents.

The Cole-Cole plot is like an arc for neat PP and PP/CNSL compositions, but deviates very strongly
from an arc as HIPS and CNSL additive are added to PP, indicating a broad relaxation time due to the
different interactions that occur between PP, HIPS and CNSL (when present) molecules. Figure 20f
shows a perfect arc for neat HIPS and the appearance of arcs and tails for HIPS/CNSL compositions,
indicating the occurrence of structural effects between HIPS and CNSL molecules. These results
indicate the more pronounced effect of the CNSL oil on the HIPS phase.

4. Conclusions

The general evaluation of the morphological, mechanical and thermal aspects of the polypropylene
(PP)/high impact polystyrene (HIPS) blends was carried out with the objective of investigating the effect
of Cashew Nut Shell Liquid (CNSL) addition on these properties. Scanning Electron Microscopy (SEM)
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micrographies suggest that CNSL has a tendency to be located in the HIPS phase and also in the interface
of the domains. This was corroborated by the results of Differential Scanning Calorimetry (DSC).

The addition of different contents of CNSL in PP/HIPS blends showed a general tendency to reduce
the size of HIPS domains, thus suggesting a better interaction between the two polymers, providing
tension transfer from one phase to the other and favoring stabilization of the morphology. Crystalline
melting temperature of PP phase concerning all the blends did not change, thus corroborating the
hypothesis that CNSL would be placed preferably in the HIPS phase or in the interphase between the
two phases. Mechanical properties are in accordance with the proposed morphology, corroborated by
rheological measurements. Cole-Cole plots also indicated that CNSL has a more pronounced effect on
the HIPS phase.
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Abstract: In this study, the introduction of Origanum majorana L. essential oil into a polyamidoamine
(PAMAM) G4.0 dendrimer was performed for creation of a potential nanocide against Phytophthora
infestans. The characteristics of marjoram oil and PAMAM G4.0 was analyzed using transmission
electron spectroscopy (TEM), nuclear magnetic resonance spectroscopy (1H-NMR) and gas
chromatography mass spectrometry (GC-MS). The success of combining marjoram oil with PAMAM
G4.0 was evaluated by FT-IR, TGA analysis, and the antifungal activity of this system was also
investigated. The results showed that the antifungal activity of oil/PAMAM G4.0 was high and
significantly higher than only PAMAM G4.0 or marjoram essential oil. These results indicated that
the nanocide oil/PAMAM G4.0 helped strengthen and prolong the antifungal properties of the oil.

Keywords: antifungal activity; dendrimer; Origanum majorana L. essential oil; Phytophthora infestans

1. Introduction

In Vietnam, tomato is ranked tenth in terms of crop value, topping at more than 9.7 billion VND
in 2005. However, tomato late blight, caused by Phytophthora infestans, is a destructive disease that
causes heavy decline in tomato production for many years. According to the General Statistics Office of
Vietnam, the late blight caused by Phytophthora infestans has drastically hindered the growth of tomato
cultivation area in Vietnam from 2009 to 2012, resulting in a halt in production yield [1]. Studies on
the distribution as well as the effects of the late blight disease have also been conducted very early.
According to the assessment of harm caused by late blight in the suburbs of Hanoi in 1965, the average
loss of 30–70%, at the high level, can cause complete loss of productivity. In recent years, the level
of the disease is still high. Severe outbreaks of late blight have been observed in many suburbs in
Vietnam [1,2].

Recently, fungicides of biological origin have been strongly accentuated as it could overcome the
inherent limitations of chemical pesticides. In addition, the approach of using antifungal substances
extracted from plants was reported to be a promising agent against fungi. Marjoram (Origanum

Materials 2019, 12, 1446; doi:10.3390/ma12091446 www.mdpi.com/journal/materials267



Materials 2019, 12, 1446

majorana L., Lamiaceae) is a perennial species originating in southern Europe. The plant has been
widely cultivated and used in cooking as a spice. More importantly, distillates from marjoram are
highly valued for its antimicrobial, antifungal and antioxidant activity. In one study, marjoram oil has
been tested against various bacterial and fungal species, demonstrating improved effectiveness against
Beneckea natriegens, Erwinia carotovora and Moraxella [3]. In addition, marjoram oil has been studied
extensively in the field of plant disease control, especially against P. infestans. It is considered to be a
fungicidal alternative to chemically derived drugs [4]. Besides marjoram essential oil, P. infestants was
reported to be inhibited by pathogen-induced proteins in previous studies [5,6]. However, the process
for utilizing the pathogen is quite complicated and not suitable for excess products. When it comes to
combating microbes, the use of essential oils has various advantages. First, since essential oils are of
natural origin, it is completely safe for humans and the environment. Second, since essential oils are
mixtures of many different compounds, the use of essential oil as an antimicrobial agent could impair
the adapted resistance against drugs of microbes in various ways.

However, essential oil from herbal sources demonstrates many disadvantages including poor
stability, solubility, and volatility. One of the approaches to remedy such limitations is the application
of nano-encapsulation, which is capable of reducing volatility, improving the stability, water solubility,
and efficiency of essential oil-based formulations, while still maintaining therapeutic efficiency of
the drug [7–11]. Dendrimer is a spherical, branched, nanoscale material that is more prominent than
linear polymers. The dendrimer consists of three parts including core, inner branches, and lateral
groups. Among dendrimers, polyamidoamine (PAMAM), a group of branched-chain dendrimers,
including amine branching and amide bridging, is the most widely used dendrimer due to its amine
functional groups (for even-numbered PAMAMs) and carboxylates (for odd-numbered PAMAMs)
that help dissolve dendrimer in polar solvent [12,13]. These groups are also very active so it is easy to
react to create new structurally diverse substances [14]. One of the important uses of PAMAM G4.0
(polyamidoamine generation 4) is acting as a carrier system for the transport of biological molecules
and drugs for the treatment of cancer diseases [15,16]. Recently, many studies in using dendrimer
in biocide has been proved to be much potential [17–20]. For example, Winnicka and co-workers
reported the capability of PAMAM dendrimer in increasing the antifungal activity of clotrimazole
against different strains of Candida [19]. Later, Winnicka continued to design a mixture containing
PAMAM G2.0 and ketoconazole that also dramatically enhances the antifungal action of the drug [20].
In another study, Jose and co-workers employed different generation of PAMAM dendrimer (G1.0–G3.0)
as agents to improve water solubility of amphotericin B drug, thereafter enhancing its antifungal
action [21]. However, there are not much reports in combining extracted essential oil with dendrimer
as carrier system.

This study attempted the combination of marjoram essential oil with PAMAM G4.0 to produce
the oil/PAMAM G4.0 dendrimer system. The system was then evaluated for preservation efficiency
of natural oil functions and tested for antifungal activity against P. infestans. The polymer structure
and morphology of the PAMAM G4.0 were characterized. TGA analysis and the FT-IR spectrum of
PAMAM G4.0 containing this volatile oil were also examined.

2. Materials and Methods

2.1. Materials

Ethylenediamine (EDA) and toluene were purchased from Merck (Darmstadt, Germany). Methyl
acrylate (MA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol was supplied
by Fisher Scientific (Houston, TX, USA). Spectra/Por® Dialysis Membrane (MWCO 3.5 kDa) was
purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). Marjoram essential oil
was supplied by NTT Hi-Tech Institute, Nguyen Tat Thanh University, Ho Chi Minh City, Vietnam.
Phytophthora infestants fungi strain was purchased from Gia Tuong Ltd, Vietnam. Ethanol and acetic
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acid were purchased from Xilong Chemical, Ltd. (Guangdong, China). All other chemicals were of
reagent grade. Distilled water was used in all preparations.

2.2. Methods

2.2.1. Preparation of PAMAM G4.0 Dendrimer

PAMAM dendrimer generation 4.0 (PAMAM G4.0) was synthesized from the EDA core utilizing
divergent approach as previously reported in our literature [13], in which the EDA’s primary amine
groups react with MA’s acrylate groups via Michael addition reaction to form half generation PAMAM,
followed by the reaction between half generation PAMAM’s methyl propionate groups with excess
EDA to form full generation PAMAM dendrimer, denoted by Gn.0. Briefly, EDA (20 mL) was added
to 150 mL of MA dissolved in methanol. The reaction was in turn kept under stirring for 3 h at 0 ◦C
and then 48 h at room temperature. The removal of impurities and solvent was performed using
rotary vacuum evaporator (Strike 300, Lancashire, UK), resulting in the core precursor G0.5. Next,
G0.5 was added to EDA solution (130 mL) to obtain PAMA G0.0. The mixture was stirred for 96 h at
room temperature, rotated under vacuum using mixed solvent (toluene: methanol is 9:1 v/v). Finally,
the resulting mixture was dialyzed by dialysis membrane against methanol to remove excess toluene
and EDA and dried under vacuum to remove methanol. This protocol was repeated continuously to
obtain PAMAM G4.0.

2.2.2. Characteristics of Dendrimer PAMAM G4.0

The chemical structure of dendrimer PAMAM G4.0 was analyzed using Nuclear Magnetic
Resonance spectroscopy (Bruker Advance 500, Bruker Co., Billerica, MA, USA). Deuterated chloroform
was used as solvent. For illustration of size and morphology, Transmission Electron Spectroscopy
(JEM-1400 TEM; JEOL, Tokyo, Japan) was utilized. A drop of sample solution prepared in distilled
water was placed on a carbon–copper grid (300-mesh, Ted Pella Inc., Redding, CA, USA) and air dried
in 10 min for the TEM observation.

2.2.3. Evaluation of the Composition of Marjoram Essential Oil

The composition of the marjoram oil was determined by Gas Chromatography Mass Spectrometry
(Agilent Technologies, Santa Clara, CA, USA).

2.2.4. Synthesis of PAMAM G4.0 Combining Marjoram Essential Oil

A rotating system was used to drain out all water vapor in the PAMAM G4.0 dendrimer to ensure
that PAMAM G4.0 is completely dry. Marjoram essential oil (500 μg, 1000 μg, 2000 μg, and 5000 μg)
was quickly added to PAMAM G4.0 according to the ratios (1:1). After being ultrasonicated for 15 min
at room temperature, the samples were rotated at 100 ◦C for 2 min, allowing the oil molecules combine
with the dendrimer structure. Samples were stored in refrigerator for later use.

2.2.5. Characterization of Oil/PAMAM G4.0

Marjoram oil, PAMAM G4.0 and the combined system were analyzed with Spectrum Tensor27
FT-IR Spectrometer, using KBr pellets FT-IR Spectrometer in the range of 400–4000 cm−1. All samples
were mixed with KBr and pressed into a pellet before the measurement. Thermal gravimetric analysis
(TGA) of marjoram essential oil, PAMAM, and oil/PAMAM were carried out using TG Analyzer
(Mettler Toledo, Culumbus, OH, USA).

2.2.6. Agar diffusion method

The antifungal effect of marjoram oil, PAMAM G4.0 and the system were assessed using agar
diffusion method. The PDA (Potato Dextrose Agar) agar plates were prepared by potato infusion at
250.00 g/L, glucose at 20.00 g/L, and agar at 20.00 g/L. After that, fungal solution was prepared and
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obtained the density of 6.0465 × 108 CFU/mL after 48 h of incubation. The solution was then diluted
2 times, followed by the inoculation of 100 μL diluted fungal solution on the agar surface. Appropriate
amount of synthesized oil/PAMAM sample was dissolved in 1 mL of distilled water first to get the
desired final concentration, which are 500 ppm, 1000 ppm, 2000 ppm, and 5000 ppm. Next, 100 μL
of sample solution was added to each well of 6 mm in diameter. After 48 h, the inhibition zone was
measured in diameter. The data were expressed as mean ± SD.

3. Results and Discussion

The preparation of PAMAM dendrimer generation 4.0 (G4.0) was obtained from the initiator EDA
core using two-step synthesis in which the odd steps yield half generation PAMAM followed by the
even steps which generate full generation PAMAM dendrimer.

3.1. Chemical Structure of Synthesized Dendrimer PAMAM G4.0

The spectra of 1H NMR proton of PAMAM G4.0 is shown in Figure 1. As shown in Figure 1,
the protons at 2.351 ppm, 2.55 ppm, 2.77 ppm, 3.04 ppm and 3.23 ppm were assigned to protons in
methylene groups of –CH2–CO–NH (peak d), CH2–N– (peak b), –CH2–NH2– (peak a), –N–CH2–CH2–
(peak e), and –CO–NH–CH2 (peak c). The presence of all these signals demonstrated that PAMAM
G4.0 was successfully synthesized and characterized based on other studies in NMR characterization
of fourth-generation PAMAM [13,16].

 
Figure 1. 1H NMR spectrum of PAMAM G4.0.

3.2. Characteristics of PAMAM G4.0 and Oil/PAMAM G4.0

Figure 2 displays the morphology and particle size of PAMAM G4.0 dendrimer. Since the
eradication of the fungi depends on the transportation of marjoram essential oil, it is more likely for
the dendrimer to penetrate into the spore or mycelium (the size of the spore ranges from 19 × 10−12 to
23 × 10−12 mm) as its size gets tinier [3]. Analysis of TEM results showed that dendrimer PAMAM G4.0
was 20 to 30 nm in size and fairly uniform. There are some aggregates (<70 nm) were shown to occur but
in low frequency. After the oil was associated with dendrimer, a significant increment in the diameter
of obtained oil/PAMAM G4.0 (40–150 nm) was observed, indicating the successful combination of
essential oil with PAMAM G4.0 structure. There are many studies reported that the particle size of
less than 500 nm is sufficiently good for the penetration of nanocarriers into fungal cells [22–25]. As a
result, G4.0 and oil/PAMAM G4.0 is suitable for associating with oil to fully interact with the fungus’s
cell membrane as well as easily penetrates into the cell layer, thus destroying fungal cells.

270



Materials 2019, 12, 1446

 

Figure 2. TEM image of polyamidoamine dendrimer PAMAM G4.0 (A) and oil/PAMAM G4.0 (B).

3.3. Evaluation of the Composition of Marjoram Essential Oil

Figure 3 shows the composition and content of the substances in marjoram essential oil
analyzed by GC-MS. From the GC-MS analysis, it is revealed that major components in the oil
are 1R-alpha-pinene, sabinene, cymol, cyclohexanol, cineole, alpha-terpinolene, alpha-terpineol, linalyl
ester, beta-caryophyllene, alpha-caryophyllene. Chemical structures of these components of marjoram
oil are shown in Figure 4. Cineole (28.59%) is the predominant constituent in the oil, followed by
alpha-terpinolen (14.75%) and cymol (11.82%). Compared to the analysis results of other studies,
the reported composition of the oil is similar. However, component contents are different, possibly
due to the difference in cultivation process, the habitat of the plant, the extraction and preservation
method [4].

 

Figure 3. The GC-MS spectrum of marjoram essential oil.
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Figure 4. Chemical structures of marjoram oil’s components.

3.4. FT-IR Analysis

Figure 5 demonstrates FT-IR spectra of marjoram essential oil, PAMAM G4.0 and oil/PAMAM
G4.0. The characteristic peaks of PAMAM G4.0 at positions 1661 cm−1 and 1553 cm−1 are the signals of
the (-CO-NH-) bonds of grades I and II, respectively, which were also observed clearly on the spectrum
of oil/PAMAM G4.0. Five characteristic peaks of the essential oil at position 2967 cm−1; 2927 cm−1;
1740 cm−1; 1451 cm−1; and 1376 cm−1 have also been observed clearly on the spectrum of oil/PAMAM
G4.0. Signaling of the essential oil and dendrimer PAMAM G4.0 were both observed in the spectrum
of the synthesized oil/PAMAM G4.0 sample, indicating that the synthesis of dendrimer PAMAM G4.0
associating marjoram oil was successful. Additionally, there is a disappearance of carbonyl peak at
1700 cm−1 in oil/PAMAM G4.0 spectrum as compared to essential oil spectrum. C-O absorption band at
1300 cm−1 of alcohol functional groups of essential oil’s components is not detected as well, indicating
the formation of hydrogen bonds between essential oil’s components and PAMAM G4.0.

Figure 5. FT-IR spectra of (a) oil/PAMAM G4.0; (b) Marjoram essential oil and (c) PAMAM G4.0.
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3.5. TGA Analysis

The actual amount of marjoram essential oil mixed with PAMAM G4.0 was estimated by TGA
analysis (Figure 6). The experimental temperature was ramped to 200 ◦C with heating rate at 3 ◦C/min
and from 200 ◦C to 600 ◦C with heating rate at 50 ◦C /min. The weight loss from room temperature to
100 ◦C corresponds to the evaporation of marjoram oil. As shown in TGA curves of oil/PAMAM G4.0
with 1000 μg essential oil, the weight loss at 100 ◦C was around 56%. This means the actual amount
of essential oil successfully mixed with 1000 μg PAMAM G4.0 in the final product was about 560 μg.
This result indicated the existence of essential oil in oil/PAMAM G4.0 sample.

Figure 6. TGA curves of PAMAM G4.0, marjoram essential oil, and oil/PAMAM G4.0.

3.6. Antifungal Experiment

Anti-Phytophthora infestants properties of the essential oil, PAMAM G4.0 and the mixture of these
two compounds at concentrations of 500, 1000, 2000 and 5000 ppm are displayed and summarized in
Figures 7, 8 and Table 1. The combination of PAMAM G4.0 and volatile marjoram exhibits superior
antifungal properties compared to the marjoram essential oil and PAMAM G4.0. At the lowest
test concentration (500 ppm), PAMAM G4.0 has a diameter of inhibition zone of 6.16 ± 0.34 mm.
PAMAM G4.0 anti-fungal properties are due to the fact that their surface containing –NH2– positively
charged particles which could interact and destroy negatively charged microbial membranes. It is
also shown that the antifungal property of the essential oil is minimal, as demonstrated by the very
small diameter of inhibition zone of 6.33 ± 0.33 mm at 500 ppm concentration and the presence of
mycelium around the well. In other words, there are no significant inhibition at both 500 and 1000 ppm
of essential oil and PAMAM G4.0, individually. This is contrasted by wells of oil/PAMAM G4.0 at
all concentrations, showing recognizable inhibition zones. At higher concentrations of 1000, 2000
and 5000 ppm, the antifungal activity of PAMAM G4.0 and oil, individually, was gradually increased
and the strongest activity against P. infestans was achieved by the oil/PAMAM G4.0. In other words,
oil/PAMAM G4.0 was found to have stronger antifungal ability than that of each individual component.
After a series of experiments, it can be concluded that the concentration of oil/PAMAM G4.0 at 500 ppm,
which respectively exhibited 10 and 22 times bigger inhibition diameter (9.50 ± 0.50 mm) than that of
essential oil and PAMAM G4.0 at the same concentration (500 ppm), provided the optimal antifungal
result as compared to other combinations of PAMAM G4.0 and oil. At higher concentration (5000 ppm),
the synergistic effect seemed to be lost. This could be explained by the reason that not all marjoram
essential oil used was successfully mixed with PAMAM G4.0, as revealed in TGA analysis. Due to
steric hindrance effect, reduced ability of essential oil to be mixed and combined with PAMAM as
the concentration of PAMAM increased. In addition, the diffusion of mixed essential oil from the
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mixture oil/PAMAM G4.0 out of the well to the agar surface in agar diffusion test could also be
restricted with the increasing of PAMAM molecules concentration. Taken together, thanks to the
synergy between PAMAM G4.0 and oil, not only the required concentration for each component was
reduced significantly, it was also possible to maintain the sufficient result, which is important for
reduction of environmental pollution risk.

Figure 7. The graph concluding average inhibition zone (d. mm) against Phytophthora infestants of
marjoram essential oil, PAMAM G4.0 and oil/PAMAM G4.0 based on different concentrations: 500,
1000, 2000 and 5000 ppm.

Figure 8. Diameters of inhibition zone of (A) Marjoram essential oil; (B) dendrimer PAMAM G4.0;
(C) oil/PAMAM G4.0 after 48 h with different concentrations: (1) 5000 ppm; (2) 2000 ppm; (3) 1000 ppm:
(4) 500 ppm.
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Table 1. Average diameters of inhibition zone against Phytophthora infestants of Marjoram essential oil,
PAMAM G4.0 and oil/PAMAM G4.0 based on different concentrations: 500, 1000, 2000 and 5000 ppm.

Concentration (ppm)
Diameter of Inhibition Zone (d. mm)

Marjoram Essential Oil PAMAM G4.0

500 - 6.33 ± 0.33
1000 - 7.50 ± 0.33
2000 - 10.00 ± 0.33
5000 - 12.50 ± 0.50

- 500 6.16 ± 0.34
- 1000 7.50 ± 0.50
- 2000 10.00 ± 0.33
- 5000 12.00 ± 0.50

500 500 9.50 ± 0.50
1000 1000 12.33 ± 0.33
2000 2000 15.00 ± 0.00
5000 5000 18.00 ± 0.50

As revealed in GC-MS result, marjoram essential oil comprised several components with very
different chemical structures, which are mostly hydrophobic and some containing hydrophilic functional
group in the structure. We also interpreted that there must be a hydrogen bonding between hydrophilic
OH or C=OH groups of some components in the essential oil and NH2 groups on the surface of
PAMAM G4.0. The rest hydrophobic components tended to be entrapped within the large internal
cavity of dendrimer, which is a common tendency of hydrophobic substances when being mixed
with PAMAM, thus reducing the essential oil volatility. This phenomenon has been reported in many
previous studies [16,26]. With the particle size of less than 500 nm, oil/PAMAM G4.0 (average diameter
around 40–120 nm) is considered as a sufficiently good material for the penetration of nanocarriers into
fungal cells [22–25]. In addition, PAMAM G4.0 with large number of positively charged surface –NH2–
groups facilitates the interaction and destruction of microbial negatively charged membrane. As a
result, oil/PAMAM G4.0 fully interacts with the fungus’s cell membrane as well as easily penetrates
into the cell layer, thus destroying fungal cells.

The synergistic effect in antifungal properties between the essential oils and oil/PAMAM G4.0
could be explained by the reduction of the oil volatility when it is mixed with PAMAM G4.0 structure,
therefore improving the stability and maintaining the antifungal effectiveness better than essential
oil in its free form. Moreover, the extremely poor water solubility of essential oil could also be
improved by associating with PAMAM dendrimer, which perhaps due to the hydrogen bonds
and hydrophobic interactions between the essential oils and functional groups of PAMAM G4.0.
There are numerous literatures that successfully demonstrated the use of dendrimer to enhance the
solubilization of hydrophobic molecules [27]. Many of such studies revealed the capability of PAMAM
dendrimer in antifungal activity improvement as consequence of enhanced solubility of poorly soluble
substances [28,29]. For instance, it was reported that the mixture of PAMAM G2.0 and ketoconazole,
which is hydrophobic, was 16 times more potent against Candida in comparison with free drug [19].

4. Conclusions

In this study, TEM and 1H-NMR technique were employed to characterize the PAMAM G4.0
material and the marjoram essential oil was analyzed for chemical composition using GC-MS. The two
samples and the oil/PAMAM G4.0 were jointly analyzed by FT-IR, showing the successful associating
of oil and PAMAM G4.0 dendrimer. The resulting PAMAM G4.0@oil was shown to be more effective
in terms of antifungal activity compared with PAMAM G4.0 and marjoram volatile oil with same
concentration. The enhanced anti-microbial property of the oil/PAMAM G4.0 could be due to the
restricted evaporation of the essential oil, caused by the encapsulation. These results suggest that the
association of marjoram oil with PAMAM G4.0s is promising in combating late blight in tomatoes and
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that later studies should focus on determining the suitable concentration for optimal inhibition and
conducting field trials.
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