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Jesús-Marı́a Garcı́a-Martı́nez

Emilia P. Collar

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors
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Preface to ”Polymers and the Environment”

The aim of this reprint devoted to the topic “Polymers and the Environment” is to pursue

environmentally friendly objectives for polymer-based materials under a two-fold perspective,

applied and academic.

So, it is perhaps noteworthy to mention that, as far as in the early 1980s, the first global

environmental crisis occurred with an emphasis on the role of plastics in big cities’massive

solid-waste streams. It was apparent then (and now) that the best environmental management

practices required solid scientific and technical knowledge (usually under technical standards). Once

at the end of their useful life, these plastics become involved in their materials (polymers and

additives) into a circular economy strategy conjugated with the non-steady too scenarios of the other

key sectors of the economy, industry, society, and policy.

Thus, the above-mentioned two-fold perspective, applied and academic, is used to link tandem

polymers and the environment has led, 40 years later, to a wide polymer research field devoted to

continuously improving the environmental performance of polymer and polymer-based materials.

This strategy comprises all the steps in the polymer management chain, from the raw materials to

the polymers themselves, many of which come from classical and/or renewable sources (the so-called

bioplastics).

Additionally, there is a need to improve the processability, the ultimate properties, and the

performance by employing friendly environment additives; the recyclability of the materials; and

the development of innovative and disruptive processes allowing better mechanical and/or energy

recovery, including chemical recycling.

Therefore, this reprint includes approaches related to this frontrunner polymer science and

technology area. As the reader will appreciate, all the works compiled in this volume fully match

all the philosophies mentioned under these lines.

Jesús-Marı́a Garcı́a-Martı́nez and Emilia P. Collar

Editors
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Editorial

Polymers and the Environment: Some Current Feature Trends

Jesús-María García-Martínez * and Emilia P. Collar *

Polymer Engineering Group (GIP), Polymer Science and Technology Institute (ICTP), Spanish National Research
Council (CSIC), C/Juan de la Cierva, 3, 28006 Madrid, Spain
* Correspondence: jesus.maria@ictp.csic.es (J.-M.G.-M.); ecollar@ictp.csic.es (E.P.C.)

In the early 1980s, the first global environmental crisis occurred with an emphasis
on the role of plastics in big cities’ massive solid waste streams. It was apparent then
(and now) that the best environmental management practices required solid scientific and
technical knowledge (usually under technical standards). Once at the end of their useful
life, these plastics become involved in their materials (polymers and additives) into a
circular economy strategy conjugated with the non-steady too scenarios of the other key
sectors of the economy, industry, society, and policy. Thus, a twofold perspective, applied
and academic, to link tandem polymers and the environment has led, forty years later,
to a wide polymer research field devoted to continuously improving the environmental
performance of polymer and polymer-based materials. This strategy comprises all the steps
in the polymer management chain, from the raw materials to the polymers themselves,
many of which come from classical and/or renewable sources (the so-called bioplastics).
There is a need to improve the processability, ultimate properties, and performance through
friendly environment additives; the recyclability of the materials; and innovative processes
that will allow for better mechanical and/or energy recovery, including chemical recycling.
Therefore, this Special Issue includes a number of interesting works related to this fron-
trunner polymer R&D area [1,2]. The articles compiled in this volume fully match all the
philosophies mentioned above.

Torre, Puglia, and Luzi have contributed a fascinating review paper on the prepara-
tion and applications of green thermoplastic and thermosetting nanocomposites based on
nanolignin [3]. In this review article, the authors pay attention to lignin’s valorization from
plenty of lignocellulosic wastes. Lignin is a natural polymer with a cross-linked structure,
valuable antiradical activity, and unique thermal and UV absorption properties besides
being biodegradable, making it very valuable to be used either as a nanofiller or raw mate-
rial to synthesize eco-friendly polymeric matrices. In the resume, this interesting review
summarizes frontrunner synthesis methods for bio-based and/or biodegradable thermo-
plastic and thermosetting nanocomposites jointly with applications of lignin nanoparticles
as reinforcements in nanocomposites.

The other review in this volume, authored by Infurna, Caruso, and Dintcheva [4], is
devoted to using biochar particles as reinforcement in sustainable materials. The article is
focused on how the conversion of polymer waste, food waste, and biomasses let obtain
a solid phase named char/biochar particles (in addition to fuels and syngas) to be used
in a wide variety of eco-friendly applications based on its chemical composition, porosity,
and absorption ability depending of the thermochemical decomposition method used.
Furthermore, the authors mention the actual uses of these particles as fertilizers for soil
retirement and water treatment, introducing new services for formulating sustainable
polymer and biopolymer-based composites, or as fillers in asphalts. Finally, the authors
describe the advantages and disadvantages of using these biochar particles in polymer
composites.

The article by Farroni et al. [5] is devoted to the fractional calculus approach to
reproduce the material viscoelastic behavior based on an exceptionally reliable model
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parameterization procedure using the poles–zeros formulation. In the article, the authors
state that the design of modern products and processes cannot leave out the usage of
viscoelastic materials that provide extreme design freedoms at relatively low cost, paying
attention to the possibility of reuse and recycling of these types of materials. The authors
conclude that a limited number of the experimental curves could feed the identification
methodology and predict the complete viscoelastic material behavior.

Based on the case study of a recycled opaque polyethylene terephthalate (r-O-PET), Ar-
biter, Santana, Maspoch, et al. report the implications of the circular economy in the context
of plastic recycling [6]. The authors have evaluated r-O-PET with TiO2 as reinforcement
for recycled polypropylene matrices (r-PP), applying the life cycle assessment to different
scenarios. By considering two different recycled blends and two virgin raw plastics as
reference materials, when comparing the environmental performance of the proposed
treatments, they found a significant reduction of environmental costs when substituting
virgin materials PP and PA66 for the blends evaluated in this study.

Perše et al. contributed to this issue with a valuable study on the influence of stabilizers
on the rheological, thermal, and mechanical properties of recycled polypropylene [7].
In their article, the authors have shown that after twenty recycling steps by successive
reprocessing of polypropylene, the well-known fact that the main degradation processes
of polypropylene are based on oxidation and chain scission, which the addition of such
stabilizer can efficiently delay. Hence, they find that a tiny proportion of the additive
dramatically improves the properties of the reprocessed polypropylene at least after twenty
reprocessing rounds, acting as a hardener by promoting cross-linking reactions between
polymer chains.

Dipa et al. investigated the reuse of packaging single-use plastic wastes recovered
from landfill in the current context of a circular economy [8]. In essence, the authors study
LDPE-based packaging films mostly end up in landfill after single-use because they are
not commonly recycled despite their flexible nature, low strength, and low cost due to
the expensive step of separation and sorting the different plastic waste streams that limit
a broader use in recycling routes. Their research investigates the properties of PE-based
waste mixed plastics with traces of PP, concluding that the final properties and absence
of degradation provide a scientific insight into adopting these materials to return to the
material markets.

An article on optimizing the polymer costs and efficiency in alkali–polymer oilfield
applications is the proposal published by Hincapie et al. [9]. Indeed, the authors have
performed a fascinating study by presenting various evaluations critical to prior field
applications. For this purpose, the authors combine different laboratory approaches to
optimize the usage of polymers in combination with alkalis to improve project economics.
In essence, the authors optimize the performance of alkali–polymer floods by employing
lower polymer viscosities during the injection but increasing polymer viscosities in the
reservoir owing to the “thermal aging” of the polymers at a high pH. They evaluated
alkali–polymers in the 8-Torton Horizon reservoir of the Matzen field in Austria in the
Schoenkirchen area. Finally, the authors conclude that alkali–polymer injection leads to
substantial incremental oil production of reactive oils. Therefore, alkali–polymer flood
displacement efficiency must be evaluated by incorporating the aging of the polymer
solutions, reaching significant cost savings in the process.

Arrieta et al. use yerba mate waste to obtain a kombucha beverage that produces
microbial cellulose as a helpful byproduct to reinforce a mechanically recycled poly(lactic
acid) (r-PLA) matrix [10] in their article titled Plasticized Mechanical Recycled PLA Films
Reinforced with Microbial Cellulose Particles Obtained from Kombucha Fermented in Yerba
Mate Waste. The authors also use microbial cellulosic particles obtained from the fresh
yerba mate for comparison. To simulate the revalorization of the industrial PLA products
rejected during the production line, PLA was subjected to three extrusion cycles and further
addition of plasticizer. The transparent films showed flexible and good structural and
mechanical performance, jointly with antioxidant properties revealed by contact with fatty
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food models, implying the potential of this recycled food waste in food packaging and
agricultural films.

Considering that plastic particles are widespread in the environment, including terres-
trial ecosystems, and they may disturb the physicochemical properties of soil and plant
growth, Ewa Liwarska-Bizukojc has studied the effect of different biobased polymers on
vegetal plants evolution [11]. In her investigation, she considered five innovative bio-
based plastics of varying chemical composition and application on the early growth of
higher plants (sorghum, cress, and mustard), being found that at the early stages, the
growth of monocotyledonous plants seemed not to be affected at all by the presence of each
bioplastic studied. The plastics studied were based on polylactic acid (PLA), poly-hydroxy–
butyrate–valerate (PHBV), and polybutylene succinate (PBS). Simultaneously, she found
that some bio-based plastics inhibited the root growth and stimulation of shoot growth of
dicotyledonous plants.

Finally, Dorigato, Morreale, and coworkers present an evaluation of the physical and
shape memory properties of fully biodegradable poly-lactic acid (PLA)/poly-butylene adi-
pate terephthalate (PBAT) blends, taking in mind that this type of materials in combination
has potential application in the packaging field [12]. One study aim is to provide informa-
tion about the thermomechanical behavior of PBAT poorly characterized in the literature,
mainly concerning the effect of the addition of PBTA on the shape memory properties of
PLA. A microstructural investigation was conducted, evidencing the immiscibility and
the low interfacial adhesion between the PLA and PBAT phases. The authors conclude
the presence of PBAT hinders the shape memory of PLA and explain this fact in terms of
the incompatibility of both polymers. Further, the authors claim that their future works
will explore the shape memory effect of the samples once compatibilized with suitable
additives.

To conclude, as the editors, we can say that the topic “Polymers and the Environment”
arises as an essential framework in the field of Polymer Science and Technology in the
present and near future. For this reason, a second Special Issue on the topic, which will be
published by POLYMERS in 2023, is in progress, and new contributions will be welcomed.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. García-Martínez, J.M.; Collar, E.P. Recycling of Thermoplastics. In Handbook of Thermoplastics, 2nd ed.; Olabisi, O., Adewale, K.,
Taylor and Francis Group, Eds.; CRC Press: Boca Raton, FL, USA, 2016; Chapter 27; pp. 919–940.

2. Collar, E.P.; García-Martínez, J.M. Environment, Health and Safety: Regulatory and Legislative Issues. In Handbook of Thermo-
plastics, 2nd ed.; Olabisi, O., Adewale, K., Taylor and Francis Group, Eds.; CRC Press: Boca Raton, FL, USA, 2016; Chapter 28;
pp. 939–954.

3. Puglia, D.; Luzi, F.; Torre, L. Preparation and Applications of Green Thermoplastic and Thermosetting Nanocomposites Based on
Nanolignin. Polymers 2022, 14, 5470. [CrossRef] [PubMed]

4. Infurna, G.; Caruso, G.; Dintcheva, N.T. Sustainable Materials Containing Biochar Particles: A Review. Polymers 2023, 15, 343.
[CrossRef] [PubMed]

5. Genovese, A.; Farroni, F.; Sakhnevych, A. Fractional Calculus Approach to Reproduce Material Viscoelastic Behavior, including
the Time–Temperature Superposition Phenomenon. Polymers 2022, 14, 4412. [CrossRef] [PubMed]

6. León Albiter, N.; Santana Pérez, O.; Klotz, M.; Ganesan, K.; Carrasco, F.; Dagréou, S.; Maspoch, M.L.; Valderrama, C. Implications
of the Circular Economy in the Context of Plastic Recycling: The Case Study of Opaque PET. Polymers 2022, 14, 4639. [CrossRef]
[PubMed]
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Preparation and Applications of Green Thermoplastic and
Thermosetting Nanocomposites Based on Nanolignin
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2 Department of Materials, Environmental Sciences and Urban Planning (SIMAU), Polytechnic University of

Marche, 60131 Ancona, Italy
* Correspondence: debora.puglia@unipg.it; Tel.: +39-0744-492916

Abstract: The development of bio-based materials is of great importance in the present environmental
circumstances; hence, research has greatly advanced in the valorization of lignin from lignocellulosic
wastes. Lignin is a natural polymer with a crosslinked structure, valuable antiradical activity,
unique thermal- and UV-absorption properties, and biodegradability, which justify its use in several
prospective and useful application sectors. The active functionalities of lignin promote its use as
a valuable material to be adopted in the composite and nanocomposites arenas, being useful and
suitable for consideration both for the synthesis of matrices and as a nanofiller. The aim of this
review is to summarize, after a brief introduction on the need for alternative green solutions to
petroleum-based plastics, the synthesis methods for bio-based and/or biodegradable thermoplastic
and thermosetting nanocomposites, along with the application of lignin nanoparticles in all green
polymeric matrices, thus generating responsiveness towards the sustainable use of this valuable
product in the environment.

Keywords: bio-based; thermosetting; thermoplastic; nanocomposites; lignin nanoparticles

1. Introduction

The rising global demand for fossil resources for nonenergy purposes, as in the case
of plastics production, has intensely motivated research to find alternative solutions to
petrochemical plastics; however, progress has still not reached a commercially viable scale.
The demand for cost-effective, ecofriendly materials has also increased to reduce waste
management and pollution issues, thus academic/industry interest in sustainable bio-
based materials has accordingly exploded in recent years. Even if numerous synthetic
biopolymers have been used to this purpose, the need to suit different applications has
allowed for progress even in the field of natural biopolymers. According to this, significant
progress in lignin valorization and the use of sustainable and natural resources has been
accomplished in the last years, in particular with regard to bio-based and biodegradable
natural polymers based on this source, which are facing increasing consideration as they are
environmentally green and economically reasonable. Replacing petroleum-based-derived
materials with sustainable and environmentally friendly materials has been also considered
as a crucial activity in the current period, so consideration has been given to the progress
of lignin bio-based and/or biodegradable materials with thermomechanical performance
that can compete or even surpass the petroleum-based products presently used. Lignin is
considered an excellent substitute feedstock for the preparation of chemical products and
polymers, even if one of the main difficulties still remaining is the lack of a well-defined
structure and the partial flexibility linked to its origin, including extraction fragmentation
procedures [1]. Although lignin is presently often considered as a filler or additive, it is
hardly appreciated as a natural resource for chemical production. Nevertheless, it may be
an outstanding candidate for chemical reactions due to its extraordinary reactivity (i.e.,
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the presence of abundant aliphatic and phenolic hydroxyl groups) for the preparation of
bio-based materials.

Following its fast development, efforts have incessantly been made to advance its
compatibility with other additives in multicomponent systems, as in the case of its mixing
with thermoplastics and thermosetting green matrices [2]. On the other hand, in parallel to
its application at the macroscale as an additive in bio-based polymeric materials, research
has advanced to solve these limits and has opened a different perspective towards the
use of lignin-based nanomaterials as functional fillers in bio-based matrices [3]. To realize
the potential of this material, one of the possible routes to follow includes lignin use in
nanocomposite assemblies, where synergic interactions are extremely advantageous [4]. To
this end, we review both existing possibilities, i.e., renewable thermoset and thermoplastic
polymers based on lignin and the use of nanolignin as the active ingredient in these specific
matrices, with particular attention to their application in niche sectors.

2. Synthesis of Bio-Based Polymeric Matrices from Lignin

Lignin is characterized by a complicated three-dimensional structure, obtained by poly-
merizing three phenylpropane units that arise from three aromatic alcohols: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 1a) [5].

Its complexity can be controlled by accurate deconstruction, so the synthesis of poly-
mers starting from aromatic compounds ideally obtained from lignin has attracted a
growing curiosity. A large quantity of polymers obtained from lignin derivatives origi-
nate from different products (Figure 1b), gained by applying various depolymerization
techniques [6,7]: as a function of the phenol substrates, various chemical changes and
polymerization routes can be settled, leading to (semi)aromatic polymeric systems covering
a widespread range of diverse thermal and mechanical characteristics.

(a) (b) 

Figure 1. (a) Typical fragments of lignin structure with its main monolignols and (b) the potential
phenolic products from lignin degradation. Reprinted with permission from Refs. [8,9]. Copyright
2019, Springer Nature Switzerland AG & Wiley.

Different approaches can be considered to realize high-performance polymers from
lignin. The different adopted depolymerization methods have great prospective to get
several monomer precursors, e.g., as alcohols, aldehydes, and acids, from lignin (Figure 2a).
Vanillin is one of the most explored precursors. Other derived lignin compounds are ferulic
acid, coumaric acid, sinapic acid, vanillic acid, syringic acid, caffeic acid, cinnamic acid,
syringaldehyde, guaiacol, syringol, phenol, cresol, and catechol. The different molecules
can be arranged as blocks for various polymers (Figure 2b), e.g., polyesters, polycarbonates,
phenolic resins, polyurethanes, and epoxy resins. Many reviews extensively refer to
the synthesis of lignin-derived compounds and their use in the realization of bio-based
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polymers [11–16]: here, we will exclude the case of lignin polymer blends, while the
possibility of graft polymerization or lignin conversion of monomers to polymers will
be considered.

 

(a) 

 

(b) 

Figure 2. (a) Lignin depolymerization or degradation procedures and its derived monomers and
polymers; (b) Different methods for lignin-based polymer synthesis. Reprinted with permission from
Ref. [10]. Copyright 2021, Royal Society of Chemistry.

2.1. Synthesis Routes of Bio-Based Thermoplastics from Lignin-Based Molecules

The use of valorized lignin increases the potential to realize biodegradable biopolymers,
such as polyhydroxyalkanoates, polyhydroxybutyrates, polylactic acid, or nonbiodegradable
matrices, as in the case of polyurethane, polyolefins, polyamides, etc. [17] (Figure 3).
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Figure 3. Schematic representation of lignin valorization on biopolymer production. Reprinted with
permission from [17]. Copyright 2019, Elsevier Ltd.

The first case of polymerized vanillic acid to make polyesters was defined in 1955 [18].
Carboxylate was obtained by the conversion of vanillic acid and by the esterification
process of a phenolic segment with ethylene dihalides. After that, the carboxylate was
chemically esterified with ethylene glycol and reduced to linear polyester, showing a glass
transition temperature of 80 ◦C and a melting temperature of 210 ◦C [18]. In 1981, a similar
strategy was established by Lange and coauthors to produce vanillic and syringic acid-
based polymers. In the second path, the phenolic moiety of vanillic acid interacted with
ethylene oxide [19]. In the refining technique, lignin has a complex structure that makes
it hard to be directly adapted into high-value materials: nevertheless, with the advanced
clarification of the lignin structure and its microbial metabolism, it has been possible to alter
the lignin structure to give, for example, high-value-added products by means of biological
procedures, as in the case of PHAs. In nature, numerous bacteria have settled various
metabolic paths to convert lignin to PHAs with short-, medium-, or long-chain structures;
specifically, lignin derivatives can be processed to acetyl-CoA for PHA. Currently, PHAs
from lignin or lignin-related aromatic compounds have been obtained by selecting many
bacteria, such as Oceanimonas doudoroffii (PHA from sinapinic acid and syringic acid),
Cupriavidus basilensis B-8, Pseudomonas putida A514, and Pseudomonas putida KT2440. The
produced PHA can be adapted to convert into varied chemical precursors, such as alkenoic
acids and hydrocarbons, which indicate that lignin can be adapted to become fuel-range
hydrocarbons, chemical precursors, and biomaterials [20].

Lignin has been also explored as a natural resource for the synthesis of polyurethanes
because it retains hydroxyl groups on its surface [21]. It fits well even into PU chemistries,
since it acts both as crosslinking agent, due to the accessibility of numerous hydroxyl
groups on each molecule and as a hard segment due to the aromatic nature. The last years
have also viewed a reliable tendency that seeks to take advantage of the vast availability of
renewable feedstocks, such as lignin derivatives, terpenes, vegetable oils, and polyols as
precursors for the synthesis of nonisocyanates polyurethanes (NIPUs). Many approaches
have been explored to use the aforesaid renewable resources to synthetize NIPUs combined
with the prerequisites of green chemistry [22].
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Meng et al. studied a different method that utilizes lignin extracted from the cosol-
vent lignocellulosic fractionation (CELF) of poplar wood to realize bio-NIPUs [23]. In this
method, hardwood poplar is initially reduced in different fractions via a CELF treatment
with the aim of recovering a lignin stream rich in phenolic content. The CELF lignin was
then aminated by a Mannich reaction [23] and finally reacted with bicyclic carbonates
to produce an innovative NIPU. The authors suggested the utilization of the CELF re-
action to obtain a lignin rich in phenolic OH groups to raise its reactivity in amination.
In addition, the authors studied, via the Mannich reaction, the amination of CELF lignin by
using diethylenetriamine and formaldehyde in acidic environments. Successively, as an
alternative to the reaction of hydroxyl groups of lignin with isocyanate groups to gain the
traditional PU linkage (pathway I, Figure 4), the amine group in the CELF lignin reacted
with cyclic carbonate originated from carbonation of epoxides to give lignin-based NIPU
(pathway II, Figure 4).

 

Figure 4. Synthesis procedures for polyurethanes obtained from lignin via (I) isocyanates pathway
and (II) nonisocyanates way. Reprinted with permission from [23]. Copyright 2022, Elsevier Ltd.

According to this, the mechanical behavior of NIPUs based on lignin can be definitely
varied from rigid to elastic by basically changing the lignin constituents of the polymeric
material. The thermal characteristics of NIPUs were enhanced thanks to the addition of
aminated lignin, and NIPU containing 55 and 23 wt% of lignin exhibited a high elongation
at break (~140%) and tensile strength (~1.2 MPa), respectively. The obtained experimental
results reveal that the reaction of cyclic carbonate with aminated lignin can be considered
as a significant strategy for the synthesis of lignin-based NIPU with a relatively high lignin
amount [23]. Lignin can also work as a polyol in the polyester synthesis, and hydroxyl-
based chemistries can be adapted to give terminal hydroxyl groups, carboxylic acid, acyl
groups, and epoxy groups. Polyester copolymers based on lignin can be obtained by the
reaction of hydroxyl groups with additional reactive functional groups (diacyl chloride,
dicarboxylic acid, adipic acid, and/or phthalic anhydride): in the case of branched lignin-
based poly (ester-amine), reactions of triethanolamine, lignin, and adipic acid have to be
considered [24]. Copolymerization of vinyl monomers and lignin is usually applied to
realize lignin-based vinyl polymeric systems by different radical initiation routes [25].

Graft copolymerization, or in general, derivatization reactions, can generate new lignin
containing thermoplastics by incorporating technical lignin and synthetic material. By ap-
propriately choosing low-glass-transition temperature chemistries, lignin derivatives with
variable thermomechanical properties can be obtained. On the other hand, the new progress
on controlled/living polymerization and specific and effective synthetic techniques (e.g.,
click chemistry) propose new pathways for the design and realization of high-performance
thermoplastic materials based on lignin derivatives having functional properties [26]. Even
with a fruitful commercialization of many lignin-containing thermoplastics, constant efforts
are still required to advance and create a new generation of lignin-based thermoplastics with
precise structures, strong melt workability, good mechanical, and thermal performances.
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2.2. Synthesis Routes of Bio-Based Thermosets from Lignin-Based Molecules

Thermosetting polymers can be produced from many bio-based resources, as in the
case of vegetable oils, lactic acid, and citric acid, giving polymeric materials with more
than 90% of a renewable amount [27]. Various bio-based thermosetting resins have been
considered through the manipulation of virgin renewable feedstock; therefore, research on
how to properly convert residual biomass to stimulate the production of new materials with
remarkable properties is of great impact. Many functionalization approaches, including
chemical or physical modifications, have been taken into account to broaden the application
fields of these new resins with a singular glance to their processability and recyclability [28,29].
Referring to lignin, its aromatic structure gives molecular rigidity, and providing high-
glass-transition temperatures and stiffness, as well the presence of aliphatic and aromatic
hydroxyl functionalities, is a crucial characteristic for application where high thermal
stability and high network levels are required [30]. Nevertheless, employing lignin as a raw
material is still a noteworthy duty, being characteristically heterogeneous in its native form.
Moreover, the processes considered to obtain lignin from biomass permanently alters the
assembly of the lignin backbone, which is cleaved, fractionated, and assembled, making it
practically nonidentifiable from its source in nature. Additionally, new functional groups
are inserted through, for example, oxidation reactions, forming carboxylic acids, aldehydes,
and ketones [31]. Oxypropylation, allylation, epoxidation, acetylation, and silylation are a
few of the pathways for the modification of technical lignin found in the literature, which
makes it compliant to be incorporated, by compatibilization, in polymeric matrices.

Two approaches are currently considered to obtain lignin-based thermosets. The first
method utilizes lignin itself or incorporates lignin with other components to synthesize
copolymers, with the key restriction that the reactivity of bulk lignin is lower than that
of monomers. To overcome these restrictions, another method was developed that uses
aromatic molecules obtained directly from lignin depolymerization. This approach enables
molecular design and structural modification and can increase the performance of the
resulting polymeric materials, as in the case, for example, of vanillin and other deriva-
tives [32]. The main task in both cases is still to obtain reproducible and well-characterized
fractions. These prospective polymer feedstocks, on the other hand, have their own limited
challenges in terms of yields, prepolymerization reactions, and workability. The review
from Feghali et al. [14] presents an overview on polymers obtained from lignin-based model
compounds and depolymerized lignin (vanillin, vanillic acid, aromatic acid, quinones, and
aromatic aldehydes by oxidation reaction): an extensive multiplicity of high-performance
polymeric systems, such as polyurethane (PU), epoxy resin, phenol formaldehyde, and
polyester, exhibiting good thermal and mechanical characteristics, can be synthesized
with lignin as the macromonomer [33]. For example, Fersosian [34] obtained high-yield
phenolic monomers through the selective cleaving of the β-O-4 bond of native lignin for
the synthesis of lignin-based epoxy resin; however, the severe depolymerization condition,
the low monomer yields, and the high separation costs limit the industrial use of this
strategy (Figure 5a).

Compatibility and reactivity of lignin with compounds can be enhanced by means
of chemical changes (e.g., propoxylation, phenolation, demethylation, and esterification
reactions). Nevertheless, steric-hindrance influence and the limited compatibility of lignin-
based epoxy resin weakened the crosslinking density, deteriorating the thermomechanical
behavior of the thermosetting polymeric materials. Consequently, limitations such as
the complex process, limited effect, low-lignin loading, and waste liquid recovery are
unavoidable and still need to be solved. In lignin-modified phenolic resins, lignin is
considered as the phenol able to react with formaldehyde in basic conditions or as an
aldehyde to react with phenol in acidic conditions. Nevertheless, the replaced amount of
phenol is partial due to scarce reactive sites and steric hindrance in lignin. To overcome these
restrictions, lignin-derived phenols have been exploited to produce phenolic resins [35]
(Figure 5b). The production of renewable, green, and sustainable phenolic resins based
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on lignin-derived monomers, having the potential to substitute traditional polymers, is
currently under intensive study.

 

(a) 

 

(b) 

Figure 5. (a) Schematic representation and chemical structure of lignin-based epoxy resin and
(b) schematic representation of the renewable phenolic resin synthesis based on lignin-derived
monomers. Reprinted with permission from [34,35]. Copyright 2021, Elsevier Ltd.

3. Nanolignin as Filler in Polymeric Nanocomposites

Lignin nanoparticles have received much attention in the last years concerning the
effort to utilize and apply lignin into more valued sectors [36]. In order to progress in the
suitable use of lignin into different fields, it is required to ensue with chemical changes,
fractionations to produce homogeneous materials, as previously described, or realize pre-
cipitated material with submicron particles for easier dispersion and enhanced features.
The academic interest moved to the preparation of lignin nanoparticles (LNPs) by discover-
ing their potential uses [37,38]. To date, the studied routes for the synthesis of LNPs are
essentially chemical-based procedures which include, but are not limited to, acid-catalyzed,
flash and nanoprecipitation, dialysis, solvent exchange, antisolvent process, W/O mi-
croemulsion processes, homogenization, and sonochemical synthesis. These methods
have their profits and restrictions when they are utilized for LNP extractions. Therefore,
the synthesis should be selected proficiently in order to yield LNPs of chosen sizes and
dimensions [37,39]. Different methods, such as freeze-drying and thermal stabilization, in-
terfacial crosslinking, polymerization and emulsion, and microbial- and enzyme-mediated,
have been also considered as appropriate for the production of lignin nanoparticles.
A comprehensive list of procedures that can be implemented has been reviewed in a
few recent papers [40–43]. The procedures may give rise to appropriate advantages, but
even distinctive faults regarding industrial use, since in some cases huge contents of
solvents are necessary for the purification before precipitation, precipitation itself, and
downstream processing, and in other cases a limited scalability of nanolignin production
steps is manifest. Regardless the production yield, the research of suitable combination of
LNPs with green matrices has progressed and prospective applications have been found
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and developed due to the specific characteristic of this material that can be considered for
numerous potential applications (high thermal stability, manifest antioxidant properties,
biodegradability, and UV-absorption features).

3.1. Nanolignin as Functional Filler in Thermoplastic Green Nanocomposites: Properties
and Applications

The use of nanolignin as a reinforcing phase in macromolecules (both natural and
synthetic) is a key methodology to advance in the realization of sustainable polymeric
composite systems. Recently, lignin was utilized as a nanoscaled reinforcement to improve
the structural characteristics of polysaccharides, proteins, natural rubber, and synthetic
polymeric matrices [44,45]. In this context, the advance in the modification of lignin-based
materials to give nanocomposites is, in the last decades, evident, due to the growing
interest of the academic and industrial area. To provide few examples, Yang and coauthors
proposed the use of lignin nanoparticles (LNP) in poly (lactic acid). They selected two
different amounts (1 and 3% wt.) of nanofillers to be utilized in the polymer. Data obtained
from antimicrobial analysis demonstrate the ability to hinder the growth of Xanthomonas
axonopodis pv. vesicatoria and Xanthomonas arboricola pv. pruni Gram-negative bacteria
over time, to positively influence the innovation, and to induce a positive effect against
hazardous bacterial plant pathogens. The disintegration test under composting conditions
revealed that the tested formulations reach a value up to 90% after 15 days; however,
the presence of LNPs did not affect the disintegrability of different films, as shown in
Figure 6a,b. The presence of LNPs did not affect the migration value, and accordingly
the polymeric systems can be regarded as appropriate for the food packaging sector [46].
Data obtained from antimicrobial analysis demonstrate the ability to hinder the growth of
Xanthomonas axonopodis pv. vesicatoria and Xanthomonas arboricola pv. pruni Gram-negative
bacteria over time, to positively influence the innovation, and to induce a positive effect
against dangerous bacterial plant pathogens. The disintegration test under composting
conditions revealed that the tested formulations reach a value up to 90% after 15 days;
however, the presence of LNPs did not affect the disintegrability of different films, as shown
in Figure 6a,b. The presence of LNPs did not affect the migration value, and accordingly
the films can be regarded as appropriate for application in the food packaging sector [46].

Figure 6. Disintegrability values (a) and visual images (b) of PLA and PLA binary and ternary
nanocomposites at different incubation times in composting conditions. Reprinted with permission
from Ref. [46]. Copyright 2016, Elsevier Ltd.

Chollet and coauthors considered the nanolignin as a new additive for flame-retardancy
of poly (lactic acid) [47]. Lignin nanoparticles (LNPs) have been obtained from Kraft lignin
microparticles by considering a dissolution–precipitation process. Micro- and nanolignins
chemistries were altered by functionalizing the external surface with diethyl chlorophos-
phate (LMP-diEtP and LNP-diEtP, respectively) and diethyl (2-(triethoxysilyl)ethyl) phos-
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phonate (LMP-SiP and LNP-SiP, respectively) to improve their flame-retardant effect in
PLA. The results of inductively coupled plasma (ICP) spectrometry demonstrated that
a great content of phosphorus was grafted onto the nanoparticles. Nevertheless, phos-
phorylated lignin nanoparticles limited PLA degradation during melt processing and the
nanocomposite systems were shown to be relatively stable from the thermal point of view.

The use of lignin nanoparticles was largely applied and investigated as a method to
develop new multifunctional, innovative materials in the food packaging sector. LNPs have
been confirmed to provide enhanced mechanical, thermal, and antioxidant characteristics
to the polymers in which they are incorporated depending on their particle size [48]). Lizun-
dia et al. proposed the development of poly(l-lactide) (PLLA)-based nanosystems realized
by the solvent casting method and combining LNPs with various metal oxide nanoparticles,
such as WO3, Ag2O, Fe2O3, TiO2, and ZnFe2O4 [49] (Figure 7a). It was found that the
formulations based on nanolignin and ZnFe2O4 particles exhibited the best antioxidant
behavior. Radical scavenging activity was also observed in ternary-based nanocompos-
ites, where lignin and metal oxide nanofillers operated together synergically to boost the
functional properties (Figure 7b). The antimicrobial activity of binary nanocomposites
containing metal oxide NPs was correspondingly strong against PLLA, but it was only
persistent for a few ternary nanocomposite films in a time result that was more obvious
for S. aureus than for E. coli (Figure 7c). Lignin nanoparticles can protect towards UV light
while allowing visible light to get through, and they can exceed the UV protection effect of
numerous inorganic nanoparticles (Figure 7d).

Figure 7. (a) TEM images of metal oxide (Fe2O3) and lignin nanoparticles (LNPs); (b) antioxidant
activities of PLLA-based systems, antimicrobial activities; (c) antimicrobial activities of PLLA binary
systems; (d) UV–vis spectra of PLLA binary and ternary films. Reprinted from [49]. Copyright
2020 American Chemical Society.

The central role of lignin nanoparticles as UV barrier filler was also investigated by Yang
and coauthors [50]. They combined LNPs in PLA and polycaprolactone (PCL)-based formula-
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tions to increase packaging ductility and UV barrier properties. LNPs and caprolactone
were first diluted in toluene to obtain a homogeneous solution and then purged with N2
gas. The process was maintained at 120 ◦C for two days after the l-lactide addition. The
addition of PCL determined an increase of the elongation at break up to 185%, an initial
decrease of tensile strength that gradually increased to 280% after the addition of the LNP-
P(LA-CL) copolymer. The toughness also rose 1.5 times above the PLA/PCL. Similar results
were observed for the crystallization values and UV protection. Nanolignin–PLA/PCL-
based systems can be utilized in the food packaging industry as an impact-resistant and
UV-protectant material.

Cavallo et al. suggested the use of polylactic acid (PLA) films containing 1 wt%
and 3 wt% of lignin nanoparticles (pristine (LNP) chemically modified with citric acid
(caLNP) and acetylated (aLNP)). The different polymeric films were produced by extrusion
and filming, and after that, the formulations were analyzed by determining the overall
performance needed for the food packaging sector [51]. The obtained data indicated that all
lignin nanoparticles induced UV-blocking, and antioxidant and antibacterial (against Gram-
positive Micrococcus luteus and Gram-negative Escherichia coli bacteria) behavior to the
PLA films, and a higher consequence was indeed found when increasing the filler content.
Acetylation (aLNP) of the fillers moderately limited the antioxidant characteristics and the
UV protection of the obtained composite systems, but it affected positively the nanoparticles
distribution and aggregation, improving ductility and aesthetic quality of the films by
decreasing at the same time the characteristic dark color of the lignin. Migration tests and
disintegration test realized in simulated composting conditions of the nanocomposites
showed that, irrespectively of their system, the realized active nanocomposites behaved
likewise to neat PLA.

The use of LNPs was proposed as a valid possibility to develop promising wound
dressing. Pahlevanneshan and coauthors [52] proposed the design and characterization of
porous nanocomposite based on polyurethane (PU) foam synthesis. Moreover, the developed
materials containing nanolignin coated with natural antimicrobial propolis for wound dressing.
The antimicrobial effect was observed adding the extract to the polymeric foams, and all
foams showed high biocompatibility toward L929 fibroblast cells, with the highest cell viability
and cell attachment in the case of PU-LNP/propolis extract. In vivo wound-healing results,
obtained by using Wistar rats’ full-thickness skin wound model, showed that PU-LN/EEP
has advanced wound-healing efficiency when compared to foams (Figure 8a–c) [52].

Figure 8. (a) Visual images of the wounds after 1 and 10 days of postoperation for the PU, PU-LNP,
and PU-LNP/EEP groups. (b) Histograms of the wound closure for PU, PU-LNP, and PU-LNP/EEP
groups. The data are expressed as mean ± standard deviation, (n = 8, *: p < 0.05, ns: not significant).
(c) H&E-stained sections of skin specimens from the wound site of PU, PU-LNP, and PU-LNP/EEP
groups. Arrows (a and b letters) designate the epidermis and dermis layers, respectively. Green and
blue arrows indicate the keratin layer and sebaceous gland, respectively. Reprinted from Ref. [52].
Copyright 2021 MDPI AG.
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3.2. Nanolignin as Functional Filler in Thermosetting Green Nanocomposites: Properties
and Applications

Lignin can be blended, considered as a filler in a composite/nanocomposite formula-
tion, both in its native form or chemically modified, combined in the presence of particular
additives: in all cases, it has been proved that lignin can beneficially improve the overall
performance of the resulting polymers. While the literature reports numerous examples of
LNPs in thermosets [53–55], limited cases of nanolignin incorporation in green-based ther-
mosetting matrices can be found. In their paper, Wang et al. [56] considered a simple and
fast synthesis method to synthetize bio-based epoxy resin obtained from vanillyl alcohol;
after that, vanillin-based epoxy resin (VE) was additionally reinforced by lignin-containing
cellulose nanofibrils (LCNFs) with different weight contents. The authors experimentally
observed that a significant improvement in the thermomechanical performance of the
nanocomposites was attained with a low amount of nanofibril addition, confirming the
possibility of assembling environmentally friendly and sustainable bio-based epoxy lignin
nanocomposites with superior properties (Figure 9a).

A new approach was adopted to realize lignin phenol formaldehyde (LPF) resin: in
the paper of Chen et al. [57], the preparation of nanolignin with a high specific surface area
and porous structure was arranged, and this nanofiller was then utilized as a valid phenol
substitute combined with formaldehyde to produce a wood adhesive. Data showed that
replacement of phenol by nanolignin could enhance the thermal characteristic of the resin,
and in parallel, the modification of the curing schedule of the prepared lignin-based resin
was considered.

In a quite recent paper [58], a simple foaming process to realize lignin-based polyurethane
foams (LPUFs) was also considered: in that specific case, bio-based polyether polyols
partially replaced petroleum-based raw components. Traces of phenolic hydroxyl groups
(about 4 mmol) in lignin functioned as a direct reducing component and capping agent to
silver ions by forming in situ silver nanoparticles (Ag NPs) within the LPUF skeleton. The
lignin polyurethane/Ag composite foam (named as Ag NP-LPUF) was characterized by
modulated thermomechanical and antibacterial properties, confirming the possibility of
using these antimicrobial composite foams to encourage wound healing of full-thickness
skin defects (Figure 9b).

Another example of lignin nanoparticle exploitation in a novel manner is represented
by the study reported by [59], where the authors considered the realization of water-based,
solvent-free, and multiresistant surface coatings: due to the presence of hydroxyl groups,
the nanolignin acted as a hardener and no binder was required to realize adhesion to the
substrate. In the case of the wood substrate, the particle morphology permitted proficient
water repellency with a low coating weight, since the coating maintained the surface
roughness of the wooden substrate while providing additional hydrophobicity.

Researchers from Washington State University, part of the NSF-supported Industry–
University Cooperative Research Center for Bioplastics and Biocomposites (CB2), consid-
ered the use of a deep eutectic solvent to extract oligomeric lignin (nanoDESL) from plant
biomass at a high yield and also nanosized [60]. NanoDESL shows narrower molecular size
dimensions, distribution, and structural characteristics of traditional lignin. Oxypropyla-
tion of lignin was also optimized: it has been revealed that the use of polar aprotic solvents
for the oxypropylation coupled with nanoDESL significantly promotes the oxypropylation
reaction toward the synthesis of semiflexible PU. It was observed that the lignin-based PU
containing ~20 wt% nanoDESL realized using polyol had density and compressive force
comparable to the “standard” PU foam. The researchers are investigating how to enhance
the reaction yield, with the goal of including 40 wt% lignin-based polyol into semiflexible
foams: the potential of nanoDESL-based PU for adhesive, sealant, and coating applications
is also explored by also considering their environmental toxicity and biodegradability
issues. Using lignin as a source for PU synthesis not only encourages a circular economy
but may also lead to the design of more ecofriendly end-of-life routes for PU plastics.
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Figure 9. (a) Vanillin-based epoxy resin (VE) reinforced with lignin-containing cellulose nanofibrils
(LCNFs) and the results of mechanical performance of the nanocomposites produced by considering
different LCNF contents; (b) Schematic drawing of Ag NP-LPUF composite foam preparation by
lignin liquefaction and one-step foaming. Reproduced with permission from [56,58]. Copyright
2020 and Copyright 2022, American Chemical Society.

All these studies provide awareness on potentialities of lignin nanosized fractions and
allows for the design of reproducible and foreseeable material characteristics. It is essential
to know these characteristics if we would exploit lignin as a raw material for a sustainable
and innovative design. These preliminary and updated works confirm that nanolignin,
if combined with green thermosetting matrices, can give fully green nanocomposites and,
if effective, multifunctionality is often achieved in the presence of this nanoscaled filler.

4. Conclusions and Future Perspectives

This review, divided into two main sections, firstly provided an overview of prepa-
ration and applications of green thermoplastic and thermosetting nanocomposites based
on lignin, and thereby a glance to the use of nanolignin in biopolymeric nanocomposites
was also considered. Even if various structures and different properties of lignin at the
nanoscale effectively can be challenging and interesting from the research point of view, the
preparation and application of nanolignin-based green composites in high-value sectors are
still in their infancy. Limiting factors include the achievement of uniform dispersion, and,
additionally, the morphology, size, and chemistry of lignin nanoparticles, which need to be
the prerequisites for the high-value-added and multifield applications of lignin. The struc-
tural and functional properties of lignin are the key points for its conversion into aromatics,
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polymers, and high-performance materials. Regarding this issue, we should emphasize
that the production of thermoplastics or thermosetting polymers from the depolymerized
lignin still involves the use of several chemicals, often causing a high environmental impact
for the synthesis of bio-based and/or biodegradable polymers. Consequently, methods to
chemically functionalize lignin to useful products without the use of expensive reagents or
complicated synthetic routes must still be identified, with the main aim of competing with
commercial commodity polymeric materials. The success of synthesizing thermoplastics
and thermosetting from lignin opens up, on the other hand, new avenues to incorporate
lignin as a component of value-added polymers while utilizing renewable resources. To
balance the negative impact of chemically treated lignin and lignin derivatives to produce
bio-based matrices, the use of lignin nanoparticles (obtained applying green process) in
lignin-derived polymeric nanocomposites can be considered as a valid strategy to guarantee
multifunctionality in sustainable biopolymeric matrices.
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Abstract: The conversion of polymer waste, food waste, and biomasses through thermochemical
decomposition to fuels, syngas, and solid phase, named char/biochar particles, gives a second life to
these waste materials, and this process has been widely investigated in the last two decades. The main
thermochemical decomposition processes that have been explored are slow, fast, and flash pyrolysis,
torrefaction, gasification, and hydrothermal liquefaction, which produce char/biochar particles that
differ in their chemical and physical properties, i.e., their carbon-content, CHNOS compositions,
porosity, and adsorption ability. Currently, the main proposed applications of the char/biochar
particles are in the agricultural sector as fertilizers for soil retirement and water treatment, as well as
use as high adsorption particles. Therefore, according to recently published papers, char/biochar
particles could be successfully considered for the formulation of sustainable polymer and biopolymer-
based composites. Additionally, in the last decade, these particles have also been proposed as
suitable fillers for asphalts. Based on these findings, the current review gives a critical overview that
highlights the advantages in using these novel particles as suitable additives and fillers, and at the
same time, it shows some drawbacks in their use. Adding char/biochar particles in polymers and
biopolymers significantly increases their elastic modulus, tensile strength, and flame and oxygen
resistance, although composite ductility is significantly penalized. Unfortunately, due to the dark
color of the char/biochar particles, all composites show brown-black coloration, and this issue limits
the applications.

Keywords: biochar particles; sustainable materials; polymers; biopolymers; asphalts

1. Introduction

Nowadays, the conversion of polymer waste, food waste, and biomass aimed at
reducing their impact on the environment gives them a second life, and changing from
a linear economy to a circular economy is being widely investigated [1,2]. Different
thermochemical decomposition processes leading to the recovery of fuels and residual
solid phase have been taken into consideration, including those methods that could be
profitable for some applications, such as for soil remediation, as additives, for use as
synthetic carbonaceous particles, for the formulation of polymer and biopolymer-based
composites, as additives for asphalts, etc.

Therefore, this review reports on the use of biochar particles, coming from different
sources, for the formulation of composites and asphalts. See Figure 1 for more detail. The
first part of the review deals with the considered methods to produce biochar particles
and their main properties; the second and thirst parts are related to the formulation of
polymer-based and biopolymer-based composites, respectively; and the fourth part is
focused on the use of biochar particles as new additives for asphalts systems.
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Figure 1. Different feedstocks used for the production of biochar particles and their adoption as
suitable additives and fillers in polymers, biopolymers, and asphalts.

2. Biochar Particles: Production, Characteristics, and Properties

An opportunity to convert solid/food waste and biomass includes the thermochemical
decomposition processes that are being used with increasing frequency. The main thermo-
chemical decomposition processes explored are slow, fast, and flash pyrolysis, torrefaction,
gasification, and hydrothermal liquefaction. All of these processes essentially generate:
i. a solid phase, named char or biochar (in the case of biomass feedstock), ii. fuel, a mixed
liquid phase of the heaviest hydrocarbon, iii. syngas, and a mixed gas phase of the lightest
hydrocarbons are produced [3–6]. Of course, depending on the chemical composition of the
treated materials (i.e., biomass, mixed waste, synthetic polymers), and depending on the
operative condition (i.e., temperature process, heating rate, presence or absence of oxygen,
residence time), the relative ratio between these three main products could change. Slow
pyrolysis, conducted in the absence of oxygen, is characterized by slow heating rates and
long residence times, as well as atmospheric pressure with an operating temperature that
can vary from 350 to 800 ◦C; the necessary energy to pyrolyze the feedstock is usually
provided internally by combusting a portion of the feedstock. The main product is a
high-carbon solid char, and the coproducts are watery, low molecular weight liquid and
a low energy combustible gas [7–10]. Fast pyrolysis, like slow pyrolysis, is conducted
in the absence of oxygen with a temperature range between 400 and 600 ◦C. In contrast
to slow pyrolysis, it uses a very high heating rate under a vacuum atmosphere, a short
residence time, and the rapid quenching of vapor, since the main goal of this process is to
produce bio-oil [7,11,12]. Flash pyrolysis is a batch process with an operative temperature
range between 300 and 800 ◦C, and is similar to slow pyrolysis but with a high heating
rate that uses moderate pressure (between 2 and 25 atm) to condense volatile elements and
to promote secondary formation, since the aim of this process is to produce a biocarbon
liquid fraction or biochar solid phase [13]. Torrefaction is a slow pyrolysis method with a
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lower temperature range, between 200 and 300 ◦C, that mainly removes water and some
volatiles from the biomass to produce a “brown” char that is easy to ground and is a
stabilized and friable biomass. Gasification is characterized by a high process temperature
(between 750 and 1800 ◦C) with a limited and controlled oxygen concentration (normally
calculated as the amount relative to stoichiometric combustion) [14] and/or steam [15]; as
the name suggests, the primary products are a non-condensable gas mixture, called syngas,
which is essentially composed by the presence of CO, H2, with a smaller amount of carbon
dioxide, methane, and other low molecular weight hydrocarbons [16]. Lastly, hydrothermal
liquefaction is a process conducted in the presence of water, with a 250–450 ◦C temperature
range under 100–300 bar; the main product of this process is called bio-crude, which is an
energy-dense intermediate renewable source equivalent to oil that can be fractionated to a
variety of liquid fuels [17]. Under this thermochemical process, the biomass is involved in
depolymerization reactions (hydrolysis, dehydration, or decarboxylation), which produce
insoluble products, such as bio-crude oil or bio-carbon, as well as volatile components
(CO2, CO, H2 or CH4) or soluble organic substances (mainly acids or phenols). All these
processes and their differences are summarized in Table 1.

Table 1. Thermochemical processes and their main differences in terms of operative conditions, time
of reactions, and primary products.

Thermochemical
Process

Temperature
Range

[◦C]
Heating Rate Pressure Residence Time Primary Product

Slow Pyrolysis 350–800 Slow
(<10 ◦C/min) Atmospheric Hours—Days Char

Fast Pyrolysis 400–600 Very Fast
(~1000 ◦C/s)

Vacuum-
Atmospheric Seconds Oil

Flash Pyrolysis 300–800 Fast Moderate
(2–25 atm) Minutes Biocarbon/

Char

Torrefaction 200–300 Slow
(<10 ◦C/min) Atmospheric Minutes—Hours Friable Biomass

Gasification 700–1800 Moderate-Vary Fast AtmosphericModerate Seconds—Minutes Syngas/
Producer gas

Hydrothermal
Liquefaction 250–450 Moderate Elevated

100–300 atm Minutes—Hours Bio-crude
(oil)

The focus of this work is biochar, which is essentially a carbon-made material that can
potentially be produced through any thermochemical process, as a primary or auxiliary co-
product, and from any feedstock. Feedstocks could include building materials, agricultural
waste, forestry residues, municipal solid waste etc.

Biochar could be described as being divided into a “carbon” fraction, which includes
carbon, hydrogen, and oxygen bonded together in different forms, and an ash inorganic
fraction. For each thermochemical process employed, the temperature process, heating rate,
and residence time affect the quality and the quantity of primary products and auxiliary
co-products, and an operative parameter needs to be tailored to the feedstock, since the
composition of potential biochar results may be affected by the feedstock characteristics.
The primary analysis normally performed to characterize the feedstock is the operative
temperature, and the relative char quality is the proximate analysis. This thermogravimetric
analysis gives information about feedstock moisture content relative to the mass lost until
110 ◦C; volatile matter relative to the mass lost in an inert atmosphere at 950 ◦C; fixed
carbon relative to mass lost in the air at 750 ◦C; and the remaining part relative to ash
amount. Elemental analysis is normally employed to characterize the quality of char in
terms of carbon content. This is a technique in which a sample is combusted at a very high
temperature in a little chamber with an excess oxygen content, and the gasses relative to the
combustion are trapped and, depending on the number of sensors available, it is possible
to have, in terms of percentage in weight, information about carbon, hydrogen, nitrogen,
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CHN element amount (relative CO2, H2O, NO), sulfur content, CHNS, oxygen/sulfur
contents, and CHNOS.

As discussed above, biochar is a carbon-rich material which can be prepared from
various waste feedstock. Municipal solid waste and agricultural waste are only two
examples of the many organic wastes that may be utilized as feedstock to create biochar.
Sludge is a solid waste that must be treated and disposed of, since it is produced during
the wastewater treatment process. However, because it includes abundant carbon and
nutrients such as ammonia, it is a viable feedstock for the synthesis of biochar [18]. The
high carbon content, high cation exchange capacity, vast surface area, and stable structure
of biochar are only a few of its benefits [19].

In general, organic or synthetic material can be used as feedstock with different
processes depending on the physiochemical characteristics and the product composition.

The value of a particular type of biomass depends on the chemical and physical
properties of the molecules from which it is made. Biomass is the main feedstock used
in the literature for BC production because of different advantageous reasons. First, for
environmental reasons, biomass is more readily available in a renewable way, either through
natural processes or as a product of human activities. Furthermore, when produced by
sustainable means, biomass produces approximately the same amount of carbon during
conversion as is taken up during plant growth, which reduces the CO2 amount in the
atmosphere [20].

Biomass is mainly composed of three different organic compounds: cellulose, hemicel-
lulose, and lignin, which give different mechanical and physiochemical properties to the
woods. Cellulose makes up between 40% and 50% of the weight of dried wood and gives
the biomass its strength [21]. Hetero polymers coexist with cellulose in plant cell walls to
form hemicellulose. They contain several sugar monomers, including glucose, mannose,
galactose, and xylose, and have lower molecular weights than glucose. Hemicellulose
makes up anywhere from 20% to 35% of the bulk of dried wood [22]. The secondary cell
wall of plants is made of lignin, which is a complex chemical compound. It is a kind
of cross-linked resin that is amorphous, and it accounts for 15% to 30% of the mass of
hardwoods. Depending on how much cellulose, hemicellulose, and lignin they contain,
various biomass feedstocks have variable volatile matter concentrations and heating values,
as well as different feedstock properties [23,24].

Biochar has received increasing attention due to its specific characteristics, such as high
carbon content, cation exchange capacity, large specific surface area, and stable structure.

With different types of feedstocks, biochar has different physiochemical character-
istics. The most typical processes for producing biochar are pyrolysis, gasification, and
hydrothermal carbonization. Acid, alkali, oxidizing substances, metal ions, carbonaceous
compounds, steam, and gas purging can all modify biochar. The environmental application
fields determine the modification techniques to use.

The primary method used by biochar to remove organic and heavy metal contaminants
is adsorption. The physiochemical characteristics of biochar, such as surface area, pore size
distribution, functional groups, and cation exchange capacity, are strongly related to its
adsorption ability, whereas physiochemical characteristics alter according to the production
circumstances [25].

In general, biochar produced at high temperatures has a higher surface area and
carbon content, mainly due to the increase in micro-pore volume caused by the removal
of volatile organic compounds [26]. However, biochar yields decrease with temperature
increases [27]. Therefore, an optimal strategy is required in terms of biochar yields and ad-
sorption capacity. To sum up, the direct chemical composition of products and bioproducts
is strictly connected to operative conditions (i.e., temperature, pressure and heating rate),
which depend on the thermochemical process employed.

The physiochemical characteristics of biochar have been adjusted using metal ions,
acids, alkalis, and oxidizing agents to make them better for various environmental pro-
cesses [28].
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Biochar has been widely employed in environmental applications, such as soil reme-
diation, carbon sequestration, water treatment, and wastewater treatment because of its
unique properties, which include high surface area, recalcitrant, and catalysis.

Common wastes, such as sludge and agricultural wastes, are produced in great
quantities in the world. Sludge production alone reached 6.25 million tons in 2013 in
China [29].

Converting common household wastes into biochar could be an option for environ-
mental sustainability. Different feedstock has different proportions of element composition,
and thus exhibits different properties, so the biochar derived from different feedstocks has
various performances. The ways to deal with these wastes are directly linked to the impact
they have on the environment.

Distinct feedstocks show varied qualities due to the different proportions of their
elemental makeups, and, as a result, the biochar produced from those feedstocks performs
differently. For instance, the pH (9.5) and potassium content (961 mg kg−1) of straw-derived
biochar were greater than those of wood biochar (349 mg kg−1) [30]. Additionally, the
biochar made from straw had more volatile material than non-volatile material, which
is easier to remove during the pyrolysis process. Therefore, the high volatile component
of the feedstock may contribute to poor biochar yields. Additionally, the content of pig
and cow manures differed in terms of proportions [31]. Moreover, volatile content can be
more easily removed than non-volatile content during pyrolysis. Therefore, the feedstock
containing a high content of volatile content may result in low yields of biochar.

The type of feedstock has a significant effect on the physiochemical properties of
biochar [32]. Therefore, the content of carbon in biochar is an important parameter, and
different feedstocks can be converted into char using thermochemical decomposition
processes, as was already described before (see Table 2).

Table 2. Proximate analysis of different biomass raw materials and relative elemental composition
after pyrolysis process.

Feedstock

Proximate Analysis Elemental Analysis

Volatile
Matter
[wt.%]

Fixed
Carbon
[wt.%]

Ash
[wt.%]

C
[wt.%]

H
[wt.%]

N
[wt.%]

O
[wt.%]

Alfalfa [33]
(Medicago sativa) 78.90 15.80 5.30 49.90 6.30 2.80 40.80

Almond Shell [34] 74.90 21.80 3.30 50.30 6.20 1.00 42.50

Bagasse [35] 71.00 13.70 2.10 51.71 5.32 0.33 42.64

Bamboo [36] 81.60 17.50 0.90 52.00 5.10 0.40 42.50

Carob Waste [8,37] 38.80 52.80 3.80 46.94 1.63 5.44 -

Coconut Fiber [38] 80.85 11.10 8.05 47.75 5.61 0.90 45.51

Corncob [39] 69.50 15.90 2.90 48.12 6.48 - 43.51

Cornstalk [39] 65.30 15.60 11.70 46.21 6.01 - 45.87

Cocopeat [35] 49.10 25.30 4.60 61.57 4.37 1.02 33.04

Dead Eucalyptus
leaves [40] 77.60 16.90 0.80 52.90 8.10 0.30 47.90

Hamlin citrus [33] 77.90 17.80 9.40 50.70 6.60 1.60 42.90

Hornbeam Shell [41] 78.83 9.37 9.52 41.78 5.36 0.60 52.26
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Table 2. Cont.

Feedstock

Proximate Analysis Elemental Analysis

Volatile
Matter
[wt.%]

Fixed
Carbon
[wt.%]

Ash
[wt.%]

C
[wt.%]

H
[wt.%]

N
[wt.%]

O
[wt.%]

Loblolly Pine [33]
(Pinus taeda) 77.60 14.50 2.30 55.50 5.60 0.40 45.90

Maize straw [42] - - 5.31 42.20 7.21 1.28 49.20

Mesocarp Fiber [40]
(Oil palm) 72.80 18.90 8.30 51.50 6.60 1.50 40.10

Oak sawdust [43] 69.24 16.51 0.81 52.28 5.74 0.06 41.92

Olive wood [44] 79.60 17.20 3.20 49.00 5.40 0.70 44.90

Paddy straw [35] 56.40 15.40 20.90 48.75 5.98 1.99 43.28

Pinewood [38] 85.45 13.15 1.40 48.15 6.70 1.35 43.60

Palm Kernel Shell [35] 66.80 17.90 3.40 55.82 5.62 0.84 37.73

Raw Pine sawdust [42] 83.10 16.80 3.76 50.60 6.18 0.05 43.10

Rice husk 62.80 19.20 18.00 49.30 6.10 0.80 43.70

Sawdust [39] 70.40 18.50 1.20 48.37 4.98 - 46.27

Tea waste [45] 70.29 18.57 3.88 48.60 5.43 3.80 42.17

Wood Stem [35] 80.10 10.70 0.40 50.52 5.81 0.23 43.44

Wood Bark [35] 68.90 16.30 4.90 53.42 6.12 1.40 39.06

Due to different compositions (carbon with the presence of alkali metals, e.g., Li, Na,
and K or alkaline metals, e.g., Ca, Mg, and Ba metals) depending on the nature of the
feedstock, biochar can have versatile properties leading to many applications, including
bioenergy (co-gasification, co-firing, and combustion), chemical use (as a catalyst or catalyst
support), agronomy (regarding water retention, plant nutrients, or soil conditioner), phar-
macological use (regarding the adsorption of drugs and toxins), environment remediation
(regarding carbon sequestration and the sorption of pollutants), and as biomaterials for the
production of bio-composites, fuel cells, and photovoltaic plants [46].

3. Polymer-Based Composites Containing BCp

As was already explained above, the final properties of BC particles depend on several
factors, such as the nature of feedstock used to produce BC particles, the type of process
employed, and the relative operative condition. The final content of fixed carbon and ash
(which involves the milling and sieving process used to control the dimension of the final
particles), their surface area, and pore volume consequently determine the final properties
of the composites, and this also depends on the polymer matrix employed in terms of
interfacial adhesion, dispersion, thermal and mechanical stability, and ageing protection
efficiency. In order to assess how the pyrolysis temperature and type of feedstock could
determine a difference in the final properties of composites, Das et al. [47] added biochar
particles as a co-filler for producing wood plastic polypropylene-based composites. The
authors also pyrolyzed different feedstocks (landfill pine sawdust, sewage sludge, and
poultry litter) at different temperatures, with the aim of identifying a routing process for
waste employing. In fact, when keeping the landfill pine wood weight percentage constant
at 30 wt.%, 24 wt.% of biochar particles were obtained through the following procedures:
i. pine wood was pyrolyzed through a two-step parallel reactor chamber with a retention
time of 60 min at 900 ◦C for a high-temperature activation regime (TCP 900); ii. using the
same reactor, a torrefaction regime reached pyrolyzing at 350 ◦C (TCP 350); iii. the same
feedstock was pyrolyzed by means of an auger reactor with a retention time of 10 min
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at 470 ◦C (PSD470); iv. the same pilot plant was used for the same feedstock with the
same retention time at 420 ◦C (PSD420); v. sewage sludge biochar was produced with a
pyrolysis temperature of 680 ◦C and a retention time of 10 min; vi. biochar from chicken
litter was produced at 450 ◦C and 20 min of residence time. The fixed biochar concentration
of 24 wt.% was determined thanks to a previous work of the same research group [48],
in which BC produced from pine wood was added to the PP matrix at different loadings
that ranged from 6 to 30 wt.%. In that study, a BC content of 24 wt.% showed a general
improvement in tensile and flexural strengths, as well as in the young modulus of the
final composite. Taking into account these results, it was found that an increase in tensile
strength and the moduli was strongly related to the increase in surface area. Moreover, the
presence of residual minerals (i.e., CACO3 found in BC from chicken litter and the relative
ash content) increased the impact strength of the composite and exhibited a lower heat
release rate under the combustion regime compared to other composites. These results
can be explained by considering that inorganic particles generally hinder the diffusion
of oxygen through the matter, which creates a physical barrier between the combustible
and the oxidizing agent, thus allowing the BC composites a possibility of being used
in a flame-retardant field. Additionally, thanks to maleic anhydride grafted polypropy-
lene/maleated anhydride polypropylene (MAPP) being used as a coupling agent, a general
good dispersion of BC particles and an infiltration of polypropylene into biochar pores was
observed for all composites. Without wood presence for the PP-based composites, a flame-
retardant ability in pine wood biochar was established through a study by Das et al. [49], in
which various BC loads, from 0 to 35 wt.% of the composites, exhibited increasingly stable
compact char structures during controlled combustion tests that hid the O2 diffusion in
a polypropylene matrix. Moreover, the addition of char significantly reduced peak heat
release and smoke production. The increase in flame retardant ability conferred by the
presence of biochar particles in wood polypropylene composites was also explored in the
presence of conventional inorganic flame retardants, such as magnesium hydroxide and
ammonium polyphosphates [50,51]. On the other hand, in the presence of biochar, the
two flame retardants particles were trapped into BC pores instead of in polypropylene
with a final reduction in PP flow during processing and consequent reduction in interfacial
adhesion and relative mechanical stability. Furthermore, the addition of biochar particles
in wood polypropylene composites bestowed the composite with resistance toward water.
This result remained valid without exceeding a threshold concentration, up to which the
composites became more susceptible to water. In addition, it has been found that high
pyrolysis temperatures generate more hydrophilic particles, due to absorption through the
capillary action of pores [52]. Moreover, the reason for adding biochar particles to a Wood
Polypropylene Composite (WPC) is that WPC usually suffers of thermal instability and
thickness swelling, due to the high hydrophilic behavior of wood dust. Ayrilmis et al. [53]
progressively reduced wood dust concentrations from 60 to 0 wt.% while respectively
increasing commercial Quercus char flour concentrations from 0 to 60 wt.%, wherein thick-
ness swelling was reduced by the 50% after 30 days when wood dust was completely
substituted by BC dust, which increased the global dimensional stability. The same stabi-
lization behavior was established for the water absorption after 30 days of WPC substation
with BC dust, which decreased from ca. 21% for the PP/wood composite to ca. 15% for the
PP/char composites. The same result of dimensional stabilization and global improvement
of resistance to thermal degradation by adding BC particles to WPC was also confirmed
through a study conducted by DeVallance et al. [54,55]. A variation in final composite
properties related to pyrolysis temperature was also highlighted in a polypropylene/poly
(octene-ethylene) copolymer (POE) (70/30 wt.%) blend [56], in which 10 and 20 wt.% of
high-temperature pyrolyzed biocarbon (HTBioC) and low temperature pyrolyzed biocar-
bon (LTBioC) from Miscanthus were added. The HTBioC showed a lower presence of
functional groups on the char surface, as well as a higher porosity with a relative increase
in surface area that promoted better compatibility to the polymer blend, while also having
a significantly better stiffness–toughness balance in the composite compared to the LTBioC.
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Giorcelli et al. [57] also studied the relationship between the pyrolysis temperature and
the electrical conductivity of biochar particles with the intention to use biochar particles
as a filler in epoxy resin-based conductive composites. The residues of Miscanthus were
pyrolyzed at 650, 700, and 750 ◦C and activated by CO2 to increase surface area. The
residues were characterized, and, then, 20 wt.% of the particles were added into epoxy
resins for electrical characterization. As was already shown by other studies, it was found
that an increase in pyrolysis temperature corresponded to and increase in carbon content
with a corresponding reduction in other elements (i.e., O, Mg, Si, K, Ca) [46], and the ratio
between the disordered and graphitized structure of the carbon structure increased with
the increase in pyrolysis temperature. All of these properties led to an increase in the
conductivity of biochar particles as a function of pyrolysis temperature, with a consequent
increase in electrical performance for composites obtained with the addition of particles
produced at higher pyrolysis temperatures. In the same lox viscosity epoxy resin LPL
(Cores Ocean), two different biochars obtained by pyrolyzing Maple tree waste at low and
high temperatures (600 and 1000 ◦C) were added at different weight percentages in order
to improve the mechanical properties of the resin [58]. It was observed that the addition of
a small amount of carbon fillers, lower than 2 wt.%, increased the load bearing capacity of
the epoxy matrix, while also modifying the mechanical properties of the polymer matrix;
on the other hand, a concentration equal to or higher to 2 wt.% transformed the pristine
epoxy resin from brittle to a ductile composite, which was different from what was already
seen for polypropylene-based composites. The optimum filler level depends on the type
of polymer, the pyrolysis temperature, the type of feedstock used for biochar production,
and the presence of other additives in composite production. When adding a curing agent
(i.e., cycloaliphatic polyamine) and an embedding medium during epoxy-based composite
processing, it is possible to increase the filler content above a critical level that normally
lowers tensile strength. This configuration was found at a critical level of chars obtained
from natural substances equal to 25 wt.%, and, in composites with plastic waste char, the
critical level appeared to be reasonably low, equal to 15 wt.% [59]. Nevertheless, plastic
waste char, or PWC (made from the pyrolysis of polyethylene terephthalate, PET), due to
the terephthalic acid in the char structure, increased the global conductivity of a polymer
composite [60].

Another way to activate biochar particles has been explored by Zhang et al. [61] by
means of the impregnation of biomass feedstock before the carbonization process in an
H3PO4 solution. In that work, biochar from rice husk, obtained pyrolyzing at 600 ◦C, was
compared with activated biochar by varying the H3PO4 concentration in the activation
solution. Generally, the activation of BC improved the thermal stability of the resulting
composites, but a different concentration of activating agent affected the characteristic of
the biochar in terms of chemical and morphological structure. In fact, a low concentration of
H3PO4 improved the porous structure, which improved the resulting mechanical properties,
thanks to better adhesion between particles and the HDPE polymer matrix, including
flexural properties, rigidity elasticity, creep resistance, and anti-stress relaxation. On the
other hand, a high concentration of H3PO4 in the activation solution generated fouling in
the porous structure, which reduced all mechanical properties.

To further improve electrical properties, a carbonization process of charcoal from three
different biomasses [62] has been performed with high fill ultra-high molecular weight
polyethylene/linear low density poly ethylene UHMWPE/LLDPE [63]. For example,
starting with charcoal coming from bamboo pyrolysis, which was further carbonized at
1100 ◦C in a muffle furnace in the absence of air, particles with irregular shapes have been
obtained with a global transformation of their amorphous structure into a graphite-like
structure with a higher crystallinity grade. This result was simultaneously confirmed by
an increase in the three diffraction peaks at around 24.6◦, 43.7◦, and 50.1◦, which were
associated with the C (002), C (100), and C (004) diffractions, respectively, of the graphitic
structure through XRD analysis and with an increase in the intensity ratio of the D-to-G
peak obtained through Raman spectroscopy, which revealed a defective graphitic structure
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and turbostratic crystallites in the BC1100 particles. Moreover, the high temperature car-
bonization generated a high specific surface, due to the creation of a nanoporous structure.
These particles were added into a UHMWPE blended with a LLDPE as a flow accelerator
for reducing the melt viscosity of the UHMDPE and improving the processability of the
composite and final particle dispersions. The highly filled composites (with a carbon
load up to 80 wt.%) showed excellent electromagnetic interference shielding performance,
and one of the highest values reported for conductive polymer composites was found;
in fact, at maximum biochar concentration, a conductivity of 107.6 S/m was found. The
same further-carbonized bamboo charcoal particles were used with high fill UHMWPE
to produce scaffolds for cells proliferation. In that study [64], the raw bamboo charcoal
and bamboo charcoal carbonized at 800 ◦C and 1100 ◦C were over pyrolyzed in a muffle
furnace in the absence of air. Additionally, in that case, thanks to high temperature and
the relative development of the surface into a nanoporous structure, crystallinity, hardness,
and thermal stability were found to be higher for the biochar carbonized at the higher
temperature. On the other hand, for better biocompatibility, achieving a high temperature
of pyrolysis is not useful, because, at low temperature, biochar enables the composite to
exhibit better hydrophilicity and higher specific surface energy, which promotes protein
adhesion and cell proliferation. Moreover, globally, the composite obtained by adding to
the UHMWPE showed good mechanical properties and friction performance that make it
appropriate for use in orthopedic applications.

Arrigo et al. [65] performed an extra carbonization process of a torrefied coffee powder
was into a tubular furnace, and the waste was pyrolyzed at 700 ◦C for 1 h under a nitrogen
atmosphere, which was then added to high density polyethylene, HDPE, to understand
the interaction between HDPE and BC from spent coffee grounds, as well as how the filler
content influenced the rheological and thermal behavior of the resulting composites. The
authors subjected BC/HDPE composites with different BC loads (up to 7.5 wt.%) to SEM
analysis and rheological characterization that employed different flow fields, including
linear and non-linear dynamic shear flow, which resulted in clear confinement of the
polymer chains onto the surface of particles and into the porous structure of particles, as
well as a pseudo solid-like behavior of the BC/HDPE composites due to the formation of
a network.

To reduce waste for environmental purposes, Kane et al. [66] recently compared
recycled high-density polyethylene, rHDPE, with and without biochar to look at both
improving mechanical properties and environmental impact. From a mechanical point of
view, the tensile behavior of the rHDPE was significantly altered by the addition of biochar
particles coming from wood forestry residues, which increased the strength and stiffness
through the global increase of crystallinity of the rHDPE through the reinforcing action
of the polymer matrix, and, thanks to a good interface adhesion, that led to a polymer
interlocking with the porous structure of the biochar. Moreover, by means of life cycle
assessment, it has been noticed that the addition of biochar as a filler reduces the global
amount of plastic spent to produce a product, which of course provides a benefit in terms of
global warming potential when referring to the CO2 emitted for plastic production. It has
been calculated that rHDPE reached a 0 kg CO2 equivalent by adding less than 40 wt.% of
biochar particles, which obtained a composite with a similar strength and stiffness obtained
by adding 40–50 wt.% of biochar particles to virgin HDPE [67].

Another way to reduce the amount of polyolefin waste and reduce the amount of
virgin polyolefin employed in the industrial field has been addressed in a study conducted
by Idress et al. [68], in which a recycled poly-ethylene-terephthalate rPET-based composite
was produced by adding biochar. The biochar employed in that work came from the high
temperature pyrolysis (1100 ◦C) of PET waste under an autogenic pressure of ca. 150 bar.
In that study, the researchers were able to extrudate recycled PET and PET/BC composites,
which highlighted that the incorporation of biochar enhanced the mechanical properties
and provided the PET with thermal properties, which suggests that BC could supply the
necessity for commercial graphene materials in polymer composites. As was noticed with

29



Polymers 2023, 15, 343

other polyolefins, the responsibility for the improvement in mechanical properties must
be referred to the high surface porosity of BC particles and the high affinity between BC
particles and the polymer matrix. The improvement in thermal properties must be referred
to the known barrier effect of BC.

4. Bio-Polymer-Based Composites Containing BCp

Bioplastics should be intended as polymers that meet any of two criteria: the poly-
mer is bio-based and/or biodegradable [69]. In the context of a sustainable and circular
economy, the recovery of bio-waste and the addition of them in biopolymers, intended as
bio-based and biodegradable, for sustainable bio-composites formulation is a challenging
issue. Among biopolymer-based composites containing biochar particles, the literature
reports a significant number of studies. One of the most biochar-added polyester matrixes
is polylactic acid (PLA), which suffers from poor thermal stability and high brittleness
that reduces its employment in many fields, i.e., textile, biomedicine, and food packag-
ing [70]. Briefly, the use of BC in PLA can lead to growth in the PLA market, thanks to a
global improvement in the mechanical stability of this polymer [33,71,72]. Kane et al. [73]
investigated BC-added PLA composites and compared them to high density polyethylene
HDPE composites. In contrast to HDPE composites, for PLA/BC composites, the work
highlighted an impact of BC in thermal degradation behavior, which was shown through a
decrease in onset degradation temperature and a global reduction in melt viscosity of the
PLA, which was probably due to the presence of an inorganic element of the BC surface
being responsible for catalyzing PLA thermal decomposition. The same behavior has been
found by Arrigo et al. [74], in which BC particles derived from spent ground coffee were
added in the PLA matrix by processing the composites through melt mixing and solvent
casting methods. It was found that the PLA rheological behavior underwent significant
alteration when the composites were obtained by melt processing. In fact, the authors
reported (see Figure 2) a progressive increase in melt viscosity in composites obtained by
solvent casting and a progressive decrease in melt viscosity in composites obtained by melt
mixing, as the BC content increased, which, in the last case, suggested a severe reduction
in polymer molar mass, due to thermal degradation [75], and PLA preservation when the
processing was carried out at room temperature by means of solvent casting. In any case, a
strong polymer-filler or filler-filler interaction has been found, which was demonstrated by
the appearance of a yield stress behavior.

Figure 2. Complex viscosity as a function of frequency for neat poly(lactic acid) (PLA) and biochar
(BC)-containing composites obtained through melt mixing (MM) (A) and solvent casting (SC) (B) [74].

A significant reduction in the molecular mass of poly(3-hydroxybutyrate) (PHB) pro-
cessed at high temperatures with the addition of biochar particles has been demonstrated
by Haeldermans et al. [76]. In their study, different PHB/char with varying BC loads
(from 20 wt.% to 50 wt.%) were produced, and their formulation was compared with
PHB/thermoplastic starch (TPS)/BC composites. Despite having the best biodegradability
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compared to other biopolymers, it is well known in the literature that PHB suffers from a
significant reduction in molecular weight after processing, and this limits its application,
due to a really small operational processing window [77], e.g., an unprocessed PHB-Mw of
611 Kg/mol and a melt-processed PHB-Mw of ca. 463 Kg/mol [76]. Regrettably, increasing
the amount of biochar particles from 20 to 50 wt.% further reduced the PHB-Mw, which
achieved a reduction to 218 Kg/mol for 50 wt.% of BC and reduced the global thermal
stability of the BC bio-composites. Consistent with molecular weight reduction, a reduction
in thermal properties was found, such as a decrease in melting point with a decrease in
molecular weight [78]. Thanks to the presence of thermoplastic starch in bio-composites,
the decrease in Mw is more gradual and controlled, and molecular weight analysis has
shown that, at low BC loads, TPS can act as an intermediator between PHB and PHB by
controlling the reduction in molecular weight.

In contrast, the addition of BC particles as a filler in an Ecovio commercial polymer
blend containing poly(1,4-butylene adiphat-co-1,4-butylene terephthalate), PBAT, 47 mol%
of an aromatic segment, and PLA, 25 mol%, significant increased the application field of
BC particles in the biopolymers matrix [79]. In fact, a significant reduction in the resistivity
of obtained bio-composites was found as the BC load increased by up to 30 wt.%, which
suggests employment of the composites in equipment elements in laboratories for precise
measurement, or as an antistatic agent in the packaging industry. Moreover, thermal
stability has not been affected by the presence of BC compared to the Ecovio polymer
matrix. Moreover, thanks to a global improvement of modulus shown in DMA analysis for
all temperature ranges (−50 to 120 ◦C), mechanical properties were higher for composites
with respect to the neat matrix, which suggested better mechanical stability.

Regarding the PBAT matrix containing biochar particles, several works have been
published. Botta et al. [80] investigated the properties and the filmability of PBAT-based
materials that were added to commercial biochar powder used in the food industry that
was formed from birch and beech wood pyrolysis. The team performed a preliminary
investigation of the prepared PBAT/BC composites by melt mixing with BC loads from
5 wt.% to 20 wt.% of commercial BC, which showed a uniform filler dispersion and a
good adhesion within the selected biopolymer matrix, which led to an increase in global
mechanical properties. Moreover, DSC analysis clarified how the BC did not influence the
PBAT chain structure, which remained almost amorphous despite filler addition, even with
the increase in Tm as the filler content increased and revealed compatibility between the
filler and matrix. Instead, the rheological behavior of PBAT-based composite results were
affected by the presence and the increase in carbonaceous filler, which resulted in a relative
increase in melt viscosity, in all ranges of frequency, and suggested an influence of embed-
ded filler on the long-range and short-range dynamics of polymer chains, especially when
the BC load was equal to 20 wt.%. At that carbon load, the PBAT underwent a dramatic
reduction in its intrinsic ductility and a significant decrease in the break–stretching ratio
(BSR), which resulted in a composite with no filmability properties. The same rheological
and mechanical behavior has been found by Infurna et al. [37], in which agricultural carob
waste was pyrolyzed at three different temperatures (BC280, BC340, and BC400 respectively
pyrolyzed at 280, 340, and 400 ◦C) and then added to PBAT at two different concentrations,
i.e., 10 and 20 wt.%. In their work, an ageing protection assessment was performed on
both the pristine particles and on the BC composites. First, the authors characterized the
radical scavenging efficiency by means of 1,1-diphenyl-2-pycryl (DPPH) free radical analy-
sis, in which the three different BC particles were added at constant loads to a methanol
solution of DPPH, a stable free radical, and they monitored the disappearance of the free
radical UV absorption peak at 517 nm. From their analysis, thanks to residual functional
groups on the BC surface after 24 h, the particles obtained at a lower pyrolysis temperature
achieved about 100% radical scavenging efficiency, despite the values obtained at 400 ◦C,
with higher scavenging kinetics of the BC280. The monitoring of the DPPH UV absorption
peak was also performed by increasing the amount of BC in the solution. In that case,
it was demonstrated that, from a limited concentration onwards after 24 h, the radical
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scavenging efficiency results were comparable between the three different particles. This
result is consistent with what has been found in the photooxidation assay of biopolymer
composites, as partly shown in Figure 3, in which the variation in mechanical properties as
a function of irradiation time was monitored while also extrapolating the half time as the
time at which the elongation at break was half of the initial one.

 
Figure 3. The trend of dimension elongation at break with (a) 10 wt.% and (b) 20 wt.% of filler content
in the PBAT matrix [37].

A significant reduction in the ductility of pristine PBAT is shown, which achieved a half
time of 14 h. In Figure 3a, the same trend of the DPPH assay is shown, in which the lower
the pyrolysis temperature was of the obtained BC particles, the higher the concentration of
functional groups on the surface were able to scavenge free radicals from the accelerating
weathering test, which resulted in a higher shown resistance of the bio-composites. In
conclusion, it was enough to increase the BC load from 10 wt.% to 20 wt.% to lead to a
comparable ageing resistance for all bio-composites, and the same results have been found
by ATR-FTIR analysis as a function of irradiation time.

Polyvinyl alcohol (PVA)/corn starch/BC bio-composites were successfully formulated
by means of the solvent casing method in the presence of citric acid and glutaraldehyde,
which was added for fixative effect before the casting period [81]. The interaction between
the biopolymer blend and BC particles significantly affected the degradation path of
the PVA/starch composites. In fact, a significant decrease in the narrowing of the peak
relative to the hydroxy band with the increments of BC load was noticeable. The authors
attributed this phenomenon to the good compatibility of the PVA, starch, and BC [82].
As had happened for PLA and PHB-based composites, the global thermal stability of the
bio-composites was lower when BC was added to the blend.

A noticeable improvement in mechanical properties has been obtained by introducing
a suitable concentration of biochar particles in eco-friendly bio-composites manufactured
by a green epoxy matrix reinforced with short agave fibers for replacing synthetic materials
in structural applications [83]. In that case, with the optimum amount of BC particles (in
this case found to be equal to 2 wt.%) added by means of the synergic effect of short fiber
and biochar particles, a better adhesion has been achieved between the epoxy matrix and
fiber, which was demonstrated by the fiber pull-out test. This aspect involved an increase
in the global Young’s modulus and tensile strength, as well as an increase in fatigue
performance with an increase in fatigue strength by about 67% and fatigue lifetime by at
least three orders of magnitude. This remarkable enhancement of mechanical performance
increases the possibility of employing a green epoxy matrix fiber reinforced for structural
and semi-structural applications, especially in automotive and naval applications.

Green composites have been formulated by adding biochar particles in partially bio-
based polymers or bio-based polymers that are non-biodegradable. Nagarajan et al. [6]
performed a study of the varying particle size distributions of biochar particles produced
from the low temperature slow pyrolysis process of Miscanthus fibers. After pyroly-
sis, size-fractionation of the BC was performed with sieves having different openings,
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e.g., 300, 212, 150, 125, 75, and 20 μm. The different size-fractioned BCs were added to
a poly(trimethylene terephthalate) (PTT) 70/poly(lactic acid) (PLA) 30- ethylene-methyl
acrylate-glycidyl methacrylate terpolymer (EMAGMA) polymer blend (85–15), using, in
some formulation, an epoxy-functionalized chain extender (CE). A good range of particle
size distribution, combined with the presence of the chain extender, helped to obtain a
morphology with a better dispersion of the blend components, i.e., particle size distribu-
tions of 75–20 μm. Biochar particles under 20 μm in size diameter stabilized the blend
morphologies, which showed a coalescence of PLA-EMAGMA particles that turned in
smaller and finer morphologies in the presence of CE. This evaluation obtained from SEM
image observations was consistent with rheological tests and mechanical analysis, which
showed that, with an appropriate BC particle size and shape, morphologies and proper-
ties can be tailored to achieve desired properties with solid cost reduction. The partially
bio-based PTT was combined with 20 wt.% high temperature bio-carbon from peanut hull
pyrolysis, which resulted in superior mechanical performance that could be optimized
for non-structural automotive components or electrical housing applications [84]. Also
in this case, particle size distribution and particle size of the original biomass can play a
crucial role in the resulting biochar, impact the concentration of volatiles and bio-oil from
the pyrolysis process [85,86] and, as expected in bio-composite properties, call for a milling
process before pyrolysis has been conducted [84]. The addition of peanut hull biochar, with
its sheet-like surface morphology with high graphitic carbon content and its relatively low
electrical conductivity, can contribute to the improved thermal stability of PTT-based green
composites by increasing both flexural and tensile moduli, which suggest nonstructural
and anti-static applications.

5. Asphalts Composites Containing BCP

Using biochar particles as an asphalt binder modifying filler is going to become a new
and interesting application field. In fact, nowadays in the construction sector, it is already
used as a substitute for cement in mortar or concrete, thanks to its help with accelerating
cement hydrating [87] and due to global CO2 mitigation [88]. The new approach regards
the addition of asphalt binders as an ageing protector, which are an essential component
of asphalt concrete in addition to being the heaviest coproduct of the petroleum refining
system, after distillation, to obtain fuels and lubricants [89]. The oxidation of asphalt
binders is an inevitable phenomenon that plays an enormous role in the deterioration of
asphalt binders. In fact, the life expectancy of usual binders is susceptible to ultraviolet
(UV) rays, which cause faster oxidation of asphalts, with a sensitive reduction in rheological
characteristics and a loss of rutting properties, which can lead to pavement distress [90].
Walters et al. [91] investigated the impact of added biochar particles (coming from a
thermochemical process used to convert swine manure in bio-oil) or nano-clay (Cloesite
30B) on the rheological properties and ageing susceptibility of asphalt binder, and compared
the results with a control asphalt (PG 64–22) binder. The introduction of BC to the asphalt
binder led to a reduction in asphalt temperature susceptibility, and, regarding the shear
susceptibility, its sensitivity decreased by adding 10 wt.% of BC to PG 64–22, which achieved
a lower value than control asphalt. Contrary to the addition of BC, the addition of nano-clay
generated an impact on the layer spacing, which appeared to be responsible for enchaining
the high temperature performance and ageing resistance of asphalt binders. In a second
study by Walters et al. [90] a composite with both biochar (3 wt.%) particles and nano-clay
(3 wt.%) was produced that resulted in a lower viscosity than the ones with only nano-clay,
while the ageing susceptibility was improved significantly. This happens because biochar
seems to have a role in the flow modifiers alleviating the stiffening effect of nano-clay,
which help the nano-clay to disperse better in an asphalt binder.

Zhao et al. [92] evaluated the properties and performance of asphalt binders and
mixtures by adding 5 wt.% and 10 wt.% of biochar from the fast pyrolysis of switchgrass
for biofuel production. In their work, the authors found that biochar significantly increased
the rutting resistances at high service temperatures of both asphalt binders and asphalt
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mixtures. Moreover, the addition of 5 wt.% of biochar may be the optimum in modifying
binders in terms of cracking resistance, while 10 wt.% shows little effect in comparison with
5 wt.%. Another study was conducted by the same research group by adding different BC
particles to a commonly used asphalt binder (PG 64–22), which resulted in a different type
of pyrolysis of switchgrass, while taking into account that BC results as a by-product for bio-
fuel production, and comparing these lab-made BC particles with a commercially activated
carbon [93]. In particular, the BC particles were produced by the following techniques:
i. a microwave reactor in which switchgrass was mixed with silicon carbide to absorb
enough microwaves, then the mixture was heated up until 500 ◦C in less than 1 min and the
temperature was maintained for 15 min, and, then, after cooling down, the silicon carbide
particles were sieved out to finally obtain BC particles with size diameters between 75 and
150 μm; ii. a tube furnace method in which feedstock was heated up until 400 or 500 ◦C
with a heating rate of 15 ◦C/min to result in BC particles with diameters smaller than
75 μm for particles obtained at 400 ◦C and 500 ◦C, and for the ones obtained at 500 ◦C a
diameter range between 75 and 150 μm was obtained as well; iii. an activated commercially
available carbon was selected for comparison. The composites were characterized in terms
of viscosity modification, ageing and fatigue resistance, and rutting properties of un-aged
and aged composites. The addition of all bio-modifiers increased the viscosity of the asphalt
binder at a high service temperature and exploited a positive effect in ageing resistance at a
long time of UV exposition. Globally, except for particles with smaller diameters (<75 μm)
produced at 400 ◦C that showed a positive effect on the specific properties or performance
of the asphalt binders, the pyrolysis method appeared to have a negligible effect on the
degree of modification. Another study published by Zhang et al. [94] focused on varying
biochar loads and biochar diameter distributions by comparing the biochar contribution
on varying properties with the ones obtained by graphite adding. The biochar used in the
work was obtained from waste wood resources, at a temperature ranging from 500 and
650 ◦C, through a pyrolysis plant able to heat at 10 ◦C/s. Then, BC particles were sieved
to separate the different size ranges, and the size range of previous work was studied,
i.e., between 75 and 150 μm and lower than 75 μm; the biochar contents in PG 58–28 control
asphalt were 2 wt.%, 4 wt.%, and 8 wt.%, respectively. The flake graphite with a diameter
lower than 75 μm and content of 4 wt.% was also added to PG 58–28 for comparison.
As was expected, BC addition resulted in higher porosity and micro-structure compared
with dense and smooth graphite. This aspect of course led to a larger and better adhesion
interaction in the asphalt binders of BC than that of graphite, and, as a result, BC modified
binders had better high-temperature rutting resistance and better anti-ageing properties,
especially for the BC-modified binder with a lower BC diameter at a higher content.

In conclusion, it seems that the addition of BC to asphalt seems to increase the thermal
resistance during asphalt preparation and their oxygen resistance in service. This is another
important result of asphalt reducing viscosity during processing, which helps the dispersion
of other asphalts constituents in order to obtain a high-performance pavement.

6. Conclusions

Char/biochar particles could be considered as a new kind of sustainable particle
created from their “waste” feedstocks. Specifically, when also considering the circular
principles, the conversion of polymer waste, food waste, and biomasses, through thermal
treatment at high temperatures, gives an appropriate second life for these waste materials.
Produced biochar particles differ in their physical and chemical properties, e.g., CHNOS
compositions, porosity, and adsorption ability, because of the implementation of different
thermal treatments, such as slow, fast, and flash pyrolysis; torrefaction, gasification; and hy-
drothermal liquefaction. Currently proposed applications of the new char/biochar particles
are mainly as follows: i. as fertilizers for soil retirement, ii- as high adsorption particles for
water remediation, and iii. as suitable fillers for the formulation of polymer/biopolymer-
based composites and to produce asphalts. Therefore, this review critically reports on the
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current status of char/biochar particles in considering the main advantages and drawbacks
in the use of these new particles as suitable fillers for polymers, biopolymers, and asphalts.

The char/biochar particles, being particles mainly composed of carbon atoms and
having a large surface, are very useful to formulate composites with improved mechanical
resistance, i.e., elastic modulus and tensile strength, as well as improved oxidative and
photooxidative resistance, while also considering the particles’ radicals scavenging abilities
in comparison to the properties of neat matrices. Unfortunately, the main drawback is
related to the particle color. Particularly, being black particles, their composites appear
mainly with brawn-black coloration, and, obviously, this is a limitation for large scale
esthetic applications.
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Abstract: The design of modern products and processes cannot prescind from the usage of viscoelastic
materials that provide extreme design freedoms at relatively low cost. Correct and reliable modeling
of these materials allows effective use that involves the design, maintenance, and monitoring phase
and the possibility of reuse and recycling. Fractional models are becoming more and more popular
in the reproduction of viscoelastic phenomena because of their capability to describe the behavior
of such materials using a limited number of parameters with an acceptable accuracy over a vast
range of excitation frequencies. A particularly reliable model parametrization procedure, using the
poles–zeros formulation, allows researchers to considerably reduce the computational cost of the
calibration process and avoid convergence issues typically occurring for rheological models. The
aim of the presented work is to demonstrate that the poles–zeros identification methodology can
be employed not only to identify the viscoelastic master curves but also the material parameters
characterizing the time–temperature superposition phenomenon. The proposed technique, starting
from the data concerning the isothermal experimental curves, makes use of the fractional derivative
generalized model to reconstruct the master curves in the frequency domain and correctly identify the
coefficients of the WLF function. To validate the methodology, three different viscoelastic materials
have been employed, highlighting the potential of the material parameters’ global identification.
Furthermore, the paper points out a further possibility to employ only a limited number of the
experimental curves to feed the identification methodology and predict the complete viscoelastic
material behavior.

Keywords: viscoelasticity; material parametrization; WLF coefficients; pole–zero formulation;
fractional model

1. Introduction

With the advancements in modern technology, the continuous evolution of materials,
and more efficient manufacturing processes, the design of modern products and processes
cannot prescind from the usage of viscoelastic materials. These kinds of materials provide
extreme design freedoms at relatively low cost: high elasticity and impermeability, adequate
chemical and heat resistance, insulation, and an ability to absorb shocks and dampen
noise [1,2]. A holistic approach to knowledge-based material selection allows researchers
to not only adequately select materials from the perspective of functional attributes but
also consider their emotional and esthetic qualities, contemplating the added sustainable
value, such as recyclability, energy efficiency, and solar-power capacity [3,4].

The knowledge of the material and the ability to properly model the material charac-
teristics starting from the earliest design stages becomes mandatory in cases where the aim
is to govern the material properties through the manufacturing processes and for the entire
product lifecycle, taking into account its eventual changes during aging to overcome the
typical limits and constraints in a design path where materials and transformation tech-
nologies are both variables of the creation process [5,6]. The crucial aspects in this context
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concern the choice of the proper mathematical formulation for the material modeling and
the ability to calibrate the model with a limited amount of data explored in a particularly
narrow frequency or temperature range, whose accuracy can be affected by the experimen-
tal technique employed. Indeed, the aim of both destructive and non-destructive testing
techniques is to exploit the widest possible frequency–temperature working domain of the
material to understand the material behavior within the exploited operating conditions
and provide a sufficient amount of data for model-calibration purposes [7–10].

The constitutive law for linear viscoelasticity, based on Boltzmann’s superposition
principle [3], can be established by means of three different approaches: integral models,
linear differential models, and fractional derivative models. The differential approach is
used to describe the rheological properties by means of linear differential equations that link
stress and strain [11]. A combination of mechanical elements, ideal springs, and dashpots
are used to build suitable rheological models. The generalized models are often employed
to describe the viscoelastic behavior of the materials in a wide range of frequencies and
time scales. If, on the one hand, these models offer a good description of the viscoelastic
materials, on the other hand, they involve a set of differential equations to describe the
dynamic state of the system, which could considerably complicate the overall mathematical
formulation, significantly increasing the computational load due to a larger set of motion
equations to be solved. To overcome these issues, fractional models are becoming more and
more popular because of their ability to reproduce the behavior of viscoelastic materials
using a limited number of parameters with an acceptable accuracy level over a vast range
of excitation frequencies, combining ideal spring and spring-pot elements [12].

Several applications take advantage of fractional models. A review regarding the
application of fractional calculus in the models of linear viscoelasticity utilized in dynamic
problems of mechanics of solids has been conducted by Shitikova [13]. Abouelregal [14]
proposed a methodology to study thermoelastic vibrations in a homogeneous isotropic
three-dimensional solid based on a fractional derivative Kelvin–Voigt model. In [15], Zhou
et al. adopted a variable-order fractional derivative material model to numerically analyze
the behavior of the frozen soil, including creep, stress relaxation, and strain rate effects.
In [16], Wang et al. adopted the fractional derivative model to describe the hysteretic
behavior of the magnetorheological elastomers, demonstrating a huge potential in the field
of intelligent structures and devices.

Furthermore, in [2], the authors presented a particularly reliable procedure adopt-
ing the poles–zeros formulation, which considerably reduced the calculation effort of
the identification/calibration process. Starting from these results, the aim of this work
is to demonstrate that it is also possible to identify both the master curve and the WLF
function by adopting the poles–zeros identification methodology. The technique involves
the individual isothermal experimental curves and makes use of the fractional derivative
generalized model poles–zeros identification to reconstruct the master curve and correctly
identify the coefficients of the WLF function. Furthermore, this paper points out a further
possibility to employ only a limited number of experimental isothermal curves to feed the
proposed identification methodology (such as the one addressing the material glass transi-
tion zone). It has to be highlighted that at the current stage, the vertical shifts have been
neglected (this hypothesis is fine if the experimental acquisitions do not cover particularly
cold temperatures or, on the other side/dually, particularly high testing frequencies), but
they could also be part of the parameters to be identified in further investigations.

The paper is organized as follows: in Section 2, the fractional derivative generalized
model is defined in the frequency domain to obtain the relative poles–zeros formulation; in
Section 3, the WLF time–temperature superposition principle is defined with a particular
focus on the determination of the horizontal and vertical shifts and an analytic study to
demonstrate the WLF validity in the poles–zeros domain; in Section 4, the possibility of
adopting the fractional models and the poles–zeros formulation to determine not only the
viscoelastic moduli but also the WLF shift factor starting from the experimental data is
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investigated; in Section 5, a specific study to understand how the minimum number of
experiments affects the identification procedure is presented.

2. Fractional Derivative Model in Poles–Zeros Formulation

Viscoelastic materials, due to their intrinsic rheological stress–strain dependence on
time, which is based on the fact that the deformation energy is not totally stored but partially
dissipated through a hysteretic mechanism, exhibit both elastic and viscous characteristics
concurrently [17]. To analyze the mechanical response of viscoelastic materials, three
different testing methodologies are usually adopted: static, transient, and dynamic [18].
Whereas the static characterization regards the static or quasi-static application of load
or deformation, transient (creep and stress relaxation experiments) and dynamic (DMA
and DSC techniques) testing procedures concern the analysis of material response towards
time once deformation or load functions (elongation or shear) are applied [10,19,20]. The
dynamic behavior of this kind of material is characterized by the material dynamic stiffness
E*, which is a complex variable defined as (1):

σ(ω)

ε(ω)
= E∗ = E′ + E′′ (1)

where E′ is the storage modulus (Pa), E′ ′ is the loss modulus (Pa), σ(ω) is the cyclic stress
applied to the material (Pa) at given circular frequency ω, and ε(ω) is the corresponding
strain response.

These quantities are linked to the way the material dissipates energy provided by
means of a load/stress time function. Particularly, they are related to the phase angle δ,
according to Equation (2):

E′′ (ω)

E′(ω)
= tanδ (2)

It is worth noting that all the physical quantities, referred to as the properties of the
viscoelastic material’s behavior, are a function of the particular frequency levels at which
sinusoidal load/deformation is applied during the test. More precisely, the modulus,
the energy loss, and the hysteresis of a viscoelastic material change in relation to two
parameters: the frequency the force is applied with and the temperature at which the
phenomena are evaluated.

The correct modeling of the material viscoelastic properties is a key element in achiev-
ing reliable results from analytical models’ outputs or finite-element-based analyses within
the design of the desired dynamic behavior of mechanical systems. Several mathematical
models can be found in the literature to help understand and describe material viscoelastic
behavior [21]. The Maxwell and Kelvin models fail to represent the actual response of
viscoelastic materials at low and high frequencies, respectively, while generalized models
return more accurate results but imply a more complicated mathematical formulation and
increase computational costs. As this paper is focused on viscoelastic solids, the Fractional
Derivative Generalized model (FDGM) is adopted by the authors to model the viscoelastic
behavior. This model, depicted in Figure 1, is obtained by connecting fractional Maxwell
cells in series, where a fractional Maxwell cell is defined as a spring and a spring-pot
element arranged in series.

From a mathematical point of view, a generic constitutive equation for viscoelastic
materials, based on fractional derivative orders, is expressed in the following Equation (3):

N

∑
n=0

an
dαn σ(t)

dtαn
=

M

∑
m=0

bm
dβm ε(t)

dtβm
(3)

where αn and βm are the fractional derivative orders included within the range [0, 1],
N = M and b0 = 0 for the considered Maxwell formulation. Turning to the frequency
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domain by applying the Fourier transform and assuming that α = β, Equation (3) gives the
following expression for the complex Moduli (4):

E∗(iω) = E0 +
N

∑
k=1

(iω)αk Ekηk

Ek + (iω)αk ηk
(4)

where the parameters Ek and ηk represent the springs’ stiffness and spring-pot coefficient,
respectively, as represented in Figure 1, and ω is the angular frequency.

Figure 1. Scheme of the fractional derivative generalized model.

Renaud et al. [22] have shown that, in analogy with the generalized models, Expres-
sion (4) can be equivalently expressed in the poles–zeros formulation as (5):

E∗(iω) = E0

N

∏
k=1

1 + (iω/ωz,k)
αk

1 + (iω/ωp,k)
αk

(5)

where ωz and ωp are the zeros and poles, respectively. The presented approach, consisting
of a superposition of poles–zeros coupled behavior, overcomes the computational and
convergence issues typically occurring in the parameterization of the rheological models
in the time and frequency domain forms since it enables the determination of boundary
conditions and initial starting guess for the optimization problem [23]. Figure 2 schematizes
the main phases of the adopted constrained nonlinear optimization procedure aiming at
identifying a robust set of poles–zeros coefficients, starting from a feasible set of initial
conditions, detailed by the authors in [2].
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Figure 2. Constrained nonlinear optimization procedure to identify poles–zeros coefficients: func-
tional scheme.

3. Time–Temperature Superposition

Due to the limitation of most commercial DMA equipment, the tests for the determi-
nation of the complex modulus are usually limited to the low-frequency range domain [24].
To extend the material properties to a broader frequency range, which is necessary for
applications such as contact, friction, and wear modeling approaches, the time–temperature
superposition (TTS) is applied [25]. Time–temperature superposition (also called frequency–
temperature superposition or method of reduced variables) is a frequently applied proce-
dure to determine the temperature dependence of the rheological behavior of a polymer
and to expand the time or frequency regime at a given temperature at which the material
behavior is studied.

As observed in [26,27], the frequency–temperature superposition is valid due to the
fact that various relaxation times belonging to a given relaxation process have the same
temperature dependence. This principle relates the material response at a given time t
(or frequency ω), and at a given temperature T, to that at other conditions (denoted by
subscript r):

ωr = aT(T, Tr) ω
E′(ωr, Tr) = bT(T, Tr)E′(ω, T)
E′′ (ωr, Tr) = bT(T, Tr)E′′ (ω, T)

(6)

where aT (T, Tr) and bT (T, Tr) are coefficients that indicate the amount of horizontal
and vertical shifting (respectively) to be applied to isotherms of storage and loss moduli
measured at a temperature T in order to estimate the material properties at a reference
temperature Tr, as qualitatively shown in Figure 3 for explanatory purposes.

Figure 3. Determination of the frequency–temperature superposition shifting factor aT and bT:
(a) Isotherms of storage modulus on the frequency range measurable by DMA, at temperatures T1, T2,
and Tr, with T1 < Tr < T2; (b) Isotherms of storage modulus after application of the horizontal shift
factors, taking Tr as the reference temperature; (c) Isotherms of storage modulus after application of
both horizontal and vertical shift factors, taking Tr as the reference temperature [28].
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The horizontal shift factors aT (T, Tr) describe the temperature dependence of the
relaxation time and usually follow the empirical Williams–Landel–Ferry (WLF) law (7):

log10 aT(T, Tr) = − C1(T − Tr)

C2 + (T − Tr)
(7)

where C1 and C2 are empirical constants whose order of magnitude is about 10 and
100 K, respectively.

The vertical shift factors bT (T, Tr) are related to thermal expansion effects, which
for most polymers can be neglected due to their small variation, and that, for this reason,
will be neglected in the following. Here, it is worth noting that this hypothesis is highly
acceptable in the viscoelastic regions where the frequency/time dependence of material
functions is sharp. On the other hand, overlooking thermal vertical shifts in viscoelastic
regions with weak frequency/time dependence may lead to different values of horizontal
shifting whose accuracy depends on the material under investigation.

Figure 4 shows the typical qualitative trend of the vertical and horizontal shift factors
as a function of the difference from a reference temperature TR.

Figure 4. Typical trend of aT and bT.

The question arises regarding the eventual validity of the WLF principle through the
material transformation to the poles–zeros formulation. To this end, the validity of the WLF
principle has been investigated starting from a completely characterized polymeric material,
whose characteristics in terms of the experimental curves (E′ and tan(δ)) and parameters in
terms of WLF coefficients (C1 and C2) have been measured and calculated, respectively. To
transform the FDGM in poles–zeros formulation for two different temperatures, Tr an T1,
the standard procedure consists of the following steps:

• Identification of poles and zeros at a reference temperature Tr, applying the scheme
represented in Figure 2;

• Application of the WLF formulation to the experimental curves referring to a reference
temperature Tr to obtain the experimental curves at the new temperature T1, shifting
all frequency vector ωexp;

• Identification of the poles and zeros starting from the experimental curves referring to
the new temperature T1 by means of the procedure summarized in Figure 2.

It should be highlighted that this procedure is computationally consuming since the
identification procedure must be performed as many times as the temperatures of interest.

In this study, the authors also investigate an alternative procedure to perform the shift
of the curves:

• Identification of the poles and zeros at reference temperature Tr, with the procedure
described in Figure 2;

• Application of the WLF law directly on the identified poles and zeros, obtaining the
master curves at the new temperature T1.
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The two procedures, validated by a significant amount of experimental data, provide
the exact same results, which can be mathematically summarized as follows (8):

E
′
T1 = f

(
ωexp(Tr)

aT
; ωp,k(T1); ωz,k(T1); αk

)
= f

(
ωexp,

ωp,k (Tr)
aT

, ωz,k (Tr)
aT

, αk

)
tanδT1 = f

(
ωexp(Tr)

aT
; ωp,k (T1); ωz,k(T1), αk

)
= f

(
ωexp,

ωp,k (Tr)
aT

, ωz,k (Tr)
aT

, αk

) (8)

where ωexp is the frequency of the experimental test.
Therefore, it is possible to generalize the poles–zeros Formulation (5) by including the

WLF (9):

E∗(iω) = E0

N

∏
k=1

1 +

(
iω( ωz,k
aT

)
)αk

1 +

(
iω( ωp,k
aT

)
)αk

(9)

where aT = 1 when T = Trif.
From Equations (8) and (9), indicating with ωp,kri f

and ωz,kri f
, respectively, the poles

and zeros identified at the reference temperature Trif, it is possible to write the WLF function
applied to the poles–zeros formulation as (10):

ωp,k(T)
ωp,kri f

=
ωz,k(T)
ωz,kri f

= aT

(
T − Tri f

)
= 10

− C1 ·(T−Tri f )

C2+(T−Tri f ) (10)

The equivalence between the Equations (7) and (10) is highlighted in Figure 5 for a
polymer of known parameters C1 and C2 and adopting FDGM with three elements (N = 3).
It should be noted that for an FDGM with three elements, the subscript k in (10) is three.
This means that, for each temperature, three poles and three zeros are identified, and each
of them satisfies Equation (10).

Figure 5. Relation between poles, zeros, and WLF law.

Therefore, the validity of the WLF principle through the material transformation to
the poles–zeros formulation has been highlighted. Here, it is worth noting that all that has
been demonstrated for the FDGM pole–zeros formulation is still valid for the generalized
formulation (in Maxwell and Kelvin–Voight form).
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4. Material Parameters’ Global Identification

4.1. Identification Procedure

Since Equation (10) demonstrated the relation between the WLF function and the poles
and zeros, the authors aimed to study the possibility of adopting the fractional models
and the poles–zeros formulation to determine not only the viscoelastic moduli but also
the WLF shift factor starting from the experimental data. With this purpose in mind, the
authors, starting from the experimental data obtained by the DMA, make use of the FDGM
to obtain the viscoelastic mater curves. Figure 6 shows, for a polymer compound named
A, the curves obtained by the experimental DMA, consisting of a series of isotherms in a
frequency range of 0–100 rad/s.

Figure 6. Experimental DMA isothermal curves.

To build the moduli master curves as function of the frequency at one temperature,
an arbitrary reference temperature must be set. In order to minimize the randomness
of the procedure, a unique way to establish the reference temperature has been defined.
The following it has been assumed that Trif is the temperature of the isotherm curve that
presents the maximum value of the tan δ (i.e., for compound A, Trif = −20 ◦C).

The number of parameters to be identified is 3N + 3:

• 3N + 1 parameters for the pole, zero, and static modulus (9);
• Two parameters for the WLF (10).

Since in previous work, it has been shown that three is a sufficient number to obtain
an excellent fitting [2], an FDGM with N = 3 fractional Maxwell cells has been considered
in the following. According to the procedure defined in [2], the parameters’ identification
is performed by means of a constrained procedure, seeking the minimum of a nonlinear
error function W (11): of the 3N + 3 real variables:

W = (1 − r)· ErrE + r· Errtanδ (11)
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where Errtanδ and ErrE are defined by (12) and (13), and r is the weight factor:

ErrE =

√
∑N

i=1(E−Emodel)
2

N
mean(E)

(12)

Errtanδ =

√
∑N

i=1(tanδ−tanδmodel)
2

N
mean(tanδ)

(13)

In other words, Error Function (11) is defined as the weighted sum of the normalized
root mean square error (NRMSE) calculated for the storage modulus and the loss tangent as
in (12) and (13). It is worth noting that an error function so defined allows fitting modulus,
phase, and WLF coefficient at the same time. The weighting coefficient r has been assumed
to be equal to 0.5 for all in the following to test the procedure in the same conditions.

Regarding the initial condition of the identification procedure, the initialization of
the pole–zero parameters has been carried out by means of the method proposed by
Renaud et al. [22]; while for initial C1 and C2 in (10), they have been assumed to be 17.44
and 51.60 respectively, which are generally accepted values when Trif = Tg [26].

4.2. Results

The identification procedure described in the previous sub-section has been employed
by the authors for three different polymers’ compounds, A, B, and C, to evaluate the
capability of the FDGM models to describe three completely different viscoelastic materials
in terms of time–temperature superposition.

The thermal properties of samples were investigated by using a TA DSCQ2000 dif-
ferential scanning calorimeter equipped with a TA Instruments DSC cooling system. Dry
nitrogen gas with a flow rate of 20 mL/min was purged through the cell during the mea-
surements and the thermal treatments. Samples of approximately 8 mg were heated from
−80 to 100 ◦C and kept at this temperature for 3 min, then cooled from 100 to −80 ◦C
at 50 ◦C/min, kept at this temperature for 3 min, and re-heated from −80 to 100 ◦C at
20 ◦C/min. The heating rate was fixed to 20 ◦C/min, whereas the cooling was carried out
at 50 ◦C/min.

In particular, the heat flows for different compounds are represented in Figure 7, and
the identified glass transition temperatures (Tg), evaluated in the second heating run, are
listed in Table 1.
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Figure 7. Differential scanning calorimeter testing routine.
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Table 1. Experimentally identified glass transition temperatures for compounds A, B, and C.

I Tg

(◦C)
II Tg

(◦C)

Compound A - 9
Compound B −33 8
Compound C −20 9

All the samples exhibited a weak glass transition temperature around 9 ◦C, while only
samples B and C showed an intense transition at −33 and −20 ◦C, respectively.

For compound A, Figure 8a compares the experimental master curves with the results
obtained by the identification procedure, while in Figure 8b, the WLF law is shown.

(a) (b)

Figure 8. Compound A: Storage modulus and loss tangent (a), WLF law (b)—experimental data
(dashed line) vs. FDGM model.

From a qualitative point of view, the FDGM with three fractional elements is able
to provide an acceptable representation of the master curves’ shapes and the WLF law.
Particularly in Figure 8b, it is possible to note that for temperatures close to Trif = −20◦ (T
− T0 = 0), the procedure is quite accurate, while for temperatures far from this value, some
differences appear from the experimental data. These small differences (<10%) are due to
the vertical shift factors bT (T, Tr) that, in this work, were neglected. Figures 9a,b and 10a,b
show the results for the compound B and C, respectively. For both compounds, Trif = −20◦.

To quantify the accuracy of the FDGM approach, the NRMSE is also evaluated, both for
the storage modulus and for the loss tangent quantities defined in Equations (12) and (13).
The purpose of these indicators is to quantify the goodness of the models’ behavior to-
ward the experimental data reproduction. Table 2, in addition to the NRMSE, reports the
identified coefficients C1 and C2 of the WLF law (10).

Table 2. NRMSEs and identified WLF coefficients for compounds A, B, and C.

NRMSE E′
(MPa)

NRMSE tanδ
(-)

NRMSE
Total

Trif
(◦C)

C1 C2

Compound A 0.0108 0.0637 0.0372 −20 23.36 158.21
Compound B 0.0486 0.0442 0.0464 −20 13.19 55.12
Compound C 0.0402 0.0406 0.0404 −20 17.31 56.24
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(a) (b)

Figure 9. Compound B: Storage modulus and loss tangent (a), WLF law (b)—experimental data
(dashed line) vs. FDGM model.

(a) (b)

Figure 10. Compound C: Storage modulus and loss tangent (a), WLF law (b)—experimental data
(dashed line) vs. FDGM model.

The identified parameters of these models are detailed in Table A1 in Appendix A.1.
Analyzing the results, it is possible to note that the FDGM returns a very good fitting of
experimental data with an NRMSE < 0.05 for all the compounds.

Regarding the WLF coefficients, the procedure is able to identify three different couples
of parameters, one for each polymer compound. We can note that each identified couple is
different from the starting set.

5. Mater Curves and Time–Temperature Superposition Parameters’ Estimation with
Partial Experimental Data

In the previous sections, it has been demonstrated how the fractional calculus in poles–
zeros formulation is a powerful analytical model able to reproduce the material viscoelastic
behavior, including the time–temperature superposition phenomenon. The FDGM ensures
not only a high correlation with the viscoelastic master curves but also is able to estimate the
different behavior of each polymer compound in terms of time–temperature superposition,
returning different WLF laws for each of them. Taking advantage of this methodology,
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the question arises about the possibility of reproducing the viscoelastic behavior with a
minimum number of experimental data. The aim of the following analysis is to test the
capability of the FDGM model in moduli and WLF coefficients estimation, starting from
a reduced set of experimental isotherms from DMA data on which to make the fitting.
It is worth noting that a reduction in the experimental test necessary to characterize the
viscoelastic behavior would lead to savings in resources, money, and time.

In [2], it has been demonstrated that an excellent prediction of the master curves can
be achieved by adopting data coming from the lower and upper frequencies plateau of
the storage modulus, the peak of the loss tangent curve, and the curvature change of both
curves. Moreover, satisfying results can also be obtained by considering only the data
available of the upper and low-frequency plateaus plus those at the loss tangent peak.
Borrowing these results, three isotherms have been chosen for the analysis: an isotherm at
high temperature, an isotherm at low temperature, and one that presents the maximum
value of tan δ. For explanatory purposes, Figure 10 reports the experimental starting set for
the identification of compound C.

The parameters of the three-element FDGM and of the WLF law have been identified,
and the models’ results have been compared with the experimental results in the entire
frequency range. Figure 11 depicts the curve comparisons for compound C: Figure 11a
shows the master curves estimated (FDGM reduced) compared with the full experimental
DMA. Furthermore, in the same figure, the partial experimental data used for the identifi-
cation are highlighted in the frequency domain. Figure 11b shows the experimental WLF
law in comparison with the identified value of the FDGM by adopting both all and partial
experimental data. These results highlight how the proposed technique is able to give a
good estimation of the master curves and the time–temperature superposition parameters,
while also using a reduced dataset of experimental data. To quantify the approximation in
the latter case, the NRMSE has been calculated in the entire frequency range and for the
three compounds. The results are reported in Table 3, where it is possible to note that the
NRMSE < 0.06 in all cases. Some differences can be found in the estimation of parameters
C1 and C2; however, this difference implies a small difference in the calculation of aT in the
temperature range exanimated, as shown in Figure 12a,b.

Figure 11. Example of the experimental starting set for the identification with partial DMA for
compound C.
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Table 3. NRMSEs and identified WLF coefficients for compounds A, B, and C in case of partial
DMA data.

NRMSE E′
(MPa)

NRMSE tanδ
(-)

NRMSE
Total

Trif
(◦C)

C1 C2

Compound A 0.0339 0.0568 0.0454 −20 30.24 203.53
Compound B 0.012 0.057 0.0345 −20 16.13 65.04
Compound C 0.011 0.11 0.0617 −20 12.15 53.64

(a) (b)

Figure 12. Compound C: Storage modulus and loss tangent (a), WLF law (b)—experimental data
(dashed line) vs. FDGM model complete (light blue) and FDGM obtained with partial staring
experimental dataset (red).

The identified parameters for the three compounds, A, B, and C, using partial experi-
mental data, are detailed in Table A2 in Appendix A.

6. Conclusions

The search for rheological models to be used for the design and study of components
made of viscoelastic material is a topic of great interest both from the industrial and the
academic point of view, involving crucial aspects such as the reliability, lifecycle, and
environmental sustainability of these materials. In this context, fractional models are
becoming more and more popular because of their capability to describe the behavior of
such materials using a limited number of parameters. These models can be expressed by
adopting a pole–zero formulation. This formulation that in logarithmic scale becomes a
superposition of pole–zero couple behavior allows us to overcome the computational and
convergence issues that occur in parameter identification of a rheological model in the time
domain and frequency domain form.

In this work, first, the validity of the WLF principle through the material transforma-
tion to the poles–zeros formulation was demonstrated. After that, a constrained pole–zero
identification procedure was used not only to identify both the master curve but also the
material WLF function. An extensive study was carried out on three different compounds
to evaluate the capability of the FDGM in poles–zeros formulation to reconstruct the master
curve in the frequency domain and correctly identify the coefficients of the WLF function,
making use of the data concerning the individual isothermal experimental curves from a
DMA test. The analysis shows that the fractional calculus in poles–zeros formulation is a
powerful analytical model able to reproduce the material viscoelastic behavior, including
the time–temperature superposition phenomenon. The FDGM ensures not only a high
correlation with the viscoelastic master curves but is also able to estimate the differences in
the WLF law of each polymer compound.
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As an extension, the paper points out the further possibility of employing only a lim-
ited number of the experimental isothermal curves to feed the identification methodology,
as the samples specifically concern the material glass transition zone.

These results highlight how the proposed methodology is able to give a good estima-
tion of the master curves and the time–temperature superposition parameters while using
a reduced dataset of experimental data. These results could open favorable scenarios both
from an economic and environmental point of view: reducing the number of tests necessary
for the preliminary characterization of materials, reducing development and design costs,
and increasing predictive knowledge about the behavior of the material during its entire
life for reuse and recycling.
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Appendix A. Parameter Values Obtained with Pole–Zero Identification Procedure

Appendix A.1. Fractal Derivative Generalized Maxwell Model Parameters

Table A1. Compounds A, B, and C: parameters of FDGM models composed of 3 elements.

Element Compound A Compound B Compound C

E0 (MPa) 13.24 25.38 17.3

Element 1 2 3 1 2 3 1 2 3

Pole 0.30 4.13 13.00 −1.29 1.05 3.12 −3.94 0.30 1.83

Zero −6.96 0.30 4.13 −6.50 −1.29 1.05 −8.15 −2.57 0.30

Gamma 0.10 0.37 0.01 0.15 0.44 0.18 0.13 0.49 0.17

Table A2. Compounds A, B, and C: parameters of FDGM models composed of 3 elements using a
reduced number of DMA experimental data.

Element Compound A Compound B Compound C

E0 (MPa) 12.62 22.99 15.89

Element 1 2 3 1 2 3 1 2 3

Pole −1.50 3.59 5.27 −1.22 0.96 2.62 −2.92 0.35 1.32

Zero −8.62 0.39 4.93 −8.30 −1.22 0.96 −8.02 −2.92 0.35

Gamma 0.11 0.40 0.41 0.13 0.45 0.23 0.11 0.46 0.21
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Abstract: The use of recycled opaque PET (r-O-PET, with TiO2) as a reinforcement for the recycled
polypropylene matrix (r-PP) was evaluated through the life cycle assessment according to different
scenarios corresponding to two different recycled blends and considered two virgin raw plastic
material as reference materials when comparing the environmental performance of the proposed
treatments. The results indicate that the environmental performance was quite different for each
blend, since the additional extrusion process required in scenario 2 (blend with TiO2) causes all
impact categories analysed to report higher values when compared with scenario 1 (blend without
TiO2). The stage that contributes the most corresponds to the different extrusion processes included
in both recycling blends, representing at least 80% of the total for global warming. Compared with
virgin raw materials, the blend with TiO2 showed better performance in all the impact categories
analysed in comparison with virgin PA66, while the blend without TiO2 showed the opposite trend
when compared to PP. Furthermore, the fact that the upcycling treatment was carried out on a pilot
scale provides room for improvement when implemented on a full scale. It is worth noting the high
energy consumption of the treatment processes and their associated cost, in addition to the market
cost of virgin raw materials, however, when considering the environmental cost of raw materials, it is
observed that when substituting virgin materials PP and PA66 for the blends evaluated in this study
results in a reduction of the environmental price of up to 2.5 times.

Keywords: circular economy; upcycling; sustainability; polyblends; rPP; PA66; rPET-O

1. Introduction

In the past decade, global awareness regarding environmental issues (global warming,
climate change, resource depletion. . . ) has increased considerably. Plastic pollution is of
particular concern, given that due to their numerous benefits, plastics have become ubiqui-
tous throughout society and, consequently the amount of post-consumer plastic waste is
increasing, leading to significant environmental drawbacks. In the absence of action, the
amount of plastic waste produced globally is predicted to triple between 2015 and 2060, to
between 155 and 265 million tonnes per year [1].

Governments and policymakers have started to understand the need to transition to
more sustainable systems. Hence, in 2011 European Union designated resource efficiency
as one of the flagships of its Europe 2020 Strategy (turning wastes into a resource) [2]
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and the EU settled in July 2014 the target of recycling at least 80% of plastic packaging
waste by 2030 and banning burying recyclable waste in landfill as of 2025 [3]. In January
2018, Plastics Europe released its ‘2030 Plastic Voluntary Commitments’, announcing its
willingness to achieve the 100% re-use, recycling and/or recovery target of all plastics
packaging in the EU-28, Norway and Switzerland by 2040 [4].

In this context, the circular economy (CE) approach promotes more effective use of
materials by creating more value, for instance, promoting the cycle of high-value material
instead of recycling only for law value raw materials as in traditional recycling [5,6].
Through various principled actions, it is possible to operate a closed-loop ecosystem and
extend the life-cycle of products, equipment and infrastructure. Thus, improving the
resource utilization, reducing waste, and energy consumption.

Regarding plastic packaging, the Ellen MacArthur Foundation’s report [7] concreted
a set of three priority actions to trigger the transition towards a new economy: (i) the
fundamental redesign of 30% of plastic packaging that otherwise will never be reused
or recycled; (ii) the reuse of at least 20% of plastic packaging; and (iii) the recycling of
the remaining 50% of plastic packaging, radically improving their quality and economic
attractiveness.

Despite the numerous solutions included in the CE approach, particular emphasis
is still placed on the recycling of plastic packaging wastes in response to the EU targets,
as well as the communities’ aspirations towards “zero waste” cities. Nevertheless, the
main technical difficulties of recycling are the variability of composition and the level of
contamination of the waste stream.

Recycling of plastics involves many processes including collecting the wastes from the
point of production or disposal, sorting, compressing, crushing and pelletizing them into
raw materials. These procedures are followed by their thermal, chemical or mechanical
processing to the final product. For this reason, the recycling of plastic waste is intricate
and less preferred compared to other materials such as aluminium, glass, ceramics and
paper [8]. Through shredding and grinding, plastic wastes are degraded during mechanical
recycling [9]. The method is however not preferable if the mixture of wastes is complex
and instead, incineration is preferred [10].

Recycled plastic can be reused in a closed loop material flow, reused in less critical
applications (down-cycling), or upgraded for another use (up-cycling). The upgrading
strategy generally comprises several elements of the polymer blend technology, viz alloying
(i.e., compatibilization and/or impact modification), blending to the desired morphology,
and compounding with other additives (e.g., stabilizers and fillers) [11].

Plastic milk bottles were traditionally made of high-density polyethylene (HDPE),
but in order to achieve cost savings, the use of PET started to develop in the 2010s. In
addition to the fact that it is cheaper than HDPE, the use of PET reduces the weight of the
container by 25% and eliminates the aluminium seal on the bottle [12,13]. It also reduces
water consumption by 20% and the energy consumption of the manufacturing process
by 13%. Since PET bottles are normally transparent, between 10 to 20% w/w of TiO2 is
used as opacifying agent, conferring a screening effect from UV radiation of the content,
minimising gas permeation, and a glossy white aspect when no other pigments are used.

The counterpart of opaque PET is its difficulty in being recycled by conventional
processes used for transparent PET (r-T-PET), especially the bottle-to-fibre recycling process,
which represents around 44% of its market share [14]. The French packaging compliance
organisation Eco-Emballages stated that above a threshold of 15% by weight, the presence
of recycled opaque PET (r-O-PET) in the PET bottle-to-fibre recycling stream leads to a
series of difficulties during the filament manufacturing and significant deterioration of the
mechanical properties of the fibres [13].

The presence of at least 0.35% w/w of TiO2 is capable of retard strain hardening
and accompanying stress-induced crystallization, when stretched in the rubbery state
(temperatures between Tg and Tm), generating low levels of crystallinity and orientation.
Apparently, the submicron TiO2 particles interfere in the formation of the physical network
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necessary to promote the necessary hardening in the stabilization of the stretching stage
during the manufacture of the fibre. Concentrations higher than 4% w/w generate a
structure with poor mechanical properties [15]. That is why, as an alternative solution,
recycling companies have chosen to market a grade of r-O-PET “diluted” with r-T-PET
such that the TiO2 content is around 2% w/w, which allows the manufacturing fibres with
“acceptable” mechanical properties.

Taking into account that in 2016 opaque PET already represented an average of 12%
by weight of the materials managed in the bottle-to-fibre recycling streams in France and
that the market continues to grow. Therefore, if no action is taken recyclers will have no
choice but to send opaque PET bottles to landfill or incineration, as the treatment systems
cannot tolerate such quantities. Consequently, this waste stream will have a significant
environmental impact and therefore will not follow the European strategies for plastics
within the circular economy policy [16].

To address this growing issue, Eco-Emballages launched an action plan in 2017 [13],
divided into three actions. One of these actions aims to search for an added-value market
for r-O-PET. The case study presented in this work is framed within this context. The
rationale behind the idea was to recover the opaque PET waste stream and improve its
mechanical/physical properties and consequently its economic value while reducing its
environmental impacts, which is in line with the CE approach.

In a previous study, it was observed that the presence of almost 2% w/w of TiO2 on
r-T-PET promotes an increase of 21% in the energy required for crack propagation. This
effect is caused by the TiO2 sub-micron particle cavitation, which allows a significant release
of local triaxiality, promoting plastic the premature plastic tearing of the PET matrix [17].
Thus, one of the upgrading pathways proposed considered in this case study was to
explore the use of r-O-PET as a reinforcement for recycled polypropylene (r-PP) matrix,
inducing a microfibrillation of the PET phase during processing that acts as reinforcing
fibres, under the manufacturing philosophy of in situ microfibrilated composites (MFC) [18].
According to his study, the blend composition that offers the best balance of mechanical
properties and fracture behaviour of the MCM produced is the one with 20% w/w of r-O-
PET. However, due to the intrinsic immiscibility of both polymeric phases, and considering
the relatively low amount of TiO2 compared to the actual content in the bottles, the inclusion
of superficially modified TiO2 in the blend was tested in order to evaluate its effectiveness
to enhance the compatibility between the two polymeric phases. According to the results,
the use of an hydrophobic treated particle until 12% w/w induces an emulsifying effect
of the r-O-PET phase and good compatibilization in the elastic regime of mechanical
performance [19].

The objective of this study is to evaluate two different solutions for the opaque PET
waste stream, two different blends of r-O-PET have been proposed and produced on a
pilot scale and then tested on an industrial scale to produce components for the electrical
industry. In order to evaluate the environmental performance of the two blends, the
life cycle assessment (LCA) methodology is used and, in addition, it is compared with
virgin plastic materials of fossil origin that are commonly used to manufacture the same
components. The aim is to evaluate the environmental cost over the life cycle of recycling the
opaque PET stream and that of competing for virgin materials for the same application. The
objective is also to illustrate the challenges that users/supporters of the CE approach must
overcome when it comes to recycling plastic packaging, especially in terms of promoting
high-added-value applications and creating new markets.

2. Materials and Methods

2.1. Materials and Scenarios

It is worth mentioning that this study is part of a project carried out in conjunction
with the Institut Des Sciences Analytiques et de Physico-Chimie Pour l’Environnement et
les Matériaux (IPREM) (Pau, France). The recycled raw material for the manufacture of
the proposed blends corresponds to grades marketed by Suez RV Plastiques Atlantique
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(Bayonne, France): flakes of a mixture of recycled O-PET mixed with recycled transparent
PET to reach a nominal global content of 2% w/w TiO2 (r-O-PET); and a recycled PP (r-PP)
from the automotive industry. Both were sent from IPREM (Pau, France) to our facilities
(Spain). However, for the life cycle inventory, the original origin of both (France and The
Netherlands, respectively) was considered.

The composition of the blend was selected after a preliminary study carried out on
a laboratory scale. In this study, it was established that the addition of 20% by weight of
r-O-PET to r-PP offered the best balance of mechanical properties. The generation of a
microfibrillated morphology of the PET phase during processing promotes a reinforcement
in stiffness to the system. For this composition, a global amount of TiO2 determined was
0.2% w/w. Additionally, and considering the possibility of increasing this TiO2 content, a
mixture with a global content of 4% w/w of TiO2 was evaluated to compare its performance.
Details of this study could be found in [18,19].

An industrial partner, specialising in the manufacture of injection moulded parts
for different markets, carried out a study on possible parts that could be considered
based on processability and mechanical performance. Two components used in the build-
ing construction industry were selected for a comparative study between the traditional
petroleum-based plastic and the proposed recycled blends. The traditional virgin raw
material employed in their manufacture is a Polypropylene heterophasic copolymer, IS-
PLEN 140 G2M (Repsol, Madrid, Spain) and a Polyamide 66, Zytel 101L BKB080 (Dupont,
Wilmington, DE, USA).

Table 1 collects the values of the mechanical, physical and flow properties that were
used for the selection of the comparison scenarios of this study, after the blends preparation
in the pilot plant scale. It is important to note that the values reported for virgin materials
(PP and PA66) correspond to the technical specifications provided by the raw material
producers, while those of the blends were determined under the same conditions and
following the same standards used for virgin PP.

Table 1. Physical, mechanical and flow properties of virgin raw materials and blends selected for
the study.

Parameter
Material

PP PA66
20w% r-O-PET/80%

r-PP
20w% r-O-PET/76%

r-PP/4% TiO2

Density, ρ
(@ 23 ◦C) (kg·m−3) 902 1120 940 1006

MFI (a) (dg·min−1) 5 – 3.8 8

Elastic modulus, E (MPa) 1200 1400 1220 1260

Yielding stress, σY (MPa) 28 55 24 26

Elongation at yield (ey) (%) 13 25 10 8

Specific modulus, Esp

(MPa·m3·kg−1)
1.33 1.25 1.30 1.24

When selecting the scenarios for the present LCA analysis, an attempt was made to
prioritize similarity in terms of:

(a) Similarity of Specific elastic modulus (Esp) values: Ratio between elastic modulus (E) and
material density (ρ) which is a mechanical parameter used in structural design.

(b) Similarity in the fluidity of the melt under normal processing conditions. In the case of the
parts made from virgin PP, the proximity between MFI was used as a criterion. In
the case of PA66, as this parameter is not available, this comparison is meaningless.
However, the conditions for the processing of both blends (similar to a PP) offer
fewer drawbacks than those used for processing a typical PA66: there is no need for
drying, there is no need to use screws with anti-return and anti-drip valves, and the
temperature profile is more venébolo (230 ◦C, for PP vs. 290 ◦C for PA66).
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In this way, the following study scenarios were selected:
Scenario 1: 20w% r-O-PET/80w% rPP vs. PP (Isplen)
Scenario 2: 20w% r-O-PET/76w% rPP/4% TiO2 vs. PA66 (Zytel)

2.2. Blends Preparation at Pilot Plant Scale

The heterogeneity in the composition and geometry (flakes) of the received r-O-PET
hinders any continuous forming process, which is why as the first step in blend prepara-
tion a homogenization of raw material by extrusion was performed. It used a KNETER
25 × 24D co-rotating twin screw extruder from COLLIN (Ebersberg, Germany) with a
length-to-diameter ratio (L/D) of 36, a screw diameter (D) of 25 mm, and 7 heating zones
(1 for die). A filament-type die of 3 mm nominal diameter was used to produce pellets
after cooling in a water bathtub (1500 mm in length) at 20 ◦C. The processing conditions
used were:

Temperature profile (◦C): 180/220/240/245/245/250/250 ◦C (die)
Screws rotation speed: 55 rpm.
Under these processing conditions, the decrease in the Intrinsic Viscosity (IV) of the

product was determined to be less than 10% [20].
The selected blend composition (r-PP/r-O-PET: 80/20) was prepared using the same

twin screw extruder described above with the same extrusion conditions used in the
homogenization step. Additionally, the same blend composition was prepared with an
additional 4% by weight of TiO2. For this, an r-PP/TiO2 masterbatch was prepared and
subsequently diluted with the required amounts of r-PP and r-O-PET until reach the desired
proportion of additional TiO2 in the resultant r-PP/r-O-PET-O. This methodology assures a
better dispersion and distribution of the inorganic component.

The preparation of the masterbatch was carried out in an E-30/25 single screw extruder
from IQAP-LAP (Barcelona, Spain) with an L/D ratio of 25, a screw diameter of 30 mm,
and 4 heating zones (1 for die). A filament die diameter of 3 mm (for pelletizing) die was
used. Prior to pellets cutting the filament was cooled in a water bathtube (1500 mm in
length) at 20 ◦C. The following processing conditions:

Temperature profile (◦C): 140/160/185/210 (die)
Screw rotation speed: 50 rpm.
It is important to quote several aspects on PET pre-conditioning before processing:

(a) Before each processing stage, PET must be dried to minimize its high tendency to
hydrolytic thermos-degradation. In this case, drying was carried out in dried during
4 h at 120 ◦C in a PIOVAN hopper-dryer (DSN506HE, Venice, Italy) with a dew point
of −40 ◦C, a common industrial device in PET processing. This procedure was carried
out both for the homogenization of the r-O-PET flakes and for the preparation of the
proposed blends.

(b) Due to the cooling conditions used during the flake homogenization stage, the r-O-
PET obtained is in an amorphous state. In order to carry out its drying under the
usual conditions (see point (a) above), a recrystallization process is required in order
to avoid agglomeration of the pellets. Recrystallization was performed by heating
the pellets in a Dry Big 2,003,740 convection oven (JP Selecta, Barcelona, Spain) at
90 ◦C for 4 h, taking care every 30 min to remove the pellets to avoid agglomeration
in this step.

(c) To further minimize the inevitable hydrolytic thermodegradation of the PET phase
during flake homogenization, an N2 blanket was introduced into the feeding zone.
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2.3. LCA Methodology
2.3.1. Functional Unit and System Boundaries

The functional unit is 1 kg of plastic granules produced at the gate of the treatment
facility for both scenarios. It means that all the flows involved in the system were calculated
or estimated in order to obtain 1 kg of the blends according to the composition listed in
Table 1. The system boundaries include the processes from raw materials to plastic pellets,
and the compounding with additives as well. The production of raw materials in both
scenarios corresponds to the recycling stages of opaque PET and PP waste. The scope of
the analysis is restricted from cradle to gate, as recycled blends and virgin materials are
assumed to be equivalent for the market regarding their mechanical properties as well as
their processing window.

The schematic flow charts of the processes under consideration in the LCI system
boundaries for both scenarios are shown in Figure 1. As is conventionally conducted in
literature for open-loop recycling processes, a “cut-off” approach is applied, therefore it
is not considered the first life of plastic waste [21]. The main difference between the two
scenarios is the presence of an additional extrusion process to prepare the r-PP/TiO2 master
batch in Scenario 2.

Figure 1. Schematic flow charts cradle-to-gate system boundaries for the recycling opaque PET waste
for (a) Scenario 1 and (b) Scenario 2.

2.3.2. Life Cycle Inventory

The recycling stages of opaque PET (O-PET) and PP include the first phase of plastic
waste collection, transport, initial sorting and balling, as well as the second phase of plastic
waste reprocessing. First, the PET waste is unbaled, pre-washed in order to remove labels,
sorted by colour and chopped into flakes. The obtained flakes are then washed, rinsed
and dried. On the other hand, the PP waste is washed, sorted, shredded into flakes and
pelletised. Therefore, the r-O-PET flakes are produced in France and r-PP pellets are
produced in the Netherlands. It is assumed that they both are transported by lorry to Spain,
where the blend preparations take place in a pilot-scale extrusion plant. The transport
stages included in the system boundaries are listed in Table 2.
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Table 2. Transport stages included in the system boundaries from plastic recyclers to pilot scale
extrusion plants.

Material Distance (km) Transport Type

r-O-PET flakes 600 Transport, freight, lorry>32 metric tons, EURO5

r-PP pellets 1350 Transport, freight, lorry>32 metric tons, EURO5

The energy consumption during the pre-conditioning stage of r-O-PET (flakes and
homogenized pellets) was estimated form the calibration curve Temperature vs. electrical
power provided by the manufacturer of the Dryer hopper and convection oven.

The material loss for the extrusion processes is estimated between 7 and 10w%, due to
the characteristics of the tests carried out at the pilot scale, the operation is not continuous
and there are material losses every time the plant is started and during the stabilization
process. The construction of plants and equipment, as well as the maintenance of plants and
machinery and the end-of-life treatments of the waste generated by the blending processes,
are out of the scope of the present study.

2.3.3. Input Data and Assumptions

The data for r-O-PET flakes and r-PP pellets production is derived from eco-profiles
made by SRP (French syndicate of manufacturers of recycled plastics) in 2017 [22].

Although the data for recycled PET is estimated from the data for transparent PET,
it is assumed that the results would be similar for the production of r-O-PET flakes. This
assumption comes from the fact that uncoloured transparent PET and coloured transparent
PET are already recycled separately, but no distinction is made between the two in the LCI
data provided by SRP.

The dataset of r-PP pellets provided by SRP is estimated for France. It is assumed in
this study that data would be similar for polypropylene recycled in the Netherlands.

On-site primary data collection was performed for the processes of flake homogeniza-
tion, re-crystallization, masterbatch preparation, and r-O-PET blend preparation. In these
processes, energy, water and resource consumption, waste generation and the quantities of
intermediate products obtained in each process were determined. These values were used
to prepare the inventory expressed in terms of the functional unit (1 kg of pellets) for the
two scenarios.

The Ecoinvent database was used to model transports, electricity and heat production
and the production of additional substances that are required for processes. The datasets
provided by Ecoinvent used in the LCIA calculations are listed in Table 3. The data for
petroleum-based polymers (virgin polymers) is derived from eco-profiles performed by
Plastics Europe in 2014 [23,24].

Table 3. Database data used in the LCIA calculations.

Module Name Source Name of Dataset

Electricity, Spain Ecoinvent 3.6 market for electricity, medium voltage|electricity, medium
voltage|Cutoff, U-ES

Water Ecoinvent 3.6 market for tap water|tap water|Cutoff, U

Non-hazardous waste
(disposed)- O-PET Ecoinvent 3.6 treatment of waste polyethylene terephthalate, sanitary

landfill|waste polyethylene terephthalate|Cutoff, U

Non-hazardous waste
(recycled) -O-PET Ecoinvent 3.6 waste polyethylene terephthalate, for recycling, sorted

Electricity, France Ecoinvent 3.6 market for electricity, medium voltage|electricity, medium
voltage|Cutoff, U-FR

Non-hazardous waste
(disposed) - PP waste Ecoinvent 3.6 treatment of waste polypropylene, sanitary landfill|waste

polypropylene|Cutoff, U
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Table 3. Cont.

Module Name Source Name of Dataset

Electricity, Netherlands Ecoinvent 3.6 market for electricity, medium voltage|electricity, medium
voltage|Cutoff, U-NL

Transport, Spain Ecoinvent 3.6 transport, freight, lorry >32 metric ton, EURO5 - RER

TiO2 Ecoinvent 3.6 market for titanium dioxide|titanium dioxide|Cutoff, U

Material loss Ecoinvent 3.6
treatment of waste polyethylene/polypropylene product,

collection for final disposal|waste
polyethylene/polypropylene product|Cutoff, U

Nitrogen Ecoinvent 3.6 market for nitrogen, liquid|nitrogen, liquid|Cutoff, U

2.3.4. Environmental Impact Assessment

A conventional set of impact categories is defined in the CML IA baseline
2001< (Version 4.7) (Updated in August 2016) Method and is used to assess impacts on the
mid-point levels: abiotic resource depletion potentials (ADPs) for fossil fuels and elements
(ADP fossil, ADP elements), climate change (GWP100), eutrophication (EP), acidification
(AP) and ozone layer depletion (ODP, steady state). This baseline characterisation method
as well as the aforementioned impact categories were selected to allow a direct comparison
with the environmental performances of virgin polymers, which were obtained through a
secondary research database (Ecoinvent v3.8).

3. Results

3.1. Life Cycle Inventory and Environmental Performance of Recycling Scenarios

The flows of materials and products involved in the production of 1 kg of plastic
blend pellets for both scenarios are summarized in Table 4. the results for ADP fossil, ADP
elements, GWP100, EP, AP and ODP categories obtained for both scenarios are collected in
Table 5.

Table 4. Inventory of inputs and outputs included in the system boundaries for the production of 1
kg of pellets (functional unit) for both recycling scenarios.

Process Scenario 1 Scenario 2

O-PET waste recycling

Inputs

O-PET waste 0.35 kg 0.35 kg
Auxiliary energy 0.35 MJ 0.35 MJ
Auxiliary materials

Water 18.06 kg 18.06 kg

Outputs

Products
r-O-PET flakes 0.25 kg 0.25 kg

Waste
Non-hazardous (disposed) 0.19 kg 0.19 kg
Non-hazardous for recycling 0.07 kg 0.07 kg

PP waste recycling

Inputs

PP waste 0.90 kg 0.96 kg
Auxiliary energy 0.96 MJ 1.05 MJ
Auxiliary materials

Water 30.40 kg 32.08 kg

Outputs

Products
r-PP pellets 0.89 kg 0.94 kg

Waste
Non-hazardous (disposed) 0.19 kg 0.20 kg

r-O-PET flakes transport
Inputs

r-O-PET flakes 0.25 kg 0.25 kg
Transport 0.15 t*km 0.15 t*km

Outputs r-O-PET flakes (transported) 0.25 kg 0.25 kg
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Table 4. Cont.

Process Scenario 1 Scenario 2

r-PP pellets transport
Inputs

r-PP pellets 0.89 kg 0.94 kg
Transport 1.20 t*km 1.27 t*km

Outputs r-PP pellets (transported) 0.89 kg 0.94 kg

Drying of r-O-PET flakes
Inputs

r-O-PET flakes (transported) 0.25 kg 0.25 kg
Auxiliary energy

Electric energy 1.11 MJ 1.11 MJ

Outputs r-O-PET flakes (dried) 0.25 kg 0.25 kg

Homogenisation of r-O-PET flakes

Inputs

r-O-PET flakes (dried) 0.25 kg 0.25 kg
Auxiliary energy

Electric energy 2.93 MJ 2.93 MJ
Auxiliary materials

Cooling water 27.78 kg 27.78 kg
Nitrogen 0.07 kg 0.07 kg

Outputs

Products
r-O-PET pellets 0.22 kg 0.22 kg

Residues
Material loss 0.03 kg 0.03 kg

Re-crystallisation of r-O-PET pellets
Inputs

r-O-PET pellets 0.22 kg 0.22 kg
Auxiliary energy

Electric energy 0.51 MJ 0.51 MJ

Outputs r-O-PET pellets (crystallised) 0.22 kg 0.22 kg

Extrusion of r-PP/TiO2 masterbatch

Inputs

r-PP pellets (transported) - 0.94 kg
TiO2 0.05 kg

Auxiliary energy
Electric energy - 8.21 MJ

Auxiliary materials
Cooling water - 111.1 kg

Outputs

Products
r-PP/TiO2 masterbatch - 0.89 kg

Residues
Material loss - 0.05 kg

Extrusion of final blend

Inputs

r-O-PET pellets (crystallised) 0.22 kg 0.22 kg
r-PP pellets (transported) 0.89 kg -
r-PP/TiO2 masterbatch - 0.89 kg

Auxiliary energy
Electric energy 12.6 MJ 12.6 MJ

Auxiliary materials
Cooling water 125.0 kg 125.0 kg

Outputs

Products
r-PP/r-O-PET pellets 1 kg -
r-PP/r-O-PET/TiO2 pellets 1 kg

Residues
Material loss 0.11 kg 0.11 kg

The environmental performance of the blends is quite different for all the environmen-
tal categories summarized in Table 5, although the LCI for both is quite similar (Table 4).
The additional extrusion process required in scenario 2 causes all impact categories assessed
to report higher values when compared with scenario 1. This increase is significant across
all impact categories. The contribution of each process involved in the treatment of the
recycled blends is shown in Figure 2.
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Table 5. Life Cycle Impact Assessment Results for both recycling scenarios using the CML method.

Name Scenario 1 Scenario 2 Units
Comparison (% of Increase of

Impacts from Scenario 1 to
Scenario 2)

Abiotic depletion 5.33 × 10−6 9.38 × 10−6 kg Sb eq 76%

Eutrophication 0.006 0.008 kg PO4
3- eq 40%

Global warming
(GWP100a) 2.39 3.57 kg CO2 eq 50%

Acidification 0.01 0.03 kg SO2 eq 80%

Ozone layer
depletion (ODP) 1.29 × 10−7 2.01 × 10−7 kg CFC-11 eq 56%

Abiotic depletion
(fossil fuels) 25.73 39.34 MJ 53%
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Figure 2. Contribution of the life cycle stages of the treatment processes to the environmental impact
categories according to the CML method for both recycling scenarios.

The stage that contributes the most corresponds to the different extrusion processes
included in both recycling blends, representing at least 80% of the total to the global
warming, the abiotic elements, abiotic fossil, acidification potential, eutrophication and
ozone depletion potential; it is due to the electricity consumption in these processes. It is
worth mentioning that other stages such as recrystallization, drying and transportation of
the pellets reported low contributions in all the impact categories evaluated.

In the case of Scenario 1, for all impact categories, the extrusion of the final blend
represents approximately 60% of the total contribution of extrusion processes, meanwhile,
the extrusion of r-O-PET pellets corresponds to 15%. The high contribution of extrusion
processes is due to the electricity consumption, since it corresponds to approximately 84%
of the total electric energy used in the system boundaries (Table 4).

In the case of Scenario 2, which includes an additional extrusion step, the total percent-
age of the extrusion processes contribution is higher than the one obtained for Scenario 1.
Moreover, for all impact categories, an increase between 40% and 80% is observed (Table 5).
The share of contribution between the different extrusion processes is also redistributed
for all impact categories. The final blend extrusion step and the r-PP/TiO2 masterbatch
extrusion are the major contributors (approximately 37% of the total contribution across
categories), followed by the r-O-PET homogenization step (around 9%). It clearly illustrates
the effect of the added extrusion step in Scenario 2, leading to an increase in extrusion
processes contribution (Figure 2) and in consequence an increase in environmental impacts
(Table 5). As in the case of Scenario 1, the aforementioned observations can be linked to the
electrical energy consumption, the addition of the masterbatch extrusion process leads to
an increase of 44% of the total electricity consumption (Table 4).

Regarding the contributions of the O-PET and PP recycling stages, it was observed
they contribute mainly to the EP impact category, with each recycling stage contributing
around 16% and 12% for scenarios 1 and 2, respectively. It is worth mentioning that these
stages are carried out in France and that the French electricity mix is mainly dominated
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by nuclear energy (>70% of the electricity grid) [20]. Nuclear power plants use cooling
water that is then discharged back into the environment at a temperature typically around
30–40 ◦C and this thermal water pollution can lead to eutrophication [25].

3.2. Comparison of Blends with Raw Virgin Materials

It is worth noting that the two blends (scenario 1 and scenario 2) have been assumed to
be secondary raw materials that can replace virgin PP and virgin PA66, respectively, which
means assuming that both products have the same quality and the necessary properties
that allow their use in certain applications. It is also important to highlight the fact that
the results presented in this study for recycled products were obtained experimentally in a
pilot plant located in a specific location, while the results of the virgin polymers correspond
to the ecoinvent database. Polypropylene granulate production for Europe has been used
to represent virgin PP production and nylon 6 production for Europe (derived from the Eco-
profiles of the European plastics industry (PlasticsEurope)) was used to represent virgin
PA 66 production. Therefore, the results presented here mainly aim to provide elements
for discussion and analysis on the conceptual development of the circular economy in the
context of the recycling of plastics. The comparison of both blended products and the virgin
raw materials is collected in Table 6 and depicted in Figure 3.

Table 6. Comparison between recycled blends and virgin polymers for Scenario 1 and Scenario 2.

Impact Category

Scenario 1 Scenario 2

r-PP/r-O-PET
Blend

PP
r-PP/r-O-PET/TiO2

Blend
PA66

ADP fossil (MJ) 25.73 68.35 39.34 104.31

ADP elements (kg Sb eq) 5.33 × 10−6 1.33 × 10−5 9.38 × 10−6 6.53 × 10−5

GWP 100 (kg CO2 eq) 2.39 1.90 3.57 9.22

EP (kg PO4 eq.) 5.94 × 10−3 1.21 × 10−3 8.33 × 10−3 6.80 × 10−3

AP (kg SO2 eq.) 1.41 × 10−2 5.43 × 10−3 2.54 × 10−2 2.96 × 10−2

ODP (kg CFC11 eq.) 1.29 × 10−7 2.24 × 10−8 2.01 × 10−7 7.19 × 10−9

 

Figure 3. Relative indicator results of the impact categories for both scenarios. For each indicator, the
maximum result is set to 100%.

Regarding Scenario 1, the blend without TiO2 reduces fossil energy depletion by
more than half compared to virgin PP. The recycled blend r-PP/r-O-PET shows a higher
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score than virgin PP for global warming (2.38 and 1.89 kg CO2 eq, respectively). It can be
explained, in the case of the recycled blend, by the high electricity consumption needed
to produce 1 kg of plastic pellets and the low performance of the pilot plant. It is also
important to stress the fact that data from the Spanish electricity grid were used for the
recycled blend, meanwhile, a European mix was used for the virgin PP, as was reported
by ecoinvent 3.8. The same trend is observed in the case of AP, EP, and ODP since the
extrusion processes are the ones that contribute to these environmental impacts (Figure 2).
Regarding the virgin PP, for all impact categories, the monomer production (i.e., crude oil,
natural gas extraction and transport, the refinery, and the steam cracking and fluid catalytic
cracking processes) contributes more than 80% of the total impact (ecoinvent v3.8). Despite
the fact that the impact scores of the recycled blend of scenario 1 are higher than PP for
most of the impact categories analysed, results are in the same order of magnitude, and the
impact in these categories is expected to decrease when using full-scale industrial extruders
with yield rates greater than 100 kg/h.

In the case of Scenario 2, the blend with TiO2 shows better performance in almost all
the impact categories analysed in comparison with virgin PA66, especially low in terms of
ADP fossil and ADP elements, and nearly half reduction in GWP100. Here the same reflection
can be made on the use of industrial extruders, since extrusion processes are the ones that
contribute most to almost all the impact categories analysed. In view of these results and
from the environmental perspective, the blend with TiO2 (scenario 2) could be considered as
a good alternative to replace virgin PA66, assuming that the characteristics and properties
are adjusted to the requirements of the final application. As can be seen in Table 6, the
environmental impact of PA66 is higher for all impact categories analysed in comparison with
PP, scenario 1 and scenario 2. It is because PA66 is obtained from two monomers, adipic acid
and hexametilendiamine (HMDA). The production stages of adipic acid and HMDA represent
44 and 49%, respectively, of the energy demand to produce PA66, and they contribute more
than 60% of the total impact in all environmental impacts analysed [4].

4. Discussion: The Circular Economy Barriers and Challenges

Recycling is not the only element of the CE, but especially in the case of plastics, it will
play an important role in the search for sustainable development, since it allows addressing
multiple challenges that equally affect the economic, environmental and social dimensions.
Recently, several authors have raised the barriers associated with the circular economy
implementation and specifically for the plastic sector [26–29], due to the different types
of plastics used and the quality and purity of the recycled secondary raw materials, some
industrial branches demand high standards of raw material quality; hence, the acceptance
of recycled plastic is rather low. However, other barriers must be taken into account:
(i) economic, due to non-competitive prices of recycled polymers, oil price fluctuation and
cost of waste management; (ii) legislative, the current regulatory framework does not yet
adequately support the use of secondary plastics; (iii) social, manufactures are also sceptical
about using resources coming from waste [30].

This study reports on the effort made at the pilot scale demonstration to propose two
treatment routes for a specific type of plastic waste stream in order to upgrade the recycled
material and generate secondary raw material that can be competitive, in terms of quality,
with virgin materials available in the market. The environmental performance analysis
indicates that it is necessary to use more resources (e.g., energy) in the material upcycling
which represents a significant environmental impact of the recycling processes, despite that,
the overall performance is better than the references virgin materials, especially for the
scenario 2 (blend with TiO2). However, the analysis must take into account other elements of
the aforementioned barriers. In economics terms, the general outlook is not promising since
the market cost of the virgin materials is 0.8 and 2 euros/kg for PP and PA66, respectively;
while the cost of the energy consumption for both recycling scenarios is approximately
0.6 and 0.9 euros/kg (estimate made only for stages carried out in Spain, the recycling
stages are not taken into account). It denotes the necessary consumption of resources that
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must be allocated to improve the quality of recycled plastics and highlights the difficulty of
competing economically with the virgin products derived from the oil industry.

In addition to the market cost, environmental impacts can be externalized using the
values from Bruyn et al. (2018) [31,32]. The methodology proposes a representative factor
for each midpoint impact category that transforms the impact as such into an economic
cost [33]. The comparison of the weighting of the environmental prices for the midpoint
indicators (Recipe 2013 Hierarchist LCIA method) for the two scenarios analyzed and the
virgin materials are collected in Tables 7 and 8. As can be seen, substituting the virgin
materials PP and PA66 with the recycled materials from scenario 1 and scenario 2 results in
an environmental price reduction of up to 2.5 times.

This also emphasizes the need for well-designed regulations to overcome barriers to the
CE, the market cost of virgin plastics does not reflect the real cost of the product, internalizing
the cost of all environmental externalities as seen in Table 7 throughout the plastic supply
chain would allow plastic recycling processes to be more competitive with more attractive
business models that would allow for a rapid implementation of CE strategies.

Making recycled plastic suitable for technical applications needs to go beyond treat-
ment by developing high value-added, long-lasting applications that justify its high treat-
ment cost and would better fit CE principles than the down-cycling approach. The project
currently focuses its efforts on finding a method to enhance the r-O-PET quality through
a reactive extrusion process. This improved r-O-PET could then be used to formulate
high-value-added recycled plastics. Applications such as 3D printing will be explored, the
use of polyolefins in 3D printing remains limited and the enhanced r-O-PET could be used
as reinforcement for recycled polyolefins in order to improve their performance. Other
applications such as thermal insulation will be looked into, by testing the suitability of the
improved r-O-PET for physical foaming processes.

Table 7. Comparison between recycled blend (rPP/r-O-PET) and virgin PP for Scenario 1 on envi-
ronmental pricing [31,32].

Impact
Category

Blend for
Scenario 1

PP
(Virgin)

Unit
Environmental Price per
Environmental Impact

Indicator
Unit

Blend for
Scenario 1

PP
(Virgin)

Climate change 2.35 1.83 kg CO2-eq. €0.06 €/kg CO2-eq. €0.13 €0.10

Ozone depletion 1.28 × 10−7 2.25 × 10−8 kg CFC-eq. €30.40 €/kg CFC-eq. €0.00 €0.00

Acidification 0.012 0.004 kg SO2-eq. €7.48 €/kg SO2-eq. €0.10 €0.04

Freshwater
eutrophication

8.43 × 10−4 2.47 × 10−4 kg P-eq. €1.86 €/kg P-eq. €0.00 €0.00

Marine
eutrophication

0.004 0.001 kg N €3.11 €/kg N €0.01 €0.00

Human toxicity 0.94 0.22 kg 1.4 DB-eq. €0.10 €/kg 1.4 DB-eq. €0.09 €0.02

Photochemical
oxidant

formation
7.89 × 10−3 6.05 × 10−3 kg NMVOC-eq. €1.15 €/kg NMVOC-eq. €0.01 €0.01

Particulate
matter

formation
4.70 × 10−3 1.81 × 10−3 kg PM10-eq. €39.20 €/kg PM10-eq. €0.18 €0.07

Terrestrial
ecotoxicity

2.19 × 10−4 2.06 × 10−5 kg 1.4 DB-eq. €8.69 €/kg 1.4 DB-eq. €0.00 €0.00

Freshwater
ecotoxicity

7.09 × 10−2 2.63 × 10−2 kg 1.4 DB-eq. €0.04 €/kg 1.4 DB-eq. €0.00 €0.00

Marine
ecotoxicity

6.69 × 10−2 2.32 × 10−2 kg 1.4 DB-eq. €0.01 €/kg 1.4 DB-eq. €0.00 €0.00

Ionizing
radiation

1.23 0.01 kg kBq U235-eq. €0.05 €/kg kBq U235-eq. €0.06 €0.00

Land use 3.42 × 10−5 1.54 × 10−5 m2 €0.08 €/m2 €0.00 €0.00

Abiotic
depletion

(fossil fuels)
25.73 68.35 MJ €0.16 €/MJ €4.12 €10.94

Total weigh LCA score using environmental pricing €4.71 €11.19
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Table 8. Comparison between recycled blend (rPP/r-O-PET/TiO2) and virgin PA66 for Scenario 2

on environmental pricing [31,32].

Impact Category
Blend for
Scenario 2

PA 66
(Virgin)

Unit
Environmental Price per
Environmental Impact

Indicator
Unit

Blend for
Scenario 2

PA 66
(Virgin)

Climate change 3.52 9.27 kg CO2-eq. €0.06 €/kg CO2-eq. €0.20 €0.52

Ozone depletion 2.00 × 10−7 7.26 × 10−9 kg CFC-eq. €30.40 €/kg CFC-eq. €0.00 €0.00

Acidification 0.022 0.027 kg SO2-eq. €7.48 €/kg SO2-eq. €0.17 €0.21

Freshwater
eutrophication

1.32 × 10−3 2.07 × 10−4 kg P-eq. €1.86 €/kg P-eq. €0.00 €0.00

Marine
eutrophication

0.006 0.009 kg N €3.11 €/kg N €0.02 €0.03

Human toxicity 1.39 0.08 kg 1.4 DB-eq. €0.10 €/kg 1.4 DB-eq. €0.14 €0.01

Photochemical
oxidant

formation
1.25 × 10−2 2.83 × 10−2 kg NMVOC-eq. €1.15 €/kg NMVOC-eq. €0.01 €0.03

Particulate
matter

formation
7.88 × 10−3 9.49 × 10−3 kg PM10-eq. €39.20 €/kg PM10-eq. €0.31 €0.37

Terrestrial
ecotoxicity

2.82 × 10−4 4.40 × 10−5 kg 1.4 DB-eq. €8.69 €/kg 1.4 DB-eq. €0.00 €0.00

Freshwater
ecotoxicity

0.10 1.94 × 10−2 kg 1.4 DB-eq. €0.04 €/kg 1.4 DB-eq. €0.00 €0.00

Marine
ecotoxicity

9.42 × 10−2 7.53 × 10−3 kg 1.4 DB-eq. €0.01 €/kg 1.4 DB-eq. €0.00 €0.00

Ionizing
radiation

1.81 2.59 × 10−3 kg kBq U235-eq. €0.05 €/kg kBq U235-eq. €0.08 €0.00

Land use 6.73 × 10−6 0 m2 €0.08 €/m2 €0.00 €0.00

Abiotic
depletion

(fossil fuels)
39.34 104.31 MJ €0.16 €/MJ €6.29 €16.69

Total weigh LCA score using environmental pricing €7.24 €17.87

It is worth noting that this is an analysis carried out within a European project on a
pilot plant scale. If it is scaled to an industrial level, the environmental impacts would be
even lower than those obtained in this study, it can be noted that:

– The r-O-PET homogenization stage: this first extrusion can be eliminated since the
industrial devices allow the feeding of flakes without clogging problems, which
in this study was necessary given the dimensions. This would make subsequent
recrystallization (prior to the preparation of the mixtures) not required.

– On an industrial scale, the energy efficiency of the production per kg of material and
consequently the electrical consumption would be much lower.

– The recycled material would come from nearby areas, which would reduce the impact
on transportation.

5. Conclusions

This study evaluates two routes for treating and upcycling the O-PET waste stream,
which creates problems when recycled together with transparent PET in order to produce
secondary raw materials that can be used for value-added applications following the
circular economy approach. Two scenarios were proposed based on the composition of
the recycled blends. The treatments included the processes from raw materials (recycling
stages of opaque PET) to plastic pellets and were conducted experimentally at a pilot
scale. Both recycled blends were evaluated using the LCA methodology with a scope from
cradle to gate and considered two virgin raw materials (plastic) as reference materials when
comparing the environmental performance of the proposed treatments.

The results indicate that the environmental performance of the two mixtures was
slightly different, although the treatments were similar with an additional extrusion process
in Scenario 2. Higher scores were reported for most of the impact categories for the blend
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with TiO2 mainly due to the energy consumption in the extrusion process. In terms of the
comparison with virgin materials, the results indicated that PP reported better performance
than the plastic mixture without TiO2, while PA66 reported high scores for all impact
categories compared to the mixture with TiO2. However, it is worth mentioning that
both treatments were carried out on a pilot scale, which provides a significant margin for
improvement when using high-performance large-scale industrial extruders. In CE terms,
it is confirmed that upcycling deserves a significant number of resources to improve the
quality of secondary raw materials. In this sense and from the economic point of view, the
market cost of raw materials is significantly low, compared to the cost of treating plastic
blends and raises the need to address the challenges associated with the application of
the CE.

The externality cost associated with the impact of raw materials appears as one of
the elements to be considered through a well-designed regulation, since internalizing the
environmental externality costs of the products derived from the oil industry would allow
the production of secondary raw materials to be more competitive, and would promote the
interest of developing new business models for recyclers and end users of these materials.
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Abstract: To decrease the amount of plastic waste, the use of recycling techniques become a necessity.
However, numerous recycling cycles result in the mechanical, thermal, and chemical degradation
of the polymer, which leads to an inefficient use of recycled polymers for the production of plastic
products. In this study, the effects of recycling and the improvement of polymer performance with the
incorporation of an additive into recycled polypropylene was studied by spectroscopic, rheological,
optical, and mechanical characterization techniques. The results showed that after 20 recycling
steps of mechanical processing of polypropylene, the main degradation processes of polypropylene
are chain scission of polymer chains and oxidation, which can be improved by the addition of a
stabilizing additive. It was shown that a small amount of an additive significantly improves the
properties of the recycled polypropylene up to the 20th reprocessing cycle. The use of an additive
improves the rheological properties of the recycled melt, surface properties, and time-dependent
mechanical properties of solid polypropylene since it was shown that the additive acts as a hardener
and additionally crosslinks the recycled polymer chains.

Keywords: recycling; polypropylene; stabilization additive; rheological properties; thermal properties;
mechanical properties

1. Introduction

In today’s world, with the growing global prosperity, plastics have become a major
part of our everyday life. The raw materials that are necessary for the production of such
large quantities of plastic are, however, limited. Moreover, an annual increase in plastic
waste made from nonrenewable sources has a negative impact on the environment [1]. The
easiest way to decrease the environmental impact is mechanical recycling, which enables
the transformation of plastic waste back to useful products. However, studies show that less
than 15% of plastics in the world have been recycled. One of the polymers, which is easy to
recycle, is polypropylene. It is the world’s second-most produced thermoplastic polymer.
Due to its good mechanical properties, it is widely used in the automotive, aerospace, and
packaging industries; furniture; textiles, etc. [2–5] Moreover, it is highly adaptive to a wide
range of different applications and types of production; therefore, PP has maintained a
significant market share compared to other polymers. The problem with PP and most of the
thermoplastic polymers is a deterioration of their mechanical properties caused by polymer
chain degradation induced by mechanical reprocessing.

The degradation of polyolefins could be, in general, divided into three types: me-
chanical degradation, thermal degradation, and thermal oxidative degradation [6,7]. The
changes due to the recycling process are visible through continued deterioration of phys-
ical properties, such as molecular structure, viscosity, degree of crystallinity, or Young’s
modulus [8–11]. It is known that thermo-mechanical reprocessing causes chain scission
of the PP, leading to a decrease in thermal stability, melting temperature, viscosity, and
viscoelastic properties with increasing reprocessing cycles [12–14]. One of the solutions
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for maintaining or improving the mechanical properties during recycling is the addition
of various additives to recycled plastics. Similarly, the additives that can improve several
properties could be included already to the virgin polymers.

The research on the improvement of polypropylene properties is vast; however, many
studies have been performed on plastic additives focusing mostly on mineral-based (rein-
forcing fillers), i.e., CaCO3, talc, kaolin, mica [15] [16–18], as well as antioxidant stabiliz-
ers [19,20], and others. One of the useful additives is also CaO, which is a water-absorbing
additive and neutralizes acidity [21]. Among various polymers, the polypropylene is
slightly more susceptible to attack by strong oxidizing agents. It is known that the addition
of antioxidants protects polymers at their first processing cycle, while further research of
antioxidant stability during further repetitive extrusion cycles has rarely been studied. It
has been reported that some hindered amines (HALS), and phenolic and phosphorous
compounds, such as Tinuvin, Irganox, or Irgafos, could be used to improve the antiox-
idant properties of PP stability [19]. Among many characterization methods, ATR-IR
spectrometry has already become a routine analysis for the quantitative characterization of
antioxidative PP stability [22]. The studies reported in the literature are mainly focused on
the rheological and mechanical properties of neat or recycled polymeric materials; however,
according to our knowledge, there is a lack of investigations on the degradative effects in
stabilized recycled polypropylene.

For this reason, our study focuses on the effect of recycling on rheological properties
(indicating structural changes in polymer melt), thermal properties (related to phase tran-
sitions and crystallinity), and mechanical properties (associated with the practical use of
solid polymer products). Moreover, the improvement of polymer performance with the
incorporation of an additive into recycled polypropylene was studied with polypropylene,
which was recycled by extensive mechanical processing.

2. Materials and Methods

2.1. Materials and Sample Preparation

In this study, the polypropylene (PP) homopolymer, Buplene 6331, purchased by
Lukoil (LUKOIL Bulgaria Ltd., Sofia, Bulgaria; MFI of 8–16 g/10 min at 230 ◦C and 2.16 kg)
was used. Commercially available Recyclobyk 4371 additive (provided by BYK-Chemie
GmbH, Wesel, Germany) was used for the stabilization of recycled PP. The additive is
usually used for the stabilization of polyolefin blends, i.e., recyclates from the automotive
industry and the packaging industry; fiber-reinforced plastics with recyclates; and for the
reduction of VOC and odors. The additive was purchased in a pellet form as a mixture of
antioxidants and co-stabilizers. According to the producer, the additive helps to improve
the mechanical properties of recycled polymer and helps to neutralize acids that may be
present in the polymer from previous processing and use.

Mechanical recycling of PP samples was performed by using a co-rotating twin-screw
extruder, Polylab PTW 16/40 OS (Thermo Scientific, Karlsruhe, Germany), with the screw
speed set at 90 rpm. The temperatures on the ten heaters of the extruder were set ascending
with the temperature of the first heater at 150 ◦C, while the last heater was set to a process
temperature (205 ◦C).

After drying at 90 ◦C for 4 h, the virgin (as received) PP was reprocessed 10 times
into 2-mm-long granules. After the 10th cycle, the granulated rPP batch was halved into
two batches. One-half of the batch was characterized as the batch without additive, while
0.75% wt. of Recyclobyk 4371 additive was added to the second half in order to improve
the mechanical properties of the recycled material. The recycled batches without (denoted
as rPP) and with additive (denoted as rPP_a) were extruded and regranulated for ten more
cycles (Table 1). The additive was introduced to PP, which was recycled for 10 times since
our intention was to test if a degraded PP could be re-stabilized.

72



Polymers 2022, 14, 5438

Table 1. Sample classification and corresponding abbreviations.

Sample Abbreviation

Virgin PP rPP_0
5× reprocessed PP rPP_5
10× reprocessed PP rPP_10
15× reprocessed PP rPP_15
20× reprocessed PP rPP_20
11× reprocessed PP with additive rPP_11a
15× reprocessed PP with additive rPP_15a
20× reprocessed PP with additive rPP_20a

Test bars (L = 60, w = 10, h = 1 mm) for the dynamic mechanical analysis (DMA)
were injection-molded on a Haake MiniJet II (Thermo Scientific, Karlsruhe, Germany)
injection-molding machine. Samples were prepared by using the processing parameters
presented in Table 2.

Table 2. Process parameters for injection-molding of test bars for DMA.

Process Parameter

Melt temperature (Tm) 190 ◦C
Waiting time 3 min
Mold temperature 50 ◦C
Holding pressure 500 bar
Injection time 10 s
Post-pressure 100 bar
Post-processing time 10 s
Melt temperature (Tm) 190 ◦C

DMA test bars were used for all measurements, except for rheological characterization,
where virgin or extruded granules were directly placed in the sensor system. Prior to
creep and DMA testing, the samples were thermally annealed in order to erase the residual
stresses. The annealing was performed at 110 ◦C for 2 h followed by cooling to room
temperature at 0.1 ◦C/min.

2.2. Methods
2.2.1. ATR-IR Characterization

ATR-IR measurements were performed on a Perkin Elmer, Spectrum 65 (Waltham,
MA, USA) FTIR spectrometer, equipped with a single reflection diamond crystal at room
temperature. ATR-IR spectra were recorded in a range from 4000 to 600 cm−1 at 64 scans
per spectrum with a resolution of 4 cm−1.

2.2.2. Polarized Optical Microscopy

The phase transformation of PP was investigated using a Carl Zeiss AxioScope po-
larizing optical microscope (Carl Zeiss, Braunschweig, Germany) equipped with a 200×
objective and a Linkam TS600 Heating Stage. For optical characterization, the samples were
prepared as 10-μm-thick films using a microtome. The films were heated between a glass
slide and coverslip to 200 ◦C and kept at constant temperature for 5 min. Subsequently, the
samples were rapidly cooled to 130 ◦C for isothermal crystallization.

2.2.3. Thermal Properties

Differential Scanning Calorimetry (DSC) measurements of the samples were carried
out on TA Instruments DSC Q2500 (TA Instruments, New Castle, DE, USA). Samples
weighing 6 ± 1 mg were cut out from injection-molded DMA bars and placed into alu-
minium cups. Measurements were performed from −50 ◦C to 250 ◦C at a rate of 10 K min−1

followed by a 5 min range of constant temperature at 250 ◦C and cooling to −50 ◦C at a rate
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of 10 K min−1. At the lowest temperature, the samples were exposed to a constant temper-
ature again for 5 min; in this case, at −50 ◦C. Second heating, which was also used for the
analysis, was conducted to obtain results independent from the thermal and mechanical
history of the samples. The inert atmosphere with a nitrogen gas flow of 50 mL·min−1

was provided during the measurements. All measurements were repeated 3 times and
the average values were used for the analyses. The results of the DSC tests were used to
determine the transition temperatures and the degree of crystallinity (XC) as:

XC =
ΔHm

ΔH0
m

, (1)

where ΔHm is the experimentally-determined enthalpy of melting and ΔH0
m is the theoreti-

cal value of the melting enthalpy of 100% crystalline PP (207 J/g) [23].

2.2.4. Rheological Properties

The rheological characterization of PP and rPP polymer melts were conducted at
a constant temperature of 190 ◦C using the Anton Paar MCR 302 rotational rheometer
(Anton Paar, Graz, Austria) equipped with parallel-plate geometry (plate diameter of
25 mm with a 1 mm gap) in inert nitrogen atmosphere. For the analysis, the samples
in granulated form were directly placed on the lower plate of the sensor system. The
viscoelastic properties (storage modulus—G’ and loss—G”) of the studied polymer melts
were determined using amplitude and frequency oscillatory tests. The frequency sweep
experiments were carried out from 100 to 0.01 Hz using a constant strain of 5%, which
was within the linear viscoelastic region (LVR) previously determined from amplitude
tests. The average molecular weight (Mw) and polydispersity index (PDI = Mw/Mn) were
determined from rheological frequency tests using the Rheocompass software (v.1.30).

2.2.5. Mechanical Characterization
Nanoindentation

The hardness and elastic modulus of the surface of injection-molded samples were
determined using a Nanoindenter G200 XP instrument manufactured by Agilent (Santa
Clara, CA, USA). For the measurements, a standard three-sided pyramidal Berkovich probe
was used. The mechanical properties were determined by using the CSM (Continuous
Stiffness Measurement) [24] method with a tip oscillation frequency of 45 Hz and a 2 nm
harmonic amplitude. All measurements were conducted at room temperature. For virgin
and recycled PP material, 36 indentations on each sample were performed with a 100 μm
distance between the indentations, which enabled the exclusion of interaction effects. The
measuring depth was 2000 nm and the average values between 800 and 1800 nm in depth
were used in the presented results.

Time-Dependent Measurements

Creep tests were conducted on the Mars Haake II Rheometer (Thermo Scientific,
Karlsruhe, Germany) equipped with a controlled-temperature test chamber and solids-
clamping tool. Shear creep compliance J(t) tests were carried out in a linear viscoelastic
region at a constant shear stress, τ, of 0.01 MPa. Measurements were performed in the
segmental form at nine different temperatures between 20 and 100 ◦C with a step of 10 ◦C.
A time-temperature superposition (tTS) principle was used for the characterization of
the time-dependent behavior of rPP, with and without additive, for the improvement of
mechanical properties (for a detailed analysis protocol, see Ref. [25]).

Dynamic Mechanical Thermal Analysis (DMTA)

For all the mechanical characterizations, at least three samples (L = 50, w = 10, h = 1
mm) for each recycling set were tested in the temperature range from −18 ◦C to 110 ◦C,
with a heating rate of 3 ◦C/min and an oscillation frequency of 1 Hz. The shear strain
during the measurements was logarithmically increased from 0.02 to 0.1%. DMTA tests
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were performed using the Anton Paar MCR 702 (Anton Paar, Graz, Austria). The results
enabled the determination of the glass transition temperature (Tg), which was determined
at the temperature where tan, δ, exhibited a maximum value.

3. Results and Discussion

3.1. ATR-IR Characterization

IR spectroscopy is one of the most common methods for studying the degradation and
stabilization of PP under various conditions [26,27]. The degradation behavior of recycled
PP with and without additive was studied using ATR-IR spectroscopy, and the results are
shown in Figure 1. The virgin PP (rPP_0) shows characteristic groups in the polymer chain
with CH3 stretching bands at 2950 and 2867 cm−1, and CH2 stretching bands at 2917 and
2838 cm−1 [28]. The CH3 banding vibration peak can be assigned to asymmetric δas(C-H) at
1456 cm−1 and the CH2 banding vibration to symmetric deformation δs(C-H) at 1376 cm−1

(Figure 1). The bands at 841, 997, and 1168 cm−1 are ascribed to vibrations characteristic of
isotactic polypropylene [29]. Moreover, the shoulder peak at 2960 cm−1 (νas(methyl group
-CH3) increases with the increasing number of recycles, and is much more pronounced at
rPP_20 (without additive). The findings suggest that the bands, 2960 cm−1 and 2837 cm−1,
are the recycling-sensitive bands, which were already confirmed by other authors [30]. This
could be an identification of the chains scission of PP during multiple processing cycles.

Figure 1. ATR-IR spectra of virgin PP, recycled with (rPP_a) and without (rPP) additive.

The ATR-IR spectra of the additive (Recyclobyk 4731), which is a mixture of antioxi-
dants and co-stabilizers, showed a peak at 3641 cm−1, which can be assigned to isolated
OH groups present at the surface of the CaO solid and peak at 776 cm−1, possibly due to
the Ca–O bonds. The band at 1583 cm−1 corresponds to the carboxylate bond (–COO−)
and it disappeared after the first recycling using an additive (rPP_11a). New double bands
at 1578 and 1541 cm−1 were observed for rPP_11a and rPP_20a, indicating the formation of
carboxylate groups due to the addition of the additive.

3.2. Polarized Optical Microscopy

The polarized optical microscopy (POM) analysis is a well-established method to
determine crystallization behavior. The effects of recycling PP with and without additive
were studied isothermally at 130 ◦C. The results (Figure 2) show that the formation of
crystals was the slowest for the virgin PP (rPP_0). The first individual spherulites appeared
after 1 min (Figure 2A) while (Figure 2D) the crystallization process was finished after
10 min, resulting in a small amount of crystals of relatively large size. On the other hand,
the crystallization rate with an increasing number of recycling cycles increases (Figure 2B)
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while the crystal size decreases. This is a consequence of the shorter polymeric chains
resulting from the degradation during the recycling process [11]. A high number of recycles
leads to densely-packed crystallites, with the boundaries hard to distinguish. High nuclei
density hinders crystals to grow freely; moreover, the crystals are much smaller than those
observed for the virgin polypropylene. The addition of an additive beneficially influences
the growth of crystallites, also at higher processing cycles, as larger crystallites formed
in rPP_20a compared to rPP_20 without additive (Figure 2C). During the observation of
the crystallization process with optical microscopy, it was observed that the formation of
crystals at rPP with additive occurs sooner compared to rPP without additive. In order to
further make more detailed investigations, DSC measurements were performed.

Figure 2. Polarizing optical microscopy of the nucleation and growth processes of virgin PP—
rPP_0 (A,D), rPP_20 (B,E), and rPP_20a (C,F) after isothermal crystallization at 130 ◦C for 1 min
(A–C) and 10 min (D–F).

3.3. Thermal Properties

The DSC is an important characterization method to determine the effects of recycling
on the thermal behavior of semi-crystalline virgin and recycled PP. Additionally, the results
enable the determination of the changes arising from the addition of the additive to recycled
PP. The first heating run gives information on the material’s thermal properties after the
melt processing, including the mechanical and thermal history (influence of processing,
crystallinity, ageing, heat treatment, etc.) For the determination of the crystallization
temperature (Tc), the studied samples were investigated under controlled cooling. With
second heating (third run), the obtained data provide information on the material’s glass
transition (Tg) and its melting temperature (Tm), independent of the history. The DSC
analysis of virgin PP, recycled with additive and recycled without additive, is presented
in Figure 3 and summarized in Table 3. The results of the 2nd DSC heating (Figure 3A)
show that the melting temperature (Tm) of virgin PP (rPP_0) was 162.0 ◦C. As the number
of recycles increased, the Tm increased up to the 10th cycle, while further increasing of
the recycling process decreased the Tm. The addition of an additive to rPP_10 slightly
decreased the Tm for rPP_11a, while further increasing of the recycles led to an increase of
the Tm. However, the measured values of Tc and Tm were within the experimental error,
calculated from three repeated measurements.
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Figure 3. (A) DSC thermograms of melting peaks from the 2nd heating cycle of virgin PP, recycled
PP without and with additive, and (B) the degree of crystallinity, determined by 2nd heating.

Table 3. Thermal properties, obtained from the DSC of virgin PP, recycled PP with and without additive.

1st Heating Cooling 2nd Heating
# of Recycles Hm (J/g) Tm (◦C) Hc (J/g) Tc (◦C) Hm (J/g) Tm (◦C) Xc (%)

rPP_0 99.0 166.0 100.9 112.9 105.7 162.0 51.1
rPP_5 99.5 166.1 101.8 120.2 106.4 163.3 51.4
rPP_10 99.7 165.7 103.1 120.4 108.2 163.5 52.3
rPP_15 98.8 166.1 103.6 121.2 108.5 163.0 52.4
rPP_20 94.0 165.5 102.3 121.5 106.7 162.5 51.3

rPP_11a 91.0 165.1 95.5 120.1 99.6 162.9 48.1
rPP_15a 91.2 165.2 96.8 120.6 101.1 163.3 48.8
rPP_20a 91.3 165.3 97.1 120.9 101.7 163.3 49.1

For the enthalpy of PP melting, the results (Table 3) show a constant upward trend with
an increased number of recycles, while the addition of the additive to rPP_10 decreased
the enthalpy sharply (from 108.2 J/g for rPP_10 to 99.6 J/g for rPP_11a). A similar result
was observed for the determination of the degree of crystallinity (Figure 3B). With an
increasing number of recycles, the crystallinity of additive-free samples increased from
51.1% to 51.3%. However, after the additive was added to rPP_10, the XC first decreased
by ~8%, while with a further nine recycles, the XC increased only by ~0.2%. The increased
crystallinity of the recycled PP could be attributed to the molecular weight reduction and
smaller entanglements of chains due to several thermal-reprocessing cycles [31]. This can
also be observed from the DSC measurements where the peaks with the same shape and
size are only shifted, meaning that the changes are only due to the chain scission and not to
changes in the molecular size of the formed structure. The lower molecular weight of PP
contributes to a higher mobility of the chains, resulting in higher crystallinity; however,
more imperfections in the resulting crystals could be expected. As mentioned before, such
imperfections are mainly due to the formation of free radicals during the rupture of the
molecular chains. These results are in agreement with the POM analysis, where a different
kinetic rate between the virgin and recycled PP samples was observed.

The increase in the degree of crystallinity can also be explained by the fact that
macromolecules with lower molecular weight act as nucleating agents, which enhance
the crystallization of semicrystalline polymers by enabling the folding of the chains and
building bigger crystal structures. Correspondingly, as a result of the decreased molecular
weight, the crystallization temperature increases with the reprocessing cycles.

Figure 4 shows a main exothermic peak at 112.9 ◦C, corresponding to the crystallization
of virgin PP. After recycling virgin PP 20 times (rPP_20), an increase in crystallization
temperature (TC) of 9.1 ◦C was observed for the sample without additive, while the increase
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for rPP with additive (rPP_20a) was 8 ◦C. These results show that thermal recycling
promotes the formation of crystalline phases in the rPP samples.

Figure 4. DSC thermograms of crystallization peaks of virgin PP, and recycled PP without and
with additive.

3.4. Rheological Properties

The viscoelastic measurements are well-established and practical experimental meth-
ods for melt characterization. The rheological behavior, presented by storage modulus (G’),
loss modulus (G”), and complex viscosity (η*) of virgin and recycled PP with and without
additive have been studied. The results of viscoelastic (G’ and G”) properties in the linear
viscoelastic region (LVR) at different frequencies (Figure 5) show that the values of both
moduli (G’ and G’) increased with an increasing frequency of oscillation with G” prevailing
in the range of low frequencies. Moreover, the moduli of the recycled PP without additive
decreased with increasing reprocessing cycles, indicating a degradation of the structure.
After a higher number of recycling steps, PP exhibited a more liquid-like character due to
chain-breaking and a reduction of molecular weight.

Figure 5. Frequency dependency of (A) storage modulus G’ and (B) loss modulus G” of virgin PP,
recycled PP without and with additive depending on the processing cycle (at 190 ◦C).

On the other hand, a major improvement in viscoelastic properties occurred when the
additive was added to PP, which had already been recycled 10 times. Compared to virgin
PP, the G’ and G” of the 10-times-recycled PP with the addition of additive increased in the
whole frequency range examined. This indicates that the additive propagated crosslinking
between polymer chains with chain scissions, which improved viscoelastic behavior. The
results suggest that the additive limits the mobility of the polymer chain and thus, reinforces
the internal network structure of rPP.
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If we compare the frequency dependency of G’ and G”, respectively, we can investigate
the point where the moduli have the same value. At this point, the behavior of the material
changes; in our case, from liquid-like in the low frequency range to solid-like at higher
frequencies. Figure 6 shows the intersection points between G’ and G” with respect to the
frequency. This point is called the crossover modulus point (G = G’ = G”) and the frequency
at which the moduli are the same is called crossover frequency (ωco). If all samples are
compared, it becomes clear that for rPP samples without an additive, the crossover point of
G’ and G” shift towards higher frequencies where the relaxation times of the molecules are
lower. This is characteristic of shorter molecules, and it reflects the chain scission during
the extensive recycling process. On the other hand, when the additive was added to the
sample, recycled for 10 times, the crossover frequency remained the same regardless of the
number of further processing cycles.

Figure 6. Crossover frequency, ωco, of virgin PP, and recycled PP without and with additive, depend-
ing on the processing cycle.

In addition to the storage modulus (G′) and the loss modulus (G”), the complex
viscosity is also an important parameter that provides information about the viscous
or elastic effects. As presented in Figure 7, the complex viscosity for all rPP samples
decreased with increasing frequency, showing a typical shear-thinning behavior [10]. The
zero-shear viscosity (η0), i.e., the constant melt viscosity at low frequencies, decreased
with the number of recycling cycles of rPP without additive. This can be correlated to the
decreased molecular weight and polymer chain length where fewer entanglements between
chains and intermolecular interactions occurred [13,32,33]. The shear-thinning behavior
of rPP recycled for 20 times without additive was the least pronounced with the lowest
zero-shear viscosity of 845 Pa·s, which is almost four times lower than the η0 of virgin PP.
The transition between the Newtonian and the shear-thinning region of the viscosity curve
was smoother and occurred at lower frequencies. Furthermore, the addition of an additive
increases the entanglements of the molecules due to the promotion of crosslinking of broken
polymer chains, which were reflected in a higher η0 for recycled samples compared to the
virgin PP. Further recycling (up to 10 more times) did not affect the η0.
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Figure 7. Dynamic rheological behavior of virgin PP, recycled PP without and with additive, complex
viscosity, measured at 190 ◦C.

The changes in the average molecular weight (Mw) and polydispersity index (PDI)
with an increasing number of recycling steps for PP without and with additive (Figure 8AB)
were obtained from the rheological measurements of frequency sweep analysis [34], which
has been reported in the literature to be in good agreement with the results of gel permeation
chromatography (GPC), the most commonly used technique to determine Mw [35]. It has
been observed that the peak of Mw shifts to lower values with increasing recycling steps,
which can be attributed to degradation and chain scission [36]. A significant decrease
in Mw was observed after the 10th recycling step without the addition of the additive.
Furthermore, our results show that the Mw did not decrease further after the addition of the
additive. The results are in very good agreement with the rheological characterization data,
which also show a significant decrease in complex viscosity after the 10th recycling step for
rPP without additive. The decrease in PDI values indicates a narrowing of the molecular
weight distribution and the formation of shorter chains caused by chain scission (Figure 8B).
In addition, lower Mw of the recycled polymer affects the mechanical performance of the
material, which is characterized below.

Figure 8. (A) Molecular weight distribution and (B) polydispersity of virgin PP, recycled PP without
and with additive, respectively.
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3.5. Mechanical Properties
3.5.1. Nanoindentation

Nanoindentation is a method used for the measurement of the local mechanical prop-
erties, such as the elastic modulus (E) and hardness (H) [37]. The range of microhardness
values that each polymer exhibits is mainly determined by the nature of the molecular
chains [38], which includes the structure, length, and polydispersity. As the recycling
affected the structure, i.e., the length of the polymer chains, we used this technique to
evaluate the effect of recycling on the micromechanical properties.

The values of the elastic modulus (E) for the recycled PP samples, with and without
additive, are presented in Figure 9A, while the values for surface hardness (H) are shown
in Figure 9B. The average values of the elastic modulus and hardness are presented at a
penetration depth of 800–1800 nm. The results show that after five reprocessing cycles, the
E and H values remained the same; however, with further recycling, the E and H values
decreased, indicating that the surface of the extensively recycled PP became more rigid. The
results were found to be in close agreement with the work carried out by Zdiri et al. [39]
and Bourmaud et al. [40], showing a slight reduction of elastic modulus after recycling,
which could be due to physical ageing and thermo-oxidative degradation, i.e., decreasing
of molecular weight [31]. On the other hand, the addition of an additive restores the elastic
properties and hardness to higher values as detected for the virgin PP.

Figure 9. Average values of (A) elastic modulus and (B) hardness of virgin PP, recycled PP without
and with additive. The average analysis depth was from 800 to 1800 nm.

3.5.2. Time-Dependent Behavior

The polymers suffer structural changes when used for a long time. However, exposure
to natural operating conditions can last for a very long time before some observable
changes occur. Hence, the accelerated procedures should be used for the prediction of
long-term behavior of such materials. One of the possibilities to determine time-dependent
mechanical properties of polymers is the use of a predictive method based on an increase
in the test temperature, the so-called time-temperature superposition (tTS) principle [41].
The master curve of the long-term creep response can be composed of the short-term
isothermal creep tests at different temperatures J(t, T) with an individual shifting of
segments. In Figure 10, the average master curve of creep behavior (the dependence of
the creep modulus, J, on time, t) of virgin and recycled PP without and with additive are
presented. The results obtained from the creep modulus do not show any changes up
to 10th recycle (rPP_10), but with further reprocessing cycles (rPP_20) the values of the
creep modulus decreased compared to virgin PP. Furthermore, the addition of an additive
increased the creep modulus to higher values, but the shape of the creep compliance curve
did not change significantly. Creep tests showed that the addition of the additive improved
the creep resistance of recycled PP in both time and temperature, with this benefit becoming
more significant with increasing temperatures and longer times, respectively.
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Figure 10. Creep master curve at the reference temperature (Tref = 20 ◦C) for virgin PP, recycled PP
without and with the additive.

3.5.3. Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) is a widely used technique enabling
the characterization of the mechanical behavior of materials as a function of temperature
and/or frequency of oscillation. Figure 11A shows the temperature dependence of the
storage modulus (G’) and loss modulus (G”) of virgin and recycled PP without and with
the additive. It can be seen that for all the samples, G’ was approximately one decade higher
than G” in the whole temperature range examined. The increasing temperature caused the
softening of the PP matrix and increased molecular mobility [42]. At low temperatures, the
PP recycled 20 times (rPP_20) showed the same values of G’ and G” as the virgin PP, but at
temperatures higher than 60 ◦C, the values of the moduli for rPP_20 slightly prevailed over
the values of virgin PP. The increase in G” with extensive recycling of PP (rPP_20) leads
to lower stiffness of the polymer. On the other hand, the recycled PP samples with the
additive exhibited the lowest G’ and G”, respectively, meaning that these samples became
more flexible compared to virgin and recycled PP without the additive.

Figure 11. DMA curves: (A) storage modulus (G’) and loss modulus (G”); (B) tan δ of virgin PP and
recycled PP without and with the additive.

Tan δ is defined as the ratio between the loss and storage modulus (Tan δ = G”/G’)
and is related to the damping properties of the polymer. The Tan δ curve of PP exhibits
three relaxations peaks at about −80 ◦C (γ), 10 ◦C (β), and 100 ◦C (α). With our instruments
the measurements could only be performed from the temperatures of −18 to 110 ◦C;
therefore, the γ relaxation peak, which originates from the motion of the short segments
in the amorphous phase, was too low to determine. In Figure 11B, the first peak within a
temperature range from 0 ◦C to 20 ◦C corresponds to the glass transition temperature (Tg) or
β relaxation of PP [43]. Tg of virgin PP was thus detected at 6.3 ◦C and this value remained
constant up to the 20th reprocessing cycle. Furthermore, with the addition of the additive,
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Tg increased to 13.5 ◦C. This indicates that the PP polymer chains in the amorphous region
became more rigid. The Tg values were obtained also from loss modulus curves, where the
obtained values for rPP without additive were close to ~3 ◦C and ~7 ◦C for rPP_a samples,
respectively. The second peak in the elastic-rubbery region, characteristic for α relaxation
(long-range coordinated molecular motions), was located between 60 and 100 ◦C [44,45].
The α relaxation process for rPP_a samples occurred at lower temperatures (~81–82 ◦C)
compared to rPP samples without the additive (85–88 ◦C). The Tg values for the β and
α relaxation process, determined from tan δ and loss modulus curves, respectively, are
summarized in Table 4.

Table 4. Dynamic mechanical analysis (DMTA) results of virgin PP and recycled PP without and
with the additive.

Sample Tg (◦C) 1 Tg (◦C) 2 α Relaxation Peak
(◦C)

rPP_0 6.3 2.5 86.7
rPP_10 7.5 3.2 84.5
rPP_20 6.7 3.0 86.7
rPP_11a 13.5 6.2 81.0
rPP_20a 13.5 6.7 82.0

1 Tg obtained from tan δ; 2 Tg obtained from storage modulus (G’).

For studying the viscoelastic behavior, the Cole–Cole plots can provide additional in-
formation about the relaxation processes occurring by reprocessing polymers. In our study,
the Cole–Cole plot showed the relationship between the loss modulus (G”) and storage
modulus (G’), and helped to understand the relaxation processes of a semi-crystalline PP
polymer (Figure 12). For the virgin and recycled PP without additive, two peaks, observed
at lower and higher temperatures, can be attributed to the β and α relaxation processes [46].
The first peak is related to the β relaxation process and could be ascribed to the segmental
relaxation mechanisms in the amorphous region. This peak can also be related to glass
transition (Tg). The second peak, attributed to the αc relaxation process, can be associated
with relaxations appearing from the crystalline phases of the PP polymer matrix [45,47].
The addition of the additive to rPP (rPP_a), on the other hand, mimics the first peak and
changed the shape of the Cole–Cole curves. The more pronounced second peak of the α
relaxation process could be considered as an increasing exchange of stereo defects between
the amorphous and crystal phases.

Figure 12. Cole–Cole plot of virgin PP and recycled rPP and rPP_a samples.
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4. Conclusions

The extensive recycling of polymers leads to changes in the rheological, morphological,
mechanical, thermal, and other properties of the processed polymer. In our study, it was
shown that after 20 recycling steps of mechanical processing of polypropylene, thermo-
oxidative degradation occurred. This was observed with spectroscopic measurements,
which showed the appearance of an absorption band at 1735 cm−1. The addition of a
stabilization additive led to the formation of new bands at 1575 and 1541 cm−1, suggesting
interactions between the additive and the PP polymer.

The viscoelastic analysis showed that an increase in the frequency at which the polymer
structure changes (G’ = G”) from liquid- to solid-like was observed for the extensive
recycling of the additive-free samples, while the frequency of the crossover point, ωco, for
the samples with the additive were lower compared to the virgin PP and only slightly
changed with the extensive recycling. The increasing ωco suggests that the molecular
weight of the recycled polymer decreased. Lower molecular weight is associated with
shorter molecules that disentangle faster and therefore, exhibit a higher crossover frequency,
while longer molecules need more time to disentangle and exhibit a liquid-like behavior at
lower frequencies. When the additive was added to the recycled PP polymer, the values
of ωco decreased, indicating that the molecular weight was higher compared to the virgin
PP. The increasing slopes of the G’ and G” curves at low frequencies for the samples with
the addition of the additive can be associated with a narrowing of the average molecular
weight distribution. Furthermore, the results showed that when the additive was added
to the recycled PP, the rheological properties were improved already after the first recycle
(rPP_11a) and remained unchanged for the further ten recycling cycles.

The results of the thermal analysis revealed that the main mechanism of degradation
during recycling of PP is the chain scission, as the thermograms did not show changes in
the microstructure. With increasing recycling of the additive-free samples, the increase
in crystallinity for the samples from the 10th to the 20th recycle was much higher (~5%)
compared to the samples with the additive (~0.2%). We can conclude that shorter chains
acted as nucleating agents causing easier formation of crystalline regions. These results
were also confirmed by the POM technique.

The narrower distribution of polymer molecules after the addition of the additive can
also be associated with the improved mechanical properties of the surface, determined by
nanoindentation measurements. The results showed that the additive-free rPP samples
exhibited a slightly lower elastic modulus and hardness than rPP_a samples, suggesting a
hardening of the surface during extensive recycling without the additive.

The DMA analysis was used to determine the Tg of the PP and rPP samples. The
results showed two tan δ peaks, the first which was for the virgin and recycled rPP
without additive close to ~7 ◦C and was attributed to α relaxation (long-range coordinated
molecular motions). For recycled rPP with additive, this peak was observed at higher
values, i.e., ~13.5 ◦C. However, the β relaxation process for rPP_a samples occurred at
lower temperatures (~81–82 ◦C) compared to the samples without the additive (85–88 ◦C).

The results showed that the use of an additive improves the time-dependent mechani-
cal properties of solid polypropylene since it was shown that the additive acts as a hardener
and additionally crosslinks the recycled polymer chains. On the other hand, the decrease in
creep compliance modulus indicates a shorter lifespan with an increasing number of recy-
cles due to chain scission of polymer chains. In summary, the main degradation processes
of polypropylene that occur after extensive recycling are chain scission of polymer chains
and oxidation, which, however, can be improved by the addition of a stabilization additive.
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Abstract: Low-density polyethylene (LDPE) based packaging films mostly end up in landfill after
single-use as they are not commonly recycled due to their flexible nature, low strength and low cost.
Additionally, the necessity to separate and sort different plastic waste streams is the most costly step
in plastics recycling, and is a major barrier to increasing recycling rates. This cost can be reduced
through using waste mixed plastics (wMP) as a raw material. This research investigates the properties
of PE-based wMP coming from film packaging wastes that constitutes different grades of PE with
traces of polypropylene (PP). Their properties are compared with segregated individual recycled
polyolefins and virgin LDPE. The plastic plaques are produced directly from the wMP shreds as well
as after extruding the wMP shreds into a more uniform material. The effect of different material
forms and processing conditions on the mechanical properties are investigated. The results of the
investigation show that measured properties of the wMP fall well within the range of properties
of various grades of virgin polyethylene, indicating the maximum possible variations between
different batches. Addition of an intermediate processing step of extrusion before compression
moulding is found to have no effect on the tensile properties but results in a noticeably different
failure behaviour. The wMP does not show any thermal degradation during processing that was
confirmed by thermogravimetric analysis. The results give a scientific insight into the adoption of
wMP in real world products that can divert them from landfill creating a more circular economy.

Keywords: mixed plastic packaging waste; recycled plastics; compression moulding; mechanical
testing; fracture surface; mixed polyethylenes

1. Introduction

Thermoplastic polymers are particularly appealing to use due to their recyclability
over thermosetting polymers. Recently, the demand for recycled materials has increased
due to government legislation and many companies switching to recycled materials to
improve their brand sustainability image. In 2017, over 90% of plastics produced globally
were derived from virgin material made using fossil fuels [1], however, the current climate
crisis has forced a necessary movement away from the use of fossil fuels. In order to keep
up with the current demand of plastics, it is necessary to find a more efficient way to utilise
the plastics already in circulation. Furthermore, the current recycling rate must be increased
to meet recycling targets, such as the EU target for recycling 50% of plastic packaging waste
by 2025 and 55% by 2030 [2]. The necessity to separate and sort different plastic waste
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streams is the most labour-intensive and costly step in any plastics recycling process and
one of the main barriers to increasing recycling rates.

Currently, plastic packaging consisting of high-density polyethylene (HDPE), polypropy-
lene (PP), and polyethylene terephthalate (PET) are commonly recycled. However, a large
proportion of single-use plastics packaging wastes that consists primarily of low-density
polyethylene (LDPE), are not generally recycled due to their flexibility, low mechanical
performance and low cost [3]. Within the UK, it is estimated that five million tonnes of plas-
tics are used every year [4], with 67% of this consisting of plastic packaging [5]. However,
LDPE films and bags are not collected with household recycling in the UK, an addition
which could significantly increase recycling rates.

Waste mixed plastics (wMP) originating from single-use plastics packaging consists
mostly of various grades of polyethylene including LDPE and HDPE. Such wMP have the
potential to offer mechanical properties superior to LDPE alone. In addition, using such
wMP can eliminate the need for separating the plastics in the recycling stream saving cost.

There is an abundance of published literature focusing on the use of recycled plastics,
investigating polyolefin blends such as PE and PP (both virgin and recycled) [6–16], and
studying the properties of various blends of virgin and recycled PE [17–28]. However,
there is a noticeable gap in the literature characterising waste mixed plastics comprising of
different grades of PEs and PPs of unknown composition.

Al-Attar [17] investigated virgin LDPE/LLDPE (vLDPE/vLLDPE) blends. The study
showed that incorporating vLLDPE into vLDPE results in higher mechanical properties
than vLDPE alone. This correlated with the research carried out by Cho et al. [29] who
reported synergistic characteristics in vLLDPE/vLDPE blends, which exhibited higher
tensile strength at yield and elongation at break than the vLLDPE, despite the lack of
co-crystallisation in the blends. Similarly, Luyt et al. [20] investigated the thermal and me-
chanical properties of vLLDPE/vLDPE/wax ternary blends, noting that as the proportion
of vLDPE in the blend increases, the mechanical properties decrease due to the decreasing
crystallinity.

Rana [18] investigated the variation in properties by increasing vLLDPE content in
vLLDPE/vHDPE blends. A minimal variation was revealed in mechanical properties
between the blends containing between 20%–80% vLLDPE, with the plateaued values
slightly lower than that of 100% vHDPE. This study is promising considering the natural
material fluctuation in collected recyclable plastics; however, both vLLDPE and vHDPE
have much more linearly packed polymer chains than vLDPE, which makes up a large
proportion of waste plastic packaging films.

When utilising wMP, a considerable variation in material type is expected, and also
variations in grades of materials, their molecular weights, and proportion of each material
in each batch of mixed waste. Bai et al. [19] investigated the effect of molecular weight
(MW) on the mechanical and rheological properties of HDPE blends. The high MW samples
had superior impact strength, but the impact strengths of the blends were lower than the
rule of mixtures theoretical values. However, the authors observed that the miscibility in
the melt state and the solid-state differs and that during cooling and crystallisation there is
likely to be phase separating, resulting in poor mechanical properties.

The studies investigating polyethylene blends mentioned previously have only con-
sidered the effects on virgin materials. There has been some studies on blending recycled
PEs/polyolefins in different proportions. Yousif et al. [24] studied different blends of
recycled LDPE (rLDPE), rHDPE, and rPP. Blending the three with different proportions
was shown to improve the tensile stress up to 14–25% higher than the individual polymers
alone, confirming the prospective increase in recycled plastics quality through blending.

Although many virgin PEs are shown to have better mechanical properties than their
recycled counterpart, if higher properties are required, there is the potential of making
blends containing both virgin and recycled PEs. For example, Cecon et al. [22] investigated
the effect of adding different amounts of post-consumer recycled polyethylene (PCRPE) on
virgin polyethylenes of different densities (vLDPE, vLLDPE, vMDPE, and vHDPE). Both
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LDPE and LLDPE blends displayed increases up to 75% in the tensile modulus and 56% in
the yield strength compared to those without PCRPE. MDPE and HDPE blends, however,
presented decreases up to 70% and 56% in tensile modulus and yield strength, respectively,
compared to their virgin counterparts, which is expected given the lower crystallinity of
the blends.

With the exception of Cecon [22] and Yousif [23], there have not been many other
studies focusing on the characterisation of recycled LDPE blends. Additionally, Cecon [22]
blended recycled and virgin polymers together, which likely gives an overestimation of
the expected properties of rPE blends. Mihrabi-Mazidi et al. [30] characterised rHDPE
and rPP blends both of which have higher mechanical properties than LDPE, and Yousif’s
investigation [23] focused only on the tensile properties. These studies are not characteristic
of a true recycling stream which, without segregation, could consist of LDPE, HDPE,
LLDPE, PP, PET, and many more thermoplastics. Furthermore, these studies investigated
uniformly mixed blends, through extrusion or injection moulding, rather than utilising the
polymers as-received, which adds cost to the recycling process. The lack of comprehensive
studies focusing on waste LDPE blends must be addressed if plastic packaging wastes are
to become more widely recycled, given the high proportion of LDPE in plastics packaging.

The lack of comparative studies considering recycled polyolefin blends and virgin
polyolefin properties, highlights the need for a benchmark recycled material database. This
would be crucial in order to compare and understand the difference in using waste mixed
plastics over segregated recycled plastics.

This present study characterised waste mixed plastics from packaging film wastes
alongside segregated recycled and virgin plastics. The different types of plastics present in
the wMP was determined using differential scanning calorimetry. The thermal stability of
the materials was determined using thermogravimetric analysis to ensure the materials
do not undergo thermal degradation during the processing steps. The processing was
carried out using wMP shreds in the as-received condition, as well as after an intermediate
extrusion step. The processing parameters were varied to understand their effects on the
mechanical properties. The tensile, flexural, Izod impact tests were carried out to compare
the material properties. Scanning electron microscopic (SEM) images were taken to assess
the tensile fracture surfaces of the materials.

2. Experimental

2.1. Materials

The primary material of focus in this study is waste mixed plastics (wMP), washed,
shredded, and supplied by PALTECH (Polymer Alloy Technology, Clara, Ireland) [31].
PALTECH takes the plastic wastes originated from food packaging from Tesco Ireland
stores (Dublin, Ireland) [32]. These mixed plastics packaging wastes undergo one stage
of sorting, which is float-sink separation. The wMP that float on water are collected by
PALTECH, therefore these contain mainly polyolefins, having densities lower than water. In
addition to the wMP, segregated individual recycled polyolefins were also investigated such
as recycled low-density polyethylene (rLDPE) and recycled linear low-density polyethylene
(rLLDPE), both in pellet form; recycled high-density polyethylene (rHDPE) and recycled
polypropylene (rPP), both in the form of flakes; and virgin low-density polyethylene
(vLDPE) in pellet form (supplied by PLASTISERVE Ltd., Leeds, UK). The segregated
individually recycled polyolefins will be referred to as “recycled plastics” throughout
the remainder of the paper. As this study investigates recycled plastics, the materials
used are likely to be a blend of multiple grades of each segregated plastic. The materials
used in this study are shown in Figure 1. A block of extrusion moulded wMP, measuring
400 × 10 × 1.5 mm, was also supplied by PALTECH to compare with the wMP shreds
(Figure 1g) and this is referred as ‘extruded block’ in the rest of the manuscript.
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Figure 1. (a) rLDPE pellets, (b) rPP flakes, (c) rHDPE flakes, (d) rLLDPE pellets, (e) vLDPE pellets
and (f) shredded wMP and (g) extruded block.

2.2. Manufacturing

As shown above in Figure 1, the starting materials were in different forms; shredded
and pellets. These materials were directly made into plaques by compression moulding.
An additional plaque was produced by using the extruded block of the shredded wMP
(Figure 1g). This will give a direct comparison if an intermediate extrusion step is required
to melt-mix the shredded wMP into a uniform material before converting them into prod-
ucts by compression moulding. The elimination of any intermediate processing step could
save money and facilitate the reuse and recycling of such low value plastics wastes that
generally end up in landfill.

Plastic plaques were manufactured by compression moulding with a PEI lab 450 hy-
draulic press, using a two-part closed mould (Figure S1). The plastic plaques were of
dimensions 280 mm × 280 mm × 3 mm (Figure 2). The processing cycle used in the
hydraulic press was as follows:

1. Heating from 20 ◦C to 180 ◦C at a rate of 10 ◦C/min.
2. Holding at 180 ◦C for 10 min at 2 bar pressure.
3. Cooling from 180 ◦C to 20 ◦C at 10 ◦C/min at 2 bar pressure.

Some plaques had to undergo additional processing cycles in order to include enough
material in the mould, thereby ensuring that the material quantity is consistent across all
plaques. The amount of additional cycles required for each material varied due to the
difference in the bulk densities of the different material forms (Table 1).

Three sets of studies were carried out with the wMP plaques. In the first set, wMP
were characterised in comparison to both the recycled plastics and vLDPE. In the second set,
the effect of processing pressure was studied on the quality and the mechanical properties
of wMP plaques. The third set compared the mechanical properties of wMP plaques
manufactured using two different processing methods; compression moulding of wMP
shreds, and compression moulding of the extruded wMP block. The three sets of samples
manufactured are described in Table 1.
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Figure 2. Manufactured plaques (280 mm × 280 mm × 3 mm) made from various recycled plastics,
vLDPE, and wMP.

Table 1. Summary of recycled plastics, wMP, and vLDPE plaques manufactured by compres-
sion moulding.

Plaque Material Processing Pressure (bar) No. of Processing Cycles

wMP-2 * Waste mixed plastic 2 4
rLDPE Recycled low-density polyethylene 2 2

rLLDPE Recycled linear low-density polyethylene 2 5
rHDPE Recycled high-density polyethylene 2 2

rPP Recycled polypropylene 2 2
vLDPE Virgin low-density polyethylene 2 4
wMP-6 Waste mixed plastic 6 4

wMP-10 Waste mixed plastic 10 4
wMP-ex Compression moulding (from extruded block) 2 1

* wMP-2 denotes wMP plaque manufactured under 2 bar pressure.

2.3. Test Methods
2.3.1. Density

The density of each plaque was measured using an Ohaus density determination kit.
Six samples were measured from each set. The following equation was used to determine
the density of each sample, and an average was taken for each plaque.

dsample =
mass in air (g)

mass in distilled water (g)
× ddistilled water

( g
cm3

)

2.3.2. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was performed on 5 random wMP
shred samples to identify the various plastics present in it, and to determine the processing
temperature. The analysis was carried out using a Perkin Elmer Pyris Thermal analyser, in
a nitrogen atmosphere from 25 ◦C to 200 ◦C at a heating rate of 10 ◦C/min.
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2.3.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out with a Mettler Toledo, USA
TGA/DSC 1 analyser between 25 ◦C to 600 ◦C at a rate of 10 ◦C/min in a nitrogen atmo-
sphere to determine the thermal stability of the samples over that temperature range. TGA
results were also used to understand if there is any effect from any additives present in the
wMP/recycled plastics on their thermal degradation behaviour. To observe the thermal
stability of the material at the processing temperature (180 ◦C), an isothermal TGA cycle
was run from 25 ◦C to 200 ◦C in air at a rate of 10 ◦C/min and held at this temperature for
1 h before cooling back to 25 ◦C.

2.3.4. Tensile Testing

Tensile testing was used to determine the tensile strength and modulus of each type
of plastic. The tests were carried out following ASTM D638, using six dumbbell-shaped
specimens of Type IV from each plaque. Each sample was loaded at a speed of 5 mm/min
until failure, and the values for the load and extension were recorded using the Bluehill®

testing software (version 3.61).

2.3.5. Flexural Testing

Flexural testing was carried out following ASTM D790 (American Society for Testing
and Materials, West Conshohocken, PA, USA), using six samples from each plaque with
dimensions of 61 mm × 13 mm × 3 mm. The testing speed used was 1.3 mm/min and the
span-to-thickness ratio was 16:1 following the standard.

2.3.6. Impact Testing

Izod impact testing was carried out to determine the impact strength of the plastic
samples. This was carried out following ASTM D256 (American Society for Testing and
Materials, West Conshohocken, PA, USA) and using a CEAST 6545 impact tester with a
5.5 J pendulum.

2.3.7. Microscopy

Scanning electron microscopy (SEM) (JEOL, Tokyo, Japan) was used to examine the
tensile fracture surface of the specimens using a JEOL JSM series instrument. Each sample
was prepared by gold spluttering to increase the conductivity, and the voltage used to
observe the samples was 15 kV. Scanning electron microscopy was also used to see the
quality of consolidation of each plastic plaque.

2.3.8. Statistical Analysis

The results were analysed using statistical methods to determine the significance of
the tensile and flexural test results. As this study focuses on mixed waste plastics, the types
of plastics present per batch varies. A statistical t-test can be used to determine whether
there is a significant difference in the means of two groups of values [33]. Therefore, the
t-test method (unequal variance) was used to determine whether the difference in the test
results was due to the investigation or due to the random nature of using mixed plastics.
The equation used to calculate the t-test value is as follows:

t =
(x1 − x2)√
(s1)

2

n1
+ (s2)

2

n2

where:
t = t-test value
x = sample set mean
s = standard deviation
n = number of samples
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Higher t-test values indicate that there is a significant difference between the two
groups of values. A small t-test value indicates that the groups are similar, and there
is no statistically significant difference between the means. From the t-test, a p-value is
determined through comparison tables. If the corresponding p-value is less than a chosen
value, for example α =0.05 for a 95% confidence interval, or α = 0.01 for a 99% confidence
interval, then the means of the two groups are statistically different.

3. Results and Discussion

The wMP samples were first characterised with DSC and TGA to identify the types of
polymers present and to understand their thermal stability.

3.1. Thermal Characterisation
3.1.1. Characterisation by DSC

Five wMP samples were randomly selected and subjected to DSC. Three representative
DSC curves of the wMP samples are shown in Figure 3. The melting was observed mostly
between 105–135 ◦C, with small melting traces at 170 ◦C in one of the samples. These
results allowed the processing temperature to be set at 180 ◦C.

Figure 3. DSC thermograms showing the heat flow for three samples of wMP.

The melting peaks, and the typical melting ranges of different grades of polyethylenes
and polypropylene observed in literature are shown in Table S1. The plastics identified in
the DSC thermograms of wMP are primarily different grades of PE, with a small trace of
PP in one of the samples.

The DSC data was used to calculate the crystallinity of the as-received plastic samples.
The average crystallinity values are shown in Table S2. The average crystallinity of the
wMP samples was calculated as around 40%. The wMP comprises of different grades of
polyethylene that are commonly used as packaging films. Though some HDPE might be
present, the wMP is mostly composed of different grades of LDPEs. Hence, the average
crystallinity of wMP was found to be very similar to the LDPE samples, both recycled
and virgin.

3.1.2. Thermogravimetric Analysis

The TGA curves in Figure 4 show that the wMP has a marginally lower degradation
onset temperature than the other recycled plastics tested, at around 350 ◦C. This is however
much higher than the processing temperature of 180 ◦C, and hence not likely to cause any
thermal degradation during processing.
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Figure 4. Thermal degradation profile of all materials from 25–600 ◦C in nitrogen.

The isothermal TGA results observed after holding the samples at 200 ◦C for 1 h in
air showed no loss in weight (Figure S2). This indicates that the processing temperature at
180 ◦C is not likely to cause thermal degradation of any of the materials. This also indicates
that there should be no effect on the mechanical properties of the plaques that experienced
additional processing up to 4 cycles.

3.2. Tensile Testing

The tensile properties of the samples, described in Table 1, are given below.

3.2.1. Comparison of wMP, Recycled Plastics, and vLDPE

The representative stress–strain curves, the tensile properties, and the breaking strain
of the wMP samples in comparison to recycled plastic samples and vLDPE (Table 1) are
shown in Figure 5.

The tensile stress–strain curves are typical of ductile thermoplastics. The stress–strain
curve of wMP-2 resembles LDPEs, but the presence of some HDPE and rPP is evident as
the initial slope is higher at the start (Figure 5a).

The tensile strength and modulus of the wMP-2 and other plastics are shown in
Figure 5b. The tensile strength of the wMP is found to be the lowest of all the tested
materials, having a value of 7.3 ± 0.7 MPa. As mentioned before, the wMP-2 plaque
was compression moulded directly from the wMP shreds and the samples were made of
several shreds bonded together. As the shreds are different grades of PE, there is therefore
non-uniformity across the sample, and its performance is dictated by the bonding between
the different shreds. The bonding between the shreds influences the tensile strength of the
material, which will be discussed later in this section. The rHDPE and rPP samples were
also initially in flake form, but these were recycled materials with consistent shape and
size even if the grades were different. The wMP, on the other hand, consisted of different
materials, different grades of materials, different size, shape, and thickness, which created
additional non-uniformity.

The tensile modulus of wMP-2 is lower than that of the rPP and rHDPE, but is higher
than the LDPEs tested (Figure 5b). The increase in modulus of wMP-2 was statistically
significant according to a t-test analysis with p = 0.02 and α = 0.05. This higher modulus
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observed in wMP-2 compared to the rLDPE, rLLDPE, and vLDPE could be to be due to the
effect of rHDPE and rPP present in the mix.

Figure 5. Graphs showing (a) representative tensile stress–strain curves, (b) tensile strength and
tensile modulus, and (c) breaking strain of wMP-2, recycled plastics and vLDPE.

The rLDPE and rLLDPE samples exhibited much higher breaking strains than the
other recycled plastics (Figure 5c). The breaking strain of vLDPE is found to be lower
than that of rLDPE, which might be attributed to the fact that rLDPE contains different
grades of LDPE, some of which are likely to have higher mechanical properties than the
single grade of vLDPE investigated in this study. This highlights the difficulty in directly
comparing virgin with recycled materials, as the recycled materials are likely to contain a
mix of different grades.

LDPE and LLDPE are less crystalline than HDPE and PP and can therefore extend to
higher elongations. This is because the proportion of amorphous regions are higher, which
means that the polymer chains in these regions are able to detangle and uncoil much more
than the crystalline regions, leading to higher elongations before breaking.

The wMP-2 had the lowest breaking strain of all the materials tested except rPP. The
wMP-2 shreds were pressed together during manufacture and there was no melt mixing,
so the individual plastic shreds were just adhered to one another during consolidation.
During tensile testing, the force required to separate the individual plastic shreds was lower
than that required to stretch the individual shreds, therefore the wMP-2 samples failed
with very low elongation.

As wMP batches can vary, it is important to have an understanding about the range of
variation possible in their tensile strength and tensile modulus values. Figure 6 shows the
range of tensile strength and tensile modulus values that covers different grades of virgin
PEs including HDPE. The experimentally measured tensile strength and tensile modulus
values of wMP-2 and the recycled plastics fit well within that range, as shown in Figure 6.
Any variation in the composition of wMP, originating from the PE-based packaging film
wastes, are likely to vary between these two ranges.
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Figure 6. The possible range of variation of tensile strength and tensile modulus values of different
types of recycled polyethylenes, polyethylene-based wMP as well as their measured values.

3.2.2. Comparison of wMP Compression Moulded under Different Pressures

The tensile results of the wMP samples manufactured under three different consol-
idation pressures are shown in Figure 7. The tensile results indicate that increasing the
consolidation pressure of the shredded wMP from 2 bar to 10 bar did not influence the
tensile strength of the wMP samples. Increasing the pressure was found to increase the
tensile modulus by 8% (from 2 bar to 10 bar), but this is not a statistically significant result,
with p = 0.26 and α = 0.05.

 

Figure 7. (a) representative tensile stress–strain curves, (b) tensile strength and tensile modulus, and
(c) breaking strain of wMP processed by compression moulding at different pressures.
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The average breaking strains of the three sets of samples show that increasing the
pressure from 2 to 10 bar increases the breaking strain by 79%. This result was not statis-
tically significant for p = 0.06 and α = 0.05, and the increase might be due to the random
proportion of different materials in the mix.

A schematic is shown in Figure 8 displaying the possible effects that the consolidation
pressure might have on the compaction of the shredded plastics during compression
moulding. This schematic is based on the measured density values of the samples, as
shown in Figure 8. The higher densities indicate a higher level of compaction at higher
consolidation pressures, but that did not influence the tensile properties of the wMP.

Figure 8. Different extents of adhesion between individual wMP shreds due to different consolidation
pressures leading to changes in the densities.

During compression moulding, the wMP shreds melt but they do not flow as happens
in the case of extrusion or injection moulding. Under heat and pressure, the molten material
at the interface of two adjacent shreds fuse together. At higher pressures, it is easier for the
shreds to pack together, facilitating diffusion of molecules from one molten shred to the
adjacent one, allowing for higher compaction and increased density.

3.2.3. Comparison of wMP Manufactured Using Different Processing Routes

The wMP plaques reported above were manufactured by compression moulding of
wMP shreds. As mentioned in Section 2.1, an equivalent wMP plaque was prepared by
compression moulding a pre-extruded wMP block. This block was prepared by extrusion
moulding the wMP shreds into the form of a block. A piece was cut from this extruded block
and compression moulded into a plaque of equal weight and dimensions as the previous
wMP plaque, and using the same processing parameters. This is shown schematically in
Figure 9.

The tensile results of the two sets of samples are shown in Figure 10. The effect of
different processing methods on the tensile properties of wMP are discussed below.

It is evident that the failure behaviours are different in the two samples (Figure 10a).
The wMP-2 exhibited a gradual drop in load after reaching the peak, resulting in a higher
breaking strain (0.0911). While the drop in load in wMP-2-ex was sudden, resulting in a
lower breaking strain value (0.0591). The higher peak load and sudden drop in load in
wMP-2-ex samples indicates that the sample behaved more like a uniform single material
and was able to sustain a higher load before failure.
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Figure 9. Schematic showing the different processing routes of manufacturing the wMP plaques.

 

Figure 10. (a) Representative tensile stress–strain curves, (b) tensile strength and tensile modulus,
and (c) breaking strain of wMP manufactured with different processing methods.

The tensile strength values for both the samples are quite similar, as shown in
Figure 10b. The wMP-2 has a marginally higher tensile modulus, but this value is not
statistically significant, with p = 0.86 and α = 0.05. These results indicate that an intermedi-
ate extrusion step before compression moulding might not have any additional benefit on
the tensile strength and tensile modulus values of the shredded wMP materials. Any inter-
mediate processing step adds a cost to the process, which is not desired while reprocessing
such low-cost waste materials. These results therefore indicate that shredded wMP can
be directly used for producing compression moulded products. The difference in failure
behaviours is explained schematically in Figure S3.

The higher strength wMP shreds in the gauge length of the tensile test specimens get
stretched during tensile testing when the weaker shreds break, or the shreds are pulled out
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from each other. This stretching, breaking and pulling-out of individual plastic shreds one
after another causes the gradual failure of the sample (Figure S3a).

On the other hand, the wMP-2-ex samples were uniformly mixed and the failure
happened suddenly when the sample fractured as a single material, as shown in Figure S3b.

3.3. Flexural Testing

The flexural test results of the investigated materials described in Table 1 are given in
Figure 11 below.

(a) 

 
(b) 

 
(c) 

Figure 11. Flexural modulus of wMP (a) compared to recycled plastics and virgin LDPE, (b) com-
pression moulded under different pressures, and (c) manufactured using different processing routes.

3.3.1. Comparison of wMP, Recycled Plastics, and vLDPE

Similarly to the tensile modulus, the flexural modulus of the wMP-2 samples is lower
than rHDPE and rPP, but is noticeably higher than the other LDPEs, about 33% and 40%
higher than rLDPE and vLDPE, respectively (Figure 11a). The flexural modulus of the
wMP is determined by the inherent rigidity of the individual shreds. As wMP contains
some proportions of HDPE and PP, which have higher crystallinity, it is expected that the
wMP flexural modulus will be higher than the other LDPEs. That is evident in Figure 11a.
In flexural testing, both compressive and tensile forces act on the specimens. Due to the
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nature of the loading, the possibility of the individual shreds being debonded from each
other during testing is less pronounced here than that in the tensile testing.

3.3.2. Comparison of wMP Compression Moulded under Different Pressures

Figure 11b indicates that increasing the consolidation pressure did not affect the
flexural modulus of the wMP samples. During three-point bending, the applied force is
compressive on the top side while tensile on the bottom side of the sample. As mentioned
above, the applied tensile force might not be large enough to separate the shreds as seen in
the case of a tensile test. Therefore, the flexural modulus was not much influenced by the
level of compaction and hence, the level of adhesion between the adjacent wMP shreds was
not the dominant factor. This is supported by the test results as the flexural modulus values
of the samples manufactured under different consolidation pressures were very similar.

3.3.3. Comparison of wMP Manufactured Using Different Processing Routes

The flexural modulus of wMP-2-ex is 32% higher than that of wMP-2, which is sta-
tistically significant for a p-value of 0.0006 and α = 0.001. Therefore, it is clear that an
intermediate extrusion step before compression moulding can significantly increase the
flexural modulus. This can be attributed to the fact that the wMP-2-ex sample is much
more uniform than the wMP-2. During three-point bending, the sample experiences both
tension and compression, and in tensile testing there are only tensile forces. Therefore, it
might be reasonable to assume that extruding the wMP is advantageous for increasing
compressive properties.

3.4. Impact Testing

The impact test results of the investigated materials are given in this section.

3.4.1. Comparison of wMP, Recycled Plastics, and vLDPE

The determination of the impact strength relies on the sample failing under impact.
Many of the materials tested for impact (rLDPE, vLDPE, rLLDPE) did not break with the
applied 5.5 J pendulum and a comparison has been made based on the observed results.

The wMP-2 samples exhibited an impact strength 41% higher than rPP and 74% lower
than rHDPE (Figure S4). It is clear from the error bars that there is a wide variation in
the values measured for rHDPE, but the impact strength of rHDPE was confirmed to be
statistically different from wMP-2 and rPP. The impact testing results showed that rLDPE
had a higher impact strength than rHDPE as the rLDPE sample did not break during testing.
As the highest proportion of polymer in wMP is LDPE, it was therefore expected that the
wMP-2 sample would also have a higher impact strength than rHDPE. The average impact
strength of wMP-2 was in fact lower, therefore the inclusion of other plastics in wMP-2
increased the brittleness of the sample compared to LDPE alone, reducing the impact
strength. This agrees with results found in the literature, such as Shebani’s investigation [28]
which showed that the impact strength of vHDPE/vLDPE blends increased as the LDPE
content increased.

3.4.2. Comparison of wMP Compression Moulded under Different Pressures

The impact strength comparison of wMP manufactured under different consolidation
pressures is shown in Figure S5.

The impact strength of wMP samples at each pressure appears to be similar, with
the average impact strength of wMP-2 only marginally lower. It was confirmed through
statistical t-test that increasing the pressure has no effect on the impact strength, with
p = 0.26 and α = 0.05.
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3.4.3. Comparison of wMP Manufactured Using Different Processing Routes

The impact strength of wMP-2 and wMP-2-ex were compared. The wMP-2-ex sample
did not break during impact testing and so the impact strength could not be measured, as
shown in Figure S6.

LDPE is a ductile and low modulus plastic with high toughness, so is unlikely to break
during impact testing. As wMP are mainly composed of LDPE, it was expected that these
samples also would not break, however this was not the case. It is possible that the wMP-2
sample only broke under impact due to the voids present at the interface of the individual
plastic shreds, which created weak areas in the material. As the voids in wMP-2-ex are
much smaller and more distributed, the voids did not impact the material breaking during
testing. The voids are shown in SEM images in Section 3.5.2.

3.5. Fracture Surface Analysis
3.5.1. Comparison of wMP, Recycled Plastics, and vLDPE

Figure S7 shows the macroscopic tensile failure behaviour of the representative
samples and Figure 12 shows the SEM micrographs of the tensile fracture surfaces of
the samples.

 

Figure 12. SEM images of the fracture surface of tested tensile specimens at ×25 magnification for
(a) wMP-2, (b) rLDPE, (c) rLLDPE, (d) rHDPE, (e) rPP, and (f) vLDPE; showing varying degrees of
stretching and pull-out of individual shreds in wMP, and narrow cross section of rLDPE and rLLDPE.
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In wMP-2 (Figure S7a and Figure 12a), it is observed that some plastic shreds elongated
more than others, which is likely due to the presence of different grades of PE shreds. Some
shreds experience higher pull-outs and stretching during testing than others. Both rLDPE
and rLLDPE showed high elongation during tensile testing as shown in Figure S7b,c. It can
also be seen that both rLDPE and rLLDPE have much narrower cross-sections than the other
samples, which is due to the large amount of necking that occurred during tensile testing
(Figure 12b,c). rHDPE shows some elongation before failure, as observed in Figure S7d and
Figure 12d. From Figure S7e and Figure 12e, it is clear that rPP has a nearly flat fracture
surface without much elongation vLDPE exhibited some extent of necking, as shown in
Figure S7f and Figure 12f, but not as high as rLDPE and rLLDPE.

The higher magnification SEM images of the tensile fracture surfaces in Figure S8a–d
look quite different. Ductile deformations are clearly visible in rHDPE and varying degrees
of stretching is visible in wMP. The SEM images of rLDPE and rLLDPE under higher
magnification (Figure S8b,c) show that both samples appear very similar to wMP-2 rather
than vLDPE (Figure S8f). Although the fracture surface of rPP appeared mostly flat in
Figure S7e and Figure 12e, some micro ductility was observed in Figure S8e. The fracture
surface of vLDPE exhibited a lamellar structure that is different to the other samples, which
was also not observed in the rLDPE sample (Figure S8b), which appears more fibrillar. This
could be due to the difference between virgin and recycled LDPEs or due to the grade of
the vLDPE.

3.5.2. Comparison of wMP Manufactured Using Different Processing Routes

The tensile fracture surfaces of the wMP-2 and wMP-2-ex samples are shown in
Figure 13.

The tensile fracture surface appeared more flat for wMP-2-ex compared to that of
wMP-2 (Figure 13), which is characteristic of a sudden failure (Figure 10a). At a higher
magnification (×750), both samples looked quite similar (Figure 13c,d). This similarity at a
microscopic level could explain the comparable tensile strength despite of the contrasting
failure behaviour.

There are voids visible in both wMP-2 and wMP-2-ex samples (Figure 13e,f), but the
size and distribution of the voids are very different. It is evident from Figure 13e that
the voids present in wMP-2 are bigger in size and mostly concentrated at the boundary
between different wMP shreds, and the areas within individual shreds are relatively free
of voids. This is not the case with wMP-2-ex, as shown in Figure 13f. Here, the voids are
much smaller, but numerous in number and there is no area free of voids.

This difference is expected, as the voids in wMP-2 are more likely to be found between
the different shreds, especially considering the different shrinkage rates of different plastics.
Within the shreds themselves there is less chance of voids as each shred is composed of just
one type of plastic. Conversely in the wMP-2-ex, the wMP is mixed and no large voids are
present as there are no individual shred boundaries. However, in extrusion, there is still
shrinkage to consider, and air pockets present, which led to the formation of smaller voids.

Using the SEM images, and the ImageJ (Fiji) version 2.5 software, the average void
content of the wMP-2 and wMP-2-ex samples were measured. The void content of wMP-2-
ex and wMP-2 were measured as 0.8% and 1.8%, respectively. It was therefore observed
that although the void contents were not very different in wMP-2 and wMP-2-ex, the
distribution of voids was different.
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Figure 13. SEM images of the tensile fracture surfaces of wMP-2 and wMP-2-ex at (a,b) ×25 magni-
fication, (c,d) ×750 magnification, and cross-sections of wMP-2 and wMP-2-ex at ×250 magnifica-
tion (e,f).

4. Conclusions

This research investigated the properties of polyethylene-based waste mixed plastics
(wMP) originating from plastics packaging wastes, comparing its properties to individ-
ually recycled polyolefin materials and virgin LDPE. The effects of different processing
techniques and processing conditions on the mechanical properties of the processed plastic
plaques were also investigated. The thermal degradation of the wMP starts at 350 ◦C in a
nitrogen environment. The wMP did not show any thermal degradation when subjected to
isothermal TGA at 200 ◦C for 1 h in air and this indicated that the processing or reprocessing
of wMP plaques at 180 ◦C are not likely to cause any thermal degradation of the material.
The properties of the wMP fell well within the range of properties of virgin polyethylene
grades (3–33 MPa tensile strength, and 0.4–1.5 GPa tensile modulus). This also gives an
idea about the variation in properties that might be seen between different batches of wMP
samples. The tensile strength of the wMP is found to be closer to LDPE rather than HDPE
and PP. Additionally the failure strains measured in wMP are much lower than rLDPE and
rLLDPE. Therefore, the high ductility of LDPE is not observed in wMP.

The tensile modulus of the wMP is 9% higher than rLDPE, and the flexural modulus is
33% higher, therefore both of these properties improve when using a mix of polyolefins/PE
grades. While processing shredded plastics directly by compression moulding, the consoli-
dation pressure was not found to have any significant effect on the mechanical properties.
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This is an important observation for converting wMP shreds directly into product forms
via compression moulding. Addition of an intermediate processing step of extrusion before
compression moulding was found to have no effect on the tensile properties. However, a
noticeably different failure behaviour was observed. The extra processing step resulted in
an increase in flexural modulus by 32%. The shredded plastics are joined together by fusion
when subjected to compression moulding only. Whereas an intermediate extrusion step
before compression moulding can introduce more intimate mixing between the shredded
materials leading to a more uniform material. Thus, different processing routes can bring
some d±ifferences in their overall performance regardless of similar property values. The
failure of the samples is dictated by what type of loading is applied on them and how
they are manufactured. This scientific understanding can help to decide what might be
the optimum processing route for low-cost packaging wastes avoiding any additional
processing cost.
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and (b) wMP-2-ex during tensile testing.; Figure S4: Izod impact strength (un-notched) of wMP-2 in
comparison to recycled plastics (rPP and rHDPE).; Figure S5: Comparison of Izod impact strength
(un-notched) of wMP manufactured under different pressures.; Figure S6: Comparison of Izod impact
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of (a) wMP-2, (b) rLDPE, (c) rLLDPE, (d) rHDPE, (e) rPP and (f) vLDPE during tensile testing with
additional close up images of (g) rLDPE and (h) rLLDPE, due to the high amount of stretching.;
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Abstract: In this work, we present various evaluations that are key prior field applications. The
workflow combines laboratory approaches to optimize the usage of polymers in combination with
alkali to improve project economics. We show that the performance of AP floods can be optimized
by making use of lower polymer viscosities during injection but increasing polymer viscosities in
the reservoir owing to “aging” of the polymers at high pH. Furthermore, AP conditions enable
the reduction of polymer retention in the reservoir, decreasing the utility factors (kg polymers
injected/incremental bbl. produced). We used aged polymer solutions to mimic the conditions deep
in the reservoir and compared the displacement efficiencies and the polymer adsorption of non-aged
and aged polymer solutions. The aging experiments showed that polymer hydrolysis increases at high
pH, leading to 60% higher viscosity in AP conditions. Micromodel experiments in two-layer chips
depicted insights into the displacement, with reproducible recoveries of 80% in the high-permeability
zone and 15% in the low-permeability zone. The adsorption for real rock using 8 TH RSB brine was
measured to be approximately half of that in the case of Berea: 27 μg/g vs. 48 μg/g, respectively. The
IFT values obtained for the AP lead to very low values, reaching 0.006 mN/m, while for the alkali,
they reach only 0.44 mN/m. The two-phase experiments confirmed that lower-concentration polymer
solutions aged in alkali show the same displacement efficiency as non-aged polymers with higher
concentrations. Reducing the polymer concentration leads to a decrease in EqUF by 40%. If alkali–
polymer is injected immediately without a prior polymer slug, then the economics are improved by
37% compared with the polymer case. Hence, significant cost savings can be realized capitalizing on
the fast aging in the reservoir. Due to the low polymer retention in AP floods, fewer polymers are
consumed than in conventional polymer floods, significantly decreasing the utility factor.

Keywords: polymer flooding; alkali–polymer flooding; chemically enhanced oil recovery;
incremental oil recovery

1. Introduction

The selection of a chemically enhanced oil recovery (cEOR) agent, such as a polymer
or an alkali, is critical for the correct design of technology applications. Polymer flooding
has been implemented in numerous fields [1,2], although its role in reducing residual oil
saturation remains a discussion topic. Due to its high viscosity, a polymer alone cannot
significantly increase the capillary number; however, it can contribute to oil recovery, as its
mobility can be controlled [3]. Polymer technology has been proven to be very effective in
the recovery process using mobility control with multiple field applications [4].

Similarly, field applications of using an alkali alone as an EOR agent resulted in a
lower oil recovery of 1–6% [5]. Although a chemical reaction between an alkali and crude
oil generates in situ saponification, alkali consumption and plugging remain significant
challenges [6–8]. The synergy of alkali and polymer injection can surpass the reported
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limitations of injecting them separately. Schumi et al. [7] and Hincapie et al. [9] reported that
alkali–polymer (AP) slugs offer a higher incremental oil contribution than when injected
alone (alkali/polymer/water) or as separate slugs (alkali after polymer/polymer after
alkali) [10].

Furthermore, laboratory results indicated that less alkali was consumed using an AP
slug than using an alkali slug [11]. One possible reason is that polymer molecules cover the
rock surface to reduce alkali adsorption. Additionally, alkali increases pH and makes the
rock surface charge more negative. This chemical process can hinder polymer adsorption at
the rock surface [10,12]. As a result, more alkali reacts with the crude oil polar compounds
to generate in situ soaps and lower interfacial tension. Furthermore, polymers hold the
injected aqueous-phase viscosity and improve the sweep efficiency.

Project economics play a pivotal role for EOR technology applications. For a highly
complex case such as AP involving multiple chemical agents, the business case for the
project may become unfavorable or hard to justify [13]. With a proper process design, good
recoveries can be observed, and it is possible that economics can be improved [9].

This work focuses on evaluating the synergies of alkali and polymers for a successful
application of the technology in the Matzen field in Austria. For the optimum utility
factor, aging of AP slugs is performed to optimize the project economics. This study is a
continuation of our previous research [13,14], with an emphasis on AP flooding in reservoir
sand packs and reservoir conditions (live oil).

The paper is organized as follows: in the next section, the approach is covered. Then,
the materials and methods are covered, followed by the results and the discussion.

2. Approach

To evaluate the alkali–polymer synergies on recovery and to improve the economics,
the following steps were followed:

• Fluid/rock selection and characterization: one polymer and one alkali type were
selected and characterized. Oil properties were also measured.

• Aging: aging experiments were carried out to evaluate the changes in the long-term
polymer performance in alkaline conditions.

• Micromodel experiments: tests were performed to evaluate the effect of AP in micro-
models with a permeability contrast in a preliminary stage.

• Phase behavior and interfacial tension (IFT) experiments: these supported an under-
standing of the emulsion volumes generated by the fluid–fluid interactions.

• Two-phase core floods: we evaluated recovery at the core scale using various slugs;
experiments were performed in real rock sand packs for live/dead oil conditions.

3. Materials

Reservoir Data: We evaluated alkali–polymers in the 8 Torton Horizon (TH) reservoir
of the Matzen field in Austria in the Schoenkirchen area. As a clastic reservoir, the 8 TH
reservoir is characterized by permeabilities between 150 mD and up to several darcys.
The average porosity is 28–30%, the average net sand thickness is 5 m, and the reservoir
temperature is 49 ◦C.

Oil Data: Oil from the Schoenkirchen S-85 well was used for this work. The oil is
described as moderately degraded. A summary of the main data is presented in Table 1.
Rupprecht [15] reports additional information on the oil. The oil is characterized by 39%
saturated compounds, 42% aromatic, 16% resins, and an asphaltene content of about 3%.
The oil’s saponifiable acids are about 42 μmol/g and the TAN number is 2.14 mg KOH/g.
Dead oil density was measured as 0.931 g/cm3 (20 ◦C) and 0.891 g/cm3 (49 ◦C).
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Table 1. Composition of crude oils used in this work from the 8 TH reservoir.

Property Value

Well Schoenkirchen S-85
TAN [mg KOH/g] 2.14

Saturates [%] 39
Aromatics [%] 42

Resins [%] 16
Asphaltene [%] 3

Saponifiable Acids [μmol/g] 41 (7.5 g/L Na2CO3)
μ (dead oil) @ 49 ◦C [mPa.s] 56

μ (live oil) @ 49 ◦C, 150 bar [mPa.s] 19
ρ (dead oil) @ 20 ◦C/49 ◦C [g/cm3] 0.931/0.891

Synthetic Brines: Softened water produced from the field is envisaged as the injected
water [7,9]. A simplified reservoir brine was composed in g/L of 22.47 NaCl, 0.16 KCl,
0.63 MgCl2*6 H2O, and 0.94 CaCl2*2 H2O, here named 8 TH RSB (reservoir synthetic brine).
Moreover, 8 TH RSB was softened to create a simplified injection water, resulting in a
composition in g/L of 22.62 NaCl, 0.16 KCl, and 1.52 NaHCO3 (buffer capacity), hereafter,
Soft. 8 TH RSB. The pH for the alkali solutions is about 10.5 for 7.5 g/L Na2CO3 and the
water viscosity at 49 ◦C was 0.65 mPa.s.

Alkali and Polymer: Na2CO3 was investigated here, as it is available at lower costs
than other alkali agents. In addition, Na2CO3 is buffered at a pH of 10.2 for the conditions
of the 8 TH reservoir and, hence, does not lead to substantial quartz dissolution (e.g., [16])
and scaling in the production wells accordingly. The high-molecular-weight anionic poly-
acrylamide (HPAM), a KemSweep A-5265 was used as the polymer. Three concentrations
(1400 ppm, 1800 ppm, and 2000 ppm) were used, and polymer solution viscosity and
concentration vary depending on the approach (aged or non-aged samples).

Outcrop Cores: Berea sandstone cores, as well as real rock material, were used for
the experimental evaluations. Berea sandstone is a well-sorted yellowish sandstone with
approximately 87% quartz, 5% feldspar, and 2.6% clay (Table 2). Cores with similar mineral
compositions were used for the evaluations. The average values for Berea cores used in
the two-phase tests were a 2.96 cm diameter, 29 cm length, a porosity of 0.219, and a brine
permeability of 180–220 mD. Outcrop core samples were investigated using Computed
Tomography (CT) scans for inhomogeneities. According to the obtained X-ray Diffraction
(XRD) data, the clay is a mix of 92% kaolinite, 7.5% chlorite, and 0.7% illite by mass. Pore
walls are covered with feldspar or clay, and additional data can be found in the previous
work of Scheurer et al. [17], where cores from the same block were used.

Table 2. Mineral composition of the core material used in this work. Data reported in weight percent.

Core Quartz Kaolinite K-Fsp Calcite Illite/Mica Smectite Peryte Carbonate Dolomite Clay Tot

Berea Outcrop 89 - 7 0.8 - - 0.3 - - 2.9
Real Rock
Reservoir 59.0 3 12 - 2.0 3.0 - 18 - 3

K-Fsp = Potassium feldspar.

Reservoir Material: We performed core floods using sand packs made of real rock
material that was crushed to a uniform sand pile. Material from the reservoir section was
used (Table 2). Sand pack characteristics, such as porosity and permeability, for the specific
cases are presented in a subsequent section.

4. Experimental Methods

Thermal Aging of Polymer Solutions: Polymer solutions for thermal aging studies
were prepared in a glove box under nitrogen atmosphere to ensure an anaerobic environ-
ment reflecting field conditions. The method is described more in detail in [13,14]. The
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aging was conducted in various concentrations. A concentration of 2000 ppm KemSweep
A-5265 solution in Soft. 8 TH RSB brine in the presence of alkali was used for studying the
polymer long-term viscosity performance at various temperatures. In addition, 1850 ppm
and 1400 ppm solutions were used for aging samples for core flood testing, representing
polymer performance down in the reservoir away from the nearby wellbore area. The pH
of the solutions was 10.0–10.2 throughout the aging experiments.

Static Adsorption: Crushed and sieved Berea rock material with a grain size from
125 μm to 250 μm was used for static adsorption tests. 50 g of rock was mixed with 50 g of
200 ppm polymer solution in a jar. Sets of three identical samples were stored at 49 ◦C for
48 h. Afterwards, the polymer solution was filtered through a 5 μm syringe filter to remove
the sand, and the final polymer concentration was determined utilizing Size Exclusion
Chromatography (SEC) measurements. In case of crushed Matzen rock, the grains were
washed from oil by Soxhlet extraction until clean before being used for adsorption tests. A
polymer concentration of 200 ppm was selected for measurement accuracy.

Phase Behavior and IFT Tests: Tests were performed using the modified version of the
procedure adopted by [18,19]. For this study, tests were performed in 60 mL glass tubes.
First, 30 mL of aqueous phase (brine/cEOR) was filled in a precise syringe pump, and
30 mL of dead oil was added on the top. After sealing the tube, formulations were agitated
strongly up and down for fifteen minutes to ensure homogenous mixing. Note that the
oil was used as dead oil (DO) or dead oil mixed with cyclohexane (DOC). Subsequently,
tubes were placed on the racks with temperature control on for 23 days. During the
experiments, high-quality images were taken at specific time intervals to observe changes
in the micro emulsions, if produced. Changes in pH value over time were expected
to provide additional information about formulation reactions between alkali and high
TAN oil. Interfacial tension (IFT Upper Phase/Middle Phase) at the fluids’ interface was
calculated using the volume ratio between the upper phase (UP) and middle phase (MP)
using the approach adopted by Liu et al. [20] and Hincapie et al. [9]. Interfacial tension
data were reported in [13,14]; here, we compare results.

Micromodel Generation and Setup: Within this work, we customized and build a dual-
permeability micromodel to mimic the heterogeneity of the reservoir. Furthermore, this
enables us to screen the displacement efficiency of chemicals in a heterogenous formation.
The micromodel dimensions are 60 × 20 mm, with a permeability contrast of 1:5 between the
two zones. Micromodel generation and characterization were done by the same principle
previously reported by Hincapie et al. [9]. Figure 1 displays the micromodel geometry and
properties accordingly.

Figure 1. Illustration of the heterogenous micromodel used in this work. Top: high-permeability
zone; Bottom: low-permeability zone.

All micromodel experiments were carried out in the same setup reported by Schumi et al. [7].
The setup has an automated schedule feature, which allows us to program the experimental sequence
of events to carry out experiments, eliminating human error and ensuring hardware reproducibility.
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Micromodel Flooding Experiments—Sequence of Events: Figure 2 shows the pore
volume injected for each individual slug used in all experiments. Injection velocity was
1 ft/day Darcy velocity, which translates to 0.2 μL/min.

Figure 2. Summary of the injection sequences utilized for the different micromodel experiments.

Elapsed time, differential pressure, temperature at 4 positions (top, bottom, left, right),
and high-resolution images were recorded during each experiment. Table 3 provides a
summary of the parameters used for the experiments. Computation of saturation pro-
files was performed with an internal software (InspIOR Vision Pro). The software also
enables computation for different sections chosen by the user. In this work, we specifically
distinguished between the high and low-permeability layers as regions of interest.

Table 3. Summary of parameters in micromodel flood experiments performed in this work. Pore
pressure was 1 bar and injection rate 1 ft/day in all cases.

Parameter Unit Experiment 1 Experiment 2 Experiment 3

Temperature ◦C 49 49 49
P - - - 1.85 g/L A−5265 *

Viscosity P mPa.s - - 20

AP - 7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

Viscosity AP mPa.s 25 25 25
* Diluted in synthetic brine 8 TH RSB (g/L): 22.53 NaCl, 0.16 KCl, 0.94 CaCl2*2 H2O, and 0.72 MgCl2*6 H2O **
Diluted in synthetic brine Soft. 8 TH RSB (g/L): 22.62 NaCl, 0.16 KCl, 1.52 NaHCO3.

Core Flood Experiments in Outcrops: For cEOR slug screening, five core floods
(Table 4) were performed in Berea analogue using the core flooding setup reported in
previous work [7,9]. The measured petrophysical properties of Berea plugs were simi-
lar to the targeted reservoir area (shown in the results section). Standard routine core
analysis (RCA) was adopted for the initialization of the core plugs. Brine permeability
was measured using the Darcy approach at three injection rates, while porosity and pore
volume estimation was performed using the Archimedes method. Fresh and dry core
samples were loaded in the Hassler cell, with a radial confining pressure of 30 bar(g). To
displace air/nitrogen from the system, CO2 was flushed for ten minutes against the system
pressure (back pressure regulator) of 10 bar(g). Following, the core was saturated with the
appropriate brine (8 TH RSB (g/L)), with a system pressure of 5 bar(g). After measuring
the permeability at room temperature, the system (oven) temperature was increased to
the target temperature of 49 ◦C to validate permeability at reservoir temperature. After
lowering the system temperature, the core plug was unloaded for porosity and pore volume
estimation. Initial oil/brine saturations were achieved by dead oil flow through injection at
a system pressure of 5 bar(g). The Dean–Stark procedure was applied to the collected fluids
(oil/brine) to validate the visual volumes (saturations). Oil permeability was measured at
three appropriate injection rates and the core sample was stored at target temperature for
4 weeks to age the samples and induce wettability alterations.

111



Polymers 2022, 14, 5508

Table 4. Summary of parameters in Berea outcrop flood experiments performed in this work. Core
orientation was vertical, pore pressure was 5 bar, injection rate was 1 ft/day, and radial pressure was
30 bar in all cases.

Parameter Unit Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

Temperature ◦C 49 49 49 49 49

Chem. Slug 1 * - 1.85 g/L A-5265 -

η Slug 1 (7.94 s−1) mPa.s 20 32 20 - -

Chem. Slug 2 ** -
7.5 g/L Na2CO3 +
1.85 g/L A-5265

(1)

7.5 g/L Na2CO3 +
1.85 g/L A-5265

(2)

7.5 g/L Na2CO3 +
1.4 g/L A-5265 (1)

7.5 g/L Na2CO3 +
1.85 g/L A-5265

(2)

7.5 g/L Na2CO3 +
1.40 g/L A-5265

(1)

η Slug 2 (7.94 s−1) mPa.s 38 25 24 25 24

* Diluted in synthetic brine 8 TH RSB (g/L): 22.53 NaCl, 0.16 KCl, 0.94 CaCl2*2 H2O, and 0.72 MgCl2*6 H2O
** Diluted in synthetic brine Soft. 8 TH RSB (g/L): 22.62 NaCl, 0.16 KCl, 1.52 NaHCO3

(1) Solution prepared
according to aging procedure. (2) Solution prepared without aging procedure.

Core Flood Experiments in Real Rock—Sand Pack Preparation: Three sand pack
experiments were performed using real rock material: two with dead oil and one with live
oil (Table 5). The workflow for sand packs included cleaning the sand material, screening,
matching the petrophysical properties to the target reservoir, and initial saturation of
fluids. Unconsolidated material was crushed to a small particle size and was packed in
Soxhlet extraction apparatus. Sand cleaning was performed by cooking an 80/20 mixture
of chloroform/methanol at 60 ◦C for four days in repeated cycles until solvents were
colorless. After cleaning, sand was dried in an oven at 60 ◦C for two weeks, then sieved
through different mesh sizes to classify different grain sizes. The mixtures of two mesh
sizes of 100–200 and 200–300 were mixed with the 87.5 wt% and 12.5 wt% to achieve the
target permeability. Selected sand was loaded and packed into the Viton tube using a
vibrator table until complete compaction was achieved. The final length of each sand
pack was 30 cm, and they had a diameter of 3 cm. Further initialization and permeability
calculations were similar to that of the core flood. However, porosity/PV estimation
was performed by means of Nuclear Magnetic Resonance (NMR). The sand pack was
fully saturated with methanol and was displaced by the formation brine (8 TH RSB). The
brine/methanol mixture was analyzed by NMR to estimate the produced methanol volume.
Further procedures of oil initialization, oil permeability, and the aging process were similar
to those described in the previous section on core flooding. The used setup and further
details on the approaches were also presented in [9].

Table 5. Summary of parameters for sand pack flood experiments performed in this work. Core
orientation was vertical and injection rate was 1 ft/day.

Parameter Unit Exp. 6 Exp. 7 Exp. 8 (Live)

Temperature ◦C 49 49 49
Pore Pressure Bar 5 5 125

Radial Confining
Pressure bar 30 30 150

Chem. Slug 1 * - 1.85 g/L A-5265
η Slug 1 (7.94 s−1) mPa.s 20 21 19

Chem. Slug 2 ** -
7.5 g/L Na2CO3 +
1.85 g/L A-5265 (2)

7.5 g/L Na2CO3 +
1.4 g/L A-5265 (1)

7.5 g/L Na2CO3 +
1.85 g/L A-5265 (2)

η Slug 2 (7.94 s−1) mPa.s 25 23 29

* Diluted in synthetic brine 8 TH RSB: 22.53 g/L NaCl, 0.16 g/L KCl, 0.94 g/L CaCl2*2 H2O, and 0.72 g/L MgCl2*6
H2O ** Diluted in synthetic brine Soft. 8 TH RSB: 22.62 g/L NaCl, 0.16 g/L KCl, 1.52 NaHCO3.

(1) Solution
prepared according to aging procedure. (2) Solution prepared without aging procedure.

Live Oil Preparation: One of the sand packs was re-saturated with live crude oil
after the completion of the aging process with dead crude oil. Live oil preparation was
performed in a high-pressure/temperature piston accumulator under reservoir conditions
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of 49 ◦C and a system pressure of 115 bar(g), adopting the procedure described in a previous
study [9]. First, 150 mL of dead oil (S-85) was added to the piston accumulator; after sealing
the piston, high-purity (4.5) methane gas was refilled in the piston to the target pressure
of 115 bar (g). Dissolution of methane gas in dead oil was initiated by rotating the piston
up and down. Gas dissolution resulted in lowering the system pressure, and the required
pressure support was provided by an ICSO pump connected to the piston with a contact
pressure mode. Equilibration and dissolution were established over a period of three days.
In the end, the excessive amount of gas was bled off with help of a back pressure valve
pre-set at 116 bar (g).

Core Flooding Experiments—Sequence of Events: Multiple fluid slugs were injected
at an interstitial velocity of 1 ft/day, as shown in Figure 3. First, brine (8 TH RSB) was
injected as slug 1 for all experiments for a 1.6 pore volume (PV) as a secondary mode.
Second, polymer flooding was implemented as slug 2 (except Exp. 4 and Exp. 5) and was
defined as a tertiary mode. Third, the alkali–polymer chemical slug was injected as a post
tertiary mode (except Exp. 4 and Exp. 5) for 2 PV. Lastly, brine injection was implemented
for 2 PV as a final slug for all experiments (diluted in synthetic brine 8 TH RSB). Core
plugs/sand packs were unloaded after the flooding experiments to perform the Dean–Stark
procedure. Final saturations (recovery factors) of the fractions’ collector samples were
validated with Dean–Stark volumes. Core flood effluents from core plugs/sand packs were
collected in small glass fraction tubes to perform volumetrics and to generate the produced
oil recovery curve versus injected PV. Moreover, pressure differential data were recorded
for all injected slugs.

 

Figure 3. Injection sequences for the different core flood experiments utilized in this study.

5. Results

Thermal Aging: Long-term aging in the alkaline conditions was studied to find out
the long-term polymer performance in AP applications. A rapid increase in the viscosity
of the 2000 ppm solutions was observed during the first days at elevated temperatures
(Figure 4A). The increase was linked to a fast change in the degree of hydrolysis providing
a positive impact on viscosity in the soft brine. A more detailed description of the studies
can be found in [13,14]. Even though the field temperature in Matzen is 49 ◦C, the aging
was also carried out at 60 ◦C and 70 ◦C to accelerate the aging. We showed in [13,14] that
the activation energy Ea = 110 kJ/mol, determined earlier for HPAM hydrolysis in neutral
pH 6–8. Nurmi et al. [21] also applied it in the case of a high pH. With the knowledge of the
activation energy, the aging results measured at one temperature can be transferred to the
prediction at another temperature with the method described by Nurmi et al. [21]. Based
on the activation energy, or Ea = 110 kJ/mol, the viscosity retention results in Figure 4A
have been transferred to a corresponding time scale at 49 ◦C in Figure 4B.
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Figure 4. Aging results. Anaerobic 2000 ppm KemSweep A-5265 solutions in Soft. 8 TH RSB brine
in the presence of alkali. (A) Aging in temperatures of 49 ◦C (dark blue), 60 ◦C (orange), and 70 ◦C
(green). (B) aging results transferred to corresponding days at 49 ◦C. Black arrows indicate the point
in time for the sampling of aged samples used in the core flood and adsorption testing.

The results suggest that the polymer gains viscosity up to 170% of the original viscosity
in the present conditions within 1–2 months’ time. This indicates that the concentration
for the injection could be lowered from the original planned concentrations to achieve the
viscosity target. The viscosity of the polymer solution increases and reaches the target
viscosity in the reservoir away from the wellbore. In order to compare the performance
of the polymer after aging to a fresh polymer, samples at two different concentrations,
1850 ppm and 1400 ppm, were aged. The polymers were aged for 7 days at 70 ◦C in fully
anaerobic conditions before using them in core flood or adsorption testing. These 7 days
at 70 ◦C correspond to approximately 90 days at 49 ◦C. At this point, the viscosity has
reached a level at which the rate of change is already very low [13,14]. The sampling point
(aged samples) is indicated with black arrows in Figure 4A,B. The initial viscosity and
viscosity after aging are shown in Table 6 for all the studied concentrations. A similar
increase in viscosity, ~170%, was observed irrespective of the studied concentration. The
target polymer viscosity in the application was set to 20 mPas. As seen in Table 6, this
viscosity is reached with 1850 ppm of fresh polymer and with 1400 ppm of polymer that
has aged in the AP conditions. Our results show that the acrylic acid content (degree of
hydrolysis) increases rapidly. In contrast to observations at pH 6–8 (Nurmi et al. 2018),
the hydrolysis rates are clearly not constant, but instead hydrolysis rates decrease over
time. The decreasing polyacrylamide hydrolysis rate is explained by auto retardation: the
hydrolyzing reagent at a high pH is an anionic OH- ion which is increasingly repelled by
the anionic polymer as the charge content in the polymer chain increases.

Table 6. Summary of concentrations and viscosities used here. Viscosity increases after aging,
averaging 165%.

Polymer Concentration
Viscosity in Soft. 8 TH
RSB + Alkali (mPas)

Viscosity after Aging in
Soft. 8 TH RSB +

Alkali (mPas)
Increase in Viscosity

2000 24.6 41.7 168%
1850 20.5 34.4 168%
1400 12.0 20.4 170%

Static Adsorption: Static adsorption experiments were carried to obtain insight into
the adsorption phenomenon as a function of changing brine, pH, polymer charge, and rock
material conditions. The results are presented in Figure 5. The trend in crushed Berea is
clear. The adsorption decreases as the brine gets softer and the pH increases. Increasing
the charge of the polymer in the softened brine conditions also appears to continue the
positive trend. The lowest adsorption value measured was 19 μg/g. Adsorption in the
actual cleaned Matzen rock material indicates even lower values. The adsorption in the 8
TH RSB brine was measured to be approximately half of that in the case of Berea: 27 μg/g
vs. 48 μg/g, respectively. When applying the softer water with a pH increase in the Matzen
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rock, the adsorption could be expected to go even lower than with Berea, assuming a
similar response to the change in conditions, as in the case of Berea. These values were
not measured. Further considerations on the adsorption in the absence of oil can be found
in [13,14].

Figure 5. KemSweep A-5265 static adsorption in different conditions in crushed Berea and
cleaned/crushed Matzen rock.

Phase Behavior and IFT Tests: The data gathered include samples using dead oil
(DO) or dead oil mixed with cyclohexane (DOC). From Figure 6A, a slight reduction in the
pH-value of all formulations can be observed for the test period. This reduction in pH value
was expected due to the chemical interactions between alkali and oil polar compounds.
Over time, more alkali was neutralized with oil polar compounds and, hence, resulted
in lowering the pH value. Considering the lower amount of alkali required and in order
to hinder the possible alkali/polymer adsorption, a 7.500A-P(DOC) formulation was the
optimum one and resulted in lowering the pH value. Figure 6B presents the reduction in
produced emulsions over 23 days. The reduction in volume let us infer that the produced
emulsions were instable. Moreover, the 7.500A-P(DOC) formulation produced a greater
emulsion volume during the initial seven days. However, during the first two days, the
15.000A-P(DO) formulation produced the highest volumes of emulsions, but these were
not stable and decreased the emulsion volume rapidly. Figure 7A,B presents the reduction
in IFT for the chemical formulations. The observed decline in IFT was similar to that of
the reduction in emulsion volume. The IFT calculation was performed using Chun Huh
equation [20] (Table 7). Compared to our previous study [9], the IFT measured using the
Chun Huh equation was in line with the spinning drop tensiometer. Hence, a lower amount
of alkali in the 7.500A-P(DOC) formulation also depicted a good result in lowering the IFT
to an order of 10−2. As can be seen from Figure 6, there was reproducibility in the lowering
of the IFT in the experimental data for the phase behavior.

Micromodel Flooding Experiments: The micromodel experiments were performed
stepwise to investigate the behavior of the fluid–fluid interactions. Without changing the
injected fluid composition, we added additional slugs in each iteration of the experiments,
as displayed in Figure 2.
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(A) (B) 

Figure 6. Change in pH value and emulsion volume over time for the phase behavior tests at different
concentrations of chemicals. (A) Change in chemical formulation over number of days. (B) Change
in produced emulsion volume over number of days. A refers to alkali concentration in ppm, P stands
for polymer concentration of 1850 ppm, (DOC) represents dead oil with cyclohexane, and (DO)
represents dead oil.

 
(A) (B) 

Figure 7. IFT variation over time (days) for the tested formulations in the phase behavior tests. (A)
IFT versus time for various concentrations and (B) IFT versus time for 10,000 AP to show the data
reproducibility. A refers to alkali concentration in ppm, P stands for polymer concentration of 1850
ppm, (DOC) represents dead oil with cyclohexane, and (DO) represents dead oil.

Table 7. Summary of volume relation from phase behavior and IFT for 7500 ppm A and AP deter-
mined using the Chun Huh equation (Liu et al. 2008) for alkali and alkali–polymer in 10 mL oil
sample. IFT = Ratio Vphase/Vphase * c, c = 0.3 nM/m (Liu et al. 2008)—correction factor. Lower
phase = water, middle phase = emulsion, upper phase = oil.

Time
[Days]

Lower Phase
(LP) Vol.
[ml/mL]

Middle
Phase (MP)

Vol. [ml/mL]

Upper Phase
(UP) Vol.
[ml/mL]

Ratio
VMiddle Phase
VLower Phase

[–]

IFT MP/LP

[mN/m]

Ratio
VMiddle Phase
VLower Phase

[–]

IFT UP/MP

[mN/m]

A

7 0.000 0.9674 0.033 5.979 1.7940 1.4705 0.4412
10 0.091 0.5413 0.368 1.203 0.3611 0.9742 0.2922
16 0.331 0.3987 0.409 1.189 0.3567 0.9225 0.2768
17 0.321 0.3816 0.414 1.166 0.3499 0.8879 0.2664
18 0.317 0.3697 0.416 1.113 0.3339 0.7543 0.2263
21 0.294 0.3272 0.434 5.979 1.7940 1.4705 0.4412
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Table 7. Cont.

Time
[Days]

Lower Phase
(LP) Vol.
[ml/mL]

Middle
Phase (MP)

Vol. [ml/mL]

Upper Phase
(UP) Vol.
[ml/mL]

Ratio
VMiddle Phase
VLower Phase

[–]

IFT MP/LP

[mN/m]

Ratio
VMiddle Phase
VLower Phase

[–]

IFT UP/MP

[mN/m]

AP

5 0.4137 0.0721 0.5142 0.1742 0.0523 0.1401 0.0420
8 0.4518 0.0375 0.5108 0.0829 0.0249 0.0734 0.0220
12 0.4755 0.0141 0.5104 0.0297 0.0089 0.0277 0.0083
18 0.4895 0.0013 0.5092 0.0026 0.0008 0.0025 0.0007
20 0.4902 0.0013 0.5085 0.0026 0.0008 0.0025 0.0007
23 0.4892 0.0003 0.5105 0.0006 0.0002 0.0006 0.0002

In Table 8, the results are summarized and broken down into the obtained RF for each
slug injection. Thus, we can quantify the efficiency of the injected chemical. Additionally, vi-
sual access through microfluidic technology gave us insights into the observed mechanisms
during flooding. Most importantly, the impact of the cEOR fluids in the low-permeability
layer and its desaturation behavior give a deeper understanding of recovery mechanisms.
In the following section, the experiments are presented and discussed in detail.

Table 8. Summary of results obtained for micromodel flood experiments performed in this work. Pore
pressure was 1 bar and injection rate was 1 ft/day in all cases. Temperature, 49 ◦C. High-permeability
zone refers to 6 darcys and low-permeability zone to 1.5 darcys.

Parameter Units Experiment 1 Experiment 2 Experiment 3

Polymer (P) - - - 1.85 g/L A-5265 *
η Polymer (7.94 s−1) mPa.s - - 20

Alkali–Polymer (AP) - 7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

7.5 g/L Na2CO3 +
1.85 g/L A-5265 **

η AP (7.94 s−1) mPa.s 25 25 25
So initial % 82 84 81
So final % 40 46 37

RF (Brine) % not applicable 21 25
Add. RF (P) % not applicable not applicable 5

Add. RF (AP) % 49 25 23
Add. RF (Brine) % 2 1 1

* Diluted in synthetic brine 8 TH RSB: 22.53 g/L NaCl, 0.16 g/L KCl, 0.94 g/L CaCl2*2 H2O, and 0.72 g/L MgCl2*6
H2O ** Diluted in synthetic brine Soft. 8 TH RSB: 22.62 g/L NaCl, 0.16 g/L KCl, 1.52 NaHCO3.

In Exp. 1, the AP slug was injected in secondary mode to obtain a general idea about
the fluid–fluid interactions between the AP and oil. The injection of the AP slug yielded an
RF of 49% within the entire chip. This moderate desaturation performance is due to the
remaining oil saturation (Sor) in the low-permeability zone. Thus, the analysis of the results
focused on both regions separately.

Figure 8a,b shows the saturation, pressure differential, and RF curves for Exp. 1.
Differential pressure increases until a breakthrough is reached and stabilizes during further
injection. Desaturation behaves according to the pressure response. Further injection
recovers additional oil over time, and after 1 PV is injected, another drop in Sor is observed.

The post flush with brine showed no effect on oil displacement; yet, we observed an
increase in differential pressure. From Figure 9 we observed a “light brownish” phase that
was mobilized during the brine injection. The residual AP at the boundaries that remains
within the porous structure further reacts with the oil; once the brine is injected, it manages
to mobilize the oil at the boundaries. This lets us infer that the post flush displacement is
not as effective as it is for a pure AP solution, thus leading to a brownish-colored phase.
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Figure 8. Summary of results obtained for Exp. 1 in micromodel experiments. (a) Oleic saturation,
Recovery Factor (RF), and pressure differential for the entire chip and (b) RF of low-permeability
zone vs. RF of high-permeability zone.
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Figure 9. During brine injection, the remaining AP inside the porous structure reacted with the oil
and the brine was displaced by an emulsion (light brown), resulting in an increase in pressure.

From the visual access, we gained insights into the displacement behavior and effi-
ciency of the AP at different permeability layer boundaries. In Figure 10, we have selected
images at different stages of injection. The images on the left show the micromodel as it was
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photographed during the experiment and the images are processed with highlighted areas
of displacement. We see that the AP has an RF of 87% from the high-permeability region,
while the RF in the low-permeability region is only 14%. The efficient recovery from the
lower layer is due to the AP, which favors IFT reduction and improvement of the mobility
ratio. Recovery from the low-permeability layer happens in a slow and continuous manner.
Low-permeability areas that are in contact with the AP are the ones where Sor is reduced,
namely, at the injection site and where the two layers meet in the middle.

0.0

0.3

AP slug filtering through the up-
per part of the high-permeability 
layer and reaching breakthrough 
after 0.3 PV injected.

1.0

After 1 PV injected, AP slug has 
displaced most of the oil from the 
high-permeability layer. “Wash 
out” from the low-permeability 
layer visible.

1.4

Maximum recovery from high-
permeability layer is reached and 
over time AP is able to recover 
more from the boundaries be-
tween layers.

0.5

Remaining AP resides within 
pore structure and post flush 
brine injection is able to recover 
slightly more oil from the low-
permeability zone (red).

2.0 Further brine injection has no im-
pact on recovery.
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Figure 10. Displacement fronts during each slug injection in Exp. 1 (left: segmented images after
analysis; right: post-edit images highlighting displaced area).

For Exp. 2 (Figure 11) we introduced a brine injection prior to the AP. The first brine
injection yielded an RF of 21%, followed by the AP slug, which recovered an additional
25%. The pressure differential increased almost twofold when injecting the AP; yet, after
all the oil was mobilized, injectivity improved and reached values even below the previous
brine injection. The final post brine flush did not recover barely any additional oil (1%),
and the pressure dropped slightly further. Looking at the recovery from the two layers
separately, the scenario in Exp. 2 shows a slightly worse performance compared to Exp. 1.
In the high-permeability layer, the AP reached an additional RF of 45% after brine, while
5% was recovered from the low-permeability layer by the AP. Overall, the injection of the
AP in secondary mode has been shown to be more effective in terms of the RF, and the
“wash out” from the low-permeability zone at the layer boundaries was more efficient.

119



Polymers 2022, 14, 5508

 
(a) 

-10

0

10

20

30

40

50

60

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

P
re

ss
ur

e 
D

if
fe

re
n

ti
al

 / 
(m

b
ar

)

O
le

ic
 P

ha
se

 S
at

ur
at

io
n 

Fr
ac

ti
o

n 
/ 

(m
L/

m
L)

Pore Volumes Injected Total / (mL/mL)

Exp 2 - 7.5g/L Na2CO3 + 1.85g/L Kem5265 - Oleic Saturation

Exp 2 - 7.5g/L Na2CO3 + 1.85g/L Kem5265 - Recovery Factor

Exp 2 - 7.5g/L Na2CO3 + 1.85g/L Kem5265 - Pressure Differential

Alkali-Polymer Brine Brine 

(b) 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

R
ec

o
ve

ry
 F

ac
to

r /
 (-

)

Pore Volumes Injected Total / (mL/mL)

Exp 2 - Recovery Factor High Permeability Zone

Exp 2 - Recovery Factor Low Permeability Zone

Alkali-Polymer Brine Brine 

Figure 11. Summary of results obtained for Exp. 2 in micromodel experiments. (a) Oleic saturation,
Recovery Factor (RF), and pressure differential for the entire chip and (b) RF of low-permeability
zone vs. RF of high-permeability zone.

For comparison, in Exp. 3 (Figure 12) we targeted the experimental procedure as in Exp.
1, Exp. 2, and Exp. 3 from the core flooding section. The initial brine injection recovered
25%, followed by the polymer, which yielded only a 5% higher RF. The subsequent AP
injection showed an additional 23% in RF and almost none in the post brine flush.

The pressure differential response showed an expected increase during the polymer
injection. Once the oil bank was moved, the pressure declined. As soon as the AP slug
entered the model, the pressure differential increased due to the mobilization of the oil; a
decrease was then observed right away, thus improving injectivity. The final post brine
flush slightly reduced the pressure, and the remaining AP within the pores was washed
out by brine, which added a 1% increase in RF.
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Figure 12. Summary of results obtained for Exp. 3 in micromodel experiments. (a) Oleic saturation,
Recovery Factor (RF), and pressure differential for the entire chip and (b) RF of low-permeability
zone vs. RF of high-permeability zone.

When looking at the layers separately, brine recovered 42% from the high-permeability
layer and 1% from the lower-permeability layer. The polymer yielded an 11% RF from the
higher layer and 0% from the lower-permeability layer. Only when the AP is injected, the RF
from the lower-permeability layer is improved by 9%, while 32% is additionally recovered
from the high-permeability zone. In summary (Figure 13), the overall RF was highest in
Exp. 3 when all slugs were deployed, resulting in 54%. Secondary mode injection proved
to be the most effective to displace oil from the low-permeability region and is second best
in overall RF at 51%. Tertiary mode without a prior polymer injection yielded the lowest
overall RF of 46%, with the least impact on recovery from the low-permeability layer.
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After 1.4 PV of brine injection re-
covery only occurs in the high-per-
meabiliyt layer with an RF of 42%. 

 1.0 

 

 

Polymer injection yielded an addi-
tional 11% from the high-permea-
bility layer and had no impact on
low-permeability layer.  

 

0.3 

  

Compared to Exp. 1, AP slug travels
significantly slower. Wash out in
contacted area is slightly improved
but at 0.3 PV injected, Exp. 1 recov-
ered more.  

1.2 

  

After 1.2 PV injected, the same be-
havior is observed as in Exp 1. After
recovering oil from the high-perme-
ability layer, AP reacts at bounda-
ries with low-permeability layer. 

1.5 

  

Wash out mechanism continues
and recovers only a little amount
from the low-permeability layer.  
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Post flush brine injected showed no
additional recovery toward low-
permeability layer. 

Figure 13. Displacement fronts during each slug injection in Exp. 3 (left: segmented images after
analysis; right: post-edit images highlighting displaced area).

Core Flood Experiments in Outcrops: Table 9 provides the summary of the flooding
experiments performed in the Berea samples. Exp. 1 and Exp. 2 compared the role of the
aging process for AP formulation as shown in Figure 14a,b. The oil recovery factors from
brine flood in secondary mode were the same (≈3% difference). Interestingly enough, a
similar trend of oil recovery (≈0.2% difference) from polymer flood was observed. The AP
slug viscosity for Exp. 1 (38 mPa.s) is significantly higher than the one in Exp. 2, due to
the thermal aging of the samples, which we previously reported in [13,14]. However, there
was no significant oil recovery difference from the AP slugs in both experiments.

Table 9. Summary of results obtained for Bentheimer outcrop flood experiments performed in this
work. Core orientation was vertical, pore pressure was 5 bar, injection rate was 1 ft/day, and radial
pressure was 30 bar in all cases. Viscosities are taken at 7.94 s−1.

Parameter Unit Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

Temperature ◦C 49 49 49 49 49
Slug 1 g/L 1.85 P * 1.85 P * 1.85 P * - -
η Slug 1 mPa.s 20 20 20 - -

Slug 2 * g/L 7.5 A + 1.85 P
(aged) (1) 7.5 A + 1.85 P 7.5 A + 1.4 P

(aged) (1) 7.5 A + 1.85 P 7.5 A + 1.4 P
(aged) (1)

η Slug 2 mPa.s 38 25 24 25 24
Length cm 30.00 30.00 29.90 30 30.1

Diameter cm 3.81 3.80 3.81 3.81 3.80
Bulk Volume cm3 342.07 343.94 342.02 343.94 341.37

PV cm3 75.10 77.54 75.97 71.67 70.38
Porosity % 22.0 22.5 22.0 22.2 20.5

Perm. (kw) mD 271 277 269 369 356
Oil Sat. Init. % 65 67 67 0.71 0.70

RF brine % 42.5 45.6 38.8 41 43
RF Polymer % 4.9 4.7 2.0 -

RFAP % 13.3 12.4 17.6 27 26.7
RF Brine % 0.9 1.0 1.1 2 1.4

* Diluted in synthetic brine 8 TH RSB: 22.53 g/L NaCl, 0.16 g/L KCl, 0.94 g/L CaCl2*2 H2O, and 0.72 g/L MgCl2*6
H2O. (1) Solution prepared according to aging procedure. P = A- 5265 A = Na2CO3 PV = Pore Volume.
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(a) 

(b) 

Figure 14. Oleic-phase saturation fraction/Pressure differential versus pore volumes injected total
for the different slugs for core floods in Berea outcrops. (a) Reduction in oleic-phase saturation versus
PV of slugs injected in Berea outcrops with crude dead oil initialization. (b) Pressure variation versus
PV of injected slugs in Berea outcrops with dead oil initialization.

As expected, the pressure drop of the AP slug in Exp. 1 was higher than in Exp. 2, due
to the formulation’s higher viscosity. This comparison let us infer that lowering the polymer
concentration for thermally aged AP slugs is required to adjust the viscosity to 25 mPa.s.
Lowering the polymer concentration from 1850 ppm to 1400 ppm for the thermally aged
AP slug resulted in the required viscosity value. Contrary to the first two experiments,
the brine flood and polymer flood resulted in lower oil recovery for Exp. 3, but the AP
injection performed better, as shown in Figure 15. One possible reason could be that more
oil saturation remained in Exp. 3 before the AP injection. Furthermore, slightly higher
pressure drops were observed for all slugs in Exp. 3 compared to the first two experiments
and can also be the result of higher residual oil saturation; this higher saturation of the oil
resulted in the increase in pressure resistance at the inlet.

 

Figure 15. Recovery factor versus pore volumes injected total for the different slugs for core floods in
Berea outcrops.

A comparison of Exp. 2 and Exp. 3 showed the potential in lowering the polymer
concentration from 1850 ppm to 1400 ppm in the AP slug and, furthermore, to perform the
slug aging process prior to injection to achieve the desired slug viscosity. Moreover, the
comparison between Exp. 1 and Exp. 3 concludes that lowering the 450 ppm concentration
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reduces the oil recovery factor to only 2%, which falls within the marginal error of exper-
imental repeatability. This reduction in the polymer concentration showed the potential
to improve the utility factor (utility factor UF = kg of polymer injected/incremental bbl.
oil produced by reducing the required number of polymers). Furthermore, lower pressure
drops of the AP slug for Exp.3 were observed compared to Exp. 1, which could also
improve the injectivity in field-scale applications.

Exp. 4 and Exp. 5 were only performed with an AP slug after a brine flood. The RF of
the brine flood was in line with the previous experiments, but the AP formulation efficiency
was better than the previous three experiments and resulted in 27% additional oil recovery.
Exp. 4 and Exp. 5 concluded that, without a polymer slug prior to AP, the chemical
interactions between the oil and the formulations were effective; hence, they resulted in
better phase behavior interactions. Moreover, pressure drops for both experiments (4 and 5),
as shown in Figure 14 were much lower than the previous experiments due to the absence
of the pre-polymer slug. The oil recovery factor/reduction in oil saturation and pressure
drop comparison between Exp. 4 and Exp. 5 confirmed that a good utility factor can be
achieved by the aging process of the low-concentration AP slug.

Core Flood Experiments in Real Rock: Selected formulations from core flood experi-
ments were further injected in reservoir sand packs, as shown in Figure 16 and Table 10.
Contrary to the core flood experiments, the difference for the brine flood recovery factors of
two sand packs (Exp. 6 and Exp. 7) was higher. The brine flood in the first two sand packs
resulted in an almost 10% difference in oil recovery; however, the pressure drop data for
both experiments were in line. One possible reason could be the different porosity of both
sand packs. For screening purposes, the target was to match the permeability of the sand
packs to the target reservoir permeability (300 mD). Similarly, regarding the AP chemical
slugs of both experiments with almost the same bulk viscosity (≈24 mPa.s), the aged slug
had a significantly lower oil recovery but resulted in a significantly higher pressure drop.

(a) 

 
(b) 

Figure 16. Oleic-phase saturation fraction/Pressure differential versus pore volumes injected total
for the different slugs for core floods in real rock sand packs. Exp. 6 and 7 performed with dead oil
and Exp. 8 with live oil. (a) Reduction in oleic-phase saturation versus PV of slugs injected in Berea
outcrops with crude dead oil initialization. (b) Pressure variation versus PV of injected slugs in Berea
outcrops with dead oil initialization.
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Table 10. Summary of results obtained for sand pack flood experiments performed in this work. Core
orientation was vertical and injection rate was 1 ft/day Viscosities are taken at 7.94 s−1. Experiments
performed at 49 ◦C.

Parameter Unit Exp. 6 Exp. 7 Exp. 8 (Live)

Pore Pressure Bar 5 5 125
Radial Pressure bar 30 30 150

Slug 1 g/L 1.85 P * 1.85 P * 1.85 P *
η Slug 1 mPa.s 20 21 20

Slug 2 * g/L 7.5 A + 1.85 P 7.5 A + 1.4 P
(aged) (1) 7.5 A + 1.85 P

η Slug 2 mPa.s 25 23 24
Length/Diameter cm 29.60/2.99 30.35/2.99 30.55/2.99

Bulk
Volume/PV cm3 207.73/69.2 213.10/88.0 214.51/73

Porosity % 33.3 41.3 34
Perm. (kw) mD 297 230 286

Oil Sat. Init. % 69 64 64
RF brine % 47.3 37.6 50

RF Polymer % 2.5 0.9 0
RFAP % 14.6 7.4 8

RF Brine % 0.8 0.1 0
* Diluted in synthetic brine 8 TH WTP: 22.53 g/L NaCl, 0.16 g/L KCl, 0.94 g/L CaCl2*2 H2O, and 0.72 g/L MgCl2*6
H2O. (1) Solution prepared according to thermal aging procedure. P = A − 5265; A = Na2CO3; PV = Pore Volume.

Based on the promising oil recovery results, the chemical formulations of Exp. 6 were
injected into the sand pack using live oil. The injection was performed under reservoir
conditions presented as Exp. 8 in Figures 16 and 17. The RF from BF with live oil was higher
compared to Exp. 7 but closer to Exp. 6. However, the polymer slug did not contribute
any oil and the AP slug contributed to an additional 8% oil recovery. The additional oil
contribution from the AP slug was similar to the thermally aged AP slug in Exp. 7. Hence,
a comparison of the AP slugs between Exp. 7 and Exp. 8 let us conclude that the thermal
aging could help to reduce the polymer amount required and contribute to additional
oil recovery.

Figure 17. Recovery factor versus pore volumes injected total for the different slugs for core floods in
real rock sand packs. Exp. 6 and 7 performed with dead oil and Exp. 8 with live oil.

Economic Efficiency: To evaluate the economic efficiency of the various chemical
agents, utility factors (UF = kg chemicals injected/incremental oil production) can be
calculated for the core flood experiments. Here, we assume the injection of 1 PV of alkali–
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polymer, and the incremental oil recovery of the alkali–polymer slug observed. Note that
we injected 1.5 PV in the laboratory to be sure that the displacement by the AP is complete.
However, even considering dispersion, it is not necessary to inject more than 1 PV. That is
why we used 1 PV for the one-dimensional EqUF calculation. Including the costs of the
chemical agents, an Equivalent Utility Factor (EqUF) can be calculated:

EqUF =

mP∗PP+mC∗PC+mA∗PA+......
PP

NPinc

[
kg
bbl

]
(1)

where m is the injected mass in kg of the individual components, P is the price of a
component in USD/kg, and NPinc is the incremental oil recovery in bbl. Subscripts are P
for polymer, C for co-solvent, and A for alkaline. If more components are utilized—e.g.,
a surfactant—the equation should be extended to n components. Here, we assume an
Na2CO3 cost of 0.24 USD/kg and a polymer cost of 2.5 USD/kg. For the sake of simplicity,
we focus here on comparing the experiments performed in outcrops.

The EqUFs for the injection of the aged and non-aged polymers with alkali for experi-
ments 1–5 are shown in Figure 18. The EqUFs can be used to compare different chemical
agents. Figure 18 shows that higher EqUFs are observed for experiments in which the
aging of the polymer in an alkali solution in the reservoir was not accounted for. Reducing
the polymer concentration in Experiment 3 (Figure 18) leads to a decrease in the EqUF
by 40%. If the alkali–polymer is injected immediately without a prior polymer slug, then
the economics are improved by 37% compared with the case (comparing Experiment 5 to
Experiment 3). This is a good indication that it is beneficial to inject the alkali–polymer
immediately rather than to start chemical EOR with a polymer injection. In the field test
planned for the 8 TH reservoir, an area has been selected with an ongoing polymer flood
for operational reasons, the roll out will be in an area of the field which is operated using
waterflooding. The UFs of the polymer flood prior to the alkali–polymer are high, ranging
from 9 kg/bbl. to 16 kg/bbl. for Experiments 1 to 3. The reason is the limited incremental
oil observed in the experiments for polymer flooding. This shows the potential of the
alkali–polymer EOR for reactive oils.

Figure 18. Equivalent utility factor (EqUF) for the experiments. The EqUF shown here reflects the
incremental oil produced by the alkali–polymer slug and the mass of chemicals injected during this
slug, assuming 1 PV injection. The polymer EqUF is the part of the overall EqUF related to the mass
of the polymer injected during the injection of the AP slug, whereas the alkali EqUF reflects the
cost-normalized mass of the alkali injected during the AP slug injection.
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6. Discussion

Alkali–polymer injection is a promising technology to increase oil recovery in fields
containing reactive oils. The initially generated soaps of the alkali with the reactive com-
ponents of the oil can be measured to determine the amount of soap generated as a
function of pH and the minimum required alkali concentration [22]. IFT measurements and
phase behavior tests can be used to evaluate the presence of stable Windsor III emulsions
(e.g., [23,24]) or thermodynamically instable emulsions (e.g., [9,25,26]) and the presence of
salt–crude oil complexes at high alkali concentrations which are detrimental for enhanced
oil recovery [27]. For the conditions of the 8 TH reservoir, a sufficient initial soap generation
and the presence of instable emulsions were confirmed.

Two-layer micromodel experiments were used to investigate the displacement effi-
ciency in heterogeneous rock. Micromodels have the advantage over sand packs or cores
with two permeabilities because the boundary of the two permeability layers can be manu-
factured such that it neither creates a flow baffle nor a flow path. The results show that the
highest incremental oil recovery over waterflooding is achieved from the high-permeability
layer. Only at later stages does more crossflow occur, leading to increased recovery by
AP flooding from the lower-permeability part of the micromodel. The results reveal that,
to further increase recovery, polymer selection has to take the polymer molecular weight
distribution and permeability distribution in the reservoir into account.

To improve the economics of AP flooding projects, the interaction of alkali with
polymers over time needs to be considered. Aging polymers in alkali solution reveals the
stability of the polymers but also the potential increase in polymer solution viscosity. For
the conditions investigated here, the polymers were stable, and the viscosity increased
with time. Displacement experiments showed that the recovery efficiency of the higher-
concentration non-aged alkali–polymers is similar to the recovery efficiency of the lower-
concentration but aged polymers. Hence, the polymer concentration in this AP project
can be reduced compared with experiments using non-aged polymers. The polymer
concentration is linked with the fracture half-length of the injection-induced fractures. The
induced fractures might lead to the short circuiting of the injected fluids (e.g., [28]) and
need to be included in the risk assessment for caprock integrity. Away from the wellbore,
the viscosity of the polymers in alkali solution increases, leading to good sweep efficiency.
Davidescu et al. [29] injected consecutive tracers and showed that the travel times for
injected fluids decrease after polymer injection compared with water injection. The travel
times are much longer than the required aging to increase the viscosity of the polymers
in alkali. In the near wellbore, high flow velocities are observed and polymers in alkali
solution are not aged and exhibit lower viscosities (neglecting visco-elastic effects) [30].
Further away from the wells, lower flow velocities (smaller arrows) are observed, and the
polymer viscosity is increased. As shown in the section above, the EqUF is reduced by 40%
by applying a lower polymer concentration. Furthermore, Nurmi et al. [14] showed that
the adsorption of polymers on the rock is reduced in alkali solution compared to the case
without alkali solution. Hence, the consumption of polymers in the reservoir is reduced,
improving the economics of such projects.

7. Summary and Conclusions

Evaluating the synergies of alkali and polymers provided us with very important
findings. On the one hand, polymer solutions need to be aged in alkali for alkali–polymer
projects. On the other hand, the economics are much better if the alkali–polymer is injected
directly. In the case studied here, we need and are planning to do the pilot in the polymer
area for operational reasons.

We have shown that the performance of AP floods can be optimized by making use
of lower polymer viscosities during injection but increasing polymer viscosities in the
reservoir owing to the “thermal aging” of the polymers at a high pH. Furthermore, the AP
conditions enable us to reduce the polymer retention in the reservoir, decreasing the utility
factors (kg polymers injected/incremental bbl. produced).
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The IFT measurements showed that the saponification at the oil–alkali solution inter-
face very effectively reduces the IFT. Alkali phase experiments confirmed that emulsions
are formed initially and supported the potential for residual oil mobilization. The aging
experiments revealed that the polymer hydrolysis rate is substantially increased at a high
pH compared to polymer hydrolysis at a neutral pH, resulting in a 60% viscosity increase
in AP conditions. Micromodel experiments in two-layer chips depicted insights into the
displacement. The two-phase experiments confirmed that lower-concentration polymer
solutions aged in alkali show the same displacement efficiency as non-aged polymers with
higher concentrations. Hence, significant cost savings can be realized, capitalizing on the
fast aging in the reservoir. Due to the low polymer retention in AP floods, fewer polymers
are consumed than in conventional polymer floods, significantly decreasing the utility
factor (injected polymers kg/incremental bbl. produced).

We have shown that alkali/polymer (AP) injection leads to a substantial incremental
oil production of reactive oils. A workflow was presented to optimize AP projects including
reservoir effects. AP flood displacement efficiency must be evaluated incorporating the
aging of polymer solutions. Significant cost savings and increasing efficiency can be
realized in AP floods by incorporating the aging of polymers and taking the reduced
polymer adsorption into account.
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Abbreviations

AP Alkali–Polymer
ASP Alkali–Surfactant–Polymer
cEOR chemical Enhanced Oil Recovery
CT Computed Tomography
DO Dead Oil
DOC Dead Oil with Cyclohexane
EOR Enhanced Oil Recovery
EqUF Equivalent Utility Factor
IFT Interfacial Tension
HA Saponifiable components in the oil
MP Middle Phase
NMR Nuclear magnetic resonance
PV Pore Volume
RCA Routine Core Analysis
RF Recovery Factor
SEC Size Exclusion Chromatography
Soft. 8 TH RSB Softened 8 Torton Horizon Reservoir Synthetic Brine
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Sor remaining oil saturation
TAN Total Acid Number
TH Torton Horizon
UF Utility Factor
UP Upper Phase
XRD X-ray Diffraction
8 TH RSB 8 Torton Horizon Reservoir Synthetic Brine
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Abstract: In this study, yerba mate waste (YMW) was used to produce a kombucha beverage, and the
obtained microbial cellulose produced as a byproduct (KMW) was used to reinforce a mechanically
recycled poly(lactic acid) (r-PLA) matrix. Microbial cellulosic particles were also produced in pristine
yerba mate for comparison (KMN). To simulate the revalorization of the industrial PLA products
rejected during the production line, PLA was subjected to three extrusion cycles, and the resultant
pellets (r3-PLA) were then plasticized with 15 wt.% of acetyl tributyl citrate ester (ATBC) to obtain
optically transparent and flexible films by the solvent casting method. The plasticized r3-PLA-ATBC
matrix was then loaded with KMW and KMN in 1 and 3 wt.%. The use of plasticizer allowed a good
dispersion of microbial cellulose particles into the r3-PLA matrix, allowing us to obtain flexible and
transparent films which showed good structural and mechanical performance. Additionally, the
obtained films showed antioxidant properties, as was proven by release analyses conducted in direct
contact with a fatty food simulant. The results suggest the potential interest of these recycled and
biobased materials, which are obtained from the revalorization of food waste, for their industrial
application in food packaging and agricultural films.

Keywords: PLA; cellulose; yerba mate; kombucha; food packaging

1. Introduction

Biobased and biodegradable polymers have gained attention for food packaging ap-
plications in order to reduce the consumption of non-renewable resources and prevent the
accumulation of plastic waste in the environment. Among other biopolymers, poly(lactic
acid) has emerged in the market as the most used biobased and biodegradable plastic due
to its many advantages, such as its environmentally benign characteristics, availability in
the market at a competitive cost, ease of processing by means of the current existing pro-
cessing technologies for petrol-based thermoplastics (i.e., extrusion, injection molding, etc.),
high transparency, and inherent biodegradability [1,2]. However, PLA also presents some
disadvantages for film production which hinder its industrial exploitation in the food
packaging or agricultural sectors, such as its sensitivity to thermal degradation [2], poor
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barrier performance [3], and inherently brittle nature [4]. Its degradability in the environ-
ment requires specific conditions (compost medium at 58 ◦C, a pH around 7.5, relative
humidity of 60%, a C/N relationship between 20:1 and 40:1, and proper aeration) to be met,
even for short periods of time [5]. Moreover, the model of the linear economy generates
high levels of plastic waste and creates a dependence between economic development and
the entry of new, virgin plastics into the system [6]. Therefore, the use of recycled PLA
for film for food packaging or agricultural applications is gaining interest [7,8]. Cosate
de Andrade et al. [8] compared the chemical recycling and mechanical recycling of PLA,
and concluded that mechanical recycling generates less impact than chemical recycling
due to the fact that the mechanically recycled polymers are produced using lower energy
and fewer inputs than other destinations. However, bioplastic consumption is currently
still low, and they can be considered contaminants in plastic recycling streams due to
the fact that they can affect the mechanical performance of well-implemented mechanical
recycling processes of other plastics, such as polyethylene terephthalate (PET), polypropy-
lene (PP), and polystyrene (PS) [9–11]. Moreover, although the European Commission
promotes the increase of recycled plastic in food packaging as an essential prerequisite
to its strategy to introduce recycled plastics in a circular economy, the current legislation
does not allow the direct use of recycled plastics coming from recycled streams for food
contact materials. This is because those recycling processes originate from waste, and the
legislation establishes strict requirements concerning food safety (the transfer of substances
that may affect human health, or quality of the food, and microbiological safety) [12]. In this
context, during the industrial production of plastic products, several parts are produced
with defects, rejected from the production line, and then discarded. These rejected parts
can be reprocessed and used to produce recycled pellets that do not come from waste
streams and are of well-known origin. In a previous work, PLA was reprocessed up to
six times, and it was observed that the main losses took place when PLA was subjected to
more than four reprocessing cycles, while low degradation was found between one and
three reprocessing cycles [13]. However, due to PLA’s high sensitivity to hydrolysis of its
ester groups at the industrial processing conditions, such as melt extrusion, the obtained
recycled PLA-based products show a decrease in the polymer chain length and, thus, show
lower-quality performance than PLA-based products produced with virgin PLA [14]. This
is why the use of reinforcing fillers with antioxidant activity as additives have gained
interest for the purpose of protecting the polymeric matrix from thermal degradation and
increasing the mechanical resistance of mechanically recycled PLA [7].

Another industrial sector that generates a large amount of waste and can be introduced
in the food packaging sector for the preparation of high-tech composites and/or nanocom-
posites is the food industry [15]. The kombucha beverage is a popular probiotic beverage
typically produced by fermenting sugared tea with a symbiotic community of bacteria and
yeast (SCOBY) that involves cooperative and competitive interactions [16]. While yeasts
produce invertase, which releases monosaccharides to media accessible to any microbe as
a carbon source, bacteria rapidly metabolize released sugars and produce organic acids
that acidify the media [16]. Meanwhile, the reduction in monosaccharides increases the
frequency of the invertase-producing yeast, and the ethanol produced by yeast stimulates
the bacterial cellulose synthase mechanism to produce a cellulose film at the surface that
acts as a physical barrier to protect from external competitors [16]. The cellulosic film is a
byproduct in the kombucha tea industry, but it is very interesting for the plastic industry.
Kombucha tea has been fermented in several sugared infusions (i.e., black tea, green tea,
yerba mate, etc.) [16–18]. The antioxidant activity of microbial cellulose obtained from the
kombucha fermentation is directly related to the high amount of bioactive compounds in
the infusion used for its fermentation, such as phenolics, tannins, catechins, flavonoids, etc.,
which are decomposed into their simpler forms during the kombucha fermentation pro-
cess [17]. In fact, it has been observed that the cellulose obtained from kombucha fermented
in sugared infusions of yerba mate possesses high antioxidant activity [16]. Yerba mate
(Ilex paraguariensis, Saint Hilaire) is a tree from the subtropical region of South America that
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grows in a limited zone within Argentina, Brazil, and Paraguay, where it has an important
commercial purpose due to the high consumption of dried yerba mate leaves in the form of
infusion, which is known as “mate” [15,19]. Its high consumption leads to a high amount
of yerba mate being wasted without any kind of revalorization [15]. For instance, in 2020,
the consumption of yerba mate in Argentina was over 310 million kg [20]. Thus, in this
work, kombucha SCOBY was fermented in yerba mate waste.

Among other plasticizers, citrate esters such as acetyl(tributyl citrate) (ATBC) have
been proven to be very effective PLA plasticizers, and are accepted for food contact applica-
tions [21]. The miscibility between PLA and ATBC has been associated with the similarity in
their solubility parameters (δ) that of PLA being between 19.5 MPa1/2 and 20.5 MPa1/2 [2],
while that of ATBC is 20.2 MPa1/2 [22]. Likewise, to produce polymers by a solvent casting
method, the selection of an effective solvent is also on the basis of a similar solubility
parameter to that of the polymer. In this sense, chloroform (δ = 19 MPa1/2) is widely used
to dissolve PLA [23].

The main objective of the present research was to obtain sustainable and active films
from the revalorization of plastic and food industry waste. The materials were prepared
based on mechanically recycled PLA and cellulosic particles extracted from kombucha
fermented in yerba mate waste. Thus, virgin PLA was subjected to three reprocessing
extrusion cycles (r3-PLA) to simulate the revalorization of industrial PLA products rejected
during the production line. Three reprocessing cycles were selected, since in a previous
work, it was observed that between one and three reprocessing cycles, low PLA degradation
occurs [13]. The decrease in the polymer chain length due to the three reprocessing cycles
was investigated by measurement of the viscosity-molecular weight. On the other hand,
yerba mate waste was used to obtain the sugared infusion to produce kombucha beverage
from kombucha SCOBY, while the cellulosic by-product formed during its production was
used to produce cellulosic particles with antioxidant activity (KMW). Another kombucha
SCOBY was fermented in a sugared infusion of new yerba mate, and the cellulosic particles
obtained were studied for comparison (KMN). Both particles, namely kombucha mate waste
(KMW) and kombucha mate new (KMN), were used to reinforce plasticized, mechanically
recycled r3-PLA with 15 wt.% of ATBC. Two reinforcing amounts were used, namely
3 wt.% and 5 wt.%, and the obtained films were characterized in terms of transparency,
barrier performance against water and UV light, thermal stability, crystallization behavior,
surface wettability, and mechanical performance in order to obtain information regarding
the possibility of using these films as antioxidant food contact materials, such as food
packaging or in the agro-industrial field.

2. Materials and Methods

2.1. Materials

PLA commercial-grade IngeoTM 2003D with a density of 1.24 g·cm−3 and a melt flow
index (MFI) of 6 g/10 min (measured at 210 ◦C and with a load of 2.16 kg) was supplied
by Natureworks (Minnetonka, MN, USA). Acetyl tributyl citrate (ATBC) (98% purity,
Mw = 402 g mol−1, and Tm = −80 ◦C), chloroform (CHCl3, δ = 19 MPa1/2), and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) 95% free radical were supplied by Sigma Aldrich (Madrid, Spain).
The pristine yerba mate (Taragüi, Virasoro, Argentina) was used as is and called YMN,
while the yerba mate waste was obtained from the residue of mate infusion after our
consumption and called YMW.

2.2. Processing of Kombucha to Obtain Cellulosic Particles from Yerba Mate Waste

The native culture of kombucha was provided by Teresa Carles Manufacturing S. L.
(Barcelona, Spain), and was used as the starter culture and inoculum for a new batch of
kombucha fermented in an infusion of yerba mate (5 g/L) and sucrose (100 g/L). KMW
was obtained from the fermentation of one kombucha SCOBY from that batch in a 2.5 L
sugared infusion prepared either with 15 g of yerba mate (YMN) and/or yerba mate waste
(YMW), 300 g of sucrose, and 500 mL of stock culture, which was maintained at static

133



Polymers 2023, 15, 285

conditions at 22 ± 2 ◦C and then covered with a textile cloth for 30 days. A new floating
disc was produced, and it was recovered, washed with distilled water, filtered off, and
further sterilized at 121 ◦C and 101 kPa for 15 min in a steam autoclave. The disc was then
homogenized by ultraturax at 30,000 rpm for two minutes (4 cycles of 30 s) and dried at
60 ◦C for 24 h. The dry matter, determined by drying at 105 ◦C until a constant weight
was reached, showed a yield of ca. 1.3 ± 0.1%, in accordance with previous reported
works [16]. Then, the obtained cellulosic paper was ground to obtain a powder and further
sieved (500 μm). In Figure 1 the wall process to obtain either KMN or KMW from the
SCOBY fermented in YM or YMW and convert it to the powder able to be processed by
melt extrusion is schematically represented.

Figure 1. Schematic representation of the microbial cellulose (KMN and/or KMW) production from
kombucha fermented in YM or YMW.

2.3. Processing and Reprocessing of PLA

To obtain reprocessed PLA (r3-PLA), PLA pellets were previously dried overnight to
remove the residual moisture at 60 ◦C for 4 h in an air-circulating oven. The PLA pellets
were processed 3 times in a twin-screw co-rotating extruder with a screw diameter of
30 mm, supplied by Construcciones Mecanicas Dupra, S.L. (Alicante, Spain), at a screw
speed of around 22 rpm and using a temperature profile of 180 ◦C (feeding hopper), 185 ◦C,
190 ◦C, and 195 ◦C (extrusion die), on the basis of previous work [13]. After the extrusion
process, the strands were cooled in air and then pelletized using an air-knife unit. They
were subsequently subjected to an additional processing cycle under the same conditions,
up to three times.

The capillary viscosity of virgin PLA and r3-PLA pellets was measured with a Ubbelo-
hde viscometer (type 1C). Both pellets were diluted in CHCl3 and the measurements were
conducted at 25 ◦C using a water bath and a home-made 3D printed viscosimeter support.
At least four concentrations were used. The intrinsic viscosity [η] of PLA and r3-PLA was
determined to estimate the viscosity molecular weight by means of the Mark–Houwink
relation (Equation (1)).

[η] = K × Ma
v (1)

where K and a, for PLA, are 1.53 × 10−2 and 0.759, respectively [24].

2.4. Films Preparation

KMN- and KMW-loaded r3-PLA-ATB-based materials were processed into thin films
by the solvent casting method. For this purpose, 0.6 g of reprocessed PLA pellets
(r3-PLA) were dissolved in 45 mL of CHCl3 under continuous stirring at 1000 rpm at
room temperature. ATBC was then added at 15 wt.% with respect to the polymeric matrix,
on the basis of previous works [15,22,25], and named r3-PLA-ATBC. For the development
of composites, the plasticized PLA films (r3PLA-ATBC) were then loaded either with
kombucha mate waste (KMW) or kombucha mate new (KMN) in 1 wt.% and 3 wt.%,
with respect to the r3-PLA-ATBC polymeric blend, and all films were prepared by the
solvent casting method. Each suspension was cast onto a 50 mm-diameter glass mold,
and then CHCl3 was allowed to evaporate at 40 ◦C for 48 h in an oven. The obtained
films are summarized in Table 1. They were dried under a vacuum to complete the drying
process, ensuring the complete elimination of the solvent for about 10 h at 40 ◦C, prior to
being characterized.
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Table 1. Film formulations based on plasticized 3r-PLA-ATBC.

Sample r3-PLA (wt.%) ATBC (wt.%) KMN (wt.%) KMW (wt.%)

r3-PLA 100 - - -
r3-PLA-ATBC 85 15 - -

r3-PLA-ATBC-KMN1 84.15 14.85 1 -
r3-PLA-ATBC-KMN3 82.45 14.55 3 -
r3-PLA-ATBC-KMW1 84.15 14.85 - 1
r3-PLA-ATBC-KMW3 82.45 14.55 - 3

2.5. Characterization of the Films
2.5.1. UV-Visible Measurements

The transmittance of the obtained films was measured in the 800–250 nm region using
a UV-Visible spectrophotometer Varian Cary 1E UV-Vis (Varian, Palo Alto, CA, USA) at
a scanning speed of 400 nm/min. The overall transmittance in the visible region was
calculated following the ISO 13468 standard.

2.5.2. Scanning Electron Microscopy

The microstructures of films’ cross-sections were observed by field emission scanning
electron microscopy (FESEM) by means of a ZEISS ULTRA 55 microscope from Oxford
Instruments (Abingdon, UK). The film samples were previously frozen in liquid N2, cry-
ofractured, and sputtered with a thin layer of gold and palladium alloy in an EMITECH
sputter coating, SC7620, from Quorum Technologies, Ltd. (East Sussex, UK) to achieve a
conductive surface. Then, the film samples were observed with an accelerating voltage of
2 kV. Images were taken at 10,000× magnification.

2.5.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analyses were conducted in a Mettler-Toledo
model 821 DSC (Schwerzenbach, Switzerland). The DSC thermal cycles were carried out
under a nitrogen atmosphere. The first heating DSC scan was conducted from 30 ◦C to
200 ◦C at a rate of 10 ◦C/min, with the main objective of eliminating the thermal history.
Then, the samples were cooled down to −50 ◦C at a rate of 10 ◦C/min. Finally, the second
heating DSC scan was carried out from −50 ◦C to 300 ◦C at a rate of 10 ◦C/min. The degree
of crystallinity (χc), obtained from the DSC thermograms, was calculated by Equation (2).

χc =
ΔHm − ΔHcc

ΔH0
m

· 1
WPLA

100 (2)

where ΔHm is the melting enthalpy, ΔHcc is the cold crystallization enthalpy, ΔH0
m is the

melting heat associated with pure crystalline PLA (93 J g−1) [26], and WPLA is the weight
fraction of PLA in the blend formulation.

2.5.4. Thermogravimetric Analysis

Dynamic thermogravimetric analyses were conducted in a TA Instruments TGA2050
thermobalance (TA Instruments, New Castle, DE, USA). For each measurement, around
10 mg of films were placed in a platinum crucible and heated from 30 to 800 ◦C at 10 ◦C/min,
under a nitrogen atmosphere.

Isothermal thermogravimetric analyses were also conducted in a TGA/SDTA 851
thermobalance from Mettler-Toledo (Schwerzenbach, Switzerland). For each measurement,
around 10 mg of films were heated at 180 ◦C for 20 min.

2.5.5. Tensile Test Measurements

The mechanical properties were evaluated by means of tensile test measurements
using a Shimadzu AGS-X 100 N universal tensile testing machine (Shimadzu Corpo-194
ration, Kyoto, Japan) equipped with a 100 N load cell, with an initial length of 30 mm
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and a crosshead speed of 10 mm min−1. Dog-bone samples were prepared by a JBA
electrohydraulic cutter (Instruments J. Bot SA) for tensile specimen 1BB, according to
ISO 527-2. The Young modulus (E), tensile strength (TS), and average percentage elongation
at break (ε%) were calculated from the obtained stress–strain curves, and the media of at
least five specimens were reported.

2.5.6. Static Contact Angle Measurements

Surface wettability of the films was studied through static water contact angle (WCA)
measurements by using a standard goniometer (EasyDrop-FM140, KRÜSS GmbH, Ham-
burg, Germany) equipped with a camera and Drop Shape Analysis SW21; DSA1 software.
Drops of ~15 μL distiller water were placed onto the films’ surfaces with the aid of a syringe,
and approximately ten contact angle measurements were taken for each sample, with the
films in random positions.

2.5.7. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) measurements of the films were deter-
mined by gravimetry, using silica gel as a desiccant agent. Films were placed in permeability
cups with an exposed area (A) of 10 cm2, filled with 2 g of previously dried silica gel, and
further placed in a desiccator at 23 ± 1 ◦C with a saturated KNO3 solution, obtaining
a relative humidity of 85 ± 4%. The cups were weighed every hour for 7 h, and then
again after 24 h. The mass increase in the cups was plotted against time, with slope n.
WVTR (g/day cm2) was determined through Equation (3):

WVTR =
n
A

(3)

Because the water vapor transmission is dependent on the film thickness, the WVTR
values were normalized to 100 μm [27].

2.5.8. Specific Migration Test and Antioxidant Activity

Double-sided total immersion migration tests were performed by total immersion of
films in a glass vial containing a fatty food simulant (Simulant D1 = ethanol 50% v/v) at
40 ◦C for 10 days (area-to-volume ratio = 6 dm2/L) [28]. After 10 days, films were removed
and the food simulant was used to determine their antioxidant ability, which was measured
by determination of the radical scavenging activity (RSA) through the DPPH method. This
was accomplished by the determining the reduction in the absorbance at 517 nm by means
of a UV-Vis Varian Cary spectrophotometer. The radical scavenging activity (RSA) was
determined using Equation (4).

RSA (%) =
Acontrol − Asample

Acontrol
× 100% (4)

where Acontrol is the absorbance of 2,2-difenil-1-picrylhydrazyl (DPPH) in ethanolic solution
and Asample the absorbance of DPPH after 15 min in contact with each food simulant sample.

3. Results

3.1. Reprocessed PLA Characterization

The materials developed herein were prepared with mechanically recycled PLA,
which was processed three times by melt extrusion using a temperature profile from
feeding to hopper of 180 ◦C, 185 ◦C, 190 ◦C, and 195 ◦C, based on previous work [13], to
simulate the revalorization of industrial waste produced during the production line, in
which some parts are rejected. The viscosity–molecular weight (Mv) relationship of the
reprocessed PLA (3r-PLA) and PLA pellets was determined in order to obtain insights into
the degradation of the polymeric matrix as a consequence of the reprocessing procedure.
The obtained results of the estimated Mv of PLA and r3-PLA were 181,770 ± 3370 g/mol
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and 115,410 ± 5080 g/mol, respectively (a reduction of around 36%). A reduction in the
intrinsic viscosity ([η]) has already been reported in PLA samples subjected to a simulated
mechanical recycling process in which one melt extrusion reprocessing cycle was applied,
showing a reduction of around 14% with respect to samples prepared with virgin PLA [29].
In the present work, a reduction in the intrinsic viscosity ([η]) due to the three reprocessing
melt extrusion cycles was around 30%, leading to the aforementioned reduction in the Mv.
This reduction in the Mv is due to chain scission, produced by thermal degradation during
each thermal processing cycle as a consequence of a hydrolysis process which is augmented
by the heating [13].

3.2. UV-Visible Measurements

The transmittance of the obtained films was measured by means of a UV-Visible
spectrophotometer, and the absorption spectra of the films are shown in Figure 2. Neat PLA
film was also analyzed for comparison. From the spectra, it could be seen that although
all formulations based on recycled PLA (r3-PLA) resulted in less transparent materials
than PLA, they were mostly transparent in the visible region of the spectra (400–700 nm)
allowing the films to be seen through, which is one of the most important requirements
for food packaging due to consumers’ acceptance [30]. It is also very important that films
intended for agricultural applications should not only protect crops, but also permit the
photosynthesis process to occur [1,31]. Among reprocessed films, r3-PLA film was the
most transparent film, showing the highest transmission along the visible region of the
spectra (400–700 nm). The incorporation of ATBC slightly affected the transparency of
r3-PLA, as was already observed with the addition of ATBC to a virgin PLA matrix [22].
The transparency was slightly reduced with the incorporation of KMN and/or KMW.
Absorption measurements were conducted in the range of 540–560 nm (see zoom image in
Figure 2) of the visible region of the spectra, and it can be seen that the materials resulted
as highly transparent (between 81% and 87% of transmittance).

When comparing r3-PLA with neat PLA film, a slight UV-light absorption in the 260
to 290 nm region can be observed in the 3r-PLA sample, which has already been observed
in recycled PLA [7,14]. It has been reported that recycled PLA leads to a reduction in
the UV light transmission in the 260 to 290 nm region of the spectrum, ascribed to the
formation of –COOH chain end groups in PLA as a consequence of the chain scission
(carbonyl carbon-oxygen bond cleavage) during thermal processing [14]. Nevertheless,
it should be highlighted that the UV light transmission reduction is less marked than in
the post-consumer, mechanically recycled PLA bottles studied by Chariyachotilert et al.
They observed higher UV light transmission reduction, which can be related not only to the
thermal degradation during reprocessing, but also with the degradation of PLA products
during service, as well as under the conditions typically used for cleaning PET (85 ◦C,
1 wt.% NaOH and 0.3 wt.% Triton® X-100 surfactant for 15 min) [14]. In this sense, in a
previous work, Agüero et al. studied the mechanical recyclability of injected molded PLA
parts in more depth, performing between one and six reprocessing melt extrusion cycles,
and showed that low degradation takes place between one and three reprocessing cycles
in [13]. Thus, this means that less degradation had taken place after three reprocessed melt
extrusion cycles than in post-consumed, washed, and further reprocessed PLA, highlighting
the viability of mechanical recyclability of rejected PLA parts from the production line.

3.3. Scanning Electron Microscopy

FESEM investigations were conducted to study the microstructure of the films, and
the micrographs of the cross-fractured surface are shown in Figure 3. The r3-PLA film
(Figure 3a) showed the typical regular and smooth fracture of PLA films based on semi-
crystalline virgin PLA [9,32]. An increased ductile fracture was observed in r3-PLA-ATBC
film (Figure 3b), with more plastic behavior and no apparent phase separation, demonstrat-
ing the plasticizing effect of ATBC on the reprocessed PLA matrix. The ternary composites
for both formulations with 1 wt.% (Figure 3c,e) and those with 3 wt.% (Figure 3d,f), showed
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a uniform dispersion of both KMN and KMW into the r3-PLA matrix. In the case of the
higher reinforcing amount used here (3 wt.%) (Figure 3d,f), it seems that there was an
increase in surface roughness. However, the formulations had very similar surface patterns
to those reinforced with lower amounts of kombucha particles (1 wt.%), suggesting that
cellulosic particles are well-distributed in the reprocessed PLA matrix. It has been observed
that plasticizers such as ATBC improve the dispersion of cellulosic particles into the PLA
matrix [25].

Figure 2. UV-vis spectra of films 200–800 nm and zoom image 540–560 nm.
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Figure 3. FE-SEM observations at 10,000× of 3r-PLA-ATBC based films: (a) r3-PLA, (b) r3-PLA-ATBC,
(c) r3-PLA-ATBC-KMN1, (d) r3-PLA-ATBC-KMW1, (e) 3r-PLA-ATBC-KMN3, and (f) r3-PLA-
ATBC-KMW3.

3.4. Differential Scanning Calorimetry

DCS analysis was conducted and used to investigate the glass transition (Tg), cold
crystallization (Tcc), melting temperatures (Tm), and crystallinity (χc) of plasticized 3r-PLA-
ATBC films, and the obtained DSC curves are shown in Figure 4 while the obtained results
are summarized in Table 2. The r3-PLA film showed the Tg at a lower value than the
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PLA samples which were processed three times by melt extrusion and further processed
by injection molding (Tg = 64 ◦C [13]), due to the presence of a residual solvent, as was
demonstrated by Yang et al. Their study compared PLA-based composites processed by
extrusion with those processed by solvent casting method, and concluded that limited
variations in the DSC parameters were observed for samples processed with the two
different processing techniques (melt extrusion and solvent casting method) [33]. In the
r3-PLA film, a cold crystallization peak appeared which was not present in the virgin PLA
pellet [13], and this has been related to the fact that the shorter PLA chains formed during
the reprocessing cycles, such as oligomers, showed higher mobility levels and promoted
the crystallization of PLA [13,29]. In fact, it has been observed that PLA plasticized with
oligomeric lactic acid (OLA) showed a reduction in cold crystallization temperature, which
was further reduced by increasing the OLA content [34,35]. Similarly, the incorporation
of the ATBC plasticizer produced a decrease in the Tg and Tcc, as well as in the Tm, which
is ascribed to the ability of the ATBC plasticizer to increase the free volume between
the polymer chains. Accordingly, their mobility was also decreased, enhancing the slow
crystallization rate [22,36]. On the other side, the combination of the ATBC plasticizer and
the microbial cellulose particles onto a plasticized 3r-PLA matrix produced higher Tg and
Tcc values and higher crystallinity degrees, suggesting that the segmental motion of PLA
matrix may have been affected by the presence of KMN and KMW [33]. Moreover, the
synergic effect on the crystallization of PLA as a consequence of a potential nucleating
agent in a presence of citrate ester plasticizers has been already reported [25,37]. The
DSC thermograms show a double melting behavior, which has already been observed in
mechanically recycled PLA [38,39] and PLA plasticized with OLA [34]. This behavior, in
PLA-based materials, is ascribed to the presence of different crystalline structures with
different levels of perfection and thermodynamic stability. The melt PLA crystallizes at
temperatures higher than 120 ◦C in an ordered form (α form) [40]. In the present work, all
samples were crystallized at temperatures below 120 ◦C. This is related to the ability of
shorter polymer chains (oligomers), produced as a consequence of the PLA degradation
during reprocessing steps, to promote the aforementioned crystallization of PLA. The
reduction in the cold crystallization temperature was particularly marked in plasticized
3r-PLA-ATBC samples. When PLA crystallized below 110 ◦C, less stable crystals appeared,
known as α′ crystals [40]. From the cold crystallization peak in the DSC thermogram, it
can be observed that disorder (crystals with α′ form) to order (crystals with α form) phase
transition took place, suggesting that a great fraction of the polymer was in an amorphous
state due to the DSC cooling scan applied, as this was already observed in plasticized
PLA-ATBC samples [15,41]. An increase in the Tcc values of KMN- and KMW-loaded films
was observed with respect to the r3-PLA-ATBC film, suggesting that somewhat fewer
disordered crystals (α′) are present in composite materials. A different crystallization
degree was observed for PLA-ATBC-KMN-based films with respect to PLA-ATBC-KMW-
based films. A higher crystallinity degree was found for those particles obtained from the
fermentation of kombucha in yerba mate waste (KMW), and could be directly related to
the superior dispersion of KMW particles into the plasticized PLA-ATBC matrix, which are
able to promote a higher nucleation effect [25].

Table 2. DSC thermal properties of 3r-PLA-ATBC-based films.

Sample
Tg

(◦C)
Tcc
(◦C)

ΔHcc
(J g−1)

TmI
(◦C)

TmII
(◦C)

ΔHm
(J g−1)

χc
(%)

r3-PLA 49.1 106.1 20.0 144.4 151.3 23.2 3.4
r3-PLA-ATBC 32.1 95.0 21.2 135.6 146.8 23.4 2.8

r3-PLA-ATBC-KMN1 39.1 99.5 19.2 139.7 148.9 19.8 0.7
r3-PLA-ATBC-KMN3 36.8 99.9 19.5 138.3 148.2 20.2 1.0
r3-PLA-ATBC-KMW1 37.3 98.4 20.3 137.7 148.1 22.8 3.1
r3-PLA-ATBC-KMW3 33.5 99.3 19.0 138.3 147.8 21.5 3.2
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Figure 4. DSC second heating scan of 3r-PLA-ATBC-based films.

3.5. Thermogravimetric Analysis

The thermal stability of the materials was studied under isothermal mode at 180 ◦C
to ensure enough thermal stability for the typical melt-processing temperature of PLA
(Figure 5a). During the first minute under TGA isothermal conditions, films experienced
a quick weight loss, probably due to the evaporation of the remaining chloroform. Then,
all the materials showed a mass loss of around 1 or 2% in 10 min, which allows enough
time to process the PLA-based materials. 3r-PLA-ATBC-KMW1 showed very similar
thermal stability to 3r-PLA-ATBC, whereas 3r-PLA-ATBC-KMW3 presented less thermal
stability. This could be related to the fact that when higher amounts than 3 wt.% of KMW
reinforce 3r-PLA, some part of the PLA matrix is non-stabilized due to the deficient particle
dispersion. Nevertheless, it should be highlighted that all the materials showed enough
thermal stability for melt extrusion purposes.

The thermal degradation parameters obtained by TGA are described in Table 3. Plas-
ticization of PLA produced a decrease in T5% and T10%, due to the decomposition of the
plasticizer [42,43], and a slight decrease in Tmax was observed, since the plasticization could
make the polymer chains available to thermal degradation, as was already observed on
plasticized PLA with citrate esters [15,22,30]. The addition of 1% of KM increased T5%
and T10% in the case of KMW, compared with plasticized r3-PLA. However, the addition
of 3 wt.% of KM decreased T5% and T10% due to the low thermal stability of bacterial
cellulose [44]. Regarding Tmax, it seemed that this value was enhanced by the addition of
KMW and KMN at 1 wt.%, since the value was close to the unplasticized r3-PLA film, but
the addition of a higher amount of KM showed a significant decrease for 3 wt.% KMN.
However, no modifications were observed for KMW. An overall conclusion for this study
is that the addition of KMW enhanced the thermal properties of r3-PLA-ABTC better
than the KMN. This could be due to the higher crystallinity of r3-PLA-ABTC-KMW1 and
r3-PLA-ABTC-KMW3 composites, as shown by the DSC results.
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Figure 5. (a) Isothermal TGA analysis at 180 ◦C and Dynamic TGA (b) and DTG (c) of 3r-PLA-ATBC-
based films.
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Table 3. TGA thermal properties of 3r-PLA-ATBC-based films.

Sample T5% (◦C) T10%(◦C) Tmax (◦C) Residual Mass (%)

r3-PLA 296.1 313.52 354.4 0.4
r3-PLA-ATBC 217.4 272.28 351.1 0.8

r3-PLA-ATBC-KMN1 224.8 266.74 354.1 0.5
r3-PLA-ATBC-KMN3 214.7 246.21 344.7 0.7
r3-PLA-ATBC-KMW1 227.2 274.62 352.4 0.5
r3-PLA-ATBC-KMW3 208.1 243.19 351.8 0.5

Figure 5 also shows the TGA (Figure 5b) and DTG (Figure 5c) curves. Thermal
degradation of the composites presented two steps of degradation. Firstly, the evapora-
tion/degradation of the plasticizer overlaps with the initial degradation of KM, then in the
second step of degradation, a PLA matrix was observed. For samples with higher concen-
trations of KM, a higher percentage of the mass was lost in the first step, confirming that in
this event, the KM was starting to degrade. It is important to note that the composites were
thermally stable at the processing temperatures usually used for PLA.

3.6. Tensile Test

The mechanical performance of the r3-PLA and plasticized r3-PLA based films was
analyzed by tensile test, the results of which, in terms of Young Modulus (MPa), Tensile
Strength (MPa), and Elongation at Break (%), are represented in Figure 6. Firstly, it is
worth noting the decreased tensile parameters obtained for the r3-PLA films analyzed
herein, which were processed by solvent casting, compared with in other works centered
around PLA samples, which used melt extrusion [13]. As was mentioned previously,
this effect of the processing condition on the mechanical behavior of PLA films has been
studied by Yang et al. [33], who related this reduction in the tensile values, especially
in terms of modulus, to the presence of captured residual chloroform, which acts as a
plasticizer. Otherwise, with the addition of ATBC (r3-PLA-ATBC), an enhanced in ductility
was observed, as was expected due to the proven effectiveness of this citrate ester as a PLA
plasticizer [22,25,37,45]. Specifically, r3-PLA-ATBC showed a notable modulus reduction
with respect to r3-PLA, from ~1750 MPa to ~1550 MPa, as well as an increment in the
elongation at break from 12% to 14%, while a very small drop in the tensile strength
was observed.

Regarding the addition of KM, at low content (1 wt.%), both KMN and KMW induce
a very similar effect on the modulus and tensile strength, showing r3-PLA-ATBC-KMN1
and r3-PLA-ATBC-KMN1 values around 750–850 MPa and 15–17 MPa, respectively, for
these parameters. In composite materials, when the particle dispersion is not homogenous
enough, the transfer load does not occur appropriately, which caused a reduction in
modulus and strength. This drawback of the introduction of cellulose-derived particles
in PLA films has already been reported by other authors [46]. However, a significant
difference between KMN and KMW was observed for the results of the elongation at
break. In this sense, r3-PLA-ATBC-KMN1 showed a slight enhancement with respect to
unloaded r3-PLA-ATBC (up to 17%) while the results of the r3-PLA-ATBC-KMW1 samples
were closer to the non-plasticized r3-PLA. This difference in terms of ductility is directly
correlated with the crystallinity values obtained in the thermal analysis. When the KM
content was increased, the r3-PLA-ATBC film loaded with 3 wt.% of KMN showed a
somewhat higher modulus and tensile strength, approaching the r3-PLA-ATBC, while the
elongation at break was shown to be lower. Lignocellulosic and cellulosic materials have
been widely studied as fillers of PLA-based composites due to their high weight/strength
ratio, and can act as reinforcement when the interface contact area is adequate [47,48].
Instead, with the addition of 3 wt.% of KMW, mechanical reinforcement does not occur
properly. This behavior can be explained by the more marked plasticizing effect produced
by the KMW as a consequence of the possible degradation of some phenolic compounds
(with less –OH able to establish hydrogen bonding interaction between them) present
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in pristine yerba mate, due to the hydrothermal extraction process used to prepare the
infusion. Thus, permitting better interaction between PLA and ATBC allowed for a higher
elongation at break, in good accordance with the Tg value, close to that of r3-PLA-ATBC
(Table 2).

Figure 6. Tensile test measurements of 3r-PLA-ATBC-based films: (a) Young modulus, (b) Tensile
Strength and (c) Elongation at break.
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3.7. Release Studies and Antioxidant Ability

Specific migration tests were conducted to evaluate the potential antioxidant activity
of the films, as microbial cellulose obtained from kombucha fermentation showed that the
tea used for its production had antioxidant properties [18]. In this work, kombucha was
fermented in a yerba mate-sugared infusion. The antioxidant activity of yerba mate is well-
known, and mainly arises from its composition in phenolic compounds [19]; even yerba
mate waste is still able to provide antioxidant activity [15]. The radical scavenging activity
(RSA) of each food simulant D1 sample after 10 days of contact at 40 ◦C, considered by the
current legislation the worst foreseeable conditions for intended use [28], was determined
by means of the DPPH method [41], and the results are shown in Figure 7.
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Figure 7. Radical scavenging activity of 3r-PLA-ATBC-based films.

As expected, the r3-PLA film did not show any antioxidant activity. The KMN and
KMW were processed into thin films and also subjected to the food simulant for comparison.
The neat KMN film showed high RSA activity of 70.2 ± 1.1% and 55.2 ± 11.7%. Meanwhile,
the films loaded with KMN or KMW showed some antioxidant activity, as microbial cellu-
lose obtained from kombucha fermentation possesses natural and remarkable antioxidant
activity, which is directly related to the infusion used for the fermentation [18]. Films
loaded with KMN showed higher antioxidant activity than those loaded with KMW, as it is
known that yerba mate waste possesses a low polyphenol content due to the hydrother-
mal extraction process used during infusion preparation (temperature higher than 80 ◦C)
before obtaining the waste. The scavenging effect obtained here for 3r-PLA-ATBC-based
materials loaded with microbial cellulose kombucha fermented in yerba mate or yerba
mate waste (between 1 wt.% and 3 wt.%) are low, but it should be highlighted that they still
possess some antioxidant activity and, thus, the results interesting for food crops and food
packaging. A high level of antioxidant activity has been observed in materials containing
yerba mate extract. For instance, Deladino et al. studied corn starch-loaded materials
with yerba mate extract at a concentration of around 10 wt.% with respect to the starchy
matrix, and found between 40% and 60% RSA [19]. The values obtained in the present work
are in the range of other antioxidant materials based on tri-layer recycled PLA/sodium
caseinate (SC)/recycled PLA-based materials reinforced with 1 and 3 wt.% of nanoparticles
obtained from yerba mate waste (YMN) (RSA (%) of rPLA/SC/rPLA-YMN1 = 6.4 ± 0.1 and
RSA (%) of rPLA/SC/rPLA-YMN3 = 11.0 ± 0.2) [39].

Besides the biobased origin, biodegradability, and recyclability of PLA, the modifica-
tion of PLA-based composite films through the incorporation of cellulosic nanoparticles
has already shown improvements in thermal, barrier, and mechanical properties, and the
possibility to provide additional antioxidant properties makes these films highly interesting
for food packaging or agricultural applications [15,49].
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3.8. Water Contact Angle and Water Vapor Transmission Rate

The surface hydrophilic/hydrophobic properties of films were determined by the
measurement of the static water contact angle (WCA) and the results are reported in
Figure 8a. Meanwhile, the water vapor transmission rate (WVTR) values of plasticized
r3-PLA-ATBC-based films are reported in Figure 8b. The PLA film, after three cycles of
melt extrusion (3r-PLA), showed a water contact angle higher than 65◦, which was ascribed
to hydrophobic surfaces (θ lower than 65◦ are ascribed to hydrophilic surfaces) [50]. The
plasticized 3r-PLA sample (3r-PLA-ATBC) showed a lower WCA value, as was observed in
an already reported work on PLA and PLA-ATBC [25]. This was also in agreement with
the WVTR value, in which r3-PLA andr3-PLA-ATBC showed similar WVTR properties,
despite being slightly higher the WVTR of 3r-PLA-ATBC. The plasticizing effect of ATBC
into the r3-PLA matrix influenced the diffusion process as a consequence of the increased
polymer chain mobility. The presence of either KMN or KMW in the 3r-PLA-ATBC matrix
produced a decrease in the surface wettability of the films (Figure 8a), leading to values
higher than 3r-PLA-ATBC and, thus, higher hydrophobicity. This unexpected increment
of the hydrophobicity of the film surface, even when hydrophilic cellulosic particles were
added, can be related to the changes in the topographical properties as a consequence of the
presence of cellulose particles. However, it should be highlighted that the composite films
were still more hydrophilic than 3r-PLA. The WVTR showed increased values with the
presence of either KMN or KMW in the 3r-PLA-ATBC matrix (Figure 8b), particularly in
the case of KMN, probably due to the high amount of active compounds.–OH groups were
able to interact with water, increasing the water diffusion through the film. Meanwhile,
the KMW, which showed less antioxidant activity (Figure 7) and, consequently, a lower
amount of bioactive compounds within the polymeric matrix, allowed less water vapor to
be transmitted through the film.

Figure 8. (a) Static water contact angle measurements and (b) water vapor transmission rate of
3r-PLA-ATBC-based films.
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4. Conclusions

Microbial cellulose particles were successfully obtained from kombucha beverage
fermented in both infusion, pristine yerba mate, and yerba mate waste. They were further
used to reinforce a plasticized PLA matrix subjected to three extrusion cycles (r3-PLA),
aiming to simulate the revalorization of PLA from industrial PLA products rejected during
the production line. The r3-PLA-based biocomposites, reinforced with KMN and KMW,
were effectively prepared by solvent casting, and the effect of yerba mate starting material
(pristine or waste), as well as the amount added (1 and 3 wt.%) into the plasticized r3-PLA-
ATBC, were deeply investigated.

All films resulted to be optically transparent, and FESEM micrographs revealed a good
dispersion of microbial cellulose particles in the reprocessed polymeric matrix.

DSC analysis showed a crystallinity increase in r3-PLA-ATBC composites reinforced
with KMW, indicating that it favored the crystal growth and nucleation effects, while for
the tensile test, measurements showed a more marked plasticization effect. Moreover, the
materials reinforced with KMW showed less WVTR, indicating improved barrier properties
against water than the materials reinforced with pristine KMN. However, KMN-reinforced
r3-PLA-ATBC-KMN-based films showed higher antioxidant activity, although it should be
highlighted that r3-PLA-ATBC-KMW-based films still showed antioxidant activity.

The reprocessed PLA (r3-PLA) in combination with ATBC and KM particles offers a
promising perspective to produce transparent and flexible films with good water barriers
and mechanical properties that are suitable as antioxidant films for food packaging or
agricultural mulch films.
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Abstract: Plastic particles are widespread in the environment including the terrestrial ecosystems.
They may change the physicochemical properties of soil and subsequently affect plant growth. In
recent decades, traditional, petroleum-derived plastics have been increasingly replaced by more
environmentally friendly bio-based plastics. Due to the growing role of bio-based plastics it is
necessary to thoroughly study their impact on the biotic part of ecosystems. This work aimed for
the assessment of the effect of five innovative bio-based plastics of different chemical composition
and application on the early growth of higher plants (sorghum, cress and mustard). Each bio-based
plastic was tested individually. It was found that the early stages of growth of monocotyledonous
plants were usually not affected by any of plastic materials studied. At the same time, the presence of
some kinds of bio-based plastics contributed to the inhibition of root growth and stimulation of shoot
growth of dicotyledonous plants. Two PLA-based plastics inhibited root growth of dicotyledonous
plants more strongly than other plastic materials; however, the reduction of root length did not exceed
22% compared to the control runs. PBS-based plastic contributed to the stimulation of shoot growth
of higher plants (sorghum, cress and mustard) at the concentrations from 0.02 to 0.095% w/w. In the
case of cress shoots exposed to this plastic the hormetic effect was observed. Lepidium sativum turned
out to be the most sensitive plant to the presence of bio-based plastic particles in the soil. Thus, it
should be included in the assessment of the effect of bio-based plastics on plant growth.

Keywords: bio-based plastics; plant growth; seed germination; terrestrial ecosystem

1. Introduction

Soil plays many important ecological functions such as accumulation and filtration
of water and nutrients, transformation of chemicals, biomass production and carbon
storage [1]. The presence of chemical contaminants in soil reduces these functions and ag-
gravates soil properties. Micro- and nanoplastic particles became one of the most common
pollutants in the terrestrial ecosystems in the last decades [2]. It was demonstrated that
they changed soil properties, including soil aggregation, bulk density and water holding
capacity [3,4]. In order to evaluate soil quality and vitality, apart from the determination of
chemical and physical indicators, the use of soil biota is recommended [5,6].

Plants are one of the most important functional groups of organisms in the terrestrial
ecosystems [6]. They produce oxygen and food for other living creatures, as well as they are
regulators of key ecosystem processes and services, e.g., carbon dynamics and sequestration,
nutrient dynamics and soil structural stability [7]. Thus, various plant species are used as
biological indicators in the soil ecotoxicity tests. With regard to the evaluation of the effects
of microplastics on higher plants, the two following species have been frequently assessed:
Lepidium sativum representing dicotyledonous plants [8–10] and Triticum aestivum being a
monocotyledonous plant [11–13]. In addition, other plants such as Daucus carota [14] and
Allium fistulosum [15] were used for testing the potential impacts of plastic particles on the
organisms representing producers in the food chain. However, it should be emphasized
that the number of studies concerning the assessment of the effects of plastic particles on
higher plants that have been published so far is very limited.
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It was found that microplastics usually did not affect the seed germination processes of
either mono- or dicotyledonous plants [8,12,13]. This concerns both petroleum-derived and
bio-based plastic particles. At the same time, plastic particles might act on the early growth
of plants stimulating or inhibiting it [9,16]. Balestri et al. [9] observed that a significant
number of seedlings exposed to leachates from high-density polyethylene (HDPE) or the
bio-based biodegradable plastic Materbi® showed developmental abnormalities or seedling
growth reduction. Polylactide (PLA) and polyhydroxybutyrate (PHB) microparticles at the
concentration 11.9% w/w contributed to the inhibition of root growth of Sinapsis alba and
Lepidium sativum [16]. At the same time, Lozano et al. [14] reported about the increase in
the growth of Daucus carota cultivated for 28 days in the soil containing from 0.1 to 0.4%
(w/w) plastic microparticles made of polyester (PES), polyamide (PA), polypropylene (PP),
low-density polyethylene (LDPE), poly(ethylene terephthalate) (PET), polyurethane (PU),
polystyrene (PS) and polycarbonate (PC). Huerta Lwanga et al. [13] did not observe any
effect of PLA on Triticum aestivum growth.

In this work, five newly synthesized bio-based plastics were tested with regard to their
potential impact on seed germination and the early growth of plants. All bio-based plastics
were obtained with the cooperation of the project Bio-plastic Europe (Horizon 2020, grant
agreement no. 860407). It was hypothesized that the materials tested would not affect seed
germination but they might inhibit or stimulate the early growth of roots and/or shoots. In
order to verify these hypotheses, a series of early growth tests using three different higher
plants as model organisms were carried out.

2. Materials and Methods

2.1. Bio-Based Plastics

Five innovative bio-based plastic materials subjected to study were received due to
the realization of Bio-plastic Europe Project (Horizon 2020, grant agreement no. 860407).
Three of them were provided by NaturePlast SAS (NP, Mondeville, France) and these were
the following compounds: BPE-AMF-PLA (Bio-Plastic Europe—Agriculture Mulch Film—
PolyLactic Acid), BPE-T-PHBV (Bio-Plastic Europe—Toys—Poly Hydroxy Butyrate Valer-
ate), BPE-SP-PBS (Bio-Plastic Europe—soft Packaging—PolyButylene Succinate), while
the other two, i.e., BPE-C-PLA (Bio-Plastic Europe—Rigid Packaging—PolyLactic Acid),
BPE-RP-PLA (Bio-Plastic Europe—Rigid Packaging—PolyLactic Acid) were provided by
Arctic Biomaterials OY Ltd. (ABI, Tampere, Finland). All bio-based plastics were supplied
by the manufacturers in the form of microparticles. The abbreviations of tested bio-based
plastics were the same as it was assumed in the project nomenclature. The characteristics
of the plastic materials tested are shown in Table 1.

Table 1. Data on the bio-based plastics tested (provided by the manufacturers).

Acronym
of Bio-Based

Plastic
APPLICATION

Desired
Properties

Material
Type

Density
g cm−3

Size of
Granules

Innovation Material Details Manufacturer

BPE-AMF-
PLA Mulch film

Bio-based and
both recyclable
and
bio-degradable,
degrades in
controlled
fashion

PLA-
based 1.26

Length 3 mm;
diameter 2.5
mm

Blending of PLA
and polyhydroxy
butyrate-
hydroxyvalerate
(PHBV) for
controlled
degradation,
fertilizer added for
controlled release

PLA blended
with 15%
polybutylene
adipate
terephthalate
(PBAT) and <5%
process
additives,
intended to be
used for
extrusion
application

NaturePlast
SAS
(Mondeville,
France)
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Table 1. Cont.

Acronym
of Bio-Based

Plastic
APPLICATION

Desired
Properties

Material
Type

Density
g cm−3

Size of
Granules

Innovation Material Details Manufacturer

BPE-T-PHBV Toys

Recyclable,
industrially
compostable
rheology,
thermal stability,
melt viscosity,
resistance to
hydrolysis,
migration

PHBV-
based 1.24

Length 3 mm;
diameter 2.5
mm

Blending of PLA,
and soft
unsaturated PHAs,
first mechanical,
thermal
characterization
(smallest scale);
in vitro (enzymatic)
degradation

PHVBV blended
with <15%
additives (mostly
impact modifier),
intended to be
used for injection
application

NaturePlast
SAS
(Mondeville,
France)

BPE-SP-PBS Soft
Packa-ging

Recyclable,
industrially
compostable
rheology,
thermal stability,
melt viscosity,
resistance to
hydrolysis,
barrier
properties

PBS-
based 1.26

Length 3 mm;
diameter 2.5
mm

Improve
processing and
hydrolysis
resistance, testing
of recyclability,
blending with PLA
to increase
mechanical
properties (soft
packaging to more
rigid packaging)

PBS blended
with <15%
additives
(mostly mineral
filler), intended
to be used for
thermoforming
or injection
application

NaturePlast
SAS
(Mondeville,
France)

BPE-C-PLA Cutlery

Reusable cutlery
with good
mechanical
properties and
heat resistance

PLA-
based 1.40

Length 3 mm;
diameter 2.5
mm

Thermal stability,
processing,
resistance to
hydrolysis, suitable
for dishwasher
cleaning,
environmental
degradation,
ecotoxicology

PLA-based
compound filled
with 20% of
degradable glass
fiber

Arctic
Biomaterials
OY Ltd.
(Tampere,
Finland)

BPE-RP-PLA Rigid
packa-ging

Water and
oxygen barrier,
bio-based and
bio-
degradable

PLA-
based 1.50

Length 3 mm;
diameter 2.5
mm

Cold mold, fast
cycle time, good
heat resistance,
food grade

PLA-based
mineral filled
compound (food
grade) for
injection
molding and
potentially
sheets for
thermoforming

Arctic
Biomaterials
OY Ltd.
(Tampere,
Finland)

2.2. Methods of Evaluation of Phytotoxicity

Impacts of bio-based plastics on plants were assessed in agreement with ISO Standards
18763 [17] using the commercial toxicity bioassay—Phytotoxkit Solid Samples provided by
Microbiotests (Ghent, Belgium). This assay enables for the determination of the number
of germinated seeds and the growth of roots and shoots of selected higher plants exposed
to the contaminated matrix (the reference soil containing plastic particles) compared with
the controls (the reference soil only). Five following concentrations of plastic particles in
the reference OECD soil were tested: 0.02, 0.095, 0.48, 2.38 and 11.9% w/w. The tests for
each particle concentration were made in three replications for each plastic material and
each plant, whereas the control tests were made in nine replications for each plant. The
monocotyledonous plant Sorghum saccharatum (sorghum, series no. SOS041019) and two
dicotyledonous plants Lepidium sativum (garden cress, series no. LES260820) and Sinapis
alba (mustard, series no. SIA020719) were used as model organisms in these experiments.
The appropriately prepared soil and ten seeds of one of the higher plants were placed
in the special test plate dedicated to this assay. All these materials (the reference soil,
seeds and test plates) were delivered by Microbiotests (Ghent, Belgium). Then, all test
plates were incubated for 72 h at 25 ± 1 ◦C in the darkness in the acclimation chamber
FITO 700 (Biogenet, Józefów, Poland). After incubation the number of germinated seeds
was recorded for each test and control plate and germination index was calculated [16].
Additionally, a digital picture of each plate was made and then subjected to image analysis
using the NIS ELEMENTS AR software (Nikon, Japan). As a result, the lengths of roots
and shoots were measured. The composition of the OECD reference soil and more detailed
description of the phytotoxicity assay used in this work are presented elsewhere [16].
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2.3. Statistical Analysis

The results of measurements were subjected to statistical elaboration. It comprised
basically the calculation of mean values, standard deviation and goodness of normal
distribution. The latter was checked with the use of the Kolmogorov–Smirnov test. In
addition, one-way analysis of variance (ANOVA) at statistical significance α = 0.05 was
applied to evaluate whether the lengths of roots or shoots of plants exposed to one of the
plastics tested were statistically equal or different than those that were not exposed to
the plastics. As the null hypothesis it was assumed that they were equal. The statistical
elaboration of results was performed with the use of MS Excel (Analysis ToolPak) software
and OriginPro 9.0 (OriginLab, Northampton, MA, USA).

3. Results and Discussion

Seed germination is a key process in the seed plant life cycle that influences total
biomass yield and quality [18,19]. This process depends on both intrinsic (e.g., seed
dormancy and available food store) and extrinsic (e.g., temperature, light, relative humidity,
chemicals) factors [19,20]. Thus, the presence of plastic particles in the soil may influence
it. Bio-based plastics studied in this work did not hamper the seed germination processes
of any of three higher plants used as model organisms. The values of GI in the tests with
the addition of plastic particles were approximately at the same level as those determined
in the control tests (Figure 1). This was observed for each plant, i.e., monocotyledonous S.
saccharatum as well as dicotyledonous L. sativum and S. alba. The results of one-way ANOVA
confirmed that there were not statistically significant differences between the germination
efficiency in the tests with and without plastic particles in the soil. The p-values were in the
range from 0.3319 to 0.9515 for sorghum, while for the cress and mustard they were from
0.05039 to 0.1245 and from 0.05004 to 0.9478, respectively. Consequently, they were less
than or equal to the significance level α = 0.05. Other studies on this subject also showed
that plastic microparticles did not affect the germination of wheat [12] or cress [9,16]. This
proves that germination of seed plants is relatively uninfluenced by the soil composition [9].

The analysis of the effect of bio-based plastics on early growth of higher plants com-
prised both the development of roots and shoots. The results of measurements of plant
roots and shoots varied widely, and they were difficult to use for interpretation in spite
of being subjected to statistical elaboration. Depending on the compound tested and its
concentration in the soil, inhibition and/or stimulation of root/shoot growth or no impact
were found. A high degree of variability of results of phytotoxicity tests was also observed
in other studies concerning petroleum-derived and/or bio-based plastics [11,14,21].

Roots are regarded to be the first organ exposed to the impact of toxic compounds
present in the soil. As a consequence, roots react to these stress conditions mainly by growth
inhibition [22]. The changes of root length of each of higher plant used as bioindicators
in this study are depicted in Figure 2. The growth of sorghum roots was not inhibited
by any of bio-based plastic tested irrespective of its concentration in the soil. This was
statistically confirmed with the help of one-way ANOVA (p > 0.05) (Table 2). Only in
the case of BPE-SP-PBS, was the stimulation of root growth observed at the two lowest
concentrations tested (p < 0.05) as seen in Figure 2, and Table 2. At the same time the cress
root growth was inhibited by three out of five bio-based plastics tested, BPE-AMF-PLA,
BPE-T-PHBV and BPE-RP-PLA. This was found for each concentration (BPE-AMF-PLA) or
for four out of five (BPE-T-PHBV, BPE-RP-PLA) concentrations of bio-based plastic particles
in the soil (Table 2). The presence of the other two materials (BPE-C-PLA, BPE-SP-PBS) in
the soil did not affect the root growth of cress significantly (Figure 2, Table 2). With regard
to mustard, the inhibition of root growth was revealed in the tests with BPE-AMF-PLA,
BPE-RP-PLA and BPE-SP-PBS. However, this was not found in every case over the entire
range of concentrations of plastic particles in the soil. In the case of BPE-AMF-PLA, this
was found in three out of five concentrations of this material in the soil, while in the case of
BPE-RP-PLA or BPE-SP-PBS, the inhibition of root growth was statistically confirmed at
the two highest concentrations (Figure 2, Table 2).
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Figure 1. Effect of bio-based plastics on seed germination of higher plants: (a) Sorghum saccharatum
(SOS); (b) Lepidium sativum (LES); (c) Sinapsis alba (SIA).
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Figure 2. Effect of bio-based plastics on root growth of higher plants: Sorghum saccharatum (SOS),
Lepidium sativum (LES) and Sinapsis alba (SIA).
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Table 2. Results of one-way ANOVA for S. saccharatum (SOS), L. sativum (LES) and S. alba (SIA).

Tested
compound

Exposed
plant
organ

p-values for SOS

Concentrations (% w/w)

0.02 0.095 0.48 2.38 11.9

BPE-AMF-
PLA

roots 0.6231 0.5702 0.0678 0.3654 0.6693

shoots 0.9034 0.6639 0.01781 (I) 0.3142 0.7238

BPE-T-
PHBV

roots 0.1868 0.4567 0.6671 0.01371(I) 0.7165

shoots 0.1638 0.4523 0.3511 0.00735(I) 0.9482

BPE-C-
PLA

roots 0.02192(I) 0.06123 0.7624 0.2606 0.7531

shoots 0.2482 0.5049 0.1488 0.07073 0.2089

BPE-RP-
PLA

roots 0.5214 0.5082 0.3626 0.1977 0.1625

shoots 0.6457 0.1868 0.6723 0.3267 0.4432

BPE-SP-
PBS

roots 0.03223(S) 0.008538(S) 0.2049 0.4288 0.8969

shoots 0.001491(S) 1.78·10−5(S) 0.2255 0.03400(S) 0.5318

Tested
compound

Exposed
plant
organ

p-values for LES

Concentrations (% w/w)

0.02 0.095 0.48 2.38 11.9

BPE-AMF-
PLA

roots 2.78·10−5(I) 0.0371(I) 3.72·10−6(I) 7.13·10−8(I) 7.21·10−12(I)

shoots 0.639 0.716 0.378 0.389 0.136

BPE-T-
PHBV

roots 0.4633 0.000132(I) 0.00855(I) 0.00195(I) 0.0471(I)

shoots 0.000159(S) 0.477 0.277 0.570 0.000662 (I)

BPE-C-
PLA

roots 0.386 0.499 0.253 0.0335 (S) 0.0507 (I)

shoots 0.000834(S) 2.09·10−5(S) 0.00311(S) 7.19·10−8(S) 0.194

BPE-RP-
PLA

roots 0.826 0.00488(I) 0.00329(I) 9.25·10−8(I) 1.46·10−8(I)

shoots 3.90·10−6(S) 0.0166(S) 2.14·10−6(S) 0.825 0.458

BPE-SP-
PBS

roots 0.0103 (I) 0.234 0.352 0.513 0.822

shoots 9.28·10−5(S) 2.19·10−6(S) 0.000194(S) 0.0214(S) 4.01·10−6

(I)

Tested
compound

Exposed
plant
organ

p-values for SIA

Concentrations (% w/w)

0.02 0.095 0.48 2.38 11.9

BPE-AMF-
PLA

roots 0.000545(I) 0.00654(I) 0.612 0.00626(I) 0.0812

shoots 0.959 0.596 0.843 0.528 0.0142(I)

BPE-T-
PHBV

roots 0.737 0.0196(I) 0.223 0.465 0.993

shoots 0.0584 0.454 0.509 0.517 0.000444(I)

BPE-C-
PLA

roots 0.375 0.969 0.599 0.791 0.677

shoots 0.987 0.00235(S) 0.0133(S) 0.0632 0.979

BPE-RP-
PLA

roots 0.394 0.116 0.349 0.000938(I) 0.0332(I)

shoots 0.577 0.659 0.634 0.224 0.0955

BPE-SP-
PBS

roots 0.0506 0.311 0.214 0.0416(I) 0.000111(I)

shoots 0.00984(S) 0.0345(S) 0.329 0.214 0.110
(I)—inhibition; (S)—stimulation.
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The results of root length obtained for three plant species showed that dicotyledons
were more sensitive to the presence of bio-based plastic particles in the soil than mono-
cotyledons. At the same time, in the case of the stress factor induced by stimuli other than
plastic particle soil contaminations (e.g., metals), the response of monocotyledons might
be the same or stronger in comparison to dicotyledons [22,23]. Out of three plants used
as bioindicators, cress appeared to be the most sensitive organism in the assessment of
the effect of bio-based plastic materials on the early stages of root growth. Comparing to
what extent each bio-based plastic affected root length, it was observed that two bio-based
plastics (BPE-AMF-PLA and BPE-RP-PLA) acted more strongly on root growth than other
plastic materials did. In particular, it affected the root growth of cress and mustard. The
presence of BPE-AMF-PLA or BPE-RP-PLA in the soil contributed to the decrease of cress
roots from 6.3 to 21.8% or from 0.6 to 16.4%, respectively. In the case of mustard roots, it
was from 2.1 to 19.8% in the tests with BPE-AMF-PLA and from 4.3 to 17.4% in the tests
with BPE-RP-PLA (Figure 2). The reduction of root length of any plant did not exceed
21.8% irrespective of the type of bio-based plastic added to the soil (Figure 2).

Shoot growth, just like root growth, was affected by bio-based plastics in different
ways depending mainly on the plant used as the indicator, the type of bio-based plastic
and its concentration in the soil (Figure 3). In the case of shoot growth, the stimulation was
more often observed than it was noted for roots (Table 2). The stimulatory effect of low
doses of toxic substances on growth of plants or animals is a known phenomenon called
as hormesis [24–26]. The growth of sorghum shoots was generally not inhibited by the
presence of plastic material in the soil (Table 2). At the same time, BPE-SP-PBS contributed
to the stimulation of growth of sorghum shoots at the lower concentrations 0.02–0.095%
w/w of plastic particles in the soil (Figure 3, Table 2).

Shoot development of cress was the most often stimulated in the tests with the addition
of the bio-based plastic particles to the soil (Figure 3, Table 2). This phenomenon was
observed at almost all concentrations tested in the case of three out five bio-based plastics
tested, namely, BPE-C-PLA, BPE-RP-PLA and BPE-SP-PBS.

The inhibition of cress shoot growth was found only at the highest concentrations of
bio-based plastic particles in the soil. It concerned the tests with BPE-SP-PBS and BPE-T-
PHBV. At the same time, the presence of BPE-AMF-PLA did not affect shoot growth of
cress at all (Figure 3, Table 2). The impact of bio-based plastic particles on mustard shoot
development was weaker than that with regard to cress. The inhibition was observed at the
highest concentration (11.9% w/w) in the case of tests with BPE-AMF-PLA or BPE-T-PHBV,
while the presence of BPE-SP-PBS or BPE-C-PLA stimulated the growth of mustard shoots
at the concentrations 0.02–0.095% w/w or 0.095–0.48% w/w, respectively (Figure 3, Table 2).

As was the case with the roots, cress turned out to be the most sensitive model organ-
ism in the evaluation of the effect of bio-based plastic particles on shoot growth. It is in
line with the previous results concerning PLA, PHB and polypropylene (PP), which indi-
cated that L. sativum was the most sensitive plant in the tests with these three plastics [16].
Therefore, this plant should be used as one of bioindicators in the assessment of potential
phytotoxicity of plastics, in particular bio-based plastic materials.

Comparing the effect of the individual plastics on shoot growth, it was easy to see
that BPE-SP-PBS stimulated the growth of shoots of all higher plants tested, when it was
present in the soil at concentrations from 0.02 to 0.095% w/w. In the case of cress at lower
concentrations of plastic particles in the soil, the stimulation of cress shoot growth occurred,
while at the highest concentration (11.9% w/w) their growth was inhibited (Figure 3, Table 2).
This response of the biological parameter (shoot growth) in the presence of BPE-SP-PBS in
the soil at various concentrations (stimulation at lower concentrations, inhibition at higher
concentrations) corresponded with the description of the hormetic effect [25,26]. Thus, the
hormetic effect of bio-based plastic BPE-SP-PBS on shoot growth of cress is very probable.
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Figure 3. Effect of bio-based plastics on shoot growth of higher plants: Sorghum saccharatum (SOS),
Lepidium sativum (LES) and Sinapsis alba (SIA).
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4. Conclusions

In this work, five bio-based plastics of different chemical composition and various
potential applications were studied towards their impact on early growth of higher plants.

None of bio-based plastics even at relatively high concentration in the soil (11.9% w/w)
interferes with the germination of plant seeds. This is the case of monocotyledonous and
dicotyledonous plants.

The growth of roots of S. saccharatum (monocotyledonous plant) is not inhibited
irrespective of the type of bio-based plastic and its concentration in the soil. At the same
time, the growth of roots of dicotyledonous plants is inhibited by some kinds of bio-based
plastics. The inhibition of the development of L. sativum roots is statistically confirmed
for two PLA-based plastics and one PHBV-based plastic. In the case of roots of S. alba it is
confirmed for the same two PLA-based plastics as for cress and additionally for PBS-based
plastic.

Two PLA-based plastics, BPE-AMF-PLA and BPE-RP-PLA, inhibit root growth of
dicotylodonous plants more strongly than other plastic materials. Nevertheless, the short-
ening of roots does not exceed 22% in comparison to the control runs in any case.

Shoot growth of the monocotyledonous plant is usually not affected by the presence of
bio-based plastics in the soil. With regard to the dicotyledonous plants, in particular cress
shoots, stimulation of growth often occurs. This is statistically confirmed for the growth
of L. sativum shoots exposed to BPE-C-PLA, BPE-RP-PLA or BPE-SP-PBS. The presence of
PBS-based plastic in the soil contributes to the stimulation of shoot growth of higher plants
(sorghum, cress and mustard) at the concentrations from 0.02 to 0.095% w/w. In the case of
cress shoots exposed to PBS-based plastic, the hormetic effect is observed.

This work confirms that L. sativum is the most sensitive plant out of three bioindicators
used with regard to the presence of bio-based plastic particles in the soil. It is recommended
to include L. sativum in the evaluation of the effect of bio-based plastics on the early growth
of higher plants.
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Abstract: Biodegradable polymers have recently become popular; in particular, blends of poly(lactic
acid) (PLA) and poly(butylene adipate terephthalate) (PBAT) have recently attracted significant
attention due to their potential application in the packaging field. However, there is little information
about the thermomechanical properties of these blends and especially the effect induced by the
addition of PBAT on the shape memory properties of PLA. This work, therefore, aims at producing
and investigating the microstructural, thermomechanical and shape memory properties of PLA/PBAT
blends prepared by melt compounding. More specifically, PLA and PBAT were melt-blended in a
wide range of relative concentrations (from 85/15 to 25/75 wt%). A microstructural investigation
was carried out, evidencing the immiscibility and the low interfacial adhesion between the PLA and
PBAT phases. The immiscibility was also confirmed by differential scanning calorimetry (DSC). A
thermogravimetric analysis (TGA) revealed that the addition of PBAT slightly improved the thermal
stability of PLA. The stiffness and strength of the blends decreased with the PBAT amount, while
the elongation at break remained comparable to that of neat PLA up to a PBAT content of 45 wt%,
while a significant increment in ductility was observed only for higher PBAT concentrations. The
shape memory performance of PLA was impaired by the addition of PBAT, probably due to the
low interfacial adhesion observed in the blends. These results constitute a basis for future research
on these innovative biodegradable polymer blends, and their physical properties might be further
enhanced by adding suitable compatibilizers.

Keywords: PLA; PBAT; biodegradable polymers; blends; shape memory polymers

1. Introduction

In recent years, the increasing difficulties of plastic disposal have raised concerns
worldwide. Most plastic waste ends up in landfills, oceans, soil and water, representing thus
serious hazards for plants, animals and humans. According to recent statistics, every year
up to 12.7 million tons of plastic enter the oceans, causing the death of several seabirds and
aquatic animals. The severity of this problem will exponentially increase with the increase
in global non-biodegradable plastic consumption [1–3]. Plastic waste is estimated to triple
by 2060, as claimed by the latest forecast by the OECD’s Global Plastic Outlook, rising from
353 million tons of waste in 2019 to 1014 million tons in the next decades [4]. Therefore,
measures and solutions must be taken to avoid irreversible consequences on ecosystems and
human beings. One of the major generators of plastic pollution is packaging, responsible
for almost half of the global total due to its short lifespan [5]. This fact, highlighted in
several statistics, has led to a growing demand for the use of biodegradable polymers for
packaging materials since they could significantly minimize environmental pollution [5].

Nowadays, biodegradable polymers (BPs) have become a topic of great interest as an
alternative to overcome the issues related to non-biodegradable polymeric waste. BPs can
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be decomposed by microbes (bacteria, some fungi and algae, etc.) existing in nature into
CO2, H2O, CH4 and biomass, which can be integrated into the natural ecosystem without
any ecotoxic effects [1]. One of the most studied BPs is poly(lactic acid) (PLA), a linear
aliphatic polyester derived from lactic acid and synthesized from renewable resources,
such as sugarcane or corn starch [6–8]. Due to its good mechanical properties (similar to
those of polystyrene), processability, reasonable price and commercial availability, it has
gained interest in academia and industry. PLA shows a Young’s modulus of around 3 GPa,
a tensile strength between 50 and 70 MPa and an impact strength close to 2.5 kJ/m2 [9].
It can be processed at the industrial level with the same processing technologies used for
traditional non-biodegradable polymers, but with lower greenhouse gas emissions [9].
PLA is the most used biodegradable polymer in the food packaging industry and it is
commercialized mainly for single-use disposal packaging applications, such as bottles,
cold drink cups, blister packages and flexible films [9]. It presents several advantages
over non-biodegradable plastics that are commonly used for packaging, including good
transparency, degradation in biological environments (for example, in soil and compost),
biocompatibility and FDA approval [5]. In addition, it exhibits a thermo-responsive shape
memory behavior that makes it even more attractive for the development of active and
smart packaging [10–16].

In more detail, the polymer’s thermo-responsive shape memory behavior allows it to
undergo large controllable shape changes in response to a change in temperature [17–19]. In
the case of semi-crystalline PLA, the crystalline domains act as the net points and determine
the initial permanent shape of the material, while the glass transition temperature of PLA
(approx. 60 ◦C) acts as a molecular switch and is responsible for the fixability of the
desired temporary shape. PLA macromolecules exhibit high mobility when the material
is heated above its glass transition, allowing the polymer to be easily deformed into the
appropriate temporary shape. Cooling PLA under loads below Tg strongly reduces its
mobility, thereby fixing the imposed deformation. Finally, when the polymer is heated
above Tg, the switching domains progressively regain their mobility, and the material
returns to its original condition [17–19].

Although PLA possesses many advantages for packaging, it also has some drawbacks
that prevent its industrial exploitation, including poor toughness and sensitivity to thermal
degradation [20,21]. One possible strategy to find more PLA commercial applications in
the sustainable packaging field, while maintaining its biodegradability, consists of blending
PLA with other BPs that have complementary characteristics [21]. Melt-blending techniques
are generating a lot of interest since they are a cost-effective, easy and readily available
processing technology at the industrial level that allows us to obtain packaging formula-
tions with a desired performance by varying the blend composition [21]. Poly(butylene
adipate-co-terephthalate) (PBAT), an aliphatic-aromatic copolymer, is considered an in-
teresting toughening candidate [22]. It is a fully biodegradable polymer based on fossil
resources, produced by poly-condensation between butanediol (BDO), adipic acid (AA)
and terephthalic acid (PTA) [23,24]. PBAT is characterized by high elasticity, good thermal
stability at elevated temperatures, wear and fracture resistance, and compatibility with
many other natural polymers. However, its stiffness and strength are rather poor [22–25].
PBAT’s properties can be slightly adjusted by varying the relative ratio of the two structural
units: the rigid butylene terephthalate (BT) segments, derived from 1,4-butanediol and
terephthalic acid monomers, and the flexible butylene adipate (BA) segments, derived from
1,4-butanediol and adipic acid monomers. Similar to PLA, PBAT has found application
in packaging (for example, in the production of plastic bags), as well as in the biomedical
field, in hygiene products and in mulch film production [23–25].

In view of their complementary characteristics and common application fields, blend-
ing stiff PLA with flexible PBAT could represent a valuable technical solution to develop
eco-sustainable packaging with tailorable properties [26–28]. PLA/PBAT blends have been
thoroughly researched over the years [29–37]. Farsetti et al. [37] found that PLA/PBAT
blends with different relative concentrations produced by melt compounding exhibited
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two-phase behavior and two separate glass transition temperatures. The blends main-
tained quite a high modulus and tensile strength compared to those of neat PLA, and
small amounts of PBAT improved both the elongation at break and the impact resistance.
Gu et al. [32] investigated the melt rheology of PLA/PBAT blends with PBAT contents
lower than 30 wt% prepared by twin-screw extrusion. The incorporation of PBAT was found
to improve the melt processability, since the PLA/PBAT blends were characterized by a
more pronounced shear-thinning behavior compared to that of the neat PLA. Several studies
have focused on the preparation and characterization of flexible PLA/PBAT biodegradable
films for agricultural uses. For example, Weng et al. [33] prepared PLA/PBAT films and
investigated their biodegradation behavior in a real soil environment. They observed that
the blends presented a lower biodegradation rate compared to that of the neat polymers,
and this experimental evidence was attributed to the poor compatibility between the PLA
and PBAT phases, as highlighted by SEM micrographs. Palsikowski et al. [36] prepared
flexible PBAT/PLA films compatibilized with a chain extender and investigated the ef-
fect of the addition of the chain extender on their biodegradation. The result highlighted
that the presence of the chain extender led to a delay in the film biodegradation, and the
blends showed an intermediate behavior compared to that of the neat polymers. However,
few studies in the literature have investigated the use of these blends in the packaging
field, and the majority of these studies have primarily dealt with food packaging. For
example, Paulsen et al. [26] studied the suitability of PLA/PBAT films in the packaging
of broccoli. They found that broccoli heads packaged in these films achieved a shelf life
of 21 days at 2 ◦C, which is a more extended postharvest storage with respect to that of
low-density polyethylene films. Weng et al. [27] discovered that cinnamaldehyde-loaded
corn starch/PBAT/PLA blend film effectively preserved the quality of soy-protein-based
meat analogues by inhibiting the growth of Escherichia coli and Staphylococcus aureus during
4 ◦C storage. Qui et al. [28] produced PLA/PBAT films incorporated with nano-polyhedral
oligomeric silsesquioxane (POSS (epoxy)8) as a reactive compatibilizer via melt processing.
They noticed that the addition of POSS to the PLA/PBAT films improved the storage
capacity of the packaging films and that the excellent permeability of PBAT created a
low-moisture environment capable of suppressing fungal growth.

Considering the recent interest in PLA/PBAT blends and in the shape memory capa-
bility of PLA for the development of smart packaging with a thermo-responsive shape,
this work is focused on the investigation of the thermomechanical and shape memory
properties of fully biodegradable PLA/PBAT blends, produced by melt compounding and
hot pressing. Therefore, this study aims at investigating the effect of the blend composition
on the processability and on the most important physical features of these materials, in view
of their future application in the packaging field. To the authors’ knowledge, this is the first
work dealing with the investigation of the shape memory behavior of PLA/PBAT blends.

2. Materials and Methods

2.1. Materials and Methods

IngeoTM 2500HP, supplied by NatureWorks® LLC (Minnetonka, MN, USA) in pellet
form, was the PLA used in this work. According to the producer’s technical datasheet, it
was characterized by a specific gravity of 1.24 g/cm3, a melt flow index (MFI) of 8 g/10 min
(210 ◦C, 2.16 kg) and a melting temperature of 165–180 ◦C. Polymer granules of PBAT
Technipol® Bio 1160 were purchased from Sipol Spa (Mortara, PV, Italy). According to the
supplier datasheet, its specific gravity was 1.23 g/cm3, the MFI was 20 g/10 min (160 ◦C,
2.16 kg) and melting temperature was about 115 ◦C.

2.2. Sample Preparation

PLA/PBAT blends at different relative ratios were prepared by melt compounding
in a Rheomix 600 internal mixer (Thermo Haake®, Waltham, MA, USA), equipped with
counter-rotating rotors. The compounding temperature was kept at 180 ◦C while the mix-
ing time was 10 min. The rotor speed was set at 60 rpm. Prior to processing, PLA and PBAT
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pellets were dried at 50 ◦C overnight to remove moisture. After compounding, the blends
were hot-pressed in a hydraulic press for 10 min at a pressure of 7 bar and a temperature of
180 ◦C, followed by water cooling. The processing temperature was selected after prelimi-
nary trials, and viscosimetric measurements on both virgin and processed samples (not
reported for the sake of brevity) demonstrated that the molecular weight of the constituents
was retained after melt-compounding and hot-pressing operations. In this way, square
sheets with in-plane dimensions of 150 × 150 mm2 and a thickness of 1 mm were prepared.
The composition (in wt% and vv%) of the prepared samples along with their codes is
reported in Table 1. The final number in the code refers to the PBAT weight concentration
in the blend.

Table 1. List of the prepared samples and their nominal composition.

Sample
PLA Content
(wt%/vv%)

PBAT Content
(wt%/vv%)

PLA 100.0/100.0 -

PLA_PBAT_15 85.0/84.9 15.0/15.1

PLA_PBAT_30 70.0/69.8 30.0/30.2

PLA_PBAT_45 55.0/54.8 45.0/45.2

PLA_PBAT_60 40.0/39.8 60.0/60.2

PLA_PBAT_75 25.0/24.8 75.0/75.2

PBAT - 100.0/100.0

2.3. Characterization
2.3.1. Rheological Properties

To examine how the blend’s composition affects the viscosity in the molten state,
dynamic rheological tests were performed on a DHR-2 rheometer (TA Instrument, New
Castle, DE, USA) in parallel plate oscillatory mode. The measurements were conducted
using 25 mm diameter plates at 180 ◦C and setting a gap distance of 1 mm. Disc samples
(diameter 25 mm, thickness 1 mm) were selected for the tests. The measurements were
conducted in frequency sweep mode, applying a maximum shear strain of 1%, which,
according to the literature, is within the limit of viscoelasticity for these systems [38]. In
this way, the trends of the complex viscosity (η*), storage modulus (G′) and loss modulus
(G′′) were evaluated in an angular frequency range of 0.1–1000 rad/s.

2.3.2. Microstructural Properties

In order to investigate the dispersion of the two constituents in the blends, optical
microscope micrographs were acquired on polished samples, by using an upright incident-
light optical CH-9435 Heerbrugg microscope (Heerbrugg, Switzerland).

A field emission scanning electron microscope (FESEM) AG-SUPRA 40 (Carl Zeiss,
Ober-Kochen, Germany), operating at an accelerating voltage of 2.5 kV, was employed to
investigate the interfacial adhesion between the PLA and PBAT phases. The samples were
cryofractured after being submerged in liquid nitrogen for one hour. The fracture surface
was analyzed after Pd/Pt sputtering to provide enhanced electrical conductivity.

2.3.3. Thermal Properties

In order to investigate the degradation resistance of the produced blends, thermogravi-
metric analysis (TGA) was performed by using a Mettler TG50 thermo-balance (Mettler-
Toledo GmbH, Schwerzenbach, Switzerland). Samples with a mass of 20 mg were tested at
a heating rate of 10 ◦C/min from 25 ◦C up to 700 ◦C under a nitrogen flow of 10 mL/min.
The temperature that was associated with a mass loss of 5% (T5%) and the residual mass
at 700 ◦C (m700) were evaluated. In addition, the temperatures corresponding to the max-
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imum mass loss rate of PLA (Tpeak1) and PBAT (Tpeak2) were determined from the first
derivative of the thermogravimetric curve (DTG).

Differential scanning calorimetry (DSC) tests were performed on the prepared blends
by means of a Mettler DSC30 calorimeter (Mettler Toledo GmbH, Schwerzenbach, Switzer-
land). Measurements were carried out under 100 mL/min nitrogen flow according to the
following protocol: (I) the first heating scan was from −80 ◦C to 200 ◦C at 10 ◦C/min,
(II) the cooling scan was from 200 ◦C to −80 ◦C at 10 ◦C/min, (III) and the final heating scan
was from −80 ◦C to 200 ◦C at 10 ◦C/min. Specimens with a mass of 10 mg were tested. DSC
analysis allowed the determination of the glass transition temperature (Tg), the melting
and cold crystallization temperatures (Tm, Tcc) and specific enthalpy values (ΔHm, ΔHcc)
of the blend constituents. Furthermore, the PLA and PBAT crystallinity degree (χc) was
calculated according to Equation (1):

χc (%) = 100·ΔHm − ΔHcc

ΔH0
m.w

(1)

where ΔHcc is the cold crystallization enthalpy, ΔH0
m is the theoretical melting enthalpy

of fully crystalline polymer and w is the weight fraction of the polymer phase in the
blend. ΔH0

m was taken as 93 J/g for fully crystalline PLA and 114 J/g for fully crystalline
PBAT [20,24].

2.3.4. Mechanical Properties

Dynamic-mechanical analysis was carried out through a DMA Q800 (TA instrument,
New Castle, DE, USA) machine, in order to investigate the dependence of the storage
modulus (E’) and loss modulus (E”) of the produced blends on temperature. The tests were
performed on rectangular specimens (gauge length 10 mm, width 5 mm, thickness 1 mm)
with a frequency of 1 Hz, a strain amplitude of 0.05% and a heating ramp from 25 ◦C to
130 ◦C at 3 ◦C/min. One specimen was tested for each composition. In this way, the values
of the storage modulus at 25 ◦C (E’25) and at 85 ◦C (E’85) were determined to evaluate the
storage modulus drop below and above the glass transition temperature of PLA.

An Instron 5969 (Instron®, Norwood, MA, USA) tensile testing machine, equipped
with a load cell of 10 kN and operating at a cross-head speed of 5 mm/min, was used
to determine the tensile properties of the blends under quasi-static conditions. The tests
were performed on ISO 527 type 1BA specimens at 25 ◦C. The elastic modulus (E) was
measured as the secant value between two strain levels (0.05 and 0.25 mm/mm) by means
of a resistance extensometer. Moreover, the tensile stress at break (σb) and the strain at
break (εb) were determined. Five specimens were tested for each composition.

2.3.5. Evaluation of the Shape Memory Behavior

The investigation of the shape memory behavior of the prepared PLA/PBAT blends
was performed on prismatic rectangular specimens (width 5 mm, thickness 1 mm, length
20 mm) by means of a DMA Q800 (TA instrument, New Castle, DE, USA) apparatus, oper-
ating in single cantilever mode. Since at 25 ◦C and 85 ◦C the PLA phases in the blends are
in the glassy and in the rubbery state, respectively, these temperatures were selected for
exploring the shape memory performance of the samples. One specimen was tested for
each formulation. The tests were carried out according to the thermomechanical cycle typi-
cally employed for SMPs [39–48], consisting of a programming step, followed by a recovery
step. More specifically, the specimens were subjected to the following thermomechanical
history: (I) heating of the specimen and equilibrium at 85 ◦C; (II) application of a ramp
force of 0.8 N/min (the ramp force was reduced to 0.1 N/min for PLA_PBAT_75 blend);
(III) drive-off of the motor when a displacement (dimp) of 8000 μm was achieved; (IV) cooling
and equilibrium of the sample at 25 ◦C (cooling rate of 20 ◦C/min); (V) isothermal
step for 5 min; (VI) drive-on of the motor and application of a constant load equal to
0.001 N to continuously monitor the sample displacement as a function of the temperature;
(VII) equilibrium at 85 ◦C; and (VIII) isothermal for 30 min at 85 ◦C. The graphical repre-
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sentation and the schematization of the thermomechanical cycle is illustrated in Figure 1a,b
(the graphical representation of the thermomechanical cycles of all blends are reported
in Figure S1). In Figure 1b, dimp is the programmed displacement at step (III), dfix is the
effectively fixed displacement at step (VI) and d30 is the displacement reached by the
movable clamp at the end of the recovery process at step (VIII).

Figure 1. (a) Graphical representation, as an example, of PLA_PBAT_15 sample and (b) illus-
tration of the thermomechanical cycle adopted to investigate the shape memory behavior of the
PLA/PBAT blends.

The strain fixity (SF) and strain recovery (SR) parameters were then determined in
order to describe the shape memory performance of the PLA/PBAT blends. The first
parameter assesses the material’s capacity to fix the mechanical deformation introduced
during the programming process, while the second one indicates how much strain is
recovered during the recovery step. Both SF and SR should be close to 100% in a well-
performing SMP. For each specimen, the SF and SR were, respectively, calculated according
to Equations (2) and (3):

SF(%) =
d f ix

dimp
·100 (2)

SR(%) =
dimp − d30

dimp
·100 (3)

3. Results and Discussion

3.1. Rheological Measurements

Dynamic rheological tests were carried out to investigate the effect of the blend
composition on the rheological properties at the processing temperature (180 ◦C) in order

168



Polymers 2023, 15, 881

to obtain information about the processability of these materials. Figure 2a–c show the
results of the dynamic rheological tests performed on neat PLA, neat PBAT and all the
prepared blends in terms of the dynamic moduli (G′, G′′) and complex viscosity (η*).

(a) (b)

(c)

Figure 2. Results of the dynamic rheological tests at 180 ◦C on the neat matrices and on the prepared
blends. Trends of (a) storage modulus; (b) loss modulus; and (c) complex viscosity as a function of
the angular frequency.

Figure 2a,b show, respectively, the storage and loss modulus of the PLA/PBAT blends
as a function of the frequency. All the samples exhibit a similar trend of the G′ in the
high-frequency range, while differences can be seen at lower frequencies. The G′ of all
blends in the low-frequency range was higher than that of neat PLA and neat PBAT,
suggesting that the two polymers are probably immiscible [49]. Furthermore, significant
differences in the slopes of the curves appear at low frequencies, i.e., with the appearance
of a shoulder in the PLA_PBAT_15 blend. This behavior is very likely to be due to a
droplet/matrix morphology [50–53] and it substantially disappears at higher compositions.
This could be attributed to the formation of more complex morphologies showing slow
relaxation dynamics [51–53] and will be further investigated and discussed in the following
morphological characterization section.

Comparing the loss and the storage modulus values, it can be observed that the G′′
is greater than the G′; this, combined with their overall trends, suggests that a liquid-
like rheological behavior prevails over a solid-like one for all of the investigated blends.
Furthermore, the frequency dependence of the G′′ is almost the same for all the samples in
the entire frequency range. Finally, when increasing the PBAT content in the blends, both
the G′ and G′′ decrease.

The complex viscosity of the neat PLA and PBAT (Figure 2c) is similar to the values
reported in the literature, highlighting the negligible thermal degradation these materials
undergo during the production process [54]. On a general level, all the samples exhibited a
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shear thinning behavior, more pronounced in the high-frequency range. The η* of PLA is
approximately one order of magnitude higher than that of PBAT, as shown in Figure 2c.
Therefore, this suggests that it is much easier for PBAT to disperse within the PLA matrix,
once processed at the molten state. With the increasing PBAT concentration, the complex
viscosity of the blends decreases, except for that of PLA_PBAT_15 and PLA_PBAT_30 in
the low-frequency regime, attributable to yield stress, likely to be due to resistance to the
flow of the PBAT domains in the PLA matrix.

3.2. Morphological Characterization

The optical microscope images of the prepared blends are shown in Figure 3a–e.

Figure 3. Optical microscope images of the prepared PLA/PBAT blends. (a) PLA_PBAT_15;
(b) PLA_PBAT_30; (c) PLA_PBAT_45; (d) PLA_PBAT_60; and (e) PLA_PBAT_75.

The bright field micrographs shown in Figure 3a–e provide interesting information
about the microstructural features of the produced PLA/PBAT blends. Firstly, it is possible
to notice that PLA and PBAT are immiscible since all the analyzed compositions show an
evident phase separation, which is consistent with the observation reported in other studies
on these systems [22,35]. Secondly, depending on the PLA/PBAT ratio, the two phases
exhibit either a sea-island morphology (Figure 3a,b,e), i.e., a discrete domain (regularly
or irregularly shaped) embedded in the surrounding matrix, or an almost co-continuous
structure (Figure 3c,d), i.e., large interconnected domains with irregular shapes. Focusing
at first on blends with low PBAT contents, PLA_PBAT_15 (Figure 3a) presents a fine
structure with small and spherical PBAT domains evenly dispersed in the PLA matrix.
After a statistical analysis of the domain size distribution, it is possible to conclude that the
size of PBAT domains increases with the PBAT concentration, from 3.6 ± 0.7 μm for the
PLA_PBAT_15 blend up to 11.9 ± 8.9 μm for the PLA_PBAT_30 sample. Moreover, in the
PLA_PBAT_30 blend (Figure 3b), there is the coexistence of small and large PBAT droplets,
with either spherical or irregularly elongated shapes. The formation of these small PBAT
domains in the PLA matrix could be responsible for the high complex viscosity values
evidenced in the low-frequency range in the PLA_PBAT_15 and PLA_PBAT_30 samples
(see Figure 2c). The dispersed PBAT phase probably hindered the mobility of the PLA
chains, inducing a viscosity increase. A significant change in morphology is observable
in the PLA_PBAT_45 blend (Figure 3c). This sample exhibits an almost co-continuous
morphology, with a 3D network of large and elongated PBAT domains in the PLA matrix.
Moreover, it is interesting to observe that small PLA droplets are immersed in some
PBAT domains. This experimental evidence suggests that PLA/PBAT is a polymer blend
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characterized by high viscosity, since double-emulsion structures are generally present in
blends with this feature [55]. As can be seen in Figure 3d, PLA_PBAT_60 also presents a
co-continuous morphology. However, differently to PLA_PBAT_45, PBAT is the primary
constituent in this case, highlighting that in the PBAT concentration interval between
45 wt% and 60 wt%, the phase inversion occurred. Future works will aim at identifying the
exact composition associated to this inversion. By a more detailed analysis of the blend
containing 60 wt% of PBAT, it is possible to observe that PLA domain size and shape are
broadly distributed, since small PLA droplets are present in the PBAT matrix together with
the coarser domains. Finally, by further increasing the PBAT content in the blends up to
75 wt% (Figure 3e), the size of the PLA domains, as well as the statistical dispersion of their
size distribution, decreases. Their elongated shape probably derives from the coalescence of
smaller domains. In conclusion, it is interesting to point out that, on a general level, when
PBAT is in the dispersed phase of the blend, its domains are smaller than those formed by
PLA when PBAT is the primary constituent. In fact, as it has been evidenced by rheological
measurements, PBAT presents a significantly lower viscosity, which favors its breakup in
the PLA matrix.

SEM observations were also performed on these blends in order to obtain further
information about the interfacial adhesion conditions. The micrographs of the cryofracture
surface of the prepared blends are presented in Figure 4a–g.

Figure 4. SEM micrographs of the cryofracture surface of neat PLA, neat PBAT and the prepared
blends: (a) PLA; (b) PLA_PBAT_15; (c) PLA_PBAT_30; (d) PLA_PBAT_45; (e) PLA_PBAT_60;
(f) PLA_PBAT_75; and (g) PBAT.

Neat PLA and PBAT (Figure 4a,g) present a different cryofracture surface appearance,
which helps in identifying the two components in the blends (Figure 4b–f). In particular,
the cryofracture surface of PLA appears rough (Figure 4a), while that of PBAT is smoother
(Figure 4g). The micrographs of the blends reported in Figure 4b–f show that the interfacial
adhesion between PLA and PBAT is rather poor, since voids are clearly visible at the
interface. The neat separation between the two phases and the presence of detachment
phenomena, mostly visible in the PLA_PBAT_15 and PLA_PBAT_45 samples (Figure 4b,d),
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are evidence of the immiscibility and the poor compatibility of these two polymers. In future
works, the interfacial adhesion needs to be improved by using suitable compatibilizers.

The SEM images reveal the presence of very small domains in the order of 1–5 μm (of
PLA in the PLA_PBAT_15 and PLA_PBAT_30 samples, and of PBAT in the PLA_PBAT_60
and PLA_PBAT_75 samples) dispersed in the major phase, which has not been possible
to observe in the optical micrographs. This confirms the broad domain size distribu-
tion already detected in Figure 3a,b,d,e. Furthermore, as indicated by the red arrows in
Figure 4d–g, double-emulsion structures can be detected at this magnification level.

3.3. Thermal Properties

Thermogravimetric tests were performed in order to investigate the thermal degra-
dation behavior of the prepared blends and to explore the influence of blend composition
on their degradation resistance. The thermogravimetric curves of the prepared samples
along with the corresponding derivative curves are presented in Figure 5a,b, while the
most significant results are reported in Table 2.

(a)

(b)

Figure 5. TGA thermograms of neat PLA, neat PBAT and their blends. Trends of (a) residual mass
and (b) mass loss derivative as a function of temperature.
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Table 2. Results of the TGA tests on neat PLA, neat PBAT and their blends.

Sample T5% (◦C) Tpeak1 (◦C) Tpeak2 (◦C) m700 (%)

PLA 339.7 376.1 - 0.0

PLA_PBAT_15 341.2 372.6 - 0.9

PLA_PBAT_30 341.8 368.8 406.0 1.5

PLA_PBAT_45 343.7 368.5 409.9 2.6

PLA_PBAT_60 345.3 360.0 409.4 3.4

PLA_PBAT_75 346.5 366.4 412.6 3.8

PBAT 374.3 - 414.4 4.2
T5% = temperature corresponding to a mass loss of 5%; Tpeak1 = temperature of the maximum degradation rate of
PLA; Tpeak2 = temperature of the maximum degradation rate of PBAT; m700 = mass residue at 700 ◦C.

As it is possible to observe from Figure 5a,b, the thermal degradation of neat polymers
occurs in one single step. PLA and PBAT start degrading at temperatures close to 340 ◦C
and 370 ◦C, respectively, and show maximum degradation rates at 376 and 414 ◦C, as
reported in Table 2. The higher degradation resistance of PBAT is probably attributable to
the presence of benzene rings in its molecular structure [56]. A plateau in the TGA curves
above 400 ◦C for PLA and above 450 ◦C for PBAT can be noticed, highlighting that no
significant mass loss in the nitrogen atmosphere occurs at higher temperatures. As for the
residue at 700 ◦C (m700), PLA completely degrades without leaving any solid residue, while
PBAT presents an m700 value of 4.2%. This indicates that partial coking and carbonization
occurs for PBAT. Consequently, it is possible to observe that the residual mass increases
proportionally to the PBAT amount in the samples.

The decomposition process of all the PLA/PBAT blends takes place in two different
steps, associated with the thermal degradation of the PLA and PBAT phases. This is further
evidence of the immiscibility of these polymers. With the increasing PBAT concentration,
the thermal stability of the blends slightly increases. Indeed, as can be seen from Table 2,
the temperature corresponding to a 5% weight loss (T5%) shifts to higher temperatures,
moving from the PLA_PBAT_15 to PLA_PBAT_75 sample.

In order to investigate the thermal properties of the PLA/PBAT blends, a DSC analysis
has been carried out. The DSC thermograms collected in the first and second heating scans
of the neat PLA, neat PBAT and PLA/PBAT blends are shown in Figure 6a,b, while the
most significant results are reported in Table 3. The DSC tests collected in the cooling scan
did not provide noteworthy results and were therefore not reported for the sake of brevity.

Figure 6. DSC thermograms of neat PLA, neat PBAT and PLA/PBAT blends. (a) First heating scan,
(b) second heating scan.
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Table 3. Results of the DSC tests on neat PLA, neat PBAT and PLA/PBAT blends (first and second
heating scans).

Sample
TgPBAT

(◦C)
TgPLA

(◦C)
TccPLA

(◦C)
ΔHccPLA

(J/g)
TmPBAT

(◦C)
ΔHmPBAT

(J/g)
TmPLA

(◦C)
ΔHmPLA

(J/g)
χPLA

(%)
χPBAT

(%)

1st heating

PLA - 57.6 - - 178.0 58.3 62.2 -

PLA_PBAT_15 58.9 93.3 20.3 48.6 35.8

PLA_PBAT_30 −36.9 56.5 93.0 15.2 177.1 39.8 37.7

PLA_PBAT_45 −39.1 57.3 - - 114.1 2.7 178.5 32.1 62.7 6.3

PLA_PBAT_60 −39.6 56.5 93.8 6.9 115.2 3.3 176.5 22.2 41.2 4.9

PLA_PBAT_75 −39.1 58.5 93.7 1.8 114.7 5.9 176.1 13.0 47.9 6.9

PBAT −39.7 - - - 113.7 11.9 - - - 10.4

2nd heating

PLA - 62.4 - - - - 179.1 54.5 58.6 -

PLA_PBAT_15 −44.1 61.4 - - 178.0 43.0 54.4

PLA_PBAT_30 −41.9 61.2 - - 177.3 38.6 59.3

PLA_PBAT_45 −39.5 59.2 - - 114.0 3.2 177.6 31.4 61.5 6.3

PLA_PBAT_60 −39.9 59.0 - - 114.0 4.7 177.4 22.1 59.4 6.9

PLA_PBAT_75 −38.5 59.1 - - 113.4 6.3 176.5 14.0 56.6 7.5

PBAT −39.0 - - - 114.2 11.2 - - - 9.8

TgPBAT = glass transition temperature of PBAT; TgPLA = glass transition temperature of PLA; TccPLA = cold
crystallization temperature of PLA; TmPBAT: melting temperature of PBAT; ΔHmPBAT = melting enthalpy of PBAT;
TmPLA: melting temperature of PLA; ΔHmPLA = melting enthalpy of PLA; χPLA= crystallinity degree of PLA;
χPBAT= crystallinity degree of PBAT.

By analyzing the results reported in Table 3 and in the DSC thermograms in Figure 6a,b,
it is possible to observe that the DSC traces of neat PLA and PBAT present the typical profile
of semi-crystalline materials. In the first heating scan, the melting point of neat PLA is
178.0 ◦C, while the glass transition temperature is 57.6 ◦C. The crystallinity degree of neat
PLA is very high (62.1%) and no cold crystallization peaks are observable, probably because
the preliminary drying promoted the crystallization of the material. As it is possible to
observe from Figure 6a, the endothermic peak of PLA is preceded by a small exothermic
peak. According to the literature, this signal corresponds to the reorganization of the
α’-crystal of PLA into α-crystals [57]. The α-phase is an ordered structure produced at
a high crystallization temperature, while the α’-phase is a metastable disordered phase
that develops at low temperatures. Above 150 ◦C, the α’-crystals become unstable and
the phase transformation into α-crystals takes place. In regards to PBAT, it shows a Tg at
−39.7 ◦C and a weak and broad endothermic melting peak at 113.7 ◦C, indicating its low
crystallization rate and limited crystallinity degree (10.4%).

Focusing on the first heating DSC scan of the PLA/PBAT blends, it is interesting to
observe that the Tm and Tg values of the PLA and PBAT phases in the blends correspond to
those detected for neat polymers, and are thus unaltered by the addition of another phase in
the blends. This experimental evidence, together with the well-distinct melting phenomena
of the two constituents, confirms that the PLA and PBAT phases are immiscible. In the
PLA_PBAT_15 sample, the weak signals associated with the glass transition and melting
of the PBAT phase do not permit the determination of the Tg and Tm for this polymer.
In all the blends except for PLA_PBAT_45, an exothermic peak at a temperature close to
93 ◦C is noted, attributable to the cold-crystallization of PLA macromolecules, which, after
the glass transition, acquire sufficient energy to rearrange and crystallize. The crystallinity
degree of PLA is significantly reduced in the blends, especially in the PLA_PBAT_15 and
PLA_PBAT_30 samples. This suggests that the PLA crystallization process of PLA is

174



Polymers 2023, 15, 881

hindered by the presence of a second phase in the blend. On the other hand, the peculiar
morphology of the PLA_PBAT_45 blend, characterized by the presence of large PBAT
domains, has probably favored the crystallization of PLA. Indeed, the crystallization degree
of this sample is 62.7%, comparable of that of neat PLA. The crystallization rate of PBAT is
also impaired by the presence of PLA in the blends, since the χPBAT in the blends is lower
than that of the neat PBAT.

In the second heating scan, the cold crystallization peak of PLA disappears. This
confirms that water cooling after hot pressing partially hindered the crystallization of
PLA within the blends. In comparison to the first heating stage, the crystallization degree
of both PLA and PBAT is higher in almost all the samples, close to the values of the
neat constituents. Finally, no significant differences in the Tm and Tg of PLA and PBAT
determined by the first and second heating scan can be detected.

3.4. Mechanical Properties

This work, as explained above, aims to evaluate the shape memory performance of
PLA/PBAT blends using the glass transition of PLA as the switching temperature. In order
to identify the temperature range in which the shape memory behavior of the prepared
materials should be evaluated, a DMA analysis was carried out. The trends of the storage
modulus and loss modulus as a function of temperature are presented in Figure 7a,b, while
the results of the DMA tests on the prepared samples are reported in Table 4.

Figure 7. Storage modulus (a) and loss modulus (b) of neat PLA, neat PBAT and PLA/PBAT blends.

Table 4. Results of the DMA tests on the prepared blends.

Sample Storage Modulus at 25 ◦C (MPa) Storage Modulus at 85 ◦C (MPa)

PLA 2725.0 278.1

PLA_PBAT_15 2279.3 336.5

PLA_PBAT_30 1775.0 208.4

PLA_PBAT_45 1221.6 276.9

PLA_PBAT_60 420.2 19.5

PLA_PBAT_75 188.2 24.5

PBAT 87.9 15.3

As is visible from Figure 7a,b, the glass transition temperature of PLA covers a temper-
ature range between 55 ◦C and 85 ◦C.. The intensity of the loss modulus peak, associated
with this transition, progressively decreases and broadens with the increasing PBAT con-
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centration in the blends, while the corresponding peak remains for all the samples close to
a temperature of 70–80 ◦C. The storage modulus of the blends decreases significantly in the
range of 65–80 ◦C and the drop becomes more pronounced with the increasing PLA content
in the samples. Above 90 ◦C, the cold crystallization of PLA occurs and the modulus rises
because of the presence of newly formed crystals. This is particularly evident for the PLA,
PLA_PBAT_15, PLA_PBAT_30 and PLA_PBAT_60 samples. It is important to underline
that the DSC thermograms of the neat PLA do not reveal any cold crystallization peaks.
It can be hypothesized that the lower heating rate used and the orientation of the PLA
macromolecules in the stress direction obtained in the DMA tests have probably promoted
the cold crystallization of the neat PLA.

Since at 25 ◦C and at 85 ◦C the PLA phases in the blends are, respectively, in the glassy
and rubbery states, these temperatures were selected for exploring the shape memory
performance of the samples. More specifically, 85 ◦C was chosen as the temperature at
which the samples were deformed to the temporary shape. On the other hand, 25 ◦C was
chosen as the temperature at which the deformed samples were cooled down to fix the
temporary shape. To avoid any interference with the cold crystallization phenomenon of
PLA, temperatures higher than 85 ◦C were not considered to explore the shape memory
behavior. The storage moduli of the samples at 25 ◦C and at 85 ◦C are reported in Table 4.
By passing from 25 to 85 ◦C, all the blends experience a storage modulus drop of about
one order of magnitude. However, it is possible to notice that the higher the PLA content
in the sample, the higher the E’ difference at the two considered temperatures. Since the
greater the drop in the storage modulus, the better the shape memory performances of the
material, higher shape memory effects are expected in blends with low PBAT contents.

Quasi-static tensile tests were carried out in order to investigate the influence of the
PLA/PBAT relative ratio on the mechanical properties of the blends. The representative
stress–strain curves of the neat PLA, neat PBAT and of PLA/PBAT blends are shown in
Figure 8, while the main results are reported in Table 5.

Figure 8. Representative stress–strain curves of neat PLA, neat PBAT and PLA/PBAT blends.

Neat PLA is characterized by an average tensile strength of 59.2 MPa, a Young’s
modulus of 4119.4 MPa and a strain at break of 5.8%. On the other hand, neat PBAT
presents a much lower tensile strength (10.7 MPa) and elastic modulus (87.7 MPa), but a
significantly greater strain at break (1237.8%). As can be seen from Table 5, the addition of
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PBAT to PLA leads to a general decrease in stiffness and strength, while the elongation at
break remains almost comparable to that of PLA up to a PBAT concentration of 45 wt%.
This means that as long as PLA is the matrix constituent of the blend, negligible toughening
effects can be obtained, probably due to the low interfacial adhesion between the two
phases and the intrinsic, relative brittleness of PLA. The limited interfacial adhesion also
explains the considerable σb drop with limited PBAT contents. A significant increase in
blend ductility is noticed for PBAT contents higher than 60 wt%, i.e., when phase inversion
has occurred and PBAT becomes the major constituent. In particular, PLA_PBAT_60 and
PLA_PBAT_75 are characterized by a strain at break 3.5 and 14.4 times higher than that of
neat PLA, respectively. However, it is interesting to note that, even though PBAT constitutes
the matrix of these blends, εb is decisively lower than that of neat PBAT. The presence
of large PLA domains and, once again, the low adhesion between the two phases are
probably responsible for this result. Regarding the elastic modulus and tensile strength, the
prepared blends exhibit high values of E and σb up to a PBAT content of 30 wt%, while
experiencing a drop for higher PBAT concentrations. Once more, this can be explained by
recalling the blend morphology. As it was observed in Figure 3a,b, in the PLA_PBAT_15
and PLA_PBAT_30 samples, the PBAT phase is evenly dispersed in the PLA matrix, and
the dimensions of the domains are smaller compared to those of the other samples. Moving
to the PLA_PBAT_30 to PLA_PBAT_45 sample, the morphology completely changes. Large
and irregularly shaped PBAT domains appear, and the interfacial area increases, causing
a reduction in blend stiffness and strength. In the future, it will be interesting to enhance
the interfacial adhesion between the two phases by using suitable compatibilizers. In
conclusion, it is possible to say that when PBAT is added to the PLA matrix as a dispersed
component, the tensile strength and elastic modulus decrease but the elongation at break
remains the same. In contrast, when PBAT is the major constituent, i.e., PLA is the dispersed
component, the stiffness and strength increase with the increasing PLA content, but the
elongation at break is significantly reduced.

Table 5. Result of quasi-static tensile test at 25 ◦C on the prepared samples.

Sample E (MPa) σb (MPa) εb (%)

PLA 4119.4 ± 673.3 59.2 ± 2.4 5.8 ± 0.7

PLA_PBAT_15 3030.9 ± 219.2 42.2 ± 0.7 6.0 ± 0.3

PLA_PBAT_30 2295.4 ± 66.2 32.3 ± 1.1 7.9 ± 1.3

PLA_PBAT_45 1694.3 ± 78.2 11.8 ± 3.4 5.5 ± 1.4

PLA_PBAT_60 221.9 ± 17.9 9.2 ± 0.3 20.3 ± 2.9

PLA_PBAT_75 87.7 ± 17.9 7.7 ± 0.6 83.8 ± 12.2

PBAT 87.7 ± 2.0 10.7 ± 1.2 1237.8 ± 136.1
E= elastic modulus; σb= stress at break; εb= strain at break.

The elastic modulus of the blends was theoretically predicted by using three models,
i.e., the Series, Parallel and Equivalent Box models. More specifically, the Series and
Parallel models were used to predict the upper and lower boundaries of blend stiffness [58],
according to the expressions reported in Equations (4) and (5), respectively.

Eb = EPLA·VPLA+EPBAT ·VPBAT (4)

Eb =
EPLA·EPBAT

(VPLA·EPBAT + VPBAT ·EPLA)
(5)

where Eb is the elastic modulus of the blend, EPLA and EPBAT are the elastic moduli of neat
PLA and PBAT, respectively, while VPLA and VPBAT are the volume fractions of PLA and
PBAT in the samples. The Parallel model assumes that the continuous phase consists of
the higher modulus polymer and therefore represents the upper boundary. On the other
hand, the lower boundary is represented by the Series model, which assumes that the lower
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modulus component is the continuous phase. The Equivalent Box model (EBM) combined
with the phase continuity percolation approach was also used to predict the modulus of
these polymer blends [59]. The EBM operates with partly parallel (subscript p) and partly
series (subscript s) couplings of two components. It is a two-parameter model in that of the
four volume fractions, only two are independent variables. The volume fractions of the
constituents are correlated as reported in Equations (6) and (7):

VPLA = (VPLAp+VPLAs) (6)

VPBAT = (VPBATp+VPBATs) (7)

where VPLA + VPBAT = VPLAs + VPLAp + VPBATs + VPBATp = 1. The tensile modulus of the
blend (Eb) is given as reported in Equation (8):

Eb = Ep·Vp + Es·Vs = EPLA·VPLAp + EPBAT ·VPBATp +
V2

s
VPLAs
EPLA

+ VPBATs
EPBAT

(8)

where Ep and Es are, respectively, the elastic moduli of the parallel and series branch of the
system, Vp is the sum of VPLAp and VPBATp, and Vs is the sum of VPLAs and VPBATs. Using
the universal formula provided by percolation theory for the elastic modulus of binary
systems, Kolarik and coworkers derived equations for the determination of the volume
fractions in parallel, as reported in Equations (9) and (10):

VPLAp = (
VPLA − VPLAcr

1 − VPLAcr
)

T
(9)

VPBATp = (
VPBAT − VPBATcr

1 − VPBATcr
)

T
(10)

where VPLAcr and VPBATcr are the critical volume fractions at which the component PLA
and PBAT become partially continuous and T is the critical exponent. The best fit of the
experimental results was obtained with VPLAcr = VPBATcr = 0.1 and T = 1.6. For further
details about the EBM, the reader can refer to the work of Kolarik et al. [59].

The experimental and theoretical values of the elastic modulus of the prepared blends
as a function of the volume fraction of PBAT are shown in Figure 9.

Figure 9. Experimental and theoretical values of the elastic modulus of the produced blends as a
function of the PBAT content.
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All the elastic modulus values fall into the range between the Parallel and Series
models, suggesting that PLA and PBAT are partially compatible, even though they are not
miscible. It is interesting to notice that the experimental results are in good agreement with
the theoretical predictions based on the Equivalent Box model. Finally, the elastic modulus
of the PLA_PBAT_75 sample predicted by the Series model practically coincides with the
experimental value. This indicates that for this composition, PBAT is the continuous phase
with PLA dispersed within it.

3.5. Evaluation of the Shape Memory Behavior

Testing the shape memory properties of polymers using a DMA apparatus in single
cantilever mode is quite useful when one needs to compare the shape memory performance
of materials showing different elongation at break values. Table 6 shows the strain fixity
and strain recovery parameters of the neat PLA, neat PBAT and PLA/PBAT blends.

Table 6. Strain fixity and strain recovery parameters of neat PLA, neat PBAT and PLA/PBAT blends.

Sample SF (%) SR (%)

PLA 83.8 56.9

PLA_PBAT_15 81.9 63.5

PLA_PBAT_30 77.3 73.6

PLA_PBAT_45 73.1 64.3

PLA_PBAT_60 80.2 54.7

PLA_PBAT_75 91.4 14.3

PBAT 91.3 8.7

As expected, neat PLA is characterized by a good strain fixity capability, reaching an
SF value of 83.8%. It is worth noting that the strain recovery of neat PLA is quite limited,
considering the values reported in the literature [10,11,14,15,60–66]. Only slightly more
than half of the imposed deformation (56.7%) is recovered during the recovery step. This
experimental result can probably be attributed to its high crystallinity degree. However,
to confirm this hypothesis, future works will need to focus on varying the processing
conditions to obtain a PLA with lower crystallinity and investigating its shape memory
properties. In regards to neat PBAT, an excellent strain fixability (SF value of 91.3%) and
negligible recovery capabilities (SR value of 8.7%) have been found. Due to the absence of
a transition temperature in the explored temperature range, neat PBAT cannot exhibit a
shape memory behavior.

With the addition of PBAT, the shape memory performance of PLA undergoes a partic-
ular trend. As can be seen from Table 6, while the fixing capability tends to slightly decrease
up to a PBAT concentration of 45% and then to increase again for higher PBAT amounts,
the strain recovery parameter exhibits almost the opposite trend. It increases up to a PBAT
content of 30 wt% and then decreases. The higher SR parameters of PLA_PBAT_15 and
PLA_PBAT_30 compared to neat PLA could be probably related to the lower crystallinity
degree of PLA in these blends, as evidenced by the DSC analyses. The samples constituted
by a PBAT matrix (PLA_PBAT_60 and PLA_PBAT_75) fix the deformation well but show
inferior recovery capabilities. In particular, in the PLA_PBAT_75 blend, the SR is almost
complementary to the SF parameter, indicating that just a very small deformation is recov-
ered during the recovery step. The higher fixability and the lower recovery capabilities of
these blends are probably attributable to two aspects, as illustrated in Figure 10a,b. The first
is related to the fact that PBAT is a flexible thermoplastic polymer characterized by very
low crystallinity. The crystalline domains should act as net points, avoiding the irreversible
sliding of the macromolecules when the polymer is mechanically stressed. However, since
the crystallinity degree of PBAT is very low, part of the polymer chains slides irreversibly
and, when the stress is released, a great deal of the deformation imposed is maintained.
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The second aspect is related to the poor adhesion between the PLA and PBAT phases,
which probably causes a non-optimal stress transfer between the two constituents. PLA
provides at the same time both the transition temperature that guarantees the fixability of
the temporary shape and the retractive forces that allow the material to recover the original
permanent shape. In more detail, the net points, or the crystalline domains, determine the
permanent shape of the polymer. The glassy area, instead, acts as a molecular switch and
is responsible for the fixability of the temporary shape. Consequently, the PLA domains
should act as a spring in the PBAT matrix and guarantee recovery to the initial condition.
However, the poor adhesion between the phases does not allow a good transfer of these
retractive forces from the PLA domains to the PBAT matrix and, as a result, the blend
exhibits poor recovery capabilities (Figure 10b). To confirm this hypothesis, it will be
useful in future works to perform the same shape memory tests on compatibilized blends.
Furthermore, the difference in SR parameters among PLA_PBAT_60 and PLA_PBAT_75
(54.7% and 14.3%, respectively) is probably due to the morphologies these blends show.
Both PLA_PBAT_60 and PLA_PBAT_75 are high-PBAT-content blends; however, while
PLA_PBAT_60 presents a co-continuous structure, PLA_PBAT_75 exhibits a sea-island mor-
phology (Figure 3d,e). The elongated and interconnected PLA domains in PLA_PBAT_60
probably promote a higher recovery capability with respect to that of PLA_PBAT_75. It
has already been mentioned that only PLA presents a shape memory behavior, and only
PLA can provide the retractive forces to allow the blend to return to the original conditions.
Consequently, the presence of larger PLA domains in the blend is beneficial from the point
of view of the recovery performances.

Figure 10. Schematization of the proposed mechanism for the shape memory behavior of the produced
blends. Model of (a) strain fixity and (b) strain recovery behavior.
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The best compromise between shape fixability and recovery capability was obtained in
the PLA_PBAT_30 sample, for which SF and SR values of 77.3% and 73.6% were obtained,
respectively. However, it should be noticed that the compositions exhibiting the more
interesting shape memory properties do not coincide with the blends showing a significant
improvement in PLA ductility. Once again, the addition of a proper compatibilizer could
give a satisfactory answer to this issue.

4. Conclusions

The present work investigated the microstructural, thermomechanical and shape
memory properties of biodegradable PLA/PBAT blends produced by melt compounding
at different relative amounts. Rheological measurements, optical microscopy and SEM
micrographs evidenced the immiscibility and the low interfacial adhesion between the
PLA and PBAT phases. Depending on the PLA/PBAT ratio, the two constituents exhibited
either a sea-island morphology or an almost co-continuous structure, and it was shown
that phase inversion occurred in a PBAT concentration interval between 45 wt% and
60 wt%. The immiscibility of these blends was also confirmed by a DSC analysis, as
the glass transition temperatures of PLA and PBAT corresponded to the values of neat
polymers and were unaffected by the blend composition. The TGA analysis revealed that
the addition of PBAT slightly improved the thermal stability of PLA, probably because of
the presence of rigid benzene rings in the molecular structure of PBAT.

Tensile tests evidenced that the stiffness and strength of the blends decreased with
the increasing PBAT concentration, while the elongation at break remained comparable to
that of neat PLA (5.8%) up to a PBAT content of 45 wt%. A significant increment in blend
ductility was registered only for higher PBAT concentrations (elongation at break up to
83.8% with a PBAT amount of 75 wt%).

The shape memory performance of PLA was impaired by the addition of PBAT. In
particular, a reduction in the strain recovery parameter was registered with the increasing
PBAT content, probably due to the low adhesion between the constituents. The best
compromise between shape fixability and recovery capability was obtained with a PBAT
content of 30 wt% and SF and SR values of 77.3% and 73.6%, respectively.

These results constitute a basis for future research on innovative multifunctional
biodegradable polymer blends with promising applications in the packaging field and
suggest that their properties could be enhanced by applying suitable compatibilizers.
Future works should focus on the selection of the most appropriate compatibilizer, the
effect of blend compatibilization on the physical and shape memory properties of these
systems and a deep investigation of the gas permeability of the blends.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15040881/s1, Figure S1: Thermo-mechanical cycle of
(a) PLA_PBAT_15, (b) PLA_PBAT_30, (c) PLA_PBAT_45, (d) PLA_PBAT_60, (e) PLA_PBAT_75.
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