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Preface to ”Sustainable Polymer Technologies for a
Circular Economy”

The current economic system of the plastics industry still follows the linear model of “make, use,

and dispose”, which erroneously assumes that economic growth can be based on a high abundance

of resources and unlimited waste disposal. To accelerate the transition from its traditional linear

economic model to a more valuable and sustainable model, the principles of circular economy

should be rapidly implemented. In this scenario, the scientific community needs to consider that

the game-changing strategy should be based on three pillars, namely promoting sustainable polymer

technologies that decouple plastics from fossil feedstocks, drastically reducing the leakage of plastics

into natural systems, and increasing the quality and uptake of plastic recycling. Only biopolymers

can really “close the loop”and enable a true circular economy for the plastic packaging industry.

This reprint is divided into ten chapters and showcases original and cutting-edge research

studies devoted to accelerating circularity within the plastics industry. This reprint starts with

five chapters dealing with the development of bio-based polymer formulations since, to progress

towards a truly sustainable model, it is imperative to first decouple polymers from fossil feedstocks.

These chapters exemplify that plastic articles can be made of both thermoplastic materials, such as

polysaccharides or biopolyesters, and thermoset resins, such as bio-based epoxy resins, which are

produced from natural and renewable resources. These research studies also demonstrate that not

only polymers but also their additives do not require fossil fuels as feedstocks. For instance, gum

rosin- and cellulose-derived fillers can serve to yield highly environmentally friendly composites

with a wood-like appearance and improved properties. This reprint then presents three more

chapters covering the effects of plastic waste leakage on the natural environment and the sustainable

solutions attained by preparing occasionally littered articles from readily biodegradable materials.

In this regard, one of the most sustainable solutions is achieved via the combination of paper

and biodegradable polyesters. Finally, this reprint ends with two more chapters discussing novel

potential polymer technologies to maximize looping strategies and build an effective after-use plastics

economy. These chapters present studies examining the reduction of costs and energy consumption

during the production of plastic articles and the use of pyrolysis as a dedicated new recycling

technology developed for multilayer packaging structures.

This reprint is accessible to a broad readership and can be of interest for university professors,

researchers, undergraduate and postgraduate students, and engineers working in the field of polymer

materials, packaging, and sustainability.

Sergio Torres-Giner

Editor
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Sustainable Polymer Technologies for a Circular Economy
Sergio Torres-Giner

Research Institute of Food Engineering for Development (IIAD), Universitat Politècnica de València (UPV),
Camino de Vera s/n, 46022 Valencia, Spain; storresginer@upv.es

We inhabit a defining moment in history. It is a moment in which the scientific
community has united to agree on an ambitious framework with which to resolve the
environmental issues associated with plastic waste. Plastics are the “workhorse” material
of the modern economy, offering multiple functions that help tackle several challenges
facing our society. Plastics production has increased from 15 million tons in the 1960s
to 311 million tons in 2014 and is expected to triple by 2050 as plastics come to serve
increasingly more applications. Packaging is the dominant sectoral use of plastics globally,
representing nearly 40% of the plastic market. However, after an initial short use cycle,
most of the economic value of plastic packaging material is lost. Furthermore, hundreds
of millions of tons of plastics escape collection systems, ending up in the environment
either as microscopic particles or surviving in a recognizable form for hundreds of years.
Therefore, it is high time to implement the principles of Circular Economy in the plastics
industry. The Circular Economy has recently become a widespread concept, emerging
in the past few decades from several schools of thought, such as “Cradle2Cradle” and
“Biomimicry. It envisages a novel economic model that is restorative and regenerative by
design, wherein its key aims are to eliminate the concept of waste, rebuild natural capital,
and create economic value by using—not consuming—resources effectively. However,
the current economic system of the plastics industry still follows the linear model ‘make,
use, and dispose’, which erroneously assumes that economic growth can be based on the
abundance of resources and unlimited waste disposal. According to the model outlined in
the New Plastics Economy and other recent sustainable initiatives, strategies of Circular
Economy regarding the plastics industry entail promoting sustainable polymer technologies
that decouple plastics from fossil feedstocks, drastically reduce the leakage into and the
effects of plastics on natural systems, and create an effective after-use plastics economy.
This Special Issue focuses on recent research studies devoted to enabling better economic
and environmental advances in the plastic packaging value chain that can successfully
accelerate the transition of the plastics industry from its traditional linear economy to a
more valuable and sustainable model.

The polymers used to produce plastics, together with the corresponding additives,
should not require petroleum or other fossil fuels as feedstocks. In this context, pectin, one
of the most abundant polysaccharides in nature, can be applied to produce biodegradable,
biocompatible, and water-soluble films as well as coatings or interlayers in biopolymer-
based structures of interest in food packaging. In this regard, Akinalan Balik et al. [1] pre-
pared and characterized glycerol and polyethylene oxide-2000 (PEO2000)-containing pectin
films via electrospinning and the subsequent annealing of the resultant fiber mat at tem-
peratures below 160 ◦C. These newly developed pectin films were fully characterized and
thereafter applied as interlayers between two external layers of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV). The resultant fully bio-based and biodegradable multilayer
film presented a strong barrier to water and limonene vapors, revealing their promising po-
tential in food packaging applications. Similarly, Aldas et al. [2] developed fully bio-based
materials using thermoplastic starch (TPS) that was obtained from corn plasticized with
water and glycerol, which was blended with up to five different pine resin derivatives as
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a kind of natural additive. The authors reported that all the gum-rosin-based additives
were able to improve the thermal stability and mechanical performance of TPS, particularly
in the case of the gum resins with higher amounts of carbonyl groups in their chemical
structures due to their interaction with the hydroxyl groups of starch and glycerol. The
developed TPS/pine resin blends were finally proposed for rigid packaging and disposable
applications in hot foods, such as lids for containers and cups for beverages. Some rele-
vant physical improvements in TPS films were also obtained by Freitas et al. [3] through
the incorporation of cellulose microfibers (CMFs) obtained from rice straw (RS) waste.
Fractions of 1, 3, and 5 wt% CMFs were incorporated into TPS by melt mixing, whereas
starch was also subjected to dry heating (DH) modification, yielding TPS modified via
dry heating (TPSDH). It was observed that both DH modification and 3 and 5 wt% fiber
loadings interfered with starch gelatinization, leading to non-gelatinized starch granules in
the biopolymer matrix. This represents a remarkable green physical methodology for en-
hancing the water barrier capacity and tensile strength of starch films. Bio-based polymers
also include thermoset resins, as demonstrated by Lascano et al. [4]. In this research work,
green composites were developed using partially bio-based epoxy resin reinforced with
lignocellulosic particles obtained from by-products or wastes of the flax industry. Different
particles of flaxseed flour, with sizes ranging between 100–220 µm and 40–140 µm, were
incorporated at different concentrations, that is, 10, 20, 30, and 40 wt%, into the bio-based
epoxy resin during molding and thereafter characterized. The most promising results in
terms of mechanical properties and water absorption were obtained for the lowest reinforce-
ment content and with the finest particle size, yielding highly environmentally friendly
composites with a wood-like appearance and potential use in furniture or automotive
sectors. Another example of the development of the biorefinery concept achieved by means
of the valorization of agricultural and food wastes was presented by Ortiz-Barajas et al. [5].
In this study, the authors performed the torrefaction of coffee husk flour at 250 ◦C and then
incorporated it into polylactide (PLA) pieces produced by injection molding. A content of
20 wt% of torrefied coffee husk flour (TCHF) successfully yielded pieces with balanced me-
chanical properties and improved hardness, thermal degradation, and thermomechanical
resistance, which can be of great interest in in the design of compostable rigid packaging
(e.g., food trays and containers), beverage cups, and food contact disposables (e.g., cutlery
and plates).

Certainly, the best way to prevent the leakage of plastics into natural systems and its
associated negative consequences is to support the growth of robust waste infrastructure.
Indeed, plastic waste from land sources is continually flowing into world oceans via rivers
due to accidents or carelessness, resulting in a high level of accumulation of plastics in
the environment, the so-called “white pollution”. Even though temperatures in nature are
relatively low, different oligomers are often detected in the sea water and sand of coastal
areas due to polymer degradation. In this regard, the study of Kimukai et al. [6] analyzed the
formation of styrene oligomers (SOs) from polystyrene (PS) decomposition in the thermal
range from 30 to 150 ◦C. In this temperature range, 2,4,6-triphenyl-1-hexene (styrene trimer,
ST) was the dominant product, which was an intermediate yielding 1,3-diphenylpropane
(styrene dimer, SD1), 2,4-diphenyl-1-butene (styrene dimer, SD2), and styrene (styrene
monomer, SM). Based on a simulation, the authors also predicted that over 400 million
metric tons of SOs would be present in the ocean by 2050, including those capable of thermal
decompose at 30 ◦C. In addition, compostable and biodegradable polymers, which can
disintegrate in the environment, represent a sustainable alternative to non-biodegradable
polymers derived from petroleum. Compostable plastic articles can be collected and thus
treated in municipal/industrial facilities, thereby capturing and delivering organic residues
and diverting organic waste from landfills. More importantly, biodegradable polymers
can reduce the impact of leaked plastics on the environment since some of them can also
disintegrate in natural environments and thus be reincorporated into the natural cycle.
This is the case of polyhydroxyalkanoates (PHAs), which are also renewable since they
are synthesized by bacteria and other microorganisms (mainly using sugars). However,
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these and other thermoplastic biodegradable polymers usually lack sufficient physical
properties to be properly applied in food packaging. In this context, Freitas et al. [7]
prepared microstructures of microfibrillated cellulose (MFC) via atomization to reinforce
films of PHBV, a PHA copolymer. The authors also explored the capacity of two reactive
compatibilizers, namely, a multi-functional epoxy-based styrene-acrylic oligomer (ESAO)
and a combination of triglycidyl isocyanurate (TGIC) with dicumyl peroxide (DCP), to
improve the properties of the PHBV/MFC composites by enhancing filler–matrix adhesion.
It was observed that the incorporation of MFC via reactive extrusion with TGIC and DCP led
to green composite films with contact transparency, enhanced thermal stability, mechanical
strength, and ductility, and high barrier performance with respect to aroma vapor and
oxygen, thus unveiling new opportunities in the food packaging field. The environmental
impacts of plastic packaging can also be mitigated by the use of paper in combination with
biodegradable polymers, which are both derived from natural resources and can be easily
composted together. Hernández-García et al. [8] proved that PHBV is an excellent material
for paper-coating applications by developing PHBV/paper/PHBV multilayer sheets using
heat-sealing technology. The authors observed that double coatings of PHBV successfully
improved mechanical resistance and ductility, protected from moisture, and also reduced
the aroma and oxygen permeances of paper, inducing a minimal effect on its optical and
thermal properties and provoking a slight reduction in the aerobic biodegradation and
disintegration of paper.

Finally, plastic materials can be successfully sorted and recycled by means of dif-
ferent strategies of waste management. While waste collection systems are evolving,
novel postconsumer recycling technologies are being developed, including mechanical
(secondary) recycling or reprocessing and chemical (tertiary) recycling or depolymerization–
repolymerization. All these advanced recycling technologies can contribute to building
an effective after-use plastics economy, but other options such as pre-consumer (primary)
recycling in plastic factories and thermochemical (quaternary) recycling can also favor the
development of a more sustainable plastics industry. In this regard, the research carried out
by Klejnowska et al. [9] focused on determining the influence of the process temperature on
the composition of gases produced during the pyrolysis of pre- and postconsumer waste
pharmaceutical blisters (WPBs) in order to enhance waste valorization. Pyrolysis, a thermal
decomposition process that occurs in the absence of oxygen, could effectively separate
plastic from the metal fraction of WPBs in order to recover aluminum and generate gaseous
fuel. The authors demonstrated that high temperatures favor the production of larger
amounts of process gas rather than oil and wax. In addition, the calorific value of the gas at
the maximum temperature (450 ◦C) was higher (21.96 MJ/m3) for the mixed postconsumer
waste than that for the clean pre-consumer material (20.14 MJ/m3). Ascertaining the key
factors of reducing costs and energy consumption during production can also represent
another strategy to improve the economy and waste management of plastics. In this regard,
Chen et al. [10] successfully analyzed the most influencing aspects during the extrusion-
molding quality control of food-grade polypropylene (PP) packaging products. The study
revealed that four key technical factors are involved: (1) extrusion sheet production;
(2) extrusion line design; (3) forming and mold manufacturing; and (4) mold and ther-
moforming line equipment design. Moreover, according to their research results, these
key factors are not only applicable to classical PP extrusion sheet and thermoforming
production but are also related to processes of extrusion and thermoforming techniques
used for other plastic products, such as expanded polypropylene (EPP) and PLA sheets.
These results are considered to be capable of providing a key technical reference with
which enterprises can improve quality in order to enhance the competitiveness of products,
reduce production costs, and achieve sustainable development, energy savings, and carbon
reductions.

Funding: This research was funded by the Spanish Ministry of Science and Innovation (MICI), grant
number PID2021-128749OB-C33.
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Featured Application: The present study aims to develop novel pectin-based films by
electrospinning. The here-prepared films were applied as aroma barrier interlayers between
two biopolymer films to develop fully bio-based and biodegradable food packaging articles
according to the principles of the Circular Economy.

Abstract: Pectin was first dissolved in distilled water and blended with low contents of polyethylene
oxide 2000 (PEO2000) as the carrier polymer to produce electrospun fibers. The electrospinning of
the water solution of pectin at 9.5 wt% containing 0.5 wt% PEO2000 was selected as it successfully
resulted in continuous and non-defected ultrathin fibers with the highest pectin content. However,
annealing of the resultant pectin-based fibers, tested at different conditions, developed films with
low mechanical integrity, high porosity, and also dark color due to their poor thermal stability.
Then, to improve the film-forming process of the electrospun mats, two plasticizers, namely glycerol
and polyethylene glycol 900 (PEG900), were added to the selected pectin solution in the 2–3 wt%
range. The optimal annealing conditions were found at 150 ◦C with a pressure of 12 kN load for
1 min when applied to the electrospun pectin mats containing 5 wt% PEO2000 and 30 wt% glycerol
and washed previously with dichloromethane. This process led to completely homogenous films
with low porosity and high transparency due to a phenomenon of fibers coalescence. Finally, the
selected electrospun pectin-based film was applied as an interlayer between two external layers of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) by the electrospinning coating technology
and the whole structure was annealed to produce a fully bio-based and biodegradable multilayer
film with enhanced barrier performance to water vapor and limonene.

Keywords: pectin; electrospinning; annealing; barrier interlayers; food packaging

1. Introduction

Pectin is one of the most abundant polysaccharides in nature, which is found in the middle lamella
of cell wall, primary cell walls, and plasma membrane of plants [1,2]. It is commercially produced by
the industrial waste of apple pomace, citrus peel, and sugar beet pulp [3]. Pectin is mainly composed
of linear chains of α-1,4 linked d-galacturonic acid units but also different types of side chains may
exist in its chemical structure such as those containing rhamnose, xylose, galactose, and arabinose [2,4].
Depending on the side chains, pectin domains are named differently such as homogalacturonan (HGA),
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rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II (RG-II), and xylogalacturonan (XGA) [5,6]. HGA
units are habitually referred as ‘smooth’ regions of pectin and it comprises galacturonic acid groups
whereas other units are called ‘hairy’ regions [4,7].

Pectin can be used as gelling, thickening, and stabilizing agent in the food and pharmaceutical
industry. Moreover, the polyelectrolyte nature, biodegradability, biocompatibility, and water solubility
of pectin also open up new uses including coatings or edible films for food packaging applications [8,9].
Nevertheless, the intrinsically high hydrophilicity and low mechanical strength of pectin-based
films compared to conventional ones such as those made of high-density polyethylene (HDPE) and
polypropylene (PP) currently limit the application of this carbohydrate [10–12]. In this context, to
enhance the mechanical integrity and also reduce brittleness, plasticizers are habitually added to the
pectin formulations to form the films [13]. The addition of different kinds of plasticizers, for instance
glycerol [14–16], sorbitol [13,17,18], polyethylene glycol (PEG) [13,19] or xylitol [20], to polysaccharide
film-forming solutions during the casting process can improve both film formation and flexibility by
enhancing the motion of polymer chains and reducing their intra- and intermolecular forces [21,22].
Additionally, water dissolution of pectin can be decreased by in situ cross-linking with divalent
metal ions including Ca2+, Zn2+ or Mg2+ [23,24]. Furthermore, the mechanical, thermal, and barrier
properties of the pectin-based films can also be enhanced by blending with other biopolymers such as
chitosan [25,26], cellulose, and its derivatives [27,28] or the addition of inorganics such as nanoclays [11].

In the polymer literature, neat pectin films are technically not feasible to be produced by
conventional melt technologies and they have been so far obtained by the solvent casting method
using large contents of plasticizers [24,25,29,30]. In this regard, electrospinning is a novel technique
that provides manufacturing of ultrathin fibers with diameters extending from several nanometers
to a few micrometers [31]. Electrospun nanofibers may offer many functional advantages such
as superior mechanical properties, large surface-to-mass ratio, tailored fiber morphology, and the
capability of encapsulation and subsequent release of active and bioactive principles [32–36]. However,
aqueous solutions of neat pectin cannot be electrospun due to the limited viscoelasticity of pectin
and its insufficient chain entanglements [37–39]. As a result, electrospun pectin nanofibers have
been only obtained by blending with different synthetic polymers such as polyethylene oxide
(PEO) [39–45], polyvinyl alcohol (PVOH) [46–48], and pullulan [38]. In addition, ternary blends
of alginate/pectin/PEO [49] and chitosan/pectin/PVOH [50] have been recently successfully electrospun
for biomedical purposes.

The few studies reporting the development of electrospun pectin-based nanofibers have been
mainly focused on the areas of antibacterial surfaces [48], tissue engineering [40–42,50], drug
delivery [44], and encapsulation [38,49], whereas their utilization for food packaging applications
remains unexplored due to the inherent discontinuity and porous structure of the nanofibers mats.
Interestingly, electrospun mats can be subjected to a thermal post-treatment above the glass transition
(Tg) and below the melting temperature (Tm) of the polymer, also termed annealing, in order to
remove or minimize their porosity and produce continuous and homogenous films [51–55]. Until now,
this technology has been successfully applied to different polyester-type biopolymers with different
potential applications in the food packaging field. For instance, electrospun poly(3-hydroxybutyrate)
(PHB) films showed better optical properties, similar barrier performance, and higher elongation at
break and toughness in comparison with equivalent films obtained by compression molding [51].
Electrospun films of PHB, PVOH, and also polylactide (PLA) were also developed by electrospinning
and originally applied as coating materials on a paper-based packaging material to develop
multilayers with improved barrier properties against water and limonene vapors [52]. In another
study carried out by Cherpinski et al. [53], a similar strategy was followed to coat cellulose
nanopapers by PHB and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) electrospun layers.
Similarly, electrospun ultrathin fibers of bio-waste derived PHBV were subjected to annealing by
Melendez-Rodriguez et al. [54] to successfully produce continuous biopolymer films with similar
barrier performance than petroleum-based polyethylene terephthalate (PET) films. Other recent
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studies have been focused on the incorporation of antimicrobial or antioxidant ingredients in the
electrospun fibers, which can be thereafter integrated as active layers in packaging structures. For
example, Figueroa-Lopez et al. [56] prepared electrospun active films of PHBV with antimicrobial
and antioxidant properties by the incorporation into the fibers of different essential oils (EOs) and
natural extracts (NEs). Also, Quiles-Carrillo et al. [57] recently developed multilayer bioactive films
with controlled release capacity of the natural antioxidant gallic acid (GA) by the incorporation of
electrospun PLA interlayers into cast-extruded PLA films. Lastly, Radusin et al. [58] recently prepared
antimicrobial PLA films containing Allium ursinum L. extract by electrospinning.

The aim of this study was to obtain, for the first time, electrospun pectin-based films as potential
candidates for food packaging applications. First, various water-based pectin solutions containing
different amounts of PEO and/or in combination with the addition of two different types of plasticizers
were processed by electrospinning to determine the best system to produce a film. Thereafter, the
selected electrospun mats were characterized and the most promising fibers were selected and subjected
to annealing to produce pectin-based films. The morphology, chemical, and thermal properties of the
films were reported. The optimal electrospun film was, finally, applied as an interlayer in a multilayer
structure based on PHBV and the barrier properties of the resultant multilayers were analyzed and
compared to an equivalent multilayer of a cast-film pectin interlayer.

2. Materials and Methods

2.1. Materials

Low methyl esterified amidated pectin was kindly received from AROMSA Inc. (Gebze, Turkey).
The product (GENU pectin, LM-104 AS-FS, degree of esterification 27%, degree of amidation 20%)
was produced and delivered in powder form by CP Kelco (Copenhagen, Denmark). PEO with
molecular weight (Mw) of 2000 kDa, that is, PEO2000, was obtained in powder form as SENTRYTM
POLYOXTM WSR N80-LEO NF grade by The Dow Chemical Company (Midland, MI, USA). PEG with
Mw of 900 kDa, that is, PEG900, was provided by Honeywell Fluka Chemicals Company (Bucharest,
Romania). Bacterial aliphatic copolyester PHBV was ENMAT™ Y1000P, produced by Tianan Biologic
Materials (Ningbo, China) and distributed by NaturePlast (Ifs, France). The product was delivered as
off-white pellets packaged in plastics bags. The biopolymer resin presents a true density of 1.23 g/cm3

and the pellets a bulk density of 0.74 g/cm3, as determined by ISO 1183 and ISO 60, respectively.
Sorbitan monolaurate was obtained from Sigma-Aldrich S.A. (Madrid, Spain) as Span® 20. According
to the manufacturer, its fatty acid composition was lauric acid (C12:0) ≥ 44%; balance primarily
myristic (C14:0), palmitic (C16:0), and linolenic (C18:3) acids. Calcium chloride, dichloromethane,
2,2,2-trifluoroethanol (TFE), ≥99% purity, and glycerol, ≥99.5% purity, were all also purchased from
Sigma-Aldrich S.A. (Madrid, Spain).

2.2. Preparation of Solutions

The total concentration of solids in distilled water to prepare the fiber-forming solution for
electrospinning was set at 10 wt%. For this, pectin was first dissolved in water at 70 ◦C for 3 h and the
solution was gently stirred overnight at room temperature. Then, PEO2000 with or without a plasticizer,
that is, glycerol or PEG900, was added to the pectin solution and it was further stirred for 24 h. In all
cases, Span® 20 was added as a surfactant to the pectin solutions at 2 wt% with respect to the total
solid weight content of the solution. Table 1 summarizes the compositions of the water-based solutions
prepared for electrospinning. For the electrospinning of the PHBV layers, the copolyester resin was
dissolved at 10% (w/v) in TFE at room conditions during 24 h.

7



Appl. Sci. 2019, 9, 5136

Table 1. Different solutions prepared according to the weight content (wt%) of pectin, polyethylene
oxide 2000 (PEO2000), glycerol, and polyethylene glycol 900 (PEG900) in distilled water.

Solution Pectin (wt%) PEO2000 (wt%) Glycerol (wt%) PEG900 (wt%) Water (wt%)

S1 9.9 0.1 - - 90
S2 9.75 0.25 - - 90
S3 9.5 0.5 - - 90
S4 9.0 1.0 - - 90
S5 7.5 0.5 2.0 - 90
S6 7.0 0.5 2.5 - 90
S7 6.5 0.5 3.0 - 90
S8 7.5 0.5 - 2.0 90
S9 7.0 0.5 - 2.5 90

S10 6.5 0.5 - 3.0 90

2.3. Characterization of Solutions

Prior to electrospinning, all the prepared pectin solutions were characterized in terms of their
viscosity, surface tension, and conductivity. Solution viscosity was determined by a VISCO BASIC
Plus L rotational viscosity meter equipped with a low-viscosity adapter (LCP) from Fungilab S.A.
(San Feliu de Llobregat, Spain). Conductivity was measured in a conductivity meter XS Con6 from
Lab-box (Barcelona, Spain). Surface tension was determined in an EasyDyne tensiometer K20 model
Krüss GmbH (Hamburg, Germany) following the Wilhelmy plate method. All measurements were
carried out at room temperature in triplicate.

2.4. Electrospinning

An electrospinning machine Fluidnatek® LE500 (Bioinicia S.L., Valencia, Spain) placed in a closed
chamber and connected to an environmental control unit was used in the lab mode. Fibers were
collected in vertical mode on a rectangular plate collector covered with aluminum foil. The most
suitable conditions for the electrospinning of pectin were determined during the process. The flow-rate
of the pectin-base solutions was set at the highest value possible in order to attain the maximum
yield. Flow-rate was optimal at 3 mL/h since higher values led to some droplets on the collector. The
tip-to-collector distance was also adjusted by decreasing it until the fibers were formed, being optimal
at 25 cm. Finally, the applied voltage was smoothly increased up to the point a stable jet was obtained.
The most optimal values of voltage ranged from 16 to 20 kV. For the electrospinning of PHBV, the
voltage was set at 10 kV, the tip-to-collector distance was 15 cm, and the flow-rate was 6 mL/h. These
values were selected based on our previous study [54]. All the experiments were conducted at 25 ◦C
and 30% relative humidity (RH).

2.5. Washing and Drying

The resultant electrospun pectin-based fibers were washed by soaking the mats into
dichloromethane for 60 s. Dichloromethane was chosen since pectin is not soluble in this solvent [39],
but it could facilitate fiber coalescence by reducing the porosity of the electrospun mats. The washed
mats were then placed in a Vaciotem-TV (P. Selecta, Barcelona, Spain) vacuum drying oven connected
to a Vacuubrand vacuum pump at 27 ◦C and 100 mmHg pressure for 18 h in order to remove the
organic solvent.

2.6. Films Preparation

The washed and dried fibers were then subjected to annealing in a 4122-model press from Carver,
Inc. (Wabash, IN, USA). A set of experiments were conducted to select the optimal temperature, time,
and load to produce homogenous and transparent films. To this end, the electrospun mats were
post-treated in the temperature range of 50–240 ◦C and the pressure range of 6–30 kN for times ranging
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from 5 s to 120 s. A pectin film was also prepared by casting as a control material. To this end, 2 g
of pectin powder was dissolved in 100 mL of distilled water and then 0.92 g of glycerol was added.
After 24 h of mixing, 10 mL of solution was poured into polystyrene (PS) petri dishes and left at room
conditions, that is, 25 ◦C and 40%, for 3 days.

The multilayer films were prepared by placing either the solvent-casted or electrospun
pectin-based films as an interlayer between two electrospun layers of PHBV. This was accomplished by
electrospinning PHBV fibers on one side of the previously prepared pectin films. The resultant coated
films were turned down and coated on the other side. The two side coated films were then placed in
the press and annealed at 160 ◦C for 10 s, without pressure, based on our previous research [55]. These
annealing conditions were selected since the film-forming process is controlled by the external layers,
which are habitually thicker. Control films made of two electrospun layers of PHBV without pectin
were also prepared in the same conditions.

2.7. Characterization of the Electrospun Fibers and Films

2.7.1. Thickness and Conditioning

Prior to testing, the thickness of the electrospun mats and films was measured using a digital
micrometer series S00014 (Mitutoyo Corporation, Kawasaki, Japan) with ±0.001 mm accuracy.
Measurements were performed at five random positions and values were averaged. The samples were
stored in a desiccator at 25 ◦C and 0% RH for 24 h before characterization.

2.7.2. Morphology

The morphologies of the electrospun fibers and the top views and cross-sections of the pectin-based
films were investigated by a scanning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan). The
samples were cryo-fractures using nitrogen liquid. Prior to analysis, all the samples were coated with
a gold/palladium alloy for 2 min by a Polaron sputter coater (Quarum Technologies, Kent, UK). A 5 kV
voltage was applied during SEM analysis. Fiber diameters and layer thicknesses were determined by
the software ImageJ, Java v.1.52a from the measurement of, at least, 50 fibers.

2.7.3. Thermal Analysis

The thermal properties of PEO2000 and pectin powders as well as the electrospun pectin-based
fibers obtained from S3 and from S5 to S10 were determined by differential scanning calorimetry (DSC)
and Thermogravimetric analysis (TGA). Thermal transitions were determined in a DSC-7 analyzer
from PerkinElmer, Inc. (Waltham, MA, USA), equipped with a cooling accessory Intracooler 2 from
PerkinElmer, Inc. Approximately 3 mg of sample was placed into the aluminum pan, while an empty
pan was used as reference. Calibration was previously conducted using an indium sample. The
samples were first heated from −70 ◦C to 160 ◦C, then cooled back to −70 ◦C, and then heated again to
300 ◦C. The heating and cooling rates were set at 10 ◦C/min. The experiments were conducted under
nitrogen atmosphere and all DSC tests were performed in triplicate.

To ascertain their thermal stability, TGA was performed under nitrogen atmosphere in a
Thermobalance TG-STDA Mettler Toledo model TGA/STDA851e/LF/1600 analyzer (Greifensee,
Switzerland). TGA curves were obtained after conditioning the samples in the sensor for 5 min
at 30 ◦C. The samples were heated from 25 ◦C to 700 ◦C at a heating rate of 10 ◦C/min. All TGA tests
were also carried out in triplicate.

2.7.4. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra of the raw materials, that is, the pectin
powder, glycerol, and PEO2000, and also the electrospun fibers and film obtained from S7 solution were
obtained from an average of 20 scans by a Bruker Tensor 37 (Rheinstetten, Germany) spectrometer
connected with a Golden Gate of Specac, Ltd. (Orpington, UK) attenuated total reflection (ATR)
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accessory. ATR-FTIR was performed in order to analyze the existence of any chemical interactions
between the components. The scans were collected in the wavelength values from 4000 cm−1 to
600 cm−1 at a resolution of 4 cm−1.

2.7.5. Color Measurements

The color of the pectin-based interlayers and the resultant multilayers in PHBV was carried out in
a benchtop spectrophotometer Konica Minolta CM-5, from Hunter Associates Laboratory, Inc. (Reston,
VA, USA). The Commission Internationale de l’Eclairage (CIE) standard illuminant D65 was used
to assess the CIE Lab color space coordinates L*a*b* using an observer angle of 10◦. L* represents
the luminance (black to white), a* indicates the change between green and red, and b* represents the
change from blue to yellow. The colorimeter was calibrated with a white standard tile and a mirror
device for the black (no light reflection). The L*a*b* coordinate values were obtained on five different
samples and the color difference (∆E*) was calculated following Equation (1).

∆E∗ =
[
(∆L∗)2 + (∆a∗)2 + (∆b∗)2

]0.5
(1)

where ∆E*, ∆a*, and ∆b* corresponded to the differences between the color parameters of the multilayer
samples and the values of the PHBV/PHBV multilayer. Color change was evaluated as follows:
Unnoticeable (∆E*ab < 1), only an experienced observer can notice the difference (∆E*ab ≥ 1 and <2),
an unexperienced observer notices the difference (∆E*ab ≥ 2 and < 3.5), clear noticeable difference
(∆E*ab ≥ 3.5 and < 5), and the observer notices different colors (∆E*ab ≥ 5) [59].

2.7.6. Permeability Tests

Water Vapor Permeance

The water vapor permeance of the multilayer films was measured according to the ASTM 2011
gravimetric method. In order to conduct this test, 5 mL of distilled water was put inside a Payne
permeability cup (Inner diameter = 3.5 cm) (Elcometer Sprl, Belgium). The films were located in the
cups so that on one side they were exposed to 100% RH, avoiding direct contact with water. Then,
the cups were locked with silicon rings and kept in a conditioned desiccator (25 ◦C and 0% RH). The
control samples were cups with aluminum films to estimate solvent loss through the sealing. The cups
were weighed regularly for every 24 h using an analytical balance having an accuracy of ±0.0001 g,
until the values reached a plateau. Water vapor permeation rate corresponded to the slope value of the
steady state line of time versus weight loss per unit area and the weight loss was calculated as the total
loss minus the loss through the sealing. Water permeance was obtained by correcting the water vapor
permeation rate for the permeant partial pressure. Tests were conducted in triplicate.

Limonene Vapor Permeance

Limonene vapor permeance of the multilayer films was determined as similar as described above
for water vapor. For this 5 mL of d-limonene was placed inside the Payne permeability cups and
the cups containing the films were placed at controlled room conditions of 25 ◦C and 40% RH. The
limonene vapor permeation rates 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. Limonene permeance
was obtained by correcting the limonene vapor permeation rate for the permeant partial pressure.
Tests were conducted in triplicate.

2.8. Statistical Analysis

All data were analyzed statistically by SPSS Statistics 17.0 (IBM, Chicago, IL, USA). Tukey’s
HSD test was used to determine the significant differences among samples (p < 0.05). Different
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superscripts show statistically different results. Unlike groups of letters were used to express each
group of properties.

3. Results and Discussion

3.1. Preparation of Electrospun Pectin-Based Fibers

The morphology of the resultant electrospun fibers is shown in Figure 1. A solution of pure
pectin was initially also tested but, instead of continuous jets, it formed large droplets when subjected
to high voltages during electrospinning due to the limited viscoelasticity and insufficient chain
entanglements of the carbohydrate [37–39]. A similar phenomenon was faced by Liu et al. [38] during
the electrospinning of pectin. In order to increase the viscoelasticity of pectin, different quantities of
PEO2000 from 0.1 to 1.0 wt% were added to the pectin solutions for electrospinning, the here so-called
S1 to S4. The addition of PEO can help reducing the repulsive forces among negatively charged
pectin chains, enhancing chain entanglement and fiber formation [45]. The primary intention was to
keep the PEO2000 content at a minimum value in order to produce electrospun fibers with the highest
content of pectin. In Figure 1a it can be observed that the electrospinning of the pectin solution having
0.1 wt% PEO2000, that is, S1, resulted in fibers with a discontinuous and beaded morphology. The fibers
produced from S2, shown in Figure 1b, which is based on 0.25 wt% PEO2000, were more continuous and
non-beaded. However, the resultant electrospun mat showed poor integrity as these easily fractured
during detachment from the collector. In the case of S3, made of a pectin solution with 0.5 wt%
PEO2000, neat fibers free of beads and with a uniform diameter were produced as it can be observed in
Figure 1c. Furthermore, branched and thick pectin fibers were obtained for the electrospinning of S4,
which contained 1 wt% of PEO2000 and are shown in Figure 1d. These results confirm that the use of
a carrier polymer in an appropriate amount is a key parameter in order to achieve continuous and
non-defected fibers during electrospinning. Based on these results, S3 was selected due to it contained
the optimal amount of PEO2000 that yielded the fibers with the highest uniformity and a relatively low
diameter, whereas S1, S2, and S4 were discarded from the study. Although there was not any particular
requirement for the diameter, it was necessary to obtain continuous and free-bead fibers in order to
produce films. Thereafter, different types and amount of plasticizers were also tested to improve the
film-forming capacity of the electrospun pectin mats. Therefore, glycerol or PEG900 were added to
the pectin solution based on the S3 composition in which the PEO2000 content was kept constant at
0.5 wt%. One can observe in Figure 1e–j that similar morphologies, based on smooth and continuous
fibers but slightly thinner in the case of PEG900-containing fibers, were generated when the plasticizers
were added. The average diameters of the electrospun pectin-based fibers are summarized in Table 2.

Table 2. Properties of the pectin-based solutions and mean diameters of their resultant electrospun fibers.

Solution Viscosity (cP) Surface Tension
(mN/m)

Conductivity
(µS·cm)

Fiber Diameter
(nm)

S1 1892 ± 78 a 28.8 ± 0.2 a 7.25 ± 0.12 a -
S2 3066 ± 48 b 28.4 ± 0.3 a 6.37 ± 0.15 a,b 156 ± 33 a

S3 5950 ± 219 c,e 30.3 ± 0.2 b,d 6.10 ± 0.10 c 186 ± 32 b

S4 12,155 ± 1660 d 32.9 ± 0.2 c 5.99 ± 0.25 b,c 299 ± 41 c

S5 5511 ± 299 c 31.6 ± 0.2 b,e,f 5.64 ± 0.37 c,d 272 ± 43 d

S6 5751 ± 401 c 30.9 ± 0.3 d,e 5.30 ± 0.13 c,d 304 ± 56 c,d

S7 6440 ± 327 c,e 32.1 ± 0.2 g,f 4.98 ± 0.09 c,d 329 ± 42 c,d

S8 6047 ± 219 e 31.2 ± 0.3 e 5.11 ± 0.20 c,e 189 ± 40 b

S9 6106 ± 124 e 31.1 ± 0.3 e 4.82 ± 0.21 e 197 ± 44 b

S10 6317 ± 364 e 32.5 ± 0.2 g,c 4.72 ± 0.22 e 223 ± 33 b

a–g Different letters in the same column indicate a significant difference among the samples (p < 0.05).
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Figure 1. Scanning electron microscopy (SEM) images of the electrospun mats obtained from the 
pectin-based solutions of: (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6; (g) S7; (h) S8; (i). S9; (j) S10. 
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The solution properties were determined to better understand the morphologies of the ultrathin
pectin-based fibers in the attained electrospun mats. The values of viscosity, surface tension, and
conductivity of the fiber-forming solutions are also given in Table 2. For the non-plasticized solutions,
that is, S1–S4, viscosity of the pectin-based solutions increased significantly when the amount of
PEO2000 was increased. One can observe that the addition of plasticizers did not create any significant
difference in the solution viscosity. Even when the content of glycerol or PEG900 was increased to 3 wt%,
the solution viscosity did not change considerably, showing a value around 6000–6400 cP. The surface
tension slightly increased from approximately 29 mN/m to values in the range of 31–33 mN/m when
the PEO2000 content was increased above 0.5 wt%. It was not observed a clear correlation between
the plasticizer content and the surface tension of pectin-based solutions. It can also be observed that,
due to the inherent polyelectrolyte nature of pectin [60], its aqueous solutions were highly conductive,
showing values in the 6–8 µS.cm range. However, the conductivity values decreased up to values
close to 4 µS.cm when the PEO2000 content was increased and, particularly, when the plasticizers were
added since the amount of pectin in the solution was reduced. Therefore, the present results suggest
that the fiber formation was attained due to a combined effect of viscosity increase and conductivity
decrease. The optimal values were particularly attained in the range of ~5500–6500 cP and ~5–6 µS.cm
of viscosity and conductivity, respectively. Therefore, moderate-to-high viscosities in combination with
relatively low conductivities tended to produce the fibers with the most optimal morphology, while
the effect of surface tension was negligible. As previously indicated in other works describing the role
of solution properties in the electrospinnability of biopolymers [32], it was difficult to elucidate the
effect of a single property without considering the impact of the other ones.

In relation to the plasticizers, one can observe that the diameters of the fibers varied from 156
± 33 nm to 329 ± 42 nm, which could be related to differences in the solution properties described
above. Significantly thicker fibers were attained with the increase of the PEO2000 content (from S2 to S4)
for the non-plasticized samples since the viscosity of these solutions was increased with the PEO2000

content [49]. Also, the incorporation of glycerol to the PEO2000 containing fibers resulted in significantly
thicker fibers. This increase in the fiber diameter can be related to the increase in the solution viscosity.
As shown in Table 2, S3 showed a viscosity of 5950 cP and it yielded fibers with average diameter of 186
± 32 nm, whereas fibers with an average diameter of 329 ± 42 nm was attained in S7 with a viscosity
of 6440 cP. This observation can be ascribed to the plasticizing effect of glycerol, which favored the
molecular entanglements of the pectin chains by reducing their intermolecular interaction. The latter
effect is based on the fact that intermolecular H-bonds of pectin can be substituted by glycerol-pectin
H-bonds and covalent esters, thus the attraction between pectin molecules is reduced [29]. A similar
phenomenon was also reported by Cui et al. [40] where glycerol-containing solutions resulted in
pectin-based fibers with higher diameters than those obtained from solutions using dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO) as co-solvents. Also, if one compares the solutions containing
2.5 wt% of plasticizer, which were labelled as S5 and S8, the glycerol-containing ones yielded fibers
with an average diameter of 272 ± 43 nm, while the solutions with PEG900 produced fibers in the range
of 189 ± 40 nm. This can be explained by the fact that PEG900 has a higher Mw than glycerol and,
thus, less substitution of H-bonds could have been occurred and therefore less chain entanglements
were formed. As mentioned earlier, electrospinning of the 1 wt% PEO containing solution, that is, S4,
resulted in pectin-based fibers with a discontinuous and beaded morphology, which is a consequence
of the formation of a solution with low viscosity and high conductivity.

3.2. Thermal Properties of Electrospun Pectin-Based Fibers

The DSC curves corresponding to the cooling and second heating steps of the as-received PEO2000

and pectin powders and the electrospun pectin-based fibers obtained from S3 and S5–S10 are gathered
in Figure 2. During the cooling process, shown in Figure 2a, one can observe that PEO2000 crystallized
from the melt showing a crystallization temperature (Tc) of approximately 40 ◦C [61]. Alternatively,
the pectin powder showed no crystallization during cooling in the whole tested thermal range. The
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crystallization peak attributed to PEO2000 was not observed in the electrospun PEO2000-containing
pectin fibers due to its relative low content. However, a small exothermic peak was observed at
approximately 23 ◦C for the electrospun pectin fibers obtained from S10, which can be attributed
to the crystallization of the PEG900 confined in the carbohydrate [61,62]. In Figure 2b one can
observe the melting temperature (Tm) of PEO2000 at nearly 68 ◦C and also two low-intense melting
peaks corresponding to the melting of the PEG900 fraction in the pectin fibers obtained from S10 at
approximately 24 ◦C and 40 ◦C [62]. Pectin did not exhibit any thermal transition of first order, that is,
crystallization or melting, thus confirming the carbohydrate is fully amorphous [13,63]. Moreover,
no glass transition was observed up to nearly 230 ◦C, temperature from which the carbohydrate
started thermal degradation. Previous studies on the thermal properties of pectin reported that
thermal degradation of this carbohydrate is an exothermic process [63,64]. It is worthy to note that the
degradation temperature (Tdeg) of pectin shifted from 232 ◦C, for the neat powder, to 236 ◦C, for the
electrospun fibers obtained from S10, which suggests that the thermal stability of the carbohydrate was
slightly enhanced by the addition of PEG900. This improvement can be related to the newly formed
intermolecular PEG-pectin H-bonds and covalent esters, which delayed the thermal degradation of the
pectin macromolecule [29].
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The TGA curves of the neat pectin and PEO2000 powders as well as the electrospun pectin-based
fibers obtained from S3 and S5–S10 are shown in Figure 3. The most relevant thermal parameters
obtained from the TGA curves are given in Table 3. One can notice that pectin exhibited three
significant main weight losses, occurring at approximately 100 ◦C, 217 ◦C, and 240 ◦C. The first mass
loss, which took place in the 75–110 ◦C range, can be ascribed to the removal of bound water from
the carbohydrate due to its highly hydrophilic nature. In this regard, Gloyna et al. [65] indicated
that water evaporation of pectin observed between 50 ◦C and 150 ◦C, with a maximum at 100 ◦C, is
identical to the dehydration process of other polysaccharides. Kastner et al. [66] and Nisar et al. [67]
also observed a second weight loss between 195–350 ◦C. According to their studies, pectin shows a
two-step degradation process in this range that might be related to the cracking of bonds or functional
groups, structural depolymerization, and chain breaking of the polysaccharide. The carbohydrate
then lost 60% of its total weight up to 350 ◦C whereas, in the 350–697 ◦C range, the mass loss was
15% of its original weight and the maximum rate of weight loss was observed at 235 ◦C. During
thermal degradation of pectin different depolymerization reactions occur, including demethoxylation,
depolymerization by backbone hydrolysis and hydrolytic cleavage of neutral sugar side chains [66–68].
The most instable bonds, formed by the neutral sugars, thermally degrade first. The polygalacturonic
acid units of high MW hydrolyze later whereas the glycoside bonds formed by uronic acids also
degrade at higher temperatures. Depending on the pectin properties, that is, pH, source, degree
and pattern of methyl esterification, acid hydrolysis or β-elimination reactions take place during the
thermal degradation [69]. In particular, the here-used low methyl esterified amidated pectin results
in acid hydrolysis reactions with the temperature increase [70,71]. During hydrolysis, longer chains
break up to the shorter as the cleavage of α-(1,4)-glycosidic bond connecting two uronic acids by the
addition of a water molecule [72]. In our study, above 250 ◦C, a secondary degradation of pectin has
been reported to occur, including release of functional side groups and chains break, while gasification
of char residues arises at temperatures around 600 ◦C [73].
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Table 3. Main thermal parameters of the neat pectin powder, PEO2000 powder, and the electrospun
pectin-based fibers in terms of: onset temperature of degradation (Tonset), degradation temperature
(Tdeg), and residual mass at 700 ◦C.

Sample Tonset (◦C) Tdeg1 (◦C) Tdeg2 (◦C) Tdeg3 (◦C) Residual
Mass (%)

Pectin powder 98.0 ± 5.2 a 217.4 ± 3.2 a 240.2 ± 2.1 a - 27.4 ± 3.2 a

PEO2000 powder 375.3 ± 2.4 b - - 400.0 ± 2.1 a 23.7 ± 1.2 b

Fibers from S3 175.4 ± 2.5 c 230.5 ± 3.2 b - 367.5 ± 3.2 b 19.2 ± 1.1 c

Fibers from S5 169.3 ± 3.7 c,d 230.3 ± 3.1 b 297.3 ± 1.1 b 367.3 ± 2.1 b 20.2 ± 1.9 c

Fibers from S6 169.5 ± 2.1 c,d 229.8 ± 2.0 b 297.5 ± 1.2 b 367.1 ± 2.0 b 21.2 ± 2.0 b,c

Fibers from S7 170.3 ± 4.1 c,d 227.5 ± 2.1 b,c 297.4 ± 1.1 b 367.3 ± 3.2 b 23.4 ± 1.5 b

Fibers from S8 165.5 ± 5.2 d 226.4 ± 2.2 c - 366.4 ± 2.6 b 21.2 ± 1.3 b,c

Fibers from S9 168.2 ± 4.4 d 226.2 ± 2.1 c - 367.4 ± 3.1 b 20.0 ± 1.6 c

Fibers from S10 173.6 ± 5.0 c,d 227.2 ± 3.0 b,c - 369.5 ± 2.0 b 17.3 ± 1.2 d

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

Alternatively, it can be observed that PEO2000 was highly thermally stable, showing the values of
onset degradation temperature (Tonset) and maximum degradation temperature (Tdeg) of approximately
375 ◦C and 400 ◦C, respectively. One can also observe that the incorporation of PEO2000 successfully
delayed the thermal degradation of pectin up to nearly 175 ◦C. The reason of this behavior can be
explained by the occurrence of more chain entanglements and the newly formed intermolecular
PEO-pectin H-bonds and covalent esters, leading to the formation of a more stable and less volatile
material. The pectin-based fiber obtained from the electrospinning of S3, S5, and S6 showed a similar
thermal degradation profile than the neat pectin powder but with even lower values of Tdeg. This
result suggests that, even though PEO2000 delays the onset of degradation of pectin, it also catalyzes
its thermal degradation. Interestingly, the presence of both plasticizers contributed to increasing the
thermal degradation of the PEO2000-containing pectin fibers. The pectin-based fibers obtained from the
electrospinning of S5–S10, which included glycerol or PEG900, showed a similar thermal degradation
profile in comparison with the PEO2000-containing pectin fibers but with slightly lower values of Tonset.
Additionally, the new weight loss obtained nearly 290 ◦C can be attributed to glycerol degradation.
One can then consider that the plasticizers played a role in the pectin chains motion that favored chain
scission during thermal degradation. Similar results were found for chia mucilage-glycerol films in the
study performed by Dick et al. [74], showing that the glycerol addition lowered the heat resistance
of the carbohydrate. Moreover, lower residual masses were observed for the plasticizer-containing
fibers compared with the non-plasticized fibers. This effect was particularly intense for the electrospun
pectin fibers obtained from S10, that is, the solution containing 3 wt% PEG900, which showed a residual
mass of 17 wt%.

3.3. Film-Forming Process of Electrospun Pectin-Based Fibers

The electrospun mats of pectin fibers were subjected to annealing in order to eliminate or minimize
the porosity and then produce homogenous and continuous films. Based on the DSC results shown
above, pure pectin is fully amorphous. Therefore, a heat treatment in a wide range of temperatures,
that is, 50–220 ◦C, was needed to be applied for different processing times, that is, from 5s to 120 s, to
find out the best conditions. Figure 4 shows the visual aspect of the different electrospun films obtained
after annealing and Figure 5 includes the SEM micrographs of their surface fracture. However, one
can observe that, at any of these conditions, the annealing failed to provide homogenous films using
the fibers obtained from the non-plasticized pectin solution, that is, from S3. Moreover, the color of
films became darker when subjected to temperatures above 160 ◦C due to the low onset temperature of
degradation of pectin fibers, which is shown above in Table 3. As seen in Figure 4a,b, by increasing the
temperature or time, not only the pectin materials developed a dark color but also the fiber mats lost
their integrity. Therefore, based on these results, one can consider that the non-plasticized pectin-based
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fibers were too rigid to gain flexibility by the only application of heat. Therefore, pressure was also
applied during annealing to promote fibers rearrangement and the removal of porosity. In Figure 4c
it can be observed that some transparent regions along the pectin-based materials were successfully
attained when the mats were subjected to temperatures above 165 ◦C with an applied pressure of 12–24
kN for 1 min. Nevertheless, the resultant materials also exhibited an intense brownish color, partially
lost their integrity and also became too brittle to be applied as packaging materials.
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(A) Different temperatures were applied for 1 min without pressure. (B) Different times were applied
at 190 ◦C without pressure. (C) Different pressures were applied at 165 ◦C for 60 s.

The above-reported morphological change was further confirmed in Figure 5 by comparison of
the SEM images of the cross-sections of the electrospun pectin-based mats from S3 prior to annealing,
shown in Figure 5a, and post-processed at 220 ◦C for 20 s, shown in Figure 5b. This phenomenon can be
explained by the oxidation and degradation of pectin compounds at high temperatures. Nevertheless,
interestingly, it can be observed that a compact packing rearrangement of the electrospun fibers was
observed by a process of fibers coalescence. This phenomenon successfully resulted in the formation
of a continuous film. However, some voids were also formed that could result from the evaporation of
gases during thermal decomposition.
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Figure 5. Scanning electron microscopy (SEM) images of the fracture surface of the electrospun
pectin-based fibers from S3: (a) Without any post-treatment and (b) Processed at 220 ◦C for 20 s with a
pressure of 24 kN.

Based on the results shown above, the effect on the film-forming process of the two plasticizers,
that is, glycerol and PEG900, was analyzed. The SEM images of the pectin-based films obtained
from the fibers produced with the solutions containing the plasticizers are gathered in Figure 6. The
electrospinning of the PEO2000-containing pectin solutions with 20–30 wt% glycerol, that is, S5, S6,
and S7, resulted in electrospun mats that, after annealing at 150 ◦C, produced softer and more flexible
films. A similar improvement was attained for the electrospun PEO2000-containing pectin mats with
20–30 wt% PEG900, labelled as S8, S9, and S10, after annealing at 155 ◦C, though the films were less
homogenous. As mentioned earlier, the role of plasticizers in pectin is based on increasing the chain
mobility and free volume by creating H-bond interactions with the biopolymer chains [21]. The use of
plasticizers thus successfully opened up the post-processability of the electrospun mats by annealing.
However, temperatures around 160 ◦C were still needed, which are certainly close to the Tdeg values
previously measured for pectin and are also responsible for darkening the film samples. Also, for all
the formulations, the annealed mats still comprised some porosity, as one can observe in the SEM
images gathered in the left column of Figure 6.

To increase the homogeneity of the resultant pectin materials, the electrospun pectin-based fibers
were washed with dichloromethane prior to annealing. As seen in the SEM images shown in the
middle column of previous Figure 6, the washed fibers partially coalesced, which could potentially
enable to reduce the energy requirement for annealing. As mentioned earlier, dichloromethane is a
solvent that does not dissolve pectin, but it dissolves glycerol whereas PEG900 and PEO2000 are slightly
soluble. When the pectin fiber mats containing glycerol were immersed in dichloromethane, they did
not lose their integrity but, due to the removal of glycerol, the electrospun fibers partially coalesced.
Thereafter, annealing of the washed fibers was successful when applied at 150 ◦C and 140 ◦C for the
fibers obtained from the solutions containing glycerol, that is, S5, S6, and S7, and PEG900, that is, S8, S9,
and S10, respectively. As it can be observed in the right SEM images of Figure 6, the most homogenous
film structures were obtained for the pectin fibers mats with 25 wt% and 30 wt% glycerol and 5 wt%
PEO2000 were annealed. These results were confirmed by the observation of the optical images of the
film samples gathered in Figure 7. Due to the low porosity and completely homogenous film structure,
the pectin-based film obtained from S7, that is the pectin formulation with 30 wt% glycerol and 5 wt%
PEO2000, was selected as the most appropriate candidate for multilayer films.
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annealing at 140 °C for the fibers obtained from S5, S6, and S7 and at 150 °C for the fibers obtained 
from S8, S9, and S10, all processed with a pressure of 12 kN load for 1 minute (right). Scale markers 
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Figure 6. Scanning electron microscopy (SEM) images of the electrospun mats after annealing at 150 ◦C
of the pectin-based fibers obtained from S5, S6, and S7 and at 155 ◦C of the pectin-based fibers obtained
from S8, S9, and S10, all processed with a pressure of 24 kN load for 1 min (left). Same pectin-based
fibers after washing with dichloromethane (middle). Washed pectin-based fibers after annealing at
140 ◦C for the fibers obtained from S5, S6, and S7 and at 150 ◦C for the fibers obtained from S8, S9, and
S10, all processed with a pressure of 12 kN load for 1 minute (right). Scale markers of 10 µm in all cases.
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3.4. Chemical Characterization of Pectin-Based Electrospun Film

ATR-FTIR was carried out on the selected film, obtained from the pectin-based fibers of S7, to
ascertain the effect of PEO2000 and glycerol on pectin and the thermal post-treatment. The FTIR
spectra of the pure components, that is, the pectin powder, glycerol, and PEO2000, were also collected.
Figure 8 gathers the FTIR spectra of these components and of the pectin-based fibers and film. Table 4
summarizes the band attribution of each peak observed in the FTIR spectra of the pectin materials.
One of the characteristic peaks of pectin was seen at 1741 cm−1, which refers to the C–H stretching of
carboxyl groups (COOH). Also, the two characteristic bands at 1672 cm−1 (amide I) and 1595 cm−1

(amide II) relate to the presence of amide groups [75,76] of the amidated pectin. The peaks centered
at 1132 cm−1 and 1070 cm−1 may be ascribed to the contribution of the C–C and C–O bonds in
secondary alcohol groups of –CH–OH. For glycerol, five characteristic bands at the wavenumbers in
the 1150–850 cm−1 range arise from the vibrations of C–C and C–O linkages [77]. The FTIR spectrum
of PEO2000 exhibited CH2 scissoring at 1465 cm−1, CH2 wagging at 1357 cm−1 and 1340 cm−1, CH2

bending at 1280 cm−1 and 1240 cm−1, C–O–C stretching at 1093 cm−1 and 1145 cm−1, and CH2 rocking
at 962 cm−1 and 847 cm−1 [78]. The shift in the wavenumber values related to the—CH bending from
1423 cm−1, for the pectin powder, to 1411 cm−1, for the pectin fibers and film, could be related to
a decrease in the interaction between pectin molecules that can be ascribed to the above-described
plasticizing effect of glycerol and also to the interaction with PEO2000. No changes were observed in
the FTIR spectrum of the pectin-based material from fibers to film after the annealing, which proves
the absence of chemical reactions and degradation during the applied thermal post-treatment.
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prepared multilayer films presented a good contact transparency. However, a slightly yellowish was 
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Figure 8. Fourier transform infrared spectroscopy (FTIR) spectra, from bottom to top, of pectin powder,
glycerol, and polyethylene oxide 2000 (PEO2000), and electrospun fibers and film obtained from S7.

Table 4. Band attribution of the main peaks observed in the Fourier transform infrared spectroscopy
(FTIR) spectra of the pectin-based materials.

Wavenumber (cm−1) Chemical Group

1741 C–H stretching
1672 Amide I
1595 Amide II
1132 C–C
1070 C–O

3.5. Application of Pectin-Based Electrospun Film in Multilayers

The electrospun pectin film was integrated as an inner layer into two electrospun PHBV films,
which were prepared as described previously by Cherpinski et al. [51]. The objective of this multilayer
was to apply the here-prepared pectin film, which was prepared by the annealing of fibers from S7
solution, as a barrier interlayer that was protected from humidity by two external electrospun layers of
PHBV, a bio-based and biodegradable hydrophobic polyester. The whole multilayer structure was
formed by electrospinning and subsequent annealing in order to achieve a high adhesion between the
layers. A cast film of pectin was also applied in the same conditions for comparison purposes. Figure 9
shows the visual aspect of the electrospun multilayer films to evaluate their contact transparency. The
effect of the inner pectin-based interlayer on the color coordinates L*a*b* and ∆E* of the electrospun
PHBV films are shown in Table 5. One can observe that all the here-prepared multilayer films
presented a good contact transparency. However, a slightly yellowish was developed when the pectin
layer was incorporated, particularly for the material obtained by electrospinning and annealing. In
particular, the b* values of the PHBV/PHBV multilayer increased from −0.36 to 4.95 and 0.83 for the
PHBV/solvent-casted pectin/PHBV and PHBV/electrospun pectin/PHBV multilayer films, respectively.
Furthermore, in the case of the PHBV/electrospun pectin/PHBV multilayer, the slight increase in the
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a* value suggest that the films became brown. This effect can be related to the original color of the
electrospun pectin layers, which was shown in previous Figure 7 and their color values are gathered
in Table 5. Therefore, both pectin interlayers generated multilayer films in which an observer can
notice different colors (∆E*ab ≥ 5). In particular, the ∆E* values for the PHBV/solvent-casted and
PHBV/electrospun pectin/PHBV multilayer films were 9.60 and 11.48, respectively. Additionally, it
is worthy to mention that the neat PHBV/PHBV films showed lower transparency than the PHBV
monolayers films that were reported in our previous research study [56]. This can be related to possible
air entrapment between both PHBV layers during annealing.
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Figure 9. Visual aspect of the films based on pectin and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV): (a) PHBV/PHBV multilayer; (b) PHBV/solvent-casted pectin/PHBV; (c) PHBV/electrospun
pectin/PHBV.

Table 5. Color coordinates L*, a*, b* and color difference (∆E*) of the films based on pectin and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV).

Films L* a* b* ∆E*

Solvent-casted pectin 33.21 ± 0.28 b 0.47 ± 0.05 b 1.28 ± 0.12 b -
Electrospun pectin 34.98 ± 0.64 a −0.19 ± 0.03 a 1.53 ± 0.16 a -

PHBV/PHBV 58.26 ± 1.20 c −0.70 ± 0.02 c −0.36 ± 0.05 c -
PHBV/solvent-casted pectin/PHBV 46.82 ± 0.54 e −0.73 ± 0.04 c 0.83 ± 0.09 e 9.60 ± 0.25 b

PHBV/electrospun pectin/PHBV 50.58 ± 0.48 d −0.27 ± 0.08 d 4.95 ± 1.17 d 11.48 ± 0.44 a

a*: red/green coordinates (+a red, −a green), b*: yellow/blue coordinates (+b yellow, −b blue), L*: Luminosity (+L
luminous, −L dark). a–e Different letters in the same column indicate a significant difference (p < 0.05).

The cross-sectional SEM images of the obtained multilayer structures are displayed in Figure 10.
One can observe in Figure 10a that the bilayer control of PHBV/PHBV formed a continuous structure
in which both layers could not be discerned. In relation to the PHBV/pectin/PHBV multilayers, it
can be seen that the structure obtained from the electrospun-based pectin film, shown in Figure 10b,
presented higher adhesion between layers. However, the multilayer structure based on the cast
film of pectin, seen in Figure 10c, easily delaminated during the preparation and observation by
SEM. Therefore, multilayer assemblies with a high interlayer adhesion were successfully attained by
combining electrospinning and annealing treatments. This effect has been recently attributed to the
high aspect ratio of the electrospun fibers, which coalesce during annealing and thus highly adhere to
the material substrate [53].
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Finally, the permeance of the multilayer films of PHBV/PHBV, PHBV/electrospun pectin/PHBV,
and PHBV/solvent-casted pectin/PHBV multilayer films to water and limonene vapors was measured.
Permeance is the permeability expression with elimination of the thickness factor used to ascertain
the barrier of multilayer structures. On account of comparing the permeance values of multilayer
films, thicknesses of the inner and outer layers remained in the same range. Table 6 shows the water
and limonene permeance values and the thickness of each layer and the whole structure. In terms
of water vapor, the PHBV/PHBV and PHBV/solvent-casted pectin/PHBV multilayer films exhibited
somewhat higher permeance values, that is, 5.00 ± 0.83 × 10−10 kg·m−2·Pa−1·s−1 and 3.94 ± 0.56 ×
10−10 kg·m−2·Pa−1·s−1, respectively, than the PHBV/electrospun pectin/PHBV multilayers, that is, 1.75
± 0.14 × 10−10 kg·m−2·Pa−1·s−1. As a result, the incorporation of the cast but more in particular of the
electrospun pectin interlayer into PHBV provided enhanced barrier properties against water vapor,
even though pectin has intrinsically a hydrophilic character. The reason why the cast film did not have
comparable barrier performance to the electrospun film may be ascribed to the lower adhesion at the
interphase of the cast material and also to the fact that the casting usually results in less dense film
materials due to the slow forming process.

Table 6. Water vapor and limonene permeance of the multilayer films based on pectin and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV).

Multilayer Structure
Water Vapor

Permeance × 1010

(kg·m−2·Pa−1·s−1)

Limonene
Permeance × 1010

(kg·m−2·Pa−1·s−1)

Thickness (µm)

PHBV
Layers

Pectin
Layer Total

PHBV/PHBV 5.00 ± 0.83 a 3.81 ± 0.47 a 72 ± 9 a - 72 ± 9 a

PHBV/electrospun
pectin/PHBV 1.75 ± 0.14 b 0.22 ± 0.11 b 73 ± 7 a 25 ± 5 a 98 ± 8 b

PHBV/solvent-casted
pectin/PHBV 3.94 ± 0.56 c 0.22 ± 0.08 b 70 ± 5 a 24 ± 5 a 95 ± 5 b

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

Limonene permeance analysis was also carried out since this organic vapor is often used as an
standard for aroma barrier and is also used as an indication for gas barrier properties. From the
results, one can observe that the multilayers containing the pectin-based interlayers significantly
reduced the limonene permeance, having both the electrospun and solution-casted pectin films
the same performance. Limonene permeability is strongly governed by solubility in PHA. Indeed,
solubility of limonene in PHBV is relatively high and 100-µm PHBV films can uptake up to 12.7 wt% of
limonene [79]. Therefore, it can be considered that the presence of the high barrier to organic vapors,
pectin interlayer blocked the passage of the aroma molecules due to its inherent low solubility to
limonene. The developed multilayers containing the pectin-based interlayers showed lower permeance
than monolayers of polylactide (PLA) electrospun film, that is, 2.62 ± 1.54 × 10−10 kg·m−2·Pa−1·s−1,
and PET electrospun film, that is, 0.64 ± 0.11 × 10−10 kg·m−2·Pa−1·s−1 [80].

23



Appl. Sci. 2019, 9, 5136

4. Conclusions

Pectin-based electrospun films were successfully produced by electrospinning followed by
annealing process. Among the different formulations tested, the water solution of 6.5 wt% pectin,
3.0 wt% glycerol, and 0.5 wt% PEO2000 resulted in the production of an electrospun mat composed of
defect-free ultrathin fibers that, after annealing, produced the most homogenous and transparent film.
Washing fibers with dichloromethane had also a positive effect on the pectin fibers coalescence. The
annealing conditions were found optimal at 140 ◦C and 12 kN for 1 min. The resultant electrospun
pectin-based films were finally incorporated as interlayers between two external layers of electrospun
PHBV to produce multilayer structures with high barrier properties. The electrospun pectin interlayer
successfully decreased the water and limonene vapors barrier values of PHBV and it also showed
higher barrier performance when compared with an equivalent multilayer based on a solution-casted
pectin interlayer. In this context, the produced electrospun pectin-based films can be considered as
sustainable materials to be used for packaging applications of aromatic products.
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Abstract: Fully bio-based materials based on thermoplastic starch (TPS) were developed starting
from corn starch plasticized with glycerol. The obtained TPS was further blended with five pine resin
derivatives: gum rosin (GR), disproportionated gum rosin (dehydroabietic acid, RD), maleic anhydride
modified gum rosin (CM), pentaerythritol ester of gum rosin (LF), and glycerol ester of gum rosin
(UG). The TPS–resin blend formulations were processed by melt extrusion and further by injection
moulding to simulate the industrial conditions. The obtained materials were characterized in terms of
mechanical, thermal and structural properties. The results showed that all gum rosin-based additives
were able to improve the thermal stability of TPS, increasing the degradation onset temperature.
The carbonyl groups of gum rosin derivatives were able to interact with the hydroxyl groups of
starch and glycerol by means of hydrogen bond interactions producing a significant increase of the
glass transition temperature with a consequent stiffening effect, which in turn improve the overall
mechanical performance of the TPS-resin injected moulded blends. The developed TPS–resin blends
are of interest for rigid packaging applications.

Keywords: bioplastic; corn starch; glycerol; thermoplastic starch; gum rosin; injection-moulding

1. Introduction

Polymers have become essential materials in our lives mainly due to their unique properties
featuring lightness and durability and, as a consequence, their consumption has increased during the
last decades [1]. However, the mass production of plastics and the limitation of non-renewable sources
have led to problems with their final disposal and in end-of-life options [1,2]. This has promoted
the search for alternatives to the use of fossil-based polymers with materials that present better
environmental performance, particularly for short term applications (i.e., food packaging, disposable
cutlery, agricultural applications) [2,3]. In recent years, biopolymers have risen as an alternative to
traditional plastics, mainly for short term applications. Many research and industrial efforts have been
focused on the development of sustainable polymers, mostly for single use disposal applications such
as bottles, cold drink cups, thermoformed trays and container lids, blister packages, overwrap as well
as flexible films, which are currently commercialized [2–4]. However, many commercially available
biopolymers possess a low glass transition temperature, above which the polymeric matrix loses its
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rigidity leading to plastic deformation, which make them unsuitable for hot beverages and/or hot
food applications.

Biopolymers are materials whose synthesis involves micro-organisms and that have a reduced
lifespan after final disposition [5,6]. Biopolymers can be produced naturally or obtained from biomass.
They can be produced from: (i) wood derivatives such as cellulose [7,8], lignin [9] or terpenes [10],
(ii) lipids as fatty acids [11] and (iii) polysaccharides as sugar [12], chitin, chitosan [12] or starch [3,13].
Polysaccharides account for 75% of the world’s annual biomass production, with 170 trillion metric
tons. Starch is the second most abundant and available polysaccharide in nature [14]. It is composed of
two D-glucose polysaccharides: amylose, a linear polymer and amylopectin, a branched polymer [3].
Starch can be obtained from various sources including cassava, wheat, rice, potato, pea, and corn.
Corn is the largest source of starch in the world [3,14]. Starch is widely used in the production of
biopolymers given its abundance and low cost [3,15]. Starch is used as a main polymeric matrix as
well as minor component or filler in polymer blends [16]. Moreover, some bioplastics in the market
are produced from starch, such as poly(lactic acid) (PLA) [2,4]. Starch in its native state does not
exhibit a thermoplastic behaviour. Hence, to use starch in the plastic industry it is necessary to break
down the structure of granular starch [17]. The molecular order of the starch granules is destroyed by
converting its molecular structure to thermoplastic through the gelatinization process, changing its
crystalline structure to an amorphous structure [14]. To produce plasticization in the starch structure
these features are required: (1) temperatures greater than 70 ◦C, (2) presence of plasticizers (water
or polyols) and, (3) shear stress [17,18]. These conditions can be achieved in the extrusion process,
which will allow an amorphous paste, known as thermoplastic starch (TPS) to be obtained, where
most of the inter-macromolecular hydrogen bonds of starch are destroyed [3]. TPS can melt and flow
allowing it to be processed by conventional moulding and extrusion processing techniques used for
most thermoplastic polymers [18]. Glycerol is the most widely used plasticizer for the production of
TPS [3]. From an environmental point of view, glycerol is a by-product of biodiesel production and the
revalorization of glycerol increases its added value from a low-grade by-product to a useful biopolymer
plasticizer [19]. TPS has gained industrial attention, compared with other biopolymers, due to its
high availability and low cost, being one of the cheapest biopolymers in the market [5,15,16]. In fact,
the next generation of packaging materials should fulfil the requirements to support the transition to a
circular economy, which comprise a ban on single-use traditional plastics by the end of 2020 [20,21].
Moreover, from an environmental point of view, TPS is not only bio-based but it is also biodegradable,
allowing the loop of circular economy to be closed. However, TPS industrial application is limited by its
fragility, low water resistance, and the re-crystallization and retrogradation that its structure is subject
to, which leads to undesirable changes in the thermomechanical properties of the material [5,17]. In this
context, several strategies have been focused on improving biopolymer performance for extending its
industrial applications in the packaging field, such as blending, copolymerization and/or the addition
of either micro- or nano-fillers for the development of composites and nanocomposites [2,22]. Among
all strategies, physical blending seems to be one of the most convenient routes to create new bio-based
polymeric formulations, with the required combination of properties, by simply mixing two or more
bio-based polymeric matrices in the melt state with no chemical reactions taking place [8,23]. Thus,
melt-blending strategies have many advantages since they offer the opportunity to improve the final
performance of biopolymers through relatively simple and readily available processing methods that
are cost-effective for the industrial sector with respect to the development of new starting monomers
and/or polymerization techniques [8,23]. Therefore, to improve TPS performance and extend its
industrial applications, the blending approach has been widely studied. In fact, TPS have been blended
with either fossil-based polymers (i.e., polypropylene (PP) [24], polystyrene (PS) [25], polyethylene
(PE) [26] and ethylene-vinyl acetate (EVA) [27]) as well as with other biopolymers (i.e., PLA [28],
and polyhydroxybutyrate (PHB) [29]) to improve its performance and increase its range of applications.

Gum rosin (GR) is a natural alternative to fossil-based polymers obtained from heating and
evaporation of pine resin [30–32]. It possesses many advantages for the plastic industry since it

30



Appl. Sci. 2020, 10, 2561

is abundant in the nature, has a relatively low cost, and is easily converted into high performance
macromolecular materials [30,33]. Untreated rosin is rigid and brittle and has a thermoplastic behaviour.
It is insoluble in water and soluble in acids and most organic solvents (i.e., glacial acetic acid, chloroform,
ether and alcohol) [30]. GR is composed of 10–20% of neutral compounds and 80–90% of resin acids [32].
Resin acids structure is composed by a tricyclic skeleton with two double bonds and a carboxylic
functional group. This structure provides GR the possibility to be chemically modified in order to
obtain a wide range of derivatives, including polymerizable structures for both linear and crosslinked
materials [10].

Chemical derivatives of GR can be obtained from oxidation, hydrogenation, dehydrogenation,
isomerization, Diels-Alder couplings, esterification, saponification reactions with formaldehyde
and phenol [30,32,34–36]. These GR derivatives can be used for the synthesis of homopolymers
and copolymers with traditional monomers in order to modulate the properties of the resulting
material [35]. In our previous studies, GR and two GR esters derivatives have been used as additives in
a Mater-Bi® type biopolymer, a commercial blend based on TPS developed by Novamont. It has been
determined that neat GR provided a plasticising, compatibilising and solubilising effect in the polymeric
matrix which facilitates the processability of the material by decreasing the processing temperature.
Meanwhile, the GR esters used in previous works improve the miscibility of the TPS-based matrix
components and improve its mechanical performance [5,37]. The present work aims to study the effect
of GR and some GR derivatives on the TPS matrix obtained from native corn starch. In a first step, native
corn starch was mixed with glycerol and water and further melt-extruded at a maximum temperature
of 130 ◦C at high pressure and high shear to obtain TPS. The obtained TPS was then blended either
with GR or GR derivatives by melt-extrusion and further injection moulding process. The obtained
formulations were mechanically, thermally and structurally characterised to get information of the
possible application of these sustainable materials at an industrial level.

2. Materials and Methods

2.1. Materials

Food grade corn starch, containing 27% amylose was supplied by Cargill (Barcelona, Spain).
Distilled water and glycerol (Panreac 99% of purity—Barcelona, Spain) were used as plasticisers.
As additives, five pine resins derivatives were used with the following molecular structure (Figure 1):
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ester of gum rosin (LF), and (e) glycerol ester of gum rosin (UG).
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Gum rosin (GR, softening point of 76 ◦C and acid number 167) was kindly supplied by
Sigma-Aldrich (Mostoles, Spain). Gum rosin modified with maleic anhydride under the trade name
Colmodif R-330 (CM, softening point of 123 ◦C and acid number 252), a disproportionated gum rosin
(dehydroabietic acid) under the trade name of Residis 455 (RD, softening point of 74.6 ◦C and acid
number 157), a pentaerythritol ester of gum rosin under the trade name of Lurefor 125 (LF, softening
point of 125 ◦C and acid number 11.9) were kindly supplied by LureSA (Segovia, Spain). Glycerol ester
of gum rosin under the trade name of Unik Gum G88 (UG, food grade, softening point of 87 ◦C and
acid number 7) was kindly supplied by United Resins (Figueira da Foz, Portugal).

2.2. Methods

2.2.1. TPS-Resin Blends Preparation

Figure 2 shows a schematic representation of the preparation and processing of the developed
materials and involves: a manual mixing, a first extrusion process to obtain TPS, a second extrusion
process to obtain TPS-resin blends and a final injection moulding step to obtain the injected
moulded parts.
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Figure 2. Schematic representation of the thermoplastic starch (TPS) preparation and the processing of
TPS–resin blend formulations.

In brief, TPS was prepared manually premixing in a hermetically sealed polyethylene bag, 65% of
native corn starch with 25 wt. % of glycerol and 10 wt. % of distilled water, 24 h before the extrusion
process to ensure homogeneity of the material and to allow the correct diffusion of the plasticisers in
the starch matrix [38]. Thus, the corn starch, glycerol and water mixture was processed in a co-rotating
twin-screw extruder, L/D ratio of 25 from Dupra S.L (Castalla, Spain) at 20 rpm with a temperature
profile of 130, 110, 100, 90, 80 ◦C (from die to hopper) to obtain TPS. A second extrusion step was
performed to prepare the TPS-resin based formulations, adding each pine resin derivatives in 10 wt. %
to the previously prepared TPS. Neat TPS was also melt extrusion processed a second time to have
the same processing conditions. Thus, six formulations were prepared and named as summarised
in Table 1. After the melt extrusion process, the TPS and TPS–resin materials were pelletised and
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conditioned at 25 ◦C and 50 ± 5% of relative humidity (RH) [5]. Then, the sample test specimens
were obtained by injection moulding process in an injection moulding machine Sprinter-11, Erinca
S.L. (Barcelona, Spain), with a temperature profile of 130, 110, 100 ◦C, from die to hopper. Prior to
characterization, injected moulded samples were conditioned at 25 ◦C and 50 ± 5% RH [5].

Table 1. TPS–resin blend studied formulations and their composition.

Formulations Type of Resin in the Blend Resin Commercial Name TPS (wt. %) Resin (wt. %)

TPS - - 100 0
TPS-GR Gum rosin or unmodified colophony Gum rosin 90 10
TPS-CM Maleic anhydride modified gum rosin Colmodif R-330 90 10
TPS-LF Pentaerythritol ester of gum rosin Lurefor 125 90 10
TPS-RD Disproportionated gum rosin Residis 455 90 10
TPS-UG Glycerol ester of gum rosin Unik Gum G88 90 10

2.2.2. Mechanical Characterization

Tensile test was performed according to standard tests methods ISO 527 [39]. It was carried
out in a universal test machine Ibertest ELIB-50-W (Madrid, Spain) with a load cell of 5 kN and a
crosshead speed of 100 mm/min. The samples were injected in dog-bone-shaped specimens “1BA”
type (80 mm × 10 mm × 4 mm) according to ISO 527 [39]. At least five specimens for each formulation
were characterized and the mean and standard deviation of the values are reported. The Young’s
modulus, the tensile strength and the elongation at break were determined. In addition, to calculate
the toughness of the materials, the area under the typical stress-strain curve was calculated. The area
was calculated using the OriginPro2015 software from OriginLab (Northampton, MA, USA).

Shore D hardness of all studied formulations was measured on a durometer Model 673-D from
Instrument J.Bot, S.A. (Barcelona, Spain) using samples of 4 mm thickness, according to standard tests
methods ISO 868 [40]. The mean of 20 measurements at random positions of the samples was reported
as the hardness values.

The significant differences in the mechanical parameters were statistically assessed at 95%
confidence level according to Tukey’s test using a one-way analysis of variance (ANOVA) by means of
OriginPro2015 software.

2.2.3. Thermal Characterization

Differential scanning calorimetry (DSC) was carried out in a Mettler DSC821e (Toledo, Spain)
with a thermal cycles program that consisted in a first heating scan from −50 to 160 ◦C, followed by
a cooling cycle from 160 to −50 ◦C and a second heating scan from −50 to 200 ◦C. The heating rate
for all cycles was 10 ◦C/min and the test were performed under a nitrogen atmosphere with a flow of
30 mL/min. The glass transition temperature (Tg) was calculated on the second heating scan of the
DSC curve.

Thermogravimetric analysis (TGA) was conducted in a TGA PT1000 from Linseis (Selb, Germany).
The heating was carried out from 30 to 700 ◦C at a heating rate of 10 ◦C/min in a nitrogen atmosphere
with a flow rate of 30 mL/min. The degradation onset temperature (T5%) was determined at 5% of
mass loss. As well, the degradation endset temperature (T95%) was assessed at 95% of mass loss.
The maximum degradation temperature (Tmax) was determined at the peak of the first derivative of
the TGA curve (DTG).

2.2.4. Structural Characterization

Attenuated total reflectance–Fourier transform infrared spectroscopy (FTIR-ATR) was applied to
study the chemical interactions between TPS, GR and gum rosin derivatives (CM, LF, RD and UG).
The analysis was performed in a Perkin Elmer Spectrum BX (FTIR system) coupled with an ATR Pike
MlRacle ™ (Beaconsfield, United Kingdom). All the formulations as well as neat TPS and the raw
resins were assessed within the range of 4000–700 cm−1 with a resolution of 16 cm−1 and 20 scans.
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Scanning electron microscopy (SEM) of the cryo-fractured surface of each formulation was carried
out on a Phenon SEM equipment of FEI (Eindhoven, The Netherlands), with a voltage of 5kV. Prior
to SEM observation, the samples were coated with a gold-palladium alloy layer to make the sample
surface conductive in a Sputter Mod Coater Emitech SC7620, Quorum Technologies (East Sussex, UK).

3. Results

TPS was successfully produced from corn starch plasticised with glycerol and water and then it
was further used to prepare TPS-resin blends by melt extrusion using GR and GR derivatives. Both neat
TPS as well as each TPS-resin compounding were further processed by injection moulding. Injection
moulded samples of TPS-resin blend formulations were successfully obtained without any change in
the injection moulding processing parameters with respect to neat TPS.

It is known that during the melt-extrusion and injection moulding process, bio-based polymeric
matrices can suffer degradation due to the strong shear stresses that act in the viscous molten
polymer [22,41]. In fact, injection moulding parameters (i.e., injection speed, barrel temperature and
back pressure) significantly affect the impact strength of the polymeric matrices [42]. Thus, injection
moulded polymers for rigid packaging are required for high mechanical performance to overcome the
strong shear stresses during processing to successfully obtain injected moulded parts as well as to offer
the desired mechanical resistance during service. Thus, tensile tests measurements up-to-rupture as
well as Shore D hardness were assayed on injected TPS and TPS–resin blend formulations (Figure 3).
Results show that TPS is a brittle polymer with a Young’s modulus of 11.93 MPa (Figure 3a), a tensile
strength of 2 MPa (Figure 3b) and a strain at break of 63.46% (Figure 3c). Young’s modulus of TPS-GR,
TPS-CM, TPS-RD and TPS-UG have no statistical differences among them nor with TPS (Figure 3a,
p > 0.05). TPS-LF is the only formulation that presents a statistically higher modulus with respect
to TPS (p < 0.05), indicating a stiffening effect due to LF addition to the TPS matrix. These results
show that LF increased the mechanical properties in the formulation due to a reinforcement effect,
which increases the TPS modulus by 55%. This reinforcement effect is because LF increases the cohesion
between the starch phases [37]. The ester groups in LF interacted with the starch hydroxyls groups by
hydrogen bonding interactions which leads to the compatibilisation of both components [43]. In a
previous work we have blended Mater-Bi® type bioplastic (Mater-Bi® NF 866 which is composed
of TPS, polybutylene adipate-co-terephthalate (PBAT) and poly(ε-caprolactone) (PCL) with LF and
we observed that 10 wt. % was not able to significantly improve the Young’s modulus of the neat
polymeric matrix, while it requires higher amounts (i.e.,: 15 wt. %) to significantly increase it [5].
The higher Young’s modulus obtained here shows that LF possess good miscibility with starch matrix,
being the only resin able to significantly increase the Young’s modulus of TPS. In fact, in a more
detailed microscopic analysis it was observed that LF not only possess good miscibility with starch
phase of Mater-Bi® NF 866, but also it was able to increase the miscibility between the semi-crystalline
and the amorphous phases of thermoplastic starch (TPS) [37]. The TPS tensile strength (Figure 3b)
was significantly reduced when all the additives were incorporated to the polymeric matrix, being
TPS-LF and TPS-UG the formulations with the highest tensile strength among the studied samples.
Regarding the flexibility of the materials, the results show that the elongation at break significant
(Figure 3c, p < 0.05) increased only when unmodified GR was added to the TPS matrix. GR act as a
plasticiser as it increased neat TPS elongation at break in 43%. The plasticising effect of gum rosin
has been already observed for other bioplastics such as PLA [44], PCL [45] and Mater-Bi® NF 866 [5].
Meanwhile, the other gum rosin derivatives produce no significant effect on the elongation at break of
neat TPS (Figure 3c, p > 0.05).
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Hardness properties of TPS and the formulations with GR and rosin derivatives were also
measured (Figure 3d). All the formulations presented significant differences with TPS Shore D hardness
(p < 0.05). While the addition of an ester resin (LF or UG) increased TPS hardness values in 12% (from
17 in neat TPS to 19 for TPS-LF and/or TPS-UG), the materials that contain the other resin additives
(GR, CM, and RD) reduced TPS hardness values in 12% (from 17 in neat TPS to values up to 15)
(Figure 3d). Although the hardness of polymers do not necessarily provide correlate results with
other fundamental properties, since it is an empirical quantity related to the inherent indentation
resistance [46], it was observed that the TPS-resin blends showed similar tend than the tensile strength
values (Figure 3b). Similarly, Ferri et al. (2018) blended PLA with TPS in 70:30 proportion and further
added increasing amounts of maleinised linseed oil (from 2 to 8 phr) to increase the compatibility
between both biopolymeric matrices, and observed a decrease of Shore D values accompanied by a
related decrease on the tensile strength values [28]. Comparing these results with those previously
obtained for Mater-Bi® NF 866 blended with 10 wt. % of GR and LF, it was observed that GR decreased
the Shore D values of Mater-Bi® NF 866 (around 8%), but it was maintained in Mater-Bi® blended with
10% of LF [5]. These results confirm once again the good miscibility of LF with starch polymeric matrix.

The typical stress–strain curves of the materials with the toughness values of each formulation
is shown in Figure 4. It was found that the addition of either GR or rosin derivatives significantly
reduced the TPS toughness (p < 0.05). The results show that GR has the highest toughness among the
studied formulation and that the toughness values present no statistical differences when LF or RD
were added (p > 0.05). It is important to notice that TPS-LF presents statistically the same elongation at
break and a higher Young’s modulus than neat TPS (Figure 3a). Therefore, LF provides the highest
strength between the studied materials. The same trend was exhibited by UG, since it is an ester of
gum rosin. On the other hand, GR statistically maintains TPS Young’s modulus and increases its
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elongation at break. Thus, TPS-GR would withstand greater tension that neat TPS. The other modified
gum rosin additives (CM and RD) exhibit behaviour similar to GR. These results confirm a stiffening
and a plasticisation effect produced by LF and GR addition, respectively.
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The DSC curves of TPS and its TPS-resin formulations with 10 wt. % of GR and rosin derivatives
are shown in Figure 5. Tg of TPS is dependent on glycerol and water contents and it could be found
between 34 ◦C and 70 ◦C [47,48]. The studied TPS exhibits the Tg at 45.7 ◦C. However, the addition
of gum rosin and rosin derivatives shifts the glass transition temperature to higher temperatures.
For TPS-GR and TPS-RD, Tg was found at 56.5 ◦C and 58.1 ◦C, respectively. Meanwhile for TPS-LF,
TPS-CM and TPS-UG it was found between 70 ◦C and 80 ◦C. These results suggest that the formulations
present a stiffening effect since GR and its derivatives increase the Tg values, but it was more marked
in those formulations blended with UG, CM and LF. The increase on Tg values is very interesting for
several applications (i.e., a cup for hot beverages and/or lids for hot food).

GR and RD possess similar chemical structure (see Figure 1). GR is mainly made up of abietane-type
acid while RD is made up of pimarane-type acids and is more stable [49]. Therefore, RD side groups
are not modified [49], and its chains can move freely between TPS chains lubricating them [5]. On the
other hand, CM, LF and UG have chemicals modifications in its chemical side groups (see Figure 1)
that hinder its mobility, mainly because they are able to interact with TPS hydroxyl groups [43,49].
However, these chemicals modifications produced a different effect on the mobility of the chains that
will further affect the final performance of TPS-resin based formulations. LF is a pentaerythritol ester
while UG is a glycerol ester. Thus, TPS-LF would have a higher Tg than TPS-UG, as a pentaerythritol
ester has higher cohesion, adhesion, viscosity at fusion and glass transition temperature than a glycerol
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ester. On the other hand, CM is a modified gum rosin with maleic anhydride that have reactive
sites that differ from those in unmodified gum rosin [49], as CM has three carboxylic acid groups,
which increases its acidity [49]. As a result, CM, LF and UG shift Tg to higher temperatures (70 ◦C or
more). The resins with group modifications had a more marked stiffening effect. In fact, the tendency
of increment in Tg values follows the same tendency as the Young’s modulus. The shifts in TPS
glass transition temperatures suggest that GR and its derivatives have good miscibility with TPS
matrix [37,50]. With DSC results, it was not possible to establish differences between the Tg of the
TPS-GR and TPS-RD. However, it is possible to determine that LF is the modified resin with the highest
stiffening effect because it produced the highest displacement of Tg. In fact, it shifted the Tg of TPS
from 45 ◦C to 79.3 ◦C, which is 9 ◦C more than UG and 7 ◦C more than CM. The obtained DSC results
are consistent with TPS-LF increment of Young’s modulus, TPS-LF and TPS-UG increase in hardness,
as well as with the plasticisation behaviour of TPS-GR, already discussed.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 17 
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TGA curves and their derivatives (DTG) for TPS and its TPS-resin blend formulations are shown in
Figure 6. The thermal values at different degradations stages, determined by TGA analysis, are shown
in Table 2. It can be noticed that the formulated samples were more thermally stable than the neat
TPS in all the degradation stages. TGA curves showed a three-step degradation process (Figure 6a).
Between 100 ◦C and 170 ◦C an initial weight loss of 12% occurs, which is related with the bound
water content in the TPS samples [51,52]. The degradation onset temperature (T5%) of TPS (Table 2)
increased with the addition of GR and rosin derivatives. GR rises T5% by 29 ◦C, CM by 23 ◦C, LF does
by 25 ◦C, while RD and UG produce the lowest increase in T5% by 16 ◦C and 11 ◦C, respectively.
Therefore, the chemical structures of the additives allow them to positively interact with the TPS
matrix, providing a thermal stabilising effect [5]. Nevertheless, GR and LF create a higher protection to
thermal degradation than the other additives. The increased thermal stability has been related to the
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positive interaction between the carbonyl groups of the pine resins and the hydroxyl groups of the
starch material (i.e., hydrogen bonding interactions) [53].
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Table 2. TGA thermal parameters degradation onset temperature (T5%), temperature of maximum
degradation rate (Tmax) and degradation endset temperature (T95%) for TPS and the TPS-resin
blend formulations.

Material T5% (◦C) Tmax (◦C) T95% (◦C)

TPS 109.3 ± 2.1 317.3 ± 1.9 564.8 ± 2.3
TPS-GR 138.3 ± 1.9 318.3 ± 1.7 624.3 ± 2.1
TPS-CM 132.8 ± 2.0 315.8 ± 1.9 553.8 ± 1.9
TPS-LF 133.8 ± 1.9 316.3 ± 1.7 576.3 ± 2.3
TPS-RD 126.3 ± 1.8 316.8 ± 2.0 632.2 ± 1.8
TPS-UG 121.8 ± 2.0 315.8 ± 1.8 570.2 ± 2.0

The second step of degradation starts at 260 ◦C and it is the main degradation process. In this
step the degradation is produced because of the depolymerization of starch [51], that is the cleavage
of ether linkages in starch backbone and it is also related with the degradation of the starch/glycerol
reach phase [52]. During this degradation step the dehydration of neighbouring hydroxyl groups in
the glucose ring take place, resulting in the formation of C-C bonds or breakdown of the glucose ring
with the further formation of aldehyde end groups [27].

The DTG curve (Figure 6b) shows that the maximum degradation temperature (Tmax) did not
present differences between all the materials with a mean value around 316 ◦C (316.6 ± 1.8 ◦C). Even so,
the effect in the mass loss was appreciable in the formulations that contain gum rosin and derivatives.
This effect can be seen in Figure 6a, at 350 ◦C. The TPS reports a mass loss of 20%. In the case of
TPS blended with GR, LF and RD reduction in the mass loss of 29%, 29% and 27% were observed,
respectively. The incorporation of CM and UG to TPS showed the mass loss of TPS in 23%. GR, LF and
RD created interactions and links with TPS matrix, because of the presence of carbonyl and ester
groups, which protect the polymeric matrix from thermal degradation [5]. Besides, CM resin produced
less effect in the thermal protection because the spatial distribution of its molecules avoids the creation
of a lot of links between resin and TPS polymeric matrix. It is important to notice that even when
UG resin has carbonyl groups on its structure, the effect in the thermal stability is lower that the LF
resin which possesses one more carbonyl group and higher molecular weight. At 335 ◦C the final
degradation step takes place, where organic residues decompose and turn into ashes. It is seen that all
the pine resins protected TPS matrix from thermal degradation, with GR, LF and RD providing the
greatest stability in the degradation endset temperature.
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The FTIR spectra comparison of neat TPS and TPS-resin blends formulations with 10 wt. % of
gum rosin (GR) and rosin derivatives (CM, LF, RD, UG) is presented in Figure 7.
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The FTIR spectrum of neat TPS presents the typical absorption bands corresponding to the
functional groups of starch and glycerol. The band corresponding to C-O stretching of C-O-C bond was
found at 1010 cm−1 and 1148 cm−1 and the C-O stretching of pyranose rings at 926 cm−1. The bound
water band was located at 1648 cm−1 (δ (O-H)). The O-H groups are found at 3284 cm−1 and C-H
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stretching is located at 2924 cm−1 [54–57]. The representative bands of the glycerol plasticizer were
displayed at 2884 cm−1(C-H), associated with the hydroxyl groups, as well as at 1416 cm−1 and at
1148 cm−1 (C-O stretching), associated with carbon-oxygen (C–O) absorption peaks characteristic of
primary and secondary alcohols [19,54,56].

It is seen that the spectra of the formulations are similar to that of neat TPS. This is expected
since the resins content is 10 wt. %. Dang and Yoksan (2015) have reported a similar behaviour when
working with starch films blended with chitosan added in 0.37–1.45 wt. % [57]. Further, there are no
significant shifts in the characteristic peaks of TPS, which indicates that the interaction with the resins
is not strong enough to be detectable with this technique in accordance with Mendes et al. (2017) [54].
Nevertheless, two main differences can be observed in the spectra of TPS-resin blend formulations
with respect to neat TPS. The first one is referred to the reduction of the -OH group band related with
the bound water, found at 3284 cm−1 and at 1648 cm−1. A reduction in this peak indicates that when
TPS is blended with resins, the -OH groups of TPS have more affinity with resins than with water.
Therefore, -OH groups are involved in positives interaction with GR and/or rosin derivatives such
as hydrogen bonding [57]. The second difference was found in the region between 2000 cm−1 and
1500 cm−1 (see zoom in Figure 7). In TPS-CM signals of -C=O stretch of maleic anhydride appeared as
low intensity peaks at 1780 cm−1 and 1850 cm−1 [58]. In TPS-LF and TPS-UG a low intensity band
was found at 1727 cm−1. This band is representative of the -C=O stretching of the ester group [43].
In TPS-GR and TPS-RD the peak of stretching of the carboxylic group (-C=O) is found at 1692 cm−1 [5].
Those displacement of carbonyl group band suggest an hydrogen bonding interactions between TPS
and the respective resins [5,59].

Finally, the morphology and microstructure of the cryo-fractured surfaces of TPS as well as the
effect the gum rosin presence on the TPS matrix were studied by SEM (Figure 8). No apparent phase
separation is observed in the SEM image of the cryo-fractured surfaces of plasticized corn starch with
glycerol and water (Figure 8a), confirming the homogeneous dispersion of glycerol and water in corn
starch matrix and the successful formation of TPS. Moreover, neat TPS shows a smooth fracture surface
typical of TPS with amylose content around 25–30% [52]. No apparent phase separation was observed
in TPS-resin blends regardless the resin used, indicating that all resins are well incorporated to the TPS
matrix (Figure 8b–f). All TPS-resin blend formulations showed a much rougher behaviour in accordance
with the increased stiffening effect. Among al TPS-resin blend formulations, TPS-GR (Figure 8b) and
TPS-RD (Figure 8e) show much cracked surface. Moreover, in TPS-GR (Figure 8b), some micro-voids
are observed (see inset Figure 8b), which are probably responsible of the reduction of the mechanical
resistance of this formulation as reveals the marked reduction of the tensile strength (Figure 3b) and
Shore D hardness (Figure 3d). Similarly, TPS-RD (Figure 7e) shows some micro-domains that in some
cases shows phase debonding (see inset Figure 8e), with the corresponding reduction of the tensile
strength (Figure 3b) as well as Shore D hardness (Figure 3d). Meanwhile, in TPS-CM (Figure 8c), TPS-LF
(Figure 8d) and TPS-UG (Figure 8f) formulations, resin particles appear homogeneously dispersed
as small spherical domains (see inset Figure 8c for TPS-CM, inset Figure 8d for TPS-LF and inset
Figure 8f for TPS-UG). In a previous work, Mater-Bi® NF 866 was blended with 10 wt. % of LF and
SEM micrographs shows poor interfacial adhesion between the polymeric phases since small domains
with empty interface were observed [5]. Thus, the results obtained here suggest that LF possess
good miscibility with starchy matrix (see inset Figure 8d). In fact, in a more detailed microscopic
analysis somewhat improvement in the miscibility between the amorphous and semi-crystalline
phases of thermoplastic starch due to the LF gum rosin derivate addition was observed for the already
commented Mater-Bi® NF 866 blended with 10 wt. % of LF [37].
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Figure 8. Scanning electron microscopy (SEM) images of the crio-fractured surface of: (a) TPS,
(b) TPS-GR, (c) TPS-CM, (d) TPS-LF, (e) TPS-RD and (f) TPS-UG.

4. Conclusions

Homogeneous TPS based materials were prepared starting with corn starch and using water as
well as glycerol as plasticisers. The obtained TPS was then blended with pine resin derivatives by melt
extrusion and further by injection moulding process. All TPS-resin blend formulations showed higher
thermal stability than TPS counterpart, improving the processing window of TPS. FTIR spectra showed
that gum rosin and its derivatives established hydrogen bond interactions with the hydroxyl groups of
starch and glycerol in TPS matrix. Interactions were stronger in the case of blends with higher amounts
of carbonyl groups in their chemical structure such as CM, UG and particularly LF. In fact, although all
resins produce a stiffening effect, CM, UG and LF generated a significant stiffening effect, shifting the
Tg of TPS from 45 ◦C to higher temperatures greater than 70 ◦C. Consequently, in TPS-CM, TPS-UG
and TPS-LF the Young’s modulus slightly increase while were among the TPS-resin based formulations
with the highest hardness values following the same trend as the Tg increment.

Therefore, it can be concluded that gum rosin and particularly modified gum rosin derivatives
showed good compatibility with the developed TPS from corn starch and allowed to develop
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homogeneous fully bio-based materials, ensuring thermal stability for melt-extrusion and injection
moulding processing as well as a significant stiffening effect. Consequently, these bio-based materials
show their potential for industrial applications such as disposable cups for hot beverage and/or lids
containers for hot food applications.
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Abstract: In the present study, agro-food waste derived rice straw (RS) was valorized into cellulose
microfibers (CMFs) using a green process of combined ultrasound and heating treatments and were
thereafter used to improve the physical properties of thermoplastic starch films (TPS). Mechanical
defibrillation of the fibers gave rise to CMFs with cumulative frequencies of length and diameters
below 200 and 5–15 µm, respectively. The resultant CMFs were successfully incorporated at, 1, 3,
and 5 wt% into TPS by melt mixing and also starch was subjected to dry heating (DH) modification
to yield TPS modified by dry heating (TPSDH). The resultant materials were finally shaped into
films by thermo-compression and characterized. It was observed that both DH modification and
fiber incorporation at 3 and 5 wt% loadings interfered with the starch gelatinization, leading to
non-gelatinized starch granules in the biopolymer matrix. Thermo-compressed films prepared with
both types of starches and reinforced with 3 wt% CMFs were more rigid (percentage increases of
~215% for TPS and ~207% for the TPSDH), more resistant to break (~100% for TPS and ~60% for
TPSDH), but also less extensible (~53% for TPS and ~78% for TPSDH). The incorporation of CMFs
into the TPS matrix at the highest contents also promoted a decrease in water vapor (~15%) and
oxygen permeabilities (~30%). Finally, all the TPS composite films showed low changes in terms of
optical properties and equilibrium moisture, being less soluble in water than the TPSDH films.

Keywords: waste valorization; rice straw; thermoplastic starch; cellulose; thermal modification;
microcomposites

1. Introduction

Today, the proper management of agro-industrial wastes is an essential socioeconomic
and environmental issue. Most of these residues or by-products, generated in large quanti-
ties globally, are currently discarded or burned in the harvest fields [1]. In this sense, the
use and valorization of agro-industrial waste into added-value materials are an emerging
challenge that seeks to minimize environmental problems and promote the correct residue
disposal. Agro-food and industrial waste derived biomass is essentially composed of ligno-
cellulosic fractions, which are constituent biopolymers, such as cellulose, hemicellulose,
and lignin [2,3]. Due to its renewability and biodegradability, the use of lignocellulosic-rich
wastes can yield environmentally friendly materials through cost-effective processes with
low environmental impact [4,5]. Several authors have reported the use of plant residues
to obtain lignocellulosic fractions with potential application for biodiesel production [6],
catalysts for biodiesel synthesis [7], antioxidant and antimicrobial materials [8,9] as well as
reinforcing agents [10,11]. Particularly, cellulose and its derivatives extracted from biomass,
such as cellulose microfibers (CMFs) and cellulose nanofibers, are highlighted renewable
materials at the micro- and nanoscale, respectively, with low density, good compatibility,
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and excellent mechanical properties [12]. Thus, these lignocellulosic fractions can be used
as reinforcing fillers of biopolymers in green composites for food packaging applications.

After harvesting the rice grain (Oryza sativa L.), one of the most important primary
crops, large quantities of rice straw (RS) are obtained worldwide. In fact, the annual rice
production is estimated at 782 million tons and 1 kg of rice grain yields approximately 1.5 kg
of RS [13,14]. Generally, RS is directly burned in the paddies, which intensifies air pollution
and damages soil feasibility and population health. Therefore, constant efforts are currently
being made to propose different management approaches for this biomass waste [14,15].
Since RS is a lignocellulosic material that is composed of approximately 39% cellulose,
20% lignin, 23% hemicellulose, and 15% ashes, this waste derived biomass can be used to
obtain several renewable added-value materials with interesting properties [16]. Among
the most practical alternatives, RS can be valorized into CMFs by different extraction
methods. Typically, CMFs from RS has a strong crystalline structure and low density, which
can be used as reinforcing agent in biodegradable polymers instead to petroleum derived
plastics [2,17].

Starch is a semicrystalline biopolymer consisting of linear and branched chains of D-
glucopyranose units known as amylose and amylopectin, respectively [18]. The proportion
of both constituents varies according to the source, from which the most common are
cassava, maize, sweet potato, rice, oats, and peas [19,20]. Starch is widely investigated for
several applications due to its renewability, biodegradability, low cost, availability, and
biocompatibility [21–23]. In its native state, starch can be processed with a plasticizer in
an extruder at temperatures between 140 and 160 ◦C and high pressure, giving rise to an
amorphous material with thermoplastic behavior [21]. Although thermoplastic starch (TPS)
films are excellent barriers to lipids, oxygen, and carbon dioxide, their use in food packaging
is still limited since the barrier and mechanical properties are highly dependent on moisture
content [18,24,25]. To overcome these shortcomings, the preparation of biodegradable
TPS films reinforced with CMFs obtained from agro-industrial wastes is an interesting
alternative. Previous studies have reported that the incorporation of cellulosic materials in
TPS-based green composite films exhibited enhanced mechanical properties [20,26], water
vapor [27] and oxygen gas barrier [22], and thermal stability [28]. These recent advances
indicate the significance and potential of green composites from starch and cellulose micro-
and nanofibrils in the development of sustainable and cost-effective materials for food
packaging [26,29] and other uses [30], from semistructural applications to biofoams or
reinforcing adhesives. Likewise, another strategy to modify and/or improve the properties
of TPS films is pre-treating the starch in its native state by the dry heating (DH) method.
The so-called DH modification is a green physical pre-treatment that involves dry heating
of native starch at temperatures between 110 and 150 ◦C for 1 to 4 h [31,32]. This method
is very promising since it is simple, fast, does not produce effluents, and can modify the
original physicochemical properties of native starch to produce materials with improved
properties [32–34].

Thus, the objective of this work was to study the morphogeometric characteristics
of CMFs obtained from waste derived RS, before and after fiber grinding, and its sub-
sequent incorporation by melt mixing into TPS. Prior to melt mixing, native starch was
also subjected to DH modification to yield thermoplastic dry heated corn starch (TPSDH).
The resultant doughs of TPS and TPSDH filled with CMFs were thereafter shaped into
films by thermo-compression and characterized in terms of their morphological character-
istics, barrier properties, water solubility, water uptake, thermal behavior, and mechanical
performance to evaluate their potential application in food packaging.

2. Materials and Methods
2.1. Materials

RS was obtained as waste of the rice industry that was collected in L’Albufera field
(Valencia, Spain). It was supplied by the “Banco de Paja” (Valencia, Spain). The as-received
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fibers were dried under vacuum (50 ± 2 ◦C, 0.5 mmbar) for 16 h and milled (3 cycles of
90 s each, IKA, model M20, Staufen, Germany), and sieved to <0.5 mm particle size.

Corn starch was supplied by Roquette (Roquette Laisa, Benifaió, Spain). Glycerol,
magnesium nitrate (Mg(NO3)2), phosphorus pentoxide (P2O5), dimethyl sulfoxide (DMSO),
methanol, and acetic acid were all obtained from Panreac Quimica S.L.U. (Castellar del
Vallés, Barcelona, Spain). Sodium acetate trihydrate was purchased by FlukaTM (Stein-
heim, Germany). Sodium chlorite and heptane were provided by Sigma-Aldrich S.A.
(Madrid, Spain).

2.2. Extraction of Cellulose Microfiber

A combination of ultrasound and heating treatments are known to lead to a certain
degree of leaching out of hemicellulose and lignin present into the lignocellulosic RS
matrix [8]. Based on this, CMFs were extracted according to our previous methodology [35].
Briefly, an aqueous dispersion of RS particles with 5% (w/v) solids was sonicated for 30 min
at 25 ◦C (maintaining the temperature in an ice bath) using an ultrasonic homogenizer
(750 W power, 20 kHz frequency, continuous mode) equipped with a high-intensity probe
(Vibra CellTM VCX750, Sonics & Material, Newton, MA, USA). After sonication, the RS
dispersion was heated in a reflux heating apparatus at 100 ◦C for 1 h. Then, the plant
dispersion was filtered using a qualitative filter (Filter Lab, Vidra Foc, Barcelona, Spain) and
the solid fraction was dried at 40 ◦C for 48 h. Afterwards, the bleaching step of the cellulosic
material was carried out by mixing the dry powder residue and the bleaching solution at
5% (w/v). The bleaching solution consisted of equal parts of sodium hypochlorite solution
(1.7%, w/v), acetate buffer solution (2 N), and distilled water. The dispersion was treated
under reflux heating for 4 cycles of 4 h each. The supernatant was filtered and the residue
was washed with distilled water several times to remove the residual bleach solution at
each stage. Then, the bleached solid fraction was dried at 35 ◦C for 48 h and milled using
a milling machine (pulses of 2 s for 20 min, model M20, IKA Werke GmbH & Co. KG,
Staufen, Germany) to obtain the so-called CMFs.

2.3. Dry Heating Treatment

Prior to melt mixing, corn starch was submitted to a DH pre-treatment, according
to Maniglia et al. [33]. To this end, 50 g of starch were spread (1 mm thick layer) and
compacted in an aluminum foil envelope. Then, the packaged sample was heated in a
hot air oven (J.P. Selecta, S.A., Barcelona, Spain) at 130 ◦C for 4 h. Thereafter, the resultant
starch was placed in a dark bottle and stored in a desiccator containing P2O5 at 6 ± 2 ◦C
until further use.

2.4. Film Preparation

TPS and TPSDH films were prepared by melt blending and subsequent compression
molding using glycerol as plasticizer 30 wt% with respect to the total starch mass. Green
composites were obtained by addition of CMFs in concentrations of 1, 3, and 5 wt%
in relation to the starch content based on the optimization performed in our previous
study [36]. Table 1 summarizes the different sample compositions used to produce the films.
The film components were previously dry mixed in a beaker and then melt-blended using
an internal mini-mixer (HAAKETM PolyLabTM QC, Thermo Fisher Scientific, Karlsruhe,
Germany) at 130 ◦C and 50 rpm for 10 min. The obtained dough was cold milled in the
IKA’s model and pre-conditioned at 25 ◦C and 53% RH using an Mg(NO3)2 over-saturated
solution for one week.

The obtained doughs were compression molded to yield films in a hydraulic press
(Model LP20, Labtech Engineering, Samut Prakan, Thailand). To this end, approximately
4 g of each dough was placed between two Teflon sheets and compressed in the hot plates.
Control films (TPS) and those incorporating 1 wt% (TPS1), 3 wt% (TPS3), and 5 wt% (TPS5)
of CMFs were preheated for 3 min at 160 ◦C in the plate press, then compressed at 160 ◦C
for 2 min at 50 bars, followed by a second compression at 160 ◦C for 4 min at 130 bars,
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and finally cooled down to 80 ◦C. The processing conditions of the films obtained using
modified DH starch with CMFs (1 wt%: TPSDH1, 3 wt%: TPSDH3, and 5 wt%: TPSDH5)
or without CMFs (TPSDH) were set as follows: preheating at 150 ◦C for 5 min, compression
at 30 bars and 150 ◦C for 2 min, followed by 130 bars for 6 min, and then, final cooling
to 80 ◦C. All films were conditioned at 25 ◦C and 53% RH (Mg(NO3)2) for one week
before characterizations.

Table 1. Summary of compositions according to the mass fraction (g/g) of thermoplastic corn starch
(TPS), thermoplastic dry heated corn starch (TPSDH), glycerol (Gly), and cellulose microfiber (CMF).

Sample Xs XGly XCMF

TPS 0.770 0.230 -
TPS1 0.763 0.229 0.008
TPS3 0.753 0.225 0.022
TPS5 0.741 0.222 0.037

TPSDH 0.770 0.230 -
TPSDH1 0.763 0.229 0.008
TPSDH3 0.753 0.225 0.022
TPSDH5 0.741 0.222 0.037

2.5. Material Characterization
2.5.1. Microscopy

An optical microscope (Optika Microscope B-350, OPTIKA S.r.l., Ponteranica, Italy)
equipped with a camera (Optikam B2) was used to evaluate the morphology of the un-
treated RS and the resultant CMF samples before and after the milling process. To this end,
the samples were extended with a water drop on the holder glass plate and the images were
taken at 10× and 40× magnification. Morphogeometric properties of CMFs, expressed as
cumulative distributions, were obtained by measuring the particle length (l) in different
regions of the sample, as shown in the imaging procedure of Figure 1. The Optika Vision
Lite program was used to obtain a minimum of 60 measurements.
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Figure 1. Image acquisition procedure to obtain the lengths of the cellulose microfibers (CMFs).

The morphologies of RS, CMFs, and the cross-sections of the cryo-fractured films
obtained by immersion in liquid nitrogen were evaluated using a Field Emission Scanning
Electron Microscope (FESEM) equipped with focused ion gun (AURIGA Compact, Zeiss,
Oxford Instruments). The conditioned samples (P2O5 at 25 ± 2 ◦C for 1 week) were covered
with a platinum layer (EM MED020 sputter coater, Leica Biosystems, Barcelona, Spain), and
the images were taken at 2.0 kV acceleration voltage. The SmartTiff program (version 2,
Zeiss, Oxford Instruments, Abingdon, UK) was used to measure the particle width (w) a
minimum of 60 times.

2.5.2. Optical Evaluation

Optical properties of the films were obtained according the Kubelka–Munk theory of
multiple scattering to determine the film reflection spectra (R) using the black (R0) and
white (Rg) backgrounds. The internal transmittance (Ti) of the films ranging from 400 to
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700 nm, the film color coordinates L* (lightness), a* (redness-greenness), and b* (yellowness-
blueness) were determined using Equations (1)–(3), respectively. The colorimetric and
transparency properties of the films were also evaluated in terms of hue angle (hab*)
(Equation (4)), chroma (Cab*) (Equation (5)), opacity (O) (Equation (6)), and total color
difference (∆E*) (Equation (7)). The measurements were performed in triplicate.

Ti =

√
(a + R0)

2 − b2 (1)

a =
1
2

[
R +

(
R0 − R + Rg

R0 × Rg

)]
(2)

b =
√

a2 − 1 (3)

hab
∗ = arctg

(
b∗

a∗

)
(4)

Cab
∗ =

√
a∗2 + b∗2 (5)

O = A500x l (6)

In which A500 and l are the absorbance at 500 nm and the film thickness, respectively.

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (7)

where ∆L∗ = (L∗ − L∗
0); ∆a∗ = (a∗ − a∗0); ∆b∗ = (b∗ − b∗0); and L∗

0, a∗0, and b∗0 are the color
coordinates of the control TPS film without fibers. The color differences were evaluated ac-
cording to the following criteria [37]: ∆E* < 1 indicate unnoticeable color change; 1 ≤ ∆E* ≤ 2
suggests that only an experienced observer can notice the difference; 2 ≤ ∆E* ≤ 3.5 means
that an inexperienced observer notices the difference; 3.5 ≤ ∆E* ≤ 5 indicate clear noticeable
difference; and ∆E* ≥ 5 suggests that the observer notices different colors.

2.5.3. Equilibrium Moisture Content

The equilibrium moisture content of the films was determined by a gravimetric
method. For this, film samples sizing 3 cm × 3 cm that were previously conditioned (25 ◦C
and 53% RH for two weeks) were dried at 60 ◦C for 24 h using a drying oven. Thereafter,
the dried samples were placed in a dissector containing P2O5 at 25 ◦C for two weeks
to eliminate bonded water. Moisture content was determined from the total mass loss
of the conditioned film during the drying process. The measurements were carried out
in triplicate.

2.5.4. Water Solubility

Water solubility was determined based on the Talón et al. [38] methodology. A known
mass of dry film sample (2 cm × 2 cm), conditioned in P2O5, were placed on a mesh, and
immersed in a crucible with distilled water at 25 ◦C for 24 h. Afterwards, the sample-
containing system was dried in an oven (J.P. Selecta, S.A.) at 60 ◦C for 48 h and, afterwards,
conditioned in a desiccator with P2O5 at 25 ◦C for 1 week. The mass of residual film was
weighed and compared with the initial mass of dry film. The measurements were carried
out in triplicate and the results were expressed as g of solubilized film per 100 g film.

2.5.5. Barrier Measurements

Water vapor permeability (WVP) of the films was determined according to ASTM
E96/E96M (ASTM, 2005) gravimetric methodology following the modifications proposed
by McHUGH [39]. Film samples (Ø = 3.5 cm) were placed and sealed in Payne perme-
ability cups filled with 5 mL of distilled water (100% RH). Then, the cups were placed
into desiccators containing Mg(NO3)2 over-saturated solution (53% RH) and weighed
periodically (ME36S, Sartorius, ± 0.00001 g, Fisher Scientific, Hampton, NH, USA) every
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1.5 h for 25 h. For each treatment, the WVP was calculated considering the water vapor
transmission rate (WVTR), which was determined from the slope of the weight loss vs.
time. The measurements were performed in triplicate.

Oxygen permeability (OP) of the films was determined using an Ox-Tran equipment
(Model 1/50, Mocon, Minneapolis, MN, USA) at 25 ◦C and 53% of RH, according to ASTM
D3985-05 (ASTM, 2010). The used area of films was 50 cm2 and the oxygen transmission
rate (OTR) was obtained every 15 min until equilibrium was reached. The measurements
were carried out in triplicate.

2.5.6. Mechanical Characterization

The tensile properties of the films were obtained according to ASTM D882 (ASTM,
2012). A universal testing machine (Stable Micro Systems, TA.XT plus, Stable Micro
Systems, Godalming, UK) was used to determine elongation at break (EB), tensile strength
at break (TS), and elastic modulus (EM). Film samples with dimensions of 25 mm × 10 mm
were grabbed by two grips initially separated by 50 mm and stretched at a crosshead speed
of 50 mm.min−1. Eight samples were evaluated for each formulation. Before the analysis,
the films were conditioned at 53% RH (Mg(NO3)2) and 25 ◦C for two weeks.

2.5.7. Thermal Analysis

The thermal stability of the films was determined by thermogravimetric analysis
(TGA) using a thermogravimetric analyzer (TGA 1 Stare System analyzer, Mettler-Toledo
GmbH, Greifensee, Switzerland). Film samples, with a weight of 3–5 mg, were heated from
25 to 600 ◦C at a heating rate of 20 ◦C.min−1 under nitrogen atmosphere (10 mL/min).
For each thermal event, the initial (Tonset) and final (Tfinal) degradation temperatures,
temperature of maximum degradation rate (Tpeak), and the residual mass were determined
by analyzing the TGA curves and their first derivative thermogravimetry (DTG) curves.
The measurements were carried out in triplicate.

The phase transitions of the samples were investigated by differential scanning
calorimeter (DSC) according to the method described by Collazo-Bigliardi et al. [40] with
a DSC 1 Stare System analyzer (Mettler-Toledo GmbH) operating under a nitrogen atmo-
sphere (10 mL.min−1). Samples of about 5–6 mg were weighted in aluminum pans and
heated from 25 to 160 ◦C, cooled to 25 ◦C, and then heated (second heating step) to 160 ◦C
at 10 ◦C.min−1 using, in all cases, rates of 10 ◦C/min.

2.6. Statistical Analysis

The experimental data were submitted to multifactorial analysis of variance (ANOVA)
at a confidence level of 95% using Minitab Statistical Program (version 17). Tukey’s
studentized range (HSD) test, considering the least significant difference of 5%, was applied
to determine the influence of CMFs on the properties of the starch-based films.

3. Results
3.1. Morphological Characterization of CMFs

Figure 2 shows the FESEM micrographs of the untreated ground RS, the lignocellulosic
residue after the combined ultrasound-heating treatment, the bleached cellulose fibers, and
the resultant CMFs obtained after the milling step. It can be observed that the untreated
RS (Figure 2a) presented heterogeneous particle sizes, with a predominance of rod-like
shape, as seen in the magnified FESEM image. The RS particles showed mean sizes of
width and length in the 20–60 µm and 16–270 µm ranges, respectively. Prior to the RS fiber
extraction, the grinding step was applied to improve the effectiveness of the combined
ultrasound-heating method and the bleaching treatment. According to Chen et al. [2], RS
has a strong crystalline structure, making the extraction and purification of cellulose fibers
difficult. Likewise, RS presents a high proportion of non-fibrous cells, such as parenchyma,
epidermis, and vessel cells [41]. The traditional alkaline pre-treatment, which aims to
eliminate hemicellulose and lignin [42], was replaced by a more environmentally friendly
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aqueous treatment based on the application of ultrasound, followed by reflux heating.
Figure 2b reveals that the application of ultrasound and heating promoted a certain degree
of fibrillar plane de-bonding and distorted the RS particles, as previously reported [8]. The
acoustic cavitation produced by the ultrasound waves, combined with the thermal erosion
generated by reflux heating, promoted the disruption of the primary structure of RS and
improved the leaching out of non-cellulosic components from the cellulosic matrix [43–45].
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Figure 2. Field emission scanning electron microscope (FESEM) micrographs of untreated rice straw
(RS) (a), RS treated with combined ultrasound-heating method (b), bleached cellulose microfibers
(CMFs) before (c) and after (d) the milling step. Images were taken at 300× with insets at 2000×.

As shown in Figure 2c, the bleached cellulose fibers exhibited a swollen, rough, and
unregular appearance. The removal of non-fibrous components from the lignocellulosic
matrix, such as hemicellulose, lignin, and waxes, gave rise to an entangled material, as
observed by other authors [46]. The lignocellulosic matrix comprises cellulose fibrils
organized in fibers arranged in a longitudinal orientation and inserted in a cementing
matrix consisting of hemicellulose and lignin [2]. Thus, after removing the amorphous
components, the hydroxyl (-OH) groups of cellulose could establish extensive hydrogen
(-H) bonds among their chains, leading to a more compact and disordered arrangement [47].
This phenomenon can be observed in Figure 2c in the FESEM image taken at higher
magnification. Thereafter, the cellulose fibers were ground to break up the agglomerates
and obtain thinner CMFs (Figure 2d). Image analysis using both optical microscopy and
FESEM techniques served to determine the cumulative distributions of CMF lengths and
widths, respectively shown in Figure 3. Therefore, the mechanical defibrillation of the
cellulose fiber bundles was evident, which was considered to occur by detaching CMFs
into long fibrils with a major cumulative frequency of lengths below 200 µm (Figure 3a).
Likewise, there was a marked reduction in the CMF thickness, showing predominant
values between 5–15 µm. The magnified image of the ground material, shown in Figure 2d,
revealed that CMFs were isolated with a smooth surface pattern, confirming that the
milling step was an efficient method to disrupt the tangled microfiber arrangement. In this
regard, Jiang et al. [48] observed that mechanical defibrillation was effective at detaching
cellulose fibrils from RS treated with the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
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mediated oxidation method. The authors reported less uniform defibrillated particles, as
also detected herein in Figure 2d. In this sense, the micrographs suggested that, due to the
detachment of the fiber bundles into CMFs, the cellulosic material obtained could promote
an efficient force transferring from the microfibers to polymer matrices, such as TPS [49].

Figure 3. Cumulative distributions of cellulose microfiber (CMF) length (l) (a) and width (w) (b) obtained from image
analyses of optical microscopy and field emission scanning electron microscopy (FESEM), respectively. A minimum of
60 measurements for each parameter was performed.

3.2. Microstructure of the Films

Figure 4 shows the FESEM micrographs of the cross-sections of the TPS-based films
incorporating different CMF concentrations (1, 3, and 5 wt%) obtained by cryo-fracture and
their corresponding samples using DH-modified starch, that is, TPSDH. The TPS control
film samples revealed a smooth and homogeneous cross-section surface pattern, indicat-
ing a good starch thermoplasticization, as also reported by other authors for starch films
obtained in similar conditions [50,51]. In contrast, the TPSDH films exhibited remaining
starch granules, which suggests changes in the starch thermoplasticization behavior after
the DH treatment. In this context, Chandanasree et al. [31] reported that the treatment
of native starch by DH provokes partial damages in the semi-crystalline and crystalline
regions of the granules, which prevent the granule swelling and delays its gelatinization.
Furthermore, the DH treatment can oxidize and convert the -OH groups present in the
starch chains to carbonyl (C=O) and carboxyl (-COOH) groups, which alters the gelatiniza-
tion profile [52]. A progressive increase in the number of non-gelatinized starch granules
was also observed in the cross-sections of the films of non-modified starch when the CMF
concentration increased. However, this number increased in the samples prepared with
DH-modified starch.

The starch thermoplasticization occurs during heating, in the extruder or melt-mixing
equipment, in the presence of a plasticizer, such as glycerol, at high temperatures (130 ◦C)
and pressures [21]. The microstructural features of the microcomposite films revealed
that the CMF incorporation interfered the starch gelatinization with glycerol. This could
be explained by the competitive interaction of the plasticizer with both CMFs and starch
through -H intermolecular bonds with the cellulose chains, decreasing their availability and
subsequently provoking gelatinization of the granular structure of starch. This effect was
mainly observed in the TPSDH samples, where the thermal treatment involved changes in
its granular structure that already limits its gelatinization.
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Figure 4. Field emission scanning electron microscope (FESEM) micrographs of the fracture surfaces
of thermoplastic starch (TPS) and TPS modified by dry heating (TPSDH) films with contents of
cellulose microfibers (CMFs) of 1 wt% (TPS1, TPSDH1), 3 wt% (TPS3, TPSDH3), and 5 wt% (TPS5,
TPSDH5). Images were taken at 300× with insets at 2000×.

Figure 4, which shows the fracture surfaces of film samples, revealed that the CMFs
incorporated into the films exhibited good compatibility with both types of TPS matrices,
that is, non-modified and DH-modified starch. This observation can be deduced from the
good interfacial adhesion observed between the fibers and starch matrix due to the absence
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of gap between the fiber surface and the TPS matrix. Nevertheless, the film cryo-fracture
does not seem to promote the breakage of the fibers, but their separation from the matrix,
resulting in hollows that arise from the outgoing fiber during the fracture of the film
samples. Similar findings were observed by Collazo-Bigliardi et al. [40] and Kargarzadeh
et al. [28] in TPS films reinforced with CMFs from rice husk. The apparently good interfacial
adhesion properties of fibers in the starch matrices could derive from the obtaining process
of CMFs, without alkaline pre-treatment, which promoted the presence of exposed -OH
groups on the surface of the fibers [53], thus enhancing the -H bond interactions with the
-OH groups of starch.

3.3. Optical Properties: Color and Transparency

Film color and transparency are not only important factors in food packaging designs,
but also very useful for evaluating the filler-polymer matrix compatibility. Table 2 summa-
rizes the color coordinates in terms of L*, Cab*, and hab* as well as the total color difference
(∆E*) with respect to the neat TPS films without DH treatment and CMFs and the opacity
coefficient of the different films. Likewise, the Ti spectra of the different films are shown in
Figure 5. Both the CMF incorporation and starch DH modification significantly (p < 0.05)
affected the evaluated optical properties. Comparison of TPS and TPSDH films without
fibers permits to elucidate that DH gave rise to slightly darker films with more saturated,
that is, higher Cab* values, and a yellower color, which suggest that Maillard or sugar
caramelization reactions could occur during thermal treatment of native starch. Likewise,
as the CMF concentration increased, both TPS and TPSDH films exhibited a slight decrease
in their lightness (L*) while color saturation (Cab*) increased and hue tended to be more
yellowish. This was reflected on the ∆E* values, in which the color coordinates L*, a*, and
b* of the TPS control film were used as a reference. In the TPS films without DH treat-
ment, the ∆E* values attained after the incorporation of low contents of CMFs were below
1 indicating unnoticeable color changes, whereas only in the microcomposite with 5 wt%
CMFs, that is, TPS5, an unexperienced observer can already observe color differences
(2 ≤ ∆E* ≤ 3.5). In the TPSDH films, as opposite, the combined effect of dispersed phases,
that is, CMFs and non-gelatinized starch granules, and colored compounds formed during
thermal modification of starch [31,54], gave rise to higher color variations with respect to
the neat TPS films. Thus, the TPSDH and its microcomposite with the lowest CMF content
showed clear noticeable differences (3.5 ≤ ∆E* ≤ 5), whereas the samples with higher fiber
contents yielded films with a noticeable different color (∆E* ≥ 5).

Table 2. Optical properties in terms of lightness (L*), chroma (Cab*), hue angle (hab*), color difference (∆E*), and opacity
(O) of thermoplastic starch (TPS) and TPS modified by dry heating (TPSDH) films with different contents of cellulose
microfibers (CMFs).

Formulation L* Cab* hab* ∆E* O

TPS 88.5 ± 0.1 a,1 7.6 ± 0.1 f,2 92.6 ± 0.1 a,1 - 0.141 ± 0.001 b,2

TPS1 88.5 ± 0.1 a,3 7.5 ± 0.2 f,2 92.8 ± 0.1 a,1 0.07 ± 0.01 e 0.146 ± 0.009 b,2

TPS3 88.1 ± 0.2 b,5 8.2 ± 0.3 e,2 92.6 ± 0.2 a,1 0.70 ± 0.02 e 0.151 ± 0.005 ab,2

TPS5 87.6 ± 0.2 c,7 9.4 ± 0.3 d,2 91.5 ± 0.2 b,1 2.03 ± 0.01 d 0.140 ± 0.005 b,2

TPSDH 86.0 ± 0.1 d,2 11.9 ± 0.5 c,1 89.2 ± 0.2 cd,2 4.76 ± 0.05 c 0.163 ± 0.001 ab,1

TPSDH1 86.2 ± 0.2 d,4 11.3 ± 0.2 c,1 89.5 ± 0.3 c,2 4.64 ± 0.10 c 0.163 ± 0.006 ab,1

TPSDH3 85.4 ± 0.1 e,6 12.4 ± 0.2 b,1 88.9 ± 0.1 d,2 6.24 ± 0.01 b 0.171 ± 0.007 a,1

TPSDH5 84.5 ± 0.1 f,8 14.2 ± 0.2 a,1 88.8 ± 01 d,2 7.88 ± 0.15 a 0.156 ± 0.007 ab,1

Different subscript letters indicate significant differences between samples of the same group (TPS or TPSDH films). Different numbers
indicated significant differences between TPS and TPSDH samples with the same ratio of CMF (Tukey test, p < 0.05).
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The Ti spectra of the films within the wavelength range of 400–700 nm shown in
Figure 5 revealed that the TPSDH films without CMFs exhibited lower transparency that
the TPS films, with lower values of Ti, mainly at the lowest wavelength. This can be
explained by the presence of colored compounds, formed during the starch DH modi-
fication process and the presence of dispersed starch granules in the films, which were
non-completely gelatinized. These dispersed particles, having refractive indexes different
from that of the starch continuous phase, promoted light scattering and film opacity. In
both kinds of films, a slight and progressive decrease in light transmission was observed
as the CMF concentration increased. This result agrees with the observations reported by
other authors for CMF-containing TPS samples [36,55,56], where the filler incorporation
as dispersed phase also caused changes in the refractive index of the polymer matrix,
promoting light scattering and opacity in the films. Therefore, opacity increased due to the
presence of CMFs and the non-gelatinized starch granules. In particular, the opacity pa-
rameter, also included in Table 2, increased from 0.141 for the neat TPS film up to 0.171 for
the TPSDH3 film.

3.4. Equilibrium Moisture Content and Water Solubility

Table 3 shows the equilibrium moisture content and water solubility of the different
films prepared with TPS and TPSDH. One can observe that the DH treatment of starch
slightly promoted water sorption capacity and water solubility of the films. In this sense,
Lim et al. [57] reported that DH treatment of starch can damage its granular structure,
which culminates in the exposure of its -OH groups, promoting the ability to interact with
water molecules and water sorption capacity. Oh et al. [32] also reported an increase in
water solubility of rice starch modified with the DH treatment. Furthermore, the CMF
incorporation slightly decreased the water sorption capacity of both TPS and TPSDH
films, whereas it provided different effects on water solubility for each kind of starch film,
reducing solubility for the TPS films but increasing it in the case of the TPSDH films. The
small changes in the water sorption capacity provoked by CMFs can be explained in terms
of the lower water affinity of the fibers in comparison with TPS [58], reflected on their low
equilibrium water content (3%) at 53% RH [35]. In fact, the resulting water content of the
microcomposites could be deduced from the mass balance considering the equilibrium
water content of both starch matrix and fibers.
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Table 3. Moisture, water solubility, water vapor permeability (WVP), and oxygen permeability (OP) of thermoplastic starch
(TPS) and TPS modified by dry heating (TPSDH) films with different contents of cellulose microfibers (CMFs).

Formulation Moisture (%) Solubility
(g Soluble Film.100 g−1 Film)

WVP
(g.mm.kPa−1.h−1.m−2)

OP × 1014

(cm3.m−1.s−1.Pa−1)

TPS 7.7 ± 0.1 a,1 42 ± 2 a,2 6.3 ± 0.2 a,b,1 9.0 ± 0.3 a,1

TPS1 7.5 ± 0.1 a,1 28 ± 1 b,2 6.5 ± 0.1 a,1 9.2 ± 0.4 a,1

TPS3 7.7 ± 0.1 a,1 37 ± 4 ab,2 5.9 ± 0.2 b,1 6.3 ± 0.6 b,2

TPS5 7.1 ± 0.2 b,1 36 ± 5 ab,2 5.3 ± 0.3 c,1 6.4 ± 0.1 b,2

TPSDH 8.1 ± 0.1 a,2 55 ± 8 b,1 0.25 ± 0.01 a,2 8.7 ± 0.5 a,1

TPSDH1 7.9 ± 0.1 a,2 80 ± 8 a,1 0.33 ± 0.05 a,2 8.8 ± 0.4 a,1

TPSDH3 7.7 ± 0.1 b,1 73 ± 12 ab,1 0.31 ± 0.02 a,2 7.7 ± 0.4 a,1

TPSDH5 7.9 ± 0.1 a,2 57 ± 6 ab,1 0.31 ± 0.01 a,2 8.4 ± 0.1 a,1

Different subscript letters indicate significant differences between samples of the same group (TPS or TPSDH films). Different numbers
indicated significant differences between TPS and TPSDH samples with the same ratio of CMF (Tukey test, p < 0.05).

The different effect of the fibers on water solubility of TPS and TPSDH films can be
explained by the different interactions of CMFs with both starch matrices. The -OH groups
present in CMFs could interact with the hydrophilic groups in starch, making it unavailable
to interact with the water molecules [59]. This effect was evident for the water solubility
of the TPS films, which decreased significantly (p < 0.05) after the CMF incorporation, as
previously reported by other authors [56,60,61]. Furthermore, the lower water solubility
of these microcomposites due to the CMF presence could make starch less susceptible
to hydrolysis, though this property mainly depends on its structural characteristics and
modifications [62]. However, in the TPSDH films, the CMF incorporation promoted film
water solubility, except for the samples containing 5 wt% CMFs. This different effect
could be ascribed to a poorer integration and dispersion of the fibers in the starch matrix,
having lower adhesion forces at the interface and, thus, favoring water penetration through
the junction zones. The higher presence of non-gelatinized starch granules could also
contribute to the higher solubility in the TPSDH films since this dispersed phase can reduce
the cohesion forces of the matrix, which are related to the interchain bonds that depend on
their interfacial adhesion in the continuous matrix.

3.5. Barrier Properties to Water Vapor and Oxygen Gas

The values of WVP and OP of the TPS films are also shown in Table 3. The non-
modified starch films exhibited WVP values ranging from 5.3 to 6.3 g.mm/kPa·h·m2, close
to the range reported by other authors for corn starch films [34,40]. Films of TPS with
3 and 5 wt% CMFs exhibited slightly lower but still significant (p < 0.05) WVP values than
the neat TPS film, reaching percentages increases in the barrier performance of 6% and
15%, respectively. Since WVP of packaging materials is mainly affected by the solubility
coefficient in the polymer matrix and also, but to a lesser extent, by the vapor diffusion
rate [63], the permeability decrease attained in the film samples containing CMFs can be
ascribed to the chemical interaction by -H bonds of cellulose with hydrophilic groups of
the starch-glycerol matrix described above [4,49,64]. Other authors also reported a decrease
in WVP of TPS films from different sources incorporated with cellulosic fractions [61,65].
Furthermore, the CMF addition did not influence significantly (p > 0.05) the WVP values
of the TPSDH films, which already presented values remarkably lower (p < 0.05) than the
TPS samples. The latter lower permeability to water vapor of DH-modified starch can be
ascribed to the large presence of intact starch granules, previously observed in the FESEM
images, which would increase the tortuosity factor of the modified matrix, further limiting
the diffusion of water molecules through the films. Other authors also reported lower
values of VWP for DH-modified rice starch films [66].

As concerns the OP values, the incorporation of CMFs at contents of 3 and 5 wt%
promoted a significant (p < 0.05) OP decrease of approximately 30% with respect to the neat
TPS film. This barrier enhancement can be attributed to the increase of the tortuosity factor
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associated with the fiber distribution along the TPS matrix, with a good compatibility and
dispersion, which would limit the diffusion rate of oxygen molecules through the films.
Other studies have also reported a decrease in the OP of starch-based films with cellulosic
fractions [36,65], which are in agreement with the results reported herein. However, non-
significant differences (p > 0.05) in the OP values were observed for the TPSDH films
after fiber incorporation. These films exhibited significantly (p < 0.05) higher OP values
than TPS microcomposite films with 3 and 5 wt% CMFs and similar to those observed
for TPS films without and with 1 wt% CMFs. The lack of influence of the incorporated
fibers on the barrier properties (both WVP and OP) of the TPSDH films suggests that
the expected fiber promotion of the tortuosity factor is probably compensated by lower
adhesion forces between the fibers and biopolymer matrix that promoted mass transfer
through the union points. Moreover, the larger content of C=O and -COOH groups
produced by depolymerization of heat-treated starch chains could promoted the solubility
of oxygen molecules in the films, enhancing the transmission rate [67].

Therefore, incorporating CMFs from RS in TPS films represents an adequate strategy
to enhance the oxygen barrier capacity of the biopolymer films, being suitable to reduce or
modulate oxidation reactions in packaged foods. In contrast, a very low effect of CMFs
on the barrier properties of the DH-modified starch films was observed, though these
biopolymer films already exhibited a better water vapor barrier capacity (90% reduction of
WVP with respect to untreated TPS films).

3.6. Mechanical Properties

The mechanical properties of the films, namely EB, TS, and EM were determined
by tensile tests and are summarized in Table 4. Both TPS and TPSDH films exhibited
similar stiffness or elastic modulus, though the TPSDH films were slightly more rigid and
remarkably more resistant to break but also less extensible. The TPS control film had an
EB value of approximately 30%, in line with that observed by Hernández-García et al. [50]
for TPS films. Furthermore, the TPSDH film without fibers showed an EB value of 23%,
being lower than the neat TPS film. This mechanical embrittlement can be attributed to
the changes occurred in the starch chains, such as short-chain amyloses produced by heat-
induced hydrolysis of starch [54] or the increase in the content of C=O and -COOH groups
during the DH of starch [67]. Other authors [60,68] also suggested that the conversion of
native -OH groups to C=O and -COOH ones in oxidized starch may promote -H bonds
between amylose and amylopectin molecules, increasing the integrity of the biopolymer
matrix and improving the tensile resistance of the films.

Table 4. Mechanical properties in terms of elongation at break (EB%), tensile strength at break (TS),
and elastic modulus (EM) of thermoplastic starch (TPS) and TPS modified by dry heating (TPSDH)
films with different contents of cellulose microfibers (CMFs).

Formulation EB (%) TS (MPa) EM (MPa)

TPS 30 ± 4 a,1 3.4 ± 0.6 c,2 180 ± 50 c,1

TPS1 30 ± 7 a,1 4.2 ± 1.0 bc,2 140 ± 30 c,2

TPS3 14 ± 5 b,1 6.8 ± 1.2 a,2 550 ± 180 a,1

TPS5 18 ± 4 b,1 4.6 ± 0.9 b,2 300 ± 100 b,1

TPSDH 23 ± 4 a,2 6.4 ± 0.4 b,1 190 ± 30 f,1

TPSDH1 9 ± 3 bc,2 6.9 ± 0.5 b,1 320 ± 70 e,1

TPSDH3 5 ± 1 c,2 10.2 ± 1.5 a,1 590 ± 70 d,1

TPSDH5 10 ± 3 b,2 7.2 ± 1.2 b,1 290 ± 100 ef,1

Different subscript letters indicate significant differences between samples of the same group (TPS or TPSDH
films). Different numbers indicated significant differences between TPS and TPSDH samples with the same ratio
of CMF (Tukey test, p < 0.05).

The incorporation of CMFs at 3 wt% increased notably film stiffness in both kinds of
films, being this effect less noticeable at other ratios of fibers. Several studies have also
reported higher EM values of starch films containing cellulosic fractions from different
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sources [36,56,69]. In general, all the here-developed films became more resistant and less
stretchable as higher loading of CMFs were incorporated. Higher fiber contents, of 3 and
5 wt% CMFs, decreased the TPS film stretchability by about 50%, whereas a similar decrease
was observed for the TPSDH film with only 1 wt% CMFs. The lack of stretchability limits
the overall extensibility of the films without markedly reducing the resistance to break. As
shown in FESEM micrographs, CMFs were strongly bonded to the polymer matrix, which
restricted the movement of starch chains, decreasing their stretchability but also reinforcing
the TPS matrix [70]. The highest reinforcing effect was observed for the 3 wt% CMFs in
both TPS and TPSDH films. These films particularly exhibited the highest EM (about
550 and 590 MPa for TPS and TPSDH, respectively) and resistance to break (approximately
7 and 10 MPa for TPS and TPSDH, respectively), but also with reduced elongation capacity
(14 and 5% for TPS and TPSDH, respectively). In this regard, Fazeli et al. [65] also observed
a threshold concentration in cellulose nanofibers from henequen to reinforce starch films.

Therefore, the obtained results in tensile behavior of TPS and TPSDH films demon-
strated the reinforcing capacity of CMFs for starch films, which indicates good compatibility
and dispersion along the TPS matrix. However, contents higher than 3 wt% led to lower
mechanical performances, which can be attributed to a loss of cohesion forces or a lower
degree of dispersion and certain agglomeration of the fibers in the TPS matrix.

3.7. Thermal Properties

Figure 6 shows the TGA and first derivative (DTG) curves obtained for the TPS and
TPSDH films and their microcomposites films prepared with CMFs. Table 5 gathers the
thermal stability parameters, namely Tonset, Tfinal, and Tdeg as well as the mass loss at
Tdeg. One can observe that fiber incorporation did not notably influence the thermal
degradation properties of the TPS and TPSDH films. In particular, the TPS films showed
the main degradation event ranging at approximately 150–455 ◦C, corresponding to a
mass loss of nearly 80% with a Tdeg value of 341 ◦C. This event is associated with the
thermal decomposition of glycerol [71], starch [28,72], and CMFs. Figure 6a shows the
thermal decomposition profile of the CMF fractions, showing the previously reported
mass loss steps [35]: evaporation of bonded water (30–140 ◦C), cellulose and hemicellulose
decomposition (177–350 ◦C) and lignin degradation (350–500 ◦C). The second thermal
degradation step is referred as the “active pyrolysis zone” since the mass loss rate is high,
whereas the third one 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 [73].
In relation to the degradation profile of the TPS films, the sample containing 5 wt% CMFs
exhibited slightly higher mass loss from 180 to 280 ◦C, which can be attributed to the
thermal degradation of the cellulose fractions, more noticeable due to its high content.
However, this TPS5 sample was more stable than the other TPS films in the thermal range
of 280–310 ◦C (see Figure 6a,c), suggesting that the CMF incorporation delayed the thermal
degradation of the shortest chains of starch produced during its thermo-processing [74].

Regarding the TPSDH films, these samples exhibited a slight initial mass loss (3–5%)
in the thermal range from approximately 50 to 150 ◦C, which is ascribed to evaporation of
water adsorbed in the inner regions of the non-gelatinized starch granules and it may also
derive from thermal decomposition of low-molecular weight (MW) components produced
during the DH treatment [54]. This mass loss can be observed in Figure 6b, where the
mass loss curves of the TPS and TPSDH films were compared. As shown in Table 4 and
also Figure 6d, TPSDH films exhibited slightly higher Tdeg values than the TPS films. This
thermal stability enhancement may be attributed to the presence of C=O and -COOH
groups produced by the heat treatment of starch that allows for more -H bonds between
the polymer chains [68]. Furthermore, the non-gelatinized starch granules, with more
crystalline regions, could also contribute to the resultant thermal behavior. In the TPSDH
films, the concentration increases in CMFs also implied a slight increase in the thermal
stability, which could be due to the increasing presence of starch granules in the matrix.

60



Appl. Sci. 2021, 11, 8433

Appl. Sci. 2021, 11, 8433 15 of 20 
 

Table 5. Onset, final, and peak temperatures (Tonset, Tfinal, and Tdeg), and mass loss at Tdeg (∆m%) 
obtained from thermogravimetric analysis (TGA) and glass transition temperature (Tg) obtained 
from differential scanning calorimetry (DSC) for thermoplastic starch (TPS) and TPS modified by 
dry heating (TPSDH) films with different contents of cellulose microfibers (CMFs). 

TGA DSC 
Formulation Tonset (°C) Tfinal (°C) Tpeak (°C) ∆m (%) Tg 

TPS 156 ± 1 455 ± 3 341 ± 1 80.7 ± 1.0 92 ± 4 
TPS1 153 + 1 456 ± 1 343 ± 1 81.3 ± 0.7 86 ± 1 
TPS3 152 ± 4 453 ± 1 342 ± 1 82 ± 1.0 85 ± 6 
TPS5 154 ± 1 452 ± 3 343 ± 1 79.2 ± 0.2 82 ± 9 

TPSDH 179 ± 2 455 ± 1 345 ± 1 80 ± 1 106 ± 1 
TPSDH1 183 ± 1 454 ± 2 346 ± 2 78 ± 2 79 ± 2 
TPSDH3 181 ± 1 449 ± 2 347 ± 1 80 ± 1 - 
TPSDH5 182 ± 1 450 ± 1 349 ± 3 79 ± 3 124 ± 4 

Regarding the TPSDH films, these samples exhibited a slight initial mass loss (3–5%) 
in the thermal range from approximately 50 to 150 °C, which is ascribed to evaporation of 
water adsorbed in the inner regions of the non-gelatinized starch granules and it may also 
derive from thermal decomposition of low-molecular weight (MW) components produced 
during the DH treatment [54]. This mass loss can be observed in Figure 6b, where the mass 
loss curves of the TPS and TPSDH films were compared. As shown in Table 4 and also 
Figure 6d, TPSDH films exhibited slightly higher Tdeg values than the TPS films. This ther-
mal stability enhancement may be attributed to the presence of C=O and −COOH groups 
produced by the heat treatment of starch that allows for more −H bonds between the pol-
ymer chains [68]. Furthermore, the non-gelatinized starch granules, with more crystalline 
regions, could also contribute to the resultant thermal behavior. In the TPSDH films, the 
concentration increases in CMFs also implied a slight increase in the thermal stability, 
which could be due to the increasing presence of starch granules in the matrix. 

 
Figure 6. Thermogravimetric analysis (TGA) curves (a,b) and first derivative (DTG) curves (c,d) curves of thermoplastic
starch (TPS) and TPS modified by dry heating (TPSDH) films with different contents of cellulose microfibers (CMFs).

Table 5. Onset, final, and peak temperatures (Tonset, Tfinal, and Tdeg), and mass loss at Tdeg (∆m%)
obtained from thermogravimetric analysis (TGA) and glass transition temperature (Tg) obtained
from differential scanning calorimetry (DSC) for thermoplastic starch (TPS) and TPS modified by dry
heating (TPSDH) films with different contents of cellulose microfibers (CMFs).

TGA DSC

Formulation Tonset (◦C) Tfinal (◦C) Tpeak (◦C) ∆m (%) Tg

TPS 156 ± 1 455 ± 3 341 ± 1 80.7 ± 1.0 92 ± 4
TPS1 153 + 1 456 ± 1 343 ± 1 81.3 ± 0.7 86 ± 1
TPS3 152 ± 4 453 ± 1 342 ± 1 82 ± 1.0 85 ± 6
TPS5 154 ± 1 452 ± 3 343 ± 1 79.2 ± 0.2 82 ± 9

TPSDH 179 ± 2 455 ± 1 345 ± 1 80 ± 1 106 ± 1
TPSDH1 183 ± 1 454 ± 2 346 ± 2 78 ± 2 79 ± 2
TPSDH3 181 ± 1 449 ± 2 347 ± 1 80 ± 1 -
TPSDH5 182 ± 1 450 ± 1 349 ± 3 79 ± 3 124 ± 4

Finally, DSC analysis was also performed to evaluate the effect of the starch modifica-
tion by DH and CMF incorporation on the thermal phase transitions of starch. The first
heating scans, gathered in Figure 7, showed the typical endotherm of starch gelatinization
associating peak temperatures in the 55–110 ◦C range for the film samples of TPSDH and
TPS with the highest CMF loadings (TPS3 and TPS5). This agrees with the above-reported
FESEM observations that revealed the presence of non-gelatinized starch granules in the
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starch matrix. It can also be observed that the gelatinization enthalpy increased with the
CMF ratio due to the aforementioned higher presence of starch granules in the films. In the
second heating scan, the TPS films also exhibited the glass transition (Tg) of the already
gelatinized starch, being this transition less appreciable, that is, having a lower change in
specific heat (∆Cp) for TPSDH samples. The Tg values (midpoint) of the TPSDH sample
was slightly higher than that of TPS, which is coherent with the stronger interactions
promoted in the matrix when starch was DH modified. This result also agrees with the
more resistance but less ductile behavior of the films attained during the mechanical char-
acterization. As expected, the addition of CMFs did not induce notable changes in the
starch’s Tg, when compared with the corresponding control sample, since the fibers are
not miscible with starch. The small variations of Tg in the TPS composites with CMFs can
be attributed to potential interactions between fibers or their remaining water contents
and plasticizer that could modify the plasticization level of starch [31]. In this context,
Collazo-Bigliardi et al. [40] found similar results for corn starch films filled with fibers
derived from rice husk.
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4. Conclusions

CMFs with good reinforcing capacity for starch films were obtained from RS, a waste
material derived from the agricultural and food industry, using a green process and
mechanical defibrillation. Fibrils with a major cumulative frequency of lengths below
200 µm and 5–15 µm of thickness were obtained. Incorporation of CMFs into starch
matrices at 3 wt%, the most optimal content, led to stiffer and more resistance to break
films for both non-modified and DH-modified corn starch films. Likewise, fibers at 3 and
5 wt% improved the oxygen and water vapor barrier capacity of TPS films but did not
modify barrier properties of TPSDH films. Fibers interfered starch gelatinization during the
starch–glycerol thermo-processing, more markedly in DH-modified starch with modified
granular structure, giving rise to non-gelatinized starch granules into the film matrix. The
dispersed phase (starch granules or fibers) also modified the optical properties of the TPS
films, making them slightly less transparent. Therefore, it can be concluded that RS is a
good source of CMFs that can be used to improve properties of starch films with different
purposes, such as their use as food packaging material. This contributes to the valorization
of the agricultural and food waste into added-value materials, useful for improving the
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performance of biodegradable food packaging materials. Likewise, this study further
confirms that the DH process of starch represents a green physical method to enhance the
water barrier capacity and tensile strength of starch films. Future studies will deal with
the hydrolysis resistance of these microcomposite films and their practical application as
packaging materials in food preservation.
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Featured Application: In the present work, green-composites have been developed from a
partially biobased epoxy resin reinforced with flaxseed flour wastes. The attractive aesthetic
appearance, similar to wood, and the balanced overall properties of the obtained composites may
be interesting for use in sectors such as decoration, furniture or automotive industry.

Abstract: In the present work, green-composites from a partially biobased epoxy resin (BioEP)
reinforced with lignocellulosic particles, obtained from flax industry by-products or wastes, have been
manufactured by casting. In this study, the flaxseed has been crushed by two different mechanical
milling processes to achieve different particle sizes, namely coarse size (CFF), and fine size (FFF)
particle flaxseed flour, with a particle size ranging between 100–220 µm and 40–140 µm respectively.
Subsequently, different loadings of each particle size (10, 20, 30, and 40 wt%) were mixed with
the BioEP resin and poured into a mold and subjected to a curing cycle to obtain solid samples
for mechanical, thermal, water absorption, and morphological characterization. The main aim of
this research was to study the effect of the particle size and its content on the overall properties
of composites with BioEP. The results show that the best mechanical properties were obtained for
composites with a low reinforcement content (10 wt%) and with the finest particle size (FFF) due to a
better dispersion into the matrix, and a better polymer-particle interaction too. This also resulted in a
lower water absorption capacity due to the presence of fewer voids in the developed composites.
Therefore, this study shows the feasibility of using flax wastes from the seeds as a filler in highly
environmentally friendly composites with a wood-like appearance with potential use in furniture or
automotive sectors.

Keywords: Flax seed; biobased epoxy; green-composite; waste valorization; size particle

1. Introduction

During the last years, there has been a significant increase in social concern for the environmental
problem generated by petrochemical polymeric materials [1–3]. For this reason, one of the main
objectives of the scientific community is the research and development of new highly environmentally
friendly materials which could be suitable to replace petroleum-based polymers to reduce their
carbon footprint [4]. Many of these researches focus on the field of polymer composites reinforced
with lignocellulosic particles giving rise to the so-called wood plastic composites (WPC). A series of
advantages make the use of lignocellulosic reinforcements very attractive for their use as reinforcement,
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such as their low cost, low density, non-abrasive properties, non-toxic, biodegradable, and their
environmentally friendly nature [5,6]. Besides, the lignocellulosic particles usually provide an aesthetic
wood-like surface finish, which makes them very interesting for use in sectors where aesthetics is
an essential factor, such as the furniture or automotive sectors. Furthermore, WPCs have several
advantages over wood, such as low maintenance, high dimensional stability, and high resistance to
biological attack [7,8]. There are many research works that have focused on the effect of different
types of lignocellulosic particles on the properties of both thermoplastic and thermoset matrices. For
example, interesting works have been developed with rice husks [9–11], peanut shells [7,12,13], almond
shells [14–16], hazelnut shells [17,18], date palm seeds [19], lemon peel [20], Posidonia oceanica [21,22],
olive stones [23], among others. Most of these lignocellulosic particles come from agricultural
by-products or wastes that are currently used for animal feeding and just left on controlled landfills.
Therefore, the use of these wastes, widely available as a source of fillers for composite materials,
can be a new economic opportunity for the agricultural sector and thereby contributing to generate
sustainable circular economies [24–26].

Flax (Linum usitatissimum L.) is a worldwide cultivated plant, mainly for obtaining fibers and
oil-rich seeds [27]. It is estimated that the world production of flaxseed, also known as linseed, was
approximately 3.2 million tons during 2018 [28]. Traditionally flaxseeds have been used as an oil
source, due to its high triglyceride content (between 30 and 41 wt%), for use in paints and coatings,
linoleum, inks, varnishes, cosmetics, soap production, among others [29,30]. However, over the
past few years, the flaxseed oil has also gained popularity as a nutritional supplement due to its
high content of α-linolenic acid (ALA), an omega-3 fatty acid beneficial in preventing cardiovascular
disease or hypertension [31]. In addition, many studies have shown that flaxseed oil has a positive
effect on diseases such as hyperlipidaemia, colon and breast cancer, or atherosclerosis [32]. The main
by-product generated during oil extraction is flaxseed cake, which is the solid mass left after the seeds
are pressed during the oil extraction process. For this reason, flaxseed cake is widely available and,
a cost-effective and environmentally friendly material to be used in composites [33]. The flaxseed
cake is rich in cyanogenic glycosides, which may be degraded to toxic hydrogen cyanide (HCN)
upon ingestion and may represent a risk to human health if used in food applications without prior
detoxification treatment [31]. For this reason, currently, a part of this by-product is spray-dried to
obtain flour (flaxseed flour), which is used as a low-value by-product for obtaining livestock feed
or fertilizers [34,35]. In other cases, this waste is used for composting or simply incinerated [36].
Therefore, the flaxseed flour can potentially be a candidate for use in composites.

Furthermore, a significant part of the plastic matrices used in WPCs is thermoplastic
petroleum-derived polymers such as polypropylene (PP), polyethylene (PE), polystyrene (PS),
polyvinylchloride (PVC), among others. However, there has been a tendency in recent years to replace
these matrices by biobased and biodegradable (actually soil compostable) polymers such as polylactic
acid (PLA) or polyhydroxyalkanoates (PHA) [37], to achieve fully biodegradable WPCs. Natural fiber
reinforced plastics (NFRP) represent a wider group that includes WPCs and thermosetting-based
composites, as well. For thermosetting resins, this trend is focused on the use of fully or partially
biobased resins [38–42]. With this, it is possible to reduce the dependence on fossil fuels. Besides
this, these fully/partially thermosetting resins, positively contribute to reducing the carbon footprint
generated by their petrochemical counterparts such as phenolics (PF), epoxies (EP), or unsaturated
polyesters (UP). A promising source for biobased epoxy resins and plasticizers are epoxidized vegetable
oils, which are obtained by epoxidizing the C-C double bonds of unsaturated fatty acids contained in
triglycerides, the main component of vegetable oils [43–45]. However, due to the long aliphatic chains
in the triglycerides and their low cross-linking density, epoxy resins obtained from vegetable oils tend
to have low glass transition temperatures (Tg) and lower mechanical properties than traditional epoxy
resins [46]. Therefore, to obtain environmentally friendly materials with balanced mechanical and
thermal properties, one of the most efficient approaches is copolymerization of epoxidized vegetable
oils with petroleum-derived epoxy resins, thus giving rise to a partially biobased epoxy resin with
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high mechanical properties [47]. Niedermann et al. [48] investigated the effect of the epoxidized
soybean oil (ESO) content (0, 25, 50, 75, and 100 wt%) on bisphenol-A based aromatic epoxy resin
(DGEBA). The results showed a decrease in Tg as the ESO content increased but indicated that Tg of the
DGEBA/ESO system (75/25) was very similar (138 ◦C) to the base DGEBA resin (140 ◦C). Obviously, this
was remarkably higher than the Tg of neat crosslinked ESO (75 ◦C). Similar trends were also observed
for mechanical properties such as tensile strength and impact energy, where the addition of 25 wt% ESO
decreased the mechanical properties of DGEBA resin but made them more resistant than ESO resin.
Regarding the manufacturing of materials with these cast resins, Wu et al. [49] reported impregnation
bamboo with epoxy with previous delignification processes to obtain almost transparent bamboo
goods. Salasinska et al. [50], reported new environmentally friendly composites with epoxy resins and
Pinus sibirica lignocellulosic fillers at a constant wt% of 20%. These composites were manufactured at a
laboratory scale by mixing the components and finally, a conventional cast method was used to pour
the liquid mixture into a mold. Casting is the most widely used method to manufacture composites
with thermosetting resins and lignocellulosic particles. Kumar et al. [51] reported manufacturing by
casting and characterization of epoxy composites with up to 12.5 wt% wood particles. Centrifugal
casting is a way to obtain gradation of the filler due to centrifugal forces as reported by Stabik et al. [52].
They report that as well as the particle gradation occurs, gradation of properties occurs too which could
be interesting from different standpoints (decorative, percolation thresholds in some parts, and so on.

The main objective of the present work was to obtain green composites from a partially biobased
epoxy resin reinforced with flaxseed flour waste using the casting method. Specifically, the effect
of particle size and the content of flaxseed flour on the mechanical, morphological, thermal, and
water absorption properties of the bioepoxy/flaxseed flour composites, has been investigated. In
the present work, four compositions (10, 20, 30, and 40 wt%) and two-particle sizes (CFF and FFF)
were investigated.

2. Materials and Methods

2.1. Materials

The matrix material used in this study was a commercial epoxy resin Resoltech® 1070 ECO
(viscosity of 1750 mPa s and a density of 1.18 g cm−3 at 23 ◦C). The hardener was an amine-based
system Resoltech® 1074 ECO (viscosity of 50 mPa s and density of 0.96 g cm−3 at 23 ◦C). Both were
supplied by Castro Composites (Pontevedra, Spain). The epoxy resin was based on a mixture of a
diglycidyl ether of bisphenol A (DGEBA) and a plant-based epoxy reactive diluent from vegetable oil
epoxidation. The resin to hardener weight ratio was 100:35 (parts by weight), and as indicated by the
supplier the cured resin contained 31 wt% biobased content (according to ASTM D6866-12).

Flaxseed (FS) used in this work was supplied by Sorribas S.A. (Polinyà, Spain). The raw FS
was crushed in a grinder (Moulinex, Allençon, France) to obtain flaxseed flour (FF) with an average
particle size of 157 µm (CFF–coarse flaxseed flour). Then, a part of the obtained CFF was ground
using an ultra-centrifugal mill from Retsch Gmbh model Mill ZM 1000 (Haan, Germany) with a sieve
of 250 µm and a rotating speed of 10,000 rpm, obtaining FF with an average particle size of 91 µm
(FFF—fine flaxseed flour). Figure 1 shows an image of the raw FS and the obtained FF after each of the
grinding processes.
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2.2. BioEP/FF Composites’ Manufacturing

Different contents (10, 20, 30, and 40 wt%) of CFF and FFF were added to the liquid epoxy resin
Resoltech® 1070 ECO and were mixed at room temperature in a planetary mixer KAPL 5KPM5 from
KitchenAid (Benton Harbor, MI, USA) with a total volume of 4.8 L. First, the FF was added to the
mixer with the biobased resin and was subjected to initial homogenization at 40 rpm for 5 min. Then,
Resoltech® 1074 ECO hardener was added in the stoichiometric ratio (100:35 wt/wt) to the BioEP/FF
mixture and subjected to a second mixing cycle at 60 rpm for 2.5 min. After this two-stage mixing
cycle, the resin was subjected to vacuum to remove air bubbles in a vacuum chamber MCP 00ILC
from HEK-GmbH (Lubeck, Germany) for 5 min. A maximum vacuum of −1 bar was applied. The
resulting resin-filler mixture was poured into a silicone mold designed with standardized cavities for
mechanical characterization and then subjected to a curing cycle in an oven at 80 ◦C for 1 h. Cured
samples were post-cured at 150 ◦C for 30 min. The optimal curing and post-curing conditions of the
partially biobased epoxy resin were selected according to a previous study [53]. Finally, cured samples
were demolded from the silicone molds and used for different characterizations.

The nomenclature of the samples is denoted with the acronym BioEP_iCFF for samples with FF
obtained by a simple grinding process, and BioEP_iFFF for samples reinforced with FF obtained by
using an ultra-centrifugal mill, where i represents the filler content (10, 20, 30 and 40 wt%).

2.3. BioEP/FF Composites’ Characterization

2.3.1. Mechanical Properties

Flexural properties of BioEP resin and BioEP/FF composites were obtained at room temperature
in a universal test machine Ibertest ELIB 30 (S.A.E. Ibertest, Madrid, Spain) equipped with a 5 kN load
cell following the guidelines of the ISO 178. Rectangular samples with dimensions 80 × 40 × 4 mm3

were subjected to a three-point bending flexural test with a crosshead speed of 5 mm min−1. At least
five specimens of each composition were tested, and characteristic average values were calculated.

Impact-absorbed energy of different samples was obtained in a 1-J Charpy’s impact pendulum
from Metrotec S.A. (San Sebastián, Spain) as indicated in ISO 179:1993. The values of the
impact-absorbed energy of each sample were calculated as the average of the energies obtained
for five different specimens.

Shore D hardness values of BioEP resin and BioEP/FF composites were obtained with a Shore
D hardness durometer model 676-D from J. Bot Instruments S.A. (Barcelona, Spain) according to
ISO 868. At least five different measurements were taken at room temperature, and average values
were calculated.
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2.3.2. Thermal Properties

Thermal stability at elevated temperatures of BioEP and BioEP/FF composites was studied
by thermogravimetric analysis (TGA) using a TGA/SDT 851 thermobalance from Mettler-Toledo
Inc. (Schwerzenbach, Switzerland). Samples with an average weight ranging from 7 to 9 mg were
heated from 30 to 700 ◦C at a constant heating rate of 10 ◦C min−1. All samples were tested in
triplicate in a nitrogen atmosphere with a constant nitrogen flow rate of 66 mL min−1. The onset
degradation temperature (T0) was assumed at a weight loss of 5 wt%, and the maximum degradation
rate temperature (Tmax) was obtained as the corresponding peak in the first derivative from TGA
curves (DTG).

2.3.3. Thermo-Mechanical Properties

Dynamic mechanical thermal analysis (DMTA) of BioEP and BioEP/FF composites was carried
out in torsion mode in an oscillatory rheometer AR G2 by TA Instruments (New Castle, DE, USA)
equipped with a special clamp system for solid samples working in a combination of torsion and shear.
Rectangular samples (40 × 10 × 4 mm3) were subjected to a temperature sweep program from 30 ◦C to
140 ◦C at a constant heating rate of 2 ◦C min−1. The frequency of the dynamic stress was set to 1 Hz,
and a maximum shear strain (γ) of 0.1% was used in all tests. The evolution of the storage modulus
(G’) and the dynamic damping factor (tan δ) were recorded as a function of increasing temperature.

The effect of temperature on the dimensional stability of BioEP/FF composites was studied by
thermomechanical analysis (TMA) using a Q400 TMA analyzer from TA Instruments (New Castle,
DE, USA). Samples with dimensions of 4 × 10 × 10 mm3 were subjected to a heating ramp from 0 ◦C
to 140 ◦C, at a constant heating rate of 2 ◦C min−1, with an applied load of 20 mN. The coefficient of
linear thermal expansion (CLTE) was calculated as the slope of the linear relationship between the
expansion and temperature, both below and above Tg. All measurements were done in triplicate to
obtain reliable values.

2.3.4. Morphological Properties

The morphology of fractured surfaces from an impact test of BioEP resin, different BioEP/FF
composites, and flaxseed flour particles was observed using a field emission scanning electron
microscope (FESEM) ZEISS model ULTRA55 (Eindhoven, The Netherlands) working at an acceleration
voltage of 2 kV. Before the morphological characterization, all samples were surface coated with a
thin layer of platinum in a high vacuum sputter coater EM MED20 from Leica Microsystems (Milton
Keynes, UK) to provide electrical conductivity to samples.

2.3.5. Water Uptake

Water absorption of samples was carried out in triplicate by immersion of samples
(80 × 10 × 4 mm3) in distilled water at room temperature following ISO 62:2008. Samples were
extracted at different times and appropriately weighed using an analytical balance with an accuracy
of ± 0.001 g, after removing the residual water with a dry cloth. Before the initial water immersion,
samples were dried at 60 ◦C for 24 h to remove residual moisture. Water absorption percentage was
calculated by using the following expression:

Water uptake (%) =
(Wt −W0)

W0
× 100 (1)
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where Wt is the dry weight of the sample after the corresponding time t, and W0 is the initial weight of
the sample before water immersion. The evolution of water uptake was followed in a total period of
12 weeks.

The diffusion coefficient (D) for all samples was calculated by the application of the first Fick’s
law using the following equation [54]:

D = π

[
mh
4

]2
(2)

where m is a slope value, that can be calculated from the plot of Wt/Ws (dry weight after the
corresponding time/saturation weight of the sample) versus t1/2, and h stands for the initial thickness
of the sample.

The previous equation for the calculation of D is only valid for a one-dimensional shape. To
obtain the accurately corrected diffusion coefficient (Dc) for three-dimensional shapes, the Stefan
approximation was applied, which assumes that the diffusion rates are the same for all directions [18]:

Dc = D
[
1 +

h
L
+

h
w

]−2

(3)

where L and w are the length and width of each sample, respectively.

2.3.6. Color Properties

The influence of the FF content and size in the color of BioEP/FF composites were studied in a
colorimeter model KONICA CM-3600d Colorflex-DIFF2 from Hunter Associates Laboratory (Virginia,
EEUU). The CIELab color scale was used to measure the degree of L* (lightness), a* (color coordinate
from red to green) and b* (color coordinate from yellow to blue). The total color difference (∆E) was
calculated using the following equation:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (4)

where ∆L*, ∆a*, and ∆b* are the differences between the corresponding color parameter of the composites
and the color parameter values of the reference material, i.e., BioEP matrix. Measurements were done
in triplicate.

3. Results and Discussion

3.1. Morphology of FF Particles

Figure 2 shows the FESEM images of the flax flour powder, as well as the particle size distribution
after each grinding process. Figure 2 includes representative images of each particle size at different
magnifications while the particle size distribution plots were obtained by taking at least 50 measurements
on different FESEM images corresponding to each particle size, namely fine (F) or coarse (C), using the
software analysis included in the FESEM microscope. The following parameters were obtained (area,
angle, and length), and the histogram plots included the length.

As can be seen in the FESEM images at lower magnifications (Figure 2a,d), coarse particles
obtained by simple grinding (CFF) as well as fine flax flour particles with smaller dimensions (FFF),
tend to form aggregates due to their high hydrophilicity. Quantitatively we can see from the size
distribution made by measuring randomly chosen particles (Figure 2c,f), that CFF offers a particle size
of 100–220 µm with an average particle size around 157 µm and remarkably higher particle content
in the 140–160 µm range. On the other hand, FFF particle distribution shows that their size changes
in the 40–140 µm range with smaller average particle size, of about 91 µm, and the most abundant
content of particles is in the range of 80–100 µm. Therefore, it is evident that with the grinding of FF by
ultra-centrifugation, finer particle sizes were obtained, which resulted in a better filler dispersion in the
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matrix, as well as improved polymer-filler interactions, with a positive effect on the general properties
of the developed composites.
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Figure 2. Field emission scanning electron microscope (FESEM) images corresponding to (a) CFF at
100× with a scale marker of 100 µm; (b) CFF at 500× with a scale marker of 20 µm; (c) particle size
histogram of CFF; (d) FFF at 100×with a scale marker of 100 µm; (e) FFF at 500×with a scale marker of
20 µm; (f) particle size histogram of FFF.

The grinding process has a relevant effect on both particle aggregate and geometry. Despite this,
these differences can be seen in Figure 2 since in general, both CFF and FFF particles had an irregular
morphology with a rough surface and the presence of granular fractures (typical morphology of hard
lignocellulosic particles after being subjected to crushing processes [54–56]). Figure 3 shows in a more
detailed way the above-mentioned effects. Figure 3a shows the morphology of directly ground flax
particles after the cold press process. One can see these particles show very irregular shapes. Moreover,
it is possible to find particles with high size and very small particles. This is because no particle size
separation has been carried out after this grinding process which led to coarse flax flour (CFF). In
addition, aggregate formation is evident (in fact, the adhesive carbon tape cannot be seen).

Regarding fine flax flour (FFF), as shown in Figure 3b, it is evident that the shape is more likely
spherical, the particle size range is narrower, and the aggregation phenomenon is less pronounced.
The sieving process after ultra-centrifugation gives more homogeneity on the obtained morphologies
and less aggregation.
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3.2. Mechanical Properties

Table 1 shows the mechanical behavior of unfilled BioEP resin and BioEP/FF composites reinforced
with different contents of CFF and FFF. Regarding the flexural properties, it can be seen that FF addition
to the BioEP matrix results in a significant decrease in flexural strength compared to the unfilled BioEP
resin. This decrease is much more pronounced as the FF content (both CFF and FFF) increases. As
expected, the lowest flexural strength is obtained in composites reinforced with 40 wt% of CFF and FFF,
obtaining a flexural strength of 22.5 and 22.9 MPa, respectively, which represents a decrease of 76.4%
and 75.9% in comparison to the flexural strength of the unfilled BioEP resin (95.2 MPa). This decrease
in flexural strength is due to the lack of adhesion between the lignocellulosic filler and the surrounding
matrix, which causes stress concentration phenomena that promote breakage [20]. Another issue
with a high influence on the mechanical properties of composites is the filler aspect ratio. High filler
aspect ratios (above 6) result in a better stress transfer from the matrix to the filler/reinforcement, thus
improving their mechanical properties. However, this stresses transfer is poorer in the case of low
aspect ratio filler, such as the FF used, with an aspect ratio comprised between 1–2 [57]. If the two types
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FF, i.e., coarse and fine FF (CFF and FFF, respectively) are compared, it can be seen that the flexural
strength is always lower for all composites containing CFF. This is because the bigger particle size
causes a larger weak interfacial area between the BioEP resin and the reinforcement, i.e., it decreases
the adhesion between the hydrophobic matrix and the hydrophilic reinforcement which generates
an increase in the stress concentration phenomena that negatively affect the mechanical properties of
composites [58]. The biggest difference in flexural strength between composites with CFF and FFF is
obtained for samples with 10 wt% of FF. For this composition, the flexural strength was 24.2% higher
for FFF-reinforced composite compared to CFF-reinforced composite.

Table 1. Summary of the main mechanical properties of BioEP and BioEP/FF composites reinforced
with different content of coarse (CFF) and fine (FFF) flaxseed flour particles obtained by flexural, impact,
and hardness tests.

Code
Flexural Properties Impact Energy

(kJ m−2)
Hardness
(Shore D)FS (MPa) Ef (MPa)

BioEP 95.2 ± 3.4 2985 ± 115 21.8 ± 3.4 83.2 ± 1.0
BioEP_10CFF 40.4 ± 1.3 2840 ± 242 2.7 ± 0.9 83.3 ± 0.6
BioEP_20CFF 31.5 ± 0.5 2878 ± 86 2.6 ± 0.6 82.3 ± 1.0
BioEP_30CFF 28.0 ± 2.0 2930 ± 93 2.4 ± 0.2 82.2 ± 1.0
BioEP_40CFF 22.5 ± 0.8 2290 ± 127 2.2 ± 0.3 81.0 ± 1.0
BioEP_10FFF 50.2 ± 1.4 3579 ± 53 3.6 ± 0.5 83.3 ± 1.0
BioEP_20FFF 38.7 ± 7.0 2975 ± 84 3.4 ± 0.1 83.7 ± 0.5
BioEP_30FFF 31.8 ± 1.5 2696 ± 20 2.7 ± 0.4 83.0 ± 1.1
BioEP_40FFF 22.9 ± 2.4 2108 ± 204 2.4 ± 0.2 81.6 ± 0.8

Regarding the flexural modulus, different trends can be observed for each of the fillers. The
flexural modulus of CFF-reinforced composites is hardly affected by 10, 20, and 30 wt% filler and
the modulus values are similar to those obtained for BioEP resin (2840–2985 MPa). However, the
flexural modulus of the composite reinforced with 40 wt% CFF decreases significantly to 2290 MPa,
representing a decrease of 23.3% compared to the unfilled BioEP resin. This is directly related to an
embrittlement process which is much more evident at higher filler loadings. It is important to bear in
mind that the flexural modulus is directly related to the supported stress and inversely related to the
flexural deformation. BioEP is intrinsically brittle, therefore, the change in the flexural deflection before
fracture is very low. This is even reduced in BioEP/FF composites, but the most important parameter is
a clear decrease of the flexural strength from 95.2 MPa down to 22.9 MPa. For this reason, at 40 wt%
CFF, the modulus decreases in a remarkable way since the flexural stress is remarkably reduced while
the elongation is almost identical to neat BioEP, which is an intrinsically brittle material.

In the case of FFF-reinforced composites, the addition of 10 wt% FFF to the BioEP matrix
significantly increases the flexural modulus from 2985 MPa (unreinforced BioEP) resin up to 3579 MPa,
which is a % increase of nearly 20%. This increase in the flexural modulus compared to the 10 wt%
CFF reinforced composite may be due to the better dispersion of fine particles into the matrix and
improved polymer-particle interaction due to its smaller size, which results in comparatively higher
flexural strength values, and consequently higher modulus and stiffness. It should be noted that the
sample reinforced with 10 wt% FFF has similar and even higher flexural mechanical properties than
those obtained in commercial WPCs currently used in furniture applications [59,60]. For higher FFF
contents, it is observed that the flexural modulus decreases as the reinforcement content increases,
obtaining the lowest modulus for the sample reinforced with 40 wt% FFF, 2108 MPa, which shows the
same behavior above-mentioned.

Regarding the impact energy (Charpy test), it can be seen in Table 1, that the incorporation of
both CFF and FFF in the BioEP resin results in a remarkable decrease in impact-absorbed energy from
21.8 kJ m−2 corresponding to the unfilled BioEP resin to values around 3 kJ m−2 for FF reinforced
composites. This behavior is typical of polymeric composites filled with lignocellulosic particles due
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to the lack of (or very poor) interfacial adhesion between the reinforcement and the matrix, which
gives rise to stress concentration points, promoting the formation of microcracks at the interface when
impact conditions are applied that easily induce crack propagation, thus decreasing their impact
resistance [61,62]. Impact energy absorption is also influenced by the filler content in the matrix. As
can be seen, the impact energy absorption becomes lower as the reinforcement content increases,
obtaining the lowest impact-absorbed energy for composites reinforced with 40 wt% CFF and FFF,
with an impact energy of 2.2 and 2.4 kJ m−2 respectively, which represents a decrease of nearly 90% in
both cases with respect to the BioEP resin. This decrease in impact energy with the higher filler content
is due to the greater lack of interaction between the filler and the matrix, which results in a higher void
content, thus increasing the stress concentration phenomena. Particle size is another factor affecting the
impact of energy absorption. When comparing the composites, the energy absorption values for the
different percentages of reinforcement are slightly lower in the case of CFF-reinforced composites. This
is because the coarse particles have less dispersion in the matrix as well as a larger surface area that
leaves a greater amount of surface-exposed between the filler and the matrix, negatively affecting the
mechanical properties [63]. It is worthy to note that the better results regarding mechanical properties,
obtained with FFF were expected as the morphology of FFF is rounded (almost spherical in most
cases) while CFF show very irregular shapes with angular geometries that contribute to micro crack
formation and subsequent growth.

Regarding the Shore D hardness, it can be seen in Table 1 that the incorporation of the FF filler
into the BioEP matrix hardly affects hardness. Only a slight decrease is seen in samples reinforced
with 40 wt% CFF and FFF, in which a hardness of 81.0 and 81.6 Shore D, respectively, was obtained,
which means a decrease of 2.6% and 1.9%, respectively, in comparison to the BioEP resin hardness
(83.2 Shore D). The slight decrease in hardness in composites reinforced with a high amount of FF
may be due to the lower lignocellulosic reinforcement hardness compared to the thermosetting matrix
used [58]. By considering these mechanical properties, it seems that composites with 10 wt% FFF offer
the best-balanced properties. Despite this, other compositions must not be discarded as they offer
a higher biobased content and wood-like surface finish. Obviously, these high wt% FF composites
would not be suitable for technical applications since there brittle and with low tensile strength, but
they can find interesting applications in the decorative sector and leather goods (buckles, buttons,
among others).

3.3. Thermal Properties

The thermal stability at high temperatures of FF, BioEP resin, and different BioEP/FF composites
was obtained by thermogravimetric analysis (TGA). The temperature effect on the mass of each sample
is shown in Table 2, while Figure 4 shows the corresponding TGA and DTG curves for FF, BioEP resin
and BioEP/FF with varying CFF and FFF content from 10 to 40 wt%.

Table 2. Thermal parameters of BioEP and BioEP/FF composites reinforced with different contents of
coarse (CFF) and fine (FFF) flaxseed flour, obtained by thermogravimetry (TGA).

Code T0
1 (◦C) Tmax (◦C) wt% Residual Mass

BioEP 306.0 ± 2.1 327.5 ± 1.7 8.5 ± 0.3
BioEP_10CFF 292.7 ± 2.8 322.2 ± 2.5 12.9 ± 0.4
BioEP_20CFF 273.7 ± 1.9 322.2 ± 1.9 13.5 ± 0.5
BioEP_30CFF 268.0 ± 3.1 322.0 ± 2.5 15.0 ± 0.6
BioEP_40CFF 249.2 ± 2.0 323.2 ± 1.4 18.7 ± 0.6
BioEP_10FFF 279.2 ± 1.0 322.2 ± 1.8 10.1 ± 0.5
BioEP_20FFF 270.1 ± 2.4 323.0 ± 3.2 12.7 ± 0.4
BioEP_30FFF 264.0 ± 1.6 321.1 ± 1.8 15.7 ± 0.3
BioEP_40FFF 244.2 ± 2.2 319.0 ± 2.1 20.3 ± 0.4

1T0, calculated at 5% mass loss.
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As shown in Figure 4a, the FF showed four typical degradation stages of lignocellulosic materials.
In the first stage, produced at 50–150 ◦C, the moisture contained in the material evaporated, which
was reflected by a mass loss of around 2.3 wt% [64]. In the second stage thermal depolymerization of
hemicelluloses took place in the temperature range from 150 to 375 ◦C with a weight loss of about
41.4% [65]. In the third stage, which was located at 375–450 ◦C, cellulose degradation occurred, this
stage being observed by a weight loss of 18.9% [61]. Finally, the lignin degradation was detected,
which begins at around 250 ◦C, but due to its complex structure, it degraded more slowly, producing
a progressive weight loss up to 500 ◦C. Its decomposition being overlapped with that of other
compounds [14]. As shown in the TGA graph, the residual mass of FF was high, which can be due to
its high mineral content [66]. On the other hand, as can be seen in Table 2, the thermal degradation
of the BioEP resin occurred in a single step, starting its degradation (T0) around 306 ◦C and with a
maximum degradation temperature (Tmax) of 327.5 ◦C. Regarding BioEP/FF composites degradation,
it can be seen that the FF filler addition to the matrix results in a slight decrease of the composites’
thermal stability, which is reflected by a T0 decrease.

This is due to the low thermal stability of the lignocellulosic reinforcement, whose degradation
onset temperature begins around 234 ◦C, which affects the overall thermal stability of composites
negatively. Besides, the increased filler content in composites results in a reduced weight fraction of the
BioEP resin, causing a more significant decrease in T0 as the filler content increases [20]. Comparing the
two types of composites obtained according to the filler size, it can be seen that the thermal stability was
slightly lower, i.e., lower T0, for composites with different FFF contents. This lower thermal stability
was more evident for composites with 10 wt% FFF, where a decrease in T0 of 27 ◦C compared to the T0

of the BioEP resin can be observed, while this decrease is only 13 ◦C for the same composite containing
10 wt% CFF. By observing the DTG curves (Figure 4b) it can be seen that the thermal degradation
of BioEP/FF composites takes place in two stages. These stages were more evident in the reinforced
samples with high filler contents (40 wt%). In the first stage, BioEP resin was thermally degraded
along with the low molecular weight components of FF such as hemicelluloses, while in the second
stage the thermal degradation of cellulose and lignin occurred. For this reason, this stage was more
evident in composites with high filler content. Regarding the maximum degradation temperature
(Tmax), obtained from the peak of the first degradation stage of the DTG curves, it can be seen that
the incorporation of the reinforcement into the BioEP matrix slightly decreases this temperature (it
almost remains constant). In this case, the Tmax of composites did not vary significantly with the
particle size or content, obtaining a Tmax of around 322 ◦C for all developed composites, except
for the composite reinforced with 40 wt% of FFF, which has a Tmax slightly lower of about 319 ◦C.
Therefore, after thermogravimetric analysis, the results suggest that as the lignocellulosic reinforcement
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content increases, the thermal stability of the composites decreases, while the residual mass at high
temperatures (700 ◦C) increases. Nevertheless, the overall thermal stability of these composites is not
compromised by incorporating FF in both coarse and fine particle size.

3.4. Morphological Properties

The particle dispersion and its interaction with the matrix are two of the main aspects that
influence the composite’s mechanical properties. To study these phenomena, a morphological study
was carried out using FESEM on impact fractured surfaces of BioEP resin and BioEP/FF composites
filled with 10 wt% and 40 wt% CFF and FFF. Figure 5a shows the BioEP resin fracture surface, which is
characterized by a smooth surface with the presence of cleavage planes characteristic of a brittle fracture.Appl. Sci. 2020, 10, 3688 12 of 22 
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After the addition of 10 wt% of both CFF and FFF filler (Figure 5b,d), it can be seen that the
fracture surface acquires a noticeable roughness, and small holes appear randomly located on the
surface, which corresponds to the particles pulled out after the impact test. These voids/holes are
representative of poor adhesion between the polymeric matrix and the lignocellulosic filler, which
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results, as above-mentioned, in low stresses transfer from the matrix to the filler, thus negatively
affecting the overall mechanical properties of the obtained composites. Comparing the two types of
composites reinforced with 10 wt% FF, it can be seen that fine particles (FFF) reinforced composites, a
better particle dispersion in the matrix is achieved due to the smaller particle size, which is reflected
in the absence of aggregates in the fracture surface. Such aggregates are observed on the fracture
surface of the coarse particles (CFF) reinforced composites, as the larger particle size promotes their
aggregation. The higher lack of adhesion between these aggregates and the matrix due to the increase
of the exposed surface area intensifies the stress concentration phenomena that negatively affects
the mechanical properties, as it has been evidenced by a lower impact energy absorption and lower
flexural strength than the composite reinforced with 10 wt% FFF. Higher filler contents (Figure 5c,e)
lead to an increase in the fracture surface roughness with the presence of particles embedded in the
matrix. An increase in the size of the voids/holes was also observed, possibly because the higher filler
content promoted aggregate formation. This increase in the void size results in reduced interfacial
adhesion between the reinforcement and the matrix for composites reinforced with high FF contents,
which is reflected in poor mechanical properties. Comparing both composites reinforced with 40 wt%
of FF, the presence of large aggregates in the CFF reinforced sample can be seen more clearly, while in
the FFF reinforced sample, the dispersion of particles was more homogeneous. Therefore, the increase
of the filler content in the matrix results in a significant decrease in ductile and resistant mechanical
properties, as shown by the evolution of impact energy absorption and flexural strength, due to a
reduction in interfacial adhesion between filler and matrix by a decrease in the resin’s ability to fully
embed the particles. This also occurs with coarse particles (CFF), which have a higher surface area,
exposing more surface area to weak bonding with the matrix, resulting in lower flexural strength and
higher water absorption capacity.

3.5. Thermo-Mechanical Properties

Figure 6 shows the evolution of the storage modulus (G’) and the dynamic damping factor (tan δ)
as a function of the temperature of BioEP resin and BioEP composites reinforced with 10 wt% and
40 wt% of CFF and FFF. On the other hand, Table 3 shows the storage modulus at 40 ◦C and 110 ◦C, as
well as the glass transition temperature (Tg), obtained from the peak maximum of the tan δ curve for
all considered composites.
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and BioEP/FF composites reinforced with CFF (10 and 40 wt%) and FFF (10 and 40 wt%): (a) storage
modulus (G’), and (b) dynamic damping factor (tan δ).
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Table 3. Values of dynamic mechanical, thermal analysis (DMTA), and thermomechanical analysis
(TMA) of BioEP and BioEP composites reinforced with different CFF and FFF content.

Code
DMTA TMA

G′ at 40 ◦C
(MPa)

G′ at 110 ◦C
(MPa) Tg (◦C) CLTE below Tg

(µm m−1 K−1)
CLTE above Tg
(µm m−1 K−1)

BioEP 981 ± 25 6.3 ± 0.3 91.8 ± 2.1 0.356 ± 0.008 0.565 ± 0.005
BioEP_10CFF 1015 ±36 10.4 ± 0.2 90.8 ± 2.7 0.395 ± 0.015 0.938 ± 0.005
BioEP_20CFF 1041 ± 58 12.5 ± 0.3 90.7 ± 1.7 0.385 ± 0.002 0.621 ± 0.005
BioEP_30CFF 1091 ± 49 18.4 ± 0.9 89.8 ± 2.5 0.570 ± 0.006 0.813 ± 0.005
BioEP_40CFF 826 ± 30 18.5 ± 0.8 90.2 ± 2.5 0.404 ± 0.010 0.727 ± 0.007
BioEP_10FFF 1147 ± 13 10.4 ± 0.2 89.8 ± 2.1 0.529 ± 0.013 0.824 ± 0.003
BioEP_20FFF 1064 ± 52 11.5 ± 0.3 89.1 ± 1.8 0.380 ± 0.009 0.687 ± 0.006
BioEP_30FFF 935 ± 40 14.1 ± 0.4 89.2 ± 1.6 0.436 ± 0.007 0.635 ± 0.002
BioEP_40FFF 878 ± 24 16.3 ± 0.4 89.9 ± 2.2 0.554 ± 0.002 0.770 ± 0.001

The storage modulus (G’) (Figure 6a) shows different behavior depending on the filler content. As
shown in Table 3, the addition of a lignocellulosic filler into the BioEP resin hardly affects the storage
modulus at low temperatures (40 ◦C), resulting in very similar G’ values to the unfilled BioEP resin.
However, at high temperatures (110 ◦C), it can be seen more clearly how the filler content leads to
an increase in G’. As observed in Figure 6a, G’ increases as the filler content increases, resulting in
more rigid materials as the FF content increases. This is because the particles give rise to a high degree
of mechanical restriction since they act as interlock points that reduce the mobility of the polymeric
3D-thermosetting net and their deformation ability. This phenomenon is much more pronounced at
high temperatures when the chain motion or vibration is greater [22,61]. Comparing the composites
according to the type of reinforcement, it can be seen that the reinforced composites with coarse
particles (CFF) have a higher modulus at high temperatures, thus showing their higher capacity to
maintain the mechanical load with recoverable viscoelastic deformation at high temperatures compared
to the FFF-reinforced composites [56]. Figure 6b shows the dynamic damping factor (tan δ) evolution
regarding temperature. As can be seen, the BioEP resin curve has the highest value of tan δ; however,
this value decreases as the FF content in the matrix increases.

This decrease is due to the attenuation that the addition of the filler stiff domains causes in the
resin since filler particles act as a steric hindrance [56]. As shown in Table 3, the Tg of the BioEP
resin, obtained from the peak maximum of the dynamic damping factor, is around 92 ◦C. After the
addition of the lignocellulosic filler, the Tg remains almost constant, with slight changes due to the
restriction that the rigid particles randomly dispersed in the epoxy matrix cause [51]. Comparing both
composites, it can be seen that the Tg decrease is slightly higher for FFF-reinforced composites, with a
Tg of around 89 ◦C for all of them, on the other hand, it can be seen that Tg obtained for CFF-reinforced
composites is about 90 ◦C. This slight difference in Tg between the two composites may be because
the smaller size of the particles and the greater dispersion of them in the matrix results in greater
interaction between the filler and the matrix and, therefore, the mobility of the polymer chains in these
regions are more restricted [67]. Despite this hypothesis, the changes in Tg are so slight that it is not
possible to hypothesize a remarkable effect of the filler on Tg. In addition, it is worthy to note that FF
has been obtained after cold-pressing flaxseed and some residual oil could be present in the flour, thus
explaining this slight decrease in Tg [68].

To analyze the dimensional stability of the obtained composites, the coefficient of linear thermal
expansion (CLTE) was determined by thermomechanical analysis (TMA). Table 3 shows the CLTE of
BioEP resin and FF-reinforced BioEP composites obtained from the slope of the thermal expansion
curves in the rubbery (above Tg) and glassy (below Tg) regions. As shown in Table 3, the BioEP resin
shows a low CLTE, both below and above the Tg, characteristic of thermosetting resins, which usually
exhibit excellent dimensional stability [69]. As can be seen, the CLTE is lower for all the samples
obtained at temperatures below Tg. This is due to the lower mobility of the polymeric chains in
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the glassy state, which results in low values of linear expansion [70]. Concerning CLTE below Tg, it
was observed that the addition of FF filler to BioEP resin increased its value, which evidenced lower
dimensional stability of composites with respect to BioEP resin; nevertheless, the dimensional stability
of these composites was not compromised since the CLTE values obtained for all composites were
still very low. In Table 3, it can be seen how the CLTE values below Tg in the developed composites
did not show any clear trend regarding the filler content. This was also observed for CLTE above Tg,
where there was an increase in this value after the addition of FF filler into the BioEP resin, but there
was no trend with respect to the filler content used in the matrix. In this case, it can be seen how the
lowest dimensional stability of the developed composites was obtained for composites filled with
10 wt% for both types of filler size, CFF and FFF, with CLTE values of 0.938 and 0.824 µm m−1 K−1

respectively. Despite this slight increase, the dimensional stability of the developed composites was
very high compared to conventional WPCs with CLTE values higher than 50 µm m−1 K−1 [71–73].

3.6. Water Uptake Properties

Figure 7 shows the evolution of the water absorption over time for BioEP resin and BioEP/FF
composites filled with 10 wt% and 40 wt% of CFF and FFF. The water diffusion in the wood plastic
composites is based on three different mechanisms, the first one involves the water molecules diffusion
inside the micro-voids of the polymeric chains, the second mechanism is based on the water absorption
by capillarity inside the voids and defects present at the matrix-filler interface, finally, the third
mechanism involves the transport through the micro cracks that appear from the swelling of the fillers,
namely, the swelling of the reinforcement produced by the contact with the water gives rise to the
appearance of microcracks in the fragile thermosetting resin, which facilitates its penetration in the
interface between the filler and the matrix [74]. As can be seen in Figure 7, the addition of FF into
the BioEP resin significantly increased its water absorption capacity, which rose as the reinforcement
content in the matrix increased. This could be due to two possible reasons, one of them is to the
hydrophilic nature of the lignocellulosic filler, since cellulose and hemicellulose contain hydroxyl (-OH)
groups in their structure that can easily interact with water molecules through hydrogen bonding,
thus allowing a path for water entering [61,75]. The other reason is the presence of small voids, pores
and microcracks in the internal structure due to the lack of interfacial interaction between the filler
and matrix and to the filler swelling. that facilitates the water accumulation in the composite by
capillarity [24,76]. By observing the water absorption curves of BioEP/FF composites, two stages can
be clearly differentiated. We can see an initial stage with rapid water absorption, followed by a second
stage where the curve stabilized into an asymptotic value, thus indicating saturation. Therefore, the
water absorption of BioEP/FF composites followed Fickian’s diffusion behavior. However, at low
immersion times, Figure 7a, it can be seen how the weight gain in the curves of the composites stops
being gradual and a rapid increase in weight appears between 10 and 12 h of immersion in all of them.
This can be due to the appearance of deformations or damage to the matrix for that immersion time,
such as the appearance of microcracks due to the swelling of the filler or the fiber/matrix debonding [77].
As shown in Table 4, the water saturation of composites increases as the filler content does. In this
case, it can be seen how the water saturation of composites reinforced with 10 wt% of FF (both CFF
and FFF) reaches values of 4.8 wt%. Obviously, composites with 40 wt% of FF water saturation are
located at about 12.5 wt%, which means an increase in water absorption compared to neat BioEP resin
of 114.3% and 458% respectively. A comparison of the two types of composites obtained shows that
CFF-reinforced composites have a slightly higher water absorption compared to their FFF counterparts.
This may be due to the larger particle size of the CFF filler, which results in less interaction with the
matrix, producing a higher number of voids within the structure of composites. These voids allow
the accumulation of water at the interface between the particle and the matrix thus increasing the
absorption capacity of the composites [78]. In addition, the increased contact between FF particles
as their size and content in the matrix increases contributes to water absorption by capillarity due to
the creation of a percolating path through the filler network [79]. It should be noted that the water
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absorption of FF waste is lower than that obtained from other agroforestry waste that has been used in
similar amounts as reinforcements in thermosetting polymeric matrices, such as peanut shells [63]
or palm kernel shell [80]. As can be seen in Figure 7, there are some slight differences between the
sort-term behavior (first 24 h, Figure 7a) and the long-term behavior (90 days immersion, Figure 7b).
Despite this visual difference, it is worthy to note the scale. For the short-term graph, some specimens
do not follow the expected behavior (e.g., BioEP/CFF 10 wt%), but the changes in the water absorption
are very low, of about 0.2–0.3 wt%, which could be even included in the measurement error. In addition,
this initial stage (24 h), is very sensitive to the surface, i.e., the presence of particles not fully embedded
and directly exposed to water, which could cause these slight changes. The stationary water absorption
after 90 days, represents the actual water uptake behavior as all these initial phenomena disappear,
and this agrees with the expected behavior in terms of particle size and loading.Appl. Sci. 2020, 10, 3688 16 of 22 
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Table 4. Values of water saturation (Ws), diffusion coefficient (D) and the corrected diffusion coefficient
(Dc) for BioEP resin and BioEP composites reinforced with different CFF and FFF content.

Code Ws (wt%) D × 10−9 (cm2 s−1) Dc × 10−9 (cm2 s−1)

BioEP 2.2 ± 0.0 0.72 ± 0.90 0.36 ± 0.42
BioEP_10CFF 4.9 ± 0.1 1.51 ± 0.40 4.99 ± 2.03
BioEP_20CFF 7.5 ± 0.1 2.07 ± 0.06 6.84 ± 2.9
BioEP_30CFF 8.4 ± 0.2 3.35 ± 0.10 11.1 ± 2.5
BioEP_40CFF 12.7 ± 0.1 4.27 ± 0.05 14.2 ± 0.9
BioEP_10FFF 4.6 ± 0.1 1.38 ± 0.01 4.56 ± 0.2
BioEP_20FFF 6.5 ± 0.1 2.23 ± 0.05 7.37 ± 0.6
BioEP_30FFF 7.7 ± 0.1 2.39 ± 0.04 7.9 ± 0.8
BioEP_40FFF 12.4 ± 0.1 3.39 ± 0.05 11.2 ± 0.9

Table 4 shows the values of the saturation by weight (Ws), as well as the diffusion coefficient (D)
and the corrected diffusion coefficient (Dc) of BioEP resin and the obtained BioEP/FF composites. The
diffusion coefficient is one of the most important parameters of the Fick’s model, which is related to the
initial diffusion of water molecules into the matrix surface by entering through external micro-voids
towards the internal structure of the composites [81]. As can be seen, the BioEP resin is characterized by
a Ws of 2.2 wt%, a D of 0.72 × 10−9 cm2 s−1, and a Dc of 0.36 × 10−9 cm2 s−1. After the incorporation of
the highly hydrophilic lignocellulosic residue, it is observed, as expected, that D and Dc increase as the
CFF and FFF content does, following the behavior shown by other composites reinforced with natural
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fillers [18,82,83]. Therefore, it can be concluded that the increase in the amount of lignocellulosic filler
increases the ability of water molecules to enter through the composite. Comparing both composites
(with CFF and FFF), it can be seen how CFF-filled materials tend to have a higher diffusion coefficient
than FFF-filled composites, mainly due to the larger particle size and the more significant presence of
voids in the internal structure of the composite due to the lack of matrix-filler interaction [84].

3.7. Color Properties

Figure 8 shows the resulting visual aspect of BioEP resin and BioEP/FF composites filled with
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Table 5 gathers the color parameters for the BioEP resin and BioEP/FF composites. As can be
seen in Figure 8, BioEP/FF composites obtained by casting show dimensional uniformity as well as a
uniform and defect-free surface appearance. This situation is even more evident in composites with
FFF. As can be seen, the unfilled BioEP resin sample has some degree of transparency, which is reflected
by the low a* and b* values. After the addition of the FF filler, composites become brown due to the
natural color of the lignocellulosic filler (see Figure 1), which produces an increase in the values in the
a* and b* coordinates (Table 5). As it can be seen in Figure 8, and quantitatively analyzed by the CIElab
coordinates, the color of composites filled with FF is very similar in all of them except that with 10 wt%
of FFF, which presents a lighter brown color, obtaining a lower ∆E with respect to the BioEP than the
rest of the composites. Comparing both types of composites according to the filler size (CFF or FFF), it
can be seen how the surface appearance of FFF-filled composites is much more homogeneous than
CFF-filled composites. In the case of CFF-reinforced composites, random whitish spots are present
on the surface, which may be due to the formation of large filler aggregates, which negatively affect
both aesthetics and mechanical properties. The brown wood color acquired by the samples after the
filler incorporation, and the excellent surface appearance acquired mainly in the samples reinforced
with FFF can be attractive from the aesthetic point of view for applications in sectors such as furniture,
construction, or automotive [85,86].
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Table 5. Color parameters from the CIELab space of BioEP resin and BioEP composites reinforced with
different CFF and FFF content.

Code L* a* b* ∆E

BioEP 39.50 −0.48 1.60 -
BioEP_10CFF 39.51 8.97 19.02 19.82
BioEP_20CFF 40.77 9.51 19.36 20.42
BioEP_30CFF 40.93 9.59 19.54 20.62
BioEP_40CFF 41.48 9.68 19.83 20.97
BioEP_10FFF 35.82 9.61 15.80 17.80
BioEP_20FFF 36.27 9.52 16.83 18.50
BioEP_30FFF 37.77 9.44 17.11 18.49
BioEP_40FFF 39.55 9.63 18.42 19.62

4. Conclusions

The main objective of the present work was to evaluate the influence of FF particle size, i.e.,
coarse (CFF) and fine (FFF), and the filler content (10, 20, 30 and 40 wt%) on the mechanical, thermal,
water uptake and morphological properties of composites of a partially biobased epoxy (BioEP) resin
processed by casting. The addition of this lignocellulosic filler into the BioEP matrix resulted in a
decrease in flexural strength and impact absorption energy with increasing filler content. This is
because of the lack of (or very poor) polymer matrix-particle filler interactions. However, this decrease
is lower for composites with finer particles, due to their better dispersion and better interaction with
the matrix. In this work, it has been observed that the composite filled with 10 wt% of FFF presents
a flexural strength and impact energy absorption 24.2% and 33.3% higher than its counterpart with
CFF. Particle size has also a high influence on water absorption. It has been observed that composites
with fine particles (FFF) filler offer less water absorption due to the presence of fewer voids in their
structure as a result of better dispersion and fewer aggregates. In the case of CFF-filled composites, the
larger size increases the lack of adhesion with the matrix generating voids and aggregates that allow
the water entering, thus leading to a higher water absorption and diffusion coefficient.

Therefore, the present work has revealed that the finer filler particle size results in better mechanical
and water absorption properties in these natural fiber reinforced plastics (NFRPs). Besides, a partially
biobased, high environmentally friendly material can be obtained. On one hand, the partial biobased
epoxy content (31 wt%) can be increased up to almost 70 wt% renewable origin in composites
with 40 wt% FF (both CFF or FFF). In addition, this work has revealed an alternative to upgrading
wastes from the flaxseed industry. The developed BioEP/FF composites offer an attractive wood-like
aesthetic appearance, and therefore, they can be used in sectors such as decoration, furniture, or the
automotive industry.

Once the particle size and the amount of FF have been optimized to obtain more balanced
mechanical, thermal and water absorption properties in the BioEP/FF composite, further studies
will focus on the use of highly reactive coupling agents, i.e., silanes such as (3-glycidyloxypropyl)
trimethoxy silane and (3-aminopropyl) trimethoxy silane, to provide increased interaction between
the epoxy matrix and the embedded FF particles. All these steps, including an industrial scalation
and cost study will assess the viability of these materials to contribute to the circular economy in the
flax industry.
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Featured Application: Green composite pieces of polylactide (PLA) containing 20 wt% of coffee
waste derived filler can be applied for rigid packaging, such as food trays and containers, beverage
cups, and food contact disposables, such as cutlery and plates.

Abstract: Coffee husk, a major lignocellulosic waste derived from the coffee industry, was first ground
into flour of fine particles of approximately 90 µm and then torrefied at 250 ◦C to make it more
thermally stable and compatible with biopolymers. The resultant torrefied coffee husk flour (TCHF)
was thereafter melt-compounded with polylactide (PLA) in contents from 20 to 50 wt% and the
extruded green composite pellets were shaped by injection molding into pieces and characterized.
Although the incorporation of TCHF reduced the ductility and toughness of PLA, filler contents of
20 wt% successfully yielded pieces with balanced mechanical properties in both tensile and flexural
conditions and improved hardness. Contents of up to 30 wt% of TCHF also induced a nucleating effect
that favored the formation of crystals of PLA, whereas the thermal degradation of the biopolyester
was delayed by more than 7 ◦C. Furthermore, the PLA/TCHF pieces showed higher thermomechanical
resistance and their softening point increased up to nearly 60 ◦C. Therefore, highly sustainable pieces
were developed through the valorization of large amounts of coffee waste subjected to torrefaction.
In the Circular Bioeconomy framework, these novel green composites can be used in the design of
compostable rigid packaging and food contact disposables.

Keywords: PLA; coffee husk; torrefaction; green composites; waste valorization; Circular Bioeconomy

1. Introduction

Valorization of food processing by-products and agricultural waste is acquiring increasing
importance due to the high interest in the development of novel sustainable materials as part of
the Circular Bioeconomy framework [1,2]. Agro-food wastes, such as flax fibers [3,4], rice husk [5],
jute fibers [6,7], almond husk [8,9], walnut husk [10], orange peel [11], coconut fibers [12] or sisal
fibers [13], represent examples of recently explored fillers to be incorporated into biopolymer
matrices. The resultant green composites can successfully show technological advantages over
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conventional petroleum derived polymer composites, including cost reduction, lower density, no toxicity,
balanced mechanical properties and, more importantly, lower environmental impact [14,15]. However,
natural fillers also have some disadvantages, such as lower thermal stability and higher moisture
absorption [15,16]. Therefore, the optimal amount of filler content for a given polymer matrix and
the specific target application must be carefully determined. In addition, different compatibilization
strategies, such as fillers modifications and/or the use of multi-functional additives, can be used [17].

Coffee is considered by many to be the most popular hot beverage in the world, being consumed for
its refreshing and stimulating properties. It is the most consumed drink after water and tea, the second
largest traded commodity after petroleum, and probably the most essential agricultural commodity [18].
Coffee beans are one of the most important tropical products, being cultivated primarily in the
“the coffee belt” area between 25◦ N and 25◦ S latitude [19]. Brazil, Vietnam, Indonesia, Colombia,
and India are the global leaders in production of green coffee beans. Annual production of coffee
increased from 140 to 152 million bags of 60 kg in 2010 [20]. However, the ‘fruit-to-cup’ transformation
of coffee beans generates huge quantities of by-products and wastes, such as leaf, flower, cherry as
well as coffee silver skin (CSS), coffee husks, and spent coffee ground (SCG) [21,22]. In particular,
approximately 68 kg of green coffee waste are produced per 100 kg of fresh coffee, in which 50 and
18 kg correspond to coffee pulp and husk, respectively [23]. The CSS, which is the main by-product
of the roasting process, includes dietary fiber (50–60 wt%) protein (16–19 wt%), fat (1.56–3.28 wt%),
and ash (7 wt%) [24]. The main current value-adding applications include biofuel [25] or energy
purposes [26], fertilizer production [27], dietary fiber [28], and bioactive compound extraction [29].
However, animal feeding is limited by the presence of caffeine and tannins, phenolic compounds that
show anti-nutritional properties [30]. Furthermore, chlorogenic acid is phytotoxic when used as a
plant fertilizer [31]. Therefore, the valorization of coffee by-products is a technological challenge and
new added value applications are pursued.

In a Circular Bioeconomy context, the use of coffee husk in the form of flour as possible reinforcing
filler in polymer composites can represent a sustainable method of valorization [32]. Some previous
studies have incorporated different fillers derived from by-products of the coffee industry into
biopolymer materials. Some examples include the production of biodegradable compounds for food
packaging applications using poly(butylene adipate-co-terephthalate) (PBAT) and coffee grounds [33],
the reinforcement of high-density polyethylene (HDPE) by coffee hull (CH) [34] or sustainable
composites of polypropylene (PP) and ground coffee powder for use as wood plastic composites
(WPCs) [35]. However, given the origin of such solid residue, the typical content of total carbohydrates
(58–85 wt%) and moisture (up to 15 wt%) in coffee husk is high, with reported contents of cellulose,
hemi-cellulose, and lignin of 43, 7, and 9 wt% on a dry basis, respectively [36]. Although such levels
are low or at most similar to other lignocellulosic residues [37], this fact limits its application for
polymer composites. In this regard, torrefaction of biomass can represent a novel strategy to not only
enhance its performance for renewable energy applications in terms of grindability, higher calorific
value, long-term storage, and handling, but also improve its affinity with polymer matrices [38].
Torrefaction is a mild form of pyrolysis performed at temperatures ranging from 200 to 300 ◦C under
atmospheric pressure and in the absence of oxygen [39]. During this thermochemical treatment, the
water contained in cellulose, hemicellulose, and lignin, as well as superfluous volatiles, are released,
typically around 20 wt%, resulting in a relatively dry product that reduces or eliminates its potential
for organic decomposition and is also more hydrophobic [40].

Among the biopolymers, polylactide (PLA) currently has a key position in the bioplastic market for
both technical and commodity products [41]. PLA is a thermoplastic biopolyester that can be obtained
from natural and renewable sources such as cornstarch or cassava and its articles can be compostable
in industrial conditions [42]. It is mainly used in compostable food packaging and disposables,
biomedical devices and, more recently, 3D printing applications [43–45]. In this study, coffee husk
flour (CHF) was first torrefied and then incorporated into PLA by twin-screw extrusion (TSE) and the
resultant compounded pellets were shaped into pieces by injection molding. Different torrefied coffee
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husk flour (TCHF) contents were incorporated into PLA and the mechanical and thermal properties
were determined to analyze the influence of the coffee waste derived lignocellulosic filler on the final
performance of the green composite pieces and ascertain their potential for sustainable packaging
and disposables.

2. Materials and Methods

2.1. Materials

PLA biopolymer commercial grade Ingeo™ 3001D was supplied in pellet form by NatureWorks
LLC (Minnesota, MN, USA). This grade corresponds to a poly(d,l-lactide) (PDLLA) of high optical
purity in l-lactic acid isomer, with 1.4 ± 0.2% of d-lactic acid fraction [46]. The number- and
weight-average molecular weights were found to be Mn = 90.5 kD and MW = 158.3 kD by gel
permeation chromatography (GPC), which gives a polydispersity index (PDI = MW/Mn) of ~1.75 [47].
It is also characterized by a density of 1.24 g/cm3 following the American Society for Testing and
Materials (ASTM) method D792 and a melt flow rate (MFR) of 22 g/10 min, measured at 210 ◦C and
2.16 kg, according to the ASTM method D1238, which makes it feasible for injection molding.

Coffee husks were separated from the previously natural dried grains by a threshing process.
The husks were obtained from a coffee crop located at 1390 m above sea level in the San José de
Motoso district of Girón in Santander, Colombia, and were dried in a laboratory oven at 105 ◦C for
24 h to remove moisture. Afterwards, the dried husks were milled at a speed of 8000 rpm using a ZM
200 centrifugal mill from Retsch (Düsseldorf, Germany) and finally sieved with a 250-µm mesh filter to
the size of 110 microns to obtain the so-called CHF (see Figure 1).
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Figure 1. Detail of the coffee husk flour (CHF): (a) Particle size histogram; (b) Field emission scanning
electron microscopy (FESEM) image taken at 55×with scale marker of 100 µm; (c) Visual aspect.

2.2. Torrefaction of CHF

The resultant CHF was torrefied in a laboratory oven Carbolite mod. 2416CG from Keison
Products (Barcelona, Spain). The flour was first dried at 105 ◦C for 30 min, then heated up under
nitrogen atmosphere to the torrefaction temperature of 250 ◦C at a heating rate of 5 ◦C/min, and finally
this temperature was kept constant for 1 h. The resulting torrefied husk was milled and sieved to the
size of approximately 90 µm using the same procedure applied in CHF to obtain the so-called TCHF
(see Figure 2).
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Figure 2. Detail of the torrefied coffee husk flour (TCHF): (a) Particle size histogram; (b) Field emission
scanning electron microscopy (FESEM) image taken at 55×with scale marker of 100µm; (c) Visual aspect.

2.3. Preparation of the Green Composite Pieces

The biopolymer pellets and the fillers were dried separately for 24 h at 60 ◦C prior to processing.
PLA and TCHF were mixed in a zipped bag according to the contents indicated in Table 1.
These composition ranges were selected as previous studies with lignocellulosic materials in PLA
indicated that excessive loss of properties occurs with higher amounts of lignocellulosic fillers [13,48,49].
The mixtures were melt-compounded in a co-rotating twin-screw extruder (D = 25 mm, L/D = 24) from
Dupra SL (Alicante, Spain), an equipment described in previous work [17]. The profile temperature
was set, from the hopper to the die, to 165–170–175–180 ◦C and the rotating speed was 40 rpm.
The extruded filaments were pelletized using an air-knife unit after being cooled down in an air stream.
A green composite of PLA with 20 wt% of CHF was also prepared under the same conditions for
comparison purposes.

Table 1. Set of samples prepared according to the weight percentage (wt%) of polylactide (PLA), coffee
husk flour (CHF), and torrefied coffee husk flour (TCHF).

Sample PLA (wt%) CHF (wt%) TCHF (wt%)

PLA 100 - -
PLA/20CHF 80 20 -

PLA/20TCHF 80 - 20
PLA/30TCHF 70 - 30
PLA/40TCHF 60 - 40
PLA/50TCHF 50 - 50

The compounded pellets were thereafter injection molded to obtain pieces in a Meteor 270/75 from
Mateu & Solé (Barcelona, Spain). The profile of temperatures in the barrel was set, from the hopper to
the injection nozzle, to 165–170–175–180 ◦C and the mold temperature at 60 ◦C. A low injection time of
1 s was employed, whereas the applied clamping force was 20 tons and the pieces were cooled for 20 s
in the mold. As a result, 4-mm pieces were produced that, prior to characterization, were stored for at
least 48 h.

2.4. Mechanical Tests

Tensile, flexural, hardness, and impact standard tests were carried out for mechanical
characterization of the green composites. Pieces with a geometry of 80 mm × 10 mm × 4 mm
were tested in a universal test machine ELIB 30 from S.A.E Ibertest (Madrid, Spain) equipped with a
5-kN load cell in both tensile and flexural conditions. The guidelines of the International Organization
for Standardization (ISO) 527 and ISO 178, were followed for the tensile and flexural tests using
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cross-head speeds of 10 and 5 mm/min, respectively. A Shore D durometer 673-D from Instrumentos J.
Bot S.A. (Barcelona, Spain) was used to determine Shore D hardness according to ISO 868. The impact
absorbed energy was determined following the ISO 179 in a Charpy pendulum of 6 J from Metrotec
S.A. (San Sebastián, Spain) using unnotched samples of 80 mm × 10 mm × 4 mm. For each mechanical
test, at least six different samples were tested and the values were averaged.

2.5. Microscopy

The fracture surfaces of the pieces obtained from the impact tests were coated in a vacuum
with an ultrathin aurum-palladium layer in a high vacuum sputter Emitech mod. SC7620 (Quorum
Technologies Ltd., East Sussex, UK). Then, field emission scanning electron microscopy (FESEM)
was performed to analyze their morphologies in high-resolution Zeiss Ultra55 (Oxford Instruments,
Abingdon, UK) operating at 2 kV.

2.6. Thermal Tests

Sample pieces with a mass of 6.5 ± 0.5 mg were placed in crucibles and analyzed by differential
scanning calorimetry (DSC) in a DSC calorimeter from Mettler-Toledo Inc. (Schwerzenbach, Switzerland)
under a nitrogen atmosphere (66 mL/min). The program consisted of a heating ramp from 30 to 250 ◦C
to remove the thermal history, a cooling ramp down to 30 ◦C, and a second heating ramp to 350 ◦C.
A heating rate of 10 ◦C/min were used in all cases. The maximum degree of crystallinity (XC_max) was
determined following Equation (1) [50]:

XC_max =

[
∆Hm

∆H0
m·(1−w)

]
·100 (%) (1)

where the melting enthalpy of PLA is ∆Hm (J/g), while the theoretical value of fully crystalline PLA is
∆Hm

◦ (J/g), taken as 93.7 J/g [51], and the weight fraction of PLA in the sample is 1 − w.
Sample pieces with a mass of 15.5 ± 0.5 mg were placed in crucibles and subjected to

thermogravimetric analysis (TGA) in a TGA/SDTA 851 thermobalance from Mettler-Toledo Inc.
(Schwerzenbach, Switzerland). The samples were heated from 30 to 700 ◦C with a heating rate of
10 ◦C/min in nitrogen (66 mL/min). All the thermal tests were performed in triplicate.

2.7. Thermomechanical Tests

The Vicat softening point (VST) and heat deflection temperature (HDT) of the green composite
pieces were determined using a VICAT/HDT station mod. VHDT 20 (Metrotec S.A., San Sebastián,
Spain). VST tests were carried out following the ISO 306 with a load of 5 kg and a heating rate of
50 ◦C/h, whereas HDT measurements were performed according to the ISO 75 with a load of 320 g and
a heating rate of 120 ◦C/h.

Rectangular samples of 40 mm × 10 mm × 4 mm were subjected to dynamic mechanical
thermal analysis (DMTA) in torsion mode using an AR-G2 oscillatory rheometer from TA Instruments
(New Castle, DE, USA) equipped with a special clamp system for solid samples. The temperature
program consisted of a thermal ramp from 30 to 140 ◦C at a heating rate of 2 ◦C/min. The maximum
deformation percentage (γ) was set to 0.1% at a frequency of 1 Hz. All the thermomechanical tests
were performed in triplicate.

3. Results

3.1. Mechanical Performance of the Green Composite Pieces

Table 2 includes the mechanical properties of PLA and its green composite pieces to ascertain the
effect of the TCHF content on PLA. One can notice that neat PLA resulted in a brittle piece with an
elongation at break (εb) of nearly 9%. The tensile strength at yield (σy) was approximately 50 MPa and
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the tensile modulus (Et) was 3.58 GPa. One can observe that the incorporation of both CHF and TCHF
induced a progressive reduction in all the σy and εb values and an increase in Et. For instance, with the
addition of 20 wt% of CHF, the σy values diminished to 39.16 MPa and with the addition of 20 wt% of
TCHF, the σy values diminished to 43.29 MPa, which represent a percentage decrease of 21% and 13%,
respectively. Further reductions in the mechanical strength were observed at higher TCHF contents.
For instance, the addition of 50 wt% of TCHF induced a percentage decrease of ~44%. Alternatively,
the incorporation of CHF and TCHF improved the mechanical elasticity of the pieces. Thus, Et increased
to 3.48 GPa for the PLA/CHF composite and it was in the 3.59–4.45 GPa range for the PLA/TCHF
composite pieces. This result suggests than an efficient dispersion and wettability of the torrefied filler
in the biopolymer matrix was achieved. With regard to ductility, the addition of the lignocellulosic
fillers led to a percentage decrease from 8.91%, for the neat PLA piece, to 6.98% for the PLA/20CH
piece, 7.10% for the PLA/20TCH piece, and finally to the lowest value of 5.18% for the PLA/50TCH
piece. It can be thus considered that the coffee waste derived fillers acted as a stress concentrator
rather than a reinforcing element in the biopolymer matrix. Furthermore, this result highlights the
lack of miscibility between both composite components and also the low particle–polymer interfacial
interactions. This effect was, however, more noticeable in the piece containing the untreated CHF and,
most notably, for the pieces filled with the highest TCHF contents. The latter observation may suggest
that TCHF poorly disperses in the PLA matrix at high content [52,53]. Therefore, as also demonstrated
by Lessa et al. [54] for chitosan films containing waste coffee grounds (WCG), high amounts of TCHF
cannot be efficiently distributed in the biopolymer matrix.

Table 2. Mechanical properties of the injection-molded pieces of polylactide (PLA) with coffee husk
flour (CHF) and torrefied coffee husk flour (TCHF) in terms of tensile modulus (Et), tensile stress
at yield (σy), elongation at break (εb), maximum flexural stress (σf), flexural modulus (Ef), Shore D
hardness, and impact strength.

Piece Et (GPa) σy (MPa) εb (%) Ef (GPa) σf (MPa) Shore D
Hardness

Impact Strength
(kJ/m2)

PLA 3.58 ± 0.37 49.51 ± 1.92 8.91 ± 0.71 3.17 ± 0.19 98.88 ± 1.18 78.65 ± 2.64 25.10 ± 2.01
PLA/20CHF 3.48 ± 0.78 39.16 ± 0.69 6.98 ± 1.10 4.02 ± 0.20 84.88 ± 1.35 81.04 ± 1.38 12.00 ± 0.39

PLA/20TCHF 3.59 ± 0.53 43.29 ± 1.90 7.10 ± 0.47 4.33 ± 0.19 90.96 ± 2.18 81.10 ± 2.02 12.44 ± 2.17
PLA/30TCHF 3.66 ± 0.87 36.23 ± 1.83 5.92 ± 0.36 4.48 ± 0.27 73.58 ± 1.71 82.05 ± 1.80 8.85 ± 1.67
PLA/40TCHF 4.22 ± 1.07 30.33 ± 2.16 5.59 ± 0.45 5.10 ± 0.34 71.66 ± 2.21 82.10 ± 2.16 7.19 ± 0.31
PLA/50TCHF 4.45 ± 1.04 27.81 ± 1.65 5.18 ± 0.91 5.53 ± 0.40 61.42 ± 2.04 85.05 ± 1.19 7.19 ± 0.97

Nevertheless, one should also consider that this mechanical reduction was relatively low in terms
of the high amount of lignocellulosic filler when compared with those attained in previously prepared
green composites of PLA and coffee waste derived fillers. For instance, in the work reported by
Suaduang et al. [55], the tensile strength at break (σb) of PLA films decreased from 79.20 MPa (transverse
direction, TD) and 72.79 MPa (machine direction, MD) to 20.77 MPa (TD) and 18.31 MPa (MD) after the
incorporation of 10 wt% of SCG. In another study, the σb value of PLA films decreased from 44.3 MPa to
approximately 20 MPa after the incorporation of 40 wt% of SCG, which was attributed to the poor filler
dispersion in the biopolymer matrix due to its low compatibility [56]. The improvement attained here
may be attributed to the removal of impurities and other volatile TCHF components during torrefaction
that would otherwise decrease the strength of interfacial interactions and adhesion between the filler
and PLA matrix. Furthermore, the resultant increase in hydrophobicity of the lignocellulosic filler after
torrefaction can also be a meaningful explanation for the improved mechanical properties attained in
the green composite pieces with TCHF in comparison with the pieces based on untreated CHF. In this
regard, one can expect that the higher presence of moisture in CHF can promote a larger decrease in
the PLA’s MW during processing at high temperature due to hydrolysis of the ester groups, which can
result in impairment of the final mechanical properties [57].

The flexural modulus (Ef) and strength (σf) of the unfilled PLA piece were 3.17 GPa and nearly
99 MPa, respectively. Similar to the tensile properties, the incorporation of TCHF yielded a progressive

96



Appl. Sci. 2020, 10, 6468

increase in Ef and a reduction in σf. In particular, the green composite pieces filled with 50 wt% of
TCHF showed a Ef value of 5.53 GPa, which is approximately 1.7 times higher than that of the unfilled
PLA, whereas σf was reduced to 61.42 MPa. Some previous studies have reported similar mechanical
properties of green composites based on coffee waste derived fillers. For instance, Dominici et al. [58]
showed a worsening of tensile strength and ductility when CSS was incorporated into bio-based
high-density polyethylene (bio-HDPE). The described decrease of the mechanical properties was
ascribed to the low aspect ratio of the CSS particles as well as their poor adhesion to the biopolymer
matrix. In this regard, the use of coupling agents has improved both the tensile strength and ductility
of PLA composites prepared with SCG, though the improvements achieved were relatively low and
their overall and specific migration limits (OML and SML) should also be carefully determined [59].

One can also observe that, as the TCHF content increased, hardness also increased. The Shore
D hardness value increased from 78.65, for the unfilled PLA piece, to 85.05 for the PLA/50TCH
piece. This change in the mechanical behavior corresponds to the typical effect of a relatively stiff
lignocellulosic filler on a polymer matrix [60]. In contrast to hardness, the impact absorbed energy of
PLA progressively decreased after the TCHF incorporation. The impact energy of the neat PLA piece
was 25.10 kJ/m2 and it was reduced down to 7.19 kJ/m2 for the green composite piece filled with 50 wt%
of TCHF. This notable decrease in toughness can be related to the poor matrix–particle interactions,
which could promote microcrack formations and stress concentrations during the impact test [60].
Therefore, the addition of the coffee waste derived lignocellulosic filler led to a more elastic and stiffer
material, but the matrix-filler continuity was not achieved, and an early fracture was attained. Thus,
in terms of mechanical performance, PLA pieces containing 20 wt% of TCHF were slightly more
resistant but less ductile, showing characteristics comparable to those of neat PLA.

3.2. Aspect and Morphology of the Green Composite Pieces

Figure 3 shows the visual aspect of the injection-molded pieces of PLA, PLA filled with 20 wt% of
CHF and TCHF, that is, PLA/20CHF and PLA/20TCHF, respectively. The increase in the characteristic
dark brown color produced in the pieces of the green composites is due to the Maillard reaction of
coffee husk, which took place during the torrefaction and its subsequent melt processing with PLA,
leading to formation of melanoidins [35].
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The fracture surfaces after the impact tests of the neat PLA piece and the PLA/CHF and PLA/TCHF
pieces at different filler contents are shown in Figure 4. The unfilled PLA piece, shown in Figure 4a,
presented a typical brittle fracture with low plastic deformation [61]. In Figure 4b, one can see that
the incorporation of untreated CHF led to a similar fracture surface but yet softer, indicating that
the toughness of the piece was reduced. One can also observe the formation of a large gap between
the coffee waste derived lignocellulosic fillers and the biopolymer PLA matrix, which points to
their weak interactions [62,63]. The morphology of the green composite based on 20 wt% of TCHF,
shown in Figure 4c, changed to a rougher surface, also showing a reduction in the filler-to-matrix
gaps. However, no enhanced yielding was detected, which is in agreement with the ductility decrease
reported in Table 2. In the case of the green composites prepared at higher TCHF contents, shown in
Figure 4d–f, one can see that the fracture surface roughness increased with the filler addition. Moreover,
the FESEM micrographs displayed some large voids, microcracks, and gaps in the interface between
both components, that is, PLA and TCHF. This phenomenon led to a stiffer material, but with reduced
impact absorbed energy, as also shown during the mechanical analysis. One can also observe in the
FESEM micrographs that the PLA/TCHF pieces prepared at the highest filler contents, that is, 40 wt%
and 50 wt%, showed the co-presence of single particles and irregular aggregates, being distributed
randomly within the PLA matrix. Similar observations were described for pectin/coffee ground
composites in which the formation of aggregates was ascribed to the prevalence of particle–particle
interactions over the forces between the composite components [64].
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Figure 4. Field emission scanning electron microscopy (FESEM) images of the fracture surfaces of
the injection-molded pieces of polylactide (PLA) with coffee husk flour (CHF) and torrefied coffee
husk flour (TCHF): (a) Neat PLA; (b) PLA/20CHF; (c) PLA/20TCHF; (d) PLA/30TCH; (e) PLA/40TCH;
(f) PLA/50TCH. Images were taken at 500×with scale markers of 10 µm.

3.3. Thermal Performance of the Green Composite Pieces

Figure 5 shows the DSC thermograms of PLA and its green composites with CHF and TCHF.
Table 3 gathers the main thermal properties obtained from the cooling and the second heating scans,
once the thermal history was removed from the samples. The neat PLA sample showed a glass
transition temperature (Tg) of 62.3 ◦C and the incorporation of TCHF led to a slight decrease in the
values up to 60.7 ◦C for the green composite filled at 50 wt%. In all curves, a low-intense endothermic
peak was observed, which can be ascribed to the aging process of the biopolyester [42]. It can also
be observed in Figure 5a that, during cooling, the PLA samples did not crystallize from the melt.
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In contrast, in Figure 5b, one can see that the neat PLA samples showed an exothermic peak centered
at 122.7 ◦C for neat PLA, which is ascribed to the biopolyester chain rearrangement during cold
crystallization. The green composites showed slightly higher values of both cold crystallization
temperature (Tcc) and cold crystallization enthalpy (∆Hcc), showing the highest values for TCHF
contents of 20 wt% and 30 wt%, respectively. The cold crystallization process is an exothermic process
that takes place when the biopolymer chains become flexible, above PLA’s Tg, which is caused by
a primary nucleation, by which an ordered state is achieved. Since more PLA mass could cold
crystallize, one can consider that intermediate filler amounts favored crystallization of PLA. A second
endothermic peak, corresponding to the melting temperature (Tm), was observed at 151.3 ◦C for neat
PLA, which slightly increased for filler contents of 20 wt% and then decreased for higher contents.
An anticipation of the melting phenomena was also observed in HDPE by Arrigo et al. [65] after the
addition of biochar particles derived from waste coffee grounds. This behavior was explained by the
presence of specific interactions occurring between the biopolymer chains and the particle interfaces.
In fact, the lower Tm values attained at the highest contents, that is, 40 wt% and 50 wt% of TCHF,
in combination with the higher ∆Hcc values, suggest that the biopolymer chains were immobilized onto
the surface of the lignocellulosic fillers. The maximum degree of crystallinity, that is, XC_max, which does
not consider the crystals that are formed during cold crystallization [50], increased progressively up to
a TCHF content of 30 wt% and then slightly lower values were observed. This result indicates that the
lignocellulosic fillers induced a nucleating effect that favored the formation of crystals in the green
composites. In the case of the lower XC_max values for the green composites containing 40 wt% and
50 wt% of TCHF, one can consider that the fillers presence at these contents also supposed an obstacle
for the biopolymer chains to form stable crystals, generating a negative effect on crystallinity and
leading to the formation of a more amorphous structure [66–68]. Furthermore, one can also observe
that the torrefaction process did not yield any significant effect on the thermal properties of PLA at the
studied filler loading, suggesting that nucleation was based on a physical phenomenon.
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Figure 5. Differential scanning calorimetry (DSC) thermograms taken during (a) cooling and (b) second
heating of the injection-molded pieces of polylactide (PLA) with coffee husk flour (CHF) and torrefied
coffee husk flour (TCHF).
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Table 3. Thermal properties of the injection-molded pieces of polylactide (PLA) with coffee husk
flour (CHF) and torrefied coffee husk flour (TCHF) in terms of glass transition temperature (Tg),
cold crystallization temperature (Tcc), melting temperature (Tm), cold crystallization enthalpy (∆Hcc),
melting enthalpy (∆Hm), and maximum degree of crystallinity (XC_max).

Piece Tg (◦C) Tcc (◦C) ∆Hcc (J/g) Tm (◦C) ∆Hm (J/g) XC_max (%)

PLA 62.3 ± 0.4 122.7 ± 1.9 4.30 ± 0.35 151.3 ± 0.4 11.32 ± 0.99 12.08 ± 1.80
PLA/20CHF 61.3 ± 0.3 124.7 ± 1.3 8.04 ± 0.42 153.7 ± 0.5 15.17 ± 1.10 20.24 ± 1.60

PLA/20TCHF 61.8 ± 0.4 125.9 ± 1.0 7.10 ± 0.55 152.6 ± 0.3 15.92 ± 0.75 21.24 ± 2.02
PLA/30TCHF 61.3 ± 0.4 122.1 ± 0.3 17.80 ± 0.76 150.7 ± 0.6 19.59 ± 0.14 29.87 ± 2.35
PLA/40TCHF 61.3 ± 0.8 121.8 ± 0.6 12.27 ± 0.94 149.9 ± 0.5 14.35 ± 0.59 25.52 ± 1.49
PLA/50TCHF 60.7 ± 0.5 123.2 ± 0.9 10.27 ± 0.35 149.6 ± 0.4 12.05 ± 0.99 25.72 ± 0.80

The TGA and first derivate thermogravimetric (DTG) curves of the injection-molded pieces of
PLA and its green composite pieces with CHF and TCHF are shown in Figure 6, whereas Table 4
shows the relevant values extracted from the curves. In relation to the thermal degradation profiles
of CHF and TCHF, in both cases they presented three stages; however, the torrefied fillers showed
significantly higher stability. The first mass loss, which occurred below 100 ◦C, being in both cases
less than 5% but slightly higher for CHF, is associated with the evaporation of moisture and volatiles
present in the lignocellulosic fillers. The second one occurred between approximately 240 and 380 ◦C,
was the most intense, and was associated with a mass loss of over 60% and 35% for CHF and TCHF,
respectively. This degradation stage, which was also more intense for CHF, is mainly caused by the
thermal decomposition of the molecular bonds of hemicellulose, cellulose, and small amounts of
lignin, which overlapped with the thermal degradation of PLA. The third stage started at 385 ◦C and
continued for the whole thermal range tested. This last mass loss is due to the degradation of the lignin
fraction present in CHF and TCHF [11,69]. In this regard, de Brito et al. [70] showed that green coffee
cake (GCC), a solid by-product of the coffee processing industry, resulting from the extraction of oil by
the cold pressing technique, also presented three regions of mass loss, similar to other lignocellulosic
biomasses. The first one was observed between 50 and 100 ◦C, the second one between 200 and 300 ◦C,
and the last one between 275 and 400 ◦C. The authors ascribed the second and third mass losses to
hemicellulose depolymerization in combination with temperature-induced glycosidic cleavage and
to lignin components and cellulose degradation, respectively. Finally, after the degradation steps,
a significant residue of approximately 25% and 40% was found for CHF and TCHF, respectively,
remarking the higher stability of the carbon formed during the torrefaction step. The TGA results
also indicated that TCHF was thermally stable up to more than 250 ◦C, which makes it useful as a
reinforcing agent in most WPCs.

In the case of PLA, it can be observed that the biopolymer degraded in a quick step process at
approximately 350 ◦C. The main products generated during the thermal degradation of PLA have
been ascribed to lactic acid, oligomers of lactic acid (OLAs), acetaldehydes, carbon dioxide, carbon
monoxide, and ketones [60]. The TGA curves of the PLA/TCHF pieces showed a slight increase in the
thermal stability for the lowest filler content. In particular, the DTG curves showed an increase in the
pyrolysis peak related to the degradation temperature (Tdeg) from 347.4 ◦C, for neat PLA, up to 354.7 ◦C,
for the PLA/20TCHF composite. The increase in the thermal stability of the green composite pieces can
be related to the “barrier” effect of the decomposition of the biopolymer material by the lignocellulosic
fillers, which promoted an increase of the degradation temperature [70]. However, a decrease in the
temperature at the mass loss of 5% (T5%), which corresponds to the onset degradation temperature,
was observed for TCHF contents above 30 wt%. The lower T5% values attained at higher filler contents
can be related to the “chimney” effect of the coffee waste lignocellulosic fillers, which prevails their
“barrier” effect, and favored the movement of heat in the PLA matrix [57]. In particular, T5% was
reduced from 320.4 ◦C, for the unfilled PLA piece, down to approximately 300 ◦C for TCHF contents
of 40 wt% and 50 wt%. Therefore, a slight improvement in the PLA’s thermal stability was attained
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with the addition of 20 wt% of TCHF, whereas a negative effect was observed for the pieces filled with
higher TCHF contents. It is noteworthy that a higher thermal stability was observed in comparison to
the PLA composites prepared with CSS by Totaro et al. [71], who ascribed the decrease to both the
metals present and the moisture released by the fillers, which can catalyze degradation and induce
hydrolysis of the ester groups, respectively. Since lower thermal stability values were attained for
the PLA/20CHF piece, the improvement attained herein is an indication that the less thermally stable
compounds, such as hemicellulose and cellulose, were successfully removed during the torrefaction
step [33], leading to a material with higher lignocellulosic content and, hence, improved thermal
stability. Furthermore, as expected, one can observe that adding TCHF caused the char residue to
increase. Such high char content is also related to the torrefaction step, which can generate a higher
percentage of carbon compared with the non torrefied lignocellulosic filler [33].
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Figure 6. (a) Thermogravimetric analysis (TGA) and (b) first derivate thermogravimetric (DTG) curves
of the injection-molded pieces of polylactide (PLA) with coffee husk flour (CHF) and torrefied coffee
husk flour (TCHF).

Table 4. Main thermal degradation parameters of the injection-molded pieces of polylactide (PLA)
with coffee husk flour (CHF) and torrefied coffee husk flour (TCHF) in terms of temperature at mass
loss of 5 % (T5%), degradation temperature (Tdeg), and residual mass at 700 ◦C.

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

CHF 237.8 ± 1.2 360.6 ± 2.2 25.2 ± 0.3
TCHF 252.1 ± 1.3 357.8 ± 1.3 39.6 ± 0.3
PLA 320.4 ± 2.3 347.4 ± 1.4 5.6 ± 0.3

PLA/20CHF 298.9 ± 1.6 351.1 ± 2.2 3.2 ± 0.6
PLA/20TCHF 322.4 ± 1.7 354.7 ± 2.2 5.6 ± 0.5
PLA/30TCHF 306.0 ± 1.3 347.7 ± 1.7 8.1 ± 0.4
PLA/40TCHF 299.8 ± 1.8 343.5 ± 1.8 9.7 ± 0.7
PLA/50TCHF 301.1 ± 1.3 341.4 ± 1.6 10.9 ± 0.8

3.4. Thermomechanical Performance of the Green Composite Pieces

Table 5 shows the VST and HDT values of the injection-molded pieces of neat PLA and
PLA/TCHF, which are important thermomechanical parameters that can be used to estimate their
upper useful temperature limit for uses in, for instance, packaging or disposables. VST, which reflects
the material’s softening by temperature rises, increased progressively from 56.6 ◦C, for neat PLA,
to 59.9 ◦C, for PLA/50TCH, respectively, following an evolution similar to that found in hardness.
This result is in agreement with the study of Huang et al. [52], who showed that the VST of
HDPE increased with the loading of coffee husk fiber (CHF), which was attributed to a fiber
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reinforcement that prevented deformation of the composites. Concerning HDT, the values evolved
in a similar manner to VST, showing a slight and progressive increase from 51 ◦C, for neat PLA,
to 54.1 ◦C for PLA/50TCHF. This enhanced thermomechanical resistance can be attributed to the
higher modulus and amount of crystallinity, since both parameters increased with increasing TCHF
content. Similar results were obtained by Sarasini et al. [72], who showed that the softening point of
PBAT/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) blends increased up to 3 ◦C with the
incorporation of CSS.

Table 5. Thermomechanical properties of the injection-molded pieces of polylactide (PLA) with torrefied
coffee husk flour (TCHF) in terms of Vicat softening point (VST) and heat deflection temperature (HDT).

Piece VST (◦C) HDT (◦C)

PLA 56.6 ± 0.6 51.0 ± 0.8
PLA/20TCHF 57.8 ± 0.8 52.3 ± 0.8
PLA/30TCHF 58.1 ± 0.9 52.8 ± 0.9
PLA/40TCHF 59.4 ± 0.6 53.2 ± 0.7
PLA/50TCHF 59.9 ± 0.3 54.1 ± 0.8

Finally, Figure 7 shows the mechanical performance of the green composite pieces under dynamic
load conditions as a function of temperature. Figure 7a displays the evolution of the storage modulus
with temperature. In the temperature range between 30 and 50 ◦C, below the glass transition region,
the incorporation of TCHF produced an increase in the storage modulus of PLA. This behavior indicates
that the addition of the TCHF filler led to a stiffer material since the lignocellulosic particles restricted
the biopolymer chain mobility and also promoted crystallization as described above during the thermal
characterization. From approximately 55 ◦C, a prominent decrease in the storage modulus due the
glass transition process can be seen [41]. In addition, from nearly 90 ◦C, an increment in the storage
modulus was detected. This phenomenon is associated with the cold crystallization of PLA. During this
process, the biopolymer chains reorganize into a more compact structure, leading to an increase in
the storage modulus [73]. Furthermore, as more TCHF powder was added, in agreement with the
previous DSC analysis, a slight decrease in the cold crystallization temperature was noticed.
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Figure 7b displays the evolution as a function of temperature of the damping factor (tan δ) for the
unfilled PLA piece and the PLA/TCHF composite pieces. The peak for the neat PLA progressively
shifted to lower values as more filler was added. It particularly decreased from 68.7 ◦C, for the neat
PLA piece, down to values in the 62–64 ◦C range. This peak is ascribed to the alpha (α)-transition of
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PLA, being in relation to the PLA’s Tg. One can expect that with a greater interaction between filler and
biopolymer matrix, which can be achieved by modifying the fiber surface during the torrefaction step,
there would be a restriction on the movement of the macromolecular chains located on the surface of the
fillers and, hence, an increase in Tg [74]. However, the reduction attained in Tg, also observed by DSC,
suggests that the fillers allowed an increase in the free volume in the green composites, thus indicating
low compatibility or poor interaction with PLA [70]. This behavior confirms that the movement of the
amorphous PLA was promoted by the coffee waste derived lignocellulosic fillers and it suggests that
shorter biopolymer chains were formed due to a chain scission. Furthermore, the nucleating effect
of TCHF was further corroborated by the gradual reduction in the tan δ peak intensities of the green
composite pieces. The latter indicates that the number of molecules experimenting glass transition was
reduced by the fillers’ presence [75].

4. Conclusions

The results achieved in this study demonstrate that coffee husk, a large food processing by-product,
can be used in the form of flour as a reinforcing filler in green composites. Torrefaction, a mild form
of pyrolysis at 250 ◦C in reduced atmosphere, yielded more thermally stable biomass that was also
more hydrophobic and, hence, more compatible with PLA. Characterization of the injection-molded
PLA/TCHF pieces showed a positive effect on the overall mechanical improvement and a thermal
stability enhancement with the addition of 20 wt% of TCHF. However, the green composites filled with
30 wt%, 40 wt%, and 50 wt% showed lower performance, although they are still interesting due to the
high amount of waste that can be valorized. Both elasticity and hardness increased, whereas ductility
and toughness decreased, for all of the TCHF contents due to the lack of interaction as observed by
FESEM. In contents of up to 30 wt%, the lignocellulosic fillers induced a nucleating effect that favored
the formation of PLA crystals and showed sufficient thermal stability. Furthermore, the addition of
TCHF led to slightly higher VST and HDT values and the thermomechanical resistance of PLA was
improved, meaning the resultant pieces were able to withstand temperatures of up to nearly 60 ◦C.
In a Circular Bioeconomy context, the resultant PLA/TCHF composite pieces prepared with 20 wt% of
the torrefied coffee waste derived filler can be used for rigid packaging, cups and containers, and food
contact disposables, such as cutlery and plates, where novel compostable and sustainable materials
with high stiffness and low thermal resistance are required.
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Abstract: Styrene oligomers (SOs), of styrene (styrene monomer, SM), 1,3-diphenylpropane (styrene
dimer, SD1), 2,4-diphenyl-1-butene (styrene dimer, SD2) and 2,4,6-triphenyl-1-hexene (styrene trimer,
ST), had been detected in the natural environments far from industrial area. To confirm SOs formation
through thermal decomposition of polystyrene (PS) wastes in the nature, purified polystyrene
(SO-free PS) has been shown to decompose at 30 to 150 ◦C. The SO ratio of SM:SD:ST was about
1:1:5 with ST as the main product. Mass spectrometry with selected ion monitoring was used for
the quantitative analysis of the trace amounts of SOs. The rate of PS decomposition was obtained as
k
(
year−1

)
= 5.177 exp(−5029/T(K)) based on the amount of ST. Decomposition kinetics indicated

that not only does drifting lump PS break up into micro/nano pieces in the ocean, but that it also
subsequently undergoes degradation into basic structure units SO. According to the simulation at
30 ◦C, the amounts of SOs in the ocean will be over 400 MT in 2050.

Keywords: low-temperature decomposition; polystyrene; styrene oligomer; plastic debris;
chemical contamination

1. Introduction

Total plastic production in the 1950s has been shown to be around several million metric tons
(million MT), but at present, cumulative production has been estimated as 6.98 × 109-MT during the
period 1950 to 2015 [1,2]. Waste plastic from land sources is continually flowing into world oceans via
rivers due to accidents or carelessness. In 1972, Carpenter and Smith pointed out marine contamination
from plastics drifting on the surfaces of the Sargasso Sea [3]. In 2001, Moore et al. [4] reported debris
plastics to form garbage patches in the Pacific Ocean and to increase by 17-fold (by weight) or 95 times
(by pieces) as much the amounts of contaminants in the past 30 years. Thompson et al. [5], Takada [6],
Lavender [7] and Isobe et al. [8] have shown this drifting plastic to break up into a great many small
pieces by the action of waves and effects of light to form micro/nanoplastics which in turn lead to
massive plastic contamination in bulk. All drifting plastic quite likely break up into small pieces in this
manner [9]. By 2050, debris plastics will have attained a weight exceeding that of all fish throughout
the oceans of the world [10].

The authors have been engaged in the collection of coastal waters and beach sands from around
the world for the past 20 years so as to determine what chemicals are generated from plastics in oceans
worldwide [11–15]. However, the manner in which various chemicals are derived from plastics has
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yet to be fully clarified. Plastics decomposition has long been a topic of intensive research [16–22] at
temperatures of 250 ◦C or higher.

In order to estimate the amounts of SOs from drifting PS in the ocean, the rate of PS decomposition
needed to be determined at a living temperature range in the nature. However, to date, no kinetic
research on PS decomposition has been conducted at the lower temperature range in the natural
environment. Plastic debris undergoes degradation called as weathering in the ocean and on a
beach, being exposed to salt water or to the sun light in the presence of the air. Temperature is an
essential factor among various potential factors to govern plastic degradation. PS decomposition at
low temperature was thus examined in the present study using polyethylene glycol (PEG1540) as a
heating medium.

In this study, kinetic parameters of PS decomposition at a lower temperature range, 30–150 ◦C,
was determined to obtain the rate of SOs formation from PS. The amounts of SOs and PS in the ocean
with time were simulated based on the kinetic parameters obtained although there are various factors
other than reaction temperature.

Using purified PS without contamination of SOs, low-temperature decomposition was carried
at 30 to 150 ◦C. The products obtained were styrene oligomer (SOs), of styrene (styrene monomer,
SM), 1,3-diphenylpropane (styrene dimer, SD1), 2,4-diphenyl-1-butene (styrene dimer, SD2) and
2,4,6-triphenyl-1-hexene (styrene trimer, ST). The composition ratio of SM:SD:ST was 1:1:5 and the main
product was ST. The rate of ST formation by PS decomposition was measured at 30 to 150 ◦C. Kinetic
parameters of the PS decomposition were determined and the activation energy of the conversion of
PS into ST was given as 45.0 kJ mol−1. One MT of PS was found to decompose at a rate of 0.3 g per
year at 30 ◦C.

Simulation results indicated that the total amount of degraded PS in the ocean has been as much
as 430-MT during the period, 1950 to 2050. The results indicated PS to have little stability toward
heat, kinetically. Drifting macro PS not only breaks up into micro/nanosized pieces, but subsequently
degrades into basic structure units of SOs in the ocean.

2. Experimental

2.1. Preparation of Reaction Samples

Commercial pellets of PS (Number–average molecular weight: 500,000, Teijin Chemicals, Ltd.,
Tokyo, Japan) were found to contain 90 mg kg−1 of unreacted SOs along with various additives. For the
removal of these chemicals, 50 g PS were dissolved in 2000 mL benzene and reprecipitated with 4000
mL methanol at room temperature. This operation was conducted three times and SO remained at less
than 0.1 mg kg−1. Purified PS was used in this operation. Figure 1a shows the procedure for purifying
PS and Figure 1b shows the subsequent treatment.

2.2. Reagent

Polyethylene glycol (PEG1540, Average molecular weight 1350–1650, Wako Pure Chemical Co.,
Osaka, Japan) was used as the heat medium due to high solubility for PS, thermal stability and low
volatility. Benzene and methanol for dissolving PS or reprecipitation and tetrahydrofuran (THF) as
the GPC eluent all these were of reagent grades and manufactured by Wako Pure Chemical Co. SD2

and ST were prepared by the decomposition of PS and purified by distillation under reduced pressure
by boiling point fractionation [23]. The purity of SD2, ST was determined by gas chromatography
(GC) with a flame ionization detector (FID) as 99.8% or more before use. The internal standard,
phenanthrene, and diphenyl were used after being purified using a special grade of Kanto Chemical
Co., Inc. (Tokyo, Japan) following sublimation treatment. SM and SD1 (Wako Pure Chemical Co.Osaka,
Japan) were used after the distillation of reagents prior to use.
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Figure 1. Procedure for purifying (a) styrene oligomers (SO)-free polystyrene (PS) and (b) subsequent treatment.

2.3. Decomposition Method

Figure 2 shows the schematic diagram of the experimental equipment for PS decomposition
higher than 50 ◦C. Silicone oil bath was used for heating. A 20-mL glass flask was used for SO-free PS
decomposition. Chromyl/alumel thermocouples were used to monitor the temperature of a reaction
mixture in the flask and that of an oil bath. The flask has a nitrogen gas inlet and a gas seal for nitrogen
gas flowing out. A heat medium, 4.9 g of PEG a stirrer were placed in the flask and nitrogen gas was
introduced at a rate of 50 mL min−1.-When the flask had reached a predetermined temperature, 0.1 g
SO-free PS (cut off small pieces under 5 mm) and diphenyl as a surrogate (1.0 × 10−6 g in benzene)
were charged into the flask. The reaction solution was stirred at 500 rpm. Temperature was adjusted to
a predetermined temperature ± 1 ◦C using a digital thermometer.

PS decomposition at 30 ◦C was carried out without solvent because the melting point of PEG1540
is about 45 ◦C. PS samples were stored in a flask placed in a thermostatic chamber (Yamato Scientific
Co., Ltd.,Tokyo, Japan) control accuracy±1 ◦C) under nitrogen gas. The reaction at 30 ◦C was continued
for three years.
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Figure 2. Schematic diagram of a decomposition equipment.

2.4. Apparatus and Operating Conditions

SO-free PS was heated at a fixed temperature for a given period in a flask. The reaction mixture
was recovered with 10 mL benzene and was transferred to a 50 mL separating funnel and washed
three times with 10 mL purified water to remove PEG. After drying with 5 g anhydrous sodium sulfate
overnight, the solution was filtered and transferred to 10 mL methanol to precipitate unreacted PS.
The solvent was completely removed from the solution by evaporation at 25 ◦C and the residue was
collected with benzene in a 10-mL volumetric flask. Following the addition of phenanthrene, 1 µL of
the solution was injected into GC/MS with a micro-syringe and analyzed. The details are shown in
Figure 1b. The GC used was HP6890 (Agilent Technologies, Inc., Santa Clara, CA, USA). The mass
spectrometer (MS) was JMS-AMII manufactured by JEOL, Ltd. (Tokyo, Japan) and the separation
column was DB-1 manufactured by Agilent J & W. The operating conditions are shown in Table 1.

Table 1. Apparatus and operation conditions of GC/MS analysis.

Apparatus JEOL JMS-AM II with GC/MS (HP6890)
Selected Ion (SI, m/z) 78, 104, 105, 152, 178, 193, 196, 207, 208, 312

Injection 1 µL
Column DB-1, L 30 m, ID 0.32 mm, Thick 0.25 µm

Injection method Spitless
Injection temperature 250 ◦C

Column temperature Initial temp. 40 ◦C (holding 5 min), max temp. 290 ◦C (holding 5 min),
program rate 15 ◦C/min

Interface temperature 250 ◦C
Ion source temperature 200 ◦C
Ion acceleration current 70 eV

Current 300 µA
PM voltage 600 V
Carrier gas He, 1.4 mL/min
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3. Results and Discussion

3.1. Accuracy

The mass spectrum obtained by GC/MS, TIM was used to determine fragment ion (m/z) of the
target chemicals (SM, SD1,2, ST). The quantitative analysis was conducted by using the monitoring ion:
Q (quantitative ion), m/z: 104, 154, 178, 196, 208, 312 and qualitative ion: m/z: 78, 105, 117, 152, 193
ions. Calibration curves were prepared by the internal standard method using the detected ion peak
area ratio (I/Q). For quantitative analysis of the target chemicals by mass spectrometry, Selected Ion
Monitoring (SIM) was used because target detection performance of SIM was 100 times higher than
that in Total Ion Monitoring (TIM). It was thus possible to obtain very low concentrations (10−9 level)
of SOs by the SIM.

A standard solution of each compound (SM, SD1,2, ST) was prepared to obtain a target solution
using a pipette and volumetric flask, and the calibration curve of each compound was prepared.
Curve linearity ranged from 0.2 µg to 10 mg kg−1 with a correlation coefficient, r = 0.9996 to 0.9999.
The detection limit was found at S/N = 2 to be 10 µg kg−1.

3.2. Effects of Temperature and Time

Polymer decomposition such as that for PS has long been studied [16–22]. Since the polymer has
low thermal conductivity, a preliminary heating time is necessary to achieve the target temperature for
decomposition [21]. The generated SOs has an extremely low value of less than µg kg−1 thus making
analysis difficult in this study, this difficulty was overcome by a new decomposition using PEG as the
heat medium. Among the various factors governing plastic degradation in the nature, we focused
thermal effect on PS decomposition in the experiments. We assume first-order reaction of PS to form
SOs. The rate of ST formation was calculated at each reaction temperature. ln k and the reciprocal of
the absolute temperature (T−1) are shown in Figure 3, which shows a linear relationship in the entire
temperature range of 30 to 150 ◦C. PS activation energy of 45 kJ mol−1 was obtained from the slope of
the line by using the Arrhenius equation. A low activation energy 45.0 kJ mol−1 indicated a secondary
reaction, a backbiting reaction [24] to be a dominant factor in low temperature decomposition.
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SO composition did not change in the range 30 to 150 ◦C. The largest component was ST followed
by SD and SM. The SO composition ratio of SM:SD:ST was about 1:1:5. Trace amounts of ethylbenzene,
propyl benzene and benzaldehyde were observed along with secondary reactions when temperature
reached 200 ◦C and higher. After the reaction, the PS was recovered and prepared into a film and
analyzed by IR (infrared absorption spectrum). The IR analysis showed no change in the PS main
chain (2924, 2850 cm−1 aliphatic stretching vibration, 1450 cm−1 aliphatic vibration). Alternatively
Gel Permeation Chromatography (GPC, Column: Asahipak GF-7MHQ, Detector: RI, eluent: THF 0.6
mL/min, Sample: 2 mg in 100 mL THF, 20 µL injection, 30 ◦C) detected number–average molecular
weight decreased by 20% when reaction conditions were between 200–280 ◦C for 30 min or more [21].

3.3. Degree of PS Degradation in Ocean, Determined from Rate Constant of ST Formation

Various chemical species possibly derived from artificial sources have been detected in the nature.
Figures 4 and 5 show typical TIM-GC/MS chromatograms of analytical samples by extraction of sand
and pebble in each sampling site far from industrial area.
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Figure 4. TIM-GC/MS chromatograms of the sample extracted from sand in Waikiki beach, Hawaii,
21◦16′ N, 158◦8′ E, Date: 25 March 1975.

Figure 4 shows the chromatogram of an extraction sample of sand from Waikiki beach at Oahu,
Hawaii in 1975 and Figure 5 shows the chromatogram of an extraction sample of pebbles by Showa
base, Antarctic Continent in 1984. Compared with the mass fragments of each standard sample, Peak 1
was identified as SM, 3 as diethyl phthalate, 4 as SD1, 5 as SD2, 8 as bisphenol A, 9 as ST. 2 as diphenyl
added as a surrogate and 6 as phenanthrene added as an internal standard and Un means unknown
chemicals. SM has been shown a breakdown product formed by cinnamon mold flora and possibly
may be present in oceans as a single contaminant [25]. However, the other styrene oligomers are not
naturally present in ocean. Considering the constant ratio of SM:SD:ST, the authors concluded that
SOs have been shown to be the degradation products of PS from land-based sources. The chemical
contamination generated from PS had already been present in the nature over 45 years ago.
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Jambeck et al. [26] estimated total waste plastics inflow in 2010 into world oceans to range from
4.8 to 12.7 × 106 MT. However, in all these computations [3–6,26], there has always been considerable
margin for error. There is really virtually no completely relivable information on the quantities of
plastics that have undergone degradation and sedimented to the ocean floor.

The rate of ST formation was thought same as the rate of PS decomposition at ambient temperatures
in oceans and on beaches since PS decomposition at low temperature, 30–150 ◦C, give ST as the dominant
product [22]. The decomposition rate, k, of PS (basically the same as the formation rate of ST) was
found to be St = P0[1− exp(−kt)] ≈ P0kt, where k

(
min−1

)
= 9.850 × 10−6 exp(−5029/T) where P0

is the initial amount of purified PS in a flask, t the reaction time and T the temperature in Kelvin.
Rate of ST formation was 6.15 × 10−13 min−1. Converting the unit of rate into annual rate, the annual
decomposition rate, k, of PS was given as k

(
year−1

)
= 5.177 exp(−5029/T) where P0 is the amount

of PS in the ocean, t time in years since 1950 and T the temperature in Kelvin. The ST rate was
3.233 × 10−7 year−1 at 30 ◦C. One MT PS decomposed at a rate of 0.3 g per year at 30 ◦C. PS production
of seven percent in the total plastics production [2]. Jambeck et al. assumed three percent of the total
plastic consumption as plastic inflow to the ocean [26]. The cumulative amounts of PS and SOs in the
ocean were simulated as shown in Figure 6.

The simulation was conducted by using three differential equations (Equations (1) through (3)).
The production share of PS at seven percent and inflow ratio at three percent were assumed to be
constant during 1950 to 2050.

w(t) = 1.50× 106 + 4.845× 104t2.107 (1)

dP(t)
dt

= 3.150× 103 + 101.7t2.107 − 3.232× 10−7P(t) (2)

dS(t)
dt

= 3.232× 10−7P(t) (3)

where w(t) (MT) is the annual plastic production at the eclipsed year t since 1950, P(t) (MT) is the
cumulative amount of PS accumulated in the ocean at eclipsed year since 1950, t, S(t) (MT) is the total
amount of SOs in the ocean at the year t.

Equation (1) is a fitting result to the statistical data of global plastic production [1,2]. In Equation (3),
3.240 × 10−7 (year−1) is the rate of ST formation at 30 ◦C that equals to the rate of SOs formation.
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Equation (2) was given by multiplying Equation (1) by the share of PS 7% and inflow ratio 3%.
Equation (3) is based on the kinetic parameters of ST formation at 30 ◦C.
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ST gradually decomposed to generate SM and SD and SD generated SM [22]. PS had been
considered non-degradable in the nature, but kinetically PS, which contains no additives such as
stabilizers, has been shown to degrade under the environmental temperature range to produce SOs.
SOs formation would be enhanced under the severer conditions in the nature such as UV irradiation
and exposure to oxygen in the air.

There has been the common misconception that plastic is stable and does not decompose at
ambient temperatures. Accordingly, plastics have been considered to remain permanently intact in
oceans. However, this study has clearly indicated this not to be the case, based on careful examination
of PS degradation. In this study, even purified PS decomposition was shown to start even at 30 ◦C. Not
only dose drifting lumps of PS break into micro/nano pieces, but also subsequently degrades into basic
structure units.

It is widely known that the reaction rate doubles with a temperature increase of 10 ◦C. Tropical and
subtropical ocean temperatures reach 30 ◦C and coastal sand at these latitudes reach 60 ◦C. The amounts
of SO in the world oceans should thus be considered to be significantly higher than this PS value,
suggesting ocean contamination to intensify as a result of plastics. Increasing amounts of various
polymers go into the ocean and coastal area. Intensive studies are required to evaluate the biologic
impacts of SOs from PS and the other chemical species possibly derived from various plastics.

4. Conclusions

SOs were often detected in sea water and sand of coastal area. PS decomposition at a low
temperature range, 30 to 150 ◦C, was conducted to confirm SOs formation from PS wastes in the nature.
In this temperature range, ST was a dominant product. ST would be an intermediate yielding SD1,
SD2 and SM because SM became dominant in PS decomposition at the higher temperature range.
The Arrhenius plot of ln k with the reciprocal of a reaction temperature in Kelvin showed a linear
relationship within the low temperature range. The rate coefficient, k (year–1), was obtained as 5.177
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exp(−5029/T) based on the rate of ST formation. SOs in the ocean was estimated over 400 MT in 2050
based on the simulation including thermal decomposition at 30 ◦C.
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Featured Application: The sensitivity of our society has increased by the effect of petrochemi-
cal plastics on the environment, which has fostered the development of biodegradable materials
derived from natural resources. This study puts forth the potential use of the atomization pro-
cess to microdisperse cellulose structures that can be later incorporated into biopolyester films
through a process of reactive extrusion, without altering the optical properties, and improving
their performance.

Abstract: The present study focuses on the preparation and characterization of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) films that were reinforced with cellulose microstructures to obtain
new green composite materials for sustainable food packaging applications. The atomization of
suspensions of microfibrillated cellulose (MFC) successfully allowed the formation of ultrathin
cellulose structures of nearly 3 µm that were, thereafter, melt-mixed at 2.5, 5, and 10 wt % with
PHBV and subsequently processed into films by thermo-compression. The most optimal results were
attained for the intermediate MFC content of 5 wt %, however, the cellulose microstructures showed
a low interfacial adhesion with the biopolyester matrix. Thus, two reactive compatibilizers were
explored in order to improve the properties of the green composites, namely the multi-functional
epoxy-based styrene-acrylic oligomer (ESAO) and the combination of triglycidyl isocyanurate (TGIC)
with dicumyl peroxide (DCP). The chemical, optical, morphological, thermal, mechanical, and barrier
properties against water and aroma vapors and oxygen were analyzed in order to determine the
potential application of these green composite films in food packaging. The results showed that the
incorporation of MFC yielded contact transparent films, whereas the reactive extrusion with TGIC and
DCP led to green composites with enhanced thermal stability, mechanical strength and ductility, and
barrier performance to aroma vapor and oxygen. In particular, this compatibilized green composite
film was thermally stable up to ~280 ◦C, whereas it showed an elastic modulus (E) of above 3 GPa and
a deformation at break (εb) of 1.4%. Moreover, compared with neat PHBV, its barrier performance to
limonene vapor and oxygen was nearly improved by nine and two times, respectively.

Keywords: PHBV; cellulose; green composites; atomization; reactive extrusion; food packaging

1. Introduction

In recent years, there has been a growing interest in the development of sustainable al-
ternative materials for food packaging due to the environmental impacts related to the high
disposal of petrochemical polymers. Recycling of single-use plastics currently represents
the best option to reduce plastic waste, however, after reprocessing, recycled plastics show a
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significant performance reduction and associate food safety risks due to chemical migration
issues [1]. A possible solution, which is also compatible with the recycling technologies,
is the replacement of polymers that are derived from petroleum with biopolymers that
are biodegradable [2]. These materials are macromolecules that are obtained from natural
sources, are biodegradable, or show both features, which can be composted in industrial fa-
cilities and, in some cases, in domestic composting conditions and natural environments [3].
In addition, biopolymers present an improved sustainability profile since they can be
produced with lower energy consumption and a reduced carbon footprint [4]. Among the
currently available biopolymers, carbohydrates, such as starch [5], pectin [6], chitosan [7,8],
and cellulose derivatives [9–11], or proteins, such as casein derivatives [12] and wheat
gluten [13,14], have been widely explored as sustainable candidates in biodegradable food
packaging applications.

Polyhydroxyalkanoates (PHAs) are semi-crystalline aliphatic polymers that are sus-
tainable candidates to replace classical polyolefins of fossil origin for food packaging
applications. In particular, PHAs are renewable polymers since these can be synthesized by
bacteria, and other microorganisms, using sugars as the production source [15]. Moreover,
PHAs are biodegradable in composting facilities and also in the environment avoiding the
“white pollution” that is manifested, for example, as marine debris and microplastics [16].
Poly(3-hydroxybutyrate) (PHB) is the most common type of PHA and this homopolyester
has been explored to be used as a biodegradable thermoplastic material since it has proper-
ties similar to those of polypropylene (PP) [17]. However, the use of PHB results in rigid
and brittle materials due to its high crystallinity, whereas it is also difficult to process due
to its relatively low thermal stability [18]. In order to overcome these limitations, its copoly-
mer with 3-hydroxyvalerate (3HV), that is, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), offers higher ductility and reduced crystallinity [19,20]. Thus, by increasing the
percentage of 3HV units, materials with greater flexibility and lower melting point can be
obtained, improving the performance and processing window [21].

Furthermore, different strategies have been developed for the incorporation of micro-
and nanostructured cellulose reinforcements to give rise to new green composites with
improved properties. The term ‘green composite’ refers to a material that is composed of a
biopolymer and a natural fiber or particle and, in this latter case, cellulose nanomaterials
are excellent candidates as reinforcing elements since they are cost effective, renewable,
and biodegradable [22]. There are different types of ultrathin celluloses, that is, cellulose
nanofibers (CNFs), cellulose microfibers (CMFs), also called microfibrillated cellulose
(MFC), and nanocrystals of hydrolytically extracted cellulose (cellulose nanocrystals, CNCs)
depending on the size and the presence of amorphous and crystalline parts [23,24]. Another
type of nanocellulose is bacterial cellulose (BC), whose morphology can be modified by
controlling its biosynthesis process [25]. Among nanocellulose materials, MFC has recently
been used as a reinforcing filler in petrochemical thermoplastics [26].

The use of MFC in green composites can be particularly advantageous in order to
achieve significant improvements in the mechanical and oxygen barrier performance,
which are the most limiting factors of biopolymers. However, when ultrafine cellulose
structures are used as a mixing element to reinforce polymer matrices, there are two main
technological challenges to consider. On the one hand, ultrafine cellulose structures are
mostly prepared in the form of aqueous suspensions that are usually not practical in terms
of processability and industrial use. During the drying or dewatering process, these tend
to form aggregates due to the high hydrophilic nature of cellulose, which has a surface
that is very rich in hydroxyl groups (–OH) that are prone to form strong intermolecular
hydrogen bonds. This effect is amplified in the case of nanostructured materials due to
its large surface-to-volume aspect ratio and high surface energy [27]. For example, it has
been observed that during the spray-drying process, cellulose nanoparticles agglomerate
by a capillarity effect and the formation of hydrogen bonds and van der Waals forces [28].
Alternatively, lyophilization or freeze drying led to ice crystal growth, which tends to favor
the agglomeration of nanocelluloses [29]. On the other hand, the presence of a large number
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of -OH groups on the cellulose surface results in a polar fiber surface with a relatively
low compatibility with the polymer matrices. This habitually results in a non-uniform
dispersion and distribution of microfibers during the melt-transformation processes by
which nanocelluloses are incorporated into polymers, which leads to a significant loss of
performance in the composites [30]. Different strategies have been carried out in order to
improve the interfacial adhesion of green composites based on MFC or CNC, mainly by
means of chemical pre-treatments and compatibilizing agents or coupling agents [31]. For
example, some studies have focused on modifications on the surface of the cellulose through
chemical or physical pre-treatments to reduce its hydrophilicity [32]. However, although
these methods can positively result in a decrease in moisture absorption and an increase in
the mechanical properties, they are usually expensive and involve the use of additional
processing steps or toxic chemicals that could be an impediment to the subsequent use of
the resulting composites [27]. Other recent studies have reported the use of compatibilizers
such as polymers grafted with maleic anhydride (MAH) [33] or multi-functional additives
based on epoxy groups [34] and isocyanates [35].

This research reports a novel and potentially scalable technique to prepare green
composites of PHBV and MFC based on two steps. Initially, an aqueous MFC suspension
was atomized to yield micron-sized droplets containing the dry cellulose microstructures
that evaporated upon deposition, leaving no water residues. Secondly, the resultant spray-
dried cellulose ultrathin structures were incorporated at different contents, that is, 2.5, 5,
and 10 wt %, into PHBV by melt-mixing and their processing and properties were analyzed.
Finally, the green composite with the optimal MFC content was compatibilized with two
different reactive additives in order to enhance the performance of the films for potential
uses in food packaging applications.

2. Materials and Methods
2.1. Materials

Commercial PHBV with food-grade status was supplied as ENMAT Y1000P in the form
of pellets by Tianan Biologic Materials (Ningbo, China). The biopolymer presents a density
of 1.23 g/cm3 and a melt flow index (MFI) of 5–10 g/10 min (190 ◦C, 2.16 kg). The 3HV
fraction in the copolyester is ~2 mol% and the molecular weight (MW) is ~2.8 × 105 g/mol.
The aqueous suspension, Exilva F01-V grade MFC, was provided by Borregaard ChemCell
AS (Sarpsborg, Norway) in a paste form with a solid content of 10 wt %.

Joncryl® ADR 4368C was provided by BASF S.A. (Barcelona, Spain) in the form of
solid flakes. It is a proprietary epoxy-based styrene-acrylic oligomer (ESAO) with an
average functionality of (f ) > 4, where the styrene and acrylate blocks are each present
between 1 and 20. MW is 6800 g/mol, the glass transition temperature (Tg) is 54 ◦C, and
the epoxide equivalent weight (EEW) is 285 g/mol. Recommended dosage by the man-
ufacturer is 0.1–1 wt % for proper processability without impairing compostability and
food contact status. Triglycidyl isocyanurate (TGIC, reference 379506), with a MW of
297.26 g/mol, and dicumyl peroxide (DCP, reference 329541), with a MW of 270.37 g/mol
and 98% purity, were both purchased from Sigma-Aldrich S.A. (Madrid, Spain). Magne-
sium nitrate (Mg(NO3)2) and D-limonene were all obtained from Panreac Quimica S.L.U.
(Castellar del Vallés, Barcelona, Spain). Phosphorus pentoxide (P2O5), 99% purity, reference
214701, was obtained from Sigma-Aldrich S.A.

2.2. Atomization of Cellulose Suspension

Prior to the atomization process, the as-received cellulose suspension was diluted in
water to a concentration of 1.8 wt % to reduce viscosity and facilitate product handling.
To carry out the dehydration process, a laboratory spray-drying equipment (Minispray
Dryer Büchi B-290 Advanced, BUCHI Ibérica S.L.U., Barcelona, Spain) was used. This
equipment has an air inlet of up to 220 ◦C, an evaporation flow-rate of water of up to 1 L/h,
a nozzle of 0.7 mm, and a drying flow-rate of air of up to 38 m3/h. The calorific power is
2300 w. The gas used for atomization was compressed air with a variable flow-rate between
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200 and 1000 L/h and operating at a variable working pressure between 3 and 7 bar. The
drying conditions of the MFC suspension were set as follows: inlet temperature of 110 ◦C
and outlet temperature ranging between 55 and 60 ◦C. Figure 1 shows an image of the
equipment (Figure 1a) and a diagram of the process carried out to atomize the cellulose
suspension (Figure 1b).
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2.3. Preparation of Green Composite Films
2.3.1. Melt Mixing

The PHBV pellets were dried in a vacuum oven (vacuum TEM-TJP Selecta, S.A.,
Barcelona, Spain) at 60 ◦C for 4 h. Thereafter, the dried pellets and the atomized cellulose
powder were placed in a desiccator containing P2O5 at 25 ◦C for one week to remove the
remaining water.

The PHBV pellets were melt-mixed with MFC at contents of 2.5, 5, and 10 wt %. The
melt-blending process was carried out in an internal mixer (HAAKE™ PolyLab™ QC,
Thermo Fisher Scientific, Herzogenaurach, Germany) at a temperature of 170 ◦C with a
rotor speed of 50 rpm. The mixing time was set at 5 min after analyzing the stability of neat
PHBV during melt mixing. The processed amount of each composition was approximately
50 g. PHBV samples with different MFC contents and compatibilizers were used to produce
the green composites. Samples without MFC and compatibilizers were also prepared as
control materials. Table 1 shows the set of compositions prepared.

Subsequently, the samples obtained from the mixer were cold-milled in order to have
the product in a more easy-to-handle format for subsequent processing into films. For
this, each dough was ground at 2 pulses of 30 s in a milling machine (Model M20, IKA,
Staufen, Germany). The powder-like material resulting from the milling process was stored
in a desiccator at 25 ◦C and 0% relative humidity (RH) with P2O5 for one week.

2.3.2. Thermo-Compression

Thermo-compression was carried out using a hydraulic press (Model LP20, Labtech
Engineering, Bangpoo, Thailand). An amount of 2.5 g of the obtained doughs was thermo-
compressed as follows: preheated for 3 min at 200 ◦C, compressed at ~100 bar and 200 ◦C
for 4 min and, finally, cooled for 3 min until reaching a temperature of ~80 ◦C. The resultant
films, sizing 10 cm× 10 cm and with a thickness of 120−140 µm, were stored in a desiccator
with P2O5 (0% RH) at 25± 2 ◦C for a minimum period of 15 days to eliminate the remaining
humidity and also reduce the effect of physical aging on PHBV.
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Table 1. Summary of compositions according to the weight content (wt %) of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and microfibrillated cellulose (MFC) in which epoxy-based styrene-
acrylic oligomer (ESAO), triglycidyl isocyanurate (TGIC), and dicumyl peroxide (DCP) were added
as parts per hundred resins (phr) of green composite.

Sample PHBV (wt %) MFC (wt %) MAH (phr) ESAO (phr) TGIC (phr) DCP (phr)

PHBV 100 0 0 0 0 0
PHBV_2.5%MFC 97.5 2.5 0 0 0 0
PHBV_5%MFC 95 5 0 0 0 0
PHBV_10%MFC 90 10 0 0 0 0
PHBV_ESAO 100 0 0 1 0 0
PHBV_TGIC+DCP 100 0 0 0 1 0.25
PHBV_5%MFC_ESAO 95 5 0 1 0 0
PHBV_5%MFC_TGIC+DCP 95 5 0 0 1 0.25

2.4. Material Characterization
2.4.1. Microscopy

Film thickness was determined at 10 random positions with a digital electronic mi-
crometer, having ±0.001 mm accuracy (Palmer model COMECTA, Barcelona, Spain).

Atomic force microscopy (AFM) was carried out in a Bruker Multimode 8 microscope
(ELECMI, Zaragoza, Spain) to determine the topography of MFC at the nanoscale. To this
end, a drop of the cellulose suspension was placed on the scanning probe and scanned with
an image area of 10 µm × 10 µm and 5 µm × 5 µm in “tapping” mode using a cantilever of
silicon nitride at a nominal resonance frequency of 0.6 Hz.

The morphology of the atomized cellulose microstructures and the fracture surfaces of
the films were studied by means of field emission scanning electron microscopy (FESEM)
(JEOL, model JSM-5410, Tokyo, Japan) equipped with focused ion gun (AURIGA Compact,
Zeiss, Oxford Instruments, Abingdon, UK). To obtain the cross-sections of the composites,
the films were cryo-fractured by immersion in liquid nitrogen. The samples were mounted
on the sample holder using double-sided carbon tape, coated with a platinum layer (EM
MED020 sputter coater, Leica Biosystems, Barcelona, Spain), and observed using an accel-
erated voltage of 2 kV. The SmartTiff program (version 2, Zeiss, Oxford Instruments) was
used to measure the cellulose fiber diameters. To this end, at least 20 micrographs of each
formulation were analyzed.

2.4.2. Infrared Spectroscopy

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy chem-
ical analysis was performed on the film surfaces. Spectra were recorded with a Vector
22 from Bruker S.A. (Madrid, Spain) coupling a PIKE MIRacle™ ATR accessory from PIKE
Technologies (Madison, WI, USA). Ten scans were averaged from 4000 to 400 cm−1 at a
resolution of 4 cm−1.

2.4.3. Optical Evaluation

Optical properties of the films were obtained by determining the film reflection spec-
tra (R) using the black (R0) and white (Rg) backgrounds according the Kubelka–Munk
theory of multiple scattering. The internal transmittance (Ti) of the films, ranging from
400 to 700 nm, was determined using Equation (1). The film lightness (L*) and the color
coordinates a* (redness-greenness) and b* (yellowness-blueness) were determined using
Equations (2) and (3). The colorimetric and transparency properties of the films were also
evaluated in terms of the hue angle (hab*) and chroma (Cab*) following Equations (4) and (5).

Ti =

√
(a + R0)

2 − b2 (1)
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a =
1
2

[
R +

(
R0 − R + Rg

R0 × Rg

)]
(2)

b =
√

a2 − 1 (3)

hab
∗ = arctg

(
b∗

a∗

)
(4)

Cab
∗ =

√
a∗2 + b∗2 (5)

Color difference (∆E*) between the neat PHBV film and the films of PHBV containing
MFC, or those processed with the compatibilizers, was evaluated using Equation (6).

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (6)

where ∆L∗ = (L∗ − L∗0); ∆a∗ = (a∗ − a∗0); ∆b∗ = (b∗ − b∗0); and L∗0 , a∗0 , and b∗0 are the color
coordinates of the neat PHBV film. The color differences were evaluated according to the
following criteria [36]: ∆E* < 1 indicates unnoticeable color change; 1 ≤ ∆E* < 2 suggests
that only an experienced observer can notice the difference; 2 ≤ ∆E* < 3.5 means that an
inexperienced observer notices the difference; 3.5 ≤ ∆E* < 5 indicates a clear noticeable dif-
ference; and ∆E* ≥ 5 suggests that the observer notices different colors. All measurements
were performed in triplicate.

2.4.4. Thermal Analysis

Differential scanning calorimeter (DSC) was used to determine the phase transitions
of the PHBV samples. Measurements were performed in a DSC 1 Stare System analyzer
(Mettler-Toledo GmbH, Greifensee, Switzerland) operating under a nitrogen atmosphere
(20 mL/min). To this end, 5–7 mg of each sample was weighted in aluminum pans and
heated from −40 to 200 ◦C to remove the thermal history, cooled to −40 ◦C to determine
the crystallization temperature (Tc), and then heated (second heating step) to 200 ◦C for de-
termining the glass transition temperature (Tg) and melting temperature (Tm). The heating
and cooling rates were set at 10 and 50 ◦C/min, respectively. The degree of crystallinity
(XC) was measured using the second heating scans and following Equation (7):

XC =

[
∆Hm − ∆Hcc

∆H0
m·(1−w)

]
·100 (7)

where ∆Hm (J/g) is the melting enthalpy, ∆Hcc (J/g) is the enthalpy of cold crystallization,
∆H0

m (J/g) represents the theoretical enthalpy of a fully crystalline sample of PHBV with a
value of 146.6 J/g [37], and the term 1 − w represents the weight fraction of PHBV.

Thermal degradation of the PHBV films was assessed by thermogravimetric analysis
(TGA) in a thermogravimetric analyzer (TGA 1 Stare System analyzer, Mettler-Toledo
GmbH). Film samples, with a weight of 3–5 mg, were subjected to a heating program from
25 to 700 ◦C at a heating rate of 10 ◦C/min under a nitrogen atmosphere (10 mL/min).
The initial or onset temperature (Tonset), corresponding to the temperature yielding a mass
loss of 5%, the temperature at the maximum degradation rate (Tdeg), and the residual
mass at 700 ◦C were determined by analyzing the TGA curves and their first derivative
thermogravimetry (DTG) curves. All thermal tests were performed in triplicate.

2.4.5. Mechanical Characterization

The tensile properties of the films were measured in a universal testing machine
(Stable Micro Systems, TA.XT plus, Stable Micro Systems, Godalming, UK) following the
guidelines of the ASTM D882. Rectangular film samples sizing 25 mm × 10 mm were
grabbed by two grips initially separated by 50 mm and stretched at a cross-head speed of
12.5 mm/min to determine the values of elastic modulus (E), tensile stress at yield (σy),
and elongation at break (εb). Eight film samples were evaluated for each formulation.
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2.4.6. Barrier Measurements

Water vapor permeability (WVP) of the films was determined using the ASTM 2011
gravimetric method. To this end, 5 mL of distilled water was placed inside Payne perme-
ability cups (Ø = 3.5 cm, Elcometer Sprl (Hermalle-sous-Argenteau, Belgium) and the films
were placed in the cups so that on one side they were exposed to water (100% RH), avoiding
direct contact with water. Thus, the cups containing the films were secured with silicon
rings and stored in desiccators containing Mg(NO3)2 over-saturated solution (53% RH) in
a chamber with temperature control at 25 ◦C. Identical cups with aluminum films were
used as control samples to estimate the vapor loss through the sealing. The cups were
weighed periodically using an analytical balance of ±0.0001 g accuracy (ME36S, Sarto-
rius, Fisher Scientific, Hampton, NH, USA). The water vapor permeance was calculated
considering the water vapor transmission rate (WVTR), which was determined from the
steady-state permeation slope obtained from the regression analysis of weight loss data per
unit area versus time, where the weight loss was calculated as the total cell loss minus the
loss through the sealing. The water vapor permeance was corrected for permeant partial
pressure and the film thickness to obtain the WVP values.

Limonene permeability (LP) was measured following the same procedure described
above for water vapor, replacing water with 5 mL of D-limonene inside the Payne per-
meability cups. The permeability cups containing the films were placed at the controlled
conditions of 25 ◦C and 53% RH and cups with aluminum films were used as control
samples to estimate solvent loss through the sealing. Limonene permeation rate (LPR)
was obtained from the steady-state permeation slopes and weight loss was calculated
as the total cell loss minus the loss through the sealing, which was thereafter corrected
for permeant partial pressure and the film thickness to yield LP. Both vapor permeability
measurements were performed in triplicate.

Oxygen permeability (OP) of the films was determined using an oxygen permeation
analyzer (OxySense® Model 8101e, Systech Illinois, Thame, UK) at 25 ◦C and 53% of RH,
according to ASTM D3985-05. The exposed area of the films was 50 cm2 and the oxygen
transmission rate (OTR) was obtained every 15 min until equilibrium was reached. The gas
permeability measurements were carried out in duplicate.

2.5. Statistical Analysis

The experimental data were submitted to analysis of variance (ANOVA) at a confidence
level of 95% using Minitab statistical program (version 17). Fisher’s least significant
difference (LSD) was used to determine whether there were significant differences among
the formulations, using the least significant difference (α) of 5% (p < 0.05).

3. Results and Discussion
3.1. Atomization of Cellulose Suspension

The morphology of the suspended cellulose before atomization was observed using by
AFM. This technique consists of a mechano-optical instrument that is capable of resolving
the topography of a material by means of a nanometer-scale probe at high magnification.
Figure 2 shows two AFM images that were obtained from the dilute resuspension of the
as-received sample in water for the scanned areas of 10 µm × 10 µm (Figure 2a,b) and
5 µm × 5 µm (Figure 2c,d). It can be observed that samples are formed by a complex
entangled network of micro- and nanofibers with mean diameter dimensions ranging from
10 nm, for individual nanofibrils, to 146.2 nm for bundles of these nanofibrils. In Figure 2e,f,
corresponding to the 3D phase representation of each scanned area, one can see that the
highest topography of these figures corresponds to the bundles of nanofibrils, whereas the
lowest valleys are related to the smaller nanofibril bundles or individual ones.
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Figure 2. Atomic force microscopy (AFM) image of microfibrillated cellulose (MFC) in tapping
mode for a scanned 10 µm × 10 µm area in height (a) and amplitude (b) and for a scanned
5 µm × 5 µm area at height (c) and amplitude (d). Three-dimensional phase representation of the
scanned 10 µm × 10 µm area (e) and 5 µm × 5 µm area (f).

The morphology of the resultant atomized cellulose powder obtained from the diluted
cellulose suspension in water was observed by FESEM and its micrographs, at different
magnifications, are shown in Figure 3. As it can be seen in Figure 3a, atomization gave rise
to micrometer aggregates of cellulose sizing approximately 3 ± 1 µm. The FESEM image
that was taken at higher magnification, shown in Figure 3b, evidences the formation of
microparticles with a rod-like morphology and an aspect ratio of nearly four. Figure 3c,
showing the magnification of the microaggregate surface, reveals that these structures
were formed by the so-called MFC, originally present in the suspended cellulose with
fibers with thicknesses in the nano-range. Therefore, atomization was able to successfully
yield microparticles of cellulose, in the powder form and with a low aspect ratio, being
constituted by MFC. Similar results have been recently obtained by Shariatnia et al. [38]
during the atomization of 0.5–1 wt % CNC suspensions by spraying techniques at high
pressure (244.8 kPa). The authors reported that the morphology of the nanocrystals was
maintained, although they also tended to form micrometric agglomerates due to the high
attractive forces and their high aspect ratio.
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Figure 3. Field emission scanning electron microscopy (FESEM) micrographs of the atomized mi-
crofibrillated cellulose (MFC) observed at different magnifications, as follows: (a) taken at 1000× with
a scale marker of 30 µm; (b) 5000× and 6 µm; (c) 20,000× and 900 nm.

3.2. Melt Processing of Green Composites

Figure 4 shows the torque vs. time curves of the different PHBV formulations with
MFC and/or the different compatibilizing agents during melt-mixing at 50 rpm and 170 ◦C.
Figure 4a shows the torque evolution for a processing time of 25 min for the neat PHBV
sample, which was conducted to ascertain the stability of the biopolyester in terms of melt
shear-thinning strength at high temperatures. One can observe that, during processing,
the torque sharply increased for about 30 s until the biopolymer pellets were plasticized
and then it decreased, showing a peak centered at approximately 1.2 min. The latter peak
can be related to the complete melting of the PHBV crystals and spanned up to 2 min.
Thereafter, the torque of the liquid PHBV mass progressively reduced, this effect was
more noticeable from the processing times that were longer than 5 min. Finally, a plateau
was nearly reached after approximately 20 min. The lower torque values indicate that a
progressive decrease in viscosity was achieved in the samples, which can be ascribed to
thermo-mechanical degradation of PHBV due to chain scission and resultant MW reduction,
confirming the low processing window of this biopolyester. Indeed, the inherently poor
thermal stability of PHB, and also of PHBV with low 3HV contents, is a major concern since
thermal decomposition by chain scission starts at temperatures close to the melting point,
making its processing in the melt state a considerable challenge [39]. However, a minimum
residence time would be needed to both facilitate a correct mixing and dispersion of the
microparticles in the PHBV matrix during melt compounding [40] as well as to achieve
or promote the reactivity of the compatibilizing agents [41]. In particular, the dispersion
of the cellulose microfibrils depends on time and shear force that will open the physical
entanglements. According to this result, a residence time of 5 min was selected to process
all of the formulations as a trade-off solution between stability and mixing.

Thus, Figure 4b–d show the curves of torque vs. mixing time for all of the formulations,
which were processed at 50 rpm and 170 ◦C for 5 min. As can be seen in the curves for the
uncompatibilized green composite samples, shown in Figure 4b, the incorporation of the
microstructures of cellulose yielded very similar curves to the neat PHBV sample, with a
progressive increase in the torque during the first ~2 min. This effect can be ascribed to the
mechanical friction increase due to the MFC presence in the mixer prior to melting since
the dispersion and disaggregation of particles in the biopolymer matrix mainly occurred
during this period. In the case of the unfilled compatibilized PHBV samples, included
in Figure 4c, one can observe that these samples presented a second increase in torque,
approximately after 1–1.5 min, which corresponds to the increase in viscosity associated
with the chemical reaction of the compatibilizing agents. In the case of the PHBV sample
that was processed with TGIC, this reaction took place at a slightly shorter time than
for ESAO, which may be associated with the presence of the highly reactive DCP. Finally,
Figure 4d shows the composite samples that were prepared with the compatibilizing agents,
where a much higher viscosity increase can be observed than in the rest of the samples,
especially noticeable in the PHBV/MFC composite samples that were processed with TGIC.
This viscosity increase can be ascribed to the formation of new bonds in the PHBV chains
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or between PHBV and MFC. In particular, the generation of these molecular entanglements
could result in an increase in torque with time due to the formation of macromolecular
structures with higher melt strength.
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Figure 4. Representation of torque (M) as a function of time during melt mixing of the following:
(a) poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) for 25 min; (b) PHBV without and with
microfibrillated cellulose (MFC) at 2.5, 5, and 10 wt % for 5 min; (c) PHBV without and with
epoxy-based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate (TGIC) and dicumyl
peroxide (DCP) for 5 min; (d) PHBV/MFC at 5 wt % without and with ESAO and with TGIC and
DCP for 5 min.

In this regard, one should consider that these compatibilizing agents are chemical
substances that are able to establish covalent bonds with different groups of the biopolyester
and, in the case of composites, give rise to grafting processes between the functional groups
on the surface of the lignocellulose with the terminal groups of the biopolymer. This
process is called “reactive extrusion” and it is observed in the processing curves by an
increase in torque with time, that is, the molten biopolymer shows a greater resistance to
flow after the melting of the biopolymer. Thus, the use of reactive compatibilizing agents
produced an increase in viscosity, that is, a melt with a higher torque during mixing, either
by an effect of extension or linear growth of the chains (“chain extension”), branching, or
cross-linking [42]. Finally, one can also observe that, in terms of comparison performance,
similar increases in torque were attained for the unfilled PHBV and PHBV/MFC samples
with TGIC and DCP and the composite with ESAO. In the case of the isocyanurate, it
exhibited higher reactivity with PHBV, while both exerted a large effect on the grafting of
MFC onto PHBV. Also, it is noteworthy that the torque increase was seen to take place 20 s
faster for TGIC and DCP than ESAO, which can be ascribed to the presence of the peroxide,
offering the benefit to facilitate its processability at a larger extrusion equipment.
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3.3. Chemical Analysis of Green Composites

ATR-FTIR was performed in order to evaluate the chemical interactions between
PHBV, MFC, and the reactive compatibilizers, that is, ESAO and TGIC, and spectra of
the films are gathered in Figure 5. One can observe in Figure 5a that all of the film
samples showed the peaks of the characteristic FTIR spectrum of PHBV without noticeable
changes [41], which can be due to the relatively low MFC contents. The strongest band was
observed at 1718 cm−1, which has been assigned to the stretching vibration of the carbonyl
group (C=O) in PHA copolyesters and it corresponds to the intramolecular bonding of
their crystalline state [43]. The complex and multiple peaks that were observed in the
1000–1200 cm−1 region arise mainly from the C–O stretching vibration in the ester groups
of polyesters [44]. Finally, the peaks centered at ~2975 and ~2935 cm−1 have been ascribed
to asymmetric stretching vibrations of methyl (–CH3) and methylene (–CH2–) groups,
respectively, which also produced smaller symmetric stretching intensities at ~2875 and
~2850 cm−1. Figure 5b compared the FTIR spectra of the uncompatibilized PHBV film
with 5 wt % MFC and the green composite films compatibilized with ESAO and TGIC.
It can be observed that the crystalline C–O stretching vibration was kept at 1718 cm−1.
However, the carbonyl peak was slightly broadened in the spectra corresponding to the
compatibilized films and also generated a shoulder at approximately 1685 cm−1. This band
change, which was more noticeable in the green composite sample that was processed
with ESAO, has been ascribed to an alteration of the hydrogen bonding in the molecular
arrangement of PHAs [34]. This suggests that a stronger intramolecular disruption of the
biopolymer chains by the presence of cellulose was achieved in the green composites that
were processed with the compatibilizers, indicating a higher interaction of MFC with PHBV.
Other authors have reported shifts in this peak due to the reaction between the epoxy
groups of chain extenders and the carboxyl groups (–COO) in polyesters [45]. For both of
the compatibilizers, and particularly more noticeable in the case of ESAO, all of the peak
intensities increased in the 1500–800 cm−1 region. These intensity increases were seen to be
more intense for the –O–C–O– stretching modes of the carboxyl group, particularly for the
band arising at ~1184 cm−1 and other ester-related bands that were observed at ~1055 cm−1

and ~1043 cm−1 [46]. Therefore, these band signal increases suggest the formation of new
ester groups in the compatibilized composite films of PHBV. However, one should further
consider that the bands in this region are also due to the C–H bending modes [47] and, thus,
the band assignments in this region are not straightforward. Additionally, the intensity of
the latter bands can also be increased due to their close proximity to the bands that were
ascribed to the newly formed OH-related bonds, which correspond to the –OH side groups
that were produced during esterification reaction.

In relation to the chemical changes observed above, it has been described that in
the case of ESAO, this compatibilizing agent presents multiple epoxide groups in the
styrene chains of the oligomer that are capable of forming new ester groups with the
terminal nucleophilic groups of the biopolyester, that is, with its alcohol groups (R–OH)
and, fundamentally, acid groups (R–COOH) present at the termination of the polyester
chains [48]. On the other hand, it has been shown that part of the other epoxide groups
in the ESAO structure, which do not react with the biopolyester, can also react with the
–OH groups that are present on the surface of the cellulose, or even with silanol groups
(Si–OH) of certain minerals, giving rise to covalent chemical bonding or “grafting” that
subsequently achieves a better compatibility of the biopolymer composite [34]. Similarly,
reactive extrusion by means of isocyanurates, as is the case for TGIC, which is usually
initiated by organic radicals from peroxides, such as DCP, have managed to achieve the
referred grafting compatibilization [35]. This reaction is accomplished by means of the
reaction of the –OH groups that are present both in the terminal groups of the biopolyester
molecular chains and on the cellulose surface with the multiple epoxide groups present
in TGIC [49]. Therefore, ester bonds are formed with the PHA chains by an esterification
reaction with the glycidyl terminal groups of the carboxylic acid, which precedes the
etherification of the –OH terminal group [34]. The second reaction generates C–O–C type
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bonds with subsequent formation of –OH side groups on the cellulose surface [50]. For
DCP, Wei et al. [51] described the mechanism of cellulose coupling or grafting onto PHB
and PHBV. Briefly, when the peroxide is exposed to heat during the extrusion process, it
decomposes into free radicals, with high reactivity, which tend to abstract hydrogens (H′)
from the molecular chains of the biopolymer and cellulose to subsequently initiate the
referred grafting process between the two phases of the composites. The authors postulated
that, specifically, grafted copolymers are formed at the interfaces of the cellulose and the
biopolyester matrix.
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Figure 5. (a) Fourier transform infrared (FTIR) spectra, from bottom to top, of the films of the follow-
ing: poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), PHBV with microfibrillated cellulose
(MFC) at 2.5, 5, and 10 wt %, PHBV with triglycidyl isocyanurate (TGIC) and dicumyl peroxide
(DCP) and with epoxy-based styrene-acrylic oligomer (ESAO), and PHBV/MFC at 5 wt % with
TGIC and DCP and with ESAO. (b) Detail of the FTIR spectra for the films of PHBV/MFC at 5 wt %
uncompatibilized and compatibilized with TGIC and DCP and with ESAO. Arrows indicate the
wavenumbers of the chemical bonds described in the text.
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3.4. Optical Properties of Green Composites

Figure 6 gathers the visual images of the PHBV and its composite films with different
contents of MFC and/or the compatibilizers ESAO and TGIC with DCP. The films were
obtained by thermo-compression at 200 ◦C for 4 min using the doughs resulting from
the melt-mixing process. One can observe from the images that the optical properties
that the neat PHBV sample, shown as a control in Figure 6a, presented very similar
characteristics in terms of transparency or color to the PHBV film samples with MFC
without compatibilizers (Figure 6b–d), with compatibilizers without MFC (Figure 6e,f),
or with MFC and compatibilizers (Figure 6g,h). In all cases, thermo-compression yielded
homogeneous PHBV films, of about 130 µm thickness, with high opacity due to the inherent
crystallinity of PHBV [18]. It is also worth mentioning that, by simple visual observation, it
was not possible to determine the presence of MFC due to their micrometer-scale size, as
demonstrated previously in Figure 2.
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Figure 6. Films obtained by thermo-compression of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) with microfibrillated cellulose (MFC) and compatibilized with epoxy-based styrene-acrylic
oligomer (ESAO) and with triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP) as fol-
lows: (a) PHBV; (b) PHBV_2.5%MFC; (c) PHBV_5%MFC; (d) PHBV_10%MFC; (e) PHBV_ESAO;
(f) PHBV_TGIC+DCP; (g) PHBV_5%MFC_ESAO; (h) PHBV_5%MFC_TGIC+DCP.
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In order to quantify the visual appearance of the PHBV/MFC composite films, Figure 7
represents their spectral distribution curves in terms of the percentage of Ti as a function of
wavelength (λ). High Ti values are related to a higher ability of the sample to transmit light
and, therefore, correspond to more transparent film samples, while low Ti values indicates
higher opacity and a decrease in light passing through the film [52]. In this case, it can
be observed that the films presented very similar Ti values throughout the spectral range,
showing low-to-intermediate values. It is also worth noting that a slight reduction was
observed for the samples with MFC contents of 5 wt % and, more noticeably, 10 wt %, due to
the presence of the cellulose microparticles. In this regard, one of the desired characteristics
of packaging materials is that they should protect food from the effects of light, especially
ultraviolet radiation [53], for which the presence of MFC can be advantageous.
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Figure 7. Spectral distribution curves of the percentage of internal transmittance (Ti) of the films of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with microfibrillated cellulose (MFC) and
compatibilized with epoxy-based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate
(TGIC) and dicumyl peroxide (DCP).

As can be observed in Table 2, the green composite films showed very similar values
of brightness as PHBV, measured as L*, in the range of 87–89, showing no significant
differences (p > 0.05). Regarding the color coordinates a* and b*, the values that were
obtained from all of the samples in the CIE-L*a*b* space indicated the color of the films
as yellow (b* ' 8–12) with a slight green hue (a* ' −1). This corresponds to a hab* angle
' 95–99, that is, of a yellow color with a very slightly green hue. On the other hand, the
chroma or color saturation was very similar in all of the samples, with Cab* values ranging
between 8 and 12. In relation to the color difference between PHBV and its composites
with MFC, these can be only appreciable by an experienced observer (∆Eab* ≥ 1 and <2).
The color differences were very similar in all cases, showing no significant differences
(p > 0.05) and being slightly lower for the compabilized films. These values confirmed that
the presence of the cellulose microstructures did not successfully alter the optical properties
of PHBV.
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Table 2. Color parameters (L*, a*, b*) hue angle (hab*), color saturation or chroma (Cab*), and color
difference (∆Eab*) of the films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with mi-
crofibrillated cellulose (MFC) and compatibilized with epoxy-based styrene-acrylic oligomer (ESAO)
and with triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP).

Film L* a* b* Cab* hab* ∆E*

PHBV 88.41 ± 0.11 a −0.94 ± 0.01 a 10.20 ± 0.15 a 10.24 ± 0.15 a 95.25 ± 0.11 a -
PHBV_2.5%MFC 87.75 ± 0.38 a −1.12 ± 0.03 b 11.52 ± 0.87 b 11.57 ± 0.86 b 95.59± 0.47 a 1.53 ± 0.87 a

PHBV_5%MFC 88.40 ± 0.27 a −0.91 ± 0.04 a 10.22 ± 0.98 a 10.25 ± 0.99 a 95.10 ± 0.32 a 1.27 ± 0.41 a

PHBV_10%MFC 87.89 ± 0.50 a −0.86 ± 0.05 a 11.42 ± 0.64 b 11.45 ± 0.64 b 94.34 ± 0.41 b 1.35 ± 0.75 a

PHBV_ESAO 89.11 ± 0.24 a −1.10 ± 0.05 b 8.75 ± 0.23 c 8.82 ± 0.23 c 97.15 ± 0.17 c 1.66 ± 0.34 a

PHBV_TGIC+DCP 89.39 ± 0.15 a −1.22 ± 0.04 c 8.80 ± 0.44 c 8.88 ± 0.44 c 97.91 ± 0.38 c 1.75 ± 0.52 a

PHBV_5%MFC_ESAO 88.73 ± 0.07 a −1.14 ± 0.02 b 11.24± 0.24 b 11.30 ± 0.24 a 95.76 ± 0.12 a 1.12 ± 0.17 a

PHBV_5%MFC_TGIC+DCP 88.86 ± 0.09 a −1.38 ± 0.05 d 9.30 ± 0.22 d 9.40 ± 0.22 c 98.47 ± 0.23 c 1.12 ± 0.20 a

L* lightness (L* = 0 black, L* = 100 white), a* coordinate between red (+) and green (−), b* between yellow (+) and
blue (−), hue or tone (hab*), color saturation or chroma (Cab*). Mean values and standard deviation. a–d Different
superscripts in the same column indicate significant differences between formulations (p < 0.05).

3.5. Morphological Properties of Green Composites

Figure 8 shows the surface fractures of the PHBV films observed by FESEM. As can
be seen in Figure 8a, the neat PHBV film showed a fracture surface corresponding to
that of a brittle material, although it should be noted that the sample was cryo-fractured
with liquid nitrogen, below the Tg of PHBV, that is, around −5 ◦C [41]. In this FESEM
micrograph, some inorganic microparticles can be observed, which can correspond to boron
nitride that is used by the manufacturer as a nucleating agent during the fabrication of
commercial PHA [54].

In general, all of the composite films presented a very similar fracture surface, mainly
determined by the high intrinsic brittleness of PHBV. In Figure 8b–d, corresponding to the
cross-sections of the PHBV/MFC composite films without compatibilizers, the presence of
the cellulose microstructures can be observed as isolated particles, especially in the samples
with the highest contents. The formation of voids (“gaps”) between the microparticles and
the PHBV matrix was also noticeable as well as the presence of pores or holes corresponding
to the separation of the microparticles during the fracture process, being both indicated
by the arrows. The presence of a large interface, or pores, is representative of a poor filler-
polymer adhesion and it is associated with a consequent loss in the mechanical properties
of the composite [18]. Due to the lack of an adequate stress transmission between the
filler and the matrix, MFC can act as mere filler elements, without offering increases in
mechanical strength, or even as stress points that facilitate breakage. On the other hand,
in Figure 8e,f, one can observe that the presence of the reactive compatibilizing agents
improved the ductility of the PHBV matrix since some visible plastic deformation was
evidenced by the presence of PHBV fibrils or threads generated by stretching during
fracture. Finally, Figure 8g,h showed that a decrease, or complete elimination, of the gap
between the microparticles and the biopolymer was attained, annotated by the circles,
which was evident in the two compatibilized green composite samples.

3.6. Thermal Properties of Green Composites

Figure 9 shows the DSC curves of the analyzed PHBV films and their green composites
that were compatibilized with ESAO and with TGIC and DCP. Table 3 gathers the thermal
properties that were obtained from the curves. As it can be seen in Figure 9a, PHBV
crystallized during cooling, showing a Tc of approximately 79 ◦C. Both the incorporation of
MFC, as well as the two reactive compatibilizing agents, slightly affected the crystallization
of the biopolymer chains. In particular, an increase in the crystallization process was
observed in the composite films of PHBV with 2.5 wt % of MFC and with 5 wt % of MFC
compatibilized with TGIC and DCP, reaching values close to 82 ◦C and 80 ◦C, respectively.
A similar effect was reported in the study of Jun et al. [55], indicating that the presence
of ultrathin structures of cellulose may favor the crystallization of PHBV by reducing the
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energy barrier during crystal formation. Thus, for these two film samples, it seems that
the cellulose microstructures could serve as nucleating agents of the biopolymer crystals,
favoring heterogeneous crystallization. In the rest of the samples, the Tc values were
found to be very similar to that of PHBV, although somewhat in a lower range, that is,
between 73 and 78 ◦C. This effect was significantly noticeable (p < 0.05) for the green
composite sample filled with 10 wt % MFC and in the unfilled PHBV film samples that
were compatibilized with TGIC and DCP and, more remarkably, ESAO. In particular, the
latter sample reached the lowest Tc value, that is, ~73 ◦C. For the green composite films,
this result suggests that the cellulose microparticles tended to agglomerate at the highest
content, impairing the biopolymer chain arrangement during crystallization. In the case of
the compatibilizing agents, these could facilitate the formation of longer biopolyester chains
by a chain-extension effect or, even, a process of branching and cross-linking [42], which
resulted in a macromolecular structure with chains of impaired movement. However, in the
case of the compatibilized composite film samples, as a consequence of the aforementioned
grafting process of the MFCs onto the macromolecular structure of the PHBV described
during the FTIR analysis and further supported by the FESEM micrographs, the dispersion
of the cellulose microstructures was enlarged and it could favor the formation of crystals.
This effect was more noticeable in the case of the green composite film that was processed
with TGIC and DCP, suggesting a higher compatibilizing effect.

Table 3. Thermal properties obtained by differential scanning calorimetry (DSC) of the films of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with microfibrillated cellulose (MFC) and
compatibilized with epoxy-based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate
(TGIC) and dicumyl peroxide (DCP).

Film Tg (◦C) Tc (◦C) ∆Hc (J/g) Tm (◦C) ∆Hm (J/g) χc (%)

PHBV −1.73 ± 0.11 a 78.65 ± 0.36 a 79.07 ± 0.70 a 170.53 ± 0.16 a 95.81 ± 8.64 a 65.35 ± 1.89 a

PHBV_2.5%MFC −1.62 ± 0.07 a 82.26 ± 0.57 b 78.63 ± 0.64 a 167.80 ± 0.11 b 91.61 ± 8.42 b 65.78 ± 6.04 a

PHBV_5%MFC −1.73 ± 0.04 a 76.40 ± 0.66 c 71.17 ± 0.23 b 168.81 ± 0.04 b 95.09 ± 1.22 a 68.28 ± 0.87 b

PHBV_10%MFC −1.71 ± 0.21 a 75.59 ± 0.56 c 63.59 ± 0.71 c 169.06 ± 0.79 b 84.45 ± 1.60 c 64.01 ± 1.21 c

PHBV_ESAO −1.72 ± 0.06 a 73.07 ± 0.54 d 73.18 ± 0.73 b 168.16 ± 0.49 b 91.92 ± 0.24 b 63.34 ± 0.16 d

PHBV_TGIC+DCP −1.73 ± 0.14 a 77.07 ± 4.24 c 75.79 ± 0.19 d 166.31 ± 0.25 c 90.95 ± 2.18 b 62.85 ± 1.51 d

PHBV_5%MFC_ESAO −1.77 ± 0.07 a 76.90 ± 1.66 c 78.87 ± 1.40 a 167.40 ± 0.56 c 93.66 ± 0.13 d 67.25 ± 0.10 b

PHBV_5%MFC_TGIC+DCP −1.76 ± 0.30 a 79.93 ± 0.85 e 68.49 ± 0.34 e 165.76 ± 0.45 d 89.59 ± 1.23 b 65.15 ± 0.89 c

Tg = glass transition temperature; Tc = crystallization temperature; ∆Hc = enthalpy of crystallization, Tm = melting
temperature, ∆Hm = enthalpy of fusion; χc = percent crystallinity. Mean values and standard deviation.
a–e Different superscripts in the same column indicate significant differences between formulations (p < 0.05).

On the other hand, during the second heating of the samples, represented in Figure 9b,
it can be observed that the biopolymer presented a second order change in the −5 to 5 ◦C
range, which corresponds to the glass transition of PHBV. In the case of the neat PHBV, the
Tg value was observed at approximately−1.7 ◦C, having no significant differences (p < 0.05)
among the samples. Glass transition is a region where the biopolymer passes from a glassy
state, without molecular mobility, towards a rubbery state, with greater molecular mobility
and, therefore, greater toughness. Finally, it can be observed that the PHBV crystals formed
during cooling melted at a temperature close to 171 ◦C. In general, all of the PHBV samples
with MFC and/or compatibilizers presented values that were very similar to those of PHBV,
although somewhat lower, in the range of 166–170 ◦C. This reduction in the melting point
values can be related to certain crystal imperfections or a lower lamellar thickness growth
of the PHBV crystals [56]. This observation suggests that both the presence of MFC and
the effect of the compatibilizers on the molecular structure of the biopolymer affected the
growth of the PHBV crystals. In terms of crystallinity, small differences were observed in
most cases, but still significant (p < 0.05), being more noticeable in the green composite
filled with 5 wt % MFC and the unfilled PHBV film samples that were processed with
the compatibilizers. Thus, the percentage of crystallinity, that is χc, reached a value of
approximately 65% in the neat PHBV sample. The presence of the cellulose microstructures
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slightly increased crystallinity due to their above-described nucleating agent, reaching
values of up to ~68%. In the case of compatibilizers, the aforementioned increase in the
molecular PHBV chains could slightly reduce the crystallinity, showing values in the range
of 62–64%.
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Figure 8. Field emission scanning electron microscopy (FESEM) images of the films of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with microfibrillated cellulose (MFC) and com-
patibilized with epoxy-based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate
(TGIC) and dicumyl peroxide (DCP) as follows: (a) PHBV; (b) PHBV_2.5%MFC; (c) PHBV_5%MFC;
(d) PHBV_10%MFC; (e) PHBV_ESAO; (f) PHBV_TGIC+DCP; (g) PHBV_5%MFC_ESAO;
(h) PHBV_5%MFC_TGIC+DCP. Arrows and circles show the morphologies described in the text.
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Figure 9. Differential scanning calorimetry (DSC) thermograms of the films of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) with microfibrillated cellulose (MFC) and compatibilized with epoxy-
based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate (TGIC) and dicumyl perox-
ide (DCP) as follows: (a) Cooling; (b) Second heating.

Furthermore, the TGA curves of the different PHBV films with MFC and/or the
compatibilizing agents are shown in Figure 10. In these curves one can see that the
biopolymer was stable up to temperatures close to 280–290 ◦C. In particular, thermal
degradation occurred through a single and rapid degradation step that took place in the
thermal range from 290 ◦C to 310 ◦C. As shown in Table 4, where the thermal stability data
that was obtained from the TGA curves gathers, the PHBV sample showed Tonset and Tdeg
values of 277.5 ◦C and 296.3 ◦C, respectively. It has been described in the literature that the
thermal degradation of PHAs generally follows a random chain scission model of the ester
bond, involving a cis-type elimination reaction of –CH and a six-membered ring transition
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to form crotonic acid and its oligomers [57]. It can be observed from the TGA curves of the
respective PHBV films with the compatibilizing agents that they exhibited a significant
drop in thermal resistance, with Tonset values of 227.1 ◦C and 256.3 ◦C for the PHBV film
samples that were compatibilized with ESAO and with TGIC and DCP, respectively. In
the case of Tdeg, these samples showed values in the range of 255–285 ◦C. These results
thus indicate that the presence of the reactive compatibilizers resulted in the formation of
macromolecular structures of lower thermal resistance. In this regard, it should also be
noted that traces of these chemical agents, which could remain unreacted in excess, can
catalyze the thermal degradation of PHBV. Regarding the PHBV/MFC composites and their
respective composites compatibilized with ESAO and TGIC with DCP, it can be seen that
the thermal stability of these films was similar to, or even in some cases higher than, that of
the neat copolyester. The highest thermal properties were obtained for the PHBV composite
with 10 wt % of MFC, reaching Tonset and Tdeg values of 288.8 ◦C and 305.9 ◦C, respectively.
This result is quite positive when comparing the present green composites to others based
on lignocellulosic materials since these tend to show significantly lower thermal stability
than that of unfilled biopolyesters and usually induce thermal decomposition [31]. This
difference can be ascribed to the fact that MFC is based on pure alpha (α)-cellulose, without
hemicellulose, and then with a higher thermal stability. Furthermore, it is also noteworthy
that the presence of the compatibilizers in the PHBV/MFC composite samples did not
contribute to a significant improvement of the thermal stability properties, presenting
very similar values to that of the uncompatibilized PHBV composite with a 5 wt % MFC,
but still significantly higher (p < 0.05) than that of the unfilled PHBV processed with the
reactive agents. Therefore, this suggests that during the melt-mixing process of the green
composites, by which the chemical anchoring of the cellulose microstructures on the PHBV
structure was achieved, the reactive agents were successfully consumed, whereas these did
not react completely in the case of the biopolymer samples without MFC. Finally, all of the
PHBV films showed residual mass values of around 2%, with no significant differences
(p > 0.05) among the film samples.
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Table 4. Thermal properties obtained by thermogravimetric analysis (TGA) of the films of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with microfibrillated cellulose (MFC) and compatibi-
lized with epoxy-based styrene-acrylic oligomer (ESAO) and with triglycidyl isocyanurate (TGIC)
and dicumyl peroxide (DCP).

Film Tonset (◦C) Tdeg (◦C) Residual Mass (%)

PHBV 277.50 ± 1.54 a 296.25 ± 0.59 a 2.26 ± 0.04 a

PHBV_2.5%MFC 280.42 ± 1.77 b 301.67 ± 1.18 b 2.76 ± 0.12 a

PHBV_5%MFC 282.92 ± 1.12 b 301.67 ± 1.71 b 2.07 ± 0.57 a

PHBV_10%MFC 288.75 ± 2.95 c 305.83 ± 2.47 c 1.91 ± 0.84 a

PHBV_ESAO 227.08 ± 3.23 d 255.00 ± 2.46 d 2.02 ± 0.08 a

PHBV_TGIC+DCP 256.25 ± 1.27 e 276.67 ± 2.39 e 2.11 ± 0.15 a

PHBV_5%MFC_ESAO 274.17 ± 2.35 a 296.67 ± 1.18 d 2.16 ± 0.69 a

PHBV_5%MFC_TGIC+DCP 277.08 ± 0.59 a 300.83 ± 1.17 d 2.01 ± 0.11 a

Tonset = onset degradation temperature (measured at 5% mass loss); Tdeg = degradation temperature. Mean values
and standard deviation. a–e Different superscripts in the same column indicate significant differences between
formulations (p < 0.05).

3.7. Mechanical Properties of Green Composites

Figure 11 shows the mechanical tensile stress (σ) versus strain (ε) curves, obtained
at room temperature, of the PHBV films with MFCs and/or the compatibilizing agents.
Table 5 summarizes the values of E, σy, and εb. As can be seen from the mechanical curve
of the PHBV sample, the neat biopolymer film showed a mechanical behavior typical of a
brittle material, with an E value of approximately 2.6 GPa and σy and εb values of 27.4 MPa
and 1.4%. This mechanical curve showed nearly no plastic deformation since, after elastic
deformation, the film broke with little or no deformation upon exceeding the yield point.
The high brittleness of the PHB-based materials, as well as those of PHBV copolymers
with low 3HV contents, that is, below 20 mol%, is due to their high crystallinity, which
takes place mainly due to a secondary crystallization, and/or the physical aging of the
amorphous region. In the first case, during the crystallization of PHB, the formation of
large spherulites occurs due to the low nucleation density, together with the high degree
of crystallinity and the slow crystallization rate [58]. Inside the spherulites, due to the
difference between the radial and circumferential coefficient of thermal expansion, circular
and radial cracks can form [59], which can act as stress concentration points and promote
brittleness of the PHBV [60]. In terms of the physical aging process of PHB, produced
during storage at room temperature, it implies a progressive restriction in the movement of
interlamellar amorphous chains [61]. As a result of this, an increase of the rigid amorphous
fraction is habitually observed during two weeks of storage at room temperature, that is,
25 ◦C [62]. In this regard, it should be noted that all of the PHBV films were allowed to age
for at least 15 days, so this embrittlement effect was already reflected in the mechanical
results of the biopolymer films.

As can be observed in Table 5, the incorporation of MFC resulted in a progressive
increase in the values of E. In particular, the film samples of PHBV filled with 2.5, 5, and
10 wt % of MFC presented values of 2685 MPa, 2747 MPa, and 2873 MPa, respectively.
However, because of their low compatibility with the PHBV matrix, as evidenced earlier
during the morphological analysis of the film composites, both σy and εb were reduced
to values within the range of 20–23 MPa and 0.8–1.1%. In the case of PHBV films without
MFC, but processed with the compatibilizers, their tensile mechanical properties were
similar to those of PHBV, with a slight but significant increase (p < 0.05) in E, having values
of approximately 2.7 GPa. In the case of the σy and εb parameters, the values were similar
to those of the PHBV film, in the range of 26–28 MPa and 1.2–1.4%, with no significant
differences between them (p > 0.05). However, a significant improvement (p < 0.05) in terms
of both mechanical strength and ductility was achieved in the film samples of PHBV/MFC
that were compatibilized with ESAO and, more remarkable, with TGIC and DCP. In
particular, for these composite films, the E values increased to 2863 MPa and 3071 MPa,
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respectively. A slight increase in the mechanical strength was also observed, reaching σy
values of 27.8 MPa and 29.3 MPa. Furthermore, in the case of ductility, the composite films
that were processed with ESAO and with TGIC and DCP yielded values of 0.9% and 1.4%,
being the latter significantly higher (p < 0.05) than that of the uncompatibilized PHBV/MFC
composite. Moreover, for the PHBV composite samples that were processed with TGIC
and DCP, the samples were slightly more deformable than the neat PHBV film, but still
not significant (p > 0.05). The results attained herein confirm the improvement that was
achieved in the PHA composite samples with MFC compatibilized by means of these two
multi-functional agents, that is, with multiple reactive groups in their chemical structure
that are capable of interacting through covalent bonds favoring the grafting of reinforcing
fillers onto the biopolymer matrix [34,35]. The positive effect on the mechanical strength
provided by the cellulose microstructures obtained by atomization is also noteworthy,
even without the use of compatibilizers. Thus, the incorporation of MFC provided higher
mechanical strength to PHBV, with a relatively low impairment in ductility, due to their
high degree of dispersion and micrometric size.
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Table 5. Mechanical properties of the films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
with microfibrillated cellulose (MFC) and compatibilized with epoxy-based styrene-acrylic oligomer
(ESAO) and with triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP).

Film E (MPa) σy (MPa) εb (%)

PHBV 2613.5 ± 92.7 a 27.4 ± 2.1 a 1.37 ± 0.21 a

PHBV_2.5%MFC 2684.9 ± 77.1 b 22.2 ± 1.6 b 1.09 ± 0.13 b

PHBV_5%MFC 2746.5 ± 69.7 c 21.6 ± 0.9 c 0.92 ± 0.20 c

PHBV_10%MFC 2873.1 ± 73.5 d 20.1 ± 0.7 d 0.78 ± 0.14 d

PHBV_ESAO 2670.2 ± 21.7 b 27.3 ± 1.2 a 1.27 ± 0.11 a

PHBV_TGIC+DCP 2710.9 ± 76.4 ab 27.6 ± 1.7 a 1.29 ± 0.15 a

PHBV_5%MFC_ESAO 2863.1 ± 55.6 d 27.8 ± 1.1 a 0.91 ± 0.09 c

PHBV_5%MFC_TGIC+DCP 3070.7 ± 41.7 e 29.3 ± 2.3 e 1.43 ± 0.08 a

E = elastic modulus; σy = tensile stress at yield; εb = deformation at break. Mean values and standard deviation.
a–e Different superscripts in the same column indicate significant differences between formulations (p < 0.05).

139



Appl. Sci. 2022, 12, 2111

3.8. Barrier Properties of Green Composites

Table 6 shows the barrier properties against water and limonene vapors and oxygen
of the PHBV films with MFC and compatibilizers. In the food packaging field, among
other applications, the barrier performance is one the main parameters to consider, espe-
cially for the shelf-life extension of foodstuff [63]. Both water vapor and oxygen barrier
properties are important in order to avoid physical and chemical deterioration, whereas
limonene transport properties are measured to ascertain the aroma barrier. As can be seen
in the table, all of the film samples showed significant differences (p < 0.05) and the neat
PHBV films presented values for WVP, LP, and OP of 1.84 × 10−15 kg·m·m−2·Pa−1·s−1,
1.41 × 10−14 kg·m·m−2·Pa−1·s−1, and 2.09 × 10−19 m3·m·m−2·Pa−1·s−1, respectively. These
permeability values are very similar to those that have been reported previously for films
of PHBV with 2–3 mol% 3HV, also obtained by thermo-compression [41]. In terms of
water vapor, one can observe that the incorporation of both MFC and the reactive com-
patibilizers increased the permeability of PHBV. In this regard, one should consider that
PHBV is a medium-to-high barrier material against water vapor, having a slightly better
performance than petrochemical PET, that is, 3.01 × 10−15 kg·m·m−2·Pa−1·s−1 [64] and
relatively close to those of polyolefins, such as low-density polyethylene (LDPE) (1.20 ×
10−15 kg·m·m−2·Pa−1·s−1) and polypropylene (PP) (0.73× 10−15 kg·m·m−2·Pa−1·s−1) [65].
However, cellulose is a hydrophilic material due to its large number of free –OH groups and
the presence of nanocelluloses in PHB-based films has been reported to cause a wettability
increase [66]. In the case of the compatibilizers, the lower water-barrier performance can be
ascribed to the lower crystallinity attained in these samples, as shown above during DSC
analysis, due to development of a macromolecular structure that is composed of longer,
branched, and/or cross-linked chains [34,42]. However, it is also worth noting that the
green composite film that was compatibilized with TGIC and DCP showed higher barrier
performance to water vapor than the uncompatibilized green composite films, but it was
still two times more permeable than neat PHBV. This result can be ascribed to the higher
dispersion of MFC in this compatibilized sample, by which this presented lower nanofiber
aggregates and displays a reduced number of water diffusion paths.

Table 6. Barrier properties of the films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
with microfibrillated cellulose (MFC) and compatibilized with epoxy-based styrene-acrylic oligomer
(ESAO) and with triglycidyl isocyanurate (TGIC) and dicumyl peroxide (DCP).

Film Thickness
(µm)

WVP × 1015

(kg·m·m−2·Pa−1·s−1)
LP × 1014

(kg·m·m−2·Pa−1·s−1)
OP × 1019

(m3·m·m−2·Pa−1·s−1)

PHBV 126 ± 5 1.84 ± 0.39 a 1.41 ± 0.12 a 2.09 ± 0.48 a

PHBV_2.5%MFC 133 ± 4 4.19 ± 0.40 b 1.34 ± 0.06 a 1.60 ± 0.19 b

PHBV_5%MFC 128 ± 7 5.27 ± 0.53 c 1.07 ± 0.09 b 1.24 ± 0.36 c

PHBV_10%MFC 129 ± 6 5.89 ± 0.47 c 1.66 ± 0.15 c 1.08 ± 0.12 d

PHBV_ESAO 137 ± 2 4.46 ± 0.19 b 2.04 ± 0.17 d 2.27 ± 0.15 a

PHBV_TGIC+DCP 135 ± 8 5.69 ± 0.29 c 3.80 ± 0.31 e 2.70 ± 0.26 a

PHBV_5%MFC_ESAO 136 ± 7 5.48 ± 0.58 c 0.99 ± 0.39 b 1.36 ± 0.12 c

PHBV_5%MFC_TGIC+DCP 128 ± 3 3.29 ± 0.30 d 0.16 ± 0.01 f 0.98 ± 0.17 f

WVP = water vapor permeability; LP = limonene permeability; OP = oxygen permeability. Mean values and
standard deviation. a–f Different superscripts in the same column indicate significant differences between
formulations (p < 0.05).

In the case of limonene, as opposed to moisture, this is a strong plasticizing component
for PHAs and, additionally, solubility plays a key role in permeability [67]. Thus, the pres-
ence of MFC contributed to improve the LP values of PHBV, particularly at a filler content
of 5 wt %. However, similar to WVP, the use of the reactive compatibilizers in the unfilled
PHBV sample films significantly increased (p < 0.05) their permeability to aroma. Interest-
ingly, the compatibilized green composite films, particularly those that were processed with
TGIC and DCP, showed a significant improvement (p < 0.05) in the aroma barrier. The latter
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film sample showed an LP value of 1.59 × 10−15 kg·m·m−2·Pa−1·s−1, which is nearly one
order of magnitude lower than the permeability of neat PHBV. In this regard, one should
consider that the aroma barrier performance of nanocellulose is remarkably higher than that
of PHB and PHBV [68] so that the presence of highly dispersed MFC in the compatibilized
film sample could successfully reduce limonene absorption in the biopolyester matrix.
Finally, in terms of oxygen barrier, one can see that permeability values followed a similar
trend to the one observed in the case of aroma. Thus, the incorporation of MFC significantly
reduced (p < 0.05) the OP values, showing the highest improvement at fillers of 10 wt %
with a value of 1.08 × 10−19 m3·m·m−2·Pa−1·s−1. This result agrees with previous studies
reporting on the oxygen-barrier enhancements of biopolyesters by the incorporation of
nanocellulose materials. For instance, Arrieta et al. [66] incorporated 5 wt % CNC in PLA,
attaining a reduction in OTR of about 43%. Similar improvements were achieved by Cao
et al. [69], showing 47–64% reductions in the OP values of PLA by the addition of nanocel-
lulose with different aspect ratios and at contents of 1, 3, 5, and 10 wt %. Higher reductions
were achieved by Jiang et al. [70], who showed that the addition of 0.7 wt % CNC led to a
decrease of 88.9% in PHB-based films. The improvement and contribution mechanism of
ultrathin cellulose materials to the gas barrier property of polymers is based on the creation
of a tortuous path for the diffusing gas molecules, since these nanomaterials are impervious
to gases. Furthermore, the unfilled PHBV films that were processed with the compatibi-
lizers showed similar OP values but were still significantly higher (p < 0.05) than the neat
PHBV film, explained in terms of their lower crystallinity. Similarly, the compatibilized
green composite sample with TGIC and DCP attained the highest oxygen barrier, having
a value of 9.82 × 10−20 m3·m·m−2·Pa−1·s−1, which represents a barrier improvement of
approximately two times compared with neat PHBV. This permeability value corresponds
to a polymer with a medium-oxygen-barrier performance, being around three times lower
than PET (3.27 × 10−19 m3·m·m−2·Pa−1·s−1), but still two orders of magnitude higher
than poly(ethylene-co-vinyl alcohol) containing 32 mol% of ethylene (EVOH32, 0.77 and
91 × 10−21 m3·m·m−2·Pa−1·s−1 for 0 and 75% RH, respectively) [65].

4. Conclusions

As demonstrated in the present work, atomization allows us to obtain micrometric
structures based on ultrathin cellulose fibers. These cellulose microparticles showed a
high capacity to improve the physical properties of biopolyesters, mainly in terms of
mechanical strength and barrier against aroma and oxygen, without significantly altering
their optical properties or reducing their thermal stability. Therefore, the atomization and
subsequent incorporation of MFC into biopolyester can successfully represent a novel and
sustainable solution to increase the performance and applications of green materials in
the development of compostable and/or biodegradable packaging within the framework
of the Circular Economy. However, it was also evidenced that the direct incorporation of
these cellulose microstructures into biopolyester matrices still present problems of chemical
incompatibility, which is mainly reflected in a reduction of the mechanical and barrier
performance. In this regard, reactive compatibilizing agents that are based on multiple
epoxide groups, such as ESAO and TGIC, have demonstrated their ability to improve
the adhesion of cellulose microstructures to PHBV matrices through a reactive grafting
mechanism. In particular, the combined use of TGIC with DCP, which facilitates the
initiation of the reaction through the generation of free radicals, yielded the most notable
improvements, resulting in PHBV/MFC composite films with improved processability
and increased mechanical and barrier performances. Future studies will focus on the
application of the resultant compatibilized green composite films as rigid packaging articles
for food preservation applications, in particular for determining the shelf life of foodstuff
whose rapid deterioration represents significant economic losses and whose market price
allows the cost of innovation to be absorbed. Moreover, migration studies should also
be performed in the resultant green composite films with food simulants in order to
corroborate their safety and potential use in food packaging.
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Featured Application: One of the main technological challenges within Circular Economy strate-
gies is to minimize the environmental impact of plastic packaging. In this regard, the use of
PHBV films to coat paper sheets represents a highly sustainable strategy to produce food packag-
ing multilayer structures with improved mechanical and barrier properties.

Abstract: This work reports on the development and performance evaluation of newly developed
paper sheets coated, on both sides, with thin films of biodegradable poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) for applications of food packaging. For this, PHBV/paper/PHBV mul-
tilayers were first prepared by the thermo-sealing technique, optimizing the process variables of
temperature and time. Thereafter, the multilayer sheets were characterized in terms of their morpho-
logical, optical, thermal, mechanical, and barrier properties and compared with equivalent paper
structures double coated with high-barrier multilayer films of petrochemical polymers. The results
indicated that the double coatings of PHBV successfully improved the mechanical resistance and
ductility, protected from moisture, and also reduced the aroma and oxygen permeances of paper,
having a minimal effect on its optical and thermal properties. Finally, the compostability of the
resultant multilayer sheets was analyzed, confirming that the presence of the PHBV coatings slightly
delayed the aerobic biodegradation and disintegration of paper.

Keywords: paper; PHBV; multilayers; food packaging; Circular Economy

1. Introduction

Packaging increases food quality and safety, which is essential to avoid spoilage and
reduce food waste [1]. Plastic represents, together with paper, the most widely used material
for food packaging applications due to its large-scale availability, low production cost,
light weight, transparency, flexibility, good barrier, ease of processing, and versatility [2].
However, despite these advantages, conventional plastics are still based on petrochemical
polymers that are synthesized from a non-renewable source and are not biodegradable.
Moreover, these plastics are difficult to recycle, particularly when they are found in the
form of multilayers. As a result, plastic packaging represents a major source of waste
generation and plastics easily accumulate in the environment [3]. In fact, plastic materials
can take between 100 and 450 years to disintegrate in the environment, leading to the
so-called “white pollution” and to the formation of marine debris and microplastics [4]. In
addition, microplastics can be taken up by different species in the food chain, which is a
growing concern for human health and natural habitats [5].

Therefore, one of the main current challenges is to minimize the environmental impact
of plastic packaging. From this perspective, the use of paper in packaging recently repre-
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sents a sustainable option due to its biodegradable nature and the fact that it can be more
easily recycled than plastic. However, paper lacks moisture resistance and shows poor
thermal, mechanical, and barrier performances so that it is habitually coated with plastic
materials [6]. Thus, multilayer packaging structures based on paper have expanded tremen-
dously during the past few years, with use of different coating technologies to offer several
functionalities, such as hydrophobicity, a gas and moisture barrier, antimicrobial protection,
cohesive strength, scratch resistance, etc. [7]. Different petrochemical polymers have been
used for coating paper, including polypropylene (PP) and biaxially oriented polypropylene
(BOPP), low- and high-density polyethylene (LDPE, HDPE), polyethylene terephthalate
(PET), biaxially oriented polyamide (OPA), and more importantly their combinations in the
form of multilayers with high-barrier poly(ethylene-co-vinyl alcohol) (EVOH) [8]. These
plastic multilayers have been demonstrated to increase the barrier against moisture, oxygen,
odor, and grease, and offer favorable stiffness, toughness, processability, manufacturing
cost, chemical resistance, and thermal stability. Nevertheless, these are not biodegrad-
able and must be properly separated from paper for recycling to avoid impairing the
compostability and recyclability of paper [9].

In this context, biopolymers can solve the main environmental constraints and limita-
tions of the food packaging industry [10]. On the one hand, biopolymers can be obtained
from natural and renewable sources. On the other hand, the resultant packaging materials
can be composted or biodegraded in the environment [11]. Thus, some biopolymers are
very promising as paper coating materials, including polysaccharides (e.g., chitosan, starch,
lignocellulose derived compounds, and alginates), proteins (e.g., whey, wheat gluten, and
zein) and, most relevantly, polyesters such as polylactide (PLA), poly(ε-caprolactone) (PCL),
and recently polyhydroxyalkanoates (PHAs) [12]. PHAs are semi-crystalline aliphatic
polyesters that offer the advantage of being synthesized by microorganisms using renew-
able sources, such as sugars and triglycerides, and can also biodegrade under natural
conditions [13]. Therefore, PHAs can offer key benefits over petrochemical polymers to
reduce packaging’s carbon footprint and avoid “white pollution. Poly(3-hydroxybutyrate)
(PHB) is the homopolyester and most common type of PHA, which has some physical
properties similar to those of PP and PET [14–16]. However, the high crystallinity of
PHB results in a highly rigid and brittle material that is also difficult to process due to
its narrow processing window and low thermal stability [17,18]. Therefore, the use of
microbial copolyesters, for instance poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
has been extended [19]. As the comonomer ratio of 3-hydroxyvalerate (3HV) increases
in PHBV, the flexibility increases and the melting point is reduced [20,21]. For example,
PHBV copolyester with 3HV contents above 10 mol% shows lower crystallinity and a larger
processing window [22]. From a mechanical point of view, PHBV is more flexible, ductile,
and tough [23]. For example, an increase of 3HV from 0 to 28 mol% significantly improves
the elongation at break and impact strength [24]. Thus, the use of PHBV to coat paper
represents a highly sustainable strategy to be explored in the packaging field.

The overall objective of this work was to develop and ascertain the performance of
paper sheets coated, on both sides, with biodegradable PHBV films by heat sealing. To
this end, the variables of the thermo-sealing process for obtaining the multilayers were
first analyzed in terms of temperature and time. Then, the multilayers obtained from
the most optimized conditions were characterized by their morphology, optical, thermal,
mechanical, and vapor and gas barrier properties to determine their suitability for different
food preservation applications. The performance of the newly developed multilayers
was compared with that of the same paper substrate double coated with a commercial
high-barrier multilayer film based on PET and also with that of uncoated paper sheets.
Finally, the compostability of the paper sheets was analyzed to estimate the effect of PHBV
on the biodegradation and disintegration of paper and, thus, its potential organic recycling.
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2. Materials and Methods
2.1. Materials

Paper sheets with a grammage of 220 g·m−2 and thickness of 290 µm were supplied
by Billerudkornäs-CrownBoard Prestige™ (Solna, Sweden). According to the manufacturer,
this paper derives from 100% wood fibers and is suitable for use in contact with food. A
commercial 10-µm film of PHBV with a 3HV content of 8 mol% was provided by GoodFel-
low Cambridge Limited (Huntindgon, UK) under the commercial reference BV301010. This
grade is also certified by the supplier for its use in contact with food. A 100-µm high-barrier
multilayer film based on PET and EVOH was obtained from Cryovac Inc. (Sealed Air Spain,
Buñol, Spain) with commercial reference Cryovac® Darfresh® VST300E TOP WEB. This
multilayer film is composed of different petrochemical polymers, but it is herein referred to
as PET film for simplicity since it is designed by the manufacturer for PET sealant trays in
barrier packaging applications.

D-Limonene, with 98% purity, was obtained from Sigma-Aldrich S.A. (Madrid, Spain).
Phosphorous pentoxide (P2O5) and magnesium nitrate (Mg (NO3)2) were provided by
Panreac Química S.L.U (Castellar del Vallés, Barcelona, Spain). Ripe compost (Abonos
Naturales Hnos. Aguado S.L., Toledo, Spain), vermiculite (Leroy Merlin, Valencia, Spain),
and microcrystalline cellulose (MCC) (Sigma Aldrich, Madrid, Spain) were used for the
biodegradability tests. Refined corn germ oil (Koipe, Córdoba, Spain), sawdust (Productos
de limpieza Adrián, Valencia, Spain), saccharose (Azucarera Ebro, Madrid, Spain), rabbit
feed (Super Feed S.L., Madrid, Spain), urea (Urea Prill, Antonio Tarazona S.L., Silla, Valen-
cia, Spain), and corn starch (Roquette Laisa, Benifaio, Valencia, Spain) were used for the
disintegration tests.

2.2. Thermo-Sealing Process

Before preparing the samples, the paper sheets were dried in a vacuum oven (vacuum
TEM-TJP Selecta, SA, Barcelona, Spain) at 60 ◦C for 2 h and, then, stored in a desiccator
with P2O5 (0% RH) at 25 ◦C until processed. Thereafter, the paper sheets were coated
on both sides with PHBV films through a heat-sealing process. For this, the commercial
paper sheets and PHBV films were cut in sizes of 10 cm × 10 cm. Then, a sheet of paper
was placed between two layers of PHBV and subjected to a heat-sealing process in a
hydraulic press (Model LP20, Engineering Labtech, Samutprakarn, Thailand). In order to
optimize the thermo-sealing process, different temperatures and times were tested. Thus,
temperature was increased from 130 to 170 ◦C, in intervals of 10 ◦C and for periods of 4, 8,
16, and 20 s, maintaining the pressure constant at 20 bar. Thereafter, the multilayers were
cooled at room temperature (25 ◦C). The same process was carried out using the multilayer
films based on PET at 160 ◦C for 8 s and a pressure of 20 bar since these conditions were
the optimal ones provided by the manufacturer for heat sealing. Figure 1 shows the
equipment employed (Figure 1a) and the design of the multilayers (Figure 1b). Finally, the
resultant PHBV/paper/PHBV and PET/paper/PET multilayers as well as the as-received
uncoated paper sheets were stored in a desiccator with P2O5 at 25 ◦C for 15 days prior
to characterization. This conditioning was carried out to both adjust the humidity of the
samples to dry conditions and to reduce the possible effect of physical aging of PHBV.

2.3. Characterization of Multilayer Sheets
2.3.1. Film Thickness

The sheet thickness was measured using a digital micrometer (Palmer model, Comecta
S.A., Barcelona, Spain, accuracy of 0.001 mm). Thickness was measured at ten random
points, using eight samples for each formulation.
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2.3.2. Optical Evaluation

The internal transmittance (Ti) was determined for ascertaining the transparency of
the monolayer and multilayer samples by the application of the Kubelka-Munk multiple-
scattering theory of the reflection spectrum [25]. This theory is based on the fact that light
incident on a translucent material can be absorbed or scattered depending on the material’s
absorption (K) and scattering (S) coefficients. The reflection spectrum (R) of the samples
from 360 nm to 700 nm was obtained on white (Rg) and black (R0) backgrounds using a MI-
NOLTA spectrocolorimeter (CM-3600d, Minolta Co., Tokyo, Japan). Equations (1) and (2)
were used to determine the a and b parameters, whereas the reflectance spectra of a sheet
with an infinite thickness (R∞) were calculated according to Equation (3) and Ti was deter-
mined using Equation (4). Three measurements were taken on each sample, at different
points, from the glossy side of the paper samples.

a =
1
2
·
(

R +
R0 − R + Rg

R0·Rg

)
(1)

b =
(

a2 − 1
) 1

2 (2)

R∞ = a − b (3)

Ti =

√
(a − R0)

2 − b2 (4)

Film color coordinates L* (L* = 0: black, L* = 100: white), a* (a* > 0: red; a* < 0:
green), and b* (b* > 0: yellow; b* < 0: blue) were determined from R∞ spectra, using 10◦

observer and D65 illuminant as reference system. The chroma or color saturation (Cab*),
expressed from 0 to 100, was determined from Equation (5). The tone or hue angle (hab*)
was calculated from the a* and b* coordinates, which are expressed in degrees from 0 to 360◦,
using Equation (6). Finally, Equation (7) was used to determine the color difference (∆Eab*),
where ∆L*, ∆a*, and ∆b* correspond to the differences between the color parameters of
each multilayer compared to the uncoated paper.

Cab∗ =

√
a∗2 + b∗2 (5)

hab∗ = arctg
(

b∗
a∗

)
(6)

∆E∗ =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (7)
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The color change was evaluated according to the following criteria: negligible (∆Eab* < 1),
only an experienced observer can tell the difference (∆Eab* ≥ 1 and <2); an inexperienced
observer notes the difference (∆Eab* ≥ 2 and < 3.5); there is a clear notable difference
(∆Eab* ≥ 3.5 and <5); and the observer notices different colors (∆Eab* ≥ 5) [26].

2.3.3. Microstructural Analysis

The cross-sections of the monolayers and multilayers were obtained by immersion and
cryo-fracture in liquid nitrogen. The samples were mounted, using double-sided carbon
tape, on the observation holders and covered with a platinum layer (EM MED020 sputter
coater, Leica Biosystems, Barcelona, Spain). The cross-sections were then observed by
Field Emission Scanning Electron Microscopy (FESEM) in a JEOL model JSM-5410 (Tokyo,
Japan), operating at 2.0 kV acceleration voltage. The thicknesses of the internal layers of
the samples were determined using the ImageJ v1.53c Program.

2.3.4. Thermal Analysis

The thermal behavior of the different monolayers and multilayers was analyzed
by thermogravimetric analysis (TGA) in a TGA 1 Stare System analyzer (Mettler-Toledo
GmbH, Greifensee, Switzerland). Approximately 5 mg of the conditioned samples were
placed in an alumina pan and heated from 25 to 800 ◦C at 10 ◦C·min−1 in inert atmosphere
under a nitrogen flow-rate of 10 mL·min−1. From the TGA curves and their derivative
curves (DTG), the corresponding Tonset values (temperature at which thermal degradation
begins, corresponding to 5% mass loss), Tdeg (temperature at maximum degradation rate),
percentage of mass lost when the Tdeg is reached, and percentage of mass remaining at
800 ◦C were determined. The analysis was performed in duplicate for each formulation.

2.3.5. Tensile Tests

The tensile properties of the samples were determined using a universal testing
machine (Stable Micro System TA-XT plus, Haslemere, UK) following the standard method
ASTM D882 [27]. To this end, the pre-conditioned samples, previously cut in dimensions of
25 mm × 100 mm, were stretched by two grips, initially separated by 100 mm, at a crosshead
speed of 50 mm·min−1 until breakage (model A/TG, Stable Micro System, Haslemere,
UK). Stress (σ) versus strain (ε) curves were obtained from the force-distance curves by
considering sample dimensions and degree of deformation. The Young’s modulus (E),
stress at yield or elastic limit (σy), and percentage of elongation at break (% εb) were
obtained. Eight samples for each formulation were analyzed.

2.3.6. Permeability Measurements

Permeances to water and limonene vapors of the monolayers and multilayers were
determined at 25 ◦C and 53% RH by the gravimetric methodology according to ASTM
E96/E96M [28]. For water vapor, the film and sheet samples (Ø = 3.5 cm) were placed and
sealed in Payne permeability cups filled with 5 mL of distilled water (100% RH). Then, the
cups were placed into desiccators containing an Mg(NO3)2 oversaturated solution and,
for one week, weighed periodically (ME36S, ±0.00001 g accuracy, Sartorius, Goettingen,
Germany). The water vapor permeance was calculated from the water vapor transmission
rate (WVTR), determined from the slope of the weight loss vs. time, and corrected for
permeant partial pressure. In the case of limonene vapor, the procedure was similar to that
described for water vapor but using 5 mL of D-limonene instead of water. Thus, limonene
permeation rate (LPR) was obtained from the steady-state permeation slopes of weight loss
vs. time and corrected for permeant partial pressure. In both cases, cups with aluminum
films were used as control samples to estimate and subtract the vapor loss through the
sealing. All the vapor permeance measurements were performed in triplicate.

The oxygen permeance of the monolayers and multilayers was determined using an
oxygen permeation analyzer (OxySense® Model 8101e, Systech Illinois, Thame, UK) at
25 ◦C and 53% RH according to ASTM D3985-05 [29]. The exposed sample area was 50 cm2

151



Appl. Sci. 2023, 13, 179

and the permeance values were derived from the oxygen transmission rate (OTR) measure-
ments, which were corrected with the gas partial pressure and recorded in triplicate.

2.4. Controlled Composting Tests
2.4.1. Aerobic Biodegradability

The aerobic biodegradability of the monolayers and multilayers was determined
under composting conditions by measuring the amount of CO2 generated according to
ISO 14855 [30]. The ripe compost was mixed with vermiculite (compost/vermiculite ratio:
3:1) to avoid compaction of the compost and to ensure good oxygen access. Glass flasks
(2L) containing two PP flasks (60 mL) were used as reactors. One of the flasks contained
3 g of dry compost mixed with 1 g of vermiculite and an amount of sample (previously
cut into 2 mm2 squares) equivalent to 50 mg of carbon, while the other flask contained
deionized water to ensure 100% RH. The bioreactors were closed and incubated for 45 days
at 58 ± 2 ◦C. One reactor containing only compost was used as blank and one reactor
containing MCC mixed with the compost were used as reference sample. The percentage
of CO2 generated inside the reactors was measured, in triplicate, using a CO2 analyzer
(Gaspace Advance Micro GS3, Systech Illinois, Thame, UK) throughout the biodegradation
process. The percentage of biodegradation was calculated using the following Equation (8),
assuming that all the carbon in the sample was converted into CO2:

B(%) =
∑ CO2S − ∑ CO2B

COTh
2 S

× 100 (8)

where ΣCO2S is the accumulative amount of CO2 produced in the sample bioreactor, ΣCO2B
is the accumulative amount of CO2 produced in the blank bioreactor, and COTh

2 S is the
theoretical amount of CO2 that the test material can produce.

2.4.2. Degree of Disintegration

Disintegration of the monolayers and multilayers in simulated composting conditions
was conducted at 58 ± 2 ◦C and 55% RH to ensure controlled thermophilic conditions, as
indicated by ISO 20200 [31]. Film samples sizing 25 mm × 25 mm were placed in mesh
bags (1 mm × 1 mm mesh size) and buried in a controlled soil compost made of sawdust
(40 wt%), rabbit feed (30 wt%), ripe compost (10 wt%), corn starch (10 wt%), sucrose (5 wt%),
corn seed oil (4 wt%), and urea (1 wt%). Samples were periodically unburied from the
composting facility. At the initial time and throughout the study, the reactors were weighed
and deionized water was added, if necessary, to restore the initial mass, as specified by
the standard [31]. Thus, mesh bags, each with one sample square, were extracted from the
reactor at different control times in order to carry out the visual morphological analysis
and determine mass loss. To this end, the mesh bags containing samples were dried, gently
cleaned with a soft brush to eliminate the adhered compost residues, and weighed with an
analytical balance. The analysis was conducted for 300 days to ascertain the effect on paper
disintegration of the biopolymer coatings for long periods. The weight loss was calculated
using Equation (9):

Weight loss (%) =
Wo − Wt

Wo
× 100 (9)

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

2.5. Statistical Analysis

The experimental data were submitted to analysis of variance (ANOVA) using Stat-
graphics Centurion XVI software (Manugistics Corp., Rockville, MD, USA). Fisher’s least
significant difference (LSD) procedure was used at the 95% confidence level.
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3. Results
3.1. Development of Paper Multilayers

The results of the application of different time and temperature conditions to form the
PHBV/paper/PHBV multilayer sheets during the heat-sealing process are shown in Table 1.
It gathers the set of values of temperature and time employed to produce the multilayers,
ranging from 130 ◦C to 170 ◦C and 4 to 20 s, respectively. It also includes an image of the
surface of the PHBV/paper/PHBV multilayer attained at each condition, with comments
on the quality and/or processing aspects. It can be seen that the application of very low
temperatures, that is, 130 ◦C, was not high enough for heat sealing of the PHBV films on
the paper sheet, even if applied for long times, of up to 20 s. Interestingly, increasing the
temperature to 140 ◦C significantly improved the heat-sealability of the PHBV films on
the paper substrate. However, for this temperature, processing times of at least 8 s were
necessary to obtain uniformity and good adhesion between the substrates and coatings.
Moreover, the application of heat-sealing temperatures of 150 ◦C also resulted in good
adhesion between the layers, but the resultant multilayers presented areas full of wrinkles
and bubbles. The latter effect can be related to occluded air or evaporated water produced
by the effect of high temperature on the paper substrate, which is a very hydrophilic
material based on cellulose fibers. Therefore, despite having worked with dried samples,
the paper sheets could retain minimal amounts of water and/or adsorbed moisture during
handling and processing. As the sealing processing time increased, these effects occurred
to a greater extent. Finally, the use of the highest temperatures, and especially at 170 ◦C,
resulted in the partial melting of the PHBV film and a subsequent deterioration of the
heat-sealed multilayers, even at short processing times. In this regard, it should be noted
that the melting temperature of PHBV copolyesters with 3HV contents of up 20 %mol
ranges from approximately 154 ◦C to 171 ◦C [32].

Table 1. Optimization of the thermo-sealing process of the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) films on both sides of paper.

Temperature (◦C) Time (s) Multilayer Comments
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Figure 2. Field emission scanning electron microscopy (FESEM) micrographs taken in the cross-
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Based on the results obtained from the heat-sealing process, it was concluded that the
optimal conditions were obtained at a temperature of 140 ◦C, with times ranging between
8 and 20 s. Since no improvement was observed for times longer than 8 s, the shortest time
was selected to minimize costs and reduce energy consumption. Therefore, the heat-sealing
process of the PHBV/paper/PHBV multilayers was set at 140 ◦C and 8 s.

3.2. Morphology of Paper Multilayers

Figure 2 shows the cross-sectional morphology observed by FESEM of the three
components of the multilayers, that is, the paper sheet and the PHBV and PET films. As
can be seen in Figure 2a, the paper sheet presented an average thickness of 291 ± 6 µm
and it was composed of micrometer-sized fibers, giving rise to a cross-section with a rough
surface. These cellulosic fibers, which showed an average diameter of approximately 20 µm,
are responsible for the high level of porosity of the paper [33]. In contrast, one can observe
in Figure 2b that the PHBV film showed a continuous section of 12 ± 2 µm, with a brittle
fracture, because there were no macroscopic plastic deformations. The observed inorganic
microparticles embedded in the biopolymer matrix may correspond to boron nitride, which
is habitually employed by the manufacturer as a nucleating agent during the fabrication
of PHAs [34]. Finally, Figure 2c shows the section of the commercial PET film, which
presented a multilayer structure having an average thickness of 104 ± 1 µm. The external
layer, shown at the bottom with a lower thickness, can be ascribed to a sealing layer of
polyolefin (e.g., LDPE or PP) or a modified PET (e.g., polyethylene terephthalate glycol,
PET-G) with a low sealing temperature. Both the thickest internal layer and the upper
external layer would correspond to PET. Moreover, the inner layers with low thickness
can be related to EVOH. The layer structure attributed herein is based on that previously
observed for a polyolefin-based multilayer, supplied by the same manufacturer for this
product range (Cryovac® Darfresh® VST200P TOP WEB), which contained two inner layers
of EVOH of nearly 5 µm to provide the film with high oxygen barrier capacity [35].

156



Appl. Sci. 2023, 13, 179

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 25 
 

170 4 

 

The PHBV film partially melted 
in several areas and the film still 
showed some wrinkles and bub-
bles. Further temperatures and 

times were ruled out of the 
study. 

Based on the results obtained from the heat-sealing process, it was concluded that 
the optimal conditions were obtained at a temperature of 140 °C, with times ranging be-
tween 8 and 20 s. Since no improvement was observed for times longer than 8 s, the short-
est time was selected to minimize costs and reduce energy consumption. Therefore, the 
heat-sealing process of the PHBV/paper/PHBV multilayers was set at 140 °C and 8 s. 

3.2. Morphology of Paper Multilayers 
Figure 2 shows the cross-sectional morphology observed by FESEM of the three com-

ponents of the multilayers, that is, the paper sheet and the PHBV and PET films. As can 
be seen in Figure 2a, the paper sheet presented an average thickness of 291 ± 6 μm and it 
was composed of micrometer-sized fibers, giving rise to a cross-section with a rough sur-
face. These cellulosic fibers, which showed an average diameter of approximately 20 μm, 
are responsible for the high level of porosity of the paper [33]. In contrast, one can observe 
in Figure 2b that the PHBV film showed a continuous section of 12 ± 2 μm, with a brittle 
fracture, because there were no macroscopic plastic deformations. The observed inorganic 
microparticles embedded in the biopolymer matrix may correspond to boron nitride, 
which is habitually employed by the manufacturer as a nucleating agent during the fab-
rication of PHAs [34]. Finally, Figure 2c shows the section of the commercial PET film, 
which presented a multilayer structure having an average thickness of 104 ± 1 μm. The 
external layer, shown at the bottom with a lower thickness, can be ascribed to a sealing 
layer of polyolefin (e.g., LDPE or PP) or a modified PET (e.g., polyethylene terephthalate 
glycol, PET-G) with a low sealing temperature. Both the thickest internal layer and the 
upper external layer would correspond to PET. Moreover, the inner layers with low thick-
ness can be related to EVOH. The layer structure attributed herein is based on that previ-
ously observed for a polyolefin-based multilayer, supplied by the same manufacturer for 
this product range (Cryovac® Darfresh® VST200P TOP WEB), which contained two inner 
layers of EVOH of nearly 5 μm to provide the film with high oxygen barrier capacity [35]. 

                            

 
Figure 2. Field emission scanning electron microscopy (FESEM) micrographs taken in the cross-
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Figure 2. Field emission scanning electron microscopy (FESEM) micrographs taken in the cross-
sections of: (a) paper sheet, observed at 150×; (b) poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) film, at 3000; (c) multilayer film based on polyethylene terephthalate (PET), at 750×.

On the other hand, Figure 3 shows the morphology of the paper-based multilayer
structures obtained from the different monolayers, presented in Figure 2, by the heat-
sealing process. Thus, Figure 3a shows the resultant three-layer structure based on the
paper substrate coated, on both sides, with PHBV films. The average thickness of the
multilayer sheet, measured after heat sealing, resulted in a value of 297 ± 8 µm. Likewise,
a similar morphology was observed for the paper coated by two PET-based multilayer
films, the so-called PET/paper/PET sheet, shown in Figure 3b. This multilayer sheet
presented an analogous structure with a higher average thickness, of 473 ± 3 µm, due to the
higher thickness of the outer layers of the PET-based films. Both multilayer sheets, that is,
PHBV/paper/PHBV and PET/paper/PET, showed good adhesion between the polyester
layers and paper substrate, suggesting adequate mechanical resistance for handling and
transport in food packaging. Furthermore, it is also worth noting that both multilayers
were slightly thinner than the sum of the thicknesses of the individual monolayers. This is
due to the radial flow of the polyester monolayers and to the reduction of the free volume
of the paper (highly porous) during the heat-sealing step.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 25 
 

sheet, measured after heat sealing, resulted in a value of 297 ± 8 μm. Likewise, a similar 
morphology was observed for the paper coated by two PET-based multilayer films, the 
so-called PET/paper/PET sheet, shown in Figure 3b. This multilayer sheet presented an 
analogous structure with a higher average thickness, of 473 ± 3 μm, due to the higher 
thickness of the outer layers of the PET-based films. Both multilayer sheets, that is, 
PHBV/paper/PHBV and PET/paper/PET, showed good adhesion between the polyester 
layers and paper substrate, suggesting adequate mechanical resistance for handling and 
transport in food packaging. Furthermore, it is also worth noting that both multilayers 
were slightly thinner than the sum of the thicknesses of the individual monolayers. This 
is due to the radial flow of the polyester monolayers and to the reduction of the free vol-
ume of the paper (highly porous) during the heat-sealing step. 

 
Figure 3. Field emission scanning electron microscopy (FESEM) micrographs taken in the cross-
sections of: (a) poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/Paper/PHBV multilayer 
sheet, taken at 200×; (b) polyethylene terephthalate (PET)/Paper/PET multilayer sheet, at 150×. 

3.3. Optical Properties of Paper Multilayers 
One of the desired characteristics of packaging materials is that these should protect 

food from the effects of light, especially ultraviolet (UV) radiation, which is one of the 
main benefits of paper. Figure 4 shows the spectral distribution curves that represent Ti of 
the film and sheet samples as a function of the wavelength (λ). Thus, high Ti values are 
related to high light transmittance of the samples and, therefore, correspond to more 
transparent films or sheets while, as opposite, low Ti values are related to more opaque 
samples with lower light passage [36,37]. As can be seen in the graph, both PHBV and 
PET films presented notably higher Ti values (in agreement with their high transparency) 
compared to the uncoated paper and multilayer sheets. The slightly lower Ti of the PHBV 
film compared with the PET multilayer film can be related to the higher crystallinity of 
the microbial copolyester [38]. As expected, the coating of the paper sheets did not affect 
the paper’s opacity, thus confirming that the good barrier against light was preserved. 
This may be of interest for the protection of certain foods, such as oil or meat, that must 
be protected against light-induced oxidative processes [39]. 

a b 

Figure 3. Field emission scanning electron microscopy (FESEM) micrographs taken in the cross-
sections of: (a) poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/Paper/PHBV multilayer
sheet, taken at 200×; (b) polyethylene terephthalate (PET)/Paper/PET multilayer sheet, at 150×.

3.3. Optical Properties of Paper Multilayers

One of the desired characteristics of packaging materials is that these should protect
food from the effects of light, especially ultraviolet (UV) radiation, which is one of the
main benefits of paper. Figure 4 shows the spectral distribution curves that represent Ti
of the film and sheet samples as a function of the wavelength (λ). Thus, high Ti values
are related to high light transmittance of the samples and, therefore, correspond to more
transparent films or sheets while, as opposite, low Ti values are related to more opaque
samples with lower light passage [36,37]. As can be seen in the graph, both PHBV and
PET films presented notably higher Ti values (in agreement with their high transparency)
compared to the uncoated paper and multilayer sheets. The slightly lower Ti of the PHBV
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film compared with the PET multilayer film can be related to the higher crystallinity of the
microbial copolyester [38]. As expected, the coating of the paper sheets did not affect the
paper’s opacity, thus confirming that the good barrier against light was preserved. This
may be of interest for the protection of certain foods, such as oil or meat, that must be
protected against light-induced oxidative processes [39].
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Figure 4. Spectral distribution curves of the percentage internal transmittance (% Ti) of the paper
sheet, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET)
films, and PHBV/paper/PHBV and PET/paper/PET multilayer sheets.

Table 2 shows the values of the optical properties of the film and sheet samples. The
uncoated paper and paper multilayer sheets presented similar high L* values, 95–96, while
the neat PHBV and PET films showed lower values, 91–92. No remarkable differences
were found in the color parameters of the polyester films, with both exhibiting high film
lightness in agreement with previous studies [40,41]. Likewise, no significant differences
(p > 0.05) were found among the L* values of the paper multilayers and the uncoated
paper, so the presence of the polyester films did not alter the lightness of the paper sheets.
Nevertheless, multilayers exhibited more bluish (lower hab* values) and less saturated
(lower Cab* values) color in comparison with the uncoated paper sample. Nevertheless,
these differences, calculated through ∆Eab* parameter, were not relevant from a practical
point of view since color differences below 2 are hardly perceived by the human eye [42].

Table 2. Color parameters in terms of lightness (L*), color coordinates (a* and b*), chroma (Cab*),
hue (hab*), and total color difference (∆Eab*) of the paper sheet, poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET) films, and PHBV/paper/PHBV
and PET/paper/PET multilayer sheets.

Sample L* a* b* Cab* hab* ∆E*ab

Paper 95.80 ± 0.03 a 1.36 ± 0.05 a −5.39 ± 0.20 a 5.55 ± 0.21 a 284.21 ± 0.09 a -
PHBV 91.40 ± 0.02 b −0.37 ± 0.01 b 1.87 ± 0.06 b 1.91 ± 0.06 b 101.25 ± 0.06 b -
PET 91.59 ± 0.06 b −0.36 ± 0.01 b 1.64 ± 0.01 bc 1.68 ± 0.01 c 102.59 ± 0.01 c -
PHBV/Paper/PHBV 95.54 ± 0.06 a 0.75 ± 0.09 c −3.66 ± 0.30 d 3.73 ± 0.31 d 281.61 ± 0.53 d 1.85 ± 0.06 a

PET/Paper/PET 95.52 ± 0.05 a 0.86 ± 0.02 cd −3.56 ± 0.14 d 3.66 ± 0.14 d 283.63 ± 0.30 e 1.92 ± 0.07 a

Mean values and standard deviation. a–e Different superscripts in the same column indicate significant differences
between formulations (p < 0.05).

158



Appl. Sci. 2023, 13, 179

3.4. Thermal Properties of Paper Multilayers

Thermal stability was determined by TGA to ascertain the application conditions of
the resultant multilayer sheets. The TGA curves of each sample, which show the variation
of the mass percentage as a function of temperature, are gathered in Figure 5. Table 3
includes the resultant thermal stability parameters.
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Figure 5. Thermogravimetric analysis (TGA) curves of the paper sheet, poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET) films, and PHBV/paper/PHBV and
PET/paper/PET multilayer sheets.

Table 3. Thermal properties in terms of temperature at which thermal degradation begins (Tonset),
corresponding to 5% mass loss, temperature of maximum degradation rate (Tdeg), percentage of mass
loss at Tdeg, and percentage of remaining mass at 800 ◦C of the paper sheet, poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET) films, and PHBV/paper/PHBV
and PET/paper/PET multilayer sheets.

Sample Tonset (◦C) Tdeg (◦C) Mass Loss at
Tdeg (%)

Remaining
Mass (%)

Paper 310.8 ± 7.8 a 353.8 ± 1.6 a 39.4 ± 1.0 a 14.0 ± 0.1 a

PHBV 289.7 ± 5.2 b 288.2 ± 3.8 b 60.6 ± 0.5 b 0.1 ± 0.0 b

PET 327.3 ± 3.7 c 367.5 ± 3.2 c 49.1 ± 8.9 c 7.2 ± 0.8 c

PHBV/Paper/PHBV 275.5 ± 4.3 d 349.6 ± 2.9 d 54.8 ± 0.2 d 12.0 ± 1.6 d

PET/Paper/PET 313.6 ± 4.1 a 357.9 ± 1.1 e 55.2 ± 0.4 d 11.4 ± 0.9 d

Mean values and standard deviation. a–e Different superscripts in the same column indicate significant differences
between formulations (p < 0.05).

In the case of paper, three relevant mass losses occurred during heating, which ap-
proximately took place at temperatures of 100, 350, and 490 ◦C. These mass losses have
been widely studied in lignocellulosic materials [43]. The first one corresponds to the
evaporation of absorbed water in the dried paper sheets, which indicates that the initial
moisture content of these samples was 2−3%. The second and main degradation step,
between 310 and 410 ◦C, showed an average mass loss of nearly 55%. This is referred to as
the “active pyrolysis zone” since the mass loss rate is high. This mass loss corresponds to
the decomposition of hemicellulose and cellulose, which are main components of paper.
Both degradation processes are known to involve complex reactions (e.g., dehydration
and decarboxylation, among others) as well as the breaking of C−H, C−O, and C−C
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bonds [44]. The onset of the third stage of degradation overlapped with the previous one
and continued progressively until temperatures neared 600 ◦C. In this step, the mass loss
was around 28%, representing the “passive pyrolysis zone” since the mass loss rate was
much lower than that observed in the previous one. The latter mass loss can be assigned
to the thermal decomposition of lignin, which is known to occur slowly and over a wide
temperature range. Furthermore, at 800 ◦C, the paper showed a remaining mass of 14%.
This mass corresponds to both inorganic material, such as silica or titanium dioxide (TiO2),
which is usually applied to give brightness and whiteness to paper, and ashes generated
from the decomposition of the organic material in an inert atmosphere [45].

Furthermore, PHBV thermal degradation occurred through a single and sharp degrada-
tion step that occurred from 290 to 320 ◦C. Thermal degradation of PHAs generally follows
a random chain scission model of the ester bond, involving a cis-type elimination reaction
of −CH and a six-membered ring transition to form crotonic acid and oligomers [46]. The
thermal stability of the PET film was significantly higher (p < 0.05) than that of PHBV. This
thermal degradation occurred in two stages. The first one occurred in the 300−450 ◦C
range that corresponds to the degradation of the polymer chains. The second one was
seen between 450 and 600 ◦C and it is due to the thermo-oxidative degradation of the
residual mass produced during the first stage. This thermal degradation of PET is based
on a heterolytic cleavage by means of a six-membered intermediate ring. In this process,
the hydrogen of a beta (β)-carbon of the ester group is transferred to the carbonyl group
of the ester, followed by a breakage of the ester bonds [47]. Whereas the application of
the PET films on the paper substrate slightly improved its thermal stability (p > 0.05), the
thermal resistance of the PHBV/paper/PHBV multilayer slightly but significantly (p < 0.05)
decreased. In particular, a reduction of around 11% in comparison with the uncoated paper
was observed. The latter effect is due to the lower thermal stability of the biopolyester.
Nevertheless, the thermal stability of the PHBV/paper/PHBV multilayer can be yet con-
sidered adequate for most food packaging applications that do not exceed temperatures
above 250 ◦C, such as microwave heating. In contrast, most heating processes in the oven
will be restricted, where the use of neat paper is still very limited [48].

3.5. Mechanical Properties of Paper Multilayers

The mechanical performance of the multilayers was studied by means of tensile tests
at room temperature. The resultant σ versus ε curves are shown in Figure 6. The most
characteristic values, namely E, σy, and εb, obtained from these curves, are included in Table 4.
It can be observed that the paper sheet showed mechanical parameters that correspond to
a rigid and brittle material. This sample broke right after exceeding the elastic deformation
zone, with a σy value of 31.9 MPa and deformations of nearly 7%. Moreover, the PHBV film
also showed a brittle behavior, but it was significantly (p < 0.05) more rigid than the paper
sample due to its higher value of E, 2928 MPa. The high brittleness of PHBV derives from
its high crystallinity, even though the 3HV content in the copolyester was relatively high
(10 mol%). This embrittlement takes place by a process of secondary crystallization and/or
physical aging that results in the formation of large spherulites acting as stress concentration
points [21]. The mechanical behavior of the PET film followed a completely different pattern,
being typical of a more stretchable and ductile material. This film sample showed E and σy
values of approximately 759 and 29.6 MPa, respectively, and broke at a deformation of nearly
53% with a maximum strength above 60 MPa. This mechanical behavior is in agreement with
the values reported for PET films in a previous study [9].
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without affecting significantly (p > 0.05) ductility (εb of 7.1%). Similarly, for the PET/pa-
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this multilayer sample broke at deformation values of approximately 10%, indicating a 
significant improvement (p < 0.05) in the flexible properties of paper. In this sense, it is 
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film used was approximately 10 times thicker than the PHBV film so that the proportion 
of petrochemical film in the multilayer with respect to paper was higher than in the case 
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Figure 6. Stress (σ) versus strain (ε) curves of the paper sheet, poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET) films, and PHBV/paper/PHBV
and PET/paper/PET multilayer sheets.

Table 4. Mechanical properties in terms of Young’s modulus (E), stress at yield (σy), and percentage
of elongation at break (% εb) of the paper sheet, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and polyethylene terephthalate (PET) films, and PHBV/paper/PHBV and PET/paper/PET
multilayer sheets.

Sample E (MPa) σy (MPa) εb (%)

Paper 1787 ± 41 a 31.9 ± 1.0 a 6.9 ± 0.9 a

PHBV 2928 ± 30 b 27.0 ± 2.8 b 2.3 ± 0.6 b

PET 759 ± 18 c 29.6 ± 2.1 c 52.8 ± 0.6 c

PHBV/Paper/PHBV 2591 ± 51 d 43.2 ± 2.1 d 7.1 ± 1.2 a

PET/Paper/PET 1959 ± 20 e 29.4 ± 2.3 c 9.8 ± 0.9 d

Mean values and standard deviation. a–e Different superscripts in the same column indicate significant differences
between formulations (p < 0.05).

Double coating led to a significant enhancement of the tensile properties of the paper
substrate, which significantly (p < 0.05) depended on the type of polyester used. In the case
of the PHBV/paper/PHBV multilayer, it gave rise to a sheet with an E of 2591 MPa and an
σy of approximately 43 MPa. Thus, the PHBV double coating yielded an improvement in
terms of mechanical resistance when compared with the uncoated paper substrate, without
affecting significantly (p > 0.05) ductility (εb of 7.1%). Similarly, for the PET/paper/PET
multilayer, values of E of 1959 MPa and σy of 29.4 MPa were obtained. However, this
multilayer sample broke at deformation values of approximately 10%, indicating a sig-
nificant improvement (p < 0.05) in the flexible properties of paper. In this sense, it is also
worth mentioning that, although both films were notably thinner than paper, the PET film
used was approximately 10 times thicker than the PHBV film so that the proportion of
petrochemical film in the multilayer with respect to paper was higher than in the case of
the biopolyester film. Therefore, the PHBV/paper/PHBV multilayer yielded to a greater
mechanical resistance, while the PET/paper/PET multilayer was more stretchable than
the uncoated paper. According to these results, in terms of food packaging applications,
the newly developed PHBV/paper/PHBV multilayers will be mainly restricted to rigid
applications. For example, these can be applied to develop trays, lids, or plates, which do
not require high deformations but can withstand certain stresses.
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3.6. Barrier Properties of Paper Multilayers

The permeance values of the water and limonene vapors and oxygen gas of the
uncoated paper sheet, PHBV and PET films, and multilayer paper sheets are shown in
Table 5. Permeance is the expression of permeability with the removal of the thickness
factor, used to determine the barrier of multilayer structures and the actual performance of
a film at given conditions of temperature and %RH. For this reason, the thickness values of
each film and sheet samples were also included.

Table 5. Permeance to water and D-limonene vapors and oxygen of the paper sheet, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET) films, and
PHBV/paper/PHBV and PET/paper/PET multilayer sheets.

Sample Thickness (µm)

Water Vapor Limonene Vapor Oxygen

Permeance ×
1010 (kg/m2·Pa·s)

Permeability
× 1015

(kg·m/m2·Pa·s)

Permeance ×
1010 (kg/m2·Pa·s)

Permeability
× 1015

(kg·m/m2·Pa·s)

Permeance
× 1015

(m3/m2·Pa·s)

Permeability
× 1019

(m3·m/m2·Pa·s)

Paper 291 ± 6 a 110 ± 9 a 3205 ± 87 a 22.3 ± 1.3 a 650 ± 9 a > D.L. > D.L.
PHBV 12 ± 2 b 4.8 ± 0.7 b 5.7± 0.3 c 5.8 ± 0.3 b 6.95 ± 0.14 c 24.1 ± 5 a 2.89 ± 0.17 a

PET * 104 ± 1 a 0.23 ± 0.04 d 2.3 ± 0.4 d 0.49 ± 0.01 e 4.97 ± 0.14 d 0.81 ± 0.01 b 0.86 ± 0.17 b

PHBV/Paper/PHBV 297 ± 8 c 4.5 ± 0.8 c - 4.4 ± 0.8 c - 3.4 ± 0.8 c -
PET/Paper/PET 473 ± 3 d 0.19 ± 0.01 d - 0.8 ± 0.2 d - 0.14 ± 0.01 b -

* Assuming a monolayer material. Mean values and standard deviation. a–e Different superscripts in the same
column indicate significant differences between formulations (p < 0.05).

Regarding the water vapor, one can observe that the permeance of the paper sheet was
1.10 × 10−8 kg/m2·Pa·s, resulting in a permeability value of 3.21 × 10−12 kg·m/m2·Pa·s.
The low water vapor barrier of paper is due to the fact that it is a hydrophilic and
highly fibrous material and, therefore, has a high porosity, as observed previously during
the FESEM analysis. In relation to the 10-µm PHBV film, it presented a permeance of
4.78 × 10−10 kg/m2·Pa·s, yielding a permeability of 5.73 × 10−15 kg·m/m2·Pa·s. This
permeability value is slightly higher than that reported for thermo-compressed films of
PHB [49] and PHBV with 2–3 mol% 3HV [50], that is, 1.70 and 1.82 × 10−15 kg·m/m2·Pa·s,
respectively. This difference is due to the higher comonomer content in the PHBV tested
herein, which induces lower crystallinity and, hence, higher diffusivity to the vapor
and gas molecules [18,51]. In the case of the commercial PET multilayer film, the per-
meance value was 2.32 × 10−11 kg/m2·Pa·s, which corresponds to a permeability of
2.25 × 10−15 kg·m/m2·Pa·s, considering it as a monolayer material. The resultant WVTR
was approximately 6.3 g/m2·day, which is in the range but lower than the one reported
by the manufacturer at 38 ◦C and 90% RH, that is, 16 g/m2·day [52] due to the lower
temperature and humidity employed herein. Moreover, this water vapor permeability
value is slightly lower than that of PET, that is, 2.3 × 10−15 kg·m/m2·Pa·s, measured
at 38 ◦C and 90% RH [53]. This can be related to the presence of a layer of polyolefin,
such as LDPE, with a lower permeability, that is, 1.2 × 10−15 kg·m/m2·Pa·s, at 38 ◦C and
90% RH [54]. This polyolefin layer is generally placed in the external part of the film in
order to perform heat sealing at lower temperatures. In a food packaging context, both
materials presented water vapor permeability between that of polyamide 6 (PA6), that
is, 2.06 × 10−14 kg·m/m2·Pa·s, and PP, that is, 7.26 × 10−16 kg·m/m2·Pa·s [54]. One can
further observe that the water permeance of the resultant PHBV/paper/PHBV multilayer
was in the range of the PHBV film, but still significantly lower (p < 0.05), with a value of
4.48 × 10−10 kg/m2·Pa·s. This enhancement in the permeance can be mainly related to
the increase in the thickness sample. However, it can also be ascribed to the fact that the
hydrophobic PHBV film successfully protected paper from moisture and, thus, the barrier
of paper improved in dry conditions. Similarly, the PET/paper/PET multilayer resulted
in a value of 1.91 × 10−11 kg/m2·Pa·s due to the higher water barrier performance and
thickness of the petrochemical film.

As for the permeability of limonene, which is used as a standard to determine the
aroma barrier, the paper presented a permeance of 2.23 × 10−9 kg/m2·Pa·s, correspond-
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ing to a permeability value of 6.50 × 10−13 kg·m/m2·Pa·s. Permeance of the PHBV
film was 5.80 × 10−10 kg/m2·Pa·s, resulting in a permeability to limonene vapor of
6.95 × 10−15 kg·m/m2·Pa·s. This result indicates that the microbial copolyester was also
much less permeable to aroma than paper. This result is relevant since limonene is known
to be a good plasticizer for polyesters, such as PHAs and PET, and thus solubility plays a
stronger role than diffusion in permeability. For example, it has been previously described
that PHBV films of about 100 µm were able to adsorb 12.7 wt.% of limonene [49]. One can
also observe that the permeance to limonene vapor of the PET-based multilayer film, the
so-called PET film, was 4.91 × 10−11 kg/m2·Pa·s. This value is equivalent to a permeability
of 4.97 × 10−15 kg·m/m2·Pa·s, assuming a monolayer material. Limonene permeability
values for 75-µm PHB and PET films of 6.38 and 6.43 × 10−15 kg·m/m2·Pa·s have been
respectively reported [55], which are relatively similar to the reported herein. In relation to
the multilayers, the permeance values of PHBV/paper/PHB and PET/paper/PET multilay-
ers were 4.44 × 10−10 and 7.82 × 10−11 kg/m2·Pa·s, respectively. Therefore, as it did with
water vapor, the use of double coatings improved the aroma barrier of paper significantly
(p < 0.05). Although the improvement achieved with the PET film was significantly higher
(p < 0.05), one should consider that both polyesters resulted in a permeance reduction
of nearly two orders of magnitude compared with uncoated paper, and the PHBV film
thickness was lower.

Regarding the oxygen barrier capacity, it was not possible to determine the oxygen
permeance of the uncoated paper since it was above the detection limit (D.L.) of the equip-
ment (OTR of 432.000 cm3/m2 · day). The PHBV film presented a permeance to oxygen of
2.41 × 10−14 m3/m2·Pa·s. The oxygen permeance was previously determined for a 50-µm
film of the same PHBV grade, resulting in a value of 5.78 × 10−15 m3/m2 ·Pa·s [56]. This per-
meance corresponds to an oxygen permeability of 2.9 × 10−19 m3·m/m2·Pa·s, which is nearly
50% higher than that of PHBV with 2−3 mol% 3HV; that is, 2.1 × 10−19 m3·m/m2·Pa·s [57].
The permeance to oxygen of the PET film was 8.10 × 10−16 m3/m2·Pa·s. This corresponds to
a permeability of 8.60 × 10−20 m3·m/m2·Pa·s and an OTR of approximately 7.2 cm3/m2·day
at 1 atm, assuming a monolayer material. Similar to WVTR, this value was also lower than
the OTR values reported by the manufacturer, namely 14 and 20 cm3/m2·day when mea-
sured at 0 and 90% RH, respectively, at 1 bar and 23◦C (ASTM D3985). This is related to
the fact that EVOH and some condensation and relatively hydrophilic polymers, such as
PET, present the highest barrier performance at low-to-intermediate moisture conditions (e.g.,
20−60 %RH) [50]. At high humidity, the permeability to oxygen gas increases due to an
increase in free volume by an effect of water-induced plasticization. At low humidity, the
amount of sorbed water is not high enough to reach equilibrium for interchain hydrogen
bonding so that the diffusion of the water molecules increases. One can finally observe
that both multilayer sheets showed good oxygen-barrier performance, showing values of
3.43 × 10−15 and 1.42 × 10−16 m3/m2·Pa·s for the PHBV/paper/PHBV and PET/paper/PET
samples, respectively. Interestingly, this represents a respective reduction of approximately
7 and 6 times when compared to the permeance of their respective single monolayer films
used for the coatings. This permeance decrease can be ascribed to the use of double layers in
the structure as well as the improved barrier performance to oxygen achieved in the paper
at dry conditions when it was protected by the hydrophobic external layers. Therefore, the
oxygen permeance of the paper sheets was successfully reduced by the application of the
double coatings of biopolyester.

3.7. Compostability of Paper Multilayers

According to ISO 17088 [58], composting is the aerobic treatment of the biodegradable
plastic parts of packaging waste that consumes oxygen and produces, under controlled
conditions and using microorganisms, biomass, inorganic compounds, CO2, and water,
without leaving visible distinguishable or toxic residues. Therefore, the evaluation of
compostability includes three main tests, namely disintegration, biodegradation, and
ecotoxicity [54,59,60]. Although recycling should be more economically and energetically
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favorable than composting for paper packaging, it cannot be practical in some situations
because of excessive sorting and cleaning requirements [61]. Therefore, compostability of
paper multilayers can be relevant from a sustainable point of view of waste management.
This is particularly relevant when recycling is not feasible, for instance, in the case of
disposable containers contaminated with food residues.

The ripe compost used as inoculum in both the biodegradation and disintegration
tests showed an initial organic matter content (VS) of 90% ± 0.9%, expressed as volatile
solids with respect to dried solids. The content of total dry solids (DS) was 79% ± 1.3%,
whereas the pH value was 8.1, measured according to ISO 14855. Figure 7 shows the
results of the aerobic biodegradation test of the films and paper sheets under controlled
composting conditions (58 ± 2 ◦C for 45 days) following the method adapted from the ISO
14855. This test is based on the measurement of the CO2 generated in the biodegradation
process, which is considered proportional to the percentage of biodegradation in organic
samples. MCC was also tested and used as positive reference. Moreover, the theoretical
maximum quantity of CO2 that can be produced by the biodegradation of the samples was
calculated from their theoretical carbon content.
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Figure 7. Sample biodegradation as a function of time of microcrystalline cellulose (MCC), the paper
sheet, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polyethylene terephthalate (PET)
films, and PHBV/paper/PHBV and PET/paper/PET multilayer sheets.

One can observe that both MCC and the PHBV film completely biodegraded after
28 days and 40 days, respectively. Moreover, these samples exhibited the characteristic
sigmoid profiles of respirometric tests, showing three different phases [60,62]. In the case of
the PHBV film, it presented an initial log period of 2–15 days, followed by a biodegradation
phase that was prolonged up to day 40, and finished with a plateau. PHBV biodegrada-
tion is essentially an enzymatic process, where exoenzymes from bacteria and fungi or
membrane-bound enzymes, such as proteases, lipases, and esterases, which are present in
the composting soil, hydrolyze the biopolyester chains into their corresponding monomers
(hydroxy acids) [63]. In this process, the microorganisms first colonize the surface of the
biopolymer and then secret depolymerases that hydrolyze the ester bonds. This process
yields to low-MW chains able to pass through the semipermeable external bacterial mem-
branes and are metabolized. MCC, after 45 days, reached a biodegradation percentage of
~115%, which is attributed to the “priming” effect. The latter is an overestimation of the
CO2 released that occurs when the compost inoculum in the test reactor containing the
samples generates more CO2 than the compost inoculum in the blank reactors [64]. This
effect has been previously ascribed to the stimulation of organic matter mineralization that
takes place after the addition of easily-decomposable organic matter [65]. As expected, the
commercial multilayer film showed no biodegradation since this is based on polymers that
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are not biodegradable. The uncoated paper reached a value of nearly 33%, whereas the
PHBV- and PET-double coated papers showed lower biodegradation values, of 23 and 11%,
respectively. In all cases, the so-called plateau phase was reached, showing a minor upward
slope still noticeable in the curves. This means that biodegradation could continue under
the same conditions by degrading the remaining organic carbon. However, since none of
the paper samples exceeded the 70% biodegradation limit after 45 days, these cannot be
considered as compostable under the conditions established by the standard. This was par-
ticularly notable for the PET/paper/PET multilayer due to the non-biodegradability of the
petrochemical films. Therefore, it is advisable to avoid its incorporation into compostability
plants. These results agree with those of the study performed by López Alvarez et al. [66],
who showed that papers do not achieve the same level of biodegradation as MCC after
45 days. This is due to other organic compounds present in commercial paper, for example,
lignocellulose and fatty acids, which can retard biodegradation. Furthermore, the large
thickness of the paper sheets has to be also considered, 290 µm, which can highly reduce
the biodegradation rate of biodegradable materials [67].

The degree of disintegration after 300 days (%D300) of the films and sheets exposed
to laboratory-scale composting environmental conditions (58 ± 2 ◦C) was also analyzed,
providing information about the physical breakdown of the samples into smaller fractions
with time. The test was validated according to the standard method [31], which establishes
a reduction (R) of the volatile-solid content in the sample of the compost of more than 30%,
with a standard deviation for %D300 values of less than 10 units. In the performance tests,
R for the uncoated paper sheet was 57 ± 2, and the standard deviations for %D300 values
were lower than 10. Figure 8 shows the disintegration values (% mass loss) as a function
of time of the different films and sheets. As can be observed, the neat PHBV film fully
disintegrated after 44 days, in agreement with previous works [68]. The disintegration rate
was low during the first 12 days, then mass loss occurred very fast, and finally the rate
slowed down after 40 days. In contrast, the commercial PET-based multilayer film showed
mass loss values below 1%, which can be mainly related to losses occurring during the
experimental preparation and manipulation of the samples.
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One can observe that all the paper sheets showed similar disintegration patterns.
These presented three stages, clearly distinguished in the tested composting conditions,
as similarly reported by Seoane et al. [69]. In the first step, corresponding to the period
of 2−15 days, a low degree of disintegration was observed. In the second one, the dis-
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integration rate markedly increased throughout 50 days till reaching a plateau. In this
stage, the greatest disintegration rate was observed for the uncoated paper, confirming that
the film coatings delayed the composting of paper. This delay can be related to the lower
water absorption attained in the coated paper sheets due to the hydrophobic character of
the polymers. Thus, the films impaired hydrolysis of paper into smaller molecules and
the enzymatic reactions associated with the microbial growth as well as the ingress and
colonization of microorganisms. Moreover, the higher compaction and lower porosity of
the paper present in the multilayer (as consequence of the thermo-sealing process) could
also contribute to the higher resistance to enzymatic degradation of the coated paper. This
delay was significantly (p < 0.05) higher in the PET/paper/PET sheet due to the lack of
biodegradability of the petrochemical polymers. Moreover, the multilayer structures are
prone to present a considerably high amount of biodegradation products accumulated
on the sheet-film interphases, which could retard degradation due to diffusional limita-
tions [70]. After 300 days, all the paper sheets maintained practically the same rate of
degradation, reaching %D300 values of approximately 90%, 70%, and 15% for the uncoated
and PHBV- and PET-double-coated paper sheets, respectively. The difference attained
between the PHBV/paper/PHBV and PET/paper/PET multilayer sheets can mainly be
attributed to the disintegration of the PHBV thin film in the compost. Indeed, PET-double-
coated paper exhibited intermediate disintegration behavior between those observed for its
counterpart monolayer materials, that is, the paper sheet and PET film, but it was closer to
that of the petrochemical film. This can be related to the partial and slow degradation of the
inner paper layer, which was only available for microbial attack through the edges of the
multilayer sample. In contrast, the biodegradation pattern of the paper sheet double coated
with PHBV was similar to that of the uncoated paper sheet, although the disintegration
was lower than that expected considering the mass loss observed in the monolayers. In
particular, from the linear trend observed during the last disintegration stage of the un-
coated and PHBV/paper/PHBV sheet samples, it was estimated that approximately 350
and 475 days would be required, respectively, to reach a 100% reduction of the original
mass. In any case, none of the paper-based sheets tested herein were compostable since,
after 3 months, their mass did not amount to less than 10% of their original mass.

Finally, Figure 9 illustrates the visual appearance of the recovered films and sheets
after the selected times of disintegration, where the different degradable characters of the
samples can be observed. At the beginning of the process, all of the film and sheet samples
exhibited a continuous structure with no visible holes, but they showed an increase in
opacity during the first week. At the third week, signs of erosion were detected in some of
the samples. Then, the PHBV film fully disintegrated after 44 days, whereas the PET film
developed a brown color without signs of mass loss but with high amounts of compost
particles adhered on the surface. All the paper sheets showed certain signs of erosion
and small fractures after 100 days of incubation in the compost. One can further observe
that after 180 days, the uncoated paper and PHBV/paper/PHBV sheets appeared broken
into small parts, particularly the uncoated sample, whereas the PET/paper/PET sheet
still maintained its full integrity. Finally, after 300 days, the uncoated paper was hardly
distinguishable from compost in the mesh due to the fact that the aggregates were brown. In
the case of PHBV/paper/PHBV, some fragments smaller than the mesh size were formed.
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4. Conclusions

PHBV has been proven to be an excellent material for paper coating applications.
By means of heat-sealing technology, which is currently available in the food packaging
industry, for instance in lamination or thermoforming processes, PHBV/paper/PHBV
multilayers with improved mechanical and barrier properties were successfully obtained.
Moreover, the presence of the double coatings of PHBV did not notably affect the original
optical and thermal characteristics of the paper. Although the performance was lower than
that of equivalent multilayers developed by the same process using conventional PET-based
films with high barrier, the properties presented here by the double-coated biopolymer
structures were within the same range. Thus, it can be concluded that PHBV/paper/PHBV
multilayer sheets can be excellent candidates to replace currently available paper substrates
coated with petrochemical non-biodegradable films, especially in the case of rigid and
intermediate barrier packaging materials. However, to meet current requirements to be
certified as compostable, paper layers with lower thickness would be required. Future
works will focus on developing novel biopolymer/paper trays and their application in
packaging, particularly for the preservation of foodstuffs with high water activity, where
the use of paper is restricted. Additionally, their food safety assessment will be ascertained
by migration tests using food simulants.
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Featured Application: Such results suggest that when considering a potential technology for
WPB processing, the most favorable conditions for the production of gases would be at higher
temperatures. After providing the satisfactory composition and calorific value, the gases can be
used as a fuel, i.e., to heat the process.

Abstract: Waste pharmaceutical blisters (WPBs) are a type of multimaterial waste that contain layers
of plastic and metal connected permanently. The separation of those materials with the application of
mechanical methods is impossible. One of the methods that can be used to recover metal from WPBs
is pyrolysis—a thermal decomposition process performed in the absence of oxygen. The products are
a solid fraction that contain char and metal, liquid fraction, and gases. The gases produced during
the process can be used as a fuel, either alone or mixed with another gaseous fuel such as natural gas.
The presented research was focused on the determination of the influence of the process temperature
on the composition of gases produced during the pyrolysis of two types of pharmaceutical blister
waste: pre- and postconsumer. The postconsumer waste contains trace amounts of pharmaceutical
products. One of the goals was to determine whether those compounds influence the gas properties.
The method of neutralizing these materials can be part of the circular economy, the idea of which
is to strive to maximize the use of natural resources and bring them back into circulation. The
presented method allows not only to recover char, oil, and metal that can be easily separated from
the solid fraction, but also to reuse the process gases as a fuel and, possibly, to form HCl during the
decomposition of PVC. The paper includes the analysis of the input material, as well as a detailed
chemical analysis of the produced gases.

Keywords: pyrolysis; multimaterial waste; pharmaceutical waste; blisters; WPBs; energy recovery

1. Introduction

Multimaterial waste is a significant group of waste that requires the application of special recycling
techniques in order to reduce its negative impact on the environment [1]. In general, it is made of at
least two different materials connected permanently [2]. According to the regulations (Polish Act of
13 June 2013 on Packaging and Packaging Waste and Polish Act of 14 December 2012 on Waste), it is
treated like the material that is present in the highest amount, i.e., if the material consists of 70% paper
and 30% plastic it should be treated like paper and collected in the designated container [3,4].
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The European Union’s strategy in the plastics field is closely linked to the circular economy.
This strategy pays special attention to plastic recycling and the possibilities of reducing it. Currently,
59% of plastic products are plastic packaging, including blisters for drugs, which are very difficult to
manage. Packaging recycling is very difficult, but the pyrolysis of waste medicine blisters is one of the
answers to the challenges of the circular economy. In the future, the process proposed in this article
can be treated as a closed circuit in this group of packaging waste.

Waste pharmaceutical blisters (WPBs) are a type of multimaterial waste. They are the most
commonly used type of packaging to store pharmaceutical products [5,6]. They contain approx.
80% thermoformable plastic films (usually polypropylene (PP) and pure polyvinyl chloride (PVC),
or polyvinyl with diaphone addition (PVC/PVDC) or chlorotrifluoroethylene PVC/CTFE)) and 20%
aluminum alloy (containing approx. 85% Al, 11,5% Mg, and 0,8% Ti) [7,8]. The type of plastic used to
produce the blister is usually chosen based on moisture permeability, which has a huge influence on
the durability of the products and the price. In order to provide the highest protection from external
conditions, the companies sometimes use the Al/Al type blisters, which contain polyamide, aluminum,
and PVC. Two layers of aluminum protect the products from moisture, which may decompose the
active ingredients and affect the expiration date of the medicine, oxygen, and sunlight [9].

Currently, used blisters are either treated as plastic waste or collected at pharmacies together with
the expired medicine and directed to thermal utilization plants, where metal is not recovered [4,10].
As for most multimaterial waste, the mechanical separation of the materials used to produce them
is complicated or, sometimes, impossible [11]. Therefore, in order to comply with the circular
economy requirements, WPBs require a special treatment to efficiently recycle both metal and
plastic fractions [12,13]. Wang et al. [5] analyzed the hydrometallurgical method to recycle waste
blisters. The method was based on the leaching of 1 cm x 2 cm pieces of WPBs in hydrochloric acid.
Under optimum conditions, this method allowed to separate as much as 100% of plastic from the metal.
The obtained aluminum was of excellent quality, but the metal recovery required additional steps, i.e.,
precipitation, solvent extraction, adsorption, or the application of the ion-exchange method. Also, large
amounts of HCl were required to separate the materials. Yin et al. [14] analyzed the thermal method
of aluminum recovery, which also generates high-quality gaseous fuel. The material used in the
research was a similar multimaterial packaging waste used to store face mask sheets—a postconsumer
Neutrogena face mask packaging made of aluminum foil, PET (polyethylene terephthalate), and PP
(polypropylene). The produced aluminum was characterized by a high purity and an extremely low
surface oxidation level. The process also resulted in the production of 67 wt% of hydrocarbon gases,
which can be used as a fuel.

Pyrolysis is a thermal decomposition process that occurs in the absence of oxygen. The products
can be divided into a solid, a liquid, and a gaseous fraction. The solid fraction may contain the materials
that do not pyrolyze, i.e., metals, which can be easily separated from the char and recovered in a
simple metallurgical process. In addition, other products can be further used, i.e., as a fuel or carbon
black [15]. This paper is focused on the gases generated during the process. If their quality is high
enough, the gases can be used as a fuel, i.e., to generate heat for the pyrolysis. Such a holistic approach
can contribute to making even a thermal process sustainable.

2. Materials and Methods

The literature provides no detailed information about the composition of the gases generated
during the pyrolysis of WPBs. The presented research was focused on the analysis of the influence
of the process temperature on the composition of the gases, with a special focus on hydrocarbons.
Two waste materials were analyzed in order to determine the potential influence of the trace amounts
of medical products on the quality of the gases. The potential of the process gases to be used as a fuel,
individually or mixed with natural gas, was analyzed.
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2.1. Materials

Two waste materials were analyzed—pre- and postconsumer waste. The preconsumer WPBs,
delivered by the manufacturer of a dietary supplement, were collected after the production line.
The preconsumer waste had no contact with the product, and the plastic used as a lidding material
was transparent.

Postconsumer WPBs included various mixed pharmaceutical blisters after the medicines had been
removed. The material had contact with various products and was not washed before the analysis,
in order to provide a reliable source of information that could be used for a real process. The analyzed
portion of the mixed types of blisters contained:

• White plastic: 38.5%,
• Transparent plastic: 32.7%,
• Orange plastic: 15.0%,
• Al/Al blisters: 9.9%,
• Red plastic: 3.9%.

The illustrative pictures of the pre- and postconsumer waste used for the tests are presented in
Figure 1.
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Both materials were analyzed for the content of the basic elements. The results of the analysis are
presented in Table 1.

Table 1. Chemical analysis of the pre- and postconsumer waste.

Sample
Content (%)

C H Cl N S

Preconsumer 45.46 4.47 43.66 0.60 10.83
Postconsumer 44.27 3.37 35.03 0.35 11.33

The contents of carbon (approx. 45%), hydrogen (approx. 4%), nitrogen (below 1%), and sulfur
(approx. 11%) were similar for both materials. The differences were mainly caused by the impurities
present in the postconsumer waste as a result of the contact with the pharmaceutical products.
The chlorine content in preconsumer waste was much higher (approx. 44%) than that found in
postconsumer waste (35%). The reason for such differences was the lidding material. For preconsumer
waste, the results suggest that PVC was the main material, while postconsumer waste contained various
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materials. However, the high chlorine content suggests that PVC was one of the most commonly
used materials.

2.2. Experimental Method

The materials were subjected to the pyrolysis process at three temperatures—400 ◦C, 425 ◦C,
and 450 ◦C—in a laboratory-scale furnace. The thermocouple was located in the central part of the
reaction chamber. The scheme of the reactor is presented in Figure 2. During each test, the sample
weight was precisely 150 g. The process temperature was controlled with two thermocouples—one
thermocouple, located on the bottom of the reaction chamber, measured the temperature inside the
sample, while a second thermocouple, located in the central part of the reaction chamber, measured
the process temperature. The thermocouples were automatically calibrated each time the equipment
was switched on.

During each test, three gas samples were collected in order to determine their composition.
The gases were analyzed for the content of hydrocarbons (CH4, C2H6, C2H4, C3H8, C3H6, C4H10,
C4H8, C4H4, C5+) and inorganic compounds (H2, O2, N2, CO, and CO2) in order to determine their
potential to be used as a fuel (i.e., natural gas substitute). The gases were collected at the beginning of
the process, in the middle of the process, and after the maximum temperature was reached, into 0.5
and 0.2 dm3 glass pipettes equipped with two cut-off valves. The gases were injected into the analyzers
with the application of the hydrostatic pressure method, performed with a liquid (brine) introduced
from the bottom of the container. The gases were injected into the analyzer from the second valve.

The gases were analyzed with the application of gas chromatography using two separate sections
supplied with a carrier gas (high-purity argon). Hydrocarbons were analyzed on the Alumina packed
column (l = 2 m; d = 1 mm) with FID (flame ionization detector). Inorganic ingredients were analyzed
on the Carbosphere column (2 m; 3 mm) with a TCD (thermal conductivity detector). The gas
composition was determined with the application of the external standard with the relative response
rates. The relative uncertainty of the measurement was 2%.
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4—cooling water (a) inlet and (b) outlet, 5—control device, 6—gas cooler, 7—output used to collect
process gases, 8—liquid fraction vessel.

3. Results

The tests were performed in two series. Series 1 refers to the preconsumer waste. Series 2 refers to
the postconsumer waste. During each series, the tests were performed for three maximum process
temperatures: 400 ◦C, 425 ◦C, and 450 ◦C. Also, three gas samples were collected during each test: at
the beginning of the process, during the process, when the decomposition was the most rapid, and
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after the maximum temperature was reached. The moment of most rapid mass loss in the sample was
determined based on the thermogravimetric study [9].

The solid and liquid products were weighed after the process, after the reactor was cooled to room
temperature. The mass of the generated gases was calculated based on the measurements. The mass
diagrams for the products obtained from series 1 and 2 are presented in Figure 3.

The amount of generated gases increased with temperature both during series 1 and 2. At the
lowest temperatures, the amount of generated gases was very small. The process performed at lower
temperatures is most likely to generate more oil and solid products. This may also suggest that at
lower temperatures, not all the material was decomposed. Higher temperatures generate more gases
and less oil and solid products.
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Slightly more gases and liquid fraction have been generated during the pyrolysis of the
preconsumer waste, while the postconsumer waste generated more solid products (aluminum and char).
However, those differences were almost negligible. Therefore, there was almost no difference between
the yields and the quality of the products generated during the pyrolysis of pre- and postconsumer
waste. It seems that the trace amounts of pharmaceutical products left on the used blisters did not
affect the process and the quality of the products.

The results of the gas analysis of two materials at 400 ◦C, 425 ◦C, and 450 ◦C are presented in
Tables 2–7.

Table 2. Gas composition, preconsumer material, 400 ◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.26 0.11 0.23 0.05 0.07 0.04 0.33 0.06 0.19 19.60 0.00 64.60 1.56 7.72 5.18 100
320 3.94 1.43 0.87 0.57 0.53 0.27 1.17 0.03 0.40 47.50 0.00 20.50 2.90 6.02 13.87 100
400 11.37 2.76 1.18 1.04 0.85 0.45 1.16 0.06 0.68 49.34 0.11 13.30 5.47 4.85 7.38 100

Table 3. Gas composition, preconsumer material, 425 ◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.10 0.04 0.13 0.03 0.04 0.02 0.01 0.00 0.01 1.97 1.48 83.90 1.80 7.45 3.02 100
320 3.38 1.23 1.01 0.44 0.39 0.16 0.40 0.00 0.03 18.00 0.94 57.30 4.90 9.90 1.92 100
425 14.60 4.73 1.58 1.75 1.80 0.42 0.86 0.02 0.18 42.10 0.00 14.50 4.60 6.98 5.88 100
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Table 4. Gas composition, preconsumer material, 450 ◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.10 0.04 0.13 0.02 0.04 0.01 0.12 0.00 0.35 7.91 0.88 77.00 1.65 8.77 2.98 100
320 5.20 2.09 1.42 0.83 0.71 0.42 1.48 0.12 1.87 34.80 0.00 29.80 4.21 9.70 7.35 100
450 15.36 3.49 1.38 1.33 1.69 0.39 0.98 0.20 1.34 38.57 0.00 12.76 5.78 9.31 7.42 100

For series 1 (preconsumer waste), the concentration of hydrocarbons increased with the
temperature. The total content of hydrocarbons at max. temperature 400 ◦C was 19.5%, 25.9%
at 425◦C, and 26.2% at 450◦C. The oxygen content at the beginning of the process was neglectable.
Nitrogen content in the gases decreases during the process. The amount of CO in the gases was higher
at higher temperatures. Based on the results it can be concluded that the quality of the gas as a fuel
increases with the process temperature.

Table 5. Gas composition, postconsumer material, 400 ◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.23 0.12 0.14 0.05 0.07 0.02 0.00 0.13 0.00 5.73 0.96 82.80 3.02 3.26 3.47 100
320 2.89 1.05 0.63 0.43 0.48 0.20 0.72 0.21 0.19 32.60 0.00 40.60 3.90 11.20 4.90 100
400 7.61 2.43 1.27 0.99 1.08 0.41 2.18 0.34 0.11 46.60 0.00 10.70 6.66 12.50 7.12 100

Table 6. Gas composition, postconsumer material, 425 ◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.19 0.09 0.13 0.04 0.04 0.03 0.19 0.01 0.05 10.00 0.20 74.10 1.82 9.71 3.40 100
320 1.86 0.66 0.47 0.27 0.27 0.14 0.68 0.08 0.32 29.90 0.40 47.00 3.11 9.98 4.86 100
425 10.91 3.57 1.40 1.33 1.41 0.52 1.96 0.28 1.58 41.85 0.05 13.70 6.51 11.14 3.79 100

Table 7. Gas composition, postconsumer material, 450◦C.

Temp.
(◦C)

Hydrocarbons (wt%) Inorganic Compounds (wt%)
Σ %

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 C4H6 C5+ H2 O2 N2 CO CO2 Other

210 0.28 0.13 0.20 0.06 0.06 0.04 0.26 0.01 0.30 7.30 0.99 75.90 2.99 6.92 4.56 100
320 3.32 1.08 0.69 0.45 0.37 0.25 0.87 0.03 0.87 29.00 0.00 44.70 4.68 9.14 4.55 100
450 12.20 4.10 1.52 1.67 1.74 0.63 1.53 0.05 2.12 39.10 0.00 12.50 6.40 9.78 6.66 100

Similarly to what happened in series 1, in series 2 the content of hydrocarbons increased with
the temperature. The concentration at max. temperature 400 ◦C was 16.4%, 23% at 425 ◦C, and 25.6%
at 450 ◦C. The nitrogen content decreased during the process. For the mixed waste pharmaceutical
blisters, the amount of generated CO at different max. temperatures was almost constant, while the CO2

content increased. This may have been caused by the fact that the material contained trace amounts of
pharmaceutical products that may react more quickly than plastic. Another possible explanation is
that some oxygen may have penetrated into the gas cooler and reacted with other gas components.

The diagrams showing the changes in the contents of the selected gas compounds are presented
in Figures 4–6. Tests PF0 and PB0 were performed at a maximum temperature of 400 ◦C. Tests PF1 and
PB1 were performed at the max. temperature 425 ◦C, and tests PF2 and PB2 were performed at the
max. temperature 450 ◦C.
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Figure 4. Methane content at different max. temperatures during series 1 and 2.

Methane is the main hydrocarbon generated during the process. Preconsumer waste generated
more methane than postconsumer WPBs. The highest amount of this gas was generated at the highest
temperature for both series.
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Figure 5. Carbon oxide content at different max. temperatures during series 1 and 2.

More carbon oxide was generated during series 2. The CO content increased at higher temperatures
for all tests except in series 1 at 425 ◦C, where its concentration slightly decreased.
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The nitrogen content decreased with temperature during both series. The minimum level (approx.
10%) has been reached by the end of each process. The level of nitrogen was high at the beginning
of the process, which was caused by the presence of this gas in the atmospheric air. As the process
proceeded and the gases were generated, nitrogen was removed from the reactor.

In order to confirm that the gas quality as a fuel increases with the max. process temperature, the
calorific value was calculated according to the equation:

CV =
n∑

i=1

µiCVi (1)

where:

CV—calorific value of the gas generated during pyrolysis,
M—mass fraction of the gas component,
CVi—calorific value of the gas component.

The calculated calorific values of the gases for series 1 and 2 at three temperatures—at the
beginning of the process, during the process, and after reaching the maximum temperature—are
presented in Tables 8 and 9, respectively.

Table 8. Calorific value of the process gases at different temperatures, series 1.

Series 1

Calorific Value (MJ/m3)

Tmax = 400 ◦C Tmax = 425 ◦C Tmax = 450 ◦C
tstart 3.52 0.69 1.95
tmid 11.70 6.63 15.04
tmax 17.33 19.39 20.14

Table 9. Calorific value of the process gases at different temperatures, series 2.

Series 2

Calorific Value (MJ/m3)

Tmax = 400 ◦C Tmax = 425 ◦C Tmax = 450 ◦C
tstart 1.52 1.93 2.41
tmid 8.55 7.04 9.48
tmax 16.42 20.58 21.96

The calorific value of the gases increased with the duration of the process and the maximum
process temperature. The highest calorific values for both series could be observed at the maximum
process temperatures. The highest value was obtained during the pyrolysis of mixed postconsumer
waste. The highest quality of the gaseous products was observed for the tests performed at the highest
maximum temperature on the postconsumer waste. Such results suggest that, when considering a
potential technology for WPB processing with the production of a gaseous fuel, the most favorable
conditions for the production of gases would be at higher temperatures. However, it needs to be
stressed that this maximum calorific value cannot be maintained during the whole process. The process
needs to be continuous in order to provide the highest calorific value possible. This would require a
constant batching of the input material and a simultaneous removal of the solid products.

4. Conclusions

Due to the depleting sources of raw materials and fossil fuels, the recovery of material resources
as well as energy is of high importance for the circular economy. Providing a high efficiency of material
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recovery as well as energy efficiency can help maintain the natural environment. The fractions present
in multimaterial waste, due to their composition and production methods, cannot be easily separated
only with the application of simple mechanical methods. Therefore, it is highly important to develop
a technology for their processing. Pyrolysis is a thermal process that can be used to separate plastic
from the metal fraction of waste pharmaceutical blisters in order to recover aluminum and generate
gaseous fuel. Within the presented research, two types of waste pharmaceutical blisters were pyrolyzed
at three maximum temperatures: 400 ◦C, 425 ◦C, and 450 ◦C. The gases used for the analysis were
collected at the beginning and during the process and after the maximum process temperature was
reached. The analysis of the chemical composition of the gases was performed with the application
of chromatography.

A higher temperature favors the production of larger amounts of process gas rather than oil
and wax. In addition, the calorific value of the gas at the maximum temperature 450 ◦C is higher
(21.96 MJ/m3) for the mixed postconsumer waste than for the clean preconsumer material (20.14 MJ/m3).

One of the goals of the study was to determine whether the presence of trace amounts of medical
products as well as the more complex character of the postconsumer material influence the process
products. No significant differences in the process performed on the clean preconsumer waste and
postconsumer waste contaminated with the trace amounts of pharmaceutical products have been
observed. The results suggest that there is no necessity to wash the blisters before thermal process,
since the impurities do not affect the quality of the gas. In order to provide the optimal conditions for
the production of gaseous fuel, the process should be carried out at 450 ◦C.

Most EU-level documents show that there is a need for multisectoral research in value chains,
going beyond waste management, the environment, and active building of consumer awareness
toward the acceptance of a circular economy. Each element, which is part of the concept of qualitative
recycling, directed at waste that is difficult to manage, will be an indispensable element in building a
full circular economy [16–20]. The presented research results have the potential to be implemented
and are part of the circular economy.
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Abstract: This study took food-grade polypropylene packaging products as the research project and
discussed how to control the polypropylene extrusion sheet thickness and vacuum thermoforming
quality and weight. The research objective was to find the key factors for reducing costs and energy
consumption. The key aspects that may influence the polypropylene extrusion molding quality
control were analyzed using literature and in-depth interviews with scholars and experts. These four
main aspects are (1) key factors of polypropylene extrusion sheet production, (2) key factors of the
extrusion line design, (3) key factors of polypropylene forming and mold manufacturing, and (4) key
factors of mold and thermoforming line equipment design. These were revised and complemented by
the scholar and expert group. There are 49 subitems for discussion. Thirteen scholars and experts were
invited to use qualitative and quantitative research methods. A Delphi questionnaire survey team
was organized to perform three Delphi questionnaire interviews. The statistical analyses of encoded
data such as the mean (M), mode (Mo), and standard deviation (SD) of various survey options were
calculated. Seeking a more cautious research theory and result, the K-S simple sample test was used
to review the fitness and consistency of the scholars’ and experts’ opinions on key subitem factors.
There are ten key factors in the production quality, including “A. Main screw pressure”, “B. Polymer
temperature”, “C. T-die lips adjustment thickness”, “D. Cooling rolls pressing stability”, “E. Cooling
rolls temperature stability”, “F. Extruder main screw geometric design”, “G. Heating controller is
stable”, “H. Thermostatic control”, “I. Vacuum pressure”, and “J. Mold forming area design”. The
key factors are not just applicable to classical polypropylene extrusion sheet and thermoforming
production but also to related process of extrusion and thermoforming techniques in expanded
polypropylene (EPP) sheets and polylactic acid (PLA). This study aims to provide a key technical
reference for enterprises to improve quality to enhance the competitiveness of products, reduce
production costs, and achieve sustainable development, energy savings, and carbon reductions.

Keywords: Delphi technique; extrusion molding; key factors; polypropylene; production quality

1. Introduction

The prevalence of COVID-19 has severely impacted economic activities and common
people’s lives worldwide [1]. The anti-epidemic measures have made many restaurants
use portable food packages. When the epidemic situation became severe in 2021, many
restaurants or shops stopped their dine-in services for epidemic control. Some stores went
further to provide takeaway in disposable food packaging containers only. They refused
to put food in the environmentally friendly containers of the customers. The epidemic
prevention and environmental protection issues fall into a dilemma [2].

Most food packaging containers in the world are plastic and composite paper pack-
aging materials. The annual consumption of different kinds of beverage paper cups in
Taiwan is estimated at more than 2 billion pieces. According to the investigation of Green-
peace International in 2021 [3], it is hard to estimate the quantity increase during the
COVID-19 pandemic. The issue of plastic reduction has been the trend and consensus of
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environmental protection globally [4]. In 2019, the European Union appealed to reduce
the use of single-use plastics (SUP). They proposed the single-use plastics-related policy
(EU) 2019/904 and SUP instruction. The EU required the member states to prohibit using
some single-use plastics products since July 2021, which were generally regarded as the
most familiar marine garbage [5], mostly dinnerware and beverage packing containers.
To reduce pollution in the transition period, scientific methods are required to control
the source, increase manufacturing efficiency, improve quality, and reduce the weight
of products. There are many environmentally friendly materials for substituting plastic
raw materials, especially the alternative products of biomass material [6] or degradable
plastics [7]. However, there are problems in sanitary preservation and the pollutant plastic
recycling system to be overcome, for example, using the biomass material polylactic acid
(PLA) [8] to replace some plastic packaging materials for food. The replacement of material
is not a radical solution. It can be confused with the existing plastics recycling system in
Europe, e.g., polyethylene terephthalate (PET), resulting in more pollution and losses.

This study suggested that environmentally friendly disposable food packaging con-
tainers should be a simple material, recyclable, or biodegradable. In compliance with the
global trend of plastic reduction [9], the UK government collects a plastic packaging tax. It
implements the deposit return scheme (DRS), which directly collects petty environmental
protection deposits from beverage manufacturers while encouraging them to be involved
in recycling. As the name suggests, extended producer responsibility (EPR) extends the
producers’ responsibility [10], meaning that relevant manufacturing enterprises bear all
expenses related to recycling and processing packages. To ensure the recycling of more
plastic products is a scientific and feasible method, Lavoisier, a French chemist, proposed
the “law of conservation of matter” in 1787 [11]. He stated that industrial products consume
energy, and the environment will be inevitably polluted. The merits and demerits should be
discussed using scientific and objective methods. How to reduce the resource consumption
and pollution resulting from developing and manufacturing plastic packaging containers
is the actual aspect conforming to the “plastic reduction” reality. This study discusses
assisting enterprises to develop more conveniently recyclable and environmentally friendly
plastic products, enhancing key technologies and manufacturing machines and molds for
high-efficiency bulk production, meeting the demand for market competition cost and
finding quality improvement methods.

The current recyclable materials development focus in Europe is mainly on polypro-
pylene (PP) [12]. It is characterized by a higher impact resistance, robust mechanical
properties, resistance to multiple organic solvents, and resistance to acid/alkaline corrosion.
It is extensively used in food containers (routine food containers), such as meal boxes and
beverage cups. The food-grade PP container is free of oral toxicity, and it will not increase
the probability of getting cancer. The productivity of PP is expected to be increased by
almost six times in 2024. Therefore, PP is a relatively ideal and environmentally friendly
and recyclable food packing material among the present plastics [13].

This study used food-grade PP as a raw material in the production of extrusion sheets
and food packaging containers of vacuum thermoforming and discussed how to control
quality factors. The key factors of production quality can be obtained from the research.
The results are analyzed by sophisticated PP production techniques and manufacturing
machines and molds. This provides a reference for academic discussion or the development
of automatic intelligent machines and technical enhancement. The intelligent automated
machine production and quality control can obtain some suggestions or conclusions. The
quality of recyclable plastic products can be further upgraded, and the enterprise cost
can be reduced. This can further help environmental protection, energy savings, carbon
reductions, and sustainable operations.

The purposes of this study are concluded as follows: (1) to probe into the key tech-
nology of producing PP extrusion sheets and molded products, to find the important
influencing factors in stable production quality, to provide some suggestions or opinions,
and to provide references for the researchers and managers of related production tech-
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niques; (2) to provide some key advantageous factors in designing and manufacturing
special machinery equipment and molds, to provide innovative directions for business
circles to improve and develop intelligent machinery and mold equipment; and (3) to
discuss the reference indicators of upgrading quality and reducing the production cost for
enterprise managers to improve technology and business performance.

2. Literature Review
2.1. Polypropylene

Polypropylene [14] is derived from the reaction of petrochemical propylene gas with a
density of 0.89–0.94 g/cm3. It is a lightweight plastic material with a semitransparent white
color and has a lower cost than other plastic materials. It is also one of the recyclable plastic
materials. In 1954, Italian chemist Giulio Natta successfully synthesized low-molecular-
weight PP [15]. PP is a thermoplastic that is polymerized of propylene monomers, which
are resistant to −20–120 ◦C. Its melting point is 145–162 ◦C, which is higher than HDPE [16].
Food packaging containers made of PP can be sterilized by steam. It has higher impact
resistance and is resistant to multiple kinds of organic solvents and acid/alkaline corrosion.
PP is the second largest polymer plastic in Europe. It accounted for 19.1% of the plastic
output of the European Union in 2015 [17] and accounts for 21% of global production
output [18]. PP is resistant to acid, alkali, and high temperatures (100–120 ◦C). Therefore,
it is extensively used for food packaging containers. Food manufacturers pay attention
to packages’ thermal performance or temperature requirements [19]. They generally use
PP plastic raw material containers to protect the consumers’ food safety and health. Due
to the COVID-19 pandemic, wearing a mask has become a basic consensus in epidemic
prevention worldwide [20]. The primary material of non-woven fabrics for masks is PP, and
one mask uses about 4 g of PP raw material [21]. Medical masks and protective clothing
are closely related to PP.

The sample of the purpose for this study is producing coffee cup lids of polypropylene
material, as shown in Figure 1. The features of the chosen material are different, as shown
in Table 1. Although it is general purpose, the object uses polypropylene homopolymer as
a material with several features [22]: (1) high transparency, (2) good moldability, (3) high
stiffness, and (4) high heat deflection temperature. Recently, newly developed expanded
polypropylene (EPP) sheets, in the place of expanded polystyrene (EPS), are used generally
in the automobile industry [23]. Furthermore, although the additives or agents in the
extrusion process for expanded or non-expanded polypropylene sheets have different
uses [24], the key factor of product quality control stays the same. Similarly, the processes
of vacuum forming and mold design for both are different as well. Expanded polypropylene
sheets for food packaging can achieve less material usage, better isolation purpose, and
higher heat resistance under the slight changing in the parameter setting on the basis of
their different shrinkage ratio. As long as changing the extruded die and cooling mandrel,
etc. is a key factor, it can also achieve the good result in production quality control to use
isobutane or CO2 as a blowing agent injected in the extruder to increase the foaming ratio
under the physical foaming process, as shown in Figure 2 [25]. The study can correspond
to the key factor in the quality of thermoforming processing. Many manufacturers stopped
producing foamed (Styrofoam) food containers due to the prohibited policy in Taiwan in
July 2022, so no further explanation in expanded polypropylene was needed.
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Table 1. Properties of raw materials for producing polypropylene coffee cup lids.

Selection of Reference Values for Raw Material Properties

Typical Property Test Method Unit Reference Value

Melt flow rate
(230 ◦C, 2.16 kg) ASTM D1238 g/10 min 1.6 ± 0.1

Density ASTM D792 g/cm3 0.901 ± 0.001

Tensile strength at yield ASTM D638 kg/cm2 370 ± 10

Flexural modulus ASTM D790 kg/cm2 15,500 ± 1000

Rockwell hardness ASTM D785 R scale 100 ± 5

Heat deflection temperature
(4.6 kg/cm2) ASTM D648 ◦C 105 ± 2

Izod impact strength,
notched 23 ◦C ASTM D256 kg-cm/cm 5.0 ± 0.5

Mold shrinkage ASTM D955 % 1.5 ± 0.1
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Figure 2. The schematic of polypropylene physical foaming process (Reprinted with permission from
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2.2. Extrusion Molding

Extrusion vacuum forming [26,27] is a standard plastic heating method. The granular
or sheet polymer material of a plastic fiber is heated and melted by an extruder [28]. After
the extrusion sheet is obtained, the plate [29] or sheet skin material roll of the melt is
continuously heated by a mold [30] or molding module or vacuum pressed [31]. After
cooling modeling, the plate or sheet skin is then cut into plastic products.

In recent years, constant innovative techniques to develop special-purpose machines
with higher demand in the market for food containers continuously keeps going. The
machine, as shown in Figure 3 [32], for mass production in extrusion in-line with a thermo-
forming system reduces the heating time in the heat tunnel before sheets in the forming
process to raise the cycle time, increase efficiency, and decrease energy consumption in
manufacturing, leading to cost savings. In the meantime, intelligent control systems and
robotic arms conducted in automatic machinery lessen the risk of operation error and man-
ual movement. This achieves manpower savings, increases operator safety and reduces
the risk of accident. Currently the product process of a polypropylene in-line system is
extrusion connected with a thermoforming machine, such as a cut-in-mold thermoforming
machine, and further in connection with an automatic regrind recycling system, as shown
in Figure 4 [33].
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Figure 4. The schematic of polypropylene extrusion and thermoforming in-line system (Reprinted
with permission from Ref. [33]. Copyright 2022, Sunwell Global).

2.3. Key Success Factors

Professional quality controllers and production technologists were interviewed using a
half-structured method to discuss the key factors in extrusion molding quality [34,35]. The
key factor data were judged and collected according to the experience in real production
and inspection. The data were scientifically analyzed to determine specific key success
factors and obstacles [36]. Four main aspects were induced. The questionnaire content
contained 49 subitem key factors, and the key success factors in extrusion molding quality
were discussed.

2.4. Delphi Technology

The Delphi technology [37] is used in different areas of academic research [38], in-
cluding curriculum planning and capability indexing. It can probe into or understand the
assumptions and related decisions of many disciplines. If the background knowledge of
Delphi technology is used, 10 to 15 experts and scholars for concluding the consensus of
Delphi technology can meet the quantity standard of experts and scholars. Through re-
peated written discussion by anonymous and structured group interviews [39], the scholars
and experts establish a consistent consensus with their expertise or technical experience
and opinions to solve complex issues [40]. Anonymity is required in the Delphi interview
process to avoid the complex factors of interpersonal communication disturbing objective
respondence and avoid the psychological factor of authoritarian submission or bandwagon
effect induced by leaders or senior executives of the group [41]. The anonymity enables
expert group members to express their real opinions further and leads to different levels
of considerations. The experts’ opinions are fairer. Murry and Hammons [42] indicated
that the result of experts’ collective discussion and shared decision making should be more
comprehensive than the conclusion of individual thinking. The expert group majorly con-
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sists of professors and scholars in plastic technique, including two university professors in
chemical engineering, 11 scholars in mechanical design in enterprises, and polypropylene
product engineers in manufacturing. The Delphi technique group is composed of method
analysis scholars including four factory managers and eleven senior engineers with 21 years
of experience. The Delphi technique members mainly work in mechanical manufacturing-
related or research and development-related plastic extrusion thermoforming processing.
These experts were chosen from homogeneous fields of experience and technique with less
error and higher reliability.

3. Methodology

The opinions of experts and scholars of Delphi are evaluated according to the five-
point Likert scale [43]. The scale represents 5 as very important, 4 as important, 3 as normal,
2 as unimportant, and 1 as very unimportant.

3.1. Research Structure and Method

This study was divided into in-depth interviews with scholars and experts and struc-
tured expert questionnaire interviews of the Delphi technique [44]. The selected experts
were interviewed with the Delphi questionnaire three times [45]. The key success factors in
PP extrusion molding quality were induced by statistical analysis.

3.1.1. Research Methods

The research methods included qualitative and quantitative research [46]. The qual-
itative research integrated the scholars’ and experts’ opinions from in-depth interviews
through semi-structured interviews. The first Delphi research questionnaire was discussed.
The quantitative research selected the structured questionnaire of Delphi for three inter-
views. A total of four key success factors were developed as the research structure and
discussed. After interviews, the experts’ opinions were collected to induce the result shown
in Figure 5.
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Figure 5. Research structure.

3.1.2. Process of Delphi Technique

The process of three questionnaires of the Delphi technique is shown in Figure 6.
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3.2. Delphi Research Method and Design

This study established the Delphi questionnaire aspect content. The interview subject
team comprised three categories of professionals: (1) scholars of chemical plastic production,
(2) senior engineers developing special machines, and (3) technical executives of production
manufacturing. Discussions were made according to their expertise, and the Delphi
research questionnaire with the four aspects of specific key quality factors and 49 subitems
was formulated.

According to the expert interview team’s opinion, the Delphi research question-
naire had 13 subitems in dimension 1, “key factors in PP extrusion sheet production
technique” [47], as shown in Table 2.

Table 2. Key factors of polypropylene extrusion sheet production (13 subitems).

1-1 The ratio of PP virgin pellets and reclaimed pellets

1-2 PP extruder main screw output pressure control

1-3 PP extruder polymer temperature control

1-4 T-die lips adjustment depends on sheet thickness

1-5 Cooling rolls pressing stability

1-6 Cooling rolls flatness

1-7 Cooling rolls temperature stability

1-8 T-die output and cooling rolls pressing position

1-9 Processing according to extrusion and raw material characteristics

1-10 PP extruder output (experts complement)

1-11 PP sheet thickness (experts complement)

1-12 PP sheet width (experts complement)

1-13 PP extruder main screw geometric design (experts complement)
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According to the expert interview team’s opinion, there were 12 subitems in dimension
2, “extrusion sheet manufacturing machinery equipment design”, of the Delphi research
questionnaire [48], as shown in Table 3.

Table 3. Key factors of extrusion line design (12 subitems).

2-1 Extruder main motor coordinate with main screw output

2-2 Gearbox coordinate with main screw output

2-3 Extruder main screw geometric design

2-4 The relationship between the metering pump and main screw output

2-5 The relationship between the metering pump and motor reducer

2-6 Screen changer and main screw diameter output

2-7 The max./min. width of the sheet and die design

2-8 The maximum sheet width and cooling rolls design

2-9 The maximum output of the screw and the cooling design of the cooling rolls

2-10 Cooling rolls and motor reducer design

2-11 Cooling rolls and cooling mechanism strength design

2-12 Maximum sheet width/maximum winding roll diameter and winding mechanism

According to the expert interview team’s opinion, there were 12 subitems in dimension
3, “key factors in PP molding [49] and mold manufacturing [50]”, of the Delphi research
questionnaire, as shown in Table 4.

Table 4. Key factors of polypropylene forming and mold manufacturing (12 subitems).

3-1 Material of vacuum aluminum alloy forming mold

3-2 Requirements for mold vacuum holes and pressure holes

3-3 Feeding stability of forming heater

3-4 Core/cavity and product modeling design

3-5 Forming heating controller element stability

3-6 The deviation of forming heating constant temperature control area

3-7 Near scenic sport or night markets

3-8 Collective residential community, enterprise office building, or factory concentration area

3-9 Mold cooling mode

3-10 Mold clamping to prevent leakage

3-11 Product geometric design

3-12 Product and mold cutter shrinkage

According to the expert interview team’s opinion, there were 12 subitems in dimension
4, “mold and molding trimmer equipment design”, of the Delphi research questionnaire,
as shown in Table 5.
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Table 5. Key factors of mold and thermoforming line equipment design (12 subitems).

4-1 Depends on the clamping force of the thermoformer

4-2 The product and mold maximum layout design arrangement

4-3 The maximum forming height of the thermoformer and product mold design

4-4 The maximum trimming width of the trimmer and product mold design

4-5 The maximum clamping force of the thermoformer and mold forming area design

4-6 Thermoformer motor education ratio

4-7 Trimmer motor reducer and trimming mold weight cutting force

4-8 Trimmer platen opening and trimming mold

4-9 Maximum product depth and trimmer opening

4-10 Thermoforming mold and thermoformer platen center positioning clamping

4-11 Trimming mold and trimmer platen center positioning clamping

4-12 Thermoformer cooling pump flowrate

3.3. The Statistical Analysis

For the statistical analysis of the interviews with scholars and experts [51], besides the
in-depth interviews with two professor scholars, there were 13 effective questionnaires of
interviews with experts of the circle. The statistical results of the first Delphi questionnaire
are as follows: (1) the mode was above 4, (2) the high fitness selection criteria were adopted
with the mean ≥4, and (3) the consistency selection standard deviation was ≤1. Forty
subitems met the above three requirements, which were kept to establish the second Delphi
research questionnaire. According to the statistical result of the second Delphi research
questionnaire, the high fitness selection criteria were employed with a mean of ≥4.2, and
the consistency selection standard deviation was ≤0.68. Sixteen subitems meeting the
requirements were kept to establish the third Delphi research questionnaire. A statistical
analysis of the key subitems of the third questionnaire was conducted via a Kolmogorov–
Smirnov one-sample test. The statistical analysis result shows that the expert opinions on
each subitem were significant (* p < 0.05). This means that the third questionnaire corrected
by Delphi was more reliable and valid than the first one. The mean, mode, and standard
deviation of the subitems, the Kolmogorov–Smirnov one-sample test, and progressive
significance results are shown in Table 6.

Table 6. Statistical analysis of the third Delphi questionnaire.

No. Item Mo M SD K–S
Z-Test Choice

1. Key Factors of Polypropylene Extrusion Sheet Production

1–2 PP extruder main screw output pressure control 5 4.54 0.499 1.941 ** Keep

1–3 PP extruder polymer temperature control 4 4.46 0.499 1.941 ** Keep

1–4 T-die lips adjustment depends on sheet thickness 4 4.38 0.487 2.219 ** Keep

1–5 Cooling rolls pressing stability 4 4.38 0.487 2.219 ** Keep

1–6 Cooling rolls flatness 4 4.23 0.576 1.525 * Delete

1–7 Cooling rolls temperature stability 4 4.31 0.462 2.496 ** Keep

1–12 PP sheet width (experts complement) 4 4.07 0.615 1.248 Delete
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Table 6. Cont.

No. Item Mo M SD K–S
Z-Test Choice

2. Key Factors of the Extrusion Line Design

2–3 Extruder main screw geometric design 4 4.23 0.421 2.774 ** Keep

2–4 The relationship between the metering pump
and main screw output 4 4.23 0.576 1.525 * Delete

2–9 The maximum output of the screw and the
cooling design of the cooling rolls 4 4.08 0.474 1.525 * Delete

3. Key Factors of Polypropylene Forming and Mold Manufacturing

3-4 Core/cavity and product modeling design 4 4.23 0.576 1.525 * Delete

3-5 Forming heating controller element stability 4 4.46 0.499 1.941 ** Keep

3-6 The deviation of forming heating constant
temperature control area 4 4.23 0.421 2.774 ** Keep

3-7 Near to scenic sport or night markets 4 4.46 0.499 1.941 ** Keep

4. Key Factors of Mold and Thermoforming Line Equipment Design

4-5 The maximum clamping force of the
thermoformer and mold forming area design 4 4.23 0.421 2.774 ** Keep

4-9 Maximum product depth and trimmer opening 4 4.15 0.533 1.525 * Delete

* p < 0.05, ** p < 0.01.

4. Results

From September 2021 to January 2022, three Delphi structured questionnaire inter-
views were performed. The statistical results of the third Delphi questionnaire revealed
that (1) the high fitness selection criteria was employed with the mean of ≥4.2, (2) the
consistency selection standard deviation was ≤0.5, (3) the consensus of the K-S test has
reached consistency, and (4) the subitems of progressive significance have reached the
significance level of ** p < 0.01. The subitems would be kept only when the above four
requirements were met. Based on the final statistical analysis result of the third Delphi
research questionnaire, the subitems of ten key control factors in production quality were
obtained, as shown in Table 7.

Table 7. Statistical analysis of the final Delphi technique.

No. Item Mo M SD K–S
Z-Test Choice

1. Key Factors of Polypropylene Extrusion Sheet Production

1–2 PP extruder main screw output pressure control 5 4.54 0.499 1.941 ** Keep

1–3 PP extruder polymer temperature control 4 4.46 0.499 1.941 ** Keep

1–4 T-die lips adjustment depends on sheet thickness 4 4.38 0.487 2.219 ** Keep

1–5 Cooling rolls pressing stability 4 4.38 0.487 2.219 ** Keep

1–7 Cooling rolls temperature stability 4 4.31 0.462 2.496 ** Keep

2. Key Factors of the Extrusion Line Design

2–3 Extruder main screw geometric design 4 4.23 0.421 2.774 ** Keep
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Table 7. Cont.

No. Item Mo M SD K–S
Z-Test Choice

3. Key Factors of Polypropylene Forming and Mold Manufacturing

3-5 Forming heating controller element stability 4 4.46 0.499 1.941 ** Keep

3-6 The deviation of forming heating constant
temperature control area 4 4.23 0.421 2.774 ** Keep

3-7 Near to scenic sport or night markets 4 4.46 0.499 1.941 ** Keep

4. Key Factors of Mold and Thermoforming Line Equipment Design

4-5 The maximum clamping force of the
thermoformer and mold forming area design 4 4.23 0.421 2.774 ** Keep

** p < 0.01.

4.1. Test Key Factors in Production Quality

The 16 key factors in the third Delphi research questionnaire were analyzed and
verified by the Kolmogorov–Smirnov Z test. When the extreme differences and progressive
significance (p) were analyzed, it was found that the test result matched the progressive
significance of the two-tailed p < 0.01 test. The analysis result indicated ten key subitems of
quality. The key factors for their being retained in the questionnaire were the consensus of
scholars and experts who considered these subitems the most critical factors in extrusion
molding quality.

4.2. The Delphi Research Analysis Result

According to the Delphi research analysis result, ten key success factor items were
induced from the four main aspects of key factors in PP extrusion molding production
quality. A fish-bone diagram was used [52] to illustrate these factors in PP extrusion
molding production quality, as shown in Figure 7.
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5. Conclusions

According to the statistical results, the key factors in PP extrusion molding quality
control had the following ten key subitems: (1-2) PP extrusion driving screw feed pressure
control (correction: PP extrusion driving screw discharge pressure control), abbreviated as
A. Main screw pressure; (1-3) PP extrusion resin temperature change control, abbreviated
as B. Polymer temperature; (1-4) T-die lips adjustment sheet stability (correction: die lips
adjustment depends on sheet thickness), abbreviated as C. T-die lips adjustment thickness;
(1-5) mirror wheel pressing stability, abbreviated as D. Cooling rolls pressing stability;
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(1-7) mirror wheel temperature stability, abbreviated as E. Cooling rolls temperature sta-
bility; (2-3) extrusion driving screw geometric design, abbreviated as F. Extruder main
screw geometric design; (3-5) molding heating controller element stability, abbreviated
as G. Heating controller is stable; (3-6) molding heating thermostatic control area error
value, abbreviated as H. Thermostatic control; (3-7) molding vacuum and compressed air
system stability, abbreviated as I. Vacuum pressure; and (4-5) molding machine maximum
clamping force and molding area relationship design, abbreviated as J. Mold forming
area design. Therefore, the key factors in the PP extrusion molding production quality
are abbreviated to “A. Main screw pressure”, “B. Polymer temperature”, “C. T-die lips
adjustment thickness”, “D. Cooling rolls pressing stability”, “E. Cooling rolls temperature
stability”, “F. Extruder main screw geometric design”, “G. Heating controller is stable”,
“H. Thermostatic control, “I. Vacuum pressure”, and “J. Mold forming area design”, total-
ing ten key control factors in quality. The said key quality factors had a few differences
in setting the technical parameters of real production due to different specifications of
manufacturing machines and molds. Through the manufacturing and production of S
company’s intelligent modern extrusion molding machine, with the chain restaurant Mc-
Donald’s drinks the cup lid as a production case, its production efficiency is more than
1.5 times that of injection molding products, and the production cost is only injection mold-
ing. The market price of molded products is about 60%. At present, the innovative and
optimized automatic machinery and production technology are not comparable to the
general traditional semi-automatic extrusion and cutting molding machines. According to
the product weight, the plate thickness is about 0.45 mm~0.65 mm, corresponding to the
key control factors of fishbone diagram quality: “A. Main screw pressure control: Speed set
at 480~500 rpm”, “B. Polymer temperature control at 200~240 ◦C“, “C. T-die lips adjust-
ment thickness is controlled at 0.45~0.69 mm “, “D. Cooling rolls pressing stability pressing
control at ±0.05 mm “, “E. Cooling rolls temperature stability is controlled at 20~45 ◦C”,
“F. Extruder main screw geometric design adopts American style. Standard”, “G. Heating
controller is stable controller at 230~250 ◦C”, “H. Thermostatic control error of molding
heating ±1 ◦C”, “I. Stability of molding vacuum pressure ±0.01 MPa”, “J. Mold forming
area design between the mold and the area is designed from 60% to 90% of the size”. In
the production of food packaging, to reach a good result in production quality control by
using isobutane or CO2 as a blowing agent injected in the extruder to increase the foaming
ratio under the physical foaming process can result in less material usage, better isolation
purpose, and higher heat resistance, as long as the extruded die and cooling mandrel, etc.,
are changed. The study can correspond to the key factor in the quality of thermoforming
processing. It is confirmed in practical manufacture processing in the experimental factory
for an obvious quality and energy-saving improvement. The production processing of the
regrind recycling system is assisted in conveying scrapped material from the edge trimmer
or crusher back to the extruder loading system in collocating with the automatic volumetric
dosing device. The returned recycled material mixes with new material. At the present,
the extruder and thermoforming system with precise vacuum forming molds is intelligent
automatic machinery. The division of management and procurement are most concerned
about having reliable quality and less error. As there are few related literature reviews of
the Delphi technique, this study applied science to actual operators engaging in plastic
production or clients with plain and specific key factors or data. Worldwide polypropylene
sheet production is over 30 million metric tons. The key to the market competition is the
condition that the percentage raises up in 1–2% for certified products and regrind recycling
material to produce polypropylene coffee cups.

Nonetheless, the findings indicated that the manufacturing quality and energy savings
could be improved effectively in the experimental plant. The study findings are expected
to improve intelligent manufacturing and quality for production engineers and researchers,
enhance the market competitiveness of products, and reduce enterprise management
costs. As a result, the findings may contribute to achieving sustainable development,
environmental protection, energy savings, and carbon reductions.
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